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Preface to “Bee and Wasp Venoms: Biological
Characteristics and Therapeutic Application”

Given the rapid expansion of the therapeutic application of bee and wasp venoms in recent
years, it is an opportune time to present this Special Issue on ‘bee and wasp venoms: biological
characteristics and therapeutic application’. Modern approaches of venomics have allowed the
discovery of venom constituents which were proven to be of pharmacological significance and have
opened the way to optimization of therapeutic strategies through the use of active compounds such as
melittin, apamin and mastoparan. Recent studies using these compounds have demonstrated diverse
mechanisms on a range of conditions. However, further identification of intricate mechanisms,
justification of the route of application and formulation of those constituents are essential in the future.
Understanding the signalling pathways associated with the compound-mediated in vivo dynamics
and further communication between cells at the molecular level will facilitate the development of new
therapeutics. It is my hope that this Special Issue will be a source for many years to those interested in
the agricultural and pharmacological relevance of bee and wasp venoms.

Sok Cheon Pak
Guest Editor
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Abstract: Rotenone, an inhibitor of mitochondrial complex I of the mitochondrial respiratory chain,
is known to elevate mitochondrial reactive oxygen species and induce apoptosis via activation
of the caspase-3 pathway. Bee venom (BV) extracted from honey bees has been widely used in
oriental medicine and contains melittin, apamin, adolapin, mast cell-degranulating peptide, and
phospholipase A;. In this study, we tested the effects of BV on neuronal cell death by examining
rotenone-induced mitochondrial dysfunction. NSC34 motor neuron cells were pretreated with
2.5 ug/mL BV and stimulated with 10 uM rotenone to induce cell toxicity. We assessed cell death
by Western blotting using specific antibodies, such as phospho-ERK1/2, phospho-JNK, and cleaved
capase-3 and performed an MTT assay for evaluation of cell death and mitochondria staining.
Pretreatment with 2.5 ug/mL BV had a neuroprotective effect against 10 uM rotenone-induced cell
death in NSC34 motor neuron cells. Pre-treatment with BV significantly enhanced cell viability and
ameliorated mitochondrial impairment in rotenone-treated cellular model. Moreover, BV treatment
inhibited the activation of JNK signaling and cleaved caspase-3 related to cell death and increased
ERK phosphorylation involved in cell survival in rotenone-treated NSC34 motor neuron cells. Taken
together, we suggest that BV treatment can be useful for protection of neurons against oxidative stress
or neurotoxin-induced cell death.

Keywords: bee venom (BV); NSC34 motor neuron cell; rotenone; phospho-JNK; cleaved caspase-3

1. Introduction

Rotenone is a naturally-occurring plant compound and a specific inhibitor of complex I of the
mitochondrial respiration chain. It had been found to induce cell death in a variety of cells [1].
Features include mitochondrial impairment, microglial activation, oxidative damage, dopaminergic
degeneration, and L-dopa-responsive motor deficit. Rotenone was thought to elevate mitochondrial
reactive oxygen species production [1], decreasing cellular ATP levels [2] and mitochondrial membrane
potential [3]. Other reports have indicated that rotenone induces apoptosis via an increase in
mitochondria reactive oxygen species production and neurotoxicity associated with increased levels of
caspase family gene expression [4] in PC12 cells.

Bee venom (BV) is known to be a very complex mixture of active peptides including melittin,
phospholipase A;, apamin, adolapin, and mast cell-degranulating peptide [5]. Apamin, phospholipase
A, and melittin had a neuroprotective effect [6-8] and adolapin had an anti-inflammatory effect [9].

Many experimental studies on the biological activities of BV have been reported and its
anti-inflammatory effects, as well as its activities in relieving pain of rheumatoid arthritis and in

Toxins 2015, 7, 1-10 1 www.mdpi.com/journal/toxins
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immune modulation, have been described [10-13]. In addition, BV has also been reported to enhance
activation of the apoptotic signaling pathway in experimental osteosarcoma, breast cancer, and lung
cancer cell lines [14-16]. Although previous studies have clearly demonstrated that BV possesses
anti-proliferative and pro-apoptotic effects, those studies have primarily been performed in cancer cell
lines. Recently, Doo et al. have shown that BV protected neuronal cells against MPP*-induced apoptotic
cell death via activation of PI3K/Akt-mediated signaling and inhibition of cell death signaling [17].

Therefore, in this study, we investigated the effects of BV on rotenone-induced cell toxicity in
NSC34 motor neuron cells. The MAPK family is known to regulate neuronal survival and death [18-20];
ERK1/2 is activated by growth factors, whereas JNKs are activated by cell stress-induced signaling.
We examined the effect of rotenone on the activation of JNK and ERK1/2 related to cell death and cell
survival, respectively. In our previous study, we demonstrated that BV had a neuro-protective effect
against glutamate-induced toxicity via inhibition of the expression of phospho-JNK and phopho-ERK
in neuronal cells [21]. We report that pretreatment of BV significantly attenuated rotenone-mediated
toxicity via inhibition of the activation of c-Jun N-terminal kinase (JNK) and an increase of extracellular
signal-regulated kinase (ERK) signaling pathway. In addition, pretreatment with BV significantly
inhibited mitochondria impairment and the expression of cleaved caspase-3 in NSC34 neuronal cells.
The present results may have clinical implications and suggest that BV may be a potential treatment
for the prevention of oxidative stress-induced cell death in neurodegenerative diseases.

2. Materials and Methods

2.1. Cell Culture

The motor neuron cell line NSC34 was obtained from Cellutions Biosystems Inc. (Toronto, ON,
Canada). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C with 5% CO,. Cells were
subcultured in a fresh culture dish when growth reached 70%-90% confluence (i.e., every 2-3 days) as
recommended by Cellutions Biosystems Inc. In all experiments, cells were incubated in the presence
or absence of 2.5 ug/mL of BV before the addition of 10 uM rotenone to the culture media.

2.2. Cell Viability Assay

Cell viability was determined by a modified MTT (3-[4,5-dimethyl-thiazol-2-yl]-2,5-
diphenyltetrazolium bromide) reduction assay. This assay is based on the ability of active
mitochondrial dehydrogenase to convert dissolved MTT into water-insoluble purple formazan crystals.
NSC34 motor neuron cells were plated in 96-well plates (2 x 10* cells/well). After 24 h, the cells
were treated with the indicated concentration of BV for 24 h prior to 10 uM rotenone treatment for
24 h. Briefly, MTT was added to each well at a final concentration of 0.5 mg/mL, and the plates were
incubated for 1 h at 37 °C. After removing the culture medium, DMSO was added, and the plates
were shaken for 10 min to solubilize the formazan reaction product. The absorbance at 570 nm was
measured using a microplate reader (Bio-rad, Hercules, CA, USA).

2.3. Preparation of Primary Cortical Neuronal Culture

Mixed primary cortical neuronal cells were prepared from embryonic day 15 (E15) ICR mouse
embryos. Briefly, the cortical region of mouse brain was dissected and cleaned of meningeal tissue,
minced, and dissociated mechanically by flamed polished Pasteur pipettes in minimal essential
medium (MEM). Dissociated cortical cells were then plated in Neurobasal medium with B-27
supplement, 5% FBS (Gibco, Grand Island, NY, USA), 5% horse serum, and 2 mM glutamine onto
laminin- and poly-D-lysine-coated 12-well plates. Primary cortical cultures at 14 days in vitro (DIV)
were used.
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2.4. Western Blot

Cells were washed twice with ice-cold phosphate-buffered saline and harvested into 1.5 mL tube.
Cells were lysed with lysis buffer containing 50 mM Tris HCI, pH 7.4, 1% NP-40, 0.1% SDS, 150 mM
NaCl, and the Complete Mini Protease Inhibitor Cocktail (Roche, Basel, Switzerland). The protein
concentration was measured with a BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Extracted
samples (20 ug total protein per lane) were separated using SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and then transferred to nitrocellulose membranes (Whatman, Lawrence, KS, USA). The
membranes were blocked with 5% skim milk to prevent nonspecific protein binding and incubated
with primary antibodies against p-ERK (1:1000, cell signaling), p-JNK (1:1000, cell signaling), total ERK
(1:1000, cell signaling), total JNK (1:1000, cell signaling), «-tubulin (1:5000, Abcam, Cambridge, MA,
USA), and cleaved caspase-3 (1:1000, cell signaling) in 5% skim milk overnight. After washing three
times with TBS-T (pH7.5, 1 M Tris-HCl, 1.5 M NaCl, 0.5% tween-20), the membranes were hybridized
with horseradish peroxidase-conjugated secondary antibodies for 1 h. Following five washes with
TBS-T, specific protein bands were detected using the SuperSignal West Femto Chemiluminescent
Substrate (Pierce, IL, USA) and enhanced chemiluminescence reagents (Amersham Pharmacia,
Piscataway, NJ, USA). x-tubulin was used as an internal control to normalize protein loading. Protein
bands were detected and analyzed using the FusionSL4-imaging system. Quantification of the blotting
bands was performed using Bioprofil (Bio-1D version 15.01, Eberhardzell, Germany).

2.5. Mitochondria Staining

MitoTracker Red CMXRos (Molecular Probes, Eugene, OR, USA) is a red fluorescent dye that stains
mitochondria in live cells. NSC34 motor neuron cells were plated in 12-well plates (5 x 10* cells/well).
After 24 h of cell seeding, the cells were treated with the indicated concentration of BV for 24 h prior to
10 uM rotenone treatment for 24 h. Briefly, cells were stained with MitoTracker at a final concentration
of 100 nM according to the standard protocol. The cells were fixed with 4% paraformaldehyde at room
temperature, and then washed with phosphate-buffered saline twice. The cover slip was fixed using
Fluoromount to the slide glass.

2.6. Data Analysis

Data are expressed as means +£S.E.M. Comparisons were evaluated by one-way analysis of
variance (ANOVA) and followed by Newman-keuls post-hoc test for multiple comparisons using
GraphPad Prism 5.0 (GraphPad software, La Jolla, CA, USA). Probability values less than 0.05 were
considered statistically significant.

3. Results

3.1. Effect of Bee Venom on Rotenone-Induced Cell Death in NSC34 Cells

To examine the cytotoxicity of NSC34 cells after rotenone treatment, we incubated NSC34 motor
neuron cells with 10 uM rotenone for various time periods (0, 3, 6, 12, and 24 h). Our results showed
that rotenone decreased cell survival in a time-dependent manner (Figure 1A). Compared to untreated
NSC34 cells, 10 uM rotenone treatment for 24 h resulted in a 37% decrease in cell viability. To investigate
whether BV attenuates rotenone-induced cytotoxicity, we performed a cell viability test on the cells
treated with 10 uM rotenone for 24 h with or without 2.5 ug/mL BV pretreatment. BV pretreatment
prevented cell death induced by 10 uM rotenone, with about 29% protection for a dose of 2.5 pug/mL
BV compared to rotenone-treated cells (Figure 1B). These results indicate that BV pretreatment had
a protective effect against rotenone-induced cytotoxicity.
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Figure 1. BV pretreatment prevents rotenone-induced cytotoxicity in NSC34 neuronal cells. (A) NSC34
cells were treated with 10 uM rotenone for 0, 3, 6, 12, and 24 h and cell viability was determined
using MTT assay. 10 uM rotenone treatment induced time-dependent cytotoxicity in NSC34 cells;
(B) NSC34 cells were treated with 2.5 pg/mL BV prior to stimulation with 10 uM rotenone for 24 h. BV
pretreatment prevented 10 uM rotenone-induced cytotoxicity in NSC34 cells. The values shown are the
means +S.E.M. of data obtained from three independent experiments. * p < 0.05, *** p < 0.001.

3.2. Bee Venom Affects ERK and JNK Phosphorylation

For this study, NSC34 cells were treated with 10 uM rotenone for various time periods (0, 0.25, 6,
and 24 h). JNK phosphorylation, indicating JNK activation, increased after 1 h of rotenone treatment
in NSC34 cells. However, the expression of ERK1/2 phosphorylation, which promoted cell survival,
was significantly reduced at 15 min by rotenone treatment compared to untreated cells (Figure 2A).
Both significant increase in JNK phosphorylation and decrease in ERK phosphorylation were observed
after 1 h of rotenone treatment in NSC34 cells. To examine the BV effect on cell death signaling,
we pretreated with 2.5 g/mL BV for 24 h and then stimulated with 10 uM rotenone for 1 h in the
presence or absence of BV. As shown in Figure 2B,C, pretreatment with BV attenuated by 1.2 fold
JNK phosphorylation compared to rotenone-treated cells. In addition, BV pretreatment recovered
by 1.4 fold ERK under-phosphorylation compared rotenone-treated NSC34 cells (Figure 2B,C). These
results suggest that BV pretreatment could prevent oxidative stress induced-neuronal cell death by
inhibiting cell death-related MAPK signaling.

3.3. Bee Venom Attenuates Rotenone- Induced Caspase-3 Activation in NSC34 Neuronal Cells

To investigate the effects of BV on oxidative stress-induced mitochondria dysfunction, capase-3
activation was assessed after exposure to rotenone in NSC34 neuronal cells. The expression level
of cleaved caspase-3 was significantly increased after 6 h of 10 M rotenone treatment compared to
untreated NSC34 neuronal cells (Figure 3A). However, pretreatment with 2.5 ug/mL BV suppressed
by two-fold the increase of caspase-3 activation induced by rotenone treatment compared with
rotenone-treated NSC34 cells (Figure 3B,C). To confirm BV effects against rotenone, we performed the
same experiment with primary cortical neuronal cells. Consistent with the result in NSC34 cell line,
10 uM rotenone treatment induced the activation of caspase-3 but 2.5 ug/mL BV treatment reduced
rotenone-induced cleaved caspase-3 expression. Those results suggest that BV pretreatment could
prevent oxidative stress-induced mitochondria dysfunction.
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Figure 2. BV pretreatment regulates the activation of rotenone-mediated signaling in NSC34 neuronal
cells. Effect of rotenone on the phosphorylation of the MAPK proteins ERK and JNK in NSC34 cells.
(A) NSC34 cells were treated with 10 uM rotenone for the indicated time. Total cell lysates were
separated with SDS-PAGE and Western blots were performed using anti-phospho JNK, anti-phospho
ERK1/2, JNK, and ERK antibodies; (B) NSC34 cells were pretreated with 2.5 ug/mL BV for 24 h
and then stimulated with 10 uM rotenone for 1 h in the presence or absence of BV. Western blots
were performed with specific antibodies, including those for the phosphorylated forms of ERK and
JNK. Total ERK and JNK were used as loading controls for the cell lysates; (C) Immune blots were
quantified with the relative phospho-/nonphospho ratio. The values shown are the means £S.E.M. of
data obtained from three independent experiments. * p < 0.05, ** p < 0.01.
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Figure 3. BV inhibits the expression of cleaved caspase-3 in NSC34 cells. (A) Expression of cleaved
caspase-3 proteins was detected in rotenone-induced NSC34 cells. NSC34 cells incubated with 10 pM
rotenone for the indicated time periods. The loading control for the cell lysates was determined by
re-probing the membranes with a-tubulin antibody; (B) BV attenuates the expression level of cleaved
caspase-3 protein in NSC34 neuronal cells. NSC34 cells were pretreated with 2.5 ug/mL BV for 24 h
and then stimulated with 10 uM rotenone for 24 h in the presence or absence of BV; (C) BV inhibits the
expression of cleaved caspase-3 protein in rotenone-treated in primary cortical neuronal cells system.
BV pretreated with 2.5 ug/mL for 24 h and stimulated with 10 utM rotenone for 24 h in the presence or
absence of BV in primary cortical neuronal cells. The loading control for the cell lysates was determined
by re-probing the membranes with a-tubulin antibody. The values shown are the means +S.E.M. of
data obtained from three independent experiments. * p < 0.05, ** p < 0.01, *** compared to * and **
and indicates p < 0.001.

3.4. Bee Venom Suppresses Rotenone-Mediated Mitochondrial Impairment

To evaluate the effect of BV pretreatment on rotenone-induced mitochondria alteration, we stained
neuronal cells with Mitotracker® Red probes that passively diffuse across the plasma membrane
and accumulate mitochondria of live cells and observed mitochondria using confocal microscopy.
As shown in Figure 4, mitochondria showed broad cytoplasmic distribution in both control and
BV-treated NSC34 neuronal cells. However, 10 uM rotenone treatment for 24 h induced aggregated
mitochondria in neuronal cells (Figure 4C). Interestingly, pretreatment with 2.5 pg/mL BV inhibited
mitochondrial aggregation resulting from rotenone treatment (Figure 4D,E). These findings suggest
that BV pretreatment can block interference with the electron transport chain in mitochondria induced
by rotenone.
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Figure 4. Confocal microscopy images of mitochondria using Mitotracker® Red. Mitochondria stained
with Mitotracker® Red in NSC 34 cells untreated (A), treated with 2.5 ug/mL BV for 24 h (B) or 10 uM
rotenone for 24 h (C), pretreated with 2.5 ug/mL BV for 24 h and 10 uM rotenone for 24 h (D). Arrows
indicate aggregated mitochondria. BV pretreatment reduces mictochondria impairment induced by
rotenone treatment in NSC34 cells. The bar indicates 200 um. (E) Quantification of the number of
aggregated mitochondria in a cell of 10 microscopic visual fields randomly selected. The values shown
are the means +S.E.M. of data obtained from three independent experiments. *** and ### indicate
p < 0.001. *** compared to Con and ### compared to Ro. Con: control, BV: BV-treated cell, Ro:
rotenone-treated cell, and Ro + BV: BV pretreated-cells prior to rotenone treatment.

4. Discussion

The present study demonstrates that BV reduces rotenone-induced cell death in NSC34 cells
by blocking the JNK and ERK1/2 signaling pathways. The MAPK family, including ERK1/2,
stress-activated protein kinase/c-jun NH4-terminal kinase (SAPK/JNK), and p38 MAPKSs [22,23], play
central roles in the signaling pathways involved in cell proliferation, survival, and apoptosis. ERK1/2
are activated by mitogens and growth factors leading to cell growth and survival, whereas JNK and
p38 MAPK are preferentially activated by pro-inflammatory cytokines and oxidative stress resulting in
cell differentiation and apoptosis [24]. Here, we show that rotenone treatment causes decreased
phosphorylation of ERK1/2 and increased phosphorylation of J]NK. However, BV pretreatment
induces the reduction of JNK and an increase of ERK1/2 activation in rotenone-treated NSC34 cells.
After rotenone treatment, cell death was induced by the up-regulation of capase-3 activation and
mitochondria aggregation leading to mitochondria dysfunction. However, BV treatment significantly
suppressed the rotenone-induced activation of caspase-3 and mitochondria impairment in NSC34 cells.
Taken those data together, we suggest that BV treatment could be useful for the inhibition of oxidative
stress induced cell death in neurodegenerative diseases.

BV extracted from honeybees has been used in traditional oriental medicine. BV is traditionally
used for the treatment of chronic inflammatory diseases such as rheumatoid arthritis and for relief
of pain in oriental medicine [25]. In this study, BV attenuated rotenone-induced cell toxicity through
inhibition of the JNK and activation of the ERK in neuronal cells. The optimized concentration of
2.5 ug/mL BV increased the expression of phospho-AKT [26]. The activation of MAPKSs, including
ERK, p38, and JNK [27,28], activated by interactions with a small GTPase and/or phosphorylation
by protein kinases downstream from cell surface receptors. Previous reports have demonstrated that
ERK is involved in growth-associated responses and cell differentiation. However, JNK and p38 are
phosphorylated by environmental stresses, including the cytokine-like lipopolysaccharide (LPS) and
oxidative stress [28].

Rotenone is used worldwide as an inhibitor of mitochondrial respiratory chain complex I, and
induces PD-like symptoms in neurons through disrupting ATP supply [29]. Since it also increases ROS



Toxins 2015, 7, 1-10

release and cause cell apoptosis, exposure of animals of rotenone induces dopaminergic cell death
production [30,31].

Wagdy et al. have shown that BV acupuncture (BVA) has a neuroprotective effect against
rotenone-induced oxidative stress, neuroinflammation, and cell death in PD-like animal model [32].
BV treatment inhibited rotenone-induced activation of caspase-3 and mitochondria aggregation
inducing mitochondrial dysfunction. Those results provide that it is possible that multiple signaling
pathways are involved in protective effects of BV, which deserves to be further investigated.
Mitochondrial structure alternation by rotenone plays principal roles in cell death [33,34], which
are critical pathological factors in neurodegenerative diseases including Alzheimer’s disease (AD),
and amyotrophic lateral sclerosis (ALS) [35,36]. In further study, it is necessary to evaluate the effect of
BV on genetically-engineered neurodegenerative disease animal models.
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Abstract: Cholangiopathy is a chronic immune-mediated disease of the liver, which is characterized
by cholangitis, ductular reaction and biliary-type hepatic fibrosis. There is no proven medical therapy
that changes the course of the disease. In previous studies, melittin was known for attenuation
of hepatic injury, inflammation and hepatic fibrosis. This study investigated whether melittin
provides inhibition on cholangitis and biliary fibrosis in vivo. Feeding 3,5-diethoxycarbonyl-1,4-
dihydrocollidine (DDC) to mice is a well-established animal model to study cholangitis and
biliary fibrosis. To investigate the effects of melittin on cholangiopathy, mice were fed with a 0.1%
DDC-containing diet with or without melittin treatment for four weeks. Liver morphology, serum
markers of liver injury, cholestasis markers for inflammation of liver, the degree of ductular reaction
and the degree of liver fibrosis were compared between with or without melittin treatment DDC-fed
mice. DDC feeding led to increased serum markers of hepatic injury, ductular reaction, induction of
pro-inflammatory cytokines and biliary fibrosis. Interestingly, melittin treatment attenuated hepatic
function markers, ductular reaction, the reactive phenotype of cholangiocytes and cholangitis and
biliary fibrosis. Our data suggest that melittin treatment can be protective against chronic cholestatic
disease in DDC-fed mice. Further studies on the anti-inflammatory capacity of melittin are warranted
for targeted therapy in cholangiopathy.

Keywords: cholangiopathy; melittin; DDC-fed mice

1. Introduction

Liver fibrosis refers to a classical outcome of many chronic liver diseases irrespective of the
etiology of injury. It is characterized by changes in the composition and quantity of extracellular
matrix (ECM) deposits distorting the normal structure by forming fibrotic scars. Failure to degrade
the accumulated ECM is a major reason why fibrosis progresses to cirrhosis in liver. Various insults,
such as viral infection, drugs or metabolic disorders, contribute to the progression of liver fibrosis.
Among them, improper regulation of bile flow (i.e., cholestasis), which causes hepatic inflammation
and subsequent tissue injury, is one of the main insults for cholangiopathies [1].

As the main cause of liver-related death, cholangiopathies are also the leading cause of liver
transplantations in paediatric patients (50%) and the third leading cause in adults (20%) [1,2].

Toxins 2015, 7, 11-23 11 www.mdpi.com/journal/toxins



Toxins 2015, 7, 11-23

Cholangiopathies, such as primary sclerosing cholangitis (PSC), primary biliary cirrhosis (PBC) and
drug-induced bile duct damage, may result in cholestasis, which is characterized by the loss of
cholangiocytes through necrosis by apoptosis [3]. Cholangiocyte proliferation can occur during
cholangiopathies, resulting in the formation of new side branches to ducts in an effort to regain
function and portal / periportal inflammation [4,5].

Cholangiocyte proliferation is described as the expanded population of epithelial cells at the
interface of the biliary tree, which refers to the proliferation of pre-existing ductules, progenitor cell
activation and the appearance of intermediate hepatocytes [6,7]. The ability of cholangiocytes to
proliferate is important in many different human pathological conditions, such as the regaining of
proper liver function and the remodelling of biliary cirrhosis in chronic cholestatic conditions.

Lately, 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)-fed mice have been suggested to be
used as a novel model for sclerosing cholangitis and biliary fibrosis. Chronic feeding of DDC in
mice causes cholangitis with a pronounced ductular reaction, onionskin-type periductal fibrosis and,
finally, biliary fibrosis, reflecting several specific pathological hallmarks of human PSC [8]. This model
is therefore especially useful to investigate the mechanisms of chronic cholangiopathies and their
consequences, including biliary fibrosis, and to test novel therapeutic approaches, such as melittin, for
these diseases [8,9].

Melittin is a cationic, haemolytic peptide that is the major bioactive component in honey bee
(Apis mellifera) venom, and it has been shown to play a role in attenuating fibrosis in various animal
models [10,11]. Previous studies have shown that melittin treatment reduced the expression of
inflammatory proteins in inflammatory diseases [12]. These studies are informative, but they are not
enough to demonstrate that melittin can prevent the development of the inflammatory molecular
mechanisms of sclerosing cholangitis. Therefore, the aim of this work was to determine how melittin
could become a profibrogenic control and to characterize the underlying mechanism for this effect.
The biological properties of melittin were examined in chronic liver injury using DDC-fed model.

2. Results

2.1. Effects of Melittin on DDC-Fed Mice

After four weeks of DDC feeding, liver showed ductules and small bile ducts, which frequently
contained pigment plugs (Figure 1). Additionally, pronounced hepatic inflammatory response was
observed near bile ducts with predominating neutrophil granulocytes. Furthermore, spontaneous
DDC feeding resulted in the deposition of collagen fibres near fibrous septae and expanded bile ducts
(Figure 2). These changes were improved by melittin treatment. The DDC + melittin (Mel) group
showed the reduction of collagen deposition. DDC feeding also resulted in increased serum AST
and ALT levels as an indicator of hepatocyte injury followed by significant elevations of cholestasis
parameters of AP and bilirubin. Serum AST and ALT revealed no significant differences between
DDC mice and DDC + Mel mice. However, DDC + Mel mice showed significantly lower serum
AP and bilirubin levels (Figure 3). These results suggest that melittin treatment effects a decreased
susceptibility of cholestasis in DDC-fed mice.

12



Toxins 2015, 7, 11-23

Figure 1. Effect of melittin in DDC-induced liver fibrosis. Hematoxylin and eosin (H&E) staining
results show that melittin effectively suppresses inflammation and ductular reaction (arrowheads in
(C,D)) in response of DDC feeding. Representative H&E images from each study group (five mice per
group): (A) NC, normal control group; (B) Mel, melittin (0.1 mg/kg)-treated group with normal diet;
(C) DDC, 0.1% DDC-supplemented diet group; (D) DDC + Mel, melittin (0.1 mg/kg)-treated group
with 0.1% DDC-supplemented diet. Magnification x200.
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Figure 2. Effect of melittin in DDC-induced liver fibrosis. Masson’s trichrome staining results show that
melittin effectively attenuates ECM remodelling following chronic DDC feeding in mice. Representative
trichrome staining images from each study group (five mice per group): (A) NC, normal control group;
(B) Mel, melittin (0.1 mg/kg)-treated group with normal diet; (C) DDC, 0.1% DDC-supplemented
diet group; (D) DDC + Mel, melittin (0.1 mg/kg)-treated group with 0.1% DDC-supplemented diet;
magnification x200; (E) morphometric assessment of the trichrome staining positive areas. Results
are expressed as the mean =+ SE of three independent determinations. * p < 0.05 compared to the NC
group. t p < 0.05 compared to the Mel group. ¥ p < 0.05 compared to the DDC group.
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2.2. Melittin Treatment Attenuates DDC-Induced Inflammatory Changes

DDC-fed mice demonstrated pronounced hepatic inflammatory response characterized by an
increase of infiltrating inflammatory cells near bile ducts (Figure 1C). In contrast, treatment with
melittin changed the inflammatory response in portal tracts (Figure 1D). To investigate whether
melittin could influence inflammatory changes in DDC-fed mice, pro-inflammatory cytokines were
examined in the livers of experimental mice. Pro-inflammatory cytokines, such as TNF-« and IL-6, are
key players in eliciting an inflammatory reaction during liver fibrogenesis [13,14]. The expressions
of TNF-« and IL-6 were significantly increased in the DDC-fed mice, whereas melittin treatment
markedly abrogated this activation (Figure 4). During liver injury, IL-6 activates STAT3 in liver
parenchymal and non-parenchymal cells [15,16]. While chronic DDC feeding activated p-STAT3 in
the DDC group, the expression level of p-STAT3 was significantly reduced by treatment with melittin.
Moreover, the expression level of MCP-1, which promotes liver fibrosis by recruitment of macrophages,
was determined by immunohistochemical staining. As shown in Figure 5A,B, MCP-1-positive cells
were barely detected in liver sections from the NC and Mel groups. However, MCP-1-positive
areas in the DDC group were significantly increased in liver sections, especially near portal tracts
(Figure 5C). Compared to the DDC group, treatment with melittin inhibited MCP-1 expression in
DDC + Mel liver (Figure 5D). These results indicate that melittin markedly attenuates the levels of
pro-inflammatory cytokines during chronic DDC feeding, which may result in the suppression of
DDC-induced cholangitis.
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Figure 3. Serum biochemistry of DDC-fed mice. Melittin treatment effectively suppresses
serum alkaline phosphatase (AP) and bilirubin, but not aspartate aminotransferase (AST) and
alanine transaminase (ALT). (A) Serum AST; (B) serum ALT; (C) serum AP; (D) serum bilirubin.
NC, normal control group; Mel, melittin (0.1 mg/kg)-treated group with normal diet; DDC,
0.1% DDC-supplemented diet group; DDC + Mel, melittin (0.1 mg/kg)-treated group with 0.1%
DDC-supplemented diet. Results are expressed as the mean + SE of three independent determinations.
* p < 0.05 compared to the NC group. ¥ p < 0.05 compared to the Mel group. ¥ p < 0.05 compared to the
DDC group.
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Figure 4. Melittin inhibits pro-inflammatory cytokine expression in DDC-fed mice. (A) Western
blotting results demonstrated that melittin effectively suppresses the expressions of TNF-«, IL-6 and
p-STATS3; (B) graphical presentation of the ratio of TNF-«, IL-6 and p-STAT3 to GAPDH in various
groups. NC, normal control group; Mel, melittin (0.1 mg/kg)-treated group with normal diet; DDC,
0.1% DDC-supplemented diet group; DDC + Mel, melittin (0.1 mg/kg)-treated group with 0.1%
DDC-supplemented diet. Results are expressed as the mean + SE of three independent determinations.
* p < 0.05 compared to the NC group. * p < 0.05 compared to the Mel group. ¥ p < 0.05 compared to the
DDC group.

Figure 5. Melittin inhibits inflammatory changes in DDC-fed mice. Immunohistochemical staining
results demonstrated that melittin effectively suppresses the expression of MCP-1. Representative
immunohistochemical images from each study group (five mice per group) (A) NC, normal
control group; (B) Mel, melittin (0.1 mg/kg)-treated group with normal diet; (C) DDC, 0.1%
DDC-supplemented diet group; (D) DDC + Mel, melittin (0.1 mg/kg)-treated group with 0.1%
DDC-supplemented diet; magnification x200; (E) morphometric assessment of the trichrome staining
positive areas. Results are expressed as the mean + SE of three independent determinations. * p < 0.05
compared to the NC group. ¥ p < 0.05 compared to the Mel group. ¥ p < 0.05 compared to the
DDC group.

2.3. Melittin Suppresses Liver Fibrosis in the Livers of DDC-Fed Mice

Chronic exposure to injuries in cholangitis becomes a progressive course of cholestatic liver with
inflammation and fibrosis of bile ducts. Much attention has been focused on the central role of TGF-31
upregulation as a prototypical fibrogenic cytokine in liver fibrosis [17]. Western blotting results showed
that the expression of TGF-1 was significantly increased in DDC mice, whereas melittin treatment
markedly decreased the expression of TGF-31 in DDC + Mel livers (Figure 6). The expressions of
TGF-B1-regulated ECM protein, fibronectin and vimentin were increased in DDC-fed mice. Treatment
with melittin effectively abrogated this increase in the DDC + Mel group. During tissue remodelling in
liver fibrosis, FSP-1 is considered a marker of fibroblasts in fibrotic liver. DDC feeding significantly
increased the number of cells positive for FSP-1 (Figure 7). However, melittin treatment resulted in a
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reduction in the FSP-1-positive cells in DDC + Mel livers. Along with the upregulation of TGF-1 and
ECM proteins, the expression level of p-Smad2 was increased by chronic DDC feeding in the DDC
group (Figure 8). Melittin treatment attenuated the expression of p-Smad2 in the DDC + Mel group.
Taken together, these results show that melittin might protect liver during DDC feeding by attenuating
fibrotic gene expression.
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Figure 6. Melittin inhibits fibrosis-related gene expression in DDC-fed mice. (A) Western blotting
results demonstrated that melittin effectively suppresses the expression of TGF-f31, fibronectin and
vimentin; (B) graphical presentation of the ratio of TGF-B1, fibronectin and vimentin to GAPDH in
various groups. NC, normal control group; Mel, melittin (0.1 mg/kg)-treated group with normal diet;
DDC, 0.1% DDC-supplemented diet group; DDC + Mel, melittin (0.1 mg/kg)-treated group with 0.1%
DDC-supplemented diet. Results are expressed as the mean =+ SE of three independent determinations.
* p < 0.05 compared to the NC group. ¥ p < 0.05 compared to the Mel group. ¥ p < 0.05 compared to the
DDC group.

DDC  DDC+Mel

Figure 7. Melittin inhibits fibrotic changes in DDC-fed mice. Immunohistochemical staining findings
demonstrated that melittin effectively suppresses the expression of FSP-1.  Representative
immunohistochemical images from each study group (five mice per group) (A) NC, normal
control group; (B) Mel, melittin (0.1 mg/kg)-treated group with normal diet; (C) DDC, 0.1%
DDC-supplemented diet group; (D) DDC + Mel, melittin (0.1 mg/kg)-treated group with 0.1%
DDC-supplemented diet; magnification x 200; (E) morphometric assessment of the trichrome staining
positive areas. Results are expressed as the mean =+ SE of three independent determinations. * p < 0.05
compared to the NC group. ' p < 0.05 compared to the Mel group. ¥ p < 0.05 compared to the
DDC group.
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Figure 8. Melittin inhibits phosphorylation of Smad2 in DDC-fed mice. (A) Western blotting results
demonstrated that melittin effectively suppresses the expression of p-Smad2; (B) graphical presentation
of the ratio of p-Smad2 to GAPDH in various groups. NC, normal control group; Mel, melittin
(0.1 mg/kg)-treated group with normal diet; DDC, 0.1% DDC-supplemented diet group; DDC + Mel,
melittin (0.1 mg/kg)-treated group with 0.1% DDC-supplemented diet. Results are expressed as the
mean = SE of three independent determinations. * p < 0.05 compared to the NC group. * p < 0.05
compared to the Mel group. ¥ p < 0.05 compared to the DDC group.

2.4. Melittin Effectively Suppresses Proliferating Cholangiocytes in DDC-Fed Mice

Proliferating cholangiocytes are characteristic for DDC-fed mice and are a source of growth factors,
chemokines, cytokines and other soluble factors. Cholangiocytes as specialized epithelial cells that
line the biliary tree are considered as pace markers of biliary fibrosis [18]. Cholangiocyte-specific
markers, including CK-7, are expressed in the epithelial cells of bile ductules in enlarged portal tracts.
Chronic DDC feeding resulted in a comparable amount of ductular reaction and an increased number
of CK-7- and PCNA-positive cells (Figure 9). In contrast, melittin treatment significantly suppressed
the proliferation of cholangiocytes, which was shown as the expression of PCNA-positive cells in
DDC + Mel livers. In summary, these data proved the ability of melittin to suppress cholangiocyte
proliferation in response of DDC-induced liver injury and liver fibrosis.

CK7 PCNA* CK7'PCNA"Hoechst"

Figure 9. Melittin inhibits cholangiocyte proliferation in DDC-fed mice. Immunofluorescence
staining shows co-localization of PCNA staining with CK-7 (arrow head) following DDC treatment.
Immunofluorescence staining results demonstrated that melittin effectively suppresses the expression
of PCNA. CK-7 and PCNA immune complexes were detected by anti-mouse FITC (green) and
anti-rabbit Texas red (red). Nuclei were counterstained with Hoechst 33342 (blue). Representative
immunofluorescence staining images from each study group ((A—C) DDC group; (D-F) DDC + Mel
group). Scale bar = 20 pm.
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3. Discussion

The bulk of the liver is occupied by parenchymal hepatocytes, but little is known about the
physiology of cholangiocytes. Cholangiocytes are epithelial cells that line the biliary system and
make up 3%-5% of the liver cell population. The major function of cholangiocytes is closely related
to bile flow. The ability of cholangiocytes to proliferate is important in many different human
pathological liver conditions that involve this cell type, and those conditions are referred to as
cholangiopathies. Pro-inflammatory cytokines may be critically involved in the pathophysiology
of several cholangiopathies [19,20]. Thus, this study aimed at investigating the specific effects of
melittin on the pathogenesis of DDC-induced sclerosing cholangitis and biliary-type liver fibrosis.

Melittin is a major component of bee venom, which makes up 50%-60% of the dry weight of bee
venom. It has been studied for its antibacterial, antiviral and anti-inflammatory properties in various
cell types [21]. A low concentration of bee venom has been reported to protect TNF-a/actinomycin
D-induced hepatocyte apoptosis [22]. Although melittin has lytic effects on biological and cell
membranes when inserted into the phospholipid layer at a high concentration, a concentration of
melittin lower than 2 uM does not disrupt the cell membrane [21,23,24]. During the progression of
atherosclerosis and restenosis, melittin inhibited aortic vascular smooth muscle cell proliferation
by suppressing NF-«B, Akt activation and the mitogen-activated protein kinase pathway [25].
Recently, melittin effectively suppressed skin inflammation in the P. acnes-induced in vitro and
in vivo inflammatory models [26]. However, there have been no reports on the effects of in vivo
cholangiopathy-associated molecular mechanisms of melittin. The current study confirmed the
anti-inflammatory function of melittin as an effective inhibitor of inflammatory cytokines and biliary
fibrosis. This study demonstrated that melittin reduced the ductular reaction in DDC-induced liver
injury, suggesting a potential therapeutic use of this compound in the treatment of cholangitis-related
liver fibrosis.

Xenobiotics, which are foreign to an organism, include chemical compounds, detergents and
pharmaceuticals. Liver plays a major role in the detoxification and elimination of xenobiotics. DDC
feeding is widely used to study xenobiotic-induced liver injury. DDC-induced liver injury is associated
with chronic cholestatic liver diseases, which are further related to the induction of a reactive phenotype
of bile duct epithelial cells with the development of bile duct injury, leading to portal-portal fibrosis
and large duct disease [8,27].

To further evaluate the function of melittin in liver fibrosis, this study used a DDC-induced liver
fibrosis model. Chronic DDC feeding elevated the hepatic inflammatory responses in portal fields and
hepatocyte injuries and increased collagen deposition and periductal portal-portal fibrosis. Increased
serum AST and ALT are known to be major risk factors related to the development of chronic liver
disease. Especially, the elevations of serum AP and bilirubin are well-known parameters for cholestatic
liver disease. The reductions of serum AP and bilirubin play a major role in mediating the repression
of biliary disease [28,29]. Chronic DDC feeding in mice increased the serum levels of AST, ALT, AP and
bilirubin. Of particular interest, this study showed that treatment with melittin appeared to decrease
AP and bilirubin concentrations in the serum of DDC-fed mice. Elevations of serum AST, ALT, AP and
bilirubin, from liver metabolic disorder, play important roles in the initiation of liver fibrosis, and liver
metabolic disorder was affected by pro-inflammatory cytokines [30].

Pro-inflammatory cytokines and chemokines have an important role in the initiation and
perpetuation of various types of liver fibrosis. Although a previous study has demonstrated that
melittin has anti-inflammatory and anti-fibrotic activity in thioacetamide-induced liver fibrosis [31],
the precise mechanisms of action of melittin in cholangiopathies remain to be elucidated. TNF-« is a
key molecule in the hepatic inflammatory response, the execution of apoptosis and the regulation of
liver regeneration. Moreover, the TNF superfamily may represent major players in the immunobiology
of sclerosing cholangitis and associated biliary fibrosis [20,32]. A recent study showed that genetic loss
of TNFR1 significantly affects the pathogenesis of DDC-induced sclerosing cholangitis and ductular
reaction. Consistent with these results, DDC-induced injury led to increased production of TNF-«
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expression. Along with TNF-« upregulation, the expressions of IL-6, p-STAT3 and MCP-1 were also
increased in DDC-fed mice. STAT3 is the major downstream signaling molecule of IL-6 in hepatocytes.
The hepatoprotective function of STAT3 in the liver has been well documented in many murine
models. Especially, conditionally-inactivated STAT3 in hepatocytes and cholangiocytes led to strongly
aggravated hepatocellular damage and fibrosis in a sclerosing cholangitis animal model using mice
lacking the multidrug resistance gene 2 (mdr2~/7) [33]. Our present study showed that melittin
effectively suppressed the expressions of TNE-«, IL-6, p-STAT3 and MCP-1 in DDC-fed mice. These
results demonstrate that melittin mediates the anti-inflammatory effect during the resolution of biliary
fibrosis in liver.

During liver injury, periportal hepatocytes are damaged, and their proliferation is impaired.
Damaged liver parenchyma become a source of regenerating hepatocytes, biliary epithelial cells and
draining ductules in order to restore the functional liver mass [34,35]. When liver parenchyma is
damaged, the ductular reaction progresses as an alternative pathway for liver restoration. Ductular
reaction has been regarded as a barometer of portal fibrosis, since proliferating biliary epithelial cells
are a source of molecules that mobilize ECM deposition and secrete pro-inflammatory cytokines and
chemokines, which further activate hepatic stellate cells and portal fibroblast [36,37]. This remodelling
process of liver milieu demonstrates a strong capacity to increase myofibroblast proliferation and
ECM deposition, thus contributing to the fibrogenic response to liver injury [38]. Our current
study investigated the question of whether melittin could affect ductular reaction during chronic
liver injuries. Chronic DDC feeding led to increased ductular reaction at the portal tract interface,
including small biliary ductules with bile plugs and inflammatory cells. In addition, CK-7, which
is a cholangiocyte-specific epithelial cell marker, was increased in ductular reaction near the portal
tract in DDC-fed mice. Furthermore, proliferating cholangiocytes were also increased by chronic DDC
feeding. However, melittin treatment withdrew ductular reactions and cholangiocyte proliferation in
DDC-fed mice.

Several studies have demonstrated that proliferating cholangiocytes secrete profibrogenic factors.
During biliary fibrosis, proliferating bile duct epithelial cells are the predominant source of the
profibrogenic gene, such as connective tissue growth factor (CTGF) [39]. Moreover, epithelial cells
of newly-formed bile ducts express mRNA for «1 (IV) procollagen, suggesting that proliferating
cholangiocytes are a source of hepatic collagen during fibrosis [40]. The expression of TGF-1, which
is a key upstream signaling molecule of CTGF and the major fibrogenic cytokine in liver fibrosis, was
increased in chronic DDC-induced liver injury. Following TGF-$1 upregulation, the expressions of
fibronectin, vimentin, FSP-1 (a key marker of early fibroblast lineage) and p-Smad2 were also increased
in DDC-fed mice. In contrast, melittin markedly reduced the responses induced by DDC in mice.
In fact, melittin treatment downregulated the expression of matrix components during biliary fibrosis.

Overall, this study demonstrated the protective effects of melittin on DDC-induced biliary fibrosis
in vivo. Treatment of melittin markedly decreased the expression of inflammatory cytokines in DDC-fed
mice. Melittin also suppressed biliary fibrosis by attenuating the expression of fibrogenic cytokines
and ECM proteins. Moreover, melittin modulated ductular reaction and subsequent fibrosis. These
results collectively suggest that melittin may regulate the remodelling process, which involves crosstalk
between mesenchymal cells and cholangiocytes in biliary fibrosis. In summary, these findings expand
the role for melittin in regulating the expression of ECM and begin to provide insight into its regulatory
involvement in liver fibrosis-related pathologies.

4. Experimental Section

4.1. Animal Model

For the induction of liver injury, 6-8-week-old C57BL /6 male mice (20-25 g; Samtako, Kyungki do,
Korea) were used. Mice were fed with a 0.1% DDC-supplemented diets for 4 weeks, housed with a 12-h
light/dark cycle and permitted ad libitum consumption of water. All animal protocols were approved
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by the Institutional Animal Care and Use Committee of Catholic University of Daegu (Daegu, Korea).
Mice were randomly divided into four groups as follows: (1) untreated group (normal control, NC);
(2) melittin-treated group with normal diet (Mel); (3) 0.1% DDC-supplemented diet group (DDC);
(4) melittin-treated group with 0.1% DDC-supplemented diet (DDC + Mel). The Mel only group and
the DDC + Mel group received intraperitoneal injection of melittin (0.1 mg/kg; Sigma-Aldrich, St.
Louis, MO, USA) dissolved in saline twice a week. Mice were sacrificed after 4 weeks of treatment,
and the livers were removed.

4.2. Histopathology and Immunohistochemistry

Small pieces of liver from each lobe were kept in 10% formalin solution. Paraffin-embedded
liver tissues were sectioned and stained with H&E and Masson’s trichrome according to the standard
protocol. For immunohistochemistry, sections were incubated with anti-monocyte chemoattractant
protein (MCP)-1 and anti-fibroblast specific protein (FSP)-1. After three serial washes with
phosphate-buffered saline (PBS), the sections were processed by an indirect immunoperoxidase
technique using a commercial kit (LSAB kit; Dako, Glostrup, Denmark). The slides were examined
with an Eclipse 80i microscope (Nikon, Tokyo, Japan) and analysed with iSolution DT software (IMT
i-Solution, Coquitlam, BC, Canada).

4.3. Serum Biochemical Analysis

Serum samples were stored at —70 °C until analysed using a QuantiChrom™ kit (BioAssay
Systems, Atlanta, GA, USA) for alanine transaminase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (AP) and bilirubin.

4.4. Western Blot Analysis

Liver tissues were homogenized in radioimmunoprecipitation assay (RIPA) buffer (Cell Signaling
Technology, Danvers, MA, USA) for 15 min on ice and centrifuged at 12,000 rpm for 15 min at 4 °C.
The supernatant was collected, and the residual protein concentration was measured by the Bradford
protein assay (Bio-Rad Laboratories, Berkeley, CA, USA). Sodium dodecyl sulphate polyacrylamide
gel electrophoresis was performed with 8%-12% polyacrylamide gels at 100 V for three hours. The
resolved proteins were transferred from the gel onto a polyvinylidene fluoride (PVDF) membrane
(Millipore Corporation, Bedford, MA, USA) and probed with anti-TNF-«, anti-fibronectin, anti-IL-6
(Abcam, Cambridge, UK), anti-t-Smad 2 (Santa Cruz Biotechnology, Dallas, TX, USA), anti-TGF-f31
(R&D Systems, Minneapolis, MN, USA), anti-fibronectin, anti-vimentin (BD Biosciences, San Jose, CA,
USA), anti-p-Smad2 (Novus Biologicals, Littleton, CO, USA), anti-p-signal transducer and activator of
transcription (STAT)3 and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Cell Signaling,
Danvers, MA, USA), followed by secondary antibody conjugated to horseradish peroxidase (1:2000)
and detected with enhanced chemiluminescence reagents (Amersham Bioscience, Piscataway, NJ,
USA). Signal intensity was quantified by an image analyser (Las3000; Fuji, Tokyo, Japan).

4.5. Immunofluorescence Staining and Confocal Microscopy

Paraffin-embedded mouse liver sections (3-um thickness) were prepared by a routine procedure.
After blocking with 10% donkey serum for 30 min, the slides were immunostained with primary
antibodies against proliferating cell nuclear antigen (PCNA, Santa Cruz Biotechnology, Dallas, TX,
USA) and cytokeratin-(CK)-7 (Millipore, Darmstadt, Germany). To visualize the primary antibodies,
sections were stained with secondary antibodies conjugated with FITC or Texas red (Invitrogen,
Carlsbad, CA, USA). Sections were then counterstained with Hoechst 33342. Stained slides were
viewed under a Nikon Al microscope equipped with a digital camera (Nikon, Tokyo, Japan).
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4.6. Statistical Analyses

Data are presented as the mean £ SE. Student’s t-test was used to assess the significance of
independent experiments. The criterion p < 0.05 was used to determine statistical significance.

5. Conclusions

These data expand the role for melittin in regulating the expression of ECM and begin to provide
insight into its regulation by liver fibrosis and related pathologies, PSC and biliary fibrosis.
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Abstract: Two cDNA sequences of Kazal-type serine protease inhibitors (KSPIs) in Nasonia vitripennis,
NvKSPI-1 and NvKSPI-2, were characterized and their open reading frames (ORFs) were 198 and
264 bp, respectively. Both NvKSPI-1 and NvKSPI-2 contained a typical Kazal-type domain. Real-time
quantitative PCR (RT-qPCR) results revealed that NvKSPI-1 and NvKSPI-2 mRNAs were mostly
detected specifically in the venom apparatus, while they were expressed at lower levels in the ovary
and much lower levels in other tissues tested. In the venom apparatus, both NvKSPI-1 and NvKSPI-2
transcripts were highly expressed on the fourth day post eclosion and then declined gradually. The
NvKSPI-1 and NvKSPI-2 genes were recombinantly expressed utilizing a pGEX-4T-2 vector, and the
recombinant products fused with glutathione S-transferase were purified. Inhibition of recombinant
GST-NuKSPI-1 and GST-NvKSPI-2 to three serine protease inhibitors (trypsin, chymotrypsin, and
proteinase K) were tested and results showed that only NvKSPI-1 could inhibit the activity of trypsin.
Meanwhile, we evaluated the influence of the recombinant GST-NvKSPI-1 and GST-NvKSPI-2 on
the phenoloxidase (PO) activity and prophenoloxidase (PPO) activation of hemolymph from a host
pupa, Musca domestica. Results showed PPO activation in host hemolymph was inhibited by both
recombinant proteins; however, there was no significant inhibition on the PO activity. Our results
suggested that NvKSPI-1 and NvKSPI-2 could inhibit PPO activation in host hemolymph and trypsin
activity in vitro.

Keywords: Nasonia vitripennis; Kazal-type; serine protease inhibitors; humoral immunity

1. Introduction

The Kazal-type serine protease inhibitors (KSPIs) comprise a large family of protease inhibitors.
They are present widely in mammals, birds, crayfish, and insects and are named in reference to the work
on the pancreatic secretory trypsin inhibitor first isolated by Kazal et al. [1]. During the 1950s-1980s,
KSPIs were explosively studied in vertebrates, particularly mammals and birds [2]. Studies on
KSPIs from invertebrates began in the 1990s when Friedrich et al. first reported a double-headed
Kazal-type thrombin inhibitor, rhodniin, from Rhodnius prolixus (Hemiptera: Reduviidae) [3]. In 1994, a
four-domain Kazal protease inhibitor from the blood cells of crayfish Pacifastacus leniusculus (Crustacea:
Decapoda) [4] and a leech-derived tryptase inhibitor from the medicinal leech Hirudo medicinalis
(Hirudinea: Hirudinidae) [5] were documented, respectively. After that, studies on invertebrate KSPIs
have extended to other invertebrate species including shrimp, blood-sucking insects, silk moths,
locusts, and so on [6-12].
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KSPIs have the conserved structures of one or more Kazal domains (KDs). A typical KD is
composed of 40-60 amino acids including six cysteine residues and the following conservative motif:
C1-X(1-7)-C2-X(5)-PVC3-X(4)-TYXNXC4-X(2-6)-C5-X(9-16)-C6. These six cysteine residues formed
three intra-domain disulfide bridges between cysteine numbers 1-5, 2—4, and 36, resulting in a
characteristic three-dimensional structure [13]. So far, hundreds of KSPIs with various functions
have been reported [14]. KSPIs are involved in many important physiological processes, such as
embryogenesis, development, excessive autophagy, microbial invasion, inflammation, and immune
responses [15-19]. Native KSPIs from blood-feeding arthropods can inhibit trypsin, thrombin, elastase,
chymotrypsin, plasmin, subtilisin A, and factor XIIa [3,20-23].

Parasitic wasps are natural resources that play an important role in biological control. They
lay eggs into hosts or on the surface of hosts along with maternal and embryonic factors such as
venom, polydnavirus (PDV), virus-like particles (VLP), ovarian proteins, teratocytes, and proteins
secreted from larvae to interfere with the host immune responses for successful parasitization [24-26].
Unlike ichneumonid and braconid parasitoids, Nasonia vitripennis (Hymenoptera: Pteromalidae) injects
venom, but not PDVs, into its host after oviposition. N. vitripennis venom is responsible for multiple
functions in regulating the physiological processes of its host including induction of pathological and
ultrastructural changes in cultured cells, interfering with the cellular immunity of host hemocytes,
causing cell death, stimulation of intracellular calcium release in cultured cells, and disruption of the
pupariation and eclosion behavior of the host [27-29]. Using proteomics methods, De Graaf et al. [30]
previously identified 79 venom proteins from N. vitripennis, two of which are KSPIs (NCBI accession
numbers NM_001161523 and NM_001170879). Recently, our group determined the transcriptome and
proteome of venom gland and other residual tissues in N. vitripennis by RNA-seq (RNA sequencing)
and LC-MS/MS (liquid chromatography-tandem mass spectrometry) methods [31], and we also
detected two KSPIs in venom, as described by de Graaf et al. [30].

N. vitripennis is not only an advantageous ectoparasitoid to flies but an ideal perfect model
insect for genetic and developmental biology studies [32,33]. In addition, genome sequences and
comparative analyses have been reported for N. vitripennis and two other closely related parasitoid
wasps, N. giraulti, and N. longicornis (Hymenoptera: Pteromalidae) [34]. While these reports document
progress in understanding the composition of N. vitripennis venom, information on the activity and
functional molecular mechanisms of venom actions are still lacking.

Here, we molecularly characterized two KSPIs (NvKSPI-1 and NvKSPI-2) in N. vitripennis and
determined their tissue and developmental expression patterns. We also tested the inhibition of
recombinant NvKSPI-1 and NvKSPI-2 on three serine protease inhibitors’ in vitro and PO activity and
PPO activation of host hemocytes. These results will provide further insight into the role of KSPIs in
insects, especially in parasitoid wasps.

2. Results

2.1. Molecular Characterization of NvKSPI-1 and NvKSPI-2

Fragments of NvKSPI-1 and NvKSPI-2 containing 198 and 264 nucleotides were amplified and
sequenced; they respectively encoded 65 and 87 amino acids with predicted secretory N-terminal
signal peptides (Figure 1). BLASTn results showed that these two cDNA sequences were completely
consistent with N. vitripennis KSPIs in the NCBI database (NM_001161523 and NM_001170879).
A multiple sequence alignment of KDs from NvKSPI-1, NvKSPI-2, and other KSPIs showed that
although the numbers of KDs in these species varied from one to seven, typical KD motifs were highly
similar, including the six cysteine residues that formed disulfide bonds between cysteine numbers 1-5,
2-4, and 3-6 (Figure 2). Phylogenetic analyses of NvKSPI-1 and NvKSPI-2 with homologs in 12 other
species using their mature peptide region sequences indicated that NvKSPI-1 and NvKSPI-2 were not
classified into the same cluster and showed close genetic distances with Danaus plexippus (Lepidoptera:
Danaidae) and Panstrongylus megistus (Hemiptera: Reduviidae), respectively (Figure 3). In Diptera
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insects, Lutzomyia longipalpis (Diptera: Psychodidae) and Phlebotormus papatasi (Diptera: Psychodidae)
are classified into one cluster, while Glossina morsitans (Diptera, Glossinidae) and Stomoxys calcitrans
(Diptera: Muscidae) are classified into another cluster. In general, NvKSPI-1 and NvKSPI-2 were
genetically closer to insects, and farther from crustaceans and vertebrates.

A
1 ATGAATAAGCAATTGGTATTTGTTTTCTTCATTGTCATGATTGCAATGGCATTTGGATGC
IMNKQL VFVEFTVMIAMATFTGHEC
61 ATTTGTCCAAGAAACTACCAACCAGTATGTGACAATTTAGGAAAACAACACAACAACCTG
2 C P RNYQPVCDNLGE KA QHNNL
121 TGTTTGTTCAACTGTGCTGCTGAACAAGCTATGCGCAATGGTCAAGAACTTACCATTGCC
41C L F N CA A EQAMRNGQETLTTIA
181 AAGTACAGTGAATGTTAA
6l K Y S E C =
B

ATGAAGTTAACCGTATTCCTCTTCGCGACCGCCCTCTTCTGCGCAATCGCCAACGTCAAC
IMKLTVFLFATALZFC CATANVN
61 GCTCAACTTGAATCGGACGATTATGAAGAAGAAGATGAGTGCCCCTGTATGACGCCGTTC
2AQ L ESDDYEEEDETCPCMTPF
121 AATTGGCTGCCAAAGTGCGGATCTGACGGACAAACCTATCCTAACGAGGAAGCTATCAAG
41N WL PKCGSDGQTYPNETEATIK
181 TGCCAAAACGAGTGCAACGATGACCGTGTAACTATTGCTCATGACGGCGTATGCGAAGGC
61C Q NE CNDDRVTTITAHNHDTGVCEG
241 GATGCAAACTTCGGACTTGTTTAA

81D AN F G L V =

—

Figure 1. Nucleotide and deduced amino sequences of NvKSPI-1 (A) and NvKSPI-2 (B) cDNAs from N.
vitripennis. Signal peptides are underlined; the initiator codon “ATG” and terminator codon “TAA” are

bolded and highlighted.
A PMKD-2 E.. GARHEGN. . . EYLVQVHEG 43
PMKD-4 E.. EAXHEGK. . . ELLVQVHEG 43
SCKD R.. TGREYAXKLGRRIYIAKKG 47
GMKD E.. S VGRKMYRIGGHICMAHCG 46
NVKD-2 E s
PMKD-6 L.. 42
PMKD-3 L 3
PMKD-S L 43
NCKD R.. 37
BMKD R.. 37
PMKD-7 e 43
DPXD-2 e a2
PMKD-1 E.. 2
NVKD-1 s 16
DPXD-3 E.. 39
DPXD-1 E.. 42

Consensusc c = pvegtdg Tty n

PaXD-2 PaKD-4 ScKD GaKD NvKD-2 PaKD-6 PaKD-3 PaKD-5 NcKD BaKD PaKD-7 DpKD-2 PaKD-1 NvKD-1 DpKD-3 DpKD-1
PaxD-2 100% 97.2% 38.9% 50.0% 38.9% 47.2% dd.d%  47.2%  47.2% d4.4% 63.9% 63.9% 58.3% 3B.9% 52.8% 65.6%

PaKD-4 100%  38.9% 50.0% 38.9% d47.2% dd.4%  d47.2%  d47.2% d47.2% 63.9% 63.9% 68.3% 38.9% 652.8% 65.6%
ScKD 100%  58.3% d1L.7%  47.2%  dd.d%  d1.7% 90.0% 50.0% $0.0% dd.d%  dd.d% dd.dx dLT% dd.dx
GaKD 100%  44.4%  58.3% 50.0% d4.4%  50.0% £0.0% 52.8% 52.8% 62.8% 38.9% d1.7% dd.4%
RvKD-2 100% 44.4%  36.1%  33.3%  36.1% 3B.1% 3B.9% 36.1%  55.6% 33.3%  3B.9%  50.0%
PaxD-6 100% 55.6% 50.0% 50.0% 52.8% 55.6% 55.6% 61.1% 38.9% 4L 7% 55.6%
PaKD-3 100% 83.9% 55.6% £0.0% 52.8% 52.8% d7.2% 36.1% 38.9% dd.4%
PaxD-5 100% 68.3% 47.2% 52.8% 52.8% 47.2% 33.3% 38.9% dd.4%
NcKD 100%  55.6% 55.6% 58.3% d7.2% 38.9% d1.7% dd.dx
BakKD 100%  50.0% 52.8% 47.2% 36.1% 50.0% 41.7%
PaKD-7 100%  69.4% 55.6% dd.d%  d47.2%  52.8%
DpKD-2 100% 61.1% 41.7% 52.8% 58.3%
PaKD~-1 100%  dd.4% 47.2%  63.9%
KvKD-1 100%  50.0% 47.2%
DpKD-3 100% 61.1%
DpKD-1 100%

Figure 2. Cont.
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NvKSPI-1 NvKSPI-2

Figure 2. Sequence analysis of NvKSPI-1 and NvKSPI-2. (A) Multiple sequences alignment and
amino acid identity analysis of Kazal domains (KDs) between NvKSPI-1, NvKSPI-2, and other KSPIs.
(B) Predicted tertiary structure of NoKSPI-1 and NuKSPI-2 KDs by phyre? on line. Yellow spheres
represent cysteines forming three intra-domain disulfide bridges between cysteine numbers 1-5,
2-4, and 3-6. The corresponding species of abbreviations and their GenBank accession numbers
are as follows: PMKD-1,2,3,4,5,6,7: Panstrongylus megistuss (ADF97836); SCKD: Stomoxys calcitrans
(AAY98015); GMKD: Glossina morsitans (AFG28187); NCKD: Neospora caninum (AAM29188); BMKD:
Bombyx mori (NP_001037047); DPKD-1,2,3: Danaus plexippus (EHJ76238); NVKVD1 and NVKVD2:
Nasonia vitripennis (NM_001161523 and NM_001170879).

GmKSPI
ScKSPI
NvKSPI-1

PmKSPI

HsKSPI

DpKSPI
NVKSPI-2
CppKSPI

Figure 3. Phylogenetic analysis of NvKSPI-1, NvKSPI-2, and other KSPIs” amino acid sequences based
on the neighbor-joining method. The origin of amino acid sequences and their GenBank accession
numbers are as follows: FcKSPI: Fenneropenaeus chinensis (ABC33915); LuKSPI: Litopenaeus vannamei
(AAT09421); BmKSPI: Bombyx mori (NP_001037047); NcKSPI: Neospora caninum (AAM29188); GmKSPI:
Glossina morsitans (AFG28187); ScKSPI: Stomoxys calcitrans (AAY98015); PmKSPI: Panstrongylus megistus
(ADF97836); HsKSPI: Homo sapiens (NP_115955); DpKSPI: Danaus plexippus (EH]76238); CppKSPI: Culex
pipiens pallens (AFN41343); LIKSPI: Lutzomyia longipalpis (ABV60319); PpKSPI: Phlebotomus papatasi
(ABV44739); NuKSPI-1 and NvKSPI-2: Nasonia vitripennis (NM_001161523 and NM_001170879).

2.2. Expression and Purification of Recombinant NvKSPI-1 and NvKSPI-2

Two recombinant proteins fused with glutathione S-transferase at their N-terminuses,
namely GST-NvKSPI-1 and GST-NvKSPI-2, were successfully detected by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) with molecular weights of about 33 kDa and 36 kDa,
respectively. The recombinant proteins were mainly detected in the supernatant and not in the
precipitate. As soluble fusion proteins, GST-NvKSPI-1 and GST-NvKSPI-2 were purified with the
GSTeBind™ Resin Kit (Novagen, Hilden, Germany) and the purified proteins were analyzed by
SDS-PAGE (Figure 4). The protein concentrations of purified GST-NvKSPI-1 and GST-NvKSPI-2
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were 1.8 mg/mL and 2.1mg/mL, respectively, and the concentration of the GST fusion proteins was
2.4 mg/mL.
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Figure 4. SDS-PAGE analysis of NvKSPI-1 (A) and NvKSPI-2 (B) recombinant proteins. M: Protein
molecular weight marker; 1: Not induced by IPTG; 2: Precipitation after IPTG induction. 3: Supernatant
after IPTG induction; 4: Purified proteins.

2.3. Transcriptional Profiles of NvKSPI-1 and NvKSPI-2 in Different Tissues and Developmental Stages

Levels of NuKSPI-1 and NvKSPI-2, confirmed by genes by RT-qPCR using 185 rRNA as the
reference gene, showed similar transcript profiles (Figures 5 and 6). In tissues, NvKSPI-1 and NvKSPI-2
mRNAs were both expressed specifically in the venom apparatus, while they were detected at lower
levels in the ovary and much lower amounts in other tissues tested. In detecting the transcript levels
of NuKSPI-1 and NuKSPI-2 at different developmental stages (0-7 days post eclosion) in the venom
apparatus of female adults, they were found to be lower at 0, 1 and 3 days post eclosion, but higher
on the second day and highest on the fourth day post eclosion, after which they declined gradually.
NvKSPI-1 and NvKSPI-2 had similar transcript profiles.
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Figure 5. Tissue distribution of transcript levels of NvKSPI-1 (A) and NvKSPI-2 (B) in N. vitripennis.
Abdomen carcass represents the rest of abdomen post dissection. Venom apparatus contains venom
reservoir and gland, and venom released. All values in the figure are represented as mean + standard
deviation. Bars labeled with different letters are significantly different (one-way ANOVA followed by
LSD test, p < 0.05).
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Figure 6. Developmental stages of transcript levels of NvKSPI-1 (A) and NvKSPI-2 (B) in venom
apparatus of N. vitripennis. Female adults were sampled on days 0 to 7 post eclosion. All values are
presented as mean =+ standard deviation. Bars labeled with different letters are significantly different
(one-way ANOVA followed by LSD test, p < 0.05).

2.4. Serine Protease Inhibition Activity of NvKSPIs

To define whether NvKSPI-1 and NvKSPI-2 can affect serine protease activity, we determined their
enzyme activity inhibition spectrum to trypsin, chymotrypsin, and proteinase K with recombinant
GST-NovKSPI-1 and GST-NvKSPI-2. Results showed that only NvKSPI-1 could inhibit the activity of
trypsin, while NvKSPI-2 did not inhibit the activity of any of the three serine proteases tested (F = 4.159,
p=0.04; F=0.247,p = 0.932; F = 0.552, p = 0.714, respectively) (Figure 7).
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Figure 7. Effects of recombinant NvKSPI-1 and NvKSPI-2 on the activity of serine proteases. GST:
GST-tag protein expressed by pGEX-4T-2; BSA and Buffer: treated by BSA and reaction buffer
respectively; NvKSPI-1 and NvKSPI-2: treated by recombination proteins respectively. All values
in the figure are represented as mean =+ standard deviation. Bars labeled with different letters are
significantly different (one-way ANOVA followed by LSD test, p < 0.05).
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2.5. Effects of NvKSPIs on Prophenoloxidase (PPO) Activation and Phenoloxidase (PO) Activity

To test whether NvKSPI-1 and NvKSPI-2 played a role in PPO activation and PO of hemolymph of
host pupae, inhibition of PPO activation and PO activity were tested with recombinant GST-NvKSPI-1
and GST-NvKSPI-2 and compared with positive and negative controls. The PO activity between
samples incubated with NvKSPI-1/M. luteus and NvKSPI-2/M. luteus were significantly different
compared with the BSA and GST controls (F = 73.255, p < 0.001) (Figure 8A). The results indicated that
recombinant GST-NvKSPI-1 and GST-NvKSPI-2 could inhibit PPO activation in the hemolymph of the
host. When PPO in the hemolymph was pre-activated with M. luteus, recombinant GST-NvKSPI-1 and
GST-NuKSPI-2 had no effect on PO activity (F = 27.26, p < 0.001) (Figure 8B). These results suggested
that NuKSPI-1 and NvKSPI-2 could inhibit PPO activation in the host hemolymph but could not inhibit
PO activity after PPO was activated.
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Figure 8. Effects of recombinant NvKSPI-1 and NvKSPI-2 on the PPO activation (A) and PO activity
(B) of hemolymph of M. domestica pupae. (A) Screened hemolymph was incubated with TBS alone,
or TBS/M. luteus, NvKSPI-1/M. luteus, NvKSPI-2 /M. luteus, BSA /M. luteus, GST /M. luteus, PTU /M.
luteus in TBS for 20 min at 25 °C. PPO activation was assayed using L-dopamine as a substrate, as
described in Materials and Methods. (B) Screened hemolymph was incubated with M. luteus in TBS for
10 min at 25 °C, and then incubated with TBS, NvKSPI-1, NvKSPI-2, BSA, GST, or PTU for 10 min at
25 °C. PO activity was assayed using L-dopamine as a substrate, as described in Materials and Methods.
All values in the figure are represented as mean + standard deviation. Bars labeled with different
letters are significantly different (one-way ANOVA followed by LSD test, p < 0.05).

3. Discussion

Structural studies of KSPIs have shown that they usually possess one to several conserved
KDs consisting of six cysteine residues, but active sites of KSPIs have become highly variable due
to long-term evolution [15]. Studies on P. leniusculus and Penaeus monodon (Crustacea: Decapoda)
revealed that there were at least 26 and 20 different KDs from the hemocyte KSPIs of P. leniusculus
and P. monodon, respectively. The position of the P1 site (usually the second amino acid residue
after the second cysteine), a determinant for substrate specificity, varied highly [2,35]. In general,
the domain with the P1 site of Arg or Lys inhibits trypsin; the P1 site of Tyr, Leu, Pro, Phe, or Met
inhibits chymotrypsin; the P1 site of Ala or Ser inhibits elastase; and the P1 site of Thr or Asp inhibits
proteinase K or subtilisin A.

Here, we characterized two KSPIs in N. vitripennis (NvKSPI-1 and NvKSPI-2); both have a typical
KD consisting of six cysteine residues. For NvKSPI-1, the P1 site is Arg, and it was supposed
to inhibit the activity of trypsin but not chymotrypsin (or proteinase K). On the other hand, the
P1 site of NvKSPI-2 is Thr, and it was supposed not to inhibit the activity of our tested serine
proteases (trypsin, chymotrypsin, and proteinase K). Our results with recombinant NvKSPI-1 and
NvKSPI-2 were consistent with the general principle. As one of the most important families of
protease inhibitors, KSPIs not on played a role in protecting the pancreas of vertebrates, but are
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also involved in many physiological processes in arthropods, such as dissolution, food digestion,
blood coagulation, embryogenesis, ontogenesis, and inflammation and immune responses [16,36].
In two common shrimps, Litopenaeus vannamei (Crustacea: Decapoda) and Fenneropenaeus chinensis
(Crustacea: Decapoda), KSPIs were cloned from their hemocytes” cDNA libraries, and the mRNA
levels of the shrimp KSPIs were upregulated after injection of a Gram-negative marine bacterium,
Vibrio alginolyticus, suggesting a probable role of KSPIs in the immune response [7,9]. In the black tiger
shrimp, P. monodon, a specific KSPI, SPIPm2, did not function as a protease inhibitor but inhibited
the regulatory function of WSV477. Interaction between SPIPm2 and viral protein WSV477 reduced
the replication of the white spot syndrome virus [10]. In bivalves, a five-domain KSPI was identified
from the pearl oyster Pinctada fucata (Mollusca: Bivalvia) that could inhibit chymotrypsin and trypsin
activities [37]. Two KSPIs (MdSPI-1 and MdSPI-2) that are important humoral factors of innate
immunity were identified from the surf clam Mesodesma donacium (Mollusca: Bivalvia). They were
significantly upregulated at 2 and 8 h post infection with V. anguillarum [38]. In the coconut rhinoceros
beetle, Oryctes rhinoceros (Coleoptera: Scarabaeidae), a single-domain KSPI was shown to play a key
role in protection against bacterial infections [39]. In blood-sucking bugs Rhodnius prolixus (Hemiptera:
Reduviidae) and Dipetalogaster maximus (Hemiptera: Reduviidae), synthesized double-headed KSPIs,
which are highly specific for thrombin, could prevent the host blood coagulation [3,40]. In Triatoma
infestans (Hemiptera: Reduviidae), one KSPI, factor XIla, was found to participate in its meal acquisition
and digestion, while another KSPI, Infestin 1R, was also demonstrated to be able to impair mammalian
cell invasion by Trypanosoma cruzi [21]. In the mosquito, Aedes aegypti (Diptera: Culicidae), KSPIs
not only acted as anticoagulants during blood feeding and digestive processes, but served other
functions during the development of the mosquito [41]. In silk moths, Bombyx mori (Lepidoptera:
Bombycidae), one three-domain KSPI was identified from the cDNA library of the pupae, and was
speculated to inhibit the invasion of pathogenic microorganisms [11]. In Asian honey bees, Apis cerana
(Hymenoptera: Apidae), a venom KSPI acting as a microbial serine protease inhibitor was identified
and demonstrated to have inhibitory activity against subtilisin A and proteinase K [42]. In the desert
locust, Schistocerca gregaria (Orthoptera: Acrididae), one KSPI specific for elastase, subtilisin, and
chymotrypsin were identified from its ovary gland [12]. Therefore, KSPIs have diverse functions in
insects, particularly related to insect immune responses.

Compared to other insects, few studies on KSPIs have been reported in parasitoid wasps. Only
de Graaf et al. [30] and our group identified two cDNA sequences of KSPIs (NvKSPI-1 and NvKSPI-2)
from N. vitripennis, and our previous proteome determination of venom of N. vitripennis indicated that
NvKSPI-1 and NvKSPI-2 could be secreted into the venom (unpublished), but no further studies were
performed. Parasitoid wasps are important potential resources for biological control. N. vitripennis is
an ectoparasitoid of flies and deposits its eggs along with the venom to ensure the development of the
offspring by inhibiting the immune response or growth and development of the host [43—45]. Here,
we presented a detailed study on the functions of NvKSPI-1 and NvKSPI-2 to host immunity. Our
results showed that NvKSPI-1 and NvKSPI-2 were both expressed in N. vitripennis venom apparatus, in
which their transcribed levels were hundreds of times higher than in other tissues tested, suggesting
that NvKSPI-1 and NvKSPI-2 were possibly involved in inhibition of the host immune response. For
the expression profiles of NvKSPIs in venom apparatus, the expression level of NvKSPIs declined at
3 days post eclosion compared to that of the second day; this might be due to the biological rhythm of
female wasps. The first three days post eclosion were the main mating and oviposition periods; after
oviposition peak, female wasps would re-express NuKSPIs for the subsequent parasitism. Of course,
NvKSPIs might be involved in other biological functions during the eclosion period. PPO and PO
activation assays of hemolymph from M. domestica (host) pupae showed that NvKSPI-1 and NvKSPI-2
were inhibitors of PPO. The PPO activation system is an important component of the immune system
in arthropods, and activation of zymogen PPO to active PO involves a serine protease cascade [46,47]
and is tightly regulated by serine proteases and serpins [48-50]. N. vitripennis, as an important
ectoparasitoid, had two KSPIs (NvKSPI-1 and NvKSPI-2) that were expressed specifically in venom
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apparatus and secreted into venom, suggesting that NvKSPI-1 and NvKSPI-2 played a role in repressing
host melaninization through inhibition of trypsin activity and PPO activation. However, more studies
are needed to investigate how NvKSPI-1 and NvKSPI-2 inhibit PPO activation and screen for their
potential interaction factors.

4. Materials and Methods

4.1. Insect Rearing

Cultures of Musca domestica (Diptera: Muscidae) and N. vitripennis were collected from the
experimental field of Zhejiang University, Hangzhou, China. The laboratory colonies of N. vitripennis
and its host M. domestica were maintained as described previously [51] and used in all experiments. In
brief, the host larvae were fed an artificial diet composed of 15% milk powder, 35% wheat bran, and 50%
water, in 500 mL glass canning jars (at 25 £ 1 °C, light:dark = 10h:14h, relative humidity (R. H.) = 75%)
until eclosion. M. domestica adults were maintained on a mixture of sugar and milk powder (10:1)
and water, within a stainless steel-mesh cage (55 cm x 55 cm x 55 cm) under the same conditions
just described. Freshly pupated hosts were exposed to mated female wasps (pupae:wasps = 1:10) in
a 500 mL glass canning jar for 24 h. The parasitized pupae were maintained under the conditions
just described. After emerging, the female wasps were collected and held in glass containers (also
under the conditions just described) and fed ad lib on 20% (v/v) honey solution to lengthen the life span
for 3—4 days until dissection of the venom reservoir and gland.

4.2. Sample Preparation

Female N. vitripennis from 0 to 7 days post eclosion were collected and paralyzed for 5 min at
—70 °C. The head, thorax, gut, ovary, remaining abdomen carcass (the rest of the abdomen after
dissection), and venom apparatus (containing venom reservoir and gland) were then collected on ice
under a stereoscope (Lecia, Frankfurt, Germany). Samples were stored at —70 °C.

4.3. RNA Extraction and cDNA Cloning

The collected tissues were homogenized in liquid nitrogen, and total RNA were extracted using
the TRizol reagent (Invitrogen, Carlsbad, California, USA) according to the manufacturer’s instructions.
RNA integrity was confirmed by ethidium bromide gel staining and RNA quantity was determined
spectrophotometrically at Aqg/280. Single-stranded cDNAs were synthesized by using PrimeScript™
One Step RT-PCR Kit (Takara, Dalian, China). Oligonucleotide primers (Table 1) were designed based
on cDNA sequences of N. vitripennis KSPIs (GenBank accession numbers are NM_001161523 and
NM_001170879). PCR conditions were as follows: an initial delay at 94 °C for 5 min; 34 cycles of
denaturation at 94 °C for 30 min; annealing at 55 °C for 30s; and extending at 72 °C for 1 min. PCR
products were fractionated in a 1% agarose gel by electrophoresis and purified with the DNA gel
extraction kit (Aidlab, Beijing, China), and then cloned into the pPGEM®-T easy cloning vector (Promega,
Madison, Wisconsin, USA). Positive clones were selected by PCR and confirmed by sequencing at
Invitrogen, Shanghai, China.

4.4. Sequence Analysis

The cDNAs and deduced amino acid sequences were analyzed by DN AStar software (version
5.02, DNAStar, Madison, Wisconsin, USA) and online Blast [52]. The signal peptides were analyzed by
Signal P [53]. Multiple sequence alignments were carried out with DNAman software (Lynnon Biosoft,
Quebec, QC, Canada) and Clustal W2 [54]. The phylogenetic tree was constructed by using MEGA 5.1
(Tokyo Metropolitan University, Tokyo, Japan) with the neighbor-joining (NJ) method.
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Table 1. Primers used in this study.

Primers Function Primer Name Primer Sequence (5'-3)
NvKSPI-1-F TTGAGACGTGTCACCGAACA
Gene cloning NvKSPI-1-R ACTTGGCAATGGTAAGTTCTTG
NvKSPI -2-F ATGAAGTTAACCGTATTCCTCTTC
NvKSPI -2-R TTAAACAAGTCCGAAGTTTGCATC
RT-NvKSPI-1-F ACTACCAACCAGTATGTGAC
RT-NvKSPI-1-R TCACTGTACTTGGCAATGGT
RT-qPCR RT-NvKSPI-2-F CGGACGATTATGAAGAAGAAG
RT-NvKSPI-2-R ACTTGATAGCTTCCTCGTTAG
RT-18S-F TGGGCCGGTACGTTTACTTT
RT-18S-R CACCTCTAACGTCGCAATAC
NvKSPI-1-F-B CGCGGATCCTGCATTTGTCCAAGAAACTACC
Recombinant expression NvKSPI-1-R-E CCGGAATTCTTAACATTCACTGTACTTGGCAATG
NvKSPI-2-F-B CGCGGATCCCAACTTGAATCGGACGATTATGAAG
NvKSPI-2-R-E CCGGAATTCTTAAACAAGTCCGAAGTTTGCATCG

4.5. Protein Expression, Purification, and Antibody Preparation

The primers (Table 1) containing BamH I and Xho I restriction enzyme sites were designed
to amplify the ORF cDNA sequences of NvKSPI-1 and NvKSPI-2 by PCR. PCR products and the
PGEX-4T-2 vector were ligated after they were double digested by BamH I and Xho I (Takara, Dalian,
China). The recombinant plasmids were confirmed by sequencing, transformed into Escherichia
coli BL21 (DE3) cells (AxyGen, Shanghai, China), and induced by 1 mM isopropyl thiogalactoside
(IPTG) for protein expression. The recombinant proteins were analyzed by 12% SDS-PAGE and then
purified using GSTeBind™ Resin Kit (Novagen, Hilden, Germany) according to the protocols. Protein
concentrations were determined by using the BCA Protein Assay Kit (Novagen, Hilden, Germany).

4.6. Real-Time Quantitative PCR (RT-gPCR)

RT-qPCR was used to determine the transcription profiles of NvKSPI-1 and NvKSPI-2 in different
tissues and ages of N. vitripennis females. The 185 rRNA gene (accession number GQ410677) was
used as an internal control. Ten microliters of each first-strand cDNA product were diluted with
90 uL of sterilized water before use. The RT-qPCR system was performed with each 20 uL reaction
containing 10 pL SsoFast EvaGreen SuperMix (Bio-Rad, Hercules, California, USA), 1 pL forward
primer (200 nM), 1 uL reverse primer (200 nM), 1 uL diluted cDNA, and 7 uL sterile water. The
thermal cycling conditions were 95 °C for 30 s, followed by 40 cycles of 95 °C for 5 s and 60 °C for 34 s.
Amplification was monitored on the iCycleriQ ™ Real-Time PCR Detection System (Bio-Rad, Hercules,
California, USA). The specificity of the SYBR-Green PCR signal was further confirmed by melting
curve analysis. The experiments were repeated three times as independent biological replicates. The
mRNA expression was quantified using the 2724 method [55].

4.7. Serine Protease Inhibition Assays

Protease inhibition assays were performed with purified recombinant NvKSPI-1 and NvKSPI-2
proteins using the method described by Ling ef al. [56]. Three typical serine proteases (bovine
pancreatic trypsin, bovine pancreatic chymotrypsin, and proteinase K, 200 ng/mL) (Sigma,
Taufkirchen, Germany) and their corresponding substrates (N-benzoyl-Val-Gly-Arg-p-nitroanilide,
N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilid, and N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilid) (Sigma,
Taufkirchen, Germany) were selected for determination of the spectrum of enzyme inhibition by
recombinant NvKSPI-1 and NvKSPI-2 as follows. The recombinant NvKSPI-1 and NvKSPI-2 (1 ug each)
were pre-incubated with a reaction buffer (100 mM Tris-HCl, 100 mM NaCl, 1 mM CaCl,, pH 7.5)
containing 200 ng/mL serine protease for 30 min at room temperature, and then 200 uL substrate
was added (0.1 mM, 100 mM Tris-HCl, 100 mM NaCl, 1 mM CaCl,, pH 7.5) before measuring the
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absorbance at 405 nm every min for 30 min. Substrates alone were used as blanks. Buffer and buffer
with bovine serum albumin (BSA) were used as controls. One unit of enzyme activity was defined as
an increase of absorbance by 0.001 per min. The experiments were repeated three times as independent
biological replicates.

4.8. Prophenoloxidase (PPO) Activation and Phenoloxidase (PO) Activity Assays

PPO activation and PO activity assays were performed with purified recombinant NvKSPI-1
and NvKSPI-2 according to the method described by Ling et al. [48]. M. domestica in the white
pupal stage were sterilized by 75% alcohol, rinsed with sterilized water and finally air-dried at room
temperature before use. Hemolymph was collected from pupae by puncturing the pupal cuticle with a
sterilized dissecting pin and rapidly transferred into a sterilized 1.5 mL Eppendorf tube. The collected
hemolymph was then centrifuged at 3300 g for 5 min at 4 °C, and the supernatant was transferred
into another 1.5 mL Eppendorf tube. Two microliters of each hemolymph sample were incubated
with or without Micrococcus luteus (0.5 pg) in 10 uL of Tris buffered saline (TBS) at pH 7.4 in wells of a
96-well plate for 60 min at room temperature. Then 200 pL of L-dopamine (2 mM in TBS, pH 6.5) was
added and absorbance at 470 nm was monitored. One unit of PO activity was defined as an increase
of absorbance at 470 nm by 0.001 per min. Plasma samples with low PO activity when incubated
alone but high PO activity after incubation with M. [uteus were selected for subsequent PPO and PO
activation assays.

For PPO activation assays, each 2 uL of prepared hemolymph was incubated with 10 L TBS,
10 uL TBS/M. luteus (0.5 ng)/NvKSPI-1 (1 pg) mixture, 10 uL TBS/M. luteus (0.5 ng)/NvKSPI-2 (1 pg)
mixture, 10 uL TBS/M. luteus (0.5 pg)/BSA (1 ug) mixture, 10 uL. TBS/M. luteus (0.5 ug)/GST (1 pug)
mixture, and 10 pL. TBS/PTU (phenyl thiourea, saturated), respectively, for 20 min at 25 °C. Finally,
200 uL of L-dopamine substrate (2 mM) was added to each sample, and the PO activity was measured
at 470 nm in a plate reader for 30 min. One unit of PO activity was defined as an increase of absorbance
at 470 nm by 0.001 per minute.

For PO activity assays, each 2 uL of prepared hemolymph was incubated with 10 uL TBS /M. luteus
(0.5 ug) mixture for 10 min at 25 °C. Then 2 uL. TBS, 2 uL. TBS, 2 uL. NuKSPI-1 (1 pg), 2 uL. NvKSPI-2
(1 ng), 2 uL BSA (1 pg), 2 uL GST (1 ug), and 2 pL PTU was added, respectively, and incubated for
10 min at 25 °C. Finally, 200 uL of L-dopamine substrate (2 mM) were added to each sample, and the
PO activity was measured at 470 nm in a plate reader for 30 min. One unit of PO activity was defined
as an increase of absorbance at 470 nm by 0.001 per min. All of the above experiments were repeated
three times as independent biological replicates.

4.9. Statistical Analysis

All data were calculated as the mean =+ standard deviation. Differences between samples were
analyzed by one-way analysis of variance (ANOVA). Means were compared by least significant
difference (LSD) tests. All statistical calculations were run using DPS software (version 8.01) [35] and
statistical significance was set at p < 0.05.

5. Conclusions

In summary, we executed the molecular cloning and functional studies of KSPI-1 and KSPI-2 in
N. vitripennis. We found that KSPI-1 and KSPI-2 are specifically expressed by N. vitripennis venom
apparatus. The recombinant GST-NvKSPI-1 and GST-NvKSPI-2 can inhibit the PPO activation in host
hemolymph and NvKSPI-1 can inhibit the trypsin activity. Those findings suggest that NuKSPI-1
and NvKSPI-2 play a role in repressing host melaninization through inhibition of trypsin activity and
PPO activation. However, more studies are needed to investigate the immune mechanism of KSPIs
in insects.
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Abstract: Amyotrophic lateral sclerosis (ALS) includes progressively degenerated motor neurons in
the brainstem, motor cortex, and spinal cord. Recent reports demonstrate the dysfunction of multiple
organs, including the lungs, spleen, and liver, in ALS animals and patients. Bee venom acupuncture
(BVA) has been used for treating inflammatory diseases in Oriental Medicine. In a previous study,
we demonstrated that BV prevented motor neuron death and increased anti-inflammation in the
spinal cord of symptomatic hSOD15%4 transgenic mice. In this study, we examined whether BVA’s
effects depend on acupuncture point (5T36) in the organs, including the liver, spleen and kidney,
of hSOD16%4 transgenic mice. We found that BV treatment at ST36 reduces inflammation in the
liver, spleen, and kidney compared with saline-treatment at ST36 and BV injected intraperitoneally
in symptomatic hSOD1%%*A transgenic mice. Those findings suggest that BV treatment combined
with acupuncture stimulation is more effective at reducing inflammation and increasing immune
responses compared with only BV treatment, at least in an ALS animal model.

Keywords: amyotrophic lateral sclerosis (ALS); bee venom acupuncture (BVA); anti-inflammation

1. Introduction

Amyotrophic lateral sclerosis (ALS) is characterized by progressive degeneration of motor neurons
and muscle weakness. The death of ALS patients is caused by respiratory failure within 3-5 years
of the diagnosis. ALS has two types: familial ALS (fALS) caused by genetic mutations, including
superoxidase dismutase 1 (SOD1), alsin, senataxin, angiogenin, VAMP-associated protein B, dynactin,
transactive response (TAR) DNA-binding protein 43 (TDP43), fused in sarcoma (FUS) and C9ORF72;
and sporadic ALS (sALS), which includes ninety percent of all ALS cases and is induced by various
environmental and genetic factors. The etiology of ALS is varied and there is no effective therapy for
ALS patients. Riluzole, a glutamate release inhibitor approved by the FDA, is used only as a medical
treatment for expansion of life by 3-5 months [1].

Bee venom (BV) is used for anti-inflammatory, anti-nociceptive, and anti-allergic effects in
allergic rhinitis mice, complete Freund’s adjuvant (CFA)-induced arthritis models, and neuropathic
pain models [2—4]. In addition, BV treatment prevents the loss of dopaminergic neurons in
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinson’s disease (PD) and motor
neurons in hSODlG%A—overexpressed ALS-mimic transgenic mice [5-7]. However, it is unclear
whether BV’s effects depend on acupuncture points or not. Therefore, the purpose of this study is to
investigate whether BV treatment at ST36 is more effective than only BV treatment for the reduction
of inflammation in the peripheral organs, including the liver, spleen, and kidney, in symptomatic
hSOD15%34 transgenic mice.

Toxins 2015, 7, 39 —46 39 www.mdpi.com/journal/toxins
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In this study, we found that BV treatment at ST36 reduced inflammation in the liver, spleen, and
kidney compared with that of symptomatic hSOD15%* transgenic mice treated with saline at ST36
and those injected with BV intraperitoneally. Those findings suggest that BV treatment combined with
acupuncture stimulation is more effective at reducing inflammation and increasing immune responses
than is BV-only treatment, at least in an ALS animal model.

2. Results

2.1. BV Treatment at ST36 Reduces Inflammatory Proteins in the Liver of hSOD1%34 Transgenic Mice

To investigate the effects of BV on inflammation specific to injection method, we conducted BV
treatment two ways, namely at acupuncture point ST36 and intraperitoneally (i.p.), in 14-week-old
hSOD15%4 transgenic mice. As shown in Figure 1A, the expression level of Iba-1 in hepatocytes
of the liver of hSOD15%%4 transgenic mice was increased by 3.4-fold compared with age-matched
wild type (WT) (1 £ 0.24) mice. Furthermore, we found that BV treatment at ST36 significantly
reduced Iba-1 by 2.8-fold compared with age-matched hSOD1%%*4 transgenic mice. In addition, the
anti-inflammatory effects of BV treatment at ST36 increased by 2.3-fold compared with BV injected
by i.p. in the hSOD15%*4 mice. To confirm the anti-inflammatory effects of BV treatment at ST36, we
studied the expression level of the cyclooxygenase 2 (COX2) protein in the liver of WT and hSOD16%34
transgenic mice. COX2 positive hepatocytes were increased in the liver of hRSOD1%%4 transgenic mice
compared with WT (1 & 0.55) mice, but BV treatment at ST36 significantly reduced them by 3.3-fold
compared with saline-treated hSOD15%34 transgenic mice. Those findings suggest that BV treatment
at ST36 is effective at reducing inflammation in the liver of hSOD15%4 transgenic mice.
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Figure 1. The effects of BV on inflammation in the liver of hSOD1%%4 mice. BV treatment at
ST36 reduces inflammation in the liver in hSOD16%4 mice. Immunohistochemical staining of
paraffin-embedded sections of non-Tg mice (WT, n = 3), hSOD16%34A mice (Con, 1 = 3), BV-treatment at
Joksamli (ST36) acupuncture point in hSOD15%3A mice (ST36, 1 = 7) and BV-treatment intraperitoneally
in hSOD15%4A mice (IP, n = 4). Representative images of immunohistochemistry with Iba-1 (A) and
COX2 (B) in the liver of hSOD15%3A mice or non-Tg mice. Quantification of Iba-1 (C) and COX2 (D)
immunoreactivity (IR). It assigned the optical density of WT to one and analyzed relative optical density
of Con, ST36, and IP. Data are expressed as the mean 4 SEM. * p < 0.05, ** p < 0.01 from a one-way
ANOVA with a Newman-Keuls test. Scale bar indicates 200 um. WT: non-Tg; Con: saline-treatment at
ST36; ST36: BV-treatment at ST36; IP: BV-injection intraperitoneally.
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2.2. BV Treatment at ST36 Reduces Inflammation in the Spleen of hSOD16%34 Transgenic Mice

To study the anti-inflammatory effects of BV treatment at ST36 in the spleen, which is involved
in the immune response, we immunostained with Iba-1, COX2, and tumor necrosis factor (TNF)-a
antibodies for the tissues of WT or hSOD15%34 transgenic mice. As shown in Figure 2A, we found that
the expression level of Iba-1 was greatly increased by 7.3-fold in the white pulp of the spleen of the
hSOD15%4 transgenic mice compared with WT (1 & 0.59) mice. BV treatment at ST36 significantly
reduced Tba-1 by 5.2-fold compared with saline-treated hSOD15%4 transgenic mice. In addition, the
expression level of Iba-1 in the white pulp of the spleen was decreased by 3.5-fold by BV treatment
at ST36 compared with BV injected i.p. in the hSOD15%4 transgenic mice. BV treatment at ST36
in hSOD16%4 transgenic mice also significantly reduced COX2-immuno positive cells by 5.6-fold,
which were increased by 11.2-fold compared with WT mice (1 4 0.86). As a pro-inflammatory protein,
TNF-« expression in the white pulp of the spleen of the hNSOD15%4 transgenic mice also increased
by 11.7-fold compared with WT mice (1 & 0.25), but BV treatment at ST36 significantly reduced its
expression by 5.3-fold compared with hSOD15%3 transgenic mice. BV injection by i.p. decreased
the expression of TNF-a by 3.5-fold in the spleen of the hSOD15%34 transgenic mice compared with
saline-treated hSOD15%34 transgenic mice. BV treatment at ST36 seems to be more effective at reducing
the expression of the pro-inflammatory protein TNF-o in the spleen than BV-injected i.p., but it was
not significantly different. These findings suggest that BV treatment at ST36 could augment immune
responses by reducing the inflammatory proteins in the spleen of the hSOD15%4 transgenic mice.
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Figure 2. The effects of BV in the spleen of hSOD16%A mice. BV treatment decreases the
expression of inflammatory proteins in the spleen of hSOD1%3A mice. Representative images of
the immunohistochemistry of inflammation-related proteins Iba-1 (A), COX2 (B), and TNF-« (C) in
the spleen of three groups (Con, ST36, and IP) of hSOD15%*4 mice and WT mice. Quantification
of Iba-1 (D), COX2 (E) and TNF-« (F) IR. It assigned the optical density of WT to 1 and analyzed
relative optical density of Con, ST36, and IP. Data are shown as the mean + SEM. * p < 0.05, ** p < 0.01,
*** p < 0.001 from a one-way ANOVA with a Newman-Keuls test. Scale bar indicates 200 um. WT:

non-Tg; Con: saline-treatment at ST36; ST36: BV-treatment at ST36; IP: BV-injection intraperitoneally.
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Figure 3. The effects of BV in the kidney of hSOD15%4 mice. BV treatment at ST36 is more effective at
reducing the expression of inflammatory proteins in the kidney of the hSOD15%A mice. Representative
images of kidney tissue immunostained with Iba-1 (A), COX2 (B), and TNF-« (C) of three groups of
hSOD15%*A mice and WT mice. Quantification of immune-positive cells with Iba-1 (D), COX2 (E) and
TNF-« (F) IR. It assigned the optical density of WT to 1 and analyzed relative optical density of Con,
ST36, and IP. Data are shown as the mean 4 SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 from a one-way
ANOVA with a Newman-Keuls test. Scale bar indicates 200 um. WT: non-Tg; Con: saline-treatment at
ST36; ST36: BV-treatment at ST36; IP: BV-injection intraperitoneally.

2.3. BV Treatment at ST36 Downregulates Inflammation in the Kidney of hSOD15%4 Transgenic Mice

We examined the expression level of inflammatory proteins and the effects of BV in the kidney of
the hSOD15%3 transgenic mice. The expression of Iba-1 was increased by 2.8-fold in the kidney, as
was shown in the liver and spleen, in the hNSOD15%4 transgenic mice compared with age-matched WT
mice (1 + 0.23) (Figure 3A). BV treatment at ST36 in the kidney of hSOD15%%4 transgenic mice reduced
its expression by 2.3-fold compared with saline-treated hSOD15%4 transgenic mice (Figure 3A). COX2
protein increased by 3.8-fold in the renal tubules and renal glomeruli of the kidney in symptomatic
hSOD16%4 transgenic mice compared with age-matched WT mice (1 + 0.44) (Figure 3B). BV treatment
at ST36 reduced COX2 expression in the kidney by 4.2-fold compared with saline-treated hSOD15%4
transgenic mice. Furthermore, BV treatment at ST36 is more effective, by 4.2-fold, at decreasing COX2
expression compared with i.p. injection of BV in the hSOD15%4 transgenic mice. TNF-« positive cells
were increased by 4.2-fold in the renal tube of the kidney of hSOD15%4 transgenic mice compared
with WT mice (1 £ 0.93) (Figure 3C). However, BV treatment at ST36 significantly reduced, by 4.7-fold,
TNF-o cytoplasmic staining cells in the renal tube of the kidney compared with saline-treatment at
ST36 in hSOD15%4 transgenic mice. BV injection i.p. in hSOD1%%4 transgenic mice also reduced,
by 2.2-fold, the TNF-« expression in the kidney. BV treatment at ST36 showed more reduction of
the expression of TNF-« in the renal tube of the kidney compared with that of i.p. injection of BV in
hSOD15%4 transgenic mice, but this difference was not significant. Those findings suggest that BV
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treatment at ST36 could improve kidney function by increasing the anti-inflammatory proteins in an
ALS animal model.

3. Discussion

ALS causes the loss of motor neurons in the brainstem, cerebral cortex, and spinal cord and
leads to irreversible paralysis of muscles and finally to respiratory impairment. There are several
cellular and molecular pathological mechanisms involved, such as glutamate excitation, inflammatory
events, oxidative stress, mitochondrial dysfunction, protein aggregation, and energy failure, as in
other neurodegenerative diseases. However, it is insufficient to develop treatments and preventative
measures for these biomarkers of ALS. Neuroinflammation in the central nervous system (CNS)
from ALS contributes to the disease process and the immune system of sALS patients is altered by
immune cells, including remarkable reductions in CD4+CD25+ T-regulatory (T-reg) cells as well as
CD14+ monocytes [8]. This suggests that the reduction of T-reg cells in the blood affects the CNS
immune system by involving activated microglia in ALS degeneration [9]. Several papers have
reported anti-inflammatory therapy using Copaxone, Cyclosporine, and minocycline in animal models
and clinical trials, but those have limitations for the treatment of ALS [10]. In a previous study, we
demonstrated immune dysfunction of organs, including the lungs and spleen, in hSOD1534 transgenic
mice and that electroacupuncture and melittin treatment enhanced anti-inflammation proteins [11,12].
Based on previous data, we investigated the effects of BV on inflammation of organs, including the
spleen, liver, and kidney, of symptomatic hSOD16%34 transgenic mice. We found that BV treatment
at ST36 reduced inflammatory proteins, including Iba-1, COX2, and TNF-«, in the liver, spleen, and
kidney of hSOD15%4 transgenic mice compared with BV injected by i.p. This suggests that BV's
effects may be more effective with treatment at an acupuncture point and it explains the synergistic
effect of acupuncture combined with BV compared with BV treatment only.

Finkelstein et al. reported liver abnormalities and atrophy, and an increase of cytokines and
hepatic lymphocytes in hSOD1%%4 transgenic mice [13]. In our study, we found an increase of Iba-1
and COX2 positive cells in the liver of symptomatic hSOD15%4 transgenic mice, but BV treatment at
ST36 significantly reduced the expression level of inflammatory proteins, including Iba-1 and COX2
compared with BV injected i.p. in symptomatic hSOD15%4 transgenic mice. This suggests that BV
treatment at the acupuncture point ST36 may reduce hepatotoxicity from inflammation and affect liver
metabolism in ALS patients.

In hSOD1%%A mice as an ALS animal model, the spleen is markedly reduced in size and weight
compared with age-matched B6 wild type mice even though their spleen cell number is identical.
In addition, splenic follicular architecture, T cell function, and the lymphoproliferative response are
decreased in end-stage hSOD1%%3A transgenic mice. Immune dysregulation affecting both the adaptive
and innate immune systems is a consistent hallmark in ALS [14]. In our study, we observed that the
white pulp, the immune-related component of the spleen, was strongly immunostained with anti-Iba-1,
anti-COX2, and anti-TNF-« in symptomatic hSOD15%4 transgenic mice compared with age-matched
non-transgenic mice. Furthermore, BV treatment at ST36 reduced the expression level of Iba-1, COX2,
and TNF-« compared with saline-treatment at ST36 in symptomatic hSOD15%4 transgenic mice.
Those findings suggest that BV treatment at ST36 improves the immune regulation of hSOD15%34A
transgenic mice through a synergic effect of acupuncture combined with BV.

Jonsson et al. have reported that granular inclusion of mutant SOD1 protein is detected in the liver
and kidney by immunohistochemical analysis of ALS patients [15]. We observed increased expression
of inflammation-related proteins, including Iba-1, COX2, and TNF-, in the renal tubules or renal
glomeruli in symptomatic hSOD15%4 transgenic mice. BV treatment at ST36 significantly increased
anti-inflammation proteins in the kidney compared with saline-treatment at ST36 in hSOD16%34
transgenic mice. This suggests that BV treatment at this acupuncture point could improve kidney
dysfunction in an ALS animal model. In addition, we suggest that the mechanism of BV treatment at
ST36 may occur by combined effect of some components of BV suppressing inflammatory signaling
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and the activation of the endogenous modulatory systems by acupoint stimulation. Therefore, it should
be required to confirm the activity of individual components of BV. Future studies should investigate
whether BV’s effects at ST36 are specific or generalized to other acupuncture points. In addition,
the relationship between acupuncture point stimulation and meridian, and the mechanism of BV’s
synergistic effects when combined with acupuncture compared with BV alone need to be explored.

4. Materials and Methods

4.1. Animals

All mice were handled in accordance with the United States National Institutes of Health
guidelines, and all procedures were approved by the Institutional Animal Care and Use Committees
of the Korea Institute of Oriental Medicine (Protocol number: #13-109). Hemizygous transgenic B6SJL
mice carrying the mutant human SOD1 gene, which has a glycine-to-alanine base pair mutation at the
93" codon of the cytosolic Cu/Zn superoxide dismutase (h\SOD15%34), were originally obtained from
Jackson Laboratory (Bar Harbor, ME, USA).

Transgenic mice were identified using polymerase chain reaction (PCR) as described
previously [16]. All of the mice were kept in standard housing with free access to water and standard
rodent chow purchased from Orient Bio (Orient, Seongnam-si, Gyeonggi-do, Korea).

4.2. Bee Venom Treatment

Bee venom (BV) was purchased from Sigma (St. Louis, MO, USA) and diluted with saline. Ata
dose of 0.1 ug/g, bee venom was injected bilaterally at the Joksamli (ST36) acupuncture point (n = 7)
or intraperitoneally (IP; n = 4) in 14 week-old hSOD1%%A transgenic mice. The mice were treated with
BV once every other day for two weeks. According to the human acupuncture point landmark and a
mouse anatomical reference [17], the ST36 acupuncture point is anatomically located at 5 mm below
and lateral to the anterior tubercle of the tibia. Non-transgenic (WT; 11 = 3) and transgenic hSOD16%34
mice (Con; n = 3) were injected at the ST36 acupuncture point with normal saline of an equal volume.

4.3. Tissue Preparation and Immunohistochemistry

hSOD16%4 mice were anesthetized with pentobarbital and perfused with phosphate-buffered
saline (PBS). The liver, spleen and kidney were removed and fixed in 4% paraformaldehyde for three
days at 4 °C After three days, the liver, spleen and kidney were embedded in paraffin. The tissues
were 5 um-thick sections and were mounted on glass slides. The tissue sections were prepared for
immunostaining through xylene treatment and gradual rehydration with 95%-75% ethanol. Following
de-paraffinization, the slides were treated with 3% hydrogen peroxide (H,O,) for 15 min to inactivate
endogenous peroxidases and then blocked in 5% bovine serum albumin (BSA) in 0.01% PBS-Triton
X-100 (Sigma-Aldrich, Oakville, ON, Canada) for 1 h at room temperature. The sections were then
incubated with various primary antibodies, including anti-Iba-1 (Wako, Osaka, Japan), anti-TNF-«
(Abcam, Cambridge, UK), and anti-COX2 (Epitomics, Burlingame, CA, USA), overnight. Next, the
sections were incubated with the secondary antibody for 1 h. For visualizing, the ABC kit and
3,3'-diaminobenzidine (DAB)/H,0, substrate were used with a hematoxylin counterstain. After
rinsing, the sections were dehydrated in ethanol, cleared in xylene, and coverslipped. Immunostained
tissues were observed with a light microscope (Olympus, Tokyo, Japan) and analyzed by Image J 1.46j
software (NIH) (GraphPad Software, San Diego, CA, USA).

4.4. Statistical Analysis

All data were analyzed using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA)
and are presented as the mean + standard error of the mean (SEM) where indicated. The results
of immunohistochemistry and Western blots were analyzed using one-way ANOVAs followed by
Newman-Keuls tests. Statistical significance was set at p < 0.05.
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5. Conclusions

In summary, we examined whether BVA’s effects depend on acupuncture point (ST36) in the
organs, including the liver, spleen and kidney, of hSOD16%34 transgenic mice. We found that BV
treatment at ST36 reduces inflammation-related proteins including Iba-1, COX2, TNF-c in the liver,
spleen, and kidney compared with saline-treatment at ST36 and BV injected i.p. in symptomatic
hSOD16%4 transgenic mice. Those findings suggest that BV treatment combined with acupuncture
stimulation is more effective at reducing inflammation and increasing immune responses compared
with only BV treatment, at least in an ALS animal model.
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Abstract: The administration of diluted bee venom (DBV) into an acupuncture point has been utilized
traditionally in Eastern medicine to treat chronic pain. We demonstrated previously that DBV has
a potent anti-nociceptive efficacy in several rodent pain models. The present study was designed
to examine the potential anti-nociceptive effect of repetitive DBV treatment in the development of
below-level neuropathic pain in spinal cord injury (SCI) rats. DBV was applied into the Joksamli
acupoint during the induction and maintenance phase following thoracic 13 (T13) spinal hemisection.
We examined the effect of repetitive DBV stimulation on SCI-induced bilateral pain behaviors, glia
expression and motor function recovery. Repetitive DBV stimulation during the induction period, but
not the maintenance, suppressed pain behavior in the ipsilateral hind paw. Moreover, SCI-induced
increase in spinal glia expression was also suppressed by repetitive DBV treatment in the ipsilateral
dorsal spinal cord. Finally, DBV injection facilitated motor function recovery as indicated by the
Basso-Beattie-Bresnahan rating score. These results indicate that the repetitive application of DBV
during the induction phase not only decreased neuropathic pain behavior and glia expression, but
also enhanced locomotor functional recovery after SCI. This study suggests that DBV acupuncture
can be a potential clinical therapy for SCI management.

Keywords: bee venom; spinal cord injury; mechanical allodynia; thermal hyperalgesia; glia; acupuncture

1. Introduction

One of the pain therapies is the use of chemical stimulation into an acupuncture point to
produce an analgesic effect and to reduce pain severity. In this regard, the injection of diluted
bee venom (DBV) into an acupuncture point, termed apipuncture, has been used clinically in
traditional Korean medicine to produce a significant analgesic effect in human patients [1,2]. Many
experimental studies have demonstrated that injecting DBV into the Joksamli (ST36) acupuncture
point produces a robust anti-nociceptive effect in various pain animal models, such as the writhing
test, the formalin test, the carrageenan-induced inflammatory pain test and arthritis models [3-6].
Furthermore, we demonstrated that this DBV-induced anti-nociceptive effect is associated with
the activation of descending coeruleospinal noradrenergic pathways, which subsequently activate
spinal alpha-2 adrenoceptors [3,7,8]. DBV stimulation of ST36 also inhibits the activation of spinal
astrocytes in a mouse formalin test [3]. In particular, we showed that a single injection of DBV
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(0.25 mg/kg) into ST36 temporarily alleviated thermal hyperalgesia [9] and that repetitive stimulation
using DBV significantly alleviated neuropathic pain-induced mechanical and cold allodynia in a
sciatic nerve chronic constrictive injury (CCI) model of rats [7,8]. However, the precise roles of
repetitive DBV treatment in the induction and maintenance phases of central neuropathic pain have
not been examined.

Spinal cord injury (SCI), which is caused by direct traumatic damage to the spinal cord, has
been related to many clinical complications, including functional disability, urinary tract problems,
autonomic dysreflexia, altered sensations and pain [10-12]. These patients often have experiences
of several types of pain; central chronic pain syndrome, which exhibits mechanical allodynia and
thermal hyperalgesia, is one of the most common causes for a reduced quality of life [13,14]. Especially,
below-level pain after SCI represents a clinically-significant symptom of central neuropathic pain that
is very difficult to treat effectively [15,16]. Several experimental models of SCI have been developed
to determine the detailed mechanisms and therapeutic strategies to treat SCI. The most widely-used
models are rat SCI contusion, excitotoxic and hemisection models [14,17-19]. In this study, the rat SCI
hemisection model was chosen, because this model is widely used to verify the mechanism behind
SCl-induced chronic pain development.

Recently, a number of studies have reported the potential role of spinal astrocytes and microglia
in both postoperative pain and neuropathic pain [20-24]. Moreover, intrathecal treatment with glia
inhibitors, such as minocycline (a microglia inhibitor) and propentofylline (a glia modulating agent),
reduced below-level neuropathic pain behaviors in SCI rats [25-27]. However, although there is some
evidence that glial cells are activated during the development of SCI-induced neuropathic pain, the
precise mechanisms underlying glial activation, particularly in lumbar segments distant from the
spinal cord injury site, are poorly understood.

Based on the above-mentioned studies, we hypothesized that repetitive DBV treatment into an
acupoint reduces SCI-induced mechanical allodynia and thermal hyperalgesia and that this reduction
is mediated by the suppression of spinal astrocyte or microglia activation. Thus, the present study
was designed to examine the following: (1) whether repetitive DBV acupuncture point treatment
for five days during the induction and maintenance phases following thoracic 13 (T13) spinal cord
hemisection would produce a more potent and prolonged analgesic effect compared to controls that
received repetitive injections of vehicle; (2) whether the anti-nociceptive effect of DBV is mediated by
the modulation of spinal astrocyte and microglia activation; and (3) whether repetitive DBV treatment
affects motor functional recovery in SCI rats.

2. Results

2.1. Effect of Repetitive DBV Treatment during the Maintenance Phase of Spinal Cord Injury-Induced Pain

Spinal cord hemisection produced prominent mechanical allodynia and thermal hyperalgesia,
as shown in Figure 1. During the maintenance phase, repetitive DBV treatment was administered
twice a day from 15 to 20 days post-surgery. Repetitive DBV treatment significantly increased the
decrease in the paw withdrawal threshold in the ipsilateral hind paw by SCI surgery at three and
five days after DBV treatment (* p < 0.05, compared with saline-treated groups) (Figure 1A); however,
mechanical allodynia of the contralateral paw did not show any change compared to saline-treated
animals (Figure 1B).

As shown in Figure 1C, repetitive DBV treatment during the maintenance phase increased paw
withdrawal latency to noxious thermal stimulus only Day 1 after DBV treatment compared with the
repetitive saline-treated group (* p < 0.05). In the contralateral paw, repetitive DBV treatment had no
effect on SCI-induced thermal hyperalgesia (Figure 1D).
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2.2. Effect of Repetitive DBV Treatment during the Induction Phase of Spinal Cord Injury-Induced Pain

The withdrawal response threshold to innocuous mechanical stimuli and withdrawal response
latency to noxious thermal stimuli were measured in repetitive DBV and vehicle treatment groups
during the induction phase (twice a day from one to five days post-surgery, Figure 2). Groups treated
with saline (vehicle, = 8) in the ipsilateral paw showed an approximately 6 to 7-g threshold for
mechanical allodynic behaviors in both paws by five days post-surgery. The peak was reached at
Day 14 (10 days after the termination of injection). Repetitive DBV-treated groups (DBV, n = 8)
displayed potently suppressed pain induction in the ipsilateral paw as early as five days post-surgery
(* p <0.05, ** p < 0.01 and *** p < 0.001, compared with saline-treated groups; Figure 2A). In the
contralateral paw, DBV-treated groups did not display significantly altered SCI-induced mechanical
allodynia compared to the saline-treated control group (Figure 2B). Repetitive DBV injection for five
consecutive days during the induction phase significantly increased the SCI-induced decrease in the
paw withdrawal latency to noxious thermal stimulus beginning seven days post-SCI surgery compared
with the repetitive saline-treated group (* p < 0.05; Figure 2C). In the contralateral paw, groups treated
with repetitive DBV for five days showed a tendency toward increasing the paw withdrawal latency
after DBV treatment; however, this increase was not significant (Figure 2D).

A.” P - P .

G @ DBV (n=8) G -® DBV (n=8)
o 4 Vehicle (n=8) o 4 Vehicle (n=8)
S 154 S 154
% X %

g x g

£ 104 < 104

v o

L2 ©

c c

2 54 2 54

[*} %

[ @

= s TX . = 0 s TX.

PREPOST 1 3 5 7 10 14 PREPOST 1 3 5 7 10 14
Days after SCI surgery Days after SCI surgery

C." D.

o @ DBV (n=8) o -® DBV (n=8)

3 Vehicle (n=8 z Vehicle (n=8

£ 121 - (n=8) £ 12 - (n=8)

s 5

S £ 104

o o

T T

E] E]

2 T 8

3 H

o — Tx. o —Tx.

PREPOST 1 3 5 7 10 14 PREPOST 1 3 5 7 10 A4

Days after SCI surgery Days after SCI surgery
Ipsilateral paw Contralateral paw

Figure 1. Graphs illustrating the effects of repetitive diluted bee venom (DBV) or vehicle on the
maintenance phase of mechanical allodynia (A,B) and thermal hyperalgesia (C,D) in spinal cord injury
animals. (A) Repetitive daily treatment with DBV (from 15 to 20 days post-surgery, twice a day)
increased the paw withdrawal threshold by mechanical stimuli for the period of DBV treatment in the
ipsilateral hind paw (* p < 0.05 compared to the vehicle-treated group); (B) whereas the contralateral
paw did not display any differences compared to the vehicle-treated group; (C) repetitive DBV
treatment reversed the spinal cord injury (SCI)-induced decrease in the paw withdrawal latency
(s) to noxious thermal stimuli compared to the vehicle-treated group (* p < 0.05); (D) no significant
difference in the paw withdrawal latency was observed in the contralateral paw between the DBV
and vehicle-treated groups. Two-way ANOVA followed by Bonferroni’s test. PRE; one day before SCI
surgery, POST; 15 days after SCI surgery. Tx.: DBV or vehicle treatment.
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Figure 2. Graphs illustrating the effects of repetitive DBV or vehicle treatment during the induction
phase on mechanical allodynia (A,B) and thermal hyperalgesia (C,D) in spinal cord injury animals.
(A) Repetitive daily treatment with DBV (twice a day from one to five days post-surgery) suppressed
the induction of SCIl-induced mechanical allodynia in the ipsilateral hind paw compared with
vehicle-treated rats (* p < 0.05, ** p < 0.01, *** p < 0.001); (B) whereas the contralateral paw did
not display any differences; (C) repetitive treatment with DBV reversed the SCI-induced decrease
in the paw withdrawal latency (s) to noxious thermal stimuli compared to the vehicle-treated group
(* p <0.05); (D) no significant difference in the paw withdrawal latency was observed in the contralateral
paw between the DBV- and vehicle-treated groups. Two-way ANOVA followed by Bonferroni's test.
PRE: one day before SCI surgery; Tx.: DBV or vehicle treatment.

2.3. Effect of Repetitive DBV Treatment during the Induction Period on Glia Expression after Spinal
Cord Injury

To determine how repetitive DBV treatment might affect glia, astrocyte and microglia expression,
the Western blot assay was performed on the lumbar spinal cord dorsal horn at 14 days after SCI
surgery. Astrocytes can respond quickly to various pathological stimuli, and this response is related to
an increase in GFAP. Repetitive saline injection during the induction phase significantly increased GFAP
expression in the spinal dorsal horn compared with that of normal animals (** p < 0.01), and repetitive
DBV treatment at ST36 suppressed SCl-enhanced GFAP expression (# p < 0.05), suggesting that DBV
treatment has a potent anti-nociceptive effect on SCI-induced central neuropathic pain. However, the
contralateral spinal cord dorsal horn did not reproduce this suppressive effect of DBV (Figure 3A).
In Figure 3B, repetitive saline injection also showed a significant increase in Iba-1 expression in
the ipsilateral spinal cord dorsal horns compared to that of normal animals (*** p < 0.001), and
DBV-treated rats displayed significantly decreased Iba-1 expression compared to the vehicle-treated
group (## p <0.01).
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Figure 3. Graphs illustrating the effects of repetitive DBV or vehicle treatment during the induction
phase on astrocyte (A) and microglia (B) expression in the lumbar spinal cord of SCI rats. (A) Western
blot data confirmed the effect of repetitive DBV administration on GFAP (astrocyte marker) expression
in the spinal cord dorsal horn 14 days after SCI surgery. Vehicle-treated rats displayed significantly
increased GFAP expression in the spinal cord compared to normal rats (** p < 0.01), and repetitive
DBV-treated rats displayed significantly decreased GFAP expression in the spinal cord compared to the
vehicle-treated group (# p < 0.05). (B) In the ipsilateral spinal cord, Iba-1(microglia marker) expression
increased following SCI surgery compared to the Iba-1 expression level in normal rats (*** p < 0.001),
and repetitive DBV-treated rats displayed significantly decreased Iba-1 expression compared to the
vehicle-treated group (## p < 0.01).

2.4. Effect of Repetitive DBV Treatment on Motor Function Recovery after Spinal Cord Injury

Before hemisection, the Basso, Beattie and Bresnahan (BBB) scores were 21 in the repetitive
DBV and saline groups (Figure 4). Inmediately upon emerging from anesthesia, hemisected animals
showed a dramatic loss of ipsilateral hindlimb function as indicated by BBB scores of zero for each
group. From Days 1 to 5 after hemisection, rats treated with DBV during the induction phase displayed
faster functional recovery rates throughout the four-week period following SCI surgery than those
treated with vehicle (** p < 0.01 and *** p < 0.001 compared with saline-treated groups).
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Figure 4. Graphs illustrating the effects of repetitive DBV or vehicle treatment during the induction
phase on the recovery of motor function in SCI rats. The Basso, Beattie and Bresnahan (BBB) scores
were 21 in all SCI groups before hemisection. Immediately after recovering from anesthesia, hemisected
animals appeared to show a loss of ipsilateral hindlimb function as indicated by BBB scores of zero for
each group. Animals treated repeatedly with DBV from Days 1 to 5 after hemisection showed faster
functional recovery rates than those treated with vehicle (** p < 0.01, *** p < 0.001). PRE: one day before
SCI surgery; Tx.: DBV or vehicle treatment.

51



Toxins 2015, 7, 47-58

3. Discussion

This study demonstrated that repetitive injections of DBV into the Joksamli acupuncture point
during the induction phase (one to five days after SCI) of below-level neuropathic pain significantly
produce a more potent and prolonged anti-nociceptive effect compared to repetitive DBV treatment
during the maintenance phase (15 to 20 days after SCI) or repetitive injections of the vehicle.
Importantly, repetitive treatment with DBV had less of an effect when administered during the
maintenance phase. Acupuncture therapy, including manual acupuncture, electro-acupuncture and
DBV therapy, produces a gradually increasing anti-nociceptive effect in chronic pain patients when
injected repetitively over the course of several days, weeks or months [28]. Huang ef al. found that
high-frequency electro-acupuncture treatment twice a week for four weeks produced a significant
reduction in mechanical hyperalgesia by the third and fourth weeks of treatment, whereas it caused
no effect on thermal hyperalgesia in a chronic inflammatory pain model of rats [29]. In general, bee
venom (BV) contains a number of potential pain-related substances, including melittin, histamine and
phospholipase A2, and this mixture of biologically-active substances is able to induce toxic effects,
contributing to certain clinical signs or symptoms of envenomation. Human responses to BV include
small edema, redness, extensive local swelling, anaphylaxis, systemic toxic reaction and pain [30].
Thus, the use of BV always requires great care.

By contrast, BV has been also used in Oriental and Korean medicine to reduce pain and
inflammation. We demonstrated previously that repetitive DBV injection into the Joksamli acupuncture
point twice a day for two weeks could significantly decrease mechanical and cold allodynia and
thermal hyperalgesia in CCl-induced neuropathic rats [7,8], whereas single DBV injection into the
acupuncture point temporarily suppressed thermal hyperalgesia (up to 45 min after DBV injection),
but not mechanical allodynia in CCI rats [9]. Our results demonstrate that repetitive injections of DBV
into the acupuncture point play an important role during early induction, but not during maintenance
of pain behaviors associated with central neuropathic pain conditions. To exclude a possible influence
of the temporary anti-nociceptive effect of DBV (observed immediately after each daily DBV injection)
on the long-term effects of repetitive DBV treatment, we performed the pain behavioral tests in the
afternoon between 6 and 10 h after DBV injection. During the sixth to 10th hour after DBV injection, the
temporary anti-nociceptive effect was no longer shown, thus the collected anti-nociceptive data indicate
the net long-term effect produced by repetitive DBV treatment. The present study also demonstrates
the significance of the appropriate time point for drug administration in SCI patients. Preemptive or
initiatory medication in the spinal cord level has not been widely examined in SCI patients, because
administering drug preemptively in these patients is almost impossible because of the unpredictable
clinical occurrence of chronic pain [31]. However, it might be important to detect situations where the
possibility for the development of below-level neuropathic pain is high, and the ability to alter this
situation would be of considerable clinical value. Although predicting which patients suffering from
SCI will go on to develop chronic central neuropathic pain is impossible, our results demonstrate that
a critical time window exists in which early treatment with DBV would be effective. Recently, Tan et al.
suggested that inhibition of early neuroimmune events could have a critical impact on the induction
of long-term pain phenomena after SCI [32]. Marchand ef al. also demonstrated that early treatment
with etanercept, a tumor-necrosis-factor inhibitor, caused the reduction of mechanical allodynia after
SCI, whereas delayed treatment of etanercept had no significant effect [27]. These results are consistent
with the time-dependent effect of DBV observed in our present study. Collectively, these findings,
including the present results, imply that repetitive DBV acupuncture therapy during the induction
phase is able to produce a powerful analgesic effect on chronic central neuropathic pain and suggest
the clinical use of repetitive DBV treatment as a potential novel strategy in the early management of
SCl-induced neuropathic pain.

Moreover, the findings of this study demonstrate that the suppression of glial cell activation
in ipsilateral, but not contralateral, spinal cord dorsal horn is closely related to the anti-allodynic
and anti-hyperalgesic effects of repetitive DBV treatment during the induction phase in SCI rats.
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Glial cells, in particular astrocytes and microglia, have been known as important modulators or key
factors of nociception. Although glia have been traditionally recognized to have simple functions
that are necessary for neuronal communication in normal conditions, they are now recognized as
key modulators of plasticity changes in pathophysiological conditions. Furthermore, glia can interact
directly with neurons, and then, they also play important neuromodulatory and / or neuroimmune roles
in the CNS [33,34]. Recently, several studies demonstrated the involvement of glia activation in chronic
pain conditions, including inflammatory pain, peripheral and central neuropathic pain [20,21,23,35].
Direct metabolic inhibitors of glia activation, like minocycline and propentofylline, have been shown to
have an anti-nociceptive effect in SCI rats [25-27,32]. Moreover, the blockade of astrocyte gap junctions
by the intrathecal injection of carbenoxolone during the induction period of SCl-induced neuropathic
pain reduced the development of below-level mechanical allodynia and thermal hyperalgesia and
suppressed astrocytic activation in spinal cord [36]. Thus, unsurprisingly, astrocyte activation may
contribute to the induction of central neuropathic pain in SCI rats. DBV stimulation of the ST36
acupuncture point also suppressed the activation of spinal cord astrocytes and reduced nociceptive
behaviors in the mouse formalin test [3]. Our results showed that GFAP and Iba-1 expression in the
ipsilateral lumbar 4 (L4) to L6 segments significantly increased 14 days after SCI in vehicle-treated SCI
rats. However, interestingly, the increase in GFAP and Iba-1 expression was significantly decreased by
repetitive DBV treatment during the induction phase. In the contralateral L4 to L6 segments, GFAP and
Iba-1 expression in vehicle-treated SCI rats did not differ from that in normal animals, and repetitive
DBV treatment during the induction phase did not modify GFAP and Iba-1 expression in contralateral
dorsal horn examined in the present study. This result indicates that glia activation in the ipsilateral
lumbar spinal dorsal horn could be caused by the damage in a spinal cord injured segment (T13) and
that the mechanism underlying this remote activation of glia could ultimately lead to the development
of below-level neuropathic pain. Thus, these findings suggest that the early activation of astrocytes
and microglia can initiate the induction of below-level neuropathic pain.

Finally, the BBB open field locomotor test was used to examine the functional recovery by
repetitive DBV acupuncture point treatment during the induction phase in SCI rats. Because the
ipsilateral hindlimb was operated on in the hemisection model, we only recorded the motility of the
ipsilateral hindlimb based on the locomotor rating set by Basso et al. [37]. Repetitive DBV treatment
during the induction phase evoked a significant and rapid recovery of motor function. Thus, early
repetitive DBV treatment presents the advantage of motor function recovery, because DBV-treated rats
appeared to present facilitated motor functional recovery from Day 3 after SCI. Significant functional
recovery was observed after repetitive DBV treatment during the induction period; however, hindlimb
deficits in the saline control group were relatively prolonged for 28 days. The demyelination of axons in
the injured spinal cord is a known cause of motor function deficits, and remyelination or regeneration
by natural formation are extremely limited due to glial scarring and growth inhibitors contained in the
environment [38]. Glia scarring is the prominent factor that inhibits axonal regeneration in the central
nervous system. By limiting the formation of astrocyte scars, we can facilitate axonal regeneration
physically and biochemically [39]. Another possibility is the rerouting or plasticity of injured spinal
cord. Iwashita et al. reported that a partial recovery is available due to a rerouting mechanism in
untreated SCI animals [40]. Moreover, neuroplastic changes of the CNS in response to injury have
been shown to be highly susceptible to intervention during the post-injury phase [41]. The observed
functional recovery here might have also been partially evoked by the reintroduction of afferent
feedback signals into the injured spinal cord by the rerouted nerve. One report indicated that animals
under tactile stimulation, such as direct mechanical disturbance or electrical stimulation, resulted in
greater locomotion restoration [42]. Therefore, the DBV-induced constant chemical stimulation at an
acupuncture point may have facilitated locomotor function recovery. Collectively, we suggest that
the repetitive DBV treatment during the induction phase can facilitate motor function recovery by
enhancing sensory stimulation and by suppressing secondary injury development.
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In conclusion, the present study demonstrates that repetitive DBV acupuncture therapy in spinal
cord-injured rats can reduce the development of below-level mechanical allodynia and thermal
hyperalgesia and can prevent glia activation in the ipsilateral spinal cord dorsal horn. In contrast,
DBV treatment during the maintenance period after SCI did not modify glia expression in the spinal
dorsal horn, nor below-level mechanical allodynia and thermal hyperalgesia previously established
following SCI. In addition, the facilitation of motor function recovery occurred by repetitive DBV
treatment. These results suggest that the repetitive application of DBV acupuncture therapy suppressed
SCl-induced central neuropathic pain syndrome development and might be a potential clinical therapy
for the management of SCL.

4. Materials and Methods

4.1. Animals

All experiments were performed on Sprague-Dawley male rats weighing 180 to 200 g. Animals
were obtained from Orient Bio (Sungnam, Korea). The rats were housed in cages with free access
to food and water. For 1 week before the study, they were also maintained in temperature- and
light-controlled rooms (24 £ 2 °C, 12/12 h light/dark cycle with lights on at 07:00 h). All experimental
procedures used in this study were reviewed and approved by the Animal Care and Use Committee
at Korea Institute of Oriental Medicine and performed as in the NIH guidelines (NIH Publication
No. 86-23, revised 1985). We made an effort to minimize animal distress and to reduce the number of
animals used in this study.

4.2. Spinal Cord Hemisection Surgery

Spinal cord hemisection surgery was performed according to the method described by
Christensen et al. [13]. Briefly, rats were transiently anesthetized with a combination of 2.5 mg of Zoletil
50 (Virbac Laboratories) and 0.47 mg of Rompun (Bayer Korea) in saline to reduce handling-induced
stress and then mounted on the surgical field. Then, the dorsal surface was palpated to locate the
cranial borders of the sacrum and the spinous processes of the lower thoracic and lumbar vertebrae.
The thoracic 11 to 12 (T11 to T12) vertebrae were recognized by counting spinous processes from the
sacrum. A laminectomy was performed between the T11 to T12 vertebral segments, and the lumbar
enlargement region was identified with the accompanying dorsal vessel; then, the spinal cord was
hemisected directly cranial to the lumbar 1 (L1) dorsal root entry zone with a No. 15 scalpel blade.
We tried not to damage the major dorsal vessel or its vascular branches. All surgical procedures were
performed under visual guidance using an operation microscope. Then, the musculature and the
fascia were sutured, and the skin was finally apposed. After the hemisected animals recovered in a
temperature-controlled incubation chamber, they were housed individually in a cage with a thick layer
of sawdust and were monitored.

4.3. Bee Venom Treatment and Experimental Groups

First, whole bee venom (Sigma, St. Louis, MO, USA; 0.25 mg/kg) was dissolved in a 50-uL
volume of saline. The apposed solution was subcutaneously administered into the Joksamli (ST36)
acupuncture point on the same side as the SCI surgery (ipsilateral side). The Joksamli point was located
5 mm below and lateral to the anterior tubercle of the tibia. Previously, we reported that this dose was
effective in producing anti-nociception when injected into an acupuncture point, and thus, we chose
the dose for evaluating the possible anti-nociceptive effects of peripheral injection [9]. Repetitive DBV
or saline injections during the induction phase were initiated on the first day post-SCI surgery and
were then applied twice a day (at 8 a.m. and 8 p.m., respectively) for 5 consecutive days. During the
maintenance phase, repetitive DBV or saline was administered to SCI rats from Days 15 to 20 after
surgery. Although previous data suggest that repetitive DBV injection does not induce pathological
changes at the site of injection [8], we examined all animals receiving DBV injections into the ST 36
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acupuncture point for the appearance of edema and possible infection. In addition, we massaged the
injection site area daily immediately after DBV treatment in order to prevent the accumulation of DBV
in the tissues.

4.4. Mechanical Allodynia Test

All behavioral assessments were performed under the ethical guidelines set forth by the
International Association for the Study of Pain (IASP). Pain behavior assessments were performed one
day before hemisection surgery to obtain baseline values of withdrawal responses to mechanical and
heat stimuli. Then, rats were assigned randomly to each treatment group, and behavioral testing was
subsequently performed blindly. During the experimental period, all behavioral tests were performed
at the following time points after surgery: 3, 5, 7, 10, 14, 21 and 28 days. These tests were conducted
at the same time of the day to reduce errors in relation to diurnal rhythm. Animals were placed
on a metal mesh grid under a plastic chamber, and the tactile threshold was measured by applying
a von Frey filament (North Coast Medical) to the mid-plantar surface of the hind paw until a positive
response for withdrawal behavior was elicited. Nine calibrated fine von Frey filaments (0.40, 0.70,
1.20,2.00, 3.63, 5.50, 8.50, 15.1 and 21.0 g) were used. They were presented serially to the hind paw in
ascending order of strength with sufficient force to evoke slight bending against the paw. A brisk paw
withdrawal response was considered as a positive response, for which the next filament was tested.
If there was no response, the next filament was the next greater force. When animals did not respond
at 21 g of pressure, the animal was recognized as being at the cut-off value. The 50% withdrawal
response threshold was determined using the up-down method.

4.5. Thermal Hyperalgesia Test

To determine nociceptive responses to heat stimuli, paw withdrawal response latency (WRL)
was measured using a previously described procedure [43]. Briefly, animals were placed in a plastic
chamber (15 cm in diameter and 20 cm in length) on a glass floor and allowed to acclimatize for
10 min before thermal hyperalgesia testing. A radiant heat source was positioned under the glass floor
beneath each hind paw, and paw withdrawal latency was measured to the nearest 0.1 s using a plantar
analgesia meter (IITC Life Science Inc., Woodland Hills, CA, USA). The intensity of the light source
was calibrated to produce a paw withdrawal response between 10 and 12 s in naive animals. The test
was examined twice on both the ipsilateral and contralateral hind paws, and the mean withdrawal
latency in each hind paw was calculated. The cutoff time was set at 20 s.

4.6. Motor Function Recovery

After the rats underwent spinal cord hemisection surgery, they were tested for motor function or
coordination in an open-field test space using the BBB locomotor rating scale [36]. Briefly, the BBB scale
ranges from 0 (no discernible hindlimb movement) to 21 (normal movement, including coordinated
gait with parallel paw placement of the hindlimb and consistent trunk stability). Scores from 0 to
7 showed the recovery of isolated movements in the three joints (hip, knee and ankle). Scores from 8 to
13 indicated the intermediate recovery phase showing stepping, paw placement and forelimb-hindlimb
coordination. In addition, scores from 14 to 21 mainly showed the late phase of recovery with toe
clearance during every step phase. Only the scores of the ipsilateral hind limb on the hemisected side
were examined, because there was no significant difference in locomotor function of the contralateral
hind limb.

4.7. Western Blot Assay

All procedures for the Western blot assay were followed as described in our previous report [44].
After the mice were anesthetized by injecting a combination of 2.5 mg of Zoletil 50 with 0.47 mg of
Rompun in saline, the spinal cord was obtained using the pressure expulsion method into a cooled
saline-filled glass dish and was frozen quickly in liquid nitrogen. To investigate the functional changes

55



Toxins 2015, 7, 47-58

of the L4-6 spinal cord segments, we verified the attachment site of spinal nerves in anesthetized rats.
In addition, the extracted spinal segments were divided into ipsilateral and contralateral halves
under a neurosurgical microscope. Subsequently, the ipsilateral and contralateral spinal dorsal
horns were used for Western blot analysis. The spinal cords were homogenized with RIPA buffer
(cell signaling, Beverly, MA, USA) containing protease inhibitor, phosphatase inhibitor and 0.1%
SDS (sodium dodecyl sulfate). In addition, insoluble materials were removed by centrifugation at
12,000 g for 20 min at 4 °C. The sample protein concentrations were determined using Bradford
reagents (Bio-Rad Laboratories, Hercules, CA, USA), and spinal cord lysates were separated by 10%
or 15% SDS-PAGE (SDS-polyacrylamide gel electrophoresis). Subsequently, lysates were transferred
to a nitrocellulose membrane. Non-specific binding was pre-blocked with 5% non-fat milk (Becton,
Dickinson & Company, Franklin Lakes, NY, USA) in T-TBS and 8% bovine serum albumin (MP
Biomedical) for 30 min at room temperature. Then, the membrane was incubated overnight at 4 °C
with mouse anti-B-actin (1:1000, Sigma, St. Louis, MO, USA), mouse anti-GFAP antibody (1:1000,
Millipore, Billerica, MA, USA) or rabbit anti-Ibal antibody (1:1000, Abcam, Cambridge, UK) in 5%
non-fat milk solution. The membrane was washed three times with T-TBS for 10 min each time
and incubated with goat anti-mouse IgG horseradish peroxidase (1:5000; Calbiochem, Darmstadt,
Germany) or goat anti-rabbit IgG horseradish peroxidase (1:5000; Calbiochem, Darmstadt, Germany)
for 1 h at room temperature. After the membrane was washed three times with T-TBS, antibody
reactive expressions were visualized using a chemiluminescence assay kit (Pharmacia-Amersham,
Freiburg, Germany). The intensity of protein bands was analyzed by Image J software (Graph Pad
Software, Stapleton, NY, USA, 2010).

4.8. Statistical Analysis

All data were expressed as the mean =+ standard error of the mean (SEM) and analyzed statistically
using the Prism 5.0 program (Graph Pad Software). Data from behavior studies were tested using
two-way analysis of variance (ANOVA) in order to determine the significant effect of the repetitive
DBV treatment. Bonferroni’s multiple comparison test as post hoc analysis was also performed to
determine the p-value among experimental groups. For Western blotting analysis, column analysis
was examined by Student’s ¢-test for comparisons between two mean values. p < 0.05 was considered
statistically significant.
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Abstract: A single infusion of oxaliplatin, which is widely used to treat metastatic colorectal cancer,
induces specific sensory neurotoxicity signs that are triggered or aggravated when exposed to cold
or mechanical stimuli. Bee Venom (BV) has been traditionally used in Korea to treat various pain
symptoms. Our recent study demonstrated that BV alleviates oxaliplatin-induced cold allodynia
in rats, via noradrenergic and serotonergic analgesic pathways. In this study, we have further
investigated whether BV derived phospholipase A; (bvPLA;) attenuates oxaliplatin-induced cold
and mechanical allodynia in mice and its mechanism. The behavioral signs of cold and mechanical
allodynia were evaluated by acetone and a von Frey hair test on the hind paw, respectively. The
significant allodynia signs were observed from one day after an oxaliplatin injection (6 mg/kg, i.p.).
Daily administration of bvPLA; (0.2 mg/kg, i.p.) for five consecutive days markedly attenuated cold
and mechanical allodynia, which was more potent than the effect of BV (1 mg/kg, i.p.). The depletion
of noradrenaline by an injection of N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine hydrochloride
(DSP4, 50 mg/kg, i.p.) blocked the analgesic effect of bvPLA,, whereas the depletion of serotonin
by injecting DL-p-chlorophenylalanine (PCPA, 150 mg/kg, i.p.) for three successive days did
not. Furthermore, idazoxan (x2-adrenegic receptor antagonist, 1 mg/kg, i.p.) completely blocked
bvPLA-induced anti-allodynic action, whereas prazosin («1-adrenegic antagonist, 10 mg/kg, i.p.)
did not. These results suggest that bvPLA, treatment strongly alleviates oxaliplatin-induced acute
cold and mechanical allodynia in mice through the activation of the noradrenergic system, via
a2-adrenegic receptors, but not via the serotonergic system.

Keywords: phospholipase A;; Bee Venom; oxaliplatin; neuropathic pain; noradrenergic

1. Introduction

Oxaliplatin is an effective platinum derivative, which is widely used in the treatment of colorectal
carcinoma [1,2], but causes neurotoxicity predominantly within the peripheral nervous system [3,4].
Two different types of oxaliplatin-induced peripheral neuropathy have been described hitherto, i.e.,
cold and mechanical hypersensitivity [5,6]. However, effective treatment for oxaliplatin-induced
cold and mechanical hypersensitivity still remains to be elucidated. Hence, it is required to discover
therapeutic options for the management of oxaliplatin-induced neuropathic pain.

Toxins 2015, 7, 59-69 59 www.mdpi.com/journal/toxins
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Bee Venom (BV) has been traditionally used in Korea to relieve pain and to treat chronic
inflammatory diseases [7-12]. Previous studies have demonstrated that the analgesic effects of BV
in various pain models are mediated mainly by activation of x2-adrenergic and/or serotonergic
receptors [12-16]. Rho and his colleagues have reported that subcutaneous injections of BV attenuated
heat hyperalgesia and cold and mechanical allodynia in the rats with nerve injury-induced neuropathic
pain through the activation of the endogenous noradrenergic system [17,18]. In a rat model of
oxaliplatin-induced neuropathic pain, we found that the anti-allodynic effect of BV is at least partially
mediated by the noradrenergic and serotonergic system, but not by the opioid system [9,16].

Phospholipase A; from BV (bvPLA;), a prototypic group IIl enzyme that hydrolyzes fatty acids
in membrane phospholipids, is one of the major active components of BV [19,20]. Several studies
have shown that this bvPLA; prevents neuronal cell death and spinal cord injury [21,22]. Our
previous study demonstrated that BV mitigates cisplatin-induced nephrotoxicity [23] and found that
bvPLA; can reduce such nephrotoxicity more potently than BV [24]. However, the effect of PLA; on
oxaliplatin-induced neuropathic pain and its mechanism have not been studied yet.

The aim of this study was to evaluate and compare the analgesic effect of BV and bvPLA; on
oxaliplatin-induced cold and mechanical allodynia in mice. In addition, we examined whether the
anti-allodynic effect of bvPLA; is mediated by the serotonergic or noradrenergic pain inhibitory system.

2. Results

2.1. Effects of BV and buvPLA; on Oxaliplatin-Induced Cold and Mechanical Hypersensitivity

First, we investigated the effects of a single administration of oxaliplatin (6 mg/kg, i.p.)
on behavioral sensitivity to cold and mechanical stimuli in mice (Figure 1). The administration
significantly increased the frequency of licking and shaking of the hind paw in response to cold acetone
stimuli. A significant cold allodynia was observed at day 1, peaked at day 3 and lasted for at least
seven days after the oxaliplatin administration, compared to the vehicle group (Figure 1a). Similarly,
an administration of oxaliplatin significantly increased the withdrawal responses of the hind paw to
von Frey filament applications (as expressed % of withdrawal response) at day 1, peaked at day 3—4
and maintained up to day 5 (Figure 1b).
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Figure 1. Effects of BV and bvPLA, on oxaliplatin-induced cold and mechanical allodynia in mice. The
behavioral tests for cold (a) and mechanical (b) allodynia were performed before (PRE) and after the
administration of oxaliplatin (6 mg/kg, i.p.). Vehicle (5% glucose) + PBS, Oxaliplatin + PBS, Oxaliplatin
+ BV, and Oxaliplatin + bvPLA, groups received daily injection of PBS, BV (1 mg/kg, i.p.) or bvPLA,
(0.2 mg/kg, i.p.) for five days after an oxaliplatin or vehicle administration. Results are expressed
as mean £ SEM; n = 6 mice/group; The data was analyzed with one-way ANOVA followed by the
Tukey’s multiple comparison test. ** p < 0.01, *** p < 0.001, vs. Vehicle + PBS; # p < 0.05, # p < 0.01,
### p <0.001 vs. Oxaliplatin + PBS; ® p < 0.05, % p < 0.01, %% p < 0.001, vs. Oxaliplatin + BV.

60



Toxins 2015, 7, 59-69

Daily BV treatment (1 mg/kg, i.p.) for five consecutive days significantly reduced the cold
allodynia from three days after the oxaliplatin administration and such analgesic effect last up to day 5.
In addition, bvPLA; treatment (0.2 mg/kg, i.p.) significantly attenuated the cold allodynia from day 1
after the oxaliplatin injection and such effect endured at least for the following six days (Figure 1a). BV
treatment also significantly attenuated mechanical allodynia from day 2 after the oxaliplatin injection
and this BV analgesia was continued up to day 4. Moreover, bvPLA, treatment showed a significant
reduction in mechanical allodynia from day 2 after the oxaliplatin injection and such effect lasted
up to day 5 (Figure 1b). The relieving effects of bvPLA; on oxaliplatin-induced cold and mechanical
allodynia were significantly more potent than those of BV (Figure 1).

2.2. Effects of BvPLA; on Oxaliplatin-Induced Cold and Mechanical Allodynia in Serotonin Depleted Mice

We investigated the effects of bvPLA; on oxaliplatin-induced cold and mechanical allodynia in
serotonin depleted mice by injecting DL-p-chlorophenylalanine (PCPA, 150 mg/kg, i.p.) for three
successive days [25,26]. PCPA pretreatment itself did not affect the behavioral signs of cold and
mechanical allodynia induced by oxaliplatin (p > 0.05, Oxaliplatin + PBS + PCPA [ = 6] vs. Oxaliplatin +
PBS + NS [1n = 4], Cold (frequency): 1.83 £ 0.04 vs. 1.92 & 0.05 at 0d, 4.61 & 0.07 vs. 4.67 &= 0.07 at 3d,
3.83 £ 0.06 vs. 3.79 £ 0.08 at 5d, 3.25 & 0.07 vs. 3.04 & 0.10 at 7d; Mechanical (%): 30.00 £ 1.83 vs.
30.00 = 0.00 at 0d, 94.17 £ 0.83 vs. 93.75 £ 1.25 at 3d, 72.03 & 1.54 vs. 68.75 &= 1.25 at 5d, 50 £ 2.24 vs.
51.25 £ 1.25 at 7d). Thus, we pooled the data from the two groups as a control group (Oxaliplatin +
PBS + PCPA /NS, Figure 2). Compared to this control group, bvPLA, treatment in mice without
serotonin depletion (Oxaliplatin + PLA; + NS group) significantly attenuated the cold and mechanical
hypersensitivity (p < 0.01 at days 3 and 5). Such anti-allodynic effects of bvPLA, were not blocked
by PCPA pretreatment (Figure 2), indicating that the serotonergic mechanism is not involved in the
analgesic effect of bvPLA; on oxaliplatin-induced neuropathic pain.
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Figure 2. Effects of bvPLA; on oxaliplatin-induced cold and mechanical allodynia in serotonin depleted
mice. The behavioral tests for cold (a) and mechanical (b) allodynia were performed before and after
an administration of oxaliplatin (Oxa, 6 mg/kg, i.p.). Serotonin was depleted by daily injections of
PCPA (150 mg/kg, i.p.) for three consecutive days prior to an oxaliplatin administration. Oxa + PBS +
PCPA /NS, n = 10; Other groups, 1 = 6 mice/group; Results are expressed as mean & SEM; N.S, no
significance (p > 0.05), The data were analyzed with one-way ANOVA followed by the Tukey’s multiple
comparison test.

2.3. Noradrenergic Mechanism of the Anti-Allodynic Effects of BuPLA; in Oxaliplatin-Administered Mice

We evaluated the effects of bvPLA; on oxaliplatin-induced allodynia in noradrenaline depleted
mice by a pretreatment of DSP4 [27]. The anti-allodynic effects of bvPLA; (Oxa + PLA; + NS group,
p <0.01 vs. control Oxa + PBS + DSP4/NS group at days 3, 5 and 7) were significantly blocked by DSP4
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pretreatment (Figure 3), unlike the aforementioned PCPA pretreatment. These results suggest that
activation of the noradrenergic pain inhibitory pathway at least partially mediates the bvPLA,-induced
anti-allodynic action in oxaliplatin-administered mice.
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Figure 3. Effects of bvPLA; on oxaliplatin-induced cold and mechanical allodynia in noradrenaline
depleted mice. The behavioral tests for cold (a) and mechanical (b) allodynia were performed before
and after an administration of oxaliplatin (6 mg/kg, i.p.). Noradrenaline was depleted by an injection
of DSP4 (50 mg/kg, i.p.) at a day before an oxaliplatin administration. Since DSP4 pretreatment itself
did not affect the cold and mechanical allodynia signs induced by oxaliplatin (p > 0.05, Oxa + PBS +
DSP4 [n = 6] vs. Oxa + PBS + NS [ = 6]), we pooled the data from the two groups as a control (Oxa +
PBS + DSP4/NS, n = 12). Other groups, 1 = 6 mice/group; Results are expressed as mean &= SEM; N.S,
no significance (p > 0.05), * p < 0.05, ** p < 0.01, ** p < 0.001, The data was analyzed with one-way
ANOVA followed by the Tukey’s multiple comparison test.
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Figure 4. Effect of a2-adrenergic receptor antagonist, idazoxan, on bvPLA;-induced anti-allodynic
action in oxaliplatin-administered mice. The behavioral tests for cold (a) and mechanical (b) allodynia
were performed before and after an administration of oxaliplatin (6 mg/kg, i.p.). Idazoxan (IDA, 1
mg/kg, i.p.) was administered 30 min prior to bvPLA, injection. Since IDA pretreatment itself did
not affect the cold and mechanical allodynia signs induced by oxaliplatin (p > 0.05, Oxa + PBS + IDA
[n = 6] vs. Oxa + PBS + NS [n = 6]), we pooled the data from the two groups as a control (Oxa + PBS +
IDA/NS, n = 12). Other groups, n = 6 mice/group; Results are expressed as mean & SEM; * p < 0.05,
**p <0.01, *** p <0.001, The data was analyzed with one-way ANOVA followed by the Tukey’s multiple
comparison test.

To identify which adrenergic receptor subtype mediates the analgesic effects of bvPLA; on
oxaliplatin-induced neuropathic pain in mice, we examined the effect of prazosin (PRA, al-adrenergic
receptor antagonist) or idazoxan (IDA, a2-adrenergic receptor antagonist) on the bvPLA;-induced
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anti-allodynic action. As shown in Figure 4, IDA (1 mg/kg, i.p.) significantly blocked the relieving
effect of bvPLA, on oxaliplatin-induced cold and mechanical allodynia. However, PRA (10 mg/kg,
ip.) did not affect the bvPLA; effect, because there were no significant differences in cold and
mechanical sensitivity between the Oxa + PLA; + NS and Oxa + PLA; + PRA groups (p > 0.05, Table 1).
These results indicate that bvPLA, treatment alleviates oxaliplatin-induced acute cold and mechanical
allodynia in mice via activation of x2-adrenergic receptors, but not o1-adrenergic receptors.

Table 1. Effect of x1-adrenergic receptor antagonist, prazosin (PRA) on bvPLA;-induced anti-allodynic
action in oxaliplatin-administered mice.

Post-Oxaliplatin Day Do D3 D5 D7
Acetone test Frequency
Oxa + PBS + PRA/NS 2.140.04 4.440.08 3.6+ 0.15 3.34+0.09
Oxa + PLA; + NS 2.0 +0.06 3.540.15** 3.0+ 0.10 * 2.6 4 0.10 ***
Oxa + PLA; + PRA 2.1 £0.06 3.1 £0.12** 3.1+£0.09% 2.8 £0.07**
von Frey test <0.4 g> % withdrawal response
Oxa + PBS + PRA/NS 40.8 +0.83 76.7 +1.67 55.8 +1.54 442 +1.54
Oxa + PLA; + NS 40.0 +1.83 59.2 4 2.39 *** 481 +£1.29* 415+ 1.12
Oxa + PLA; + PRA 40.8 £2.01 57.5 4+ 1.71 ** 475+ 1.71* 40.33 £ 1.67

Oxa + PBS + PRA/NS, 1 = 12; Other groups, n = 6 mice/group; Results are expressed as mean =+ SEM; * p < 0.05,
**p <001, ** p <0.001, vs. Oxa + PBS + PRA/NS, one-way ANOVA followed by the Tukey’s multiple
comparison test.

3. Discussion

Oxaliplatin-induced neuropathic pain represents a major obstacle to successful cancer treatment
as it restricts both individual and cumulative dosages. However, despite these limitations, it
is widely used and many patients suffer from the development of long-lasting consequences
(i.e., peripheral neuropathy) [28,29]. Patients may also experience cold-induced paresthesias, throat
and jaw tightness, and occasionally focal weakness [30]. Oxaliplatin is structurally similar to other
platinum based chemotherapy drugs, such as cisplatin and carboplatin. They all have neurotoxicity,
however oxaliplatin has little nephrotoxicity and hematotoxicity [31]. It has been shown that
oxaliplatin-induced acute neuropathy is characterized by a specific somatosensory profile, i.e., cold
and mechanical hypersensitivity [32]. Therefore, cold and mechanical hypersensitivity is a hallmark
of oxaliplatin-induced neuropathy. Indeed, in this study, a single intraperitoneal administration of
oxaliplatin (6 mg/kg) significantly increased the cold and mechanical sensitivity in mice, corroborating
the previous reports using rats [33,34]. This mouse model might help in exploring the molecular and
genetic mechanism of oxaliplatin-induced neuropathic pain in the future studies, since transgenic and
gene knock-out/knock-in animals have been developed primarily in the mouse [35-37].

There have been few reports about the effective treatment and prevention of oxaliplatin-induced
neuropathic pain. However, our previous study has shown that BV has a beneficial role in reliving
oxaliplatin-induced neuropathic pain symptoms in rats, suggesting that BV could be an alternative
therapeutic option for the management of oxaliplatin-induced peripheral neuropathy [9,16].
Interestingly, we recently found that bvPLA, mitigates cisplatin-induced nephrotoxicity and
acetaminophen-induced hepatotoxicity, which was more potent than BV [24,38]. In the present
study, we investigated for the first time whether bvPLA; has an analgesic effect on oxaliplain-induced
cold and mechanical allodynia. Our data showed that the treatment of bvPLA, significantly alleviated
the allodynia in oxaliplatin-administered mice and such bvPLA; effect was superior to the BV effect.
This powerful analgesic effect of bvPLA; led us to investigate the underlying mechanisms.

The extensive data support a role for the monoamine neurotransmitters (i.e., serotonin and
noradrenaline) and opioids, in the modulation of pain [39,40]. Serotonin and noradrenaline have
been implicated as principal mediators of endogenous analgesic mechanisms in the descending pain
pathways [39]. Our previous study suggested that the anti-allodynic effect of BV on oxaliplatin-induced
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cold allodynia in rats involves the noradrenergic, but not opioid, system [9]. In addition, spinal 5-HT3
receptors play an important role in the BV-induced anti-allodynic action in oxaliplatin-injected rats [16].
In contrast, the present study clearly showed that serotonin depletion by pretreatment of PCPA did
not significantly affect the anti-allodynic effects of bvPLA, in oxaliplatin-administered mice. This
result suggests that the serotonergic inhibitory pathway is not involved in the analgesic effect of
bvPLA,; on oxaliplatin-induced cold and mechanical hypersensitivity, unlike the case of BV. Other
active components of BV, such as apamin [41], might be responsible for the serotonergic mechanism of
BV-induced analgesia. However, in noradrenaline-depleted mice, the suppressive effect of bvPLA; on
oxaliplatin-induced cold and mechanical allodynia was significantly prevented. These results indicate
that the noradrenergic analgesic system is at least partially involved in the analgesic effects of bvPLA,
in oxaliplatin-administered mice.

x-adrenergic receptors have been demonstrated to play an important role in the modulation of
cold allodynia via the noradrenergic pain inhibitory system [42]. Previous studies showed that either
al- [43,44] or x2-adrenergic receptors [45,46] are responsible for the adrenergic sensitivity of nerve
injury-induced neuropathic rats. A dual contribution of «1- and «2-adrenergic receptors to neuropathic
pain was also suggested [47,48]. Also other articles have elucidated that the analgesic effects of BV
are mediated mainly by activation of a2-adrenergic receptors in various pain models, such as nerve
injury-induced neuropathic pain, acetic acid-induced visceral pain and inflammatory pain [12-15].
Our recent study also showed that o2-adrenergic receptors mediate the anti-allodynic effect of BV
in oxaliplatin-induced neuropathic pain in rats [9]. In the present study, we further examined which
adrenergic receptor subtype mediates the effects of bvPLA; on cold and mechanical allodynia in
oxaliplatin-administered mice. The current results showed that IDA («2-adrenergic antagonist) was
able to completely block the anti-allodynic effect of bvPLA; on oxaliplatin-induced neuropathic pain
in mice, whereas PRA (x1-adrenergic antagonist) did not. These results indicate that the noradrenergic
mechanism of the analgesic effect of bvPLA, on oxaliplatin-induced neuropathic pain is mediated by
activation of «2-adrenergic, but not «l-adrenergic, receptors.

In this study, we have clearly shown that bvPLA; treatment strongly alleviates oxaliplatin-induced
acute cold and mechanical allodynia in mice through the activation of the noradrenergic system, via
a2-adrenegic receptors. Besides such action through the neurochemical mechanism, bvPLA; is known
to have a potent immune modulatory effect. The major pathway of the bvPLAj-induced immune
modulation is to increase peripheral regulatory T cells, which play a key role in the maintenance of
tolerance in the immune system. Our recent studies showed that such strategies using bvPLA, could
be successful in the prevention of cisplatin-induced acute kidney and acetaminophen-induced acute
liver injury, by suppressing immune response via the modulation of regulatory T cells [24,38]. Another
previous study also demonstrated that regulatory T cells attenuate peripheral nerve injury-induced
neuropathic pain in rats [49]. Thus, it would be of high interest to see if bvPLA, treatment before an
oxaliplatin administration prevents the development of neuropathic cold and mechanical allodynia
by regulating peripheral immune response. To our best knowledge, there are no clinical trials for
bvPLA, treatment. Further research is required in this field. In addition, our current work is limited to
behavioral and pharmacological approaches. Molecular and genetic studies using the advantage of the
mouse model are now in progress to elucidate more detailed mechanism of bvPLA;-induced analgesia.

4. Experimental Section

4.1. Animals

Male C57BL/6 mice (6-8 weeks old) were purchased from the Daehan Biolink (Chungbuk, Korea).
They were kept under specific pathogen-free conditions with air conditioning and a 12 h light/dark
cycle. The mice had free access to food and water during the experiments. The study was approved by
the Kyung Hee University Animal Care and Use Committee (KHUASP(SE)-15-024).
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4.2. Behavioral Tests

Behavioral tests representing different sensory components of neuropathic pain were conducted
before and after an oxaliplatin administration. The mice were habituated to handling by investigators
and to all testing procedures for a week before the start of the experiments. The experimenters were
blind to oxaliplatin and any treatments.

Cold sensitivity was measured by an acetone test [50]. Mice were placed in a clear plastic box
(12 x 8 x 6 cm) with a wire mesh floor and allowed to habituate for 30 min prior to the testing.
Acetone (10 pL, Reagents Chemical Ltd., Gyonggi-do, Korea) was sprayed onto the plantar skin of
each hind paw 3 times and the frequency of licking and shaking of the affected paw was counted after
the acetone spray for 30 s. The advantage of acetone test is that it is quite simple, economical, and
that the assessment for multiple mice can be made in a short period of time. The disadvantage is that
acetone can also induce some behavioral response in naive mice. However, mice having allodynia
(e.g., oxaliplatin-administered mice) show a significant increase in the level of response to acetone
when compared to the control mice.

Mechanical sensitivity was measured by the von Frey hair test [51]. Mice were placed in a clear
plastic box (12 x 8 x 6 cm) with a wire mesh floor and allowed to habituate for 30 min before the
testing. A von Frey filament (Linton Instrumentation, Norfolk, UK) with a bending force of 0.4 g were
applied to the midplantar skin (avoiding the base of the tori) of each hind paw 10 times, with each
application held for 3 s [52]. The number of withdrawal responses to the von Frey filament applications
from both hind paws were counted and then expressed as an overall percentage response.

4.3. Oxaliplatin Administration and BV/bvPLA; Treatment

Oxaliplatin (Sigma, St. Louis, MO, USA) was dissolved in a 5% glucose solution at a concentration
of 2 mg/mL and was intraperitoneally (i.p.) injected at 6 mg/kg [9,33]. The vehicle control group
received the same volume of a 5% glucose solution through the same injection route.

BV (1 mg/kg, i.p., Sigma) or bvPLA; (0.2 mg/kg, i.p., Sigma) [9,24,38] dissolved in phosphate
buffered saline (PBS) was injected in oxaliplatin-administered mice for a continuous five days. Cold
and mechanical sensitivity were measured by acetone test and von Frey hair test, respectively, before
each bvPLA; or BV treatment. Control group was treated intraperitoneally with PBS.

4.4. Depletion of Serotonin or Noradrenaline

DL-p-chlorophenylalanine (PCPA, Sigma, an inhibitor of serotonin synthesis, 150 mg/kg/day) or
vehicle (normal saline, NS) was injected intraperitoneally to mice prior to oxaliplatin administration for
three days. The dosage and treatment course of PCPA have been widely used to deplete 5-HT stores [25,26].
After 5-HT depletion with PCPA, oxaliplatin and bvPLA2 were administered as aforementioned.

N-(2-Chloroethyl)-N-ethyl-2-bromobenzylamine hydrochloride (DSP4, TOCRIS, 50 mg/kg) or
vehicle (NS) was injected intraperitoneally to mice a day before an oxaliplatin administration. DSP4 at
a concentration of 50 mg/kg has been shown to be an effective dose for maximal NE depletion [53],
with the advantage that mice did not require special care following injection as no adverse effects
could be observed.

4.5. a1- or a2-Adrenergic Receptor Antagonist

To test which adrenergic receptor subtype mediates the anti-allodynic effects of bvPLA; in
oxaliplatin-administered mice, specific antagonists were administered intraperitoneally 30 min prior
to bvPLA,; treatement for five days: «1-adrenergic receptor antagonist (prazosin, 10 mg/kg, Sigma),
a2-adrenergic receptor antagonist (idazoxan, 1 mg/kg, Sigma). The dose of each antagonist was
determined based on the previous studies showing the selective and effective antagonistic action
against adrenergic receptor-mediated responses [54-56].
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4.6. Statistical Analyses

The data are presented as mean = SEM and were analyzed by the unpaired t-test or one-way
ANOVA followed by the Tukey’s multiple comparison test to determine the statistical differences
among the groups. p < 0.05 was considered as statistically significant.

5. Conclusions

In conclusion, our findings reveal that cold and mechanical sensitivity were significantly increased
after a single injection of oxaliplatin in mice. BV and bvPLA; can exert significant relieving effects on
oxaliplatin-induced cold and mechanical hypersensitivity, in which bvPLA; is more potent than BV.
The serotonergic mechanism is not involved in the analgesic effect of bvPLA; on oxaliplatin-induced
neuropathic pain, whereas the noradrenergic pain inhibitory system at least partially mediates the
bvPLA, effect. Finally, we demonstrated that bvPLA, treatment alleviates oxaliplatin-induced acute
cold and mechanical allodynia in mice via activation of «2-adrenergic receptors. These findings may
provide clinically useful evidence for the application of bvPLA; in the management of peripheral
neuropathic pain that occurs after the oxaliplatin administration.
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Abstract: The venom from the ectoparasitoid wasp Nasonia vitripennis (Hymenoptera: Pteromalidae)
contains at least 80 different proteins and possibly even more peptides or other small chemical
compounds, demonstrating its appealing therapeutic application. To better understand the dynamics
of the venom in mammalian cells, two high-throughput screening tools were performed. The
venom induced pathways related to an early stress response and activated reporters that suggest
the involvement of steroids. Whether these steroids reside from the venom itself or show an
induced release/production caused by the venom, still remains unsolved. The proinflammatory
cytokine IL-1 was found to be down-regulated after venom and LPS co-treatment, confirming
the anti-inflammatory action of N. vitripennis venom. When analyzing the expression levels of the
NF-«B target genes, potentially not only the canonical but also the alternative NF-kB pathway can
be affected, possibly explaining some counterintuitive results. It is proposed that next to an NF-«B
binding site, the promoter of the genes tested by the PCR array may also contain binding sites for
other transcription factors, resulting in a complex puzzle to connect the induced target gene with
its respective transcription factor. Interestingly, Nasonia venom altered the expression of some drug
targets, presenting the venom with an exciting therapeutical potential.

Keywords: Nasonia; venom; therapeutic; reporter array; PCR array; NF-«xB

1. Introduction

Hymenopteran parasitoids develop at the expense of other arthropods, ultimately killing their
host. The ectoparasitoid wasp Nasonia vitripennis (Hymenoptera: Pteromalidae) preferably parasitizes
pupae from flesh flies (Sarcophagidae) and blow flies (Calliphoridae). After locating a suitable host,
the female wasp injects venom inside the fly pupa and lays her eggs in the space between the pupa
and the puparium. The injection of this complex mixture of venom compounds prepares the host to
present the best possible environment for the wasp offspring to survive. Host physiology is altered,
in which the host development is arrested, its immune system is suppressed, and host metabolism is
modified so that it is synchronized with the development of parasitoid larvae.

The venom from N. vitripennis is known to contain (at least) 80 different proteins [1,2], and
possibly even peptides and other bio-molecules. Over the past century, natural products (NPs) have
been the source of inspiration for the majority of FDA approved drugs. This is highlighted by the
fact that nearly 50% of all drugs in clinical use are of natural product origin [3]. These interesting
chemicals are derived from the phenomenon of biodiversity in which the interactions among organisms
and their environment formulate the diverse complex chemical entities within the organisms that
enhance their survival and competitiveness [4]. The therapeutic areas of infectious diseases and
oncology have benefited from the complex molecular scaffolds found in NPs of which the chemical
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diversity is unmatched by synthetic molecules. Animal venoms are a rich source of NPs that have
evolved high affinity and selectivity for a diverse range of biological targets, especially membrane
proteins such as ion channels, receptors, and transporters. Therefore, venomics has emerged as
an important addition to modern drug discovery efforts [5]. Snake venom is a treasure house of
toxins that contributes significantly to the treatment of many medical conditions and presents a
great potential as an anti-tumor agent [6]. The venom and its constituents from honey bees have
many therapeutic applications ranging from anti-arthritis and pain-releasing to anti-cancer effects [7].
Venoms from parasitoid wasps contain a staggering amount of toxins, and because they can manipulate
cell physiology in diverse ways [8-10], their therapeutic potential is interesting to investigate.

Although the natural hosts of N. vitripennis wasps are insect pupae, one might wonder how the
venom-induced physiological alterations would translate to a mammalian system. The concept “bugs
as drugs” emphasizes the interest in mining insects for medicinal drugs [11]. With the intent to explore
a possible medicinal future, we performed a wide screening of the effects of this Nasonia venom on
mammalian cellular signaling with high-throughput arrays that are designed for use with mammalian
cells. However, to further investigate the specific interaction mechanism, Drosophila melanogaster could
be used as a model system, which is less of a leap from the Nasonia-host insect system.

Cell-based assays provide a high-performance tool due to their exceptional sensitivity,
reproducibility, specificity, and signal-to-noise ratio, for assessing the functions of natural products
under physiological cellular conditions. By screening multiple pathway activities simultaneously,
relevant pathways for further analysis can quickly be identified. Therefore, possible regulation by
the complete venom mixture of 45 reporters that represent transcription factors (TFs) that play a
central role in regulating gene expression, orchestrating a host of cellular processes, and are associated
with many human diseases were investigated using a reporter array (Cignal™ 45-Pathway Reporter
Array, SABiosciences, Frederick, MD, USA). Of the 45 pathways, four main research areas were
targeted, including cancer, immunity, development, and toxicology. By reverse transfecting human
embryonic kidney (HEK293T) cells into multi-pathway reporter arrays, the activity of 45 pathways
was screened upon N. vitripennis venom treatment. Transcriptional activity is monitored by the dual
luciferase technology that allows for quantification of the degree of activation of each particular
signaling pathway in a 96 well format By analyzing the effects of the venom on multiple cellular
signaling pathways, new directions for further investigations with possible biomedical application
could be appointed.

Recently, N. vitripennis venom was shown to exert a suppressive action on the nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«kB) pathway in murine macrophages [8]. This
important TF regulates a large number of target genes involved in multiple cellular processes
including inflammation, immunity, and stress responses [12]. Dysregulation of this signal transduction
pathway has been associated with inflammatory or autoimmune diseases [13] and cancer [14].
Previous investigations showed that lipopolysaccharide (LPS)-induced NF-«B activation in Raw264.7
macrophages resulted in an inhibition of the inflammatory response when the cells were incubated with
N. vitripennis venom. By further investigating the interruption of this crucial immune pathway by the
venom, it appeared that next to the suppression of the NF-«B cascade also the mitogen-activated protein
kinase (MAPK) and glucocorticoid receptor (GR) signaling pathways were affected. Therefore, in order
to fully explore venom activities on intracellular signaling after an immune activation, TNFx-induced
HEK293T cells were incubated with N. vitripennis venom and also analyzed with the reporter array.

In 1999, Pahl listed over 150 target genes known to be expressed by the active NF-kB transcription
factor [15]. To date, this list has been extended by more than 250 extra investigated NF-«B target genes
and even more than 300 genes are predicted by computer-based methods to have composite NF-«B
regulatory sites [16]. The majority of proteins encoded by NF-«B target genes participate in the host
inflammatory and immune responses, which include cytokines and chemokines, as well as receptors
required for immune recognition, proteins involved in antigen presentation, acute phase proteins, and
cell adhesion molecules. Many of them are induced by exposure to a wide variety of bacteria, as well
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as hosts of viruses and their respective products. NF-kB, however, is involved in the control of the
transcription of many genes whose functions extend beyond the immune response, but are involved in
more general stress responses [17]. Various physiological stress conditions such as liver regeneration
and hemorrhagic shock can activate NF-«B [18,19]. Also physical stress, in the form of irradiation as
well as oxidative stress to cells, induces NF-kB, that in turn activates a large variety of stress response
genes [20]. In fact, NF-«B relays the information of an imminent stress and at the same time enacts a
response by promoting the transcription of genes whose products alleviate the stress condition. The
human body is also exposed to environmental hazards and therapeutic drugs, activating NF-«B that
in turn activates its target genes including many cell surface receptors [21]. Several stimuli, among
them the cytokine TNF, can lead to NF-kB activation that exerts anti-apoptotic activities. On the
other hand, there is ample evidence for apoptosis-promoting functions of NF-«B as well [22,23]. The
nature of the apoptotic stimulus determines the pro- or anti-apoptotic function of NF-«B. Activation
of NF-«B can lead to the transcriptional induction of various TF genes, even members of their own
Rel /NF-kB/IkB family.

The enormous amount of NF-«B target genes can be categorized in the different groups mentioned
above, which has been done for the 84 tested genes in the NF-«kB Signaling Targets PCR Array. To gain
broader understanding of the effects of N. vitripennis venom on the immune response, the expression of
these key genes responsive to NF-kB signal transduction were analyzed after incubation of Raw264.7
macrophages with this venom mixture. Additionally, alterations of specific NF-kB signaling target
genes with a role in inflammatory diseases and oncology could hint at potential therapeutic lead
compounds present in the venom.

2. Results and Discussion

2.1. Effect of Venom on Mammalian Intracellular Signaling

To investigate the effects of N. vitripennis venom on mammalian intracellular signaling, we
screened a wide range of signaling pathways for their regulation after 8 h incubation with venom.
We utilized a commercially available array (Cignal™ 45-Pathway Reporter Array, SABiosciences,
Frederick, MD, USA) on HEK293T cells. These cells are easily and efficiently transfected with PEI
transfection reagent. By comparison of two reporter constructs, the pathway-focused TF-responsive
Firefly luciferase reporter and the constitutively expressing Renilla luciferase construct, activated
pathways are identified. This dual luciferase technology allows for quantification of the degree of
activation of each particular signaling pathway in a 96 well format. Since the venom from N. vitripennis
was found to suppress the NF-«B pathway in fibrosarcoma cells when induced with tumor necrosis
factor alpha (TNFw) [8], we also used TNFa-induced HEK293T cells in this reporter array to investigate
the effects of the venom on intracellular signaling when the immune system in these cells is activated.
All conditions were performed in four replicates and internal positive and negative controls on all
plates were fulfilled.

The significant values with a fold change higher than 2-fold are summarized in Table 1 for the
following three comparisons: venom-treated versus untreated cells, TNFa-treated versus untreated cells,
and venom and TNF«x co-treated versus TNFo-treated cells. The incubation of cells with N. vitripennis
venom caused an increased activation of four reporters compared to control cells: the AARE, LXR,
MEF2 and RXR reporters. The reporter that showed the highest up-regulation was the amino acid
deprivation (AARE) reporter which is known to be an early response upon stress [24]. Malnutrition,
various pathological situations, and xenobiotic toxins are able to alter amino acid availability which
can result in a deficit of certain amino acids and increased uncharged transfer RNAs (tRNAs).
Following amino acid deprivation, the general control non-derepressible-2 (GCN2) kinase is activated
upon detection of these accumulated free tRNAs and phosphorylates the translation initiation factor
(eukaryotic initiation factor 2a), thereby attenuating protein synthesis. Since the endoplasmic reticulum
(ER) regulates the production and oxidative folding of proteins, this response may prevent further
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accumulation of misfolded proteins and alterations in redox state [25]. Furthermore, phosphorylated
elF2a enhances the translation of several mRNAs, including ATF4 which is rapidly induced under
cell-stress conditions, such as glutathione depletion and oxidative stress. ATF4 is an important regulator
of several ER stress target genes, amino acid transporters and antioxidants thereby preventing further
accumulation of reactive oxygen species (ROS) [26]. Interestingly, free amino acids (FAA) were found
to be up-regulated in the natural host after parasitization by N. vitripennis [27]. They suggested that
the larval parasitoids use these FAA as a source of direct nutrition. Whether both processes concerning
the elevation of amino acids in mammalian cells and the insect hosts can be linked together still needs
to be elucidated.

Table 1. Effect of N. vitripennis venom in HEK293T cells, either induced with TNF« or not, on the
transcriptional activity of reporters of 45 different pathways. Fold regulation (FR) of all tested reporters
are presented for 3 different comparisons. When p > 0.05, insignificant values are between brackets;
when |FR| > 2, values are in bold.

FR TNF«-treated FR Venom-treated FR TNFa- and
Pathway reporters venom-treated versus
versus untreated versus untreated
TNFa-treated

AARE reporter 1.601 4.081 4.555
AR reporter —2.613 (1.291) 7.814
C/EBP reporter (1.274) 1.925 2.507
CRE reporter 1.779 (1.457) 2.020
E2F reporter 1.001 (1.012) 3.560
p53 reporter (2.569) (3.867) 4.177
EGR1 reporter (—0.911) (1.548) 2.228
HSR reporter (—0.901) (1.311) 3.999
GLI reporter —3.073 (—0.240) 7.556
IRF1 reporter —1.188 (1.287) 2.568
LXR reporter (—0.342) 2.201 1.622
MEEF2 reporter -1.192 2.023 2.849
NF-«B reporter 100.640 (—1.272) (1.145)
Oct4 reporter —2.336 (—1.436) 3.007
PR reporter 10.676 (—0.126) (1.718)
RARE reporter (—0.702) (—0.048) 2.3887
RXR reporter (—0.370) 2.539 (1.379)

Two other reporters up-regulated by the venom are the LXR and the RXR reporter, that measure
the transcriptional activity of the Liver X receptor and the Retinoid X receptor, respectively. The
natural ligands of LXRs are oxygenated forms of cholesterol, while RXRs are activated upon binding
with vitamin A, derivatives, and rexinoids. The regulation of both receptors through binding with
small chemical compounds that can pass biological membranes, could imply that compounds other
than proteins are present in the venom, which can migrate through membranes and bind directly
to TFs. Today, nothing is known about such compounds in the venom of N. vitripennis, presenting
us with an unexplored and unexploited source of potentially useful compounds for medicine to
further investigate.

When HEK293T cells were induced for 8 h with TNFe, the activation of two reporters was
significantly up-regulated, while three were down-regulated compared to control cells. The NF-xB
reporter was no less than 100 times up-regulated, showing the strong activation of this immune cascade.
When cells were co-incubated with TNF« together with venom from N. vitripennis, no significant
alteration in transcriptional activity could be observed compared to cells simply induced with TNFo.
In L929sA cells however, a significant inhibition of the NF-«B activation was noted by the venom [8].
This can possibly be explained by the use of different cell lines, HEK293T cells instead of L929sA cells,
or other induction times, 8 h instead of 6 h.
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When cells were incubated with TNF«x together with venom, no less than 13 of the 45 tested
pathways showed significant differential transcriptional activity, compared to cells that were only
induced with TNFax. Interestingly, the AR and the GLI reporter, that show down-regulated
transcriptional activity after TNF« treatment, have the highest up-regulated activity (more than seven
times higher) when co-incubated with N. vitripennis venom. The androgen receptor (AR) is a nuclear
receptor that is activated by binding androgenic hormones, testosterone, or dihydrotestosterone, again
hinting at possible presence of small chemical compounds in the venom. The GLI reporter is designed
to measure hedgehog signaling activity. Interestingly, the sonic hedgehog signaling pathway plays an
important role in the development of cancer, specifically brain and skin cancer [28]. Analysis of the
reporter array also revealed that several reporters, like the p53 and HSR reporter involved in stress
responses were affected by the venom when co-incubated with TNF« for 8 h. In addition, microarray
on parasitized insect hosts also revealed that transcripts involved in stress, cell death, detoxification,
and the MAPK/JNK pathways were affected by the venom of N. vitripennis [29].

Other interesting reporters involved in inflammation and the immune response showed significant
alterations in transcriptional activity after co-treatment of HEK293T cells with TNF« and N. vitripennis
venom. The Interferon Regulatory Factor 1 (IRF1) reporter for instance, is a member of the interferon
regulatory TF family and serves as a transcriptional activator of interferon alpha, beta, and gamma.
IRF1 is known to regulate host defense against pathogens, tumor prevention, and development of
the immune system. Accordingly, in the natural host, the venom is known to allow or even stimulate
certain antimicrobial defenses of the host next to the expected interference of the venom with host
melanization and coagulation responses [30].

The reporter arrays revealed that the venom from N. vitripennis has a wide-spread impact on
multiple mammalian signaling cascades. However, it would be interesting to investigate what the
effect would be on transcriptional activity when separate venom compounds would be used to induce
the cells. Therefore, not only proteins or peptides, but also small chemical compounds like amines
or steroids that are possibly present in the venom from N. vitripennis, should be isolated from the
complete venom mixture and further investigated for their effects on the cellular signaling cascades
that were found to be targeted by the complete venom.

2.2. Effect of Venom on NF-xB Signaling Targets

Since previous results on L929sA cells showed clear anti-inflammatory activity of the venom [8],
we decided to dig deeper in the NF-«B regulating effects of the N. vitripennis venom. Therefore, a
PCR array experiment was set up to evaluate the expression of NF-«B target genes under different
conditions. We decided to use Raw264.7 macrophage cells that show activation of the NF-«B signaling
cascade when stimulated with LPS. We treated these cells with N. vitripennis venom, together with
or without LPS induction. Significant relative expression of 84 genes was evaluated by RT-qPCR as
presented in Table S1. The genes that show a significant differential expression of more than 2-fold
higher or lower in three different comparisons are summarized in Table 2 in which the NF-«B target
genes are classified according to their properties and/or functions.

LPS stimulation increased transcription of 36 NF-«B target genes in the macrophage cells and
down-regulated the expression level of one target gene. The highest up-regulated genes can be found
in the groups of the cytokines/chemokines, stress response genes and growth factors. Several TFs,
including TFs that take part in the NF-kB cascade, show an elevated transcription level. Previous
results showed that RT-qPCR on Raw264.7 cells stimulated with N. vitripennis venom resulted in no
significant effect in mRNA levels of NF-«B inhibitor alpha (IkBx) and A20, that are both early response
genes [8]. The NF-«B Signaling Targets PCR Array resulted in one NF-«B target gene that showed
down-regulated expression, and nine that were up-regulated after venom treatment. Remarkable is the
up-regulation of Relb expression by venom treatment, which could possibly lead to further elevation in
expression of other NF-«B target genes. On the other hand, the reporter array performed after venom
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treatment on HEK293T cells resulted in the induction of several TFs, like ATF2/3/4 and MEF2 (see
Table 1) potentially attributing to the up-regulated expression levels shown here.

Table 2. Effect of N. vitripennis venom in Raw264.7 cells, either induced with lipopolysaccharide (LPS)
or not, on NF-kB signaling targets. Fold regulation of all tested NF-kB signaling target genes are
presented for 3 different comparisons. When p > 0.05, insignificant values are between brackets; when
IFR| > 2, values are in bold. (Abb = abbreviation; FR = fold regulation).

FR LPS-treated ER FR LPS- and
q q venom-treated  venom-treated
NEF-«B signaling target genes Abb versus
versus versus
pobeates untreated LPS-treated
Cytokines/chemokines and their modulators
Chemokine (C-C motif) ligand 22 Cel22 917.635 (1.032) (—1.532)
Chemokine (C-C motif) ligand 5 Ccl5 1254.881 (2.107) (1.750)
Chemokine (C-C motif) receptor 5 Cer5 1.625 (1.875) (2.346)
Chemokine (C-X-C motif) ligand 10 Cxcl10 483.835 (2.254) (—1.025)
Chemokine (C-X-C motif) ligand 3 Cxcl3 111.806 (3.484) (34.595)
Interleukin 15 115 (3.325) (2.527) 13.408
Interleukin 1a JIVE 1273.082 (2.414) (—1.242)
Interleukin 18 11b 15,647.327 5.885 —4.392
Interleukin 1 receptor antagonist M1rn 26.052 (3.074) (—1.145)
Interleukin 6 16 525.452 (2.419) —1.472
Lymphotoxin A Lta 25.056 (3.037) (1.094)
Tumor necrosis factor Tnf 36.399 (—1.244) —1.193
Immunoreceptors
CDA40 antigen Cd40 68.505 9.933 (4.098)
CD80 antigen Cdso 3.113 (2.621) (2.723)
CD83 antigen Cd83 (3.545) (2.949) 29.395
Tumor necro§is factor receptor Tnfrsflb 22.445 (1.469) (1.708)
superfamily, member 1b
Proteins involved in antigen presentation
Complement component 3 3 3.651 (2.035) (1.175)
Complement factor B Cfb 14.677 —(1.007) —4.199
Cell adhesion molecules
Intercellular adhesion molecule 1 Icam1 (1.405) (1.212) 17.631
Vascular cell adhesion molecule 1 Vcaml1 (—1.148) (1.387) 3.481
Acute phase proteins
Coagulation factor III F3 41.407 (4.466) (=1.979)
Stress response genes
NAD(P)H dehydrogenase, quinone 1 Nqol (—1.247) 24.637 (3.014)
Prostaglandin-endoperoxide synthase 2 Ptgs2 698.790 (1.715) (—1.605)
Superoxide dismutase 2, mitochondrial Sod2 4.919 —1.052 (1.301)
Regulators of apoptosis
B-cell leukemia/ lymphoma 2 related Bcl2ala 33.896 5.027 (3.713)
protein Ala
Bel2-like 1 Bcl211 2.677 (1.255) (1.275)
Baculoviral IAP repeat-containing 2 Birc2 (—1.428) (1.513) 6.288
Baculoviral IAP repeat-containing 3 Birc3 1.874 (1.558) 3.599
Fas (TNF receptor superfamily member 6) Fas 11.621 3.261 6.857
Tnf receptor-associated factor 2 Traf2 (—1.056) 1.983 5.107
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Table 2. Cont.

FR FR FR LPS- and
W35 e e e Abb LPS-treated venom-treatec venom-treated
versus versus versus
untreated untreated LPS-treated
Growth factors, ligands and their modulators
Colony stimulating factor 1 (macrophage) Csfl 35.675 55.854 117.792
Colony stimulating factor 2 Csf2 530 (1.548) (—1.436)
(granulocyte-macrophage)
Colony stimulating factor 3 (granulocyte) Csf3 15,821.676 5.486 —31.724
Platelet derived growth factor, B polypeptide Pdgfb 3.395 (1.479) (1.092)
Transcription factors and regulators
Interferon regulatory factor 1 Irfl 2.945 (2.039) 13.953
Microphthalmia-associated transcription factor Mitf (—1.549) (1.434) 7.247
Myelocytomatosis oncogene Myc 25.814 17.898 (8.083)
Nuclear factor of kappa light polypeptide gene
enhancer in B-cells 1, p105 Nfkb1 4.526 (1.599) 3.399
Nuclear factor of kappa light polypeptide gene
enhancer in B-cells 2, p49/p100 Nfkb2 (1:368) (1.001) 10.255
Nuclear factor of kappa light polypeptide gene .
enhancer in B-cells inhibitor, alpha Nikbia 7.963 (1.102) (1.508)
Reticuloendotheliosis oncogene Rel 2.664 (1.121) 3.864
Avian reticuloendotheliosis viral (v-rel) oncogene Relb (1.334) 3.591 8.675
related B
Signal transducer and activator of transcription 1 Statl 2.855 —1.257 (1.111)
Signal transducer and activator of transcription 3 Stat3 1.517 —1.104 —1.444
Miscellaneous
Cyclin D1 Cend1 —5.051 —2.667 —7.439
Growth arrest and DNA-damage-inducible 45 beta ~ Gadd45b 8.330 (2.325) 10.985
Matrix metallopeptidase 9 Mmp9 17.819 (1.635) —5.805

Before cells are stimulated with LPS, NF-«B subunits like p50 and p52 can already be bound to
NF-«kB binding sites in the promoters of a number of genes, exhibiting a certain range of expression
levels [31]. After cellular stimulation with LPS, other NF-«kB family members enter the nucleus and
bind to those genes and to other genes, leading to enhanced gene transcription. N. vitripennis venom
could influence this process before cells are stimulated with LPS resulting in the down-regulated
expression level of NF-kB target gene, cyclin D1.

Transcription of the stress response gene, NAD(P)H dehydrogenase quinone 1 (Nqol), is nearly
25 times up-regulated after venom treatment. This gene has been demonstrated to play an important
role in protecting cells against oxidative stress [32]. Venoms of several animals, including the
parasitoid wasp Aphidius ervi, are known to cause oxidative stress in their host organism [33,34].
The elevation of the Nqo1 gene expression after venom treatment in macrophage cells could therefore
suggest a protective function. Remarkably, the venom induced transcription of two growth factors,
colony stimulating factor 1 and 3 (Csfl and Csf3) that stimulate the bone marrow progenitor cells to
differentiate into macrophages or granulocytes, respectively. These proteins have an important role in
innate immunity and inflammation [35]. Especially transcription of Csf1 is highly up-regulated (nearly
56 times), which even doubles when the cells are immune challenged with LPS.

However, most differentially expressed genes could be observed when venom was added to the
macrophage cells, combined with an immune challenge of LPS. Transcription of two of the NF-«B target
genes, tested by the NF-«kB Signaling Target PCR Array, were previously tested by RT-qPCR: IkBox and
interleukin 6 (IL-6) [8]. Although the suppression of IkBx transcription could not be validated in this
PCR Array experiment, the 2-fold inhibition of IL-6 transcription on the other hand could be confirmed
by a 1.5-fold down-regulation in the PCR Array. Transcription of the cytokine IL-1f3, produced by
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activated macrophages and an important mediator of inflammatory response, shows a nearly 6-fold
up-regulation after venom-treatment, while being 4.3 times down-regulated after co-treatment of
venom and LPS. Apparently, the cells need to be immune challenged, in this case by LPS, in order for
the venom to be able to suppress the inflammatory response.

Previous experiments focused on the inhibitory effect of venom on the canonical NF-«B
pathway [8], in which IkB kinase beta (IKKf3) phosphorylates IkBs at N-terminal sites to trigger their
ubiquitin-dependent degradation and induce nuclear entry of RelA:p50 dimers [36]. The remark has to
be made that aside from this classical NF-«B signaling pathway, an alternative non-canonical signaling
cascade has been identified that activates NF-«B signaling based on processing of the NF«B2:p100
precursor protein by IKK« [37]. In this alternative NF-kB pathway, the stimulation by LPS (among
others) results in the nuclear translocation of the dimer RelB:p52 [38]. While many target genes are
shared between the canonical and the non-canonical pathways, some promoters of NF-kB target genes
are only recognized by RelB:p52 dimers and not by RelA:p50 dimers [31,39]. Several NF-«B target
genes can bind multiple members of the NF-«kB family, suggesting that they can be activated by both
the canonical and the non-canonical pathways. For instance, Icam1 and Gadd45b can bind all five
members of the NF-kB family (p52, p50, Rela, Relb and c-Rel) in U937 cells after LPS stimulation [31].
When Raw?264.7 cells were treated with N. vitripennis venom, transcription of Icam1 and Gadd45b
was up-regulated 17.63 and 10.99 times, respectively. Therefore, it can be suggested that N. vitripennis
venom potentially has an inhibitory effect on the canonical pathway, but a stimulatory effect on the
alternative NF-«B signaling pathway explaining the up-regulation of some inflammatory genes. This
hypothesis however needs to be further investigated. Interestingly, N. vitripennis venom up-regulated
transcription of four different NF-kB subunits when cells were co-treated with LPS, of which Nfkb2
(p52) and Relb, that take part in the non-canonical NF-«B pathway, show the highest elevations.

Interesting is the number of up-regulated NF-«B target genes involved in apoptosis regulation
after venom and LPS co-treatment. Formesyn and colleagues have previously proven that serine
proteases and metalloproteases in N. vitripennis venom cause apoptosis in non-host insect cells
and suggested their possible role in immune related processes [40]. In this PCR array on murine
macrophages, pro- as well as anti-apoptotic mediators were differentially expressed: Fas activation
induces apoptosis [41], while Birc2, Birc3 and Traf2 are known for their anti-apoptotic effects [42,43].

An acute stimulation, for instance by LPS, is known to create two distinct waves of NF-«kB
recruitment to target promoters: a fast recruitment to immediately accessible promoters and a late
recruitment to promoters requiring stimulus-dependent modifications in chromatin structure to make
NF-«B sites accessible [44]. A relatively long (6 h) LPS-treatment was chosen in the PCR Array
experiment. Unfortunately, possible transient effects caused by N. vitripennis venom, due to the short
mRNA half-life of many of the early response genes, could not be observed by this experiment and
time kinetics would need to be performed in order to have a glimpse on the complete venom profile.
Next to possible time course effects, the mechanistic complexity of the venom can be considerable,
since different cell lines can show large differences in their responses to specific compounds. Future
experiments should therefore also incorporate different cell lines together with time kinetics in response
to separate venom compounds.

Next to an NF-kB binding site, the promoter of the genes tested by this PCR array may also contain
binding sites for other TFs. Instead of an up-regulated transcription by NF-«B binding to the promoter,
expression of these genes can also be targeted by other TFs. When performing a TFSEARCH, the
promoter sequence of a gene of interest can be screened for possible TF binding sites by correlating this
sequence against the TRANSFAC MATRIX database. The upstream gene sequence 2000 nucleotides
before and 50 nucleotides after the start of the gene (where the promoter sequence is assumed to be
located) is inserted into the TFSEARCH program and an 85.0 threshold is used.

This was performed for five genes that showed the highest significant up-regulated fold regulation
(FR) after venom-and LPS-treatment, and for four genes that had a negative FR after venom- and
LPS-treatment. All nine genes obviously contained the NF-«kB binding site, as the genes included in
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the array were previously demonstrated to be NF-«B target genes. The TF binding sites that were
predicted by the program to be present in all five up-regulated genes were listed in Table 3. This means
that the up-regulated transcription of these genes, next to NF-kB binding to their promoter, could also
be the result of binding of these other TFs to their promoters. When looking at these TF binding sites
in the promoters of the four down-regulated genes, cCAMP response element-binding protein (CRE-BP)
can be a possible candidate for causing the synthesis of several of the tested genes while at the same
time not having an increasing effect in transcription of Csf3, Mmp9 and Cendl, since these genes do
not contain a binding site for CRE-BP. On the other hand, a role of CCA AT-enhancer-binding proteins
(C/EBPs) in the activation of NF-«B target genes can also be proposed. C/EBP binding sites can be
found in promoter regions of several tested genes with an up-regulated transcription, while being
absent in the promoters of some of the down-regulated genes (see Table 3). Additionally, C/EBPs can
interact with p50 homodimers activating NF-«B target genes, even in the absence of canonical NF-«B
activation [45]. Interestingly, the reporter array performed on HEK293T cells treated with N. vitripennis
venom, also showed significant up-regulation of the C/EBP reporter (Table 1).

Table 3. TF binding sites that are commonly present in the promoters of 5 up-regulated genes tested by
the NF-«B Signaling Targets PCR Array, predicted by TFSEARCH (threshold 85.0). The presence of
these TF binding sites is shown for 4 down-regulated genes when cells were treated with venom and
LPS. “x” represents the presence of the respective TF site in the promoter region of that particular gene.
At the bottom, the fold regulations are presented for the selected genes.

NF-«B signaling

Cds3 Csfl  IL15 Irfl  Icaml Il1b Csf3 Mmp9 Cendl
target genes

TF binding site
NEF-Kap X X X X X X X X X
C/EBP X X X X X X X X -
C/EBPa X X X - X - X X -
AML-1a X X X X X X X X X
CdxA X X X X X X X X X
CRE-BP X X X X X X - - -
deltaE X X X X X X X X X
GATA-1 X X X X X X X X X
GATA-2 X X X X X X X X X
GATA-3 X X X X X - X X X
GATA-X X X X X X X X - X
HSF2 X X X X X X - X -
MZF1 X X X X X X X X X
Nkx-2. X X X X X X X X X
Oct-1 X X X X X X X X -
SRY X X X X X X X X X
TATA X X X X X X - X X
Fold regulation
venom-and LPS-vs. n94 4175 134 140 176 44 317 -58 74
LPS-treated
venom-treated vs. 30 559 25 20 12 59 55 16 2.7

untreated

The presence (or absence) of many other TF binding sites in specific gene promoters could possibly
be an aid to explaining the apparent contradiction between the up-regulation of several inflammatory
genes by N. vitripennis venom, but at the same time the anti-inflammatory activity of the venom on
the other hand [8]. Other mechanisms can play a role in the change of gene expression: microRNAs
can post-transcriptionally bind to the 3’-UTR (untranslated region) of their target mRNAs and repress
protein production [46], or epigenetic phenomena like DNA methylation or histone modification can
cause differential gene expression [47]. Until now, none of these processes have been investigated for
the gene alterations caused by parasitoid venoms.
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It needs to be commented that venom from N. vitripennis is a complex mixture of at least
80 different proteins. Maybe even more other venom compounds like peptides or other bio-molecules
could be present, all having their own effects on gene regulation. Regarding to venomous effects on
the complex apoptosis process, it would be interesting to see how the separate venom compounds,
especially the serine proteases and metalloproteases as tested in insect cells [40], would affect the
mammalian cell death process. However, it would also be interesting to examine what the effects of
individual venom compounds would be on mammalian cells, concerning gene regulation, but also
with regard to translational regulation of the NF-«B pathway.

Many of the target genes of NF-«kB signaling are involved in multiple inflammatory or
autoimmune diseases. Some of them are promising targets in certain therapies [48,49], while others
can themselves be used as agents in processes involved in human diseases [50,51]. Interestingly,
N. vitripennis venom significantly altered the expression of some of these possible drug targets,
presenting the venom with an exciting potential as therapeutic in several diseases (Table 4). However,
keep in mind that the physiological processes affected by the complex Nasonia venom only hint at
possible interesting therapies for human disease conditions. Since until now specific mechanistic
insights are lacking, further studies focusing on the affected NF-«B targets need to be performed,
ideally with the responsible venom compounds.

Table 4. NF-«B target genes that were differentially transcribed and can be a possible drug target
of N. vitripennis venom. Three different comparisons are presented: venom-treated versus untreated,
venom- and LPS-treated versus LPS-treated cells and LPS-treated versus untreated. When p > 0.05,
insignificant values are between brackets; when |FR| >2, values are in bold. (Abb = abbreviation;
FR = fold regulation; Ref = reference).

. FR venom FR venom- FR LPS-treated Potential
Possible drug targets and LPS-
Abb versus versus targeted Reference
of venom untreated treated versuis untreated diseases
LPS-treated
NAD(P)H
dehydrogenase, Nqol 24.64 (3.014) (—1.247) acute leukemia [52]
quinone 1
Cyclin D1 Cend1 —2.67 —7.44 —5.05 breast cancer [53]
Interferon regulatory Irfl (2.039) 13.95 2.95 breast cancer [51]
factor 1
Matrix
metallopeptidase 9 Mmp9 (1.635) —5.80 17.82 cancer [54]
Colony stimulating Csf3 5.49 —31.72 15,821.68 inflammatory [49]
factor 3 (granulocyte) arthritis
Interleukin 1 beta b 5.88 —439 1564733  Autoinflammatory 155]
diseases
complement
Complement factor B Cfb (—1.007) —4.20 14.68 _ mediated [56]
inflammatory
diseases

The second highest up-regulated NF-«B target gene transcription tested after the sole addition of
venom on the cells, was NAD(P)H:quinone oxidoreductase 1 (Nqo1). This enzyme detoxifies quinones
and reduces oxidative stress. Low activity of this enzyme is associated with increased risk of acute
leukemia in adults [52]. Inducing this detoxification enzyme in certain mammalian cell types could
potentially benefit patients suffering from acute leukemia or could prevent people from developing
this disease.

For the other venom targets with potential therapeutic application, the cells needed to be immune
challenged with LPS, offering a possible use in diseases characterized by constitutive activity of
NF-«B, like autoimmune diseases [57] or many cancers [58]. With regard to anti-inflammatory drugs,
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colony stimulating factor 3 (Csf3) with a nearly 32-fold decrease in transcription after venom and
LPS incubation compared to LPS induction, seems to be the most interesting interaction to further
investigate. This regulator of granulopoiesis has a critical role in driving joint inflammatory diseases,
like rheumatoid arthritis (RA), and its antagonists may be of therapeutic value [49]. Anti-IL-1f is a
commonly used drug with the name canakinumab utilized in several auto inflammatory diseases [55].
Previously mentioned inhibition of IL-1f transcription by venom- and LPS-treatment may therefore
hint at a therapeutic role of N. vitripennis venom.

Intriguingly, the possible anti-cancer role of N. vitripennis venom is displayed by the regulation
of different NF-kB targets. Transcription of Cyclin D1, involved in the G1-S phase transition of
cells, is significantly suppressed by N. vitripennis venom, with and without LPS-treatment. Since
pharmacological inhibition of cyclin D1/CDK4 complexes is suggested to be a useful strategy to inhibit
the growth of tumors, the potential of N. vitripennis venom in cancer treatments may be valuable to
further investigate. In contrast, the expression of Irfl is significantly up-regulated after the co-treatment
of venom and LPS, which was confirmed in the reporter array showing up-regulated transcriptional
activity of the IRF1 reporter after co-treatment of venom and TNF« in HEK293T cells. A functional
role of Irfl was established in the growth suppression of breast cancer cells and it was implicated
in acting as a tumor suppressor gene in breast cancer by controlling apoptosis [51]. The potential of
N. vitripennis venom as therapeutic agent in several oncogenetic diseases is therefore interesting to
look at. The possible drug targets in Table 4 show the exciting potential of Nasonia venom, but need to
be interpreted with the necessary precaution. Future studies also require incorporate alterations at the
protein level, modulations of diverse immune pathways or biological signals and determination of the
exact effect of the individual responsible venom components.

3. Experimental Section

3.1. Isolation of Crude Wasp Venom

N. vitripennis wasps were reared on pupae of the flesh fly, S. crassipalpis, and maintained at 25 °C
with a daily 16:8 light:dark cycle. Female wasps were allowed to host feed on flesh fly pupae for
24 h. Venom gland reservoirs were dissected into insect saline buffer (ISB) (150 mM NaCl, 10 mM
KCl, 4 mM CaClp, 2 mM MgCl,, 10 mM Hepes) [59] and centrifuged at 12,000 g for 10 min at 4 °C.
The supernatant containing the venom was transferred to a clean microcentrifuge tube and stored
frozen at —70 °C. Total protein in crude venom was determined colorimetrically at 595 nm using
a Coomassie Protein Assay Reagent (No. 23200, Thermo Fisher Scientific, Rockford, IL, USA).

3.2. Cell Culture and Treatments

For the reporter array, human embryonic kidney cells 293T (HEK293T, kind gift from Prof.
Kathleen Van Craenenbroeck, Ghent University, Ghent, Belgium) were cultured as adherent
monolayers in 25 cm? flasks in Opti-MEM reduced serum medium without phenol red (Thermo
Fisher Scientific, Rockford, IL, USA) supplemented with 5% FBS (International Medical Products,
Brussels, 1160, Belgium) and 100 U/mL penicillin (Thermo Fisher Scientific, Rockford, IL, USA) and
0.1 mg/mL streptomycin (Thermo Fisher Scientific, Rockford, IL, USA). Cells were grown in an
atmosphere with 5% COj, at 37 °C. Prior to the assays, cells were grown in 75 cm? flasks and cultured
in such a way that they are sub confluent prior to collection. The Cignal Finder™ 45-Pathway Reporter
Arrays (Qiagen, SABiosciences corp., Frederick, MD, USA) consisting of 45 dual luciferase reporter
assays, were used according to the manufacturer’s instructions. One hour before transfection, fresh
Opti-MEM medium supplemented with 2% FBS was added to the cells and cells were placed back
in the incubator. Meanwhile, DNA reporter constructs were first dissolved in 50 uL./mL Opti-MEM
and incubated for 5 minutes at room temperature. Subsequently, PEI transfection reagent (Thermo
Fisher Scientific, Rockford, IL, USA) was diluted in Opti-MEM without serum or antibiotics, and
50 uL/well was dispensed into 96-well white tissue-culture plates. For reverse transfection, freshly
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grown cells were counted and adjusted to 1.4 million cells/mL in Opti-MEM containing 2% FBS and
1% non-essential amino acids (NEAA, Thermo Fisher Scientific, Rockford, IL, USA), without antibiotics.
Cells (50 puL; 7 x 104 cells/well) were added to each well and incubated overnight at 37 °C with 5% COs.
Transfection media were removed 6-8 h after transfection and replaced with 100 uL fresh Opti-MEM,
supplemented with 5% FBS and 1% NEAA, and incubated again overnight at 37 °C. One hour prior
to venom induction, media were removed and replaced with fresh Opti-MEM supplemented with
0.5% FBS and 1% NEAA. Cells (two array plates) were then induced with N. vitripennis venom at a
concentration of 2.5 ug/mL for 8 h, the other 2 plates were treated with ISB and served as controls.
Each plate contains a duplicate of the reporter.

For the PCR array, mouse macrophage-like Raw264.7 cells (kind gift from Prof. Kathleen Van
Craenenbroeck, Ghent University, Ghent, Belgium) were maintained in RPMI 1640 medium (Thermo
Fisher Scientific, Rockford, IL, USA) at 37 °C in 5% CO, humidified air. Medium was supplemented
with 10% FBS, 100 U/mL penicillin and 0.1 mg/mL streptomycin. Twenty-four hours before induction,
cells were seeded in multiwell dishes so that they were confluent at the time of the experiment.
Raw?264.7 cells were submitted to the following different treatments: untreated; 6-h LPS induction
(1 pg/mL); 6 h and 15 min incubation with 10 pg/mL of N. vitripennis venom; 6 h LPS induction and
6 h and 15 min venom incubation. The 4 treatments were performed in duplicate.

3.3. Reporter Array Analysis

Dual-luciferase reporter activity was determined using a dual-luciferase reporter assay system
(Promega, Madison, WI, USA), following the manufacturer’s instructions using a Victor 3TM 1420
Multilabel Counter plate reader (PerkinElmer, Waltham, MA, USA). Induced TFs were reported as
luminescence ratios by dividing the Firefly signal by the Renilla signal. Subsequently, normalization
was performed using the ratio of control wells on every plate (negative and positive controls). Data
was evaluated by Student’s t-tests and Mann-Whitney U tests. A value of p < 0.05 was considered
statistically significant. All statistical analysis were performed with Prism 5.0 (GraphPad Software,
Inc., La Jolla, CA, USA, 2011).

3.4. Total RNA Extraction and Reverse Transcription

RNA was isolated by using TRIzol Reagent (Thermo Fisher Scientific, Rockford, IL, USA) as
described previously [60]. An on-column DNase digestion was performed and the concentration of
RNA in all 8 samples was measured. Equal amounts of RNA were reverse-transcribed into cDNA
using the RT? First Strand Kit (Qiagen, Frederick, MD, USA) following the manufacturer’s instructions.

3.5. Real-Time PCR-Based Array Analysis

The relative expression of NF-«B signaling target genes was determined in each of the 8 samples
by RT-qPCR (RT? Profiler Mouse NF-«B Signaling Targets PCR Array; SABiosciences Corp., Frederick,
MD, USA) using the qPCR master mix (RT2 SYBR Green; SABiosciences Corp., Frederick, MD,
USA) according to the supplier’s directions. Mixes were pipetted into 384-well PCR array plates
to evaluate the expression of 84 NF-kB signaling target genes. RT-qPCR was performed in technical
duplicates (Roche LightCycler 480, 384-well block, Mannheim, Germany). Raw data from the real-time
PCR were uploaded using a PCR array data analysis template available at RT? Profiler PCR Array
Data Analysis version 3.5 (http:/ /www.sabiosciences.com/pcr/arrayanalysis.php). Quality controls
included within the array plates confirmed the lack of DNA contamination and successfully tested
for RNA quality and PCR performance. The integrated Web-based software package for the PCR
array system automatically performed all comparative threshold cycle (AACt)-based fold-change
calculations from the uploaded data. For these calculations, the average expression of 3 housekeeping
genes (p-actin, glyceraldehydes-3-phosphate dehydrogenase and $2-microglobulin) was used for
normalization of the data. After normalization, the relative expression of each gene was averaged for
the 2 samples in each condition. Fold regulations in average gene expression were expressed as the
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difference in expression of venom-treated compared with untreated cells, or of venom- and LPS-treated
compared with only LPS-treated cells. A fold change >2.5 with p < 0.05 was considered significant.

4. Conclusions

By using high-throughput screening tools such as the reporter and PCR arrays performed here,
the multi-facetted effects of venom can become visible, pinpointing interesting pathways and targets
for further investigation. The effect of N. vitripennis venom on 45 intracellular signaling cascades was
analyzed with a commercially available reporter array in HEK293T cells either immune challenged
with TNFa or not. Interesting pathways were affected, of which several are related with an early stress
response and others that need to be activated by steroid compounds. Whether steroids, possibly present
in the venom, induced these reporters or venom stimulation contributes to the release of steroids in
cells, still needs to be further investigated. Since most of the affected pathways are involved in multiple
biological processes, more detailed research needs to be performed on both transcript and protein level
in order to unravel how the venom affects these processes. In addition, the possible protein interactions
with other TFs might be investigated, because the composition of the TF complexes influences their
promoter specificity and hence their target pathways. Furthermore, other induction time points
or venom concentrations may also provide useful information. The NF-«kB Signaling Target PCR
Array performed on Raw264.7 macrophages treated with N. vitripennis venom and/or LPS uncovered
several new ideas on how the venom exerts its complex effects. Interestingly, the proinflammatory
cytokine IL-1 was significantly suppressed after the venom and LPS co-treatment, indicating the
anti-inflammatory action of the Nasonia venom. Previous data describing the inhibition of the canonical
NE-kB pathway by the venom [8], is not that obvious when looking at the expression of a large number
of NF-kB target genes. Several aspects encourage us to be cautious in interpreting the results. The
complexity of the venom mixture applied on the cells creates multiple crosstalk effects that could be
circumvented when working with separate venom compounds. The fact that one time-point was used,
only gives a glimpse of the complete picture. Additionally, changes in transcription expression do not
always translate into the same changes at protein level, since alterations in translation efficiency and
post-translational modifications can lead to a different end-result. Possible effects on the non-canonical
NF-kB pathway next to the canonical pathway, in addition to the presence of multiple TF sites in
the promoter of NF-«B target genes, make the puzzle more difficult to solve. However, keeping all
these remarks in mind, still several interesting hints for future research could be noted, which was
the original intent of this experiment. Some NF-«kB target genes that were differentially expressed
by the addition of N. vitripennis venom, with or without LPS-treatment, are drug targets of major
diseases, hinting to possible future biomedical application as therapeutic agent in several human
diseases. Performing time kinetics and dose-responses by the separated venom compounds seems the
logical next step.

Supplementary Materials: Supplementary materials can be accessed at: http://www.mdpi.com/2072-6651/7/
6/2051/s1.
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Abstract: Progressive renal fibrosis is the final common pathway for all kidney diseases leading to
chronic renal failure. Bee venom (BV) has been widely used as a traditional medicine for various
diseases. However, the precise mechanism of BV in ameliorating the renal fibrosis is not fully
understood. To investigate the therapeutic effects of BV against unilateral ureteral obstruction
(UUO)-induced renal fibrosis, BV was given intraperitoneally after ureteral ligation. At seven days
after UUO surgery, the kidney tissues were collected for protein analysis and histologic examination.
Histological observation revealed that UUO induced a considerable increase in the number of
infiltrated inflammatory cells. However, BV treatment markedly reduced these reactions compared
with untreated UUO mice. The expression levels of TNF-« and IL-1f3 were significantly reduced in
BV treated mice compared with UUO mice. In addition, treatment with BV significantly inhibited
TGF-B1 and fibronectin expression in UUO mice. Moreover, the expression of a-SMA was markedly
withdrawn after treatment with BV. These findings suggest that BV attenuates renal fibrosis and
reduces inflammatory responses by suppression of multiple growth factor-mediated pro-fibrotic
genes. In conclusion, BV may be a useful therapeutic agent for the prevention of fibrosis that
characterizes progression of chronic kidney disease.

Keywords: bee venom; renal fibrosis; inflammation; UUO

1. Introduction

Chronic kidney disease involves renal inflammation, interstitial fibrosis, and tubular atrophy [1].
Progressive renal fibrosis is the final common pathway for all kidney diseases leading to chronic renal
failure [2]. Histologically, renal fibrosis is characterized by interstitial infiltration of mononuclear cells,
accumulation of myofibroblasts, proliferation of interstitial fibroblasts, accumulation of extracellular
matrix (ECM) proteins, and tubular atrophy [3]. Inflammation is involved in the initiation and
maintenance of renal damage, and a decreased inflammatory response results in the loss of renal
fibrosis [4]. The classic view on the connection between inflammation and fibrosis is that they are
mediated in a paracrine fashion; in which inflammatory cells secrete pro-fibrotic cytokines that act on
resident fibroblasts and tubular cells to promote fibrogenesis [5]. The development and progression of
renal fibrosis primarily involves differentiation of renal fibroblasts into myofibroblasts and infiltration
of inflammatory cells, including dendritic cells, lymphocytes, macrophages, and mast cells [6]. These
cells are regulated by numerous cytokines and growth factors, such as transforming growth factor-31
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(TGE-p1), tumor necrosis factor-oc (TNF-«), interleukin-1 (IL-1f3), IL-6, fibroblast growth factor (FGF),
and platelet-derived growth factor (PDGF). Thus, a therapeutic intervention that blocks the activation
of these cytokine and growth factor receptors could improve antifibrotic effects to slow progression of
renal fibrosis [7].

Because a large variety of pathophysiologically distinct diseases converge finally into renal fibrosis,
this makes it a unique target for treatment. Unfortunately, there are no effective therapies in most
other types of organ fibrosis [8]. Thus, more systematic and safer agents are required. Purified bee
venom (BV) is a mixture of natural toxins produced by honeybees (Apis mellifera), and has been widely
used as a traditional medicine for various diseases, including arthritis, rheumatism, pain, cancerous
tumors, and skin diseases [9,10]. However, the anti-fibrotic effects of BV on renal fibrosis have not
been reported.

Therefore, this study investigated the anti-fibrotic effect of BV on the expression of
pro-inflammatory cytokines and on the activation of growth factors related with the development of
progressive renal fibrosis in an animal model of unilateral ureteral obstruction (UUO).

2. Results and Discussion

2.1. Histological Examination of the ULO Mice with or without Treatment with Bee Venom

The morphological changes in the kidney tissue caused by UUO were visualized in sections
stained by hematoxylin and eosin (Figure 1A). Tubular dilatation with flattening of epithelial cells
was visualized in UUO kidneys. However, BV treatment significantly reduced these changes when
compared to the UUO group. BV attenuated renal histologic damage in UUO mice. The extent of
collagen deposition was viewed using Masson'’s trichrome staining of renal tissue (Figure 1B) and renal
fibrosis was calculated using a well described semiquantitative score derived from the percentage
of the positive staining per grid field (Figure 1C). Seven days after UUO surgery, the UUO group
demonstrated significant interstitial fibrosis compared with the NC group. However, there was a
significant reduction in the number of collagen fibers in the BV treated mice.

NC uuo UUO+BV

Figure 1. BV inhibits renal fibrosis in obstructed kidney. (A) Histological sections of mouse kidney
stained with H&E at seven days after UUO surgery. (B) Kidney sections are stained with Masson’s
trichrome, which accentuates interstitial fibrosis by staining collagen blue. (C) Masson’s trichrome
staining was used to evaluate the extent of renal fibrosis which was subsequently quantified. NC,
normal control; UUO, kidney injury induced by UUO; UUO+BV, UUO treated with 0.01 mg/kg of
BV. Representative images from each study group. Magnification 400x. Results are expressed as
means =+ SE of three independent determinations. * p < 0.05 vs. NC group. t p < 0.05 vs. UUO group.
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2.2. Bee Venom Suppresses Pro-Inflammatory Cytokines in the Kidneys of UUO

During UUO, obstruction of the ureter is followed by inflammatory cell infiltration, and by secretion
of pro-inflammatory cytokines including TNF-« and IL-1p [11]. To investigate the inflammatory
changes in UUQ, the expression of TNF-o« and IL-1 was determined by immunohistochemical
staining, Western blotting and RT-PCR. Immunohistochemistry results showed that UUO kidneys had
a marked increase in TNF-a and IL-1§3 positive cells compared with NC kidneys (Figure 2A). Western
blotting and RT-PCR results also demonstrated that the expression of TNF-« and IL-13 was increased
in the UUO group (Figure 2D,E). However, the BV treatment group showed significantly reduced
expression of pro-inflammatory cytokines compared with the UUO group. There were no obvious
expression changes in the kidney of both the NC and BV alone-treated group (Figure not shown).
These observations indicate that BV effectively inhibits the expression levels of pro-inflammatory

cytokines in UUO mice.
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Figure 2. BV attenuates the expression of pro-inflammatory cytokine in obstructed kidneys.
(A) Representative macrographs show immunohistochemical staining for TNF-« and IL-1f in the
kidneys at seven days after UUO surgery. (B,C) Immunohistochemical staining was used to evaluate
the extent of pro-inflammatory cytokines, which was subsequently quantified. (D) Western blot analysis
shows that BV suppresses the protein expression of TNF-« and IL-1f in UUO kidneys. (E) RT-PCR
results show that BV suppresses the mRNA expression of TNF-a and IL-1f in UUO kidneys. GAPDH
levels were analyzed as an internal control. NC, normal control; UUO, kidney injury induced by
UUO; UUO+BYV, UUO treated with 0.01 mg/kg of BV. Representative images from each study group.
Magnification 400x. Results are expressed as means + SE of three independent determinations.
*p <0.05vs. NC group. tp <0.05 vs. UUO group.

88



Toxins 2015, 7, 86-94

A
=
.
=
&)
=
=
=
173
2
2
2
=2
(=
B 25 25 .
9 * s
< 20 z 2
g g s
Z 10 £ 10
& .;;, *t
5 s t £
¢ m
0 | =
NC uvo UUO+BV NC Uuo UUO+BY
D E
NC BV UUO UUO+BV NC BV UUO UUO+BV
e L
o

Figure 3. BV attenuates the expression of TGF-f1 and fibronectin in obstructed kidneys.
(A) Immunohistochemical staining for TGF-f1 and fibronectin in the kidneys at seven days after
UUO surgery. (B,C) Immunohistochemical staining was used to evaluate the extent of fibrotic genes,
which was subsequently quantified. (D) Western blot analysis shows that BV suppresses the protein
expression of TGF-p1 and fibronectin in UUO kidneys. (E) RT-PCR results show that BV suppresses
the mRNA expression of TGF-$1 and fibronectin in UUO kidneys. GAPDH levels were analyzed as
an internal control. Representative images from each study group. Magnification 400 x. Results are
expressed as means =+ SE of three independent determinations. * p < 0.05 vs. NC group. t p < 0.05 vs.
UUO group.

2.3. Bee Venom Inhibits the Fibrotic Gene Expression in an Animal Model of UUO

UUO initially produces inflammation, which gradually progresses to fibrosis in the kidney with
increased expression of cytokines, such as TGF-f1 [12]. During the development of fibrosis, TGF-31
expression is upregulated and is known to promote fibrosis under a variety of circumstances, including
ECM remodeling [13]. The ECM protein fibronectin is focally deposited in renal fibrosis, where it
contributes to inflammatory signaling [14]. As shown in Figure 3A, TGF-31 and fibronectin positive
cells are limited to the tubular basement membranes of the non-obstructed kidney, whereas large
amounts of those cells are present in the interstitial space of the obstructed kidney. The cells positive for
TGF-B1 and fibronectin were increased in UUO mice, but they were decreased by BV treatment. These
observations were confirmed through Western blotting and RT-PCR. The expression of TGF-$1 and
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fibronectin was increased in UUO, however this increase was abolished by BV treatment (Figure 3D,E).
These results suggest that BV effectively blocks fibrotic changes and suppresses the accumulation of
ECM in obstructive kidneys.

2.4. UUO-Induced Renal Myofibroblast Activation is Suppressed in Bee Venom Treated Mice

To investigate the ability of BV to suppress myofibroblast activation, this study examined the
expression of x-SMA, a representative marker of activated myofibroblasts, by immunofluorescence
staining. In normal kidneys, «-SMA positive cells are found only in the blood vessel wall. However,
a-SMA positive cells are scattered in the interstitial space of obstructed kidneys, whereas this
population of cells was reduced significantly by BV treatment (Figure 4). This data shows clearly that
BV plays a critical role in the inactivation of renal fibroblasts after obstructive injury.
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Figure 4. BV abolishes the expression of a-SMA in obstructed kidneys. (A) Immunofluorescence
staining shows that BV treatment reduces a-SMA positive cells in the kidneys at seven days after
UUO surgery. Visible green color indicates «-SMA. Representative images from each study group.
(B) Immunofluorescence staining was used to evaluate the extent of x-SMA, which was subsequently
quantified. Magnification 200x. Results are expressed as means + SE of three independent
determinations. * p < 0.05 vs. NC group. t p < 0.05 vs. UUO group.

2.5. Discussion

Natural toxin BV contains a variety of peptides, including adolapin, apamin, melittin, and
mast cell degranulating peptide along with enzymes, biological amines, and other nonpeptide
components [10]. In our previous study, we demonstrated that BV can reduce hepatic fibrosis via
anti-fibrogenic mechanism [15]. Our another study has reported anti-inflammatory effects of BV against
Propionibacterium acnes-induced inflammatory skin disease in an animal model [16]. However, the
effects of BV during renal fibrosis have not been reported. Thus, this study examined the therapeutic
effects of BV on the progression of renal fibrosis using the UUO model.

Recent reports have shown that obstruction-mediated renal injuries were involved in the
mechanisms of inflammatory cytokines, chemokines, and fibrosis-related gene expressions [1,17,18].
TNF-« and IL-1f as key pro-inflammatory cytokines are considered to play important roles in renal
fibrosis, and are produced by several types of inflammatory cells [19]. Renal fibrosis is indicated by
increasing TGF-f1 activity and collagen deposition, which is stimulated by TNF-« [20,21]. IL-1p is
secreted by macrophages in the fibrotic lesions of the kidney [22]. On the basis of this information,
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this study investigated whether BV could have an effect on these pro-inflammatory cytokines in renal
fibrosis. In UUO mice, the numbers of positive cells for TNF-« and IL-1f3 were increased, but they were
decreased by BV treatment. These results demonstrate that BV is an effective blocker of inflammatory
cytokine expression.

TGF-p1 is widely recognized as a strong inducer of fibrosis in renal structures during UUO [23].
During renal fibrosis, TGF-B1 directly regulates the expression of ECM proteins, activates resident
fibroblasts and myofibroblasts, and down regulates ECM degradation [13]. Inflammatory reaction in
the obstructed kidney stimulates the expression of TGF-31 [24]. In the present study, the kidneys that
received UUO surgery showed increased expression of TGF-f31 and production of fibronectin, a major
ECM protein, compared with normal kidneys as demonstrated by immunohistochemistry, Western
blot and RT-PCR analyses. However, this increase was abolished by BV treatment in UUO kidneys.

As a consequence of interstitial inflammation, interstitial myofibroblasts were increased and
resident interstitial fibroblasts were activated. Interstitial myofibroblasts are the major source of
tubulointerstitial ECM and are the best prognostic indicators of disease progression in both human
and animal glomerulonephritis [25-27]. To investigate the ability of BV to suppress myofibroblast
activation in vivo, this study examined the effect of BV on the expression of x-SMA, a hallmark of
myofibroblasts, in UUO mice. The expression of x-SMA was increased in UUO mice, while this
effect was significantly decreased with BV treatment. These results suggest that renal fibrosis is a
complex result of various factors and the present study demonstrated that BV can effectively prevent
renal fibrosis.

In summary, these findings suggest that BV attenuates renal fibrosis and reduces inflammatory
responses by suppression of multiple growth factor-mediated pro-fibrotic genes. Therefore, BV may
be a useful therapeutic agent for the prevention of fibrosis that characterizes progression of chronic
kidney disease.

3. Experimental Section

3.1. Collection of Bee Venom

Colonies of natural honeybees (Apis mellifera L.) used in this study were maintained at the National
Academy of Agricultural Science, Korea. BV was collected by the collecting device (Chung Jin Biotech
Co., Ltd., Ansan, Korea) in a sterile manner under strict laboratory conditions. In brief, the BV collector
was placed on the hive, and the bees were given enough electric shocks to cause them to sting a glass
plate, from which dried bee venom was later scraped off. The collected venom diluted in cold sterile
water and then centrifuged at 10,000 g for 5 min at 4 °C to discard residues from the supernatant. BV
was lyophilized by freeze dryer and refrigerated at 4 °C for later use. BV used in the experiment was
confirmed with size exclusion gel chromatography (AKTA Explorer, GE Healthcare, Pittsburgh, PA,
USA) by dissolving in 0.02 M phosphate buffer with 0.25M NaCl adjusted to pH 7.2 using a Superdex
Peptide column (Amersham Biosciences, GE Healthcare, Pittsburgh, PA, USA).

3.2. Animal Model

The animal model was established using male Balb/c mice (20-25 g) that were individually
housed in polycarbonate cages and maintained under constant temperature (22 £ 2 °C) and humidity
(55%). Mice had free access to food, water and were subjected to an artificial light-dark cycle of 12:12
hours. All surgical and experimental procedures used in current study were approved by the IRB
committee at Catholic University of Daegu Medical Center (protocol number 2013-1125-CU-AEC-16-Y).
In UUO operation, the abdominal cavity was exposed by a midline incision, and the left ureter was
isolated and ligated with 5-0 silk at two points. Balb/c mice were randomly divided into three groups:
(1) non-treated mice (Normal Control, NC); (2) UUO mice (UUO); and (3) UUO mice were injected with
BV (UUO+BV) (n = 6, each group). Intraperitoneal injection of BV at a concentration of 0.01 mg/kg
was given immediately after ureteral ligation. Then, BV was given intraperitoneal injection 2 days
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after UUO operation. The kidneys were collected for mRNA and protein analysis including histologic
examination at day 7 post UUO surgery.

3.3. Western Blot Analysis

Tissues were lysed in a lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40,
100 mM PMSF, 1 M DTT, 10 mg/mL leupeptin and aprotinin; all from Sigma-Aldrich, St. Louis,
MO, USA). After incubation for 30 min on ice, samples were centrifuged at 8000 g for 30 min at
4 °C. Then, supernatant was collected. The protein concentration was determined with the Bradford
assay (Bio-Rad Laboratories, Hercules, CA, USA). Total protein (10-50 ug) was separated on 8% to
12% SDS-polyacrylamide gels and transferred to PVDF membrane (Millipore Corporation, Bedford,
MA, USA) using standard SDS-PAGE gel electrophoresis procedure. Membranes were blocked in
5% skim milk in TBS-T (10 mM Tris, 150 mM NaCl and 0.1% Tween-20) for 2 h at room temperature.
Then, membrane was probed with primary antibody for 4 hours and a horseradish peroxidase
(HRPO)-conjugated secondary antibody (anti-mouse, anti-rabbit and anti-goat) was used for detection.
Signals were detected using an enhanced chemiluminescence detection system (Amersham, Piscataway,
NJ, USA). Primary antibodies used in this study were the following: anti-TNF-c, anti-fibronectin, and
anti-a-smooth muscle actin («-SMA, Abcam, MA, USA), anti-TGF-p1 (R&D Systems, Minneapolis,
MN, USA), and anti-IL-1p, anti-collagen type I, and anti-glyceraldehyde-3-phosphate-dehydrogenase
(GAPDH) from Santa Cruz (Dallas, TX, USA). All primary antibodies were diluted at 1:1000. Signal
intensity was quantified by image analyzer (Las 3000, Fuji, Japan).

3.4. Histological Analysis

All tissue specimens were fixed in 10% formalin for at least 24 h at room temperature. After
fixation, perpendicular sections to the anterior—posterior axis of the kidney were dehydrated in graded
ethanol, cleared in xylene, and embedded in paraffin. Thin sections (3 pm) were mounted on glass
slides, dewaxed, rehydrated to distilled water, and stained with hematoxylin and eosin (H & E). As part
of the histological evaluation, all slides were examined by a pathologist, without knowledge of the
previous treatment, under a light microscope.

3.5. Immunohistochemical Staining

Paraffin-embedded tissue sections at 5 pm thickness were deparaffinized with xylene, dehydrated
in gradually decreasing concentrations of ethanol, and then treated with 3% hydrogen peroxidase
in methanol for 10 min to block endogenous peroxidase activity. Tissue sections were immersed in
10 mM sodium citrate buffer (pH 6.0) for 5 min at 95 °C. The last step was repeated using fresh 10 mM
sodium citrate solution (pH 6.0). Sections were allowed to remain in the same solution while cooling
for 20 min and rinsed in PBS. Sections were incubated with primary antibody (1:100 dilution) for 1 h at
37 °C. Primary antibodies were following: anti-TNF-o« and anti-fibronectin (Abcam), anti-IL-1f (Santa
Cruz), anti-TGF-B1 (R&D Systems). Signal was visualized using an Envision system (DAKO, CA,
USA) for 30 min at 37 °C. DAB (3,3'-diaminobenzidine tetrahydrochloride) was used as the coloring
reagent and hematoxylin was used as counter stain.

3.6. Immunofluorescent Staining

Paraffin-embedded tissue sections were deparaffinized with xylene and dehydrated in gradually
decreasing concentrations of ethanol. Tissue sections were then placed in blocking serum (5% bovine
serum albumin in PBS) at room temperature for 1 h. Primary antibody (1:500 dilution) was incubated
at room temperature for 2 h, and secondary antibody incubation (1:200 dilution) was performed at
room temperature for 2 h. Antibodies were following: x-SMA (Abcam), and goat anti-mouse IgG
secondary antibody conjugated with FITC (Invitrogen, Carlsbad, CA, USA). Slides were mounted
using VECTASHIELD Mounting Medium (VECTOR Laboratories, Burlingame, CA, USA). Specimens
were examined and photographed using a fluorescence microscope (Nikon, Tokyo, Japan).

92



Toxins 2015, 7, 86-94

3.7. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from the frozen kidney with TRIzol Reagent (Gibco, Grand Island, NY,
USA) according to the manufacturer’s recommendations. Purity and quantity of RNA preparation
were measured at optical densities of 260 nm and 280 nm. First stand cDNA was synthesized with
oligo-d(T) primer and M-MLYV reverse transcriptase (Promega, Madison, WI, USA). Aligout of cDNA
was used for PCR using primer sets specific to mouse TNF-«, IL-1(3, TGF-{31, fibronectin, and GAPDH.
Primer sequences are following: TNF-« forward primer, 5-AGT GGT GCC AGC CGA TGG GTT GT-3';
TNEF-« backward primer, 5-GCT GAG TTG GTC CCC CTT CTC CAG-3'; IL-1p forward primer, 5'-CAT
GAG CAC CTT CTT TTC CT-3'; IL-1p backward primer, 5-TGT ACC AGT TGG GGA ACT CT-3';
TGF-B1 forward primer, 5'-CCT GCT GCT TTC TCC CTC AAC C-3'; TGF-$1 backward primer 5'-CTG
GCA CTG CTT CCC GAA TGT C-3'; fibronectin forward primer, 5-TGT GAC AAC TGC CGT AGA
CC-3'; fibronectin backward primer, 5-GAC CAA CTG TCA CCA TTG AGG-3'; GAPDH forward
primer, 5-GTG GAC ATT GTT GCC ATC AAC G-3'; GAPDH backward primer, 5-GAG GGA GTT
GTC ATA TTT CTC G-3'. PCR products were visualized by 1.5% agarose gel electrophoresis with
ethidium bromide staining.

3.8. Statistical Analysis

Data are presented as means + SE. Student’s t-test was used to assess the significance of
independent experiments. The criterion p < 0.05 was used to determine statistical significance.

4. Conclusions

This study demonstrated that natural toxin BV inhibits the development and progression of renal
fibrosis in an animal model of UUO. Anti-fibrotic effects of BV are associated with inactivation of
multiple cytokine and growth factors as well as inhibition of inflammatory responses. These results
suggest that BV could have therapeutic potential for the treatment of renal fibrosis due to its interaction
with multiple growth factor-mediated pro-fibrotic genes.
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Abstract: The aim of this study was to explore the serum peptide profiles from honeybee stung and
non-stung individuals. Two groups of serum samples obtained from 27 beekeepers were included in
our study. The first group of samples was collected within 3 h after a bee sting (stung beekeepers), and
the samples were collected from the same person a second time after at least six weeks after the last
bee sting (non-stung beekeepers). Peptide profile spectra were determined using MALDI-TOF mass
spectrometry combined with Omix, ZipTips and magnetic beads based on weak-cation exchange
(MB-WCX) enrichment strategies in the mass range of 1-10 kDa. The samples were classified, and
discriminative models were established by using the quick classifier, genetic algorithm and supervised
neural network algorithms. All of the statistical algorithms used in this study allow distinguishing
analyzed groups with high statistical significance, which confirms the influence of honeybee sting
on the serum peptidome profile. The results of this study may broaden the understanding of the
human organism'’s response to honeybee venom. Due to the fact that our pilot study was carried out
on relatively small datasets, it is necessary to conduct further proteomic research of the response to
honeybee sting on a larger group of samples.

Keywords: honeybee venom; peptidome profiling; MALDI; sting

1. Introduction

The diagnostic algorithm for Hymenoptera venom hypersensitivity (insect sting allergy) is a
serious issue in allergological practice. Measurement of specific IgE-antibodies’ (sIgE) concentration
and skin tests represent the routinely used methods to demonstrate the response of the organism to
the honeybee sting [1,2]. However, these tests are not sufficient for a proper diagnosis, because of their
non-specificity. A number of prospective studies analyzing the biochemistry response of the organism
to the venom have been published in the last decade [1-6]. Additionally, the reaction after a bee sting
at the metabolomic level was studied by our group [7]. However, there is still a lack of work analyzing
the human organism’s response to Hymenoptera sting at the proteomic or peptidomic level.

Proteomics is one of the most promising approaches for the identification of potential biomarkers
and for assessing differences between individuals of different health status. Searching for characteristic
indicators of physiological or pathophysiological state related to allergic diseases, like asthma or
chronic obstructive pulmonary disease, can lead to the implementation of specific and accurate
diagnostic methods, noninvasive monitoring of the condition and new drug development [8,9]. The
clinical research employed two proteomics strategies in the field of biomarker searching: the classical
approach and peptide profiling. In the classical approach, proteins/peptides are first separated
by applying two-dimensional electrophoresis (2DE), then isolated and identified using the MS/MS

Toxins 2015, 7, 95-104 95 www.mdpi.com/journal/toxins



Toxins 2015, 7, 95-104

technique [10], which is both sample and time consuming and becomes very tedious, particularly
when the analyses are repeated several times. The major aspect of the second approach is not the
identification of particular proteins/peptides, but the development of peptide-protein patterns of a
whole sample, called proteome pattern analysis or proteome profiling. The goal of this methodology is
the recognition of changes in the proteome/peptidome, which distinguish the studied groups [11].
The description of correlations within the panels of multiple peptides representing markers of a
given morbid unit provides grounds for designing rapid, specific and sensitive diagnostic tests.
The multi-component peptide profiling manifests higher specificity than individual un-correlated
markers do [11]. There are many studies using this approach for the diagnosis of cancer [12-14]
and other diseases, like endometriosis, adenomyosis [15] and acute hepatitis E [16]. MALDI-TOF
MS (matrix-assisted laser desorption/ionization time-of-flight mass spectrometry) is widely used
for searching biomarkers in biological samples [12,16], because of its high sensitivity, high speed
of analysis, low consumption of analyte and the prevalence of singly-charged ions [17]. However,
the complexity of serum samples makes proteomic characterization difficult. This is caused by the
presence of high abundant proteins and peptides, which might mask low abundant components
with predictive, prognostic or diagnostic potential [18]. This limitation on the dynamic range may be
partially overcome by using depletion methods that yield a defined subset of the proteome [19,20].
The aim of this study was to explore the serum peptide profiles from honeybee stung and non-stung
individuals. The advanced chemometric analysis was applied to evaluate the organism response
to honeybee sting at the peptidomic level. Since the discriminating pattern of dozens of peptides
formed by a subset of 71/z (mass-to-charge ratio) signals has been taken into account, no identification
of single compounds was required. We decided to use three serum sample preparation procedures,
including different enrichment strategies: magnetic beads based on weak-cation exchange (MB-WCX)
and two types of micropipette tips with prepacked C18 reverse phase (Omix and ZipTips). Using
this techniques allows the preconcentration and purification of serum samples and led to generating
complementary peptide profiles. This is the first report in the available literature on clinical studies
that is focused on the characterization of serum peptidomic profiles after a sting.

2. Results and Discussion

Two groups of serum samples obtained from 27 beekeepers (24 male, three female) were included
in our study. The first group of samples was collected within 3 h after a bee sting (stung beekeepers).
The samples were collected from the same person a second time after at least six weeks after the last
bee sting, a minimum of six weeks from the end of the beekeeping season (non-stung beekeepers).
MALDI-TOF MS combined with Omix, ZipTips and MB-WCX enrichment strategies were used
in the study to detect LMW protein/peptide profile spectra in the mass range of 1-10 kDa. The
mechanism of the magnetic beads used relies on weak-cation exchange. The MB-WCX kit is based on
super-paramagnetic micro-particles, which have negatively-charged functional groups at the surface of
the beads [21]. In our study, we used two C18 SPE micropipette tips made by different manufacturers:
Omix (Agilent Technologies, Great Britain) and ZipTip (Millipore, NH, USA), which are based on
reversed-phase chromatography. The compounds are separated due to their chemical and physical
properties, which determine their separation between a mobile liquid phase and a solid stationary
phase. The compounds, which are not bound, are washed away. Finally, the bound molecules are
eluted from the solid phase by the elution solvent [22,23]. After normalization and alignment of the
all processed spectra, with a signal-to-noise threshold equal to or greater than five on the average
spectrum, 149 unique peaks were detected in the Omix dataset, 153 unique peaks in the ZipTips dataset
and 127 unique peaks in the MB-WCX dataset. MALDI-TOF-MS averaged peptidome profiles obtained
using Omix, ZipTips and MB-WCX are shown in Figures 1-3, respectively. The samples were classified,
and discriminative models were established by using the quick classifier (QC), genetic algorithm
(GA) and supervised neural network (SNN) algorithms in ClinProTools software to analyze all of the
detected peaks. In order to assess the influence of time series, in vitro diagnostic tests for allergy to
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bee venom were performed in our earlier studies [24]. The diagnostic tests were carried out directly
after a bee sting and after at least six weeks after the sting and showed no significant differences in the
levels of total IgE antibodies, honeybee venom-specific IgE antibodies, phospholipase A; (the main
allergen of honeybee venom)-specific IgE antibodies, serum tryptase and honeybee venom-specific
IgG4 antibodies.
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Figure 1. Average MALDI-TOF spectra of serum samples of stung (red) and non-stung (green)
individuals pretreated with Omix over the full scan range of m/z 1-10 kDa (A); zoomed spectra
over the m/z 1-2.5 kDa range (B); zoomed spectra over the m/z 2.5-5.0 kDa range (C); zoomed spectra
over the m/z 5-7.5 kDa range (D); zoomed spectra over the m/z 7.5-10 kDa range (E).

To identify the discriminatory power of all detected peaks, the QC algorithm was used. QC is
a univariate sorting algorithm. For proper classification of the peak, averages of the peak areas are
stored in the model together with p-values obtained from a f-test. The peak areas are sorted per peak.
Then, a weighted average over all peaks is calculated [25]. The best detection value of this model was
obtained for the samples pretreated with the Omix strategy (cross-validation: 94.81%; recognition
capability: 94.65%). However, for the samples pretreated with ZipTips and MB, applying this algorithm
also led to high detection values (Table 1). Using multivariate analysis (GA and SNN) also enabled
distinguishing the groups of the stung and non-stung individuals. The genetic algorithm is used to
select a combination of peaks that are most relevant for the separation. During the selection of the
peaks, the best capable peak combinations are taken into account. This is done by optimizing a function,
which aims at optimal class separation with high variance between classes [25,26]. By applying GA for
MS data analysis, it was shown that the spectra obtained after sample enrichment using Omix allowed
building a model of higher average cross-validation (97.01%) and average recognition capability (100%)
compared to the spectra obtained using the magnetic beads and ZipTips strategy (Table 1). SNN is the
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algorithm based on the classification of the prototype. It identifies some characteristic spectra of each
class. Spectra are called prototypes and can be considered as prototypical samples of that class [25].
The SNN algorithm allowed efficiently discriminating stung and non-stung individuals. Comparing
all of the enrichment strategies used, the highest cross-validation (97.31%) and recognition capability
(100%) was obtained for Omix.

Feng Qiu et al. chose MB-WCX as the best magnetic bead for pre-extraction samples for proteomic
analysis in breast cancer research [20]. This method of sample purification is being increasingly used
as a relatively simple technique [26]. However, there have been reports criticizing the reproducibility
and robustness of magnetic beads [27,28]. Ali Tiss ef al. proved that the spectra obtained for samples
analyzed using ZipTips showed lower background noise and better signal-to-noise ratios compared
to the four types of magnetic beads; while the achieved MS profiles are very comparable between
samples treated with pipette tips pre-packed with solid phase material, ZipTips and Omix [29], which
is in agreement with our findings.
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Figure 2. Average MALDI-TOF spectra of serum samples of stung (red) and non-stung (green)
individuals pretreated with ZipTips over the full scan range of m/z 1-10 kDa (A); zoomed spectra over
the m/z 1-2.5 kDa range (B); zoomed spectra over the m/z 2.5-5.0 kDa range (C); zoomed spectra over
the m/z 5-7.5 kDa range (D); zoomed spectra over the 71/z 7.5-10 kDa range (E).
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Figure 3. Average MALDI-TOF spectra of serum samples of stung (red) and non-stung (green)
individuals pretreated with magnetic beads based on weak-cation exchange (MB-WCX) over the
full scan range of /2 1-10 kDa (A); zoomed spectra over the n1/z 1-2.5 kDa range (B); zoomed spectra
over the m/z 2.5-5.0 kDa range (C); zoomed spectra over the m/z 5-7.5 kDa range (D); zoomed spectra
over the m/z 7.5-10 kDa range (E).

Table 1. Statistical analysis of MALDI-TOF spectra of serum samples of stung and non-stung individuals
pretreated with Omix, ZipTips and MB-WCX. QC, quick classifier; GA, genetic algorithm; SNN,
supervised neural network.

Sample Algorithm Cross Recognition Number of rejected
enrichment strategy 8 validation (%) capability (%) spectra (%)

QC 94.81 94.65

Omix GA 97.01 100.00 12.96
SNN 97.31 100.00
QC 84.97 87.20

ZipTips GA 87.08 97.52 0.00
SNN 53.57 50.57
QC 80.41 85.64

MB-WCX GA 90.54 99.38 0.00
SNN 85.16 98.13

It is noteworthy that the amount of excluded spectra is also a critical element in the evaluation
of the different methods used in peptide profiling. The least number of excluded spectra (0%) was
obtained for samples analyzed using MB and ZipTips. For samples pretreated with Omix, the average
number of rejected spectra was 12.96%. From earlier studies, it is known that the number of failures
(shown by the number of rejected spectra) is lower for samples purified with ZipTips compared to
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MB [29]. ROC curve analysis was used both for the classification and significant feature selection. This
diagnostic performance displays the relation between sensitivity and specificity at different thresholds.
The area under the curve (AUC) indicates the diagnostic accuracy of the test methods, the greater
the area (value close to one), the more precise the method [30]. The ROC curve indicated that using
the Omix enrichment strategy allowed obtaining as many as 10 peptides that demonstrated an AUC
value of 1.0, which yields the best possible prediction method characterized by 100% sensitivity and
100% specificity. Their m/z values were: 1277.60 Da, 1436.01 Da, 5656.11 Da, 6432.84 Da, 6472.15 Da,
6528.35 Da, 6631.08 Da, 6432.89 Da, 6631.19 Da and 6632.70 Da. For serum samples pretreated with
magnetic beads, the highest discrimination quality (AUC: 0.87) was shown by a peptide with a mass
of 2120.29 Da, whereas using ZipTips allowed reaching an AUC of 0.9 for a peptide mass of 1277.49
Da. The sensitivities and specificities of the discrimination quality of peaks obtained in our study were
satisfactory in all sample enrichment strategies used according to the data presented in the available
literature [20,31,32].

Every single peptide indicator has an inherent specificity and sensitivity that cannot be improved.
However, multiple indicators can be combined to achieve improvement in research parameters. In our
study, different diagnostic models generated by the QC, GA and SNN algorithms analysis comprised
at least several indicators. The m/z values of discriminating peaks from three models (QC, GA, SNN)
are shown in Table 2. Analyzing samples pretreated with Omikx, it was shown that there is one peak
with an m/z value of 1299.62 Da, which is by all three models. Applying MB as the enrichment
strategy also allowed obtaining one mutual discriminating peak by all three models with an n1/z value
of 3240.99 Da. In the analysis using each of the depletion methods, there are several mutual peaks
between at least two models. The various m/z values of discriminating peaks are caused by different
peak classification in the algorithms used. Applying these established models, serum samples derived
from stung individuals could be distinguished from non-stung controls.

Table 2. Discriminating peaks between stung and non-stung individuals for serum samples pretreated
with Omix, ZipTips and MB-WCX.

Enrichment

Strategy Omix Ziptips MB-WCX
Algorithm QC GA SNN QC GA SNN QC GA SNN
1277.63  1299.62  1656.15 1037.36  1993.78  8933.73  1450.64  4661.58  3240.99
1299.62  1458.18  1261.58  1078.03  1037.36 1628.00  1779.41  1866.30
1436.04  1332.67  6432.85 112557  2379.82 1779.41 324099  1628.00
1505.18  1217.39 275595  1207.37  1299.90 1866.30  3934.87  2883.66
1656.15  8766.23  1299.62  1277.47  1217.26 208249  1153.78  2120.27
4210.32 1277.63  1299.90 2120.27 2082.49
4467.44 1436.04  1364.67 2210.55 1450.64
4568.85 1505.18  1466.78 2554.59 1617.58
4711.11 7157.01  1584.84 2660.80 3955.05
6432.85 1217.39  1897.73 2754.17 4053.49
mfz value of peaks 6450.18 2973.00  4466.21 3240.99 2092.96
used for 6472.33 1904.97  8933.73 4053.49 5001.79
classification (Da) 6528.33 7766.34 5940.75 9062.91
6631.12 6631.12 2688.19
6648.76 6509.33
6670.30 6527.47
7672.67 8863.22
8919.94 4963.28
9136.06
9290.45
9310.43
9333.33
9384.58
9425.00

Since the first publication of Lancet in 2002, SELDI (Surface enhanced laser desorption
ionization)has been explored for cancer diagnosis [33]. After this article, several papers have been
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published that confirmed both the MALDI and SELDI methods to be promising diagnostic tools in
different diseases [34-37]. At the same time, it also suffered from criticism about reproducibility
from different labs. However, our findings showed that MALDI-TOF-MS is a useful method for
investigating the organism’s response to physiological or pathophysiological stimuli at the proteomic
or peptidomic level. All of the statistical algorithms used in this study allow distinguishing the
analyzed groups with high statistical significance, which confirms the influence of honeybee sting on
the serum peptidome profile.

3. Experimental Section

3.1. Study Participants and Serum Samples

In the study, the participating volunteers were recruited at the beekeepers’ meetings. Two groups
of serum samples obtained from 27 beekeepers (24 male, 3 female) were included in our study. The
first group of samples was collected within 3 h after a bee sting (stung beekeepers). The samples were
collected from the same person a second time after at least 6 weeks after the last bee sting, a minimum
of 6 weeks from the end of the beekeeping season (non-stung beekeepers). The blood sampling was
carried out after overnight fasting to reduce the influence of food components on the peptide profile.
The volunteers’ age range was from 20-80 years. The storage temperature of the samples was —80 °C
until the analysis. The study was conducted with the approval of the Bioethics Committee of the
Poznan University of Medical Sciences, Poland (Resolution No. 324/11) and fulfilled the requirements
of the Helsinki declaration. Consent to participate in the study was written by all beekeepers.

3.2. Chemicals and Reagents

Trifluoroacetic acid (TFA), ultrapure water and x-cyano-4-hydroxycinnamic acid (HCCA) were
supplied by Sigma Aldrich (St. Louis, MO, USA). Ethanol, isopropanol and acetonitrile (ACN) were
supplied by J.T. Baker (Center Valley, PA, USA). All used reagents were of analytical grade or better.

3.3. MALDI-TOF-MS Analysis

Directly before MALDI-TOF-MS analysis, large molecular weight proteins were removed from
serum samples. Depletion was performed using micropipette tips C18 Omix (Agilent Technologies,
Waldbronn, Germany) [22], ZipTip (Millipore, Bedford, MA, USA) [23] and magnetic beads WCX
(Bruker, Bremen, Germany) [21], according to the manufacturer’s instruction. Then, samples were
mixed with 0.5 uL of one of the matrix solutions, -cyano-4-hyroxycinnamic acid (HCCA), and put
directly onto the MALDI plate (AnchorChip, Bruker Daltonics, Bremen, Germany). Each sample was
spotted in triplicate on the plate. Samples were analyzed using an UltrafleXtreme MALDI-TOF mass
spectrometer (Bruker Daltonics, Bremen, Germay). The analyzer worked in the linear mode, and
positive ions were recorded in a mass range of m/z between 1 kDa and 10 kDa. Typical instrument
settings were: Ion Source 1, 25.09 kV; Ion Source 2, 23.80 kV; lens, 6.40 kV; pulsed ion extraction, 260 ns;
matrix suppression mass cut off, m/z 700 Da for a mass range 1-10 kDa. Two thousand spectra (laser
shots) were picked up for one analysis. For external calibration of the mass spectrometer, the ClinProt
standards (1:5 mixture v/v of Peptide Calibration Standard and Protein Calibration Standard I) were
analyzed. The average mass deviation was better than 100 ppm. Each sample was analyzed three
times. Inter-day and intra-day reproducibility of MS results on three representative serum samples
have been analyzed in triplicate in three consecutive days and three times within a day. The data have
shown that the coefficient of variance (CV) for five selected m/z peaks with the highest amplitude
was less than 10%. The data collection was obtained with FlexControl 3.4 software (Bruker Daltonics,
Bremen, Germany, 2011), and the spectra were saved automatically in FlexAnalysis 3.4 software
(Bruker Daltonics, Bremen Germany, 2011).
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3.4. Statistical Analysis

In order to determine the optimal model allowing the discrimination of the analyzed samples,
chemometric software for biomarker detection ClinProTools 3.0 (Bruker Daltonics, Bremen, Germany,
2011) was used. The baseline was set by the “Top Hat Baseline” algorithm. Smoothing of the spectra
was obtained by Savitzky—Golay. For the samples’ classification, the following algorithms were used:
GA, QC and SNN. For these algorithms’ cross-validation, recognition capability and the number of
rejected spectra were calculated. These indicators of the model’s performance are useful predictors
of the model’s capability to distinguish between two studied groups. The cross-validation values
reflect the model’s ability to handle variability among test spectra. It can be used to predict how
the model will behave in the future. In our research, random cross-validation was set. A random
subset of data points is taken over all classes and left out of the model generation procedure. For
model generation, the remaining points are used. The absent data points are classified against the
model. The obtained classification results are stored for the model. This formula is repeated for a
defined number of iterations. The following settings have been used: random mode, 20% to leave
out, 10 iterations. The results are averaged and returned as the prediction capability. The specificity
and sensitivity of a test and evaluation of the discrimination quality of the peak were calculated by
the statistical method receiver operating characteristic (ROC) curve. The generic principle behind
this diagnostic performance is to give a graphical overview between sensitivity and specificity at
different thresholds. The best prediction method would obtain 100% sensitivity and 100% specificity.
The precise way to characterize the ROC curve is the area under the curve (AUC). It indicates the
diagnostic accuracy of the test methods: the greater the area (value close to 1), the more precise the
method. In ClinProTools, the ROC curve is used as a test separating two groups. The threshold is
represented by the peak area or the intensity of the peak. On the diagram on the x-axis, the specificity
is given (false positives) and on the y-axis the sensitivity (true positives). Statistical significance was
assumed when the p-value was <0.001.

4. Conclusions

It can be concluded that the implementation of different sample enrichment strategies (Omix,
ZipTips and MB-WCX) linked with MALDI TOF MS and different chemometric algorithms allowed
obtaining high differentiation between stung and non-stung individuals. Furthermore, it has been
shown that Hymenoptera sting changes the serum peptidomic profile. Mass spectrometry-based serum
peptidomic profiling is a technique that may broaden the understanding of the human body response
to honeybee venom. Due to the fact that our pilot study was carried out on relatively small datasets, it
is necessary to conduct further proteomic research of the response to honeybee sting on a larger group
of samples.
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Abstract: Porcine reproductive and respiratory syndrome (PRRS) is a chronic and immunosuppressive
viral disease that is responsible for substantial economic losses for the swine industry. Honeybee venom
(HBV) is known to possess several beneficial biological properties, particularly, immunomodulatory
effects. Therefore, this study aimed at evaluating the effects of HBV on the immune response
and viral clearance during the early stage of infection with porcine reproductive and respiratory
syndrome virus (PRRSV) in pigs. HBV was administered via three routes of nasal, neck, and rectal
and then the pigs were inoculated with PRRSV intranasally. The CD4*/CD8" cell ratio and levels
of interferon (IFN)-y and interleukin (IL)-12 were significantly increased in the HBV-administered
healthy pigs via nasal and rectal administration. In experimentally PRRSV-challenged pigs with
virus, the viral genome load in the serum, lung, bronchial lymph nodes and tonsil was significantly
decreased, as was the severity of interstitial pneumonia, in the nasal and rectal administration group.
Furthermore, the levels of Thl cytokines (IFN-y and IL-12) were significantly increased, along with
up-regulation of pro-inflammatory cytokines (TNF-oc and IL-13) with HBV administration. Thus,
HBV administration—especially via the nasal or rectal route—could be a suitable strategy for immune
enhancement and prevention of PRRSV infection in pigs.

Keywords: honeybee venom (HBV); porcine reproductive and respiratory syndrome virus (PRRSV);
immune enhancing effect; viral clearance effect

1. Introduction

Honeybee (Apis mellifera) venom (HBV) has long been used as a therapeutic agent in alternative
medicine for alleviation of pain, inflammation, and some immune system-related diseases such
as rheumatoid arthritis and multiple sclerosis [1]. Moreover, accumulating evidence indicates
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that HBV exerts immunomodulatory effects on Thl responses. Nam et al. [2] reported that
whole HBV administration induces development of a Th1 lineage from the CD4" T lymphocyte
population and enhances the expression of interferon-gamma (IFN-y) in a mouse model. In addition,
Perrin-Cocon et al. [3] and Ramoner et al. [4] reported that a phospholipase in HBV induces the
maturation of dendritic cells and activates dendritic-cell associated immune responses. Whole HBV
contains at least 18 active ingredients, which include enzymes, biogenic amines, a protease inhibitor,
and several biologically active peptides such as melittin, apamine, and adolapine [1]. Melittin, the
principal component that is extracted from the water-soluble phase of HBV, has been reported to
show multiple pharmacological effects, such as anti-microbial [5,6], anti-viral [7], and anti-cancer [8]
properties. For this reason, many commercial products containing HBV components have been
developed and manufactured with the emphasis on the melittin content as either the sole ingredient
or a mixture of water-soluble components. On the other hand, the lipid-soluble portion of HBV
has received less attention and has been usually neglected by the manufacturers of HBV. Some
lipid-soluble components of HBV such as chrysin and pinocembrin-known as “flavonoids”-have
been reported to show antiviral and antimicrobial effects [9,10]. Therefore, we developed a new
HBV product that combines the lipid-soluble ingredients (chrysin and pinocembrin) with melittin
to enhance the immunostimulatory and viral clearance effects of HBV. At present, it is uncertain
whether immunostimulatory effect of HBV exists in pigs and whether HBV can be applied as an
immunostimulatory agent for prevention of viral diseases in the swine industry. Nevertheless, there is
growing evidence supporting the concept that HBV mainly enhances the CD4*/CD8* T lymphocyte
subset ratio, relative mRNA expression levels of IL-18 and IFN-y and serum lysozyme activity, as
shown in our previous study [11].

Porcine reproductive and respiratory syndrome (PRRS) is an economically important disease
affecting the swine-producing industry in many countries [12]. This syndrome is characterized by
reproductive failure in sows (such as abortions and stillbirths), increased pre-weaning mortality,
induced respiratory disorders, and poor growth performance in growing pigs [13]. Infected pigs also
have weak and delayed adaptive immune responses, and consequently, the susceptibility of such pigs
to other viral infections and secondary bacterial infections is increased [14].

Thus, on the basis of our previous report, this study aimed at addressing several objectives:
(a) evaluating the immunostimulatory efficacy of HBV in the pig immune system; (b) assessing the
viral clearance activity of an HBV product containing melittin, chrysin and pinocembrin in pigs
experimentally infected with PRRS virus (PRRSV; as an initial step towards the prevention of the viral
diseases) and to elucidate the host immune responses, especially the pro-inflammatory response and
changes in Thl-related cytokines, including IFN-y, IL-12, TNF-«, and IL-13 (which are associated with
protection from PRRSV); and (c) determining whether nasal, neck, and rectal administration of HBV
induce comparable immune responses and viral clearance effects.

2. Results

2.1. Characteristics of HBV

The HBV components pinocembrin, chrysin and melittin were detected by high-performance
liquid chromatography (HPLC). The retention times of pinocembrin, chrysin and melittin were 37, 38,
and 42.5 min, respectively (Figure 1).

106



Toxins 2015, 7, 105-118

mAU
700 Melittin
600
500

400

Absorbance Intensity (mAU)

300 Chrysin
Pinocembrin
200
[
100
LY
0 M WY Y e . e Nt ol e W
5 10 15 20 25 30 35 40 45
Time (min)

Figure 1. The high-performance liquid chromatography (HPLC) chemical fingerprint of honeybee
venom (HBV) at 270 nm. Melittin, pinocembrin and chrysin were detected as components (mAU:
arbitrary units).

2.2. Effects of HBV on T Lymphocyte CD4*/CD8" Subsets in Healthy Pigs

The CD4" /CD8" cell ratio in all HBV-administration groups tended to increase during the entire
experimental period in comparison with the mock group (Figure 2). In particular, the difference in
the CD4* /CD8" cell ratio was significant between the mock group and groups “nasal injection” (NSI)
and “rectal injection” (RI) at 4 (p < 0.05 for group RI and p < 0.01 for group NSI) and seven days post
HBV-administration (DPA; p < 0.01).

25 4 | mMock ENSI ONI ORI |

2.0 A R

1.5 A

1.0 ~

CD4+/CD8+ cell ratio

0.5 4

0.0 -

0 1 4 7 12
Days post-HBV administration

Figure 2. Effects of honeybee venom (HBV) on T lymphocyte CD4* /CD8* subsets in the peripheral
blood. After administration of HBV to pigs via three routes—nasal (NSI group), neck (NI group), and
rectal (RI group)—the lymphocytes were isolated one day before HBV administration (0) and at 1,
4,7 and 12 days post-HBV administration (DPA), and were analyzed for T lymphocyte CD4*/CD8*
subsets using flow cytometry. A higher CD4*/CD8" T lymphocyte ratio was evident in the NSI and RI
groups compared to the mock group at 4 and 7 DPA. The data are presented as mean + SD of five pigs
in each group. Significant differences with the mock group are presented as * p < 0.05 and ** p < 0.01.
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2.3. Effects of HBV on Cytokine Expression Levels in Healthy Pigs

The level of IL-12 significantly increased in HBV-administration groups at 1 DPA (p < 0.01
compared to the mock group) and at 4 DPA (p < 0.05 compared to the mock group; Figure 3A).
Furthermore, the level of IEN-y was significantly higher in group NSI at 4 and 7 DPA (p < 0.01 and
p < 0.05, respectively) and group Rl at 4 DPA (p < 0.05) in comparison with the mock group (Figure 3B).
The relative expression levels of TNF-« and IL-13 (considered pro-inflammatory cytokines) did not
show any statistically significant differences between the mock group and the HBV-administration
groups (Figure 3C,D).
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Figure 3. Effects of honeybee venom (HBV) on the mRNA expression levels of Thl cytokines and
pro-inflammatory cytokines. The expression levels of (A) IL-12, (B) IEN-y, (C) TNF-«, and (D) IL-1f in
peripheral blood mononuclear cells (PBMCs) were measured by quantitative real-time PCR and are
presented after normalization to (3-actin levels. The data are presented as mean =+ SD of five pigs in
each group. Significant differences with the mock group are presented as * p < 0.05 and ** p < 0.01.
(NSI; nasal injection group, NI; neck injection group, and RI; rectal injection group).

2.4. Effects of HBV on Viral Clearance in the PRRSV Infected Pigs

The load of the PRRSV genome in serum was measured using real-time quantitative PCR and
groups NSI and RI group showed a marked reduction in the load of the PRRSV genome in serum
at 4, 7, and 12 days post-inoculation (DPI; p < 0.05 at 4 and 12 DPI, p < 0.01 at 7 DPI) compared to
the mock group (Figure 4A). At the end of the experiment, lung, bronchial lymph nodes (BLNs) and
tonsils were collected and analyzed for the load of the PRRSV genome. The viral genome load in lung
tissue of groups NSI and RI showed a significant reduction (p < 0.05 for group RI and p < 0.01 for
group NSI compared to the mock group). Similarly, the PRRSV load of BLNs and tonsil tissues was
significantly decreased (p < 0.05) in groups NSI and RI compared to the mock group (Figure 4B).
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Figure 4. Effects of honeybee venom (HBV) on viral clearance of porcine reproductive and respiratory
syndrome virus (PRRSV) in experimentally infected pigs. HBV was administered to pigs via three
routes—nasal, neck, and rectal—followed by experimental PRRSV inoculation through both nostril.
For quantification of the PRRSV genome, (A) serum was collected at 0, 4, 7, and 12 days post-inoculation
(DPI), and (B) tissue samples (lung, bronchial lymph nodes and tonsils) were collected at post-mortem
examination. The viral genome load in the serum samples was significantly decreased in groups NSI
and RI compared to the mock group at 4, 7, and 12 DPL In the tissue samples, groups NSI and RI
showed a significant reduction in the viral load in the lung, bronchial lymph nodes (BLNs), and tonsil
tissues, in comparison with the mock group. The data are expressed as mean + SD of five pigs in each
group. Significant differences with the mock group are presented as * p < 0.05, and ** p < 0.01. (NSI;
nasal injection group, NI; neck injection group, and RI; rectal injection group).

2.5. Evaluation of Body Temperature and Histopathological Examination of the PRRSV Infected Pigs

After experimental infection with PRRSV, rectal temperature of all pigs rapidly increased to over
39.5 °C, and groups NSI and RI showed significant decrease compared to the mock group at 7 and
12 DPI (Figure 5A). The tissue lesions in the HBV-administration groups were milder compared to
those of the mock group (Figure 5C-F). Especially, the differences were evident in the NSI and RI
group compared with that of the mock group (p < 0.05; Figure 5B).

2.6. Effects of HBV on T Lymphocyte CD4*/CD8" Subsets in the PRRSV Infected Pigs

The CD4*/CD8" cell ratio in groups NSI and RI tended to increase during the entire study period
in comparison with the mock group. In particular, the difference in the CD4* /CD8" cell ratio was
significant between the mock group and groups NSI and Rl at 4 and 7 DPI (p < 0.05; Figure 6).
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Figure 5. Changes of rectal temperature and histopathological evaluation of lung tissue in the pigs
experimentally infected with porcine reproductive and respiratory syndrome virus (PRRSV). Rectal
temperature was measured at 4, 7, and 12 DPI (A) and the lung tissue samples were analyzed by means
of hematoxylin and eosin (H&E) staining in (C) the mock group, (D) group “nasal injection” (NSI),
(E) group “neck injection” (NI), and (F) group “rectal injection” (RI) for evaluation of the severity of
interstitial pneumonia. All pigs showed increased rectal temperature over 39.5 °C, and the groups
NSI and RI showed a significant decrease in rectal temperature at 7 and 12 DPI in comparison with
the mock group. Mild interstitial pneumonia was evident in the HBV-administration groups, and the
lung microscopic lesion score (B) was significantly decreased in groups NSI and RI compared to the
mock group (* p < 0.05). The data are expressed as mean =+ SD of five pigs in each group. In all panels,
magnification is at 200x and the scale bars are 100 pm.
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Figure 6. Effects of honeybee venom (HBV) on T lymphocyte CD4*/CD8" subsets in the peripheral
blood in pigs experimentally infected with porcine reproductive and respiratory syndrome (PRRSV).
The PBMCs were isolated at 0, 4, 7, and 12 days post-inoculation (DPI) and were analyzed for the
CD4*/CD8* cell ratio by using flow cytometry. The CD4*/CD8"* T lymphocyte subset ratio was
significantly increased in groups “nasal injection” (NSI) and “rectal injection” (RI) as compared to the
mock group at 4 and 7 DPI. The data are presented as mean + SD of five pigs in each group. Significant
differences with the mock group are presented as * p < 0.05.

2.7. Effects of HBV on Cytokine Expression Profiles in the PRRSV Infected Pigs

The relative mRNA expression levels of Th1 cytokines (IFN-y and IL-12) and pro-inflammatory
cytokines (TNF-o and IL-13) were measured in PBMCs at the early stage of PRRSV infection (4, 7, and
12 DPI). All cytokines investigated showed similar increasing kinetic patterns (Figure 7). Especially,
the level of IL-12 was significantly increased in groups NSI and RI at 4 DPI (p < 0.001 for group NSI
and p < 0.01 for group RI compared to the mock group) and 7 DPI (p < 0.05 for group NSI compared to
the mock group; Figure 7A). Similarly, IFN-y levels were markedly increased in groups NSI and RI at
4 DPI (p < 0.001 for groups NSI and RI compared to the mock group), at 7 DPI (p < 0.05 for groups NSI
and RI compared to the mock group), and at 12 DPI (p < 0.05 for group NSI compared to the mock
group; Figure 7B). The pro-inflammatory cytokines also showed statistically significant differences
between the mock group and groups NSI and RI. Notably, the level of TNF-« significantly increased
at 4 DPI (p < 0.01 for groups NSI and RI compared to the mock group) and at 7 DPI (p < 0.001 for
group NSI and p < 0.01 for group RI compared to the mock group; Figure 7C). The level of IL-1f also
markedly increased at 4 DPI (p < 0.05 for groups NSI and RI compared to the mock group) and at
7 DPI (p < 0.05 for group NSI and p < 0.01 for group RI compared to the mock group; Figure 7D).
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Figure 7. Effects of honeybee venom (HBV) on expression levels of Th1 and pro-inflammatory cytokines
in experimentally PRRSV-infected pigs. The expression levels of (A) IL-12, (B) IFN-y, (C) TNF-«, and
(D) IL-1p were measured by means of quantitative real-time PCR and are presented after normalization
to p-actin followed by the AACt method. The data are presented as mean + SD of five pigs in each
group. Significant differences with the mock group are presented as * p < 0.05, ** p < 0.01, and
*** p < 0.001. (NSI; nasal injection group, NI; neck injection group, and RI; rectal injection group).

3. Discussion

In the present study, HBV was administered to pigs through three routes—nasal, neck, and
rectal—and then the CD4"/CD8" cell ratio and the expression levels of Th1 and pro-inflammatory
cytokines were evaluated. The neck region is a common route for administration of classical vaccines
in pigs. The nasal and rectal regions are newly highlighted sites for vaccine administration, and
this approach can induce both mucosal and systemic immunity. The mucosal regions, which are
classified into ocular, nasal, oral, pulmonary, and vaginal or rectal, comprise ~80% of all immune cells
in the body [15]. Particulate antigens (such as microspheres, liposomes, and bacterial ghosts) that are
delivered via a mucosal route are recognized by microfold cells (M cells) located in mucosa-associated
lymphoid tissues and are then presented to professional antigen-presenting cells (APCs) such as
dendritic cells and macrophages. Consequently, APCs forcefully stimulate differentiation of T cells
and effectively induce specific adaptive immune responses [16]. In particular, optimal stimulation of
mucosal immunity is effective for protection from many infectious diseases because it can stimulate
both mucosal and systemic immunity, leading to inhibition of entry of pathogens into the body [15].
According to the present study, the CD4" /CD8" cell ratio in all HBV-administration groups tends to
increase during the entire experimental period. Notably, the change in the CD4"/CD8" cell ratio is
statistically significant in group RI at 4 and 7 DPA and in group NSI at 7 DPA. The number and ratio of
two main T lymphocyte subsets, CD4* cells (or T helpers) and CD8" cells (or T cytotoxic) were used as
the most meaningful parameters for evaluation of immune homeostasis and response of the intrinsic
immune system [17]. Furthermore, low CD4*/CD8" cell ratio are usually related to acute viral diseases
and hemophilia, whereas high ratios are observed individually with stimulation of immuno-functional
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ability [11]. Simultaneously with the CD4*/CD8" cell ratio, the level of Thl cytokines (IL-12 and
IFN-y) is significantly increased in groups NSI and RI at 1, 4, and 7 DPA. These findings indicate
that administration of HBV effectively induces Th1-related immune responses up to 7 DPA, and this
phenomenon may correlate with the increasing CD4*/CD8" cell ratio through stimulation of the
CD4* T cell population when HBV is administered via the nasal or rectal route. These results are
consistent with other reports showing that HBV administration to broiler chicks (using a spray method)
significantly increases INF-y expression levels and the CD4*/CD8* cell ratio [11].

PRRSV is a unique viral pathogen because this virus can evade host immune surveillance or
effectively control both innate and adaptive immune regulators [18,19]. PRRSV-infected pigs typically
show insufficient anti-PRRSV immunity because of low levels of Th1 cytokine (IFN-y and IL-12)
production, which are typically involved in cellular immunity [20]. IFN-y is known to possess potent
antiviral properties against PRRSV infection through the inhibition of viral replication and to be
an important mediator of cellular immunity [21]. Furthermore, IL-12 plays a critical role in host
immunity against viral infections through the promotion of IFN-y production and Thl cell type
differentiation [19]. Therefore, the PRRSV-induced suppression of Thl-related cytokines may result in
prolonged immunosuppression, followed by weaker antibody responses, increased levels of viremia,
and greater severity of the disease [22]. Simultaneously with the repression of Th1 responses, PRRSV
acts via unique mechanisms whereby the production of pro-inflammatory cytokines, such as TNF-«
and IL-1f3, is limited during the PRRSV infection, in contrast to other viral respiratory diseases of
pigs [23]. TNF-« performs an important function in the inflammatory response and in the protection
of the cells from viral infection or in promotion of selective elimination of virus-infected cells via
IFN-independent mechanism [24]. The PRRSV-induced suppressive action on TNF-« and IL-1
production, as a strategy for modulation of host immune responses, thus contributes to the unique
clinical features; the absence of a fever correlates with the development of more severe interstitial
pneumonia after PRRSV infection [22]. Accordingly, there are reports about weak expression of
pro-inflammatory cytokines (TNF-« and IL-1p) in pigs infected with PRRSV-1 and PRRSV-2 [14]. In
the present study, levels of Th1 cytokines (IFN-y and IL-12) and pro-inflammatory cytokines (TNF-«
and IL-1 B) were significantly increased in groups NSI and RI, especially 4 and 7 DPI compared to
the mock group. In addition, the PRRSV genome loads in serum and PRRSV-infected tissues (lung,
BLNs and tonsils) were considerably reduced in HBV-administration groups, especially in groups NSI
and RI. Similarly, the viral load of PRRSV-infected tissues is markedly reduced in groups NSI and RI.
Additionally, histopathological analysis of the lung tissue revealed that groups NSI and RI undergo
less pathological changes in comparison with the mock group. Pigs that are experimentally infected
with PRRSV typically show mild respiratory and systemic clinical signs, where the absence of a fever
correlates with more severe interstitial pneumonia [14]. Therefore, these findings suggest that HBV
administration, especially via the nasal or rectal route, enhances clearance of PRRSV in experimentally
infected pigs, and these viral clearance effect of HBV may be related to the up-regulation of Th1 and
partial pro-inflammatory immune responses. These findings are similar to those by Dwivedi et al. [19],
who found that vaccines consisting of the PLGA nanoparticle-entrapped killed PRRS virus exhibit
high protective efficacy in pigs against a PRRSV challenge (in comparison with classically vaccinated
pigs); specifically, there is significant up-regulation of Th1 cytokines (IFN-y and IL-12) and several
types of immune cells, including CD3*CD8*, CD4*CD8", and v& T cells.

In summary, the data from our results suggest that administration of HBV via a nasal or rectal
route can effectively enhance the Thl-specific systemic immunity in healthy pigs and reduce the viral
load and severity of interstitial pneumonia in PRRSV-infected pigs. These immunomodulatory effects
and PRRSV clearance that are induced by the administration of HBV may be related to promotion of
Thl-specific responses and inhibition of PRRSV-specific mechanisms that involve down-regulation of
pro-inflammatory cytokines. Thus, our findings—in conjunction with further research on HBV in a field
study (for confirmation of the protective efficacy against a naturally occurring PRRSV infection)—may
lead to new immunostimulatory and preventive strategies for PRRSV infection in the swine industry.
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4. Materials and Methods

4.1. Preparation and Characterization of HBV

Crude HBV was obtained using a Large Quantity Bee-Venom Collector (P10-1003672, Wissen,
Daejeon, Korea). We extracted 2.5g of crude HBV with 250 mL of ultra-filtered water and ethyl acetate
three times at room temperature (RT) and passed the extract through a filter containing a nylon
membrane (0.45-pum pore diameter; Millipore, Billerica, MA, USA) under vacuum driven filtration
system. The two filtrates were mixed and then concentrated in vacuum at 40 °C. The final HBV
concentrates (10 mg) were dissolved in 1 mL of ultra-filtered water and analyzed by HPLC. The HBV
samples that we used for HPLC analysis were passed through a 0.45-um filter (Millipore) before
injection into a UPLC® BEH C18 column (1.7 um, 2.1 x 100 mm; Waters Corporation, Milford, MA,
USA). The gradient ratios of mobile phases A (0.1% trifluoroacetic acid in methanol) and B (0.1%
trifluoroacetic acid in distilled water) were set at 0:100 for 0-10 min, with a flow rate of 0.2 mL/min,
and then were set at 50:50 for 20-30 min until the last step, which were set at 100:0 at 50 min, with a
flow rate of 0.3 mL/min. The wavelengths for detection was 270 nm. For the experimental use, the
final HBV fine powder was dissolved in a solvent consisting of 95.7% distilled water, 3.5% ethanol, and
0.8% propylene glycol, by volume. The HBV concentration was 2.1 mg/mL, which was the optimal
concentration according to our preliminary experiments.

4.2. PRRS Virus

The PRRSV type Il LMY strain (GenBank accession number DQ473474), which was originally
isolated in South Korea from a pig with naturally occurring PRRS. LMY strain was kindly provided
by Prof. Dr. Kyoung-oh Cho (Chonnam National University, Gwangju, Korea). For preparation of
the virus inoculum, the virus stock was propagated in confluent monolayers of MARC-145 cells, as
described previously [21], and the virus titer was measured using quantitative real-time PCR.

4.3. Animals

Conventional 4-week-old pigs, cross-breeds between Landrace, Yorkshire and Duroc, were
obtained from a single healthy herd without any history of PRRS. All pigs were housed in separate
air-conditioned rooms and were allowed free access to nutritionally complete antibiotic-free pig feed
(Daehan Livestock & Feed, Naju, Jeonnam, Korea) and drinking water. Prior to the experiment, all
pigs were tested and confirmed to be seronegative for antibodies to PRRSV by using a commercial
enzyme-linked immunosorbent assay kit (IDEXX Laboratories, Westbrook, ME, USA) and tested
negative for presence of viremia by real-time PCR [25].

4.4. Experimental Protocol

4.4.1. Experiment 1: Immunostimulatory Effects of HBV on Healthy Pigs

The pigs were randomly allocated to four groups of five pigs each and were injected with HBV
subcutaneously via different routes as follows: Group 1, mock control pigs; Group 2, injected with
2.1 mg of HBV into the nasal region (NSI group); Group 3, injected with 2.1 mg of HBV into the neck
region (NI group); Group 4, injected with 2.1 mg of HBV into the rectal region (RI group). To measure
the immunostimulatory effect of HBV, blood samples were individually collected from the jugular vein
1 day before HBV administration and at 1, 4, 7 and 12 DPA. Body weight was also monitored during
the whole study period. All animal procedures were performed in accordance with the guidelines
of International Guiding Principles for Biomedical Research Involving Animals by the Council for
International Organizations of Medical Sciences. (CIOMS, care of the World Health Organization,
Geneva, Switzerland) and approved by the Institutional Animal Care and Use Committee of Chonnam
National University (approval number: CNU IACUC-YB-2013-29).
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4.4.2. Experiment 2: The Viral Clearance Effect of HBV in the Pigs Experimentally Infected
with PRRSV

The pigs were randomly subdivided into groups and injected with HBV, as described in Experiment 1.
After 4 days of HBV administration, five milliliters of the viral culture (1 x 10° copies/mL, optimized
previously) was inoculated intranasally into both nostril of each pig. After PRRSV infection, blood
samples were collected at 0, 4, 7, and 12 DPI for analysis of T lymphocyte CD4* /CD8* subsets and
cytokine expression profiles. Clinical symptoms and rectal temperature were also monitored every day
during the entire study period (12 days), as described previously [23]. At the end of the experiment,
all pigs in all groups were euthanized for collection of lung and lymphoid tissues (BLNs and tonsils)
for titration of the virus.

4.5. Isolation of PBMCs from Peripheral Blood

PBMCs were isolated as described previously [11]. Briefly, blood samples were collected into
lithium-heparin coated tubes and diluted with equal volumes of phosphate buffered saline (PBS).
The diluted mixture was layered over a half of the volume of Lymphoprep (Axis-shield, Oslo, Norway)
and was separated by gradient centrifugation at 800 x g for 30 min at RT. Contaminating red blood
cells were lysed using commercial Red Blood Cell Lysing Buffer Hybri-Max (Sigma-Aldrich, St. Louis,
MO, USA). The PBMCs were then washed twice with PBS prior to resuspension in a complete medium
consisting of RPMI-1640 medium (Lonza, Basel, Switzerland) containing 10% (v/v) fetal bovine serum
(FBS; Gibco, Grand Island, NY, USA) and 2% (v/v) of the antibiotic-antimycotics formulating solution
with penicillin, streptomycin, and amphotericin B (Lonza, Basel, Switzerland).

4.6. Analysis of T Lymphocyte CD4*/CD8" Subsets by using Flow Cytometry

The PBMCs obtained from the peripheral blood were analyzed to determine the CD4*CD8™ T
lymphocyte and CD4~CD8" T lymphocyte subset ratio within the CD3* subset by means of flow
cytometry as described previously [19]. In brief, the cells were stained with a fluorescein isothiocyanate
(FITC)-conjugated mouse anti-pig CD3e antibody (clone BB23-8E6-8C8; BD Biosciences, Franklin Lakes,
NJ, USA), a phycoerythrin (PE)/Cy7-conjugated mouse anti-pig CD4a antibody (clone 74-12-4; BD
Biosciences, Franklin Lakes, NJ, USA), and a PE-conjugated mouse anti-pig CD8a antibody (clone
76-2-11; BD Biosciences, Franklin Lakes, NJ, USA). After incubation at RT for 30 min in the dark, the
cells were washed twice with PBS and the lymphocyte subpopulations were analyzed using a BD
Accuri C6 flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

4.7. Analysis of Cytokine Expression Levels in PBMCs

We measured the expression levels of IFN-y, IL-12, TNF-«, and IL-1§3 in the PBMCs to evaluate the
immunostimulatory effect of HBV, especially that related to the pro-inflammatory and Th1 cytokines in
the pig immune system. Total RNA was extracted from the PBMCs by using the commercial PureLink
RNA Mini Kit (Invitrogen, Grand Island, NY, USA). The RNA concentration was quantified using a
NanoDrop ND-1000 instrument (Thermo Fisher Scientific, Waltham, MA, USA), and equal amounts
of RNA were reverse-transcribed using the QuantiTect Reverse Transcription Kit (Qiagen, Valencia,
CA, USA). To minimize variation in the reverse-transcriptase efficiency, all samples were transcribed
simultaneously. Quantitative real-time PCR was performed using a MyiQ2 thermocycler and the SYBR
green detection system (Bio-Rad Laboratories, Hercules, CA, USA). The real-time PCR conditions
were as follows: 95 °C for 10 min, then 45 cycles at 95 °C, 30 s; 57 °C, 30 s; and 72 °C, 30 s. The
oligonucleotide primer pairs that we used for analysis of pig IFN-y, IL-12, TNF-«, IL-1p, and -actin
expression are shown in Table 1. We confirmed that reaction efficiencies of all primers range between
95% and 105% and R? value is over 0.98. The threshold cycle was then determined subsequently.
Relative quantitation of pig IFN-y, IL-12, TNF-«, and IL-13 expression levels were calculated using
the comparative Ct method as described previously [26]. The relative quantitation value of the target
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gene was normalized to an endogenous control 3-actin gene, and the differences between control and
HBV groups were evaluated as 2722t method (fold change).

Table 1. The real-time PCR primer sequences

Gene Sequence (5'-3") Accession number
Forward  CCCCCAGAAGGAAGAGTTTC
TNF-a Reverse CGGGCTTATCTGAGGTTTGA JF831365
Forward GGCCGCCAAGATATAACTGA
IL-1p Reverse ~ GGACCTCTGGGTATGGCTTTC NM_214055
Forward  CAAAGCCATCAGTGAACTCATCA
TFN-y Reverse  TCTCTGGCCTTGGAACATAGTCT X53085
12 Forward GGAGTATAAGAAGTACAGAGTGG 108317
: Reverse GATGTCCCTGATGAAGAAGC
6-actin Forward  CAGGTCATCACCATCGGCAACG .

Reverse GACAGCACCGTGTTGGCGTAGAGGT

4.8. Quantification of PRRSV Genome in Serum and Tissues using Quantitative Real-Time PCR

The serum samples were prepared from the blood samples at 0, 4, 7, and 12 DPI and were collected
in EDTA-free tubes after the removal of clots and centrifugation. Lung and lymphoid tissues were
homogenized (10%, w/v) in minimum essential medium alpha modification (alpha-MEM; Lonza,
Basel, Switzerland) containing 2% (v/v) of an antibiotic-antimycotics solution consisting of penicillin,
streptomycin, and amphotericin B (Lonza, Basel, Switzerland), and were then centrifuged at 4000 x g
for 30 min at 4 °C. The supernatant was passed through a 0.20-pum non-pyrogenic syringe filter (Pall
Corporation, Ann Arbor, MI, USA). RNA extraction from the collected supernatants was performed
using the PureLink Viral RNA/DNA Mini Kit (Invitrogen, Grand Island, NY, USA) according to
the manufacturer’s instructions, and equal amounts of targeted RNA was reverse transcribed into
complementary DNA (cDNA) using the QuantiTect reverse transcription kit (Qiagen, Valencia, CA,
USA). The cDNA was used for quantification of PRRSV genome by optimized real-time PCR reaction
using a standard curve as previously described [27]. Briefly, for the construction of PRRSV genome
plasmid, the ORF7 gene of PRRSV was amplified with the following primers: PRRSV forward,
5'-ATAACAACGGCAAGCAG-3'; PRRSV reverse, 5-CAGTGTAACTTATCCTCCCA-3' (Genebank
accession number: AF121131). The resulting PCR product was cloned into the pGEM-T Easy vector
(Promega, Madison, WI, USA), which was then transformed into Escherichia coli JM109 competent
cells. The plasmid DNA was purified using a Qiaprep Spin Miniprep Kit (Qiagen, Valencia, CA, USA)
and quantified using a NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA). According
to the above-mentioned quantitation standard curve, real-time PCR for quantitation of the PRRSV
genome was performed on a MyiQ2 thermocycler by using the SYBR green detection system (Bio-Rad
Laboratories, Hercules, CA, USA). For each assay, a standard curve was constructed using serially
diluted plasmid standards with PRRSV at 10>~10? copy numbers/mL. The amplification condition
were as follows: 10 min at 95 °C, followed by 50 cycles at 95 °C for 5 s, 57 °C for 15 s and 72 °C for 10 s.

4.9. Histopathological Analysis in Lung Tissue of the Pigs Experimentally Infected with PRRSV

At post-mortem examination, the lung tissue was fixed in 10% neutral-buffered formalin for
histopathological examination. The fixed samples were routinely processed, embedded in paraffin,
sectioned (at 5 pm thickness), and stained with H&E. Microscopic lesions in the lung tissue were
examined by an unbiased certified veterinary pathologist, using previously described scoring
systems [28,29] in a blinded fashion. The lung sections were scored for the severity of interstitial
pneumonia, ranging from 0—4: 0 = no microscopic lesions; 1 = mild interstitial pneumonia; 2 = moderate
multifocal interstitial pneumonia; 3 = moderate diffuse interstitial pneumonia; and 4 = severe
interstitial pneumonia.
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4.10. Statistical Analysis

The data were expressed as mean + SD and the means of different parameters were compared
among the groups by using one-way analysis of variance (ANOVA) followed by the Tukey-Kramer
multiple comparison. All calculations were performed in the GraphPad InStat software, version
3.0 (GraphPad Software, La Jolla, CA, USA). Particularly, the Mann-Whitney U test (nonparametric
test; SPSS software, version 17.0; SPSS, Chicago, IL, USA) was used to analyze differences in the
microscopic-lesion score (ordinal data) in tissues of the pigs experimentally infected with PRRSV. p
value <0.05 was assumed to indicate statistical significance.
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Abstract: Amyotrophic lateral sclerosis (ALS) is caused by the degeneration of lower and upper motor
neurons, leading to muscle paralysis and respiratory failure. However, there is no effective drug
or therapy to treat ALS. Complementary and alternative medicine (CAM), including acupuncture,
pharmacopuncture, herbal medicine, and massage is popular due to the significant limitations of
conventional therapy. Bee venom acupuncture (BVA), also known as one of pharmacopunctures,
has been used in Oriental medicine to treat inflammatory diseases. The purpose of this study is
to investigate the effect of BVA on the central nervous system (CNS) and muscle in symptomatic
hSOD15%34 transgenic mice, an animal model of ALS. Our findings show that BVA at ST36 enhanced
motor function and decreased motor neuron death in the spinal cord compared to that observed in
hSOD16%34 transgenic mice injected intraperitoneally (i.p.) with BV. Furthermore, BV treatment at
ST36 eliminated signaling downstream of inflammatory proteins such as TLR4 in the spinal cords of
symptomatic hSOD16%4 transgenic mice. However, i.p. treatment with BV reduced the levels of
TNEF-a and Bcl-2 expression in the muscle hSOD15%34 transgenic mice. Taken together, our findings
suggest that BV pharmacopuncture into certain acupoints may act as a chemical stimulant to activate
those acupoints and subsequently engage the endogenous immune modulatory system in the CNS in
an animal model of ALS.

Keywords: amyotrophic lateral sclerosis; bee venom acupuncture; acupoint; central nervous system

1. Introduction

Amyotrophic lateral sclerosis (ALS) is caused by the selective and progressive loss of motor
neurons, leading to irreversible paralysis; speech, swallowing and respiratory malfunction; and
eventually the death of the affected individual after a rapid disease course. ALS is mostly sporadic;
90% of ALS cases occur without a family history of the disease. Mutations in the gene encoding
superoxide dismutase-1 (SOD1) cause 15%—-20% of familial ALS (fALS) cases, corresponding to 1%-2%
of all ALS cases [1]. Recent clinical and electrophysiological data show that the human SOD1-G93A
phenotype closely resembles sporadic ALS, indicating comparable disease pathology [2].

Neuroinflammation by glial cells is a normal and necessary process to support neuron cell survival.
However, excess neuroinflammation is detrimental, especially in multiple sclerosis (MS), ALS, various
types of dementia, Huntington’s disease, and other diseases [3,4]. In ALS, non-neuronal cells, such as
astrocytes and microglia, release neurotoxic factors and induce neuroinflammatory events causing
motor neuron death [5,6]. Several studies related to neuroinflammation by microglia and astrocytes
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have reported that inflammation is fundamental to the pathogenesis of ALS and have suggested that
anti-inflammatory drugs may play an important role in treating ALS patients [7-9]. Anti-inflammatory
agents including celastrol, thalidomide, lenalidomide, NDGA, and pioglitazone have delayed the
progress of disease in ALS animal models but require further evaluation in clinical studies [10].

Bee venom (BV) or apitoxin is extracted from honeybees and is commonly used in Oriental
medicine. BV therapy is used for anticoagulant and anti-inflammation treatments in rheumatism and joint
diseases [11]. BV treatment has been shown to reduce pain in patients with chronic rheumatoid arthritis
or osteoarthritis [12]. In addition, recent papers have reported that BV treatment has a neuroprotective
role against neurodegenerative diseases such as Parkinson’s disease (PD) and ALS [13,14].

Pharmacopuncture, injection to acupoints with pharmacological medication or herbal medicine,
is a new acupuncture therapy widely available in Korea and China. However, its effectiveness
remains unclear. Pharmacopuncture has been used for cancer-related symptoms [15] and an Australian
study reported that it induces higher de-qi sensation compared to traditional acupuncture, which
may indicate that pharmacopuncture could provide stronger clinical responses than traditional
acupuncture [16].

Pharmacopuncture with BV, referred to as bee venom acupuncture (BVA) is applied at specific
acupoints to enhance the effect of BV and acupuncture in Korea. Joksamni (ST36) acupoint is known
to mediate anti-inflammatory effects [17] and we have demonstrated that Joksamni (ST36) acupoint
stimulation enhanced anti-neuroinflammation in symptomatic hSOD16%3A transgenic mice [18]. The
purpose of this study is to investigate BVA at ST36 to identify the effects of acupuncture and BV in
the CNS and muscle in symptomatic hSOD1%%34 transgenic mice. For this study, we established four
groups of mice: Non-Tg mice treated with saline acupuncture at ST36 (Non-Tg), hSOD15%A mice
treated with saline (CON) or BVA at ST36 (ST36), and hSOD15%*4 mice injected intraperitoneally (i.p.)
with BV (IP).

We found that BV treatment significantly improved walking function compared to BV-i.p.-injected
hSOD15%A mice and age-matched hSOD1%%A mice treated with saline acupuncture at ST36.
In addition, BVA at ST36 reduced the levels of neuroinflammatory proteins such as Toll-like receptor
4 (TLR4), CD14, and Tumor Necrosis Factor-alpha (TNF-«) in the spinal cord compared with saline
acupuncture at ST36-treated hSOD15%4 mice, but BV-i.p. injection in symptomatic hSOD15%4 mice
did not. Furthermore, we detected that the nuclear abnormality in the quadriceps femoris muscle was
significantly reduced by BVA compared with saline acupuncture at ST36 in ALS mice but was not
affected by i.p. injection of BV in hSOD1%%3A mice. These findings suggest that BVA at ST36 can be
more effective than either ST36 stimulation or BV injection alone in reducing neuroinflammation in the
spinal cord of hSOD1%%A transgenic mice.

2. Results

2.1. BV Treatment Improves Motor Functions in Symptomatic hSOD15%34 Mice

To investigate the effect of BV treatment at ST36 or i.p. injection of BV on motor function
of symptomatic hSOD15%A transgenic mice, we conducted the footprint test as a behavioral test.
As shown in Figure 1, symptomatic hSOD1%%34 transgenic mice (CON group) showed stride lengths
of 2.64 £ 0.19 cm and reduced by 2.4-fold compared to that of Non-Tg. However, both BVA at ST36
(ST36 group) and IP group increased stride length by 1.6-fold, and 1.5-fold, respectively, compared
to that of saline acupuncture at ST36 (Figure 1B, *, # p < 0.05). This result suggests that BV treatment,
regardless of the method of administration, could effectively improve motor function in hSOD15%34
transgenic mice.
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Figure 1. Bee venom (BV) treatment improves stride length in footprints test of hRSOD1%%3A transgenic
mice. Comparison of footprints between groups (A). Non-transgenic (Non-Tg) mice are B6SJL mice,
and hSOD16%34 transgenic mice were divided into three groups: saline acupuncture at ST36 (CON);
BVA at ST36 (ST36); i.p. administration of BV (IP). Quantification of stride length from each group (B).
(n =9-10/group) Each bar represents the group mean + SEM (*, # p < 0.05).

2.2. BV Treatment Reduces Motor Neuron Cell Death in Symptomatic hSOD15%34 Mice

Based on the result of Figure 1, we determined whether different BV treatment affect motor neuron
death in the spinal cord of symptomatic hSOD1%%*A mice. Based on Nissl staining, the numbers of
motor neurons in the spinal cord of symptomatic hSOD1%%4 transgenic mice (CON group) were
decreased by 3.5-fold compared to that of Non-Tg (Figure 2A,B, *, # p < 0.05). Both BVA at ST36 and i.p.
administration of BV were associated with more than twice as many neurons as saline acupuncture at
ST36 (Figure 2B). No statistical significance was found between BVA at ST36 and i.p. administration of
BV, demonstrating that BV has a neuroprotective role in an animal model of ALS, regardless of the
treatment method.

A

o o

o

{L4-L5 segment )

Number of motor neurons

0
Non-Tg CON §T36 IP
hSOD1694
BV

Figure 2. BV treatment alleviates the decrease of motor neurons in hSOD15%A transgenic mice.
Representative photographs of Nissl staining in the ventral horn of the spinal cord of hSOD16%4
transgenic mice (A). Quantification of the motor neurons in the L4-L5 segment of the spinal cord in
hSOD16934 transgenic mice (1 = 4/group) (B). Each bar represents the group mean 4 SEM (*, # p < 0.05).
Scale bars = 200 um.
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2.3. BVA at ST36 Augments Anti-Neuroinflammation

To determine the mechanism underlying the effects of BVA at ST36, we studied the effects
of BV treatment on neuroinflammation in the spinal cord of symptomatic hSOD15%4 transgenic
mice. As expected, BVA at ST36 significantly reduced the levels of the inflammatory proteins TLR4,
CD14, and TNEF-«, by 1.8-fold, 1.6-fold and 1.7-fold, respectively, in the spinal cords of symptomatic
hSOD16%4 transgenic mice compared to those of Non-Tg (Figure 3A-D). However, i.p. administration
of BV did not have a similar effect. This suggests that BVA at ST36 prevents motor neuron death by
inhibiting neuroinflammation in the spinal cord of symptomatic ALS mice.
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Figure 3. BVA at ST36 eliminates Toll-like receptor 4 (TLR4) signaling-related inflammatory proteins
in the spinal cord of ALS mice. Representative images of Western blots for TLR4, CD14, and TNF-x
(A) (n = 5-6/group). Tubulin was used as a loading control. Quantification of immunoblots (B-D).
Each bar represents the group mean 4 SEM (*, #, $ p < 0.05).

2.4. BVA at ST36 Prevents Muscle Atrophy in Symptomatic hSOD15%4 Transgenic Mice

To evaluate the effect of BV treatment and the method of administration on the muscle pathology
of hSOD16%4 transgenic mice, we examined the effect of BV treatment on fibers of the quadriceps
femoris muscle in the hind leg, a target of innervation by the spinal motor neurons counted. As
shown in Figure 4A, the fiber diameter was smaller in hSOD15%*4 transgenic mice than in Non-Tg. In
addition, myofibers containing abnormal nuclei were increased by 10-fold higher than compared to
Non-Tg mice. Interestingly, BV treatment at ST36 reduced the number of abnormal nuclei to 3-fold than
that of the control (Figure 4B). Intraperitoneal injection of BV reduced the fibers with abnormal nuclei
compared to that of saline-treated hSOD15%4 transgenic mice, but the decrease was not significant.
To investigate whether BV treatment affected the mitochondrial function of myofibers, we examined
the expression level of Bcl-2 protein in the quadriceps femoris muscle. As shown in Figure 4C, the
expression level of Bcl-2 was increased by 3.4-fold in CON compared to Non-Tg. However, after BV
treatment at ST36 and via i.p. injection, the level of Bcl-2 protein in the quadriceps femoris muscle was
1.8-fold, and 1.5 fold lower, respectively, compared to CON. These findings suggest that BV treatment
could ameliorate the mitochondrial dysfunction and muscle structure defects observed in an animal
model of ALS. To establish the factor for improvement in walking ability achieved by BV-injected i.p.,
we examined the expression level of a pro-inflammatory protein, TNF-¢, in the quadriceps femoris
muscle of hRSOD1%%3A transgenic mice. As shown in Figure 5, the expression of TNF-« was increased
by 4.6-fold in the quadriceps femoris muscle of symptomatic hSOD1%%A mice. However, i.p. injection
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of BV reduced the level of TNF-« to only 3.1-fold higher than in CON. BVA at ST36 treatment did
not reduce the expression level of TNF-« as much as i.p. injected BV in symptomatic hSOD15%34
transgenic mice. Since BV causes inflammation in the skin [19], inflammatory protein such as TNF-«
did not reduce in the muscle of BVA at ST36 even though BVA at ST36 induced anti-neuroinflammation
in the spinal cord of hSOD15%4 transgenic mice. These data suggest that BV injection i.p. can reduce

inflammation in muscle even though it does not reduce neuroinflammation in the spinal cord of
hSOD1%%4 mice.
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Figure 4. BVA at ST36 reduces nuclear abnormalities in fibers of the quadriceps femoris muscle
from hSOD15%4 transgenic mice, viewed in transverse sections. Hematoxylin and eosin staining of
quadriceps of Non-Tg, hSOD15%4 transgenic mice (CON), transgenic mice treated with BV at ST36
(ST36), transgenic mice treated with i.p. BV (IP). Arrowhead indicates fiber with abnormal nuclei
(A); Quantification of mean numbers of abnormal nuclei in fibers of quadriceps femoris muscle of
hSOD15%4 mice (B); Graph, mean + SEM, 1 = 5-6/group (*, # p < 0.05). Representative images of
the expression of Bcl-2 in quadriceps femoris muscle from the Non-Tg, CON, ST36, and IP groups (C);
GAPDH was used as a loading control. One representative experiment of three replicates is shown.
Quantification of immunoblots (D); Each bar represents the group mean + SEM, n = 3/group (* p < 0.05,
#p < 0.05). Scale bars = 200 pm.
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Figure 5. Intraperitoneal injection of BV reduced the levels of inflammatory proteins in quadriceps
femoris muscle. Tissue lysates from the quadriceps femoris muscle from the Non-Tg, CON, ST36,
and IP groups were immunoblotted with anti-TNF-« (A). GAPDH was used as a loading control.
Quantification of immunoblots (B). Each bar represents the group mean = SEM (n = 3/group)
(*, #p < 0.05).

3. Discussion

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that causes progressive
degeneration of motor neurons in the motor cortex, brainstem, and spinal cord. Familial ALS (fALS),
caused by genetic mutations in genes such as Cu?*/Zn?" SOD-1, TAR DNA binding protein-43
(TDP-43), and GGGGCC repeat expansions in the C9orf72 locus, represents 5%-10% of total ALS cases,
whereas sporadic ALS (sALS), which is unassociated with any known genetic mutations, represents
approximately 90% of ALS cases. To date, the pathological mechanism of ALS remains unclear
because ALS is a complex syndrome involving not only motor neurons but also astrocytes, microglia,
oligodendrocytes, and muscle cells in both fALS and sALS cases. Because there is no effective treatment
for ALS patients, research toward ALS therapy remains ongoing.

Complementary and alternative medicine (CAM), including acupuncture, pharmacoacupuncture,
herbal medicine, and massage, is popular due to the significant limitations of conventional therapy.
It has previously been reported that 40% of patients with ALS in Germany used CAM therapies, along
with 54% of patients in the United Kingdom and an even higher percentage in Asia. Acupuncture
is one of the most popular alternative therapies used by patients with ALS [20,21]. Pan et al. have
reported that ALS patients in Shanghai used CAM therapies including acupuncture, vitamin E, and
herbal medicine to reduce the side effects of Riluzole [22]. Wasner et al. surveyed the use of CAM by
ALS patients and reported that acupuncture, homeopathy, naturopathy, and esoteric treatments were
widely used [23].

BV contains several bioactive compounds including melittin, phospholipase A;, apamin and
peptides [24]. BV therapy has been used in Oriental medicine, and BVA is considered to have distinct
effects via acupuncture and herbal medicine. However, the mechanism underlying the synergy of BV
with acupuncture remains to be identified, even though several papers have reported anti-nociceptive or
anti-inflammatory effects of BV in pain, arthritis, rheumatoid diseases, cancer, and skin diseases [11,25].
In addition, recent reports have shown that BV treatment has anti-neuroinflammatory effects in
neurodegenerative diseases such as PD and ALS [13,14]. Kim ef al. showed that BV injection into
ST36 increased the modulation of METH-induced hyperactivity and hyperthermia via the central
ap-adrenergic activation compared to other acupoints such as SP9 and GB39 [26]. In an animal model
of ALS, BVA protected against motor neuron death through an increase of anti-neuroinflammation in
hSOD16%3A transgenic mice [14]. However, it remains to be determined whether the effect of BVA at
ST36 is a synergistic effect dependent on acupoint stimulation in combination with BV or is an effect of
BV alone. This study tested hSOD1%%*A transgenic mice with saline treatment at ST36 for acupoint
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stimulation, BV treatment at ST36 for acupoint stimulation plus BV effect, and i.p. injection of BV for
the effect of BV alone. Interestingly, we found that both BVA at ST36 and i.p. injection of BV enhanced
motor function and decreased motor neuron death in the spinal cord compared to saline-treated at
ST36 in hSOD15%34 transgenic mice. Furthermore, BVA at ST36 eliminates signaling by inflammatory
proteins such as TLR4 in the spinal cord of symptomatic hSOD15%4 transgenic mice. These findings
suggest that BV treatment could improve muscle function and reduce motor neuron death, delaying
the progress of disease onset in hSOD15%34 transgenic mice.

Studies of ALS have demonstrated functional abnormality and muscle pathology in both fALS and
SALS cases [27,28]. In an animal model of ALS, the alteration of myogenesis by the aberrant expression
of Pax7 and myogenic regulatory factors induces skeletal muscle defects [29]. Kaspar et al. have
reported that IGF-1 overexpression in skeletal muscle increased survival and prevented motor neuron
death in an animal model of ALS, although a clinical study using IGF-1 therapy did not demonstrate
any improvement [30]. To investigate the effect of BV treatment on the quadriceps femoris muscle in
the hind limb, we examined myoblast pathology using histochemical and biochemical approaches.
BVA at ST36 significantly reduced the number of fibers with abnormal nuclei compared to symptomatic
hSOD1%%A mice treated with saline at ST36. In addition, i.p. injection of BV significantly reduced the
expression of TNF-«, a pro-inflammatory factor, in the quadriceps femoris muscle of symptomatic
hSOD15%A mice. Taken together, our findings suggest that BV pharmacopuncture into certain
acupoints may act as a chemical stimulant that activates the acupoint and subsequently engages the
endogenous immune modulatory system in the CNS of an ALS animal model. In addition, the selection
of a specific acupoint may be a key factor in producing pharmacological effects of BV acupuncture in
an ALS animal model.

Demonstrating the effect of BV on the muscle function requires the study of mitochondria in the
muscle of hSOD15%34 transgenic mice. In addition, the effects of BVA at other acupoints should be
studied to demonstrate the mechanism underlying the combined effects of BV and acupuncture. Bee
venom therapy should consider on sensitization because it has on the risk of anaphylaxis.

4. Materials and Methods

4.1. Animals

Human-SOD1 (hSOD1) G93A transgenic (Tg) mice were purchased from the Jackson Laboratory
(Bar Harbor, ME, USA) and maintained as described previously [14]. All mice were allowed access to
water and food ad libitum and were maintained under a constant temperature (21 £ 2 °C) and humidity
(50% = 10%) under a 12-h light/dark cycle (light on 07:00-19:00). All mice were handled in accordance
with the animal care guidelines of the Korea Institute of Oriental Medicine. The 14-week-old transgenic
mice were considered symptomatic; mice of this age were used for the study.

4.2. Bee Venom Treatment

Bee venom was purchased from Sigma (St. Louis, MO, USA) and diluted with saline. In this
experimental paradigm, the mice were divided into four groups: non-transgenic mice treated with
saline at ST36, Non-Tg, n =9; hSOD15%A mice treated with saline at $ST36, CON, 1 = 10; hSOD16934
mice treated with BVA at ST36, ST36, n = 10; and hSOD15%*4 mice injected i.p. with BV, IP, n = 10.
The ST36 acupoint is based on the human acupoint landmark and a mouse anatomical reference [31];
it is anatomically located at 5 mm below and lateral to the anterior tubercle of the tibia. Bee venom
was injected into 14-week-old (98-day-old) male hSOD15%% transgenic mice. The Non-Tg and CON
groups were bilaterally injected (subcutaneously) with an equal volume of saline at the ST36 acupoint.
BV treatment at 0.1 ug/g was performed three times per week for two weeks. The total amount of BV
treatment at ST36-mice or IP-mice was 0.6 ug/g for two weeks.
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4.3. Footprint Test

On the second day after the final treatment, we performed a footprint test. Footprints were used
to estimate stride length and hind-base width, which reflects the extent of muscle loosening [32,33].
The mice crossed an illuminated alley, 70 cm in length, 12 cm in width, and 16 cm in height, before
entering a dark box at the end. Their hindpaws were coated with nontoxic water-soluble ink, and the
alley floor was covered with white paper. To obtain clearly visible footprints, at least three trials were
conducted. The footprints were then scanned, and stride length was measured using Image J software
(NIH, Bethesda, MD, USA).

4.4. Western Blot Analysis

Western blotting was conducted as previously described [34]. Mice were sacrificed immediately
after the behavioral testing, and the spinal cords were isolated for Western blotting. The spinal cords
and quadriceps femoris muscle were dissected and homogenized in RIPA buffer (50 mM-Tris-HCl,
pH 7.4, 1% NP-40, 0.1% SDS, and 150 mM-NaCl) containing a protease inhibitor cocktail. Following
homogenization, protein was quantified using the BCA assay. Samples of 20 ug protein were denatured
with sodium dodecyl sulfate sampling buffer and then separated using SDS-PAGE, followed by
transfer to a PVDF membrane. For the detection of target proteins, the membranes were blocked
with 5% non-fat milk in TBS (50 mM Tris-HCl, pH 7.6, 150 mM-NaCl) and subsequently incubated
overnight with various primary antibodies: anti-tubulin, anti-TLR4, anti-CD14, anti-TNF-«, anti-
GAPDH or anti-Bcl-2. The blots were then probed with peroxidase-conjugated secondary antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) and visualized using enhanced chemiluminescence
reagents (Amersham Pharmacia, Piscataway, NJ, USA). Protein bands were detected with the Fusion
SL4-imaging system (Fusion, Eberhardzell, Germany). Quantification of the immunoblotting bands
was conducted with Image J.

4.5. Tissue Preparation

After the behavioral testing, all mice were anesthetized with an intraperitoneal injection of
pentobarbital and perfused with phosphate buffered saline (PBS). The quadriceps femoris muscle
and spinal cord tissues were removed and fixed in 4% paraformaldehyde for 3 days at 4 °C until
embedding. Briefly, the quadriceps muscle and lumbar 4-5 spinal cord were embedded in paraffin,
and the prepared tissues were cut into transverse sections (5 um thick) and mounted on glass slides.
Before staining, sections were deparaffinized in xylene and rehydrated in a graded series of ethanol
followed by dH,O.

4.6. Nissl Staining

The staining was used to evaluate the general neuronal morphology and demonstrate the loss of
Nissl substances [35] and was performed as previously described [36]. Briefly, after deparaffinizing,
the sections of spinal cord were oven-dried, stained with 0.1% cresyl violet, dehydrated through a
graded ethanol series (70%, 80%, 90%, and 100% x 2), placed in xylene, and covered with a coverslip
after the addition of Histomount media. To quantify the Nissl staining, the cells in the ventral horn of
the spinal cord were counted using Image ] (version 1.46j) by one researcher blind to the treatment
groups. Cells meeting the following criteria were counted: (1) neurons located in the anterior horn
ventral to the line tangential to the ventral tip of the central canal; and (2) neurons with a maximum
diameter of 20 um or more.

4.7. H&E Staining

After being deparaffinized, slices of quadriceps muscle were incubated in hematoxylin (Sigma,
St. Louis, MO, USA) followed by incubation in eosin. Slices were mounted with Histomount medium
(Sigma, St. Louis, MO, USA). Analysis of H&E staining was performed in a blinded test, and fibers
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with central nuclei were counted in randomly selected areas from each mouse. Three stained sections
were counted per hSOD15%*A mouse; tissue samples from 5 to 6 mices per group were stained.

4.8. Statistical Analysis

All data were analyzed using GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA)
and are presented as the mean + SEM where indicated. The results of the behavioral test and the
histological and Western blot analyses were analyzed using one-way analysis of variance (ANOVA)
followed by the Bonferroni’s post-hoc tests for multiple comparisons. Statistical significance was
set at p < 0.05.

5. Conclusions

In summary, our data show that BVA at ST36 and i.p. injection with BV enhanced motor function
and decreased motor neuron death in the spinal cord compared to that observed in hSOD16%4
transgenic mice treated saline. Furthermore, BV treatment at ST36 eliminated signaling downstream of
inflammatory proteins such as TLR4 in the spinal cords of symptomatic hSOD15% transgenic mice.
However, i.p. treatment with BV reduced the levels of TNF-« and Bcl-2 expression in the muscle of
hSOD16%4 transgenic mice. Taken together, our findings suggest that BV pharmacopuncture into
certain acupoints may act as a chemical stimulant to activate acupoints and subsequently engage the
endogenous immune modulatory system in the CNS in an animal model of ALS.
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Abstract: Bee venom therapy is a treatment modality that may be thousands of years old and involves
the application of live bee stings to the patient’s skin or, in more recent years, the injection of bee
venom into the skin with a hypodermic needle. Studies have proven the effectiveness of bee venom
in treating pathological conditions such as arthritis, pain and cancerous tumors. However, there has
not been sufficient review to fully elucidate the cellular mechanisms of the anti-inflammatory effects
of bee venom and its components. In this respect, the present study reviews current understanding
of the mechanisms of the anti-inflammatory properties of bee venom and its components in the
treatment of liver fibrosis, atherosclerosis and skin disease.
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1. Introduction

Bee venom is a natural toxin produced by the honey bee and it has a prime role of defense
for the bee colony [1-3]. It has an efficient and complex mixture of substances designed to protect
bees against a broad diversity of predators [2]. Bee venom possesses various peptides including
melittin, apamin, adolapamin and mast cell degranulating peptide [4,5]. It also contains enzymes,
biologically activity amines and non-peptide components. Enzymes are composed of phospholipase
A2 (PLA2), hyaluronidase, acid phosphomonesterase, x-D-glucosidase and lysophospholipase, as
well as non-peptides such as histamine, dopamine and norepinephrine [6]. Bee venom therapy is a
treatment modality that may be thousands of years old and involves the application of live bee stings
to the patient’s skin or, in more recent years, the injection of bee venom into the skin with a hypodermic
needle [7]. Many experiments on the biological and pharmacological activities of bee venom have
been carried out [2-8]. Majority of these studies have proven the effectiveness of bee venom in treating
pathological conditions such as arthritis [9], pain [10,11] and cancerous tumors [12,13] among others.

The major component of bee venom is melittin, which comprises approximately 50% of the
dry weight of bee venom. It is a small linear peptide composed of 26 amino acid residues [14].
Melittin has multiple effects, including anti-bacterial, anti-viral and anti-inflammatory, in various
cell types [15,16]. Recent studies have shown that melittin can induce cell cycle arrest, cell growth
inhibition and apoptosis in various tumor cells [17-19]. When several melittin peptides accumulate in
the cell membrane, phospholipid packing is severely disrupted, thus leading to cell lysis [16]. Melittin
triggers not only the lysis of a wide range of plasmatic membranes but also of intracellular ones
such as those found in mitochondria. PLA2 and melittin act synergistically, breaking up membranes
of susceptible cells and enhancing their cytotoxic effect [20]. However, other paper reported that
melittin at concentrations below 2 uM does not disrupt cell membranes of leukocytes [21]. In addition,
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another paper reported that an optimal dose of melittin protects TGF-1-induced apoptotic activation
of hepatocytes by inhibiting the activation of the Bcl-2 family of proteins, caspases and poly (adenosine
diphosphate-ribose) polymerase (PARP) cleavage [22].

Apamin is an integral part of bee venom, accounting for about 2%-3% of its dry weight [3]. It is
a peptide neurotoxin comprising 18 amino acid residues that is tightly cross-linked by the presence
of two disulphide bonds [5]. Apamin is well known for its pharmacological property of irreversibly
blocking Ca®*-activated K* (SK) channels [23]. These channels link intracellular calcium transients
to changes of the membrane potential by promoting K* efflux following increases of intracellular
calcium during an action potential [24]. In a previous paper, it was reported that apamin inhibited
pro-inflammatory cytokines in lipopolysaccharide (LPS) with fat diet-induced atherosclerotic animal
model [25]. Furthermore, a recent study has examined its biological and pharmacological activities [26].
However, little is known about the molecular mechanisms and the levels of gene regulation involved
in the anti-inflammatory process. As such, this review focuses on overview of recent research on
anti-inflammatory properties of bee venom and its components in liver fibrosis, atherosclerosis and
inflammatory skin disease. Moreover, we review possible mechanisms of bee venom for alleviating or
preventing the inflammatory diseases.

2. Anti-Inflammatory Effect of Bee Venom on Liver Fibrosis

Liver fibrosis occurs with chronic hepatic damage in a variety of liver diseases including viral
hepatitis, alcoholic hepatitis and primary sclerosing cholangitis [27]. In these conditions, fibrotic
liver shows changes in tissue architecture and extracellular matrix composition that ultimately
compromise organ function [28-31]. The processes of liver repair and of fibrogenesis resemble that
of a wound-healing process. Viral infection, alcoholic or drug toxicity, or any other factors that
cause damage to hepatocytes, elicit an inflammatory reaction in the liver [14]. Following injury,
an acute inflammation response takes place resulting in moderate cell necrosis and extracellular
matrix damage [32]. Chronic ethanol consumption is associated with serious and potentially fatal
alcohol-related liver diseases such as fatty liver, alcoholic hepatitis and cirrhosis [33]. It is currently
understood that the pathogenesis of these diseases is related to apoptosis [34]. Pro-inflammatory
cytokine, TNF-« can induce multiple mechanisms that initiate apoptosis in hepatocytes, which leads
to liver injury [35]. A paper reported that an optimal dose of bee venom exerts anti-apoptotic effects
against ethanol-induced injury to hepatocytes via the mitochondrial pathway [34]. Thus, bee venom
protects hepatocyte against TNF-« with actinomycin D induced apoptosis. Low concentrations of
bee venom resulted in anti-apoptotic effects that were associated with a decrease in the level of
proteolytic fragments of caspases and PARP [36]. Furthermore, a recent study indicates that bee
venom inhibits CCL4-induced hepatic fibrosis through suppression of fibrogenic cytokines in liver
fibrosis animal model. This study shows that bee venom down-regulated pro-inflammatory cytokines
such as TNF-« and IL-1f3. It has been demonstrated that collagen gene expression is regulated by
TNF-« at a transcription level and IL-1 exerts a stimulatory effect on the synthesis of extracellular
matrix components [37]. Transforming growth factor (TGF)-f is a multifunctional cytokine that
mediates cellular differentiation, growth and apoptosis [38]. Park et al. reported that TGF-f31 decreased
cell viabilities and induced hepatocyte apoptosis. However, adding the 10 ng/mL of bee venom
significantly increased the viability of TGF-f1-treated hepatocyte [39]. In addition, Lee and colleagues
demonstrated that an optimal dose of melittin exerts anti-apoptotic effects against TGF-f1-induced
injury to hepatocytes via the mitochondrial pathway [22]. As such, these papers found that an optimal
dose of bee venom and melittin can serve to protect cells against TGF-B1-mediated injury.

The nuclear transcription factor NF-«kB is the key player in the development of chronic
inflammatory diseases [40]. This transcription factor-involved-pathway is one of the main signaling
pathways activated in response to pro-inflammatory cytokines. In addition, activation of this pathway
plays a central role in inflammation through the regulation of genes encoding various growth
factors [41]. Park et al. suggested that melittin attenuates liver injury in thioacetamide-treated mice
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through modulating inflammation and fibrogenesis [14]. These authors investigated the mechanism for
suppression of NF-«B transcription by melittin in TNF-a-treated hepatocytes, examining the effect of
melittin on NF-«B promoter activity by transiently transfected luciferase reporter plasmid containing
the NF-«B promoter sequence. Melittin significantly inhibited NF-«B promoter activity and NF-«B
DNA binding activity in TNF-a-treated hepatocytes. These results suggest that melittin suppresses
NEF-«B activation, leading to an inhibition of hepatocyte apoptosis [42].

Hepatic stellate cells (HSCs) are perisinusoidal cells residing in the space of Disse. During injury,
in response to inflammatory and other stimuli, these cells adopt a myofibroblast-like phenotype
and represent the cornerstone of the fibrotic response in the liver [42,43]. Once activated, HSCs
up-regulate gene expression of extracellular matrix (ECM) components, matrix-degrading enzymes
and their respective inhibitors, resulting in matrix remodeling and accumulation at sites with abundant
activated HSCs [31,44]. Park et al. reported that melittin inhibited TNF-« secretion in the TNF-a-treated
HSCs. Furthermore, melittin inhibited the TNF-a-induced expression of IL-1(3 and IL-6, especially with
0.5 mg/mL of melittin. This article also showed that melittin protected against thioacetamide-induced
liver fibrosis by suppressing liver inflammation and fibrogenesis through the NF-«B signaling pathway.
In addition, its anti-fibrotic effect may be attributed to modulation of the inflammatory effect in the
activated HSC [14].

Acute hepatic failure is characterized by hepatic encephalopathy, severe coagulopathy, jaundice
and hydroperitoneum [45,46]. Administration of a subtoxic dose of D-galactosamine together with LPS
has often been used for preparing an animal model with endotoxemic shock and acute liver failure [47].
Upon stimulation with D-galactosamine and LPS, secretion of various pro-inflammatory cytokines and
hepatic necrosis occur, which leads to the decreased levels of antioxidant enzymes [48,49]. This liver
injury has been associated with significant increases in alanine aminotransferase (ALT) activity and
TNF-« level in serum, ultimately leading to extremely high lethality [50]. Park and co-investigators
found that melittin prevents D-galactosamine/LPS-induced liver failure by suppressing apoptosis and
the inflammatory response in the mouse liver [51]. Melittin decreased the high rate of lethality,
alleviated hepatic pathological injury, attenuated hepatic inflammatory responses and inhibited
hepatocyte apoptosis. This study provides evidence that melittin may offer an alternative for the
prevention of acute hepatic failure.

Some evidence suggests that adult hepatocytes play a role by way of epithelial mesenchymal
transition (EMT) in the accumulation of activated fibroblasts [52,53]. EMT is a dynamic cellular
program in which polarized epithelial cells lose epithelial properties, undergo morphological
changes and acquire mesenchymal characteristics [54]. Hepatocytes can transdifferentiate into
mesenchymal cells by EMT and deposit collagen in the liver during chronic injury [55]. A recent
study has investigated the anti-fibrosis or anti-EMT mechanism by examining the effect of apamin
on TGF-B1-treated hepatocytes or CCly-injected animal model. This article demonstrated that
administration of apamin significantly increased the expression of epithelial marker E-cadherin
and decreased mesenchymal marker vimentin in the TGF-B1-treated hepatocytes. In particular,
apamin suppressed the expression of Smad-independent and Smad-dependent signaling pathways in
hepatocytes. These results demonstrate the potential of apamin for the prevention of EMT progression
induced by TGF-f1 in vitro [26].

PLA2 from bee venom is a prototypic group III enzyme that hydrolyzes fatty acids and it has
been reported that melittin in bee venom enhances the activity of PLA2 [56,57]. In addition, it has been
shown that PLA2 prevents neuronal cell death and spinal cord injury [58,59]. Kim et al. demonstrated
that PLA2 protects against hepatic dysfunction and induces anti-inflammatory cytokine production
in acetaminophen-injected mice. This study suggests that PLA2 may have therapeutic potential in
preventing acetaminophen-induced hepatotoxicity [60].
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3. Anti-Inflammatory Effect of Bee Venom on Atherosclerosis

Atherosclerosis is a chronic inflammatory disease of the arteries resulting from interactions
among lipids, monocytes and arterial wall cells [61]. The early stage of atherosclerosis involves the
activation of the vascular endothelium in response to many stimuli, such as low-density lipoproteins,
free radicals, infectious microorganisms, shear stress, hypertension and toxins from smoking [62].
In the progression of atherosclerosis, the proliferation and migration of vascular smooth muscle
cell (VSMC) play an important role in causing stenosis or intimal thickening [63]. The migration
and proliferation of VSMC is caused by pathological phenomena such as the accumulation of
inflammatory cells and the release of pro-inflammatory cytokines [64,65]. In addition, abundance of
macrophages is observed in atherosclerotic lesions, and early lesions of atherosclerosis are characterized
by the infiltration of monocyte/macrophages and the presence of macrophage foam cells [63].
Macrophages are multi-potent inflammatory cells with the capacity for synthesis and secretion
of pro-inflammatory cytokines such as TNF-«, IL-13, IL-8 and IL-6 [61,66]. Particularly, TNF-«
is reportedly involved in the development of early atherosclerosis by up-regulating vessel wall
chemokine and expression of adhesion molecules such as intercellular adhesion molecule ICAM)-1
and vascular cell adhesion molecule (VCAM)-1 in the aorta [67,68]. The up-regulation of the endothelial
adhesion molecules promotes the development of atherosclerotic lesions in rabbits [69], subhuman
primates [70] and humans [71,72]. Therefore, the suppression of cell adhesion molecule expression
and macrophage accumulation at the level of the endothelium is of particular significance with respect
to the management of the vascular inflammatory process. Some of study demonstrated that bee
venom inhibits the development of atherosclerosis in C57BL/6 mice induced by injected LPS with
feeding of an atherogenic diet. This is likely due to mechanisms involving anti-hypertriglyceridemic
and anti-inflammatory effects of bee venom [73]. This study suggested that reduction of adhesion
molecules and inflammatory factors by bee venom may be a protection against the atherosclerotic
lesion formation.

The increased potential for growth of VSMC is a key abnormality in the development of
atherosclerotic lesions [63]. It is well known that, in response to a platelet-derived growth factor
(PDGF), VSMC can initiate highly conserved signaling events, which lead to either cell migration
or proliferation [74]. Given the nature of VSMC in atherosclerosis, its apoptosis is beneficial in
that it offers protection to the walls of arteries against proliferative restenosis induced by arterial
injury, including arterial balloon angioplasty or stent implantation [75-80]. Son ef al. reported
that the anti-atherosclerotic effects of melittin were identified by interfering with the induction of
apoptosis, inhibiting the proliferation of aortic VSMC and inhibiting downstream molecules of the
PDGEF receptor [8]. In addition, several studies have investigated the role of type IV collagaenase
or gelatinase (MMP-2 and 9) in the regulation of VSMC behavior both in vitro and in vivo [81,82].
MMP-9 is expressed in the initial stage of the smooth muscle cell (SMC) migration, whereas the
MMP-2 activity is observed at a later stage after arterial injury [83]. The synthesis and secretion
of MMP-9 can be stimulated by various stimuli, including TNF-« and PDGEF, during pathological
processes such as atherosclerosis and inflammation [82,84,85]. Jeong et al. investigated the effects of
melittin on TNF-a-induced migration of human aortic SMCs. The study found that melittin suppresses
TNF-«-induced MMP-9 expression by inhibiting its gene transcription, but not by regulating the
tissue inhibitor or metalloproteinases. Additionally, suppression of the human aortic SMC migration
by melittin appeared to block the MMP-9 expression by inhibiting the NF-«B signal pathway. This
study suggested that melittin is a potential agent for the prevention of vascular disorders related
to the VSMC migration [65]. Recently, numerous basic research studies have indicated that TNF-«
accelerates atherosclerosis in mice. Moreover, IL-1f3, which plays an important role in the mediation
of inflammatory responses and in the pathogenesis of atherosclerosis, is secreted by macrophages in
atherosclerotic lesions [86,87]. Kim et al. investigated the protective effects of melittin on serum lipid
profiles, pro-inflammatory cytokines, pro-atherosclerotic proteins and adhesion molecule levels in an
LPS/high fat-induced mouse model of atherosclerosis and monocyte-derived macrophages. The major
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finding is that melittin inhibits LPS/high fat-induced expression levels of inflammatory cytokines
and adhesion molecules such as TNF-«, IL-13, ICAM and VCAM. Furthermore, the mechanisms are
partly attributable to the inhibition of the NF-«kB signaling pathway in LPS-treated monocyte-derived
macrophages [88].

Several studies have confirmed that some calcium channel blockers can decrease the area of
atherosclerotic lesions, production of oxidative stress and expression of inflammatory cytokines
without conspicuously affecting blood lipid levels [89]. Kim ef al. valuated the anti-atherosclerotic
or anti-apoptotic mechanisms of apamin in THP-1-derived macrophages. Treatment of cells with
oxLDL significantly promoted the accumulation of lipids and expression of apoptotic proteins.
However, treatment of macrophages with apamin inhibited apoptosis through the regulation of
Bcl-2 family, caspase-3 and PARP apoptotic pathway. In vivo, apamin attenuated apoptotic cell
death in atherosclerotic mice [90]. These authors also investigated the protective effect of apamin on
LPS/fat-induced atherosclerotic mice. The treated mice showed a large number of atherosclerotic
lesions in the aorta. However, treatment with apamin predominantly attenuated atherosclerotic lesions,
lipid, Ca?* levels, pro-inflammatory cytokines, adhesion molecules, fibrotic factors and macrophage
infiltrations. In regard to mechanism, it was found that treatment with apamin in THP-1-derived
macrophages suppresses inflammatory responses by a decrease of the NF-«B signal pathway. Therefore,
this study suggests that apamin plays an important role in monocyte/macrophage inflammatory
processing and may be of potential value for preventing atherosclerosis [25].

The proliferation of VSMC is governed by the cell cycle, a common convergent point for
proliferative signaling cascades [91]. The cell cycle, which consists of three distinct sequential phages
(G0/G1, S and G2/M), regulates cellular proliferation [92]. Generally, the cell cycle is tightly regulated
by the activity of cycle-dependent kinase (CDK) and the specific regulatory cyclin complex. Specific
CDKs are sequentially activated during different phases of the cell cycle [93]. A recent study examined
the cellular mechanisms by which apamin inhibits cell cycle progression of the cells exposed to PDGF.
This study also investigated the inhibitory effect of apamin on PDGF-induced VSMC proliferation
and migration. The results showed that PDGF-treated-VSMC was decreased in cell proliferation
and migration through the regulation of cyclin D1, CDK 4, cyclin E and CDK 2. Notably, 2 ug/mL
of apamin inhibited the PDGF stimulated proliferation of VSMC through blocking PDGF signaling
pathway [94].

4. Anti-Inflammatory Effect of Bee Venom on Skin Disease

Acne vulgaris is the most common skin disease of the pilosebaceous follicle and results in
non-inflammatory and inflammatory lesions [95]. Propionibacterium acnes (P. acnes) is a major
contributing factor to the inflammatory component of acne [96]. P. acnes contributes to the inflammatory
reaction of acne by inducing monocytes and keratinocytes to produce pro-inflammatory cytokines,
including IL-1p3, IL-8 and TNF-« [97]. The induction of these cytokines by P. acnes is mediated by
Toll-like receptor (TLR) 2 [98]. Various therapeutic agents, including antibiotics for acne, have been
used to inhibit inflammation or bacteria growth. However, antibiotics may lead to the emergence of
resistant pathogens and side effects [99]. Thus, research recently focused on the anti-inflammatory
property of bee venom. This included the effect of heat-killed P. acnies on human keratinocyte and
monocyte cell lines. Kim et al. investigated the anti-inflammatory effects of bee venom in heat-killed P.
acnes-treated HaCaT and THP-1 cells, as revealed by ELISA analysis and Western blotting by measuring
the pro-inflammatory cytokines and chemokines. Heat-killed P. acies markedly increased the secretion
of TNF-«, IL-8 and IFN-y in HaCaT and THP-1 cells. However, bee venom treatment decreased
the secretion of those cytokines. In addition, bee venom inhibited heat-killed P. acnes-induced TLR2
expression in HaCaT cells. These results suggest that bee venom blocked TLR2 expression and
suppressed the production of pro-inflammatory cytokines induced by P. acnes in HaCaT and THP-1
cells [100]. Another recent study conducted by An et al. reported that bee venom has a potential
anti-bacterial effect against inflammatory skin disease. In this context, P. acnes was intradermally
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injected into ears of ICR mice. Following the injection, bee venom mixed with vaseline was applied
to the skin surface of the ear. Histological observation revealed that the P. acnes injection induced a
considerable increase in the number of infiltrated inflammatory cells and inflammatory cytokines. By
contrast, the bee venom treated ears showed noticeably reduced ear thickness. Additionally, bee venom
significantly inhibited the number of TNF-« and IL-13 positive cells [101]. Han et al. investigated the
biological effect of bee venom treatment on keratinocyte migration in vitro. Migration assays showed
that the distance of cell migration was dramatically increased in the experimental cells exposed to bee
venom. This finding suggests that human epidermal keratinocyte migration occurred more rapidly in
the bee venom treated cell, indicating that bee venom stimulates keratinocyte migration. Therefore,
bee venom could be applied topically to accelerate wound healing by cell regeneration process [6].

During an inflammatory response, TLR activation results in the activation of the MAPK and
the transcription factor NF-«B signaling pathways. These pathways then modulate inflammatory
gene expression, which is crucial in shaping the innate immune response within the inflammatory
skin disease [102]. Lee et al. investigated the effects of melittin in the production of inflammatory
cytokines in heat-killed P. acnes-treated HaCaT cells. Furthermore, the molecular pathogenesis of
anti-inflammatory effects of melittin was investigated in living P. acnes-induced inflammatory skin
disease animal model. Administration of heat-killed P. acnes increased expression of IKK, IkB and
NEF-«B in HaCaT cells. However, the addition of melittin reduced IKK, IxB and NF-«B phosphorylation.
These results indicate that treatment with melittin abrogated the effect of P. acnes in altering the
expression through NF-«B signaling. The same study investigated whether melittin modulates MAPK
signaling in heat-killed P. acnes-treated HaCaT cells. Findings showed that phosphorylated p38
was markedly increased after treatment with heat-killed P. acnes; however, phosphorylated p38 was
decreased after treatment with melittin. These results underscore the theory that melittin inhibits
pro-inflammatory cytokine expression by suppression of p38 MAPK phosphorylation in heat-killed P.
acnes-treated HaCaT cells [103].

5. Conclusions

Due to the rising prevalence of side effects from pharmacological approach to inflammatory
disease, there is a pressing need for better treatment to alleviate the symptoms of these disorders. The
present review is the first to focus on how bee venom and its major components may be incorporated
into therapy for inflammatory diseases. We propose that bee venom may serve as an inflammation
modulator that subsequently affects the liver fibrosis, atherosclerosis and skin disease. Bee venom and
its components regulate pro-inflammatory cytokines in hepatocyte and liver fibrosis animal model.
In the atherosclerosis animal model, bee venom appears to inhibit the inflammatory reactions and
VSMC proliferation. Furthermore, bee venom seems to accelerate wound healing and antibacterial
therapy for the treatment of inflammatory skin disease through the regulation of inflammatory
signaling pathway. Collectively, therapy using bee venom and its major components is considered
a useful clinical approach for the treatment of inflammatory diseases. In addition, further studies
including experimental elucidation of optimal dose, allergic reaction and side effects will lead to a
potential therapeutic alternative for inflammatory disease. Since bee venom contains a number of other
components, advances in modern sequencing techniques will provide an arsenal of new possibilities
to combat other inflammation related diseases.
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Abstract: Neurodegenerative diseases are relentlessly progressive, severely impacting affected
patients, families and society as a whole. Increased life expectancy has made these diseases more
common worldwide. Unfortunately, available drugs have insufficient therapeutic effects on many
subtypes of these intractable diseases, and adverse effects hamper continued treatment. Wasp and
bee venoms and their components are potential means of managing or reducing these effects and
provide new alternatives for the control of neurodegenerative diseases. These venoms and their
components are well-known and irrefutable sources of neuroprotectors or neuromodulators. In this
respect, the present study reviews our current understanding of the mechanisms of action and future
prospects regarding the use of new drugs derived from wasp and bee venom in the treatment of
major neurodegenerative disorders, including Alzheimer’s Disease, Parkinson’s Disease, Epilepsy,
Multiple Sclerosis and Amyotrophic Lateral Sclerosis.

Keywords: neurological disease; bee venom; wasp venom; polyamine toxins; Melittin; Apamin;
AvTx-7; Wasp Kinin; Mastoparan; Pompilidotoxins

1. Introduction

Insect venoms have been used by traditional Chinese and Korean medicine as well as ancient
Egyptian and Greek civilizations since 1000-3000 BC to control a number of diseases, including
neurological disorders [1-3]. Moreover, religious texts such as the Vedas, the Bible and the Koran
report the use of bee products to treat diseases [3,4].

The diversity of biologically active molecules from animal venoms is well-known and has long
garnered the interest of toxinologists. However, progress is more evident in recent years due to
advances in the fields of proteomics, transcriptomics and genomics [5]. The area of venom-based drugs
in particular has benefited from these advances along with high throughput screening techniques,
which have accelerated the discovery of useful venom-derived drugs.

Bee and wasp venoms are known to be rich in neuroactive molecules that may be valuable in
the development of new drugs or act as pharmacological tools to study the normal and pathological
functioning of the nervous system [6,7]. As such, this review focuses on the main results obtained for
the use of wasp and bee venoms in the treatment of the most prevalent neurodegenerative disorders.
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It is important to note that several of these compounds could become important new sources for the
development of more effective medication with fewer adverse effects. The bioprospection of these
compounds is vital since the drugs currently used to treat major neurological disorders (i.e., Epilepsy,
Parkinson’s Disease (PD) and Alzheimer’s Disease (AD)) provide only symptomatic relief, and the
incidence of serious adverse effects remains high [8-11].

The nervous system is an important target for these toxins, which can modulate synapses as
well as generate and propagate action potentials by selectively acting on different ion channels and
receptors [12]. Interestingly, evolution has fine-tuned venoms for optimal activity, providing us with a
vast array of potential therapeutic drugs, which can be used to design pharmacological agents for the
treatment of several diseases, including central nervous system (CNS) disorders [12,13] (Figure 1).

2. General Profile of the Main Neurodegenerative Diseases

According to the World Health Organization (WHO), neurological disorders include Epilepsy,
Alzheimer’s Disease (AD) and other dementias, Parkinson’s Disease (PD), Multiple Sclerosis (MS),
Migraine, Cerebrovascular Disease, Poliomyelitis, Tetanus, Meningitis and Japanese Encephalitis,
among others. These diseases are major causes of mortality, accounting for 12% of total deaths
worldwide [11]. They are frequently stigmatized, since they are socially incapacitating and can cause
cognitive impairment, behavioral disorders, depression and suicide [14,15].

The effectiveness of wasp and bee venom against neurodegenerative diseases has only been
investigated for a select group of disorders. Thus, we have performed a brief epidemiological,
symptomatic and histopathological summary of the following target diseases: Alzheimer’s Disease,
Parkinson’s Disease, Epilepsy, Multiple Sclerosis and Amyotrophic Lateral Sclerosis (ALS).

* o
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=
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Figure 1. Main targets for wasp and bee venoms in the nervous system according to the type of
neurodegenerative disorder treated.

Among these neurological disorders, neurodegenerative conditions significantly impact not only
individuals, but also caregivers and society. The most prevalent neurodegenerative disease is AD,
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followed by PD and Epilepsy. Neurodegenerative diseases are a heterogeneous group with relentless
progression, where aging is a major risk factor in the development [16]. Despite their heterogeneity, all
of these diseases are characterized by cognitive impairment, motor alterations and personality changes.
Unfortunately, the specific etiology of neuronal death and protein deposition in these diseases remains
unknown [16,17].

2.1. Alzheimer’s Disease and Other Dementias

Dementia is one of the most frequent causes of cognitive impairment in older adults, with forecasts
indicating a worldwide increase from 25 million in 2000 to 115.4 million by 2050. Alzheimer’s alone is
responsible for over half of these cases [18-20].

Alzheimer’s is symptomatically characterized by memory deficits, cognitive impairments
and personality changes [17]. In general, the first clinical signs are impaired short-term memory
accompanied by attention and verbal fluency difficulties. Other cognitive functions also deteriorate
with the evolution of the disease, including the ability to make calculations, visual-spatial skills and
the ability to use everyday objects and tools [17,20].

Estimates indicate the disease will affect more than 80 million people by 2040 and increased life
expectancy will see the number of people with AD grow by 300% in developing countries. Since
the disease is progressive, patients require prolonged special care after diagnosis, with annual costs
estimated at nearly EUR 20,000 per person, exceeding that of patients with cancer [17].

Major contributors to neurodegeneration in brains affected by AD are the deposition of senile
plaques, composed primarily of Ap peptide, and neurofibrillary tangles formed largely by tau protein,
which accumulate in neuropils from the cerebral cortex and hippocampus. Moreover, mitochondrial
alterations such as fission-fusion abnormalities, defects in electron transport chain proteins, cytoskeletal
abnormalities, calcium metabolism, intrinsic apoptosis pathways and caspase activation, as well as
free radical generation are also involved in AD pathology [21,22].

More than 100 years after identifying the hallmark lesions in AD, there is still no minimally
effective disease modifying therapy available [22]. From 2002 to 2012, of 221 agents submitted to trials
for disease-modifying potential, none was different from the placebo in terms of positively affecting
primary outcomes [23]. Alzheimer’s treatment is symptomatic and relies on the administration of
cholinesterase inhibitors (AChEI) (only tacrine, donepezil, rivastigmine and galantamine are currently
approved for AD treatment) and NMDA receptor antagonists (only memantine is approved) [17].
Intervention with AChEI decreases acetylcholine metabolism and enhances neurotransmission,
which is associated with memory and cognition reduction in AD [24]. NMDA antagonists act by
compensating abnormal tonic activation by glutamate and are more efficient in moderate to severe
stages of the disease [25]. Given that these drugs merely provide symptomatic relief, there is an urgent
need to develop neuroprotective treatments for AD.

2.2. Parkinson’s Disease

Parkinson’s Disease is a universal, incurable, multifactorial and neurodegenerative disorder
characterized by gradual degeneration and loss of dopaminergic neurons in the substantia nigra (SN).
This leads to nigrostriatal pathway denervation, with the presence of Lewy body cytoplasmatic
inclusions, predominantly resulting in motor symptomatology. In addition, non-motor symptoms
are often identified in PD patients and may precede motor signs [26]. The disorder affects 1% of the
population during the fifth or sixth decade of life and is primarily related to aging, with no definitive
biomarker available for PD diagnosis [27,28].

Although PD etiology is not yet fully understood, it is possible that a large set of environmental
and genetic factors in association with intrinsic neuronal vulnerability in the SN could be involved in
the neuronal death typically observed in PD, primarily by inducing oxidative stress and mitochondrial
dysfunction [29]. These factors include pesticide exposure, glutamate excitotoxicity, protein misfolding
and aggregation, an imbalance in calcium homeostasis and neuroinflammation by microglial
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activation [30,31]. However, no drug has been clinically proven to modify disease progression, either
by protecting surviving dopaminergic cells from degeneration or by restoring lost cells.

In this context, pharmacological treatment for PD remains focused on motor symptoms, mostly
by restoring striatal dopamine levels through the administration of dopamine agonists. L-DOPA, a
dopamine precursor, is the gold standard for this approach and is often associated with an inhibitor of
peripheral degradation (carbidopa and benserazide). Despite its efficiency, long-term L-DOPA treatment
is linked to side effects such as motor fluctuations (shorter duration of action) and dyskinesias (abnormal
involuntary movements), both of which can significantly reduce quality of life in patients [32,33].

2.3. Epilepsy

Epilepsy is an enduring predisposition of the brain to generate epileptic seizures along with the
neurobiological, cognitive, psychological and social consequences that the condition causes [34]. More
recently it has been defined according to events such as the occurrence of at least two unprovoked
(or reflex) seizures in a 24 h period, one unprovoked (or reflex) seizure with the likelihood of further
similar seizures, or diagnosis of an epileptic syndrome [35].

Estimates suggest that approximately 65 million people of all ages may be affected by epilepsy [36]
and that the majority face treatment problems due to pharmacoresistance to antiepileptic drug (AED)
therapy [37,38]. AEDs are classified into three generations, according to their introduction into the
market. The first generation of these drugs was sold in the USA and Europe from 1857 to 1958,
followed by the second generation between 1960 and 1975. Drugs introduced in the 1960s are potent
enzymatic inducers of cytochrome P450 that lead to clinically significant adverse drug interactions
and hypersensitive reactions [39]. The 1980s saw the introduction of 15 additional AEDs (third
generation), providing more appropriate drug alternatives for patients. However, it is important to
underscore that each drug has its advantages and limitations, making treatment a difficult process [40].
Furthermore, these drugs are still inefficient in drug resistant epilepsy, challenging our understanding
of the underlying mechanisms of this phenomenon and how to overcome or prevent them. Recent
progress in understanding the molecular and cellular events that cause this disease have allowed better
management of strategies for the discovery and development of more effective AEDs [41].

2.4. Multiple Sclerosis

Multiple sclerosis (MS) is a chronic inflammatory, demyelinating and neurodegenerative disorder
of the CNS that begins in young adulthood and may be the result of the interaction between genetic and
environmental factors, together with certain pathological hallmarks of an autoimmune disease [42—44].
According to the National Multiple Sclerosis Society, the disease affects around 2.1 million people
worldwide [45]. MS has a significant socioeconomic impact that is comparable to other neurological
conditions. This is because mean disease duration is approximately 38 years, thus affecting individuals
at a time when they are entering, developing, or consolidating their professional careers [42].

The pathogenesis of MS is complex and only partially understood, hampering diagnosis and
thus the choice of appropriate treatment. Nevertheless, a group of experts recently revised the MS
phenotypic classification that includes the five MS subtypes: Relapsing-remitting MS (RRMS), clinically
isolated syndrome (CIS), radiologically isolated syndrome (RIS), primary-progressive MS (PPMS)
and secondary-progressive MS (SPMS) [46]. Considering the complexity of MS pathophysiology and
diagnosis, only a brief description will be given of the main phenotypes included since MS classification
began (RRMS, PPMS, and SPMS).

Relapsing-remitting multiple sclerosis (RRMS) represents about 80% of all cases, lasts for about 15
years and is characterized by acute exacerbations from which patients completely or partially recover,
with periods of relative clinical stability in between [43,44]. When neurological function declines,
the disease progresses to the following stage and is known as primary-progressive multiple sclerosis
(PPMS). This type affects 10% of patients, who often present with progressive cerebellar syndrome and
myelopathy, or other progressive symptoms [44,47]. Secondary-progressive multiple sclerosis (SPMS)
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is characterized by a progressive loss of motor function after an initial relapse, occurring about 20 years
after the initial event [48]. Furthermore, RRMS is best characterized by an intense focal inflammatory
component, whereas PPMS and SPMS exhibit more neurodegenerative features with concomitant
chronic inflammation and axon loss [49].

Similar to other neurodegenerative disorders, the limitations of current therapies for MS include
lack of superior treatment efficacy, serious adverse effects and long-term safety [43]. Significant
advances in the treatment of RRMS are observed when the main goal is to target inflammation
and modify the course of the disease; however, the same cannot be said about progressive forms of
MS [47,50]. In addition, halting or reversing disease progression is only possible by using remyelinating
and neuroprotecting agents, which does not occur in current treatments.

2.5. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a devastating, progressive and incurable adult-onset
neurodegenerative disease characterized by the loss of upper and lower motor neurons in the primary
motor cortex, brainstem and spinal cord. The disease affects motor functioning, resulting in paralysis
and eventual death, typically from respiratory failure [51-56]. Average survival is 3 years after the first
symptoms emerge and 5%-10% of patients survive beyond 10 years [57].

The worldwide average incidence rate for ASL is 2.1/100,000 person-years and a point prevalence
of 5.4/100,000 persons, strongly linked to increased age [57]. Although little is known about the
etiology of ALS, some studies indicate that 10% of cases are familial ALS and 85%-90% are classified
as sporadic [53,58,59].

There is increasing evidence that patients with familial and sporadic forms of ALS exhibit signs
of multi-modal dysfunction, even in early stages. Previous population-based studies estimated that
around 35% of patients exhibit these impairments, including behavioral changes and executive and
cognitive function deficits. Furthermore, about 15% of those affected with ALS may also suffer from
frontotemporal dementia (ALS-FTD). This leads to reduced quality of life, caregiver stress, clinical
effects from ventilator use and gastrostomies, negatively influencing survival time [51,55,60-62].

The mechanisms responsible for disease onset and progression remain unknown, hindering the
development of targeted therapies for ALS [59]. Given the multifaceted nature of the disease, most of
the current approaches employed in clinical trials focus on the emerging concept of stem cell-based
therapeutics [59,63]. Riluzole is the only Food and Drug Administration (FDA) approved treatment
for ALS and prolongs survival by only a few months [59,64].

3. Venoms and Toxins from Wasps and Bees to Combat Neurodegenerative Disorders

The biological capacity to develop a secretion with highly specialized functions and a venomous
apparatus is limited to certain groups, including cnidarians, some mollusk families, arthropods, certain
reptiles and fish [12]. All insects that can sting are members of the order Hymenoptera, which includes
ants, wasps and bees. The most extensively characterized venoms are bee venoms, mainly from the
Apis genus, as well as some social and solitary wasp genera [4,65].

3.1. Bee Venom

Apitherapy is the medicinal therapeutic use of honeybee products, consisting of honey, propolis,
royal jelly, pollen, beeswax and, in particular, bee venom (BV). Depending on the disease being treated,
BV therapy can be used by applying a cream, liniment, or ointment, via injection, acupuncture or
even directly through a live bee sting [4]. However, the most commonly used method is bee venom
acupuncture (BVA), which involves the injection of diluted bee venom into acupuncture points. It can
be employed as an alternative medicine in patients with PD, pain and other inflammatory diseases,
such as rheumatoid arthritis and osteoarthritis [66-68].

Bee venom therapy is based on the fact that these crude extracts exhibit a wide variety of
pharmacologically active molecules. This pool of chemical compounds is formed by biogenic amine,
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enzymes (phospholipase A2), basic peptides and proteins (melittin and apamin) and a mixture of
water-soluble and nitrogen-containing substances [5].

One of the main biological activities identified in the venom of Apis mellifera, the most widely
studied honeybee, is the inhibition of inflammatory and nociceptive responses [68]. Studies have
shown that inhibition can occur in multiple aspects, making apitherapy the most common application
for the treatment of inflammatory diseases such as arthritis, bursitis, tendinitis, rheumatoid arthritis
and Lyme Disease [68,69].

Interestingly, BV has also been used in humans to treat neurological diseases with neuroinflammatory
aspects, such as multiple sclerosis and Parkinson’s Disease [66,67,70] (Figure 1). Furthermore, several
studies on neuroinflammatory diseases in animal models have increasingly supported the effectiveness
of this treatment [71-74] (Table 1).

In regard to anti-neuroinflammatory activity, crude honeybee venom and its components are
important tools for the treatment of diseases accompanied by microglial activation [75,76]. Microglia
are a population of macrophage cells in the brain that play an important role in immune defense and
CNS tissue repair and are vital in controlling normal homeostatic functions in the brain [77].

Under pathogenic conditions, microglia are rapidly overactivated in response to neuronal injury
and migrate to the affected sites of the CNS, significantly contributing to neuronal death in specific
brain regions [78]. Resting microglia are generally benign to the brain; however, once activated through
injury or during removal of unwanted cellular debris, they produce inflammatory cytokines, glutamate,
quinolinic acid, superoxide radicals (O, ™) and nitric oxide (NO), undermining cerebral homeostasis.

In this context, the suppression of microglial activation and the neuroprotective effect of BV
were observed in several in vitro and in vivo studies, as well as in clinical trials. Studies in humans
have shown that BV may be beneficial in the treatment of diseases that trigger cell death by
microglial activation, particularly PD [79,80]. Parkinson’s patients treated with BV acupuncture
obtained promising results in idiopathic Parkinson’s Disease Rating Scale Tests [79], demonstrating
the remarkable ability of BV acupuncture (BVA) to interfere with PD progression.
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In vivo models for BVA and PD have also been tested. Bilateral acupoint stimulation of lower hind
limbs prevented the loss of dopaminergic (DA) neurons in the striatum and SN for MPTP-induced
PD (1-methyl-4-phenyl-1,2,4,5-tetrahydropyridine) and increased striatal dopamine levels [81-83].
MPTP mimics PD in rodents, involving the progressive loss of neurons in SN and causing behavioral
alterations typical of PD, making it the most widely used model to study the disease. Chung and
colleagues (2012) corroborated the results previously recorded for dopaminergic neuroprotection and
observed a reduction in the infiltration of CDA4T cells and microglial deactivation in an MPTP-induced
PD mouse model [85]. In addition, BVA suppressed neuroinflammatory responses by MAC-1 and
iNOS, microglial activation and loss of neurons in SN in the same mouse model [82]. It is important to
note that the protective effect of BV on DA neurons of the SN is not restricted to acupoint stimulation,
since it is also observed when using intraperitoneal injections [83].

Recently, an extensive and important study indicated that BV was capable of normalizing
neuroinflammatory and apoptotic markers and restoring brain neurochemistry after simulated PD
injury in mice [85], revealing the significant potential of BV application for PD therapy. Moreover, BV
exhibited no signs of toxicity on general physiological functions when administered subcutaneously
within a higher therapeutic range (100-200 fold) [90].

In in vitro tests, BV reduced the production of NO, COX-2, PGE2 and pro-inflammatory cytokines
(IL-1B, IL-6 and TNF-o) in murine microglia cultures stimulated by lipopolysaccharides (BV-2
cell line) [7591-94]. Additionally, tests using SH-SY5Y human neuroblastoma cells and MPTP
demonstrated an increase in cell viability, reduced apoptosis by DNA fragmentation assays, and
inhibited cell death cascade activation after pre-treatment with BV [95].

Bee venom has also been investigated in the treatment of MS and ALS (Table 1). In 2007 and
2008, two reviews summarized relevant findings regarding the therapeutic potential of venoms and
other non-conventional approaches in MS treatment [80,96]. An interesting cross-sectional study
involving 154 patients with MS investigated how often they used complementary and alternative
medicine (CAM), including apitherapy [97]. The authors concluded that about 61% used CAM, and
more than 90% of these used it as an adjunct to allopathic treatments. Furthermore, 65.8% of the
interviewees reported an improvement. Given its importance and the growing interest in BV therapy,
the American Apitherapy Society began to track patients who receive this treatment regularly, enrolling
over 6000 members who take BV for MS or rheumatoid arthritis [98].

An FDA—approved investigational new drug trial involving nine patients with progressive MS
evaluated the safety of BV [70]. Intradermal injections of gradually increasing doses were administered
for 17 weeks until treatment reached 2.0 mg/week. A questionnaire, functional neurological tests and
changes in measurement of somatosensory-evoked potentials were used to assess responses to therapy.
None of the subjects displayed severe allergic reactions, although four reported worsening neurological
symptoms and had to discontinue treatment. Two other patients showed objective improvement and
three exhibited subjective symptom improvement. This was a preliminary study performed on a small
number of patients and, despite the few positive results obtained, it was difficult to establish definitive
conclusions regarding the efficacy of apitherapy.

In the same year, a high quality clinical trial for apitherapy in MS [99] evaluated the effectiveness
of BV in 26 relapsing-remitting or secondary progressive MS patients [100]. This crossover study
tested two groups; one received bee sting therapy for 24 weeks and placebo for another 24 weeks,
while the other was given the same treatments in reverse order. Live bees were used to administer
BV three times a week, with an increasing number of stings in each session to a maximum of 20 bee
stings. Although it was well tolerated with no serious adverse events, the therapy failed to reduce
fatigue, disease activity or disability, or improve quality of life. By contrast, phase II of the study
assessed the efficacy of BV in patients with either RRMS or chronic progressive MS and found that
BV intradermal injections decreased functional debilitation [101]. Treatment was administered until
positive clinical effects reached a plateau, with an initial dose of one bee sting. In general, more
than 68% of patients experienced some beneficial effects from BV therapy, including better balance,
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coordination, bladder and bowel control, as well as improved extremity strength, fatigue, endurance,
spasticity and numbness, providing important evidence for the use of BV in MS. The authors attributed
most of the positive findings to patients suffering from chronic-progressive MS when compared
to relapsing-remitting MS, largely due to inherent variability among these MS patients, hindering
result assessment.

A more recent study showed significant positive effects attributed to BV treatment in an experimental
allergic encephalomyelitis animal model for MS induced by guinea pig spinal cord homogenate [86]. The
results indicate that BV significantly decreases clinical symptoms and immunization effects in Lewis rats,
as well as penetration of inflammatory cells and serum TNF-« and nitrate levels.

Considering all the findings reported on BV therapy for MS and according to Namaka and
collaborators (2008), the different results reported to date may be due to the therapeutic protocols
used, type of animal model and/or type of challenged cell line, in addition to potential time and
dose-dependent properties [96].

Bee venom has also been studied for the treatment of ALS. A study using a symptomatic animal
model for ALS with mutant hSOD15%34 transgenic mice showed an improvement in motor activity in
the rotarod test and prolonged life span for mice treated with BV acupoint stimulation [87]. The results
obtained were substantiated by reduced levels of cytokines, typically released by activated microglia
and astrocytes, leading to the neuroprotective effect observed. Moreover, by contributing to the
reduction of motor neuron degeneration, BV prevented mitochondrial disruption and activated cell
survival signal transduction pathways.

Research using the same animal model found that transgenic mice that received BV exhibited
reduced expression of x-synuclein modifications, ubiquitinated «-synuclein and recovered spinal cord
proteasomal activity [102]. It is important to underscore that animals received only two subcutaneous
injections of 0.1 pg/g of BV at an acupoint, which was sufficient to induce positive effects.

Interestingly, another recently published study compared the effects of BV treatment using
different administration routes for the same symptomatic model of ALS [88]. It was noted that BV
treatment through an acupoint was more effective than intraperitoneal (i.p.) BV administration and
acupoint stimulation alone. The results demonstrated an improvement in walking function, lower
levels of neuroinflammatory proteins (TLR4, CD14 and TNF-«) in the spinal cord and reduced nuclear
abnormality in the quadriceps femoris muscle.

In a study evaluating the ability of BV to act on the impaired ubiquitin-proteasome system [103],
NSC34 motor neuronal cells expressing the mutant gene hSOD1%8°R were used and stimulated with
2.5 ug/mL of BV for 24 h. Once again the results showed restored proteasome activity and a reduction
in the amount of misfolded SOD1. However, BV did not activate the autophagic pathway in these cells,
a process frequently impaired in ALS that results in the aberrant accumulation of misfolded and/or
aggregated proteins within spinal cord cells. This BV effect is remarkable because it reduces protein
aggregation by targeting the ubiquitin system as opposed to activating the autophagy pathway.

Thus, when taken together, these findings reinforce the therapeutic potential of BV treatment,
demonstrating an antineuroinflammatory effect, reduced neuronal loss caused by misfolded protein
aggregates and glutamate neurotoxicity, restoration of the ubiquitin-proteasome system and motor
improvement. These results could have important clinical implications for BV use as a coadjuvant
treatment in both ALS and other neurodegenerative disorders.

3.2. Wasp Venom

With respect to wasps, important studies reveal the pharmacological potential of these venom:s,
present primarily in the Polybia genus (Table 2). In 2005, Cunha and colleagues described the effects on
rats of an intracerebroventricular (i.c.v.) injection of crude and denatured venom of the social wasp
Polybia ignobilis [104]. Interestingly, crude venom provoked severe generalized tonic-clonic seizures,
respiratory depression and death. On the other hand, denatured venom had an antiepileptic effect
on acute seizures induced by i.c.v. injection of bicuculline, picrotoxin and kainic acid, but not on
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pentylenetetrazole(PTZ)-induced seizures. In addition, the denatured venom inhibited [*H]-glutamate
binding in membranes from the rat cerebral cortex at lower concentrations than those used for
[*H]-GABA binding [105]. These results indicate that specific components in the venom of P. ignobilis
may interact with GABA and glutamate receptors, representing a significant source of neuroactive
molecules (Figure 1).

Table 2. Use of Wasp Venom and its components for the treatment of neurodegenerative diseases in
in vivo models.

Neurological Model Tested Route of Dose Reference

Venom or Compound . . .
P Disease Administration

Acute seizures

Denatured venom—P. ignobilis Epilepsy Ezi\eég:jjjaii icwv. 400 pg/animal [104]
in rats
Acute seizures
Denatured venom—P. Enileps model induced by icw. 120, 240 and [105]
occidentalis priepsy chemoconvulsants "' 300 pg/animal
in rats
. Acute seizures
Low molecular Wel.ght . Epilepsy model induced icv. 70,210 ancF [106]
compounds—P. occidentalis by PTZ 350 pg/animal
L Transient forebrain . 150 ug/kg48 h
Bradykinin Stroke ischemia in rats P after ischemia (107]
Bradykinin Stroke Transient forebrain ip. 150 pg/kg 48 h [108]

ischemia in rats after ischemia

Similarly, i.c.v. administration of the denatured venom of P. occidentalis inhibited epileptic
seizures caused by the same chemical convulsants previously described and was ineffective against
PTZ-induced seizures [105]. A subsequent study with low molecular weight compounds (LMWC)
from P. paulista wasps demonstrated their ability to block PTZ-induced seizures [106]. This effect is
likely due to the presence of different compounds that act on GABA receptors.

Finally, research on crude venom from the social wasp Agelaia vicina revealed its ability to
competitively inhibit high- and low-affinity GABA and glutamate uptake [109]. This is an important
result since diseases such as Stroke, Epilepsy and PD involve abnormalities in GABA and glutamate
uptake systems [110,111].

4. Compounds Isolated from Wasp and Bee Venom for the Treatment of
Neurodegenerative Diseases

In addition to crude venom, several venom components have been widely used in Oriental medicine
to relieve pain and treat inflammatory diseases such as rheumatoid arthritis and tendinitis [68,69,112].
Other potential venom-related treatments include the inhibition of neuroinflammatory responses,
useful in the treatment of PD, AD and MS. This section of the review highlights the most recent
and innovative therapeutic and biological applications of bee venom compounds: Melittin and
Apamin (Table 1); and wasp venom compounds: Pompilidotoxins, Mastoparans, Kinins and Polyamine
toxins (Table 2).

4.1. Peptides from Bee Venom as Therapeutic Sources

4.1.1. Melittin

Melittin is the main component found in BV, accounting for 40% to 60% of dry venom, and is the
best characterized peptide in BV. This linear peptide has 26 amino acid residues, alkaline characteristics,
a predominantly hydrophobic N-terminal region and a hydrophilic C-terminal, resulting in amphiphilic
properties [113] (Figure 2A). It appears to be primarily responsible for intense local pain, inflammation,
itching and irritation in higher doses. On the other hand, in very small doses Melittin can cause a
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wide range of central and systemic effects, including anti-inflammatory effects, increased capillary
permeability and lower blood pressure, among others [114].

The effect of Melittin on the CNS has been documented since 1973, when studies showed its
marked effect on inhibiting general behavior, exploratory activity and “emotionality”, in addition
to disrupting spontaneous and evoked bioelectric activity in the brain. Moreover, high doses of this
peptide can induce a depressant effect evaluated by electroencephalography in anesthetized cats. This
effect was associated with reduced systemic blood pressure [115,116].

In 2011, Yang and collaborators studied the therapeutic effect of Melittin in a transgenic mouse model
for ALS. In this model, Melittin-treated animals exhibited a decline in the number of activated microglia
and expression of proinflammatory factor TNF-«, inhibiting the increased neuroinflammation
responsible for neuronal death in this disease. Moreover, Melittin regulates the production of misfolded
proteins by activating chaperones and alleviating «-synuclein post-translational modification, an
important mechanism for PD and ALS pathologies. Melittin also restored proteasome activity in the
brainstem and spinal cord. Interestingly, treatment with this alkaline peptide in a symptomatic ALS
animal model improved motor function and reduced neuronal death [117].

Additionally, in vitro assays revealed the potential in Melittin as an agent for the prevention
of neurodegenerative diseases, considering its ability to inhibit the apoptotic factor and cell death
in neuroblastoma SH-SY5Y cells [118]. Melittin also demonstrated a potent suppressing effect on
proinflammatory responses for BV2 microglia by reducing proinflammatory mediators and production
of NO, PGE2 and cytokines [89]. Thus, it is suggested that this compound may have significant
therapeutic potential for the treatment of neurodegenerative diseases accompanied by microglial
activation, such as PD (Figure 1).
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Figure 2. Chemical structures of compounds found in bee and wasp venoms. (A) Melittin [119];
(B) Apamin [120]; (C) Alpha-pompilidotoxin [121]; (D) Beta-pompilidotoxin [122]; (E) Philanthotoxin [123];
(F) Bradykinin [124]; (G) Transportan [125].

Recently, Dantas and colleagues (2014) investigated the pharmacological effects of Melittin on
the nervous system of mice [126]. The animals were submitted to behavioral tests, including the
catalepsy test, open field and apomorphine rotation tests. The results showed that mice treated with
Melittin displayed no cataleptic effects or changes in motor activity, although there was a reduction
in the effects induced by the apomorphine test. As such, the authors found that Melittin exhibited
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antipsychotic properties and may be an alternative for the treatment of psychotic diseases, reducing
the classic side effects caused by conventional neuroleptic drugs.

4.1.2. Apamin

Neurotoxin Apamin is the smallest peptide, accounting for less than 2% of BV, with 18 amino
acids residues, a high cysteine content and alkalinity (Figure 2B). Moreover, it is well known for its
pharmacological property of irreversibly blocking Ca* activated K* channels (SK channels) and is
considered the most widely used blocker for this type of channel [113,127].

Small-conductance Ca”*-activated K* (SK) channels control the firing frequency of neurons,
especially at AMPA and NMDA glutamatergic synapses, and are responsible for hyperpolarization
following action potentials [128]. These channels can be positively or negatively modulated. Positive
modulation involves binding the compound, which then facilitates channel activity, thus impairing
memory and learning. The opposite is true for negative modulation, where memory and learning
improve and calcium channel sensibility declines [129]. Apamin acts through the second mechanism
described. In neurons, this SK channel blockage decreases hyperpolarizing effects, modulating synaptic
plasticity and memory encoding [130,131]. In addition, when compared to other arthropod neurotoxins,
Apamin has an unusual ability to cross the blood brain barrier (BBB) and acts mainly in the CNS,
where SK channels are extensively expressed [130].

Alvarez-Fischer et al. (2013) studied the protective effect of this peptide on dopaminergic neurons
in a chronic mouse model of MPTP-induced PD [83]. The animals received i.p. injections in two
different dosages of Apamin (low: 0.5 ug/kg; high: 1.0 pug/kg) in order to assess brain lesions
and behavioral effects in mice. Results showed that Apamin protected nigral DA neurons and
increased striatal DA levels in the nerve terminals. In the behavioral test, data were paradoxical,
indicating that mice treated with Apamin spent significantly less time on the spindle in comparison
to saline-treated animals with MPTP brain lesions, despite the authors” suggestion that Apamin may
improve neuroprotection of dopaminergic neurons [83]. In this context, cell cultures that mimic
the selective demise of mesenphalic dopaminergic neurons showed a lower degeneration rate after
Apamin treatment [132]. Furthermore, Apamin has also been evaluated for the treatment of PD using
the motor score from the Unified Parkinson’s Disease Rating Scale. In this study, Apamin exhibited
primarily neurorestorative activity in PD, as well as symptomatic and neuroprotective activity [133].

Several behavioral and electrophysiological studies have suggested Apamin in the treatment of
AD, indicating that the blockage of SK channels by this compound may enhance neuronal excitability,
synaptic plasticity, and long-term potentiation in the CAl hippocampal region (Figure 1) [134].
Likewise, Apamin is a valuable tool in the investigation of physiological mechanisms involved in
higher brain functions, such as cognitive processes or mood control, and there is already a patented
method for early diagnosis of AD using Apamin [135-139]. However, it is important to underscore
that SK blockage may accelerate neurodegenerative processes, making additional research in this
field imperative.

4.2. Wasp Venom Peptides as Therapeutic Sources

4.2.1. Pompilidotoxins

Pompilidotoxins are a group of neuroactive molecules that were first described by Konno et al. [140,141].
They consist of two neurotoxins known as «- and -pompilidotoxin (PMTX), derived from solitary
wasps Anoplius samariensis and Batozonelus maculifrons, respectively. These molecules are peptides
composed of 13 amino acid residues, differing solely in the presence of an amino acid at position 12,
corresponding to lysine in x-PMTX and Arginine in 3-PMTX (Figure 2C,D, respectively). This minimal
structural difference appears to be responsible for the significant potency of 3-PMTX, approximately
five times higher than x-PMTX, when tested in the lobster neuromuscular junction. Moreover, both
peptides act on mammalian central neurons, primarily by blocking Na* current inactivation [142].
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It has been demonstrated that «-PMTX interrupts synchronous firing of rat cortical neurons,
facilitates synaptic transmission in hippocampal slices and decelerates the inactivation of
tetrodotoxin-sensitive voltage-gated sodium channels (VGSCs) from rat trigeminal neurons [143,144].
In turn, f-PMTX modulated spontaneous rhythmic activity in spinal networks [145] and acted on
hippocampal CA1 neurons by interfering with postsynaptic potential, increasing excitatory potential
and interrupting rapid inhibitory potential [146]. Given that the main action of Pompilidotoxins
is to slow the inactivation of VGSCs, these peptides may provide a better understanding of the
molecular determinants associated with alterations in these channels involved in neuropathological
conditions. The alteration of sodium channels has been described as a contributor to the events
involved in several neurological disorders, especially persistent sodium currents that can participate
in the physiopathology of some types of epilepsy and MS [147,148]. It is important to note that finely
orchestrated activation and inactivation is essential for the correct maintenance of neuronal excitability
and the slightest change in this equilibrium can result in serious consequences for the individual.

4.22. AvTx-7

Research by Pizzo et al. (2004) showed that neuroactive peptide Avtx7, isolated from the venom
of social wasp Agelaia vicina, acted on the blockage of tetraethylammonium and 4-aminopyridine
(4-AP)-sensitive K* channels (Figure 1) [149]. As such, this novel neurotoxin may be a valuable tool
in better understanding how K* channels work on neurological diseases, such as dementia and MS.
These results were obtained using cortical brain synaptosomes and by assessing glutamate release as a
response to different potassium blockers. K* channels are critically involved in the nervous system,
consequently, alterations in their function can lead to important perturbations in membrane excitability
and neuronal function. For instance, the dysfunction of a subfamily or subtype of K* channels might
induce AD or PD [150]. Thus, K* channel blockade, for instance by 4-AP, has been linked to an action
potential extension with a consequent increase in duration, which is relevant for the treatment of MS.
Since 1990, the use of 4-AP in patients with MS has been described to reduce fatigue and improve
visual field defects [151]. However, despite its therapeutic effects, drawbacks include low selectivity,
causing severe adverse effects and difficulty determining individual therapeutic dose. In this respect,
research targets more selective pharmaceuticals to treat MS by using these blockers, though with fewer
side effects [152].

In regard to potassium blockers, an important line of research proposes their use as a meaningful
non-dopaminergic alternative for the treatment of neurodegenerative diseases, such as advanced-stage
PD. The use of these blockers is favorable in three mechanisms: Increased neurotransmitter release
(i.e., glutamate), modulation of neuronal network oscillation and greater cortical excitation. In relation
to 4-AP, advanced clinical trials have shown satisfactory results, leading to FDA approval in 2013
for the treatment of movement dysfunction in patients with MS [153]. In this field, the discovery
and identification of AvTx7 provides new pharmacological options, since its mechanism seems to be
related to 4-AP.

4.2.3. Mastoparan

Mastoparan is a class of multifunctional peptides found in solitary and social wasp venom, with
its primary activity described in mast cell degranulation, giving the peptide its name [154]. Thus, these
peptides exhibit a number of remarkable pharmacological activities, such as antimicrobial, antitumor,
insulinotropic and neurological effects [114,155-159].

The first Mastoparan was identified and chemically characterized by Hirai ef al. in 1979, when this
molecule was isolated from the social wasp Vespula lewisii. Mastoparans are short cationic peptides with
10 to 14 amino acid residues, two to four lysine residues and C-terminal amidation, characteristics that
are essential for proper peptide action [160,161]. These peptides can interact and penetrate biological
membranes via the positively charged side-chains of their amphipathic «-helical structures [161].
In light of this property, Mastoparans were recently classified as cell-penetrating peptides (CPP) [162].
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Crossing the BBB is a significant challenge in neuropharmacology. The BBB is responsible for
regulating brain homeostasis through selective permeability that protects the CNS. However, these
characteristics also affect drug delivery and bioavailability to the CNS. Advances in the fields of
pharmacokinetics, molecular biology, nanotechnology and toxinology have resulted in strategies to
facilitate the crossing of drugs through the BBB, thus, increasing drug concentration in the brain [163].
Cell permeable peptides (CPP), particularly Mastoparans, serve as vehicles for the delivery of different
molecules and particles into the brain and neurons and have been studied in combination with
compounds that act on the CNS [164].

With the aim of enabling neuroactive compounds to permeate the BBB, researchers have created
new chimeric peptides (Transportan), connecting Mastoparans and the neuropeptide Galanin in two
different ways. The first compound, named Transportan, is formed by 12 residues of Galanin and a
full length Mastoparan connected by a lysine, resulting in a chimera with 27 residues [164] (Figure 2G).
The second compound, called Transportan 10, consists of seven terminal residues of Galanin and a full
Mastoparan connected by a lysine residue [165].

Galanin, discovered in 1983, is a neuropeptide that in humans contains 30 amino acid residues and
29 in other species, for revision see [166]. Its name originates from the fusion of Glycin and Alanin, the
N-terminal and C-terminal amino acids, respectively. Widely distributed in the peripheral and central
nervous systems, Galanin has been associated with the pathophysiology of neurodegenerative diseases
such as AD and Epilepsy [166]. Several studies report that the overexpression of Galanin detected in
AD can preserve cholinergic striatal neuron function, which in turn may slow AD symptoms [167].
The chimeric construction of Transportan and Transportan 10 has been used as a drug delivery system
for Galanin in the CNS and as treatment for neurodegenerative diseases, acting as a neuroprotective
agent (Figure 1).

Another important function of Mastoparans is that they act as an antidote to one of the most
powerful neurotoxins in the world, Botulinum toxin A (BoTx-A). If inhaled, only one gram of
crystallized BoTx-A dispersed in the air can kill a million people [168]. Intoxication is so rapid
and severe that some countries developed biological weapons containing BoTx for use in World
War II. Intoxicated patients are treated with serum therapy. However, this does not reverse the
toxic effects already induced in the organism [169]. As such, in an effort to treat this intoxication, a
group of researchers employed Mastoparan 7 as a CPP in a chimeric construction denominated Drug
Delivery Vehicle-Mas 7 (DDV-Mas 7). Consisting of a non-toxic heavy chain fragment of BoTx-A
and Mastoparan 7, this chimeric peptide induced neurotransmitter release in a culture of mice spinal
cord neurons, reversing the effect of the BoTx-A and allowing Ach liberation, followed by muscular
contraction [160].

Mastoparans also modulate G-protein activity without receptor interaction, currently considered a
preeminent tool for the study and understanding of this complex intracellular signaling system [170-173].
Several neurological disorders, including Mood Disorders, Epilepsy, AD, and PD are related to
G protein-coupled receptors [174-176]. Thus, over the last decade, natural, modified or chimeric
Mastoparans have been used as a potential treatment for a number of neurological conditions.

4.2.4. Wasp Kinin

Another class of peptide frequently encountered in wasp venom is Kinin, composed of Bradykinin
(BK) and its analogues, largely responsible for the pain caused after a wasp sting and the paralyzing
action used for prey capture [177-179]. Naturally present in different animals, BK was first described
in 1949 by Rocha and Silva as consisting of nine amino acid residues (Figure 2F), with its primary
activity described in mammal platelets [180]. This small peptide plays an important role in controlling
blood pressure, renal and cardiac function, and inflammation [181]. It is important to note that
Kinin was the first neurotoxin component isolated from wasp venom. In addition, Kinin acts on
the insect CNS, where it irreversibly blocks the synaptic transmission of nicotinic acetylcholine
receptors [179-182]. Furthermore, Kinin components, produced via the kallikrein-kinin system, have

155



Toxins 2015, 7, 142-166

been found in abundance throughout both the rat and human CNS attracting interest in neuroprotective
research [183] (Figure 1). Two major Kinin receptor families have been identified: B2 and B1 receptors.
Their expression is low under normal conditions, but is up-regulated following injury, infection and
inflammation [184].

Although several studies report that BK likely triggers a specific cascade of inflammatory events in
the CNS, it has also been shown to possess anti-inflammatory (neuroprotective) properties, suppressing
the release of inflammatory cytokines (TNF-a and IL-1f) from microglia in in vitro assays [183].
According to these authors, BK modulated microglial function by negative feedback for cytokine
production, increasing prostaglandin synthesis and causing greater microglial cAMP production [183].

BK can also be beneficial after ischemic stroke, particularly if administered in the latter stages as
opposed to the initial phases, where its harmful effects include inflammatory response and neurogenic
inflammation [185]. It is noteworthy that molecular and functional evidence has suggested that
interaction with B1 receptors may provide a new therapeutic approach in MS, primarily by reducing
the infiltration of immune cells (lymphocytes T) into the brain [184]. Additionally, treatment with
BK applied two days after transient forebrain ischemia in rats in post-conditioning studies provided
97% neuroprotection for the particularly vulnerable CA1 hippocampal neurons, as well as a decrease
in Caspase3 expression and iNOS-positive cells, and also a suppression in the release of cytosolic
cytochrome ¢ and MnSOD [107,108]. This indicates that the neuroprotective mechanism initiated by
BK may also inhibit the mitochondria-mediated apoptotic pathway [108]. The neuroprotective role of
BK has also been reinforced by evidence of its action in the retina, protecting against neuronal loss
induced by glutamatergic toxicity. This BK-induced protection caused a downstream reaction in NO
generation and an upstream reaction in radical oxygen generation [186].

As observed, BK agonists may provide a new platform for drugs designed to treat neurodegenerative
disorders that involve microglial activation, such as PD and acute brain damage. In this respect, wasp
venom contains a multitude of Kinins with different activity potency profiles. A good example is
Thr®-Bradykinin, a compound isolated from several wasp venom samples. The single substitution of
serine for threonine in this compound results in enhanced action when compared to BK. According to
Mortari et al. (2007), this peptide displays remarkable anti-nociceptive effects when injected directly
into the rat CNS; it is approximately three times more potent and remains active longer than BK [187].
These results can be explained by a more stable conformation in its secondary structure and/or the
modification may protect against hydrolysis through neuronal kininases, preserving the effect of the
peptide on B2 receptors [187,188].

4.3. Polyamine Toxins as Therapeutic Sources

Polyamine toxins are a group of low molecular weight (<1 kDa), non-oligomeric compounds
isolated primarily from the venom of wasps, followed by spider venoms [189,190] (Figure 2E). The first
polyamine toxin described, Philanthotoxin-433 (PhTX-433), was isolated from the venom of the wasp
Philanthus triangulum [191]. These small natural molecules exhibit a number of biological activities and
have been used as tools in the study of ionotropic glutamate (iGLU; AMPA) and nicotinic acetylcholine
(nACh) receptors since the 1980s [190,192,193]. Interest is centered on its action as a non-selective
and potent antagonist of glutamate receptors in the invertebrate and vertebrate nervous system
(Figure 1) [192-194]. Moreover, it is believed that the abnormal activation of iGLU receptors is involved
in neurological and psychiatric diseases such as AD, PD, Stroke, Depression, Epilepsy, Neuropathic
Pain and Schizophrenia [195,196].

With respect to iGLU, current polyamine toxins (PhTXs) and their derivatives have the ability
to differentiate which AMPA receptors are in fact permeable to Ca* ion, acting as a non-selective
open-channel blocker [190,197]. As a result, PhTXs can control the excessive opening of overactivated
ion channels (due to pathological conditions) and block the exaggerated influx of calcium, culminating
in neuroprotection [193,198]. Interestingly, this mechanism of action is similar to that of Memantine,
a drug used in the symptomatic treatment of moderate to severe AD [199]. Thus, the existence of a
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drug that has obtained good clinical results and its similarity with polyamine toxins illustrates the
potentially promising role of these molecules and highlights the need for further research.

Recently, a computational model approach was devised to better understand how polyamine
toxins interact with ion channels coupled with glutamate receptors [200]. This study found that these
molecules could bind to the narrowest central region of the ion channel and block local ion flow.
Membrane potential is important in toxin-receptor interaction, and as such, polyamine toxins are
generally highly voltage-dependent blockers of iGLU [200]. In this regard, Nerager ef al. recently
developed fluorescent templates using polyamine toxin analogues to visualize these ligands in iGLU
of living tissue [201].

5. Conclusions

Due to the rising prevalence of neurodegenerative diseases among the elderly, there is a pressing
need for better treatment to alleviate the social and financial burden of these disorders. There are
multiple targets for treating neurodegenerative diseases, considered complex syndromes that are
difficult to control in a stable and lasting manner. Effective treatment of these diseases may require
that the different pathogenic events associated with neurodegenerative diseases, such as the clearance
of disaggregated proteins targeted in conjunction with neuroprotective and immunomodulatory
strategies. In this respect, therapy using bee and wasp venoms is considered a psychoneurological
approach for autoimmune and neurodegenerative diseases. Since these venoms contain a number
of compounds, mainly peptides, advances in modern identification and sequencing techniques
have facilitated and subsidized the elucidation of their full composition, thus providing an arsenal
of new possibilities to combat a series of neurodegenerative diseases, using different neuroactive
mechanisms of action.
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Abstract: Bee Venom (BV) has long been used in Korea to relieve pain symptoms and to treat
inflammatory diseases, such as rheumatoid arthritis. The underlying mechanisms of the
anti-inflammatory and analgesic actions of BV have been proved to some extent. Additionally, recent
clinical and experimental studies have demonstrated that BV and BV-derived active components are
applicable to a wide range of immunological and neurodegenerative diseases, including autoimmune
diseases and Parkinson’s disease. These effects of BV are known to be mediated by modulating
immune cells in the periphery, and glial cells and neurons in the central nervous system. This
review will introduce the scientific evidence of the therapeutic effects of BV and its components on
several immunological and neurological diseases, and describe their detailed mechanisms involved
in regulating various immune responses and pathological changes in glia and neurons.

Keywords: Bee Venom; immunological diseases; neurological diseases

1. Introduction

Bee Venom (BV) therapy is a form of medicine originated from the ancient Greece and China.
Several scientific reports suggesting the anti-theumatic and anti-inflammatory effects of BV have been
published for a hundred years [1,2]. In Korea, BV has long been used to relieve pain and to treat
various diseases, such as arthritis, rheumatism, herniation nucleus pulpous, cancer, asthma, and skin
diseases [3-5]. It is administered systemically or in the form of chemical stimulation of acupoints, so
called “BV acupuncture” or “apipuncture”. BV is known to contain many active components, including
peptides (e.g., melittin and apamin), enzymes (e.g., phospholipase A, (PLA;)), and small molecules
(e.g., histamine). Recent studies suggested further that BV and BV-derived active components might
have potent therapeutic effects on refractory immunological and neurodegenerative diseases including
allergic disorders, autoimmune diseases, amyotrophic lateral sclerosis (ALS), and Parkinson’s disease
(PD) [3,6-9], however well-controlled, randomized clinical studies are still insufficient.

In this review, the underlying mechanisms of BV-induced regulation of immune responses as
well as of neuronal and glial pathology in refractory immunological and neurological diseases will be
discussed, based mainly on the articles that have been published in the last decade. In addition, the
therapeutic effects and mechanisms of BV-derived active components, especially focusing on PLA;,
melittin and apamin will be introduced. Finally, we will comment on the future perspectives in the
research area of BV therapy.
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2. Therapeutic Effects of Bee Venom on Immunological Diseases

2.1. Effects on Allergic Disorders

The initial event responsible for the development of allergic disorders, such as asthma, allergic
rhinoconjunctivitis, and atopic eczema, is the generation of allergen-specific CD4* T cells [10]. In a
general view, allergy is a T helper 2 (Th2) cells-mediated disease that involves the hyperproduction of
specific immunoglobulin E (IgE) antibodies to which interleukin-4 (IL-4) and IL-13, the key Th2-specific
cytokines, mainly contribute [11].

BV therapy is a kind of allergen-specific immunotherapy (SIT) that has been carried out for a long
time. Although the mechanism of SIT remains poorly understood, hitherto several features, including
modifications of antigen presenting cells (APCs), T cells, and B cells, as well as both the number and
the function of effector cells that mediate the allergic response have been clarified [12]. In clinical trials,
it was reported that SIT increases the production of IL-10 by APCs, including B cells, monocytes, and
macrophages [12]. The efficacy of SIT has been emphasized in insect venom allergy and respiratory
allergies. BV immunotherapy has early and late influences on major cells of allergic inflammation [10].
Venom immunotherapy induces a monocyte activation characterized by a delayed overproduction of
IL-12 and tumor necrosis factor alpha (TNF-«), which are cytokines related to the inhibition of Th2
cells [13]. BV immunotherapy is known to generate IL-10 and transforming growth factor beta (TGF-f),
which potently suppresses IgE production and increases IgG4 and IgA, simultaneously [14]. Our
previous study demonstrated that BV induces Th1 lineage development from CD4* T cells without
affecting Th2 cells, by increasing the expression of a Thl-specific cytokine, interferon gamma (INF-y),
via an upregulation of Thl-specific transcription factor, T-bet [15].

CD4*CD25*Foxp3* regulatory T cells (Tregs) play a pivotal role in the maintenance of tolerance
in the immune system and are involved in the control of transplantation tolerance, tumor immunity,
allergy, and infection [16,17]. Tregs could regulate allergic disorders through several inhibitory
pathways, including suppression of Th2 immune responses, of Th17 cells, and of T cell migration to
tissues [11]. It has been suggested that an essential step in successful BV immunotherapy is associated
with the presence of Tregs, which secrete IL-10, consequently inhibiting the secretion of cytokines IL-4,
IL-5, and IL-13 from Th2 cells, in turn impeding specific IgE production [18]. For example, our recent
study showed that BV treatment increased Treg populations, augmented the production of IL-10, and
suppressed the production of Th1, Th2, and Th17-related cytokines, resulting in bronchial inflammation
with a reduction in the degranulation of mast cells and eosinophils in an OVA-induced allergic asthma
murine model [3]. Taken together, the immunological mechanisms of BV immunotherapy include
a shift toward Thl cytokines, an increase in the number of peripheral Tregs, and an upregulation of
different markers expressed on CD4* T cells [10,19].

The most important allergen in BV is PLA,, which induces rapid leukotriene C4 production
from purified human basophils within 5 min, while IL-4 expression and production is induced at
later time-points without histamine release [20]. Direct injection of the BV-derived PLA; (bvPLA;)
into inguinal lymph nodes enhanced allergen-specific IgG and T-cell responses and stimulated the
production of the Th1l-dependent subclass IgG2a [21]. Melittin, a major peptide component of BV, is
reported to trigger lysis of a mast cells, which can lead to the release of histamine and other intracellular
components into surrounding tissues [18]. In our unpublished data [22], bvPLA; increased Treg
population in vitro and in vivo more potently than BV, resulting in prevention of ovalbumin-induced
allergic asthma in mice with suppression of various effector cells, such as eosinophils, lymphocytes,
and macrophages, and of Th2 cytokines and serum IgE.

2.2. Effects on Autoimmune and Inflammatory Diseases

Autoimmune diseases, such as rheumatoid arthritis, systemic lupus erythematosus, and multiple
sclerosis, have been understood to be Th1-dominant diseases, however, the important roles of Th17
cells and Tregs in autoimmune diseases have recently emerged [23]. Rheumatoid arthritis is a common
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autoimmune disease, yet current conventional therapies are not always successful [24]. BV has
been traditionally used to treat chronic inflammatory diseases, including rheumatoid arthritis [4].
Especially, the anti-rheumatic and anti-inflammatory effects of BV have been understood as of one
hundred years ago [1,2]. Previous study has demonstrated that BV injection into the Zusanli acupoint
has both anti-inflammatory and anti-nociceptive effects on Freund’s adjuvant-induced arthritis in
rats [25]. Effect of combined application of bee-venom therapy and medication is superior to the
simple use of medication in relieving rheumatoid arthritis and might reduce the commonly-taken
doses of Western medicines [26]. These anti-arthritis effects have been reported in several arthritis
models, and these effects of BV might be associated with melittin, a major peptide component of BV,
which has anti-inflammatory and anti-arthritis properties, and inhibitory activity on nuclear factor
kappaB (NF-«B) [5].

We previously examined the effects of BV on the nitric oxide (NO) generation by lipopolysaccharide
(LPS) or sodium nitroprusside (SNP) in RAW264.7 macrophages, and the expression of inducible
nitric oxide synthase (iNOS), cyclooxygenase 2 (COX-2), NF-kB and mitogen-activated protein kinase
(MAPK) with RT-PCR in LPS stimulated RAW 264.7 cells. The results showed that BV suppressed
NO production and decreased the level of iNOS and COX-2 expression, possibly through suppressing
NEF-«B and MAPK [27]. We also performed microarray analysis to evaluate the global gene expression
profiles of macrophage cell treated with BV. We found that BV decreased the expression of various
genes, including mitogen-activated protein kinase kinase kinase 8 (MAP3KS8), TNEF, suppressor of
cytokine signaling 3 (SOCS3), TNF-receptor-associated factor 1 (TRAF1), JUN, and CREB binding
protein (CBP), related to the inflammatory effects, which occur in LPS-treated RAW264.7 cells [28].
Other studies support these observations. For example, BV and melittin prevent LPS- or SNP-induced
NO and prostaglandin E2 production via c-Jun N-terminal kinase (JNK) pathway dependent inhibition
of NF-kB [29]. BV also suppressed adjuvant-induced arthritis in rats by targeting TNF-« and
NF-«kB activation [30]. These findings indicate that BV may have anti-inflammatory effects in
rheumatoid arthritis.

Lupus nephritis, a serious complication of systemic lupus erythematosus, is mediated by the
glomerular inflammation involving the production of autoantibodies against the nucleus and of
cytokines/chemokines, which ultimately results in irreversible renal damage [31,32]. New Zealand
Black/White F1 female mice age-dependently develop autoimmune disease, which is characterized
by glomerulonephritis, proteinuria, and renal dysfunction [33]. Using this animal model, we showed
that BV treatment significantly delayed the development of proteinuria, prevented renal inflammation,
reduced tubal damage, and decreased immune deposits in the glomeruli, and these results are closely
associated with a BV-induced increase in splenic Tregs and decrease in renal proinflammatory cytokines,
TNEF-oc and IL-6 [8]. These results suggest that BV therapy has the potential to modulate autoimmune
response in lupus nephritis, possibly by enhancing Tregs and suppressing renal inflammation.

Multiple sclerosis is a chronic inflammatory disease of the central nervous system (CNS) that
affects more than one million people worldwide. Its clinical symptoms include ataxia, loss of
coordination, sensory impairment, cognitive dysfunction, and fatigue [34]. The pathogenesis of
multiple sclerosis is known to be an autoimmune T cell responses, in which Th1 and Th17 cells are
critically involved [35]. An animal model of experimental autoimmune encephalomyelitis (EAE) has
been widely used for the study of multiple sclerosis, because clinical and pathological features of EAE
are very similar to those of multiple sclerosis. We previously demonstrated that BV treatment has a
neuroprotective effect against immune cell infiltration and Th1/Th17 differentiation via increasing
Tregs in EAE mouse model [36]. Very recently, another research group has also reported that BV
acupuncture attenuates the development and progression of EAE in rats by upregulating Tregs and
suppressing Th1/Th17 cell responses [37]. These results suggest that BV has the potential to become
a therapeutic agent for multiple sclerosis, and warrants further investigation of BV and bvPLA; as
potent modulators of autoimmune T cell responses in the CNS.
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3. Therapeutic Effects of Bee Venom on Neurological Diseases

Parkinson’s disease (PD) is one of the most common progressive neurodegenerative disorders,
which is characterized clinically by bradykinesia, resting tremor, rigidity, and disturbances in posture
and gait resulting from the selective, irreversible loss of dopaminergic (DA) neurons in the substantia
nigra (SN) and their terminals in the striatum [38,39]. Activated microglia, innate immune cells in
the CNS, near the degenerating DA neurons is known to be a key mediator of neuroinflammation in
PD [39,40]. BV acupuncture was reported to be anti-inflammatory and anti-neurodegenerative, and to
improve motor symptoms in PD clinical trials [6]. In a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced mouse model of PD, BV improved the survival percentage of tyrosine hydroxylase*
cells to 70% on day 1 and 78% on day 3 compared with normal mice, and reduced expression of
the inflammation markers macrophage antigen complex-1 (MAC-1) and iNOS in the SN [41]. Our
previous study also revealed that modulation of peripheral immune tolerance by Tregs may contribute
to the neuroprotective effect of BV in the MPTP animal model of PD [42]. Recently, apamin, a specific
component of BV, was also shown to have a protective effect in animal models of PD [43].

In an animal model of amyotrophic lateral sclerosis (ALS), mutant human superoxide dismutase 1
(hSOD1) transgenic mice, BV acupuncture inhibited microglia activation and phospho-p38 MAPK
expression in the CNS, resulting in improvement of motor activity [9]. It also has been reported that
melittin ameliorated the inflammation of lung and spleen in an ALS animal model [44]. BV might be
helpful in reducing glutamatergic cell toxicity, which has been reported in many neurodegenerative
diseases, including PD, Alzheimer’s disease, and ALS, through the inhibition of MAP kinase activation
(e.g., INK, ERK, and p38) following exposure to glutamate [45]. Although scientific evidence is still
limited in this research area, we strongly believe that the aforementioned results may lead to future
advanced studies, elucidating the therapeutic effects of BV and its active components on various
neurodegenerative diseases and its underlying mechanisms. Indeed, in several preliminary results, we
found that BV and BV-derived active components ameliorate Alzheimer’s disease, Parkinson’s disease,
and chronic neuropathic pain by modulating peripheral immune and inflammatory responses, as well
as modulating central glial activation.

4. Conclusions and Perspectives

In this review, we introduced the therapeutic effects of BV and its major components on
immunological and neurological diseases, and discussed its underlying mechanisms. We propose that
BV is a strong immune modulator that may subsequently affect the CNS glia and neurons. BV also
seems to play a role in maintaining homeostasis in our body’s immune system and nervous system,
because BV therapy can regulate two immunologically opposite conditions, i.e., allergic disorders (Th2
dominant) and autoimmune diseases (Th1 dominant). It remains to be understood how the same
treatments of BV or BV-derived active components could modulate both conflicting diseases. Thus,
other T cell populations, such as Th17 cells and Tregs, have emerged as a key players in BV-induced
modulation of immune and nervous system. Th17 cells are known to play an important role in the
pathogenesis of autoimmune, as well as allergic, diseases [46,47]. In contrast, Tregs inhibits activation of
both Th1 and Th2 cells, and of Th17 cells, thereby suppressing autoimmune and allergic diseases [11,35].
Indeed, several recent studies reported that BV or bvPLA; could upregulate peripheral Tregs and/or
suppress Th17 responses in various animal models of both diseases [3,8,36,37,48]. Further studies on
this issue might shed light on our understandings of such homeostatic therapeutic effects of BV.

In addition, it should be noted that BV is called a “double-edged sword” having nociceptive and
anti-nociceptive effects [49], and BV itself could act as a strong allergen. BV induces the release of
either of histamine or leukotriene C4 in skin of beekeepers [50], and bvPLA;, the major allergen of BV
components [51,52], induces a PLA,-specific IgE immune responses in mice [53], although BV- and
bvPLAj-induced Th2 cell immunity and specific IgE production might be protective [54,55]. We also
observed that a high dose of BV (2.5 mg/kg, s.c.) treatment could exacerbate oxaliplatin-induced
neuropathic pain in rats, whereas low doses of BV (0.25 and 1.0 mg/kg, s.c.) strongly alleviate pain [56].
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Thus, the optimal dose and treatment method without side effects should be determined in each
disease conditions. Future studies including experimental elucidation of detailed cellular/molecular
mechanisms, and well-controlled, randomized clinical trials will lead to a potential therapeutic
alternative for treating refractory immunological and neurological diseases.
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Abstract: Parasitoid wasps are valuable biological control agents that suppress their host populations.
Factors introduced by the female wasp at parasitization play significant roles in facilitating successful
development of the parasitoid larva either inside (endoparasitoid) or outside (ectoparasitoid) the
host. Wasp venoms consist of a complex cocktail of proteinacious and non-proteinacious components
that may offer agrichemicals as well as pharmaceutical components to improve pest management
or health related disorders. Undesirably, the constituents of only a small number of wasp venoms
are known. In this article, we review the latest research on venom from parasitoid wasps with an
emphasis on their biological function, applications and new approaches used in venom studjies.

Keywords: venom; endoparasitoid; ectoparasitoids; parasitism; host; wasp

1. Biological Functions of Parasitoid Wasp Venoms

Parasitoid wasps belong to the order Hymenoptera and are valuable insects in suppressing
host populations either through natural or augmented biological control. Typically, the female wasp
deposits its egg inside (endoparasitoid) or outside (ectoparasitoid) the host (mostly arthropods) where
the emerged parasitoid larva continues to feed. Eventually, the host dies due to parasitism, although
there seem to be examples in which the host may survive and continue to reproduce (e.g., [1]). As a
consequence of the differing lifestyle, the physiological requirements and impacts on the host by
endoparasitoids and ectoparasitoids may vary [2]. Components injected into the host at the time of
parasitization play vital roles in facilitating successful parasitism, including venom and ovarian/calyx
fluid. These may or may not contain symbiotic viruses or virus-like particles that contribute to host
manipulation, in particular in endoparasitoids.

Similar to venom found in most venomous animals, venom fluid from parasitoid wasps consists
of a cocktail of proteinacious and non-proteinacious compounds. While various studies that have
focused on determining the venom profile of ecto- and endoparasitoid venoms (see below) have
revealed the presence of several conserved proteins between the two parasitic wasp groups, venom
appears to serve different purposes in the two groups. In general, venom from ectoparasitoids is
largely involved in the host paralysis (short or long-term) to secure feeding of the ectoparasitic larva
outside the host, whereas endoparasitoids’ venom rarely causes paralysis but facilitates parasitization
by interfering with the host immune system, development or synergizing the effects of other maternal
factors introduced into the host (e.g., polydnaviruses, PDVs). In this review, we will discuss the major
biological functions of parasitoid wasp venoms, latest approaches used for venom studies and some of
the potential applications of venom proteins from those insects.

Toxins 2015, 7, 174-196 174 www.mdpi.com/journal/toxins



Toxins 2015, 7, 174-196

1.1. Ectoparasitoids

The primary function of venom in most ectoparasitoids (in particular when the host is at the
active stage, e.g., larval/nymphal stage) is induction of short- to long-term paralysis/lethargy in the
host and developmental arrest. However, venom may play other roles in facilitating parasitization,
such as suppressing the host immunity (e.g., [3,4]) or interrupting development (e.g., [5,6]). Despite
thousands of ectoparasitoids species known, there are only very limited number of venom components
identified from a small number of ectoparasitoids.

The parasitoid Ampulex compressa injects a cocktail of neurotoxins into the central nervous system
of its cockroach prey. This involves two consecutive stings, one in the thorax, which leads to transient
paralysis of the front legs due to post-synaptic blockage of central cholinergic synaptic transmission,
and a second one by injection of venom specifically inside the sub-esophageal ganglion of its cockroach
prey, which induces a 30 min intense grooming in the prey (induced by dopamine) followed by a
long-lasting lethargic effect [7,8]. The latter effect is most likely caused by venom affecting the opoid
system [9] or octopaminergic receptor [10]. The venom from A. compressa contains GABA (inhibitory
neurotransmitter) and £-alanine (GABA receptor agonist), and taurine (impairs the re-update of GABA
from the synaptic cleft) [11] (Table 1). It has been suggested that these three main components have
both pre- and post-synaptic effects on GABA-gated chloride channels.

Venom from the digger wasp Philanthus triangulum contains philanthotoxins which affect both the
central and the peripheral nervous system of the prey by presynaptic as well as a postsynaptic blockage
of neuromuscular transmission [12,13]. Specifically, the toxins inhibit the rel02lease of glutamate
and block the post-synaptic glutamate receptors. In addition, d-philanthotoxin inhibits the nicotinic
acetylcholine receptors in the central nervous system [14]. Bracon hebetor is another ectoparasitoid with
a potent venom causing host paralysis [15]. Three proteins with molecular masses of about 73 kDa
were found in the venom, two of them (Brh-I and -II) being insecticidal when injected into lepidopteran
larvae. Of the two, Brh-I was found to be more toxic against the larvae of the cotton bollworm,
Heliothis virescens. Liris niger, which hunts, paralyses and parasitizes the mole cricket, injects venom
into the nervous system leading to blockage of voltage-gated sodium inward currents, and synaptic
transmission [16]. The constituents of the venom, which comprise of proteins from 3.4-200 kDa have
not been well characterized [17]. The ectoparasitoid Eupelmus orientalis venom causes permanent host
paralysis and developmental arrest, the two effects found to be independent of each other [18]. In the
venom, hyaluronidase and phospholipase activities were detected.

Table 1. Major biological functions of venom from parasitoid wasps.

Biological Functions Wasp Parasitism Host Reference
Paralysis
pimplin Z:?cl}’jon driaca Endo Lacanobia oleracea [19]
philanthotoxins 5?;?;;75; Ecto Schistocerca gregaria [12]
Brh-I & -1I Bracon hebetor Ecto Diaprepes abbreviatus [20]
GABA, B-alanine, taurine Ampulex compressa Ecto Periplaneta americana [11]

Hemocyte inactivation
Pimpla

VPrl hypochondriaca Endo L. oleracea [21]
Pimpla
VPr3 hypochondriaca Endo L. oleracea [22]
Vn.11 Pteromalus puparum Endo Pieris rapae [23]
VP P4, RhoGAP Leptopilina boulardi Endo ~ Drosophila [24]
melanogaster
Ireticuli Cotesia rubecula Endo P. rapae [25]
calreticulin Pteromalus puparum Endo P. rapae [26]
SERCA * Ganaspis sp.1 Endo D. melanogaster [27]
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Table 1. Cont.

Biological Functions Wasp Parasitism Host Reference

Inhibition of melanization

LbSPNy Leptopilina boulardi Endo D. melanogaster [28]

Vn50 Cotesia rubecula Endo P. rapae [29]
Interrupting development

Reprolysin Eulo;?hus . Ecto L. oleracea [6]

pennicornis

Enhancing PDV's

Vnl.5 Cotesia rubecula Endo P. rapae [30]
Castration

v-glutamyl transpeptidase  Aphidius ervi Endo Acyrthosiphon pisum [31]

Anti-microbial
PP13, PP102, PP113 Pteromalus puparum Endo P. rapae [32]

* sarco/endoplasmic reticulum calcium ATPase.

Nasonia vitripennis is a model ectoparasitoid wasp with its genome completely sequenced.
It parasitizes the pupal stage of a number of fly species as its host. The wasp’s venom inflicts
a variety of effects on the host including developmental arrest and decrease in metabolism and
immunity [33-36]. Using a suppression subtractive hybridization method, it was shown that the
venom from N. vitripennis caused differential gene expression in the hemocytes of the host pupae
Musca domestica [37]. At 1 h after venom application, 133 expressed sequence tags (ESTs) showed
decrease in transcript levels and 111 ESTs were found to be upregulated. The altered genes were mostly
related to various biological functions such as immunity, apoptosis, stress response, metabolism and
regulation of transcription/translation. The outcome shows a profound impact of venom injection
on the host hemocytes. In another study, the global effects of N. vitripennis on an alternative fly host,
Sarcophaga bullata, were studied using high throughput RNA sequencing (RNA-seq) of the whole host
body following venom treatment [38]. Overall, about 147 host genes were significantly differentially
expressed due to envenomation with the percentage of differentially expressed genes increasing as the
parasitization progressed. The genes were mostly related to chitin metabolism, cell death, immunity
and metabolism. In a similar study, it was found that parasitization of Sarcophaga crassipalpis pupa by
N. vitripennis led to differential expression of only one gene at 3 h after parasitization but 128 genes
at 25 h post-parasitization [39]. Similarly, these genes were involved in metabolism, development,
immune responses and apoptosis. While various proteins have been identified in N. vitripennis
venom such as serpins, laccases, metalloproteases, calreticulin, chitinase and serine proteases, their
functions in alterations of host physiology have mainly been implied rather than experimentally tested
(reviewed in [36]).

In a different pupal ectoparasitoid, Scleroderma guani, the transcriptome of the host Tenebrio molitor
was shown to change following envenomation and the differentially expressed genes were related
to similar categories changed in N. vitripennis hosts [40]. This indicates that parasitoids manipulate
similar genes and pathways that facilitate parasitization.

1.2. Endoparasitoids

In endoparasitoids, venom usually does not have a paralytic effect on the host, except in a few
examples in which transient paralysis has been recorded [41-44]. The host normally recovers in
a few minutes or within one hour after parasitization. By adopting a koinobiont life style, which
allows further development of the host, and living inside the host, endoparasitoids do not require
inducing a long-term paralysis in the host. However, the presence of toxin-like peptides in their venom
strengthens the assumption that they shared a common ancestor with ectoparasitoids [45].
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Deposition of the endoparasitoid egg inside the host exposes the developing parasitoid to host
immune responses, mostly encapsulation, which is engulfing the egg/larva with multi-layers of
hemocytes. This response is often accompanied by melanization, a cascade of proteolytic reactions
leading to the deposition of melanin and production of phenolic intermediates [2]. In addition, as most
endoparasitoids allow further development of their host while their juvenile stage is feeding inside
the host, regulation of the host development and metabolism is essential. Components introduced
into the host at parasitization play the main part in conditioning the host physiology to facilitate
endoparasitoid development. While all endoparasitoids inject venom at parasitization, it may not be
sufficient to subvert the host physiology. In a large number of parasitoid-host systems injection of
supplementary proteins produced in the calyx region of the ovaries or viruses that replicate in the
ovaries or venom glands are essential to guarantee successful parasitism.

In many instances, venom is the sole maternal factor that accompanies the endoparasitoid egg,
which is sufficient to facilitate parasitization. A well-studied example is Pimpla hypochondriaca. The
venom from P. hypochondriaca consists of several enzymes, protease inhibitors, neurotoxin-like factors
and anti-hemocyte aggregation compounds (Table 1). While the function of most of these compounds
remains unexplored, evidence suggests that they could be involved in venom homeostasis [46],
transient paralysis [19], cytotoxicity [47], and inactivation of hemocytes [22,47]. In Leptopilina boulardi,
that parasitizes Drosophila species, venom is essential to suppress the encapsulation response [24]. The
major protein involved is a RhoGAP (Rac GTPase Activating protein) that affects the spreading and
aggregation of lamellocytes rendering them incapable of forming a capsule [48]. This might be achieved
by targeting two Drosophila Rho GTPases, Racl and Rac2, essential for encapsulation of parasitoid
eggs, after entering the host hemocytes [49]. Venom from Pteromalus puparum, and in particular a
24.1 kDa protein (Vn.11), affects the host hemocytes causing reduction in total hemocyte count and
their ability to encapsulate foreign objects [23,50]. Sequencing of forward subtractive libraries of Pieris
rapae hemocytes and fat body after P. puparum venom injection showed that the expression levels
of a large number of genes were significantly altered (113 in hemocytes and 221 genes in fat body
down-regulated) [51]. Many of the identified genes were immune related, as well some that were
in non-immune categories. Consistently, a C-type lectin was found down-regulated affecting the
activation of the host immune system [52]. In addition to immune suppression, venom from P. puparum
also affects host development by inducing endocrine changes in the host [53]. Accordingly, juvenile
hormone (JH) titers were significantly higher, and JH esterase and ecdysteroid titers significantly lower
in parasitized or venom-injected P. rapae larvae as compared to control non-treated larvae. These
changes would ensure that the larvae have a prolonged larval period. Venom from Aphidius ervi
causes cell death in the ovarial tissues of the host Acyrthosiphon pisum leading to host castration [54].
The apoptotic effect is presumably caused by a y-glutamyl transpeptidase in the venom fluid [31].

In endoparasitoids that produce viruses or virus-like particles (VLPs), venom functions vary in
different host-parasitoid systems ranging from no effect to having overlapping functions with genes
expressed from the encapsidated genes within the VLPs or synergise their function. Venom from
Tranosema rostrale had no effect on host alterations (reduction in total hemocyte count and inhibition
of melanization) observed in natural parasitization or when calyx fluid alone was injected [55]. This
implied that venom might not play a significant role in parasitization. Similarly, despite having a
complex mixture of proteins, venom from Hyposoter didymator was found not required for successful
parasitism [56]. In addition, in a number of other ichneumonid wasps with PDVs, venom has been
found not essential for successful parasitism [57-60].

On the other hand, in a number of host-parasitoid systems venom is essential for proper function
of PDVs. PDVs are virus-like particles that are produced in the calyx region of a large number of
wasps from Ichneumonidae and Braconidae [61]. They are defective viruses in that they are not able
to replicate independent of the parasitoid since the replication machinery (related to nudiviruses) is
integrated into the wasp genome [62,63]. For this, they only replicate in the wasp ovaries and not in
the parasitoid’s host following parasitization. The genes encapsidated in the particles, which appear to
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be mostly of insect origin, are expressed in the host interfering with the host physiology, in particular
suppressing the immune system [64].

Venom has been found to synergize the effect of PDVs. For instance, venom enhances the effects
of Microplitis demolitor PDVs on host hemocytes (inhibition of cell spreading) in a dose-dependent
manner [65] and in delaying development [66]. In Cotesia melanoscela, venom is required for entry
and unpackaging of PDVs [67], and in Cotesia rubecula, in the absence of venom, PDV genes were not
expressed in hemocytes [30]. A 1.5 kDa venom peptide (Vnl.5) was found to facilitate expression
of CrPDV genes. In Cotesia nigriceps both venom and calyx fluid were needed to cause cessation of
growth in Heliothis virescens larvae [68]. In addition to enhancing PDV functions, venom proteins from
endoparasitoids may affect host immunity as well as development. For example, a number of venom
proteins interfere with the proper function of host hemocytes. In C. rubecula, a calreticulin was shown to
inhibit P. rapae hemocyte spreading debilitating them from the encapsulation response [25]. Calreticulin
from P. puparum venom was also found to inhibit P. rapae hemocyte spreading and encapsulation
response [26]. Calreticulin has been reported from the venom of other endoparasitoids (e.g., [69]) as
well as ectoparasitoids (e.g., [70]). A sarco/endoplasmic reticulum calcium ATPase (SERCA) pump
protein from a less known parasitoid of D. melanogaster, Ganaspis sp. 1, was shown to inhibit the
activation of plasmatocytes by suppressing calcium burst required for their activation [27]. As a
consequence, hemocytes failed to carry out encapsulation. In another parasitoid of D. melanogaster,
Asobara japonica, venom suppressed hemocyte functions but had no effect on humoral responses [71].

Apart from the effects of venom on cellular immunity, the humoral (non-cellular) arm of the host
immune system could be a target of venom proteins. For instance, inhibition of host hemolymph
melanization is usually a consequence of parasitization in which venom proteins may play a role.
A 50 kDa protein (Vn50) from C. rubecula was found to inhibit the activation of prophenoloxidase
(proPO) to phenoloxidase (PO), a key enzyme in the melanization pathway [72]. This is due to
structural resemblance of Vn50 to serine protease homologs (SPHs) [73], which normally facilitate
activation of the enzyme by proPO activating protein (PAP) [74], and competitive binding to proPO
and PAP [75]. Venom from P. puparum reduced transcription of antimicrobial peptides such as
cecropin, lysozyme, attacin, lebocin, proline-rich AMP, efc. in hemocytes and fat body of P. rapae
larvae [51]. In addition, transcript levels of genes involved in proPO activation cascade, such as PAPs,
were down-regulated.

In addition to suppressing the host immune system, interfering with host development could
be another function of venom from some endoparasitoids. A 66 kDa venom protein from Cardiochiles
nigriceps in combination with calyx fluid was found responsible for delaying larval development and
inhibit pupation in H. virescens larvae [76]. Calyx fluid alone was not able to induce the same effect in
the host. This effect appears to be due to degradation of the prothoracic glands [68,77].

2. New Approaches in Venom Studies

2.1. RNAi

RNA interference is an ancient and conserved response to the presence of double stranded RNA
(dsRNA) in eukaryotic cells [78]. The source of dsSRNA might be exogenous or endogenous. Exogenous
dsRNA could be viral RNA genome, viral replicative intermediates, overlapping viral transcripts
produced during viral replication (mostly in DNA viruses), or in vitro synthesized dsRNA. Once the
presence of dsRNA is sensed in the cell, a ribonuclease enzyme called Dicer, cleaves the dsRNA into
short interfering RNAs (siRNAs). siRNAs induce formation of the RNA Induced Silencing Complex
(RISC) in which an argonaute (Ago) protein plays a major role. siRNA-loaded RISC complex facilitates
binding of the siRNAs to their complementary target sequences and their subsequent cleavage.
Transfection of dsSRNA /siRNAs into cells or whole organisms are routinely used to knockdown
transcript levels of target genes. In insects, the level of success in application of dsRNA for gene
silencing studies has been variable; working really well in some insects and not in others [79]. Given

178



Toxins 2015, 7, 174-196

knocking out genes is not possible in many non-model insects, gene silencing by RNAi using long
dsRNA or siRNA has been quite useful.

Application of RNAi could also be useful in studying the function of specific venom proteins
in host-parasitoid interaction. In a recent study, Colinet ef al. utilized RNAI to successfully silence
the RhoGap gene abundant in L. boulardi venom [80]. Silencing was achieved by microinjection of
dsRNA specific to the gene into the parasitoid pupae. The results showed near complete silencing
of the gene and lack of the protein detection in the venom reservoir of the wasps emerged from
gene-specific dsRNA injected pupae. Interestingly, the silencing effect remained stable throughout the
entire wasps’ lifetime. This initial step towards demonstration of successful silencing of a gene coding
for a venom protein provided a new experimental tool in investigating the specific role of the proteins
in host-parasitoid interactions and their importance in the success of parasitism.

2.2. High Throughput Methods: Transcriptomic, Proteomics, Peptidomics

Major advances and cost reductions in high throughput analyses of RNA and proteins have
provided opportunities for researchers to identify and gain a better understanding of the diversity of
venom proteins/peptides from various animals. In addition, these approaches could enable analysis of
venom impacts on the host transcriptome in more depth. These studies in general show the presence of
conserved proteins present in venom from endo- and ectoparasitoids but also some that are unique to
each parasitoid. Further, a large number of proteins/peptides are being discovered with no significant
similarity to other proteins with known functions.

In 2010, Zhu et al. performed a proteomic analysis of the venom from the endoparasitoid
P. puparum which allowed identifying 12 out of 56 soluble proteins extracted from a venom apparatus
homogenate. While a number of proteins highly similar to venom proteins identified in other
hymenopteran species were found (e.g., venom acid phosphatase, calreticulin), the method used
did not allow identification of other possible venom components among proteins of cellular origins
with certainty.

In the same year, the first exhaustive identification of venom components of a parasitoid wasp was
carried out using a combination of sequencing ESTs from a venom gland library and nano-LC-MS/MS
analysis of peptides from pure venom isolated from the venom reservoir of the egg-larval parasitoid
Chelonus inanitus [81]. The main venom components were a number of enzymes (chitinase, esterase,
metalloprotease-like, C1A protease, serine protease), mucin-like peritrophins, lectin-like proteins and
yellow-e3 like venom protein similar to Apis mellifera protein produced in the head and hypopharyngeal
gland of honeybee workers. A number of proteins were also found to be unique to the parasitoid. In a
complementary work, it was shown that the venom proteins enhance PDV entry into the host cells
and facilitate placement of the parasitoid egg in the host embryo’s hemocoel [82].

Using a combined transcriptomic and proteomic approach, Colinet ef al. found 16 putative venom
proteins from A. ervi [83]. The most abundant proteins were three y-glutamyl transpeptidases (y-GTs),
two of which are likely coded by alleles of the same gene and the third one unrelated to the other two
and most likely inactive due to a mutation in the active site. The product of one of the two alleles was
previously shown to cause castration in the host aphid A. pisum by causing apoptosis and subsequent
tissue degradation in the ovaries [31,54]. The study also resulted in the identification of proteins
present in other parasitoid venoms such as SPHs, neprilysin-like and cysteine-rich toxins; and some
being unique to the parasitoid; such as endoplasmin [83].

In another transcriptomic study, a large number of unigenes were identified from the venom of
Leptopilina heterotoma, an endoparasitoid of D. melanogaster [84]. Similar to other such studies, several
venom proteins were identified that were conserved among endo- and ectoparasitoids, as well as
several unique genes. The components of venom from L. heterotoma, including VLPs, are responsible
for suppression of the host immune system and delay in the host larval development [85,86]. The exact
impact of venom versus VLPs in the effects observed in the host is not clear. In a different study, the
venom composition of L. heterotoma and L. boulardi, two parasitoids of D. melanogaster with different
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parasitism strategies were explored using a combination of RNA-seq and proteomics approaches. L.
boulardi is specialized on D. melanogaster and inhibits cellular immunity by inhibiting hemocytes from
encapsulation, while L. heterotoma parasitizes different species of Drosophila and causes destruction of
the host hemocytes [87]. This study led to the identification of 129 and 176 proteins in L. boulardi and L.
heterotoma venoms, respectively. A large number of proteins were found in venom from both species
but also some that were unique to each which presumably may contribute towards their different
strategies in parasitism [69].

Following the availability of the complete genome of the ectoparasitoid wasp Nasonia vitripennis,
de Graaf et al. used a combination of bioinformatics and proteomic analyses to determine the profile
of proteins present in the wasp’s venom reservoir [70]. The bioinformatics approach was based
on digging into the genome sequences using similarity with other known venom proteins. The
proteomics approach was based on using two mass spectrometry approaches: off-line 2D liquid
chromatography matrix-assisted laser desorption/ionization time-of-flight (2D-LC-MALDI-TOF) MS
and a 2D liquid chromatography electrospray ionization Founer transform ion cyclotron resonance
(2D-LC-ESI-FT-ICR). The outcome was identification of 79 proteins among which half of them were
proteins that were either unknown or not yet associated to insect venoms. The major groups were
proteases/peptidases, protease inhibitors, enzymes involved in carbohydrate, DNA and glutathione
metabolism, esterases, recognition proteins, and immune related. Serine proteases and protease
inhibitors were overrepresented in the venom fluid [70].

Similarly, a combination of transcriptome sequencing and proteomics was used to identify the
protein profile of venom proteins in M. demolitor [64]. This study demonstrated the presence of several
venom proteins found in other parasitoids (e.g., a reprolysin-like metalloprotease and Ci-48a), but also
some unique hypothetical proteins. This study presented further evidence of recruitment of insect
proteins into venom by gene duplication and modification. Further, comparison of M. demolitor PDV
gene products and venom proteins showed no overlap suggesting separate functions of the products.

3. Venom Protein Evolution and Diversity

3.1. Venom Diversity within the Hymenoptera: Who Are the Outliers?

Hymenoptera of the suborder Apocrita would gather more than 300,000 species, representing 10%
to 20% of all insect species currently living on earth [2,88,89]. The suborder Apocrita is divided into two
major groups, Parasitica, that possess an ovipositor (terebra or drill) functioning as a dual egg-laying
and venom injecting organ, and Aculeata, in which the ancestral ovipositor has been fully modified
for injection of venom (aculeus or sting) [90,91]. All modern Apocrita share a common ancestral
parasitic origin [92] from which they have successfully evolved to display diversified lifestyles and
nutritional behaviours, including parasitism of plants or arthropods, predation, phytophagy and
omnivory. Depending on the species, venoms are being used as defensive agents against predators,
competitors and pathogens, hunting weapons, manipulators of host physiology, repellents and trail,
alarm, sex, recognition, aggregation and attractant-recruitment pheromones [93,94]. Available data
on the composition of Apocrita venoms are highly heterogeneous depending on the considered
superfamilies, and the extent of the complexity and diversity of these arsenals is still difficult to
estimate with precision.

During the past 50 years, proteins and peptides have focused most of the attention of investigators
interested in the composition of Hymenoptera venoms. Around 70 Hymenoptera species (out of
300,000 venom-producing species!) were studied to this aim. In the Vespoidea superfamily, which
gathers ants and solitary and social wasps, an overall of 138 different proteins and peptides out of
43 species investigated were characterized. In Chalcidoidea, Apoidea and Ichneumonoidea, a lower
number of species have been studied (3, 6 and 11 respectively) with lead species deeply investigated
through venomic approaches (e.g., N. vitripennis, A. mellifera, C. inanitus, M. demolitor). In Cynipoidea,
investigations were only performed on three parasitoids of Drosophila belonging to the genus Leptopilina
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or to the genus Ganaspis. In the seven remaining superfamilies of Hymenoptera, which represent an
estimated number of more than 20,000 species [2], there is simply no data available. This underlines
how far we are from grasping the richness and diversity of Hymenoptera venoms even for the most
studied groups of species. It stresses too how extensive venomic studies can quantitatively and
qualitatively improve our knowledge of this molecular diversity. An overview of main families of
proteins and peptides characterized until now from Hymenoptera venoms can be found in Table 1.

Most parasitoid species have evolved under strong selective pressures and have adapted to
a restricted range of hosts thank to specific strategies of virulence in which venoms can play a
predominant role [95]. The very first analytical works led on parasitoid venoms from the late eighties
intended to compare their composition to that of social hymenopteran species which were, by far, the
best known at this period. These pioneer studies suggested that unlike venoms from social Aculeates,
parasitoid venoms lacked small proteins and peptides and could be characterized instead by the
presence of large venom proteins whose molecular masses frequently exceeded 100 kDa [90,96,97].
This statement was taken up during the following two decades and seemed to be confirmed for a while
by the description of large proteins in venoms of parasitoids [15,18,19,72,98-102]. In parallel, however,
an increasing number of peptides and small proteins of molecular masses lower than 15 kDa have also
been discovered in the venoms of parasitoid wasps belonging to distant families such as Eupelmidae,
Pteromalidae, Braconidae or Ichneumonidae [18,19,30,32,41,72,81,101,103,104]. In fact, there is such a
diversity of functions represented among proteins that were identified to date in parasitoid venoms,
that presence of proteins of high molecular masses is definitely of second importance and cannot
reasonably be hold as a common distinctive feature of parasitoids’ venoms.

Incidentally, if their functional diversity was more explored and taken into consideration, this
could put an end to the temptation to see in the venom of social aculeate Hymenoptera a classical
pattern for all hymenopteran venoms and to consider parasitoids as outliers. At most it may be
considered now that venoms of social species, which only gather a fraction of the most recent species
of the order and which have independently evolved from several parasitoid lineages [2,89], constitute
rather an exception than a paradigm. Indeed, these venoms are particularly rich in neurotoxic, cytolytic
and antimicrobial peptides that fulfill key roles in capture and conservation of preys, defense against
competitors and prevention of brood nest contamination by microorganisms [105]. The presence and
abundance of such compounds make sense only with respect to particular lifestyles (eusocial, subsocial
or solitary life) and feeding modes (omnivory, phytophagy, predation) and have certainly played an
important role in the diversification of these species and their ecological dominance [89]. But they
have little in common with venom compounds used as virulence factors needed to finely adjust and
manipulate the internal physiological balance of hosts, a constraint experienced by most parasitic
wasps, and endoparasitoid species in particular.

This confusion mainly originates from a widespread anthropocentric view in addressing the
issue of venom, that some extensive works such as “Venoms of the Hymenoptera” [90] and other
recent papers [2,106,107] have not totally succeeded to clear up. According to this conception, the
most important venoms to man would naturally constitute the most important venoms. One may
understand that this outdated view has served as a primitive conceptual matrix to the pioneer
comparative works of the eighties because they preceded the functional examination of parasitoid
venoms. It is a bit more surprising how often this view is fostered in more recent comparative
papers (see for instance [108,109]) aiming at underlying the potential of venomic approaches for
pharmaceutical discovery, but in which the composition richness and subtlety of functions displayed
by the venoms of parasitic wasps and other Hymenoptera are simply ignored to the benefit of a
lapidary mention of the “predatory” and “defensive” roles of the venoms from “ants, wasps and bees”.
It does not only deny hymenopteran venom diversity, it also neglects venom variability and complexity,
its inter- and intra-individual corollary dimensions. To go further and break with “an anthropocentric
view of toxicity”, Fry et al. (2009) [110] have proposed a global definition regarding “( ... ) venom as a
secretion, produced in a specialized gland in one animal, and delivered to a target animal through
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the infliction of a wound regardless of how tiny it could be, which contains molecules that disrupt
normal physiological or biochemical processes so as to facilitate feeding or defense by the producing
animal”. With a little effort this interesting definition could have been useful, but it excludes important
cases, like the possibility for venom to be injected into a host plant and not just into an animal. The
case is frequent for instance in Cynipidae which develop as parasites of wild roses or oaks and which
inject venom in host plant tissues during oviposition [111]. The oak gall wasp Biorhiza pallida even
possesses one of the largest venom apparatuses found in a hymenopteran in proportion of the body
size [112]. The exact functions of B. pallida’s venom are not known to date as those of hundreds of
thousands of other parasitic wasps associated to animal or plant hosts. It may thus be also hazardous
to define what is or not venom by reference to a restrictive set of functions, such as feeding and defense,
because we still largely ignore all what venoms can achieve. The proposed definition also discards the
cases in which venoms can act on another organism in the absence of wounding, for instance through
venom spraying for prophylactic or defensive purposes and venom deposition in order to serve as a
pheromone [105].

It is noteworthy that little is known, in Hymenoptera, on small size venom components belonging
to other biochemical classes than proteins and peptides. Knowledge acquired in this domain only
comes from the study of some social species belonging to Apoidea and Vespoidea superfamilies.
A small set of biologically active amines either acting as smooth muscle agonists, pain-inducing
or paralytic factors have been described in venoms of solitary or social Aculeates [11,90]. They
notably include histamine, acetylcholine, 5-hydroxytryptamine, bradykinin, GABA, taurine, 3-alanine,
serotonine, tyramine, dopamine, noradrenaline and adrenaline. Formic acid is the most famous ant
venom component and to date, the single organic acid known from Hymenoptera venoms. Some ant
venoms may also contain a diversified range of alkaloids, monoterpene hydrocarbons, aromatic
nitrogen-containing compounds and lactones [93]. New available techniques for metabolomics
analyses could be useful to investigate the presence of such molecules in venoms of other Hymenoptera
superfamilies and may even reveal other unexplored classes of active venom metabolites (e.g., free
amino acids, lipids, polysaccharides, sterols, efc.).

In summary, by highlighting papers of particular interest that focus on the main venomous
functions of species of importance, one may sometimes be at risk of simply missing the essential
aspects of an issue.

3.2. Factors Shaping Venom Complexity in Parasitoid Species

A given parasitoid species is supposed to obtain several adaptive advantages from the production
of a complex venom [99]: (1) the combined actions of different venom components allow targeting of
several host functions either simultaneously or sequentially; (2) the effects of the venom components
may be complementary or even cumulative; (3) the likelihood that hosts simultaneously develop
resistances against multiple venom components is low. On the other hand, the production of venom,
which may start before adult emergence [97], is reputed to be costly. Biochemical, proteomic and
transcriptomic analyses on parasitoid venoms and venom glands have shown a long time ago that
these tissues generally express a small number of highly abundant proteins and peptides and a large
number of low abundance products [27,64,70,80,81,96,113]. This raises at least two questions: First,
why do investigators continue to expend public funds into costly high-throughput transcriptomic
methods that will generate millions of redundant sequence reads to identify only a few dozen major
venom proteins? Second, what allows a secreted product to be selected among these few dozen key
components? There are a whole bunch of politically incorrect answers to the first question which might
be easily found elsewhere, suffice to say that some like to be exhaustive at someone else’s expense,
and that deep sequencing methods are appropriate tools to address the issue of inter- and intraspecific
venom variability [114].

Concerning the second point, Fry et al. (2009) [110,115] have noticed a high proportion of
convergently recruited protein families among secretions of a wide range of venomous organisms,
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suggesting that similar structural and/or functional constraints could influence toxins recruitment
across the animal kingdom. In parasitoids, venom complexity is the result of a balance between
benefits and costs that seems to have favored the selection and production in abundance of a
restricted number of venom proteins that are congruent with strict requirements of safety towards the
producing organism and efficiency towards targets. As in other venomous animals, potentialities for
recruitment and evolution of parasitoid venom proteins greatly depend on individual, populational
and ecological factors.

3.2.1. Individual Factors

Individual factors gather physiological features that may affect venom complexity. They may
include specific biochemical properties such as the acidic nature of the venomous secretions, the
histological organization of venom glands in a simple glandular epithelium and the occasional
presence of structures like an internal chitin layer in the secretory duct and the reservoir of the
venom apparatus [116]. The tissue organization could have greatly influenced the recruitment of
compatible compounds, selected under the double necessity to be devoid of any autotoxic effect and
to remain (or to only become) bioactive upon injection. The recruitment of new venom proteins is
supposedly mediated, in parasitic wasps, by gene duplication events eventually followed by changes
in protein addressing and processing steps [41,114]. Prevention of autotoxicity and conservation of
bioactivity may be achieved by additional changes in substrate specificity or catalytic sites of the
venom enzymes by comparison to their cellular homologs [72,80,101,114,117]. It can also rely on the
presence in the venom of specific enzyme inhibitors [118] and molecular chaperones [119] or secretion
of venom enzymes as inactive precursors [41].

In most parasitoid species studied to date, venoms were either reported to constitute the main
predominant factors of virulence or to facilitate the action of other factors [30,82,116,120-123]. It is
worthy to underline that in the former case, numerous studies have focused on the identification of
prime venom components while paying little attention to other secondary venom molecules capable of
potentiating or regulating their action. When venoms act synergistically with other factors of virulence
(i.e., symbiotic PDVs, VLPs, ovarian fluids, larval secretions, etc.), the molecular basis underlying
facilitating processes remain largely unknown, with few exceptions [30]. Even more intriguing are
parasitoid venoms that were acknowledged to be non-essential for the survival of the parasitoid
wasps’ progeny. This is notably the case for the venoms of the braconid Cotesia congregata [124] and
the ichneumonid C. sonorensis [60], Tranosema rostrale [125] and H. didymator [56]. Subtle interactions
are hence likely to take place (1) between venom components; (2) between venom and other factors
of virulence; and (3) between venom and various targets. These interactions probably weighted
significantly on venom complexity. Remarkably, functional redundancy seems not to be a widespread
rule in parasitoid wasp venoms as suggested by the presence, in several species, of venom proteins
that arose from gene duplications but whose key functional residues are often mutated [83,114]. This
is in sharp contrast with PDVs whose genomes frequently contain gene sets forming large multigenic
families and which may be co-expressed in host tissues [126]. The fact that the former are produced by
the parasitic wasp itself and the latter at the expense of host insects may explain why diversification
operated differently on both factors of virulence. Definitely, some like to be exhaustive at someone
else’s expense.

PDV- and VLP-associated wasps are apparently undergoing a process of subfunctionalization,
or functional partitioning, of their venom that probably started with the integrations of the ancestors
of actual bracoviruses (BV), Ichnoviruses (IV) (the two subgroups of PDVs) and producers of VLPs
in the genomes of different organisms belonging to Braconidae, Ichneumonidae and Figitidae [127].
In BV-associated parasitoids such as C. inanitus or M. demolitor, we observe that almost no overlap
exists between venom proteins and PDV gene products [64,81] and, for M. demolitor, between venom
and teratocytes [64]. According to Burke and Strand (2014) [64], this functional partitioning would
provide “wasps the means to deliver and express effector molecules in hosts for protracted periods”.
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Consequently, the presence of the PDV allows relaxing the selective pressure exerted by a functional
constraint identified by Fry et al. [110]: the need to produce a rapid effect in order to be effective and
successful. Therefore it opens the possibility for these venoms to evolve in new directions, like the
recruitment of venom proteins fulfilling structural functions or promoting cell growth and/or tissue
differentiation. It seems to be the case for the venom of C. inanitus which contains an Imaginal disc
Growth Factor (IDGF)-like protein (Ci-48b) and two putative mucin-like peritrophins (Ci-23c and
Ci-220) [81].

Dorémus et al. (2013) [56] have suggested that several IV-associated wasps, such as H. didymator,
have been further in the subfunctionalization process in producing venoms which reveal to be
unnecessary to the success of the parasitoid although a number of venom proteins are still abundantly
produced. Loss of regulatory functions may have followed viral acquisition or alternately, acquisition
of these functions was only performed by the symbiotic virus. In parasitic wasps whose venom
glands produce VLPs such as L. herotoma and L. boulardi, the most abundant venom proteins are
in fact constitutive of the VLP capsid [69,114]. Since VLPs are devoid of nucleic acids and cannot
externalize the production of regulatory proteins in parasitized host, venom gland plays here the role
of “VLP factory”.

These examples highlight how, in parasitoids, venom composition and functional diversity are
interdependently linked to the evolution of other factors of virulence. Here probably reside the main
origins of their singularity regarding other animal venoms. Structural and functional constraints only
explain a part of parasitoids’ venom complexity. Existence of inter-individual variability is another
important parameter to understand how venom complexity and diversity have arisen.

3.2.2. Populational and Ecological Factors

Studies led on BV-associated parasitoid wasps of the Microgastrinae complex have recently
suggested that the highly diverse gene content of BV genomes could drive adaptation or specialization
of parasitoid wasps to particular hosts [128]. For instance, former cross-protection experiments with
species of the genus Microplitis have shown that BV-mediated immunosuppression was one important
determinant of host range along with other factors [129]. Investigating similarly whether venom
composition and effects could influence major life traits of parasitoid Hymenoptera, and could in
turn be influenced by ecological constraints, necessitates the study of particular biological models.
It can be achieved for example through the study of species devoid of symbiotic viruses and offering
intraspecific variations of their venomous properties and successful parasitism rates (SPRs) toward a
reference host model.

In the case of the evolution of the genus Asobara (Braconidae: Alysiinae), the cross-influences
of the levels of resistance displayed by local species or strains of Drosophila hosts and of levels of
virulence exhibited by sympatric parasitoid species are quite well documented [130]. The richness of
these interactions has led to a surprising diversification of the composition and functional properties
of the venomous secretions in Asobara parasitoids with direct and major consequences on the strategies
of virulence of these species [116,131,132].

The SPR of the solitary endoparasitoid Asobara tabida towards D. melanogaster has been correlated
with geographic localization [133]: the strain called A1 originates from the south of France and develops
more successfully on D. melanogaster than the WOPV strain originating from the Netherlands [134].
The SPR of both strains in controlled conditions has been shown to be of 74% == 2.6% and 18.8% =+ 8.8%,
respectively [42]. In this biological system, the parasitoid female lays a single egg into a young
Drosophila larva, which may escape encapsulation if its chorion strongly adheres to the basal lamina
surrounding the internal tissues of the host [135] (Moreau S., unpublished data). If an A. tabida egg is
not able to bury itself between the host’s organs, it is rapidly encapsulated by circulating hemocytes,
unless it has been oviposited into a host deprived of encapsulation abilities [133,136]. Whatever
the outcome of the parasitic relationship, parasitized D. melanogaster larvae retain substantially their
ability to mount effective immune reactions but experience a transient paralysis, an altered weight
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gain and a significant increase in the time required before the onset of pupariation [42,137]. These
observations suggested that factors of parasitic origins, and notably venoms, had a precocious effect
on activity and development of parasitized hosts, but almost not on their immunity, and that crucial
difference could take place between the two strains studied. Interestingly, while parasitism by both
strains induced equivalent mortality rates before the parasitoid’s emergence (approximately 20%),
experimental injection of venom proteins from the WOPYV strain significantly increased the mortality
rate of D. melanogaster larvae. At the highest tested dose of venom (equivalent to a tenth of the venom
produced during the first five days after emergence), 95% of D. melanogaster larvae died before reaching
the pupal stage and none completed its development. In comparison, when the same quantity of
venom proteins from the A1 strain was injected into D. melanogaster larvae, the observed mortality
rate was only 35%. Venoms of both strains also exhibited variations in their ability to induce transient
paralysis, the venom of the WOPV strain having the strongest effect [42]. Finally, electrophoretic
profiles of venom extracts showed minor band differences (Moreau S., unpublished data). The abilities
of A. tabida’s venom to induce host paralysis, to be lethal at high doses and most probably to delay
development in parasitized hosts, are reminiscent of its ectoparasitic origins [138], even though its
lifestyle is now undoubtedly endoparasitic. On the basis of their ancestral functional legacy and despite
the loss (or the non-acquisition) of an immune-suppressive venom, geographically distant populations
of A. tabida have thus evolved at least two strategies to adapt to endoparasitism. Eggs of the Al strain
take benefit from the increased stickiness of their chorion and from the lesser toxicity of their mother’s
venom to successfully parasitize immune-reactive host larvae. Conversely, the eggs of the WOPV
strain need to develop into immunocompromised hosts and the higher toxicity of the female’s venom
could serve here to weaken or even eliminate some potential competitors (e.g., eggs of L. boulardi
already present in the host) in order to allow a kleptoparasitic development of A. tabida eggs [133].

Countless other inter-individual variations in venom composition have occurred within
hymenopteran parasitoids over the past millions of years of evolution and many of them have
probably been selected under constraints imposed by interacting species within local communities.
This question is now the subject of renewed interest [119,139] and should benefit from the availability
of high-throughput sequencing methods that provide access to the inter-individual variability of
venom gland gene expression within natural populations.

Beyond understanding the evolution of particular parasitoids-hosts relationships, investigation
of the venom gland content may also directly inform us about the evolution of the order Hymenoptera.
The venom composition of C. inanitus hence appeared as a mixture of conserved venom components
and of recent proteins potentially specific of the lineage [81]. The phylogeny of several conserved
venom proteins has been reconstructed and the authors identified Allergen 5 proteins, a group of major
allergen components of ants and wasps venoms, as one of the most ancient family among insect venom
proteins: the ancestral Allergen 5 gene was likely already expressed by the venom glands of the common
ancestor to Ichneumonoidea and Aculeata, 155 to 185 million years ago and has apparently been lost
in Apoidea. This study has also confirmed that genes coding for honeybee’s Major Royal Jelly Proteins
derived from a progenitor gene (yellow-e3) which probably possessed an ancestral venomous function,
as previously suggested [140,141]. These examples show that aside from quantitative benefits expected
from the achievement of extensive inventories, combined genomic, transcriptomic and proteomic
approaches constitute appropriate tools to explore evolutionary purposes. Such approaches have
notably been used with success to unravel the origins of PDVs produced by parasitoid wasps [62];
reconstructing the composition of some “paleovenoms” should thus become an achievable objective
with exciting perspectives. Transcriptomic data can also help us understand the functioning of venom
glands cells through the identification of gene products directly involved in production, delivery and
activation of venom toxins of a broad range of venomous animals, such as the dipeptidyl peptidase IV
(DPPIV) family enzymes [56].
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4. Pharmaceutical and Biological Potential of Parasitoid Wasp Venoms

With a complexity generally comprised between 10 to 100 different venom proteins and peptides
per species, the 250,000 known hymenopteran parasitoid species represent a source of millions of
bioactive molecules which remain almost totally unexplored. The applied perspectives expected from
their study are just as vast. In medical areas, they range for instance from the prevention and treatment
of venom hypersensitivity to the discovery of innovative drug candidates. Given that parasitoid
venoms also attract a growing attention as a rich source of bioactive substances for the control of
insect pests [142], an advantage could be taken from the acquisition of a better knowledge on venom
composition in a greater number of species, to optimize new strategies of integrated pest management.

4.1. Pharmaceutical Perspectives

The therapeutic value of venom immunotherapy to improve the quality of life of patients which
are hypersensitive to the venom of social Hymenoptera is acknowledged since more than eighty
years [143,144]. Recently, venomic approaches have allowed the discovery of new venom constituents
which were proven to be of immunological significance and have opened the way to optimization of
immunotherapeutic strategies through the use of cocktails of recombinant allergens [70]. Interestingly,
the toxicity, allergenicity and algogenicity (potential for pain induction) of solitary predatory or
parasitoid wasps towards human and domestic animals have almost never been assessed in laboratory.
Although rare, accidental envenomation events have nevertheless been documented [105]. The
continued increase in human populations” densities could expose a greater number of people to these
non-intentional contacts.

On the other hand, a number of venom serine proteases from wasps and bees were shown
to exert a potent anticoagulant effect, inhibiting platelet aggregation and degrading the (-chain
of fibrinogen [145,146]. Enzymes with similar functions have been reported from the venom of
the ectoparasitoid N. vitripennis [70] and from those of the endoparasitoids P. hypochondriaca [99],
P. puparum [113] and A. japonica [71]. Their study would raise potential applications for the treatment
of thrombotic disorders.

Venoms of Hymenoptera also often contain antimicrobial peptides (AMPs) [32,147-149] or may
stimulate the antimicrobial immune defenses of the targeted organism [105]. Such molecules may
serve as templates to inspire new antibiotic agents, an invaluable resource considering the worrying
current increase in the number of multi-drug resistant pathogens and the expected changes in the
distribution of terrestrial ectotherms and epidemiology of infectious diseases which are likely to be
induced by the ongoing global warming [150,151]. The antinociceptive effects of other venom peptides
involved in the blockage of ionic channels can also represent potential sources for drug development
to treat pain. Several examples of neurotoxic peptides from solitary and parasitoid wasps are already
known [12,13,152].

Finally, one of the most interesting properties of venom components and venom cocktails are
probably their natural stability as injectable solutes, their effectiveness in reaching targeted tissues
and their ability to synergize their actions, shaped by millions years of “R&D”. Their features may
inspire the design of recombinant hydrolases and innovative strategies of enzyme replacement therapy
for patients suffering from rare lysosomal storage disorders [95,153]. Other venom molecules with
protease inhibiting, pro-apoptotic or cytotoxic properties and described from several endoparasitoid
species [94,95] may also worth to be considered for the development of anti-tumor or anti-viral agents.

4.2. Biological Control: Development, Reproduction and Immune Modulators

Twenty-one years ago, Zeneca Ltd. patented a synthetic DNA capable of expressing a venom
peptide from Conus marine snails in pest insects via a baculoviral vector [154]. The year after, the same
company patented a chimeric toxin resulting from the fusion of part of an endotoxin from Bacillus
thuringiensis and an insecticidal venom toxin from the scorpion Androctonus australis Hector [155]. The
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chimeric toxin was thought to be applied directly to crop plants or to be produced by transgenic plants
and delivered to pest insects through ingestion. In 1996, several patent applications concerning the
potential use of B. hebetor venom neurotoxins as insecticidal toxins have been simultaneously deposited
by Sandoz Ltd. [156], Zeneca Ltd. [157] and NPS Pharmaceuticals, Inc. [158,159]. The U.S. Patent by
Quistad et al. (1996) [156] was notably directed to “toxins active against insects which are isolated
from the parasitic wasp B. hebetor, the nucleic acids which encode the toxins, cloning of the toxins,
use of the toxins to control insects, and genetically engineered virus vectors carrying the toxin gene”.
Many have seen in these patent applications the opening of a new era in the use of parasitoid wasps in
biological control, not only as living organisms, but also as sources of genes and molecules of interest
to control pests [95,160,161]. However, because sequence information and experimental results were
kept confidential, these patents have seriously hindered the diffusion of a useful knowledge. They
have resulted in delaying both fundamental works about venom diversity and evolution, and the
effective use of interesting molecules in the field. Beyond the fact that these “inventions” constitute
regrettable attempts to enclose and usurp the genetic patrimony of wild species and data constitutive
of the common knowledge of the human kind, they fuelled the public mistrust towards biotechnologies
and the potential use of venom compounds from parasitoids for plant protection. In 1999, the British
registered charity ActionAid was already wondering about the possible impacts on environment
of genetically modified (GM) crops or baculoviruses expressing the B. hebetor’s venom toxins [162]:
what would happen if the venom toxins were ingested by non-targeted organisms or if their genes
were horizontally transferred to microorganisms or to wild plants? Are they allergenic or toxic to
humans? Will these genetically modified organisms contribute to improving or degrading the situation
of farmers in developing countries? It seems that answers to these important questions will also remain
confidential for a while.

A very different approach has been followed during the next decade by a group working on the
venom of the widely used biological control agent Aphidius ervi (Braconidae: Aphidiinae). The venom
of A. ervi induces the castration of the pea aphid Acyrthosiphon pisum via the specific degeneration of
the germaria and of the young apical embryos [54]. The sequence of the bioactive venom component
inducing castration was published in 2007 [31]. It corresponds to a dimeric y-glutamyl transpeptidase
(v-GT) which acts by specifically triggering apoptosis in germarial cells and cells of the ovariole
sheath of the parasitized aphid. Recently this y-GT has also been found in egg extracts of A. ervi
which suggests that the expression of the venom enzyme would not be restricted to the venom
gland of the parasitoid [163]. In addition these authors have precisely dosed the quantity of venom
v-GT injected in the aphid host during oviposition (approximately 4 ng) thanks to an elegant and
transferable experimental setup relying on chitosan beads. Finally, a third group of investigators has
recently performed a combined transcriptomic and proteomic approach on the venom of A. ervi [80].
Surprisingly, their work has revealed the presence of two additional y-GTs in the venom, from which
one would not be functional while the other would represent the product of an allelic variant of the
original -GT gene. Interestingly, a reconstruction of the phylogenetic relationships between known
hymenopteran y-GTs suggests that an independent and converging duplication event would be at
the origin of the presence of two other y-GTs in the venom of the ectoparasitoid N. vitripennis [70,80].
Finally, the presence of an endoplasmin has also been detected in the venom of A. ervi. This protein,
which belongs to a family of molecular chaperones could play a role in the transport and stabilization
of the other venom proteins including the y-GTs [80]. If it was confirmed, this finding could have
important implications for future applications that would aim at using y-GTs or other venom proteins
to efficiently control aphid populations. This example illustrates, if we needed reminding, how open
collaboration more than mercantile enclosures, encourages the acquisition of useful knowledge and
makes progress possible.

The most advanced project to date concerns the selection of venom proteins from the
endoparasitoid P. hypochondriaca able to help the control in the field of two pest insects, Lacanobia
oleracea and Mamestra brassicae [164,165]. The originality of the envisaged strategy of control resides
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here in the use of the immunosuppressive properties of two venom proteins (VPr3 and VPrl) to
increase sensitivity of pest insects to biological control agents (BCA) such as Beauvaria bassiana and B.
thuringiensis (Richards and Dani, 2008). Injections of the recombinant rVPrl suppressed the ability
of L. oleracea and M. brassicae to mount hemocyte-mediated immune responses [165]. Two modes of
delivery of rVPr1 to the targeted pest insects are studied in view of future practical applications: either
by directly spraying rVPrl onto plants attacked by the pests (which would require protecting the
protein from degradation and inactivation) or via the expression of rVPrl by the BCA itself [164]. The
latest option would necessitate a careful development to avoid a reckless widening of the biological
spectrum of BCAs, notably towards non-targeted species of Lepidoptera.

5. Conclusions

Despite the large diversity of parasitoid wasp species, there are only a small number of venom
proteins that have been described from the wasps. There is a wealth of unexplored biomolecules present
in parasitoid venoms that are of value in basic evolutionary studies, venom biology, host-parasite
interactions, evolution of life strategies, and may potentially contain components that could be
used in agriculture and pharmacology. The available state-of-the-art approaches in proteomics and
transcriptomics provide us with valuable tools and unique opportunities to explore these diverse
biomolecules. By characterizing parasitoids” venoms at the functional level, we can gain a better
understanding of neglected interactions to achieve knowledge that can enable us to utilize them for
improved appreciation of life and diversity, pest management and health.
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Abstract: While knowledge of the composition and mode of action of bee and wasp venoms dates
back 50 years, the therapeutic value of these toxins remains relatively unexploded. The properties of
these venoms are now being studied with the aim to design and develop new therapeutic drugs. Far
from evaluating the extensive number of monographs, journals and books related to bee and wasp
venoms and the therapeutic effect of these toxins in numerous diseases, the following review focuses
on the three most characterized peptides, namely melittin, apamin, and mastoparan. Here, we update
information related to these compounds from the perspective of applied science and discuss their
potential therapeutic and biotechnological applications in biomedicine.

Keywords: bee; wasp; venom; melittin; apamin; mastoparan

1. Introduction

The order of Hymenoptera divides into two suborders Symphyta and Apocrita. This latter represents
the first evolutionary step in the development of the hymenopteran venom system [1]. Furthermore,
the suborder Apocrita is traditionally divided into two groups, the Aculeata and Parasitica. At the same
time, Aculeata contains several superfamilies, Vespoidea and Apoidea among others. Inside Vespoidea
is the family Vespidae, which represents a large and diverse family of cosmopolitan wasps as does
the family Apidae, inside the family Apoidea, which comprises many species of bee, among them the
common honey bee. The sting of members of the Aculeata group is modified for injecting venom into
prey or predators. The chemical composition of these insect venoms is complex, encompassing, a
mixture of many kinds of compounds, proteins, peptides, enzymes, and other smaller molecules. This
mixture of biologically active substances can exert toxic effects, contributing to certain clinical signs and
symptoms of envenomation. Human responses to stings include pain, small edema, redness, extensive
local swelling, anaphylaxis, and systemic toxic reaction [2]. However, several venom components
have been widely used in Oriental medicine to relieve pain and to treat inflammatory diseases such as
rheumatoid arthritis and tendonitis. Other potential venom-related treatments for immune-related
diseases, infections, and tumor therapies are currently under investigation. In this review, we focus
our attention on the most recent and innovative therapeutic and biological applications of three of the
most widely known components of bee and wasp venom, namely melittin, apamin and mastoparan
(see Table 1). Melittin and apamin are the only found in the genus Apis. However, mastoparan is found
in more genera, such as Vespa, Parapolybia, Protonectarina, Polistes and Protopolybia.
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Table 1. Protein primary structure of melittin, apamin and mastoparan.

Melittin GIGAVLKVLTTGLPALISWIKRKRQQ
Apamin CiNC,KAPETALC; ARRC,QQH *
Mastoparan INLKALAALAKKIL

* The cysteines’ subscripts of Apamin sequence represent the disulfide bridges between Cys in positions 1
with 11, and Cys in positions 3 with 15.

Hymenoptera venom therapy, in particular that involving bee venom (apitoxin), was practiced
in ancient Egypt, Greece, and China and, improved by modern studies of apitherapy during the
19th century. However, precise knowledge of the composition and mode of action of such venom
dates back only 50 years. The advent of electrophoresis, chromatography and gel-filtration, together
with pharmacological and biochemical techniques, brought about the identification of a number of
components of bee and wasp venoms. Later on, improved and novel techniques of purification
and sequence analysis by Edman degradation and the new analytical chemistry technique mass
spectrometry (MS) allowed accurate characterization of the major components in venoms. On the other
hand, the advance in transcriptomic and genomic analysis also have helped to identify genes expressed
in venom glands. The amount of venom protein released in a sting varies between species, ranging
between 50 and 140 micrograms for bees [3,4] and between 1.5 and 20 micrograms for wasps [3,5].
Proteins and peptides comprise the main components of the venoms of these insects (see Table 2).
The venoms also contain volatile alarm pheromones (4%-8%), such as iso-pentyl acetate, 2-nonanol,
and n-butyl acetate, which trigger defensive responses from nearby insects [6]. Bee and wasp venom
share several biologically active proteins and neurotransmitters, such as phospholipases A; and
B, hyaluronidase, serotonin, histamine, dopamine, noradrenaline and adrenaline. However, some
peptides are exclusive to each insect, namely melittin, apamin and mast cell degranulating (MCD)
peptide to bees, and mastoparan and bradykinin to wasps.

Table 2. Main proteins and peptides found in bee and wasp venom.

Bee venom Wasp venom Type and MW (Da) % Compound * Toxic **
Phospholipase Ay Phospholipase Aj Enzyme (~18 kDa) 10-12 Yes
Phospholipase B Phospholipase B Enzyme (~26 kDa) 1 Yes
Hyaluronidase Hyaluronidase Enzyme (~54 kDa) 1.5-2 Yes
Phosphatase Phosphatase Enzyme (~60 kDa) 1 No
«-Glucosidase «-Glucosidase Enzyme (~170 kDa) 0.6 No
Melittin - Peptide (2847 Da) 40-50 Yes
Apamin - Peptide (2027 Da) 2-3 Yes
MCD peptide - Peptide (2593 Da) 2-3 Yes
- Mastoparan Peptide (1422 Da) No data Yes
- Bradykinin Peptide (1060 Da) No data No

* The percentages of compounds correspond to the venom itself and do not take into account the water content.
Concentration can differ between bee and wasp species. ** This toxicity refers to the potential toxicity that each
component could have. It is based on the cytotoxic and immunologic effect of each protein described in the text.

1.1. Enzymes

Focusing on enzymes related to toxicity, phospholipase and hyaluronidase are the two major
enzymatic proteins present in hymenoptera venom. These enzymes can trigger an immune response,
inducing IgE response in susceptible individuals [7].

Phospholipase A, (PLA;) is a calcium-dependent enzyme that hydrolyzes the sn-2 ester of
glycerophospholipids to produce a fatty acid and a lysophospholipid. It destroys phospholipids,
disrupting the integrity of the lipid bilayers, thus making cells susceptible to further degradation.
In fact, PLA; reaction products, such as lysophosphatidylcholine, lysophosphatidic acid and

198



Toxins 2015, 7, 197-217

sphingosine 1-phosphate, can have cytotoxic or immunostimulatory effect on diverse cell types,
causing inflammation and immune responses [8].

Phospholipase B (PLB), also known as lysophospholipase, is an enzyme found in very low
concentrations in some venoms. With the capacity to cleave acyl chains from both sn-1 and sn-2
positions of a phospholipid, PLB shows a combination of PLA; and PLA; activities [9].

Hyaluronidase is commonly known as a “spreading factor” because it hydrolyzes the viscous
polymer hyaluronic acid into non-viscous fragments. When extracellular matrix is destroyed by
hyaluronidase, the gaps between cells facilitate the invasion of venom toxins. Therefore, venom
penetrates tissues and enters blood vessels, thus catalysing systemic poisoning. Furthermore,
hydrolyzed hyaluronan fragments are pro-inflammatory, pro-angiogenic and immunostimulatory,
thus inducing faster systemic envenomation [10].

1.2. Peptides

Mast cell degranulating (MCD) peptide is a cationic peptide with 22 amino acid residues that
has a similar structure to apamin, being cross-linked by two disulphide bonds [11]. This peptide is
a potent anti-inflammatory agent; however, at low concentration it is a strong mediator of mast cell
degranulation and histamine release from mast cells, which are present in the blood supply and in all
tissues perfused by blood [12].

Bradykinin is a physiologically active peptide that belongs to the kinin group of proteins.
Bradykinin and related kinins act on two receptors, designated as B1 and B2. The former is expressed
only as a result of tissue injury and it is thought to play a role in chronic pain. In contrast, the B2
receptor is constitutively expressed, participating in vasodilatation via the release of prostacyclin,
nitric oxide, and endothelium-derived hyperpolarizing factor, thus contributing to lowering blood
pressure [13].

Adolapin is a peptide that was first isolated from bee venom in the 80s. It exerts a potent
analgesic effect and anti-inflammatory activity in rats, blocking prostaglandin [14]. Tertiapin, also
from bee venom, is a 21 amino acid peptide that blocks certain types of inwardly rectifying potassium
channels [15]. The peptides Scapin, Scapin-1, and Scapin-2 are all 25 amino acid residues in length
and share a similar secondary structure, with a disulfide bridge between Cys 9 and Cys 20. These
peptides have been isolated from the venom of various species, such as Scapin from European Apis
mellifera [16], Scapin-1 from Chinese Apis mellifera [17], and Scapin-2 from the Africanized honeybee.
These compounds induce leukotriene-mediated hyperalgesia and edema [18]. Melittin F contains
19 amino acid residues and differs from melittin in that the first seven residues of the N-terminus
are absent, therefore it resembles a fragment of melittin [19]. Cardiopep is a peptide isolated from
whole bee venom that has beta adrenergic and anti-arrhythmic effects [20]. Antigen 5, one of the major
allergens in all wasp venoms, has an unknown biological function [21]. Other recently isolated and
featured peptides show antimicrobial activity, playing a key role in preventing potential infection by
microorganism during prey consumption by insect larvae. Examples of such peptides include Anoplin
from Anoplius smariensis [22], Crabrolin from Vespa crabro [23], Decoralin from Oreumene decoratus [24],
Eumentin from Eumenes rubronotatus [25], Melectin from Melecta albifrons [26], and Protonectin from
Agelaia pallipe pallipes [27].

1.3. Low Molecular Weight Compounds

Bee and wasp venoms also contain small molecules, such as minerals, amino acids, and
physiologically active amines, such as catecholamines. Among this category, histamine is one of
the major components. This organic nitrogenous compound participates in the inflammatory response
by increasing the permeability of capillaries. In a similar manner, the catecholamines dopamine and
nor-adrenaline increase heartbeat, thereby enhancing venom circulation and thus, its distribution [28].
However, like histamine, the effects of these two catecholamines are largely overshadowed by those of
other components of venom. Serotonin can act as an irritant and can contribute to the pain caused by
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the venom. Finally, high levels of acetylcholine are detected only in wasp venom. Acetylcholine can
increase perceived pain of a sting by stimulating pain receptors synergically with histamine effects.

2. Bee Venom (Apitoxin)

Since the first studies in apitherapy at the beginning of the 20th century, multiple therapeutic
applications for bee venom have been developed for certain diseases. However, although we have a
better understanding of the mechanisms of action of bee venom components, many questions remain
unanswered. Given the anti-inflammatory properties of this venom, various forms of traditional bee
venom therapy, including the administration of live stings, injection of venom, and venom acupuncture
have been used to relieve pain and to treat chronic inflammatory diseases such as rheumatoid arthritis
and multiple sclerosis [29,30]. This traditional medicine also has been used for other diseases like
cancer [29], skin conditions [31], and recently even for Parkinson’s disease [32]. In addition, Apit0x®
(Apimeds, Inc., Seongnam-si, Korea), purified bee venom from Apis mellifera, is an FDA-approved
subcutaneous injectable product for relieving pain and swelling associated with rheumatoid arthritis,
tendinitis, bursitis and multiple sclerosis [33]. From a scientific perspective, special mention is given to
two particular reviews [34,35] that assessed the evidence of a non-systematic manner of designing,
performing, and analyzing clinical studies of bee venom acupuncture for rheumatoid arthritis and
musculoskeletal pain. After evaluating the safety and efficacy of these studies, the results showed
evidence of effectiveness. However, the authors highlighted that not only was the total human
sample size too small, but the quality of experimental design was varied and sometimes inadequate.
Recently, two pilot studies addressing chronic pain of the neck and lower back have were designed
under a rigorous randomized clinical trial with the aim to evaluate the true effect of bee venom
acupuncture [36,37]. Therefore, new protocolized studies are in the pipeline to validate the efficiency
of this novel therapy. Furthermore, purified and synthesized bee venom components and their
derivatives have led to novel pharmaceutical agents. In the following sections, we address in more
detail the applications of two of the most studied peptides obtained from bee venom, namely melittin
and apamin.

2.1. Therapeutic and Biotechnological Applications of Melittin

Melittin, the main component of bee venom, hyaluronidase and PLA; are the three major causes
of allergic reactions to this venom [38]. An amphiphilic peptide comprising 26 amino acid residues,
and in which the amino-terminal region is predominantly hydrophobic and, the carboxyl-terminal
region is hydrophilic. Melittin is the principal active component of apitoxin and is responsible for
breaking up and killing cells. When several melittin peptides accumulate in the cell membrane,
phospholipid packing is severely disrupted, thus leading to cell lysis [39]. Melittin triggers not only
the lysis of a wide range of plasmatic membranes but also of intracellular ones such as those found
in mitochondria. PLA; and melittin act synergistically, breaking up membranes of susceptible cells
and enhancing their cytotoxic effect [40]. This cell damage, in turn, may lead to the release of other
harmful compounds, such as lysosomal enzymes from leukocytes, serotonin from thrombocytes, and
histamine from mast cells, which can all lead to pain.

Although melittin is the most studied and known bee venom peptide, its development for
clinical applications remains mainly in preclinical phases. At the moment of writing, no products
for human use are available on the market. Some patents and promising studies have focused on
bacterial and viral infections, immunologic adjuvants, rheumatoid arthritis, arteriosclerosis, cancer,
and endosomolytic properties for drug delivery.

2.1.1. Antimicrobial Properties of Melittin for Therapeutic Use

Antimicrobial peptides (AMPs) have been widely studied as an alternative to conventional
antibiotics, especially for the treatment of drug-resistant infections [41]. Hundreds of AMPs have
been isolated, and several thousand have been de novo designed and synthesized. Despite displaying
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extensive sequence heterogeneity, most of these peptides share two functionally important features,
namely a net positive charge and the ability to adopt an amphipathic structure. Melittin is considered
to show strong antimicrobial properties and it also has hemolytic activity and marked allergenic
properties. Early studies using individual peptide analogs of melittin showed that the initial step of
the mechanism underlying the hemolytic and antimicrobial activity of this venom peptide involves
interactions with the lipid groups of the membrane [42]. The structural requirements for the action of
melittin, its orientation, aggregation state, current view of pore formation, and also its various cellular
actions are discussed in detail in an excellent review by Dempsey [43]. Bruce Merrifield performed
pioneering work on improving the features of antimicrobial peptides, shortening their sequences
and increasing their activity. In particular, a hybrid undecapeptide derived from the well-known
cecropin A and melittin was found to be sufficient for antifungal and antibacterial activities, while
displaying low cytotoxicity [44]. This hybrid version was later improved with retro and retroenantio
analogs [45]. Indeed, a patent of several active D-peptides with antibiotic and antimalarial activity
was even filed [46]. Despite the therapeutic efficacy of antimicrobial peptides, their use is limited due
to poor in vivo bioavailability caused by instability, cytotoxicity, hydrophobicity, in addition, the cost
production is an issue [47]. In parallel to antimicrobial peptides for therapeutic use in humans, these
peptides can be applied to fight economically important plant pathogens, which are currently one of
the major factors limiting crop production worldwide [48]. A library of linear undecapeptides derived
from cecropin-melittin hybrids have been tested against phytopathogenic bacteria and patented for
future use in phytosanitary compositions [49]. In this regard, a promising peptide called BP76 has
been identified for this purpose [50].

2.1.2. Antimicrobial Properties of Melittin for Biotechnological Use

The idea of using antimicrobial peptides has also been translated to coatings for medical devices.
Currently, a number of companies are turning their attention to the use of antimicrobial coatings of
cationic peptides, such as melittin, for contact lenses in order to prevent the growth of undesirable
microorganisms. Contact lenses made of materials comprising hydrogels and antimicrobial ceramics
that contain at least one metal (selected from Ag, Cu and Zn) are available. However, although these
polymeric compositions do have antimicrobial properties, they do not have all the properties desired
for extended-wear contact lenses. Antimicrobial coatings containing covalently bound antimicrobial
peptides exhibit diminished activity when compared that of the unbound corresponding antimicrobial
peptides in solution. To overcome these drawbacks, Novartis has patented a method to produce contact
lenses with an antimicrobial metal-containing layer-by-layer (LbL) [51]. In its LbL design, at least one
layer has a negatively charged polyionic material, having -COO-Ag groups or silver nanoparticles.

2.1.3. Anti-Viral Properties of Melittin for Therapeutic Use

The antiviral activities described for melittin and its analogs are caused by specific intracellular
events, with the selective reduction of the biosynthesis of some viral proteins, as reported for the
melittin analog Hecate on herpes virus-1 [52], and for melittin itself on HIV-1-infected lymphoma
cells [53]. In the 90s, active melittin was presented to provide an improved composition complementary
to azidothymidine (AZT) to inhibit the reverse transcriptase and growth of HIV-infected cells [54].
Recently, a similar idea has been patented, whereby melittin is carried in a nanoparticle construct
designed to be used as a topical vaginal virucide [55,56].

2.1.4. Vaccines

Related to fields of immunology and vaccinology, the 90s also witnessed great progress in
therapeutic approaches based on vaccination against infectious pathogens. Despite these advances
in the identification of new antigens and their immunological mechanisms, the immune response
in most cases continues to be very weak. Therefore, to improve the response, effective adjuvants to
enhance the immunogenicity of target antigens must be used. A few years ago, Rinaldo Zurbriggen
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presented a novel adjuvant system based on melittin and analogs capable of eliciting strong immune
responses against target antigens, thus reducing the risk of toxic side effects associated with the use of
adjuvants [57].

2.1.5. Inflammatory and Rheumatic Applications of Melittin

Uncontrolled inflammation can cause extensive tissue damage and is the hallmark of numerous
diseases, including rheumatoid arthritis, which results in joint destruction and permanent disability.
PLA; is the enzyme responsible for hydrolyzing arachidonic acid from phospholipids, and arachidonic
acid is the precursor of eicosanoids, which are thought to mediate inflammation. Melittin and related
peptides have been described as anti-inflammatory drugs as they have the capacity to inhibit PLA; [58,59].
However, in this field, melittin competes with a wide variety of non-steroidal drugs, methotrexate,
and other biological disease-modifying antirheumatic drugs [60].

2.1.6. Atherosclerosis Applications of Melittin

Atherosclerosis is the major cause of morbidity and mortality worldwide. This specific form
of arteriosclerosis is a chronic inflammatory disease of the arteries caused by the accumulation and
interaction of white blood cells, remnants of dead cells, cholesterol, and triglycerides on the artery wall.
This complex inflammatory process is characterized by the presence of monocytes/macrophages and T
lymphocytes in the atheroma, where macrophages secrete pro-inflammatory cytokines, a main cellular
component in the development of atherosclerotic plaques [61]. Several in vitro studies have shown
positive effects of melittin for the treatment of atherosclerosis [62,63]. In addition, in vivo experiments
have demonstrated the molecular mechanism of the anti-atherosclerotic effects of melittin in mouse
models of this disease [64]. This has been the major finding regarding the capacity of melittin to prevent
lipopolysaccharide (LPS)/high-fat-induced expression of inflammatory cytokines, proatherogenic
proteins, and adhesion molecules.

2.1.7. Cancer Applications of Melittin

Many studies report that melittin inhibits tumor cell growth and induces apoptosis, thereby
indicating a potential application of this venom peptide as an alternative or complementary medicine
for the treatment of human cancers. A valuable review describing the mechanisms underlying the
anticancer effects of melittin has been published [65]. Cells in several types of cancer, such as renal,
lung, liver, prostate, bladder, breast, and leukemia, can be targeted by melittin. It is well-known
that melittin is a natural detergent with the capacity to form tetramer aggregates on membranes,
which lead to disorders in the structure of phospholipid bilayers, changes in membrane potential,
aggregation of membrane proteins, as well as the induction of hormone secretion [66]. Furthermore,
this membrane disruption directly or indirectly leads to alterations in enzymatic systems, such as
G-protein [67], protein kinase C [68], adenylate cyclase [69], and phospholipase A [70]. Melittin can
even inhibit calmodulin, a calcium-binding protein that plays a crucial role in cell proliferation [71].
Tumoral cells expose anionic phospholipids, mainly phosphatidylserine, on the external leaflet of
the plasma membrane [72], and this feature can allow the preferential binding of cationic peptides,
like melittin, relative to normal cells. Melittin studies with numerous types of cancer cells and in vivo
animal models have demonstrated its antiproliferative activity [73,74]. Furthermore, recent studies
have demonstrated that melittin has anti-angiogenesis properties [75-77].

However, when a therapeutic dose of melittin is injected in vivo, some side effects, such as
liver injury and hemolysis, were observed. To minimize these emerging lesions in off-target tissues,
the following three strategies have been designed: (1) conjugaton of melittin to an antibody or a
targeting component; (2) development of shielded pro-cytolytic melittin systems; and (3) synthesis of
melittin-transporting carriers.

With regard to the first approach, a melittin-based recombinant immunotoxin obtained by
fusion of genes that encoded an antibody fragment derived from the murine monoclonal antibody
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K121 with an oligonucleotide encoding melittin was tested successfully in vitro [78]. Another
study was based on a recombinant immunotoxin of melittin fused to an anti-asialoglycoprotein
receptor (ASGPR) single-chain variable fragment antibody (Ca) which conferred targeting and
ASGPR-specific cytotoxicity to hepatocellular carcinoma cells [79]. Finally, a recent study characterized
a CTLA-4-targeted scFv-melittin fusion protein as a potential immunosuppressive agent for organ
transplant. In this regard, the selective cytotoxicity of the peptide construction was confirmed in
preliminary biological activity assays [80].

Related to the pro-cytolytic melittin, by taking advantage of tumor matrix metalloproteinase
2 (MMP2) overexpressed on cancer cell membranes, an MMP2 cleavable melittin/avidin conjugate
was built. Melittin coupled to avidin becomes inactive, but when released from the conjugate it
induces immediate cell lysis [81]. A similar idea was published years later, this time using avadin,
the latency-associated peptide (LAP) domain of the transforming growth factor beta (TGF-). In this
approach, LAP dimerization conferred latency to the MMP2-cleavable melittin-LAP fusion protein [82].

Regarding pro-cytotoxic melittin systems, a design was based on the mixture of melittin with
the anionic detergent sodium dodecyl sulfate formulated into poly(D,L-lactide-co-glycolide acid)
nanoparticles by an emulsion solvent diffusion method. The inhibitory in vitro effects of these 130
nm-diameter melittin-loaded nanoparticles on breast cancer MCEF-7 cells were promising [83]. Another
interesting carrier was a pegylated immunoliposome coupled to a humanized antihepatocarcinoma
single-chain antibody variable region fragment and loaded with a bee venom peptide fraction [84].
A similar pegylated immunoliposome but using only melittin as cargo and the complete antibody
trastuzumab as targeting component was designed to combat HER2-overexpressing human breast
cancer cell lines [85]. The three aforementioned nanoparticles are not suitable for systemic
administration because melittin can be released in blood vessels during transport, particularly in
liposomes, which can be disrupted by the lytic peptide [86]. To overcome this drawback, Samuel A.
Wickline’s group developed a perfluorocarbon nanoemulsion vehicle incorporating melittin into its
outer lipid monolayer [87]. This nanocarrier of approximately 270 nm in diameter presented favorable
pharmacokinetics, accumulating melittin in murine tumors in vivo and causing a dramatic reduction
in tumor growth without any apparent signs of toxicity [88,89]. Finally, the most recent ultra-small
diameter melittin-nanoparticle (<40 nm) successfully tested in vivo with few side effects is the patented
a-melittin-NP [90,91]. This nanoparticle comprise 1,2 dimyristoyl-sn-glycero-3-phosphatidylcholine
(DMPC) decorated with the hybrid peptide formed by peptide D-4F and melittin via a GSG linker, the
peptide D-4F being a peptide that mimics a high-density lipoprotein (HDL) [92].

2.1.8. Endosomolytic Properties of Melittin

The strategy of packing and carrying small interference RNA (siRNA) using a wide variety of
systems for gene therapy has been increasingly followed in recent years. The efficiency mediated by
these drug delivery systems is strongly dependent on their endosomal escape capability, otherwise
the siRNA would be degraded in endolysosomes [93]. One mechanism designed for endosomal
release is the use of fusogenic peptides, which are generally short amphipathic sequences between
20 and 30 amino acids in length and capable of disrupting biological membranes at endosomal
pH [94,95]. One of the first highly innovative studies using melittin consisted of reversibly masking
the membrane-active peptide using maleic anhydride derivative [96]. At neutral pH, the lysine
residues of melittin were covalently acylated with anhydride, thereby inhibiting the membrane
disruption activity of the peptide. Under acidic conditions such as those present within endosomes,
the amide bond of the maleamate was cleaved, thus unmasking melittin. Similar studies performed
by Ernest Wagner ef al. showed that melittin analogs with high lytic activity at acid pH enhance the
transfection of oligonucleotides in cell cultures and in in vivo mouse models [82,97-99]. Very recently,
a derivative of melittin (pSRHH) was reported to successfully trigger siRNA release into the cellular
cytoplasm [100,101]. The company Arrowhead Therapeutics is currently developing ARC-520 as a
novel siRNA-based therapeutic to knock down the expression of viral RNAs of chronic hepatitis B virus.
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They describe the use of a coinjection of a hepatocyte-targeted, N-acetylgalactosamine-conjugated
melittin-like peptide (NAG-MLP) with a liver-tropic cholesterol-conjugate siRNA (chol-siRNA)
targeting coagulation factor VII [102,103]. Preclinical studies with animals as well as Phase I assays
have revealed that melittin promotes delivery without generating anti-melittin antibodies. In March
2014, Phase II trials of ARC-520 were started for patients with chronic hepatitis B virus [104].

2.2. Therapeutic Applications of Apamin

Apamin is a peptide neurotoxin comprising 18 amino acid residues that is tightly cross-linked
by the presence of two disulphide bonds which connect position 1 with 11 and position 3 with
15 [105]. Apamin selectively blocks the small conductance of Ca?*-dependent K* channels (SK
channels) expressed in the central nervous system (CNS). This type of channel plays a crucial role
in repetitive activities in neurons [106], blocking many hyperpolarising-inhibitory effects, including
alpha-adrenergic, cholinergic, purinergic, and neurotensin-induced relaxations [107,108].

Since the Hahn and Leditschke’s first descriptions in the 30s of mouse convulsions caused by
apamin injection, other symptoms and properties have been ascribed to this rigid octadecapeptide [106].
After intraperitoneal injection in animals, apamin locates not only in the grey matter of the brain
but also in the liver and the adrenal cortex [109,110]. Therefore, apamin can no longer be considered
an exclusive neurotoxin. Unlike melittin, apamin is a peptide with a highly specific mode of action.
It binds and occludes the pore of small conductance Caz*—triggered K* channels (SK), thus acting as an
allosteric inhibitor [111] and depressing delayed cellular hyperpolarization. This binding specificity
provides apamin electrical properties which have been exploited in biomedical research. Apamin
acts mainly on the CNS, where SK channels are widely expressed [112]. SK channels are divided into
the following three main classes on the basis of their conductance: (1) large conductance (BK or K1);
(2) intermediate conductance (IK or K2); and (3) small conductance (SK or K3) [113]. These channels,
which are activated solely by increases in intracellular Ca?* contribute to regulating the excitability and
function of many cell types, including neurons, epithelial cells, T-lymphocytes, and skeletal muscle
cells [114]. SK channels are activated by submicromolar concentrations of Ca?*, and this activation is
mediated by calmodulin [115].

2.2.1. Learning Deficit

In excitable cells, the activation of SK channels generates a hyperpolarizing K* current which
contributes to the afterhyperpolarisation (AHP) that follows an action potential [116]. This AHP
modulates cell firing frequency and spike frequency adaptation, thereby influencing neuronal
excitability. SK channels have been implicated in diverse physiological functions such as synaptic
enhancement and long-term potentiation. Furthermore, early studies showed that systemic apamin
administration facilitates learning and memory. The first such study, using appetitive learning
paradigms, reported that systemic apamin injections accelerate acquisition of the bar-pressing response
and also accelerate bar-pressing rates [117]. Several studies, listed in Table 3, underscore the relevance
of SK channels in information processing and storage at the systems level. Such studies propose that
SK channels would be appropriate targets for apamin as a therapeutic treatment for learning deficits.
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Table 3. Evidences of enhanced learning in animals receiving apamin injections.

Animal studies with apamin References

Apamin improved rat performance in the novel object recognition task,
where habituation of exploratory activity was assessed

Apamin improved spatial navigation in medial septal-lesioned mice [119]

Apamin dose-dependently alleviated deficits in spatial reference and working

[118]

memory induced by partial electrolytic hippocampal lesion (120]

Apamin attenuated the memory deficits caused by scopolamine, [121]
which affect hippocampal and cortical activity

Apamin-treated mice exhibited fater learning of the platform [122]

location during the initial trials in the Morris water maze
Apamin improved task acquisition in a learned extinction operant behavior protocol [123]
Apamin enchanced working memory in a medical prefrontal

cortex-dependent spatial delayed alternation task (124]
Apamin facilitated the encoding of contextual fear memory [125]
Apamin improved performance on the water task in mice with neurofibromatosis 1 [126]

2.2.2. Parkinson’s Disease

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the progressive loss
of dopaminergic (DA) neurons in the subtantia nigra, leading to typical motor symptoms (akinesia,
rigidity, rest tremor) [127]. Although therapy with L-Dopa, a precursor of dopamine, has provided
benefit for years, the disease progresses slowly, resulting in disability [128]. Recent studies indicate that
bee venom [129,130] and apamin [131-133] protect DA neurons from degeneration in experimental
PD. The use of apamin was patented to overcome the drawbacks of drugs used in the treatment of PD,
i.e.,, L-Dopa [134]. According to this patent, treatment would consist of using from 1-10 micrograms of
apamin in a single dose injection. In this approach, apamin would not only protect undamaged neurons
but would restore the function of silent neurons. Another recent patent related to the previous one,
claims that degenerative brain diseases can be treated with a pharmaceutical composition comprising
apamin as an active ingredient and at least one other compound for the treatment of PD and related
Parkinsonian disorders [135].

2.2.3. Preserving Red Blood Cells

Whole blood can be stored at 4 °C for three weeks using a CPD (citrate, phosphate, dextrose)
anti-coagulant solution. Adding adenine, glucose and/or manitol can prolong blood storage time by
two weeks or more. However, there is a necessity to reach a longer period of blood storage. There is a
patent that provides methods, compositions, and kits for storing red blood cells for extended periods
of time, preventing red blood cell storage lesions, retaining red blood cell deformability, and increasing
survival of the cells following transfusion [136]. In some formulas, the composition comprises at least
one K* channel blocker agent, including apamin among others.

2.2.4. Blood-Brain Barrier Shuttle

The blood-brain barrier (BBB) is a highly selective part of the neurovascular system that prevents
the entry of many substances, including most therapeutics, into the CNS. Paracellular transport
between endothelial cells is restricted by tight junctions and transendothelial transport is reduced, thus
hindering the use of a high percentage of potential commercialized molecules intended for treatment
of the CNS [137]. Several strategies have been implemented to deliver drugs across the BBB, some of
which cause structural damage to the barrier by forcibly opening it to allow the uncontrolled passage
of drugs. The ideal method for transporting drugs across the BBB should be controlable and should
not damage the structure. While a wide range of nanoparticulate delivery systems have been studied
with the aim to target therapeutics (low MW drugs, nucleic acids or proteins) to the brain [138], their
success rate has been low. The specific distribution of apamin in the CNS and its capacity to cross
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the BBB [139] make the design of an apamin-based drug delivery system feasible. In fact, a recent
study described the promising therapeutic effects of drug-loaded micelles targeted with apamin in
reparing spinal cord injury (SCI) in mouse models [140]. However, apamin is neurotoxic at high
concentrations, having a relatively low LDsj in mice (2.5 micromol/kg) [141]. Bearing this in mind, we
assayed a non-toxic analog derived from apamin that bears two ornithine residues instead of arginines
residues (ApOO) [142]. We compared and demonstrated the capacity of both peptides to cross the BBB
in a cell-based model, thus revealing their potential as BBB carriers [142].

3. Wasp Venom

Wasp venom is more variable in composition among species. However, bee and wasp venoms
have similar enzymatic composition (see Table 2). A significant difference in the peptide composition
of wasp venom is the predominance of mastoparan and bradykinins. Although wasp venom has
attracted much less attention than bee venom, extensive research over recent decades has shown the
pharmacological properties [143]. In this section, we will focus on the therapeutic applications of the
most studied peptide in wasp venom, namely mastoparan.

3.1. Therapeutic Applications of Mastoparan

Mastoparan is a membrane-active amphipathic peptide with 14 amino acid residues. It is rich in
hydrophobic and basic residues that form amphipathic helical structures, the latter with the capacity
to form pores in membranes. Mastoparan induces a potent mitochondrial permeability transition
that affects cell viability [144]. The net effect of the mode of action of mastoparan depends on the
cell type. In this regard, it causes the secretion of histamine from mast cells, serotonin from platelets,
catecholamines from chromaffin cells, and prolactin from the anterior pituitary [145].

Mastoparan exhibits a wide variety of biological effects, including insertion into the membrane
bilayer causing membrane destabilization with consequent lysis [146] or direct interaction with
G proteins on the cytoplasmatic face, thus perturbing transmembrane signaling [145,147-149],
stimulation of phospholipases, mobilization of Ca** from mitochondria and sarcoplasmic reticulum,
and cell death by necrosis and/or apoptosis [150,151]. Thus, key biological activities have been
described for this peptide, including antimicrobial activity, increased histamine release from mast
cells, hemolytic activity [152,153], induction of a potent mitochondrial permeability transition, and
tumor cell cytotoxicity. Related to its capacity to induce mitochondrial permeability transition [144],
mastoparan has recently been reported to interact with the phospholipid phase of the mitochondrial
membrane to induce permeabilization in cyclosporine A-sensitive and insensitive manners but does
not interact with any specific receptors or enzymes [154].

3.1.1. Antimicrobial Properties of Mastoparan for Therapeutic Use

Mastoparan alone or in combination with other antibiotics could be a promising alternative
for combating multiple-antibiotic resistant bacteria in clinical practice [155]. A number of strategies
for optimizing the potency of mastoparan have been addressed, including structural stabilization
and charge modification [156,157], achieving synthesis of derivatives and enantiomers [158,159],
modulation of hydrophobicity [160,161], and selective acylation/alkylation [162]. However, these
studies show that mastoparan activity is gained at the expense of impaired membrane selectivity or
vice versa, with no distinction between bacterial and mammalian membranes. Thus, the development
of new strategies to reduce the toxic side effects of mastoparan, thereby improving the feasibility of
clinical applications, are required. However, three independent in vivo studies on sepsis, systematic
inflammation caused by an infection where bacteria and LPS are potent activators of immune cells,
have shown that an analog of mastoparan (mastoparan-1) protects mice from lethal challenge by live
bacteria and LPS [163-165]. The effects of mastoparan-1 were associated with its bactericidal action
and its capacity to neutralize LPS and attenuate inflammatory responses by macrophages.
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3.1.2. Anti-Viral Properties of Mastoparan for Therapeutic Use

As for multidrug-resistant bacteria, there is a pressing need to identify novel and broad-spectrum
antiviral agents that can be used as therapeutics. A recent study has demonstrated that a mastoparan
derivative shows broad-spectrum antiviral activity in vitro against five families of enveloped viruses
directly via disruption of their lipid envelope structure [166]. However, further studies are needed to
demonstrate its therapeutic use.

3.1.3. Cancer Applications of Mastoparan and Mitoparan

As we mentioned previously, mastoparan targets the mitochondrial membrane and causes
mitochondrial permeability transition to mediate its tumor cell cytotoxicity. Several studies have
demonstrated the antitumor activity of mastoparan and analogs in vitro [145,167-169]. One potential
way to deliver mastoparan and avoid side-effects was presented by Hiyedoshi Harashima et al. [170],
whereby a transferrin (Tf)-modified liposomes decorated with endosomolytic GALA peptides and, in
addition, encapsulating mastoparan, were designed to target the upregulated Tf receptor in tumor
cells. Only one in vivo study has been carried out, in which mastoparan, administered in a peritumoral
way, delayed the subcutaneous development of melanoma in a well-established subcutaneous murine
melanoma model and increased survival [171]. It is noteworthy to highlight a potent mastoparan
analog, called mitoparan. This peptide shows enhanced amphiphilicity, presenting two additional
lysyl side chains in the cationic face and the replacement of a x-aminoisobutiric acid (Aib), a known
helix promoter, by an Ala at position 10 [157]. A novel cell-penetranting mitochondriotoxic peptide,
mitoparan was modified at its N-terminus by adding an RGD motif to confer capacity to selectively
bind cell adhesion molecules [172] overexpressed in tumors, which play a significant role in cancer
progression and metastasis. This modification would potentially improve the pharmacodynamic
parameters of the chimeric mitoparan in vivo [168].

Rui Wang et al. later patented a new type of acid-activated mitoparan complex by conjugating
normal mitoparan with its anionic binding partner via a disulfide linker, where the anionic partner
mitoparan, which has three Lys residues replaced by three Glu residues, and two Lys residues by
two His residues, shields the cytotoxic activity of mitoparan [173]. Although this chimeric mitoparan
complex has been tested only in vitro, the designers are optimistic because the complex showed
significant enzymatic stability compared with normal mitoparan, thus supporting its potential for
in vivo application. Recently, we presented a peptide-polymer design strategy to obtain a pro-cytotoxic
system based on mitoparan, as cytotoxic peptide, conjugated to a polyglutamic acid polymer through
specific cleavage sites that are sensitive to overexpressed tumor proteases, such as MMP-2 and
cathepsin B [174]. Our system was also decorated with a specific targeting peptide to HER2" breast
tumor cells, thus allowing mitoparan to be released with exquisite spatiotemporal control. It should be
noted that the mitoparan that we used for our experiments was the enantiomer form, because normal
mitoparan was easily degraded by cellular proteases before its release from the polymer.

3.1.4. Cell-Penetrating Peptide Properties

Cell-penetrating peptides (CPPs) have potential pharmaceutical application in delivering
macromolecules into cells. Hundreds of sequences now fall in the CPP classification, and several interesting
reviews focusing on internalization mechanism, effect of the cargo, CPP modifications or extensions,
protocols and significant effects on penetration capacity have been published [40,105,175-177]. Given the
capacity of mastoparan and mitoparan to efficiently cross plasma membranes, some researchers have
demonstrated the value of these peptides as CPPs [158]. Very recently, the influence of various CCPs
on the transport of doxorubicin encapsulating Tf-liposomes across BBB, in vitro and in vivo, has been
addressed [178]. Although mastoparan showed efficient translocation, the other CPPs, namely TAT
peptide and penetratin, were more efficient. On the other hand, there is a chimeric galanin-mastoparan
peptide called transportan, which contains the first 13 amino acids from the highly conserved
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amino-terminal part of galanin and the 14 amino acids sequence of mastoparan in the carboxyl
terminus [179]. Transportan and some derivatives have the capacity to carry macromolecules [180-182].

4. Conclusions

Despite the many studies published on bee and wasp venoms, little has been reported on the
practical applications of these substances. The main clinical uses of these toxins are based on meridian
therapy, focusing on the application of bee venom acupuncture to relevant sites in function of a specific
disease or to acupoints. Of note, the single most promising and advanced Phase II trial involving
melittin deals with its use as an endosomolytic agent as an effective siRNA delivery system for
hepatitis B virus infection [102]. The antimicrobial properties of melittin and mastoparan have been
the most studied and developed among the components of wasp and bee venoms. Their mode of
action on membranes has drawn attention to AMPs as a universal solution to the growing incidence
of drug-resistant infections. However, expectations have not been fulfilled as quickly as initially
imagined as a result of the uncompetitive costs of peptide production and also impaired membrane
selectivity of peptides between bacteria and eukaryotic cells. Although a wide variety of compounds
are currently available for the treatment of cancer, there is still hope to discover a cancer application
for potent cytotoxic peptides derived from bees and wasps. Our targeted pro-cytotoxic system based
on mitoparan, which transports this potent cytotoxic peptide to the tumor and allows its accumulation
in a controlled manner, emerges as a plausible approach to overcome off-target side effects of current
cancer treatment [174]. Another promising and feasible idea tested in vivo to combat cancer has been
presented in the form of a patent, which discloses an ultra-small lipid nanoparticle carrying melittin
with potential use in clinical practice [91]. We consider that the remaining potential applications
described here are currently in earlier stages of investigation and their conversion into realistic
therapeutic or biotechnological applications is still far away. The future therapeutic applications of
wasp and bee venom components are further complicated by strong competition with millions of
potential new molecules and systems that are coming to light.
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Venoms, especially bee venom, have been used since ancient times as a healing treatment for
various disorders. The therapeutic value of honey bee venom to improve the quality of life of patients
has been acknowledged for over a hundred years. Modern approaches of venomics have allowed for
the discovery of venom constituents that have proven to be of pharmacological significance and have
opened the way to optimization of therapeutic strategies through the use of active components such as
melittin and apamin. Subsequently, the application scope of honey bee venom has been expanding
from conventional antinociceptive effect to degenerative diseases of the nervous system. This seems to
be due to the properties of venom enzymes and peptides for their natural stability as injectable solutes,
their effectiveness in reaching targeted tissues, and their ability to synergize their actions by enhancing
cell—cell interactions. Expansion of the therapeutic application of bee and wasp venoms has advanced
particularly far in recent years, so this is an opportune time to present this Special Issue on bee and
wasp venoms, their biological characteristics and therapeutic application.

The venoms of bees and wasps are complex mixtures of biologically active proteins and peptides,
such as phospholipases, hyaluronidase, phosphatase, x-glucosidase, serotonin, histamine, dopamine,
noradrenaline, and adrenaline. However, melittin, apamin, and mast cell degranulating peptide are
found only in bees, while mastoparan and bradykinin are exclusive to wasps. The recent review
article on bee and wasp venoms for their potential therapeutic and biotechnological applications
in biomedicine focuses on three major peptides, namely melittin, apamin, and mastoparan [1].
While mastoparan has been studied for its antimicrobial, anti-viral, and anti-tumor properties, melittin
and apamin have a broad spectrum of therapeutic applications. To aid the reader in cross-referencing
these applications, I present here a listing of the bee venom components used for different disease
types and the latest references (Table 1). Interestingly, learning enhancement in animals was benefited
exclusively from apamin, probably due to its highly specific mode of action in the brain.
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Table 1. Application of honey bee venom components on different disease types.

Disease Type Component Reference
Bee venom (BV) [2]
Parkinson’s disease Apamin [2]
BV acupuncture [3]
BV [4]
Amyotrophic lateral sclerosis (ALS) Melittin [5]
BV acupuncture [4,6]
Multiple sclerosis BV [7]
BV (8]
Cancer Melittin 9]
BV [10]
. " . Apamin [11]
Liver fibrosis Melittin 2]
PLA, [13]
BV [14]
Atherosclerosis Apamin [15]
Melittin [16]
L ) BV [17]
Skin disease (acne vulgaris) Melittin [18]
Skin disease (atopic dermatitis) BV [19]
Learning deficit Apamin [20]
) BV [21]
Pain BV acupuncture [22]
Lupus nephritis BV [23]

This Special Issue features eleven research papers, for which brief synopses follow. Jung et al. [24]
provide details on the underlying mechanism of bee venom’s effect against neuronal cell death.
Mitochondrial dysfunction of cells was induced by rotenone which is an inhibitor of the mitochondrial
respiratory chain complex and known to induce apoptosis via activation of the caspase-3 pathway.
Pre-treatment with bee venom enhanced cell viability and ameliorated mitochondrial impairment in
a rotenone-treated cellular model. Moreover, bee venom treatment inhibited the activation of JNK
signaling, cleaved caspase-3 related cell death, and increased ERK phosphorylaton involved in cell
survival in motor neuron cells.

Kim et al. [25] investigated whether melittin provides inhibition on cholangitis and biliary fibrosis
in mice. Authors used a well-established animal model for cholangitis and biliary fibrosis, treated
with a chronic feeding of 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC). DDC feeding led to
increased serum markers of hepatic injury, ductular reaction, induction of pro-inflammatory cytokines,
and biliary fibrosis. However, melittin treatment attenuated hepatic function markers, ductular
reaction, the reactive phenotype of cholangiocytes, cholangitis, and biliary fibrosis.

Cai et al. [6] present the latest insight into the effect of bee venom acupuncture on ALS. They used
hSOD15%4 transgenic mice as an ALS animal model and investigated the effect of bee venom in the
central nervous system (CNS) and muscle. Bee venom acupuncture at ST36 enhanced motor function
and decreased motor neuron death in the spinal cord compared with that observed in transgenic mice
injected ip with bee venom. Furthermore, bee venom acupuncture eliminated signaling downstream
of inflammatory proteins such as TLR4, CD14, and TNF-« in the spinal cord, confirming bee venom
acupuncture as a chemical stimulant to engage the endogenous immune modulatory system in the
CNS, at least in an animal model of ALS. The same group of researchers contributed another research
paper [4] to this Special Issue. Given that immune dysfunction of organs from neuroinflammation is a
consistent hallmark in ALS, bee venom acupuncture reduced pro-inflammatory proteins in the liver,
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spleen, and kidney and increased immune response. It was noted that bee venom treatment through
an acupoint was more effective than an ip administration of bee venom.

Kang et al. [22] discuss advanced knowledge of the anti-nociceptive efficacy of bee venom.
They designed the study to examine the potential anti-nociceptive effect of repetitive bee venom
treatment in the development of below-level neuropathic pain in spinal cord injury rats which was
induced by spinal hemisection. Hemisection of the rat spinal cord at thoracic level 13 produced
prominent mechanical allodynia and thermal hyperalgesia. Repetitive bee venom acupuncture
into the Zusanli acupoint on the same side as the spinal hemisection (ipsilateral side) twice a day
from 15 to 20 days post-surgery suppressed pain behavior in the ipsilateral hind paw. A spinal
hemisection-induced increase in spinal glia expression in terms of glial fibrillary acidic protein and
glial ionized calcium-binding adaptor protein 1 was also hindered by repetitive bee venom acupuncture
in the ipsilateral dorsal spinal cord. Moreover, bee venom acupuncture facilitated motor function
recovery of affected hindlimb.

Li et al. [26] provide therapeutic options for the management of oxaliplatin-induced neuropathic
pain. Oxaliplatin produces cold and mechanical hypersensitivity as side effects when used in the
treatment of colorectal carcinoma. Their study is a follow-up of a previous evaluation of bee venom
alleviating oxaliplatin-induced cold allodynia in rats via noradrenergic and serotonergic analgesic
pathways. In the study, authors investigated whether phospholipase A attenuates oxaliplatin-induced
cold and mechanical allodynia in mice. While the significant allodynia signs were observed from one
day after an oxaliplatin injection, daily ip administration of phospholipase A; for five consecutive days
markedly attenuated cold and mechanical allodynia through the activation of noradrenergic system.

A detailed underlying mechanism of bee venom in ameliorating the renal fibrosis is presented
by An et al. [27]. In an animal model of unilateral ureteral obstruction (UUO) for the development of
progressive renal fibrosis, bee venom treatment markedly reduced the increased number of infiltrated
inflammatory cells with UUO in the kidney tissues. The expression levels of TNF-«, IL-1(3, TGF-31,
and fibronectin were significantly reduced in BV-treated mice compared with UUO mice. In addition,
the expression of x-SMA was markedly withdrawn after treatment with bee venom. These data
suggest that bee venom attenuates renal fibrosis and reduces inflammatory responses by suppression
of multiple growth factor-mediated pro-fibrotic genes.

Lee et al. [28] introduce the application of bee venom in porcine reproductive and respiratory
syndrome (PRRS) which is a chronic and immunosuppressive viral disease that is responsible for
substantial economic losses in the swine industry. Utilizing the immunomodulatory property of
bee venom, the study aimed at evaluating the effects of bee venom on the immune response and
viral clearance during the early stage of infection with PRRS virus. Bee venom was administered
subcutaneously via nasal, neck, and rectal routes, and the pigs were then inoculated with PRRS virus.
In experimentally challenged pigs with virus, the viral genome load in the serum, lung, bronchial
lymph nodes and tonsil was decreased as was the severity of interstitial pneumonia with bee venom
administration. Furthermore, bee venom increased the levels of Th1 cytokines (IFN-y and IL-12), along
with the upregulation of pro-inflammatory cytokines (TNF-« and IL-13).

Danneels et al. [29] confirm the anti-inflammatory action of Nasonia vitripennis venom and
the potential anti-cancer role of wasp venom is displayed by the regulation of NF-kB pathway.
The possibility of Nasonia vitripennis venom as therapeutic agent in some cancers is thus suggested.

Furthermore, Qian et al. [30] characterized two Kazal-type serine protease inhibitors (KSPIs)
molecularly in Nasonia vitripennis. Most NvKSPI-1 and NvKSPI-2 mRNAs were expressed in the
venom apparatus. The NvKSPI-1 and NvKSPI-2 genes were cloned into vector, and the recombinant
products fused with glutathione S-transferase (GST) were purified. When tested against serine protease
inhibitors, only GST-NvKSPI-1 inhibited the activity of trypsin. In addition, both GST-NvKSPI-1 and
GST-NuKSPI-2 inhibited prophenoloxidase activation in host hemolymph.
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Matysiak et al. [31] confirm the influence of bee stings on the serum peptidome profile that
broadens the understanding of the human organism’s response to venom thanks to the mass
spectrometry-based technique.

Additionally in this issue, there are five review articles. Lee et al. [32] provide current
understanding of the mechanisms of the anti-inflammatory properties of bee venom and its
components in the treatment of liver fibrosis, atherosclerosis, and skin disease.

Silva et al. [33] present the latest understanding of the mechanisms of action and future prospects
regarding the use of new drugs derived from wasp and bee venom in the treatment of some
neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease, epilepsy, multiple
sclerosis, and ALS. Given the severe adverse reactions of crude wasp venom, denatured wasp venom
shows an antiepileptic effect by interacting with GABA receptors. Bradykinin isolated from wasp
venom protects against ischemic brain injury and promotes neuronal survival.

Hwang et al. [34] discuss the scientific evidence of the therapeutic effects of bee venom and
its components on allergic, autoimmune, inflammatory, and neurological diseases. Due to both
therapeutic and allergy causing effects of bee venom, the optimal dose and treatment method without
adverse reactions should be determined in each disease.

Moreau and Asgari [35] present the latest research on constituents from parasitoid wasp venom
with an emphasis on their biological function, applications, and new approaches used in venom studjies.

Finally, Moreno and Giralt [1] report on the practical applications of three valuable peptides from
bee and wasp venoms. The antimicrobial properties of melittin from bee venom and mastoparan
from wasp venom have been the most studied and developed among the components of venoms.
Their mode of action on membrane has been developed into antimicrobial peptides, and they can be
accepted as a unique solution to the growing incidence of antibiotic resistance.

It is my hope that this Special Issue will be a source for many years to those interested in
the agricultural and pharmacological relevance of bee and wasp venoms. The currently available
state-of-the-art approaches in proteomics and transcriptomics provide us with intricate mechanisms to
further the application of venoms into diverse biomedicine.

Conflicts of Interest: The author declares no conflict of interest.
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