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Preface to “Toxins in Drug Discovery and

Pharmacology”

Venoms from marine and terrestrial animals (cone snails, scorpions, spiders, snakes, centipedes,
cnidarian, etc.) can be seen as untapped cocktails of biologically active compounds that are being
increasingly recognized as a new emerging source of peptide-based therapeutics. Venomous animals
are considered specialized predators that have evolved the most sophisticated peptide chemistry and
neuropharmacology for their own biological purposes by producing venoms that contain myriads of
toxins with an amazing structural and functional diversity. These neurotoxins have been shown to be
highly selective and potent ligands for a wide range of ion channels and receptors. Therefore, they
represent interesting lead compounds for the development of novel medicines, for example, analgesics,
anti-cancer drugs, and drugs for neurological disorders. A successful example of venom-derived
peptides in use is the drug Prialt® or Ziconotide, which is a synthetic version of a peptide that is
found in the venom of a marine snail, Conus magus. This molecule is a 25-amino acid peptide that
blocks N-type voltage-gated calcium channels. Its FDA definition reads that ziconotide is intended for
the treatment of chronic severe pain in patients that are intolerant or refractory to systemic analgesics
or intrathecal morphine. The characterization of small, bradykinin-potentiating peptides from the
venom of the South American snake Bothrops jararaca led to the development of Captopril, even prior
to Prialt®. Captopril, and its follow-up compounds, are widely used as inhibitors of angiotensin-
converting enzyme (ACE). Another example is Exenatide(®), which is a synthetic version of a hormone
called exendin-4, isolated from the saliva of the glia monster. Exendin-4 is a glucagon-like peptide-1
receptor agonist and hereby finds its use in the treatment of type 2 diabetes. Exenatide® was approved
by the FDA in 2005.

In this Special Issue, “Toxins in Drug Discovery and Pharmacology”, we have attempted to provide
the reader with a comprehensive overview of new toxins and toxin-inspired leads. This issue focuses
on the mechanisms of action, structure—function relationships, and the evolution of pharmacologically
interesting venom components, including, but not limited to, recent developments related to the
emergence of venoms as an underutilized source of highly evolved bioactive peptides with clinical
potential. The following is a short synopsis of the six reviews and 15 research papers that constitute
this Special Issue.

Agwa and colleagues have explored the pharmaceutical potential of spider venoms. Their work
shows that spider-derived gating modifier toxins are undeniably among nature’s more interesting
pharmacological probes in the study of voltage-gated ion channels. The current work has provided
additional insight into the potential of these ICK peptides as templates for drugs designed to target
ailments linked to the voltage-gated ion channels. Freitas et al. also focused on spider venoms for the
discovery of novel lead compounds with potential interesting pharmaceutical properties. PnPP-19 is a
toxin-derived peptide from Phoneutria nigriventer that activates p-opioid receptors without inducing
-arrestin2 recruitment. PnPP-19 is the first spider toxin derivative that, among opioid receptors,
selectively activates p-opioid receptors. The lack of 3-arrestin2 recruitment highlights its potential
for the design of new improved opioid agonists. Dong et al. describe a high-throughput way to
discover AMPs from fish gastrointestinal microbiota, which can be developed as alternative pathogen
antagonists or toxins for micro-ecologics or probiotic supplements.

The anti-cancer properties of snake venom have been investigated by Osipov et al. by verifying the
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anti-tumor effects of nerve growth factor from cobra venom. This work suggests that the antitumor
effect of nerve growth factor in vivo depends critically on the normal status of the immune system.
Nerve growth factor may exert an antitumor effect by causing an increase in lymphocytic infiltration in
the tumor, a rise in the levels of IL-13 and TNF-« in the serum of tumor-bearing mice, and an increase
in aerobic glycolysis. Sales et al. questioned whether inhibitors of snake venom phospholipases A2
can lead to new insights for the development of anti-inflammatory therapies in humans. This work
reports a proof-of-principle study demonstrating that snake venom toxins, more specifically snake
venom phospholipases A2, can be used as tools for studies of human phospholipases A2, based on
a careful selection of specific snake venom phospholipases A2. Azemiopsin is a linear peptide from
viper venom and it is a selective inhibitor of nicotinic acetylcholine receptors. Azemiopsin has good
drug-like properties as a local muscle relaxant. Another source for venom-based drug discovery is
bee venom. Bee venom given subcutaneously attenuates allodynia in mice models of CPIP without
notable adverse effects. The anti-allodynic effects were found to be closely associated with a significant
decrease in NK-1 receptor expression in DRG. These findings suggest that a repetitive bee venom-
based therapy could be a useful modality for the treatment of complex regional pain syndrome type
I. Shin and colleagues report that melittin and apamin can inhibit the fungi-induced production of
chemical mediators and extracellular matrix (ECM) by nasal fibroblasts. This study suggests the
possible role of melittin and apamin in the treatment of fungi-induced airway inflammatory diseases.
Another study with bee venom showed that bee venom acupuncture has potent suppressive effects
on paclitaxel-induced neuropathic pain, which is mediated by spinal «2-adrenergic receptor activity.
In addition, bee venom may be a useful preventive and therapeutic agent in the treatment of obesity.
It was found that bee venom mediates anti-obesity effects by suppressing obesity-related transcription
factors. Lepiarczyk and colleagues describe a first study suggesting that both resiniferatoxin and
tetrodotoxin can modify the number of noradrenergic and cholinergic NF supplying the porcine
urinary bladder.

Mastoparan V1 is derived from the venom of the social wasp Vespula vulgaris and presents potent
antimicrobial activity against Salmonella infection. However, there exist some limits for its practical
application due to the loss of its activity in the presence of a high bacterial density and the difficulty
of its efficient production. Ha et al. modulated successfully the antimicrobial activity of synthetic
mastoparan V1 against an high-density Salmonella population using protease inhibitors. Furthermore,
they developed an Escherichia coli secretion system efficiently producing active mastoparan V1.
Short toxin-like proteins from insects are often overlooked in drug discovery. The study performed
by Linial et al. indicates dozens of new candidates for peptide-based therapy and discusses their
potential for drug design. It concludes that the overlooked endogenous toxin-like proteins from insects,
characterized by structural stability and enhanced specificity, are attractive templates for drug design.

Two dipeptides with anticoagulant activity have been isolated from scorpion venom. This study
shows for the first time the ability of short venom peptides to slow down blood coagulation. Using
molecular dynamics simulations of complexes between scorpion toxins and the Kv1.2 channel, the
authors identified hydrophobic patches, hydrogen bonds, and salt bridges as the three essential forces
mediating the interactions between this channel and the toxins. This discovery might help design
highly selective Kv1.2-channel inhibitors.

Park and Park provide a comprehensive review to summarize the experimental and clinical
evidence of the mechanism by which Botulinum toxin acts on various types of neuropathic pain and

describe why this molecule is a successful example in toxin-based drug discovery. Botulinum toxin



has been used for approximately 40 years for the treatment of excessive muscle stiffness, spasticity,
dystonia, and various types of neuropathic pain.

Royal and Motoba review the possible mechanisms behind cholera toxin B subunit anti-
inflammatory activity and discuss how this protein could impact the treatment of mucosal
inflammatory disease.

The anti-metastatic mechanisms of snake toxins can be classified on the basis of three molecular
targets. These are the inhibition of extracellular matrix components-dependent cell adhesion and
migration, the inhibition of epithelial-mesenchymal transition, and the inhibition of cell motility by
alterations in the actin cytoskeleton network. The molecular mechanisms by which snake toxins target
metastases are reviewed by Urra and Araya-Maturana.

The genus Conus has become an important genetic resource for conotoxin identification and drug
development. The many challenges of drug discovery from cone snail venom are reviewed by Gao et al.
Animal toxins are valuable tools to study ion channels such as TRPV1. A comprehensive summary
of the advancements made in TRPV1 research in recent years by employing venom-derived peptide
toxins is provided by Geron and colleagues. In this review, the authors describe the functional aspects,
behavioral effects, and structural features of each studied toxin, all of which have contributed to our
current knowledge of TRPV1.

Steve Peigneur

Special Issue Editor
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Abstract: The synthetic peptide PnPP-19 comprehends 19 amino acid residues and it represents part
of the primary structure of the toxin 5-CNTX-Pnlc (PnTx2-6), isolated from the venom of the spider
Phoneutria nigriventer. Behavioural tests suggest that PnPP-19 induces antinociception by activation
of CB1, pand & opioid receptors. Since the peripheral and central antinociception induced by PnPP-19
involves opioid activation, the aim of this work was to identify whether this synthetic peptide could
directly activate opioid receptors and investigate the subtype selectivity for u-, 5- and/or k-opioid
receptors. Furthermore, we also studied the modulation of calcium influx driven by PnPP-19 in
dorsal root ganglion neurons, and analyzed whether this modulation was opioid-mediated. PnPP-19
selectively activates p-opioid receptors inducing indirectly inhibition of calcium channels and hereby
impairing calcium influx in dorsal root ganglion (DRG) neurons. Interestingly, notwithstanding the
activation of opioid receptors, PnPP-19 does not induce (3-arrestin2 recruitment. PnPP-19 is the first
spider toxin derivative that, among opioid receptors, selectively activates p-opioid receptors. The lack
of B-arrestin2 recruitment highlights its potential for the design of new improved opioid agonists.

Keywords: Phoneutria nigriventer; opioid receptor; spider toxin; antinociception
Key Contribution: The spider toxin derivative PnPP-19 activates p-opioid receptors and blocks

calcium channels in DRG neurons. Our data highlights the possible use of PnPP-19 for the
development of new drug candidates for pain treatment.

1. Introduction

The venom of Phoneutria nigriventer has been the focus of intensive research in recent years since
it is of interest for discovering novel pharmaceutical bioactive peptides. This venom has a potent

Toxins 2018, 10, 43 1 www.mdpi.com/journal /toxins



Toxins 2018, 10, 43

neurotoxic effect and many of its toxins have been already isolated and studied in detail [1]. One of the
best characterized toxins, 5-CNTX-Pnlc, also known as PnTx2-6 [2], exerts interesting pharmacological
effects and it was originally studied as a modulator of voltage-gated sodium channels [1]. Recently,
this toxin has been studied as a potentiator of erectile function. 3-CNTX-Pnlc improves erectile
function of normotensive and DOCA-salt hypertensive rats [3] and it also ameliorates the erectile
function of rats with bilateral cavernous nerve crush injury [4].

The synthetic peptide PnPP-19 comprehends 19 amino acid residues and it represents part of the
primary structure of the spider toxin -CNTX-Pnlc. This peptide has been suggested to be a promising
drug candidate for the treatment of both erectile dysfunction and pain. Through histopathological
experiments [5], it was shown that PnPP-19 does not induce any sign of toxicity in different tissues
(brain, heart, lung, liver and kidney) and it no longer modulates Nav channels [5]. Furthermore, it does
not cause death or hypersensitivity reactions and it induces only low immunogenicity in mice. However,
similar to the native toxin §-CNTX-Pnlc, PnPP-19 does potentiate erectile function. The exact molecular
target through which PnPP-19 improves erectile function still awaits elucidation [5]. Regarding the
pain pathway, PnPP-19 induces both peripheral and central antinociception. This antinociceptive effect
elicited by the peptide seems to involve the activation of opioid and cannabinoid receptors along with the
activation of the NO/cGMP/Karp pathway [6-8].

Millions of people suffer from acute or chronic pain every year, which makes pain a serious global
public health problem. Chronic pain, for instance, may cause an enormous socioeconomic impact
with associated costs in treatment and reduced levels of productivity [9]. Nowadays, there is an urge
for the development of novel potent and more selective analgesic drugs that elicit less undesirable
side effects [10].

The opioid receptors belong to the superfamily of GPCRs and they are coupled to G;/G,
proteins. The activation of these receptors may contribute to cellular hyperpolarization, and might
impair neurotransmitters release, by suppressing calcium influx and stimulating potassium channels.
The activation of the three different opioid receptor subtypes (u-, 6- and k-) might inhibit different
calcium channels in various mammalian tissues [11]. Therefore, measuring calcium currents could
be a complementary way for verifying opioid activation. In addition, the direct inhibition of calcium
channels by exogenous substances may also induce per se antinociception. This is the case, for example,
of two antinociceptive P. nigriventer toxins, PnTx3-3 and PnTx3-6 [12,13], and the well-known Food
and Drug Administration (FDA) approved analgesic drug Prialt® (Ziconotide) [14]. Regarding the
potassium channels, it has been shown that opioid receptor activation leads to opening of different
potassium channels, among which are inward rectifying potassium channels (GIRK) [11]. As such,
measuring the alteration of potassium flux through the cell membrane might also be an alternative
way of investigating opioid receptor activation.

Since the peripheral and central antinociception induced by PnPP-19 involves opioid
activation [6,8], the aim of this work was to identify whether this synthetic peptide could directly
activate opioid receptors and investigate the possible subtype selectivity for p-, 6- and/or k-opioid
receptors co-expressed with GIRK1/GIRK2 and RGS4. Furthermore, we also studied the modulation
of calcium influx driven by PnPP-19 in dorsal root ganglion (DRG) neurons, and analyzed whether
this modulation was opioid-mediated. Our data show that PnPP-19 may selectively activate p-opioid
receptors, however with low potency. Interestingly, activation of opioid receptors induced by the
PnPP-19 does not stimulate the recruitment of 3-arrestin2. However, it does induce indirectly inhibition
of calcium channels and, consequently, impairs calcium influx in DRG neurons.

2. Results

2.1. Electrophysiological Characterization of Direct Activation of Opioid Receptors Induced by PnPP-19 Using
Two-Electrode Voltage-Clamp

Each receptor was individually co-expressed with GIRK1/GIRK2 channels and RGS4, mimicking the
native neuronal G-protein-mediated pathway of K* channel activation. We used the two-microelectrode
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voltage-clamp technique to measure the opioid receptor-activated GIRK1/GIRK2 channel response as the
increase of the inward K* current at —70 mV, evoked by the application of increasing concentrations of
opioid ligands. The potency of PnPP-19 on human p-opioid receptor (hMOR), human k-opioid receptor
(hKOR) and human 6-opioid receptor (hDOR) was investigated (Figure 1). Concentrations up to 10 uM
could not evoke currents from oocytes expressing hKOR or hDOR. However, PnPP-19 could activate
hMOR, albeit with low potency. Oocytes co-expressing only GIRK1/GIRK2 and RGS4 were used as a
control to verify that PnPP-19 indeed interact with the opioid receptor and not the inward rectifying
potassium channels. No activity was seen when PnPP-19 was applied to oocytes expressing only GIRK
channels and RG54 (Figure S1).

To confirm the interaction of PnPP-19 with the p-opioid receptor, the activity of PnPP-19 in the
presence of naloxone was investigated (Figure 2). First, expression of GIRK1/GIRK2/RGS4/hMOR
was verified by applying 1 tM morphine as a control. Next, 1 pM PnPP-19 was applied as reference
current. Application of 1 pM of the well characterized opioid antagonist naloxone was subsequently
followed by another pulse of 1 pM PnPP-19. No PnPP-19 evoked current could be observed in the
presence of naloxone (Figure 2). A similar experiment, investigating the activation of hAMOR by 1 uM
morphine in the presence of naloxone was performed as a control (Figure 52).

A) nND9s HK | ND96 B) npogy HK |ND96

2
1nMPnPP19 100nM  1pM  10puM
hine

\
[V
\

—_—
1uMPnPP19 10 uM PnPP19 10s

vi 60

1 M morphine

C) npesl HK |ND96

1nMPnPP19 100nM  1uM  10uM

1 uM morphine

10s

Figure 1. (A) Shows representative current traces of agonist-gated currents evoked from oocytes
expressing human p-opioid receptor (hMOR) by 1 uM morphine and 1 or 10 uM PnPP-19. PnPP-19
could not activate human -opioid receptor (hDOR) (B) or human k-opioid receptor (hKOR) (C) up to
a concentration of 10 uM.
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ND96| HK | ND96

1M PnPP19

1 uM Naloxone

1 uM PnPP19
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Figure 2. Representative current traces evoked from X. laevis oocytes co-expressing GIRK1/GIRK?2
channels and RGS4 with hMOR. In addition, 1 1M naloxone inhibits the agonistic activity of PnPP-19.

2.2. Inhibition of Calcium Current Induced by PnPP-19

Intact neurons of rat dorsal root ganglia (DRG) were used for whole-cell patch-clamp recordings.
PnPP-19, morphine or naloxone were added separately to the bath solution to give a final concentration
of 1 uM, 1 uM and 10 pM, respectively. Figure 3 shows that PnPP-19 induced a reduction of the
calcium evoked current density, with an efficacy comparable to morphine (MOR). Therefore, we could
demonstrate that incubation of DRG neurons with the opioid agonist morphine (1 uM) or with PnPP-19
(1 uM) induced inhibition of calcium channels. Furthermore, pre-incubation of the cells with naloxone
(10 uM) completely blocks the activity of PnPP-19, suggesting that the inhibition of calcium channels
induced by the synthetic peptide is through activation of opioid receptors. Application of naloxone
alone has no significant effect on the current density.
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Figure 3. Effect of PnPP-19 and morphine on calcium current density evoked in dorsal root ganglion
(DRG) neurons. Calcium currents were evoked by depolarizing pulses to 10 mV (200 ms) from a
holding potential of —90 mV in DRG neurons incubated with 1 uM morphine, 1 uM PnPP-19 or 10 pM
naloxone. Control group: cells incubated only with external/bath solution. Group NLX + PnPP-19:
cells were previously incubated for 30 min with 10 uM naloxone and then PnPP-19 was added reaching
a final concentration of 1 uM. MOR: morphine and NLX: naloxone. Data shown are the means 4= SEM
(n =8 cells, 5 animals). * p < 0.05 compared with control (one-way ANOVA + Bonferroni's test).

2.3. Inhibition of Calcium Influx Induced by PnPP-19

DRG neurons were isolated and the calcium influx was evaluated using fluorescence microscopy.
Cell stimulation with KCI (30 mM) induced calcium influx and consequently an increase of intracellular
calcium concentration. The perfusion of the cells for 5 min with buffer did not alter the profile of
calcium influx induced by KCI during the second course of stimulation if compared with the first
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set of stimuli (Figures 4 and 5). On the other hand, incubation of DRG neurons with PnPP-19 (1 uM)
for 5 min induced a decrease of approximately 20% of calcium influx during the second course of
stimulation with KCl. In addition, PnPP-19 (1 uM) did not cause any alteration of intracellular calcium
concentration when the cells were not stimulated; therefore, no change of calcium concentration was
observed during the 5 min period of cell perfusion with PnPP-19 (Figure 4).
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Figure 4. Representative trace showing calcium influx (changes in 340:380 nm ratios) in a single DRG
neuron stimulated by KCI before and after 5 min incubation with buffer or PnPP-19. A perfusion
system was used to incubate DRG neurons with buffer for 1 min (1) followed by consecutive KC1
(30 mM) stimulations (2). After that, cells were perfused with buffer (3) or PnPP-19 (1 uM) (4) for 5 min,
and again depolarized by KCI (30 mM) at three different time points (2). Control cells incubated only
with buffer after first set of KCI stimulations do not show a significant difference in calcium influx
during the second set of stimulations (A); However, cells incubated with PnPP-19 display a decrease in
calcium influx during the second set of KCl stimulations (B); As a negative control, PnPP-19 does not

influence calcium influx on its own (C).
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Figure 5. Effect of pre-incubation with PnPP-19 (1 uM) on KCl-evoked (30 mM) responses. The bars
represent the percentage of the maximum amplitude response during the second set of KCl stimuli
corresponding to the initial KCl stimulations (100%). The peak of response in each situation was
calculated, and the amplitude was assessed by diminishing this value of the baseline. The baseline
corresponds to the pre-incubation of cells with buffer, before any KClI stimulation. Data shown are the
means & SEM (n = 5). * p < 0.05 compared with KCI (30 mM) + Buffer (two-tailed ¢-test).
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2.4. B-Arrestin2 Recruitment Induced by DAMGO and PnPP-19

Here, we intended to evaluate whether stimulation of HEK293T cells, coexpressing p-opioid
receptor-Yc and -arrestin2-Yn, by PnPP-19 or the selective p-opioid agonist [D-Ala?, MePhe?, Gly-ols]
encephalin (DAMGO) would induce recruitment of -arrestin2 by activating p-opioid receptors.
Incubation of the cells with DAMGO could clearly induce B-arrestin2 recruitment (Figure 6). However,
different concentrations of PnPP-19 could not induce any p-opioid receptor-f3-arrestin2 association
(Figure 6). In addition, pre-incubation of the cells with 10 uM of PnPP-19 was not able to prevent the
binding and activation of p-opioid receptors by the agonist DAMGO (Figure 6).
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Figure 6. Recruitment of 3-arrestin2 by activation of p-opioid receptors. Stably transfected HEK293
cells coexpressing p-opioid receptors and -arrestin2 were pretreated for 60 min with DAMGO or
PnPP-19 at the indicated concentrations. The group “DAMGO + PnPP-19” represents prior incubation
of the cells with 10 uM of PnPP-19 for 30 min. 3-arrestin2 recruitment was quantified by high content
imaging complementation assay as described in Materials and Methods (1 = 5).

3. Discussion

Previous literature data, obtained using behavioral tests, suggested that the peripheral and
central antinociceptive effect induced by PnPP-19 is partially because of p- and s-opioid receptors
activation [6-8]. Therefore, we verified whether this synthetic peptide could indeed directly bind
and activate the different isoforms of opioid receptors (u-, 5- and k-). Moreover, since it was already
described that activation of opioid receptors suppresses calcium influx through inhibition of different
voltage-gated calcium channels, we also investigated the modulation of calcium influx induced by
PnPP-19 in DRG neurons. Our data demonstrates that, among the p-, 8- and k-opioid receptor
subtypes, PnPP-19 may selectively activate, with relatively low potency, the u-opioid receptor subtype.
Remarkably, it seems that the peptide does not induce the recruitment of 3-arrestin2 by activating
opioid receptors and, most likely, PnPP-19 binds to a different binding site of the opioid receptor
than DAMGO (a selective opioid agonist). In addition, PnPP-19 induced an inhibition of calcium
channels, very likely through activation of opioid receptors, in the whole-cell patch-clamp assay; it also
diminished the calcium influx observed by fluorescence microscopy.

Among all the toxins isolated from the venom of Phoneutria nigriventer and its derivatives, only
two of them are able to elicit antinociception via activation of opioid receptors. The antinociceptive
effect of the toxin PnTx4(6-1), also known as 5-Ctenitoxin-Pnla [2], is partially blocked when selective
antagonists of both p- and -opioid receptors are administered [15]. Likewise, antinociception of
PnPP-19, a -CNTX-Pnlc derivative [5], occurs also through activation of those very same opioid
receptors [6,8]. On the other hand, it was never investigated whether these peptides may directly
bind and activate opioid receptors. Our present data show that PnPP-19 might selectively activate,
with low potency, only the p-opioid receptor subtype. However, through behavioral experiments,
it was shown that the antinociception induced by PnPP-19 also involves activation of d-opioid receptors.
Here, we demonstrated that PnPP-19 is incapable of activating directly d-opioid receptors. Theretore,
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activation of this specific subtype of receptor in vivo may occur via an indirectly pathway, as previously
suggested by Freitas and collaborators [6].

PnPP-19 is the first synthetic peptide, derived from a spider toxin, proven to act directly on opioid
receptors, and more specifically, on p-opioid receptor subtype. Novel ligands of the p-opioid receptor
are of clinical and social importance since the common used analgesic drugs, such as morphine, fentanyl
and oxymorphone, elicit both their beneficial pharmacological effect and undesirable side effects through
activation of opioid receptors [16]. One of the very serious and life-threatening conditions developed
following the use of the usual opioid agonist medicines is respiratory paralysis [16,17]. It has been
demonstrated that the induction of respiratory paralysis, as well as other side effects, after the use of
opioids may be linked with the recruitment of the p-arrestin pathway, which is stimulated downstream
following activation of p-opioid receptor [18-22]. Since opioid receptors are still one of the most relevant
targets for pain treatment, great effort is being put in the development of new opioid agonists that
elicit fewer negative side effects [22,23]. In this way, the lack of B-arrestin2 recruitment by PnPP-19
underlines the potential of this peptide as a possible lead compound in the development of improved
opioid agonists. Recently, a very selective and potent p-opioid agonist was developed and named PZM21.
Despite its great potency and selectiveness against ji-opioid receptors, administration of PZM21 induced
minimal -arrestin? recruitment. Therefore, the use of PZM21 induced a long-lasting analgesia along
with decreased respiratory depression and constipation when compared to morphine [10]. For this reason,
studies concerning the exact mechanism of action of PnPP-19 in the pain pathway are of interest since
PnPP-19 showed no induction of 3-arrestin2 recruitment in cell culture. It thus seems that the peptide
has a site of interaction different from the DAMGO binding site, since in our experiments the presence of
PnPP-19 has no influence on DAMGO-induced (-arrestin2 recruitment. However, one other hypothesis
for the lack of 3-arrestin2 recruitment by PnPP-19 could be the low potency of which PnPP-19 might bind
to p-opioid receptors. Therefore, further investigation is required in order to elucidate the exact mechanism
of PnPP-19 interaction with the opioid receptors. Moreover, a better characterization of the target of this
synthetic peptide in erectile function is required in order to develop a PnPP-19 derived drug without
unwanted side effects.

The interaction between opioid receptors and ion channels has been a subject of much interest
during decades. Various studies suggest that activation of opioid receptors causes hyperpolarization of
the cell and consequently prevents neurotransmitter release by inducing an inhibition of calcium
channels [11,24,25] and activation potassium channels [11,26-28]. According to in vitro studies,
incubation of a selective agonist of p-opioid receptors with HEK293 cells co-expressing p-opioid
receptors together with voltage-gated N-type calcium channels (Cav2.2) or R-type (Cav2.3) channels
induced an inhibition of both calcium channels tested [29]. Moreover, experiments, conducted with
primary culture of vestibular afferent neurons and DRG neurons, suggest that selective stimulation
of p-opioid receptors may inhibit T-, L- and N-type calcium channels supposedly through activation
of a Gayj/, protein [30-32]. Accordingly, our results demonstrate that PnPP-19 inhibits calcium influx
in DRG neurons and that this inhibition is suppressed by the unspecific opioid antagonist naloxone.
These data show that inhibition of calcium influx induced by PnPP-19 is mediated by activation of
opioid receptors. Recently, it was demonstrated that DAMGO (selective p-opioid agonist) induces
inhibition of calcium influx and action potential-evoked Ca?* fluorescent transients in individual
peripheral nociceptive fiber free nerve endings from trigeminal ganglion. The authors have shown
that activation of “big conductance” Ca%*-activated K* channels (BKc,) mediates this inhibition of
calcium influx induced by DAMGO. Furthermore, the activation of this subtype of potassium channel
plays a major role on p-opioid induced antinociception in a behavioral test for trigeminal nociception.
Therefore, it is likely that PnPP-19 might also modulate potassium channels, since this synthetic
peptide may act as an opioid agonist. However, further experiments are needed to investigate whether
PnPP-19 indeed interferes with potassium channel activity.

In conclusion, the data we present here shows for the first time a spider toxin derivative that
may act as a selective p-opioid agonist. PnPP-19 directly binds and activates, albeit with low potency,
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only the p-opioid receptor subtype. In DRG neurons, the activation of p-opioid receptors induced
by PnPP-19 generates an inhibition of calcium channels, consequently reducing or even eliminating
calcium influx. This modulation of calcium channels appears to follow activation of opioid receptors,
confirming once again the role of PnPP-19 as an opioid agonist. Interestingly, notwithstanding the
activation of opioid receptors, PnPP-19 does not induce 3-arrestin2 recruitment. This could be due
its low potency; however, it may also be a consequence of a differential opioid activation mechanism
in which B-arrestin2 recruitment is not stimulated. Further studies with PnPP-19 could lead to the
development of new and more potent opioid agonists that in turn could elicit antinociception with
possibly less side effects by not inducing recruitment of 3-arrestin2.

4, Materials and Methods

4.1. Expression of Voltage-Gated Potassium Channels in Xenopus laevis Oocytes

Xenopus laevis oocytes were isolated as previously described [33]. Oocytes were co-injected with
0.5ng/50 nL of GIRK1, 0.5 ng/50 nL of GIRK2, and 10 ng/50 nL of RG54 cRNA, with the addition of
10 ng/50 nL of either hMOR, hKOR, hDOR, hAMORW?318L, or hMORW318Y /H319Y cRNA. Injected
oocytes were maintained in ND-96 solution (composition: 2 mM KCl, 96 mM NaCl, 1 mM MgCl,,
1.8 mM CaCl,, 5 mM HEPES, pH 7.5) supplemented with 50 ug/mL of gentamicin sulfate.

4.2. Electrophysiological Recordings: Xenopus laevis Oocytes

Whole-cell currents from oocytes were recorded from 1 to 2 days after injection using the
two-microelectrode voltage-clamp technique. Resistances of voltage and current electrodes were
kept between 0.7 and 1.5 M() and were filled with 3 M KCI. Currents were filtered at 20 Hz, using
a 4-pole low-pass Bessel filter. To eliminate the effect of the voltage drop across the bath-grounding
electrode, the bath potential was actively controlled. All experiments were performed at room
temperature [19-23]. At the start and the end of each experiment, oocytes were superfused with
low-potassium (ND-96) solution (composition: 2 mM KCl, 96 mM NaCl, 1 mM MgCl,, 1.8 mM
CaCl,, 5 mM HEPES, pH 7.5). During application of increasing concentrations of ligands, oocytes
were superfused with high-potassium (HK) solution (composition: 96 mM KCl, 2 mM NaCl, 1 mM
MgCly, 1.8 mM CaCly, 5 mM HEPES, pH 7.5). In HK solution, the K* equilibrium potential is
close to 0 mV and enables K* inward currents to flow through inwardly rectifying K* channels at
negative holding potentials. A gravity-controlled fast perfusion system was used to ensure rapid
solution exchanges. Analysis of un-injected cells (1 = 3), under the same experimental conditions as
injected oocytes, revealed an endogenous current that amounted maximally 1% as compared with the
current measured in injected oocytes. Application of opioid ligands did not evoke an increase of the
conductance in un-injected oocytes. In each experiment, oocytes were clamped at a holding potential
of —70 mV and super-fused with ND-96 solution. Next, the super-fusion solution was switched from
ND-96 to HK solution, after which increasing concentrations of morphine or peptide were applied.
Each concentration was applied for as long as needed to achieve a steady-state GIRK1/GIRK2 current
activation. Each ligand concentration was washed out by super-fusing it with an HK solution. During
this washout period, the channels return to the control current level as a result of a deactivation process
that is accelerated dramatically in the presence of RGS4, as previously described [34]. At the end of
each experiment, the oocyte was super-fused with HK solution containing 300 uM BaCly, causing a
blockage of the net GIRK1/2-gated inward current. Finally, the super-fusion was switched back to
ND-96 solution to confirm complete reversibility.

4.3. Data Analysis of Two-Microelectrode Voltage-Clamp

The pCLAMP program (Axon Instruments, pPCLAMP, Sunnyvale CA, USA) was used for data
acquisition, and data files were directly imported, analyzed, and visualized with a custom-made
add-in for Microsoft Excel (Redmond, WA, USA). The percentage-activated current was calculated
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using the equation: percentage activation = activated current amplitude control current amplitude
x 100 — 100 and 0% was taken as the control current level. Current percentages were then used for
the calculation of concentration-response curves, using the Hill equation I = Imax/[1 + (EC50/ A)”H],
where I represents the current percentage, Imax the maximal current percentage, ECsy the concentration
of the agonist that evokes the half-maximal response, A the concentration of agonist, and ny; the Hill
coefficient. Averaged data are indicated as means = SEM and were calculated using n experiments,
where n indicates the number of oocytes tested. For each experiment, the number of oocytes tested
was at least 6 (n > 6) For each experiment, averaged current percentages were normalized to 100%,
and an averaged concentration-response curve was drawn using the average ECs) values and Hill
coefficients of n experiments. Statistical analysis of differences between groups was carried out with
Student’s t-test, and a probability of 0.05 was taken as the level of statistical significance.

4.4. DRG Culture

DRGs were isolated from adult Wistar rats (200 £ 300 g) and neurons cultured as described
by Lindsay (1988) [35] with minor modifications. The neurons were isolated and washed by
gravity in phosphate-buffered saline (PBS). The cells were than incubated with collagenase type
IV (sigma, St. Louis, MO, USA) solution (5 mL of Dulbecco’s modified Eagle’s medium—DMEM;
10% v/v fetal bovine serum; penicillin 200 units/mL—streptomycin 200 pug/mL; 12.5 mg of collagenase
type IV) for 90 min at 37 °C. After that, ganglions were washed 3 times by gravity in PBS and trypsin
solution (2500-6000 BAEE U/ML, sigma, St. Louis, MO, USA) was added. In order to dissociate the
DRG neurons, the ganglions were taken up and down with the use of a fine tipped transfer pipette.
Cells were then incubated with the trypsin solution for 10 min at 37 °C. After the incubation period,
1 mL of bovine serum albumin (BSA) solution (16% v/v in PBS) was added and cells were more firmly
dissociated. The cell suspension was added on the top of 3 mL BSA solution and centrifuged at 500x g
for 6 min. The supernatant was discarded and the pellet was resuspended in complete media (DMEM
media; 10% v/v fetal bovine serum; 1% v/v penicillin/streptomycin; 0.1% v/v NGF). Cells were plated
on poly-L-lysine and laminin coated cover slips and incubated at 37 °C with 5% CO, in a humidified
incubator. The study was approved by the local Ethics Committee on Animal Experimentation (CETEA)
of UFMG (Protocol number: 233/2013).

4.5. Whole-Cell Voltage-Clamp

DRG neurons were used for the measurements after 48 h of cell culture. The calcium
current recordings were obtained by using the Patch Clamp amplifiers type EPC-9/EPC-10
(HEKA Instruments, Lambrecht/Pfalz, Germany) and the PULSE/PATCHMASTER data acquisition
program (HEKA Instruments, Lambrecht/Pfalz, Germany) adjusted for the Whole Cell Voltage-Clamp
configuration. Low resistance patch electrodes (3—4 MQ}) were filled with solution containing {in mM):
130 CsCl, 2.5 MgCl,, 10 HEPES, 5 EGTA, 3 Nap-ATP and 0.5 Li3-GTP, pH 7.4 adjusted with 1 M CsOH.
The external/bath solution contained (in mM): 125 CsCl, 10 BaCl,, 1 MgCl,, 10 HEPES and 60 Glucose,
pH 7.4 adjusted with 1 M CsOH. An Ag-AgCl electrode was used as reference. The recordings
were filtered with a Bessel low-pass filter set at 2.9 kHz and digitalized at a 10 kHz rate (100 ps
interval) through an AD/DA interface (ITC 1600). Capacitive currents were electronically compensated
and a P/4 protocol was used to correct the linear leakage current and to subtract residual capacity
(BEZANILLA, ARMSTRONG, 1977) [36]. After establishing the Whole Cell configuration, the calcium
current was evoked from negative holding potential of —90 mV to 10 mV (200 ms). Once the calcium
current showed stable amplitude values, PnPP-19, morphine or naloxone were added separately to the
bath solution to give a final concentration of 1 uM, 1 uM and 10 uM, respectively. To test whether the
effect of PnPP-19 was through opioid receptors, cells were prior incubated with 10 uM of naloxone
for 30 min. The experiments were performed on 35 mm diameter acrylic Petri dishes using inverted
microscope (Axiovert 20, Carl Zeiss, Jena, Germany or Nikon TMF-100, Nikon, Chiyoda-Ku, Japan).
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4.6. Calcium Imaging

The experiments were performed after 24 h of DRG neurons dissociation. On the day of
the experiments, cells were incubated with Fura 2-AM (5 mM, 30 min, 37 °C). Intracellular CaZ*
concentrations ([CaZ*]i) in individual neurons were estimated as the ratios of peak fluorescence
intensities (measured at 500 nm) at excitation wavelengths of 340 and 380 nm, respectively (Bundey &
Kendall, 1999) [37], using an Improvision imaging system. DRG neurons were superfused (2 mL min‘l)
with buffer (NaCl 145 mM; KC1 5 mM; CaCl; 2 mM; MgSO, 1 mM; HEPES 10 mM; glucose 10 mM)
for 1 min followed by three consecutive KCI (30 mM) stimulations. After that, cells were perfused
with buffer (control group) or PnPP-19 (1 uM) dissolved in buffer for 5 min, and again depolarized by
KCl (30 mM) at three different time points. Representative traces of calcium influx in a single DRG
neuron are shown. Results are presented as means = SEM and indicate the percentage of calcium
influx related to the peak of calcium influx during the first course of activation with KCI (100%).
Statistical analyses were carried out using GraphPrism software (version 7.0a, GraphPad Software,
La Jolla, CA, USA, 2016). Our data were distributed normally and analyzed statistically by two-tailed
t-test. Probabilities less than 5% (p < 0.05) were considered to be statistically significant.

4.7. Beta-Arrestin2 Recruitment

HEK293T were cultured in DMEM (Sigma-Aldrich) supplemented with 10% v/v fetal bovine serum.
These cells were coexpressing p-opioid receptor-Yc and f-arrestin2-Yn (Yc and Yn are complementary
fragments of yellow fluorescent protein-YFP). To analyze whether activation of u-opioid receptor would
induce recruitment of 3-arrestin2, the Bimolecular fluorescence complementation (BiFC) based detection
of p-opioid receptor-p-arrestin2 association was conducted. The cells were seeded at 33,000 cells/well
onto poly (D-lysine)-coated Greiner 655,090 imaging plates. Plates were kept in a humidified incubator at
37 °C filled with 5% CO, for 24 h. HEK293T were stimulated with the selective opioid agonist DAMGO
(Tocris, Minneapolis, MN, USA) or the synthetic peptide PnPP-19 in HEPES-buffered saline solution (HBSS)
including 0.1% v/v BSA (1071 M=10~* M) for 60 min at 37 °C. In the experiment where we investigated
whether PnPP-19 could impair the binding of DAMGO to p-opioid receptors, cells were preincubated
with PnPP-19 10 (M (30 min, 37 °C). After that, cells were fixated with 3% paraformaldehyde in PBS for
10 min at room temperature. Then, cells were washed once with PBS and the cell nuclei were stained for
15 min with H33342 (2 pg/mL in PBS, Sigma, St. Louis, MO, USA). H33342 was then removed by a final
PBS wash. Images (4 central sites/well) were acquired automatically on the IX Ultra confocal plate reader,
using 405 nm /488 nm laser lines for H33342 and complemented YFP excitation, respectively. Data was
analyzed by the use of MetaXpress software (version 5.3, Sunnyvale, CA, USA, 2013) as described by Liu
and co-authors [38] and normalized by 10 uM of DAMGO (100%).

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/10/1/43/s1,
Figure S1: Representative current traces evoked from X. laevis oocytes co-expressing GIRK1/GIRK2 channels
and RGS4. PnPP-19 does not interact with GIRK channels; Figure S2: Representative current traces evoked from
X. laevis oocytes co-expressing GIRK1/GIRK2 channels and RGS4 with hMOR.
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Abstract: Azemiopsin (Az), a linear peptide from the Azemiops feae viper venom, contains no disulfide
bonds, is a high-affinity and selective inhibitor of nicotinic acetylcholine receptor (nAChR) of muscle
type and may be considered as potentially applicable nondepolarizing muscle relaxant. In this
study, we investigated its preclinical profile in regard to in vitro and in vivo efficacy, acute and
chronic toxicity, pharmacokinetics, allergenic capacity, immunotoxicity and mutagenic potency. The
peptide effectively inhibited (ICs5p ~ 19 nM) calcium response of muscle nAChR evoked by 30 uM
(EC100) acetylcholine but was less potent (ICs5y ~3 uM) at o7 nAChR activated by 10 uM (ECs)
acetylcholine and had a low affinity to «4f32 and «3-containing nAChR, as well as to GABA or
5HT; receptors. Its muscle relaxant effect was demonstrated at intramuscular injection to mice at
doses of 30-300 ng/kg, 30 pg/kg being the initial effective dose and 90 ug/kg—the average effective
dose. The maximal muscle relaxant effect of Az was achieved in 10 min after the administration
and elimination half-life of Az in mice was calculated as 2040 min. The longest period of Az action
observed at a dose of 300 nug/kg was 55 min. The highest acute toxicity (LDsg 510 ng/kg) was
observed at intravenous injection of Az, at intramuscular or intraperitoneal administration it was less
toxic. The peptide showed practically no immunotoxic, allergenic or mutagenic capacity. Overall,
the results demonstrate that Az has good drug-like properties for the application as local muscle
relaxant and in its parameters, is not inferior to the relaxants currently used. However, some Az
modification might be effective to extend its narrow therapeutic window, a typical characteristic and
a weak point of all nondepolarizing myorelaxants.

Keywords: nicotinic acetylcholine receptor; azemiopsin; preclinical studies; toxicity; pharmacokinetics;
myorelaxant

Key Contribution: Key Contribution: Investigation of the preclinical profile of azemiopsin
demonstrated its high affinity and specificity for muscle type nicotinic acetylcholine receptor as
well as good muscle relaxant capacity. Toxicology studies in mice indicated that azemiopsin was well
tolerated during chronic dosing and showed no immunotoxicity, allergenic or mutagenic activity,
which made it a good candidate for application as a local muscle relaxant.
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1. Introduction

A linear peptide azemiopsin (Az) isolated from the Azemiops feae viper venom contains no disulfide
bonds [1] and can be easily prepared by peptide synthesis. It is a high-affinity and selective inhibitor of
muscle-type nicotinic acetylcholine receptor (nAChR) involved in fast synaptic signal transduction at
nerve-muscle junction [2]. These receptors are well-known targets for muscle relaxant drugs (e.g., [3]).
Muscle relaxants reduce the tone of the skeletal muscle with a decrease in motor activity up to complete
immobilization. These drugs are generally classified into central muscle relaxants, which disrupt the
transmission of excitation in the central nervous system and muscle relaxants of peripheral action that
primarily and specifically disturb neuromuscular transmission.

Peripheral muscle relaxants can affect the signal transmission both at the presynaptic and
postsynaptic membrane of the neuromuscular junction. The drugs acting at postsynaptic membrane are
classified into depolarizing and nondepolarizing muscle relaxants (NMR). The action of depolarizing
muscle relaxants (e.g., succinylcholine) is based on the persistent depolarization of the postsynaptic
membrane, which makes impossible the propagation of the action potential and causes relaxation
of the muscle fiber. NMRs (such as d-tubocurarine, atracurium, rocuronium) block the binding of
acetylcholine to nAChR and disturb its function [4].

Nowadays, the muscle relaxants are used generally during large operations in order to achieve
relaxation of the muscles (especially the abdomen) and thereby facilitate surgical manipulation.
For most operations, the basic condition is a good relaxation of the striated muscles. NMRs are usually
administered during anesthesia to facilitate endotracheal intubation and/or to improve surgical
conditions. Currently, clinical practice cannot do without them. Muscle relaxants allowed reducing
the depth of anesthesia and better controlling the conditions of the body’s systems. In addition
to anesthesiology, muscle relaxants have found application in traumatology and orthopedics for
muscle relaxation in the treatments of dislocations, fractures, diseases of the back and ligament.
Short-acting drugs in combination with general anesthetic agents are often used to facilitate
laryngoscopy, bronchoscopy and esophagoscopy. NMRs are applied parenterally, almost always
injected intravenously.

It should be noted that NMRs have undesirable side effects, primarily associated with their effects
on the autonomic nervous system and with the release of histamine. The reason for these effects is the
insufficient selectivity of low molecular NMR for muscle-type nAChR. Moreover, a number of side
effects are due to blockade or activation of the muscarinic acetylcholine receptor [5,6]. Because of these
side effects, d-tubocurarine is practically not applied today.

To treat conditions where muscles spasms and spasticity are a problem, muscle relaxants are
also used. Muscle spasms are caused by an involuntary contraction of the muscles, which is often
painful and causes difficulty in performing everyday tasks. Spasticity occurs when a muscle contracts
and remains in this tight position, becoming very stiff and almost impossible to use. In cases like
this, muscle relaxants are used to control stiffness and involuntary movements. They are used to
treat so-called muscle dystonia. Dystonia is defined by Dystonia Medical Research Foundation as
“amovement disorder characterized by sustained or intermittent muscle contractions causing abnormal,
often repetitive, movements, postures, or both. Dystonic movements are typically patterned, twisting
and may be tremulous. Dystonia is often initiated or worsened by voluntary action and associated
with overflow muscle activation” [7]. Examples of muscle dystonias are blepharospasm (involuntary
squinting), cervical dystonia (torticollis), spasticity (hypertonicity) of skeletal muscle, writer’s cramp,
foot dystonia, etc. The problem of constant high tone of particular groups of muscles also exists at
spastic form of cerebral palsy. Currently, according to the European (http:/ /dystonia-europe.org)
and American (http://www.dystonia-foundation.org/) dystonia societies, the number of patients
with various forms of dystonia is 500,000 in Europe and 300,000 in the United States. According to
the Research Foundation for Cerebral Palsy Associations (UCPA: http:/ /www.ucp.org/), there are
approximately 760,000 patients with this disease in the United States. In Russia, the number of patients
with muscular dystonia is estimated at 80,000-140,000 people and cerebral palsy—150,000-200,000.
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Peripheral muscle relaxants have become medications for the treatment of muscle dystonia.
Historically, the first applied in clinical practice peripheral relaxants were low-molecular alkaloids.
After these first low-molecular cholinergic blockers, showing a number of side effects but being used
up to the present time, the botulinum toxin has appeared. Currently, the main method of treatment
for muscular dystonia and spastic form of cerebral palsy is the injection of botulinum toxin into the
muscles involved in hyperkinesis. In 1989, the “BOTOX” (one of the drugs based on botulinum toxin)
has been approved by the FDA for the treatment of blepharospasm, in 2000—cervical dystonia, in
2010—spasticity at the elbow, wrist and fingers. The clinical effect is achieved in 85-90% of cases
and lasts 2-3 months, however patients are in need of repeated administration of the drug: for
spastic torticollis—2 injections per year, blepharospasm—3—4, cerebral palsy—?2 times a year. With the
apparent effectiveness of “BOTOX”, there are a number of disadvantages associated with side effects,
which include itching, burning, swelling at the injection site, in some patients there is a general muscle
weakness during the first two weeks after application of the preparation, antibody formation shows in
3-10% of patients. Even the duration of its effect is a disadvantage, since it does not allow promptly
adjusting the dose of the drug in accordance with individual tolerability. A significant drawback of the
drug is associated with the mechanism of action of botulinum toxin at the molecular level.

Negative moments of this mechanism of action (and especially its duration) are progressive
atrophy of muscle fiber with a decrease in the average diameter of the fiber, scattering of nAChRs from
the site of the synapse and a decrease in the activity of synaptic acetylcholinesterase. On rabbits, it was
shown that after the injections of botulinum toxin that lasts for six months, the reduction in muscle
mass could reach 76% and the contractile fibers could be replaced by fatty tissue elements. Currently,
there are no medicines capable of replacing BOTOX in the treatment of muscular dystonia in the world.
Therefore, the task of creating new effective drugs that do not have side effects, for local therapy of
muscular dystonia is extremely urgent.

Muscle relaxants of peptide nature may be considered as alternatives to low-molecular alkaloids
with a large number of side effects and to extremely toxic protein botulinum toxin. Peptides are not
xenobiotics and, as a rule, have high selectivity to specific targets, which is due to the very nature
of peptide-protein recognition. The natural source of such peptides has always been the animal
venoms, especially the venoms of molluscs and snakes [8]. In the venoms of molluscs and snakes,
polypeptide and peptide compounds acting on neuromuscular transmission have been identified and
potentially can be regarded as agents for the treatment of muscular dystonia. In particular, the discovery
and characterization of Az, blocking the neuromuscular transmission, open the possibility for the
development of a novel muscle relaxant. As an inhibitor of muscle nAChR, Az may be regarded as a
potentially applicable muscle relaxant itself [9]. This paper reports the results of preclinical studies,
including single- and repeated-dose toxicities, immunotoxicity, pharmacokinetic and other studies.
Overall, the results obtained demonstrate that Az has good drug-like properties.

2. Results

2.1. Az Synthesis

The Az peptide was prepared by a solid phase synthesis using a general Fmoc-strategy.
The principal scheme was adopted from [10]. However, to minimize the consumption of materials
for large-scale synthesis needs, all steps in the procedure were optimized and standardized. Thus, to
determine the optimal excesses of amino acid derivatives, pilot experiments were performed. It was
found, that for the first stage of the coupling of the C-terminal proline residue to a polymer, the 5-fold
excess of the protected amino acid was necessary. For the coupling of the subsequent residues, the
4-fold excesses were enough. The couplings of the seventh and subsequent residues required the
increase of reaction time from 1 to 2 h. The modified scheme of synthesis allowed to avoid unnecessary
reagent consumption, in particular, of expensive protected amino acids. Optimization experiments
showed that the repeated condensations were necessary only for coupling of residues His9 and Pro15.
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The amounts of solvents and coupling reagents were optimized as well, reducing their consumption
by several times. Large-scale purification of the peptide was performed in two steps. Ion exchange
chromatography on a weak cation exchanger under moderately basic conditions was used at the
first step. It allowed to obtain the peptide with purity of about 90% without any organic solvent
consumption. To meet pharmacopeia specifications, the final purification step was carried out by
a reversed-phase HPLC, increasing the substance purity to greater than 97% (Figure 1). Using the
optimized procedure, the final product, Az, was obtained with 20% yield.
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Figure 1. Analytical UPLC-MS on Phenomenex Aeris PEPTIDE XB-C18 column (1.7 um, 2.1 x 150 mm)
using a linear acetonitrile gradient from 10 to 35%. Inset. Deconvoluted mass-spectrum of Az sample
obtained after the final purification step. a.u., arbitrary unit.

2.2. Efficacy and Specificity of Az In Vitro

To study a specific activity and selectivity of Az in vitro, two different methods were used:
electrophysiological method of two-electrode voltage-clamp on Xenopus oocytes and calcium imaging
using the genetically encoded calcium sensor Casel12 or the low-molecular weight calcium indicator
Fluo-4. In calcium imaging experiments on mouse muscle type a131ed nAChR, Az showed a high
inhibitory activity in nanomolar range (ICsp = 19 £ 8 nM, Figure 2a). Az also manifested ability
to interact with the human neuronal homopentameric «7 nAChR but with a much lower affinity
(ICs50 = 2.67 & 0.02 uM, Figure 2b). It should be mentioned, that the corresponding cellular calcium
responses were provoked by acetylcholine (ACh) at concentrations of 30 uM (ECygp on muscle nAChR)
and 10 uM (ECsp on «7 nAChR), respectively [11]. Electrophysiology experiments discovered no
influence of Az on ion currents induced by 20 uM nicotine in rat neuronal heteromeric «432 nAChR at
a concentration up to 50 uM (Figure 2c¢). Besides, no Az activity against human neuronal heteromeric
a3-containing nAChRs (332, x3[34, etc.) expressed in neuroblastoma SH-SY5Y cells was detected
by calcium imaging at a concentration up to 100 uM (Figure 2f). In control experiments using the
same cellular system, calcium responses induced by 100 M nicotine (ECs = 22 + 2 uM, Figure 2d)
were successfully inhibited by a-conotoxin MII (IC5p = 60 £ 4 nM, Figure 2e), a specific antagonist
of «3-containing NAChRs. In sum, these data demonstrated high selectivity of the Az action on
muscle nAChR.
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For comparison, we have tested NMR rocuronium in some in vitro experiments and found that at
muscle type receptor it was less effective than Az, ICsys being 257.06 + 95.54 nM and 19 & 8 nM for
rocuronium and Az, respectively (Figures 2a and 3a). At the human neuronal homopentameric o7
nAChR rocuronium showed also lower affinity with ICsy of 25.69 & 4.5 uM (Figure 3b) as compared
to 2.67 £ 0.02 uM for Az (Figure 2b). In contrast to Az, at concentration up to 100 M (Figure 2f)
manifesting no activity against human neuronal heteromeric «3-containing nAChRs (332, x3(34, etc.)
expressed in neuroblastoma SH-SY5Y cells, rocuronium dose-dependently inhibited these nAChR
subtypes (Figure 3c). At 200 uM rocuronium inhibited Nic induced currents by about 60% (Figure 3c).
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Figure 2. Interaction of Az with muscle and neuronal nAChRs. Inhibitory curves of Az action on
ACh (30 and 10 uM)-evoked intracellular calcium concentration ([Ca%*];) rises in neuroblastoma
Neuro2a cells expressing (a) muscle x131ed and (b) a7 nAChRs, respectively. (c) Representative
nicotine (Nic)-induced current traces through «432 nAChR and (d) dose-response curve of [Ca?*];
amplitude rise in neuroblastoma SH-SY5Y cells expressing a3-containing nAChRs in response to
different concentrations of Nic. There are no inhibitory effects of Az on Nic-evoked (c) ion currents
and (f) calcium responses mediated by a4p2 and «3-containing nAChRs, respectively (p > 0.05,
Mann-Whitney U test). (e) Inhibitory curve of a-conotoxin MII action on Nic (100 uM)-evoked [Ca®*];
rise in SH-SY5Y cells expressing «3-containing nAChRs. Each point represents data obtained from
4 independent experiments (mean + SEM).
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Figure 3. Interaction of rocuronium with muscle and neuronal nAChRs. Inhibitory curves of
rocuronium action on ACh (30 and 10 uM)-evoked intracellular calcium concentration ([Ca2*];) rises in
neuroblastoma Neuro2a cells expressing (a) muscle x131¢6 and (b) o7 nAChRs, respectively. Inhibition
of [Ca?*]; amplitude rise induced by Nic (100 M) in neuroblastoma SH-SY5Y cells expressing
a3-containing nAChRs by different concentrations of rocuronium (c). Each point represents data
obtained from 4 independent experiments (mean £ SEM).

17



Toxins 2018, 10, 34

2.3. In Vivo Efficacy Tests

2.3.1. In Vivo Az Efficacy

To study a specific activity of Az as an agent blocking neuromuscular transmission for the
treatment of muscular dystonia, its effect on mouse muscular strength was estimated. Single
administration of Az in the muscles of the forelimbs at doses of 0.03, 0.1 and 0.3 mg/kg caused
a significant decrease in their muscular strength (Figure 4), while the dose of 0.01 mg/kg was not
effective (Figure S1). The longest period of Az action was observed for a dose of 0.3 mg/kg and was
maintained for 55 min from the 5th to the 60th minute after its administration. The maximal muscle
relaxant effect of Az for all the doses studied was achieved 10 min after its administration and was
preserved until the 30th minute. The dose of 0.03 mg/kg was considered as an initial effective dose.
The average effective dose at the maximum response point (10 min after injection) was 0.09 mg/kg.
These in vivo data showed the good muscle relaxing properties of Az.
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Figure 4. Muscle relaxant effect of Az. The time courses of a grip strength of mouse (ICR males)
forelimbs at 0-90 min after Az (0.03, 0.1 and 0.3 mg/kg) or normal saline (control) intramuscular
administration. The results are presented as mean values &+ SEM, n = 10. Significant differences in the

forelimb strength were revealed between control and experimental groups (one-way repeated measures
ANOVA, * p < 0.05).

2.3.2. In Vivo Rocuronium Efficacy

The rocuronium effect was studied at doses of 0.13 mg/kg, 0.1 mg/kg and 0.08 mg/kg. The
dose of 0.13 mg/kg was lethal and after 60 s the animal lost muscle tone (grip strength = 0 kg) and
the ability to move. The introduction of rocuronium at doses of 0.08 and 0.1 mg/kg did not cause
the death of animals and showed a dose-dependent decrease in muscle tone within the first 5 min
after administration. A statistically significant effect compared to the control was observed 2 min
after administration of rocuronium at a dose of 0.1 mg/kg (Figure 5). At the 3rd minute after the
administration, muscle strength began to recover and did not significantly differ from the control. Ata
dose of 0.08 mg/kg no statistically significant difference from control was found and only a tendency
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to decrease the muscular strength was observed with the greatest effect at the 2nd and 3rd minutes
(Figure 5).
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Figure 5. Muscle relaxant effect of rocuronium. The time courses of a grip strength of mouse (ICR males)
forelimbs at 0-5 min after rocuronium (0.08, 0.1 mg/kg) or normal saline (control) intramuscular
administration. The results are presented as mean values = SEM, n = 4. Significant differences in the
forelimb strength were revealed between control and experimental groups (one-way repeated measures
ANOVA, *p < 0.05).

2.4. Pharmacokinetics of Az

To study a pharmacokinetics of Az, its radioiodinated ?°I-labeled analog (['?°I]-Az) was prepared.

2.4.1. Preparation of [1%1]-Az

In position 9, Az molecule contains a histidine residue which may be subjected to electrophilic
iodination as published earlier [12]. However, two tryptophan residues (Trp3 and Trp4) might be
oxidized under iodination conditions complicating the isolation of the target iodinated product.
To overcome this problem, both tryptophan residues were protected by formylation. Diformyl-Az was
iodinated following a standard chloramine protocol, optimized to obtain a better yield of iodinated
peptide [13]. For the iodination reaction, a preliminary screening of the reaction conditions at which
the pH and the substrate/chloramine ratio varied was carried out. It was not possible to obtain
radioiodinated Az derivative containing only one iodine atom, therefore di-iodinated analogue
was prepared. The complete iodination was achieved at pH 6.8 with 3 equivalents of iodide and
2.2 equivalents of chloramine T relative to peptide. The di-iodinated product was purified by HPLC
and deprotected under alkaline conditions, followed by alkali neutralization. Analytical HPLC showed
full removal of protecting groups, so the product was used further without additional purification.

2.4.2. Pharmacokinetics Studies

Single intravenous (iv) and intramuscular (im) administrations of [12°1]-Az at doses of 0.25 and
0.50 mg/kg to male ICR mice were performed. No lethality was observed after [1%1]-Az injections
at these doses. The main pharmacokinetic parameters such as the area under a pharmacokinetic
curve (AUC(0 — t)), the maximum Az concentration in mouse blood (Cpayx) and its excretion half-life
Ty, were determined (Table 1), allowing to evaluate the processes of excretion and elimination of
the peptide.
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Table 1. The main pharmacokinetic parameters estimated after a single intramuscular (im) or
intravenous (iv) administration of Az to male ICR mice: the area under a pharmacokinetic curve
(AUC(0 — t)), the maximum Az concentration in mouse blood (Cmax) and its excretion half-life Ty /5.

AUCO — t), Crmax,

Route/Dose h X ng/mL ng/mL Ty h
im/0.25 mg/kg 328 278 0.30
im/0.50 mg/kg 622 257 0.68
iv/0.25 mg/kg 214 517 0.26
iv/0.50 mg/kg 542 745 0.29

For a single intravenous injection, the maximum concentration (Cmax) of [1251]-Az in mouse
blood was observed 1 min after injection and its excretion half-life (T; ;) was estimated as 15-20 min
(Figure 6a). With intramuscular administration, the maximum [1%51]-Az concentration (Cpax) Was
achieved within five minutes and the parameter T, /, was calculated as 2040 min (Figure éb). In both
modes of administration, the drug was almost completely removed from the free blood flow during
24 h (Figure 6a,b). A greater maximum drug concentration (Crmax) Was observed at an intravenous
route of administration than at intramuscular injection.
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Figure 6. Pharmacokinetic curves of [1251]-Az concentration in blood of male ICR mice 0-24 h after its
(a) intravenous and (b) intramuscular administration at doses of 0.25 and 0.5 mg/kg. The results are
presented as mean values + SD, n = 5 (each plot point represents mean results for five animals).

2.5. Acute Toxicity Tests

2.5.1. Acute Toxicity of Az

The acute toxicity of Az after intraperitoneal administration to mice was determined earlier [1],
the LDsg value was 2.57 & 0.27 mg/kg. In the present work, we studied Az acute toxicity to male
ICR mice after intravenous and intramuscular administration. The LDsy value was estimated as
0.51 & 0.06 mg/kg after Az intravenous administration.

A single intramuscular Az injection at doses of 0.8, 0.775, 0.75 and 0.725 mg/kg resulted in a
dose-dependent death of the mice. Death in 100% of cases was detected at a dose of 0.8 mg/kg.
The doses of 0.775 and 0.75 mg/kg resulted in the death of 4 animals out of 5. At a dose of 0.725 mg/kg,
3 animals died out of 5 and at 0.7 mg/kg all mice were alive. The death of animals at doses of 0.725,
0.75, 0.775, 0.8 mg/kg was observed 19.7 & 5.9, 28.8 £ 16.0, 15.8 & 4.3 and 12.2 &+ 1.8 min after Az
administration, respectively. Based on these data, LD50 of 0.732 + 0.13 mg/kg was calculated for Az
at intramuscular injection. The maximal tolerant dose was 0.7 mg/kg after its intramuscular injection.
No toxicity signs were observed at a dose of 0.3 mg/kg and lower used for grip strength tests.
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Intramuscular injection of Az was accompanied by external signs of intoxication, the severity
of which was dose-dependent. Visible toxic signs appeared 5-7 min after administration and were
characterized by impaired coordination of movements and loss of muscle tone, decreased motor
activity, impaired breathing, decreased response to external stimuli. Maximal manifestations of
intoxication were noted between 10 and 20 min after administration and were characterized by loss of
motor activity, a lacunar posture or posture on the side, loss of muscle tone, loss of response to external
stimulation, delayed or intermittent breathing, coma. Mice almost completely recovered within 60 min
after injection. After this period, the animals showed a decrease in motor activity and muscle tone.
Complete recovery from the toxic effect of large doses occurred 24 h after administration. No function
disturbances caused by Az large doses were observed 14 days after the administration.

At intramuscular administration way, a maximal tolerated dose (MTD) was determined. MTD
is the highest dose of a drug that does not cause unacceptable side effects. In mice, MTD for Az was
determined as 0.7 mg/kg; no lethality was observed at this dose. The doses up to 0.5 mg/mL used for
the in vivo tests were lower than MTD of 0.7 mg/kg and induced no lethality as well.

2.5.2. Acute Toxicity of Rocuronium

Injection of rocuronium at a dose of 0.13 mg/kg caused the death of the test animal. The first
signs of intoxication were detected 30 s after injection. The impaired coordination of movements,
decreased muscle tone, decreased motor activity, increased respiratory movements, convulsions were
observed. The severity of toxic disorders rapidly increased. After 60 s, the animal lost muscle tone
(grip strength = 0 kg) and the ability to move, the frequency of respiratory movements decreased,
the animal fell into a coma and then died 11.5 min after injection. Rocuronium at doses of 0.08
and 0.1 mg/kg did not cause the death of animals. A dose of 0.08 mg/kg did not induce visible
signs of toxicity, while 0.1 mg/kg caused discoordination of movements, decreased muscle tone,
gait disturbance, decrease or short-term loss of motor activity, increased respiratory movements,
vocalization (in one animal). These toxicity signs disappeared in 3—4 min after drug administration.

2.6. Subchronic Toxicity of Az

For the study of the subchronic toxicity, the number of animals was increased in comparison
with acute toxicity tests, because many biochemical, histological and other parameters needed to be
measured. In order to reveal a statistically significant difference in these parameters, large groups of
animals were used. For the studies, larger animals (rats) were used for experimenting with long-term
administration of the drug and studying many blood parameters, this might be difficult for small
animals such as mice.

On the basis of acute toxicity results a repeated dose 14-day intramuscular toxicity study was
performed. During the 14-day period of Az administration at doses of 0.1 and 0.5 mg/kg, it did not
cause any evident signs of toxicity in male or female Sprague Dawley rats. The increase in the mean
body weight of animals and in the food intake did not differ significantly between the experimental
and control groups.

A 14-day Az treatment at a dose of 0.1 mg/kg did not lead to any changes in the hemogram of
experimental animals relative to control ones. However, in male rats at a dose of 0.5 mg/kg Az caused
a statistically significant increase (n = 6, p < 0.05, Kruskall-Wallis ANOVA on ranks) in the number of
platelets (810 £ 39 g/L) relative to the control level (729 + 22 g/L). Two weeks after the 0.5 mg/kg Az
administration the level of platelets was still slightly increased but non-significantly. There were no
differences in the hemograms of female rats receiving Az at both doses and the control group.

A few biochemical parameters of rat blood serum were changed at the end of 28-day subchronic
toxicity experiment (14 days of Az administration and 14 days of its withdrawal) in comparison
to the control animal group. In the blood serum of males receiving Az at a dose of 0.5 mg/kg,
a significant decrease in the mean level of triglycerides (0.97 mmol/L vs. 1.25 mmol/L in control,
n =6, p <0.05, Kruskall-Wallis ANOVA on ranks) was observed. In a group of female rats treated with
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0.1 mg/kg of Az, the levels of cholesterol (2.82 & 0.36 mmol/L vs. 3.55 £ 0.39 mmol/L in control)
and calcium (3.09 + 0.06 vs. 3.25 £ 0.09 mmol/L in control) were reduced significantly (n = 6, p < 0.05,
Kruskall-Wallis ANOVA on ranks).

In two weeks after the Az administration the rats were euthanized. Post-mortem necropsy of
animals did not reveal any abnormalities in the anatomy or in the absolute weight of their internal
organs. However, some differences in a relative heart weight of male rats were observed. Thus, the
mean relative heart weight in a rat group treated with Az ata dose of 0.5 mg/kg was significantly (i = 6,
p < 0.05, Kruskall-Wallis ANOVA on ranks) reduced (0.352 =+ 0.033%) in comparison with the control
group of animals (0.428 + 0.086%). Histological analysis was performed for the following organs
and tissues: liver, stomach, kidneys, adrenal glands, lungs, heart, spleen, thymus, submandibular
lymph nodes, ovaries, testes, brain, femoral muscle of the right and left paws (the injection site).
No pathological changes were observed in the organs examined.

All observed changes in biochemical, hematological and other tested parameters were among
physiologically normal variations for Sprague Dawley rats and did not indicate Az toxicity [14]. Thus,
during 14-day intramuscular administration of Az in two doses of 0.1 and 0.5 mg/kg, which are similar
to the expected therapeutic doses, to female and male rats with a two-week withdrawal period the
peptide showed no significant toxicity.

2.7. Immunotoxicity of Az

To study the possible immunotoxicity of Az, its effects on

(1)  cellular immunity (the delayed-type hypersensitivity reaction),
(2) immune response to a standard antigen and
(3) phagocytic activity of peritoneal macrophages was evaluated.

All three tests were carried out after 7-day intramuscular Az administration at doses of 0.15 and
0.5 mg/kg to male ICR mice. Control animals were treated with the sodium chloride physiological
solution (normal saline).

To probe the Az influence on cellular immunity, the mice were primarily immunized
subcutaneously (sbc) at the base of a tail with trinitrobenzenesulfonic acid (10 mM, 200 uL) and
secondarily after 6 days with the same agent (50 uL) in the left hind paw. Simultaneously, the
physiological solution (50 uL) was injected into the right control hind paw. Next day after the second
immunization, the weight of left and right hind paws were compared and edema of the experimental
paws was revealed in all animal groups (Figure 7a). However, Az treatment did not cause any
significant changes in the degree of the observed edema, showing no influence on cellular immunity
in mice (Figure 7a).

In the next test, the effect of a 7-day Az administration on mouse immune response to a bovine
serum albumin (BSA) was determined. The mice from one control and two experimental groups were
routinely immunized with BSA in two steps (1st and 10th days) and after a week the corresponding
IgG titers were evaluated in mouse blood serum (Figure 7b). The obtained results did not demonstrate
any significant difference in the immune response of mice treated with Az (0.15 and 0.5 mg/kg) or
with the physiological solution (Figure 7b).

Az at doses of 0.15 and 0.5 mg/kg also did not significantly change the phagocytic activity
(engulfing ink particles) of peritoneal macrophages, which were isolated from experimental animals,
vs. control ones (Figure 7c). Thus, in all three tests no significant changes in the studied parameters of
the immune system in animals receiving Az during a week were observed.
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Figure 7. The influence of Az on immune system. The effect of 7-day intramuscular Az (0.15 and
0.5 mg/kg) administration to male ICR mice (a) on their delayed-type hypersensitivity (DTH) to
a specific antigen (10 mM trinitrobenzenesulfonic acid) manifested by paw edema, (b) on their
immune response to a bovine serum albumin (BSA) and (c) on phagocytic activity of their peritoneal
macrophages. (a) The presented indexes of DTH reactions reflect the normalized difference in the
weights of treated and control mouse hind paws. (b) The titers of IgG in blood serum of mice
from experimental and control groups after their standard immunization with BSA are presented.
(c) The number of total and phagocytic (engulfing ink particles) macrophages in 1 uL of peritoneal
exudate isolated from experimental and control animals. In all three tests, there was no significant
difference between control and experimental animals (p > 0.05, Kruskall-Wallis ANOVA on ranks) in
the parameters studied. The results are presented as mean values &= SEM, n = 5-10.

2.8. Allergenicity of Az

To test the allergenicity of Az, its ability to induce a delayed-type hypersensitivity reaction
in male and female ICR mice at a dose of 0.15 mg/kg was investigated. The scheme of animal
immunization (the 1st day subcutaneously and the 5th day in a left hind paw) was similar to the
test with trinitrobenzenesulfonic acid but Az was used as an immunogen. In the control groups, the
animals were first given the sodium chloride physiological solution (normal saline) subcutaneously
and after 5 days were similarly injected with Az in a left hind paw. The degree of left hind paw edema
was estimated 6, 12 and 24 h after the second Az injection relatively to the control paw size (Figure 8).
In all groups of animals, a small swelling of the experimental paws was observed 6 h after the second
Az injection. After 12 h the revealed edema decreased and after 24 h there was practically no swelling.
The size of the edema and its dynamics were not significantly different between the animal groups with
preliminary Az sensitization and without it. In all tests carried out, no allergic reaction was detected.
Thus, Az at a dose of 0.15 mg/kg demonstrated no allergic effect in the delayed-type hypersensitivity
reaction test in ICR mice.

2.9. Mutagenicity of Az

To study Az mutagenicity in vitro, its ability to induce mutations in the hypoxanthine guanine
phosphoribosyltransferase (hprt) gene of mammalian CHO-k1 cells was tested. This is the common
assay for detection of gene mutations in mammalian cells [15]. For this purpose, Az was added to the
cell growth medium at concentrations ranging from 2.8 to 2000 pg/mL for four hours in the presence
or absence of a metabolic activation system (S9 mixture [16]) and after a cultivation period of 8 days,
the cells were sub-cultured in the presence of a specific cytostatic agent 6-thioguanine. The inactivation
of hprt gene due to any induced mutations led to the resistance of CHO-k1 cells to the cytostatic effect
of this purine analog and allowed the selection and counting of the mutant cell colonies grown in
its presence.
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Figure 8. The capacity of Az (0.15 mg/kg subcutaneously) to provoke allergic (a delayed-type
hypersensitivity) reaction in male and female ICR mice. The differences in the thickness of the
experimental left (injected with Az) and the control right hind paws are presented for animal groups
with preliminary Az sensitization and without it 6, 12 and 24 h after the second peptide administration.
There was no significant difference in the increase in the thickness of left hind paws between all animal
groups (p > 0.05, Kruskall-Wallis ANOVA on ranks). The results are presented as mean values 4- SEM,
n=10.

As positive controls, two high-mutagenic agents were used: ethylnitrosurea (6.25 and 12.5
ug/mL) and methylcholanthrene (2.5 and 5 pug/mL) in the absence and in the presence of the
metabolic activation system, respectively. To determine the basic level of spontaneous mutations
in the hprt gene, CHO-k1 cells were cultivated in the intact growth medium before their sub-culturing
in the presence of 6-thioguanine. The mean frequency of spontaneous mutations was evaluated
as 25.2 4 1.6 x 1076, Although for all positive control conditions the statistically significant rise
(n =6, p <0.05, Kruskall-Wallis ANOVA on ranks) in the frequency of mutations in the hprt gene was
observed (33.9-39.5 x 10~ for ethylnitrosurea and 35.7-45.7 x 10~° for methylcholanthrene), Az in
all tested concentrations (up to 2000 nug/mL) did not provoke any significant increase over a basic
level of spontaneous mutations in this gene (23.5-30.2 x 107, p > 0.05). Thus, in this cell system Az
did not demonstrate any mutagenic capacity.

3. Discussion

As discussed above peptide and protein drugs in many cases possess higher efficacy and better
specificity as compared to low molecular weight compounds. The Az, manifesting specific inhibiting
activity against muscle nAChR, is a good candidate to be a local muscle relaxant. However, to claim Az
as a perspective medicine, it is necessary to check a number of its biological characteristics, including
muscle relaxing efficacy, acute and chronic toxicity, pharmacokinetics, mutagenicity, immunotoxicity
and allergenicity. The current study was undertaken to determine if Az has a perspective to be used as
a local muscle relaxant and it was carried out according to General requirements to conduct preclinical
studies of drugs as stated in Appendix No. 7 to the Rules of Good Laboratory Practice of the Eurasian
Economic Union in the field of drug circulation [17].

Basing on these requirements, we have studied the pharmacology and in vivo efficacy of the Az,
its pharmacokinetics and toxicology, including toxicity after its single and repeated administration,
specific toxicity and mutagenicity. Earlier in competition experiments with radioactive x-bungarotoxin,
Az showed high affinity to muscle-type Torpedo nicotinic acetylcholine receptor (nAChR) (ICsg
0.18 & 0.03 uM) and lower efficiency to human «7 nAChR (ICsg 22 & 2 uM) [1]. In Xenopus oocytes
heterologously expressing human muscle-type nAChR it was more potent against the adult form
(«1B1ed, IC50 0.44 £ 0.1 uM) than the fetal form (x131y3, ICs 1.56 £ 0.37 uM). In the present study,
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we have found that Az exhibited high affinity for mouse muscle «131e6 nAChR (ICsg 19 £ 8 nM)
but was less potent to human «7 nAChR (ICsp 2.67 4+ 0.02 pM) in calcium imaging assay. It was
more active than rocuronium against both muscle and 7 nAChR and manifested higher selectivity
to muscle receptor (about 140 times) as compared to rocuronium (about 100 more active to muscle
type). In general, these data are in agreement with earlier results. At concentrations up to 100 uM,
Az had no effect on heteromeric rat ®432 or human o3-containing nAChRs (332, ®3(34, etc.). It also
showed no activity against 5-HT3 receptors at concentration up to 10 pM and GABA4 (x133y2 or
«233y2) receptors at concentration up to 100 uM [1]. All these data show high Az selectivity to muscle
type nAChR. It should be noted that the nondepolarizing neuromuscular blocking agents now used as
muscle relaxants reversibly and concentration-dependently inhibited in the low micromolar range the
neuronal nAChRs, including «332, 334, 432 and «7 subtypes [18]. In our experiments, rocuronium
dose-dependently inhibited neuronal «3-containing nAChRs. The mechanism (i.e., competitive vs.
noncompetitive) of the block at the neuronal nAChRs was dependent both on the receptor subtype
and the agent tested. Our data indicate that Az is more selective to muscle type nAChR than currently
used relaxant, therefore it may produce less side effects in practice.

To determine the muscle relaxing capacity of Az, its influence on the forelimb grip strength of
male ICR mice was studied. Grip strength test is a widely used non-invasive method to quantify
objectively the muscular strength of mice and rats and to investigate the effects of neuromuscular
disorders and drugs. It is based on the natural tendency of a rodent to grasp a bar or grid when it is
suspended by the tail [19,20]. It was found that a single Az injection in mouse forelimb muscles resulted
in the decrease of its grip strength. The effect was dose-dependent and the strongest decrease was
observed at the highest dose used (0.3 mg/kg). The effect was evident 5 min after administration and
maintained for 25-55 min depending on the dose. For comparison, we have tested nondepolarizing
muscle relaxant rocuronium and found that it was very poor in grip strength test. Its effect was
extremely fast and disappeared with 5 min after injection. Moreover, at a dose of 0.13 mg/kg it was
lethal to mice and at 0.08 mg/kg produced no statistically significant relaxing effect as compared
to control. Thus, Az demonstrated much better performance in grip strength test. At 0.1 mg/kg
(the intermediate dose used) the Az effect was slightly more pronounced as compared to other
nondepolarizing muscle relaxant pancuronium, the decrease being by 37% for Az and by 24.1% for
pancuronium [20]. However, taking into consideration the 4.4-fold molecular mass difference, Az is
much more active than pancuronium; 0.1 mg/kg corresponds 39 and 175 nmoles/kg, respectively.
In grip strength test the relaxant activity of botulinum neurotoxins was assessed in rats [20]. In this
test, the botulinum neurotoxin was more active and its effect was much more persistent. At 0.24 U of
neurotoxin injected intramuscularly, the normal strength was not observed for more than 14 days [21].
This long muscle function disturbance might not be beneficial at some practical applications.

To study pharmacokinetics, the radioiodinated Az analogue was prepared. The only amino
acid residue, which may be iodinated in the peptide, is histidine. Oxidative conditions used for
iodination may result in oxidation of two tryptophan residues present in Az molecule. Therefore, to
obtain the isotope-labeled derivative, a three-step procedure was chosen, including the introduction
of formyl protective groups in the tryptophan residues, iodination of the protected Az using the
iodide/chloramine T mixture and deprotection of the obtained derivative under alkaline conditions.
The radioactive analogue possessing high radioactivity was used for the pharmacokinetics study.
No lethality was observed at intravenous injection of [12°1]-Az at doses of 0.25 and 0.5 mg/kg. While
the dose of 0.5 mg/kg is very close to LDs of Az (0.51 mg/kg), it induced no death in injected mice.
This fact may be explained by the lower toxicity of iodinated Az. Earlier we have shown that histidine
residue is essential for Az activity [1]; its replacement by alanine resulted in strong decrease in capacity
to bind to Torpedo nicotinic acetylcholine receptor. Thus, introduction of iodine in histidine residue
may result in the decrease of [1%57]-Az toxicity.

Pharmacokinetics and pharmacodynamics are the empirical mathematical models that describe
the time course of drug effect after administration [22]. Pharmacokinetics describes the disposition of
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drug in the organism, while pharmacodynamics relates the drug effects to their concentration in the
plasma and at the site of action. They can be used to predict the drug action at different doses and by
this way to optimize the safe and effective use of the drug. Information from pharmacokinetic studies
can be used in the design and analysis of data from other toxicity studies. Several pharmacokinetics
parameters for Az were determined including AUC(0 — t), Cnax and Ty ;. It was found that a higher
Az concentration was achieved in the blood after its intravenous injection. We were not able to find
in the available literature pharmacokinetics parameters obtained for any peripherally acting muscle
relaxant in mice. However, there are several studies published for humans [23-26]. It should be noted
that the results obtained on different species with different administered doses and different analysis
methods cannot be compared adequately. Nondepolarizing peripherally acting muscle relaxant can
be classified as long-acting, intermediate- and short-acting blockers [26]. By its pharmacokinetics
parameters, Az is more similar to intermediate-acting relaxants. Its excretion half-life was estimated
as 15-40 min depending on administration way, while for intermediate-acting relaxants in human it
varied from 17 min (atracurium [27]) to 71 min (rocuronium [28]). For Az, Cnax was 745 ng/mL at
intravenous injection (0.5 mg/kg); this value was about 1 ug/mL for vecuronium [29] and 27 ug/kg
for rocuronium [23]. It should be noted that for Az we observed fairly good correlation between the
time of elimination (half-life 1540 min) and duration of muscle relaxant effect (25-55 min).

Acute toxicity of Az was determined using different administration ways: intraperitoneal (ip),
intramuscular (im) and intravenous (iv) injections. The highest toxicity was observed at iv injection
(LDsp 0.51 mg/kg). The LDsy of rocuronium at iv injection to rats is about 0.3 mg/kg [30], for
(+)-tubocurarine in mice—0.11 mg/kg [31] and for vecuronium in mice—50 pg/kg [32]. In our
experiment, intramuscular injection of rocuronium at dose of 0.13 mg/kg resulted in the death of
the animal, while Az at 0.7 mg/kg was not lethal. These data indicate that the Az possesses lower
acute toxicity than common peripherally acting muscle relaxants. It should be noted that the surviving
animals have fully recovered in a fairly short period of time. This is a standard feature of curare-like
drugs and can be considered in favor of their application in practice.

The subchronic toxicity of Az was studied at its intramuscular administration in two doses of 0.1
and 0.5 mg/kg for 14 days. Among a number of different parameters investigated, several were found
to be influenced by Az administration. Thus, in males receiving Az the differences from control males
receiving the carrier were observed in the following parameters: the relative heart mass was increased
by 0.076%, the triglyceride level was decreased by 0.28 mmol/L and the platelet count was increased by
81 g/L. In the group of females treated with the drug at a dose of 0.1 mg/kg, the differences from the
control animals in some biochemical parameters were also found—the cholesterol level was lowered
by 0.73 mmol/L and calcium concentration by 0.11 mmol/L. However, these changes did not exceed
the physiological norm and fall within the range of normal physiological values for male and female
rats [14]. It would be incorrect to speak in this case about the toxic effects of Az, since the fluctuations
of the parameters are within the range of the physiological norm. For the same reason, we cannot
say that there are differences in the effects of Az on males and females. No other signs of toxicity
were observed during chronic intramuscular administration of Az to female and male rats within a
two-week withdrawal period. Therefore, we concluded that peptide had no significant chronic toxicity
in rats at doses tested.

Like some other chemical substances, Az may induce undesirable immune reaction or allergy.
Immunotoxicity is defined as adverse effects on the functioning of the immune system that result
from exposure to chemical substances. The adverse effects on the immune system include reduction
in antibody production, reduction in cytokine secretion, hypersensitivity and some other effects [33].
Altered immune function may lead to the increased incidence or severity of infectious diseases or
cancer, since the immune system’s ability to respond adequately to invading agents is suppressed.
Identifying immunotoxicants is difficult because chemicals can cause a wide variety of complicated
effects on immune function. That is why several methods were used in this work to estimate the
immunotoxicity of azemiopsin. The precise testing of immunotoxicity and allergenicity is required
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to estimate the potential hazard of the putative drug. Immunotoxicity assays are important tests for
new drugs being developed for application in the humans. Considering the complexity of the immune
response, in vivo studies are more relevant. In this work, three different in vivo assays were used to
assess Az immunotoxicity (Section 2.8). None of them revealed immunotoxic capacity of Az. No signs
of allergenicity was seen in any of the in vivo tests described above; therefore, we decided first to try a
single dose of 0.15 mg/kg, which is close to the anticipated therapeutic one. Allergenicity of Az was
checked as its ability to induce a delayed-type hypersensitivity reaction. This test did not reveal any
allergenicity signs as well, then for ethical reasons we considered additional studies inappropriate.
It should be noted that neuromuscular blocking agents contribute to 50-70% of allergic reactions during
anesthesia [34]. Suxamethonium appeared to be more frequently involved, while, pancuronium and
cis-atracurium are associated with the lowest incidence of anaphylaxis [34]. An increased frequency of
allergic reactions to rocuronium was recently noted [35]. As no allergic reaction to Az was observed in
our study it may have advantages over other relaxants in this respect.

Mutagenicity, that is the induction of permanent transmissible changes in the amount or structure
of the genetic material of cells or organisms, is very important parameter of drug candidate. Highly
mutagenic compounds can hardly be considered for drug development, therefore mutagenicity studies
are a necessary phase in preclinical evaluations. In vitro Az mutagenicity studies using mammalian
CHO-K1 cells showed no mutagenic capacity. While studies of rocuronium using cultured human
peripheral blood lymphocytes indicated that it was capable of causing genotoxicity via clastogenic
effects at concentrations at which a significant cytotoxic effect does not occur [36]. Thus, Az is safer as
compared to rocuronium.

The main application of NMRs is their use in surgery to relax the muscles during operative
interventions. They are administered during anesthesia and allow to reduce the dose of anesthetics thus
decreasing their adverse effects. There are some general requirements to NMR and ideally, it should
have a rapid onset and short duration of action, no cardiovascular side effects, no accumulation in the
body, no active metabolites, organ-dependent drug metabolism and elimination as well as an available
and adequate antagonist [37,38]. Az satisfies most these requirements: it is fast acting agent with
relatively short duration of action, does not accumulates in the body and has no active metabolites.
All this allows considering Az for the possible application as NMR.

As it was described in introduction, other area for muscle relaxant application is the treatment
of dystonia. Nowadays the main drug for dystonia treatment is extremely toxic botulinum toxin.
In addition to high toxicity, there are several other side effects associated with its application. Az at
non-lethal doses showed good muscle relaxing activity (Figure 3). It is deprived of some shortcomings
(e.g., long action period) inherent in the botulinum toxin and may be regarded as a candidate for
dystonia treatment.

The above considerations allow to conclude that Az has good drug-like properties for the
application as local muscle relaxant, however further studies should be conducted to confirm it
safety and applicability including investigation on humans.

4. Conclusions

In summary, we investigated the preclinical profile of Az in regard to in vitro and in vivo efficacy,
acute and chronic toxicity, pharmacokinetics, allergenic capacity, immunotoxicity and mutagenic
potency. Our in vitro studies confirmed the high affinity and specificity of Az for muscle type nAChR.
The peptide effectively inhibited muscle nAChR but was less potent at 7 nAChR and had alow affinity
to a4B2 and a3-containing nAChR, as well as to GABAA or 5HT3 receptors. Its muscle relaxant effect
was demonstrated at intramuscular injection to mice at doses of 30-300 pg/kg, the relaxant activity
being higher than that of commonly used peripheral muscle relaxants. The highest acute toxicity was
observed at intravenous injection of Az, at intramuscular or intraperitoneal administration it was less
toxic. No toxicity signs were observed at doses inducing muscle relaxant effects. Toxicology studies
in mice indicated that Az was well tolerated during chronic dosing and showed no immunotoxicity,
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allergenic or mutagenic activity, which differ if from most currently used muscle relaxants. Overall,
the results demonstrate that azemiopsin has good drug-like properties for application as a local muscle
relaxant and in its parameters is not inferior to the relaxants currently used. It should be noted that
Az possessed narrow therapeutic window, which is a typical characteristic and a weak point for all
muscle relaxants with a similar mechanism of action. Modifications are required that will not affect
(or preferably increase) the effectiveness of the drug but reduce its toxicity and extend its narrow
therapeutic window.

5. Materials and Methods

5.1. Materials

A polystyrene-poly(ethylene glycol) 2000 block-copolymer resin, modified with
Knorr linker Tentagel S RAM was from Rapp Polymere GmbH (Tiibingen, Germany).
Fmoc-protected amino acids, 4-methyl piperidine were from Mosinter (Ningbo, China).
1-[Bis(dimethylamino)methylene]- 1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate
(HATU), 1-Hydroxy-7-azabenzotriazole (HOAt) and DL-Dithiothreitol (DTT) were from DEMO
Medical (Shanghai, China). N,N-diisopropylethylamine (DIPEA) was from Iris Biotech GmbH
(Marktredwitz, Germany), trifluoroacetic acid from Solvay S.A. (Bruxelles, Belgium), normal saline
(sterile 0.9% NaCl solution), complete Freund’s adjuvant and trinitrobenzenesulfonic acid (TNBS)
from Sigma-Aldrich Chemie Gmbh (Munich, Germany), bovine serum albumin (BSA) from Amresko,
Rocuronium Bromide from Fresenius Kabi (Bad Homburg, Germany). All other reagents and
solvents of the highest purity available were purchased from local manufacturers and used without
additional purification.

5.2. Animals

Specific pathogen-free (SPF) ICR mice (6-8 weeks old, weight 29-34 g) and SD rats (9-11 weeks
old, weight of males 254-310 g, weight of females 188220 g) of both sexes were obtained from the
Animal House of the Branch of the Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian
Academy of Sciences and used for studies in vivo. Animals were housed in groups of 5-6 mice or
2 rats at 20-25 °C, 30-70% relative humidity and under a 12-h light-dark cycle (lights on at 08:00).
Standard chow for rodents and filtered tap water were provided ad libitum. All studies involving
animals were approved by the Institutional Animal Care and Use Committee (IACUC) of the Branch
of the Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, the
experimental protocol codes are No. 528/16, 531/16, 534/16, 560/16, 576/17, 577/17. The dates
of approval are 31 March 2016, 20 April 2016, 20 May 2016, 15 September 2016, 10 February 2017,
10 February 2017, respectively. All solutions for in vivo studies were prepared fresh before the
administration: the necessary amount of freeze-dried Az was dissolved in normal saline (0.9% sterile
NaCl solution).

5.3. Az Synthesis

5.3.1. Solid Phase Az Synthesis

Az synthesis was performed on automatic peptide synthesizer based on Gilson automated liquid
handler system according to Gilson application note 228. The peptide was synthesized utilizing a
solid phase methodology with Fmoc/t-Bu protection scheme. A polystyrene-poly(ethylene glycol)
2000 block-copolymer resin Tentagel S (extent of loading 0.3 meq/g) was modified with Knorr linker
followed by peptide chain assembly. A 4-fold excess of protected amino acids was used; condensation
reagent was HATU/HOALt in amount equimolar to that of protected amino acids and activation
reagent—2.4 equivalents of DIPEA. Coupling time for 7 C-terminal amino acid residues (up to Pro15)
was 1 h and for subsequent residues the coupling time was increased to 2 h. For His9 and Prol5
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residues a repetitive coupling was required to achieve their complete acylation. After chain assembly,
peptidyl-polymer was subjected to a total deprotection/cleavage by the treatment with 12 mL of
reagent L [39] per 1 g of dry resin for 2 h. After that, the resin was filtered, washed with trifluoroacetic
acid and combined filtrate was evaporated under vacuum to ca. 30% of initial volume. The residue was
diluted tenfold with dry diethyl ether; the precipitated crude peptide was filtered out, washed with
ether and dried under vacuum. The crude peptide was dissolved in starting buffer and 1 g was applied
on a ECOPlus column (35 x 250 mm) packed with 60 mL of SPS-Bio CM (12 um, Purolite Corporation,
Bala Cynwyd, PA, USA) resin. The column was eluted with 8 column volumes of linear concentration
gradient of ammonium bicarbonate from 50 mM to 1 M (pH 8.9) in 10% isopropyl alcohol. Fractions
containing peptide were collected and isopropyl alcohol was evaporated under vacuum, the remaining
solution was freeze-dried. Freeze-dried peptide was dissolved in water to a final concentration of
50 mg/mL, titrated with acetic acid to a pH 3.5 and applied on a Thermo Scientific Hypersil GOLD
aQ (12 um, 250 x 50 mm) column. Elution was carried out with a linear gradient of acetonitrile in
water from 10 to 35% in 30 min in the presence of 1% acetic acid at a flow rate of 150 mL/min. Main
fraction was collected and freeze-dried; the obtained azemiopsin acetate had a purity greater than
97% as confirmed by UPLC-MS analysis. The total yield of pure peptide was about 20%, based on
resin loading.

5.3.2. Formylation of Az

For this modification, the peptide was dissolved in formic acid at a concentration of 50 mg/mL, to
the resulting solution hydrogen chloride in formic acid was added to a final concentration of 200 mM
HCI. The mixture was stirred for 12 h, then formic acid was evaporated on a rotary evaporator, the
residue was dissolved in water and freeze-dried. The formylation was complete, as evidenced by
HPLC-MS analysis.

5.3.3. lodination of Formylated Az

The iodination was carried out in general according to the published procedure [13]. In brief,
500 pL of diformyl azemiopsin solution in water (2.2 mM) were mixed with 100 uL of 1 M Tris-HCl
buffer (pH 6.8), 30 uL of Na'?’T solution (100 mM) and 15 pL of Nal?’I solution with specific
radioactivity of 2000 Ci/mmole. Then 27 uL of a 100 mM chloramine T solution was added to
the mixture, the solution was mixed vigorously and incubated for 30 min at room temperature.
The radioiodinated product was isolated by HPLC on Jupiter C18 column (10 um, 10 x 250 mm,
Phenomenex) in a linear gradient of acetonitrile in water from 10 to 25% in 15 min in the presence of
0.1% trifluoroacetic acid at a flow rate of 1 mL/min. The fraction containing diiodinated diformyl
azemiopsin was concentrated on Savant SpeedVac Centrifuge Concentrator SVC100D and the solution
obtained was used for deprotection.

5.3.4. Deprotection of Radioiodinated Az

To remove formyl protecting groups, the radioiodinated Az derivative was treated with 100 mM
sodium hydroxide solution for 12 h. HPLC-MS analysis showed almost complete (>90%) removal of the
formyl groups. After deblocking, the reaction mixture was neutralized with dilute hydrochloric acid,
giving a solution of diiodoazemiopsin in an isotonic solution of sodium chloride. The concentration of
Az in the resulting solution was determined spectrophotometrically from the absorbance at 280 nm
and the radioactivity was measured using Wizard 1470 Automatic Gamma Counter (Perkin Elmer,
Waltham, MA, USA). The specific radioactivity of the derivative was 0.15 Ci/mmole.
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5.4. Toxicity Studies
5.4.1. Acute Toxicity

Az Acute Toxicity

Az acute toxicity was estimated for its intravenous (iv) and intramuscular (im) administration to
male ICR mice in a stepwise procedure.

For the iv route of administration, 20 mice were randomly divided in 5 groups of 4 animals each.
The animals of each group received a single dose of Az (0.3, 0.4, 0.5, 0.6, or 0.7 mg/kg, respectively)
injected into the lateral tail vein at a volume of 1 mL/kg. For the im route of administration, first
two experimental groups of 3 animals each were formed. Az at doses of 0.75 and 1.0 mg/kg,
respectively, was injected into the quadriceps muscle of the thigh (quadriceps femoris muscle) of
two mouse hind limbs at a volume of 0.5 mL/kg to each muscle. Then, five experimental groups of
5 animals each were formed. Az was injected into the quadriceps muscle of the thigh (quadriceps
femoris muscle) of the two hind limbs of male ICR mice at doses of 0.8, 0.775, 0.75, 0.725 and 0.7 mg/kg.
The injection volume to each limb was 1 mL/kg. Further, neurotoxic manifestations were recorded in
animals at 5, 10, 20, 30, 60 and 90 min and 24 h after administration using the functional observation
battery, the number of death was counted as well.

After iv and im injections of Az, the mice were observed for 24 h and signs of toxicity or
lethality were recorded. For the iv and im route of administration, the median lethal dose (LDsy) was
calculated using a probit analysis [40]. For the im route of administration, the maximum tolerated
dose was determined.

Rocuronium Acute Toxicity

Rocuronium was administered intramuscularly at doses of 0.13 mg/kg (n = 1), 0.1 mg/kg (n = 4)
and 0.08 mg/kg (n = 4) in the triceps of the forelimbs of male ICR mice (8-9 weeks old). Control
animals were injected with saline (1 = 4). The volume of administration was 0.5 mL/kg in each limb.

5.4.2. Subchronic Toxicity

A repeated dose 14-day intramuscular toxicity study was conducted on 36 SD male and 36 SD
female adult rats. They were divided into 3 groups. The first control group was given normal saline,
the second and the third experimental groups received Az at doses of 0.1 mg/kg and 0.5 mg/kg,
respectively, daily for 14 days. The substances were injected into the quadriceps muscle of the thigh.
Every day the animals were examined and any clinical signs of intoxication, body weight and food
intake were recorded. The one half of the animals were euthanized on the 15th day of the study,
the second half—after a 2-week cancellation period on the 29th day of the study. All animals were
autopsied and their organs were inspected for any pathological signs, weighed and histologically
examined. The ratio of organ-to-body weight was calculated for several organs: brain, heart, liver,
spleen, thymus, kidneys, lungs, testicles and ovaries. The histological analysis was carried out for a
number of organs: kidney, adrenal glands, testis, ovary, spleen, thymus, brain, heart, lung, liver, lymph
node (mesenteric and mandibular), stomach, skin and muscle from the site of the administration.

A biochemical analysis of blood serum parameters was performed. A level of aspartate
aminotransferase, alanine aminotransferase, glutamate dehydrogenase, alkaline phosphatase,
gamma-glutamyl transferase, urea nitrogen, creatinine, total bilirubin, total protein, albumin, globulin,
phosphorus, calcium, total cholesterol, triglycerides, albumin/globulin ratio was estimated. The
analysis was performed using Randox GB reagent kits for each tested parameter and the automatic
biochemical analyzer Sapphire-400 (Tokyo Boeki Ltd., Toyko, Japan).

A hematological analysis of animal blood included the evaluation of red and white blood cell
number, a hemoglobin level, hematocrit, red cell distribution width, mean corpuscular volume (MCV),
mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), platelets
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number, a mean platelet volume, a mean platelet component and a cell number of neutrophils,
eosinophils, basophils, lymphocytes, monocytes, large unstained cells, reticulocytes. The analysis was
performed using a hematological analyzer Mythic 18 Vet (C2 DIAGNOSTICS S.A., Montpellier, France).

5.5. Pharmacokinetics

The pharmacokinetic study was performed using 163 male ICR mice. Four experimental groups
with 40 animals in each were formed. Three intact mice were used as control animals. The animals
of the first two experimental groups were intravenously injected with 0.25 and 0.50 mg/kg ['**1]-Az,
respectively. The animals of the other two experimental groups were intramuscularly injected with
0.25 and 0.50 mg/kg ['51]-Az, respectively. To estimate Az elimination rate, animal blood samples
were taken from the orbital sinus 5, 15, 30, 60 min and 1, 2, 4 and 24 h after [1%°I]-Az administration.
The obtained blood samples were weighed. For each indicated time point, ['%1]-Az concentration
was calculated as a mean value in blood samples of five animals. The radioactivity (cpm) in the
blood samples was counted using a Wallac 1470 WIZARD® Gamma Counter (Perkin Elmer, Waltham,
MA, USA). The specific radioactivity of ['?°1]-Az was 6.26 x 107 cpm/mg. Radioactivity data (cpm)
were re-calculated to the concentration of ['%°1]-Az in the obtained blood samples. The specific
pharmacokinetic parameters (AUC (0 — t), Cinax, T1/2) of ['?51]-Az were estimated.

5.6. Mutagenicity

The ability of Az to induce mutations in the hypoxanthine guanine phosphoribosyltransferase
(hprt) gene of Chinese hamster ovary CHO-k1 cells was tested. The cells were purchased from the
Russian collection of cell cultures (Institute of Cytology, Russian Academy of Sciences, Saint Petersburg,
Russia). CHO-k1 cells were cultured in the growth medium DMEM/F12 with high glucose, glutamine
and without Na,COj3, HEPES (Sigma-Aldrich Chemie Gmbh, Munich, Germany) supplemented with
10% FBS (BioSera, Nuaille, France), 0.1 M HEPES, 80 mg/mL gentamicin and 10 mg/mL fluconazole at
37 °C, 5% CO, in a CO, incubator. Before Az treatment CHO-k1 cells were subcultured and incubated in
HAT medium (5 mM hypoxanthine, 20 mM aminopterin and 0.8 mM thymidine (Sigma-Aldrich Chemie
Gmbh, Munich, Germany)) for three days, then the medium was changed and they were cultured for one
day in HT medium (5 mM hypoxanthine and 0.8 mM thymidine (Sigma-Aldrich Chemie Gmbh, Munich,
Germany)). After that, the cells were subcultured at a density of 40,000 cells per cm? in 10-cm Petri dishes.
Next day they were treated for 4 h with different Az concentrations ranging from 2.8 to 2000 ug/mL
in the presence or absence of a metabolic activation system (59 mixture [15]). As positive controls,
two high-mutagenic agents were used: ethylnitrosurea (6.25 and 12.5 pg/mL) and methylcholanthrene
(2.5 and 5 pg/mL) in the absence and in the presence of the metabolic activation system, respectively.

After the treatment, the CHO-k1 cells were partly subcultured at a density of 150-500 cells per
55 cm? to determine the cytotoxicity of the different Az doses and control substances. The substance
cytotoxicity was determined by a relative survival (RS) capacity of the cells, calculated as a ratio
between the cloning efficiency (CE) of the cells plated immediately after the treatment and the normal
cellular CE of non-treated cells (negative controls) after 7 days of culturing.

CE of the treated cells

RS = CE of non — treated cells

100

CE— Number of colonies
" Number of cells plated

The rest of the treated CHO-k1 cells were maintained in the growth medium for 8 days to allow
near-optimal phenotypic expression of any induced in hprt gene mutations. Then, to determine
the frequency of the induced mutations, the cells were subcultured and maintained in the growth
medium in the presence (2,000,000 cells) or in the absence (500 cells) of a selective agent (2.2 pg/mL
6-thioguanine) for 7 days. After that, the number of cell colonies in both media was counted and the
frequency of mutations was calculated with the formula:
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CE of mutant cells in a selective medium

Mutation frequency =
freq Y= "CE of cells in a non — selective medium

5.7. Immunotoxicity

Three separate immunotoxicity tests were performed: (1) evaluation of cellular immunity in a
delayed-type hypersensitivity test, (2) evaluation of animal immune response to a standard antigen,
(3) evaluation of the phagocytic activity of peritoneal macrophages.

For carrying out these experiments 90 male ICR mice were used, they were divided equally into
three groups (30 animals per group) for each study and in these groups they were subdivided into
subgroups of 10 mice each and treated as follows: mice of the first subgroup were injected with normal
saline im, the second subgroup animals were treated with Az (0.15 mg/kg im) and the animals of the
third subgroup were treated with Az (0.50 mg/kg im). The drugs were injected into the quadriceps
muscle of the thigh (musculus quadriceps femoris) daily for seven days (1 mL/kg).

5.7.1. Evaluation of Cellular Immunity in a Delayed-Type Hypersensitivity Test

On the last 7th day of the Az administration, the mice of the first group (30 animals) were
immunized with a solution of trinitrobenzenesulfonic acid (TNBS) (200 uL, 10 mM) subcutaneously at
the base of a tail. After 6 days the animals were secondarily immunized with TNBS (50 uL, 10 mM)
injected in the pad of the left hind paw, the same volume of normal saline was injected into the right
hind paw. 24 h after the second immunization, the animals were euthanized (CO, inhalation) and the
weights of their experimental and control paws were determined. The reaction index was calculated
using the indicated formula:

R;—reaction index, W,,—weight of the experimental paw, W ,+—weight of the control paw.

5.7.2. Evaluation of Animal Immune Response to a Standard Antigen

On the last 7th day of the Az administration, the mice of the second group (30 animals) were
immunized intraperitoneally with a 1:1 mixture of 200 uL of bovine serum albumin (BSA, 0.5 mg/mL)
with a complete Freund’s adjuvant. 10 days after the 1st immunization, the mice received the
second 200 pL ip injection of the antigen (BSA, 0.5 mg/mL) in an incomplete Freund’s adjuvant
(1:1 ratio). After 7 days the venous mouse blood was collected from the inferior vena cava, then the
blood serum was isolated and the titers of IgG antibodies to BSA were determined using a standard
enzyme immunoassay.

5.7.3. Phagocytic Activity of Peritoneal Macrophages

On the next day after the seven-day course of the Az administration, the mice of the third group
(30 animals) were injected intraperitoneally with 2 mL of ink particles suspension. After 10 min the
mice were euthanized (CO, inhalation) with a subsequent isolation of the peritoneal exudate from their
abdominal cavity. In the exudate (1 pL) the total number of peritoneal macrophages and the number
of the ink particle-containing (phagocytic) cells among them were counted using a Gorjaev’s chamber.

5.8. Allergenicity

Allergenicity of Az was studied in a delayed-type hypersensitivity test on male (20 animals)
and female (20 animals) adult ICR mice. The mice were divided into four groups (two control and
two experimental groups) of 10 animals (males or females) per group. Mice of the experimental
groups were injected subcutaneously at the base of a tail with Az solution (0.15 mg/kg) emulsified
in Freund’s complete adjuvant in a ratio of 1:1 (2 mL/kg). Similarly, the mice in the control groups
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were administered with a suspension of normal saline in Freund’s complete adjuvant. Five days later
all animals received an injection of Az (0.15 mg/kg, 1.33 mL/kg) in the pad of the left hind paw. To
estimate the intensity of the studied allergic reaction, 6, 12 and 24 h after the second Az injection the
thickness of the left and right hind mouse paws was measured with a digital caliper.

5.9. Efficacy and Specificity Studies

5.9.1. Neuroblastoma Cell Culturing and Transient Transfection

Human neuroblastoma cells SH-SY5Y were cultured in DMEM/F12 medium (ThermoFisher
Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS) (PAA Laboratories
GmbH, Pasching, Austria), 2.5 ug/mL amphotericin B and 50 p1g/mL gentamicin in a CO; incubator at
37 °C and 5% CO; atmosphere. Cells were sub-cultured and plated at a density of 5000-10,000 cells per
well in a 96-well black plate (Corning Inc., Corning, NY, USA). They were grown in a CO; incubator
for 48-72 h before testing the functional activity of natively expressed nAChRs by calcium imaging.

Mouse neuroblastoma Neuro2a cells were purchased from the Russian collection of cell cultures
(Institute of Cytology, Russian Academy of Sciences, Saint Petersburg, Russia). Cells were cultured in
DMEM (Paneco, Moscow, Russia) supplemented with 10% FBS. They were sub-cultured the day before
transfection and were plated at a density of 10,000 cells per well in a 96-well black plate. On the next
day Neuro2a cells were transiently transfected with plasmids coding mouse muscle «1315e nAChR
(pPRBG4-vector) and a fluorescent calcium sensor Casel2 (pCasel2-cyto vector, Evrogen, Moscow,
Russia) in a molar ratio of 2:1 following a lipofectamine transfection protocol (ThermoFisher Scientific,
Waltham, MA, USA). Human o7 nAChR («7 nAChR-pCEP4) was expressed accordingly with a
co-expression of the human chaperone Ric-3 (Ric3-pCMV6-XL5, OriGene, Rockville, MD, USA) in
a molar ratio 4:1. The transfected cells were grown at 37 °C in a CO, incubator for 48-72 h, before
performing the calcium imaging assay.

5.9.2. Calcium Imaging

Calcium imaging procedure was performed as published earlier [11]. Briefly, after removing
the growth medium, the transfected Neuro2a cells and cultivated SH-SY5Y cells were washed with
a buffer containing 140 mM NaCl, 2 mM CaCl,, 2.8 mM KCI, 4 mM MgCl,, 20 mM HEPES, 10 mM
glucose; pH 7.4. Neuro2a cells expressing muscle nAChR and the protein calcium sensor Casel2
were proceeded directly, while SH-SY5Y cells expressing human a3-containing nAChRs natively were
loaded with a fluorescent dye Fluo-4, AM (1.824 uM, ThermoFisher Scientific, Waltham, MA, USA)
and a water-soluble probenecid (1.25 mM, ThermoFisher Scientific, Waltham, MA, USA) for 30 min at
37 °C and then were kept for 30 min at room temperature according to the manufacturer’s protocol.

To detect the human «7 nAChR-mediated calcium response, transfected Neuro2a cells were
incubated with its positive allosteric modulator PNU120596 (10 uM, Tocris Bioscience, Bristol, UK) for
20 min at room temperature before acetylcholine (Sigma-Aldrich Chemie Gmbh, Munich, Germany)
addition. To assess mouse muscle or human «3-containing nAChR:s this step was skipped. Transfected
Neuro2a cells expressing muscle or a7 nAChRs and SH-SY5Y cells expressing «3-containing nAChRs
natively were preincubated with Az for 15 minutes at room temperature before agonist addition.

The plates were transferred to the multimodal microplate reader Hidex Sence (Hidex, Turku,
Finland) where the cells were excited by light of 485 nm wavelength and emitted fluorescence was
detected at 535 + 10 nm. Fluorescence was recorded every 2 s for three minutes following agonist
addition. Responses were measured as peak intensity minus basal fluorescence level and were
expressed as a percentage of the maximal response obtained to agonist. Data files were analyzed using
Hidex Sence software (Hidex, Turku, Finland) and OriginPro 7.5 software (OriginLab, Northampton,
MA, USA, for statistical analysis).
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5.9.3. Electrophysiological Experiments

Ovary tissue from adult female Xenopus laevis was cut into small pieces and these pieces were
digested with collagenase A (4 mg mL~1, Worthington Biochemical Corp., Lakewood, NJ, USA) in
Barth’s solution without calcium (88.0 mM NaCl, 1.1 mM KCl, 2.4 mM NaHCOj3, 0.8 mM MgSQOy,
15.0 mM HEPES/NaOH, pH 7.6) for 1.5 & 2 h at 20 °C. The oocytes were stored in Barth’s solution with
calcium (88.0 mM NacCl, 1.1 mM KCl, 2.4 mM NaHCO3, 0.3 mM Ca (NO3);, 0.4 mM CaCl,, 0.8 mM
MgS0y, 15.0 mM HEPES/NaOH, pH 7.6) supplemented with 63.0 ug/mL penicillin-G sodium salt,
40.0 pg/mL streptomycin sulfate and 40.0 ug/mL gentamicin. Stage V & VI oocytes were selected and
injected with 3 ng plasmids coding the rat «4 and 32 nAChR subunits (pcDNA3.1 vector) in a molar
ratio of 1:1 using an Auto-Nanoliter Injector NanoJect-2 (Drummond Scientific Company, Broomall,
PA, USA) in a total injection volume of 23 nL. After injection, oocytes were incubated at 18 °C in Barth’s
solution with calcium for 48-120 h. Electrophysiological recordings were made using a Turbo TEC-03X
amplifier (npi electronic GmbH, Tamm, Germany) and WinWCP recording software (University of
Strathclyde, Glasgow, UK). Oocytes were placed in a small recording chamber with a working volume
of 50 uL and 100 uL of ligands (50 uM Az, 20 uM nicotine) solution in Barth’s buffer were applied to
an oocyte. Az was pre-applied to an oocyte for 5 min before its co-application with agonist nicotine.
To allow receptor recovery from desensitization, the oocytes were superfused for 5-10 min with buffer
(1 mL/min) between ligand applications. Electrophysiological recordings were performed at a holding
potential of —60 mV.

5.9.4. In Vivo Muscle Relaxant Effect

In Vivo Muscle Relaxant Effect of Az

40 male ICR mice were divided equally into four groups: one control and three experimental
groups. Animals of the control and experimental groups were treated with normal saline and with
Az at doses of 0.03, 0.1 and 0.3 mg/kg, respectively. In addition 6 mice were treated with Az at
dose of 0.01 mg/kg. The corresponding solutions were injected into the triceps muscles of the mouse
forelimbs at a volume of 0.5 mL/kg per each limb. For all animals their basic forelimb grip strength was
recorded before the substance administration with a 1027 grip strength meter (Columbus Instruments,
Columbus, OH, USA). Further, their grip strength was measured 5, 10, 15, 20, 30, 60, 90 min after the
Az (or normal saline) im administration.

In Vivo Muscle Relaxant Effect of Rocuronium

Rocuronium was administered intramuscularly as described for the measurement of acute toxicity
(Section 5.4.1). Muscle strength was assessed prior to administration of the substance and then 1, 2, 3,
4,5 min after administration.

5.10. Statistical Analysis

The statistical analysis of the obtained results was performed using Statistica 7.1 (TIBCO Software
Inc., Palo Alto, CA, USA) and OriginPro 9.1 (Microcal, Northampton, MA, USA) software. The data
of Az efficacy in vivo were analyzed using one-way repeated measures ANOVA test. To statistically
evaluate the efficacy and specificity of Az in vitro, two-tailed Mann-Whitney U test was used. The data
of Az subchronic toxicity, immunotoxicity and allergenicity were analyzed using Kruskall-Wallis
ANOVA on ranks test. Results are expressed as mean of data = SEM unless otherwise stated. In all
tests, p < 0.05 was taken as significant.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/10/1/34/s1,
Figure S1: Muscle relaxant effect of Az at dose of 0.01 mg/kg.
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Abstract: Bee venom (BV) has been widely used in the treatment of certain immune-related diseases.
It has been used for pain relief and in the treatment of chronic inflammatory diseases. Despite
its extensive use, there is little documented evidence to demonstrate its medicinal utility against
obesity. In this study, we demonstrated the inhibitory effects of BV on adipocyte differentiation in
3T3-L1 cells and on a high fat diet (HFD)-induced obesity mouse model through the inhibition of
adipogenesis. BV inhibited lipid accumulation, visualized by Oil Red O staining, without cytotoxicity
in the 3T3-L1 cells. Male C57BL/6 mice were fed either a HFD or a control diet for 8 weeks,
and BV (0.1 mg/kg or 1 mg/kg) or saline was injected during the last 4 weeks. BV-treated mice
showed a reduced body weight gain. BV was shown to inhibit adipogenesis by downregulating the
expression of the transcription factors CCAAT / enhancer-binding proteins (C/EBPs) and the peroxisome
proliferator-activated receptor gamma (PPARYy), using RT-qPCR and Western blotting. BV induced the
phosphorylation of AMP-activated kinase (AMPK) and acetyl-CoA carboxylase (ACC) in the cell line
and in obese mice. These findings demonstrate that BV mediates anti-obesity/differentiation effects by
suppressing obesity-related transcription factors.

Keywords: Bee venom; PPARy; AMPK; MAPK; adipogenesis

1. Introduction

Obesity is defined as an abnormal or excessive fat accumulation that presents a risk to health.
Adipocyte hyperplasia and hypertrophy are determinant factors of obesity [1]. Adipocytes differentiate
from stem cells or other precursor cells [2]. Differentiating and maturing adipocytes involve a complex
program of gene expression that is important for obesity-related diseases [3]. 3T3-L1 preadipocytes
have been used in studies regarding adipogenesis and differentiation. These cells differentiate in
response to adipogenic inducers including insulin, dexamethasone, and 3-isobutyl-1-methylxanthine
(IBMX) [4]. The differentiation sequence from preadipocytes to adipocytes comprises confluence,
mitotic clonal expansion (MCE), and terminal differentiation. In the first stage, confluent cells enter a
growth arrest phase [5,6]. These growth-arrested cells subsequently restart the cell cycle and increase
cell numbers three- to four-fold during the MCE phase [7]. This hyperplasia during cell differentiation
is related to the production of specific adipogenic transcription factors [8].
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Peroxisome proliferator-activated receptors (PPAR)y and CCAAT/enhancer-binding proteins
(C/EBPs) promote the differentiation of adipocytes [9]. During early-stage differentiation of 3T3-L1
cells, the expression of C/EBPf and C/EBP5 is increased after hormonal induction, followed by
increases in the expression of C/EBP«x and PPARy [10]. C/EBP5? is important for MCE to occur
during differentiation in the early stage of adipogenesis [11]. Gene expression of C/EBPf induces the
expression of PPARy and C/EBP« [12,13]. The activation of the C/EBP family and of PPARy regulates
the expression of various adipogenic factors that promote fat accumulation.

Adenosine monophosphate-activated protein kinase (AMPK), known as a regulator of energy
homeostasis, is an important target for controlling obesity [14]. In adipogenesis, AMPK activation
regulates glucose and lipid metabolism by inactivating metabolic enzymes [15]. Phosphorylation by
AMPK inactivates acetyl-coenzyme A carboxylase (ACC) and 3-hydroxy-3-methylglutaryl-coenzyme
A reductase (HMGCR), leading to the inhibition of fatty acids and cholesterol syntheses, as well as
increased fatty acid oxidation [16]. AMPK regulates the channeling of acyl-CoA towards 3-oxidation
and lipid biosynthesis, leading to the inhibition of glycerol-3-phosphate acyltransferase (GPAT) [17].
In addition, the phosphorylation of AMPK also inhibits the expression of adipogenic transcription
factors, such as C/EBP, C/EBPS, C/EBP«, and PPARY [18].

Bee venom (BV), a complex mixture of proteins, peptides, and low molecular weight components,
is an effective defense tool used for the protection of the hive by the honey bee [19]. Despite causing
pain to humans who are stung, BV has been used as a traditional medicine to treat a diverse range of
conditions, including tumors, skin diseases, and pain [20]. It has also been reported that the inhibition
of atherosclerotic lesions via anti-inflammatory mechanisms and the suppression of benign prostatic
hyperplasia in rats are additional beneficial properties [21,22]. BV is known to contain a complex
mixture of active enzymes and peptides, including phospholipase A2, melittin, and apamin [23].
Melittin is a major component of BV that has been shown to improve atherosclerotic lesions and to
downregulate pro-inflammatory cytokines, adhesion molecules, proatherogenic proteins, and the
NF-«B signal pathway in high-fat treated atherosclerotic animal models [24]. In addition, apamin
attenuated lipids, proinflammatory cytokines, adhesion molecules, fibrotic factors, and macrophage
infiltration in LPS/fat-induced atherosclerotic mice [25]. BV was also reported to exhibit anti-obesity
effects [26] but the mechanism has not yet been clarified. In the present study, we investigated the
anti-obesity effects of BV in 3T3-L1 preadipocytes and in an HFD-induced obesity animal model.

2. Results

2.1. BV Suppressed Cell Hyperplasia and Lipid Accumulation during Differentiation of 3T3-L1 Adipocytes

Hyperplasia and lipid accumulation are known to occur in the 3T3-L1 cell line during
differentiation [8,27]. 3T3-L1 cells were treated with BV (concentrations from 1.25 to 40 ug/mL)
in the differentiation media (MDI) or the growth media (BS). After treatment with BV, the cell viability
was determined by a 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay
(Figure 1A). BV had no effect on the cell viability in the culture media. However, BV significantly
reduced the cell viability at 2.5 ug/mL or higher concentrations during the differentiation of adipocytes.

To determine the inhibitory effect of BV on lipid accumulation in adipocytes, 3T3-L1 cells
were treated with and without BV (2.5, 5, or 10 ug/mL) for 9 days. As shown in Figure 1B,
differentiation-induced adipocytes drastically increased their lipid storage approximately 2.32-fold,
compared with undifferentiated cells. In contrast, treatment with BV significantly reduced lipid droplet
accumulation in a dose-dependent manner.
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Figure 1. Bee venom (BV) suppressed lipid accumulation in 3T3-L1 preadipocytes. (A) Cells were
cultured in the growth medium or the differentiation medium containing concentrations ranging from
1.3 to 40 pg/mL of BV for 3 days. (B) Preadipocytes were differentiated with and without BV (2.5, 5,
and 10 pg/mL) for 9 days. Differentiated cells were stained with Oil red O and images were taken with
a Leica DM IL LED microscope (100x and 200 x magnifications). (C) Oil red O was extracted from
lipid droplets using isopropanol and was measured at 510 nm. ## p < 0.001 vs. non-differentiation
cells. * p < 0.05, ** p < 0.01, ** p < 0.001 vs. differentiation cells.

2.2. BV Suppressed the Expression of Adipogenic Markers during Differentiation of 3T3-L1 Adipocytes

Transcription factors, such as PPARy and the C/EBP family, are known to play important roles
during the maturation and the differentiation of adipocytes [2,28]. In this study, we investigated
the anti-adipogenesis activity of BV in differentiated adipocytes using qRT-PCR and Western blot
analysis. As shown in Figure 2, the mRNA expression of C/EBP«, C/EBP, C/EBPS, and PPARy was
upregulated in differentiation-induced adipocytes, compared to what was seen in undifferentiated
cells. However, the treatment with BV significantly downregulated the mRNA expression of the
C/EBP family and decreased PPARY expression (both mRNA and protein levels; Figure 2B).
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Figure 2. The effects of BV on the expression levels of lipid metabolism and adipogenesis in 3T3-L1 cells.
(A) The mRNA levels of C/EBPf3, C/EBPS, and C/EBPx were measured by qRT-PCR. (B) The protein
and the mRNA expression levels of PPARy were determined by Western blot analysis or by qRT-PCR.
p-actin was used as an internal control. ## p < 0.001 vs. non-differentiation cells, *** p < 0.001 vs.
differentiation cells.

2.3. BV Regulated the MAPK Pathway during Differentiation of 3T3-L1 Preadipocytes

Mitogen-activated protein kinases (MAPKSs) play a crucial role in many essential cellular responses,
including proliferation, apoptosis, and differentiation [29]. In particular, MAPKSs are associated with
regulatory effects on adipocyte differentiation [30]. To investigate the effect of BV on the MAPK
pathway, we determined the protein expression of factors involved in the MAPK pathway using
Western blot analysis in differentiated adipocytes. As shown in Figure 3A, the phosphorylation of ERK
and JNK decreased, whereas the phosphorylation of p38 increased during differentiation, compared to
that of the undifferentiated control cells. The phosphorylation of ERK and JNK was upregulated in the
BV-treated adipocytes and the phosphorylation of p38 was significantly decreased.
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Figure 3. The effects of BV on the mitogen-activated protein kinase (MAPK) and the adenosine
monophosphate-activated protein kinase (AMPK) pathways in 3T3-L1 preadipocytes. 3T3-L1 cells
were treated with BV (2.5, 5, and 10 ug/mL for 3 days). The total cell lysates were analyzed by Western
blotting to determine the expression of (A) MAPKs (B) AMPK and acetyl coenzyme A carboxylase
(ACC). B-actin was used as an internal control. ## p < 0.001 vs. non-differentiation cells. ** p < 0.01,
*** p <0.001 vs. differentiation cells.

2.4. BV Activated the AMPK Pathway during the Differentiation of 3T3-L1 Preadipocytes

AMPK, a key enzyme of energy metabolism, regulates glucose and lipid metabolism [31].
The phosphorylation of AMPK inhibits the expression of adipogenic transcription factors, such as
C/EBPs and PPARYy [18]. To investigate the effect of BV on the activation of AMPK, we determined
the degree of AMPK phosphorylation using Western blotting. As shown in Figure 3B, AMPK
phosphorylation was decreased in the differentiated 3T3-L1 preadipocytes, compared with the
undifferentiated control cells. Meanwhile, our results revealed that treatment with BV significantly
recovered the AMPK phosphorylation in differentiated adipocytes.
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2.5. BV Suppressed Body Weight, Fat, and Lipid Accumulation in HFD-Induced Obese Mice

As shown in Figure 4, the total body weight of mice in the high fat diet (HFD) group, including both
fat and body weight gain, were significantly increased, compared to that of the normal diet (ND) group.
In contrast to the HFD group, the BV injection suppressed the total body weight, fat, and body weight
gain. Obesity is characterized by the hypertrophy and the hyperplasia of adipose tissue [32], therefore
we examined the inhibitory effect of BV using hematoxylin and eosin (H&E) staining. As shown in
Figure 4E, H&E analysis data indicated that the HFD-fed mice showed hypertrophy of adipocytes in the
epididymal adipose tissue, whereas BV treated groups showed an inhibited hypertrophy of adipocytes.
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Figure 4. Effects of BV injection on (A) total body weight, (B) fat weight, (C) a decrease in body
weight, (D) body weight gain, and (E) Epididymis adipose tissue (100 x magnifications) from mice.
The duration of the experimental window was 14 weeks during which mice were fed on normal diet or
a high-fat diet. The representative photographic images of mice were from different treatment/feeding
groups at the time of sacrifice. Values are expressed as the mean = SEM of 10 mice per group. * p < 0.05,
## p < 0.01, ¥ p < 0.001 vs. the normal diet (ND) group. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. the high
fat diet (HFD) group.
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2.6. BV Suppressed Adipogenic Markers and Activated the AMPK Pathway in HFD-Induced Obese Mice

The adipogenic transcription factors, PPARy and C/EBP«, regulate the genes for fat accumulation.
Several in vivo studies have shown that PPARy plays a crucial role in adipogenesis [9,33]. The inhibition
of adipogenesis in the BV-treated groups was investigated and was found to be associated with molecular
signaling, by the adipogenic markers involved in lipid metabolism and adipogenesis. We examined the
protein expression of PPARy and C/EBP« in adipose tissue, and it was significantly upregulated in the
HFD group. In contrast, the expression of factors related to adipogenesis decreased in the BV-treated
groups, compared to the expression in the HFD group.

The activation of AMPK to p-AMPK inhibited the activity of ACC, which resulted in an increase
of carnitine palmitoyl-CoA transferase-1 [16]. ACC regulates the metabolism of fatty acids, and in
particular, the ACC1 isoform of ACC regulates fatty acid synthesis [34]. In experiments with mice,
the phosphorylated level of AMPK was not significantly altered in the HFD-fed group. However,
the phosphorylation of ACC in mice was downregulated by HFD. BV treatment significantly increased
the phosphorylated levels of AMPK and of ACC (Figure 5B,C).
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Figure 5. BV regulated adipogenic markers and the AMPK pathway in HFD-induced mice. (A) Important
adipogenic transcription factors, PPAR y and C/EBP«, determined using Western blot analysis.
(B) AMPK and (C) ACC determined using Western blot analysis. (-actin was used as an internal
control. ## p < 0.001 vs. ND group. * p < 0.05, *** p < 0.001 vs. HFD group.
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3. Discussion

Adipocyte differentiation and lipid accumulation are both processes related to the development of
obesity [35]. The 3T3-L1 cell line was derived from Swiss 3T3 mouse embryos that are used as a model of
adipocyte differentiation. Adipocyte differentiation is regulated by signaling molecules from numerous
pathways [4]. In murine preadipocyte models, differentiation proceeds as follows: achievement of one
hundredth confluence and growth arrest, hormonal induction, re-entry into the cell cycle, post-confluent
mitosis, known as MCE. MCE is an important step in the differentiation of adipocytes [8]. During MCE,
the number of cells increases 3- to 4-fold [7]. Several studies have identified that the suppression of
adipocyte differentiation occurs through the inhibition of MCE [36,37]. Therefore, the differentiation of
preadipocytes and their proliferation are two intimately linked processes.

We investigated the inhibitory effect of BV on adipocyte proliferation by determining the effect
of BV on MCE in differentiating preadipocytes, by applying the MTT assay. As shown in Figure 1,
differentiating cells markedly increased cell numbers, compared to the preadipocyte with BS media
(DMEM + 10% BS media). BV treatment inhibited cell proliferation in a dose-dependent manner. BV
showed inhibitory effects at the lowest investigated concentration of 2.5 ug/mL. In addition, lipid
accumulation was determined by Oil Red O staining (Figure 1B) on Day 8. The data indicated that BV
suppressed the MCE process in MDI-induced 3T3-L1 preadipocytes. Our results demonstrate that BV
significantly reduced lipid accumulation in differentiating 3T3-L1 cells.

As differentiation progresses, lipid accumulation and numerous adipogenic genes upregulate
adipogenesis through the adipocyte-specific transcription factors, C/EBPs and PPARYy [38,39]. C/EBPp
and C/EBPj, the first transcription factors in directing the differentiation process, are increased
after induction of differentiation. C/EBPp is responsive mainly to DEX and C/EBPS is responsive
mainly to IBMX. After removal of these differentiation inducers, expression of C/EBPf and C/EBPS
are decreased. In addition, C/EBPf and & are known to mediate the expression of PPARy and
C/EBP« [10,40]. C/EBP5 is related to the expression of C/EBPf in the early phase of adipogenesis [11].
In this study, BV decreased the expression of C/EBPs and PPARy in 3T3-L1 preadipocytes (Figure 2)
and in adipose tissue in the HFD-fed obese mice (Figure 5A). Our findings suggest that BV inhibits
early adipogenic processes and lipid accumulation by downregulating the expression of C/EBPs and
PPARYy.

In this study, we induced obesity by feeding a high-fat diet to mice for 11 weeks, followed by
an injection of BV for 4 weeks. The BV injected group exhibited decreased HFD-induced body and
fat weight (Figure 4). Increase of body and fat weight are closely related warning signs for health
issues [41], i.e., the accumulation of epididymis adipose tissue is related to metabolic problems, such as
insulin resistance, hypertension, and elevated plasma triglyceride levels [42,43]. Histological analysis
revealed a greater number of hypertrophied cells in the adipose tissue of the HFD group, whereas the
BV injection suppressed adipocyte size in HFD-induced adipose tissue (Figure 4). This result indicates
that BV inhibits the hypertrophy of adipocytes in HFD-fed obese mice.

The activity of AMPK in adipose tissue is a useful marker for metabolic disease [44]. ACC, which is
a major fatty acid synthetic enzyme, is reduced by the activation of AMPK [45]. It is well known that
aminoimidazole-4-carboxamide riboside (AICAR) and metformin, known as AMPK activators, decrease
the transcriptional activity of the PPARy /retinoid X receptor (RXR) in the rat hepatoma cell line H4IIEC3,
whereas compound C (6-4[4-(2-piperidin-1-yl-ethoxy)-phenyl]-3-pyridin-4-yl-pyrazolo[1,5-a]pyrimidine),
known as an AMPK inhibitor, reversed the effects of AICAR and metformin [46]. Furthermore, it has
been reported that metformin decreased the plasma levels of glucose and triglycerides by inhibiting
sterol regulatory element-binding protein (SREBP)-1 activity [47]. Our present results indicated that BV
enhanced the phosphorylation of AMPK and ACC during the differentiation of cultured adipocytes and
in the HFD-induced obese mice (Figures 3B and 5B,C). These data suggest that BV regulates the AMPK
pathway, which may be involved in the fatty acid metabolism in HFD-fed obese mice.

MAPKs are key regulators of cell growth factors, cytokines, cell proliferation, differentiation,
motility, and many other cellular processes [48,49]. The MAPKs are divided into three main groups:
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the ERK 1/2, the c-Jun NH2-terminal kinases (JNK 1/2/3), and the p38 MAP kinases [50]. ERK 1/2 is
involved in the differentiation of adipocytes; however, continual activation inhibits the differentiation
of adipocytes [30,51]. Downregulation of ERK1/2 led to a reduction in adipocyte differentiation [52].
However, some studies reported that ERK activation attenuates the differentiation of adipocytes [53,54].
JNK is known to be involved in insulin resistance [55]. However, a previous study reported that the
inhibition of JNK increased lipid accumulation and the expression of PPARY in 3T3-L1 adipocytes [56].
P38 MAPK plays a key role in adipogenesis. SB203580, an inhibitor of p38 MAP kinase, blocks
adipogenesis during only the early stages of adipocyte differentiation [57]. Our results showed that
the BV treatment of cells enhanced the phosphorylation of ERK and JNK (Figure 3A). However, BV
did not change the p38 phosphorylation. These data suggest that BV suppressed lipid accumulation
and regulated adipogenic factors by regulating MAPK signaling.

In conclusion, the present study has demonstrated that BV inhibits early adipogenic processes by
downregulating the MCE stage by regulating C/EBPs, PPARY, ERK, and AMPK signaling. Based on
these findings, we conclude that BV may be a useful preventive and therapeutic agent in the treatment
of obesity.

4, Materials and Methods

4.1. Chemicals and Reagents

BV, IBMX, Dexamethasone (DEX), insulin, Oil red O, and all other chemicals were purchased
from Sigma Chemical Co. (St. Louis, MO, USA). Dulbecco’s modified Eagles medium (DMEM),
bovine serum (BS), fetal bovine serum (FBS), and penicillin-streptomycin (PS) were purchased from
Life Technologies, Inc. (Grand Island, NY, USA). Antibodies against PPARy (E-§; cat. no. sc-7273), C/EBPo
(C-18; cat. no. sc-9314), and f3-actin (C4; cat. no. sc-47778) were purchased from Santa Cruz biotechnology,
Inc. (Santa Cruz, CA, USA). Phospho-extracellular signal-regulated kinase (p-ERK; Thr202/Tyr204; cat.
no. #9101), ERK (cat. no. #9102), phospho-stress-activated protein kinase/Jun-amino-terminal kinase
(p-JNK; Thr183/Tyr185; cat. no. #9251), JNK (cat. no. #9252), phospho-p38 MAPK (p-p38; Thr180/Thy182;
cat. no. #9215), p38 (cat. no. #9212), p-AMPK (Thrl72; cat. no. #2535), AMPK (cat. no. #2532),
p-ACC (Ser79; cat. no. #3661), and ACC (cat. no. #3662) antibodies were purchased from Cell Signaling
Technology, Inc. (Danvers, MA, USA) Horseradish peroxidase conjugated secondary antibodies were
purchased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA, USA). SYBR Green Master
Mix was purchased from Applied Biosystems (Foster, CA, USA). C/EBPx, C/EBPB, C/EBPJ, PPARY,
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) oligonucleotide primers were purchased from
Bioneer (Daejeon, Korea).

4.2. Cell Culture and Treatment

Preadipocytes, 3T3-L1, were purchased from the Korean Cell Line Bank (Seoul, Korea) and were
cultured in DMEM, supplemented with 10% BS, penicillin (100 U/mL), and 100 ug/mL streptomycin
in an incubator at 37 °C with 5% CO,. The analysis of adipocyte differentiation was carried out by
culturing 3T3-L1 cells in 60 mm dishes at a density of 2 x 10° cells per mL to confluence. At full
confluence, the cells were first differentiated with MDI media (0.5 mM IBMX, 1 pg/mL insulin,
and 1 uM DEX in DMEM containing 10% (v/v) FBS and 1% PS). During this stage, we treated plates
with various concentrations of BV. During the second stage, commencing on Day 3 of differentiation,
the cells were treated with 1 pg/mL insulin in DMEM with 10% (v/v) FBS and 1% PS. In the final
stage, cells were transferred to DMEM with 10% FBS and 1% PS, and the culture media was changed
every 3 days. The differentiation of 3T3-L1 required 3 days in each stage.

4.3. MTT Assay

Cell viability was assessed using the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay. Briefly, the 3T3-L1 preadipocyte cells were seeded into a 96-well plate at

46



Toxins 2018, 10, 9

a density of 1 x 10* cells per well and were treated with various concentrations (1.25 to 40 ug/mL)
of BV for 72 h at 37 °C in humidified air with 5% CO,. After the treatment, the cells were stained by
adding MTT solution (5 mg/mL) for 4 h at 37 °C. After removing the excess reagent, the insoluble
formazan product was dissolved in DMSO. The cell viability was measured at 570 nm using an Epoch®
microvolume spectrophotometer (BioTek Instruments Inc., Winooski, VT, USA).

4.4. Oil Red O Staining

In order to observe lipid accumulation in the 3T3-L1 adipocytes, the differentiated adipocytes were
stained with Oil Red O. As described above, the differentiation was initiated by exchanging the medium
and by adding BV at three concentrations. Following the differentiation, 3T3-L1 adipocytes were washed
three times with phosphate-buffered saline (PBS, pH = 7.4) and were fixed with 10% formaldehyde
solution in PBS for 1 h at 25 °C. After washing with distilled water three times, the cells were then stained
with 3 mg/mL Oil Red O dye solution in 60% isopropanol for 2 h at room temperature. Any excess Oil
Red O dye was washed away with distilled water. The images of the Oil Red O-stained adipocytes were
acquired using a Leica DM IL LED microscope (Leica, Wetzlar, Germany). The intracellular lipid content
was measured by extracting Oil Red O with isopropanol, and the absorbance at 520 nm was recorded
using an Epoch® microvolume spectrophotometer (BioTek Instrument, Inc., Winooski, VT, USA).

4.5. Western Blot Analysis

The cells were lysed, and the tissue was homogenized in PRO-PREP™ protein extraction solution
(Intron Biotechnology, Seoul, Korea) and was then incubated for 20 min at 4 °C. Debris was removed
by microcentrifugation at 11,000x g, followed by a quick freezing of the supernatants. The protein
concentration was determined using the Bio-Rad protein assay reagent according to the manufacturer’s
instructions (Bio-Rad, Hercules, CA, USA). Proteins were electro-blotted onto a polyvinylidene
difluoride (PVDF) membrane following their separation on an 8-12% SDS polyacrylamide gel.
The membrane was incubated for 1 h with a blocking solution (5% skim milk) at room temperature,
followed by incubation with a 1:1,000 dilution of primary antibodies, including, PPARy, C/EBP«,
p-ERK, ERK, p-JNK, JNK, p-p38, p38, p-AMPK, AMPK, p-ACC, ACC, and f-actin, overnight at
4 °C. The blots were washed three times with Tween 20/ Tris-buffered saline (T/TBS) and were then
incubated in a horseradish peroxidase-conjugated secondary antibody (dilution, 1:2500) for 2 h at room
temperature. After washing them three times in T/TBS, the immuno-detection bands were reacted
with the ECL solution (Ab signal, Seoul, Korea) and were recorded on X-ray film (Agfa, Belgium).

4.6. Isolation of Total RNA and Reverse Transcription Quantitative Polymerase Chain Reaction (RT-gPCR)

The cells were homogenized, and the total RNA was isolated using a Trizol reagent
(Invitrogen, Carlsbad, CA, USA). cDNA was obtained using the isolated total RNA (1 ug), a d(T)16
primer, and avian myeloblastosis virus reverse transcriptase (AMV-RT). The relative gene expression
was quantified using real-time PCR (Real-Time PCR System 7500, Applied Biosystems, Foster city,
CA, USA) with a SYBR green PCR master mix (Applied Biosystems, Foster city, CA, USA).
The forward and reverse primers were as follows: PPARy, 5'-ATCGAGTGCCGAGTCTGTGG-3" and
5-GCAAGGCACTTCTGAAACCG-3'; C/EBPw, 5'-GGAACTTGAAGCACAATCGATC-3' and 5'-TGGT
TTAGCATAGACGTGCACA-3'; C/EBPB, 5'-GGGGTTGTTGATGTTTTTGG-3' and 5'-CGAAACGGA
AAAGGTTCTCA-3'; C/EBPS, 5'-GATCTGCACGGCCTGTTGTA-3' and 5'-CTCCACTGCCCACCT
GTCA-3'; GAPDH, 5'-GACGGCCGCATCTTCTTGT-3" and 5'-CACACCGACCTTCACCATTTT-3".

The gene Ct values of PPAR7y, C/EBPa, C/EBPB, and C/EBPS were normalized using the Gene
Express 2.0 program (Applied Biosystems, Foster city, CA, USA) to the Ct value of GAPDH.

4.7. Animals

C57BL/6 mice (6 weeks old, male) were purchased from Daehan Biolink Co. Ltd. (Daejeon,
Korea) and were maintained under constant conditions (temperature, 22 & 3 °C; humidity, 40-50%;
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light/dark cycle 12/12 h). The mice were adapted to the feeding conditions for 1 week and then were
provided free access to food and tap water for 14 weeks. The mice were randomly separated into
groups of four each: ND (normal diet), HFD (high-fat diet, 30% fat) only, and the BV-treated groups
(0.1 or 1.0 mg/kg i.p.; high-fat diet). Their body weight and dietary intake were recorded every week.
On the last day of the 14th week, the animals were fasted overnight. Blood samples were collected
for lipid profiling, and the adipose tissue was excised, rinsed, and stored at —80 °C until analysis.
The Institutional Animal Care and Use Committee (IACUC) of the College of Sang-ji University of
Korea approved the study protocol. The approval code is 2014-10 and the approval date is 22 July 2014.

4.8. Histological Analysis

The adipose samples were fixed in 10% formalin and were embedded in paraffin; the sections were of
8-um thickness. The sections were stained with hematoxylin and eosin (H&E) for the histological analysis
of fat droplets. Images were acquired using a Leica DM IL LED microscope (Leica, Wetzlar, Germany).

4.9. Analysis of Serum Lipid Profiles

The blood samples were collected and centrifuged at 1003x g, for 15 min at room temperature to
obtain serum samples, which were immediately frozen at —80 °C for further measurements. The serum
concentrations of triglyceride and LDL cholesterol were determined by enzymatic methods with
commercial kits (BioVision; Milpitas, CA, USA).

4.10. Statistical Analysis

The data are expressed as mean + standard deviation (SD) of triplicate experiments. Statistical
significance was determined using ANOVA and Dunnett’s post hoc test, and p-values of less than 0.05
were considered statistically significant.
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Abstract: The Ky1.2 channel plays an important role in the maintenance of resting membrane
potential and the regulation of the cellular excitability of neurons, whose silencing or mutations
can elicit neuropathic pain or neurological diseases (e.g., epilepsy and ataxia). Scorpion venom
contains a variety of peptide toxins targeting the pore region of this channel. Despite a large amount
of structural and functional data currently available, their detailed interaction modes are poorly
understood. In this work, we choose four Ky 1.2-targeted scorpion toxins (Margatoxin, Agitoxin-2,
OsK-1, and Mesomartoxin) to construct their complexes with K, 1.2 based on the experimental
structure of ChTx-Ky1.2. Molecular dynamics simulation of these complexes lead to the identification
of hydrophobic patches, hydrogen-bonds, and salt bridges as three essential forces mediating the
interactions between this channel and the toxins, in which four Ky 1.2-specific interacting amino acids
(D353, Q358, V381, and T383) are identified for the first time. This discovery might help design highly
selective Ky 1.2-channel inhibitors by altering amino acids of these toxins binding to the four channel
residues. Finally, our results provide new evidence in favor of an induced fit model between scorpion
toxins and K* channel interactions.

Keywords: Ky1.2 channel; scorpion toxin; molecular dynamics simulation

1. Introduction

The voltage-gated K* channel K,1.2, encoded by KCNA?2, is a transmembrane protein that
is composed of four identical a-subunits, with each subunit having six transmembrane segments
(51-S6) and a membrane reentering P-loop. As shown by their experimental structure [1], S1-54
form a voltage-sensor domain (VSD) and S5-56 constitute a pore that selectively passes K* ions [2].
K,1.2 plays an important role in maintaining the resting membrane potential that enables efficient
neuronal repolarization following an action potential [3]. Therefore, its loss or mutation will cause
some neurogenic diseases, such as ataxia, myoclonic epilepsy, and premature death [4-7].

Given its key physiological function, K,1.2 is frequently selected as a target by a diversity
of venomous animals. In scorpions, at least six families of K* channel toxins (a-KTxs, $-KTxs,
5-KTxs, k-KTxs, A-KTxs, and e-KTxs) are identified [2,8-12], in which «-KTxs are the largest source
targeting this channel. These -KTxs impair the K* channel functions by blockage of their pore
region. Due to high sequence similarity in this region between K, 1.2 and its two paralogs (i.e., Ky1.1
and Ky1.3) (Figure 1A), toxins are not able to distinguish the three channel subtypes, resulting in
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undesired side effects when assayed in vivo. Hence, it remains a great challenge to improve the K, 1.2
selectivity of these natural toxins via engineering modification in the absence of detailed data about
the toxin-channel interactions.

rKv1.1|P10499 34! SSAVYFA |EAEEAESHFSS| [IPDAFWWAVVSMT| |TVGYGDMYPVI IGGKIVG 3%°
rKv1.2|P63142 343 SSAVYFA |EADERDSQFPS| [IPDAFWWAVVSMT| [TVGYGDMVETT IGGKIVG 3%
rKv1.3|P15384 363 SSAVYFA |EADDPSSGENS| [IPDAFWWAVVTMT| |TVGYGDMHPVT IGGKIVG 41!

S5 Turret Pore Filter S6
(A)
Value (nM) PDB
Kv1.1 Kv1.2 Kv1.3
ChTx -QFTNVSCTTSKECWSVCQRLHNTSRG-KCMNRKCRCYS-  >>1000 9 0.9 2CRD
AgTx-2 GVPINVSCTGSPQCIKPCKDA-GMRFG-KCMNRKCHCTPK — 0.13 3.4 0.05 1AGT
MgTx ~TIINVKCTSPKQCLPPCKAQFGQSAGAKCMNGKCKCYPH 4.2 0.0064 0.0117 1MTX
MMTX ~ —-———- ACVEN--CRKYCQDK-GARNG-KCINSNCHCYY-  N.E. 15.6* 12500 2RTZ
OsK-1 GVIINVKCKISRQCLEPCKKA-GMRFG-KCMNGKCHCTPK — 0.6* 5.4 0.014* 1SCO

(B)

Figure 1. Scorpion toxins and K* channels. (A) The rK1.1-rKy 1.3 pore region sequences. Amino acids
conserved across the alignment are marked in yellow, and turret, pore helix, and filter are colored in
green, blue, and red, respectively; (B) The x-KTxs studied in this work. Their functional sites identified
by mutational experiments are highlighted with a double underline. New interaction sites predicted by
reported molecular dynamics (MD) simulation data are underlined once. For the affinity of each toxin,
Kd (dissociation constant), Ki (equilibrium constant), or ICs( (half maximal inhibitory concentration)
(asterisks) are shown in nanomole (nM) [8,13-17].

There is only one experimental toxin-channel complex (ChTx-Ky1.2) available currently [18],
which hampers a detailed comparative study to draw commonality and difference among complexes.
An alternative approach is to employ computative technology to solve this question. Several popular
methods include homology modeling, Brownian dynamics, molecular docking, and molecular
dynamics simulation [19]. Molecular dynamics simulation is a powerful tool in predicting the
structures of toxin-channel complexes. Some toxin-Ky1.2 complexes were reported, which were
constructed with molecular dynamics simulation, such as maurotoxin-Ky1.2 [20,21]. However, the
comparison of the mechanism among these Ky 1.2 inhibitors is lacking.

In this work, we employed molecular dynamics (MD) simulation to study the interactions of
four a-KTxs (Margatoxin (abbreviated as MgTx), Agitoxin-2 (abbreviated as AgTx-2), OsK-1, and
Mesomartoxin (abbreviated as MMTX) with the pore of Ky1.2. These toxins all bind to the channel
with high affinity [8,13,14] (Figure 1B). However, as mentioned above, they are also ligands of K, 1.1
and K, 1.3, with the exception of MMTX, which lacks effect on Ky1.1. Our MD simulation data reveals
for the first time four K, 1.2-specific amino acids that are involved in direct interactions with these
toxins. This finding thus provides a structural basis for their Ky 1.2 blocking activity and might help
design new K 1.2-targeted peptide drugs with an improved channel subtype selectivity.

2. Results

2.1. The Channel Selectivity of Four Scorpion Toxins Analyzed

All the four toxins fold into the cysteine stabilized a-helix/p-sheet (CSo/f) structure with a
functional dyad comprising a conserved lysine and an aromatic amino acid in a distance of 5-7 A
(Figure 1B). These toxins reversibly block K* channels by interacting at the external pore of the
channel protein. Of them, MgTx is a 39 amino acids peptide isolated from the venom of the scorpion
Centruroides margaritatus, which blocks Ky 1.2 and Ky1.3 at picomolar concentrations and Ky1.1 at
nanomolar concentrations without detectable effect on other types of K* channels, such as K, 1.4-K, 1.7
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and the insect Shaker K* channel [15]. K28 of MgTx is responsible for blocking K* channels [22].
AgTx-2 is a 38 amino acids peptide isolated from the venom of Leiurus quinquestriatus hebraeus, which
reversibly inhibits K, 1.1 to K, 1.3 with Kd values of 0.13 nM, 3.4 nM, and 0.05 nM, respectively [8,16].
Its functional residues include K27 and N30 [17]. OsK-1 is a 38 amino acids peptide isolated from the
venom of Orthochirus scrobiculosus, which blocks Ky 1.1 to K, 1.3 with ICs values of 0.6 nM, 5.4 nM,
and 0.014 nM, respectively [14]. E16K and/or K20D mutations of OsK-1 show an increased potency on
Ky 1.3 channel but do not change the effect on Ky 1.2 [14]. MMTX is a 29 amino acids peptide isolated
from Mesobuthus martensii that exerts a strong inhibitory effect on 1K, 1.2 (IC5p = 15.6 nM) and weak
effect on rKy 1.3 (ICs5p = 12.5 uM) without affecting K 1.1, even at 50 uM [13].

2.2. Modeling of Toxin-Ky1.2 Complexes

ChTx (also named CTX) is the most thoroughly studied scorpion K* channel toxin isolated from
the venom of Leiurus quinquestriatus hebraeus, which inhibits Ky 1.2 and Ky 1.3 channels with nanomolar
affinity by several crucial functional residues, such as R25, K27, and R34 [8,23]. K27 of ChTx is a key
residue for blocking the pore region of the K* channel [24]. Superimposition of the four toxins to ChTx
reveals root-mean-square deviations (RMSDs) of <2.5 A in their Cx atoms (Figure 2), indicating that
they are quite similar in structure. Importantly they all contain evolutionarily conserved functional
motifs, K27 and N30 (numbered according to ChTx), which have been comfirmed to directly interact
with the pore region of Ky channels [25,26]. Supported by these observations, we assume that all these
five toxins inhibit Ky 1.2 in a similar manner. To investigate the detailed interactions between the toxins
and K, 1.2, we constructed their complexes based on the experimental structure of ChTx-Ky1.2 via
molecular replacement and energy minimization.

GROMACS 5.0
Cubic box: 5nm

Energy minimized < 1000KJ/mol/nm

{

100ps NVT euilibration

100ps NPT equilibration

{

Molecular dynamics simulations

Figure 2. Construction of toxin-channel complex for MD simulation analysis. Three experimentally
determined functional sites of x-KTxs are shown as sticks. Superimposed structure of these five toxins
are emphasized by red box and root-mean-square deviations (RMSDs) between these four toxins and
ChTx are listed below the structure.

2.3. Conformational Changes Induced by Toxin-Channel Interaction

To recognize the conformation change of toxins and K 1.2 channel after combining each other,
we play molecular dynamic simulations of four toxins without channel and with sole Ky1.2 channel.
Subsequently, we compared their conformation changes.

54



Toxins 2017, 9, 354

In our molecular dynamic simulations, the equilibrated conditions of four toxin-channel
complexes were established in terms of their RMSDs, residue C«x fluctuations during 40 ns time
span of simulation. These systems reached equilibrium after 15 ns (Figure 3A). Simultaneously, we
calculated the average Ca root-mean-square fluctuations (RMSFs) of all complexes of the Ky1.2 pore
region. From the RMSF data, it is clear that K, 1.2 turret is the most flexible region besides the N-,
C-terminal (Figure 3B,C). Therefore, we proposed that K 1.2 channel interacts with different scorpion
toxins, mainly by modulating their turret region.

The equilibrated conditions of four toxins were established in terms of their RMSDs and residue
Ca wise fluctuations during 40 ns time span of simulation. MgTx and AgTx-2 reached equilibrium after
5 ns and MMTX reached equilibrium after 27 ns (Figure 4A). The system equilibrium stage of OsK-1 is
from 5 ns to 35 ns (Figure 4A). We calculated the average Co root-mean-square fluctuations (RMSFs) of
their system equilibrium phase (Figure 4B). Without a doubt, the results show that these four toxins are
very rigid, because x-KTxs obtain six conservative cysteines which form three intermolecular disulfide
bonds. Due to their stable structure, they are developed into protein scaffolds. For example, Vita et al.
designed a metal binding activity on ChTx [27]. After combining with K 1.2, their structure mildly
adjusted. OsK-1 and AgTx-2 have little change after combining with Ky 1.2, which indicate that its
interaction mechanism with Ky 1.2 is similar to ChTx (Figure 4C,F). MgTx shows the increased flexibility
of a-helix and y-core region (the last two 3-folds and the turn region between them) (Figure 4D).
MMTX shows the increased flexibility of N-terminal (Figure 4E).

0.45

0 5 10 15 20 25 30 35 40
Time (ns)

Kv1.2 = AgTx-2-Kv1.2 MgTx-Kv1.2 MMTX-Kv1.2 = OsK-1-Kv1.2

(A)

Residue number

——Kv12 ——AgTx-2-Kv1.2 MgTx-Kv1.2 MMTX-Kv1.2 —— OsK-1-Kv1.2

(B)

Figure 3. Cont.
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Figure 3. Structural flexibilities of four toxin-Ky1.2 complexes. (A) RMSDs of four toxin-Ky1.2 pore
region complexes; (B) root-mean-square fluctuations (RMSFs) of the Coc atoms of Ky 1.2 pore region in
these four complexes from 15 ns to 40 ns. A-D indicate four different chains in Ky1.2. The range of A-D
chains’ pore region residue number is marked by red, blue, light blue, and green string, respectively.
Turret regions are outlined by black rectangular boxes and pore helix and filter regions are outlined
by pink rectangular boxes; (C) average Cx-RMSF of K 1.2 pore region in sole Ky 1.2 and these four
complexes from 15 ns to 40 ns. Turret, pore helix, and filter in x-coordinate represent the turret, pore
helix, and filter region of Ky 1.2 channel. A-D indicate four different chains in K, 1.2.
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Figure 4. Structural flexibilities of four toxins. (A) RMSDs; (B) average RMSF; (C-F) RMSFs of the Cx
atoms of four toxins. Toxins’ sequences are written under x-coordinate and their a-helical and -fold

are colored in red and green, respectively.

2.4. The Interactions of a-KTxs with K,1.2

Using LigPlot* software, we analyzed the constructed complexes, together with ChTX-Ky1.2 for
comparison purposes. Their detailed interactions are shown in Figure 5 and Table 1. To ensure these
predicted hydrogen bonds and salt bridge are reliable, we calculated these bonds’ distances in 40 ns

(Figure 6).

Figure 5. Cont.
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OsK-1

®)

Figure 5. Interactions between toxins and Ky1.2. (A) A-D chains of Ky 1.2 pore region; (B-F) showing
the interaction residues of toxins and channel. H-bonds are shown in green and hydrophobic
interactions in red. Interaction sites of toxins are highlighted in red and sites of the channel in blue.
Sites involved in hydrophobic interactions are shown as lines and sticks in H-bonds or salt bridges.
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Figure 6. Hydrogen bonds and salt bridges distances of toxin-Ky1.2 complexes. (A,C,E,G) showing
the average distances of hydrogen bonds and salt bridges from 15 ns to 40 ns. (B,D,F,H) showing the
changes of hydrogen bonds and salt bridges distances between toxins and Ky 1.2 channel in 40 ns.

Table 1. Interacting pairs between toxins and Ky1.2 pore region. Unconservative sites among
Ky1.1-Ky1.3 pore regions are marked by asterisks (*). Chain number of channel amino acids are

labeled in brackets.
Interaction Force Type ChTx AgTx-2 MgTx MMTX OsK-1
T8-Q353(A) *
T8-D351(A) *
T9-5352(A) 13-D375(C)

Hydrophobic contacts

$10-D375(A)
W14-Q353(B) *
R25-M376(B)
R25-Q353(B) *
M29-D375(D)
M29-G374(D)
N30-V377(A) *
N30-T379(A) *
N30-D375(D)
Y36-D375(B)
$37-T379(C) *

G10-T379(A) *
P12-Q353(A) *
F25-D375(A)
F25-G374(B)
F25-V377(B) *
F25-D375(B)
M29-D375(C)
M29-G374(D)
M29-V377(D) *

K11-Q353(A) *

S24-Q353(B)*  V3-Q353(A) *
A25-Q353(B)*  R7-V377(B)*

G26-D375(B)  R7-T379(B) *

M30-G374(D)  R16-K384(C)

K7-Q353(A) *
L15-Q353(B) *
F25-Q353(B) *
G26-D375(B)

M30-V377(D)*  121-G374(D) 5222'_%3377‘;(?))
N31-Q353(D) *  121-D375(D) N30-T379(A) *
Y37-D375(B) Y28-G374(C) H34 Da75 0

H39-M376(B) P37.DI51C) *

S11-G374(A)

C8-Q353(A) *

R24-5352(B) ~ KI&-Q353(B)*  QII-Q3S3(B)* o) Facyp
K27-Y373(A)  R24-Q353(B)*  Q23-5352(B) N17-Q355(B) * o7 ya73(a)

K27-Y373(B)  K27-Y373(A)  K28-YS73(A)  NI7-G37AB) 157 ooy

H-bonds K27-Y373(C)  K27-Y373(B)  K28-YS73(B)  KIS-YS73(A)  ponvaos i
K27-Y373D)  K27-Y373(C)  K28-YS73(C)  KI-YS73(C) oo

Y36-GI7AC)  K27-Y373(D) - K28-Y373(D)  KI9-YS73D) (o ooy

N30-Q353(D)*  Y37-G374(C)  Y28-Y873(B) 30 parey)

N30-D375(D)
R7-D375(A)
Salt bridges R34-D375(C) R31-D359(D) K18-D351(B) K8-D351(B) K32-D375(D)

K38-D351(B) *

K35-D375(C) R16-D359(B) K38-R350(C) *
R16-D375(B)
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Our complexes of K,1.2 and toxins are consistent with the current experimental data. AgTx-2
have been reported that K27 and N30 are critical for binding affinity toward Shaker K* channel [17].
In our AgTx-2-K, 1.2 model, K27 inserts into pore region and forms H-bond with Y373, and N30 forms
H-bond with Q353 and D375 (Figure 5C). Mutation experiments showed that MMTX interact with
rKy1.2 V379. In our MMTX-K, 1.2 model, R7 of MMTX interacts with V379 through hydrophobic
contact (Table 1) [13]. The OsK-1-K1.2 model suggest that E16 and K20 of OsK-1 does not interact
with Ky1.2. It accords that E16K and /or K20D mutations of OsK-1 do not change the effect on Ky 1.2
(Table 1) [14].

As expected, these five toxins all present some commonalities in interacting with Ky1.2.
They depend on hydrophobic contacts, hydrogen-bonds (H-bonds), and salt bridges to stay close to
the channel where K27 inserts into the pore and forms H-bonds with Y373 (unless otherwise stated, all
toxins and the channel are numbered according to the ChTX-K, 1.2 complex [18]). An aromatic amine
acid (F or Y) belonging to the functional dyad interacts with D375 or Y373. With the exception of
MMTX, all the toxins use M29 and N30 to contact G374 and D375 in the channel filter region through
the van der Waals force. Furthermore, in our AgTx-2-K, 1.2 model, N30 also forms H-bond with Q353
and D375. These observations fully confirm the functional importance of K27 and N30 in this toxin
previously obtained by mutational analysis [17]. The turn region preceding the a-helix of the toxins
contacts the turret residue 5353 and the filter D375/V377/T379 via a hydrophobic interaction force.
We also observed that the basic amino acids located at the last 3-strand of the toxins, except MMTX,
form salt bridges with the acidic Asp of Ky1.2. R34 of ChTx, K35 of MgTx, and K32 of OsK-1 form salt
bridges with D359 of Ky 1.2 and R31 of AgTx-2 form salt bridges with D359 of K, 1.2. These toxins have
conservative six cysteines that hardly participate in the interaction with Ky 1.2, but they are related to
structural stabilization [28]. Compared with other toxins, MMTX forms more hydrogen bonds and salt
bridges with the channel. Especially, due to its shorter N-terminus, this toxin can enter more deeply
into the channel pore to form salt bridges between K8 or R16 and the residues derived from the chain
B of the channel during MD simulation. These noncovalent interactions could facilitate the formation
of a more stable toxin-channel complex [29]. In our MMTX-K1.2 model, R7 of the toxin interacts
with V377 of the channel through hydrophobic contact, in line with the mutational experiments that
highlighted this channel residue as a target site of MMTX [13]. Taken together, our MD simulation
results provide support for the toxins’ binding sites mainly locating at the Ky 1.2 turret and filter region
and are thus a reasonable explanation for the lack of channel subtype selectivity in these toxins given
that in these regions most sites are highly conserved among Ky 1.1-K1.3 (Figure 7).

2.5. Ky1.2-Specific Amino Acids

More importantly, through analysis of the interaction between these four toxins and K, 1.2 channel,
we observed four Ky1.2-specific amino acids (D355, Q358, V381, and T383 of rKy1.2) that can interact
with the toxins (Figures 7 and 8). In these interactions, D355 and Q358 form hydrogen bonds or salt
bridges whereas V381 and T383 form hydrophobic interactions with the toxins. This observation
could help answer the differential affinity of these toxins towards K,1.1 to K,1.3. For example, the
preferred inhibition of Ky1.2 and Ky1.3 over K 1.1 by Aam-KTX is explained by the variation at site
355 (corresponding to the K, 1.2-specific amino acid Q358). In Ky 1.1, this site is occupied by a larger
His that might hamper the toxin’s entry into its pore vestibule [30]. In addition, site 381(Val) has been
proposed as a main determinant of MMTX's selectivity towards Ky 1.2 over Ky1.1 [13], in agreement
with our MD simulation data. In the MgTx-K, 1.2 complex, K18 from the toxin forms an H-bond with
Q358 from the channel. The corresponding amino acid at this site is a His in K 1.3. Because histidine
is the same kind of charge with lysine, their repulsion is adverse to the formation of an H-bond.
For K, 1.1, a glycine occupies this position and its shorter side chain also hampers the formation of
the H-bond. These observations could account for the differential in affinity of MgTx to these three
channels (Figure 1A). Relative to other toxins analyzed here, MMTX possess a shorter N-terminus and
is the only one without effect on Ky 1.1. In our complex, its K8 forms salt bridges with D355, whereas
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sites Q11 and N17 form H-bonds with Q358. These extensive contacts likely provide a structural basis
for its high activity on Ky1.2.

I = =0
ChTX -QFTNVSCTTSKECWSVCQRLHNTSRG-KCMNKKC \CYS-
AgTx-2 GVPINVSCTGSPQCIKPCKDA-GMRFG-KCMN-KCHCTP
MgTX -TIINVKCTSPKQCLPPC/AQFGQSAGAKCMNGKCH CYPH
MMTX ~  -——-—- ACVEN—-CI ¥ YCQODK-GARNG-KCINSNCHCYY -
OsK-1 GVIINVKCKISRQCLEPCKKA-GMRFG-KCMNG-CHCTPK

ChTX-Kv1.2  SSAVYFAEADERDSQFPSIPDAFWWAVVSMITVGYGOMVPTTIGGKIVG
AgTx-2-Kv1.2 ~ SSAVYFAEADERDSQFPSIP)AFWWAVVSMITVGYGDMVPTTIGGKIVG
MgTx-Kv1.2  SSAVYFAEADER)SQFPSIPDAFWWAVVSMITVGYGOMVPTTIGGKIVG
MMTX-Kv1.2  SSAVYFAEADER)SQFPSIPIAFWWAVVSMITVGYGOMVPTTIGGKIVG

OsK-1-Kv1.2  SSAVYFAEADE:DSQFPSIPDAFWWAVVSMITVGYG MVPTTIGGKIVG
tt tt

Figure 7. Interaction sites between toxins and Ky 1.2. Sites participating in salt bridges, H-bonds, and
hydrophobic effect are highlighted in golden, green, and purple, respectively. Four variable channel
sites implicated in the interaction with x-KTxs are labeled with red arrows.

Figure 8. Cont.

63



Toxins 2017, 9, 354

(E)

Figure 8. Ky 1.2 specific amino acids involved in the interactions with the toxins. (A) A-D chains of
Ky 1.2 channels pore region; (B-F) interaction sites of toxins are highlighted in cyan; unconservative
sites in the channel are highlighted in magentas. Amino acids at the interface between a toxin and the
channel are shown as spheres.

3. Discussion

It is long known that the evolutionary conservation of the pore region among Ky1.1 to Ky1.3 poses
a challenge to animal toxin-based drug design. To face this challenge, three kinds of protein engineering
technologies have been explored to improve their selectivity: (1) Site-directed mutation. Using this
technology, several highly selective scorpion toxins against Ky 1.3 have been obtained [31]; (2) Phage
display technology. This technology led to the discovery of Mokatoxin-1, an engineering peptide that
blocks Ky 1.3 at the nanomolar level without effect on Ky 1.1, K1.2 and Kc,1.1 [8]; (3) MD simulation.
This technology can guide molecular design based on the structural features of peptides [32].

In this work, through using MD simulation technology, we identified four Ky1.2-specific amino
acids that are involved in the interactions with different scorpion toxins (Figure 7). These Ky specific
sites might be the reason that toxins have different targets. Conservative sites of a-KTxs interact with
conservative sites of Ky channels. For example, K27 of «-KTxs insert into Ky channel pore region, form
H-bonds with Y373, and inhibit K* pass. TVGYG motif is conservative among eukaryotic Ky channel
and important for binding K* [19]. Nevertheless, unconservative sites of a-KTxs interact with Ky
specific sites which determine the selectivity of different toxins. Like scorpion Na+ channel, o-toxins
has a common bipartite bioactive surface: (1) Conserved core-domain are associated with toxin potency,
which interact with domain IV S1-52 and S3-54 of Nay channels; (2) Variable NC-domain dictate
toxin’s selectivity, which interact with domain I S5-S6 of Na, channels [33]. According to these facts,
we proposed that the evolution of toxins has a common rule: conservative domain ensures their
potency, which interacts with receptor and the variable domain convenient to adjusting their targets.

Furthermore, in combination with the MD simulation data presented here, we proposed a concept
of “triplet-motif” for channel blockade. This motif is composed of the dyad comprising a lysine located
at the first B-strand and an aromatic amino acid in a distance of 5-7 A and an Asn in the loop linking
the first and second (3-strands, two residues downstream from the Lys (i.e., LysCysXaaAsn. Xaa, any
amino acids). The location of these three functional sites (dyad-motif and N30) is shown on Figure 2.
The inclusion of this residue into the toxins’ functional motif is based on the following considerations:
(1) This residue is an evolutionarily highly conserved amino acid that belongs to the scorpion toxin
signature (STS), comprising Cys ... CysXaaXaaXaaCys ... LysCysXaaAsn ... CysXaaCys; (2) Its
functional significance has been highlighted in some toxins (e.g., AgTx-2, navitoxin, etc.) [17]; (3) In
an NMR-based complex of KTX and KesA-Ky1.3, N30 is close to D64 of KesA-Ky1.3 [25]; (4) In
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our dynamics structures, this residue in AgTx-2, MgTx, and OsK-1 forms H-bonds or hydrophobic
interactions with Ky 1.2.

The molecular mechanism of interaction between scorpion toxins and Ky channels has always been
controversial. There are currently two hypotheses: (1) The induced-fit model. Using high-resolution
solid-state NMR spectroscopy, Lange et al. observed chemical shifts occurring in some residues of
kaliotoxin (KTx) and KesA-Ky1.3 during their interactions. For the channel, significant chemical shifts
appeared in the pore helix and the selectivity filter [25]. Because of these observations, they thought
that the toxin binds to the channel in an induced fit manner; (2) The lock-and-key model. This model
is based on the consideration of rigidity of the K* channel pore region [34], evidenced by a crystal
structure study that resolved the structures of K,1.2-K;2.1 in complex with ChTx and the channel
alone. When the complex was superposed onto the Ky1.2-Ky2.1 structure, no discernible structural
changes were observed in the channel [18]. Therefore, they proposed that scorpion toxins bind to K*
channels in a lock and key manner. According to our molecular dynamics simulation result, the turret
region of K1.2 is the most flexible region. Therefore, we proposed that Ky channels interact with
different scorpion toxin mainly by modulating their turret region. Consider existing experimental data,
different sequence and structure toxins block Ky 1.2 though pore region inhibition and these toxins
bind to more than one channel [2,35-38]. Our result and these experimental data all support induced
fit model.

4. Conclusions

By MD simulation analysis combined with previous experimental data, we reveal a common
mode adopted by scorpion K* channel toxins in binding to the channels, in which the conserved and
variable toxin functional residues seem to interact with the conserved and subtype-specific channel
residues, respectively. This finding provides new candidate sites in the toxins for mutations to improve
their selectivity towards a specific channel subtype.

5. Materials and Methods

5.1. Atomic Coordinates and K,1.2-Toxin Complexes

Atomic coordinates of ChTx-Ky1.2-K2.1 chimera (PDB: 4JTA), AgTx-2 (PDB: 1AGT), MgTx
(PDB: IMTX), MMTX (PDB: 2CRD), and OSK1 (PDB: 1SCO) were retrieved from the Protein Data
Bank [39]. All toxin-Ky 1.2 complex structures studied here were built by the Swiss PDB Viewer software
(http:/ /spdbv.vital-it.ch/), in which ChTx-K1.2-K;2.1 chimera was used as template. These four
toxins were aligned onto the ChTx-Ky1.2-Ky2.1 chimera and then deleted ChTx to build all toxin-K1.2
complexes. The channel pore region (residues 321 to 417) were used in this study.

About building the complexes of toxins and channels, some groups choose ZDOCK or HADDOCK
molecular docking software to obtain the complexes [20,40,41]. Since the structure of ChTx and
Ky1.2-2.1 chimera resolved, several groups use this resolved structure to build scorpion toxins and K*
channel complexes [42,43]. Nekrasova et al. performed homology modeling of K, 1.6-toxin complexes
instead of molecular docking to obtain a more reliable model [43]. Therefore, we choose ChTx and
Ky1.2-2.1 chimera to build our toxin-channel complexes.

5.2. Molecular Dynamics Simulation

Molecular dynamics simulations were performed using Gromacs 5.0.1, in which all-atom OPLS
force field was chosen [44,45]. The complex was solved with SPC water [46] and was immersed in a
cubic box extending to at least 5 nm of the solvent on all sides. Also, the system was neutralized by
K* and CI". It was energy minimized by using the steepest descent algorithm for 5000 steps, and it
made a maximum force of less than 1000 kJ/mol/nm. After energy minimization, the system was
equilibrated in a constrained NVT (Number of Particles, Volume, Temperature) and NPT (Number
of Particles, Pressure, Temperature) running for 100 ps. NVT equilibration ensured the system be
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brought to the temperature (300 K) which we wish to simulate, and with which we seek to establish
the proper orientation about the protein. After NVT equilibration, we stabilize the pressure of the
system under an NPT ensemble. Through NVT and NPT equilibration, it was well-equilibrated at
300 K and 1 bar. Bond length was constrained using the LINCS algorithm [47]. Finally, MD simulations
of these complexes were carried out for 40 ns. Trajectories are saved every 10ps for analysis. For the
MD simulation, the Verlet cut-off scheme and a Leap-frog integrator with a step size of 2 fs were
applied. For temperature coupling, the modified Berendsen thermostat and the Parrinello-Rahman
barostat for pressure coupling were used. For long-range electrostatic interaction, the Particle Mesh
Ewald method was used. The method of four toxins” molecular dynamics simulation is similar to the
toxin-K, 1.2 complex. The differences are that the toxins were neutralized by Na* and CI~, and they
were immersed in a cubic box extending to at least 1 nm of the solvent on all sides.

The mutagenesis and simulations indicated that the scorpion toxins bind with the extracellular
part of the K* channels and the interaction is hardly affected by the membrane and the transmembrane
segment of channel [48-51]. We did not add the membrane into the simulation like the work of other
study groups [20,52-59]. Also, many simulation studies on the recognition between scorpion toxins and
K* channels without a membrane have achieved good agreements with experimental data [53,58,59].
Discarding the lipid-protein interactions has also contributed to the reduction of the computational
burden and the extention of the MD simulation trajectories [19]. Certainly, a transmembrane protein
system could be more reliable if we take into account the membrane around the channel.

We did not perform similar MD simulations to toxins-channels K,1.1 and Ky1.3, because the
Ky1.1-K1.3 channel only has eight unconservative sites (Figure 1B). And only K;1.2-2.1 chimera
structure was resolved. In this work, we aim to obtain the K, 1.2-toxin complexes and understand the
detailed interaction between Ky 1.2 and the toxins. This will help us to design mutations according to
these complexes and obtain a Ky 1.2 specific selective toxin.

5.3. Analysis of MD Simulation Results

After molecular dynamics simulation, we obtained the last MD simulation frame of the complexes.
To analyse whether the protein was stable and close to the experimental structure, we measured the
root-mean-square displacement (RMSD) of all the structures of Cx. LigPlot" software (http://www.
ebi.ac.uk/thornton-srv/software/LigPlus/) was used to analyze the detailed interactions between
the toxin and Ky1.2 [60]. LigPlot* can analyze the hydrophobic interaction, hydrogen bonds, and
salt bridges between toxins and K, 1.2. To ensure the reliability of predicted hydrogen bonds and salt
bridges, we calculated the distances of hydrogen bonds and salt bridges in 40 ns using GROMACS.
Pymol (http:/ /www.pymol.org/) was used to prepare all the structural images.

There is no unified standard about choosing which structure to analyse during molecular
dynamics simulation. Kohl et al. chose the structure with the highest number of H-bonds between the
toxin and the channel [42]. Nekrasova et al. chose 70 trajectory frames to analyse the hydrophobic
interaction, the hydrogen, and the ionic bonds of the toxin [43]. Also, Yi et al. analysed the last structure
of the toxin-channel structure [20,40]. Too short molecular dynamics simulation will cause proteins
to have not enough time to change their conformation [61]. Therefore, we gave 40 ns to stabilize the
structure and most toxin-channel dynamic studies only run several nanoseconds. Through calculating
the distances of H-bonds and salt bridges, these bonds became stable with the extension of simulation
time. As a result, we proposed that the last frame of the toxin-channel complex was reliable.
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Abstract: Paclitaxel, a chemotherapy drug for solid tumors, induces peripheral painful neuropathy.
Bee venom acupuncture (BVA) has been reported to have potent analgesic effects, which are known to
be mediated by activation of spinal x-adrenergic receptor. Here, we investigated the effect of BVA on
mechanical hyperalgesia and spinal neuronal hyperexcitation induced by paclitaxel. The role of spinal
a-adrenergic receptor subtypes in the analgesic effect of BVA was also observed. Administration
of paclitaxel (total 8 mg/kg, intraperitoneal) on four alternate days (days 0, 2, 4, and 6) induced
significant mechanical hyperalgesic signs, measured using a von Frey filament. BVA (1 mg/kg, ST36)
relieved this mechanical hyperalgesia for at least two hours, and suppressed the hyperexcitation in
spinal wide dynamic range neurons evoked by press or pinch stimulation. Both melittin (0.5 mg/kg,
ST36) and phospholipase A2 (0.12 mg/kg, ST36) were shown to play an important part in this
analgesic effect of the BVA, as they significantly attenuated the pain. Intrathecal pretreatment with
the xy-adrenergic receptor antagonist (idazoxan, 50 ug), but not «;-adrenergic receptor antagonist
(prazosin, 30 ug), blocked the analgesic effect of BVA. These results suggest that BVA has potent
suppressive effects against paclitaxel-induced neuropathic pain, which were mediated by spinal
ap-adrenergic receptor.

Keywords: bee venom acupuncture; chemotherapy-induced neuropathic pain; paclitaxel

1. Introduction

Paclitaxel is an important chemotherapeutic agent from the bark of Taxus brevifolia [1], which is
widely used to treat various tumors [2-4]. However, despite its role against the tumors, its usage
is often limited, due to the painful peripheral neuropathy occurring after its administration [5].
Symptoms commonly reported are sensory neuropathies, which are paresthesia, loss of tendon reflexes,
numbness and pain in the upper and lower extremities. Although these neuropathies decrease

Toxins 2017, 9, 351 71 www.mdpi.com/journal /toxins
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patients’ quality of life (QoL), there is still no optimal treatment method or drug to alleviate these
neuropathies [5,6]. Thus, an effort to explore novel treatments is needed.

Bee venom acupuncture (BVA), a treatment method that injects diluted bee venom into
acupoints, is widely used in traditional Korean medicine against various diseases, such as adhesive
capsulitis [7], idiopathic Parkinson’s disease [8], knee osteoarthritis [9], and musculoskeletal
pain diseases [10]. Especially, BVA has been reported to have potent analgesic effect in studies
conducted using various animal models of pain [11-15], and two case series also reported that BVA
treatment may help to reduce the chemotherapy-induced peripheral neuropathy (CIPN), including
paclitaxel-induced neuropathy [16,17]. Recently, our laboratory has demonstrated that BVA treatment
could significantly alleviate mechanical and cold allodynia in a rat model of oxaliplatin-induced
neuropathic pain [12,14,18,19]. Moreover, although the precise mechanism of BVA analgesic effect
is unknown, we have also demonstrated that this analgesic effect was mediated by the descending
noradrenergic pain modulation pathway via the activation of spinal x-adrenergic receptor, which was
consistent with other previously conducted studies [11-14,20].

Thus, the aims of this study were, firstly, to examine whether the BVA has suppressive effects
against paclitaxel-induced mechanical hyperalgesia and neuronal hyperexcitation in the spinal cord,
and secondly, to observe the role of BVA components, such as melittin and phospholipase A2 (PLA2)
in their analgesic effect, and finally, to investigate which x-adrenergic receptor subtypes mediate the
analgesic effect of BVA in the spinal cord.

2. Results

2.1. Development and Maintanance of Paclitaxel-Induced Mechanical Hyperalgesia

In order to see the time-elapsed change of paclitaxel-induced mechanical hyperalgesia,
we evaluated the withdrawal responses of hind paws to mechanical stimulation using a von Frey
filament with 15 g bending force. In the paclitaxel group, significant increase in paw withdrawal
frequency (PWF) was shown from 10 to 21 days after the first injection (p < 0.01, day 10 and 14; p < 0.05,
day 21) (Figure 1). Therefore, we performed the following experiments on day 10 through to 21.
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Figure 1. Time course of paclitaxel-induced mechanical hyperalgesia. Rats were divided into two
groups; paclitaxel (n = 7), vehicle (n = 7). Paclitaxel (2.0 mg/kg per injection) or vehicle was injected to
rats four times (arrows; days 0, 2, 4 and 6). Significant differences between two groups were observed
from the day 10 to day 21. Data are presented as mean + SEM (* p < 0.05, ** p < 0.01; two-way ANOVA
followed by Bonferroni’s multiple comparison test).

2.2. Effects of BVA on Paclitaxel-Induced Mechanical Hyperalgesia

Since the BVA treatment at Zusanli (ST36) acupoint, but not at Quchi (L11), showed significant
anti-hyperalgesic effect (Figure 2), BVA was used at ST36 in the following experiments. Figure 3
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shows the analgesic effects of BVA on paclitaxel-induced mechanical hyperalgesia with the time course.
BVA treated group (paclitaxel + BVA) showed significant reduction in PWF compared to control
group (paclitaxel + PBS (phosphate buffered saline)) at one and two hours after BVA (47% reduction,
p < 0.05 and 66% reduction, p < 0.01, respectively). No significant difference between the two groups
was shown from four hours after BVA. These results indicate that the treatment of BVA has a potent
analgesic effect on paclitaxel-induced neuropathic pain, lasting at least two hours.
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Figure 2. Effects of bee venom acupuncture (BVA) at different acupoints on paclitaxel-induced
mechanical hyperalgesia. BVA (1.0 mg/kg) was used at (a) LI11 (n = 6) or (b) ST36 (1 = 5) acupoints.
In ST36 group, the paw withdrawal frequency (PWF) decreased significantly one or two hours after
BVA, whereas no significant differences are shown in LI11 group. Data are presented as mean + SEM
(** p <0.01, *** p < 0.001; repeated measures one-way ANOVA followed by Dunnett’s post hoc test).
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Figure 3. Time course of the analgesic effect of BVA on paclitaxel-induced mechanical hyperalgesia.
Rats were dispensed arbitrarily into two groups; paclitaxel + BVA (n = 7), paclitaxel + phosphate
buffered saline (PBS) (n = 7). BVA (1.0 mg/kg) and PBS were treated at ST36. Significant reduction of
PWEF was observed from one to two hours after BVA. Data are presented as mean + SEM (* p < 0.05,
** p < 0.01; two-way ANOVA followed by Bonferroni’s multiple comparison test).

2.3. Effects of BVA on Paclitaxel-Induced Hyperexcitation in the Spinal Wide Dynamic Range (WDR) Neurons

In order to see whether paclitaxel induces hyperexcitation in WDR neurons and BVA treatment
reduces paclitaxel-induced hyperexcitation in WDR neurons, we conducted extracellular recording
in vivo (Figure 4a—d). The number of spike responses of WDR neurons to mechanical stimulation
(brush, press, and pinch) was significantly increased in paclitaxel group (p < 0.05; brush, p < 0.001;
press and pinch, vs. vehicle, Figure 4e). In the BVA treatment group (1 mg/kg, ST36), significant
reduction of paclitaxel-induced hyperexcitation in WDR neurons was observed (p < 0.01; press,
p < 0.001; pinch, vs. before BVA, Figure 4f).
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Figure 4. Paclitaxel-induced hyperexcitation in wide dynamic range (WDR) neurons and inhibition of
paclitaxel-induced hyperexcitation by BVA treatment. (a-d) Representative extracellular recording raw
traces of WDR neuron’s responses to pressing with hard stick (arrows, during 5 s) in vehicle group (a),
paclitaxel group (b), and BVA (1 mg/kg) treated group (c,d). Before BVA treatment (c) and 30 min after
BVA treatment (d). (e,f) The spike response of WDR neurons to mechanical stimulation (brush, press,
and pinch). Data are presented as mean & SEM (* p < 0.05, ** p < 0.01, ** p < 0.001; two-way ANOVA
followed by Bonferroni’s multiple comparison test).

2.4. Effect of BVA, Melittin, or PLA2 on Paclitaxel-Induced Mechanical Hyperalgesia

To observe the role of different BV components in the analgesic effect of the BVA, BVA (1 mg/kg),
melittin (0.5 mg/kg), or PLA2 (0.12 mg/kg) were injected at ST36. The two major protein components
of the honey bee are melittin and PLA2, which occupies 50 and 12% of its dry weight, respectively [21].
Behavioral assessments were conducted one hour after the injection of BVA, melittin, or PLA2, as BVA
showed its strongest analgesic effect one hour after the injection (Figure 3). This result showed that
melittin had a stronger analgesic effect against paclitaxel-induced mechanical hyperalgesia than BVA
or PLA2 (Figure 5).

2.5. Effects of Intrathecal a-Adrenergic Receptor Subtype Antagonists on BVA- or Melittin-Induced
Anti-Hyperalgesia

To investigate which «-adrenergic receptor subtypes mediate BVA- or melittin-induced
anti-hyperalgesic action, prazosin (xj-adrenergic receptor antagonist, 30 ug, i.t.) or idazoxan
(xp-adrenergic receptor antagonist, 50 pug, i.t.) was administered 20 min before treatments. Prazosin and
dimethyl sulfoxide (DMSO) showed significant decrease in PWF after BVA or melittin treatments
(Figure 6a—c). This demonstrate that neither BVA nor melittin acted on spinal «;-adrenergic receptor
to reduce the hyperalgesia evoked by paclitaxel. In contrast, idazoxan, but not PBS (p < 0.001),
blocked the BVA- or melittin-induced anti-hyperalgesic effect (Figure 6d—f). These results altogether,
indicate that the spinal ay-adrenergic receptor, but not the «;-adrenergic receptor, mediates BVA- or
melittin-induced analgesia.
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Figure 5. The analgesic effect of BVA, melittin, or PLA2 on paclitaxel-induced mechanical hyperalgesia.
Rats showing signs of mechanical allodynia were dispensed arbitrarily into four groups; PBS (n = 7),
BVA (1 mg/kg, n = 5), melittin (0.5 mg/kg, n = 6), and PLA2 (0.12 mg/kg, n = 7). All drugs were
injected at ST36. PBS was used as control. Behavioral tests were conducted one hour after the drug
administrations. Data are presented as mean 4+ SEM (** p < 0.01, *** p < 0.001; two-way ANOVA
followed by Bonferroni’s multiple comparison test).
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Figure 6. Effects of intrathecal adrenergic antagonists on BVA- or melittin-induced analgesic action.
Rats were divided into six groups; (a) DMSO + BVA (n = 5), (b) prazosin + BVA (n = 5), (c) prazosin +
melittin (n = 7), (d) PBS + BVA (n = 6), (e) idazoxan + BVA (n = 6), (f) idazoxan + melittin (n = 7).
Data are presented as mean 4= SEM (* p < 0.05, *** p < 0.001; paired t-test).

3. Discussion

Multiple injection of paclitaxel can occur peripheral neuropathy, which can limit its usage and
decreases patients” QoL. Although the treatments such as gabapentin, pregabalin, and morphine have
been used to alleviate the neuropathic pain, these treatments have, themselves, various side effects,
such as nausea, vomiting, somnolence, dizziness, suicidal thought, and drug dependence [22-25].
Therefore, an effort to search for effective treatment options is critically needed. In traditional
Korean medicine, BVA has been used to treat musculoskeletal pain and arthritis from the past [10,26].
In addition, these days, BVA has also been founded to be effective in treating patients with CIPN [16,17].
Thus, in this study, we experimented to find out whether BVA can alleviate the paclitaxel-induced
neuropathy and to clarify the mechanism that lies behind it.
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Our data showed that BVA treatment at ST36, not LI11, had a significant analgesic effect. It should
be noted that ST36 acupoint is closer to the hind paw, where mechanical test was performed, than LI11
acupoint. It is consistent with the previous study in which BVA had more potent analgesic effect when
treated closer to the tested area [14]. Then, we examined the time course of the analgesic effect of
the BVA at ST36. The result showed that the analgesic effect was significant until two hours after
BVA treatment. Our previous study also showed that the analgesic effect of BVA was effective until
two hours after BVA treatment in oxaliplatin-induced cold allodynia [14]. Considering that moderate
concentration of morphine without side effects was no longer effective in oxaliplatin-induced cold
allodynia at two hours after administration [12,27], this result would be clinically significant.

The spinal wide dynamic range (WDR) neuron receives non-nociceptive and nociceptive inputs
via A- and C-fibers, and descending pain modulatory systems synapse at the WDR neuron [28].
Therefore, the spinal WDR neuron is suitable for assessing the degree of pain. In addition,
the hyperexcitation of spinal WDR neuron was observed previously in a rat model of paclitaxel-induced
hyperalgesia [29]. In our study, electrophysiological data confirmed that hyperexcitation of WDR
neurons is induced by paclitaxel. We further demonstrated that BVA treatment could significantly
inhibit this paclitaxel-induced hyperexcitation in the spinal WDR cells.

In subsequent experiments, we administered BVA, melittin, or PLA2 at ST 36, to observe the role
of different BV components in the analgesic effect of BVA against paclitaxel-induced mechanical
hyperalgesia. Melittin is a major component of the BV, occupying 50% of its total dry weight.
PLA2 occupies 12%. Our results showed that 0.5 mg/kg of melittin was more powerful than 1 mg/kg
of BVA or 0.12 mg/kg of PLA2. In our previous study, we showed that intraperitoneal injection of PLA2
could significantly decrease the cold and mechanical allodynia induced by single oxaliplatin injection
in mice [30]. Moreover, although not on chemotherapy induced pain model, other lab has reported that
melittin injected at ST36 had a powerful analgesic effect against complete Freund’s adjuvant-induced
rheumatoid arthritis, showing a similar effect to BVA [31]. In this study, the analgesic effect of BVA
or melittin was blocked by spinal ay-adrenergic receptor antagonist (idazoxan), showing that BVA
and melittin act on similar spinal adrenergic receptors to inhibit mechanical hyperalgesia induced
by paclitaxel.

EA (electro-acupuncture) is a modified acupuncture which utilizes electrical current to treat pain.
BVA is another form of acupuncture which uses chemical compounds; bee venom. The two different
forms of acupuncture have similarities and differences. One of the similarities is that the endogenous
analgesic systems are involved in both of their analgesic mechanisms, and the difference is that the
analgesic effects of EA are mainly mediated by the opioidergic system [32], whereas those of the BVA
are mostly mediated by the noradrenergic system [33]. However, despite this difference, EA and
BVA were both reported to be effective in different types of allodynia assessed using thermal [34] and
chemical [12] stimulations. These results show that other inhibitory systems, such as serotonergic,
GABA, and/or cholinergic systems, may also play an important role, along with opioidergic and
adrenergic system, in the action of EA and BVA. Furthermore, interaction of periaqueductal gray
(PAG) and locus coeruleus (LC) in the brain should also play an important part in their analgesic effect,
as both the EA and BVA were reported to activate PAG [35] and LC [36], which are important opioid
and noradrenaline producing site in the CNS, respectively.

BVA induced analgesia was shown to be mediated by spinal x;-adrenergic receptor [11-15],
and it increased c-Fos expression in LC and A5 cell group (A5) [37,38]. Moreover, BVA reduced
c-Fos expression in the spinal dorsal horn of rats with formalin or acetic acid-induced pain [13,39].
Considering that both the LC and A5 are part of the descending noradrenergic pathway [40], it is
suggested that BVA suppresses conduction of afferent nociceptive signals in the spinal dorsal horn
affecting descending noradrenergic pathway. Our data are consistent with previous studies showing
that spinal «;-adrenergic receptor mediates BVA-induced analgesia. Furthermore, the pain attenuating
effect of melittin was also blocked by spinal ay-adrenergic receptor antagonist (idazoxan) showing
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that melittin, the richest component of the BV, also acts on spinal ay-adrenergic receptor to inhibit
mechanical hyperalgesia induced by paclitaxel.

Drug combination is widely used to treat dreadful diseases, such as AIDS and cancer. The main
aim of drug combination is to reduce dose and toxicity, and to delay the induction of drug resistance.
Our previous study showed the combined effect of BVA and morphine on oxaliplatin-induced
neuropathic pain [12]. BVA treated with morphine showed prolonged analgesic effects compared to the
BVA or morphine alone. Moreover, another article showed that BVA could enhance the analgesic effect
of intrathecal injection of clonidine in chronic constriction injury-induced neuropathic pain model [41].
Because such combined effect on paclitaxel-induced neuropathic pain has yet to be studied, further
studies are needed to examine the combined effect of BVA with other drugs, like morphine, clonidine,
SSRI, SNRI, gabapentin, and cannabinoid. Furthermore, in the future studies, it will be interesting to
investigate the effect of various components of the BVA on paclitaxel-induced neuropathic pain model,
as several active components exist in the BV, such as melittin [42] and PLA?2 [30], which have been
reported to be effective in other pain models.

4. Conclusions

In conclusion, BVA (1 mg/kg) at ST36 significantly attenuated mechanical hyperalgesia induced
by paclitaxel. The significant analgesic effect lasted two hours, which was long enough compared
to the effect of morphine. Suppressive action was verified by conducting extracellular recording in
the spinal WDR neurons. Moreover, both melittin (0.5 mg/kg) and PLA2 (0.12 mg/kg), which are
major components of the BV, significantly attenuated the paclitaxel-induced mechanical hyperalgesia.
This analgesic effect of BVA or melittin was significantly blocked by intrathecal injection of idazoxan,
but not by prazosin, demonstrating that the action of spinal oy-adrenergic receptor, but not
«q-adrenergic receptor, is involved in the mechanism of analgesic effect.

5. Materials and Methods

5.1. Animals

Adult Sprague-Dawley rats (male, 180-210 g, 6 weeks old) (Daehan Biolink, Chungbuk, Korea)
were housed in cages with free access to food and water, and were sustained at 23 £ 2 °C room
temperature with a 12 hour light/dark cycle. Prior to any experiments, all animals were acclimated
in their cages (3—4 rats per cage) for a week. All experiments using animals were ratified by the
Institutional Animal Care and Use Committee of Kyung Hee University (KHUASP(SE)-16-153),
and were performed on the ground of the guidelines of the International Association for the Study of
Pain [43].

5.2. Administration of Paclitaxel

Paclitaxel (Wako Pure Chemical Industries, Osaka, Japan) was dissolved in cremophor EL
polyethoxylated castor oil (Sigma, St. Louis, MO, USA) and 100% ethanol (Merck KGaA, Marmstadt,
Germany) (1:1 solution), and 6 mg/mL stocks were made. Then, stocks were diluted by phosphate
buffered saline (PBS) at a concentration of 2 mg/ml and administrated at an amount of 2 mg/kg on
four alternate days (days 0, 2, 4, and 6). As control, the same volume of vehicle was intraperitoneally
injected. The formula of paclitaxel was slightly modified from previous studies [44,45].

5.3. Behavior Tests

Twenty to thirty minutes before the behavior test, animals were adapted to the experimental
circumstances. The experimenters were blinded to paclitaxel and any other treatments. The animals
were placed on a metal mesh, enclosed within a 20 (d) x 20 (w) x 14 (h) cm clear plastic cage.
Mechanical hyperalgesia was assessed using von Frey filament (Stoelting Co., Wood Dale, IL, USA).
The measurement method of mechanical hyperalgesia was modified from the previous studies [44—46].
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On the mid-plantar area of both hind paws, the von Frey filament (bending force of 15 g) was stimulated
for 10 times each, with the applications held for 5 s. The percentage of withdrawal responses to the
von Frey filament application was calculated, and then expressed as an overall percentage response.

5.4. Experimental Schedule

The time schedule of this experiment is shown in Figure 7. After baseline mechanical sensitivity
was measured at day 0, paclitaxel was injected intraperitoneally on four alternate days (days 0, 2, 4,
and 6) (Figure 7a). Behavior tests were performed after paclitaxel administration. The time course of
BVA effect was measured at 1, 2, 4, and 6 hours after administration of BVA (Figure 7b). Antagonists
were treated 20 min before BVA, and then, behavior tests were conducted 1 hour later (Figure 7c).
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Figure 7. Time schedule of the experiment. (a) Paclitaxel was administered four alternate days (0, 2, 4,
6 days, i.p.); (b) the time course of BVA effect was conducted at 1, 2, 4, and 6 hours after administration
of BVA; (c) antagonists were treated 20 min before administration of BVA or melittin, and behavior
tests were conducted one hour after administration of BVA or melittin.

5.5. BVA, Melittin, or PLA2 Treatment

To verify the optimal acupoint for the BVA treatment, paclitaxel administered rats were divided
randomly into two groups; Quchi (LI11) and Zusanli (ST36). LI11 is located at the depression medial
to the extensor carpi radialis, at the lateral end of the cubital crease. ST36 is located in the anterior
tibial muscle, 5 mm lateral and distal from the anterior tubercle of the tibia [47].

BV was manufactured by Jayeonsaeng TJ (Kyeonggi-Do, Korea), and its quality is strictly
controlled by regular HPLC analysis (SNU National Instrumentation Center for Environmental
Management, Seoul, Korea; see Supplementary Materials Figure S1). BV (1.0 mg/kg), as reported
as an effective concentration without side effects from a previous study [12], dissolved in PBS was
respectively injected at right side LI11 or ST36 acupoints subcutaneously, after baseline mechanical
sensitivity was measured. The mechanical behavior test was performed following time course schedule
(Figure 7b). Melittin (0.5 mg/kg) and PLA2 (0.12 mg/kg) were also injected at ST36. All drugs injected
at acupoints were injected subcutaneously.

5.6. Extracellular Recording

Extracellular recordings were made from animals 10-21 days following administration of
paclitaxel, when rats exhibited significant mechanical hyperalgesia. Extracellular recordings were

78



Toxins 2017, 9, 351

carried out as previously described [48]. In brief, rats were anesthetized with urethane (Sigma, St. Louis,
MO, USA; 1.5 g/kg, i.p.). The spinal cords of animals, which were fixed in a stereotaxic frame,
were exposed from T13-L2 and irrigated with oxygenated (95% O,-5% CO, gas) Krebs solution
(in mM: 117 NaCl, 3.6 KCl, 2.5 CaCly, 1.2 MgCl,, 1.2 NaH;POy, 11 glucose, and 25 NaHCO3) at a flow
rate of 10 to 15 mL/min at 38 & 1 °C. By their responses to brush, pressure, and pinch, WDR cells were
classified. Cells were isolated in the L3-L5 segments medial to the dorsal root entry zone up to a depth
of 1000 mm. Extracellular single-unit recordings were made with a low-impedance insulated tungsten
microelectrode (impedance of 10 MQ), FHC, Bowdoin, ME, USA).

For mechanical stimuli, brush, press, and pinch stimulation were applied to the lateral and ventral
surfaces of the hind paw. Brush stimulus was given by brushing the receptive field five times with
a camel brush. Press stimulus was given by pressing the receptive field five seconds using the blunt tip
of the camel brush with a diameter of 0.5 cm and a magnitude of about 20 g. Finally, pinch stimulation
was given by pinching the skin using toothed forceps (11022-14, Fine Science Tools, Heidelberg,
Germany) for five seconds.

5.7. Antagonists

To investigate the mechanism of BVA, paclitaxel administered rats were divided randomly into
four groups: dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO, USA) + BVA, prazosin + BVA,
prazosin + melittin, PBS + BVA, idazoxan + BVA, and idazoxan + melittin. «;-Adrenergic receptor
antagonist prazosin (Sigma, St. Louis, MO, USA; 30 ug) was dissolved in 20% DMSO. a,-Adrenergic
receptor antagonist idazoxan (Sigma; 50 pg) was dissolved in PBS. Under isoflurane anesthesia
(Hana Pharm. Co., Kyeonggi-Do, Korea), all antagonists were treated intrathecally with a direct lumbar
puncture as previously described [12,48].

5.8. Statistical Analysis

All the data are presented as mean + SEM. Statistical analysis and graphic works were performed
with Prism 5.0 (GraphPad software, La Jolla, CA, USA, 2008). Paired t-test, one-way ANOVA followed
by Dunnett’s post hoc test, and two-way ANOVA followed by Bonferroni’s multiple comparison test
were used for statistical analysis. In all cases, p < 0.05 was considered significant.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/9/11/351/s1,
Figure S1: Representative HPLC analysis of melittin and phospholipase A2 (PLA2) in BV.
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Abstract: Short stable peptides have huge potential for novel therapies and biosimilars. Cysteine-rich
short proteins are characterized by multiple disulfide bridges in a compact structure. Many of these
metazoan proteins are processed, folded, and secreted as soluble stable folds. These properties are
shared by both marine and terrestrial animal toxins. These stable short proteins are promising sources
for new drug development. We developed ClanTox (classifier of animal toxins) to identify toxin-like
proteins (TOLIPs) using machine learning models trained on a large-scale proteomic database. Insects
proteomes provide a rich source for protein innovations. Therefore, we seek overlooked toxin-like
proteins from insects (coined iTOLIPs). Out of 4180 short (<75 amino acids) secreted proteins,
379 were predicted as iTOLIPs with high confidence, with as many as 30% of the genes marked as
uncharacterized. Based on bioinformatics, structure modeling, and data-mining methods, we found
that the most significant group of predicted iTOLIPs carry antimicrobial activity. Among the top
predicted sequences were 120 termicin genes from termites with antifungal properties. Structural
variations of insect antimicrobial peptides illustrate the similarity to a short version of the defensin
fold with antifungal specificity. We also identified 9 proteins that strongly resemble ion channel
inhibitors from scorpion and conus toxins. Furthermore, we assigned functional fold to numerous
uncharacterized iTOLIPs. We conclude that a systematic approach for finding iTOLIPs provides a
rich source of peptides for drug design and innovative therapeutic discoveries.

Keywords: neurotoxin; protein families; disulfide bonds; antimicrobial peptide; ion channel inhibitor;
ClanTox; complete proteome; comparative proteomics; machine learning; insects

1. Introduction

Short proteins are strong candidates for peptide-based therapy and drug development [1-3]. The
search for peptide-based drugs is driven by the urge to improve specificity and affinity over classical
drugs [4]. At present, the search for new leads for peptide therapy is mostly restricted to known
peptides that act as hormones, neuropeptides, and growth factors [5-7].

Venomous proteins are found in diverse taxonomical branches including scorpions, snakes,
spiders, and marine cone snails [8]. Venomous animals have developed sophisticated array of delivery
systems for defense and offense. Evolutionary studies suggest that venomous toxins often reuse
common folds that are abundant in the animal phyla (e.g., lipases [9]). Sequences of short proteins that
are characterized by having numerous cysteines often fold into compact, stable structural folds. The
resulting different folds are often found in proteins that carry diverse functions (e.g., lectins, protease,
and protease inhibitors [10]). Venomous organisms are sporadically scattered within the phylogenetic
tree of life. Venomous proteins represent cases of both divergent and convergent evolution, as well as

Toxins 2017, 9, 350 83 www.mdpi.com/journal /toxins



Toxins 2017, 9, 350

repeated use of several existing, successful and abundant folds. However, the pool of bioactive short
peptides resembling animal toxins is larger than anticipated [11]. The toxins’ innovation is exemplified
by their high degree of sequence variation and broad specificities, with only minimal alterations in the
structural scaffolds [12].

In recent years, additional bioactive peptides were identified via systematic searches in the
transcriptomes and proteomes of venomous animals [13,14]. Secreted short proteins from venomous
glands may include hundreds of poorly studied bioactive peptides [6]. Approximately 2000 toxins
out of an estimated >70,000 bioactive peptides have been identified in the genus Conus to date [15].
Evolutionary perspective based on the huge sequence diversity among toxins provides a rich source
for rational protein design [16,17].

Toxins are extremely varied in their functions and mode of action. The potency of toxins’ function
is associated with an extremely broad collection of ion channel inhibitors (ICIs), phospholipases,
protease inhibitors, disintegrins, membrane pore inducers, and more [18]. Some animal toxins affect
the most basic cellular properties [19]. Examples include the non-reversible effect of amphipathic
peptides on the membrane integrity [20] from spider venom [21] to marine hydrozoan toxins [22]. These
toxins may cause non-specific hemolysis [23]. However, most toxin proteins act via highly specific
binding to their cognate molecular target, making them attractive for drug design. The neuronal [24]
and immune systems [25] are often affected by toxin-target molecular recognition. A well-studied
example for reuse of a fold that acts on numerous receptors of the cholinergic system was described by
Gibbons et al. [26]. The three-finger proteins (TFP) fold is found in numerous mammalian proteins
acting in the innate immune system [27], and was also identified as Elapidae a-neurotoxins [28,29].
Two striking examples of human toxin-like proteins are Lynx1 [30] and SLURP-1 [31]. These are human
proteins that possess similarity to snake o-neurotoxins, and modulate nicotinic acetylcholine receptors
(nAChR), as does the snake a-neurotoxins. The identification of SLURP-1 as a neuromodulator has
contributed to the understanding of the genetic effect of the Mal de Meleda disease, a skin disease that
results from over activation of TNF-alpha [31].

Many short bioactive molecules are ion channels blockers (ICIs) and toxins with antimicrobial
activity [32]. ICIs constitute the most widely studied group of toxins. A large group of ICIs whose
evolution has been studied are the K* ICIs [33]. It is estimated that more than 10 different structural
folds and 40 structural families represent this extremely diverse (structurally and evolutionally)
group [34]. In spite of that, two amino residues are critical for all K* ICIs’ function: Lys and a Tyr/Phe,
known as the functional dyad [35]. Surprisingly, even though these residues appear in very different
positions along the sequences of K* ICIs, the solved structures show they are similarly aligned in space
relatively to each other [36]. The same principle of sequence plasticity and structural rigidity apply
for ICIs that affect other channels (e.g., [37-40]). Different ICIs targeting the same channel can vary in
both sequence and structural folds [41].

The evolutionary mechanisms underlying the extreme diversity of toxins have been
investigated [42]. Direct approaches for assessing the rapid mutation rate of a variety of toxins
sharing the same fold have been reported (e.g., for phospholipases A2 [43]). TFP topology is also a
strong example of the accelerated evolution and functional diversification reported for many snake
toxins [44]. 3D complexes of short toxins and their cognate channels provide the best lead for the
design of toxin-based pharmaceutical agents (e.g., [45]). A number of short toxins are already being
used in the clinic for pain management [46], antiviral and antibacterial applications [47].

A common ICI design principle is conserved spacing, and the number of cysteines that form a
stable scaffold in a few disulfide bridges [11]. In many cases, the core elements of the fold remain
untouched by the preservation of at least two cysteine bridges, while the surfaces of the toxins undergo
a natural dynamic adaptive evolution process. The extreme stability of the cysteine knot motif in
peptide toxins makes these folds attractive for molecular engineering and drug design [48].

Based on the observation that many short animal toxins are rich in cysteines [49,50], we focused
on a subset of short proteins (<75 amino acids) that can be used for discoveries towards peptide
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therapy [51]. The goal of our study is to present a systematic approach for identifying insects’ toxin-like
proteins TOLIPs (iTOLIPs). We analyzed a large number of published proteomes [52]. A rich catalogue
of short bioactive proteins will have the potential to benefit the pharma and medical communities that
seek new leads for drugs [53].

Insects represent one of the most diversified metazoan phyla. Many insect species evolved in
unique ecological niches (e.g., parasitoid wasp) [54], and exhibit complex social behavior with rapidly
evolving genomes [55,56]. In this study, we show that despite limited sequence similarity between
short sequences, many toxin-like candidate sequences have been revealed via a machine learning
predictor (ClanTox [57]). ClanTox was trained only on features extracted from ion channels inhibitors
(ICI) from venomous proteins, for identifying TOLIPs. Using a rigorous bioinformatics and structural
modeling scheme, we assigned a potential functional relevance for numerous iTOLIPs. We present
dozens of new candidates for peptide-based therapy and discuss their potential for drug design.

2. Results and Discussion

2.1. Thousands of Toxin-Like Secreted Short Proteins in Insects

UniProtKB is the largest existing proteomic database (about 90 million sequences, August 2017)
and is the main source of new templates for drug development. In recent years many new genomes
have been sequenced including >30 insects. Despite a tsunami of genome sequences, only a few model
organisms (e.g., Drosophila melanogaster) have high quality, manually annotated proteomes. While DNA
sequencing quality has improved dramatically, current gene finding methodologies are still geared
towards finding transcripts based on length (usually >100 amino acids, AA). Functional inference of
genes’ function from a transcribed genome remains an unsolved challenge [58]. Short proteins often
have missing or faulty annotations (e.g., [59]).

We focused our discovery platform on short proteins. For the rest of the analyses we considered
two thresholds on the proteins’ length: (i) proteins of length <100 AA (Figure 1); (ii) a subset of shorter
proteins, length <75 AA, that are attractive for drug development.

A B
Total proteins Filtered list
89.95M Protein UniProtka (allfength) B—— 10.82 M (10-100 AA)
10.82M length 10-100 AA, not fragments B 207M o ragment 9% A
9.07M R — 109 (eukaryota) [ \
|
'A\ \ /
1.09M B—— 764 k (Metazoa) \ \\ y 5
\\ - 4
1 \\,
764 k E_ 117.6k (insecta) o
~_ .
L )crita (wasps, ants d Dees, oleopters
_— E T Apocrita (wasps, antsand bees) ® Coleoptera
tera Ditrysia
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Figure 1. Selection of short secreted proteins from insect proteomes. (A) A sequence of filtration steps

for protein sequences from UniProtKB is shown (top to bottom). Each step shows the number of
proteins (left) and the resulting protein (right). The dashed bar marks the fraction of the data that is
excluded from the following step. Sequences marked as “fragments” by UniProtKB were excluded.
The final set used in this study includes proteins from Insecta with a “signal peptide” sequence
annotation keyword, a restricted length of 10-100 AA and a further selection for proteins length of
10-75 AA. (B) A partition of the main orders of insects and their representation from the set of about
11,000 proteins.
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We started with all proteins shorter than 100 AA (after removing all fragmented proteins),
restricted to the insects” taxon, which resulted in ~117,600 proteins. Of these, 11,000 proteins were
predicted to be secreted, and thus function in the extracellular space (Figure 1A).

Analyzing the ~11,000 protein’-origins show that the proteomes of major orders of insects are
biased towards the previously sequenced genomes (Figure 1B). Diptera, which includes mosquitos
and flies, dominates the collection (68%). The rest of the candidate short proteins belong to
Hymenoptera (mostly bees, wasp, and ants, 10%), Ditrysia (including moth, bumblebee, and butterfly,
9%) and a smaller amount of Hemiptera (e.g., aphids), Coleoptera (mostly beetles) and Blattodea
(mostly termites).

While most insects are not venomous [19], some bees, ants, and wasps developed mechanisms to
release their venomous proteins and toxic peptides. Many of the short proteins are uncharacterized
(see discussion in [56]). Moreover, annotations of genes from fast evolving organisms are often missing.
Due to these fast evolutionary innovation in many insects, we anticipate a rich repertoire of overlooked
bioactive peptides [60] and iTOLIPs [61].

We used ClanTox [57] to investigate the abundance of iTOLIPs among the 11,000 short, secreted
proteins (<100 AA). To this end, we divided the protein according to the major orders of insects,
and further investigated the ClanTox predictions, according to the confidence level of the predictor
(marked as P1-P3, see Methods). We have previously shown that many valid TOLIPs are identified at
all confidence levels, including the least confident one (P1, see Methods, [57]). ClanTox was trained
only on ICIs from venomous animals for seeking TOLIPs from all organisms. While it was trained on a
limited function, predictions are associated with a much broader spectrum of functions that specify
known toxins and proteins with no known homologues in venoms [11].

Figure 2 shows the results from ClanTox prediction with iTOLIPs cover the two largest orders of
insects, the Diptera (Figure 2A) and Hymenoptera (Figure 2B). A bias in the prediction towards
model organisms is evident. The iTOLIPs from Drosophilae (fruit fly) accounts for 44% of the
predicted sequences. Still, >1000 sequences are detected in less studied organisms, such as the
Tsetse fly, Aedes, blowfly, and more (Figure 2A). The fraction of iTOLIPs among the cysteine rich
short proteins from Hymenoptera (wasp, bees, and ants) is 24%. The high number of iTOLIPs from
ant proteomes is a reflection of the many recently sequenced ant genomes (Figure 2C) [56]. Note that
the number of predictions from Nasonia vitripennis (Parasitic wasp) is disproportionally high. Of 145
Nasonia vitripennis’-short proteins, 57 (39%) were predicted as iTOLIPs (Figure 2C).

From a therapeutic perspective, often, the shorter the protein, the easier it is to produce it
synthetically, and to introduce it to laboratory and clinical trials. We restricted the search to
4181 sequences are shorter than 75 AA (Figure 1A).

Figure S1 shows the distribution of the 4181 sequences according to ClanTox’s prediction
confidence (N, P1-P3, see Methods). Note that most proteins (76%) are predicted as negative, and do
not comply with the definition of iTOLIPs (Clantox’s label N stands for—“not a toxin-like”). The high
confidence predictions (P3, top prediction for Toxin-like) include 379 proteins (9%, Figure S1). The rest
of the analyses will focus on these high confidence-predicted iTOLIPs (P3).

Table 1 shows the partition of the top predicted iTOLIPs among the major orders of insects. The
most outstanding observation is the abundance of iTOLIPs in termites (52%), and the low discovery of
top prediction iTOLIPs among Ditrysia (5%). A list of 379 predicted sequences is available (Table S1).
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Figure 2. Partition of ClanTox prediction for mini-proteins of toxin-like proteins from insects
(TOLIPs). The fraction of iTOLIPs that was identified as iTOLIPs by ClanTox is shown for the
orders Diptera (A), and Hymenoptera (B). Only major genus representatives are shown. The total
numbers indicate the number of sequences that were introduced to ClanTox. (C) A detailed partition of
the species that are associated with iTOLIPs. Only species having >5 proteins are listed. The dashed
bar is an aggregation of iTOLIPs from 26 different species. Orange bar are different ant species, and
blue bars are other representatives of Hymenoptera.

Table 1. iTOLIPs top predictions by major insects” order.

Insects Number of Number of Top % Top Predictions Representative
Short Proteins Predictions from Total Family
Blattoidea 238 124 52.1 Termite
Hymenoptera (wasps, 460 35 7.6 Honeybee
ants and bees) : 4
Ditrysia 403 20 5 Butterfly
Polyphaga 139 12 8.6 Beetle
Hemiptera 230 16 7 Aphid
Pulicidae 17 2 11.8 Flea
Acrididae 9 2 222 Grasshopper
Pseudagrion 2 0 0 Damselfly
Psocodea 24 0 0 Lice
All insects 4196 379 9

2.2. Most iTOLIP Mini-Proteins Resemble Antibacterial and Antifungal Peptides

Antimicrobial peptides (AMPs) are very abundant among insects [62]. At present, >150 insect
AMPs have been identified [63]. A total of 121 peptides out of 379 iTOLIPs are from the Blattodea order,
and named by UniProtKB as “termicin”. Among the top predicted iTOLIPs, these proteins comprise
the largest group. Termicins are restricted to the order Blattodea (termites and cockroaches). These

are a collection of secreted AMP mini-proteins (2540 AA), sharing a moderate sequence similarity.
A termicin-like peptide (25 AA) from the cockroach Eupolyphaga sinensis exhibits anti-fungal activity,
and a weak activity against bacteria [63]. We hypothesize that other sequences among the al iTOLIPs
resemble antimicrobial proteins and potentially act as such.

Structurally, termicin is characterized by three disulfide bridges forming a rigid fold. The tertiary
structure of termicin contains an x-helical segment and a two-stranded antiparallel 3-sheet (called
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cysteine-stabilized o-helix/B-sheet, CSxf3, Figure 3A). The structural motif of CSxf3 is similar to that
of short insect defensins. The cysteine positions and pairing suggest that despite a minimal sequence
similarity with insect defensins, the structure is shared by all defensins [64]. Expending the analysis of
ClanTox top predictions suggests that the AMP and defensin-like fold could be subjected for a design
approach aiming to improve the peptide specificity in the current post-antibiotic era (Figure 3A).
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Figure 3. Structural model of iTOLIPs with antifungal activity. (A) The tertiary structure of
D2D008_9NEOP from Macrotermes barneyi is shown. The structure is a representative of 120 related
sequences of 35-36 AA identified as iTOLIPs. The model shows the a-helix stabilized next to
two-stranded antiparallel 3-sheet (called CSxf). (B) A structural model for the mature Q95UJ8
protein (25-55 AA) from firefly (Pyrocoelia rufa) is shown. The best model for this sequence is the

.

human defensin-2 protein (PDB:1fd4.4) (right). The light green shades indicate the overlap between
the two proteins. Representatives for the structural model and their multiple sequence alignments are
shown. The positions of the 3-sheets are shown by the hollow arrows. Yellow color marks the position
of the cysteines.

The insect defensin protein is a shorter version of the human defensin-2 (Figure 3B). Furthermore,
the human defensin’s N-terminal helix is completely missing in the firefly protein. It is plausible that
functionality as an AMP comes from the core folded structure of (31 AA) of the firefly version of the
defensin, and therefore, the N’-terminal helix is redundant (Figure 3B, light green shade). Structural
variations of insect antimicrobial peptides illustrate the resemblance to a short version of the defensin
fold. The diversity of AMP peptides in view of scorpion toxins had been extensively studied [65,66].
Defensins were also found among sponge, platypus, and scorpion toxins [67]. The assumption is that
short specific structural motifs are used as templates by animal toxins [68]. Note that many additional
versions of insect defensin genes are longer than 75 AA, and thus will not be further discussed [69,70].

The other major shared function among the top predicted iTOLIPs (Table S1) is the antifungal
activity associated with the many Drosomicin genes, including two large sets of DRO and DRS
genes [71]. Drosomycins (DRS) are inducible antifungal peptides, and were isolated from the
hemolymph of immune-challenged Drosophilae. A similar antifungal specificity applies for
DRO1-DRO6 cassette, which responds to injury and microbial infection [72]. The DRS scaffold
is a typical cysteine-stabilized a-helical and 3-sheet (CSxf3) that specifies many of the known defensins
(Figure 4). The hallmark of DRS gene is its extra-stability, which is gained by clamping the N’- and
C’-termini by an additional disulfide bond. This solution for extreme stability was also found in the
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spider toxin w-hexatoxin-Hvla. This innovation in protein stability is beneficial for a protein design
approach for a biochemical stable scaffold [48].
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Figure 4. Omega conotoxin -like protein 1 (OCLP1) and its similarity to structurally solved proteins
used as templates. The protein OCTP1 (red circle) is shown in view of a sequence similarity from the
best SwissModel for HOKQJ7 (AA 26-74) from Apis mellifera (Honeybee). Each blue circle is one of the
32 template proteins. The functions of the listed proteins and the relevant organism are listed. ICI, ion
channel inhibitor.

Short versions of the AMP peptide, with three disulfide bonds resembling defensin were identified
in marine sponges [73] and jellyfish [74]. In jellyfish, a similarity to defensin is extended also to the
K* ICIs of sea anemones. Multiple functionalities had been experimentally validated for the short
CSoaf3 scaffold of DRS, and the truncated scorpion toxin. Both peptides are effective as ion channel
modulators (on D. melanogaster voltage-gated sodium channel) and exhibit anti-fungal activity [75].

2.3. iTOLIPs as Ion Channel Inhibitors

We analyzed proteins whose structural similarity to toxins have been identified. Table 2 lists
nine instances in which a toxin related function is revealed. All 9 proteins exhibit channel blocker
similarity to various channels [76]. Interestingly, two sequences from the Apis mellifera (Honeybee)
and Aphidius ervi (Aphid parasite) show a clear homology to w-conotoxin MVIIC and GVIA, a potent
conus peptide that effectively blocks Ca?* channels. The OCLP1 was initially identified using ClanTox,
and its function as ICI had been validated [11].

Table 2. Toxin-like mini-proteins from insects.

UniProtKB  AA (Mature) Protein Name Species PDB % Seq. Sim Description
H9KQJ7 74 (54) w-conotoxin-like protein 1 A. mellifera 2n86.1 441 Spiderine-la
AQA084WJA1 71 (46) K-channel toxin «-KTx 18.3 A. sinensis 2b68.1 241 defensin
J7HBU2 70 (47) Salivary toxin-like peptide  N. intermedia 5t4r.1 51.5 Mu-theraphotoxin-Pn3a
J7HIKO 70 (47) Salivary toxin-like peptide  N. intermedia 5t4r.1 51.5 Mu-theraphotoxin-Pn3a
J7HBS6 70 (46) Salivary toxin-like peptide  N. intermedia 5t4r.1 51.5 Mu-theraphotoxin-Pn3a
J7HBT1 75 (50) Salivary toxin-like peptide  N. intermedia ~ 1d1h.1 46.7 Hanatoxin Type 1
AOA034WXR3 60 (36) Venom toxin-like peptide A. ervi 1q3j.1 33.3 ALO3
AOA034WY34 61(37) Venom toxin-like peptide A. ervi 2lqa.1 4338 Asteropsin A
AO0A034WWW1 51 (37) Venom toxin-like peptide A. ervi lomn.1 48.0 w-Conotoxin MVIIC

2 Full length of the protein, and the length of the mature protein (in parentheses). Mature protein is a cleaved
product after removal of the N’-terminal signal sequence. Seq. sim, sequence similarity.

We retested the OCLP1 structural model in view of the doubling of proteins with 3D-structures

in the last decade. The most likely structural model for OCLP1 benefited from structural relatedness
(Figure 4). The similarity in the cysteine distribution locations along the sequence, and the cysteines
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that contribute to the disulfide bridges applies for w-conotoxin MVIIC (1cnn.1, lomn.1), Ptu-1 (1i26.1),
Toxin Adol (1lmr. 1), SVIB (1mvj.1), w-conotoxin GVIA (lomc.1, 1tr6.1, 1ttl.1, 2cco.1), Robustoxin
(1gdp.1), Hainantoxin-3 (2jtb.1), Spiderine-la (2n86.1), and more. Importantly, the OCLP1 model
indicates a comparable sequence similarity to a large number of ICIs. The related sequences exhibiting
ICI function blocks Na*, K*, and all major types of Ca*? channels (L-, N-, and P/Q-types, Figure 4).
As such, these sequences are attractive templates for drug development seeking feature determinants
that dictate a detailed specificity. Actually, the specificity is not restricted to the selective ion but to the
exact version of the ion channel. For example, the protein u-theraphotoxin-Pn3a that was isolated from
venom of the tarantula Pamphobeteus nigricolor, is a potent inhibitor of Nav1.7, a subtype of the sodium
ion channel (Nav). Its specificity for the other Nav subtypes is lower by 2-3 order of magnitudes [77].

A detailed report for the five top templates that are used for construction of a structural model for
each of the 9 proteins (Table 2) is available (Table S2).

2.4. Uncharacterized iTOLIPs Reveal New Cysteine-Rich Patterns

Among the identified mini-proteins are 110 sequences that are annotated as “uncharacterized”
(and genes named by their genomic index). About 65% of them are from Diptera (55 from
Drosophilae, and 16 from Anopheles). Inspecting the spacing and number of the cysteines among the
“uncharacterized” mini-proteins shows numerous recurring patterns (Figure 5).

Figure 5. Uncharacterized iTOLIPs and a graphical representations of the mini-proteins. The
cysteine residues are marked by red bars. The proteins are grouped according to the recurrent pattern
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of cysteines based on their number and location along the protein sequence (P, pattern).

90



Toxins 2017, 9, 350

A recurring pattern is illustrated by the BAM6X8_DROAN (Drosophila ananassae). This pattern is
identified in Drosophila erecta and Drosophila yabuba, and appears in 20 proteins (with small variations,
Figure 5, Patten E). Using structural modeling, we found that the strongest sequence similarity is to
PDB: 1myn.1 (Drosomycin). Yet, another set of toxins such as the «-like toxin Lqh3 and Bm«TX47
toxins from old and new world scorpions [78] seems to share a structural fold (Figure 6A). All these
neurotoxins are specific to different Nav subtypes [79]. The stiff structure is visible mainly through
the a-helix and the antiparallel 3-sheets (Figure 6A). However, the substantial variations in the loops
indicate the potential site for specificity of AMP, and the K* and Na* ion channel blocking. The overlap
of B3BM6X relative to 7 protein representatives that contributed to the model is shown along their
multiple sequence alignment (Figure 6A, bottom).
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Figure 6. Structural model of iTOLIPs uncharacterized proteins. (A) Structural model of the protein
B3M6X8_DROAN is shown. The structural model is a defensin fold. The overlap of 7 patterns is shown
along with their multiple sequence alignments. The light green marks the area in which the sequences
vary the most among the representative proteins. (B) Structural model of the protein W5]VP1_ANODA
is shown. The structural model is of the Kazal protease inhibitor fold. The overlap of 6 patterns is
shown along with their multiple sequence alignments. The positions of the a-helix and 3-sheets are
shown by the hollow frame and arrows, respectively. Yellow color marks the position of the cysteines.

A systematic search for a model for the uncharacterized proteins showed that for
A0A18250S6_ANOEN (Anopheles funestus, Figure 5, Patten A), the best model is similar to gamma
1-P thionins from barley and wheat endosperm (PDB: 1gps). These proteins are common motifs
among toxic arthropod proteins and defensins. Still, the most likely defensin that was associated with
Anopheles funestus protein is from a plant origin (PDB: 5nce.1).

Modeling the structure of the uncharacterized W5]VP1_ANODA (Figure 5, Pattern F) revealed a
strong and highly conserved structure similar to a “non-classical” Kazal-type inhibitor (Figure 6B).
All six structure representatives are aligned, and support its function as protease inhibitor. Kazal
protease inhibitor fold was identified from some snakes, sea anemone, and skin of tree frogs.
However, most proteinase inhibitor from toxins are associated with Kunitz fold that display a
broader taxonomical coverage and a robust protease inhibition [80]. Other proteins predicted
by structural modeling to have the Kazal protease inhibitor fold include A0OA182RZB0_ANOFN,
AOAQJ9TLN1_DROSI, Q29LL5_DROPS, K7J9G8_NASVI, BBMVF1_DROAN, and B4GPS1_DROPE
(Figure 5, Patten F).
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Testing other uncharacterized proteins from the list (Figure 5) resulted in poor or no supportive
models. Note that some cysteine-based patterns appear with multiple examples in the list. For example,
B4PF50_DROYA and B4PF53_DROYA share the same pattern in terms of their cysteine number and
spacing (Figure 5, Pattern B). Additional proteins are associated with structurally new shapes that
could not be modeled to reach a satisfactory level (e.g., AOAOPIC2V6_DROAN). These findings suggest
that the uncharacterized proteins provide a rich, yet unexplored scaffold for future drug design.

3. Materials and Methods

3.1. Protein Databases

We used datasets from UniProtKB Release Aug_2017 [81] including 90 million protein sequences,
combining the SwissProt and TrEMBL datasets [82]. We used the current data from RCSB protein data
bank [83] with the collection of about 124,000 proteins’ structural information.

3.2. Bioinformatics Analysis Tools

SignalP 4.0 was used to predict signal peptides [84]. This self-standing predictive tool is also
provided as an annotation in UniProtKB [KW-0732]. The average length of the signal sequence in
mammals is about 25 AA. We consider a protein length of 75 AA to account for a mature protein of
about 50 AA. EBI’s ClustalW and alignment viewer tools were used. Swiss-Model [82] was applied
with default parameters for building a model according to the templates from the RCSB database.
In the automated mode, both BLAST and HHblits (profile -profile search) are used. HHpred and
HHblits [85] provide sensitive structural prediction by HMM -HMM- comparison. The HHblits
builds HMM from a query sequence and compares it with a library of HMMs representing all known
structures from PDB [83]. All structural predictions obtained from Swiss-Model, and HHblits were
compared for testing the quality of the results.

Template quality is estimated along the process of the model building, for maximization of the
quality and coverage of the model. In some cases, more than one model is presented to reflect the
structural diversity. The quality of the models is estimated using calculated statistical parameters of the
model (GMQE and QMEAN). These values are determined with respect to experimental parameters
of proteins with a similar length ([82]). Only sufficiently supported quality models are presented.
The visualization tool used are embedded in Swiss-Model. A sequence similarity map shows the
proteins that were used as templates, and contributed to the final model from a set of non-redundant
structurally solved proteins.

3.3. ClanTox Prediction and Scoring

ClanTox (classifier of animal toxins) is a machine learning classifier ensemble for ranking protein
sequences according to their toxin-like properties. ClanTox provides characterization for these mostly
uncharacterized proteins. ClanTox uses about 600 features, including the stability and the spacing of
the cysteine residues [57]. However, features are not restricted to cysteine-related features. ClanTox
was trained on few hundreds of ICIs from a broad range of animal toxins. ClanTox’s method represents
each sequence as a vector of numerical sequence-derived features. The test set performance of ClanTox
in cross-validation is very high, with a mean area under the curve (AUC) of >0.99 [86].

The sequences from the selected subset of insect proteomes downloaded from UniProtKB were
used as input for ClanTox. The classifier outputs four labels: N for negative prediction, and P1-P3,
reflecting three levels of positive predictions for toxin-like proteins (TOLIPs). The most significant
predictions (labeled P3) accounts for proteins with a mean score >0.2, as well as having a coefficient of
variation (CV) <0.5. The negative predictions (N, predicted as non-toxin) account for all sequences
with a mean score <—0.2. The confidence of the prediction indirectly considers the robustness of the
prediction. Formally, P3 are predictions with a mean score >0.2 or mean score >2*SD; P2 are predictions
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with mean score >0.2 or mean score between SD and 2*SD; and P1 are predictions with mean score
>—0.2 or mean score <SD [57].

4. Conclusions

From the evolutionary perspective, toxins that possess similar functions (e.g., ICIs) may appear in
unrelated venomous species, which is in accord with an accelerated evolution and innovation among
toxins. Detecting endogenous toxin-like proteins from insects (TOLIPs) confirmed that much of the
innovation associated with bioactive peptides and mini-proteins links to defense against microbes,
mainly fungi, and modulating of ion channels. Potentially, these functions are not mutually exclusive,
and short proteins may carry more than one function. The rich collection identified in insects is
instrumental in searching for particular AA that can enhance specificity towards specific fungi, or
bacterium in the case of AMPs. In this study, we discussed a collection of top predictions from ClanTox.
Note that hundreds of additional iTOLIPs are reported at somewhat lower predicted confidence.
We conclude that the overlooked iTOLIPs characterized by structural stability and enhanced specificity
are attractive templates for drug design.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/9/11/350/s1,
Table S1: Top prediction of ClanTox (P3) for insect < 75 AA with 379 iTOLIPs. Table S2: Top 5 templates selected
by Swiss-Model for constructing the structural model of nine mature iTOLIP mini-protein. Figure S1. Scoring
of ClanTox predictions for insects’ secreted mini-proteins. Distribution of ClanTox predictions of 4180 insects’
secreted proteins shorter than 75 AA. The top scoring iTOLIPs are marked by P3 (dark red), the intermediate
confidence is P2 and P1 is the least confident predictions. The gray marks the bulk of the sequences (76%) with
negative prediction (i.e., not a TOLIPs). All together there are 379 proteins that are scored as P3 (Table S1).
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AMP antimicrobial peptides

CSaf cysteine-stabilized o-helical and (-sheet
ClanTox classifier of animal toxins
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ICI ion channel inhibitor

DRS Drosomycin

nAChR nicotinic acetylcholine receptors
OCLP omega conotoxin-like protein
TFP three-finger proteins

iTOLIP insect toxin-like proteins
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Abstract: Melittin and apamin are the main components of bee venom and they have been known
to have anti-inflammatory and anti-fibrotic properties. The aim of this study was to evaluate the
effect of melittin and apamin on airborne fungi-induced chemical mediator and extracellular matrix
(ECM) production in nasal fibroblasts. Primary nasal fibroblasts were isolated from nasal polyps,
which were collected during endoscopic sinus surgery. Nasal fibroblasts were treated with Alternaria
and Aspergillus. The effects of melittin and apamin on the production of interleukin (IL)-6 and IL-8
were determined with enzyme linked immunosorbent assay. ECM mRNA and protein expressions
were determined with the use of quantitative RT-PCR and Western blot. Alternaria-induced IL-6
and IL-8 production was significantly inhibited by apamin. However, melittin did not influence the
production of IL-6 and IL-8 from nasal fibroblasts. Melittin or apamin significantly inhibited collagen
type I, TIMP-1, and MMP-9 mRNA expression and protein production from nasal fibroblasts. Melittin
and apamin inhibited Alternaria-induced phosphorylation of Smad 2/3 and p38 MAPK. Melittin
and apamin can inhibit the fungi-induced production of chemical mediators and ECM from nasal
fibroblasts. These results suggest the possible role of melittin and apamin in the treatment of fungi
induced airway inflammatory diseases.

Keywords: melittin; apamin; Alternaria; Aspergillus; nasal fibroblast; chemical mediator; extracellular matrix

1. Introduction

Nasal polyps are swellings and there is damage to the mucosal epithelium with inflammatory
cell infiltration. Although the pathogenesis of nasal polyps is not fully understood, mucosal epithelial
damage, extracellular matrix (ECM) accumulation, and increased local inflammatory mediators are
the characteristic pathophysiologic findings of nasal polyps [1]. Fibroblasts are the main structural
components of the nasal mucosa and they participate in the local immune response through the
production of biological mediators which are involved in the recruitment of inflammatory cells and
the cellular source of ECM proteins [2].

Fungi are ubiquitous saprophytes in nature and airway mucosa is exposed by inhalation of fungal
spores. A fine immunologic balance to maintain a stable host—fungi relationship is important in order
to maintain the physiologic condition, and disruption of the host immune response causes pathologic
conditions of the airway. Fungi are commonly found in the nasal mucosa and relatively few species are
implicated in airway inflammatory disease. Alternaria and Aspergillus are known common pathogens
found in nasal secretion and they induce the production of chemical mediators from nasal epithelial
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cells and fibroblasts [3,4]. TLR2, TLR4, and TLR5 seem to be important pattern recognition receptors
for fungi [3,5].

Bee venom (BV) has been used to treat several inflammatory diseases, such as rheumatoid
arthritis, tendonitis, and Parkinson’s disease [6,7]. BV is a complex mixture with peptides, enzymes,
and biogenic amines with various pharmaceutical properties. Melittin and apamin are the main
components of BV peptide. Melittin comprises about 40-50% of the dried BV and has antibacterial,
antiviral, anti-inflammatory, and anti-fibrotic properties [8-10]. Apamin also has anti-inflammatory
and anti-fibrotic properties in various cells [11].

Melittin and apamin have anti-fibrotic activities that suppress the pro-fibrotic gene and protein
expression through the inhibition of TGF-BRII-Smad, ERK1/2, and JNK phosphorylation in rat
kidney fibroblasts [10]. Melittin and apamin have immunomodulatory activities, and in this study,
we evaluated the effect of melittin and apamin on airborne fungi induced chemical mediator and ECM
production in nasal fibroblasts.

2. Results

2.1. The Cytotoxicity of BV, Melittin, and Apamin

MTT assay was used to determine the cytotoxicity of these three agents. The cells were treated with
various concentrations of BV (0.1 to 5 ug/mL), melittin (0.1 to 5 pg/mL), and apamin (0.1 to 10 pg/mL)
for 24 h. The viability of fibroblasts was significantly suppressed by BV at a concentration of 5 pg/mL
(55.8 + 6.8%), melittin at a concentration of 3 ug/mL (82.6 & 8.3%), and apamin at a concentration of
10 ug/mL (55.8 £ 11.7%) (Figure 1). Based on these results, we used up to 3 pg/mL of BV, 1 ug/mL of
melittin, and 5 pg/mL of apamin for further experiments.
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Figure 1. Effect of bee venom, melittin, and apamin on the proliferation of nasal fbroblasts. Nasal
fibroblasts were treated with various concentrations of various concentrations of (a) bee venom;
(b) melittina; and (c) apamin for 24 h. Values are expressed as the mean + SE of four independent
experiments. 5 ug/mL of BV, 3 ug/mL of melittin, and 10 ug/mL of apamin inhibited the proliferation
of nasal fibroblasts. NC: negative control; BV: bee venom; M: melittin; A: apamin; pg: pg/mL; * p < 0.05.

2.2. The Effect of BV, Melittin, and Apamin on the Production of Chemical Mediators

When the fibroblasts were stimulated with Alternaria, IL-6 (6476.1 £ 352.4 pg/mL at a concentration
of 50 ug/mlL, 3368.1 & 247.5 pg/mL at a concentration of 25 ug/mlL) and IL-8 (7969.4 & 690.2 pg/mL
at a concentration of 50 ug/mL, 2399.0 &= 175.5 pg/mL at a concentration of 25 pg/mL) production was
significantly increased compared with that in the non-stimulated group (IL-6; 1812.1 &+ 93.6 pg/mL,
IL-8; 1010.6 & 132.4 pg/mL). However, Aspergillus did not significantly enhance the production of
IL-6 and IL-8 from nasal fibroblasts. IL-6 and IL-8 production induced by Alternaria was significantly
inhibited by BV and apamin in a dose dependent manner. However, melittin did not influence the
production of IL-6 and IL-8 from nasal fibroblasts (Figure 2).
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Figure 2. Effect of bee venom, melittin, and apamin on the production of IL-6 and IL-8 from nasal
fibroblasts. Nasal fibroblasts were treated with Alternaria and Aspergillus for 24 h with or without
various concentrations of these three agents. (a,d) Alternaria enhanced IL-6 and IL-8 production from
nasal fibroblasts and the production of IL-6 and IL-8 was significantly inhibited by bee venom and (c,f)
apamin; (b,e) Melittin did not influence the production of IL-6 and IL-8 from nasal fibroblasts. Alt 50:
Alternaria 50 ug/mL; Asp 50: Aspergillus 50 ug/mL; NC: negative control; NT: non-treated; BV: bee
venom; Mel: melittin; Apa: apamin, pg: pug/mL; * p < 0.05 compared with negative control; T p < 0.05
compared with the non-treated group.

2.3. The Effect of Melittin and Apamin on the Expression of ECM

Collagen type I mRNA and protein expression was significantly increased with 50 ug/mL of
Aspergillus. Aspergillus induced collagen type I mRNA and protein expression was significantly
suppressed when treated with melittin. Apamin suppressed both Alternaria and Aspergillus induced
collagen type I mRNA and protein expression (Figure 3). When the nasal polyp fibroblasts were
stimulated with Alternaria TIMP-1 mRNA and protein expressions were significantly increased.
However, TIMP-1 mRNA and protein expressions were not significantly increased by stimulation with
Aspergillus. TIMP-1 mRNA expression induced by Alternaria was significantly inhibited by apamin in
a dose dependent manner, and TIMP-1 protein expression was also significantly inhibited by melittin
and apamin in a dose dependent manner (Figure 4). Alternaria induced MMP-9 mRNA expression,
but Aspergillus did not induce MMP-9 mRNA expression. Alternaria induced MMP-9 mRNA expression
was significantly inhibited by meittin and apamin. Although fungi did not influence the production
of MMP-9 protein, melittin and apamin tended to inhibit the production of MMP-9 from nasal polyp
fibroblasts (Figure 5).
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Figure 3. Effect of melittin and apamin on the expression of collagen type I mRNA and protein in
nasal fibroblasts. Aspergillus induced collagen type I mRNA and protein expressions were significantly
suppressed by (a,b) melittin and (c,d) apamin. Apamin also significantly suppressed collagen type I
mRNA expression in negative control and the Alternaria stimulated group. Alt 50: Alternaria 50 ug/mL;
Asp 50: Aspergillus 50 pg/mL; NC: negative control; NT: non-treated; Mel: melittin; Apa: apamin; pg:
ug/mL; *: p < 0.05 compared with negative control; t p < 0.05 compared with the non-treated group.
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Figure 4. Effect of melittin and apamin on the expression of TIMP-1 mRNA and protein in nasal
fibroblasts. Alternaria induced TIMP-1 protein production was significantly inhibited by (b) melittin
and (d) apamin; (¢) Apamin also significantly suppressed Alternaria induced TIMP-1 mRNA expression;
(a) Melittin did no inhibit Alternaria induced TIMP-1 mRNA expression. Alt 50: Alternaria 50 pg/mL;
Asp 50: Aspergillus 50 ug/mL; NC: negative control; NT: non-treated; Mel: melittin; Apa: apamin, ug:
ug/mL; * p < 0.05 compared with negative control; t p < 0.05 compared with the non-treated group.
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Figure 5. Effect of melittin and apamin on the expression of MMP-9 mRNA and protein in nasal
fibroblasts. Alternaria induced MMP-9 mRNA expression was significantly inhibited by (a) melittin
and (c) apamin. (b,d) Melittin and apamin tended to inhibit the production of MMP-9 protein. Alt 50:
Alternaria 50 ug/mL; Asp 50: Aspergillus 50 ug/mL; NC: negative control; NT: non-treated; Mel:
melittin; Apa: apamin; ug: ug/mL; * p < 0.05 compared with negative control; t p < 0.05 compared
with the non-treated group.

2.4. Effect of Melittin and Apamin on Phosphorylation of Smad 2/3 and p38 MAPK

To determine the inhibitory mechanism of ECM production, we identified the effect of melittin and
apamin on phosphorylation of Smad2/3 and p38 MAPK. Duration of treatment was 30 min for p-p38
and 60 min for pSmad 2/3. The densitometric quantification results showed that Alternaria potently
induced the activation of Smad 2/3 and p38 MAPK. When the fibroblasts were treated with 1 ug/mL
of melittin, Smad 2/3 (approximately 30.9%), and p38 MAPK (approximately 37.4%) expressions
were significantly suppressed. Apamin also significantly suppressed Smad 2/3 (approximately 27.4%
and 36/4% at 1 and 5 ug/mL of apamin) and p38 MAPK (approximately 29.2% and 34.7% at 1 and
5 ug/mL of apamin) expressions (Figure 6).
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Figure 6. Effect of melittin and apamin on phosphorylation of Smad 2/3 and p38 MAPK expression in
nasal fibroblasts. Phosphorylation of Smad 2/3 and p38 MAPK was measured using Western blotting
and density analysis. Alternaria induced Smad 2/3 and p38 MAPK phosphorylation was significantly
inhibited by (a,c) melittin and (b,d) apamin. Alt 50: Alternaria 50 pug/mL; Asp 50: Aspergillus 50 ug/mL;
NC: negative control; NT: non-treated; Mel: melittin; Apa: apamin; ug: ug/mL; * p < 0.05 compared
with negative control; t p < 0.05 compared with the non-treated group.

3. Discussion

BV has been used as a traditional medicine with satisfactory results for the treatment of
some inflammatory, cancer, and immune related diseases [6,7,12]. Melittin and apamin are the
most well-known components of BV. Melittin is the main component of BV with hyaluronidase
and phospholipase A2 [13]. Melittin is the active component of apitoxin with antimicrobial,
anti-inflammatory, and anti-atherosclerotic properties [8,9]. Apamin is a peptide neurotoxin with
a crucial role in repetitive activities in neurons, inducing alpha-adrenergic, cholinergic, purinergic,
and neurotensin-induced relaxation [7,14]. In this study, we tried to determine the effect of melittin and
apamin on fungi induced chemical mediator and extraceullar matrix production from nasal fibroblasts.

Fungi have been associated with upper and lower airway inflammatory diseases and Alternaria
and Aspergillus are commonly found in the nasal secretion and the respiratory tract [15]. Fungi can
induce chemical mediator production through the interaction with toll-like receptors (TLRs) [3]. IL-6
and IL-8 productions were increased with Alternaria and production of these chemical mediators
was significantly inhibited when the fibroblasts were treated with apamin. BV also significantly
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inhibited the production of IL-6 and IL-8. BV encompasses a mixture of many types of compounds,
proteins, peptides, and enzymes. However, BV did not strongly inhibit chemical mediator production
compared to apamin in nasal fibroblasts. IL-6 production was more strongly inhibited by BV (50.1% at
1 ug/mL of BV vs. 42.6% at 1 ug/mL of apamin), and IL-8 production was more strongly inhibited
by apamin (28.8% at 1 ug/mL of BV vs. 38.7% at 1 ug/mL of apamin). Although we cannot explain
the exact cause of this discrepancy, some components of BV may enhance the anti-inflammtory effect
and the other components may suppress the anti-inflammatory effect of apamin. Anti-inflammatory
properties of BV for treating skin disease, neurodegenerative disease, and joint diseases have been
commonly studied, and these anti-inflammatory effects are associated with decreased expression of
TLRs, chemical mediators, nitric oxides, and phosphorylation of inflammatory transcription factors [7].
According to the previous study, Alternaria induces the production of chemical mediators through
TLR 2 and TLR5 [16]. Although we do not know the action mechanism of apamin and melittin, they
may not influence the expression of TLR2 or 5 or the concentration of melittin used in this study may
not enough to suppress the production of chemical mediators from nasal fibroblasts.

The damage to mucosal epithelium, ECM accumulation, and inflammatory cell infiltration are
important pathologic findings of nasal polyps [2]. Fibroblasts are the cellular source of ECM and
they are involved in the development of nasal polyps. The MMP-9 level was elevated in nasal polyps
and the TIMP-1 level was elevated in chronic rhinosinusitis [17]. We performed a kinetic study
with Alternaria and Aspergillus for 8, 24, and 48 h. Collagen type I, TIMP-1, and MMP-9 mRNA
expression levels were the highest at 24 h stimulation. Expression levels of these ECM proteins
were highest at 6 h after stimulation with fungi. However, fungi did not influence the fibronectin
mRNA and protein expression in nasal fibroblasts [18]. Therefore, we evaluated collagen type I,
TIMP-1, and MMP-9 mRNA expression in nasal fibroblasts at 24 h and their protein expression at 6 h
after stimulation with fungi. In this study, the expression pattern of ECM was different depending
on the type of fungi used for stimulation. These differences may be associated with the unique
molecular pattern, the peptides, or the immune triggering components of fungi [19]. Also, different
fungi may interact with different pattern recognition receptors, such as TLRs, protease activated
receptors, or G-protein-coupled receptors. TLR2, TLR4, and TLR9 are the main TLRs involved in
sensing the fungal components [20]. Alternaria and Aspergillus enhance the production of chemical
mediators through TLR4 in nasal epithelial cells [21]. Kao et al. suggested that TLR4 triggering
activates the MAPK signaling pathway, which cross-talks with the Smad2 cascade and promotes the
production of ECM [22]. When the nasal fibroblasts were stimulated with fungi, collagens type I,
TIMP-1, and MMP-9 mRNA and/or protein expressions were increased. Also, this study showed that
Alternaria can induce Smad 2/3 hyperphosphorylation in a TGF-f3 independent manner and p38 MAPK
hyperphosphorylation. Our results suggest that Alternaria can directly activate the Smad 2/3 cascade
or indirectly induce phosphorylation of Smad 2/3 through the TLR4/MAPK signaling pathway.

Melittin and apamin have been known to inhibit ECM production and tissue fibrosis from kidney
and liver [10,11,23]. In this study, the inhibition of ECM expression in nasal fibroblasts by melittin
and apamin differed depending on the types of ECM mRNA and protein. Although melittin and
apamin show anti-fibrotic properties, they have different pharmacological characteristics, chemical
structures, and they may control different signaling pathways. Melittin and apamin showed different
patterns in suppressing the pro-fibrotic activity in TGF-$ treated fibroblasts. Melittin attenuates
fibrogenesis by inhibiting NF-xB and AP-1 dependent collagen type I and MMP-9 expression [10,24].
Apamin attenuates fibrogenesis by inhibiting phosphorylated Smad 2/3 and Smad dependent ECM
deposition [25]. Melittin and apamin inhibited Alternaria induced phosphorylation of Smad 2/3 and
MAPK in nasal fibroblasts. Although we do not know whether melittin and apamin directly suppress
phosphorylation of Smad 2/3, melittin and apamin can directly or indirectly inhibit the Alternaria
induced Smad 2/3 cascade.

The principal finding of this study is the anti-inflammatory and anti-fibrotic effects of melittin
and apamin. Fungi can induce production of chemical mediators and ECM deposition in nasal
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fibroblasts. The production of these chemical mediators and ECM production were inhibited by
melittin and apamin. In particular, melittin and apamin inhibited ECM production through direct
suppression of the Smad cascade or indirect inhibition of Smad 2/3 phosphorylation through the
MAPK signaling pathway. These results suggest a novel pharmacological rationale for the treatment
of fungi induced airway inflammatory diseases. Because BV contains melittin and apamin, BV may
have strong anti-inflammatory and anti-fibrotic effects, and could be a good candidate as a therapeutic
agent for airway inflammatory diseases.

4. Materials and Methods

4.1. Isolation of Primary Nasal Polyp Fibroblasts

Primary nasal fibroblasts were isolated from 11 patients (7 men and 4 women; 43.5 & 8.2 years)
with chronic rhinosinusitis with nasal polyps during endoscopic sinus surgery. Subjects were excluded
if they had an active inflammation, allergy, or aspirin hypersensitivity, had received antibiotics,
antihistamine, steroids, or other medications for at least four weeks preceding the surgery. Allergy
status was defined using the skin prick test. The study was approved by the Institutional Review
Board of Daegu Catholic University Medical Center. A duly completed written informed consent form
that outlined the objectives of the research and experiments was obtained from each patient.

The tissues were cut into 0.3 to 0.5 mm fragments and washed with phosphate buffered saline.
These tissues were suspended and cultured in Dulbecco’s Modified Eagle’s Medium F-12 (DMEM/F-12)
(Gibco, Grand Island, NY, USA) that contained 10% fetal bovine serum, penicillin at 100 U/mL,
streptomycin at 100 ug/mL, and amphotericin B at 1.5 ug/mL at 37 °C and 5% CO,. The second to
third passages of fibroblasts were used for this experiment.

4.2. The Cytotoxic Effect of BV, Melittin, and Apamin on Nasal Polyp Fibroblasts

The cytotoxic effect of BV (melittin comprise approximately 50% and apamin comprise 3% of dried
BV) (Chung Jin Biotech Co., Ansan, Korea) [26], melittin (Enzo Life Sciences AG, Lausen, Switzerland),
and apamin (Sigma-Aldrich, St. Louis, Mo, USA) was evaluated using a CellTiter-96® aqueous cell
proliferation assay kit (Promega, Madison, WI, USA). On a 96-well microstate plate, NP fibroblasts
were cultured in the presence of 0.1, 1, 3, and 5 ug/mL of BV, 0.1, 1, 3, and 5 ug/mL of melittin, and 0.1,
1, 5, and 10 pg/mL of apamin for 24 h at 37 °C in a 5% CO,, The reduced tetrazolium compound
produces a colored formazan product due to the mitochondrial activity in the cell. The amount of
formazan is directly proportional to the number of viable cells. Color intensities were assessed with
a fluorescence microplate reader at 490 nm.

4.3. The Effect of Bee Venom, Melittin, and Apamin on IL-6 and IL-8 Production from Nasal Polyp Fibroblasts

The fibroblasts were incubated with endotoxin removed Alternaria alternate and Aspergillus
fumigatus at 50 and 25 ug/mL, respectively (Greer Lab, Lenoir, NC, USA). After 24 h of stimulation,
the cell culture supernatants and cells were harvested and stored at —70 °C until they were assayed.
To determine the effect of melittin and apamin on the production of Interleukin (IL)-6 and IL-8,
fibroblasts were incubated with or without various concentrations of melittin and apamin. IL-6
and IL-8 were quantified by using commercially available ELISA kits (R&D system, Minneapolis,
MN, USA).

4.4. Real Time Reverse Transcription—Polymerase Chain Reaction (RT-PCR) for ECM mRNA from Nasal
Polyp Fibroblasts

Fibroblasts were exposed to fungi with or without melittin and apamin for 24 h. The total
RNA was extracted from fibroblasts with Trizol reagent (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s instructions. Total RNA, 1 ug, was reverse transcribed using SuPrimeScript
RT Premix (Genetbio Inc., Daejeon, Korea) and Quantitative PCR was then carried out on a mini
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opticon system (Bio-Rad Lab., Hercules, CA, USA) according to the manufacturer’s protocol.
The forward and reverse primers were as follows: (3-actin, 5-ACAGGAAGTCCCTTGCCATC-3
and 5-AGGGAGACCAAAAGCCTTCA-3; «-SMA, 5-ATAGAACATGGCATCATCACCAAC-3,
and 5-GGGCAACACGAAGCTCATTGTA-3; fibronectin, 5-GCCAGATGATGAGCTGCAC-3,
and 5-GAGCAAATGGCACCGAGATA-3; tissue inhibitors of matrix metalloproteinase-1
(TIMP-1) 5-CCTTATACCAGCGTTATGAGATCAA-3 and 5-AGTGATGTGCAAGAGTCCATCC-3;
and  matrix  metalloproteinase-9 (MMP-9), 5-ATTTCTGCCAGGACCGCTTCTACT-3,
and 5-CAGTTTGTATCCGGCAAACTGGCT-3. The cDNA was amplified with initial denaturation at
95 °C for 10 min, followed PCR for 40 cycles of 95 °C for 5 s, 58 °C for 30 s, and finally one cycle of
melting curve following cooling at 60 °C for 60 s. To confirm the amplification specificity, the PCR
products from each primer pair were subjected to a melting curve analysis. Analysis of relative gene
expression was performed by evaluating q-RT-PCR data by the 2(-DDCt) method. The gene expression
levels were determined by normalization relative to 3-actin expression.

4.5. Western Blot Analysis of Nasal Polyp Fibroblasts

Nasal fibroblast lysates were subjected to sodium dodecyl sulfate polyacrylamide gel
electrophoresis and transferred onto NC membranes (Bio-Rad, Berkeley, CA, USA). Membranes
were blocked with 5% skim milk solution and they were incubated with antibodies against MMP-9
(Cell signaling, Beverly, MA, USA), collagen type I, fibronectin, TIMP-1, phosphorylated Smad
(pSmad) 2/3, p38 mitogen-activated protein kinase (MAPK), and GAPDH (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). After incubation for 1 h, the membranes were washed and then treated
with peroxidase-conjugated anti-rabbit immunoglobulin G (Santa Cruz Biotechnology). Bands were
visualized using horseradish peroxidase conjugated secondary antibodies and an ECL system (Pierce,
Rockford, IL, USA). The band densities were measured using the multi Gauge v.2.02 software
(Fujifilm, Tokyo, Japan). The band intensities were expressed as a percentage of treated cells versus
untreated cells.

4.6. Statistical Analysis

The experimental data are presented as mean =+ SE. The statistical significance of the differences
between control and experimental data was analyzed using paired or unpaired Student’s f-test and
one-way analysis of variance followed by Tukey’s test (SPSS ver. 21.0, SPSS Inc., Chicago, IL, USA).
p value < 0.05 was considered to indicate a statistically significant difference. All results were obtained
from at least four independent individuals and every experiment was performed in duplication.

Acknowledgments: This work was carried out with the support of “Cooperative Research Program for
Agriculture Science & Technology Development (Project No. PJ01132501)” Rural Development Administration,
Republic of Korea. This research was supported by the Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education, Science and Technology (2010-0023163).

Author Contributions: Seung-Heon Shin conceived and designed the experiments; Mi-Kyung Ye and
Sung-Yong Choi performed the experiments; Seung-Heon Shin and Kwan-Kyu Park analyzed the data;
Mi-Kyung Ye contributed reagents/materials/analysis tools; Seung-Heon Shin and Sung-Yong Choi wrote
the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cho,].S,; Moon, Y.M,; Park, LH.; Um, ].Y.; Moon, ].H.; Park, S.J.; Lee, S.H.; Kang, H.].; Lee, H.M. Epigenetic
regulation of myofibroblast differentiation and extracellular matrix production in nasal polyp-derived
fibroblasts. Clin. Exp. Allergy |. Br. Soc. Allergy Clin. Immunol. 2012, 42, 872-882. [CrossRef] [PubMed]

2. Nakagawa, T.; Yamane, H.; Nakai, Y.; Shigeta, T.; Takashima, T.; Takeda, Z. Comparative assessment of cell
proliferation and accumulation of extracellular matrix in nasal polyps. Acta Oto-Laryngol. Suppl. 1998, 538,
205-208. [CrossRef]

106



Toxins 2017, 9, 348

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Shin, S.H.; Kim, Y.H,; Jin, H.S.; Kang, S.H. Alternaria induces production of thymic stromal lymphopoietin
in nasal fibroblasts through toll-like receptor 2. Allergy Asthma Immunol. Res. 2016, 8, 63—68. [CrossRef]
[PubMed]

Gao, ES.; Cao, T.M.; Gao, Y.Y,; Liu, M.J.; Liu, Y.Q.; Wang, Z. Effects of chronic exposure to Aspergillus fumigatus
on epidermal growth factor receptor expression in the airway epithelial cells of asthmatic rats. Exp. Lung Res.
2014, 40, 298-307. [CrossRef] [PubMed]

Roeder, A.; Kirschning, C.J.; Rupec, R.A_; Schaller, M.; Korting, H.C. Toll-like receptors and innate antifungal
responses. Trends Microbiol. 2004, 12, 44-49. [CrossRef] [PubMed]

Kim, J.I; Yang, EJ.; Lee, M.S.; Kim, Y.S.; Huh, Y.; Cho, I.LH.; Kang, S.; Koh, HK. Bee venom reduces
neuroinflammation in the mptp-induced model of parkinson’s disease. Int. ]. Neurosci. 2011, 121, 209-217.
[CrossRef] [PubMed]

Moreno, M.; Giralt, E. Three valuable peptides from bee and wasp venoms for therapeutic and
biotechnological use: Melittin, apamin and mastoparan. Toxins 2015, 7, 1126-1150. [CrossRef] [PubMed]
Choi, ].H.; Jang, A.Y,; Lin, S.; Lim, S.; Kim, D.; Park, K.; Han, S.M.; Yeo, ] H.; Seo, H.S. Melittin, a honeybee
venomderived antimicrobial peptide, may target methicillinresistant staphylococcus aureus. Mol. Med. Rep.
2015, 12, 6483-6490. [CrossRef] [PubMed]

Lee, G.; Bae, H. Anti-inflammatory applications of melittin, a major component of bee venom: Detailed
mechanism of action and adverse effects. Molecules 2016, 21, 616. [CrossRef] [PubMed]

Park, S.H.; Cho, HJ.; Jeong, YJ.; Shin, ] M.; Kang, ].H.; Park, K.K;; Choe, ].Y.; Park, Y.Y;; Bae, Y.S;
Han, S.M.; et al. Melittin inhibits tgf-beta-induced pro-fibrotic gene expression through the suppression of
the tgfbetarii-smad, erk1/2 and jnk-mediated signaling pathway. Am. |. Chin. Med. 2014, 42, 1139-1152.
[CrossRef] [PubMed]

Kim, J.Y;; An, H].; Kim, W.H,; Park, Y.Y,; Park, K.D_; Park, K.K. Apamin suppresses biliary fibrosis and
activation of hepatic stellate cells. Int. J. Mol. Med. 2017, 39, 1188-1194. [CrossRef] [PubMed]

Huh, J.E.; Baek, Y.H.; Lee, M.H.; Choi, D.Y.; Park, D.S.; Lee, J.D. Bee venom inhibits tumor angiogenesis
and metastasis by inhibiting tyrosine phosphorylation of vegfr-2 in llc-tumor-bearing mice. Cancer Lett.
2010, 292, 98-110. [CrossRef] [PubMed]

Bilo, B.M.; Rueff, F.; Mosbech, H.; Bonifazi, F.; Oude-Elberink, J.N. Diagnosis of hymenoptera venom allergy.
Allergy 2005, 60, 1339-1349. [CrossRef] [PubMed]

Lazdunski, M.; Fosset, M.; Hughes, M.; Mourre, C.; Romey, G.; Schmid-Antomarchi, H. The apamin-sensitive
Ca®*-dependent K* channel molecular properties, differentiation and endogenous ligands in mammalian
brain. Biochem. Soc. Symp. 1985, 50, 31-42. [PubMed]

Shin, SH.; Ye, M.K,; Lee, Y.H. Fungus culture of the nasal secretion of chronic rhinosinusitis patients:
Seasonal variations in Daegu, Korea. Am. J. Rhinol. 2007, 21, 556-559. [CrossRef] [PubMed]

Shin, S.H.; Ye, M.K,; Kim, Y.H.; Kim, ].K. Role of TLRs in the production of chemical mediators in nasal
polyp fibroblasts by fungi. Auris Nasus Larynx 2016, 43, 166-170. [CrossRef] [PubMed]

Watelet, ].B.; Bachert, C.; Claeys, C.; Van Cauwenberge, P. Matrix metalloproteinases mmp-7, mmp-9 and
their tissue inhibitor timp-1: Expression in chronic sinusitis vs. nasal polyposis. Allergy 2004, 59, 54—60.
[CrossRef] [PubMed]

Shin, S.H.; Ye, M.K.; Choi, S.Y.; Kim, Y.H. Effect of eosinophils activated with Alternaria on the production
of extracellular matrix from nasal fibroblasts. Ann. Allergy Asthma Immunol. Off. Publ. Am. Coll. Allergy
Asthma Immunol. 2016, 116, 559-564. [CrossRef] [PubMed]

Matsuwaki, Y.; Wada, K.; White, T.A.; Benson, L.M.; Charlesworth, M.C.; Checkel, ].L.; Inoue, Y.; Hotta, K.;
Ponikau, J.U.; Lawrence, C.B.; et al. Recognition of fungal protease activities induces cellular activation
and eosinophil-derived neurotoxin release in human eosinophils. J. Immunol. (1950) 2009, 183, 6708—6716.
[CrossRef] [PubMed]

Chen, K.; Huang, J.; Gong, W.; Iribarren, P.; Dunlop, N.M.; Wang, ]. M. Toll-like receptors in inflammation,
infection and cancer. Int. Immunopharmacol. 2007, 7, 1271-1285. [CrossRef] [PubMed]

Shin, S.H.; Lee, Y.H. Airborne fungi induce nasal polyp epithelial cell activation and toll-like receptor
expression. Int. Arch. Allergy Immunol. 2010, 153, 46-52. [CrossRef] [PubMed]

Kao, YH.; Chen, PH.; Wu, TY,; Lin, Y.C; Tsai, M.S.; Lee, PH.; Tai, T.S.; Chang, H.R.,; Sun, CK.
Lipopolysaccharides induce smad2 phosphorylation through pi3k/akt and mapk cascades in hsc-t6 hepatic
stellate cells. Life Sci. 2017, 184, 37—46. [CrossRef] [PubMed]

107



Toxins 2017, 9, 348

24.

25.

26.

An, HJ,; Kim, K.H.; Lee, W.R.; Kim, J.Y.; Lee, S.J.; Pak, S.C.; Han, S.M.; Park, K.K. Anti-fibrotic effect of
natural toxin bee venom on animal model of unilateral ureteral obstruction. Toxins 2015, 7, 1917-1928.
[CrossRef] [PubMed]

Park, J.H.; Jeong, Y.J.; Park, KK.; Cho, H].; Chung, IK; Min, K.S.; Kim, M.; Lee, K.G.; Yeo, ].H.;
Park, K.K; et al. Melittin suppresses pma-induced tumor cell invasion by inhibiting nf-kappab and
ap-1-dependent mmp-9 expression. Mol. Cells 2010, 29, 209-215. [CrossRef] [PubMed]

Lee, WR,; Kim, KH.,; An, HJ; Kim, ].Y,; Lee, SJ; Han, SM. Pak, S.C; Park, KK. Apamin
inhibits hepatic fibrosis through suppression of transforming growth factor betal-induced hepatocyte
epithelial-mesenchymal transition. Biochem. Biophys. Res. Commun. 2014, 450, 195-201. [CrossRef] [PubMed]
Lee, W.R; Pak, S.C.; Park, K.K. The protective effect of Bee venom on Fibrosis causing inflammatory diseases.
Toxins 2015, 16, 4758-4772. [CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

108



Article

Anticoagulant Activity of Low-Molecular Weight
Compounds from Heterometrus laoticus
Scorpion Venom

Thien Vu Tran 12, Anh Ngoc Hoang !, Trang Thuy Thi Nguyen 3, Trung Van Phung 4,
Khoa Cuu Nguyen !, Alexey V. Osipov %, Igor A. Ivanov %, Victor L. Tsetlin >
and Yuri N. Utkin 5*

1 Institute of Applied Materials Science, Vietnam Academy of Science and Technology,

Ho Chi Minh City 700000, Vietnam; vuthien82@yahoo.com (T.V.T.); hnanh52@yahoo.com (A.N.H.);
nckhoavnn@yahoo.com (K.C.N.)

Vietnam Academy of Science and Technology, Graduate University of Science and Technology,
Ho Chi Minh City 700000, Vietnam

3 Faculty of Pharmacy, Nguyen Tat Thanh University, Ho Chi Minh City 700000, Vietnam;
thuytrangd07@yahoo.com

Istitute of Chemical Technology, Vietnam Academy of Science and Technology,

Ho Chi Minh City 700000, Vietnam; trung_cnhh@yahoo.com

Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences,
Moscow 117997, Russia; osipov-av@ya.ru (A.V.0.); chai.mail0@gmail.com (I.A.L);
victortsetlin3f@gmail.com (V.L.T.)

Correspondence: yutkin@yandex.ru or utkin@mx.ibch.ru; Tel.: +7-495-336-6522

*

Academic Editor: Steve Peigneur
Received: 9 September 2017; Accepted: 21 October 2017; Published: 26 October 2017

Abstract: Scorpion venoms are complex polypeptide mixtures, the ion channel blockers and
antimicrobial peptides being the best studied components. The coagulopathic properties of scorpion
venoms are poorly studied and the data about substances exhibiting these properties are very
limited. During research on the Heterometrus laoticus scorpion venom, we have isolated low-molecular
compounds with anticoagulant activity. Determination of their structure has shown that one of
them is adenosine, and two others are dipeptides LeuTrp and IleTrp. The anticoagulant properties
of adenosine, an inhibitor of platelet aggregation, are well known, but its presence in scorpion
venom is shown for the first time. The dipeptides did not influence the coagulation time in standard
plasma coagulation tests. However, similarly to adenosine, both peptides strongly prolonged the
bleeding time from mouse tail and in vitro clot formation in whole blood. The dipeptides inhibited
the secondary phase in platelet aggregation induced by ADP, and IleTrp decreased an initial rate
of platelet aggregation induced by collagen. This suggests that their anticoagulant effects may be
realized through the deterioration of platelet function. The ability of short peptides from venom
to slow down blood coagulation and their presence in scorpion venom are established for the
first time. Further studies are needed to elucidate the precise molecular mechanism of dipeptide
anticoagulant activity.

Keywords: venom; scorpion; blood coagulation; adenosine; peptide

1. Introduction

Scorpions (order Scorpiones) are distributed mainly in the hot areas and in the warmer regions
of the temperate zone. Scorpion venoms are complex mixtures of compounds represented mainly
by peptides and proteins. They manifest mostly neurotoxic effects and instantly paralyze small
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prey. A sting of large tropical scorpions can be fatal to humans, the main symptom being nervous
system damage.

Forest scorpion Heterometrus laoticus (family Scorpionidae) occupies the Indochinese peninsula
and can be often found in South-West Vietnam [1]. Among the symptoms of H. laoticus envenomation
are local pain, inflammation, edema, swelling and redness of the stung area, lasting from a few hours
to a few days [2]; no human fatalities have been reported so far. H. laoticus venom showed both
anti-nociceptive and anti-inflammatory activity at subcutaneous injection [3]. A few toxins were
isolated from this venom and characterized. The toxin heteroscorpine-1 [4] inhibited growth of bacteria
and showed high homology to polypeptide toxins from scorpine family. Toxin HelaTx1 manifesting
the moderate activity against Kv1.1 and Kv1.6 channels belongs to new k-KTx5 subfamily of potassium
channel blockers [5]. One more toxin, hetlaxin, of the scorpion alpha-toxin family possesses high
affinity to Kv1.3 potassium channel [3]. The data about coagulopathic properties of this venom
are absent.

However, some scorpion venoms cause blood-clotting disorders, but the number of coagulopathic
compounds studied to date is quite small. It was reported that venoms of scorpions Buthotus judaicus,
Heterometrus spinnifer, Parabuthus transvaalicus, Androctonus australis, Scorpio maurus palmatus, Leiurus
quinquestriatus habraeus and Pandinus imperator caused an increase of clotting time. In particular,
the venoms of P. imperator and P. transvaalicus species increased the clotting time by 2.5 and 2.3 times,
respectively, while other venoms prolonged the time 0.8-2 times [6]. The crude venom of Buthus
tamulus scorpion caused coagulopathy and might also induce disseminated intravascular coagulopathy
(DIC syndrome). The intravenous injection of this scorpion venom at a sublethal dose to dogs and
rabbits resulted in a change of the blood coagulation [7].

The investigation of in vitro effects of the venoms from scorpions Palamneus gravimanus and
Leiurus quinquestriatus upon the coagulation of human plasma have shown that the crude venom
of P. gravimanus has both procoagulant and anti-coagulant properties [8] and the crude venom of
L. quinquestriatus is very weak anti-coagulant, which shortens the recalcified plasma clotting time by
only 5-20% [8]. No fibrinolytic activity was found. Further experiments with fractions of P. gravimanus
venom, partially purified by DEAE-Sephadex column chromatography, suggest that the procoagulant
activity promotes Factor X activation while the anticoagulant fraction interferes with the action of
thrombin upon fibrinogen.

It has been shown that a high concentration of Tityus discrepans venom in the human blood plasma
increases the severity of envenomation symptoms by modifying activated partial thromboplastin time
(APTT) and prothrombin time (PT), increasing cytokine level and amylase concentration as well as by
inducing hyperglycemia [9]. This scorpion venom was separated into six fractions by gel filtration on
a “Protein-Pack 125” column [10]. The investigations of effects on APTT, PT and direct clotting activity,
using fresh human plasma and purified fibrinogen as substrates, for crude venom and its fractions
showed that the venom and fraction F1 shortened APTT; venom, fraction F6 and fraction F2 prolonged
PT. No thrombin-like activity was found with this venom on human plasma or purified fibrinogen [10].

Several fibrin(ogen)olytic enzymes were partially purified from T. discrepans venom by different
types of liquid chromatography [11]. Two fractions had fibrinolytic, fibrinogenolytic (Ax-chains
degradation) and tissue plasminogen activator (t-PA)-like activities; one was only fibrinogenolytic
(fast degradation of fibrinogen Ax-chains and slower degradation of BB-chains). The fibrino(geno)lytic
activity in these fractions was abolished by metalloprotease inhibitors. The other two fractions
contained fibrinogenolytic (Ax-chains degradation) and fibronectinolytic activities. Serine protease
inhibitors abolished activities in these fractions. None of the fractions degraded fibrinogen y-chains.
Fibrinogen degradation by active fractions was associated with an anticoagulant effect.

Furthermore, two anticoagulant phospholipases A2 (PLA2) were isolated: the imperatoxin
(IpTxi)—from the P. imperator [12] and the phaiodactylipin—from Anuroctonus pahiodactylus [13].
Imperatoxin is a heterodimeric protein with a molecular weight of 14,314 Da. Its molecule consists of a
large subunit (104 amino acid residues) that exhibits phospholipase activity, and the small subunit
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(27 amino acid residues) covalently linked by disulfide bridge to the large subunit. The native
heterodimer exhibits hydrolytic activity against phospholipids, although it was originally described as
an inhibitor of ryanodine receptor in sarcoplasmic and cardiac reticulums [12]. Phaiodactylipin is a
glycosylated dimeric PLA2 with a molecular weight of 19,172 Da. The protein consists of two subunits:
the large one comprises 108 amino acid residues and the small subunit—18 residues; the protein
structure is stabilized by five disulfide bonds. Phaiodactylipin exerts a hemolytic effect on human
erythrocytes and prolongs the blood coagulation time. It should be noted that IpTxi is more effective
than pachyodactylipin as anticoagulant; if its concentration in the blood exceeds 10 pg/ml, the clotting
time is 30 min [13].

Scorpion venom, along with the above mentioned high molecular weight proteins and PLA2s,
also contains polypeptides of smaller molecular mass that affect coagulation. The toxin isolated
from the venom of the Chinese scorpion Buthus martensii Karsch and called Scorpion Venom Active
Polypeptide (SVAP), induced platelet aggregation in rabbit blood in vivo and in vitro. SVAP also
caused thrombus formation and a change in levels of thromboxane B2 and 6-keto-prostaglandin Fla in
blood plasma. SVAP is the most abundant component of this venom [14]. Recently, a peptide called
discreplasminin was isolated from the scorpion T. discrepans venom [15]. Discreplasminin had a pI of
8.0 and a molecular weight of about 6 kDa. It strongly inhibited plasmin activity and was suggested to
have an anti-fibrinolytic mechanism, similar to that of aprotinin, and to interact with the active site
of plasmin.

Previously, we have shown that the fractions obtained by gel filtration of Heterometrus laoticus
scorpion venom affect the processes of blood coagulation [16] and the structures of low-molecular
anticoagulants were established [17]. In the present work, we determined their anticoagulant activity.

2. Results

2.1. Isolation of Active Compounds

Earlier, we fractionated the Heterometrus laoticus scorpion venom by gel-filtration on Sephadex
G-50 column and found that some fractions influenced blood coagulation in vitro and bleeding in mice
invivo [16]. The low-molecular weight fraction V was further separated by reversed phase HPLC
(Figure 1) and fractions obtained were tested for effects on blood coagulation and bleeding [18].

A

226

2.0

0.5

0 10 20 30 40 50 min

Figure 1. Separation of a low molecular weight fraction by reversed phase HPLC on Eclipse XDB C18
column (9.4 x 250 mm, 5 um); the gradient of acetonitrile in 0.1% trifluoroacetic acid from 0% to 35%
in 70 min. Flow rate 2 mL/min. The presence of polypeptide in the fractions was detected by UV
absorbance at 226 nm. Fractions increasing coagulation and bleeding time are indicated by red ellipses.
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From 24 fractions obtained, five fractions (5.5, 5.10, 5.11, 5.16, 5.19, and 5.22) significantly increased
blood coagulation time in vitro and bleeding time in vivo [18]. The most active fractions, 5.5 and 5.22,
were further purified by two more cycles of reversed phase chromatography. Figure 2 shows the first
round of purification. The active fractions indicated by asterisks in Figure 2 were re-chromatographed
under the same conditions and used for structure determination. The most abundant fraction,
5.21 (Figure 1), was also purified under conditions used for purification of fraction 5.22 and the
structure of purified compound was analyzed as well. Analysis of purified substances indicated
that fraction 5.5 corresponds to adenosine, fraction 5.21—to dipeptide LeuTrp and fraction 5.22—
to dipeptide IleTrp [17]. The large quantities of dipeptides were prepared by peptide synthesis and
their anticoagulant activity was analyzed in detail.
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Figure 2. Isolation of active compounds by reversed phase chromatography on Analytical Eclipse XDB
C18 column (4.6 x 250 mm, 5 pm) (A) Separation of fraction 5.5 in the gradient of acetonitrile in 0.1%
trifluoroacetic acid from 0 to 10% in 40 min. Flow rate 1 mL/min; (B) Separation of fraction 5.22 in the
gradient of acetonitrile in 0.1% trifluoroacetic acid from 15 to 30% in 30 min. Flow rate 1 mL/min.

2.2. Studies of Anticoagulant Activity

2.2.1. Influence on Blood Coagulation In Vitro

To check in vitro anticoagulant activity of synthetic dipeptides in human plasma, we used the
standard coagulometric tests including the determination of the activated partial thromboplastin time
(APTT), the prothrombin test (PTT), and the thrombin test (TT). In all these tests, we did not find any
anticoagulant activity of the dipeptides applied at concentrations up to 100 uM. For dipeptide IleTrp,
higher concentrations were used in two tests. It was inactive in TT assay up to 620 pM and in PTT—
up to 1.6 mM.

The anticoagulant activity of both dipeptides on the whole mice blood was determined by the
Burker’s method [19], and when tested on the whole blood, the synthetic dipeptides showed significant
increases in clotting time [17]. To study anticoagulant activity, the synthetic dipeptides were injected
into the lateral vein of the mouse tail at a dose of 7.8 nmoles/g, which corresponds to maximal
calculated concentration of 110 pM in the peripheral blood.

The clotting time was determined every 20-30 min during two hours after peptide injection. It was
found that the dipeptides at dose of 7.8 nmoles /g significantly prolonged the coagulation time (Table 1).
The table also includes data for adenosine and low molecular fraction obtained after the gel-filtration of
the crude venom and used for isolation of dipeptides. Adenosine is a well-known inhibitor of platelet
aggregation and its injection results in the increase of coagulation time. The statistically significant
differences were observed for all tested samples at 20 min after injection, and at one hour after injection
only adenosine and IleTrp significantly prolonged clotting time. Although the increase in coagulation
time was observed for LeuTrp, it was not statistically significant. Since the most active in this test was
dipeptide IleTrp, which significantly increased clotting time even 90 min after injection, its activity
was studied in more detail using shorter times after injection (Figure 3): IleTrp strongly prolonged the
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coagulation time during observation period of two hours. The highest effect was observed immediately
after injection and significant differences were registered during the whole observation time.

Table 1. Influence of low molecular weight compounds on the mice whole blood coagulation time.

Time after Injection, min

Compound 20 30 60 90 120
Clotting Time, s
Control 307.7 + 17.4 290.67 + 9.58 286.00 + 6.31 256.3 + 20.4 229.7 +13.2
Fraction 5 42234841 391.7 + 4811 387.5 + 35.0 360.2 + 6.5 358.8 & 26.6 1
Adenosin 4425 4 20.6 2 4262 4+ 25.6 2 366.2 4 25.0 2 4283 4+ 51.1 296.3 + 37.4
LeuTrp 401.5 + 31.2 340.8 + 29.1 300.3 + 2.1 460.5 + 41.7 3133 +2491
IleTrp 556.5 4 87.2 2 4262 +371 388.0+4631  367.0+255! 261.8 £ 164

1 p <0.05 compared to control; 2 p < 0.01 compared to control.
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Figure 3. Influence of dipeptide IleTrp on the whole blood coagulation time. The abscissa indicates the
time after dipeptide injection. * p < 0.05 compared to control; ** p < 0.01 compared to control.

2.2.2. Influence on Bleeding Time In Vivo

To determine in vivo anticoagulant activity, solutions of synthetic dipeptides and adenosine were
injected in the mice as described above and tail bleeding times were evaluated. As shown in Table 2,
tail bleeding times were significantly prolonged by all compounds tested. Similarly to the whole blood
clotting test, all samples significantly prolonged bleeding during the first 20 min after injection and
only adenosine and IleTrp were active during the first hour. In this test, again the most active was
dipeptide IleTrp, which was more active than adenosine 60 min after injection. Although LeuTrp
showed a higher effect during the first 20 min, the action of IleTrp was more prolonged. The activity of
this dipeptide was studied in more detail using shorter times after injection (Figure 4).

It was found that IleTrp strongly prolonged the bleeding time during the first 10 min. The highest
effect was observed immediately after injection and a statistically significant difference between
experimental and control mice was maintained up to 90 min.
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Table 2. Influence of low molecular weight compounds on the bleeding time in mice.

Time after Injection, min

Compound 20 30 60 90 120
Bleeding Time, s
Control 79.5+13.7 4333 +1.94 45.83 +3.95 40.67 + 5.02 49.67 +7.85
Fraction 5 386.2 4 88.71 187.0 £ 64.6 1 86 + 2.38 119.3 £29.21 183 £ 80.7
Adenosin 248.2 4 66.7 1 314 + 5861 146.7 + 46.01 65 + 14.5 402 £ 103
LeuTrp 314.5 + 8521 84.8 + 16.7 81.2+ 154 61.8 +14.8 68.8 £ 16.4
IleTrp 233.0 4 30.6 2 179.0 + 41.41 218.7 £ 7852 151.5 +57.4 83.8 £13.7

1 p <0.05 compared to control; 2 p < 0.01 compared to control.

400
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200 A
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0 20 40 60 80 100 120
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Figure 4. Influence of dipeptide IleTrp on the bleeding time. The abscissa indicates the time after
dipeptide injection. * p < 0.05 compared to control; ** p < 0.01 compared to control.

We have observed no dipeptide effects on plasma coagulation, but have seen strong influence on
the whole blood clotting and in vivo bleeding. Basing on these data, we suggested that dipeptides
might inhibit platelet aggregation. To check this suggestion, the influence of dipeptides on platelet
aggregation was studied.

2.2.3. Influence of Dipeptides on Platelet Aggregation In Vitro

The effect of dipeptides on platelet aggregation was studied using human platelet rich plasma,
which was prepared immediately before use from the blood of healthy donors. The increase in light
transmittance upon platelet aggregation was registered and the substance inducing the aggregation by
different mechanisms were used. The peptide influence on platelet aggregation induced by addition of
ADP, collagen, ristocetin and thrombin was investigated. We have observed practically no effects of
LleTrp on aggregation induced by thrombin and ristocetin at peptide concentration up to about 600 uM.
The IleTrp also produced no effect, when aggregation was induced by ADP at low concentration and
only first aggregation phase was evident. However, at higher ADP concentration inducing two phase
aggregation, lleTrp suppressed the secondary phase (Figure 5A), the LeuTrp being much weaker in
this assay. When the collagen was used as aggregation inducer, a decrease in initial rate of aggregation
was observed in the presence of IleTrp (Figure 5B). The LeuTrp was inactive in this test.
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Figure 5. Influence of dipeptide IleTrp on the platelet aggregation. (A) ADP induced aggregation.
At time zero, ADP was added to platelet rich plasma and light transmittance was registered. The black
curve is control (water); the red curve was registered in the presence of IleTrp. (B) Collagen induced
aggregation. At time zero, collagen was added to platelet rich plasma and light transmittance was
measured. The black curve is control (water); the red curve was registered in the presence of IleTrp.
Each curve is the mean of two independent measurements.

3. Discussion

From the venom of scorpion H. laoticus, we isolated low molecular weight compounds possessing
anticoagulant activity. Determination of their structure showed that one compound was well
known anticoagulant adenosine, while the other two were dipeptides LeuTrp and IlleTrp [17].
The anticoagulant activity of the isolated substances was studied using standard tests for plasma
coagulation (APTT, PTT and TT), whole blood clotting test in vitro and bleeding assay in vivo.
In standard tests on plasma, no anticoagulant activity of the dipeptides was observed at concentrations
up to 100 uM. The dipeptide IleTrp was inactive in TT at concentration up to 620 uM and in PTT—
up to 1.6 mM. However, all three isolated compounds substantially prolonged clotting time of whole
blood (Table 1). It was found that at all tested times adenosine at a dose of 2.48 mg/kg (9.3 nmole/g)
showed a clotting time greater than in the control group. At 20, 30 and 60 min these differences were
statistically significant, while at 90 and 120 min, although adenosine increased clotting time compared
to the control group, these differences did not yet have statistical significance. Similarly, the dipeptide
LleTrp at a dose of 7.8 nmoles/g significantly prolonged clotting time during all observation time of
two hours (Figure 3). The dipeptide LeuTrp at the same dose showed a statistically significant increase
in clotting time only at 120 min and was the least active among substances tested. In bleeding in vivo
assay all three compounds also prolonged bleeding time (Table 2, Figure 4). The increase in time
was very similar to that observed for blood clotting. It should be noted that directly after injection,
the IleTrp effect on bleeding was much greater than on clotting (a 4.6-fold increase versus 1.6-fold one).

It should be noted that no systemic bleeding or coagulopathies were reported for H. laoticus
envenomation [2], therefore the amount of the venom received by the human victims after scorpion
sting in not sufficient to affect hemotsasis strongly. Although it is difficult to estimate the amount of
venom injected in the prey, the concentrations of dipeptides used in this study are certainly exceeding
those achieved in natural scorpion victims. To obtain reliable results, for individual compounds we
used the doses of 2.48 mg/kg which corresponds to 1/5 of LDs; (12.4 mg/kg) for the crude venom.
Certainly the content of each studied compound in H. laoticus venom is much less than 20%, however
even their low amounts may be sufficient to induce coagulopathies in small animals.

The absence of anticoagulant activity of dipeptides in the standard coagulometric tests on
blood plasma might indicate that both intrinsic and extrinsic coagulation pathways were not
influenced by these substances, suggesting that the possible target of peptide intervention may be
platelet aggregation.
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Several platelet receptors involved in platelet activation are known; these are P2Y1 and P2Y12
receptors, thromboxane A2 receptor, PAR-1 and PAR-4 receptors, as well as collagen GPVI and
GPIba receptors [20]. Inhibition of platelet activation is achieved by blocking these receptors. On the
other hand, activation of A5 adenosine receptors by adenosine also results in inhibition of platelet
aggregation [21]. Thus, sub-micromolar concentrations of adenosine have an antiaggregatory effect on
whole human blood [22]. Adenosine has an extremely short lifetime in blood plasma [23]; however,
a high dose of 9.3 nmole/g used in our experiments allowed for the detection of the effect. This dose
corresponds to the concentration of 133 uM in peripheral blood. At this dose, the observed effects were
quite long, the statistically significant increase in both time of coagulation and bleeding was observed
within an hour after adenosine administration (Tables 1 and 2).

Interestingly, the dipeptide IleTrp at slightly lower dose revealed stronger effects; it showed
statistically significant elongation of coagulation time during 90 min after administration, with the
tendency to increase in time being seen even after two hours (Table 1). Increased bleeding time was
observed for two hours after administration, while during the second hour the differences were not
statistically significant (Table 2). The observed effect is the first indication that dipeptide can cause an
increase in the blood clotting time in vivo.

It should be noted that the tryptophan-containing dipeptides, including IleTrp and LeuTrp, which
have been found in food protein hydrolysates, are inhibitors of angiotensin converting enzyme {ACE)
involved in the regulation of blood pressure [24]. The peptide IleTrp is a selective and competitive
inhibitor of the C-terminal domain of the enzyme possessing a selectivity coefficient of 40 compared
to the N-terminal domain [24]. At the same time, increasing evidence suggests that ACE inhibitors
(ACE-]) exert antithrombotic effects [25]. Thus it was shown that ACE-I (captopril and lisinopril)
enhanced the antiplatelet response to aspirin at concentrations of 15 uM [26]. It was also found
that ACE-I exerted an antithrombotic effect in experimental thrombosis in rats [27]. The arterial
and venous thrombus weights were reduced after the rats’ treatment with some ACE-I. The same
treatments resulted in significant inhibition of the collagen induced platelet aggregation in the whole
blood [27]. Pretreatment with ACE-Is resulted in a significant reduction of platelet adhesion to fibrillar
collagen. These data are in good agreement with our results on inhibition of collagen induced platelet
aggregation by IleTrp (Figure 5).

There is also evidence that the dipeptide IleTrp under trademark BNC210 (Bionomics Limited,
Thebarton, Australia) is in the second stage of clinical trials for the treatment of post-traumatic stress
disorder [28]. By the mechanism of action, BNC210 is a negative allosteric modulator of nicotinic
acetylcholine receptors of the alpha7 type [29]. Given the fact that the aggregation of platelets is
substantially inhibited [30] by x-bungarotoxin and methyllycaconitine which are selective antagonists
of alpha? nicotinic cholinergic receptors, one can suggest that the observed anticoagulant effect the
dipeptide IleTrp might be mediated by its interaction with this receptor.

Some other molecular mechanisms could be involved in anticoagulant effects of dipeptides.
For example, ACE-L, to which IleTrp belongs, have generally been shown to improve the fibrinolytic
balance by reducing plasma plasminogen activator inhibitor type 1 (PAI-1) level [31]. The PAI-1 binds
to tissue plasminogen activator (t-PA) forming an inactive complex and preventing fibrin breakdown,
thus prolonging preservation of thrombus. The reduced PAI-1 level should result in the faster thrombus
retraction by t-PA.

The traditional concept of the hemostatic system regulation by a coagulation factor cascade along
with platelet activation in recent years has been supplemented by new evidence that the immune
system may strongly affect blood coagulation. Under certain conditions, leukocytes can express tissue
factor and release proinflammatory and procoagulant molecules [32]. These molecules can influence
platelet activation and adhesion as well as activation of the intrinsic and extrinsic coagulation pathways.
There is also evidence about multiple interactions between the hemostatic system and innate immunity,
and the coagulation and complement cascades. Thus, complement factor 3 (C3) deficiency causes
prolonged bleeding, reduced thrombus incidence, thrombus size, fibrin and platelet deposition as well
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as diminished platelet activation in vitro [33]. Although there are no data about influence of dipeptides
on immune system, one cannot exclude their possible action on blood coagulation through effects on
immune system.

Interestingly, in in vitro experiments on human platelets, the dipeptides inhibited the secondary
phase in aggregation induced by ADP, and IleTrp caused a decrease in initial rate of aggregation
induced by collagen (Figure 5). As several mechanisms are involved in the secondary phase in
aggregation induced by ADP [34], it is difficult to say which of them is affected by dipeptides.
This IleTrp effect on collagen induced aggregation is in good agreement with the literature
data. It was shown earlier that in human blood, adenosine A2 receptor agonist CGS 21680
attenuated both in vitro aggregation induced by collagen and flow cytometric markers of platelet
activation-aggregation [35]. Moreover, platelet responsiveness to adenosine A2 receptor stimulation
was species-dependent: adenosine A2 receptor stimulation inhibited platelet activation by collagen in
human, but not canine models. Based on these data, one can suggest that dipeptide effects may be
realized though their interaction with adenosine receptors and are stronger in mice than in humans
due to species dependence.

However, the above consideration suggests the necessity of further studies to elucidate the exact
molecular mechanism of anticoagulant effects of dipeptides.

4. Conclusions

From the H. laoticus scorpion venom, for the first time we isolated adenosine and two dipeptides
LeuTrp and IleTrp possessing anticoagulant activity. The dipeptides did not influence the coagulation
time in standard plasma coagulation tests, but, similarly to adenosine, strongly prolonged the bleeding
time from mouse tail and in vitro clot formation. The dipeptides inhibited the secondary phase
of aggregation induced by ADP, and IleTrp decreased an initial rate of collagen induced platelet
aggregation in vitro, which may suggest it interaction with adenosine A5 receptors. One can assume
that anticoagulant effects of dipeptides may be realized through the deterioration of platelet function.
The ability of short venom peptides to slow down blood coagulation was established for the first time.
Further studies are needed to elucidate the precise molecular mechanism of this action and potentially
apply it to clinical practice.

5. Materials and Methods

5.1. Materials

The kits for APTT, PTT, and TT tests as well as thrombin, ADP, ristocetin and collagen
were obtained from NPO Renam (Moscow, Russia). Adenosine was from Merck KGaA
(Darmstadt, Germany).

Scorpions and Scorpion Venom

The scorpions H. laoticus were collected in the An Giang province of Vietnam and bred at
laboratory of Institute of Applied Materials Science VAST, Ho Chi Minh City. They were fed with
crickets and locusts. The scorpions were milked by electrical stimulation, and the venom obtained by
this ways was dried over anhydrous CaCl, and kept at —20 °C until use.

5.2. Venom Fractionation and Isolation of Low Molecular Weight Compounds

Crude H. laoticus venom was first fractionated by gel-filtration Sephadex G50 as described [3].
Five main fractions were obtained. The fraction 5 was further separated by reversed phase HPLC on
Eclipse XDB C18 column (9.4 x 250 mm, 5 um); the gradient of acetonitrile in 0.1% trifluoroacetic
acid from 0% to 35% in 70 min. Flow rate 2 mL/min. The presence of polypeptide in the fractions
was detected by UV absorbance at 226 nm (Figure 1). The active compounds were further purified
by reversed phase chromatography on Analytical Eclipse XDB C18 column (4.6 x 250 mm, 5 um)
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Fraction 5.5 was separated in the gradient of acetonitrile in 0.1% trifluoroacetic acid from 0 to 10% in
40 min; fraction 5.21 and 5.22—in the gradient of acetonitrile in 0.1% trifluoroacetic acid from 15 to
30% in 30 min. Flow rate 1 mL/min. The molecular masses of obtained substances were determined
by mass-spectrometry on mass-spectrometer LCQ DECA XP+ (Thermo Finnigan, Somerset, NJ, USA).

5.3. Characterization of Low Molecular Weight Compounds

The structures of the compounds isolated from fractions 5.5, 5.21 and 5.22 were determined as
described [17]. In brief, the molecular mass of the compound from fraction 5.5 was 267.8 Da close to
the mass of adenosine (267.2 Da). Both substances co-eluted as a single peak from reversed phase
HPLC column and had similar fragmentation mass-spectra. Thus, fraction 5.5 contained adenosine.
The compounds from fractions 5.21 and 5.22 had an identical mass of 317.1 Da. The structure of the
compound from fraction 5.21 was determined by proton nuclear magnetic resonance. Tandem mass
spectrometry analysis of fraction 5.22 showed Leu/lIleTrp structure for dipeptide present. As LeuTrp
was found in fraction 5.21, fraction 5.22 contained IleTrp dipeptide. The determined structures
of dipeptides were confirmed by their chemical synthesis. The peptide synthesis was carried out
as described [36].

5.4. Mice

Male Swiss albino mice were obtained from the Pasteur Institute of Ho Chi Minh City (Vietham).
The mice were kept at least 2 days prior to the test at Faculty of Pharmacy, Nguyen Tat Thanh
University, Ho Chi Minh City. All the appropriate actions were taken to minimize discomfort to mice.
World Health Organization’s International Guiding Principles for Biomedical Research Involving
Animals were followed during experiments on animals.

5.5. Determination of Anticoagulant Activity

To study anticoagulant activity, solutions of synthetic dipeptides and adenosine in 0.9% NaCl were
injected into the lateral vein of the mouse tail at a dose of 2.48 mg/kg (injection volume 0.1 mL/10 g of
body mouse weight). This dose corresponded to 1/5 of LD50 (12.4 mg/kg) for H. laoticus venom at
intravenous injection. For dipeptides, 2.48 mg/kg is equal to 7.8 nmoles/g. The average circulating
blood volume for mice is 72 mL/kg [37]. The average weight of the mouse used was 20 £ 2 g,
the molecular weight of dipeptides—317 Da, and the average blood volume is 1.4 mL; the amount of
compounds injected yielded a maximum calculated concentration of 110 uM in the peripheral blood.
The mice of the control group received only 0.9% NaCl solution. Each experimental and control group
included 6 mice.

5.5.1. Determination of Blood Coagulation Time

The blood coagulation time was determined by modified Burker method [19]. In brief, a drop of
blood from the mouse tail was placed on the glass. Every 30 s one tried to tear it away from the glass
with the help of an injection needle. The moment when the formed fibrin threads could detach the
blood clot from the glass corresponded to the end of the coagulation.

5.5.2. Determination of In Vivo Bleeding Time

Tail bleeding times were measured using the method described by Liu et al. [38]. The distal 5 mm
of tail was amputated and the tail (diameter of about 1.5 mm) was immersed in 37 °C solution of 0.9%
NaCl. Time to visible cessation of bleeding was recorded.

5.5.3. Platelet Aggregation Measurements

The preparation of platelet rich plasma (PRP) and platelet aggregation measurements using
the platelet aggregation analyzer AR2110 (Solar, Minsk, Belarus) were performed essentially as
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described [39]. In brief, the solution (25 mM) of IleTrp in water (20 uL) was added to 450 uL of
PRP and the light transmission was recorded for approximately 30 s. Subsequently, 50 uL of solution
containing aggregation inducer was added, and the recording was continued. Thrombin (3 units),
ADP at final concentration of 6 1M, ristocetin (1 mg/mL) and collagen at final concentration of 0.02%
were used to induce aggregation.

5.5.4. Plasma Coagulation Tests

The plasma coagulation tests were performed using APG2-02 hemostasis analyzer (EMCO,
Moscow, Russia) according to the manufacturer protocols.

5.6. Statistical Analysis

Significance of differences between experimental and control groups was analyzed by
Kruskal-Wallis method and then by Mann-Whitney method using Minitab 15.0 (Minitab Inc.,
State College, PA, USA) program. The differences were considered significant for p values < 0.05.
All results are presented as the mean £ SEM (standard error of the mean).

Animal experiments described in this study were approved by the Scientific Council of the Faculty
of Pharmacy, Nguyen Tat Thanh University (Protocol No. 1). Protocol was signed by the Chairman of
the Council Vice Principal Prof. Nguyen Van Thanh and the Council Secretary Dr. Vo Thi Ngoc My.
Date of approval was 19 January 2017.
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Abstract: Human phospholipase A, (iPLA;) of the ITA group (HGIIA) catalyzes the hydrolysis of
membrane phospholipids, producing arachidonic acid and originating potent inflammatory mediators.
Therefore, molecules that can inhibit this enzyme are a source of potential anti-inflammatory drugs,
with different action mechanisms of known anti-inflammatory agents. For the study and development
of new anti-inflammatory drugs with this action mechanism, snake venom PLA; (svPLA;) can be
employed, since the svPLA; has high similarity with the human PLA, HGIIA. Despite the high
similarity between these secretory PLA;s, it is still not clear if these toxins can really be employed as
an experimental model to predict the interactions that occur with the human PLA; HGIIA and its
inhibitors. Thus, the present study aims to compare and evaluate, by means of theoretical calculations,
docking and molecular dynamics simulations, as well as experimental studies, the interactions of
human PLA; HGIIA and two svPLA;s, Bothrops toxin Il and Crotoxin B (BthTX-II and CB, respectively).
Our theoretical findings corroborate experimental data and point out that the human PLA, HGITA
and svPLA; BthTX-II lead to similar interactions with the studied compounds. From our results,
the suPLA; BthTX-II can be used as an experimental model for the development of anti-inflammatory
drugs for therapy in humans.

Keywords: experimental model; svPLA,; vanillic acid

1. Introduction

The inflammatory process involves a complex cascade of biochemical and cellular events, and it
is an innate reaction of the organism that occurs in tissue in response to any cell injury from any
dangerous agent: physical, chemical or biological. One of the stages of the inflammatory process
is the breakdown of membrane phospholipids by phospholipases A, (PLA;), which generates
fatty acids, such as arachidonic acid (AA) and lysophospholipids. Oxidation of AA generates
inflammatory mediators, such as prostaglandins, thromboxanes and leukotrienes, through the action
of cyclooxygenase (COX) and lipoxygenase (LOX) enzymes. In addition to AA, the breakdown of
membrane phospholipids generates lysophospholipids, a precursor of platelet-activating factor (PAF),
another potent inflammatory mediator [1,2].

For the treatment of these inflammatory conditions, the Non-Steroidal Anti-Inflammatory Drugs
(NSAIDs) are the most commonly employed drugs [3]. Their wide use throughout the world is
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due to the large number of diseases involving inflammatory disorders, the spread of rheumatic
diseases, and an increase in the life expectancy of the population. Despite their widespread utilization,
the prolonged use of this class of anti-inflammatory drugs causes several side effects, such as
gastrointestinal toxicity and hepatotoxicity, among other diseases [4-6]. For this reason, there is great
interest in the development of new compounds that can act as anti-inflammatory drugs, but with fewer
side effects.

Despite their structural differences, all NSAIDs have a similar action mechanism, and are
inhibitors of COX enzymes [7]. Recent studies have reported that the anti-inflammatory action of
NSAIDs occurs by inhibition of the COX-2 isoform. However, the other products of the inflammatory
cascade are also involved in inflammatory conditions, and the inhibition of the COX pathway may
accentuate the LOX activity, and consequently increases leukotrienes production, the other product of
arachidonic acid degradation [8-10]. In this way, the inhibition of the PLA,, which can act at the top
of the cascade, is a promising alternative, since at the same time that it decreases the COX pathway,
it also regulates the production of leukotrienes and the PAF-AH. Despite having great importance,
only a few theoretical studies have been devoted to this topic and currently secreted PLA; enzymes
have not been explored as a molecular target by medicinal chemistry [11].

Among the various classes of existing PLA;, the human secreted PLA; of the IIA group (HGIIA)
belongs to the group of PLA; that is the most associated with diseases and consequently are the target
enzyme for inhibition [11]. Since human enzymes are difficult to obtain, some experimental models are
generally employed for their study [12-16]. In this line, some enzymes that would possibly serve as an
experimental model are the snake venoms PLA; (svPLAj). The secreted PLA; from snake venoms
are distributed in Subgroups I and II of the secreted PLA; group. Of these, the crotalid and bothropic
PLA; are part of the II group, which is the same group as the HGIIA, which is a human PLA,. Crotoxin
B (CB) (PDB ID 2QOG, UniProtKB AC: P24027) is the basic part of the Crotoxin (Cro), and its toxic
part. Crotoxin was the first animal toxin to be purified and crystallized and is the main protein present
in venom of the Crotalus durissus terrificus (South American rattlesnake) [17]. The Bothrops toxin II
(BthTX-II) is another basic PLA; isolated from Bothrops jararacussu venom. This myotoxic toxin is also
known for its edematogenic and hemolytic effects and for its ability to induce platelet aggregation and
secretion [18].

The use of svPLA, for understanding the activity and action mechanisms of the human PLA,
HGIIA has been proposed, as there is a high similarity between svPLA; and HGIIA PLA, [19].
Moreover, the use of snake venom toxins could also be justified, because they are rich in Group I and II
secreted PLA;, especially Elapidae and Viperidae families [20]. It should be kept in mind that despite
this high similarity, it is not clear if these enzymes can perform similar interactions and if the svPLA,
can really be employed as an experimental model to describe the HGIIA interactions, since some
works reveal the contrary [21]. Thus, the objective of this work was to evaluate, experimentally,
the phospholipasic activity of vanillic acid (VA) on svPLA; enzymes, such as BthTX-II and CB.
In addition, we compare, theoretically, the interactions of these enzymes with the interaction of
the same compound with HGIIA. Finally, two molecules rationally modified from the VA molecule
were proposed to improve their interaction of the VA with HGIIA and to develop new potential
anti-inflammatory drugs.

2. Results

2.1. Experimental Assays

Figure 1 contains the percent inhibition of both svPLA; by VA in relation to the different
concentrations of this molecule. It is possible to observe that svPLA; BthTX-II presented a higher
activity and value of inhibition percentage by the VA. In relation to the halo of activity (Figure S1
of the Support Material), the sample with the highest proportion of VA presents the lowest activity
halo for both enzymes, which indicates that VA decreases the activity of both suPLA,. In addition,
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the inhibition percentage values also indicate that vanillic acid is able to inhibit suPLA;. Figure 1 shows
that the highest proportion of VA tested was responsible for the highest percentage of inhibition for
both enzymes, equivalent to 23.7% for the BthTX-II and 20% for CB.

Percentage of inhibition of PLA, by the VA
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Figure 1. Percent inhibition of phospholipase A activity caused by vanillic acid (VA), for the phospholipases
A isolated from snake venom Bothrops toxin II (BthTX-II) and Crotoxin B (CB).

2.2. Alignments of Amino Acid Sequences of svPLA; and Human PLA,

Two alignments of primary amino acid sequences of BthTX-II (PDBID 3JR8), CB (PDBID 2Q0OG),
and HGIIA (PDBID 3U8D) were performed and can be seen in Figures S2 and S3 of the support
material. One is for calculating the percentages of identity and similarity between the enzymes,
while the other is focusing on charge distributions and hydrophobicity of the three PLA,. The results of
the first alignment showed 64.0% identity (84.4% similar) for alignment BthTX-II vs. CB (3-143:4-144);
53.1% identity (72.0% similar) for HGIIA vs. BthTX-II (3-145:3-143); and 55.2% identity (81.1% similar)
for the alignment of the HGIIA vs. CB (3-145:4-144). For the second alignment, it is possible to observe
that, although there are a few differences in some residues, the enzymes present groups (hydrophobic,
negatively or positively charged residues) that behave similarly in the same positions, in most cases.

2.3. Theoretical Calculations

2.3.1. Molecular Docking Calculations

To validate the methodology, re-docking was performed on the human enzyme, under the same
conditions, to compare the structure obtained in the theoretical calculation with the ligand structure
of the U8SD present in the crystal. The root-mean-square deviation (RMSD) obtained in re-docking
was zero for all structures, which means that the structures obtained presented little alteration in
relation to the average structure, which is satisfactory. The overlap of the obtained poses with the
U8D active ligand are shown in Figure 2. As can be seen, there was no significant variation in the
structures theoretically obtained with the active ligand structure of the 3U8D complex. Therefore, this
result can validate our docking study.
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Figure 2. Superposition of the obtained poses with the active ligand U8D, obtained by re-docking calculation.

Afterwards, the docking analysis of the vanillic acid with all enzymes was performed, and the
results are reported in Table 1. As can be seen in Table 1, the interaction energies and the score function
obtained for the enzyme HGIIA and BthTX-II were very close. This result does not apply to the third
phospholipase CB. Both suPLA; have high similarity to the human enzyme HGIIA, however, only CB
has four subunits composed of two equal dimmers, as seen in Figure 3. Each of these two dimmers
is similar to the other PLA; studied. BthTX-II and HGIIA enzymes have only two subunits in their
active conformation, and this small structural difference can make the BthTX-II enzyme a little more
appropriate to help describe the interactions that occur in the human enzyme.

Table 1. Values obtained for the Score Binding Functions, Interaction Energy, and Hydrogen bonds for
docking calculation of human phospholipase A, (hlPLAj) of the IIA group PLA,; (HGIIA), BthTX-II,

and CB.
Enzyme MolDock Score  Rerank Score  Interaction HBond
hPLA,
HGIIA —69.38 —58.93 —75.35 —2.21
svPLA,
BthTX-II —71.22 —57.02 —79.45 0.00
CB —37.87 —35.17 —44.91 —0.02

In relation to the hydrogen bond energies, the svPLA; had the lowest values, different from
the HGIIA that have approximately —2.21 KJ mol 1. Despite of this difference in energies, just one
hydrogen bond between the Histidine 47 residue of HGIIA and VA occurs, which can be seen in
Figure 4. The bond length is 2.601 A, and bonds longer than 2.5 A are not very stable [22].

Through the superposition of the VA and the active ligand U8D, in Figure 54 of the support material,
it is possible to deduce that VA leads to similar hydrophobic interactions. This means interactions
between U8D and the hydrophobic residues of HGIIA, since the aromatic rings of VA are localized very
close to the aromatic ring of the USD. In addition, the oxygen atoms of the VA carboxyl group are also
near the oxygen groups of the USD molecule. Figure S5 shows the vanillic acid molecule inside the
cavity of the HGIIA enzyme. As can be seen, VA occupies only a part of the cavity.

If new radical groups are rationally added in a vanillic acid molecule to take up all the cavity space,
it is possible that the interaction of these compounds increases. Based on this idea, and considering
the composition of the residues that are in the active site, two VA modified molecules were supposed,
and docking analysis of their energies was performed. The proposed modifications are shown in
Figure 5.
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(©

Figure 3. Three dimensional structures of secretory phospholipases Ay: (a) represents the structures of
HGIIA, with 3U8D PDB code; (b) represents the BthTX-II structure, with 3JR8 PBD code; and (c) is the
3D structure of CB, PDB code 2QOG.
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Figure 4. Hydrogen bond made between a vanillic acid molecule and the His 47 residue of PLA;
HGIIA, whose length is 2601 A.
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Figure 5. Modifications rationally proposed to improve the inhibitory activity of vanillic acid. On the
top of the figure is the general structure; the molecule represented in (a) is the vanillic acid (VA),
(b) is the first modification, named analogue I, and (c) is the second modification, named analogue IL

The docking calculation of the modified VA structures (analogues I and II) also were
performed, and the results are displayed in Table 2. As can be seen, all results are better than
the unmodified VA molecule (Table 1), which means that the modifications are satisfactory.
The hydrogen bond energies have improved and are more similar between BthTX-II and HGIIA
than the unmodified VA molecule. Moreover, the analogues followed the same interaction pattern,
having more affinity for BthTX-II, followed by HGIIA and CB, the energies of the first two being
very similar. The interaction energy between analogue I and the enzymes BthTX-II, HGIIA, and CB
are —113.82, —107.12, and —71.93 K] mol 1, respectively. For the interaction of these enzymes and
analogue II, the interaction energies were —126.35, —115.38, and —55.64 KJ mol 1}, respectively. These
data also suggest that the BthTX-II serves as an experimental model to evaluate inhibitions in human
secretory phospholipases of the ITA group.

Table 2. Values obtained for the Score, Interaction Energy, and Hydrogen Bond energies of the two
analogues tested by docking calculation with the PLA; HGIIA, BthTX-II, and CB.

Compound Enzyme MolDock Score Rerank Score Interaction HBond
Analogue I HGIIA —101.52 —73.99 —107.12 —4.99
Analogue I BthTX-II —111.32 —69.64 —113.82 —4.61
Analogue I CB —72.26 24.57 —71.94 —5.14
Analogue II HGIIA —117.02 —26.35 —115.38 —4.63
Analogue II BthTX-II —123.33 —101.81 —126.35 —-791
Analogue II CB —59.03 31.78 —55.64 —9.65

2.3.2. Molecular Dynamics Simulation

After the molecular docking study of VA in both PLA,, the structures obtained from the enzymes
and the poses were analyzed by molecular dynamics. The root-mean square deviation (RMSD)
and the number of hydrogen bonds were obtained for both systems. The first plot (Figure 56)
shows the RMSD for each enzyme/inhibitor complex (HGIIA/VA; BthTX-II/VA, and CB/VA). In all
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systems, both VA and enzymes were stabilized, which indicates that all systems reached equilibrium.
The svPLA; structures have more fluctuations over time, especially the CB/VA system.

For the HGIIA /VA system, which was the most stable, the equilibrium occurred as early as in
the first picoseconds of simulation, and its maximum value was approximately 0.5 nm for the VA and
0.4 nm for the protein, both low values. This indicates that the VA ligand stabilized within the active
site of the enzyme and that its interactions with HGIIA are favorable, proving its inhibitory potential.
For the BthTX-II/ VA system, the equilibrium was reached later for the ligand after 1000 ps, but it also
occurred and was relatively maintained over time. Its maximum value was less than 1.2 nm while
the RMSD of the BthTX-II enzyme did not reach 0.7 nm, which means that the permanence of the VA
in the active site of the PLA; BthTX-II is also favorable. The CB/VA complex provided the largest
variation in position over time, but despite this, it also stabilized. The ligand varied widely in the
active site of the CB enzyme, reaching a maximum RMSD of 2.5 nm for the ligand and 1 nm for the
protein. Similar to the behavior adopted in the docking calculations, the BthTX-II enzyme was that
which behaved more like the human enzyme HGIIA. This also suggests that BthTX-1I is capable of
aiding in the description of the experimental behavior of the human enzyme and that the CB PLA,
does not provide information of interactions between the VA ligand and the human PLA,.

Comparing the RMSD between the enzymes, the HGIIA human PLA; (hPLA;) was the most
stable during the simulation, and BthTX-II was relatively stable. At the same time, the structure of CB
svPLA; had many more fluctuations, as already mentioned. Turning now to the inhibitor in the three
enzymes (Figure 6), it can be seen that the VA conformations in the enzymes HGIIA and BthTX-II have
similar behaviors, unlike the ligand in the CB active site.
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Figure 6. Comparison of root-mean square deviation (RMSD) of VA in each active site.

In relation to the hydrogen bonds carried out over time for the three studied PLA; (Figure S7 of
the support material), it is possible to observe that the "PLA,; HGIIA performed seven bonds during
the molecular dynamics (MD) simulation, with approximately four being maintained most of the
time. The BthTX-II svPLA;, similarly to HGIIA, performed six hydrogen bonds in the MD simulation,
four of which are more frequent over time. Regarding CB suPLA,, unlike the other two phospholipases,
CB PLA; showed up to eight hydrogen bonds, but these were less stable, since they appear only at a
few moments throughout the time.

128



Toxins 2017, 9, 341

3. Discussion

3.1. Can svPLA,/Inhibitors Describe the hPLA,/Inhibitors Interactions?

From the experimental data, it is possible to observe that the BthTX-II enzyme has more affinity
with the VA molecule. This pattern was maintained in the docking and MD simulations, which indicate
that the theoretical studies carried out are coherent with the experiment and suggest that HGITA
performs similar interactions between BthTX-II and VA. According to the literature, a degree identity
over 35% is satisfactory [23]. Despite their similarity, it is important to comment that Kim and
collaborators (2017) [21] found that the svPLA; purified from the venom of Daboia russelli pulchella
(VRV-PL-VIII) is not appropriate as a model for describing the interactions between the human PLA,
and its inhibitors. As we can see in this work, the suPLA; CB, despite the high similarity with HGIIA,
does not provide information about the interactions that occur between the HGIIA and VA, while the
BthTX-II has a behavior similar to the human enzyme. This feature suggests that the structural
similarity is a very important factor to consider, but is not the only factor. The other factor which plays
an important role is the behavior of the enzyme in solution [21,24]. According to Kim and collaborators
(2017) [21], the suPLA; does not provide any useful foundation for a prediction of the binding mode
to specific ligands in a HGIIA complex. The authors conclude this based on the fact that the stPLA;
enzymes have different behavior in solution, and because of this feature can interact with different
chains (A or B) in a different mode. They found that the ligand FLSIK, in the HGIIA:FLSIK complex,
does not interact with both chains, and as such, the chain B is not necessary for the inhibition activity,
since the ligand interacts only with chain A. In other words, the authors found that the HGIIA acts as a
monomer in solution. For the svPLA; that the authors chose (PLA; purified from the venom of Daboia
russelli pulchella (VRV-PL-VIIIA, svPLA;, UniProt accession code P59071, with 49% identity to HGIIA),
the behavior in solution is different, and because of this, despite the high similarity, this svPLA; does
not provide information of HGIIA interactions, as it acts as a monomer and svPLA; act as a dimmer.

Similarly, for the authors, the simulations with HGIIA in the present work show that the ligand
interacts with a single chain of the enzyme, which can be seen in Figure 7. The images represent the
frames at the beginning, middle, and end of the simulation for the HGIIA /VA complex. As can be seen,
the VA molecule is maintained in a single chain of the molecule at the three times. However, different
from the conclusions of Kim and collaborators (2017) [21], in this work, we found that the svPLA,
BthTX-II can provide a useful foundation for a prediction of the HGIIA binding mode. This fact is
justified because the BthTX-II behavior in solution is similar to the HGIIA (Figure 7), different from
the svPLA; CB tested in this work and the svPLA; tested by Kim and collaborators [21]. In Figure 7,
the VA molecule also remains in the only chain of the enzyme most of time. As mentioned above,
the CB PLA;, despite its high primary sequence similarity with HGIIA, acts as a tetramer, different
from the other two tested PLA,. In addition, the PLA; tested by Kim et al. (2017) [21], besides having
less similarity to HGIIA, does not act as a monomer in solution.

Thus, for the similar interactions between HGIIA and BthTX-II, the similar behavior in solution,
and for the high structural similarity of these compounds, it is possible that, experimentally, the
vanillic acid acts in HGIIA in the same manner, with inhibition percentage values close to those of
the BthTX-II results. Despite the differences in hydrogen bond energies in the docking calculations,
the time dependent simulations show that the number of hydrogen bonds of BthTX-II and HGIIA are
similar, and are maintained most of time, which also contributes to their similarity in interactions,
contributing to the fact that the BthTX-II can be used as an experimental model for HGIIA.

Moreover, the aromatic ring of the VA is in the same position as the active ligand of the 3U8SD
complex, suggesting that the same hydrophobic interaction can occur. With the structures obtained in
the MD simulation, it was possible to create a pharmacophoric map of the HGIIA middle structures,
which is approximately correspondent to the BthTX-II interactions. The maps are shown in Figure 8.
The enzymes have similar hydrophobic interactions, and these interactions can explain the similar
interaction energy obtained in molecular docking. In the map, it is possible to observe that the VA
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molecule performs 7-m stacking interactions with phenylalanine residues and a hydrogen bond with
glycine residues in both enzymes. The results obtained in this work are in agreement with the results
obtained by Dileep et al. (2015) [25], who analyzed the effect of some phenolics on secretory PLA,
of the swine pancreas. The authors reported that vanillic acid interacts with this phospholipase by
performing an H bond and by hydrophobic interactions with residues Phe 5, Leu 2, Phe 22, and Leu 31.
Therefore, one secretory PLA; that has more availability and is more easily obtained, which is BthTX-II,
can be used as an experimental model for the study of mechanisms and the development of new
inhibitors for the HGIIA PLA; that are so important in regulations of the arachidonic acid pathway.

Human PLA,

P T N

Ons Sns 10ms

suPLA, BthTX-11

Figure 7. Comparison between the structure of the complex HGIIA/VA at the beginning (0 ns),
middle (5 ns), and end (10 ns) of the molecular dynamics simulation, and comparison of the structures
of the complex BthTX-I1/VA at the beginning (0 ns), middle (5 ns), and end (10 ns) of the molecular

dynamics simulation.
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Figure 8. Pharmacophoric map of the interactions between HGIIA and vanillic acid (VA).
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3.2. Searching Molecular Interactions of Vanillic Acid Analogs

With the modification of the VA molecule, the interactions increase significantly. As presented in
Table 2, the interaction energies increase for both modifications with all P1A;. Moreover, the hydrogen
bond energies for HGIIA and BthTX-II were very similar. Through the modifications of the VA
molecule, the majority of the active site was occupied with radicals that interact with specific
residues. This modification brings new hydrophobic interactions and hydrogen bonds, as can be
seen in Figure 9, the pharmacophoric map. In addition, the chlorine atom in analogue II performs
electrostatic interactions with HGIIA. With this, it is possible to conclude that vanillic acid can act as a
base molecule for the rational development of new secreted PLA; inhibitors. With better interaction,
these new inhibitors can be more effective and selective for these enzymes, which enables the use of
these molecules as possible anti-inflammatory drugs, with a different action mechanism from that of
the current commercially available drugs.

s
A21 fiLe 83y
. A9

cvs
omadR A28
A18 o e
A98

6L
A6

G0y
ASS A%

AR
ret!

TR -~
A51 2 T

! A21 L "
Residue Interaction . \ Residue Interaction o
His \p s
As7 52 oy \
Electrostatic /(e \si PHE
Electrostatic o W A, m A28 A48
& e van der Waals A%/ .
van der Waals 855 (8as
Covalent bond TR
Covalent bond o
Water
Yt wetat Bl
Metal. MHBond
MEletrostatic
MmHBond interaction
() (b)

Figure 9. Interactions between the analogues I and 1T and HGIIA enzyme: (a) presents the interactions
of the analogue I with HGIIA; (b) shows the interactions of the analogue II with the HGIIA enzyme.

4. Conclusions

In this work, a comparison of the HGITA and svPLA; interactions was performed in order to
clarify the discussion about the use of stPLA; as a model for analysis of human PLA; interactions.
In addition, two modified molecules from vanillic acid were theoretically proposed for increasing the
inhibition of the VA molecule as well as its inhibitory effect. It is possible to conclude that the enzyme
BthTX-II can provide useful information about the interactions of the potential inhibitors with HGIIA
hPLA; The other svPLA; tested, the Crotoxin B, or CB, does not present the same results, and so this
enzyme cannot be used as an experimental model for HGIIA. It is also concluded that the primary
sequence similarity is not the only factor to be considered, and the behavior of the enzyme in solution
is an important factor for the comparison of interactions between the structurally similar enzymes.

This work is of great use, because we report a proof-of-principle study that snake venom toxins,
more specifically svPLA;, can be used as tools for studies in human PLA;, taking care in choosing the
correct svPLA;,. Furthermore, it serves as evidence that both structural similarity and enzyme solution
behavior are important to describe similarities in interactions of two or more enzymes. Lastly, vanillic
acid has potential to inhibit secreted PLA;, and can be a base molecule for the development of
molecules that can interact more strongly and can be more selective. The two rationally moedified
molecules developed from VA show better interaction energies than VA, which means that the
developed molecules are more potent inhibitors than VA, and can be potential-use candidates for new
anti-inflammatory drugs.

131



Toxins 2017, 9, 341

5. Materials and Methods

5.1. Experimental Assays

For the experimental analysis, the model of secretory PLA; employed was the svPLA,
isolated from the species Crotalus durissus terrificus (CB) and Bothrops jararacussu (BthTX-II).
The inhibition of phospholipase activity for vanillic acid was assessed using solid medium as
described by Gutiérrez et al., 1988 [26], replacing agarose with agar and without the addition of
erythrocytes. The substrate used was egg yolk. The egg yolk is a source of phospholipids, mainly
phosphatidylcholine and phosphatidylethanolamine, thus forming an affordable and low-cost source
for the detection of phospholipase activity [27]. The medium was prepared with 1% bacteriological
agar, pH 7.2, and egg yolk diluted in phosphate-buffered saline (PBS) (1:3, vo~1). Also, 0.01 mol L™ of
CaCl, and 0.005% of sodium azide was also added in the medium. After the gel solidified in plates,
the treatments were applied in wells of approximately 0.5 cm of diameter. The two PLA, isolated from
snake venoms (BthTX-II and CB) were used to induce the breakdown of phospholipids. Each PLA,
and vanillic acid were diluted in CaCl, solution and previously incubated in a water bath at 37 °C for
30 min, at the following ratios: 1:1, 1:0.5, 1:0.1, and 1:0.05 (PLA, /vanillic acid, w/w). The potential of
vanillic acid in inhibiting PLA; was evaluated after 18 h of incubation of the plates in a cell culture
chamber at that same temperature. Controls containing only PLA, were also evaluated. The formation
of a clear halo around the well in the gel characterized the phospholipase activity, which was measured
according to the halo diameter. The results were expressed as percentages of activity, and inhibition
and the controls containing only venom were considered as having 100% phospholipase activity.

5.2. Alignments of Amino Acid Sequences

In order to verify the similarity of these enzymes with the human secretory PLA, HGIIA,
alignments were made using the LALIGN [28], a dynamic programming algorithm that determines
similar regions of two protein sequences and other biomolecules. Additionally, the alignment of the
UniProt [29] was employed to verify the presence of positive, negative, and hydrophobic residues.
For the alignments, the primary sequences of these secretory PLA; were downloaded from Expasy [30]
in the categories of proteomics on the topic of protein sequences and identification, using the UniProtKB
database [31]. In order to compare the interactions that occur between the ligands and all secretory
PLA,, the same theoretical calculations were performed for both secretory PLA;.

5.3. Simulation Methods

5.3.1. Docking Energies Calculations

To calculate the partial charges of ligands, the three-dimensional structures were previously
created through the program PC Spartan® (version Pro, Wavefunction, Inc., Ivine, CA, USA) [32],
and the calculation was performed by the semi-empirical method AM1. After this, the ligands were
docked inside the HGIIA (PDB code 3U8D, that have a resolution of 1.8 A and are complexed with
Ca?*, C1~, and 3-{[3-(2-amino-2-oxoethyl)-1-benzyl-2-ethyl-1H-indol-5-yl]oxy}propyl)phosphonic acid
(PDB code U8SD)) using the software Molegro Virtual Docker (MVD®, version 2011.4.3.0, Qiagen
Bioinformatics, Redwood City, CA, USA) [33]. The binding site was restricted into a sphere with
aradius of 11 A, and the residues within a radius of 8 A were considered flexible. Fifty runs were
performed, with 50 poses obtained for the analysis of the ligand-protein interactions and of the overlaps
with the U8D inside of the human PLA,. The best conformation was selected, based on the best overlap
and the interaction energy. For the analysis of the suPLA,;, the binding site, identified by the His47,
was restricted into a sphere with 7 and 5 A for the BthTX-II and CB, respectively, according to the size
of the cavity. Since these enzyme structures do not have ligands, the best energy of interaction was
taken into account. The selected conformations of all were used for the further MD simulation steps.
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5.3.2. Molecular Dynamics Simulations

Initial ligand configurations were produced using the Gaussian 09 Program [34] to construct
the structures, and the Automated Topology Builder (ATB) server [35,36] to generate the topology
and structure files. For the simulations, the force field used was GROMOS 96 54a7 [37], GROMACS
program [38] (Version 5.1.2, Royal Institute of Technology and Uppsala University, Uppsala, Sweden).
The enzyme/inhibitor complexes (HGIIA /VA, BthTX-II/VA and CB/VA) were constructed using the
mentioned force field, in a volume simulation box of 645.57, 742.71, and 938.66 nm for each complex,
respectively. For the energy minimization, the steepest descent algorithm was used, minimizing when
the maximum force was <10.0 k] /mol. After the minimization step, the complexes were submitted
to molecular dynamics analysis for a time interval of 10 ns, and 1000 conformations were obtained
for each complex. The equations of motion were integrated using the leapfrog scheme. The results
were analyzed through the VMD?® program (version 1.9.2, University of Illinois at Urbana-Champaign,
Champaign, IL, USA) [39] and Discovery Studio® 3.5 (Accelrys, San Diego, CA, USA). The total energy,
RMSD, and hydrogen bond graphs were generated to analyze the results through the Origin® program
(Version 3.5.0, Accelrys Software Inc., San Diego, CA, USA) [4043].

Supplementary Materials: The following are available online at www.mdpi.com/2072-6651/9/11/341/s1,
Figure S1: Halo of inhibition, in centimeters, formed by the inhibition of svPLA2svPLA?2 isolated from BthTX-II
and CB venom, by vanillic acid, Figure S2: Alignments of Human PLA2 HGIIA (3U8D) aminoacid sequences with
the phospholipases A2 BthTX-II (3JR8) and PLA2 CB (2QOG), Figure S3: The amino acid sequence comparison
between HGIIA, BthTX-II and PLA2 CB focusing on similar distribution of charged amino acid and hydrophobicity,
Figure S4; Overlap of the active ligand of the 3U8D complex, of the enzyme HGIIA, with the vanillic acid obtained
by the molecular docking, Figure S5: Volume of the cavity of the enzyme HGIIA with the molecule of vanillic
acid anchored, Figure S6: Root Mean square deviation (RMSD) for the HGIIA /VA, BthTX-II/VA and CB/VA
complexes, Figure S7: Hydrogen bonds carried out between vanillic acid and PLA2 enzymes.
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Abstract: A previous study highlighted that mastoparan V1 (MP-V1), a mastoparan from the venom
of the social wasp Vespula vulgaris, is a potent antimicrobial peptide against Salmonella infection,
which causes enteric diseases. However, there exist some limits for its practical application due to
the loss of its activity in an increased bacterial density and the difficulty of its efficient production.
In this study, we first modulated successfully the antimicrobial activity of synthetic MP-V1 against
an increased Salmonella population using protease inhibitors, and developed an Escherichia coli
secretion system efficiently producing active MP-V1. The protease inhibitors used, except pepstatin
A, significantly increased the antimicrobial activity of the synthetic MP-V1 at minimum inhibitory
concentrations (determined against 10° cfu/mL of population) against an increased population
(108 cfu/mL) of three different Salmonella serotypes, Gallinarum, Typhimurium and Enteritidis.
Meanwhile, the E. coli strain harboring OmpA SS::MP-V1 was identified to successfully secrete
active MP-V1 into cell-free supernatant, whose antimicrobial activity disappeared in the increased
population (108 cfu/mL) of Salmonella Typhimurium recovered by adding a protease inhibitor cocktail.
Therefore, it has been concluded that our challenge using the E. coli secretion system with the protease
inhibitors is an attractive strategy for practical application of peptide toxins, such as MP-V1.

Keywords: AMP; bacterial secretion system; inoculum effect; mastoparan; MP-V1; protease inhibitor;
Salmonella; wasp venom toxin

1. Introduction

Salmonella infection is a major public health concern causing a primary enteric pathogenic
disease in both humans and animals [1-3]. For example, Salmonella serotypes, such as Typhi
and Gallinarum, cause typhoid fever—an acute illness—in human and domestic poultry species,
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respectively, and nontyphoidal Salmonella serotypes, including Typhimurium and Enteritidis, are the
most common cause of foodborne infections [4-6]. Therefore, various antibiotics have been widely
used for prevention and treatment of the infection, but this has caused the emergence and rapid
dissemination of antibiotic-resistant bacteria, leading to serious problems with global human deaths
due to antibiotic-resistant infections [7]. For this reason, recent studies have highlighted the discovery
of novel and potent antimicrobial agents, including alterative drugs based on antimicrobial peptides
(AMPs) [3,8-12].

The most promising candidates for AMPs have been discovered extensively in the venom of
animals such as scorpions, snakes, spiders, ants, wasps, bees, centipedes, and so on. [13]. For example,
peptide toxins, such as androtonin, parbutoporin, opistoporins, TstH and vpAmp 1.0, from scorpion
venom, showed potent antimicrobial activity against Gram-positive and Gram-negative bacteria or
fungi [14-17]. Cardiotoxin and crotamine from snake venom also exhibited potent antibacterial or
antifungal activity [18,19]. Particularly, wasp and spider venoms offer a vast source of AMPs due
to their diversity around the globe, with more than 20,000 and almost 40,000 species, respectively;
mastoparans are representative AMPs from wasp venoms, and toxins including lycotoxins, lactarcins,
oxyopinins and lycosin-II were identified in spider venoms [13].

Even though the toxins originated from venoms have been identified extensively as potent
AMPs, there exist some limits for their practical application. For example, the AMPs can be subject to
proteolytic degradation by proteases produced from an increased bacterial population [20-22], which
may limit their pharmaceutical, nutraceutical and cosmeceutical uses. In addition, there are limits for
their large-scale production because the chemical synthesis of large amounts of AMPs is unavailable
in low unit cost and the over-collection of crude venom extracts for purification of AMPs can cause
ecosystem destruction [23,24]. To the best of our knowledge, this report is the first that addresses
these issues.

Recently, we reported that the mastoparan V1 (MP-V1), a de novo type of mastoparan from venom
of the social wasp Vespula vulgaris, has superior anti-Salmonella activity compared with other typical
mastoparans [25]. In this study, we also successfully modulated its antimicrobial activity against an
increased Salmonella population through the use of protease inhibitors to overcome the proteolysis.
In addition, we first made a cell-free supernatant including the MP-V1 with potent antimicrobial
activity using an Escherichia coli secretion system. Therefore, our study supplies important information
to set new strategies to modulate the antimicrobial activity of venom toxins and to produce them
effectively for their practical application.

2. Results

2.1. Antimicrobial Activity of Synthetic MP-V'1 against the Three Salmonella Serotypes

Antimicrobial activity of the synthetic MP-V1 used in the previous study [25] was examined
with 25 to 250 ug/mL concentrations against 10° cfu/mL of three different Salmonella serotypes,
Gallinarum—the typhoidal serotype—and Typhimurium and Enteritidis, the nontyphoidal serotypes
(Table 1), as shown in Figure 1A. The minimum inhibitory concentrations (MICs) were determined as
106.95, 56.86 and 123 pg/mL against the three serotypes, Gallinarum, Typhimurium and Enteritidis,
respectively. Subsequently, antimicrobial activity of the MP-V1 was examined with the MICs against
10% to 108 cfu/mL of Salmonella population (Figure 1B). MP-V1 at the MICs, determined by 10® cfu/mL,
significantly inhibited the bacterial growth against the 10% to 107 cfu/mL of the three different serotypes
(Figure 1B). However, it showed no antimicrobial activities against the 108 cfu/mL of population in
all three serotypes (Figure 1B). Further challenges to recover its antimicrobial activities against the
108 cfu/mL of population were performed as reported in the following section.
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Table 1. Bacterial strains and plasmids used for this study.

Strains or Plasmids Genotypes or Phenotypes Sources

Bacterial strains

E. coli

F-mcrA A(mrr-hsdRMS-mcrBC) F80lacZ AM15
Top10 AlacX74 recAl araA139 A(ara-leu)7697 galU galK rpsL Invitrogen
(Strr) end A1 nupG

Salmonella
HJL331 Salmonella Typhimurium HJL331, Wild type, SmR Chonbok National
(isolated from swine) University, Korea
HJL462 Salmonella Gallinarum HJL462, Wild type, Nak Chonbok National
(isolated from chicken) University, Korea
HJL390 Salmonella Enteritidis HJL390, Wild type, CmR Chonbok National
(isolated from swine) University, Korea
Plasmids
T-vector Cloning vector; pUCori AmpR Promega
pMMP319 A T-vector derivative harboring OmpA SS This study
pMMP320 A T-vector derivative harboring OmpA SS::MP-V1 This study
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Figure 1. Antimicrobial activity of mastoparan V1 (MP-V1) against three Salmonella serotypes.
(A) Determination of minimum inhibitory concentration (MIC) at against the three Salmonella serotypes,
Salmonella Enteritidis, Salmonella Gallinarum and Salmonella Typhimurium, shown in Table 1. MIC of
the synthetic MP-V1 was determined by using 25 to 250 pug/mL doses against 10° CFU/mL of the
Salmonella serotypes. (B) Examination of antimicrobial activity of the MP-V1 according to the Salmonella
population density. Antimicrobial activity of the MP-V1 was examined with the MICs, determined by
10 cfu/mlL, against 10® to 10% cfu/mL of Salmonella population. Data are means =+ standard error (SE)
(n = 3). Different letters indicate significant differences by the one-way ANOVA /Duncan (p < 0.05).
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2.2. Anti-Salmonella Activity Modulation of the Synthetic MP-V'1 Using Various Protease Inhibitors

Previous studies have highlighted that bacteria have an intrinsic AMP resistance mechanism
through proteolysis using their proteases [21,22]. Thus, we here investigated the effect of a protease
inhibitor cocktail (Sigma-Aldrich, Milwaukee, WI, USA) on antimicrobial activities of MP-V1 with
MICs against 108 cfu/mL of the three different Salmonella serotypes. The protease inhibitor cocktail
exhibited a dose-dependent effect on the increase of the antimicrobial activity against 108 cfu/mL of the
all three serotypes (Figure 2). Next, each of the inhibitors were independently assessed as to whether
they also have an effect on the increase of antimicrobial activity because the protease inhibitor cocktail
consists of various inhibitors, such as 23 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF),
2 mM bestatin, 0.3 mM pepstatin A, 0.3 mM E-64 and 100 mM ethylenediaminetetraacetic acid (EDTA)
(Figure 2). Except for pepstatin A, all inhibitors used showed a significant dose-dependent effect on
the increase of antimicrobial activity against 108 cfu/mL of all three serotypes (Figure 2). Among them,
AEBSF in particular exhibited the most superior effect on the increase of antimicrobial activity against
all three serotypes (Figure 2). Furthermore, EDTA, whose unit price is the lowest among the inhibitors,
was shown to effectively increase the antimicrobial activity against the increased population of all
three serotypes (Figure 3). These results indicate that MP-V1 is subjected to the proteolysis by bacterial
proteases in the increased Salmonella population, and thus, protease inhibitors can be used as effective
tools to modulate its antimicrobial activity.

A I Inhibitor Cock. [| AEBSF [l Bestain
140 - M PepstainA [] E-64 [l EDTA

a
a
100 1 & :Dcab abc abc

Relative bacterial
growthrate (%)
[o-]
o

Relative bacterial

Relative bacterial
growthrate (%)

Protease inhibitors (uL)

Figure 2. Effect of protease inhibitors on antimicrobial activities of MP-V1 in the increased Salmonella
population density. The effect of a protease inhibitor cocktail (Sigma-Aldrich, Milwaukee, WI, USA)
and its components (23 mM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), 2 mM bestatin, 0.3 mM
pepstatin A, 0.3 mM E-64 and 100 mM EDTA) on antimicrobial activities was examined using 0.5 to
10 pL doses against 108 cfu/mL of Salmonella Enteritidis (A); Salmonella Gallinarum (B); and Salmonella
Typhimurium (C). The MP-V1 was used at the MICs determined in 10° cfu/mL. Data are means + SE
(n = 3). Different letters indicate significant differences by the one-way ANOVA /Duncan (p < 0.05).
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Figure 3. Effect of EDTA on antimicrobial activities of MP-V1 in the increased Salmonella population
density. The effect of EDTA on antimicrobial activities was examined using 1 to 25 mM doses against
108 cfu/mL of Salmonella Enteritidis, Salmonella Gallinarum and Salmonella Typhimurium. The MP-V1
was used at the MICs determined in 10° cfu/mL. Data are means = SE (1 = 3). Different letters indicate
significant differences by the one-way ANOVA /Duncan (p < 0.05).

2.3. Construction of the E. coli Secretion System to Efficiently Produce Active MP-V1

The second aim for this study is to efficiently obtain the MP-V1 with antimicrobial activity
at a low unit price for a practical application. Here, we constructed an E. coli secretion system to
efficiently express active MP-V1 peptides, subsequently secreted into the cell-free supernatant by the
Sec-dependent type II secretion system, consisting of Sec and GSPs (general secretory proteins) [26-28].
The OmpA signal sequence (OmpA SS) was used as a signal peptide for the secretion of MP-V1
through the type II secretion system. In short, the nucleotide sequence fused with the OmpA SS and
the MP-V1 sequence were prepared by an artificial gene synthesis, and finally were cloned as the
pMMP320 plasmid (Figure 4A).

To identify the secretion of MP-V1 into the cell-free supernatant, the cell-free supernatant from
the OmpA SS::MP-V1 strain, an E. coli cell harboring pMMP320, was subjected to the examination of
antimicrobial activity, which was performed with 10 to 100 uL doses against 10° cfu/mL of Salmonella
Typhimurium (Figure 4B). The OmpA SS::MP-V1 strain dose-dependently inhibited the growth of
Salmonella Typhimurium, while a negative control from the OmpA SS strain had no effect on the
Salmonella growth (Figure 4B). The scanning-electron micrographs also revealed that the cell-free
supernatant from the OmpA SS::MP-V1 strain effectively caused cellular lysis through the damage of
the Salmonella membrane via pore formation, whereas a negative control from the OmpA SS strain did
not (Figure 4C). Thus, these results clearly prove that the cell-free supernatant, produced by the E. coli
system, contains the active MP-V1, forming pores into the Salmonella membrane.
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Figure 4. Examination of antimicrobial activity with the OmpA SS:MP-V1 secretion system.
(A) Construction of an E. coli secretion system for the production of MP-V1. The MP-V1 sequence was
designed to be directly fused with the OmpA SS, connecting to the translational start-site derived from
the Ptrc promoter. The OmpA SS, fused directly to the one from the Ptrc promoter without the MP-V1,
was designed to be used as a negative control. The designed artificial genes were cloned into the
T-vector, finally resulting in the pMMP319 (left) and pMMP320 (right), respectively. (B) Comparison
of antimicrobial activity of the OmpA SS::MP-V1 secretion system with that of the OmpA 5S one.
Antimicrobial activity of the cell-free supernatants from the OmpA SS::MP-V1 strain, an E. coli cell
harboring pMMP320, and the OmpA SS strain, an E. coli cell harboring pMMP319, was examined with 10
to 100 puL doses against 10° cfu/mL of Salmonella Typhimurium. Data are means + SE (1 = 3). Asterisks
indicate significant effect of the OmpA SS::MP-V1 strain as compared to the OmpA SS one by the
two-way ANOVA /Duncan (p < 0.05). (C) Scanning-electron micrographs of Salmonella Typhimurium
treated with the cell-free supernatants from the OnpA SS::MP-V1 strain and the OmpA SS one. The red
arrows indicate the pores forming into the Salnonella membrane.
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2.4. Anti-Salmonella Activity Modulation of the Cell-Free Supernatant Using Protease Inhibitors

When antimicrobial activity of 100 pL of the cell-free supernatant was examined against 10° to
108 cfu/mL populations of Salmonella Typhimurium, there were no antimicrobial activities against
the 107 and 10® cfu/mL populations, while inhibitory effects on the bacterial growth rate against the
103 to 10° CFU/mL populations were observed (Figure 5A). Accordingly, as in Figure 2, the effect
of the protease inhibitor cocktail on antimicrobial activities of 100 pL of the cell-free supernatant
against 10°® cfu/mL of Salmonella Typhimurium was investigated to increase its antimicrobial activities
against the increased population. As shown in Figure 5B, the protease inhibitor cocktail exhibited a
dose-dependent effect on the increase of antimicrobial activity against the 10® cfu/mL population.
EDTA also effectively increased antimicrobial activity against the increased population of Salmonella
Typhimurium (Figure 5C). Taken together, our results represent that the E. coli secretion system
producing the active MP-V1 can be considered together with protease inhibitors as a successful
strategy for its practical application.
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Figure 5. Effect of protease inhibitors on antimicrobial activities of the cell-free supernatant including
MP-V1 in increased Salmonella population density. (A) Examination of antimicrobial activity of the
cell-free supernatant including MP-V1 according to the Salmonella population density. The antimicrobial
activity of 100 L cell-free supernatant from the OmpA SS::MP-V1 strain was examined against 10° to
108 cfu/mL of Salmonella Typhimurium. (B,C) The effect of the protease inhibitor cocktail and EDTA on
antimicrobial activities of the cell-free supernatant including MP-V1 in increased Salmonella population
density. The effect of a protease inhibitor cocktail (B) and EDTA (C) on antimicrobial activities of 100 uL
cell-free supernatant from the OmpA SS::MP-V1 strain was examined against 108 cfu/mL of Salmonella
Typhimurium using 0.5 to 10 uL doses and 1 to 25 mM doses, respectively. Data are means =+ SE (n = 3).
Different letters indicate significant differences by the one-way ANOVA /Duncan (p < 0.05).
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3. Discussion

3.1. Protease Inhibitors Can Modulate the Anti-Salmonella Activity of MP-V1 through Avoidance of the
Inoculum Effect

Antimicrobial agents often decrease in their activity with increasing density of the starting
bacterial population, and this phenomenon is known as the inoculum effect (IE) [29]. We identified
that MP-V1 showed no anti-Salmonella activities at its MICs, determined in 10° cfu/mL of population,
against the increased population (108 cfu/mL) of three different Salmonella serotypes, suggesting
that due to the IE, its MICs might increase significantly when the number of bacteria inoculated
was increased to 108 cfu/mL. The IE is known to be generally attributed to enzymatic degradation
of the antimicrobial agents, despite the recent studies reporting other potential mechanisms, such
as heat-shock-mediated growth instability, intercellular signaling between resistant and sensitive
cells, and so on [29-31]. In addition, it has been reported that bacteria have an intrinsic AMP
resistance mechanism through proteolysis using their proteases [21,22]. Thus, we investigated
the effect of a protease inhibitor cocktail (Sigma-Aldrich, Milwaukee, WI, USA) on antimicrobial
activities of MP-V1 at the MICs when the Salmonella inoculum density was increased to 108 cfu/mL.
The inhibitor cocktail showed a significantly dose-dependent effect on the increase of its antimicrobial
activity against 10® cfu/mL of all three serotypes (Figure 2), indicating that they contributed to
lowering threshold levels of MP-V1 at the increased population density. Furthermore, when each
of the inhibitors were examined, as in the inhibitor cocktail, all inhibitors used, except pepstatin
A, showed significantly dose-dependent effects on the increase of antimicrobial activity against
108 cfu/mL of all three serotypes (Figure 2). The inhibitor cocktail (Sigma-Aldrich, Milwaukee,
WI, USA) used in this study is optimized commercially for only bacterial uses and is a mixture of
inhibitors including 23 mM AEBSEF, 2 mM bestatin, 0.3 mM pepstatin A, 0.3 mM E-64 and 100 mM
EDTA, which inhibit serine proteases, aminopeptidases, aspartic acid proteases, cysteine peptidases
and metalloproteases, respectively [32]. Accordingly, this indicates that the IE of MP-V1 against the
increased Salmonella population density is at least partly caused by bacterial proteases, such as serine
proteases, aminopeptidases, cysteine peptidases, or metalloproteases, except for aspartic acid proteases
inhibited by pepstatin A. Therefore, these results suggest that protease inhibitors can be used as
effective tools for modulating anti-Salmonella activity of toxins, such as MP-V1 in the increased bacterial
population density, through avoidance of the IE. In addition, the anti-Salmonella activity modulation
in the range of 10® cfu/mL has a very important meaning for industrial applications, because that
population density represents the general number of bacteria that grow in a culture medium.

3.2. Efficient Production of Active MP-V1 Using the OmpA SS-Mediated E. coli Secretion System

Obtaining efficiently potent AMPs, such as venom toxins, at low unit cost is a bottleneck in their
practical application because their chemical synthesis is very expensive and the over-collection of
crude venom extracts for their purification may result in ecosystem destruction [23,24]. Accordingly,
instead of the above conventional methods, overexpression of an AMP in bacteria using recombinant
technologies has been considered as an attractive strategy for its efficient production [24]. However,
their bacterial toxicity also limits the use of the bacterial expression system for their efficient production
and, thus, very few AMPs have been produced successfully in bacterial expression systems [24].
For example, AMPs such as moricin and cecropin from silkworms, defensin from humans and
OG2 from frogs have been produced in bacterial expression systems using carrier proteins such
as maltose-binding protein (MBP), glutathione S-transferase (GST), or thioredoxin (Trx) for the soluble
expression of AMPs [33-36]. Furthermore, a recent E. coli expression system using green fluorescent
protein (GFP) as a scaffold showed the efficient production of AMPs, such as protegrin-1 and PMAP-36
from pig, buforin-2 from toad and bactridin-1 from scorpion venom, in high yields [24]. However, the
above bacterial expression systems still have a disadvantage in needing an additional step, such as
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chemical or enzymatic digestion of the MBP, the GST, the Trx or the GFP that is fused to AMPs, which
may increase the production cost [24,33-36].

For efficient production of MP-V1, we constructed an E. coli secretion system expressing OmpA SS
fusion peptides (Figure 4A). The OmpA SS was used as a signal peptide for delivery of the MP-V1 into
the cell-free supernatant and in general, it exerts its role for the secretion of target peptides through
the Sec-dependent type II secretion system consisting of Sec and GSPs (Figure 6). In detail, the SecA
protein, existing in the cytosol, recognizes the OmpA SS, a signal sequence of a translated target
protein, such as the OmpA SS::MP-V1, and then guides it to the plasma membrane (Figure 6) [37—40].
In the cytosol, random folding of the target protein can be prevented by SecB, a chaperone protein
(Figure 6) [41]. Subsequently, the OmpA SS fusion protein is translocated to the periplasm through
the SecYEG complex in the inner membrane [42], the OmpA SS signal peptide is digested by the
LepB, a peptidase, and then the digested protein, such as MP-V1, is released freely into the periplasm
(Figure 6) [43]. Finally, the digested protein is secreted to the extracellular space through the type II
secretion system consisting of the GSPs (Figure 6) [26-28]. Through the E. coli secretion system, we
obtained a cell-free supernatant from the OmpA SS::MP-V1 strain, which dose-dependently inhibited
the growth of Salmonella Typhimurium (Figure 4B) and formed pores into the Salmonella membrane
(Figure 4C), while the one from the OmpA SS strain, a negative control, did not (Figure 4B,C). Thus,
these results strongly support the hypothesis that the cell-free supernatant from the OmpA S5::MP-V1
strain contains the active MP-V1, suggesting that our E. coli system can be a simple and efficient
strategy, as opposed to previous methods that need an additional step, such as chemical or enzymatic
digestion of the fusion tags such as the MBP, the GST, the Trx or the GFP.

OmpA SS:MP-V1

\) Active MP"”? (Extracellular space)

orease W A A W

Ilf@ﬂ

Active MP-V1

LepB

(mgnalpapﬂdﬁe) (Periplasmic space)

<< Inner membrane

Type [I'secretion
system

(Cytoplasmic space)

Ribosome

Figure 6. Secretion of MP-V1 to the extracellular space through the Sec-dependent type II secretion
system. In the cytosol, the OmpA SS, a signal sequence of the OmpA SS::MP-V1, a translated target
protein, is recognized by the SecA protein, which guides it to the plasma membrane, and the random
folding of the target protein can be prevented by SecB, a chaperone protein. Subsequently, the OmpA
SS fusion protein is translocated to the periplasm through the SecYEG complex in the inner membrane,
the OmpA SS signal peptide is digested by the LepB, a peptidase, and then the digested MP-V1
is released freely into the periplasm. Finally, the digested peptide is secreted as the active MP-V1
to the extracellular space through the type II secretion system consisting of the general secretory
proteins (GSPs). The left green box summarizes the procedure from the OmpA SS::MP-V1 protein to
the active MP-V1.
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4. Conclusions

We successfully modulated the antimicrobial activity of MP-V1 in an increased Salmonella
population density by avoiding the IE through the use of protease inhibitors, and also showed that the
OmpA SS-mediated E. coli secretion system is an efficient method to produce active MP-V1 in a cell-free
supernatant and can be used together with protease inhibitors in an increased Salmonella population
density (Figure 5). Altogether, these results suggest that our E. coli secretion system combined with
protease inhibitors may be an attractive strategy for the practical application and production of AMPs
such as venom toxins.

5. Materials and Methods

5.1. Materials

The three Salmonella serotypes, Salmonella Typhimurium, Salmonella Enteritidis and Salmonella
Gallinarum (Table 1), were obtained from Dr. Jin Hur (Chonbuk National University, Iksan, Korea).
The synthetic MP-V1 used in the previous study [25] was also used in this study. The protease inhibitor
cocktail for bacterial use and the protease inhibitors, including AEBSEF, bestatin, pepstatin A, E-64 and
EDTA, were purchased from Sigma-Aldrich (Milwaukee, WI, USA). An E. coli strain and plasmids,
used for the construction of the E. coli secretion system, are listed in Table 1, and Top10 (an E. coli
competent cell) and the T-vector were purchased from Invitrogen (Carlsbad, CA, USA) and Promega
(Madison, WI, USA), respectively.

5.2. Analysis of Minimal Inhibitory Concentration (MIC)

MIC assays of synthetic MP-V1 against Salmonella Typhimurium, Salmonella Enteritidis and
Salmonella Gallinarum were performed by the microtiter plate method. The synthetic MP-V1
was dissolved to an appropriate concentration (10 mg/mL) and then applied for the assay of
antimicrobial activity.

The precultured strains were used for the MIC assay via adjusting to 10° cfu/mL or an appropriate
concentration. Generally, the concentrations of synthetic MP-V1 applied for the MIC assay were 0, 25,
50, 100 and 250 ug/mL. After adding the reaction solution into a microtiter plate, the antimicrobial
activity was observed for 16 h at 37 °C. The determination of MIC was performed by measurement at
a wavelength of 600 nm (Multiscan GO, Thermo Scientific Co. Ltd., Rochester, NY, USA).

5.3. Examination of Antimicrobial Activity Depending on Protease Inhibitor

The starting stock solutions of each protease inhibitor used were prepared according to the
information about the components of the protease inhibitor cocktail (Sigma-Aldrich, Milwaukee, WI,
USA), comprising 23 mM AEBSF, 2 mM bestatin, 0.3 mM pepstatin A, 0.3 mM E-64 and 100 mM EDTA.
The determination of MIC was performed at 108 cfu/mL and each protease inhibitor concentration as
indicated in Figures 2 and 5B. The procedure for the determination of the antimicrobial activity was
carried out in the same manner as described above.

5.4. Plasmid Construction for the Secretion of MP-V1 and Transformation into a General Host Strain

Nucleotide sequences of OmpA SS and MP-V1 were collected via the National Center for
Biotechnology Information (NCBI) and a previous study [25], respectively. The collected OmpA
SS nucleotide sequence was designed to connect directly to the translational start site derived from
the Ptrc promoter, and the MP-V1 was also designed to directly connect OmpA SS. The OmpA SS was
fused directly to the Ptrc promoter without MP-V1, and was designed to be used as a negative control.
The designed artificial genes were prepared by an artificial-gene synthesis (Bioneer Corp., Daejon,
Korea) and then cloned into T-vector (Promega, Madison, WI, USA), finally resulting in the pMMP319
and pMMP320 (Figure 4 and Table 1).
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General DNA manipulations were conducted as described by Sambrook et al. [44]. Plasmids were
introduced into Top10 (Invitrogen, Carlsbad, CA, USA), E. coli competent cells, by heat-shock with
RbCl, treatment. Nucleotide sequencing was conducted by using an ABI 3730XI automatic sequencer
(Applied Biosystems, Foster City, CA, USA). The E. coli strain and plasmids used for this study are
listed in the Table 1.

5.5. Antimicrobial Activity Analysis of Cell-Free Supernatant from the E. coli Secretion System

The pMMP319 containing the OmpA SS and the pMMP320 containing the OmpA SS::MP-V1 were
transformed into Top10 cells, which were aerobically precultured at 37 °C until optical density at a
wavelength of 600 nm is 0.5. The cultured broth was centrifuged for 20 min at 3000 rpm, the supernatant
was recovered, and then the solution was filtered by a 0.2 um syringe filter. The determinations of
MICs were performed for each cell population and protease inhibitor, as indicated in Figures 4 and 6.
The procedure for the determination of the antimicrobial activity was carried out in the same manner
as described above.

5.6. Scanning-Electron Microscope (SEM) Analysis

Salmonella cells treated by the cell-free supernatants from the E. coli secretion system were fixed
with a volume fraction of 2.5% glutaraldehyde (Sigma-Aldrich, Milwaukee, WI, USA) for 24 h
at 4 °C. The samples were rinsed with sterile PBS buffer thrice, and then dehydrated with 30%,
50%, 70%, 80%, 90% and 100% (v/v) graded ethanol, successively, with 15 min incubation at each
concentration. The samples were dried at room temperature and sprayed with a gold coating before
the SEM observation.

5.7. Statistical Analysis

The one- or two-way analysis of variance (ANOVA) was followed by Duncan test using IBM SPSS
software (IBM Corp., Armonk, NY, USA). Results are expressed as means + standard errors (SEs) of at
least three independent experiments. Different letters and asterisks indicate significant differences
(p <0.05).
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Abstract: The present study investigated the influence of intravesically instilled resiniferatoxin
(RTX) or tetrodotoxin (TTX) on the distribution, number, and chemical coding of noradrenergic and
cholinergic nerve fibers (NF) supplying the urinary bladder in female pigs. Samples from the bladder
wall were processed for double-labelling immunofluorescence with antibodies against cholinergic
and noradrenergic markers and some other neurotransmitter substances. Both RTX and TTX caused
a significant decrease in the number of cholinergic NF in the urinary bladder wall (in the muscle
coat, submucosa, and beneath the urothelium). RTX instillation resulted in a decrease in the number
of noradrenergic NF in the submucosa and urothelium, while TTX treatment caused a significant
increase in the number of these axons in all the layers. The most remarkable changes in the chemical
coding of the NF comprised a distinct decrease in the number of the cholinergic NF immunoreactive to
CGRP (calcitonin gene-related peptide), nNOS (neuronal nitric oxide synthase), SOM (somatostatin)
or VIP (vasoactive intestinal polypeptide), and an increase in the number of noradrenergic NF
immunopositive to GAL (galanin) or nNOS, both after RTX or TTX instillation. The present study is
the first to suggest that both RTX and TTX can modify the number of noradrenergic and cholinergic
NF supplying the porcine urinary bladder.

Keywords: resiniferatoxin; tetrodotoxin; nerve fibers; urinary bladder; immunohistochemistry; pig

1. Introduction

Overactive bladder (OAB) is a condition characterized by the presence of urinary urgency,
typically accompanied by nocturia and frequency, in the absence of urinary tract infection or another
evident pathology. This disease is highly prevalent, especially among women, and significantly reduces
patient’s quality of life [1]. It is believed that OAB symptoms result from sudden, inappropriate
contractions of the muscle in the wall of the bladder during the filling phase of the micturition cycle.
Since normal and abnormal contractions of the bladder are mediated by stimulation of muscarinic
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receptors by acetylcholine (ACh) released from parasympathetic/cholinergic neurons supplying the
organ (for review see: [2]), antimuscarinic drugs are the treatment of choice in OAB. Clinically, however,
their use is often unsatisfactory because of many associating side effects, such as dry mouth, cognitive
changes, constipation, urinary retention, or blurred vision, resulting from the widespread blockade of
cholinergic activity [3]. Therefore, new therapeutic agents, such as neurotoxins, are being investigated
for the therapy of OAB. Currently, the most well-known neurotoxins, which have been successfully
applied in urology, are botulinum toxin (BTX) and resiniferatoxin (RTX) (for review see: [4]).

The urine storage process largely depends upon the undisturbed and coordinated control of
sympathetic-parasympathetic innervation of the urinary bladder (for review see: [2]). In our previous
study [5], we found that BTX strongly influences immunohistochemical characteristics of noradrenergic
and cholinergic axons distributed in the porcine urinary bladder wall. The present contribution was
aimed at comparing the influence of two other neurotoxins, RTX and tetrodotoxin (TTX), on the
distribution, relative frequency, and chemical coding of cholinergic and noradrenergic nerve fibers
(NF) supplying this organ.

RTX is a capsaicin analogue produced by spurge Euphorbia resinifera, and it is thousand times
stronger than tetrodotoxin. The toxin acts by inhibiting the transient receptor potential of vanilloid
type 1 (TRPV1) nonspecific Ca?* channels located mainly on the primary afferent sensory neurons
involved in nociceptive signaling (for review see: [6]). Thus, in urology, RTX is predominantly used
in patients suffering from detrusor overactivity as it weakens or even blocks an exaggerated C-fiber
input-dependent sacral micturition reflex [7]. TTX is a neurotoxin generally found in the liver and
ovaries of several marine organisms, for instance pufferfish. The toxin acts by blocking voltage-gated
sodium channels in nerve cell membranes and, consequently, similar to RTX, is able to impair nociceptive
transmission (for review see: [8,9]). Because of its mechanism of action, TTX has been considered as a
potential therapeutic agent in the treatment of certain pains associated with diseases such as leprosy or
rheumatoid arthritis (for review see: [9]). Moreover, TTX has been often applied in scientific studies
concerning the normal and abnormal functioning of mammalian urinary bladder [10-12].

We decided to perform the present experiment on domestic pigs, as they are considered to
be one of the best animal models used in biomedical research because of their anatomical and
physiological resemblance to humans in terms of the urinary, cardiovascular, integumentary, and
digestive systems [13-16].

2. Results

In the present study, we used two different control groups. Six pigs served as controls for
RTX-instilled animals and were treated with intravesical instillation of 5% aqueous solution of ethyl
alcohol (60 mL). Another six pigs served as the controls for TTX-instilled animals and they were treated
with intravesical instillation of 20 mM citrate buffer (pH 4.9, 60 mL per animal). The above mentioned
procedures were performed in the control pigs to ensure that changes in the chemical coding of NF
after the toxin treatment (RTX or TTX, respectively) were caused by the toxins themselves, not due
to factors associated with the administration processes. Nevertheless, it should be emphasized that
no significant differences in the distribution and relative frequency of either vesicular acetylcholine
transporter-immunoreactive (VAChT-IR) or dopamine 3-hydroxylase-immunoreactive (DfH-IR) NF
were found between the two control groups. Therefore, these results will be presented together and
described in the next section.

2.1. The Distribution and Relative Frequency of VAChT-Immunoreactive Nerve Fibers

2.1.1. Control Animals

In the control pigs, the muscle layer was densely supplied with VAChT-IR NF. Many cholinergic
axons were found around blood vessels. A moderate number of VAChT- IR NF was observed in the
submucosa and only a few axons penetrated into the urothelium (Table 1; Figure 1A-C).
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Table 1. The distribution and relative frequency of vesicular acetylcholine transporter-immunoreactive
(VAChOT-IR) nerve fibers supplying the porcine urinary bladder wall. RTX = resiniferatoxin (RTX);
TTX = tetrodotoxin; — nerve fibers not found; +/ — single fibers; + few fibers; ++ moderate number of
fibers; +++ many fibers; ++++ a very dense meshwork of fibers; | a decrease in the nerve fibers density.

Part of the Urinary Bladder Wall Control Pigs RTX-Treated Pigs TTX-Treated Pigs

Muscle layer ++++ ++ 1 ++
Submucosa ++ ++ +/—1
Urothelium + + -

Blood vessels +++ +1 +/—1

Figure 1. The distribution and relative frequency of VAChT-IR nerve terminals in the control
(contr.; A-C), RTX-treated (RTX; D-F), or TTX-treated (TTX; G-I) pigs; muscle layer (mL), blood
vessel (bv), submucosa (s), urothelium (u); 20 x.

Most of the cholinergic NF supplying the muscle coat were immunopositive to somatostatin (SOM)
and many stained for neuropeptide Y (NPY) or neuronal nitric oxide synthase (nNOS). Only single
VAChOT-IR NF observed in the muscle layer were immunoreactive (IR) to calcitonin gene-related
peptide (CGRP) or vasoactive intestinal polypeptide (VIP). The majority of VAChT-IR NF surrounding
blood vessels were immunopositive to SOM and single VAChT-IR nerve terminals revealed also
immunoreactivity to CGRP, nNOS, NPY, or VIP. VAChT-IR NF observed in the submucosa were
predominantly IR to SOM. A moderate number of these nerves expressed immunoreactivity to VIP
and single VAChT-IR axons stained for CGRP or nNOS. Few cholinergic nerve terminals penetrating
beneath the urothelium were CGRP-, SOM-, or VIP-positive. The cholinergic NF were galanin-
(GAL)-, Leu5-enkephalin- (L-ENK)-, pituitary adenylate cyclase-activating polypeptide- (PACAP)- or
substance P- (SP)-immunonegative (Table 2; Figure 2A,D,G,],M).
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+ CGRP|TTX

Figure 2. Distribution of VAChT-(red; labelled with CY3) and calcitonin gene-related peptide-
(CGRP)- (A-C), neuronal nitric oxide synthase- (nNOS)- (D-F), neuropeptide Y- (NPY)- (G-I),
somatostatin- (SOM)- (J-L) or vasoactive intestinal polypeptide- (VIP)- (M-O) positive {green;
labelled with fluorescein isothiocyanate (FITC)) nerve fibers in the urinary bladder wall in the
normal (A,D,G,J, M), RTX-treated (B,E,H K,N), or TTX-treated (C,F,L.L,O) pigs. Red and green channels
were digitally superimposed. Double-labelled fibers are yellow to orange, and most of them are
indicated with arrows; muscle layer (mL), blood vessel (bv), submucosa (s), urothelium (u); 20x.
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Table 2. The degree of colocalization of VAChT with other immunoreactive substances within the
nerve fibers supplying the urinary bladder wall. mL—muscle layer; bv—blood vessels; s — submucosa;
u —urothelium; — nerve fibers not found; +/— single fibers; + few fibers; ++ moderate number of fibers;
+++ many fibers; ++++ a very dense meshwork of fibers. GAL= galanin; L-ENK = Leu5-enkephalin;
PACAP = pituitary adenylate cyclase-activating polypeptide; SP = substance P; | a decrease in the
nerve fibers density.

Control Pigs RTX-Treated Pigs TTX-Treated Pigs
Substances
mL bv s u mL bv s u mL bv s u
VACKT/CGRP + + + + +/—1 -1 - =1 + -1 -1 -l
VACKhT/GAL - - - - - - - - - -
VACKT/L-ENK - - - - - - - - - - - N
VAChT/nNOS +++ + + - +1 +/—1 - - - -1 -1 _
VACKhT/NPY +++ + - - ++ +/—1 - - +4++ + - -
VACKhT/PACAP - - - - - - - - - - - _
VACKhT/SOM 4+ A+ ++ +/—1 +1 - ++ o+l ++l +/-
VAChT/SP - - - - - - - - - - - -
VAChT/VIP + + ++ + +/—1 - - =1 + N -1

2.1.2. RTX-Treated Pigs

After RTX intravesical treatment, the number of VAChT-IR NF in the smooth muscle layer and
around blood vessels was smaller than that observed in the control pigs; a moderate number of these
nerve terminals were found in the smooth muscle layer, and only a few VAChT-IR nerve endings were
distributed around blood vessels. As in the control group, a moderate number of cholinergic NF were
distributed in the submucosa and a few axons penetrated to the urothelium (Table 1; Figure 1D-F).

Double-labeling immunofluorescence revealed that RTX treatment caused a decrease in the
number of cholinergic NF immunoreactive to CGRP, nNOS, NPY, SOM, or VIP in the smooth muscle
layer and around the blood vessels, as a moderate number of VAChT-IR NF were NPY or SOM-IR,
and single cholinergic axons stained also for CGRP, nNOS, or VIP. RTX instillation was followed by a
decrease in the number of VAChT-IR axons stained for SOM in the submucosa. Moreover, in contrast
to the findings obtained in the control group, no cholinergic NF immunoreactive to CGRP or VIP were
found in the submucosa and beneath the urothelium. As in the control group, the cholinergic NF were
GAL-, L-ENK-, PACAP-, and SP-immunonegative (Table 2; Figure 2B,E,H,K,N).

2.1.3. TTX-Treated Pigs

After TTX instillation, the number of VAChT-IR NF was smaller in all the layers of the urinary
bladder wall than that observed in the control pigs; a moderate number of these axons were found in
the smooth muscle layer, and single cholinergic NF were distributed in the submucosa and around
blood vessels. No VAChT-IR NF were found beneath the urothelium (Table 1; Figure 1G-I).

Double-labeling immunofluorescence revealed that in the smooth muscle layer, similar to the
control group, many VAChT-IR axons were also NPY-IR and few cholinergic axons stained for CGRP or
VIP. Again, few cholinergic NF associated with the blood vessels were NPY-IR. However, TTX treatment
caused a distinct decrease in the number of cholinergic NF immunoreactive to nNOS or SOM in all
the investigated layers of the urinary bladder wall. TTX instillation was also followed by a significant
decrease in the number of cholinergic NF surrounding blood vessels and revealing immunoreactivity
to CGRP or VIP in the submucosa and beneath the urothelium. As in the control group, the cholinergic
NF were GAL-, L-ENK-, PACAP-, and SP-immunonegative (Table 2; Figure 2C,FLL,0).
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2.2. The Distribution and Relative Frequency of DBH-Immunoreactive Nerve Fibers

2.2.1. Control Animals

In the control pigs, the urinary bladder smooth muscle layer was sparsely supplied with
noradrenergic NF, however, many DBH-IR axons surrounded blood vessels. A moderate number of
DBH-IR NF was distributed in the submucosa and some of them penetrated beneath the urothelium
(Table 3; Figure 3A-C).

Table 3. The distribution and relative frequency of dopamine 3-hydroxylase-immunoreactive (DBH-IR)
nerve fibers supplying the porcine urinary bladder wall; — nerve fibers not found; +/ — single fibers;
+ few fibers; ++ moderate number of fibers; +++ many fibers; ++++ a very dense meshwork of fibers;
} a decrease in the nerve fibers density; 1 an increase in the nerve fibers density.

Part of the Urinary Bladder Wall Control Pigs RTX-Treated Pigs TTX-Treated Pigs

Muscle layer + + ++1
Submucosa ++ +1 n—
Urothelium +/— - +1

Blood vessels ++++ ++++ ++++

Figure 3. The distribution and relative frequency of D H-immunoreactive nerve fibers in control {contr.;
A-C), RTX-treated (RTX; D-F), or TTX-treated (TTX; G-I) pigs; muscle layer (mL), blood vessel {(bv),
submucosa (s), urothelium (u); 20 x.

Double-labeling investigations revealed that many noradrenergic NF supplying the muscle coat
were IR to NPY and a moderate number of DBH-IR axons stained for L-ENK or SOM. Solitary DAH-IR
NF were immunopositive to CGRP. Most noradrenergic NF observed around blood vessels were IR to
NPY, and single DBH-IR axons exhibited immunoreactivity to L-ENK or SOM. In the submucosa and
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beneath the urothelium, only a few DBH-IR NF were L-ENK-, NPY-, or SOM-IR. The noradrenergic
NF were GAL, nNOS, PACAP, SP, or VIP-immunonegative (Table 4; Figure 4A,D,G,],M).

Figure 4. Distribution of DBH-(green; labelled with FITC) and GAL- (A-C), L-ENK- (D-F),
nNOS- (G-I), NPY- (J-L) or SOM- (M-O) positive (red; labelled with CY3) nerve fibers in the urinary
bladder wall in the normal (A,D,G,J,M), RTX-treated (B,E,H,K,N), or TTX-treated (C,F,I,L,O) pigs.
Red and green channels were digitally superimposed. Double-labelled fibers are yellow to orange
and most of them are indicated with arrows; muscle layer (mL), blood vessel (bv), submucosa (s),
urothelium (u); 20x (A-O); 40x (I).
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Table 4. The degree of colocalization of DBH with other immunoreactive substances within the nerve
fibers supplying the urinary bladder wall. Muscle layer (mL); blood vessels (bv); submucosa (s);
urothelium (u); — nerve fibers not found; +/ — single fibers; + few fibers; ++ moderate number of fibers;
+++ many fibers; ++++ a very dense meshwork of fibers. | a decrease in the nerve fibers density; + an
increase in the nerve fibers density.

Control Pigs RTX-Treated Pigs TTX-Treated Pigs
Substances
mL bv s u mL bv s u mL bv s u

DBH/CGRP + - - - + - - - + - - -

DBRH/GAL - - - - +71 +71 - - +71 - -
DAH/L-ENK ++ +/— o+ + ++ +/— + + +++ 1 ++ 1 + +
DRH/nNOS - - - - - - +1 +1 - - ++ 1 ++ 1

DRH/NPY HH+ H + + ++ | +) +/-1L -1 ++ ++]  +/—1 -1
DBRH/PACAP - - - - - - - - - - - -

DBH/SOM ++ +/— o+ + ++ +/— + + +++ 1 +1 + +

DBRH/SP - - - - - - - - - -
DRH/VIP - - - - - - - - - - - N

2.2.2. RTX-Treated Pigs

In the urinary bladder wall of pigs treated with RTX, the number of DH-positive NF in the
smooth muscle layer and around blood vessels was similar to that observed in the control pigs;
a small number of DBH-IR axons were found in the smooth muscle layer, while blood vessels were
very densely supplied by these NF. However, a smaller number of the NF were distributed in the
submucosa as only a few axons were found there, and no axons were observed to penetrate into the
urothelium (Table 3; Figure 3D-F).

The chemical profile of the noradrenergic NF after RTX instillation was generally comparable to
that observed in the control pigs. However, both in the muscle coat and around the blood vessels the
number of noradrenergic NF IR to GAL was slightly higher. Moreover, a lower number of DRH-IR NF
containing immunoreactivity to NPY were found in the muscle layer. Unlike in the control animals,
some noradrenergic axons supplying the submucosa and urothelium were nNOS-IR. The noradrenergic
NF were PACAP-, SP-, and VIP-immunonegative (Table 4; Figure 4B,E,H,K,N).

2.2.3. TTX-Treated Pigs

In the TTX treated pigs, the number of DRH-IR NF was significantly higher in all the layers of
the urinary bladder wall than in that of the control animals; a moderate number of DFH-IR NF was
distributed in the muscle coat, many of these nerve terminals were observed in the submucosa and
few noradrenergic axons penetrated into the urothelium. Similar to the control pigs, blood vessels
were densely supplied with DBH-IR NF (Table 3; Figure 3G-I).

Double-labeling investigations revealed some distinct changes in the chemical coding of the
noradrenergic NF after RTX treatment. In the muscle layer, in contrast to the findings obtained from
the control group, single DRH-IR NF revealed immunoreactivity to GAL. In the muscle layer and
around the blood vessels, the number of DBH-IR nerve terminals containing immunoreactivity to
L-ENK or SOM was also higher. The number of DRH/NPY-IR axons was definitely lower in all
the investigated areas of the urinary bladder wall. Additionally, again, in contrast to the findings
obtained from the control group, a moderate number of DBH-IR NF expressed immunoreactivity
to nNOS in the submucosa and beneath the urothelium. DFH-positive NF were PACAP-, SP-, and
VIP-immunonegative (Table 4; Figure 4C,ELL,O).

3. Discussion

The results of the present study clearly indicate, that application of either TTX or RTX is followed
by meaningful changes in the distribution, relative frequency, and chemical coding of noradrenergic
and cholinergic NF supplying the wall of the porcine urinary bladder.
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A thorough discussion regarding the distribution, relative frequency, and chemical coding of
noradrenergic and cholinergic NF supplying the wall of the female porcine urinary bladder was
already presented in our previous paper [5]. For each of the toxins investigated, a different control
group was used. In the earlier study [5], in the control pigs, no medical procedures were applied.
In the present experiment, the animals included to the first control group were intravesically instilled
with a 5% aqueous solution of ethyl alcohol, while the pigs assigned to the second control group
were instilled with a citrate buffer. The aim of the above mentioned procedures was to guarantee that
changes in the distribution and chemical coding of NF after the toxin treatment (BTX in the previous
study, and RTX or TTX in the present experiment) were caused by the toxins themselves, not due to
factors associated with the technique and route of their administration. It needs to be highlighted, that
the number, sex, body weight, and age of the animals used as controls in both experiments as well as
the surgical and immunohistochemical procedures applied were entirely corresponding. Accordingly,
no significant differences in the distribution or chemical coding of NF were observed between the
animals in the control groups. Therefore, in the present discussion we are concentrating on the data
dealing with the changes caused by either RTX or TTX treatment.

The present findings suggest that both RTX and TTX, like BTX [5], are factors evoking very strong
adaptation changes in autonomic neurons supplying the urinary bladder wall. These changes include
modifications of the chemical phenotype and/or alterations in the density of NF. This seems to be
an interesting finding, especially in the light of the information that RTX as well as TTX exert their
primary therapeutic effect by inhibiting the noxious sensory transmission [6,8,9]. Because of their
main mechanisms of action, scarce studies on the effect of either RTX or TTX on the innervation of
the urinary bladder wall pertain to the influence of these toxins on sensory neurons. However, the
present results suggest that the therapeutic effect observed after the toxin treatment can be a result
of not only the inhibitory influence on the C-fibers but also involves changes (presumably beneficial)
in the distribution and chemical coding of the cholinergic and adrenergic axons. The present data
are partially supported by our previous findings, as we already have revealed that intravesically
instilled RTX influences immunohistochemical characteristics of sympathetic chain ganglia urinary
bladder-projecting neurons [17] and that both RTX and TTX induce plastic changes in caudal mesenteric
ganglia urinary bladder-projecting neurons [18,19].

The present study suggests that both investigated toxins distinctly decrease the number of
cholinergic nerve terminals in all the layers of the urinary bladder wall. Interestingly, in this respect,
they seem to act similarly to BTX [5]. As was mentioned in the introduction section, anticholinergic
agents are first-line pharmacotherapy for OAB because of their ability to reduce bladder contractility.
Therefore, the anticholinergic effect observed after the application of the investigated toxins may
suggest that their mode of action may be based on more than just the ability to block an exaggerated
sensory C-fiber input from the urinary bladder wall. This bidirectional action of the investigated toxins
should be considered as an advantageous effect as it has been found that antimuscarinic agents which
decrease urine volume through C-fibers in the bladder are beneficial for treatment of urinary bladder
disorders such as nocturia with nocturnal polyuria [20].

Furthermore, the present study has revealed that both RTX and TTX induce changes in the
chemical phenotype of the investigated cholinergic nerve terminals, as the treatment with either of the
toxins was followed by a decrease in the number of VAChT-IR NF that were immunopositive to CGRP,
nNOS, SOM, or VIP. Additionally, RTX intravesical instillation, in contrast to TTX instillation, resulted
in a decrease in the number of VAChT-IR/NPY-IR NE. The reason for the decreased expression of
some of the investigated neurotransmitters or their markers in the cholinergic axons after the toxins
instillation is not clear, as their functions when co-expressed with ACh are still not fully understood
in the urinary tract. However, it may be expected that all these substances somehow influence the
contractility of the bladder’s smooth musculature.
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The toxins investigated in the present study act differently on the distribution and relative
frequency of DBH-IR NF. RTX seems to have little impact on the noradrenergic innervation of the
urinary bladder wall (only a small decrease in the number of DBH-IR axons was observed in the
submucosal layer and beneath the urothelium). TTX, on the other hand, visibly increases the number
of DAH-IR NF in the muscle layer, submucosal layer, and beneath the urothelium. In this regard,
TTX seems to exert a similar effect to that of BTX, as it has been found that intravesical injections of
BTX are also followed by an increase in the number of noradrenergic nerve terminals in the porcine
urinary bladder wall [5]. The function of sympathetic innervation of the urinary bladder is opposite
to that of parasympathetic innervation. The sympathetic neurotransmitter norepinephrine (NA)
inhibits the detrusor muscle by 33-adrenergic receptors and leads to a tonicization of the bladder neck
and the smooth-muscular urethra by x-adrenergic receptors, thus ensuring continence (for review
see: [21]). For that reason, except of anticholinergic drugs, one of the treatments approved for use
in OAB includes the 33-receptor agonists [21]. Therefore, the observed increase in the number of
noradrenergic NF after TTX application could be a factor which additionally decreases the spasticity
of the overreactive bladder and thus improves the therapy. The present study indicates that both RTX
and TTX intravesical instillations induce a decrease in the number of noradrenergic nerve terminals
immunopositive to NPY. Additionally, TTX intravesical instillation, in contrast to RTX instillation, was
followed by an increase in the number of DRH-IR/L-ENK-IR or DBH-IR/SOM-IR NF. Surprisingly,
after both RTX or TTX treatment, some noradrenergic nerve terminals in the urinary bladder wall
revealed immunofluorescence to either GAL or nNOS, while such colocalization was not observed in
the control animals. Interestingly, both GAL and nitric oxide (NO) seem to exert an inhibitory role in
the micturition reflex. It has been found, that galanin delays the onset of micturition through activation
of the opioid mechanism [22] while NO relaxes isolated urinary bladder smooth muscle preparations
(for review see: [23]).

In conclusion, the present study has revealed the existence of profound differences in the
distribution, relative frequency, and chemical coding of cholinergic and noradrenergic NF supplying
the wall of urinary bladders in normal female pigs and in female pigs after intravesical RTX or TTX
injections. Therefore, it should be assumed that the therapeutic effects of either of this toxins on the
mammalian urinary bladder can be partly mediated by the autonomic innervation of this organ.

4. Materials and Methods

4.1. Laboratory Animals

According to the guidelines of the Local Ethics Committee for Animal Experimentation in Olsztyn
(affiliated to the National Ethics Commission for Animal Experimentation, Polish Ministry of Science
and Higher Education; decision No. 94/2011 from 23 November 2011), the study was carried out
on 24 female pigs (8-12 weeks old, 15-20 kg body weight, b.w.) of the Large White Polish race.
The animals were kept under standard laboratory conditions. They were fed standard fodder (Grower
Plus, Wipasz, Wadag, Poland) and had free access to water.

Before performing intravesical instillations, all the pigs were pretreated with atropine (Polfa,
Warsaw, Poland, 0.04 mg/kg b.w., s.c.) and azaperone (Stresnil, Janssen Pharmaceutica, Belgium,
0.5 mg/kg b.w., i.m.). Thirty minutes later, sodium pentobarbital (Tiopental, 0.5 g per animal) was
given intravenously in a slow, fractionated infusion.

The pigs were assigned into four groups. Six animals served as controls for RTX-instilled animals
and were treated with an intravesical instillation of a 5% aqueous solution of ethyl alcohol (60 mL).
Another six pigs served as controls for TTX-administered animals, and they were treated with an
intravesical instillation of a 20 mM citrate buffer pH 4.9 (60 mL per animal). A further group of six pigs
was treated with RTX by an intravesical instillation of the toxin (500 nmol per animal in 60 mL of
5% aqueous solution of ethyl alcohol) in order to mimic the route of its administration practiced in
humans. The last group of six pigs was treated with an intravesical instillation of TTX (12 ug of TTX
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dissolved in 60 mL of 20 mM citrate buffer, pH 4.9). In the case of all the intravesical instillations,
10 min after the infusion, the contents of the bladder were evacuated and the catheter was removed.

One week after the administration of the 5% aqueous solution of ethyl alcohol, citrate buffer, RTX,
or TTX, all the pigs were deeply anaesthetized with sodium pentobarbital and transcardially perfused
with 4% buffered paraformaldehyde (pH 7.4). All the urinary bladders were collected, postfixed in the
same fixative (10 min at room temperature), washed several times in 0.1 M phosphate buffer (pH 7.4),
and stored in 18% buffered sucrose (pH 7.4) at 4 °C until sectioning.

4.2. Sectioning of the Urinary Bladder Wall Samples and Immunohistochemical Procedure

The tissue samples analyzed in the present experiment were collected (taken) from the trigone
region of the urinary bladder wall. Ten-micrometer-thick cryostat sections of the samples were
processed for double-labelling immunofluorescence (according to an earlier described method [24]),
using antibodies (listed in Table 5) against VAChT (marker of cholinergic fibers), DRH (marker of
noradrenergic fibers), CGRP, GAL, L-ENK, nNOS, NPY, PACAP, SOM, SP, or VIP. The application
of antisera raised in different species allowed investigation of the coexistence of VAChT or DH
with other substances. Each mixture of primary antibodies applied contained VAChT-antiserum or
DpH-antiserum and the antiserum against one of the other biologically active substances mentioned.

Table 5. List of primary antisera and secondary reagents used in the study (CGRP = calcitonin
gene-related peptide, DBH = dopamine B-hydroxylase, GAL = galanin, L-ENK = Leu5-enkephalin,
nNOS = neuronal nitric oxide synthase, NPY = neuropeptide Y, PACAP = pituitary adenylate
cyclase-activating polypeptide, SOM = somatostatin, SP = substance P, VAChT = vesicular acetylcholine
transporter, VIP = vasoactive intestinal polypeptide, FITC = fluorescein isothiocyanate.

Antigen Code Dilution Species Supplier
Primary antibodies
CGRP T-5027 1:400 Guinea pig Peninsula; San Carlos; CA; USA
AB5920 1:8000 Rabbit Millipore; Temecula; CA; USA
DpH MAB 308 1:300 Mouse Millipore; Temecula; CA; USA
D9010-07A.50 1:4000 Rabbit Biomol; Hamburg; Germany
GAL T-5036 1:1000 Guinea pig Peninsula; San Carlos; CA; USA
AB 5909 1:4000 Rabbit Millipore; Temecula; CA; USA
L-ENK 4140-0355 1:800 Mouse Bio-Rad; Kidlington; UK
" AB5024 1:600 Rabbit Merck; Darmstadt; Germany
ANOS N2280 1:400 Mouse Sigma; MSU; USA
AB 5380 1:17000 Rabbit Millipore; Temecula; CA; USA
NPY NA1233 1:8000 Rabbit Enzo Life Sciences; Farmingdale; NY; USA
sc-133080 1:100 Mouse Santa Cruz Biotechnology; TX; USA
PACAP T-5039 1:300 Guinea pig Peninsula; San Carlos; CA; USA
T-4465 1:20000 Rabbit Peninsula; San Carlos; CA; USA
SOM 11180 1:30 Rabbit Ien-Cappel; Aurora; OH; USA
T-1608 1:30 Rat Peninsula; San Carlos; CA; USA
sP 8450-0505 1:100 Rat Bio-Rad; Kidlington; UK
VAChT H-V006 1:6000 Rabbit Phoenix Pharmaceuticals Inc; Burlingame; CA; USA
VIP VA 1285 1:6000 Rabbit Enzo Life Sciences; Farmingdale; NY; USA
T-5030 1:1000 Guinea pig Peninsula; San Carlos; CA; USA

Secondary reagents

Biotinylated anti-rabbit

immunoglobulins E 0432 1:800 Goat Dako; Hamburg; Germany
CY3-conjugated streptavidin 711-165-152 1:8000 - Jackson LR.; West Grove; PA; USA
FITC-conjugated anti-mouse IgG 715-096-151 1:400 Donkey Jackson LR.; West Grove; PA; USA
FITC-conjugated anti-rat IgG 712-095-153 1:400 Donkey Jackson LR.; West Grove; PA; USA
FITC-conjugated anti-guinea pig IgG 706-095-148 1:600 Donkey Jackson LR.; West Grove; PA; USA

The labeled sections were viewed under an Olympus BX51 microscope equipped with
epi-fluorescence and an appropriate filter set for CY3-conjugated streptavidin and fluorescein
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isothiocyanate (FITC). The images were taken with an Olympus XM10 digital camera (Tokyo, Japan).
The microscope was equipped with cellSens Dimension 1.7 Image Processing software (Olympus Soft
Imaging Solutions, Miinster, Germany). The distribution and relative frequencies of labeled NF were
assessed semi-quantitatively [25,26] in 10 sections per one animal (5 fields per section). The evaluation
of these structures in the same preparations was performed independently by two investigators
(number of the NF immunoreactive to each substance was evaluated subjectively, based on a scale
from - (when the NF were not found) to ++++ (a very dense meshwork of fibers).

4.3. Control of Specificity of the Immunohistochemical Procedures

The specificity of the staining reaction was verified by preincubation tests performed on the
sections from the urinary bladder wall. Overnight preincubation of 1 mL of the primary antiserum at
working dilution with 20 pg/mL of the respective peptide completely eliminated the immunoreaction
(Table 6). No detectable fluorescence was exhibited by the specimens after omission and replacement
of the respective primary antiserum with the corresponding non-immune serum.

Table 6. List of antigens used in pre-absorption test.

Antigens Used in Pre-Absorption Test

CGRP C0292 Sigma; MSU; USA
DpH-blocking peptide MBS9218238 MyBioSource; CA; USA
GAL G5773 Sigma; MSU; USA
L-ENK ab142314 Abcam; UK
nNOS N3033 Sigma; MSU; USA
NPY N3266 Sigma; MSU; USA
PACAP A9808 Sigma; MSU; USA
SOM 59129 Sigma; MSU; USA
Sp S6883 Sigma; MSU; USA
VAChT V007 Phoenix Pharmaceuticals Inc; CA; USA
VviIP V6130 Sigma; MSU; USA
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Abstract: Neuropathic pain in a chronic post-ischaemic pain (CPIP) model mimics the symptoms of
complex regional pain syndrome type I (CRPS I). The administration of bee venom (BV) has been
utilized in Eastern medicine to treat chronic inflammatory diseases accompanying pain. However,
the analgesic effect of BV in a CPIP model remains unknown. The application of a tight-fitting O-ring
around the left ankle for a period of 3 h generated CPIP in C57/Bl6 male adult mice. BV (1 mg/kg;
1, 2, and 3 times) was administered into the SC layer of the hind paw, and the antiallodynic effects
were investigated using the von Frey test and by measuring the expression of neurokinin type 1
(NK-1) receptors in dorsal root ganglia (DRG). The administration of BV dose-dependently reduced
the pain withdrawal threshold to mechanical stimuli compared with the pre-administration value
and with that of the control group. After the development of the CPIP model, the expression of NK-1
receptors in DRG increased and then decreased following the administration of BV. SC administration
of BV results in the attenuation of allodynia in a mouse model of CPIP. The antiallodynic effect was
objectively proven through a reduction in the increased expression of NK-1 receptors in DRG.

Keywords: allodynia; bee venom; chronic post-ischaemic pain; complex regional pain syndrome

1. Introduction

Bee venom (BV) has been used in traditional eastern medicine to relieve pain and to treat chronic
inflammatory diseases. Various studies have demonstrated the analgesic and anti-inflammatory, as well
as anti-cancer, effects of BV. BV contains various peptides, amines, nonpeptide components, and free
amino acids, which are presumed to have anti-inflammatory, analgesic, and anti-cancer effects. Recent
studies have revealed diverse mechanisms underlying the analgesic and anti-inflammatory effects of
BV. The suppression of the expression of inflammation regulatory factors such as cyclooxygenase 2
(COX-2) and phospholipase A2 (PLA2), in addition to the generation of mediators such as tumour
necrosis factor-« (TNF-«), interleukin (IL)-1, IL-6, nitric oxide (NO), and reactive oxygen species
(ROS), have been reported to be related to the analgesic and anti-arthritic effects of BV [1-3]. Previous
studies have demonstrated that BV treatment has analgesic effects in neuropathic pain animal models,
with possible mechanisms including the activation of alpha 2-adrenoceptors, the reduction in c-Fos

Toxins 2017, 9, 285 163 www.mdpi.com/journal /toxins



Toxins 2017, 9, 285

expression in the spinal cord, and the suppression of N-methyl-D-aspartate receptors in the spinal
dorsal horn [4-6]. Although diverse effects and mechanisms have been demonstrated, unrevealed
mechanisms likely still remain.

Complex regional pain syndrome type I (CRPS I) is one of the most refractory and distressing
pain syndromes without a definite nerve injury. Symptoms of CRPS I include sensory changes such as
allodynia or hyperalgesia, edema, abnormal vasomotor and sudomotor function, motor dysfunction,
and trophic changes. CRPS I occurs following injuries such as sprains, fractures, crush injuries, and
minor trauma that are not recognized. The symptoms typically start in the distal part of the affected
limb and spread to the unaffected or opposite limb [7,8]. The exact pathophysiology of CRPS has
not yet been fully revealed. Various studies have presented several consistent pathophysiological
mechanisms that show neurogenic inflammatory responses and central sensitization [8-11]. Several
kinds of neurotransmitters, such as substance P (SP), have been implicated in a series of neurogenic
inflammatory responses. SP acts through stimulation of neurokinin receptors, especially type 1
(NK-1) receptors. Some studies have shown that SP activation of upregulated NK-1 receptors in the
peripheral neuron, dorsal root ganglion, and spinal cord suggests the development of nociceptive and
inflammatory changes considered to be an important pathophysiological pathway of CRPS [12-15].

The effect of BV on CRPS I and its mechanism of action have not been studied yet, even though
the effects have been demonstrated in other types of pain models. We postulated that BV suppresses
the features of CRPS I and conducted behavioural tests in a chronic post-ischaemic pain (CPIP) model
produced after a 3 h-ischaemia/reperfusion (I/R) injury in the hind paws of mice induced under
general anaesthesia through the application of an O-ring around the mouse’s left hind limb just
proximal to the ankle joint. Such a chronic post-ischemic pain (CPIP) model had already shown similar
features to those described in patients with CRPS-Iin previous studies [16,17]. We measured the change
in NK-1 receptor expression in dorsal root ganglia (DRG) to verify the antiallodynic effects of BV.

2. Results

2.1. CPIP Mice Exhibited Prominent Mechano-Allodynia

CPIP mice developed mechano-allodynia over a prolonged period in both the ipsilateral and
contralateral hind leg, with more prominent effects on the ipsilateral side (Figure 1). Ipsilateral
mechano-allodynia was exhibited within 8 h following reperfusion; it peaked at 2 days and was
maintained for at least 30 days after reperfusion. Contralateral mechano-allodynia was also present
within 8 h following reperfusion; it peaked at 2 days and was maintained for 15 days after reperfusion.
Those features were observed on four of six mice tightly-fitted with O-ring mice.

2.2. BV Attenuated Mechanical Allodynia in CPIP Mice

Intrapaw BV injections dose-dependently reduced mechanical allodynia in CPIP mice when
compared with that in the control group. In all of the BV-injected groups, the paw withdrawal
thresholds (PWTs) were demonstrated to first increase and then decrease. The variance in the PWT
among the BV-injected groups was different. Among the three groups injected with BV, injection in
triplicate had the greatest effect on the mechanical withdrawal thresholds, indicating that it was the
most effective at attenuating allodynia. The effect presented within 30 min after injection and peaked
at 1 h in the groups injected with BV two and three times. The effect persisted for different lengths
of time in the different BV-injected groups: 90 min for the single injection group, 120 min for the
double injection group, and 180 min for the triple injection group (Figure 2). Repeated injections were
suggested to amplify the anti-mechano-allodynic effect in CPIP mice.
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Figure 1. Time course of tactile allodynia in the ipsilateral and contralateral hind paw of CPIP and
control mice, as shown via von Frey testing. The contralateral withdrawal thresholds of control mice
were not meaningfully altered throughout the one month of testing. The withdrawal thresholds of
CPIP mice were significantly reduced 30 days after reperfusion ipsilaterally and 15 days contralaterally.
Asterisk () indicates p < 0.05 at each time point between control and CPIP mice.
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Figure 2. The effect of the administration of bee venom (BV) on the tactile threshold in chronic
post-ischaemic pain (CPIP) mice. BV injections dose-dependently reduced mechanical allodynia in
CPIP mice when compared with that in the control group. The triple injection group (BV3) showed the
most effective attenuation of mechanical allodynia. Asterisk (*) indicates p < 0.05 at each time point
compared to that in the saline group.

2.3. BV Attenuated the Increased Expression of NK-1 Receptors in CPIP Mice

The CPIP group showed higher NK-1 receptor expression than the sham group, as mentioned
(Figure 3), and as indicated by the higher optical densities measured in the CPIP group (p = 0.04).
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After the triple injection of BV, 11 days after I/R injury, DRG were harvested and examined for the
immunohistochemical expression of NK-1 receptors. In the BV-injected group, the increased expression
of NK-1 receptors was significantly reduced, as exhibited by the lower optical densities measured
in the BV-injected group than in the CPIP group (p = 0.013) (Figure 4). The change in NK-1 receptor
expression demonstrated that BV might be effective in CPIP models.

A B
e
~

C

Figure 3. The effect of subcutaneous BV on NK-1 receptor expression in dorsal root ganglia (DRG).
Immunostaining for NK-1 receptors in a control mouse. Original magnification: x200. (A); chronic
post-ischaemic pain (CPIP) mouse. Original magnification: x200. (B); and BV-injected mouse. Original
magnification: x20. (C).

Mean intensity of NK-1
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*1 == =3

0 T T T
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Figure 4. Histogram representing the optical density of NK-1 receptors in DRG from sham (3 = 4),
CPIP (n = 8), and BV-treated CPIP mice (n = 6). The CPIP group (73.61 & 20.92 optical density) showed
a higher expression of NK-1 receptors than the control group (36.39 & 8.32 optical density). The lower
expression of NK-1 receptors in the BV-treated group (45.57 + 11.46 optical density) than in the CPIP
group demonstrated that BV significantly suppressed the expression of NK-1 receptors (white arrow:

immunostaining for the NK-1 receptor).
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3. Discussion

Our findings reveal that a novel animal model of complex regional pain syndrome type I
(CRPS ), a chronic post-ischaemic pain (CPIP) model, developed mechanical allodynia, which was
then attenuated by the administration of bee venom (BV). Histologically, the increased expression of
neurokinin type 1 (NK-1) receptors and the decline in NK-1 expression after BV injection in dorsal root
ganglia (DRG) validated the effect of BV in CPIP mice.

In previous studies, the effect of BV has been demonstrated on nerve injury models, such as a
spinal cord injury model, and neuropathic pain models, such as an oxaliplatin-induced neuropathic
pain model and a chronic constrictive injury model [4-6]. However, the analgesic effect of BV on
CRPS has not yet been studied. This series of experiments verified the effect of BV on CRPS in a CPIP
model. In previous studies, the injection route was usually intraperitoneal or acupoint, which has been
employed in traditional medicine. Subcutaneous BV injections, specifically in ischaemia/reperfusion
(I/R)-injured paws, were chosen in this study. Intrapaw BV injections attenuated mechanical allodynia
in injected paws and decreased NK-1 expression in DRG, suggesting that BV had not only a topical
effect but also a systemic and spinal effect.

The specific analgesic mechanisms of BV are unclear, but several mechanisms have been suggested.
Activation of spinal «2-adrenoceptors, decreased c-fos expression, and the N-methyl-D-aspartate
receptor blockade are mechanisms that have been suggested in previous studies [6,18-21]. We
found that BV injection significantly reduced NK-1 expression in DRG, potentially suggesting a
novel analgesic mechanism of BV, in which suppressed NK-1 expression results in a decrease in
Substance P (SP) signalling. Even though all of the CRPS pathophysiological pathways are not
understood, neurogenic inflammation has been suggested to cause primary afferent nociceptor
sensitization followed by central sensitization. Neurogenic inflammation is mediated by neuropeptides,
especially calcitonin gene-related peptide (CGRP) and SP. In the rat fracture/cast model that exhibits
the symptoms of CRPS, SP and CGRP expression was increased in the sciatic nerve and serum,
and NK-1 receptor expression was upregulated in the skin of the hind paw [14]. Infusion with SP
further exaggerated the extravasation responses to an increase in protein leakage in the affected
hind-paw skin [12]. Similar to the results observed in the animal models, the infusion of SP through a
microdialysis membrane in CPRS volunteers accelerated plasma protein extravasation, an effect that
was also present in the contralateral unaffected limb [22]. These findings indicate that the effect of
SP is not only regional at the affected lesion but also systemic at the contralateral lesion. Apart from
its peripheral actions, SP has distinct effects on the central nervous system. In the rat fracture/cast
model of CRPS, the NK-1 receptor signalling in the spinal cord was increased. This upregulation in
the spinal cord was sustained through 16 weeks but only lasted 4 weeks in the skin [23]. This study
showed a shift in the location of this neuro-inflammatory mediator, leading the CRPS symptoms
from the periphery to the central spinal cord. Thus, SP might be an important neuropeptide in
CRPS. The findings in the present study suggest that BV injection might be used as a therapeutic
treatment for CRPS via the suppression of NK-1 signalling. We could presume that the suppression
of NK-1 signalling might occur through the inhibition of nuclear factor-«B (NF-«B) activity. In recent
studies, melittin, among a variety of peptides, is an important constituent of the anti-inflammatory,
anti-analgesic pathway. Melittin inhibits the DNA binding activity of NF-kB, resulting in a decline
in the expression of this inflammation-related gene [1,24]. NF-kB activity is stimulated by many
inflammatory stimuli, and activated NF-kB dimers enter into the nucleus, where they bind to DNA
binding sites, resulting in the expression of proinflammatory genes. Reduced NF-«B activity induces a
decrease in SP production and NK-1 receptor expression [25,26]. BV reduced NK-1 receptor expression
and showed an anti-inflammatory or anti-analgesic effect via these pathways.

In a previous study, an injection of a high dose of BV (2.5 mg/kg) into an acupoint induced a
motor function deficit at 60 and 120 min [6], as well as skin hypersensitivity; adverse effects such as
itching, but not severe effects such as an anaphylactic reaction, have been documented [27,28]. These
side effects were not observed in this study.
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We conclude that BV given subcutaneously attenuates allodynia in mice models of CPIP without
notable adverse effects. The antiallodynic effects were closely associated with a significant decrease in
NK-1 receptor expression in DRG. These findings suggest that repetitive BV therapy could be a useful
therapeutic modality for the treatment of CRPS. Henceforward, more subjects and clinical studies
will be needed to determine the clinical use of BV in CRPS. In addition, the antiallodynic effects of
BV in this study were demonstrated during the acute phase of CRPS, 7 days after reperfusion injury.
The acute phase of CRPS commonly presents with signs of acute neurogenic inflammation, such
as erythema, warmth, oedema, and hyperalgesia. Even if the anti-inflammatory effect of BV might
attenuate the symptoms of the acute phase of CRPS, such as neurogenic inflammation, the effect of BV
is unlikely to diminish the symptoms of the chronic phase of CRPS. As time passes, the warmth and
erythaematous symptoms change to cold and atrophic symptoms. Moreover, signs and symptoms of
central sensitization present increasingly in the chronic phase of CRPS. Further studies of a chronic
CRPS model will be needed to show the effect of BV in the chronic phase of CRPS. More research on
the antiallodynic effect of BV could provide an alternative therapeutic tool to treat neuropathic pain,
especially CRPS, for which there is a lack of effective and safe therapeutic regimens [8-10,29].

4, Materials and Methods

4.1. Animals

The study protocol was approved by the Institutional Animal Care and Use Committee (IACUC)
of the College of Medicine, Catholic University of Korea. The approval code is 2014-0055 and the
date of approval is 5 February 2015. Male adult C57/Bl6 mice (25-30 g) were used in this study and
were housed in groups of five, with free access to food and water under a 12:12-h light:dark cycle.
All animals were allowed to adapt to their envelopment for 7 days before the experiment.

4.2. CPIP Model

The CPIP model was induced in mice under general anaesthesia with isoflurane by placing a
tight-fitting O-ring (O-rings West, Seattle, WA, USA) with a 5/64 inch internal diameter around the
left ankle for 3 h, as described by Coderre et al. [17]. The O-rings were removed while mice were still
under general anaesthesia, allowing for reperfusion. Mice in the control group were placed under
general anaesthesia, but their ankle was loosely rather than tightly surrounded by cutted O-ring.

4.3. Measurement of Tactile Allodynia

The plantar surfaces of the ipsilateral and contralateral hind legs of CPIP and control mice were
tested for tactile allodynia 1 day and 30 days after hind leg I/R injury. To determine the threshold
of the response, the floors of the cages for the two groups of mice were replaced with mesh floors to
easily access the plantar surfaces of their hind legs with a filament. After a 20-min acclimation period,
tactile hyperalgesia of the hind leg was assessed using von Frey hairs (Stoelting Co., Wood Dale, IL,
USA) ranging from 2.44 to 4.31 (0.03-2.00 g) using the up-down method. The 50% response threshold
(grams) was measured based on the response pattern and the value (in log units) of the final von Frey
hair [30,31].

4.4. Drug Administration

The effects of BV were evaluated in CPIP mice that exhibited tactile allodynia. BV was delivered
7 days after I/R injury. Before the administration of BV, CPIP mice were acclimated to an observation
cage for 20 min, and mechanical allodynia was measured using von Frey hairs. CPIP mice that
showed distinct mechanical allodynia were selected. Saline or BV (1 mg/kg, subcutaneous (SC)) was
administered into the dorsum of the ipsilateral hind paw that showed an allodynic response in the
von Frey test. After injection, mechanical allodynia was assessed through the same process 30, 60, 90,
120, 180, 240 min, and 24 h after BV administration. At the same time on the following day, the same
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dosage of BV was injected using the same procedure, and mechanical allodynia was assessed again.
On the third day, the identical experiment was carried out.

4.5. Assessment of NK-1 Receptor Expression in DRG

Each group of mice administered BV (1, 2, and 3 times) was sacrificed, and DRG were collected
60 min after BV administration, considering the tactile allodynia results. Mice in the control group
and CPIP group and mice treated with BV were anaesthetized and transcardially perfused with 50 mL
of 4% paraformaldehyde dissolved in 0.01 M phosphate-buffered saline (PBS) with pH 7.2-7.4. The
DRG of the mice were then dissected, postfixed, and immersed in a 30% sucrose solution overnight.
DRG segments were cut into 10-um-thick slices on a freezing microtome. The slices were incubated
with a rabbit antibody against the NK-1 SP receptor (1:1000; Chemicon, Temecula, CA, USA). After
the sections were washed with buffer, they were exposed to the secondary antibody, an anti-rabbit
IgG antibody conjugated with Alexa-488 (1:500; Invitrogen, Carlsbad, CA, USA). Digital images were
obtained using a Zeiss LSM 510 Meta confocal microscope (Zeiss, Oberkochen, Germany), and the
mean intensity was calculated using using Image-Pro Plus v. 6.0 (Media Cybernetics, Inc., Rockville,
MD, USA).

4.6. Statistics

The data are presented as the mean £ SEM. Statistical analyses were performed using IBM SPSS
Statistics ver. 24. (IBM Co., Armonk, NY, USA). A repeated measures 2-way ANOVA was performed to
identify overall differences in the 50% von Frey threshold at each time point under different conditions,
followed by Bonferroni post hoc tests. Comparisons between pre-injection and post-injection values
were made at each time point using Student’s t-tests. A two-sided p value of less than 0.05 was
considered to indicate statistical significance. A Kruskal-Wallis test was used for the comparison of the
immunohistochemical expression of NK-1 receptors among the control, CPIP, and treatment groups.
The statistical analysis was verified by the Division of Biostatistics, Department of R&D Management,
Kangbuk Samsung Hospital, Sungkyunkwan University School of Medicine.
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Abstract: We showed recently that nerve growth factor (NGF) from cobra venom inhibited the growth
of Ehrlich ascites carcinoma (EAC) inoculated subcutaneously in mice. Here, we studied the influence
of anti-complementary cobra venom factor (CVF) and the non-steroidal anti-inflammatory drug
ketoprofen on the antitumor NGF effect, as well as on NGF-induced changes in EAC histological
patterns, the activity of lactate and succinate dehydrogenases in tumor cells and the serum level
of some cytokines. NGF, CVF and ketoprofen reduced the tumor volume by approximately 72%,
68% and 30%, respectively. The antitumor effect of NGF was accompanied by an increase in the
lymphocytic infiltration of the tumor tissue, the level of interleukin 13 and tumor necrosis factor o in
the serum, as well as the activity of lactate and succinate dehydrogenases in tumor cells. Simultaneous
administration of NGF with either CVF or ketoprofen abolished the antitumor effect and reduced all
other effects of NGF, whereas NGF itself significantly decreased the antitumor action of both CVF
and ketoprofen. Thus, the antitumor effect of NGF critically depended on the status of the immune
system and was abolished by the disturbance of the complement system; the disturbance of the
inflammatory response canceled the antitumor effect as well.

Keywords: Ehrlich carcinoma; immune system; nerve growth factor; cobra venom; cobra venom
factor; ketoprofen

1. Introduction

Nerve growth factor (NGF) belongs to a protein family of neurotrophins, which are important
agents affecting the cell cycle. Usually they are mitogens; mammalian NGF has evident regenerative
(primarily neuroprotective) functions. Among prevailing highly toxic ingredients, snake venoms
contain non-toxic NGF. NGF from snake venom is a polypeptide possessing homology with more
than 80% of identical amino acid residues to the beta-chain of NGF from mammalian saliva [1];
This phenomenon is explained by the origin of the snake venom glands from the salivary glands.

NGF can bind to two classes of receptors on the cell surface: the TrkA receptor, a tyrosine kinase
with high specificity and high affinity to NGF, and p75, a low-affinity neurotrophin receptor which can
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bind to all members of the neurotrophin family with approximately equal affinity. NGF binding to the
TrkA receptor triggers a number of metabolic reactions through a cascade of protein kinases. There are
some data about the involvement of NGF in carcinogenesis [2], and mammalian NGF may promote
or suppress tumor growth, depending on the tumor type. Snake venom NGF exerts some activities
characteristic of mammalian NGF; however, the data concerning pro- or anti-oncogenic activity of
snake NGF are very limited. We have recently shown that NGF from cobra venom may exert an
inhibitory effect on the growth of Ehrlich’s adenocarcinoma in vivo [3]. This effect is mediated via a
tyrosine kinase cascade, because it can be blocked by the tyrosine kinase inhibitor K252a [4].

Considering the tumor as a disease at the level of the whole organism, we should take into
consideration the role of the tumor microenvironment and the overall condition of the homeostasis
systems, primarily the immune system. Tumor growth in the body is accompanied by an inflammatory
reaction that, on the one hand, is aimed to eliminate tumor cells, and on the other hand, induces a
tolerance to the tumor maintenance and growth [5].

One of the systems involved in the development of tumor-associated inflammation is complement.
The accumulation of the complement C5 component with the subsequent generation of C5A
anaphylatoxin by complement C3/C5 convertase contributes to the immunosuppressive properties of
the tumor microenvironment [6]. Cobra venoms contain an activator of alternative pathway of the
complement system, the so-called cobra venom factor (CVF), which is similar to the complement C3b
component—forming C3/C5 convertase. However, CVF is not regulated by complement components,
and activates the system in such a way that depletes it rapidly and completely. We have shown earlier
that CVF from the Thailand cobra venom affects subcutaneous Ehrlich carcinoma in mice [7].

The activity of cyclooxygenases, in particular, cyclooxygenase-2 (COX-2), has proved to be
essential for the development of chronic inflammation, tumor growth and metastasis during
carcinogenesis [8,9]. Use of nonsteroidal anti-inflammatory drugs (NSAIDs) leads to a decrease of
tumor size [8,9]. The NSAID ketoprofen has been shown to inhibit tumor cell proliferation in vitro [10]
and in vivo [11,12].

Thus, CVF and ketoprofen, through various mechanisms, counteract the development of an
inflammatory tumor microenvironment. To check if these drugs act synergistically with NGE we have
studied the influence of CVF and ketoprofen on the antitumor effects of cobra venom NGF in vivo.
To see the effects at the tissue level, we have undertaken histological investigations of tumor samples.
The concentration of tumor growth factor p1 (TGF-$1), interleukin 1 (IL-18) and tumor necrosis
factor & (TNF-«) in serum of the experimental animals was also determined.

An anomalous characteristic of energy metabolism in cancer cells is accelerated glycolysis, even
in the presence of oxygen, rather than mitochondrial oxidative phosphorylation (the Warburg effect).
It is accompanied by an elevated activity of lactate dehydrogenase (LDH, EC 1.1.1.27), which catalyzes
the conversion of pyruvate to lactate. However, some sub-populations of cancer cells display high
mitochondrial respiration and low glycolysis rates [13]. One of the key enzymes in aerobic oxidation is
succinate dehydrogenase (SDH, EC 1.3.99.1). To determine the energy processes ongoing in EAC, the
influence of NGF, CVF and ketoprofen on the activity of LDH and SDH have been studied.

Here, we report that simultaneous administration of either CVF or ketoprofen with NGF cancels
antitumor effects and reduces other effects of NGF in Ehrlich ascites carcinoma (EAC)-bearing mice.

2. Results

To study effects of NGF, CVE, ketoprofen and combinations thereof, the mice were grafted
subcutaneously with EAC, as described earlier [4]. Three experimental inoculated groups were injected
intraperitoneally (i.p.) with either NGF, CVF or ketoprofen. Two other experimental inoculated groups
were injected with a combination of NGF with either CVF or ketoprofen.
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2.1. The Effects on Ehrlich Carcinoma Growth

The effects were analyzed at days eight and twelve after inoculation (Figure 1). NGF inhibited
the tumor growth by about 72% (columns two in Figure 1A,B), which was in accordance with our
previously published data [4].
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Figure 1. The effects of NGF and its combination with either CVF (A) or ketoprofen (Ket) (B) on Ehrlich
ascites carcinoma (EAC) growth. * p < 0.05 compared to control (Mann-Whitney test).

When administered alone, CVF had an in vivo antitumor effect comparable to that of NGF
(Figure 1A, column three) which resulted at day 12 in a reduction of mean tumor size by 68% compared
to the control. However, combined administration of NGF and CVF critically reduced the antitumor
effect of both drugs. Although a decrease in the tumor volume by 22% was observed at day twelve after
inoculation (and by 35% at day eight), it was statistically insignificant according to the Mann-Whitney
test (Figure 1A, column four). This points to the importance of the normal functioning of the immune
system, in particular, the humoral system, for the antitumor effect of NGF. These data correlate well
with our preliminary results [7].

Ketoprofen showed a tendency to decrease the tumor size by 48% (statistically insignificant
according to the Mann-Whitney test) at day eight (Figure 1B, column three) after inoculation.
This tendency was in agreement with the data of da Silveira et al. [12] obtained on glioma-bearing
rats, and to the data of Sakayama et al. [11] on pulmonary metastasis of LM8 cells observed in male
nude mice. In our work, at day twelve, the average tumor size reduction was only 30%, with a wide
variation of this parameter in individual animals. Ketoprofen abolished the antitumor effect of NGF
on both day eight and day twelve (Figure 1B, column four). Given that COX-1 and COX-2 are the main
targets for ketoprofen [14], our data suggested that, at the level of regulation by cyclooxygenases, the
normal manifestation of the inflammatory response is necessary for the antitumor effect of NGF.

2.2. Histological Studies of Tumor Samples

To determine the effects produced by NGF, CVF and ketoprofen, as well as NGF in combination
with CVF or ketoprofen, in EAC at the tissue level, histological studies of tumor samples were carried
out. Slices of tumor tissues, obtained at day twelve, were stained with hematoxylin-eosin and analyzed
by microscopy.

Evident cellular polymorphism was observed in the tumor tissue. Cells with destructive changes,
with vacuolization of the nuclei and cytoplasm, and giant multinucleated cells, were found in most
of the tumor nodules. In tumor sections from the untreated control series (Figure 2), both minor
structural changes and the destruction of a significant number of tumor cells were observed. Immune
cell infiltration was absent or was poorly expressed (single scattered lymphocytes and small foci of
lymphocytic infiltration).
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Figure 2. Morphological structure of EAC. For representation of different structures, two panels
displaying separate parts of the same tumor are shown. Here, and in Figures 3 and 4, stars indicate
lymphocytes; arrows: karyorrhexis or vacuolization of nuclei; MF: muscle fibers (in control: smooth,
when exposed to NGF: striated); TC: tumor cells; and ND: necrotic detritus.

When the inoculated mice were treated with NGF, reduction of tumor volume was accompanied
by an increase in the number of giant multinucleated cells and areas of unstructured necrotic
detritus, as well as by germination of muscle fibers and the presence of large blood vessels in tumor
tissue (Figure 3A). The latter indicates that the antitumor effect of NGF cannot be explained by an
anti-angiogenic activity. NGF increased the lymphocytic infiltration in the tumor compared to control
samples (Figure 3A).

In tumors from mice treated with CVF, the histological analysis revealed no significant differences
from the controls. Weak immune cell infiltration was seen (Figure 3B).

The combined administration of NGF and CVF resulted in proliferation of connective tissue.
Large blood vessels among nodes of tumor cells (Figure 3C) were typical for the experimental group in
which animals received NGF only. Histological analysis of the tumor revealed no significant differences
in the pathomorphological features and lymphocytic infiltration from the group that received CVE
only, or the control group.

A distinctive feature of the group in which the animals received ketoprofen was a slightly
more-pronounced lymphocytic infiltration than in the control—from mild to moderate, with the
appearance of medium foci of inflammatory infiltration in the presence of single neutrophils
(Figure 4A).

Combined administration of ketoprofen and NGF to inoculated mice resulted in the outgrowth
of connective tissue between carcinoma cells. Significant areas of necrotic detritus were seen in the
majority of samples (Figure 4B). Similarly to the group treated with NGF only, germination of muscle
fibers was detected. Immune cell infiltration was variable, ranging from non-detectable in some tumor
slices to weak or moderate in others. In general, lymphocytic infiltration was slightly more pronounced
than in the control, but weaker than in the series where mice received ketoprofen or NGF only.

Thus, the increased degree of lymphocytic infiltration was the histological feature of tumors from
mice treated with NGF. The application of either CVF or ketoprofen simultaneously with NGF reduced
this effect. Moreover, the antitumor activity of CVF was not associated with lymphocytic infiltration,
while that of ketoprofen was. Application of NGF alone or in combination with other drugs contributed
to the vascularization of tumor nodes, the germination of muscle fibers and the proliferation of
connective tissue. In the series where the animals received NGF or NGF with ketoprofen, there was a
proliferation of not only smooth muscle, but also striated muscle fibers.
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Figure 3. Morphological structure of EAC from mice treated with NGF (A) or CVF (B) only and with
combination of both factors (C). CT: connective tissue; BV: blood vessel. Left and right panels show

different parts of the same tumor.
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Figure 4. Morphological structure of EAC from mice treated with ketoprofen only (A) or with
combination of NGF and ketoprofen (B). Left and right panels show different parts of the same tumor.

2.3. The Effects on TNF-x, IL-1B and TGF-B1 in Serum

NGF caused a considerable increase in the level of TNF-x and IL-13 in the serum of the
tumor-bearing mice. CVF significantly (and ketoprofen insignificantly) reduced the NGF-induced
increase in TNF-o, and similar trends were observed for the level of IL-1(3 (Figure 5A,B). Therefore,
it could be assumed that the antitumor effect of NGF was, to a certain degree, related to the increase
of IL-1$ and THF-«. Mice with EAC had an increased level of serum TGF-31; CVF or ketoprofen
significantly reduced this level (Figure 5C). NGF preserved the increased TGF-1 level and canceled
the decreasing action of ketoprofen, but not that of CVF (Figure 5C).
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Figure 5. Effect of NGE, CVF or ketoprofen (Ket) on serum levels of TNF-« (A), IL-1f (B) and TGE-31
(C) in mice bearing EAC. * p < 0.05 (compared to intact mice); ** p < 0.05 (compared to EAC-bearing
mice); *** p < 0.05 (compared to EAC-bearing mice treated with NGF).
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2.4. Effects on Glycolysis

A characteristic feature of tumor cells is increased glycolysis, which is accompanied by a high
activity of LDH; this takes place even under normal oxygenation conditions (aerobic glycolysis). SDH is
an enzyme that takes part in the process of aerobic oxidation. Considering these facts, we measured
the activity of LDH and SDH as enzymes involved in the carbohydrate and energy metabolism.

Treatment of tumor-bearing mice with NGF led to an increase in the activity of both LDH and
SDH (5.9% and 7.4%, respectively, p < 0.05) (Figure 6), i.e., both anaerobic and aerobic oxidation were
increased under NGF treatment.
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Figure 6. Effect of NGF, CVF and ketoprofen (Ket) on LDH (A) and SDH (B) activities in EAC
(at day 12 after tumor inoculation). * p < 0.05 (compared to control), ** p < 0.05 (compared to NGF).
Control: EAC-bearing mice.

CVF treatment resulted in a decrease of LDH activity (p < 0.05) and an increase of SDH activity by
11.1%, p < 0.05 (Figure 6). Applied simultaneously, NGF and CVF reduced LDH activity compared to
the control (4.5%, p < 0.05) and to the group treated with NGF only (9.9%) (column 3 in Figure 6A),
and increased SDH activity by 10.1% (p < 0.05) compared to the control and by 2.5% (p < 0.05) and to
the group treated with NGF only (column three in Figure 6B).

Ketoprofen alone reduced LDH activity (3.6%) and increased the activity of SDH (2.4%), shifting
the metabolism towards aerobic oxidation (column four in Figure 6A,B). When combined with NGF,
ketoprofen neutralized the stimulatory effect of NGF on both SDH and LDH activities (column five
versus column one in Figure 6A,B). The reduction in LDH activity was greater by 10.3% than that
induced by ketoprofen only (column five versus column four in Figure 6A). The SDH activity after
simultaneous application of NGF and ketoprofen was not significantly different from that observed in
the presence of ketoprofen only (column five versus column four in Figure 6B).

3. Discussion

Long-term intensive studies have shown that the relationship between immunity and cancer is
complex [15]. The immune system can excrete factors promoting survival, growth and invasion of
tumor cells. Thus, on the one hand, the immune system can act as an extrinsic tumor suppressor, but
on the other hand, it facilitates cancer initiation, promotion and progression [15]. The complement
system is generally recognized as a protective mechanism against the formation of tumors, but recent
studies also indicated a pro-tumorigenic potential of the complement system in certain cancers and
under certain conditions [16]. Nevertheless, treatment of tumor-bearing mice with CVF results in
a significant growth retardation of B16 melanoma tumors [17] and EAC [7]. It is also known that
different NSAIDs, including inhibitors of COX-1 and COX-2 such as ketoprofen, can restrain the
development of tumors [8,9]. We have found that ketoprofen suppresses the growth of EAC as well
(Figure 1). Earlier, we showed that NGF from cobra venom exerts the same effect on the subcutaneous
form of EAC [4]. Based on these data, we decided to check if CVF and ketoprofen would exhibit a
synergistic effect with NGE. However, the results obtained showed that neither CVF nor ketoprofen
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enhanced the antitumor effect of NGF (Figure 1). Instead, both compounds abolished the effect of NGF
on EAC (Figure 1). This data indicates that the normal function of the immune system is a prerequisite
for the antitumor effect of NGF.

3.1. The Inflammatory Infiltration and EAC Growth

Inflammatory reactions play a key role at different stages of tumor development [18-20].
At present, most data underscore the benefits of inflammatory tissue infiltration for tumor progression.
One of the potential mechanisms is that chronic inflammation can generate an immunosuppressive
microenvironment that benefits tumor formation and progression [21]. However, the balance between
antitumor and tumor-promoting immunity can be shifted either to protect against the neoplasia
development, or to support tumor growth.

In our experiments, the immune cell infiltrate is mainly composed of lymphocytes. In clinical
studies, the increase in lymphocytic infiltration in many (although not all) cases is considered
a favorable prognostic sign [22,23]. Our data show that retardation of the EAC growth under
NGF treatment is accompanied with an increase in the lymphocyte infiltration (Figure 3). CVF or
ketoprofen abolish the NGF effect on EAC, and reduce NGF-induced local lymphocytic infiltration
(Figures 3 and 4). Based on these data, one may suggest that the antitumor effect of NGF is mediated
by immune cells. At the same time, NGF promotes the sprouting of blood vessels, i.e., it does not
display anti-angiogenic properties when exerting its antitumor effect. The promotion of breast cancer
angiogenesis by NGF was observed earlier [24]. Such a property is generally considered pro-oncogenic,
and in this case might facilitate access of immune cells to the tumor.

In our work, CVF alone has practically no effect on the immune cell infiltration (Figure 3).
This finding is in some contradiction with the data of [17], wherein a significant slowdown of
the B16 melanoma growth under CVF treatment was accompanied by a significant increase in the
number of tumor-infiltrating immune cells. This might be explained by the different schemes of CVF
administration used by [17] and in our experiments.

Our data show that lymphocyte infiltration plays some role in tumor development. This issue
deserves further study, and may provide new information on the mechanisms of the antitumor effects
of NGF, CVF and NSAIDs.

3.2. The Levels of TNF-«, IL-1B and TGF-B1 in the Serum of Tumor-Bearing Mice

An increase in the levels of proinflammatory cytokines IL-13 and TNF-« indicates that the
antitumor effect of NGF is realized under conditions of increased inflammation. Ketoprofen, and
especially CVF, attenuate or cancel this effect (Figure 5). A decrease in the level of IL-1f3 and TNF-«
by CVF points to the latter’s pronounced anti-inflammatory effect. In turn, the antitumor activity of
CVF and ketoprofen, but not NGF, is possibly associated with a decrease in the level of serum TGF-f31,
which directs the cells of the tumor microenvironment to the pro-tumor phenotype, and negatively
regulates the cytotoxic function of immune cells [25,26].

The antitumor effect of NSAIDs is associated with inhibition of cyclooxygenase activity and a
decrease in the synthesis of PGE2, which has a tumor-promoting effect [9,27], and is also associated
with a series of cyclooxygenase-independent events [28].

It may be possible that suppression of inflammation prevents the antitumor effect of NGE.
Conversely, inflammation induced by NGF may cancel the antitumor effect of CVFE.

3.3. Glycolysis and EAC Growth

Oxidative stress is considered one of the inducers and markers of carcinogenesis. It contributes
to the shift of energy metabolism to enhanced aerobic glycolysis, which is associated with malignant
cell proliferation [29], as well as to the enhancement of pro-carcinogenic properties of the tumor
cell microenvironment [30]. On the other hand, there is evidence for the "reverse Warburg effect",
consisting of a metabolic interaction between glycolytic stroma cells and cancer cells with enhanced
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oxidative metabolism. Thus, aerobic glycolysis can be characteristic of stromal cells surrounding the
tumor, while the tumor cells convert lactate, produced by the stromal cells, into pyruvate, and use the
latter in oxidative phosphorylation [13].

To study the influence of our compounds on energy metabolism in EAC, we determined the
activity of LDH and SDH in the tumor cells (Figure 6). Our data show that the retardation of
EAC growth by NGF is accompanied by an increase in both anaerobic and aerobic oxidation in
EAC cells. Ketoprofen and CVF influenced NGF-stimulated aerobic oxidation to different extents;
ketoprofen significantly reduced the NGF-induced stimulation of aerobic oxidation, while CVF did not.
Suppression of the NGF antitumor effect by both CVF and ketoprofen coincided with the suppression
by these drugs of the NGF-induced enhancement of glycolysis represented by LDH activity.

Thus, the inhibition of tumor growth after the NGF treatment was accompanied by increased
activity of both LDH and SDH. CVF and ketoprofen had different effects on energy metabolism in
EAC. Ketoprofen, but not CVF, reduced the increase of aerobic oxidation induced by NGF. However,
both significantly reduced the stimulating effect of NGF on anaerobic oxidation (glycolysis).

It should be noted that the activation and cytotoxic response of lymphocytes are associated with
an increase in the intensity of glycolysis [31]. One of the possible mechanisms for the antitumor
effect of NGF may represent its action on energy metabolism in immune cells. CVF and ketoprofen
might also act on energy metabolism in immune cells, however, in a way opposite to that of NGFE.
Direct experimental confirmation of this suggestion is outside of the scope of this work, and further
studies should be performed to address this matter.

3.4. The Possible Role of TrkA Receptors

It is known that NGF participates in some inflammatory processes [32]. Thus, various myeloid
cells are capable of expressing the NGF receptor TrkA and responding to NGEF. For example, about
20% of fresh mouse natural killer (NK) cells express the TrkA receptor, and this fraction reaches
100% when NK cells are activated by interleukin 2. NGF does not influence the expression of surface
molecules important for NK cell activation or inhibition. In contrast to TrkA, the other NGF receptor,
P75, is not expressed by NK cells (neither resting nor activated) [33]. NGF is involved in eosinophil
or B cell survival; its effect may be completely abolished in the presence of K252a, the TrkA receptor
antagonist [34,35]. NGF can also act as a chemotactic factor for lymphocytes, considering that it
mediates attraction of monocytes—other leukocytes from the agranulocyte group—without modifying
the production of proinflammatory cytokines [36].

We have earlier shown that K252a can block the NGF inhibitory effect on the growth of EAC [4].
In the present paper, we demonstrate that treatment of mice by NGF leads to increased lymphocyte
infiltration of the tumor. Considering these facts, one could suggest that the antitumor effect of NGF is
mediated through the TrkA receptor, activation of which on lymphocytes might be more important
than on the tumor cells.

4. Conclusions

The treatment of tumor-bearing mice with NGF resulted in a reduction of tumor volume by 72%,
increased lymphocytic infiltration of the tumor tissue, elevated levels of serum IL-1f3 and TNF-o and
an increase in the activities of both SDH and LDH in EAC cells. Under the same conditions, CVF
inhibited the tumor growth by 68%; however, the degree of inflammatory infiltration did not differ
significantly from controls. A decrease in the TGF-$1 level in the serum of CVF-treated mice, and
a tendency to decrease levels of IL-1f and TNF-«, were observed. With ketoprofen administration,
the lymphocytic infiltration was slightly more pronounced; however, the inhibition of tumor growth
was less apparent than that induced by CVE. CVF and ketoprofen increased the activity of SDH and
decreased LDH activity in tumor cells.

Unlike NGF administration only, the application of NGF together with either ketoprofen or CVF
resulted in abrogation of its inhibitory effect on EAC. CVF and ketoprofen decreased lymphocytic
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infiltration and levels of IL-1p3 and TNF-«, stimulated by NGF. They also prevented the NGF-induced
increase in LDH activity.

Thus, the data obtained in this work suggest that the antitumor effect of NGF in vivo depends
critically on the normal status of the immune system. The substances that disturb immunity neutralize
the inhibitory effect of NGF on the development of EAC in mice. The NGF antitumor mechanism may
cause an increase of lymphocytic infiltration in the tumor, a rise in the levels of IL-1 and TNF-c in the
serum of tumor-bearing mice, and an increase in aerobic glycolysis.

5. Materials and Methods

5.1. Materials

NGF and CVF were isolated from Naja kaouthia cobra venom as described in [37,38], respectively.
The purity of samples was more than 98%, as confirmed by analytical reversed-phase HPLC and
MALDI mass spectrometry. Ketoprofen in the form of 4% solution for injection was obtained from
Pharmaceuticals Lek (Ljubljana, Slovenia).

5.2. Mice

Female Af/WySnMv mice were inbreeded at the Institute of Physiology, National Academy of
Sciences of Belarus (Minsk, Belarus). EAC was purchased from Blokhin Russian Cancer Research
Center, Russian Academy of Medical Sciences (Moscow, Russia). Tumor cells were obtained from
the EAC maintained by intraperitoneal passages. All the appropriate actions were taken to minimize
discomfort to mice. The World Health Organization’s International Guiding Principles for Biomedical
Research Involving Animals were followed during experiments on animals.

5.3. Carcinoma Growth and Application of Drugs

Viable EAC cells (20 x 10°) were inoculated into the left flank of the mice.

The mice with EAC were divided into groups of 5-6 animals. NGF at a dose of 104 ng/kg, CVF
at a dose of 250 ug/kg and ketoprofen at a dose of 40 mg/kg were administered intraperitoneally
each 3rd—4th day over 12 days; two groups of animals received NGF and ketoprofen or NGF and
CVF at doses indicated above. Drugs were dissolved in saline. The control group received saline.
Each animal received three treatments. The volume of developed subcutaneous tumor was assessed
as in [3]. The tumor tissue was taken from animals at day 12 after inoculation; cryostat sections for
histochemical studies were prepared, stained by hematoxylin—eosin and analyzed as in [39], and the
blood samples were collected for preparation of serum. Sera of intact mice were also obtained.

5.4. Immunoenzyme Analysis (ELISA)

Immunoenzyme analysis (ELISA) was performed with DuoSet ELISA Mouse IL-1f/IL-1F2,
DuoSet ELISA TGF-$1 and DuoSet ELISA TNE-« assay kits (R & D Systems, Minneapolis, MN, USA).
Serum levels of IL-13, TGF-1 and TNF-« were determined according to the manufacturer’s protocol.
Optical density values at 450 nm were measured using a BioTek ELx808 microplate reader (BioTek,
Winooski, VT, USA). The concentration of samples was calculated according to the corresponding OD
value and the concentration of the standard substance.

5.5. Enzymatic Activity Determination

The activities of LDH and SDH were determined by the tetrazolium method according to [40],
using the computer data-processing program Image J (National Institutes of Health, Bethesda, MD,
USA). Each measurement was performed on more than 300 individual tumor cells obtained from three
to five animals from each group.
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5.6. Statistical Analysis

Statistical analysis of the tumor volume, cytokine serum levels and enzymatic activity was
performed with the Mann-Whitney test. The differences were considered significant for p values <0.05.
All results are presented as the mean £ SEM (standard error of the mean).

All studies involving animals were approved by the Commission on Bioethics of the Institute
of Physiology of the National Academy of Sciences of Belarus, established in accordance with Order
No. 44 of 07.06.2013, consisting of: Chairman—Head of the Laboratory A. Yu. Molchanova; Deputy
Chairman—Deputy Director for Scientific and Innovation S. V. Mankovskaya; Members—head of the
laboratory of physiotherapy and balneology, E.I. Kalinovskaya; chief scientific worker, L.I. Archakova;
research worker, A.E. Pyzh; senior research worker, V.S. Lukashevich; research worker, S.B. Kohan;
scientific secretary of the Institute of Physiology—N.F. Pavlova; secretary—T.E. Kuznetsova. The ethical
approval code is No. 2. The date of approval is 7 August, 2014.
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Abstract: Antimicrobial peptides (AMPs) are a group of small peptides, which are secreted by almost
all creatures in nature. They have been explored in therapeutic and agricultural aspects as they
are toxic to many bacteria. A considerable amount of work has been conducted in analyzing 165
and metagenomics of the gastrointestinal (GI) microbiome of grass carp (Ctenopharyngodon idellus).
However, these datasets are still untapped resources. In this present study, a homologous search
was performed to predict AMPs from our newly generated metagenome of grass carp. We identified
five AMPs with high similarities to previously reported bacterial toxins, such as lantibiotic and
class II bacteriocins. In addition, we observed that the top abundant genus in the GI microbiota
of the grass carp was generally consistent with the putative AMP-producing strains, which are
mainly from Lactobacillales. Furthermore, we constructed the phylogenetic relationship of these
putative AMP-producing bacteria existing in the GI of grass carp and some popular commercial
probiotics (commonly used for microecologics), demonstrating that they are closely related. Thus,
these strains have the potential to be developed into novel microecologics. In a word, we provide
a high-throughput way to discover AMPs from fish GI microbiota, which can be developed as
alternative pathogen antagonists (toxins) for microecologics or probiotic supplements.

Keywords: antimicrobial peptide (AMP); fish gastrointestinal microbiota; high throughput
identification; AMP-producing bacteria

1. Introduction

Antimicrobial peptides (AMPs) are a group of small peptides, which are secreted by almost all
creatures in nature. They are being explored with regards to their potential therapeutic and agricultural
uses as they are toxic to many bacteria. These AMPs synthesized in the ribosomes of bacteria
are also called bacteriocins, which normally present antibacterial activity towards closely-related
strains, although it has been reported that a broad range of antimicrobial activity occurs in some
bacteriocins [1]. Those bacteriocins of lactic acid bacteria (LAB) have raised a considerable amount
of attention nowadays [2]. Nisin, the first bacteriocin applied to therapeutics without any side
effects, can effectively inhibit the growth of Gram-positive (G+) bacteria, including many members of
Lactobacillus, Pediococcus, Leuconostoc, Micrococcus, Staphylococcus, Listeria, and Clostridium [3].

It is well known that the majority of G+ bacteria are beneficial to intestinal health. Lactobacillus is
the largest genus of the LAB group (with over 50 species in total), contributing important metabolic
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reactions to the production of cheese, yogurt, and other dairy products [4]. They are commonly
found in the oral, vaginal, and intestinal regions of many animals. These organisms have also
been shown to stimulate the immune system and have antibacterial activity against intestinal
pathogens, which indicates that they may be useful as probiotics. Pediococcus acidilactici is usually
used to regulate gastrointestinal (GI) floras as they balance microecology by acid production [5].
Bacillus subtilis is a commonly applied microecologic in agriculture feed additives and food products [6].
Streptococcus contains many commensal floras located at the epidermis, respiratory tract, and gut,
such as beneficial S. thermophilus and pathogenic S. pyogenes [7].These probiotics are active against
microorganisms by antagonism in vivo, particularly against those closely-related competing bacteria.
Some of them have a broader inhibitory spectrum in certain conditions, while some of them have
a rather narrow spectrum. Additionally, their metabolites improve the activity of acidic proteases and
prevent the production of harmful molecules.

The grass carp, Ctenopharyngodon idellus, is an herbivorous freshwater fish of the Cyprinidae
family and a commercial species widely cultivated in China. Many previous works have focused on
employing the 16S rRNA method in analyzing the GI microbiota of grass carp [8]. However, in order
to obtain a more accurate phylogenetic composition, the whole metagenomic data should be put to
use. Meanwhile, since antibiotic abuse in aquaculture has caused many problems, such as pathogen
resistance and food contamination, we are trying to screen new bacterial species with a high efficacy of
AMP production as potential probiotics to combat aquatic pathogens.

In this research, we sequenced the whole metagenome of the GI microbiota in grass carp and
a high-throughput homologous search was performed to predict AMPs. In addition, the phylogenetic
relationship of some genera in grass carp GI microbiota, putative AMP-producing strains and commonly
used probiotics for microecologics were described. Interestingly, these newly identified AMP-producing
strains have the potential to be developed into novel microecologics or probiotic supplements.

2. Results

2.1. Summary of Achieved Metagenome Datasets

In total, 11 gigabase (Gb) of raw data were generated from a pool of sequencing data of eight GI
samples (see more details in Section 4.1). After filtering the host contamination, 218 megabase (Mb) of
metagenome data were assembled. Finally, from these acquired data, a total of 4966 species, 1453 genera,
378 families, 178 orders, 76 classes, and 54 phyla were annotated (Table S1). The GI microbiome
of grass carp are dominated by members of phyla Proteobacteria (36.12%), Firmicutes (7.14%),
Bacteroidetes (5.16%), Fusobacteria (3.82%), and Actinobacteria (1.31%; Figure 1). The well
represented genera are Aeromonas (19.02%), Shewanella (3.79%), Cetobacterium (2.96%), Bacteroides (1.60%),
and Clostridium (0.81%), respectively (Figure 1, Table S1).

2.2. AMPs Identified in the Metagenome

Based on sequence similarity, we identified five AMPs by homologous alignment (Figure 2).
However, we could not assert the exact strains for producing them, although four of them seem to
be incomplete. Meanwhile, we employed BLASTP to search against public databases in NCBI and
found that they are novel bacteriocins except for lantibiotic (Table 1). These putative AMP-producing
bacteria, summarized in Table 1, will be useful for further screening and validation of potential
probiotic supplements.
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Figure 1. Relative abundance of phyla annotated in the metagenome of grass carp.

A 39 amino acid (aa) fragments identified from filtered reads of current metagenome are exactly
the same as the lantibiotics of Streptococcus spp., including S. macedonicus, S. pyogenes, and S. agalactiae.
This post-translationally modified peptide with characteristic thioether amino acids represents a large
group of promising candidates for future applications as it can be a good template for improving
lanthipeptide analogs or introducing thioether cross-links into reported therapeutics [9]. The mature
peptide GKNGVFKTISHECHLNTWAFLATCCS belongs to lacticin 481-like peptides of class I of
lantibiotics, which are LanM modified globular peptides with a classification into class I type B
lantibiotic [10]. However, their structures require further confirmation.

The predicted complete sequence of a pediocin-like bacteriocin belongs to class Ila as it has a highly
conserved consensus sequence YYGNGX;CXyCXVXy, [11] within its N-terminal domain. This 49-aa
mature peptide seems to be produced primarily by strains of genus Streptococcus [12]. Lactococcin 972
(1ecn972) was first isolated from Lactococcus lactis subsp. lactis IPLA 972 [13]. Our predicted 1en972-like
peptide also has a high similarity to 1cn972 and thus, we speculate that it may come from strains of the
genus Lactococcus. Furthermore, members of this family tend to be associated with transmembrane
putative immunity proteins related to cellular processes, toxin production, and resistance. It has been
proven that 1cn972 was the first non-lantibiotic bacteriocin that specifically interacts with the cell wall
precursor lipid IT [14], which was categorized into subclass Ilc [11].

The predicted subtilosin A-like bacteriocin is another class Illc member identified by us.
Subtilosin A is a group of antilisterial bacteriocins previously reported only produced by Bacillus subtilis,
before being found in many other species [15]. Aureocin-like type II bacteriocin is a small family
usually encoded on a plasmid. Characteristically, the members are small, cationic, rich in Lys and
Trp in addition of bringing about a generalized membrane permeabilization leading to leakage of
ions. The family includes aureocin A, lacticins Q and Z, BhtB, as well as an archaeal member [16,17].
However, our predicted BhtB-like seems to be very special compared with others.
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Figure 2. Multiple sequence alignment of identified AMPs with public bacteriocins in the NCBIL.
(a) lantibiotic; (b) Pediocin-like (Class IIa); (c) Lactococcin 972 (Class Ilc); (d) SubtilosinA (Class Ilc);
(e) Aureocin-like (Class IId). Please note that with the exception of (b), the sequences seem to be
incomplete, which may be due to missing reads in the assembly procedure. Similar amino acids of at
least 50% were shaded in purple, 80% were shaded in yellow, and those with same characteristics were

shaded in green.

Table 1. Summary of known bacteriocins in the NCBI with the highest ranked hits.

Category Identified AMPs ! NCBI AMPs Af;‘;ﬁ:i‘;o. Nclf:c?elrvi[:; ls’;‘;‘:::s‘“g
McdA ABI30227.1 Streptococcus macedonicus
Streptococcin A-FF22 P36501.1 Streptococcus pyogenes
Nukacin CZT39525.1 Streptococcus agalactine
Class I a Macedocin CZA89639.1 Streptococcus suis
(Lantibiotic) type-A lantibiotic EEF65507.1 Streptococcus suis 89 /1591
type A2 lantipeptide WP_041790396.1 Streptococcus equti
type A2 lantipeptide WP_033685037.1 Streptococcus mitis
lantibiotic nukacin KEO43205.1 Streptococcus salivarius
Hypothetical AND78905.1 Streptococcus pantholopis
piscicolin-126 EFM26697.1 Streptococcus equinus
Bacteriocin KUE92317.1 Streptococcus gallolyticus
Class Ila putative piscicolin-126 KXI11412.1 Streptococcus pasteurianus
(Pediocin-like) b infantaricin E AHW46171.1 Streptococcus infantarius
MundKS ACI25616.1 Enterococcus mundtii
leucocin C AEY55410.1 Leuconostoc carnosim
SakX AAP44569.1 Lactobacillus sakei

188



Toxins 2017, 9, 266

Table 1. Cont.

Category Identified AMPs 1 NCBI AMPs AC?;I;?DTEO. Nclf:cirﬁ g;‘:;’:s‘“g
lactococcin 972 CAA05247.1 Lactococcus lactis
lactococcin 972 family WP_061775386.1 Lactococcus raffinolactis
lactococcin 972 family WP_065096983.1 Enterococcus mundtii
c lactococcin 972 CTL98394.1 Streptococcus pneumoniae
lactococcin 972 family SNP59245.1 Streptococciis pneumoniae
lactococcin 972 family CW]J26067.1 Streptococcus pneumoniae
lactococcin 972 family CYW17154.1 Streptococcus suis
Class Ilc
sboA protein EFV34710.1 Gemella morbillorum M424
subtilosin A EGV07582.1 Streptococcus constellatus
putative subtilosin A CVX48913.1 Streptococcus prneumoniae
d Hypothetical ELB10075.1 Enterococcus faecium
subtilosin A CAD23198.1 Bacillus subtilis
subtilosin A AKP46487.1 Bacillus smithii
subtilosin A WP_087992738.1 Bacillus subtilis
Mutacin BhtB AAZ76605.1 Streptococcus ratti
lactolisterin BU SDR48784.1 Lactococcus lactis
Class Ild € Hypothetical WP_081348647.1 Streptococcus iniae
Aureocin-like SFG15527.1 Lachnospiraceae C7

1 See more details in Figure 2.

2.3. Phylogenetic Analysis

We could not determine the unique strains for these predicted AMP sequences. However, in order
to evaluate the utility for potential probiotics in grass carp according to close relations between known
probiotics and these putative AMP-producing bacteria, we constructed a phylogenetic tree (Figure 3)
using microbiota from annotated top abundant species in class Bacilli, top bacterial hits in the NCBI
by searching from our predicted AMP sequences, and those commonly-used commercial probiotics
in microecologics.

Three Lactococcus spp. exist in the GI of grass carp, with both L. raffinolactis and L. lactis being
putative AMP-producing probiotics. However, several Lactococcus strains are reported as pathogens.
Thus, only some strains have the potential to become probiotics in aquaculture as agonists of S. aureus,
while L. garvieae SYP-B-301 has been employed as a feed additive [18-21]. In Streptococcus spp.,
S. inige I1 was selected as predominant LAB in the intestines of young common carp, which is
consistent with what we observed. Streptococcaceae was the most plentiful family under the order
Lactobacillales, followed by Lactobacillaceae and Enterococcaceae families. Streptococcus was the 7th
most abundant genus in the identified 1453 genera, while Bacillus was the 11th, Lactobacillus was the
42nd, and Enterococcus was the 46th. It seems that a large amount of Streptococcus spp. in the GI are
predicted to be AMP-producing species (Figure 3) and S. agalactiae with a closest relationship to 5. inige
(a previously applied probiotics) can be a probiotic candidate.

Meanwhile, Gemella morbillorum M424, a subtilosin A-producing strain closely related to some
probiotics, may be beneficial to the intestine. In addition, while probiotics Bacillus coagulans,
B. firmus, B. licheniformis, and B. subtilis, were found at relatively low levels, the predominant species
B. cellulosilyticus, B. clausii, and B. mannanilyticus (Table 1) may play an important alternative role in
the GI. A similar situation occurred for Lactobacillus spp. as L. sakei, L. fructivorans, and L. ceti may be
helpful. Enterococcus spp. are another superior resource, with their functions waiting to be explored.

In summary, based on our phylogenetic tree (Figure 3), we speculate that these bacteria
closely related to some known probiotics are promising candidates for novel AMPs or applicable
probiotics in the grass carp, such as L. garvieae, S. agalactiae, G. morbillorum, and L. sakei. Furthermore,
these predominant species of Lactobacillus and Bacillus are also valuable genetic resources for
further investigation.

189



Toxins 2017, 9, 266

2
3
g 37 $
£ 88 ¢
s £ 54 5%
9 4 8 5 £ 8 8 3
338 3 88 8 3 & &
o 228388 7¢&9
B & S e 329 5 &8
5 % 2 g E g g 8 3N 9
%, % 2 a0 8 s 23 f ¢ 8 &
% % i 2 4 28 ¢ 85 € g & I
% % o9 % 3 4qs B g 2 § & ¢
. By R R 2L LSS fSe S @ 3
2, % % ¢ 283 tlefg s s &
by &y 2 2 8888 eve sy S s & §
% % % % 0% 2% 8 2Eod3 g &L
% % % b 4 8%t 8EEFLldS oS
% % % & < g & 3
0% % at RS LSS S
Y, % 2 5 2 52200 JLELFESSN S N o
H, 2, % % %L GEREIGSSTEFET Y S S
2, % % %S FESTT & &
%, R % % % 0 R R Fos &7
& & F o
Y (S S P
S & Al 28%
P = & & &
2 P W 6
) o O o g
o
& & 05 20
& S o
& o
g AV e 0
S g i 9
@ s s 15
189 o0 eterod
yc0n®* domes" 84
S B ol des LMGH?
$ S Leuco™ domesenterO"
- < ostoc PSeU
- 50— Leucon s DSM 442
US raffinolg A aicain
actis NBRC 10093,. % sporolactobacills ¥
Lactococcus lactis subsp. cremoris SK11. d Bamx oS DS
Lactococcus lactis subsp. cremoris MG1363—" w0 . 5 SR
i g Bacilus
s st 92 > memantios dcu 10595
s 4 o 20 coagy
actococcys 99 Baciny, i
O agu
> Sy, lans 360
2 %/ sy, OS2
s sy,
o -4 S, SHipe ORC,
4 % oy o, o
2 %%' e,
% % % 11590
. %seq %2s,
3 o, S,
= Sy,
2 %, o,
i % R
§eg3o0y %,
R 238 %,
& ] % 3 %,
P g %
§§E88% %,
'ERRE L T
Flsiihee Ry
2 =S 2 & % % 2,
§ 823333 %% 3
§§Y8%5 3% %%
H e % 3 B e 3B
§ 8 8

Figure 3. Phylogenetic tree of AMP-producing microbiota. Commercial probiotics are green,
top abundant bacteria of class Bacilli in grass carp GI are red, and the putative strains producing

our predicted AMPs are blue.

3. Discussion

In commercial aquaculture, the stressful conditions fish are exposed to usually result in a decrease
in production and increase the risk of infectious diseases. However, resistance from antibiotic abuse
has encouraged the scientific community to search for alternatives to antibiotics. Our present strategy
to identify the potential AMPs in fish GI microbiota is an alternative way to overcome the deficiency
of antibiotics.

In this study, we identified five AMPs (pediocin, lactococcin 972, subtilosin A, and aureocin-like
bacteriocins) in the GI of grass carp. However, it is still necessary to confirm the exact strains producing
these AMPs. Our analysis suggested that these bacteriocins were encoded by rare members of the
GI microbiota or those that have not been previously identified as important bacteria. Furthermore,
we predicted the microbiota that may produce our five identified AMPs from the GI metagenomics of
C. idellus and constructed an interesting phylogenetic tree for them. It revealed that many commensal
organisms in grass carp, including three species of Lactococcus (L. raffinolactis, L. lactis, and L. garvieae) as
well as many members of Streptococcus, Bacillus, Lactobacillus, and Enterococcus, are potential probiotics
in grass carp, as they are closely related to the known strains used in microecologics and consistent
with other characterized probiotics [22,23].

Interestingly, all the predicted bacterial species belong to the class Bacilli. In fact, antimicrobial
compounds produced by Bacilli and isolated from GI of Japanese costal fish [24] and Indian major
carp [25] have been suggested as bio-control agents, while antimicrobial peptides or bacteriocins
have received attention as an alternative tool to control colonization of pathogenic bacteria in
fish intestine [26]. It can be inferred that these Bacilli are dominant strains in many animals and
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other metabolites certainly have irreplaceable functions in GI. Actually, apart from G+ bacteria
derived bacteriocins, antimicrobial metabolites from G— bacteria have a rather high concentration in
antimicrobial providers to protect their host. In Pseudoalteromonas, bacteriocins are almost large proteins
(>100 kDa) and their strains are of great ecological significance as part of the resident microbiota or
antimicrobial metabolite producers [27]. That may explain why class y-Proteobacteria is the largest
group in the GI of grass carp (Table S1).

Gl bacteria can be variably changed by components of food or cultural media, interaction with
enterocytes, water temperatures, or seasons [28-30]. A healthy gut is always kept in a dynamic
equilibrium, which requires the coordination of many factors [29]. It seems that each bacterial
species has its own natural enemies in GI and it restricts other competitors in a reasonable condition
by secreting toxins such as AMPs. Their abundance in GI flora is surely in accord with their
functions in this complex bacteria community. Once their balance is disrupted, diseases will occur
in the host. Antibiotics are commonly abused in animal agriculture, thus causing the emergence
of antibiotic-resistant bacteria. An alternative way for applying bacteriocins is to deliver some
AMP-producing microbiota directly through prophylactic administration of probiotics, as long as they
can stably survive in the intestine and maintain physiological homeostasis.

The rapid advancement of next-generation sequencing (NGS) has accelerated our pace of
identifying novel probiotics in fish GI. Previously reported bacteriocins are usually purified by
traditional isolation [31]. There are more and more approaches being developed to dig out
more bacteriocins in nature, including Bacteriocin Operon and gene block Associator (BOA; [32]),
Hidden Markov Model (HMM) [33], and BAGEL2 [34]. These genome mining bioinformatic tools
facilitate our work in discovering more useful functional genes by fully utilizing the big data in the
post-genomics era [35]. They have a great potential to look into the indicators of many diseases
or the prediction of novel AMPs in metagenomes of animals. Thus, this improves the digestive
conditions of fish and feed efficiency. This also provides opportunities to better determine the specific
types of bacteriocins and bacterial species can be found in different environmental niches through
the investigation of metagenomic data. Exploiting antimicrobial-producing resources to shape the
host-associated microbiota along with high-throughput sequencing may elucidate the roles of different
strains for host defense.

This is the first big-data-based study looking for AMPs and AMP-producing bacteria in the GI
metagenome of grass carp. There is a great temptation to connect related microbiota that may produce
bacteriocins and abundant bacteria groups with commonly acknowledged probiotics. Future studies
should focus on AMPs in fish GI and bacterial strains producing them, thus offering efficient probiotic
supplements in agriculture and feed industry. Their basic characteristics are worthy of further
investigation and their physiological roles in interacting microbiota remain to be elucidated. Finally,
in vivo experiments are required to determine the ecological significance of the association between
predicted potential probiotics and their host macro-organisms. The major issue is to determine whether
AMP-producing microbiota provide a real benefit to their host, especially in the context of pathogenic
events. In such a case, they may stand out as the next generation of probiotics of economic importance
in aquaculture.

4. Materials and Methods

4.1. Sample Collection

Pond-cultured grass carps were fed twice a day with a commercial feed (crude protein > 30.0%;
crude fiber > 12.0%; crude ash < 15.0%; calcium 0.4-2.5%; phosphate > 0.7%; salt 0.3-1.2%;
moisture < 12.5%; and lysine > 1.2%) from Shenzhen Alphafeed Co. Ltd., Shenzhen, China. They were
originally collected from a local hatchery in Shenzhen, Guangdong, China by trawl netting.
These cultured fish, with an approximate size of 1-2 kg, were selected. The body surface of these fish
was rinsed with sterile distilled water and subsequently, 70% ethanol was used to reduce contamination.
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The GI was dissected aseptically from their abdominal cavity, while the GI content and the epithelial
GI mucosa were squeezed out for a separate harvest. The GI contents from eight individuals were
obtained individually and stored at —80 °C before use.

All experiments were performed in accordance with the guidelines of the Animal Ethics
Committee and were approved by the Institutional Review Board on Bioethics and Biosafety of
BGI (No. FT15103) on 6 July 2016.

4.2. Assembly and Annotation of the Metagenome

Eight samples were separately sequenced by an Illumina Hiseq PE150 platform at BGI, Shenzhen,
China. The pool of metagenomic data were assembled by MegaHIT software [36]. Analysis was
implemented by Guangdong Magigene Biotechnology Co., Ltd, Guangzhou, China. Annotation of
deduced amino acid sequences was performed through BLASTP against the public Nr database with
E <1 x 1073 by KAIJU [37]. To determine the accurate phylogenetic composition of GI microbiota,
we assigned all the metagenomic reads to prokaryotic reference genomes that have been submitted
to the genome database of NCBI using BLASTN with default parameters. The aligned reads with
sequence similarity >75% were filtered by BLAST against the metagenome of grass carp.

4.3. Prediction and Identification of AMPs

We applied a homology search with the reported AMPs from the newly established C. idellus
metagenome datasets. These previously validated AMPs were retrieved from online Antimicrobial
Peptides Database (APD3) [38] and were used as queries. Assembled metagenome and raw reads of
grass carp GI microbiota were used as a local index database. Subsequently, we applied TBLASTN
with the threshold of E-value <107° to run the queries against the database. Following this, the hits
of nucleotides were translated into peptide sequences and submitted to NCBI using BLASTP tool for
further verification. However, those AMPs only exist in eukaryotes were removed.

4.4. Alignment and Homology of AMPs

The obtained peptide sequences and downloaded proteins from NCBI (Table 1) were aligned by
ClustalW of BioEdit [39]. Amino acid residues with conservation among sequences were shaded by
TexShade [40].

4.5. Construction of the Phylogenetic Tree

We downloaded the metagenomes of 84 strains and applied their 165 rRNA sequences to construct
a phylogenetic tree. First of all, MUSCLE v3.8.31 [41] was employed for multiple alignment, in which
all positions containing gaps and missing data were eliminated. Subsequently, an UPGMA tree was
constructed using MEGA7 [42]. Bootstrapping was carried out using 100 replicates and values are
indicated on the nodes of the phylogeny. The rate variation among sites was modeled with a gamma
distribution (shape parameter = 1). Finally, the phylogenetic tree was shown in iTOL [43].

Supplementary Materials: The following is available online at www.mdpi.com/2072-6651/9/9/266/s1. Table S1:
Bacterial components in the gastrointestinal samples of grass carp.
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Abstract: Spider gating modifier toxins (GMTs) are potent modulators of voltage-gated ion
channels and have thus attracted attention as drug leads for several pathophysiological conditions.
GMTs contain three disulfide bonds organized in an inhibitory cystine knot, which putatively confers
them with high stability; however, thus far, there has not been a focused study to establish the
stability of GMTs in physiological conditions. We examined the resistance of five GMTs including
GpTx-1, HnTx-1IV, HWwTx-IV, PaurTx-3 and SgTx-1, to pH, thermal and proteolytic degradation.
The peptides were stable under physiological conditions, except SgTx-1, which was susceptible to
proteolysis, probably due to a longer C-terminus compared to the other peptides. In non-physiological
conditions, the five peptides withstood chaotropic degradation, and all but SgTx-1 remained intact
after prolonged exposure to high temperature; however, the peptides were degraded in strongly
alkaline solutions. GpTx-1 and PaurTx-3 were more resistant to basic hydrolysis than HnTx-IV,
HwTx-IV and SgTx-1, probably because a shorter interconnecting loop 3 on GpTx-1 and PaurTx-3
may stabilize interactions between the C-terminus and the hydrophobic patch. Here, we establish
that most GMTs are exceptionally stable, and propose that, in the design of GMT-based therapeutics,
stability can be enhanced by optimizing the C-terminus in terms of length, and increased interactions
with the hydrophobic patch.

Keywords: Nayl.7; nuclear magnetic resonance; pain; rational drug design; serum stability;
spider venom

1. Introduction

Gating modifier toxins (GMTs), a class of disulfide-rich peptides expressed in the venom
of spiders, modulate the gating mechanism (opening and closing of an ion conduction pore),
of voltage-gated ion channels [1-3]. Human voltage-gated ion channels are involved in several
pathophysiological conditions, including chronic pain, epilepsy, and cardiovascular conditions, and,
accordingly, GMTs have potential as drug leads [4-11].

Spider GMTs are classified within the inhibitory cystine knot (ICK) family of peptides because
of the presence of a conserved disulfide bridge connectivity consisting of Cys I-Cys IV, Cys I-Cys V
and Cys III-Cys VI [12-16]. Furthermore, some ICK GMTs including GpTx-1, HnTx-IV, PaurTx-3 and
SgTx-1 contain two to three antiparallel 3-sheets as is expected for ICK peptides (Figure 1A) [13-19].
However, this is not a conserved structural feature, as some GMTs, including HwTx-IV, do not
display p-sheets, exemplifying the diversity in structures of peptides containing the ICK muotif
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Toxins 2017, 9, 248

(Figure 1A) [12,20,21]. In addition to the ICK motif, a second conserved feature of the structures of
GMTs is a hydrophobic patch surrounded by a charged ring of amino acids (Figure 1B) [17,19,21-24].
This amphipathic characteristic, similar to that of membrane active antimicrobial peptides [25], is
thought to facilitate GMT interactions with both the voltage-gated ion channels and the lipid membrane
in which the channels are embedded [12,20,26-31].

A HnTx-IV HwTx-IV PaurTx-3
7\ N N

Peptide NI Loop 1 i Loop 2 il ¥ Loop 3 v Loop 4 Vi c
GpTx-1 DCLGFMRKCI PDNDKCCRPNLV-CSRTHKWCKYVF*
PaurTx-3 DCLGFLWKCNPSNDKCCRPNLV-CSRKDKWCKY QI
HWTx-IV ECLEIFKACNPSNDQCCKSSKLVCSRKTRWCKY QI*
HNTx-IV ECLGFGKGCNPSNDQCCKSSNLVCSRKHRWCKYEI*
SgTx-1 TCRYLFGGCKTTAD- CCKHLA--CRSDGKY CAWDGTF
1 5 10 15 20 25 30 35

Figure 1. Conserved structural features of spider-derived GMTs. (A) ribbon representations of
GpTx-1[17], HnTx-IV (PDB ID: INIY) [19], HWTx-IV (PDB ID: 2M4X) [21], PaurTx-3 (PDB ID: 5WE3,
this study) and SgTx-1 (PDB ID: 1LA4) [18]. The backbones of the GMTs are shown in white and
the disulfide bridges forming the inhibitory cystine knot are shown in brown. GpTx-1, HnTx-IV and
PaurTx-3 each have two anti-parallel -sheets, SgTx-1 has three, and HwTx-IV has no anti-parallel
B-sheets. Locations of N- and C-termini and of Cys I-VI (highlighted in yellow) are identified on
HwTx-1V for clarity; (B) surface representations of the GMTs showing the conserved hydrophobic
patch and charged ring of spider toxins, where hydrophobic residues are green, positively charged
residues are blue and negatively charged residues are red. The disulfide bridges are buried within the
hydrophobic patch; (C) sequences of the peptides are shown (aligned to cysteine residues of HwTx-IV
and HnTx-IV) with cysteines highlighted in yellow, residues making up interconnecting loops are
identified with arrows, N- and C-termini are shown and * denotes amidated C-terminal.

It is generally assumed that GMTs have high stability; however, the ability of these ICK peptides
to maintain their structural integrity in physiologically relevant conditions has not been studied in
a systematic manner, though a recent study looked at the stability of Hvla in the context of the
development of insecticides [32]. The current study was designed to determine whether the ICK motif
engenders GMTs with stability against thermal degradation, pH dependent hydrolysis, proteolysis and
chemical degradation using GpTx-1, HnTx-IV, HwTx-1V, PaurTx-3 and SgTx-1 as model GMTs (see
Figure 1C for sequences). GpTx-1, HnTx-IV and HwTx-IV are potent inhibitors of the voltage-gated
sodium type 1.7 channel (Nay1.7), a channel that has been implicated in chronic pain and PaurTx-3
and SgTx-1 are modulators of Nay1.2 [33,34], a sodium channel associated with epilepsy and ataxia [1].

Here we show that GpTx-1, HnTx-IV, HwTx-1V, and PaurTx-3 are indeed stable in physiologically
relevant conditions; however, SgTx-1 is susceptible to proteolysis. Our results show that, although a
majority of GMTs provide excellent scaffolds for drug development, the length of the C-terminus may
affect stability and needs to be considered if GMTs are to be used as templates in drug design.
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2. Results

2.1. Solution NMR Structure of PaurTx-3

Three-dimensional structures of the peptides were used to evaluate the relationship between
peptide structure and stability. The structures of HnTx-IV (PDB ID: INIY) [19], HwTx-IV (PDB ID:
2M4X) [21] and SgTx-1 (PDB ID: 1LA4) [18] were available from the protein data bank (PDB), and
PDB coordinates for GpTx-1 were made available to us as a gift [17]. The three-dimensional solution
structure of PaurTx3 was not available from the PDB website and therefore calculated using nuclear
magnetic resonance (NMR) spectroscopy (Figure 2) including 350 distance restraints, comprising
134 intraresidue (i — j = 0), 120 sequential (i — j = 1), 42 medium range (i — j < 5), 40 long range
(i — j>5) and 14 hydrogen bond restraints and 41 dihedral restraints including 18 ¢, 18 { and 5 x1
angle restraints. Root Mean Square Deviation (RMSD) values for the 20 lowest energy structures
superimposed where global backbone = 0.88 & 0.23 A; global heavy =1.67 &+ 0.20 A (residues 1-34)
and global backbone = 0.71 + 0.21 A; global heavy = 1.51 4 0.21 A (residues 2-31, excluding flexible
termini) (Table 1).

N-terminal

Figure 2. Solution NMR structure of PaurTx-3 (PDB ID: SWES3, this study). The 20 best conformers
selected from lowest energy and best MolProbity scores are shown [35]. (A) Backbone of the structures
is red and disulfide bridges are yellow with N- and C-termini and cysteines I-VI labeled; (B) two
antiparallel 3-sheets are shown in red, the residues forming the hydrophobic patch are shown in green
and the turns on the structures are shown in blue with proline residues in position 11 and 18.

Table 1. Energies and structural statistics ! for the final 20 2 structures of PaurTx-3.

Energies (kcal/mol)

Overall —1232.31 4+ 50.68
Bonds 23.83 £+ 2.03
Angles 64.83 £ 6.52
Improper 19.89 +2.47
Dihedral 164.27 + 1.66
Van der Waals —131.51 +7.15
Electrostatic —1374.68 £ 52.43
NOE 0.38 & 0.04
Constrained dihedral (cDih) 0.66 + 0.40
MolProbity Statistics
Clash score (>0.4 A /1000 atoms) 11.10 + 3.94
Poor rotamers (%) 2.88 £2.30
Ramachandran outliers (%) 047 £1.14
Ramachandran favoured (%) 87.50 + 3.36
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Table 1. Cont.

Energies (kcal/mol)

MolProbity score 245+ 0.26
MolProbity percentile 3 50.40 + 14.91
Atomic RMSD (&)
Mean global backbone (2-31) 4 0.71 £0.21
Mean global heavy (2-31) 1.51+0.21
Mean global backbone (1-34) 0.88 +0.23
Mean global heavy (1-34) 1.67 =0.20
Distance Restraints
Intraresidue (i — j = 0) 134
Sequential (17 —jl =1) 120
Medium range (1i —jl <5) 42
Long range (1i —jl >5) 40
Hydrogen bonds ° 14
Total 350
Dihedral Angle Restraints
[} 18
Vv 18
x1 5
Total 41
Violations from Experimental Restraints
Total NOE violations exceeding 0.2 A 1
Total dihedral violations exceeding 2.0° 2

1 +St Dev. 2 Based on structures with highest overall MolProbity score [35]. 3 100th percentile is the best among
structures of comparable resolution; Oth percentile is the worst. 4 RMSD calculated in MOLMOL (Version 2k.2,
Institute of Molecular Biology and Biophysics, ETH, Ziirich, Switzerland) [36]. 5 Two restraints were used per
hydrogen bond.

The structure comprises the expected ICK disulfide bond connectivity of Cys I-Cys IV, CysII-Cys
V and Cys III-Cys VI (Figure 2A) and two antiparallel 3-sheets between Val 22-Ser 24 and Lys 28-Lys
31 (Figure 2B). The structure also includes a high density of solvent exposed hydrophobic residues
flanked by a series of loops and turns (Figure 2B). Two of the turns are stabilized by proline residues,
whereas the third loop lacks a proline residue, probably facilitating flexibility for interactions with
target voltage-gated ion channels (Figure 2B).

2.2. Thermal Stability

Effects of varying temperature on peptide structure were examined using one-dimensional (1D)
NMR spectra at temperatures ranging from 20 to 80 °C. The spectra (Figure 3) show peaks with narrow
line widths and minimal loss in signal intensity up to 80 °C, at which temperature HnTx-IV and SgTx-1
showed peak broadening and loss of intensity. GpTx-1, HwTx-IV and PaurTx-3 maintained narrow
peaks but also showed some loss in intensity at 80 °C. Changes in the chemical shifts for all the peptides
were reversible, as cooling back to 20 °C resulted in spectra identical to the initial ones, at 20 °C, with
narrow peaks and no loss of signal (Figure 3). Notably, for PaurTx-3, the €1 proton shifts on the two
imidazole side chains of Trp 7 and Trp 29 begin to split with increasing temperature (Figure 3 inset).
Therefore, nuclear Overhauser effect (NOE) correlation peaks of PaurTx-3 were compared at 20 °C
and 50 °C to confirm that the appearance of a second peak was due to a separation of Trp 7 and Trp
29 and not a result of cis-trans proline isomerization of the peptide (Figure 3 inset). In summary, the
reversibility of the chemical shift changes and the well-dispersed peaks in the amide regions of the
spectra of all five GMTs at each temperature level indicate that the peptides remain structured and
have good thermal stability.
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Figure 3. Reversible thermal denaturation of GMTs. 1D H solution NMR was used to monitor the
structural changes to the five peptides at temperatures ranging from 20 to 80 °C. GpTx-1, HWwTx-IV
and PaurTx-3 maintained narrow peaks up to 80 °C, although there was some loss in peak intensity in
the amide region of the spectra. SgTx-1 and HnTx-IV showed both a loss in intensity and broadening
of peaks at 80 °C. NOE correlations confirm that the appearance of two peaks in the 10 ppm region of
the 1D TH spectra of PaurTx-3 are a result of the separation of the £1 proton on the imidazole rings of
Trp 29 and Trp 7.

The peptides were also subjected to more extreme temperature by boiling (100 °C) for 30 min and
their stability was examined using analytical reverse-phase high performance liquid chromatography
(RP-HPLC). GpTx-1, HnTx-IV, HWTx-IV and PaurTx-3 could withstand the high temperatures, as
was demonstrated by identical analytical traces with and without heat treatment (Figure 4), whereas
analytical traces of SgTx-1 showed a minor degradation product (Figure 5A). The degradation product
from SgTx-1 had an 18 Da loss from the molecular weight of native SgTx-1 (3776.7 Da) as determined by
matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) (Figure 5A). We suspected
that the longer C-terminal chain (six amino acids from the last cysteine in the sequence) of SgTx-1 made
this GMT susceptible to degradation; therefore, ProTx-1, a GMT that is one amino acid residue longer
than SgTx-1 was similarly subjected to 100 °C for 30 min resulting in two prominent degradation
product masses, one of which was equivalent to the loss of 390.2 Da from the molecular weight of
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native ProTx-1 (3987.6 Da) (Figure 5C). This most likely involved the sequential hydrolytic cleavage of

three ProTx-1 C-terminal residues, Thr 33, Phe 34 and Ser 35 (combined Mw = 389.4 Da) (see Figure 5C
for sequence).

GpTx1 HnTx-IV HwWTx-IV

d 20_40 60 80 d 20_40 60 80 6 20_40 60 80
Time (min) Time (min) Time (min)
PaurTx3 SqTx1 ProTx-1

d 20_40 60 8o d 20_40 60 8o 6 20_40 60 80

Time (min) Time (min) Time (min)

Legend: | _100°C —no heat |

Figure 4. Analytical RP-HPLC traces of the GMTs following heating to 100 °C. All of the peptides
except SgTx-1 and ProTx-1 showed remarkable stability after the thermal assault.

A SgTx-1 B ProTx-1
100 °C No heat

0O 20 40 60 8 (§ 30 40 60 80

Time (min) Time (min)
3776.7
3987.6
3758.6
597.4

3750 3770 3790 3600 3800 4000

Mass (m/z) Mass (m/z)
Peptide Sequence C'terminal

SgTx-1 TCRYLFGGCKTTADCCKHLACRSDGKYCAWDGTF-
ProTx-1 ECRYWLGGCSAGQTCCKHLVCSRRHGWCVWDGTFS

1 5 10 15 20 25 30 35

Figure 5. Irreversible thermal degradation of SgTx-1 and ProTx-1. Analytical RP-HPLC was used to
examine the peptides after heating to 100 °C and subsequent cooling to room temperature. Degradation
products were further characterized using MALDI-MS (A) SgTx-1 lost 18 Da from the parent peptide;
(B) ProTx-1 underwent more extensive degradation, showing a 389.4 Da loss; (C) sequences of SgTx-1
and ProTx-1 are shown with cysteines highlighted in yellow and C-terminal residues shown in green.
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2.3. pH Dependent Hydrolysis

All five peptides in the current study were stable when incubated at 37 °C in phosphate buffer
adjusted to pH 2, 4, 7.4 and 9, with more than 75% peptide remaining after the 24 h incubation
(reduced PaurTx-3 was used as a control) (Figure 6A). At pH 12, all of the peptides were partially
or fully degraded, as shown in the analytical RP-HPLC traces of the peptides at pH 12 compared to
pH 4 (Figure 6B). GpTx-1 and PaurTx-3 had a larger proportion of the folded peptide remaining in
strong alkaline conditions compared to the HnTx-IV, HwTx-IV and SgTx-1 (Figure 6B). Analysis of
the degradation products of SgTx-1, HwTx-IV and PaurTx-3 are shown as examples (Figure 6C), and
reveal that the masses of the native for SgTx-1 (3776.7 Da) and HwTx-IV (4106.6 Da) were absent,
whereas the mass of parent PaurTx-3 (4059.5 Da) was still observable. Analysis of the degradation
products for PaurTx-3 shows a mass loss of 112.9 Da corresponding to the loss of Ile 34, and HWTx-IV
shows a loss of 461 Da, within a range corresponding to the sequential hydrolytic cleavage of Ile 35,
GIn 34 and Tyr 33 (458.5 Da).

A B

g

2 GpTx-1 HNnTx-IV

g <—native peptide <—native peptide

@

=

-

& :
degradation
product

pH 20 30 40 50

© GpTx1 @ HnTxlV A HwIxIV 20 30 40 50

© PaurTx-3 % SgTx-1 © Reduced Time (min) Time (min)

PaurTx-3
HwWTx-IV

— Peptides at pH 12

— Peptides at pH 4
degradation
g product | product
20 30 4 50 20 30 40 0 20 30 40 50
c Time (min) Time (min) Time (min)
HwTx-IV PaurTx-3 SgTx-1

— Peptides at pH 12 3645.4 4059.5
3946.6

3400 3600 3800 4000 4200 3700 3800 3900 4000 4100 4200 3000 3200 3400 3600 3800
Mass (m/z) Mass (m/z) Mass (m/z)

Figure 6. (A) pH dependent hydrolysis of the peptides was monitored at pH 2, 4, 7.4, 9 and 12 using
analytical RP-HPLC following a 24 h incubation at 37 °C. Reduced PaurTx-3 was used as a control.
Data points are relative to amount of peptide at pH 4 and error bars are + SE for n = 3; (B) comparisons
of the analytical RP-HPLC traces of the peptides at pH 4 and pH 12 are shown and (C) MALDI-MS
spectra for HwTx-IV, PaurTx-3 and SgTx-1 at pH 12 are also shown.

2.4. Proteolytic Degradation

Stability of the peptides against proteolytic degradation in human serum was examined at 0 h,
1 h, 8 h and 24 h upon incubation at 37 °C. R-BP100 [37], a linear peptide rich in positively charged
residues that does not contain disulfide bonds and is therefore likely to be susceptible to proteolyic
degradation, underwent rapid proteolytic degradation to less than 20% peptide remaining after 1 h,
and was completely degraded in 8 h (Figure 7). In contrast, HwTx-IV, HnTx-IV, GpTx-1 and PaurTx-3
were resistant to proteolysis with more than 90% peptide remaining after a 24 h incubation in human
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serum (Figure 7). SgTx-1 was degraded to approximately 70% peptide remaining in 8 h, and to
approximately 50% peptide remaining in 24 h.

g

[

£

£

©

£

g

L)

e

I

[

a.

1

0 30
Time (h)

O GpTx1 O HATxv A HwTxIV

© PaurTx-3 *  SgTx-1 O R-BP100

Figure 7. Proteolytic degradation of GMTs. The five GMTs were incubated in human serum and
degradation was monitored using RP-HPLC at 0 h, 1 h, 8 h and 24 h. R-BP100 was used as a control.
Data points are relative to amount of peptide at 0 h and error bars are + SE for n = 3.

2.5. Chaotropic Degradation

Resistance of the peptides to chemical degradation was examined by incubating the GMTs in 6 M
guanidine hydrochloride (GAHCI) at 25 °C for 16 h. Each peptide displayed an identical analytical
trace in the presence or absence of 6 M GdHCI upon monitoring using RP-HPLC (Figure 8).

GpTx-1 HnTx-IV

— Peptides in GdHCI

— Peptides in water

a—

20 30 40 50 20 30 40 50

HwTx-IV PaurTx-3 SgTx-1

Time (min)

Figure 8. GMT stability in 6 M GAHCl following 16 h incubation at 25 °C, as monitored using RP-HPLC.

2.6. Root-Mean-Square Deviation at the C-Termini GMTs

Global RMSDs of the backbones of the amino acids forming the C-terminus (comprising amino
acids from the last cysteine to the C-terminal residue) of the GMTs were calculated using MOLMOL [36].
GpTx-1 and PaurTx-3 had relatively less disordered C-terminal backbones than HwTx-IV, HnTx-IV
and SgTx-1 (Table 2). This low disorder is believed to reflect decreased flexibility in this region of
GpTx-1 and PaurTx-3, since other factors that can contribute to disorder, such as paucity of NOEs, do

not apply for these two peptides.
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Table 2. GMT C-terminal RMSD ! values.

Peptide Backbone RMSD (A) (Pre C-Term) 2 Backbone RMSD (A) (C-Term) 3

GpTx-1 0.18 & 0.09 (Asp 1-Trp 29) 0.17 £ 0.09 (Lys 31-Phe 34)
HnTx-1IV 0.60 £ 0.13 (Glu 1-Trp 30) 0.51 £ 0.22 (Lys 32-1Ile 35)
HwTx-IV 0.34 £ 0.09 (Glu 1-Trp 30) 0.39 £ 0.17 (Lys 32-1Ile 35)
PaurTx-3 0.79 + 0.22 (Asp 1-Trp 29) 0.30 & 0.14 (Lys 31-Ile 34)

SgTx-1 0.38 + 0.11 (Thr 1-Tyr 27) 1.58 + 0.43 (Asp 29-Phe 34)

! Global RMSD calculated using MOLMOL [36]. 2 Residues prior to the final cysteine in the sequence + standard
deviation (SD) from the mean. ° Residues after the final cysteine in the sequence + SD from the mean.

3. Discussion

This study set out to examine the stability of spider-derived GMTs under thermal, pH-dependent,
proteolytic and chemical conditions. We focused on GpTx-1, HnTx-IV, HWTx-IV, PaurTx-3 and SgTx-1,
which like other peptides in their class, contain the conserved ICK motif that stabilizes a solvent
exposed hydrophobic patch surrounded by a charged ring of amino acid residues [15-17,19,21-24,38].
We were primarily interested in examining whether GMTs withstand physiologically relevant
conditions; however, we also subjected the peptides to extreme thermal, pH and chemical assault to
gauge the extent of the overall stability of spider-derived GMTs.

The five peptides in the current study display high thermal stability, as is illustrated by the
reversible changes to their 1D 'H NMR chemical shifts after heating to 80 °C in the instrument and
subsequent cooling back to 20 °C. Only SgTx-1 was degraded when the peptides were exposed
to prolonged, extreme heating and on comparing the structure of this GMT to the remaining four
peptides, we hypothesized that the longer, more flexible C-terminus of SgTx-1 (six amino acids for
SgTx-1 compared to four amino acids for the remaining GMTs) may have an impact on the lower
stability of the peptide. To further examine this hypothesis, ProTx-1, a GMT with one additional
amino acid residue at the C-terminus compared to SgTx-1, was exposed to the same prolonged heat
treatment, and we observed an even greater extent of degradation for ProTx-1 compared to SgTx-1.
Furthermore, C-terminal NOEs for SgTx-1 and ProTx-1 are broad and less intense, compared to the
other peptides included in this study, suggesting a more disordered C-terminal. The C-terminal
residues in SgTx-1 and ProTx-1 also and have fewer long-distance interactions to hydrophobic residues
in other loops compared to GpTx-1, PaurTx-3, HnTx-IV and HwTx-IV (as observed by the lack of
long-range NOEs), which may explain their susceptibility to thermal degradation. Similarly, recent
work on Hm3a and PcTx1, two spider ICK peptides with high sequence homology, found that Hm3a,
which contains four C-terminal amino acid residues, has higher thermal stability compared to PcTx1,
which has seven C-terminal amino acid residues [39]. OAIP, another spider ICK peptide containing
three C-terminal amino acid residues, previously showed thermal stability [40]; however, PVIIA, an
ICK toxin extracted from cone snail venom containing only one C-terminal residue, was irreversibly
denatured at 56 °C [38]; therefore, it appears that a C-terminus of 3—4 amino acids may be optimal for
the stability of ICK peptides against thermal assault.

We examined the stability of the peptides at pH values representing various sites in the body
including pH 2 (stomach), pH 4 (jejunum), pH 7.4 (plasma) and pH 9 (approximate ileum pH). pH 12
was used to represent the peptides in an extreme (non-physiological) environment. The results suggest
that the peptides can withstand physiological pH ranges, with SgTx-1 perhaps being the least favorable
because of the small loss of peptide at pH 2 (Figure 6A). The peptides began to show degradation at
pH 9, but the most substantial degradation occurred at pH 12. Previous studies on spider-derived ICK
peptides have reported that disulfide bond shuffling occurs in alkaline conditions [32,40]. However, the
degradation products of the GMTs in the present study contained mass losses most probably from the
C-terminus of the peptides (Figure 6B,C), and disulfide bond shuffling was not observed. Assuming
that SgTx-1 was susceptible to the alkaline hydrolysis because of the length of the C-terminal on this
GMT, we were curious to find out why the four remaining peptides each containing four C-terminal
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amino acids showed different behavior from each other when incubated at pH 12. There are three
key structural features on the peptides that could withstand the alkaline assault within GpTx-1 and
PaurTx-3, which are absent on HwTx-IV and HnTx-IV (which were completely degraded). First, a
shorter loop 3, second, the presence of Pro 18 in the turn between loop 2 and loop 3 and, third, less
disorder across the C-terminal residues (Figure 9, Table 2). It is possible that this combination of
structural features facilitates a stronger attraction of the hydrophobic C-terminal residues of PaurTx-3
and GpTx-1 to the hydrophobic patch of the peptides, providing some protection from alkaline
hydrolysis (Figure 9), whereas peptides like HWTx-IV and HnTx-1V, lacking this additional structural
rigidity and subsequent hydrophobic attraction, become more susceptible to alkaline hydrolysis.

A Pro 18 Pro 18

HWTX-iV
B
Peptide N Loop1 Loop 2 Loop 3 Loop 4 c

GpTx-1 DCLGFMRKCIPDNDKCCRPNLV -CSRTHKWCKYVF*
PaurTx-3 DCLGFLWKCNPS NDKCCRPNLV -CSRKDKWCKY QI
HwTx-lv ECLE|F KACNPS NDQCCKSS KL VCSRKT RWCKY QI*
HnTx-lv_ECLGFGKGCNPS NDQCCKSS NL VCSRKHRWCKYE I*
1 5 10 15 20 25 30 35

HwTx-IV PaurTx-3

Figure 9. Structural features of the loops, turns and C-termini of GMTs. (A) ribbon representations of
20 structures of PaurTx-3 (PDB ID: 5W3E, this study), HwTx-IV (PDB ID: 2M4X) [21], and HnTx-IV
(PDB ID: INTY) [19], and 10 structures of GpTx-1 [17], are shown where loop 2 is highlighted in red,
loop 3 is in blue and the C-terminal is in green (labels on HwTx-IV for clarity). The side chain of Pro
18 is shown for GpTx-1 and PaurTx-3 in blue; (B) sequences of the peptides are also shown and the
residues forming each loop and the C-terminal are identified by arrows. Sequences of hydrophobic
amino acid residues and residues forming the hydrophobic patch are colored green and * denotes
amidated C-terminal; (C) green sticks show the side chains of hydrophobic residues on HwTx-IV
and PaurTx-3.

To consider GMTs as viable drug leads, stability of the peptides in human serum is essential.
GpTx-1, PaurTx-3, HwTx-IV and HnTx-IV show exceptional serum stability (Figure 8); however,
SgTx-1 is susceptible to proteolytic degradation. This degradation of SgTx-1 is most likely due to the
relatively longer C-terminal, making the peptide more susceptible to proteolysis in comparison to the
other GMTs in the current study.
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As a final analysis of the overall stability of disulfide-rich GMTs, we examined the ability of the
peptides to withstand the chaotropic effects of GAHCl. GAHCl has the potential to interfere with the
integrity of peptide structures via interactions either with the backbone of the peptides or through
m-cation interactions with the solvent exposed aromatic side chains of the solvent exposed hydrophobic
amino acid residues [41,42]. The five GMTs in the current study were unaffected by the chemical
assault, most likely because of the presence of the ICK motif. A previous study on AS-48, a globular
cyclic peptide also containing a hydrophobic surface patch, but lacking disulfide bridges, showed that
the peptide was degraded by 6.3 M GdHCI at 25 °C [43]. Cyclic peptides containing the ICK motif
were subsequently found to be stable when subjected to GAHCI [38]. Therefore, we conclude that
disulfide bridges confer chemical stability to spider-derived ICK GMTs.

4. Conclusions

In conclusion, GpTx-1, HwTx-IV, HnTx-IV and PaurTx-3 are stable in physiologically relevant
environments. SgTx-1 underwent partial degradation when subjected to proteolytic, acidic (pH 2)
and extreme temperatures, probably because of the length of the C-terminal of this particular peptide.
To avoid similar degradation in the use of GMTs as templates for drug design, a three to four residue
C-terminal appears to be preferable for stability. Hydrophobic interactions between the C-terminal
chain and the hydrophobic patch on the surface of the peptide may provide additional stability to
GMTs against hydrolysis in strongly alkaline solutions, and these hydrophobic interactions can be
augmented by designing GMT analogues with a shorter loop 3 stabilized by a proline on the turn
between loop 2 and 3.

Spider-derived GMTs are undeniably among nature’s more interesting pharmacological probes in
the study of voltage-gated ion channels [6,12,34]. The current work has provided additional insight
into the potential of these ICK peptides as templates for drugs designed to target ailments linked to
the voltage-gated ion channels.

5. Materials and Methods

5.1. Peptide Synthesis

Peptides were synthetically assembled using automated solid phase peptide synthesis on
a Symphony peptide synthesizer (Protein Technologies Inc., Tucson, AZ, USA), as previously
described [26]. Side chain protecting groups were removed and the reduced peptides were released
from the resin using 96% (v/v) trifluoroacetic acid (TFA), 2% (v/v) water and 2% (v/v) triisopropylsaline
(TIPS) as before [26].

Oxidative folding of PaurTx-3 and GpTx-1 was achieved in 16 h at room temperature in 7.5% (v/v)
acetonitrile (ACN), 0.1 M Tris(hydroxymethyl)aminomethane, 0.81 mM reduced glutathione (GSH)
and 0.81 mM oxidized glutathione (GSSG) at pH 7.7 [17]. ProTx-1 and SgTx-1 were oxidized over 72 h
at 4 °C in a buffer containing 0.1 M ammonium acetate, 2 M urea, 2.5 mM GSH and 0.25 mM GS5G at
pH 7.8 [18]. HnTx-IV and HwTx-IV were oxidized at room temperature for 16 h in a buffer containing
0.1 M Tris, 5 mM GSH, 0.5 mM GSSG ph 8, oxidation of HnTx-IV additionally required 0.1 M NaCl
in the buffer solution [26,44,45]. The peptides were purified using RP-HPLC on a C18 column using
preparatory (8 mL/min) and semi-preparatory (3 mL/min) flow rates on gradients obtained using
solvent A (0.05% TFA in water) and solvent B (0.05% TFA in 90% ACN) as previously described [26].

5.2. NMR Structure Calculation for PaurTx-3

Data used for PaurTx-3 structure calculations was acquired on a Bruker Avance 600 MHz NMR
spectrometer (Bruker, Billerica, MA, USA) equipped with a cryoprobe. The solution NMR structure for
PaurTx-3 was calculated using previously described protocols [26], on a Bruker Avance 600 MHz NMR
spectrometer equipped with a cryoprobe. CCPNMR Analysis 2.4.1 (CCPN, University of Cambridge,
Cambridge, UK) was used for amino acid assignment [46,47]. The solution NMR structure for PaurTx-3
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was calculated as previously described [26] using the AUTO and ANNEAL functions in CYANA 3.97
(Guntert Group, Goethe-Univerity Frankfurt, Frankfurt, Germany) [48] to refine peak assignments.
Dihedral angle restraints were generated using TALOS-N (Bax Group, NIH, Pike Bethseda, MD,
USA) [49]. After initial structure determination on CYANA, protocols on the RECOORD database [50],
were used to generate 50 structures which were then refined in a water shell [51], and a final set of
20 structures was chosen based on the lowest energy, best MolProbity scores [35], and fewest distance
and dihedral angle violations (Table 1). PaurTx-3 structure and restraints have been submitted to the
Protein data bank (PDB ID: 5SWE3) and the Biomagnetic Resonance Data bank (BMRB: 30317).

5.3. Peptide Quantification

Stock concentrations of peptides were quantified using Nanodrop at 280 nm using extinction
coefficient (e2g0) values as follows: GpTx-1 €350 = 7365 Mt em ™1 HnTx-IV €950 = 7365 M1 em ™2,
HwTX-IV €389 = 7365 M1 ecm™1; PaurTx-3 epg9 = 12,865 M1 cm™1; SgTx-1 eg9 = 8855 M1 em 1.
Unless otherwise stated, stock concentrations of the peptides were 300 uM in water.

5.4. Analytical RP-HPLC

For experiments monitored using RP-HPLC, solvent A (0.05% TFA in water) and solvent B
(0.05% TFA in 90% ACN) were used on a C18 phenomenex column at a flow rate of 0.3 mL/min using
a 1% gradient of 0-50% solvent B and monitored at 215 nm.

5.5. Thermal Stability

A Bruker 500 MHz Avance nuclear magnetic resonance (NMR) spectrometer was used to heat
the peptides (1 mg/mL in 9:1 v/v HyO/D,0) and to monitor structural changes at temperatures
ranging from 20 to 80 °C. One-dimensional (1D) TH NMR spectra and two-dimensional (2D) nuclear
Overhauser effect spectroscopy (NOESY) (200 ms mixing time) spectra were acquired and processed
using TopSpin 3.5 (Bruker, Billerica, MA, USA) and CCPNMR Analysis 2.4.1 was used in the assignment
of the NOE spectra [46,47].

Peptides were also subjected to boiling (100 °C) in water for 30 min using a heating block, cooled
to 25 °C and analyzed using analytical RP-HPLC. The mass of the degradation products from SgTx-1
and ProTx-1 were determined using matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS).

5.6. pH Dependent Hydrolysis

The ability of the peptides to withstand varying pH conditions was monitored by incubating the
peptides (30 uM) at 37 °C in phosphate buffer adjusted to pH 2, 4, 7.4, 9 and 12 using phosphoric
acid and/or sodium hydroxide. After 24 h, each sample was adjusted to pH 2 using phosphoric acid
and analytical RP-HPLC was used to quantify the percentage of peptide remaining by examining the
height of the peaks at each pH relative to pH 4 (the pH where most samples showed highest stability).
Reduced PaurTx-3 was used as a control.

5.7. Proteolytic Degradation

Human serum isolated from male AB plasma was used to examine the stability of the peptides
to proteolysis. Peptides (30 uM) were incubated with human serum or phosphate buffered saline
(PBS) at 37 °C and reactions were stopped at 0, 1, 8 or 24 h by placing the samples on ice, 6 M urea
was used to denature the proteases and 20% trichloroacetic acid was used to precipitate the proteases.
Peptides were separated from the proteases by centrifugation at 17,000 g for 10 min. Effects of
proteolysis were examined using RP-HPLC, whereby retention times of the peptides were determined
using the PBS controls at 0 h and percentage of peptide remaining in human serum was obtained from
the heights of the peaks at each time point relative to 0 h. RBP-100 was the control.
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5.8. Chaotropic Stability

Chemical stability of the peptides (12 uM) was studied by incubating them in 6 M GdHCI at
25 °C for 16 h. Analytical RP-HPLC was used to compare the peptides in GAHCI to peptides in water.
RBP-100 was used as a control.

5.9. RMSD Calculation

MOLMOL (Version 2k.2, Institute of Molecular Biology and Biophysics, ETH, Ziirich,
Switzerland) [36] was used to calculate the global atomic RMSDs of the backbone of the GMTs
including the amino acid residue following the last cysteine to the C-terminal of each sequence. RMSD
values of the amino acids prior to the final cysteine were also calculated.
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Abstract: Marine drugs have developed rapidly in recent decades. Cone snails, a group of more than
700 species, have always been one of the focuses for new drug discovery. These venomous snails
capture prey using a diverse array of unique bioactive neurotoxins, usually named as conotoxins or
conopeptides. These conotoxins have proven to be valuable pharmacological probes and potential
drugs due to their high specificity and affinity to ion channels, receptors, and transporters in the
nervous systems of target prey and humans. Several research groups, including ours, have examined
the venom gland of cone snails using a combination of transcriptomic and proteomic sequencing,
and revealed the existence of hundreds of conotoxin transcripts and thousands of conopeptides
in each Conus species. Over 2000 nucleotide and 8000 peptide sequences of conotoxins have been
published, and the number is still increasing quickly. However, more than 98% of these sequences
still lack 3D structural and functional information. With the rapid development of genomics and
bioinformatics in recent years, functional predictions and investigations on conotoxins are making
great progress in promoting the discovery of novel drugs. For example, w-MVIIA was approved by
the U.S. Food and Drug Administration in 2004 to treat chronic pain, and nine more conotoxins are at
various stages of preclinical or clinical evaluation. In short, the genus Conus, the big family of cone
snails, has become an important genetic resource for conotoxin identification and drug development.

Keywords: conotoxin; cone snail; transcriptome; proteome; drug development

1. Introduction

Forming the biggest single genera of living marine invertebrates [1], cone snails are composed
of various carnivorous predators. They are usually classified into three groups depending on their
feeding habits: worm hunters (vermivorous), mollusk hunters (molluscivorous), and fish hunters
(piscivorous) [1-3]. There are now around 700 Conus species, with the majority distributed throughout
tropical and subtropical waters, such as the South China Sea, Australia, and the Pacific Ocean [4].

The venom gland of cone snails can secrete large amounts of unique neurotoxic peptides,
commonly referred to as conopeptides or conotoxins, and most conotoxins are rich in disulfide
bridges with many pharmacological activities [5,6]. Each Conus species typically possesses an average
of 100-200 conotoxins as potential pharmacological targets [7]. More than 80,000 natural conotoxins
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have been estimated to exist in various cone snails around the world [7-9]. Therefore, the cone snails
construct the largest library of natural drug candidates for the development of marine drugs.

Usually, conotoxins are categorized into many different families based on the types of their
molecular targets and corresponding pharmacological activities [9,10]. Their structures and functions
are highly diverse and mainly target membrane proteins, particularly ion channels, membrane
receptors, and transporters. Some toxins that have specific targets and short sequences and are easy to
synthesize have been developed as drug leads and effective research agents for distinguishing subtypes
of molecular targets [10,11]. The most well-known commercial conotoxin is w-MVIIA (ziconotide),
which has been derived from the venom of a fish-hunting C. magus species, and approved by the U.S.
Food and Drug Administration (FDA) to treat chronic pain in serious cancer and AIDS patients [12,13].
Conotoxins are now increasingly undergoing development for the treatment of multiple diseases
including pain, Alzheimer’s disease, Parkinson’s disease, cardiac infarction, hypertension, and various
neurological diseases [14-16]. Therefore, conotoxins, being important potential therapeutic targets
due to the physiological roles that they play, are a practical prospect with wide implications in the
neuroscience research field.

2. Diversity of Cone Snails

2.1. Various Phenotypes

Cone snails have been of interest as collector’s items for a long time due to their beautiful
patterned shells (Figure 1), and the identification of Conus species is mainly based on their morphology
and color of shell. The genus Conus is a member of the most diverse and taxonomically complex
superfamily, Conoidea. According to recent estimations, it includes around 700 species, and most of
them still remain undescribed [17]. However, species determination of live cone snails using shell
characteristics poses difficulties due to regional and intra-specific variations [18].

C. coronatus C. striatus  C. quercinus C. emaciatus  C. lividus  C. betulinus C. capitaneus C. imperialis C. marmoreus C.generalis

Gmelin  Linnaeus  Lightfoot Reeve Hwass Linnaeus Linnaeus Linnaeus Linnaeus Linnaeus

ﬁ l
C.virgo  C. chaldaeus C.litteratus C. vexillum C.caracteris- C. pulicar- C. leopardus C. miles C. consors C. textile
Linnaeus Roding Linnaecus ~ Gmelin ticus Fischer  ius Hwass Roding Linnaeus Sowerby Linnaeus

Figure 1. Twenty most abundant Conus species in the South China Sea.

The rapid development of molecular biology, the application of the mitochondrial genome, and the
partial sequences of COI (cytochrome c oxidase subunit I), 165 rRNA, 125 rRNA, and calmodulin genes
have all enabled a greater understanding of the diversity of gastropods at various levels, in terms
of population, varieties, species, and so on [19-25]. Until recently, efforts on molecular taxonomy
have been focused on the higher taxonomic categories above the species level. A phylogenetic tree
of 72-138 Conus species with known diets was obtained on the basis of mitochondrial 16S rRNA and
nuclear calmodulin gene sequences, and a distinctive clustering of species with similar diets was
observed [26,27]. More details on a phylogenetic basis were established [28] to evaluate morphological
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criteria and characterize the genetic discontinuity so that Conus members can be identified based on
gene sequence data from 165 rRNA, COI, and a four-loop conotoxin gene. Monophyly of the Conoidea,
characterized by a venom apparatus, has not been questioned; however, subdivisions within the
Conoidea and the relationships among them are controversial, mostly because of the uncertainty
around the extensive morphological and anatomical variations [29,30]. In summary, a molecular
perspective can aid in the phylogenetic classification of Conoidea. Hence, phylogenetic analyses are
still essential in determining patterns of speciation and divergence.

2.2. Diverse Conotoxins and Targets

Predatory cone snails have long been of interest because of their highly evolved hunting strategies
that employ conotoxins to paralyze prey [2]. Cone snails move slowly in an environment of fast-moving
prey, which presents a major survival challenge to these predators. However, they have overcome
this problem by developing a highly sophisticated venomous apparatus, which is responsible for the
synthesis, storage, and delivery of a huge diversity of conotoxins [31].

About 1800 mature conotoxin sequences are available to date, and this number is increasing
rapidly as the costs of transcriptome and proteome sequencing continue to reduce [7,8,32].
These diverse conotoxins were originally organized into various superfamilies with the help of
two sequence elements, namely the conserved signal sequence and the characteristic cysteine
framework. Currently, conotoxins can be classified into 26 gene superfamilies (A, B1, B2, B3,C, D, E, E,
G HIL,12,13,J,K,L,M, N, 01,02,03,F,S, T, V, and Y) [33]. Each superfamily can be further divided
into several families according to the array of cysteine frameworks. For example, the A-superfamily
conotoxins include four cysteine frameworks (I, II, IV, and XIV) and are categorized into «, oA,
and kA families; the M-superfamily includes five cysteine frameworks (II, XIV, I1I, VI, and VII), and is
separated into p and 1 families; the O-superfamily is composed of four cysteine frameworks (XII, XV,
VI, and VII), and is classified into §, 1, O, w, k, and y families [11,14]. A schematic illustration is drawn
in Figure 2 to summarize the updated 19 major gene superfamilies, frameworks, families, and ion
channel-target networks identified to date [34,35].
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Figure 2. Classification of conotoxins (modified from [34,35]). On the basis of their conserved signal
sequence homology, framework, and target receptor, conotoxins are classified into various superfamilies
and families. NE: norepinephrine; nAChR: nicotinic acetylcholine receptor.
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The molecular variety of conotoxins mirrors the diversity of their molecular targets [11,14-16].
Due to their high specificity and affinity to ion channels, various conotoxins can also be categorized
into nicotinic acetylcholine receptor conotoxins (nAChR-conotoxins), sodium channel-targeted
conotoxins (Na*-conotoxins), potassium channel-targeted conotoxins (K*-conotoxins), and calcium
channel-targeted conotoxins (Ca%*-conotoxins) [11]. Among them, «-, i, and w-conotoxins are the
most characterized families so far. Not only is the spectrum of the molecular targets expanding, but the
diversity of different sites in a given molecular target also continues to surprise researchers.

2.3. Different Distribution and Ecology

Cone snails are the most diverse genus of marine invertebrates and contribute substantially to
the great biodiversity in the tropical Indo-Pacific reef environments [36]. Most cone snails are widely
distributed throughout all tropical oceans comprising a quarter of the earth’s ocean area, yet more
than 60% of their habitation occurs in the Indo-Pacific region (Figure 3). A few species have adapted to
cooler temperate ocean environments, such as C. californicus, which is found on the North American
Pacific coast [37].

Species
189

Figure 3. Worldwide distribution of cone snails. Spot colors stand for various species number.

Over 20 species have been observed to co-occur on certain reef platforms, with a maximum
of 27 species in Indonesia [38,39]. In more recent papers, 36 Conus species were reported on the
reef platform fringing Laing Island and 32 species on the four small reefs near Madang of the
Northeast Papua Guinea [27]. C. anemone and C. victorige are the dominant species in intertidal
habitats along the inner region of the Dampier Archipelago, and both reside predominantly under
rocks, on sand or limestone substrates [40]. Inter- and sub-tidal regions of the Indian coasts contain
nearly 100 Conus species, but 16 of the reported species are still currently placed on the list of unverified
species due to a lack of sufficient information [41]. However, some considered as unverified species,
such as C. generalis and C. litoglyphus, have been confirmed as a species native to Indian Coastal
waters [27,40]. China’s coastal waters have more than 60 species, mainly distributed in the Xisha
Islands, Hainan Island, Taiwan Island, and other tropical areas, and the vermivorous C. betulinus is the
dominant Conus species inhabiting the South China Sea [7].
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3. Multi-Omics Sequencing for High-Throughput Identification of New Conotoxins

Cone snails aroused the interest of some biochemists in the mid-20th century, because of the
numerous cases of human injury; several fatalities were recorded due to stings inflicted by these
snails [42,43]. After subsequent investigations, a correlation was established between the toxicity of
their venoms to vertebrates and their prey type [44]. The first conotoxin was isolated from the venom
of the piscivorous C. geographus in 1978 [45]. To date, more than 100 natural conotoxin peptides have
been purified from the crude venom of cone snails via multi-step chromatography [14].

Cone snails are precious biological resources for marine medicine acquisition. However, researchers
face incompatibility problems in the collection and execution of living individuals of the endangered
Conus species. Moreover, there are many obvious disadvantages to extracting and purifying conotoxins,
such as its time-consuming, laborious, high-cost, and low-yield nature, and it could be a substantial
waste of bioresources and even cause serious ecological damage.

PCR technology was invented in 1983 [46], with the first conotoxin gene obtained in 1992 [47];
subsequently, PCR has become an important clue for screening novel conotoxin genes. With primes
designed from the conservative sequence of each superfamily, PCR amplification has been employed
to deal with genomic DNAs, cDNAs, or cDNA libraries in subsequent decades [48-50].

In recent years, transcriptomics has developed rapidly with the application of next-generation
sequencing technology (Figure 4A) in a cost-effective manner on account of its high throughput
sequencing and massive bioinformation analysis capacity [51]. A large number of new conotoxin genes
from different species were obtained quickly and efficiently when this technology was used in studies
of transcriptomes of the Conus venom duct [7]. Transcriptome analysis can provide a comprehensive
understanding of mRNA information, including almost all types of the mRNA and their transcription
quantity data, from tissue(s) or cell(s) at specific developmental stages or functional status, and can
provide a comprehensive reflection of gene transcription within a dynamic scope.

ldissection
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sequencing sequencing
Raw Reads
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Figure 4. High-throughput identification of new conotoxin transcripts (A) and conopeptides (B) by
transcriptome and proteome sequencing, respectively. More details about sequencing and data analysis
can be found in several recent papers [7,9].

The first report of a Conus transcriptome in 2011 was achieved by a team at the University of Utah,
which was led by Dr. Olivera BM, a pioneer in the study of conotoxins [52]. The study was the first
to show that conotoxins are highly expressed within the venom duct of Conus species (C. bullatus),
and described the first bioinformatics pipeline for high-throughput discovery and characterization of
conotoxins. The study also identified 30 putative conotoxin sequences.
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From 2013 to 2016, Professor Alewood PF and his team at the University of Queensland completed
multi-omics studies of six different Conus species, which have improved our understanding of the
diversity of conotoxins [1,2,9,32,53-55]. Their most representative research in 2013 employed an
integrated approach, combining the next-generation transcriptome sequencing with high sensitivity
proteomics (Figure 4), to investigate how Conus can generate impressive diversity of conotoxins,
and a total of 105 conopeptide precursor sequences from 13 gene superfamilies (including five novel
superfamilies) were identified from the venom duct of C. marmoreus [9]. Interestingly, for the first
time, they observed that an average of 20 conopeptides were generated from each conotoxin precursor
through a procedure of variable peptide processing. Hence, they estimated that over 2000 conotoxins
could be generated in the venom by a single C. marmoreus specimen, given that 105 conotoxin precursors
were identified from the transcriptome sequencing.

Soon afterwards, Alewood’s team performed an analysis of venom duct transcriptome of
C. marmoreus with the application of a new algorithm, ConoSorter, and they identified 158 novel
conotoxin transcripts and another 13 novel conotoxin gene superfamilies. However, only 106 of these
158 transcripts were confirmed by peptide mass spectrometry, indicating that the effectiveness of
ConoSorter is still necessary to be proved [53].

Over the past three years, the algorithm ConoSorter has been improved continuously and has
been applied to identify conotoxin precursors from the transcriptome data of five different Conus
species. From the transcriptomic data of C. miles, ConoSorter retrieved 662 putative conotoxin encoded
sequences, comprising 48 conotoxin sequences validated at both transcript and peptide levels [32].
In 2015, the team presented a study of transcriptomes and proteomes of the radular sac, salivary
gland, and venom duct of a single C. episcopatus specimen and discovered 3305 novel toxin sequences
from a single Conus specimen—the highest number of conotoxins ever found in one specimen [54].
In another work, by the same team, on the C. catus transcriptome, 557 putative conotoxin sequences
were identified using the 454 sequencing via programs ConoSorter, SignalP, and ConoServer, but only
104 precursors were ultimately recovered because the majority were rare isoforms and excluded
from further analysis [2]. Similar sequencing and analysis strategies were applied in subsequent
studies of venom duct transcriptomes of C. planorbis [55] and C. vexillum [1], and a final list of 182 and
220 transcripts, respectively, were obtained.

To explore as many novel conotoxins as possible, we employed an integrated approach to combine
next-generation transcriptome sequencing with traditional Sanger sequencing and established a set
of efficient methods for the high-throughput identification and validation of novel conotoxins from
cone snails [7]. Based on the transcriptomes of the venom duct and venom bulb of vermivorous
C. betulinus, a dominant Conus species inhabiting the South China Sea, we identified a total of
215 conotoxin transcripts within 38 superfamilies or groups, of which nine superfamilies were reported
for the first time. We also performed a transcriptomic survey of ion-channel-based conotoxins [56]
for the development of conotoxins as potential drugs to treat ion-channel related human diseases.
Interestingly, more than 20 conotoxins with potential insecticidal activity were screened out [57]
from our transcriptome-based dataset [7] by a homologous search with a reported positive control
(IMI from C. imperialis) as the query. Two of them were further validated as presenting high insecticidal
activity [57], which supports their further study in field investigations as a potential insecticide.

Studies of conotoxins using multi-omics methods have been developing rapidly in recent years.
Seventeen articles about venom gland transcriptome research of cone snails have been published to
date [1,2,7-10,32,52-55,58-63]. The related data of 67 transcriptomes, involving a total of 30 Conus
species, are available from the NCBI. Massive new genes and their encoded toxin peptides can be
discovered from this treasure house of marine drugs.

4. Structural Prediction with Protein Structure Fingerprinting for Novel Conformations

Over the last few decades, conotoxins have been an important subject of pharmacological
interest. As we know, the biological activities of conotoxins are affected by their sequences as
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well as their structural conformations. A knowledge of conformation is critical to exploiting drug
development for conotoxins. As conotoxin peptides usually consist of 10-30 amino acid residues,
the conformations are mainly determined by nuclear magnetic resonance (NMR) spectroscopy, X-ray
crystallography, or computational prediction approaches. However, except for the more complex
procedures, these approaches offer limited conformations under certain circumstances. To date,
a large amount of conotoxin data has been collected and compiled in the ConoServer database [64,65].
About 160 conotoxins with determined 3D structures are now available in the Protein Data Bank
(PDB); however, for over 8000 conotoxins, only sequence information has been recorded, and 3D
conformations have not yet been obtained. Therefore, the challenge is determining how this
information can be collected.

One innovative approach—protein folding shape codes (PFSCs) [66], which we established—is
able to provide comprehensive conformations for conotoxin peptides. A set of 27 PFSCs completely
covers the folding shapes of five successive amino acids, simply represented by the 26 alphabet letters
and the “$” symbol as a digitized expression. Consequently, any conformation can be expressed by
a string in alphabetical letters comprising a protein structure fingerprint, which can be aligned to
directly display the similarity or dissimilarity of conotoxins. For example, the letter A represents
a typical alpha-helical fold, and the letters H, D, V, L, Y, and P are for folds with partial alpha-helical
similarity. The letter B represents a typical beta-strand fold, and E, G, V, ], M, and S are for folds with
partial beta-strand similarity. C, E L O, $, N, Q, R, I, T, K, X, U, Z, and W mostly relate to irregular
folds of the elements of the tertiary structure fragment. The beauty of this approach is that a set of
27 PFSCs covers the complete folding space for the five amino acid residues. Meanwhile, each PESC
vector can be transformed from each other by a skeleton relationship according to the partial sharing
of folding similarity.

Here, examples of the conformations of three different conotoxins are described using protein
structure fingerprinting with the 27 PFSCs. These examples demonstrate how the conformations
are presented for a given 3D structure, and how the predicted conformations are obtained from the
sequences. The first structure is conotoxin pll4a with 25 amino acid residues (left column in Table 1).
Isolated from vermivorous cone snails, it has potent activity in both nAChR and a voltage-gated
potassium channel subtypes [67]. Its structure with 20 conformations is available in PDB (ID: 2FQC),
which was determined by NMR spectroscopy. The second structure is alpha-Conotoxin EI with
25 amino acid residues (middle column), originally purified from the venom of C. ermineus.
Alpha-Conotoxin EI targets neuronal nicotinic acetylcholine receptors but antagonizes neuromuscular
receptors [68]. Its structure with 13 conformations is available in PDB (ID: 1K64), which was determined
by NMR spectroscopy. The third structure is Omega-conotoxin MVIIA with 26 amino acid residues
(right column). It has a range of selectivity for different subtypes of the voltage-sensitive calcium
channel [69]. Its structure with 17 conformations is available in PDB (ID: 1K64), which was also
determined by NMR spectroscopy. The detailed conformation images, the conformation descriptions
for given 3D structures, as well as the conformation predictions from the sequences for these
three structures are summarized in Table 1.

The conformations with a given structure can be well described. Section A in Table 1 displays
the protein structure fingerprints of 20 conformations of conotoxin pll4a, 13 conformations of
Alpha-conotoxin EI, and 17 conformations of Omega-conotoxins MVIIA. Usually, the folding changes
are difficult to observe in related structural images; however, the fine differentiations of folding shapes
between multiple isomers are easily revealed using a protein structure fingerprint consisting of the
27 PFSCs.
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The NMR spectroscopy approach, indeed, measures the nature of conotoxin conformations in
fluctuation. Furthermore, with protein structure fingerprinting, the conformation alignment of the
isomers for each structure reveals the locations of folding fluctuations or stability along sequences.
In the 2FQC structure, it is apparent that in 20 isomers most of the local folds are alpha helices
alike, and more folding changes happen in the N-terminus while stable conformations appear in the
C-terminus. In the 1K64 structure, a fragment (10-13) of the 13 isomers has a stable conformation,
but other parts showed more fluctuation in conformations. In the 1CNN structure, a fragment
(7,9, 13-19) of the 17 isomers has a stable conformation, but other parts showed more changeable
conformations. Together, 2FQC has relatively longer alpha helices in conformation; ICNN has a stable
fragment with alike alpha helices; 1K64 has many folding variations with shorter fragments.

The comprehensive folding variations in each conformation can be predicted directly according
to the sequence. Section B at the bottom of Table 1 displays the complete variations of local folding
shapes for three structures, which are actually the ensembles of folding shapes for five successive
amino acids along the conotoxin sequences. In fact, the complete variations provide rich information
to cover all possible changes in local folding shapes. It is noted that the possible types and numbers of
folding shapes are altered for each of the five successive amino acids along the conotoxin sequence.
For example, the predicted folding variations for conotoxin pl14a indicate stability in the C-terminus.
However, the fragment with the sequence “RAGIG” (12-16) has the highest number of folding shape
variations, indicating the location with the most flexibility of folding changes in the conotoxin pll4a.
The predicted folding variations in Section B of Table 1 are significant, suggesting which locations have
a more flexible selection in the folds and less selection for local folds. Meanwhile, all folding changes
in the isomers for given 3D structures are encompassed by the complete folding variations found from
prediction. Although each structure in Section A of Table 1 has different conformations with altered
folds, all these folds are totally covered by the folding variations in Section B and are marked in yellow.
In other words, any conformation of isomer for each conotoxin structure in Section A of Table 1 can be
well predicted using the comprehensive folding variations in Section B.

The binding sites for conotoxins in any protein receptor can be described by its protein structure
fingerprint with the 27 PFSCs. For example, alpha-conotoxin is a peptide antagonist of nAChRs
that has been used as a pharmacological probe and investigated as a drug lead for nAChR-related
disorders [70]. The co-crystal structure (PDB ID: 5T90) is an alpha-conotoxin binding to human «3(34
nAChR. A detailed image of the structure and its binding sites using protein structure fingerprinting is
presented in Table 2. In this structure, the alpha-conotoxin is defined as Chain F (yellow color),
which is surrounded by Chain A and Chain C of nAChR (images on the left side of Table 2).
The binding sites were determined by an 8 A distance of interaction of all atoms from alpha-conotoxin.
Hence, it was revealed that the binding site is formed by five fragments from Chains A and C.
It is hard to study the conformation of binding sites with an image or computational molecule
modeling approach. However, the topological space of binding sites can be explicitly described
using PFSCs. The five fragments with sequences and folding descriptions are displayed in the bottom
section of Table 2, which may better illustrate how alpha-conotoxin peptides act as antagonist leads for
nAChR-related disorders. Furthermore, to query the similar fingerprint of the known binding sites with
other proteins, multiple protein targets may be discovered with high-throughput screening of protein
databases. This approach may be better for understanding various interactions between conotoxins and
protein receptors, such as nAChR in nerves and muscles [71], voltage-dependent sodium channels [72],
potassium channels [73], sodium channels in muscles [74], and N-type voltage-dependent calcium
channels [75].

In summary, the protein structure fingerprint with 27 PFSC vectors is able to provide
rich information for studying conotoxin conformations. First, based on a given 3D structure,
the protein structure fingerprint is able to provide a complete description of conotoxin conformations.
Second, based on sequences, the protein structure fingerprint can provide comprehensive folding
variations to predict the conotoxin conformations of unknown 3D structures. Third, the protein
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structure fingerprint may provide another means of exploring the mechanisms of interactions between
various conotoxins and related protein targets.

Table 2. Binding site description using a protein structure fingerprint for an alpha-conotoxin (LsIA)
binding with human «3[34 nicotinic acetylcholine receptor.

Alpha-Conotoxin in Structure (PDB ID: 5T90 for LsIA)

Chain Start End Sequence PFSC
F 1 17 SGCCSNPACRVNNPNIC ~AAAJVAAAAAJVA..
_)
/\j .
Image of LsIA (yellow; PDB ID: 5T90) S

binding with human &334 nicotinic
acetylcholine receptor

Chain A (red); Chain C (green); Conotoxin binding site with

Conotoxin as Chain F (yellow) five fragments
Binding Fragments of nAChR for Alpha-Conotoxin (PDB ID = 5T90)
Chain Start End Sequence PFSC
A 53 57 WQQTT RBBEE
A 102 116 LARVVSDGEVLYMPS BLREWYQSBBEBEWR
A 155 165 TTENSDDSEYF CYJVAJVAAAP
C 141 149 GSWTHHSRE WSVAJWZAD
C 183 193 VTYSCCPEAYE BEWYA]JVPREE

Notes: The images are presented in a solid ribbon format. The image on the left is colored to distinguish each chain;
the image on the right presents the binding site formed by five fragments. The binding fragments were determined
by the 8 A distance of interaction of all atoms from the alpha-conotoxin. The PFSC folding shapes are marked as
various colors: red is for a typical helix fold; blue is for a typical beta fold; pink and light blue are for folds with a
partial helix or beta; black is for irregular folds.

5. Recent Advances in Conotoxins for Drug Development

The therapeutic potential of conotoxins is ascribed to their special ion-channel targets in nervous
systems [76]. Thus, conotoxins have potentially wide applications in the fields of neuroscience
research and development. Many conotoxins are proving to be valuable as research tools, drug leads,
and drugs [14,15,77]. We performed a detailed survey of US patent literature covering conotoxins to
determine their potential therapeutic applications.

The State Intellectual Property Office of China (SIPO; [78]) was used as the primary search,
while the United States Patent and Trademark Office (USPTO; [79]) Patent Office for Europe (EPO; [80])
and World Intellectual Property Organization (WIPO; [81]) assisted the search. All these databases
were searched with the following keywords: conotoxin, conopeptide, conantokin, contryphan,
and contulakin. The search period was set from 1998 to 2017. From this search, 811 patents, of which
243 were authorized, were obtained. These patents were classified into different families based
on continuity relationships. Among these patent families, the majority (451) refer to conotoxin
compositions of matter and the remaining 360 primarily cover processes and methods for their
applications [82]. We observed that the number of patent applications has fluctuated in the past 20 years,
and the maximum number occurred in 2014 (Figure 5). Patent applicants are mainly distributed in the
United States, China, and Australia (Figure 6).
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Figure 5. The number of patents for conotoxins per year. Note that # indicates the incomplete number
counted to 2017.

58.37% America
13.24% China
11.08% Australia
3.51% Canada
2.16% Swiss Confederation
2.02% Germany
1.62% France
1.48% Japan
1.35% Korea
1.08% Britain
4.09% Other

Figure 6. The national distribution of patents for conotoxins.

To date, several conotoxins have already demonstrated potential therapeutic effects in preclinical
or clinical trials (Table 3). The most well-known commercial conotoxin is w-MVIIA (ziconotide),
which has been approved by the America FDA to treat intractable chronic pain in cancer and AIDS
patients [12,13,83]. Its introduction into the market not only demonstrated the therapeutic potential
of conotoxins but also stimulated more interest from biotechnology companies to support conotoxin
research. Those conotoxins currently in clinical trials include an analog of the conotoxin x-MrIA,
which noncompetitively inhibits noradrena-line transporter and is undergoing phase II clinical trials as
a treatment for neuropathic pain [84]. Other w-conotoxins in the clinical trial pipeline include w-CVID,
which successfully completed preclinical studies, but high cytotoxic effects were observed during phase
IIa trials [85]. In addition, contulakin-G and conantokin G are, respectively, the specific antagonist
against the Neurotensin receptor and NR2B subunit of the NMDA receptor, and are currently in
human clinical trials for pain and intractable epilepsy [86,87]. Therefore, an increasing number of
conopeptides are undergoing development for the treatment of pathologies including pain, cancer,
cardiac infarction, hypertension, Parkinson’s disease, Alzheimer’s disease, epilepsy, and various
neurological diseases [3,6,11,14,15]. Several conopeptides (Table 3) reaching human clinical trials
have already established the Conus pharmacopoeia as a rich source of therapeutics for neurological
disorders [14].
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Table 3. Therapeutic applications of conotoxins [14,15,77].

Clinical Application Conopeptide Molecular Target Clinical Status Reference

Gianiide)  exdom dapocl/moseer . PAEed ()

Pain X-MrIA (Xen2174) Norepinephrine transporter Phase Ila * [84]

Pain W-CVID (AM336) Cﬁ;ﬂjﬁ‘f}ﬁﬁg{fﬁﬁg’e Phase Ila * [85]

Pain C(%rgl;(lil?g(;)c Neurotensin receptor Phase Ib * [86]
Pain/Neuro protection C(ogca;r;(t_oll(()g;—)G NMDA receptor (NR2B) Preclinical * [87]
Pain «-Vel.1 (ACV1) nAChR (x910) Phase IT * [88]
Myocardial infarction ( CEI))(\—/llégl) K* channel (Ky1) Preclinical [89]
Neuropathic pain (EOG_)IZI ;2)/55) Sodil.;zr;ecc}:iavr;n;lzéizll?type Preclinical * [90]

Note: * indicates that development of these conotoxins has been terminated.

6. Conclusive Remarks

The diversity of cone snails offers a promising prospect for drug discovery, with the rapid
development of genomic/proteomic data and bioinformatics methods. However, despite the great
advances of conotoxins in drug development, the incapability of these conotoxins to cross the
blood-brain barrier results in their dependence on intrathecal administration. This remains a major
challenge in the therapeutic application of conotoxins. Elevation of in vivo stability and efficient
absorption, as well as 3D structural modifications as described above, will also greatly boost their
clinical success.
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Abstract: Snake venom metalloproteinases (SVMPs) are predominant in viperid venoms, which
provoke hemorrhage and affect hemostasis and thrombosis. P-I class enzymes consist only of a
single metalloproteinase domain. Despite sharing high sequence homology, only some of them induce
hemorrhage. They have direct fibrin(ogen)olytic activity. Their main biological substrate is fibrin{(ogen),
whose Ax-chain is degraded rapidly and independently of activation of plasminogen. It is important
to understand their biochemical and physiological mechanisms, as well as their applications, to study
the etiology of some human diseases and to identify sites of potential intervention. As compared to all
current antiplatelet therapies to treat cardiovascular events, the SVMPs have outstanding biochemical
attributes: (a) they are insensitive to plasma serine proteinase inhibitors; (b) they have the potential
to avoid bleeding risk; (c) mechanistically, they are inactivated/cleared by a2-macroglobulin that
limits their range of action in circulation; and (d) few of them also impair platelet aggregation that
represent an important target for therapeutic intervention. This review will briefly highlight the
structure—function relationships of these few direct-acting fibrinolytic agents, including, barnettlysin-I,
isolated from Bothrops barnetti venom, that could be considered as potential agent to treat major
thrombotic disorders. Some of their pharmacological advantages are compared with plasmin.

Keywords: metalloproteinases; animal toxins; thrombolysis; antithrombotics

1. Introduction

Among the venomous animals, snakes are the best-studied creatures throughout human
history; this is partially due to the bad reputation associated with snakes, as many people have
experienced that these small and often fragile-looking animals are harmful to man, and can inflict
devastating damage in envenomed victims [1]. Indeed, snake venoms, especially those of the Viperidae
(pit vipers and true vipers) family, contain extremely complex mixtures of pharmacologically active
proteins/peptides that disrupt normal physiological or biochemical processes in line with their
function to immobilize, to kill, and to digest their prey, as well as to defend themselves from
predators [2,3]. They belong to a few structural classes of major protein families, including proteins
with and without enzymatic activity, such as metalloproteinases (SVMPs), serine proteinases (SVSPs),
phospholipases A, (PLAjs), L-amino acid oxidases (L-AAOs), hyaluronidases, and non-enzymatic
proteins: disintegrins, C-type lectin-like proteins/snaclecs, bradykinin-potentiating peptides (BPPs),
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nerve and vascular endothelial grow factors (VEGF), and Kunitz-type proteinase inhibitors [2-5].
Acting synergistically, various venom proteins/toxins are able to cause severe and detrimental effects
on the hemostatic system and lead to cardiovascular shock [5-7]. Moreover, several of these compounds
offer interesting and often unique insights into several biological systems [7-9]. In the context of drug
discovery, the isolation and characterization of active venom proteins/toxins is carried out for two
main purposes: (1) to identify and determine the compound(s) responsible for a specific activity
observed in a bioassay; or (2) to survey the complete structural diversity of a venom to discover new
sequences with novel structural scaffolds and pharmacological properties. Therefore, after a snake
venom constituent has been properly purified, after its molecular structure has been resolved and its
specific pharmacological effects have been revealed, the resulting pharmaceutical lead structure and the
known molecular mechanism are beneficial to mankind, in contrast to the envenomation with the crude
venom [3,7-10]. Underpinning research in the biomedicine field, such as looking for new thrombolytic
and/or antithrombotic agents, becomes of increasing medical importance. It is noteworthy that around
half of the drugs which are currently in therapeutic use have originated from natural products [10,11].

Snake venom metalloproteinases (SVMPs) are the crucial endopeptidases associated with the
pathologies of snake envenoming. Especially coagulopathies commonly associated with viperid
(Serpentes viperidae) are caused by enzymatic and non-enzymatic proteins in these venoms, and usually
lead to incoagulability of the blood [12-14]. Proteomic analysis of snake venoms showed that in
some venoms they are the most abundant >50% proteins of the proteome, e.g., see reference [15],
and most lethal protein in viper and pit viper venoms [13-15], but are less significant in the venoms
of Elapidae, Atractaspididae and Colubridae. In addition, differential proteomic compositions among
different families of snakes have been reported recently [16]. SVMPs represent a group of multigene
protein families that encode different multidomain protein molecules capable of producing a diverse
array of activities, including hemorrhage, pro-coagulant, anticoagulant, fibrinolysis, apoptosis, and
antiplatelet effects [1,15,16]. They were inferred to be derived through recruitment, duplication, and
neofunctionalization of an ancestral gene, which must have been very similar to the recent genes
encoding ADAM?, 28, and ADAMDEC-1 [1]. Consequently, SVMPs/reprolysins are also referred to
as snake ADAMSs (a disintegrin and metalloprotease). Actually, the large P-III class metalloproteases
have a modular structure that is homologous to the ectodomain of membrane-anchored ADAMs [17,18].
Furthermore, SVMPs, ADAMs and ADAMTSs, the latter of which contain an additional thrombospondin
(TS) motifs, share a topological similarity to matrix metalloproteinases of tissues (MMPs) within the
structural organization of their catalytic center [19]. However, their non-catalytic ancillary domains are
distinct from those of MMPs and other metalloproteinases [20]. On the other hand, SVMPs selectively
hydrolyze a small number of proteins involved in key reactions in the coagulation cascade, fibrinolysis,
and in platelet function. Such mechanism of action leads to either activation or inactivation of the
protein that participate in these processes, thereby severely interfering with blood coagulation and
platelet function. In the following sections, we provide an overview of several direct-acting fibrinolytic
P-I metalloproteinases that affect hemostasis and impair platelet function. Their potential application
in therapy of major arterial occlusive disorders is surveyed.

2. Structure and Classification of Snake Venom Metalloproteinases

SVMPs are zinc-dependent endopeptidases also known as adamalysins/reprolysins, based on
the name of its structural prototype adamalysin II, isolated from eastern diamondback rattlesnake
(Crotalus adamanteus) venom, and on the mammalian reproductive tract proteins involved in cellular
adhesion [21-23]. These enzymes are also termed as ADAMs (a disintegrin and metallropteinase),
MDC (metalloproteinase-like, disintegrin-like and cysteine-rich proteins), and are grouped into three
major classes, P-I to P-III, according to their general structural organization, and are subdivided into
several subgroups (Figure 1) [19,24,25]. They were initially characterized by their ability or inability to
induce hemorrhage in experimental in vivo models [26,27]. Hemorrhage is defined as the escape of
blood from the vascular system. This leaking is caused by damage of the vessel wall, which consists
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of the endothelial cell layer and the subjacent extracellular matrix, such as basement membranes
and interstitial stroma. Proteolytic cleavage of extracellular matrix proteins, of blood clotting factors,
and of cell adhesion receptors on platelets and endothelial cells by SVMPs are the main reason for
venom-induced hemorrhages.

Snake venom proteins
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Figure 1. Protein domain structure of snake venom metalloproteinases (SVMPs) and related molecules.
Each domain or subdomain is represented by a different color. M, metalloproteinase; D, disintegrin
(or disintegrin-like) domain; C, cysteine-rich domain; Cy, cysteine-rich “wrist” subdomain; Cy,
the cysteine-rich “hand” subdomain; snaclec, snake venom C-type lectin-like domain; E, epidermal
growth factor (EGF)-like domain; T, thrombospondin type-1 (TSP) motif; S, spacer domain; X,
domain variable among ADAMTSs. Representatives of each class of SVMPs and ADAM/ADAMTSs,
whose crystal structure have been determined, are indicated in red letters. The P-III classes SVMPs are
divided into subclasses (Illa-IIId) based on their distinct post-translation modifications. Recently, it was
found that the D domain of ADAMTS family proteinases does not have a disintegrin-like structure
but adopt the Cy, subdomain fold, and thus, is represented as D*. The previously cysteine-rich domain
of ADAMTS:s is structurally subdivided into the N-terminal G;, subdomain-fold domain (Ca) and
the C-terminal domain (Cg). The ADAMTS family commonly possesses the N-terminal M, D, T, C, S
domains whereas the C-terminal is variable among ADAMTSs e.g., ADAMTS13 possess six repeats of
TSP and two CUB (complement, uEGF, and bone morphogenesis) domains that follow the S domain.
Reproduced from [14], copyright 2012, Elsevier.
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Class I (P-I) SVMPs, have a single catalytic metalloproteinase (MP) domain in their mature
form [23,28-30]. All SVMPs exhibit an extended zinc-binding consensus sequence HEXXHXXGXXH/D,
which comprises three zinc-coordinating histidine side chains, and generally, a glutamate residue.
Moreover, these proteins also possess a strictly conserved methionine containing 1,4-f-turn,
termed Met-turn, bordering the substrate-binding site, which is a typical feature of the metzincin clan
of metalloproteinases [19,21,31]. In general, there are two structural forms of the proteinase domain:
a two-disulfide-containing structure e.g., in adamalysin II [19,21] and a three-disulfide-stabilized
structure e.g., in mutalysin-II (mut-II) [30,32] and in leucurolysin-a (leuc-a) [29]. Sequence alignment
of the P-I enzymes indicate that they possess high sequence homologies (Figure 2).
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Figure 2. Sequence comparisons of four P-I class SVMPs. UniProt accession numbers sequences
were assigned by using the program ClustalW. Non-hemorrhagic: leuc-a (P84907), mut-II (P22796),
bar-I (P86976), and hemorrhagic: atr-I (P85420) and BaP1 (P83512). The sequences of these proteins were
determined by the Edman degradation method and the sequences of leuc-a and BaP1 were confirmed
by crystallography. Secondary-structure elements were defined by MAFFT V7 (multiple alignment)
and PSIPRED V3.3 (predict secondary structure). The blue and dark green arrows indicate the locations
of B-strands and turns, respectively, in the crystal structure of leuc-a. The red and purple cylinders
represent o-helices and 31 helices, respectively. Cys residues are highlighted in red; (*) identical
residues; (:) strongly similar residues; (.) weakly similar residues. The conserved zinc biding motif and
the met-turn are highlighted in yellow and bright green, respectively. (-) indicate gaps.
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Based on the functional ability to induce hemorrhage, the P-I SVMPs are further divided into
two subgroups: P-IA which induce hemorrhage [28,33], and P-IB with weak (or no) hemorrhagic
effect [29,32,34]. SVMPs play important roles in the overall pathophysiology of viperid envenoming
by inducing local and systemic hemorrhage, which was primarily attributed to their potential
to degrade basement membrane (BM) components surrounding capillaries, like type IV collagen,
laminin (LM), nidogen, and fibronectin (EN), as well as to induce other tissue damaging and hemostatic
alterations [8,22,25,35-37].

In addition to the MP domain, class II (P-II) SVMPs possess a C-terminal disintegrin domain (Dis).
A group of disintegrins released from precursor P-II MPs have an RGD motif, which mediates the
interaction with integrins, thereby offering many potentials for pharmacological applications [7,38,39].
Other active tripeptide sequences such as KGD, MDV, MLD, VGD, ECD, MDG, and KTS have been
reported [40]. The RGD and KGD tripeptide sequences are the primary recognition sites for the integrin
allb33 receptor. The binding of disintegrin to integrin «IIbf3, blocks the binding of fibrinogen to
the receptor, and hence, platelet aggregation [7,26,39,40]. Two FDA-approved drugs, Eptifibatide
(Integrilin®, Millennium Pharmaceuticals, Shering-Plough, Cambridge, MA, USA), and Tirofiban
(Aggrastat®, Merck, Darmstadt, Hesse, Germany), antagonists of the platelet receptor glycoprotein
allbf3 of human platelets, inhibit platelet aggregation, and are the first rationally designed antiplatelet
agents [9,41,42].

Class III (P-III) SVMPs contain the MP, disintegrin-like (containing a disulfide-linked XXCD,
mostly SECD, in place of RGD) and cysteine rich (Cys) domains, and are the most mysterious
enzymes in terms of complexity and function. Their structure is homologous to a group of membrane
bound ADAM, which act in cell—cell and cell-matrix adhesion and signaling [14,24]. P-II1 SVMPs
are further grouped into subclasses based on their different post-translational modifications, such as
homo-dimerization (P-IIlc), proteolysis between the MP and Dis domain (P-IIIb), or complexation
(P-IIId) with additional snake C-type lectin-like proteins (snaclecs) [43]. All SVMPs have a signal
sequence (pre-form) and a zymogenic sequence (pro-form) N-terminal to the MP domain in their
gene structures. The signal sequence is cleaved co-translationally in the endoplasmic reticulum,
whereas cleavage of the zymogenic sequence occurs extracellularly, is regulated, and activates the
proteolytic enzyme. Evolution of viperid SVMPs is characterized by domain loss along the evolutionary
timeline, thus, the loss of the Cys domain had preceded the development of the P-II class, which in
turn preceded the formation of the P-I SVMPs [17,44].

3. Three-Dimensional Structures of P-I Class SVMPs

Table 1, summarizes the three-dimensional structures currently available for eleven P-I class
SVMPs, as well as their main proteolytic activity related to hemorrhage. The molecular structure of P-I
SVMP adamalysin II from the eastern diamondback rattlesnake (Crotalus adamanteus) venom was the
first one of the M12B proteinase to be solved by X-ray crystallography in 1993 [21]. The first P-IIl SVMP,
vascular-apoptosis inducing protein-1 (VAP-1) was reported by 2006 [18]. The 3D structures of a
number of P-I SVMPs soon followed, and to date, the structures of eleven P-I proteinases are available in
the Protein Data Bank (PDB) [20]. By the 1990s, the Sanchez lab (Biochemistry of Proteins from Animal
Venoms) at FUNED, Brazil, started to investigate/identify fibrinolytic activity of the small SVMPs from
bushmaster snake (Lachesis muta muta). Later, this research was extended to other South American
Bothrops snakes. Thus, other P-I class enzymes, including leucurolysin-a (leuc-a) from the venom
of the Brazilian snake Bothrops leucurus (white-tailed jararaca), were discovered and described [29].
The mature leuc-a is composed of 202 amino acid residues, and was crystallized using the hanging-drop
vapor-diffusion technique at 1.8 A. The crystal structure of leuc-a (PDB code 4Q1L) complexed with an
endogenous tripeptide (QSW) was solved by molecular replacement technique using the proteinase
BaP1 (B. asper) structure (PDB code INDI) as template Ferreira et al., unpublished [45]. The crystal
structure analysis reveals that leuc-a is an ellipsoidal molecule with a relatively flat active-site cleft
that separates two subdomains similar to the two jaws of the oral cavity (Figure 3). The upper jaw
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is formed by the N-terminal subdomain of the molecule (residues 1-152) and characterized by a
B-strand with four parallel and one antiparallel 3-strand (strands I, II, ITI, IV, and V), which is flanked
by a long and short surface located helix on its convex side, and by two long helices, one of which
represents the central active site helix, on its concave side. The lower jaw, comprising the 50 C-terminal
residues, is folded in a more irregular fold, which is organized in multiple turns, with the chain
ending in a long C-terminal helix and an extended segment that is linked to the upper subdomain by a
disulfide bond. The catalytic zinc ion is located at the active site cleft between the two subdomains
(jaws). 1t is tetrahedrally coordinated by His!#?, and His!#¢ of the upper subdomain, by His>? of
the lower subdomain, and a water molecule, which is polarized by Glu'3, and therefore attacks the
scissile peptide bond in a nucleophilic manner. These three His residues and the nearby Glu play a
critical role in both the structure and activity of P-I proteinases, and explains their occurrence in the
HM¥2EXXHXXGXXH2D consensus sequence. In addition, Asp153 is strictly conserved in the SVMPs
that establish a hydrogen bond with an invariant serine (Ser'”?), located in the first turn of «C cleft,
and the sequence C14T1M1%° associated with the characteristic “Met-turn”. These structural features
are typical of the metzincin superfamily of metalloproteinases [14,18-21,23].

Figure 3. Ribbon plot of the overall structure of metalloproteinase leucurolysin-a (A) and its
superposition with the structures of other P-I SVMPs (B), depicted in standard orientation. (A) The
molecular structure of leucurolysin-a, a non-hemorrhagic P-I SVMP. The catalytic zinc atom is
highlighted in green, together with the three histidines (red), a glutamic acid, and the water molecule
forming the active site environment. The localization of a-helices (A-E), B-strands (I-V) and the
methionine-turn as well as the N- and C-terminal residues are also indicated; (B) Superposition of
structures by UCSF CHIMERA system of non-hemorrhagic P-I SVMPs: leuc-a (blue, PDB 4Q1L; mut-II,
red, P22796, predicted by I-Tasser program C-score 1.58; bar-I, cyano, P86976, predicted by I-Tasser
program C-score 1.49), and hemorrhagic P-I SVMPs: BaP1 (orange, PBD 2W12), and atr-I (black,
P85420, predicted by I-Tasser program C-score 1.49). The superposed structures within the Met-turn
are highlighted in the insert figure. However, flexibility of this variable motif does not provide relevant
details responsible for hemorrhagic activity.

As depicted in Figure 2, primary structures of P-I SVMPs identified in our laboratory: leuc-a [29,45],
mut-II [30], atroxlysin-I (atr-I, [28]), and barnettlysin-I (bar-I, [34]), align with other homologous P-I SVMPs,
and show their high similarity. Nevertheless, despite their high sequence homology, some SVMPs induce
hemorrhage, while others are (almost) inactive, and fail to cause any bleeding. This functional difference
is probably related to the structural determinants in the MP domain [19-21,23,28-31]. In connection with
this, Wallnoefer and collegues [46] have investigated the protein—protein interfaces of four P-I SVMPs,
including: hemorrhagic (BaP1 and acutolysin A) and non-hemorrhagic (leuc-a and H2-proteinase ones).
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The P-I SVMPs hydrolyze basement membrane (BM) proteins in good correlation with their ability
to bind them and to induce profuse bleeding in vivo. The authors applied computer simulations to
obtain information about the backbone flexibility in certain surface regions/loops of these enzymes to
carry out their damaging function. The findings indicated that the sequences of these four MPs mainly
differ in the loop following the highly conserved active site, which surrounds the so-called Met-turn.
For instance, the active hemorrhagic MPs (BaP1 and acutolysin A) both present a GSCSCGA /GKS
(residues 154-163) before the Met-turn, whereas, the inactive (leuc-a and H2-proteinase) do not show any
identical residues in this section, besides the two conserved Cys residues. This added further evidence to
the hypothesis that flexibility might play a role in distinguishing between active and inactive enzymes.
Thus, a certain combination of flexibility (residues 156-165) and rigidity of the neighboring loop C-terminal
of the Met-turn (residues 167-176) provides an appropriate association domain for individual target
protein [46,47]. However, despite intense investigation on this topic, detailed structural determinants of
hemorrhagic activity have remained unclear, and no experimental data have been provided yet.

Table 1. Three dimensional structures of P-I class SVMPs deposited in the PDB and their main
biological activities.

SVMP Source Activities PDB ID Year Reference
Adamalysin II C. adamanteus non-hemorrhagic 1LAG 1993 [21]
Atrolysin C C. atrox hemorrhagic 1ATL, IHTD 1994 [48]
H2 proteinase T. Flavoviridis non-hemorrhagic 1TWNI 1996 [49]
Acutolysin A A. Acutus hemorrhagic 1BSW,1BUD 1998 [50]
Acutolysin C A. Acutus hemorrhagic 1QUA 1999 [51]
TM-3 T. Mucrosquamatus  fibrinogenolytic 1KUEF, 1KUI 2002 [52]
BaP1 B. asper hemorrhagic 1IND1 2003 [53]
FII A. acutus non-hemorrhagic 1YP1 2005 [54]
BmooMPa-T B. moogeni non-hemorrhagic 3GBO 2010 [55]
T™M-1 T. mucrosquamatus  fibrinogenolytic 4]4AM 2013 [56]

Leuc-a B. leucurus non-hemorrhagic 4QI1L 2015. unpublished

4. Action on Some Plasma and ECM Protein Substrates

Most of the relevant proteolytic enzymes that act on fibrin (Fb) and fibrinogen (Fbg) belong
to one of two families: the metalloproteinases, and the serine proteinases. These proteinases can
lead to defibrinogenation of blood, lysis of fibrin clots, and a consequent decrease in blood viscosity.
Therefore, they can be regarded as true anticoagulants. The majority of fibrin(ogen)olytic enzymes are
metalloproteinases which selectively cleave the a-chains of fibrin(ogen) to a ~44 kDa fragment and
thereby are termed as o-fibrinogenases [4,28,29,57]. However, generalizations about chains specificity
are not always applicable, since the other chains of fibrinogen can be substantially degraded over time.
These P-1 SVMPs are direct-acting fibrinolytics, as they are not reliant on components in the blood for
activity. Like plasmin, the prototype of direct-acting fibrinolytic enzyme, a number of P-I SVMPs may
represent an attractive therapeutic option in thrombolysis to allow reperfusion of ischemic tissue [58-63].
Among other P-I SVMPs described in the literature, alfimeprase, the recombinant form of fibrolase that first
was isolated from the venom of the southern copperhead snake (Agkistrodon contortrix contortrix) [4,57,63],
made the best progress, and has been investigated as a potential and safe thrombolytic agent, using
in vitro, and also, many animal thrombosis models [57,63-66]. Alfimeprase proved to have clinical
potential for drug development as a direct thrombolytic compound, however, the enzyme failed to
successfully complete phase 3 clinical trials. Thus, Nuvelo (San Carlos, CA, USA) has discontinued further
clinical development (for details, see [57]). A possible reason for suboptimal performance of alfimeprase
in clinical use is its inability to bind to fibrin, thereby failing to reach a critical concentration of proteolytic
activity locally at the thrombus [57]. Based on previous studies with fibrolase [67,68], Prof. Markland
and his group at University of Southern California (Los Angeles, CA, USA), have not given up hope for
alfimeprase and have constructed a chimeric compound possessing both thrombolytic and antiplatelet
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properties, and now the potential of this enzyme with bifunctional activity could be investigated in animal
models of arterial thrombosis [57].

In studies of the vascular system, blood coagulation, fibrinolysis, and platelet function, snake
venom proteins have been crucial in elucidating the complex physiological mechanisms which rule the
vascular system, the coagulation cascade, and platelet functions. Moreover, they have been instrumental
in elucidating the structure-function relationships of human clotting factors and platelet glycoproteins,
because of their potency, selectivity, and high biological efficacy [65-70]. Notably, in the past fifteen
years, the field has advanced due to the continued development of new or alternative agents that
provide greater hemostatic safety and thrombolytic efficacy, as well as the identification of risk factors
for arterial and venous thrombosis [71-73]. In this context, all the thrombolytic agents in current
therapeutic use for deep vein thrombosis (DVT) e.g., the variants of tissue type plasminogen activator
(tPA) are plasminogen activators (PAs). They efficiently dissolve thrombi, but adversely carry the
unavoidable risk of bleeding complications [74,75].

To elucidate the molecular mode of action of four P-I SVMPs, identified in our laboratory:
bar-1 [34], leuc-a [29,45], mut-II [30], and atr-I [28], we have characterized the peptide bond specificity
(Table A1). This is essential to understand the active site preference of the proteinases in correlation to
their proteolytic and hemorrhagic activity. Moreover, this offers the opportunity to design peptide
substrates and proteinase inhibitors. In addition to oxidized insulin B chain, which was used as the
standard to compare peptide bond specificity among SVMPs, we also employed the designed peptides
406RREYHTEKLVSKGD*2 and ***GHARLVHVEEPH”™ as model substrates [34]. These sequences
mimic the Ax-chain of Fbg and the “bait” region of «2-macroglobulin (x2-M), respectively. The results
suggest that the SVMP-mediated cleavage is directed to an X-Leu bond, where X is a small residue at
the P1 position, and a bulky hydrophobic residue at P1’, with a clear preference for leucine residue.
An interesting study was carried out analyzing a plasma based, proteome-derived peptide library
as substrate with mass spectrometry, to investigate the peptide bond specificity of three P-I SVMPs:
atrolysin C (C. atrox, [75]), BaP1 [53], leuc-a [29], and a P-III bothropasin (B. jararaca, [76]). This study
revealed the consensus sequence, ETAL-LLLD, that was similar to the other P-I enzymes, except
of the acidic aspartate residue at the P4" position for leuc-a [77,78]. These interesting differences in
the peptide bond specificities at the other P and P’ sites, may imply functional differences between
these proteases. For instance, the P-I enzymes showed preferences across the full P4 to P4’ range,
whereas the P-III bothropasin exhibited narrow preferences across the sites, in accordance with
earlier studies related with P-IIl SVMPs [78]. Furthermore, in the case of the non-hemorrhagic leuc-a,
the preference for the acidic residue (Asp) in the P4’ site may have had a negative effect in inducing
hemorrhage by this proteinase [77]. This finding merits further investigation for understanding the
mechanism by which SVMPs induce hemorrhage. Moreover, the manner by which these enzymes act
on various plasma and ECM proteins, including Fbg, N, LM, fibrin, and collagen I and IV, were also
performed. It is known that disruption of capillaries is the result of proteolytic degradation of key
BM and ECM components, allowing for the escape of blood components into the stroma, and thus,
producing local hemorrhage [22,28,36,37]. A comparative study of two P-I SVMPs: BaP1 (hemorrhagic)
and leuc-a (non-hemorrhagic), provided insights into the putative mechanism of bleeding produced by
SVMPs [36]. Both enzymes showed differences to degrade BM and associated ECM protein substrates,
in vivo, mainly type IV collagen that is degraded by BaP1. To support these findings, further in vivo
studies indicated that hydrolysis of type IV collagen by SVMPs, mainly P-II and P-III classes, is crucial
in destabilizing microvessel structures and causing hemorrhage [79].

5. Antiplatelet Properties of P- SVMPs

Blood platelets play a crucial role in hemostasis, and in the development of arterial thrombosis and
of cardiovascular diseases. In response to vascular injury they rapidly adhere to exposed subendothelial
matrix proteins, mainly von Willebrand factor (vWF) and collagen. As a result, adherent platelets are
activated, spread, and release the content of storage vesicles [80,81]. More importantly, the main targets
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for antithrombotic drugs development are platelets and coagulation proteins [82,83]. According to
current knowledge, the pathophysiology of arterial thrombosis differs from that of venous thrombosis
as a consequence of higher shear forces in the arterial branch of the circulation, which require
especially vVWF and its shear-force-dependent conformational change for platelet adhesion [84].
Therefore, arterial thrombosis is treated with drugs that target platelets, while venous thrombosis is
treated with drugs that target compounds of the coagulation cascade [71-73]. On the other hand, it has
become clear that platelet function can be inhibited to reduce thrombotic tendencies by blocking either
surface receptors, key cytoplasmic enzymes, e.g., cyclooxygenase or signaling proteins, including
kinases or phosphatases [85,86]. As shown in Figure 4, there are a number of SVMPs that affect platelet
aggregation. Notably, the glycoproteins (GPs), GPIb-IX-V and GPVI, receptors for vVWF and collagen,
respectively, bind to their respective ligands in different ways [85,86]. While at low physiological shear
conditions, GPVI binds collagen exposed within the damaged blood vessel walls, and GPIb-IX-V binds
vWEF which has undergone conformational changes after exposure to high shear rates in arterioles and
stenotic arteries [82,86,87]. Notably, only a small number of P-I SVMPs with direct-acting fibrinolytic
activity inhibit platelet aggregation. Therefore, it is arguable whether fibrinogen degradation products
generated by a-fibrinogenases play a role in inhibiting platelet aggregation [88].
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Figure 4. Schematic representation of some SVMPs and their effects on platelet function. Induction or
inhibition of platelet aggregation by these proteinases are indicated in blue or red arrows, respectively.
The inhibitory activity of disintegrins, the antagonists of «IIbf33 integrin are indicated in red arrow.
The ligands for various receptors are shown. PAR, protease activated receptor; TXA2, thromboxane Ay;
PGD, prostaglandin D; PGI, prostaglandin I. Modified from [88], copyright 2016 MDPI.

An a-fibrinogenase, termed kistomin was indentified in the venom of Calloselasma rhodostoma
(formerly Agkistrodon rhodostoma) during the 1990s. The enzyme inhibited platelet aggregation induced by
low concentrations of thrombin (>0.2 U/mL). Moreover, it attenuated cytosolic calcium rise and blocked
thromboxane B2 formation in platelets stimulated by thrombin (0.1 U/mL). Importantly, the enzyme
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inhibited ristocetin-induced platelet aggregation in the presence of vWF. Thus, kistomin was the first
P-I SVMP that exhibited anti-thrombotic effects [89]. Further investigation demonstrated that kistormin
specifically inhibited vWF-induced platelet aggregation through binding and cleavage of platelet GPIbo
and vWF [90]. Incubation of human platelets with kistomin resulted in a selective cleavage of platelet
membrane glycoprotein GPIb«, with the release of ~45 and 130 kDa soluble fragments [90]. In addition,
tail-bleeding time was prolonged in mice which had been injected with kistomin intravenously. The platelet
receptor GPIb-IX-V complex plays a dominant role in the first steps of platelet adhesion under high shear
stress conditions and arterial thrombus formation. Since GPIb—vWF interaction is very significant for
hemostasis/thrombosis, the modulation of GPIba—vWEF interactions during thrombotic events could
be beneficial [91,92]. Another P-I metalloproteinase, named crotalin, was purified from Crotalus atrox
venom by the group of Prof. Huang [93]. Crotalin showed potent antithrombotic effect in vivo by cleaving
vWEF and GPIb, as shown by Western blotting and flow cytometry. Moreover, the author stated that
crotalin, due to its multiple actions, may be a useful tool for investigating the interactions among vWE
ECM proteins, and GPIb-IX-V in static and flow conditions [93].

Based on the preliminary observations that kistomin and crotalin inhibited platelet aggregation
induced by ristocetin, which promote vVWF binding to GPIb, and taking into consideration that platelet
dysfunction is responsible for increased patient morbidity and mortality, platelets represent the major
target for therapeutic intervention [82,83,94]. Moreover, as thrombus formation is primarily stabilized
by platelets and fibrin [73], we investigated a recently purified P-I metalloproteinase bar-I [34],
and focused not only on the interaction of GPIb-IX-V complex with its major ligand, vWE, but also
on other platelet surface ligands, such as fibrin. Its antithrombotic effect by targeting this receptor
and potential platelet ligands, as well as its potential benefits, are worth discussing. Bar-I (23 kDa)
was characterized as a direct-acting fibrinolytic enzyme which does not require the conversion of the
zymogen plasminogen to the active form plasmin. Its amino acid sequence shows high sequence
similarity with homologous P-I SVMPs (Figure 2). Furthermore, bar-I hydrolyzed several plasma and
extracellular matrix (ECM) proteins in vitro [34,94]. Although SVMPs have similar proteolytic activity
toward several substrates in vitro, bar-I is devoid of hemorrhagic activity in the mice skin model [34].
More importantly, the enzyme dose-dependently inhibited collagen- and plasma vWF-induced platelet
aggregation. This effect was inhibited by treatment bar-I with EDTA, suggesting that the effect of bar-I
on platelet activation is due to its enzymatic activity. Furthermore, vWF-induced platelet activation
was more efficiently inhibited than collagen-induced platelet activation by this enzyme with (ICsq)
values of 1.4 and 3.2 uM, respectively. Interesting, studies in which platelets were pretreated with bar-I
revealed that the vVWF-receptor, GPIb-IX-V complex, is more susceptible to bar-I cleavage than the
collagen binding receptor [34]. In addition to the cleavage of the multimeric adhesive protein vWEF
and its receptor GPIb, bar-I also cleaves the collagen receptor a2f31 integrin, albeit at a slower rate [34].
The essential interaction of GPIb-IX-V complex with vVWF for normal hemostasis is well documented
by the severe bleeding disorders as a consequence of the lack of either the receptor (Bernard—Soulier
syndrome) or the ligand (von Willebrand disease). Thus, interactions of platelets via their receptors
GPIb-IX-V and «2f1 integrin with vVWF and collagen, respectively, indicates early events in platelet
activation, especially under high shear rates of the arterial flow [73,83,95]. Furthermore, we have
tested bar-Is antithrombotic effect in vivo, with a tail bleeding assay using mice CF2 strain (18-20 g).
When bar-I at doses of 2.5, 5 and 7.5 ug were injected intravenously into mice, the tail bleeding time was
not altered (83 & 4 s, n = 5) in comparison with saline (negative control, 78 £ 5 s, n = 5), (Sanchez et al,,
unpublished results). Similar data have been reported for batroxase, a P-I SVMP from B. atrox [96].
Moreover, bar-1 is an analog of mut-II that disrupts formed thrombi through the hydrolysis of fibrin,
rather than by plasminogen activation. We are now much interested in examining the hypothesis that
vascular recanalization in the absence of plasmin generation results in improved thrombolysis without
inducing bleeding side effects.
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6. Biochemical Advantages of P-I SVMPs in Comparison to Plasminogen Activators (PAs)

One approach to treat thrombosis is to infuse thrombolytic agents to dissolve the blood clots and to
restore tissue perfusion and oxygenation. This is ultimately accomplished by the serine proteinase plasmin,
which is derived from its zymogen plasminogen in a reaction catalyzed by plasminogen activators (PAs),
e.g., tissue type plasminogen activator (tPA), urokinase type-PA (u-PA) and staphylokinase. PAs effectively
dissolve relatively small clots which occur in the coronary artery of patients with acute myocardial
infarction [59,74,97,98]. Importantly, long retracted clots which are found in peripheral arterial occlusion
(PAO) and deep-vein thrombosis (DVT), often lack plasminogen. Therefore, plasmin should be more
efficacious to treat this kind of thrombus successfully [97-101].

Hemorrhage is a common complication of all the PAs, and is observed with any of the multiple
agents and therapeutic indications [101]. An important conceptual framework of fibrinolytic activation
and inhibition have been reported, and provided a foundation for understanding the mechanism
of action of PAs and plasmin in a thrombus milieu [100-102]. A notable issue of direct-acting
thrombolytics, of which plasmin is the prototype, has been well documented in in vitro and in vivo
models, such as the use of catheter-delivered plasmin for treatment of DVT and PAO. As reported,
plasmin should induce safe and efficacious thrombolysis at the thrombus site, whereas circulating
enzyme is rapidly neutralized by «2-antiplasmin and by a2-macroglobulin («2-M). This regime avoids
bleeding complications, for details see [73,101,102]. Direct thrombolytic agents under investigation
can be grouped into two categories: (a) plasmin and its derivatives: mini-plasmin, micro-plasmin, and
delta-plasmin [74]; and (b) fibrinolytic SVMPs [63,99,100]. Figure 5 shows a schematic representation of
the plasminogen/ fibrinolytic system, including a number of snake venom proteins. Although plasmin
is involved in other normal and pathological conditions, such as cell migration, inflammation and
tissue remodeling, the most important function of plasmin is intravascular thrombolysis [58,59,98].
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Figure 5. Schematic representation of the plasminogen/fibrinolytic system. Local effects of plasminogen
activators (PAs) (physiological and snake venom PAs) and direct-acting fibrinolytic agents. PAs convert
plasminogen to active enzyme plasmin, which degrades fibrin. In parallel using fibrin as substrate,
direct-acting P-I SVMPs or endogenous plasmin proteolytically degrade fibrin and dissolve the fibrin clot.
Inhibition (indicated by dotted lines) occurs either (i) at the level of PAs by plasminogen activator inhibitor
(mainly by PAI-1 and PAI-2) or (ii) by plasmin inhibitors (by a2-antiplasmin and «2-macroglobulin).
Matrix metalloproteinases (MMPs) degrade fibrin into smaller fragments, termed fibrin degradation
products (FDP), and are inhibited by tissue inhibitor of MMPs (TIMPs). Snake venom serine proteinases,
PAs (TSV-PA, LV-PA and Haly-PA [62]) and the direct-acting fibrinolytic metalloproteinases (bar-, leuc-a,
alfimeprase and mut-II), are shown at their site of inhibition.
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Fibrinolytic activity in viperid snake venoms was described for the first time in 1956 [60], when several
pit viper venoms of Agkistrodon, Bothrops, and Crotalus genus were examined. Furthermore, the fibrinolytic
activity in the venom of A. contortrix contortrix was reported to act directly on fibrin and independently
of activation of the endogenous fibrinolytic system [60,61]. These findings supported a significant
clinical potential of the direct thrombolytic agents to degrade fibrin without requiring an intermediate
step of plasminogen activation. Therefore, alfimeprase, the recombinant fibrolase from A. c. contortrix
venom, was used in clinical trials. In contrast to plasmin, this P-I SVMP does not bind directly to fibrin.
In addition, the systemic effects of venom fibrinolytic enzymes are inhibited by «2-M, which is the last
line of defense against exogenous proteolytic enzymes. As direct-acting thrombolytic P-I SVMPs are
not inhibited by the normal blood serine proteinase inhibitors (serpins), they may serve as templates
for the development of alternative thrombolytic compounds, and have received special attention due
to their possible therapeutic role for dissolution of blood clots [62-70]. These enzymes act on fibrin
and Fbg, leading to defibrinogenation of blood, lysis of fibrin clots, and a consequent decrease in
blood viscosity [69]. They may be classified as being either « or 3 chain fibrin(ogen)ases. Due to their
broad spectrum of proteolytic activity leading to fibrin(ogen) digestion, they can be regarded as true
anticoagulants, and are metalloproteinases or serine proteinases [29,34,69]. Also, it was observed that the
level of fibrinolytic effect varies widely between the P-I SVMPs of different species within a particular
genus [60-63,65]. Therefore, it was suggested to use a properly purified enzyme(s) from snake venoms
as fibrin clot-lysing agent for clinical applications. In the early 1990s, we reported the isolation and
complete amino acid sequence of a P-I class metalloproteinase, termed lachesis hemorrhagic factor I
(LHEF-II), from bushmaster (Lachesis muta muta) snake venom [30]. Additionally, we had elucidated that
traces of hemorrhagic effect of LHF-II were due to the presence of a minor contaminant by the P-III
metalloproteinase named mutalysin-I (mut-I). Therefore, the proteinase was renamed to mutalysin-II
(mut-II). Furthermore, its pharmacological properties have been reevaluated, and these reports had
indicated that mut-II does not elicit any hemorrhagic response in mice or rabbit [32]. More importantly,
we have evaluated by intravital microscopy, the effects of mut-II on the recanalization of microvessels
after thrombus induction in the ear of hairless mice. At the doses used (50 pug, 2.0 mg/kg, iv),
thrombolytic efficacy was achieved in all animals (1 = 5) after approximately 12 min, followed
by recanalization. A control group (n = 5) that received u-PA (250 U/mouse, iv), showed blood
flow restoration within the same interval, 12 min. In addition, under the experimental conditions,
mut-II does not alter hemostasis or cause bleeding events, as confirmed by histopathology [32].
Based on these data, we have also initiated in vivo studies to assess the thrombolytic potential
of a recently isolated bar-I by using intravital microscopy in comparison with recombinant t-PA.
This direct-acting fibrinolytic enzyme dissolves fibrin clots in vitro, and also inhibits collagen- and
plasma vWEF induced platelet aggregation by cleaving not only the vWF and its receptor GPIb, but also
the collagen receptor a231 integrin. Although the current thrombolytic agents have proved to be of
clinical benefit, the failure to rapidly restore reperfusion in some patients, and the continuous risk of
bleeding of all PAs, are still setbacks which have to be improved in order to introduce them in the
routine of clinical therapy [72,82,83,100]. Therefore, continued development of safer and more efficient
thrombolytic agents, in combination with more effective antiplatelet approaches, are the future goals
in this research field.

7. Conclusions

Fibrin clot-based vascular occlusion, a life-threatening disorder, has to be treated immediately
by dissolving the fibrin clot in the vessel which impairs the blood flow. Treatment with recombinant
plasmin or with plasminogen activator is usually the choice of means in the hospital. As an alternative,
recombinantly produced P-I SVMPs are investigated. Their extremely high fibrinolytic activity gives
them an advantage over current fibrin clot-dissolving agents. However, substrate specificity of such
P-I SVMP should be mainly limited to fibrin. Any cleavage or degradation of the blood vessel
wall, especially of the basement membrane subjacent to the endothelial cells, must be absent to
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avoid blood leakage and hemorrhages. Whereas several P-I SVMPs cleave vessel wall components,
some non-hemorrhagic P-I SVMPs have been identified. The structural comparison between both
groups may reveal characteristics for non-hemorrhagic P-I SVMPs to accelerate the search for such
fibrinolytic, non-hemorrhagic P-I SVMPs in the biodiversity of snake venoms. Thereby, lead-structures
can be obtained for the design of novel fibrinolytic, non-hemorrhagic proteinases. Some of the
recent non-hemorrhagic P-I SVMPs also cleave adhesion receptors on platelets, such as vVIWE-receptor.
Cleavage of those “off-targets” would be tolerable, if not even beneficial, as such a proteinase would
have, in addition to their fibrinolytic activity, antithrombotic functions by preventing platelets from
adhesion and thrombus formation. Moreover, platelets support leukocyte extravasation. Although
the molecular mechanism is not fully understood, neutrophils seem to interact with platelets and use
their adhesive potential, likely via their adhesion receptors, GPIb and «IIbf33, to attach to the vessel
wall, especially under higher shear rates and at atheroslerotic lesions [103]. Similarly, blood-borne
tumor cells during hematogenic dissemination also interact with platelets and subvert their adhesive
potential to the vessel wall, likely also mediated via the vVWEF-receptor and different integrins [104].
Hence, it is worthwhile to think whether non-hemorrhagic snake venom proteinases which cleave
the adhesion receptors on platelets might be useful in reducing platelet-supported extravasation of
leukocyte, or disseminating blood-borne tumor cells. This could be a strategy to reduce formation of
atherosclerotic plaques or metastasis. Another criterion for the use of fibrinolytic, non-hemorrhagic
P-1 SVMPs is the restriction of the fibrinolytic activity to the thrombus site and to prevent potential
adverse systemic effects. A long way ahead, but the goal of utilizing fibrinolytic, non-hemorrhagic P-I
SVMPs in clearing thrombotic occlusions or inhibiting platelet-assisted cell extravasation is promising.
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Appendix A

Table A1l. Cleavage sites of three synthetic substrates by some P-I SVMPs.

Proteinase Bonds Cleaved Reference

Oxidized Insulin B chain

leuc-a Ala14—Leu15, Tyrle—Leuly [29]
atr-1 Alayy-Leuys, Tyrig-Leugy [28]
BaP1 Alays-Leuys, Tyrig-Leugy [36]
mut-II Hiss-Leug, Hisq1-Leuy;, Alajs-Leuys, Pheys-Pheys [78]
Human «2-M (bait region)
leuc-a Arggoe-Leuggy [105]
atr-1 Arggos-Leuggy [unpublished]
mut-11 Arggos-Leuggy [unpublished]
bar-1 Arggos-Leugoy [34]
Human fibrinogen Ax-chain
leuc-a Lysg13-Leugy [105]
atr-1 Lysyi3-Leuyyy [unpublished]
mut-11 Lysy13-Leugyy [unpublished]
bar-I Ly5413-LEU414 [34]
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Abstract: Metastasis involves the migration of cancer cells from a primary tumor to invade
and establish secondary tumors in distant organs, and it is the main cause for cancer-related
deaths. Currently, the conventional cytostatic drugs target the proliferation of malignant cells,
being ineffective in metastatic disease. This highlights the need to find new anti-metastatic
drugs. Toxins isolated from snake venoms are a natural source of potentially useful molecular scaffolds
to obtain agents with anti-migratory and anti-invasive effects in cancer cells. While there is greater
evidence concerning the mechanisms of cell death induction of several snake toxin classes on cancer
cells; only a reduced number of toxin classes have been reported (i.e., disintegrins/disintegrin-like
proteins, C-type lectin-like proteins, C-type lectins, serinproteases, cardiotoxins, snake venom
cystatins) as inhibitors of adhesion, migration, and invasion of cancer cells. Here, we discuss
the anti-metastatic mechanisms of snake toxins, distinguishing three targets, which involve
(1) inhibition of extracellular matrix components-dependent adhesion and migration, (2) inhibition
of epithelial-mesenchymal transition, and (3) inhibition of migration by alterations in the
actin/cytoskeleton network.

Keywords: anti-cancer agents; cancer cells; invasion; migrastatic drugs; snake venom

1. Introduction

Currently, anticancer therapies target the uncontrolled clonal proliferation of cancer cells
with cytostatic drugs, which are an effective therapeutic strategy for certain cancer types such as
hematological malignancies. However, in solid cancers, the proliferation is accompanied by the ability
to invade and execute metastasis, involving different molecular mechanisms that are not inhibited or
affected by conventional anti-cancer drugs. Therefore, to search for and design specific drugs to inhibit
invasion and metastasis for treatment of solid cancers is a highly relevant issue [1].

The composition of solid tumors is heterogeneous, having several cancer cell subpopulations
with different tumorigenic properties [2]. In a tumor, cancer cells acquire mutations that confer
them with different proliferative capacities and survival advantages. A subpopulation, named
metastasis-initiating cells (MICs), exhibits high plasticity to adapt their metabolic and proliferative
requirements, ability to enter and exit dormancy state, and resistance to apoptosis and immune evasion,
which is responsible for metastatic growth [3]. For example, during the initial steps of tumor growth
of cancer cells confined to epithelium, certain colonies of malignant cells can form a carcinoma in
situ separated from the stroma. In some cells, mutations provide the ability to establish a physical
relationship with stroma and changes in extracellular signals from the microenvironment, triggering

Toxins 2017, 9, 390 245 www.mdpi.com/journal /toxins
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the secretion of soluble factors by stromal and hematopoietic cells [4,5] and inducing phenotypic
changes in cancer cells known as epithelial-mesenchymal transition (EMT). This process recapitulates
properties displayed by tissues during the embrionary development [6] that facilitate the dissociation
of cancer cell from the tumor bulk and dissemination to distant organs, being considered a prerequisite
for invasion and metastasis [2,7].

Metastasis is a complex process in which cancer cells disseminate from a primary tumor to invade
a distant organ, this ability characterizes the tumor malignancy [6]. It has been described that about
90% of cancer-related deaths are caused by a metastatic disease [8]. It is clear that dissemination
to specific organs depends upon blood flow patterns and of the relationship of the migrating cells
with distant organ microenvironments, the stromal cell content, vascular architecture, presence of
growth factors, metabolic substrates, and signaling molecules. These characteristics can be permissive
or antagonistic to metastatic colonization, determining whether these cells grow to form secondary
tumors [9].

The detailed mechanistic insight of the metastatic process contrast with the minimal progress in
the identification of effective therapeutic targets and in the design of new anti-metastatic drugs [1].
Based on structural characteristics and their known interactions with macromolecules, toxins isolated
from snake venoms may represent a natural source of molecular scaffolds to obtain agents with
anti-migratory and anti-invasive effects in cancer cells. In this review, we summarize recent evidence
on the inhibitory effect of snake toxins on adhesion, migration, and invasion of cancer cells.

2. Snake Toxins as Inhibitors of Cancer Metastasis

There is ample literature showing that several isolated or recombinant snake venom toxins
exhibit anti-cancer effects in vitro and in vivo preclinical models, inducing cell death via mitochondrial
apoptotic pathway (intrinsic pathway) or necrosis [10-12]. In addition, certain toxins such as snake
venom metalloproteases (SVMPs), disintegrins, phospholipases A2, C-type lectins (CLP), vascular
apoptosis inducing proteins, and L-amino acid oxidases are able to inhibit angiogenesis [13-15] and
activate the immune response during tumorigenesis [16]. While greater evidence on mechanisms of
death induction of snake toxins on cancer cells have been reported, reduced information on the inhibitory
mechanisms of adhesion, migration, and invasion of metastatic cancer cells is available. Despite the
aforementioned information, it is possible distinguish three anti-metastatic mechanisms exhibited
by at least six different snake toxin classes (Figure 1): involving (1) inhibition of extracellular matrix
components (ECM)-dependent adhesion and migration, (2) inhibition of epithelial-mesenchymal
transition, and (3) inhibition of migration by alterations in the actin/cytoskeleton network.
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Figure 1. Anti-metastatic targets for snake toxins. Snake toxins inhibit pro-migratory and
pro-invasive signals stimulated by extracellular matrix proteins and growth factors such as epidermal
growth factor (EGF), hepatocyte growth factor (HGF), and transforming growth factor beta (TGF-§3)
though (1) inhibition of extracellular matrix (ECM) components-dependent adhesion and migration,
(2) inhibition of migration by alterations in the actin/cytoskeleton network, and (3) inhibition
of epithelial-mesenchymal transition (EMT). Dis: disintegrins; CLP: C-type lectin-like proteins;
KSP: Kunitz-type serinprotease; C-Lectins: C-type lectins; CTX-III: cardiotoxin III; Sv-cystatin: snake
venom cystatin.

3. Inhibition of Extracellular Matrix Component-Dependent Adhesion and Migration

During the initial steps of metastasis, it is required the interaction between ECM components
and cancer cell, involving the ability of these cells to adhere to ECM components and migrate
through them [17]. Integrins are the major receptor family present on the cell surface for adhesion
to the ECM and include heterodimeric, transmembrane glycoproteins composed of « and f
subunits [18], whose dimerization leads to 24 integrin pairs with distinct extracellular ligand-binding
specificities [18]—such as collagen, laminin, vitronectin, and fibronectin—through the tripeptide motif
Arg-Gly-Asp = RGD [19]. Abundant evidence has correlated the increased overexpression of certain
integrins avB3, «5p1, and avB6 with cancer progression [20-22]. Integrins activate intracellular
signaling that control cytoskeleton organization, cell polarity, and formation of leading edge of
migrating cancer cells [22], being an attractive anti-cancer target for new antagonist molecules [23,24].

Three toxin classes (snake venom disintegrins, C-type lectin-like protein, and Kunit-like
serinprotease inhibitor) have been reported with anti-migratory effect mediated by interaction with
integrins in cancer cells, which are summarized in Table 1.

Snake venom disintegrins are small non-enzymatic proteins mostly derived from proteolytic
processing of precursors that contain a metalloprotease domain, known as snake venom metalloproteases
(SVMPs), which are phylogenetically related with ADAMs (a disintegrin and metalloprotease) [25-28].
This protein family, commonly found in the venoms of the Viperidae snakes [26] and some rear-fanged
snakes [28-35], is classified according to their modular architecture with multiple non-catalytic domains
in SVMP P-], P-1II, and P-III classes. Disintegrins are derived from proteolytic processing of P-Il SMVP
class and usually exhibit the canonical “RDG” integrin-recognition motif; however, non-canonical
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integrin-binding motif—such as “MLD”, “KTS”, and “VGD”—are exhibited in some snake venom
disintegrins [36,37]. In addition, proteolysis from P-III SVMP class originates disintegrin-like
proteins, which have covalently bound the “disintegrin-like” and “cysteine (Cys)-rich” domains [27].
Comprehensive classification and structural characteristics of SVMP are found in Takeda et al., 2012 [27]
and Takeda, 2016 [38].

A disintegrin isolated from the venom of the Middle American rattlesnake (Crotalus simus tzabcan)
named tzabcanin [39], which has 71 amino acids and contains the canonical RGD-binding domain,
exhibits a weak or null cytotoxic effect on cancer cell lines [39], but remarkable inhibitory effect of
fibronectin- and vitronectin-dependent cell adhesion. This toxin binds avp3-integrins, which is the
main receptor of the ECM protein vitronectin, inhibiting the adhesion and migration of melanoma and
lung cancer cells [40].

Table 1. Snake toxins that inhibit the adhesion and migration of cancer cells by interaction with

ECM components.
. . Adhesive Integrin ECM
Toxin Name Snake Species Motif Target Ligand Effect Ref.
r-Cam-dis Crotalus Inhibition of adhesion in
recombinant onatus RGD avp3  laminin-1 on ot achesio [41]
. . adamanteus pancreatic cancer cells
disintegrin
r-Colombistatins
recombinant
. s Bothrops Inhibition of adhesion in
dlsmte.grm—llke colombiensis ECD nd. collagen I SK-Mel-28 melanoma cells 2
domains from
Class-III SVMP
DisBa-01, Bothrops Loss of cell directionality of
recombinant P RGD avp3 fibronectin  migrating oral squamous [43]
o . alternatus ;
disintegrin carcinoma cells
r-mojastn-1, Crotalus avp3, fibronectin  Inhibition of adhesion and
recombinant scutulatus RGD «3, and migration of BXPC-3 [44,45]
disintegrin scutulatus and 31, vitronectin  pancreatic cancer cell line
r-viridistatin-2, Crotalus viridis fibronectin Inhibition of adhesion,
recombinant viridis RGD avp3 and migration and invasion of [44,46]
disintigrin vitronectin several cancer cell lines
Lebecin, C-tvpe Macrovivera fibronectin  Inhibition of adhesion and
pecin, L-type P - avp3 and migration of MDA-MB-231  [47]
lectin-like protein lebetina o
fibrinogen breast cancer cells
PIVL, Kunitz-type ~ Macrovipera fibronectin Ivnh1b.1t1on of .adheszlon,
! . migration and invasion of
serin protease lebetina RGN avp3 and h . [48]
o . - uman glioblastoma
inhibitor transmediterranea fibrinogen

U87 cells

n.d.: not determined.

DisBa-01, a recombinant RGD-disintegrin produced from a cDNA venom gland library of
Bothrops alternatus, inhibits in vivo angiogenesis and pulmonary metastasis [49]. In oral squamous
carcinoma cells, DisBa-01 selectively decreases the migration speed and directionality of fibronectin-
stimulated migration, increasing the adhesion area and rate of adhesion maturation. It lacks effects on
migration of non-malignant cells such as fibroblasts. DisBa-01 exhibits a high affinity on fibronectin
binding receptor avf3 integrin [43]. Other recombinant disintegrins from Viperidae species have
been reported such as av33 integrin antagonists, inhibiting the migration of cancer cells (Table 1).
Additional disintegrins and disintegrin-like proteins from snake venoms reported with anti-cancer
effect can be found in Selistre-de-Araujo et al., 2010 [50].

Interestingly, Lebecin, and PIVL isolated from Macrovipera lebetina venom, which belong two
different toxin classes C-type lectin-like protein and Kunitz-type serin protease inhibitor, respectively,
exhibit inhibitory effect on fibrinogen- and fibronectin-stimulated adhesion and migration.
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Lebecin is a C-type lectin-like protein with « and  subunits of 129 and 131 amino acids,
respectively [47]. In triple-negative breast cancer MDA-MB-231 cells, lebecin does not affect the
viability. However, it inhibits the fibrinogen- and fibronectin-dependent adhesion and migration in
a dose-dependent manner [47]. It has been described that lebecin interacts with avf3 integrin;
but based on the high identity of its amino acid sequence with other C-type lectin-like protein
previously reported from Macrovipera lebetina venom with inhibitory effect on adhesion, migration,
and invasion of cancer cells [51,52], it has been suggested that lebecin can block other integrins such as
o531 [47].

PIVL is a monomeric polypeptide chain bound by three disulfide linkages, which inhibits trypsin
activity and lacks effects on the viability but blocks a«v33 integrin-dependent migration, affecting the
motility and cell directionality persistence of cancer cells [48]. PIVL also exhibits in vitro and in vivo
anti-angiogenic effects [53].

4. Inhibition of Epithelial-Mesenchymal Transition

Epithelial-mesenchymal transition (EMT) is a process in which epithelial cells transdifferentiate
into mesenchymal cells, losing their morphoinmunophenotypic characteristics. Interestingly,
EMT occurs in normal and healthy tissues during angiogenesis and lymphangiogenesis; but in
certain pathological conditions such as chronic inflammation, fibrosis and cancer is reactivated [6].
In tumors, EMT-like transitions involve the loss of components related with cell-cell interactions,
apico-basal cell polarity and reorganization of cytoskeleton. Cancer cells with EMT have tumorigenic
properties that non-EMT cells do not exhibit, such as a high migratory state that promote invasion
and metastasis [4,5], lacking response to signals of oncogene-induced senescence [54] and resistance to
anti-cancer drugs [55-57].

EMT can be induced by growth factors such as transforming growth factor beta (TGF-f),
epidermal growth factor (EGF), hepatocyte growth factor (HGF), insulin-like growth factors 1 and 2 [40],
activating RAS, Notch, and Wnt signalings which have been associated with poor prognosis and
cancer progression [58,59]. During EMT, there is a reduction of the epithelial marker E-cadherin and
an increase of the expression of mesenchymal markers vimentin, N-cadherin [60], as well as activation
of transcription factors Snail, Slug, Twist, which act as repressor of E-cadherin [5,61].

Cardiotoxin III (CTX-III), a membrane toxin from Taiwan cobra (Naja naja) venom [62], inhibits the
migration of cancer cells by reversion of EGF- and HGF-induced EMT. Previously, CTX-III has been
described as a potent inductor of cell death in several human cancer cell lines [63-65] and a migration
inhibitor of oral and breast cancer cells through activation of JNK and p38, without effect on ERK
signaling, producing decreased metalloproteases-2 and -9 (MMP-2/-9) levels [66,67].

In breast cancer cells, the paracrine role of epidermal growth factor (EGF) and its receptor EGFR
(ErbB-1) contribute to invasion, intravasation, and metastasis [68] through activation of extracellular
signal-regulated kinase 1/2 (ERK1/2), STAT3, or PI3K/ Akt signaling, promoting the EMT [69-71].
CTX-III inhibits the EGF-induced EMT in breast cancer cells, reducing EGFR phosphorylation and
activation PI3K/Akt and ERK1/2. It reduces the MMP-9 levels [72] and the mesenchymal markers
vimentin and N-cadherin and increases E-cadherin levels, inhibiting EGF-induced invasion and
migration [72,73]. A similar effect of CTX-III on hepatocyte growth factor (HGF)-stimulated migration
and invasion in breast cancer cells has been described [73-75].

Cancer cells can excrete cysteine-cathepsins, which are endopeptidases located intracellularly
in endolysosomal vesicles [76] that are essential during the breakdown the ECM to promote the
invasion and metastasis [77]. During EMT, cancer cells exhibit an increased extra- and intra-cellular
proteolysis mediated by cathepsins, matrix metalloproteinases, urokinase-type plasminogen activator
(uPA), and serinproteases such as kallikreins [78]. This proteolytic activity removes surface molecules
involved in cell adhesion such as E-cadherin [79,80], limiting the cell—cell interaction and remodeling
the extracellular matrix to uncover binding epitopes recognized by integrins and to form trials for
cell migration [81]. Cysteine-cathepsins are regulated by natural inhibitors such as cystatins [82],

249



Toxins 2017, 9, 390

which represent a group constituted by three types (type 1-stenfins, type-2 cystatins, type 3-kininogens)
of cystatin domain containing proteins [83]. From Naja naja atra venom, it has been isolated a snake
venom cystatin (Sv-cystatin) that exhibits a shorter sequence than other type-2 cystatins, such as
cystatin M and cystatin C [84]. For this snake toxin, inhibitory effects on invasion and metastasis
mediated by reduction of EMT markers has been described in MHCC97H liver cancer cells [85].
Sv-cystatin decreases the cathepsin B activity, MMP-2, and MMP-9 levels, increasing E-cadherin and
decreasing EMT proteins N-cadherin and twist [85].

5. Alterations in the Actin/Cytoskeleton Network

During migration and invasion of cancer cells, the actin cytoskeleton is remodeled under
extracellular stimuli, which is mediated by several receptors, including integrins [19]. Small GTPases
Rho, Rac, and Cdc42 participate in the intracellular signaling involved in the control of the actin
cytoskeleton architecture required for cell motility in individual and collective migration [86], which is
a common signaling for normal and cancer cells [2]. The cell protrusion of a leading edge relies on
Cdc42 and Rac activities, which are coupled to Rho activity-dependent contractility, supporting the
movement of the cell body forward [87]. Consistent with the essential role of the cytoskeleton in
promoting cancer migration, its deregulation may cause anti-adhesive and anti-migratory effects.
Two snake venom calcium-dependent (C-type) lectins alter the actin/cytoskeleton network in cancer
cells. C-type lectins identified from snake venoms are classified in two groups: C-type glycan-binding
lectins; and C-type lectin-like proteins, which do not interact with sugars. The C-type glycan-binding
lectins are homodimeric non-enzymatic proteins that contain a carbohydrate recognition domain
(CRD), binding mainly with galactose [88].

Daboialectin, a low molecular weight C-type lectin isolated from Daboia russelii venom, produces
morphological changes, including spindle-like shape with loss of cell-cell contacts in lung cancer cells
A549 [89]. This snake toxin decreases the mRNA and protein levels of small GTPases Rho and Rac and
increases the Cdc42 expression, which is in accordance with remarkable decrease of F-actin content,
inhibition of migration and invasion observed in lung cancer cells treated with it [89].

BJcuL is a C-type lectin from Bothrops jararacussu venom composed by a disulfide-linked dimer
with high affinity for glycoproteins containing (3-D-galactosides [90]. BJcuL binds to cancer cells
without affecting the adhesion of these cells to fibronectin, laminin, and type I collagen; however,
it produces complete actin filament disorganization and disassembly in malignant cells [91]. This toxin
does not block the integrin signaling [92], but it binds to cell surface with ECM glycoproteins, such as
its substrate D-galactose, promoting the actin disassembles, an event that could accelerate cancer cell
detachment from ECM, producing cell death [91].

6. Concluding Remarks

Given that malignant cells during metastasis exhibit molecular mechanisms different from those
shown by non-metastatic and highly proliferative cancer cells, the conventional cytostatic drugs,
which mainly target the cell proliferation, lack effects on the capacity to disseminate and grow in
distant sites of metastatic cancer cells. This review highlights the need to search new anti-metastatic
drugs. We identified three anti-metastatic mechanisms of action for at least six classes of toxins from
snake venoms: (1) inhibition of ECM components-dependent adhesion and migration, (2) inhibition of
EMT, and (3) inhibition of migration by alterations in the actin/cytoskeleton network.

These toxins may represent a natural source of molecular scaffolds to design new anti-migratory
and anti-invasive agents by obtaining recombinant proteins or small molecules that act as antagonists
of integrin signaling or inductors of actin disassembling by binding of cell surface glycoproteins.
A selective inhibition of the signaling machinery involved in the cancer cell migration without affect
those of migrating non-malignant cells is an important challenge for the new anti-metastatic drugs.

Interestingly, all anti-cancer evaluations on tumorigenic properties—such as proliferation,
angiogenesis, invasion, and metastasis of malignant cells—have been performed with toxins isolated from
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front-fanged snake species, especially from Viperidae species; however, the potential therapeutic applications
of toxins described from rear-fanged snake species—e.g., [28,30-32,93-95]—remain unexplored.

An extensive development and conjugation of drug delivery systems with some snake toxins,
which has reduced the toxicity and improved the selectivity toward cancer cells [96,97], highlight their
promising applications as direct anti-cancer agents or potential tools for the development of novel
therapeutic strategies [16]. Finally, the in vivo validation of anti-metastatic effect described on in vitro
cancer cell lines is a pending issue for drug discovery from snake toxins.
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Abstract: Cholera toxin B subunit (CTB) is a mucosal immunomodulatory protein that induces robust
mucosal and systemic antibody responses. This well-known biological activity has been exploited
in cholera prevention (as a component of Dukoral® vaccine) and vaccine development for decades.
On the other hand, several studies have investigated CTB’s immunotherapeutic potential in the
treatment of inflammatory diseases such as Crohn'’s disease and asthma. Furthermore, we recently
found that a variant of CTB could induce colon epithelial wound healing in mouse colitis models.
This review summarizes the possible mechanisms behind CTB’s anti-inflammatory activity and
discuss how the protein could impact mucosal inflammatory disease treatment.

Keywords: cholera toxin B subunit; mucosal immunity; immunomodulation; anti-inflammatory;
retrograde trafficking; GM1 ganglioside

1. Introduction

Vibrio cholerae is a gram-negative bacterium that can colonize the gastrointestinal tract and cause
life-threatening watery diarrhea. The principal virulence factor of V. cholerae is cholera toxin (CT),
which consists of a catalytic A-subunit and a non-toxic homopentameric B-subunit (CTB) [1-3].
CTB binds cells through GM1 ganglioside receptors, which then mediates toxin entry into the cell.
It has been previously shown that CTB can induce strong biological activities that can enhance or
suppress immune effects under normal and various immunopathological conditions without the
toxicity associated with the CTA subunit [4]. Consequently, CTB has been widely studied as a mucosal
immunomodulatory agent.

In its most well-known immunostimulatory effects, CTB is used in the vaccine Dukoral®.
Dukoral® is a WHO pre-qualified oral cholera vaccine which contains heat-killed whole cell V. cholerae
and recombinant CTB (rCTB). Dukoral® stimulates the production of both antibacterial and antitoxin
antibodies, including secretory immunoglobulin A (S-IgA) produced locally in the intestines [5].
CTB itself can induce potent mucosal and systemic antibody response upon mucosal administration
in humans [6-8], which is largely due to the broad distribution of GM1 ganglioside on various cell
types such as epithelial cells, macrophages, dendritic cells (DCs), B cells, T cells, and neurons [9-12].
Furthermore, the presence of GM1 ganglioside on the luminal surface of intestinal epithelial cells
and antigen presenting cells (APCs) in the gut seems to be essential for CTB’s strong mucosal
immunostimulatory effects associated with MHC class II expression and local antigen enrichment [13].
In addition, CTB stimulates specific immunosuppressive effects against autoimmune disorders,

Toxins 2017, 9, 379 257 www.mdpi.com/journal /toxins



Toxins 2017, 9, 379

excess inflammation, and allergic reactions [4,14-18]. We have recently shown that oral administration
of a variant of CTB mitigates colitis in chemically-induced acute and chronic colitis mouse models [19].
Although the underlying mechanisms are not well understood, recent studies have shed some light on
these immunosuppressive effects induced by CTB. Thus, this review will summarize published studies
on CTB’s impacts in mucosal inflammatory disease models, as well as the mechanisms associated with
its therapeutic effect and the challenges that CTB faces as an immunomodulatory drug.

2. Cholera Toxin Structure and Mechanism in Gut Epithelial Cells

To reveal the mechanism of CTB-induced biological activity, we must first understand the
molecule. CT is classified as an AB5 toxin family, which includes the toxins of Shigella dysenteriae
and enterohaemorrhagic Escherichia coli. The toxins are usually composed of one A subunit and five
B subunits (CTA and CTB, respectively, for CT). CTA consists of an enzymatically active 11-kDa
N-terminal chain (CTA1) and a C-terminal chain (CTA2) that connects CTA to the central pore of CTB.
CTB has the capacity to translocate the CTA across the plasma membrane, mediated by the binding of
GM1 ganglioside, and then escort CTA from the plasma membrane into the endoplasmic reticulum
(ER) [20,21]. The following summarizes CT’s retrograde trafficking mechanism.

The five B-subunits form a central cylindrical pore lined by five amphipathic a-helices that help
form a highly stable homopentamer. The pentamer contains five GM1 binding sites that lie on the
outer edge of each B subunit [1,22]. Due to an avidity effect from the pentavalent binding capacity,
CTB has a very strong affinity (Kp reported to be 5 pM to 1 nM) to GM1, which is mainly localized
in lipid rafts on the plasma membranes of many cell types [9-12]. Once CT is bound to GM1 (up to
five gangliosides at once), it is endocytosed by clathrin-dependent and independent mechanisms and
trafficked via retrograde transport from the Golgi to the ER [21]. It is also known that CT can undergo
transcytosis across epithelial cells from the apical to the basolateral surface. However, regardless
of how the toxin enters the cell, CT travels to the trans-Golgi network via early endosomal vesicles,
independent of the late endosome pathway. The C-terminus of CTA2 possesses a KDEL ER-retention
signal for retrieval of CT from the cis-Golgi apparatus to the ER. Interestingly, the KDEL sequence
is not vital for retrograde transport of CT to the ER. Mutations that alter the KDEL sequence on CT
inhibit KDEL-dependent ER retrieval and decreased (albeit not completely) CT’s toxification [23].
Thus, it is thought that CT’s KDEL sequence—although not absolutely essential—improves the ER’s
retrieval of the dissociated CT from the Golgi apparatus and prolongs the time of retention within
the ER [20,23,24]. Once in the ER, the CTAl-chain is dissociated from CTA2/CTB complex by protein
disulfide isomerase (PDI). Subsequently, CTA1 enters the cytosol via the ER-associated degradation
pathway and escapes proteasomal degradation [1,20]. On the other hand, the fate (and remaining
function, if any) of CTA2/CTB after releasing CTA1 in the ER is not well documented. Meanwhile,
CTA1 reaches the inner surface of the plasma membrane and catalyzes the ADP ribosylation of Gas,
thereby continuously activating adenylate cyclase to produce cAMP. Increased intracellular cAMP
impairs sodium uptake and increases chloride outflow, leading to water secretion and diarrhea [20,25].

3. At the Cellular Level—What Is Known So Far

Although the virulence mechanism and intracellular trafficking of CT has been well studied,
the anti-inflammatory mechanisms of CTB are much less studied and understood. After a
comprehensive literature review, it seems that there are at least two separate modes of action induced
by CTB to modulate inflammatory responses: one that is based on immune cell regulation, and another
that is epithelial cell-mediated (Figure 1).
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Figure 1. Summary of mechanisms involved in cholera toxin homopentameric B-subunit (CTB)’s
inflammatory disease intervention.

In 1994, the immune suppressive effects of CTB were first reported by Sun et al. [26]. This report
demonstrated that oral administration of mice with CTB conjugated with antigens (sheep red
blood cells, horse red blood cells, and human vy-globulin) enhanced oral tolerance to the antigens,
presumably through efficient presentation of antigens to immune cells in the gut-associated lymphoid
tissue and the generation of regulatory cells. In a Commentary to this article, Weiner suggested that
CTB could have enhanced tolerance by serving as a “selective mucosal adjuvant” and that this unique
activity could be exploited to treat autoimmunity [27]. Subsequently, this seminal finding led to a new
field of studies in which CTB-antigen conjugates were applied to induce tolerogenic reactions to the
conjugated antigens in various immunopathological conditions (i.e., encephalomyelitis, autoimmune
diabetes, autoimmune arthritis, uveitis) and IgE-mediated allergen hypersensitivity [14,16-18,28-38].
Through these studies, it became apparent there are two unique and distinct mechanisms of CTB
responsible for the suppression of immunopathological reactions in allergy and autoimmune diseases:
(1) to increase antigen uptake and presentation by different APCs through binding to their cell-surface
GM1 ganglioside receptors and (2) to induce anti-inflammatory and immunoregulatory activities by
directly or indirectly acting on specific immune cells. The latter mechanism points to the possibility
that CTB by itself may act as an immunotherapeutic agent; however, only a handful of groups have
actually proven that CTB alone—without co-administration or conjugation of antigens—can induce
an anti-inflammatory response. Moreover, studies conducted with non-recombinant CTB (nrCTB,
prepared by chemically dissociating CTA from CTB) can have significantly skewed experimental
results due to trace amounts of CT and CTA [4,39,40]. For example, we have previously shown that
picomolar concentrations (<10 ng/mL) of CT significantly inhibited lipopolysaccharide (LPS)-induced
TNF« production in RAW264.7 cells, while recombinant (r)CTB failed to induce such an effect at
a concentration as high as 10 ug/mL [4]. Thus, the use of rCTB is required to evaluate the effects
unique to CTB.

3.1. Immune Cell Modulation

With regards to CTB’s immune cell regulation, Kim et al. demonstrated in murine spleen B cells
that rCTB dose-dependently increased IgA secretion and inhibited B cell growth [41]. In the presence
of IL-2, rCTB significantly increased IgA isotype switching in LPS-activated B cells. These effects
were reversed by the addition of an anti-TGFf or soluble TGF[31 receptor, which markedly inhibited
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rCTB-stimulated IgA response. Further analysis in the same report revealed that rCTB stimulated
IgA2 B cells, upregulated TGFf1 mRNA expression, and increased bioactive TGFp1 levels, which is
known to induce IgA isotype switching [41]. Thus, rCTB stimulated a TGFf3-mediated IgA response
that was dependent on IL-2 as a cofactor. These findings have contributed to our understandings of
how CTB stimulates B cell IgA production, and potentially oral tolerance as well (see below).

It is known that IgA antibodies help maintain mucosal homeostasis and play a role in immune
protection [42,43]. Thus, it seems possible that rCTB administration could provide therapeutic effects
in mucosal autoimmune disorders via IgA induction. For example, in an experimental mouse model
of asthma, nrCTB suppressed the ability of DCs to prime for Th2 responses to inhaled allergen via
an IgA-dependent manner [44]. In this study, co-administration of ovalbumin (OVA) and nrCTB
suppressed classical features of asthma, including airway eosinophilia, Th2 cytokine synthesis,
and bronchial hyperactivity in mice that were pre-sensitized with OVA-stimulated DCs in the lung.
Furthermore, nrCTB treatment enhanced DCs’ potential to induce Treg cells in vitro; however,
these Treg cells did not provide protection when transferred into the airways of naive mice that
received OVA challenge. In contrast, the transfer of B cells from OVA+CTB-DCs-immunized mice to
OVA-sensitized naive mice significantly reduced eosinophilia and lymphocytosis. It was also found
that nrCTB caused a TGFf3-dependent increase in antigen-specific IgA in the airway luminal secretion,
and this was attributed to nrCTB’s efficacy against the experimental asthma as the therapeutic effects
were abrogated in mice lacking luminal IgA transporter (polymeric Ig receptor), which is necessary for
the transport of dimeric IgA across the epithelium into the luminal mucosa [45].

Meanwhile, IgA may not be the sole factor contributing to CTB’s ability to mitigate inflammatory
diseases in the mucosa. For example, in the 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced
mouse model of Crohn’s disease, daily oral administration over a four-day period of 100 ug rCTB
after the onset of TNBS-colitis immediately resolved weight loss and reduced inflammation [39].
In this case, the timing of mucosal restitution in regard to rCTB administration did not likely result
in IgA production. In a similar TNBS-colitis study, rCTB administration reduced IL-12 and IFNy
secretion, inhibited STAT-4 and STAT-1 activation, and downregulated T-bet expression, indicating
that rCTB inhibited mucosal Th1 cell signaling [46]. Moreover, these results were confirmed in a
small multicenter, open-label, and nonrandomized clinical trial in which 15 patients with active CD
received three oral doses of 5 mg rCTB per-week over 2 weeks (six doses total) and were examined 2,
4, 6, and 10 weeks after the start of the study. Of the 12 patients who finished the study per protocol,
seven responded to treatment and five were in remission by week six and maintained remission
through week 10 as defined by a CD activity index score <150 [47]. Of note, side effects seen in 33% of
patients administered with CTB were mild (arthralgia, headache, and pruritus), and no safety concerns
were raised throughout the trial [47].

Interestingly, rCTB did not reduce disease severity in an oxazolone-induced colitis model
performed by the same group [39]. Oxazolone-induced colitis is mediated by IL-4 driven Th2 cells
rather than IL-12/IFNy-driven Thl cells [39]. Thus, it appears that rCTB administration had a specific
effect on specific T cell functions involved in TNBS-colitis [39]. Although the detailed mechanism
by which rCTB inhibited Th1 cell was not elucidated, it is possible that the binding of CTB to GM1
ganglioside on immune cells resulted in a signaling cascade of events that led to Thl inhibition,
because non-GM1 binding CTB mutants do not modulate lymphocyte function [48]. In agreement with
these findings, rCTB decreased monocyte-derived DC maturation and IL-12 production upon LPS
stimulation in vitro [49]. Moreover, rCTB-pretreated, LPS-stimulated DCs induced low proliferating T
cells that had enhanced production of IL-10 and reduced production of IFNy. Rouquete-Jazdanian et al.
additionally showed that the binding of rCTB to GM1 ganglioside directly prevented the activation
and proliferation of CD4* T cells [50]. This effect was induced by rCTB-mediated sphingomyelinase
activation that subsequently increased the production of ceramides, which are known cell cycle arrest
inducers [51]. rCTB also inhibited protein kinase Cw, a pro-growth cellular regulator, which was linked
to rCTB-induced lipid raft modifications and ceramide-mediated inactivation [52,53].
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3.2. Epithelial Cell Modulation

Besides serving as a barrier lining the mucosal surface, epithelial cells have multiple functions
associated with the maintenance of gut homeostasis and mucosal healing, and crosstalk between
epithelial and immune cells is an important component of those complex biological processes [54,55].
Even though CTB first encounters epithelial cells in the gut, the CTB-mediated modulation of epithelial
cells and its consequence to the mucosal immune system have largely been ignored in comparison to
the protein’s direct impacts on immune cells.

In one small study, CTB was shown to induce a dose-dependent increase of IL-10 mRNA levels in
the colon epithelial cell-line T84 [56], hinting that CTB could induce epithelial cell-mediated immune
modulation [57]. We have recently characterized CTB’s global impacts on the gut to further our
understanding of its unique biological activities. Using a plant-made recombinant CTB (CTBp) [58,59],
we have shown that oral administration of the CTB variant significantly altered several immune cell
populations in the colon lamina propria [19]. Two-weeks after two oral 30 ug CTBp administrations,
Th2 and Treg cells increased in the colon lamina propria. This is not the first report of CTB-induced
increase in these cell types [15,36,38,60,61]. For instance, it has been shown that oral administration
of a CTB-insulin conjugate in NOD mice induced a shift from Th1 to Th2 profile while generating
Treg cells [15]. Additionally, intraperitoneal administration of nrCTB to rats increased Treg cells in the
peripheral blood 24-72 h after ischemia [60]. Besides the specific T helper cell subsets, our study has
also revealed that innate immune cells—including dendritic cells, natural killer cells and macrophages
(both M1 and M2)—populations were increased in the colon lamina propria two weeks after CTBp
oral administration [19]. Furthermore, a global gene expression analysis revealed that CTBp had more
pronounced impacts on the colon than the small intestine, with significant activation of TGF3-mediated
pathways in the colon mucosa [19]. Given that there is a strong link between epithelial-derived TGF(3
and innate immune cells in wound healing [62-64], the results provided implications for the potential
utility of CTBp to promote colonic mucosal health. Subsequently, we found that CTBp induced
TGFB-mediated wound healing in Caco2 colon epithelial cells. Furthermore, oral administration of
CTBp in mice protected against colon mucosal damage in acute colitis induced by dextran sodium
sulfate (DSS). Two oral doses of as low as 1 pg of CTBp mitigated clinical signs of disease (body
weight loss, decreased histopathological scores, and blunted escalation of inflammatory cytokine levels)
and upregulated wound healing-related genes [19]. Interestingly, CTBp administration prevented
fibrosis associated with acute colitis in mice; hence, the protein did not appear to overstimulate TGFp
signaling. In fact, TGFf3 gene expression levels were high during the early inflammatory phase and
became lower in the recovery phase of the acute colitis model in CTBp-treated mice.

In contrast to TNBS-induced colitis, the DSS-colitis model closely approximates human ulcerative
colitis (UC) [65-68]. Thus, the results point to the possibility that CTBp could be used to facilitate
mucosal healing in the management of UC. Since the main driver of intestinal inflammation in the
DSS model is the damage to the epithelial barrier lining the colon that allows intestinal microbiota into
submucosal compartments [69], and since therapeutic effects were observed immediately upon CTBp
administration, we concluded that CTBp’s protective efficacy in the DSS colitis models were attained by
the induction of TGFf-mediated colonic epithelial wound healing. Given that UC poses an increased
risk of developing colitis-associated colorectal cancer (CAC) [70,71], CTBp’s effects were also examined
in the azoxymethane (AOM)/DSS mouse model of CAC. Biweekly oral administration of CTBp over
9 weeks significantly reduced inflammation and tumorigenesis in this model, again highlighting its
therapeutic potential in UC treatment [19].

It is of importance to point out that many of the effects observed in the aforementioned studies
using CTBp may be unique to the plant-made variant, as it has a mutation at amino acid position 4 and
an ER retention signal sequence at the C-terminus (N4S-CTB-SEKDEL; [58]). The ER-retention sequence
was added to CTBp to improve production in planta, while Asn4—Ser mutation was introduced to
avoid N-glycosylation [58,59]. The addition of the KDEL sequence to N4S-CTB significantly reduced

261



Toxins 2017, 9, 379

ER stress that otherwise caused poor production yield. It is thought that the KDEL sequence helped
prolong CTBp’s residence time in the ER to allow for proper folding and assembly.

The protein ER retention mechanism involving the KDEL receptor is highly conserved among
eukaryotic organisms [72]. Thus, there is a possibility that the artificial KDEL sequence of CTBp may
prolong the protein’s residence in the epithelial cells upon binding to cell-surface GM1 ganglioside
and retrograde transport into the ER, as has been demonstrated for CT [21,23]. Subsequently,
this may induce a level of altered cell signaling. For example, interaction between CTBp’s C-terminal
KDEL sequence and KDEL receptors may have an impact on ER homeostasis [73,74]. The binding
of proteins to the KDEL receptor and the induction of mild UPR have been linked to TGFp
activation, wound healing, colon epithelial cell prosurvival signaling, and protection from DSS-induced
colitis [73,75-77]. Of note, CT is a known inducer of the UPR in epithelial cells due to the KDEL
sequence on CTA [23,78,79], while CTB has no effect on the UPR or ER signaling [78].

Regardless of whether the ER retention signal had a significant contribution to the mucosal
healing activity in the mouse colitis models, the study has provided evidence that CTB can exhibit a
therapeutic effect against colitis in an epithelia-dependent manner, warranting further investigation of
CTB’s impacts on epithelial cells.

4. Conclusions—Challenges for the Use of CTB as an Immunomodulatory Drug

Although CTB has been administered in humans in the form of oral cholera vaccines over the
past two decades, its development as an immunomodulatory drug will need to address unique
issues associated with therapeutic use besides additional testing of safety and efficacy in specific
disease indications. One of the principal questions is whether CTB’s strong mucosal immunogenicity
that induces a robust IgG and IgA immune response [4,58] is beneficial or dispensable to its
anti-inflammatory/immunosuppressive effects. From a conventional biopharmaceuticals development
standpoint, anti-drug antibodies constitute a theoretical risk because they may affect drug efficacy
and pharmacokinetics, and potentially cause immunotoxicity [80,81]. However, induction of an
antibody response—particularly that of IgA isotype—may play an important role in mitigating mucosal
inflammation, as illustrated in the asthma study described in Section 3.1 [44]. The CD clinical trial
showed an efficacy up to 10 weeks after repeated CTB administrations over 2 weeks [47]. Although
not reported, the treatment regimen must have elicited high levels of anti-CTB antibodies in the gut
and blood circulation. Thus, further investigation is necessary to address long-term efficacy following
repeated CTB dosing. TGFp seems to be a major denominator of CTB-induced immunomodulatory
activities. TGF is a pleiotropic cytokine playing critical roles in cell differentiation and proliferation,
as well as dynamic biological processes in wound healing and immune responses [82-84]. The cytokine
is also involved in various pathological conditions. For example, elevated TGF( levels have
been correlated to the development of fibrosis following injury to the skin [85]. TGFp mediates
epithelial-to-mesenchymal transition (EMT) [86], and reduction of TGF(1 levels in a mouse model
of pulmonary fibrosis blunted fibrosis [87]. TGFf signaling also has important implications in cancer.
Although the cytokine functions as a suppressor of tumorigenesis at an early stage of tumor
development, its expression is correlated with tumor progression and poor prognosis at late
stages [84,88]. Collectively, the double-edged sword nature of TGFp points to the importance of
careful investigation of possible consequences upon long-term CTB dosing for the treatment of chronic
inflammatory diseases. As mentioned in Section 3.2, CTBp treatment significantly mitigated gut
inflammation and reduced tumor development in a model of CAC [19], providing a basis for further
investigations of long-term therapeutic use of CTB for the treatment of IBD.

Of considerable interest may be population-based studies investigating potential association
between the Dukoral® vaccine and gastrointestinal disorders involving mucosal inflammation. In a
very recent study of patients who were diagnosed with colorectal cancer from July 2005 through
December 2012 in Sweden, it was revealed that those who had previously received Dukoral® had
a significantly reduced risk of death from colorectal cancer (CRC) [89]. Although the underlying
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mechanism is not clear at this point, the authors speculated that CTB might be associated with a risk
reduction of CRC [89]. This observation warrants a comprehensive investigation on this subject.

In conclusion, even though CTB has been studied since the early 1970s [3], its immunomodulatory
mechanisms appear to involve complex interplay between epithelial and immune cells that requires
a systematic approach for comprehensive understanding. The studies highlighted herein strongly
suggest CTB’s potential as an effective mucosal anti-inflammatory agent with the potential to replace
or supplement currently available therapies for the treatment of inflammatory disorders of the mucosa,
such as anti-TNF« biologics used in IBD patients who are refractory to conventional medications.
As anti-TNFo agents are administered systemically, these agents have limited efficacy for the induction
of mucosal healing [90,91] and/or pose severe adverse reactions [92-94]. In contrast, CTB has few,
if any, adverse effects (according to the CD clinical trial [47]), can directly heal lesions/ulcers, and blunt
inflammation upon topical administration. Therefore, to aid in developing CTB-based therapeutic
strategies against various mucosal immunopathological conditions, further research that delineates
how CTB can modulate epithelial cell signaling and T cell functions simultaneously is warranted.
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Abstract: Beyond providing evolutionary advantages, venoms offer unique research tools, as they
were developed to target functionally important proteins and pathways. As a key pain receptor in
the nociceptive pathway, transient receptor potential vanilloid 1 (TRPV1) of the TRP superfamily
has been shown to be a target for several toxins, as a way of producing pain to deter predators.
Importantly, TRPV1 is involved in thermoregulation, inflammation, and acute nociception. As such,
toxins provide tools to understand TRPV1 activation and modulation, a critical step in advancing
pain research and the development of novel analgesics. Indeed, the phytotoxin capsaicin, which is
the spicy chemical in chili peppers, was invaluable in the original cloning and characterization of
TRPV1. The unique properties of each subsequently characterized toxin have continued to advance
our understanding of functional, structural, and biophysical characteristics of TRPV1. By building on
previous reviews, this work aims to provide a comprehensive summary of the advancements made
in TRPV1 research in recent years by employing animal toxins, in particular DkTx, RhTx, BmP01,
Echis coloratus toxins, APHCs and HCRG21. We examine each toxin’s functional aspects, behavioral
effects, and structural features, all of which have contributed to our current knowledge of TRPV1.
We additionally discuss the key features of TRPV1’s outer pore domain, which proves to be the target
of the currently discussed toxins.

Keywords: TRPV1; outer pore domain; spider toxin; centipede toxin; scorpion toxin; snake toxin;
sea anemone; nociception; venom; pain

1. Background

Noxious stimuli are detected by a wide array of peripherally located ion channel receptors,
where their activation is transferred to the central nervous system mainly via small diameter,
unmyelinated c fibers [1]. Due to the limited number of receptors charged with detecting innumerable
stimuli, many of the ion channel receptors have the ability to detect and respond appropriately to a
multitude of stimuli (polymodality) [2,3]. One such receptor, TRPV1, has the ability to detect internal
and external noxious stimuli such as high temperature (>42 °C), low pH, peptide toxins and capsaicin,
the “hot” chemical in chili pepper [4-6]. TRPV1 activation, sensitization, and modulation have been
indicated in many diseases, including irritable bowel syndrome, cancer, and diabetes [7-10].

Structurally, the TRPV1 receptor consists of four independent, identical protein subunits that
assemble into a functional, non-selective cation channel (Figure 1) [11]. Each of the four subunits
is composed of six transmembrane segments, with a pore-forming loop between segments five and
six (pore helix) and intracellular N- and C- termini (Figure 1) [11,12]. Importantly, 25 amino acids
in the S5 outer pore domain leading to the pore helix make up the pore turret, which has been
proposed to be involved in heat-induced activation [13]. Over 112 known functional sites found
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along the sequence of each subunit are responsible for TRPV1’s capacity to respond to a multitude of
agonists, antagonists, and channel blockers [14]. One major binding site is the S3-54 located vanilloid
binding site, which is activated by endo-vanilloids such as anandamide, or exo-vanillolids such as
capsaicin [15-18]. A second major binding domain has been described as the outer pore region,
essential for proton-mediated TRPV1 activation [5]. Following the successfully constructed cryo-EM
structure, we now understand that TRPV1 boasts a relatively broad outer pore domain, which has
been suggested to enhance accessibility to ligands of variable size and charge [19]. Indeed, to date, all
characterized animal toxins’ binding sites were found to reside in the outer pore domain. During TRPV1
gating, considerable rearrangements occur in the outer pore, pore helix, and selectivity filter, but not in
transmembrane segments 1-4 as would be expected when compared to the structurally-similar voltage
gated channels [11,12,20]. In addition, TRPV1 activation is distinct in that it depends on the opening of
two allosterically coupled gates. Large structural rearrangements in the outer pore domain affect the
pore helix and selectivity filter, while a hydrophobic narrowing of the lower gate undergoes expansion
during activation [11]. Functionally, it has been shown that activation of single subunit through the
vanilloid binding site is sufficient to activate the entire channel [21]. Activation via the outer pore
domain by protons requires four functional binding sites, indicating a discrepancy in the coupling
mechanism between the two gates and the opening of the pore [21].

Due to its major role in the pain pathway, TRPV1 offers an attractive target for pharmacological
manipulation in pain management [22]. There have been many attempts to design functional TRPV1
antagonists, which could potentially block pain transmission from the periphery. Even prior to the
cloning of TRPV1, the potent and specific antagonist capsazepine was synthesized by modifying
the structure of the naturally-occurring plant toxins, capsaicin and resiniferatoxin, in order to block
nociceptive firing and potentially be used as an analgesic [23]. However, this molecule, along with
many other molecules synthesized since then, has been found unsuitable for therapeutic use. The major
stumbling blocks in successful pain therapy through TRPV1 inhibition are critical side effects such
as hyperthermia and changes in core body temperature, or decreased noxious heat detection due to
TRPV1’s role in thermo-regulation and sensation [24]. A more successful approach, albeit imperfect, has
been to take advantage of TRPV1 desensitization that occurs during strong activation by potent agonists
such as capsaicin [25]. This approach is currently in use as a topical analgesic cream, but maintains side
effects such as an initial burning sensation and potential damage to nociceptors [26]. Accordingly, more
research is necessary to understand the function and regulation of TRPV1 in pain in order to develop
molecules which affect only a single modality of the channel instead of blocking the channel’s full
array of functions.

Overall, an organism’s nociceptive system serves as a beneficial protective mechanism to prevent
or respond to tissue damage [2]. Venomous animals take advantage of this system and have developed
highly specific, potent, and complex toxins to specifically target sensitive proteins in the pain system,
such as TRPV1 [6]. As such, these molecules provide unique probes for understanding functionally
important proteins in the peripheral pain pathway.

TRPV1’s original cloning and characterization was made possible by the plant toxin capsaicin,
used as a probe to search for a heat channel in the pain pathway [4]. Since then, capsaicin has become
the “gold standard” of TRPV1 activation, and has contributed to critical developments over the last
20 years in understanding the role of TRPV1 in pruritis, cancer, weight loss, and in the cannabinoid
system [8,9,27,28]. Resiniferatoxin (RTX), an ultra-potent phytotoxin agonist that is found in the
plants Euphorbia resinifera and Einhorbia poissonii found in Morocco, has likewise become an invaluable
research tool [29,30]. The successful elucidation of the TRPV1 cryo-EM structure in the open state was
possible due to the extreme affinity and binding of RTX paired with the irreversible outer-pore binding
Double knot Toxin (DkTx) [11]. Functionally, due to the strong activation and high affinity binding
to TRPV1, RTX has been shown to selectively ablate TRPV1* nociceptors. Taking advantage of this,
RTX administration is being clinically investigated as an analgesic in several ailments, such as severe
burn subjects or bone cancer [31]. Additionally, vanillotoxins (VaTx1, VaTx2 and VaTx3), from the
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venom of the tarantula Psalmopoeus cambridgei, were the first described animal derived peptides that
activate the somatosensory system, in this case specifically targeting TRPV1 (previously reviewed) [6,32].
This set of toxins, similar in structure to each other, contains three inhibitory cysteine knot (ICK)
peptides [32]. ICK is a structural motif shared by toxins from venomous animals of many species, such
as cone snails, spiders and scorpions [32]. These toxins have a unique feature of six cysteine residues
that form sulfide bridges, producing a “knot-like” structure [33]. ICK toxins are most commonly
involved in channel inhibition, such as Kv channels, causing paralysis and hyperexcitability [33].
Finally, some venomous animals (e.g, funnel web spider and Heteractis crispa sea anemone) were
shown to produce toxins that inhibit TRPV1 rather than activating it. The purpose of these presumably
analgesic toxins remain unknown [34].

Overall, toxins have provided unparalleled tools in understanding TRPV1 activation, regulation,
and structure. In the pursuit to design more efficient and specific pain treatments through TRPV1
modulation, we further turn to toxins to elucidate the different binding sites of TRPV1 and its activation
mechanism(s). To date, several animal toxins have been described that activate, modulate, or inhibit
TRPV1. In this review, we focus on the recent animal toxins research that have contributed to our
understanding of this receptor’s unique activation profile and its inner workings as a receptor in the
pain pathway.

S5-pore

pore helix 1, Tinker

S6-linker

Figure 1. Pore-forming domains in the TRPV1 tetramer. (A) Top view of closed tetrameric TRPV1
channel showing transmembrane helices and emphasizing the intertwined subunits arranged around
a central pore. Each subunit is color-coded individually. PDB ID: 5IRZ. (B) Color coded outer pore
domain and pore-forming structures from a top-down view of the tetrameric channel. S5 (green) links
with the pore helix (pink) via its linker (black). The pore helix connects to S6 (gold) via an outer pore
linker (blue), which also harbors the upper selectivity filter Gly 643 (red). A lower selectivity filter
(red) appears further down S6 at Ile 679 (red). S1-54 are represented in grey. Note that the pore turret
(23 AA) situated between S5 and the pore helix is omitted in this structure. PDB ID: 5IRZ. (C) Side view
of a single TRPV1 subunit color coded as described in B. PDB ID: 5IRZ.

2. Double-Knot Toxin (DkTx)

2.1. Introduction

Vanillotoxins are ICK motif-containing spider proteins targeting TRPV1 [6,32]. These toxins
activate the channel by binding to the extracellular pore domain [35]. One of these vanillotoxins,
DkTx (8522 Da), has a unique bivalent structure: two tandemly repeated ICK motifs that are highly
homologous (67% identity, Figure 2) [36,37]. This TRPV1-selective toxin is found in the venom of the
Chinese bird spider (Ornithoctonus huwena), an old world aggressive tarantula [36,38]. Its bivalent
structure allows DkTx to form an exceptionally stable complex with TRPV1’s outer pore region
resulting in persistent current conductance through the channel [36,37,39,40]. In contrast, the separated
DKkTx ICKs (knot 1, “K1”; knot 2, “K2”) as well as the single knot vanillotoxins, VaTx1-3, produce

271



Toxins 2017, 9, 326

reversible binding and activation of TRPV1 [36,39]. Additionally, DkTx’s bivalency accounts for its
increased potency and avidity of TRPV1 activation in comparison to other vanillotoxins [36,41].

2.2. Functional Aspects

An interesting feature of DkTx-induced TRPV1 current is its relatively slow kinetics during
activation until maximal amplitude is reached [36]. However, co-application of DkTx and capsaicin
results in increased binding and activation rates for the toxin as evident by faster onset of a stable,
irreversible current typical to DkTx on both the single channel and whole cell levels [36]. Thus, it
was suggested that DkTx preferentially binds, and subsequently locks, TRPV1 in the channel’s
open conformation [20,36,42]. Accordingly, in the absence of another activating stimulus, DkTx
presumably binds TRPV1 during one of the channel’s brief spontaneous transitions to the open
state [20]. Further support for this notion can be derived from the apo structure of TRPV1 in which
superimposition of DkTx clashes with the channel’s side chains [20]. Thus, it is possible that channel
activation by DkTx in low temperatures, when the open state excursions of TRPV1 are diminished,
could be reduced. In addition, it could be expected that the toxin’s ability to irreversibly lock and
stabilize TRPV1 in its open state would yield maximal open probability, especially when compared to
the flickering nature of channel activation by the reversible agonist capsaicin [36,43,44].

2.3. Effect on Nociception

Considering the toxin’s unique activation profile of TRPV1, DkTx is expected to cause an
excruciating and prolonged pain response [36]. Indeed, the bite of a Chinese-bird spider reportedly
produces substantial pain and inflammation [38]. Nonetheless, experiments evaluating the specific
effects of DkTx on pain and aversive responses have yet to be conducted. Additionally, the neuronal
firing properties of TRPV1-positive nociceptors in response to DkTx application has yet to be
characterized. Thus, whether prolonged TRPV1 activation by the toxin indeed leads to prolonged
action potential firing on the neuronal level is still unknown.

2.4. Structural Features

A recent cryo-EM structure in near-atomic resolution of the DkTx-TRPV1 complex revealed
that the two toxins” ICK motifs bind two adjacent subunits in the homo-tetrameric channel in an
anti-parallel orientation [11,20,45]. Therefore, two DkTx molecules can fully occupy a single TRPV1
channel by binding to its outer pore domain [20,39,46]. DkTx’s linker consists of seven amino acids,
including two proline residues, which likely reduce its flexibility [36,39]. In addition, the toxin’s linker
adopts a tense and constrained conformation upon DkTx binding to TRPV1, which may reflect a
linker’s length that has evolved to match the distance between two adjacent ICK binding sites [20].
As different activators display a distinct activation stoichiometry of TRPV1, it is still not known how
many knots bound to the channel are required in order to elicit channel gating [21]. In each TRPV1
subunit, the different toxin knots bind equivalent binding sites that are situated in the interface of
two neighboring subunits [11,39]. Thus, when bound, a single knot interacts with the pore helix of
one subunit and the pore loop preceding S6 in an adjacent subunit [20]. A previous alanine scan
study has identified four TRPV1 residues in the S5-pore helix loop (I599; rTRPV1), S6-pore helix loop
(F649; rTRPV1) and S6 (A657 and F659; rTRPV1) which are critical to channel activation by DkTx [36].
Additionally, molecular-dynamics simulations analysis suggested several TRPV1 residues that are
in proximity to the bound DkTx and may be involved in toxin binding [39]. These include K535 and
E536 (S4) (rTRPV1), Y631 (pore helix) (rTRPV1) and a stretch of residues between the pore helix and S6
(F649, T650, N652, D654, F655, K656, A657 and V658; rTRPV1). Thus, it was postulated that the more
distant 1599 and F659 (rTRPV1) contribute to DkTx-induced gating but not directly to the binding
of the toxin [39]. It was further suggested that these two residues along with V595, F649 and T650
(rTRPV1) form a hydrophobic cluster which lies in the interface between the S5, S6, and the pore
helix, and behind the selectivity filter [39]. Following DkTx binding, it is presumed that this cluster is
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disrupted and that residues in the cluster undergo substantial conformational changes which lead to
ion permeation through the channel [39].

Although DkTx’s ICK motifs are highly homologous and share the same binding site, they differ
in binding orientation, leading to a higher potency observed in K2 than K1 [36,39]. Computational
alanine scanning revealed that most residues involved in channel binding are conserved between
the two ICKs as W11, G12, K14 and F27 from K1 as well as W53, G54, K56 and F67 from K2 were
found to play an important role in TRPV1 activation (Figure 2) [39]. However, functional differences
between the two knots could stem from other residues crucial for toxin binding which are variable
between K1 and K2 such as K13 and S55, M25 and L65, and K35 and R75, respectively (Figure 2) [39].
Interestingly, these alternate residues are situated in a region that was shown to influence the knot’s
affinity to TRPV1 in a chimera study [39]. DkTx contains a large hydrophobic surface as each ICK
contains two hydrophobic fingertips (K1: W11, M25, F27, and 128; K2: W53, L65, A66, F67, and 168)
(Figure 2). However, these fingers are surrounded by acidic and basic residues (K1: E7, K13, K14, H30,
and K32; K2: E47, E49, K56, E72, K73, and R75) (Figure 2) [20,39]. Similar amphipathic nature was
previously shown to allow other ICK toxins to protrude into lipid environments [47-50]. Furthermore,
tryptophan (Trp) fluorescence showed that DkTx is indeed able to undergo partitioning into lipid
environments [39]. In addition, it was found that K1 permeates the membrane more efficiently than
K2 [39]. Thus, it was speculated that in the course of DkTx binding, K1 initially partitions the membrane
and then coordinates the binding of its more potent counterpart, K2, to TRPV1 [39]. However, there
is still no evidence that this is indeed the case. An improved-resolution cryo-EM structure of the
DKTx-bound TRPV1 shows that DkTx hydrophobic fingers penetrate 9 A deep into the membrane
thus causing local distortions in the lipid bilayer [20]. Moreover, this structure revealed that some
membrane lipids form interactions with both DkTx fingers and TRPV1 residues thus producing a
tripartite complex. For instance, DkTx’s W11 (K1) and W53 (K2) form hydrophobic interactions with
aliphatic chains whose polar head groups bind to R534 (S4; rTRPV1) in TRPV1 [20]. Other examples
are F27 (K1) and F67 (K2) that similarly interact with triglycerides which are also in contact with 5629
(pore helix; rTRPV1) as well as Y453 (S1; rTRPV1) [20]. These toxin-lipid-channel interactions along
with DKTx-TRPV1 bonds likely compensate for the energetic penalty predicted for the interference
of the organized lipid environment in this structure [20,39]. Overall, the interaction surface between
DkTx and TRPV1 is quite limited as the bound toxin is also stabilized via its interaction with the
lipid bilayer [20].

A. B.

K1 + Linker K2

Figure 2. The amphipathic nature of the DkTx structure allows it to protrude the membrane bilayer.
Individually visualized knots of DkTx, with the linker (cyan) between the two knots appearing on
K1 (A) Hydrophobic residues are labeled in red and polar residues in blue. This amphipathic nature
presumably enables DkTx to successfully protrude into the lipid environment of the cell membrane.
Key amino acids indicated in TRPV1 binding according to computational scan studies have been
labeled (). Disulfide bridges are labeled in yellow. K1, PDB ID2N9Z. (B) K2 knot of DkTx labeled as
described in A. Amino acids in K2 are numbered according to the molecule in its entirety.PDB ID: 2NA]J.

273



Toxins 2017, 9, 326

3. RhTx

3.1. Introduction

RhTx is a peptide toxin (27 amino acids) that was identified in the venom of the
Chinese red-headed centipede (Scolopendra subspinipes mutilans) [51]. This aggressive arthropod,
which populates parts of eastern Asia and Australasia, can cause extreme localized pain upon
envenomation [51,52]. It was found that RhTx is a selective TRPV1 activator, as it does not affect other
TRPV channels (i.e., TRPV2-4). In addition, the voltage-gated potassium ion channel Kv2.1, which was
previously shown to be inhibited by other peptide toxins targeting TRPV1 (i.e., VaTx1 and VaTx2),
is neither inhibited nor activated by RhTx [32,51]. Similar to capsaicin-mediated TRPV1 activation,
RhTx displays very rapid kinetics, in both channel opening and washout. This is in contrast to the
slow-developing, slow washing DkTx described above [36,51].

3.2. Functional Aspects

RhTx activates TRPV1 with a comparable efficacy to capsaicin [51]. However, functional
examinations revealed that TRPV1 activation by RhTx is highly temperature-dependent, as increased
temperatures strongly potentiate the toxin activity [51,53]. In contrast to capsaicin, RhTx activity is
significantly reduced at 20 °C compared to room temperature (RT) experiments and completely
abolished at 10 °C [51]. Furthermore, 100 nM RhTx, 20% of the toxin’s ECsq at RT, reduces
heat activation threshold below body temperatures [51]. Thus, RhTx is a potent TRPV1 activator
in mammals’ physiological body temperatures. Single TRPV1 channel recordings revealed that
RhTx evokes a near unity open probability while reduced current conductance was observed in
negative holding membrane potentials in comparison to capsaicin [51]. Hence, additional experiments
at negative holding potentials are required to understand the physiological relevance of the
temperature-dependent activation by RhTx. In addition, RhTx desensitizes TRPV1’s response to
heat, whereas activation by capsaicin is unaffected. These findings imply that RhTx affects the heat
activation machinery of the channel either directly or allosterically [51]. However, the changes in
toxin potency observed could merely be the result of preferential RhTx binding to the open state of
TRPV1. Thus, further evidence is required to establish the functional interaction between RhTx and
heat, as well as with other TRPV1 activators such as protons and capsaicin.

3.3. Effect on Nociception

RhTx was shown to evoke an acute pain response when injected into mice [51]. However, longer
term possible implications of RhTx application such as sensitivity to heat, cold and tactile stimuli were
not tested. Firing properties and desensitization of TRPV1 positive neurons activated by this toxin
are yet to be characterized as well. In addition, while other potent toxins (e.g., capsaicin) targeting
TRPV1 eventually cause TRPV1* fiber denervation, it is still not known whether this is the case for
RhTx. The RhTx-induced pain response observed was comparable to the response elicited by the crude
centipede venom [51]. Thus, RhTx could account for the excruciating pain evoked by this centipede’s
bite. Interestingly, a previously described toxin from the same venom, Ssmé6a, was shown to selectively
inhibit human and rodents Nav1.7 channels, causing analgesia [54]. Thus, the algogenic effect of this
centipede’s venom is surprising given the prominent role of Nav1.7 in nociception [55].

3.4. Structural Features

Structural analysis of RhTx revealed two disulfide bonds and a cluster of charged residues on
one side of the molecule, endowing the toxin with polarity (Figure 3) [51,53]. Importantly, four
charged residues (D20, K21, Q22 and E27) and one polar residue (R15) from the same structural
domain were found to take part in RhTx-TRPV1 binding in a mutagenesis study, causing reduced
or enhanced activation, respectively (Figure 3) [51]. These findings indicate that the toxin’s charged
surface forms electrostatic interactions with the channel [51]. No effect on RhTx activity was detected
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when hydrophobic residues were mutated, implying there is no significant interaction between the
toxin and the lipid bilayer [51]. Further analysis of channel interaction with RhTx identified D602
(mTRPV1 turret), Y632 and T634 (mTRPV1 pore helix) as critical to TRPV1 activation by this toxin.
Using Rosetta-based molecular docking, RhTx was predicted to bind at the interface of two TRPV1
subunits similar to DkTx [20,51]. Thus, it is possible that the binding sites of these two toxins are
overlapping. Interestingly, another TRPV1 residue (L461 of the mouse TRPV1) located within the
S1-52 extracellular linker was found to facilitate RhTx-induced TRPV1 activation. This observation
points to a possible role of this region, which was previously thought to be stationary, in the activation
mechanism of TRPV1 [51,56].

Figure 3. The polar RhTx binds TRPV1 through its charged surface. Structure of RhTx indicating
the polarity of the molecule. Charged residues D20, K21, Q22 and E27 (red) have been indicated in
TRPV1 binding, along with the polar residue R15. Two cysteine bridges are highlighted in yellow.
PDB ID: 2MVA.

4. BmP01

4.1. Introduction

Scorpions are a source for diverse neurotoxins, which have contributed greatly to the study of
their targeted ion channels [57]. BmP01, a 3178.6 Da (29 amino acids) protein, is the first scorpion
toxin with TRPV1 activating properties to be described [58,59]. This toxin, found in the venom of
Mesobuthus martensii, has a typical inhibitory cysteine knot (ICK) motif structure with three disulfide
bonds (1-4, 2-5 and 3-6) stabilizing a compact and rigid protein fold (Figure 4) [58,59]. Within the vast
ICK toxins family, BmP01 is further sub-classified as part of the a-KTX8 toxins subgroup with whom it
shares similar topology and sequence features [60,61].

4.2. Functional Aspects

Concentration-response relationship experiments revealed that BmP01 dose-dependently activates
the channel with comparable efficacy to capsaicin [59]. Accordingly, in single channel recordings it
was shown that BmP01 produces conductance through TRPV1’s pore similar to capsaicin, albeit with
reduced open probability [61]. The kinetics of BmP01 activity and washout in electrophysiological
recordings from TRPV1 expressing cells also resembles capsaicin [61]. The desensitizing properties of
BmP01 on TRPV1 were not tested so far. BmP01 does not activate TRPV3, a closely related channel
to TRPV1 [61]. The effect of this toxin on other prominent pain sensing TRP channels (e.g., TRPA1,
TRPMS, and TRPV2) has yet to be determined. However, in addition to TRPV1, BmP01 was also found
to modulate the activity of voltage-gated potassium channels by potently inhibiting mKv1.3, hKv1.3,
and rKv1.1, but not mKv1.1, thus presenting species specificity [59]. The bi-functionality of this toxin
might enable an enhanced nociceptive response to BmP01 as both activating TRPV1 and inhibiting Kv
channels would result in hyperexcitable nociceptors [32,61-63]. Remarkably, BmP01 displays strong
pH-dependent activity [61]. BmP01 displays low potency at neutral pH (ECsp = 169.5 £ 12.3 M) [59,61].
However, in acidic conditions the toxin’s inhibitory effect in Kv1.3 is diminished, whereas its agonistic
effect on TRPV1 is greatly potentiated (ECsg = 3.76 & 0.4 uM) [61]. This enhanced TRPV1 response is
seen in pH values (~6.5) that were previously shown to sensitize the channel rather than activate it [5,61].
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Thus, BmP01 and protons synergize to produce enhanced TRPV1 response [61]. Similar relations
between BmP01 and heat (which similarly to protons modulates TRPV1 gating through the outer
pore region), were yet to be reported. In addition, how BmP01 unique functional properties affect the
neuronal response is yet to be characterized.

4.3. Effect on Nociception

Injection of 500 uM BmPO01 evokes a pain response in wild-type mice but not in TRPV1 KO
mice [59]. Therefore, this finding suggests that BmP01 does not activate other pain receptors in a
physiologically significant manner. However, while BmP01-induced pain requires TRPV1, it is still
not clear whether Kv1.3 contributes to this response. Nevertheless, it was shown that solely blocking
this potassium channel does not evoke a pain response [59]. Furthermore, considering pH effect on
both BmP01-dependent Kv inhibition and TRPV1 activation and that the pH of Mesobuthus martensii
venom is acidic, TRPV1 is probably the main ion channel targeted by BmP01 to induce pain upon
this scorpion’s sting [61]. Thus, the pH-dependent sensitization of TRPV1 towards BmP01 reflects a
strategy which enables physiologically relevant toxin concentrations to inflict pain following scorpion
envenomation [61]. Indeed, injecting BmPO1 in an acidic solution potentiated the response to this toxin
in mice while such an effect was absent for capsaicin in low pH solutions [61]. Increased sensitivity to
heat and tactile stimuli were not tested following BmP01 application.

4.4. Structural Features

ICK motifs are a common structural feature among many neurotoxins including the TRPV1
targeting toxins, DkTx and VaTxs, which bind the outer pore domain of the tetrameric TRPV1 [36,64,65].
Indeed, chimera studies along with docking calculations indicated that BmP01 also binds this channel
domain [61]. Site directed mutagenesis screening identified three polar residues (E649, T651, and E652;
hTRPV1) involved in TRPV1 activation by BmP01 which are in proximity to residues implicated in
vanillotoxins-induced gating [36,61]. Interestingly, these residues are situated in the pore helix-56 loop
that was shown to influence TRPV1 gating [56,61]. Specifically, E649 was shown to undergo protonation
under acidic conditions that leads to channel activation [5]. Alanine scanning and thermodynamic
cycle analysis revealed that BmP01’s K23 forms electrostatic interaction with E649 while the role
of T651 and E652 as well as other possible interaction sites remain to be elucidated (Figure 4) [61].
Another site involved in proton-dependent TRPV1 gating is E601 (h\TRPV1) which is protonated in
slightly less acidic conditions than E649 [5]. Notwithstanding, while protonation at E601 only sensitizes
TRPV1, protonation at both sites is required for robust channel activation [5,61]. Further functional
tests showed that the protonation mimicking mutation, E601Q, potentiated BmP01 response in neutral
pH while preventing protonation at this position by using the E601A mutation produced diminished
toxin potency and pH dependence [61]. Thus, BmP01 takes advantage of the machinery mediating
TRPV1 gating by protons to cause channel activation in pH values which otherwise only sensitize
the channel [61].

K23 »‘\ =

Figure 4. BmP01’s K23 forms an electrostatic interaction with TRPV1 outer pore region. Structure of
BmPO01 indicating the typical ICK motif formed by three disulfide bonds (indicated in yellow).
Red indicates key amino acid K23, which interacts with E649 of TRPV1, an important proton-binding
site in TRPV1 channel activation. PDB ID: IWM?7.
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5. Echis coloratus Toxins

5.1. Introduction

Pain is a hallmark of envenomation by most snakes [66]. However, little is known on how snake
venoms produce this response, as only a few snake toxins targeting the pain pathway have been
described so far [66-68]. Recently, peptides from the venom of the Echis coloratus viper were shown to
activate TRPV1 [69]. This snake’s bite produces an intense local burning pain along with local swelling
and hemorrhagic disturbances [70]. In a screening of RP-HPLC fractions of Echis coloratus venom, three
(F1, F7, F13) out of 24 fractions were found to produce TRPV1 response [69]. However, the structural
and functional properties of F1 and F7 remain unknown, as these fractions were not further analyzed.
Moreover, while F13 was shown to contain several proteins, this fraction was not subjected to further
purification steps and the TRPV1-activating entity was not isolated [69]. Thus, the structure of the
toxin targeting TRPV1 was not determined. Nonetheless, denaturizing proteins in this fraction did not
affect TRPV1 activation, indicating that the active compound is a low molecular weight peptide that
presumably adopts a stable tight helical conformation similar to other heat resistant toxins previously
described in snake venoms [69,71,72].

5.2. Functional Aspects

F13 evokes an outwardly rectifying TRPV1 current with extremely fast kinetics as F13 activation
immediately terminates upon washout, similar to capsaicin and protons [69]. In addition, F13 evokes
acute desensitization and tachyphylaxis of TRPV1 in the presence of calcium with typical kinetics [69].
F13 was shown to be a selective TRPV1 activator as no effect of this fraction was observed on other
TRP channels expressed in nociceptors; TRPV2, TRPA1 and TRPMS [69]. Modulation of voltage-gated
ion channels by this fraction was not tested. In neurotropic assays, F13 presented NGF activity
while SDS-PAGE analysis of this fraction revealed a protein with similar size to mouse NGF [69].
NGFs, which are commonly found in a variety of snake venoms, cause acute sensitization of TRPV1
indirectly through NGF receptors [73]. However, the TRPV1-activating component of this fraction was
found to be independent of the NGF signaling pathway, as NGF receptor blockers do not alter TRPV1
response to F13 in a heterologous expression system [69]. These findings suggest that F13 contains
both TRPV1 activating toxin and NGF, which likely synergize in vivo to produce an increased pain
response mediated by TRPV1 [69].

5.3. Effect on Nociception

Envenomation by Echis coloratus snake results in hypotension, local swelling, necrosis and pain
in humans [70,74,75]. While substances released from the damaged tissue are able to sensitize and
activate nociceptors, this Echis snake was shown to produce also toxins that specifically target the pain
pathway as reviewed here. However, as these TRPV1-targeting toxins were not isolated behavioral
tests evaluating their specific effect in vivo are yet to be conducted.

5.4. Structural Features

The presumed peptide nature of the TRPV1-activating compound in F13 suggests that the binding
site for this toxin resides in the extracellular domains of the channel. Indeed, mutations in the
intracellular binding site for phytotoxins, the vanilloid binding site, that were previously shown
to abolish capsaicin and resiniferatoxin activity do not influence F13-induced TRPV1 response [69].
Interestingly, the mutation A657P in the outer pore region of TRPV1, which renders the channel
insensitive to DkTx and VaTx3, does not affect TRPV1 activation by F13 as well [69]. The possibility
that F13 causes TRPV1 activation through the residues mediating protons-induced gating was not
tested. Therefore, while this snake toxin likely binds the channel extracellularly, the exact binding site
for the F13 toxin remains unknown. Additional mutagenesis and chimera studies along with structural
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and computational analysis of toxin structure and interactions with TRPV1 are required to locate this
toxin’s binding site.

6. Analgesic Polypeptide Heteractis crispa (APHC) Toxins

6.1. Introduction

While we can logically understand that toxins have evolved to specifically activate the pain
system, accumulating evidence suggests that many toxins have components that possess analgesic
properties. Such examples include mambalgins from the Black mamba snake or the previously
described non-peptide toxin from the spider Agelenopsis aperta, shown to inhibit ASICs and TRPV1,
respectively [76,77]. The toxins APHC1-3, derived from the sea anemone Heteractis crispa found in the
Indio-Pacific, were the first polypeptide inhibitor of TRPV1 described [78].

6.2. Functional Aspects

All three toxins were shown to be partial, but potent, antagonists, with APHC3 displaying the
highest level of inhibition (71% of 3 uM capsaicin), and the lowest IC5j value (18 nM) [78]. As is
common with molecules presenting with partial antagonistic characteristics, a bimodal mechanism
of action of APHC on TRPV1 activity was recently described [79]. In the presence of saturating
concentrations of capsaicin (3 M), APHC acts as an inhibitor, whereas current produced by very low
concentrations (3 nM) of capsaicin are potentiated in the presence of the toxin [79]. Interestingly, APHC1
showed the highest levels of potentiation, showing an increase of 250% of the capsaicin - evoked
current [79]. Furthermore, APHC3 potentiated TRPV1 activation in response to slightly acidic (pH 6.2)
solution, whereas no inhibition was observed at highly acidic (pH 4.5) solutions [79]. Likewise, low
concentrations of the synthetic molecule 2-aminoethoxydiphenyl borate (2APB) were subject to APHC
potentiation, while high concentrations were unaffected [79].

6.3. Effect on Nociception

In vivo tests suggest that APHC1 and APHC3 both have the ability to produce analgesia in
different behavioral pain models [80]. Both toxins display a dose-dependent inhibition of thermal
nociception in doses up to 0.1 mg/kg injected intramuscularly, intraperitoneally, and intravenously [80].
Interestingly, APHC1 is a more potent inhibitor, as doses as low as 0.01 mg/kg are effective in
increasing paw withdrawal latency from a hot plate, while the minimum effective dose of APHC3 was
0.05 mg/kg [80]. In comparison, potent serine protease inhibitors with similar structure and folding
had no effect on thermal sensation, indicating that the basic structure alone is not enough to affect
TRPV1 mediated thermal sensation [80]. When the toxins were tested for their effects in the formalin
test for inflammation, the two candidates produced different effects: whereas APHC1 decreased both
phases of the formalin test (acute and inflammatory pain), APHC3 attenuated only the second phase,
indicating the inhibition of TRPV1 was effective only in modulating TRPV1 during inflammation [80].
The proposed mechanism is that APHC3 inhibits pH mediated TRPV1 activation, found during the
inflammatory response, whereas APHC1 modulates additional TRPV1 modalities [80]. On the other
hand, both toxins attenuated thermal hyperalgesia observed during complete Freund’s adjuvant (CFA)
injection in a dose dependent manner, although the effect of APHC1 was larger [80].

Similar to most molecules proposed to affect nociception through TRPV1, these molecules affect
core body temperature [80]. Interestingly, unlike molecules that exclusively inhibit all of TRPV1’s
modalities, in vivo studies show that APHC1 and APHC3 do not cause hyperthermia [80]. Rather, these
molecules decrease core body temperatures commonly observed during administration of TRPV1
selective agonists [80]. In accordance with their different inhibitory mechanisms, injection of APHC1
induced a sharp fall in body temperature of —0.8 °C within 30 min after administration, whereas
APHCS3 produced a slow decrease of —0.6 °C reached 60 min [80].
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These toxins give an interesting insight into the possibility of TRPV1 modulation through an
intermediate state. A potential aim for the development of novel analgesics through TRPV1 may be
to avoid inhibiting TRPV1 as a whole and instead target a specific modality. These toxins provide an
indication of the possible effects of partially inhibiting TRPV1.

6.4. Structural Features

The three highly homologous toxins have been characterized, differing in four of their 56 residues,
and are estimated to be approximately 6187.0 Da each [78]. They contain unique features of
protease inhibitors derived from bovine pancreas, such as a disulfide rich «/p structure common to
BPTI/Kunitz-type enzymes [78]. Other molecules common to this group include SHPI-1, a trypsin
inhibitor (85% homology with APHC), KAL-1, a potassium channel blocker, and calcicludine, a calcium
channel blocker (52% APHC homology) [78].

Molecular modeling of the toxin on the background of cryo-EM structures of TRPV1 suggest that
functionally important residues for toxin interactions are in the outer pore domain, involving the pore
helix and two extracellular loops, and overlapping with the proton binding site [79]. Considering this,
antagonism by the toxin at acidic pH may involve competitive inhibition rather than allosteric, in
the case of other modalities [79]. Arginine residues in the toxin’s C terminal mediate the strongest
interactions between the toxin and TRPV1 outer pore domain [79]. Specifically, R48 of the toxin
interacts with E648, E651, and Y653 (rTRPV1) of TRPV1’s outer pore domain [79]. Similar to previously
described toxins, APHC1 interacts simultaneously with two TRPV1 subunits as R51 of APHC1 interacts
with E636 and Y627, and R55 of APHCI interacts strongly with D646 of the adjacent subunit [79].
Moreover, two conformational states of the toxin, which depend on an open or closed TRPV1 channel,
suggest that there is a two-way effect of conformational rearrangements of the channel affecting the
toxin and the toxin affecting the channel [79]. Specifically, in the open state, the pore helix of TRPV1
pushes APHC1 about 2.5 A in the external direction [79]. In this way, APHC toxins stabilize an
intermediate state, producing a bimodal effect on TRPV1 gating [79].

7. Heteractis crispa RG 21 (HCRG21)

7.1. Introduction

Toxins with a kunitz-type domain act as protease inhibitors, yet some of these peptides have an
additional neurotoxic activity as they also inhibit ion channels [81]. Such dual activity is observed in
HCRG21, a kunitz-type peptide from the venom of Heteractis crispa [34]. This sea anemone toxin inhibits
both trypsin and TRPV1 [34]. The structure of this bifunctional toxin contains three disulfide bonds
and has a molecular mass of 6228 Da [34]. The HCRG21 sequence is highly homologous (82%—-95%)
to APHC1-3, TRPV1 inhibiting toxins from the same venom described above [34,78]. In addition
to TRPV1 inhibitors, HCRG21 also shares high identity (84%) with ShPI-1, a potent inhibitor of
several voltage-gated potassium channels [34]. However, HCGR21 does not modulate the activity of
these channels [34].

7.2. Functional Aspects

TRPV1 inhibition by HCRG21 is dose-dependent with an ICs) = 6.9 + 0.4 uM when co-applied
with 1 uM capsaicin [34]. The unclear evolutionary benefit of inhibiting TRPV1 combined with its
low potency suggests that this toxin targets additional ion channels. Furthermore, it is not clear
whether TRPV1 is inhibited by physiologically relevant toxin concentrations. However, unlike APHC1,
HCRG?21 is a full channel antagonist [34].

7.3. Effect on Nociception

Introduction of TRPV1 antagonists to the clinic as new analgesics was hampered as these inhibitors
produced serious, adverse effects, namely hyperthermia and insensitivity to scalding heat [82-84].
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Although these are on-target effects, it is thought that inhibiting one of the modalities activating
TRPV1 would produce the desired analgesic effect while maintaining a favorable safety profile.
However, HCRG21’s ability to block TRPV1 activation by modalities other than capsaicin is yet to
be reported.

7.4. Structural Features

Most residues that were found to be important in APHC1 binding to TRPV1 (E6, T14, E38,
R48, and R51) are conserved in HCRG21, except for V31, which is substituted by proline [34].
This substitution could underlie the difference in efficacy between these two toxins. However, the
significance of the aforementioned residues in HCRG21 activity is yet to be confirmed. Using homology
modeling and molecular dynamics simulations, HCRG21 was hypothesized to interact with the
regulatory domain in the intracellular TRPV1 C-terminal where PIP2 also binds the channel [34].
Nonetheless, both the ability of HCRG21 to penetrate the membrane and to block capsaicin currents
through this site were not tested. A far likelier possibility, which was also suggested using
computational analysis, is that HCRG21 binds the outer vestibule sitting directly on the TRPV1
channel pore thus presumably blocking the conductance of ions [34]. Conformational changes in the
outer pore region and interaction with a residue in the channel’s selectivity filter were also predicted
upon toxin binding [34]. However, this computational data is not yet backed by any functional
analysis experiments.

8. Toxins and the TRPV1 Outer Pore Domain

Toxins have evolved over thousands of years to target physiologically significant processes
in order to exert a robust and acute effect in their victims [6]. To do so, toxins may modulate the
activity of central ion channels by binding or affecting functionally important domains in these
proteins [6,85]. Thus, toxins have been instrumental in understanding the structure and function
of ion channels so far [41]. Common ion channel domains targeted by toxins include the voltage
sensor, ion permeable pathway, and agonist binding sites [6]. Another channel site affected by
toxins is the outer pore domain [6]. By binding to this region some toxins, like charybdotoxin,
serve as a cork occluding ion conductance through the pore and directly inhibit channel activity [86].
However, other toxins either inhibit or activate channels by binding to sites in the outer pore domain
that are involved in the channel’s gating mechanism. Accordingly, as reviewed here, several toxins
were shown to activate, modulate, or inhibit TRPV1 by binding to the outer pore domain of the channel
(Figure 5 and Table 1) [34,36,51,61]. These findings signify the outer pore region of TRPV1 as a common
domain for binding and gating of the channel by different peptide animal toxins, and highlight the
importance of the outer pore domain in TRPV1 activation.

The outer pore region also plays a pivotal role in TRPV1 activation evoked by various stimuli
other than toxins. For instance, extracellular protons potentiate and activate TRPV1 through glutamate
residues (E600 and E648, respectively) found in this region [5,87]. Furthermore, protons were also
found to perturb outer pore structure leading to sub-conductance TRPV1 currents [88]. Divalent cations
were suggested to induce substantial conformational rearrangements in the outer pore region,
which potentiates channel activity [89]. In addition, mutagenesis experiments revealed gain-of-function
mutations within the extracellular pore domain [90]. Residues in this region were also found to be
essential for heat activation of TRPV1 [91,92]. However, this does not necessarily mean that the
channel’s heat sensor lies within the outer pore domain, as other protein domains were also found to
be equally involved in this process [93-95].

The proximity of so many binding sites and functionally important domains in the outer pore
region raises the possibility that some toxins allosterically modulate TRPV1 activation by other stimuli.
Indeed, RhTx was shown to reduce the threshold for heat activation by 6 °C [51]. In addition,
BmP01 was found to affect the protons-induced gating machinery. The preferential binding of DKTx to
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the open TRPV1 conformation suggests that this toxin may also enhance the channel’s response to
other modalities in physiological settings [36,61].

Structural analyses of the TRPV1 channel in distinct conformations have confirmed that the outer
pore domain undergoes substantial structural reorganization, which is associated with a shift in the
pore helix relative position during the gating process [11,96]. In contrast, the S1-54 domain remains
static in different channel conformations and was suggested to serve as a scaffold for the S5-Pore-S6
domain [56]. TRPV1 and voltage gated ion channels share a similar topology and three-dimensional
structure [46,97]. In voltage-gated ion channels, the outer pore region was shown to be relatively
stationary during transitions between the apo and open states, while the S1-54 domain where the
voltage sensor is situated is highly dynamic [10,98]. Reflecting the differential gating mechanisms
in these two channel types, VaTx3 inhibits Kv channels by binding to the channel’s voltage sensor
region (S3-54) yet activates TRPV1 via the outer-pore domain to cause net hyper-excitability in
effected neurons [32,36].

A

S1-54

Intracellular
region

Figure 5. Significant amino acids for toxin-induced modulation of TRPV1 activity. (A) The outer pore
region is collectively colored in gold, and S1-54 are labeled in fuchsia. Intracellular structures are blue.
PDB ID: 5IRZ. (B) Key amino acids indicated in channel activation by each individual toxin are labeled
according to the toxin: DkTx, Red; RhTx, Blue; BmP01, Purple; APHC, Green. Whole subunits are
lightly colored to visualize the interface between adjacent subunits. PDB ID: 5IRZ.

Table 1. Key toxin features and interactions with TRPV1.

Species Toxin
TRPV1: Y453, R534, K535, E536, 1599, 5629, Y631, F649,
Key Amino T650, A657, N652, D654, F655, K656, A657, V658, F659
Chinese earth tiger Double-k . Acids DkTx: K1: W11, G12, K14, and F27
tarantula O DLT “";é‘”‘m K2: W53, G54, K56 and F67
Chilobrachys guangxiensis (DKTx) [36] Behavioral
Unknown
effects
Potency ECsp =0.23 pM
Key Amino TRPV1: D602, Y632, T634, Possibly 1461
Chinese red-headed Acids RiTx: D20, K21, Q22, R15, E27
centipede .
Scolopendra subspinipes RATx [51] Beel}zlz:xsral Acute pain response when injected into mice
mutilans
Potency ECsp =521.5 4+ 162.1nM
Key Amino  rppy). pess, Te51, E652
Acids
Chinese Scorpion . BmP01 [59] Behavioral Injection of 500 uM BmP01 evokes a pain response in wt
Mesobuthus martensii effects mice but not in TRPV1 KO mice
Potency ECs0(ph=65) = 3.76 + 0.4 uM

ECso(pher5) = 169.5 £ 12.3 M
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Table 1. Cont.

Species Toxin
Key Amino
Acids Unknown
Palestine saw-scaled viper Behavioral
Echis coloratus F13[69] Unknown
effects
Potency Unknown
Key Amino  pycpcor: B, T14, P31 E38, RaS, R51
Acids
Heteractis crispa RG 21 .
Sebae anemone Behavioral
Heteractis crispa (HCRG21) [34] effects Unknown
Potency IC5p =69 £ 0.4 uM
Key Amino TRPV1: D648, E651, Y653, E636, Y627, D646
Acids APHC: V31, R48, R51, R55
dose-dependent inhibition of thermal nociception
APHC1 decreases both phases of the formalin test
(acute and inflammatory pain). APHC3 attenuates
Analgesic polypeptide only inflammatory phase
Heteractis crispa Behavioral . attenuates thermal hyperalgesia observed during
(APHC1-3) [78] effects CFA injection
Injection of APHC1 decreased body temperature
by —0.8 °C within 30 min after administration.
Injection of APHC3 decreases body temperature by
0.6 °C 60 min after administration.
Potency APHC1: IC5p = 6.9 + 0.4 uM

APHC3: IC5) = 18 nM

9. Conclusions

In the past five years, many advances have been made in our understanding of TRPV1 activation,
structure, and potential roles in pain management therapy, greatly due to the rich collection of animal
toxins that target this ion channel [6,11,41]. In this review, we discuss the molecular traits of these
toxins that have been pivotal to our understanding of TRPV1, with the aims of elucidating the detailed
functioning of the pain system. It is only in this way that we can develop stronger, more precise tools
to manipulate and control the nociceptive system.

Considering the discussed toxins, we find remarkable diversity in terms of structure, functional
mechanism, and effect. However, the outer pore region of TRPV1 serves as a common and complex
site in which toxins and other modalities (i.e., heat and protons) converge to modulate TRPV1 gating
in distinct manners. For example, DkTx’s unique structure produces a strong TRPV1 response, but
does so through slow, prolonged TRPV1 activation by binding to the channel’s open conformation [36].
In contrast, aversive behavior is also seen in RhTx, which produces strong, capsaicin-like TRPV1
activation [51]. Through RhTx, we also understand that conformational changes due to the ambient
temperature may also affect the binding of the molecule [51]. Similarly, TRPV1 activation by BmP01
was shown to be potentiated by low pH values [59]. Thus, these toxins may take advantage of existing
conditions at the site of injected venom (the presence of inflammatory mediators, protons, and body
temperature) as a general strategy to enhance their potency and effect. Moreover, considering the
recently characterized Echis coloratus activity on TRPV1, we can understand that, although all toxins
thus far target the outer pore domain, key amino acids in TRPV1 activation remain to be described [69].
Other toxins, such as the APHC family or HCRG21 which display analgesic properties, have an unclear
purpose for inhibiting TRPV1 [34,78]. Nonetheless, these toxins offer insight into the behavioral effects
of inhibiting TRPV1.
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Abstract: Botulinum toxin (BoNT) has been used as a treatment for excessive muscle stiffness,
spasticity, and dystonia. BoNT for approximately 40 years, and has recently been used to treat
various types of neuropathic pain. The mechanism by which BoNT acts on neuropathic pain
involves inhibiting the release of inflammatory mediators and peripheral neurotransmitters from
sensory nerves. Recent journals have demonstrated that BoNT is effective for neuropathic pain,
such as postherpetic neuralgia, trigeminal neuralgia, and peripheral neuralgia. The purpose of this
review is to summarize the experimental and clinical evidence of the mechanism by which BoNT
acts on various types of neuropathic pain and describe why BoNT can be applied as treatment.
The PubMed database was searched from 1988 to May 2017. Recent studies have demonstrated that
BoNT injections are effective treatments for post-herpetic neuralgia, diabetic neuropathy, trigeminal
neuralgia, and intractable neuropathic pain, such as poststroke pain and spinal cord injury.

Keywords: botulinum toxin; neuropathic pain; neuropathic pain treatment

1. Introduction

Botulinum toxin (BoNT) has been used for decades in the treatment of diseases, such as dystonia
or seizures, and cosmetic treatments. BONT is useful in conditions such as strabismus because it causes
long lasting but reversible paralysis via the administration of small amounts locally [1,2]. As BoNT
purification technology develops, the range of use of this drug has been expanded, and the number
of Food and Drug Administration (FDA)-approval diseases has also increased. Common to these
applications is the fact that BONT is absorbed from the neuromuscular junction or parasympathetic axon
terminal to the motor neuron terminal because the toxin is responsible for the release of acetylcholine.
It is important to note that these effects are not systematically redistributed but only localized. Numerous
reports suggest that local administration of BONT has a significant effect on neuropathic pain.

For a long time, the analgesic effect of Botulinum toxin A (BoNT-A) was considered to be due
to the effect of muscle relaxation [3-5]. However, recent studies using BoNT in neuropathic pain
models have demonstrated that BONT has an analgesic effect independent of muscle relaxation by
demonstrating dissociation of the duration of muscle relaxation and duration of pain relief [6].

In this paper, we investigate the mechanism of BoNT in neuropathic pain by examining the effects
of the drug for intractable neuropathic pains, such as postherpetic neuralgia, diabetic neuropathy,
complex regional pain syndrome, trigeminal neuralgia, phantom limb pain, spinal cord injury-induced
neuropathic pain, and central poststroke pain.

Toxins 2017, 9, 260 288 www.mdpi.com/journal /toxins
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2. Structure of Botulinum Toxin

BoNT is protein group produced by anaerobic bacteria called Clostridium botulinum, which has
approximately 40 subtypes. However, seven serotypes are typically noted based on antigen specificity.
Botulinum toxin A (BoNT-A) and B (BoNT-B) are the most commonly used drugs. Particularly, BONT-A
type has a molecular weight of approximately 900,000. BONT-A is a double chain protein. The light
chain (LC) is active, whereas the heavy chain (HC) is not active. BONT binds to the acceptor at the
nerve end and enters the nerve ending by receptor-mediated endocytosis. LC binds to the exogenous
protein involved in exocytosis and breaks down the peptide bond of the protein transporter to block
exocytosis and acetylcholine secretion. The C-terminal receptor-binding domain, which constitutes
the heavy chain of BoNT, binds to ganglioside receptors and specific proteins on the cell membrane.
This binding induces endocytosis of HC-LC. In general, acetylcholine binding to the acetylcholine
receptor of the motor endplate is necessary for muscle contraction. At this time, the acetylcholine
exocytosis process is necessary in presynaptic membrane. The normal acetylcholine exocytosis process
requires three proteins: the synaptosomal associated protein-25 kDa (SNAP-25), syntaxin, and the
vesicle-associated membrane protein (VAMP)/synaptobrevin in the presynaptic membrane. These
proteins are called soluble N-ethylmaleimide (SNARE) proteins. As a zinc-dependent endoprotease,
the LC of BoNT cleaves intracellular SNARE. This cleavage interferes with SNARE-mediated protein
transport and transmitter release, blocking muscle innervation at the neuromuscular junction and
resulting in flaccid paralysis [7,8]. This effect of BONT LC is dependent on the serotype, but it persists
from days to months [9,10].

BoNT-A and BoNT-B are effective in neuropathic pain. Mice can be treated with nerve ligation to
induce mononeuropathy and cisplatin to induce polyneuropathy. BoNT-B improves allodynia and
hyperalgesia [11]. A clinically reported case report demonstrates that BONT-B improves pain and
symptoms in complex regional pain syndrome (CRPS) patients with a lumbar sympathetic block [12].

3. Mechanism of Action of Botulinum Toxin for Neuropathic Pain (Experimental Study)

BoNT also reduces and alters neuropathic pain in several animal models via the following
mechanisms. BoNT inhibits the secretion of pain mediators (substance P, glutamate, and calcitonin
gene related protein (CGRP)) from the nerve endings and dorsal root ganglions (DRG), reduces local
inflammation around the nerve endings, deactivates the sodium channel, and exhibits axonal transport.
We will review the various mechanisms by which BoNT reduces neuropathic pain (Figure 1).

3.1. BoNT Inhibits the Release of Pain Mediators from the Peripheral Nerve Terminal, DRG, and Spinal
Cord Neuron

The effect of BONT on the secretion of sensory neurotransmitters has been documented in several
animal models. BoNT reduces normal CGRP release and capsaicin-induced DOA secretion and
has additional effects on the TRPV1 pathway [13]. According to Meng et al., in a rat trigeminal
ganglion sensory peptidergic neuron cell culture model, BoNT cleaves neuronal SNARE and blocks
neurotransmitter secretion [14]. Durham et al. also reported a prophylactic advantage in migraine
headaches via blocking the release of neuropeptides, such as CGRP from the trigeminal ganglion
neuronal culture [15].

Fan et al. demonstrated that BoNT significantly reduces TRPV1 protein levels. Several studies
demonstrated that TRPV1 plays a crucial role in arthritis pain, and this article examined the causal
relationship between the antinociceptive effect of BONT and the expression of TRPV1 in DRG of
rats with arthritic pain. No significant changes in TRPV1 mRNA levels were observed via RT-PCR
performed with different BONT doses (1, 3, and 10 U); However, BONT or TRPV1 protein levels were
significantly decreased. This paper demonstrates the antinociceptive mechanism of BoNT by reducing
TRPV1 expression by inhibiting plasma membrane trafficking after intra-articular administration [16].
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Figure 1. (A) Noxious stimuli cause inflammation through the release of neuropeptides and
inflammatory mediators, which can cause peripheral sensitization. This action also occurs in DRG,
dorsal horn of spinal cord and can lead to central sensitization. Botulinum toxin (BoNT) inhibits
the release of pain mediators in peripheral nerve terminal, DRG, and spinal cord neuron, thereby
reducing the inflammatory response and preventing the development of peripheral and central
sensitization. Symbols; SP, substance P; CGRP, calcitonin gene related protein; DRG, dorsal root
ganglion; (B) The hyperexcitability and spontaneous action potential mediated by the Na channel in
peripheral sensory neuron contribute to the pathophysiology of neuropathic pain. BONT can control
neuropathic pain by blocking the Na channel; (C) Some of the BoNT appear to retrograde transport along
the axons. SNAP-25 is cleaved in the dorsal horn of the spinal cord and central nuclei after a small amount
of BoNT is administered to the periphery, thereby boosting the retrograde transport of BoNT.

3.2. BoNT Reduces Inflammation

Cyclophosphamide (CYP) was injected into the bladder of rats to induce CYP-induced cystitis,
and HCL was injected into the bladder to induce acute injury. The bladder was harvested and
compared with the Sham group. The cells were cultured in a solution containing BoNT to compare
neurotransmitters. CGRP and substance P were significantly increased in the acute injury group
compared with the control group, and substance P was significantly increased in the CYP-induced
cystitis group. After exposure to BoNT, neurotransmitter levels were significantly reduced. In this article,
we found that BoNT has an anti-inflammatory effect on chronic inflammation and acute injury [17].
In a chronic arthritis dog model, intraarticular BoNT injections are effective for up to 12 weeks [18,19].
The anti-inflammatory effect of BONT reduces the release of peripheral neurotransmitters and
inflammatory mediators.

However, the effects are debated. Rojecky et al. injected carrageenan and capsaicin into the
hindpaw of the rat, and rats were treated with BoNT five days before injection. No significant
differences in edema and plasma protein extravasation were noted between the group injected with
BoNT and the group without BoNT [20]. In addition, Sycha et al. reported that the BoNT group
and the control group had no direct effect on acute, noninflammatory pain in the group treated
with BoNT upon skin exposure to Ultraviolet B [21]. Chuang et al. measured cyclooxygenase-2
(COX-2) levels in the capsaicin-induced prostatitis model. COX-2 is a key enzyme that is an important
mediator of inflammation and pain. COX-2 expression was induced as assessed by Western blotting
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or immunostaining. Inflammation was induced upon injection of capsaicin into the prostate of an
adult male rat. Another group was pretreated with 20 U BoNT one week before injection of capsaicin.
The expression of COX-2 was reduced in spinal sensory and motor neurons and the prostate in the
pretreatment group [22].

BoNT also decreases local inflammation around the nerve terminal. According to the report
of Cui et al.,, BONT was administered to the footpads in formalin-inflammatory pain model rats.
The antinociceptive effect started 5 h after BONT treatment and persisted for greater than 12 days.
In addition, edema was reduced, but no localized muscle weakness was observed. Formalin-induced
glutamate release was also significantly reduced. This finding demonstrates that local inflammation
around the nerve endings is reduced in the absence of obvious muscle weakness [23].

3.3. BoNT Deactivates Sodium Channels

BoNT also deactivates the sodium channel. Na current stimulates numerous cellular functions,
such as transmission, secretion, contraction, and sensation. BoNT-A changes the Na current of
a neuronal excitable membrane, which is different from that of local anesthetics, tetrodotoxin,
and antiepileptic drugs that completely control the Na current via a concentration-dependent
manner [24].

3.4. BoNT Exhibits Axonal Transport

BoNT exhibits axonal transport function from the periphery to the CNS, and administering BoNT
to the facial and trigeminal nerve causes SNAP-25 cleavage in the central nuclei. In addition, a small
amount of BoNT was injected into the hind limb, confirming the cleavage of the SNAP-25 in the ventral
horn and the dorsal horn of the ipsilateral spinal cord, thereby demonstrating the retrograde axonal
transport function of BoNT [25]. In addition, the BoNT effect on both sides has been reported after
injecting BoNT on one side [26-28]. In animal studies, the anti-nociceptive effect of BONT was studied
in paclitaxel-induced peripheral neuropathy. The withdrawal nociceptive reflex was reduced after
paclitaxel injection into the hind paw of the rat. BONT was injected into one side, but the analgesic effect
was observed on both sides. Diffusion into blood circulation may affect the central nervous system,
but the dose was too low to cause systemic side effects. BoNT is also too large to pass the BBB, so the
theory that BoNT is transmitted from the periphery to the central nervous system through the axon is
possible [28]. To prevent retrograde axonal transport, Rojecky et al. confirmed the antinociceptive effect
of unilateral transport of the axonic transport blocker colchicine in the ipsilateral sciatic nerve [26],
which also demonstrated the retrograde axonal transport of BoNT.

However, this notion is controversial. Tang et al. injected ?*I-radiolabeled free BoNT into the
gastrocnemius muscle of rats and rabbit eyelids and observed BoNT in various tissues at different time
points. In both rabbits and rats, systemic effects were absent, and most of the toxins remained in the
injection site. The authors concluded that most of the BoNT remained near the injection site and did
not cause systemic toxicity [29].

Whether BoNT is transported retrograde from the injection site remains controversial. However,
retrograde axonal transport has been demonstrated in numerous papers. Marinelli et al. analyzed
the expression of cI-SNAP-25 from the nerve endings of the hind paw to the spinal cord after
applying BoNT to the periphery. Inmunostained cI-SNAP-25 was detected in all tissues. Additional
experiments were performed to assess whether the growth state of Schwann cells interacts with BoNTs.
As a result, BoONT regulated the proliferation of Schwann cells to inhibit acetylcholine release. This
result demonstrates retrograde trafficking of BoNT [30].
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4. Clinical Study of Botulinum Toxin for Neuropathic Pain

4.1. Trigeminal Neuralgia

A review of the efficacy of Botulinum toxin (BoNT) on trigeminal neuralgia (TN) has been reported
in approximately 11 cases, including three RCT papers. This review includes the largest number of
clinical trials for neuropathic pain for BoONT. In a randomized, double-blind, placebo-controlled study
of 42 patients, Wu et al. performed a parallel design with intradermal or submucosal injection of 75 U of
BoNT-A in 22 patients. Twenty patients in the control group received 1.5 mL saline. In the BoNT group,
68.8% of patients had a visual analog scale (VAS) reduction of greater than 50%. In the control group,
a VAS reduction of greater than 50% was noted in 15% of the patients [31]. In addition, a randomized,
double-blind, placebo-controlled study was performed in 84 adults with TN by Zhang et al. 28 control
subjects were treated with saline, 27 with 25 U BoNT-A, and 29 with 75 U BoNT-A. The response rates
in the 25 U and 75 U groups were 70.4% and 86.2%, respectively, which were significantly different
from the control group (32.1%). However, no significant differences were noted between the two
groups [32]. According to Zuniga et al., 20 patients received 50 U of BONT-A, and 16 controls received
the same dose of saline. VAS was 4.9 vs. 6.63 at two months follow-up. No significant differences were
noted between the two groups. At three months, there was a significant difference at 4.75 vs. 6.94 [33].

Prospective, open, and case series for trigeminal neuralgia are reported in three studies. According
to Bohluli et al., 15 TN patients were administered 50-100 U of BoNT-A in the trigger zone without
any special injection mode. All patients reported a reduction in pain frequency and VAS score [34].
Zuniga et al. reported 12 trigeminal neuralgia patients who underwent subcutaneous injection in the
trigger zone, and a reduction in VAS lasting greater than two months was noted in 10 patients [35].
Turk et al. also reported that injection of 50 U BoNT-A at 1.5-2 cm depth around the zygomatic arch
was performed in eight patients, and the incidence of pain and VAS were reduced in all patients [36].
The above papers are summarized in Table 1.

Table 1. Botulinum toxin for trigeminal neuralgia.

Number of

Method of Injection (Total

Study Design Patients Volume) Result Reference
Randomized Intradermal, submucosal 50% VAS reduction 68.8%
double-blind, 42 75U /saline, 15 mL) (Botulinum toxin (BoNT) group)  [31]
placebo-controlled : 15% (Control)

Randomized, 84 (27 BoNT 25U, Intradermal. submucosal Visual analog scale (VAS)
double-blind, 29BoNT 75 U, 5U/75 U/saline 1mL) reduction 70.4% (25 U) vs. [32]
placebo-controlled 28 control) 86.2% (75 U) vs. 32.1% (Control)
Randomwl.ed, 36 (20 BoNT, Intramuscular VAS (BoNT vs. Control) 4.9 vs.
double-blind, 16 control) (50 U/saline 1 mL) 6.63 (2 months) 4.75 vs. [33]
placebo-controlled 6.94 (3 months)
Prospective, open, 15 Injected at the trigger zones  All patients improved frequency [34]
case series (50-100 U) and severity of pain attacks 8
Prospec.t'lve, open, Subcutaneous (20-50 U) VAS reduc.ed lastm.g more than (35]
case series 2 months in 10 patients.

. Around zygomatic arch, " .
Prospective, open, s 15-2 cm depth Incidence of pain and VAS were [36]

case series

(50 U per point, total 100 U)

reduced in all patients.

4.2. Postherpetic Neuralgia

Two BoNT RCTs for postherpetic neuralgia (PHN) have been reported. Xiao et al. performed a
randomized, double-blind, placebo-controlled study of 60 patients with PHN. The following study
groups were included: the BoNT group, 0.5% lidocaine group, and 0.9% saline group. These patients
were treated 5 U/mL BoNT-A, 0.5% lidocaine and 0.9% saline in the affected dermatome, respectively.
Follow-up was performed at one day, seven days, and three months after drug administration.
The BoNT group exhibited significantly improved VAS and sleep quality compared with the other
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two groups [37]. In addition, Apalla et al. performed a randomized, double-blind, placebo-controlled
study on 30 adults with PHN, and the affected sites were divided into a chessboard of 5 U BoNT-A
per injection. Thirteen of the 15 patients had a VAS reduction of at least 50% lasting approximately
16 weeks and a significantly reduced the sleep score [38]. Previously, there were reports on the
antinociceptic effect of BONT. Liu et al. reported that the VAS decreased from 10 to 1 after BoNT-A
injection into the lesion, and the effect persisted for 52 days [39]. Sotiriou et al. reported assessed a
case series of three patients. The affected site was divided into a chessboard form using a total of 100 U
BoNT-A with 5 U injected at each point. The VAS started to decrease in three days and continued to
decrease for greater than two months [40]. These papers are summarized in Table 2.

Table 2. Botulinum toxin for postherpetic neuralgia.

Number of Method of Injection

Study Design Patients (Total Volume) Result Reference
Randomized, double-blind, SchuFanequs BoNT5 U, Significantly VAS pain
60 0.5% lidocaine, score was decreased and [37]
placebo-controlled o . . L
0.9% saline per site sleep time improved
Randomized, double-blind, 30 Divided into chessboard 50% VAS reduction of 38]
placebo-controlled 5 U per site 13 patients
s VAS decrease from 10 to 1
Case report 1 Fan pattern injection 100 U Lasted for 52 days [39]
c . 3 Divided into chessboard VAS decrease and [40]
ase series 5 U per site (100 U) continued to 2 months

4.3. Post-Surgical Neuralgia

Four reports on the efficacy of BoNT on post-surgical neuralgia, including RCT articles, have been
published. RCT articles include post-herpetic neuralgia and post-traumatic neuralgia. According to
Ranoux et al., 29 patients with focal painful neuropathy and mechanical allodynia were included in a
randomized, double-blind, placebo-controlled study. Up to 20-190 U BoNT-A was injected into the
pain site intradermally. The injections reduced VAS, burning sensation, and allodynic brush sensitivity
and improved QOL [41]. Layeeque et al. also observed postoperative pain. In 48 breast cancer patients
subject to mastectomy, 22 patients were treated with BONT-A in the pectoralis major, serratus anterior,
and rectus abdominis muscle, and 26 control group patients were not treated. The group treated
with BoNT reported improved post-operative pain, and post-operative analgesic use was significantly
reduced. In addition, the tissue expander was removed from one patient in the BoONT group and five
patients in the control group. The BoNT group did not complain of any particular complications [42].
A case report described satisfactory results from subcutaneous injection of BONT-A in a 67-year-old
patient with post-thoracotomy pain for more than two years postoperatively. The pain site was divided
into 1-square centimeter. Then, 2.5 U of BONT-A was injected into the middle, and 100 U BoNT-A was
administered in total. The patient reported improved pain after five days, and pain relief persisted for
up to 12 weeks [43]. According to Rostami et al., eight cancer patients with persistent focal pain were
treated with surgery or radiotherapy. BONT-A was injected intramuscularly or subcutaneously into the
localized pain area. All patients reported significant VAS improvement, and a significant improvement
in QOL was also noted [44]. The above studies are described in Table 3.
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Table 3. Botulinum toxin for post-surgical neuralgia.

Method of Injection (Total

Study Design Number of Patients Result Reference
Volume)
Randomized, 29 (4 Postherpetic neuralgia, Decrease VAS, neuropathic
double-blind, 25 Post-traumatic, Intradermal (20-190 U) nature pain and improve in  [41]
placebo-controlled  post-surgical neuropathy) quality of life
Prospective, Post-operative pain and
non-randomized, 48 (22 BoNT, 26 control) Intramuscular (100 U) P P [42]
analgesic use was reduced
placebo-controlled
Subcutaneous Affected zone  Improvement in pain was
Case report 1 was drawn with divisions of ~about 50% as measured on [43]
P approximately 1 cm?, the VAS and persisted at
2.5 U per site (100 U) 12 weeks
. . Intramuscular, subcutaneous  All patients had VAS
Pilot, prospective 8 (100 U) improvement [44]

4.4. Diabetic Neuropathy

Two randomized, double-blind, placebo-controlled studies used BoNT for pain control of diabetic
neuropathy (DN). In a study of 20 DN patients, Yuan et al. reported that 4 U of BONT-A per site
(total 50 U) was administered to the dorsum of foot, and 44% of patients had a clear reduction in VAS
lasting three months and improved sleep quality [45]. Ghasemi et al. conducted a study similar to
the previous paper, except that the BONT dose was 8-10 U per site in 40 DN patients. A decrease
in neuropathic pain score (NPS) and Douleur Neuropathique 4 (DN4) scores were reported in that
study [46]. A meta-analysis of these two articles concluded that DN has a significant association
between BoNT and pain relief [47]. The above papers are described in Table 4.

Table 4. Botulinum toxin for diabetic neuropathy.

. No. of Method of Injection
Study Design Patients (Total Volume) Result Reference

Randomized, 10,
double-blind, Intradermal 4 U per site at dorsum add /0. of the BoNT group £ 5

lacebo-controlled 2 of foot (50 U per each foot) experienced a reduction o [45]
p . ’ VAS within 3 months.
cross-over trial
Randomized, Intradermal, dorsum of the foot, Decrease in neuropathic
double-blind, 40 in a grid distribution pattern, total ~ pain score and Douleur [46]

placebo-controlled 12 sites 8-10 U per site Neuropathique 4

4.5. Occipital Neuralgia

Kapural et al. retrospectively analyzed six patients injected with 50 U BoNT-A in the occipital
nerve and found that the VAS was significantly reduced. Five patients exhibited pain relief lasting
greater than four weeks [48]. Taylor et al. reported that 100 U of BoONT-A was administered to the
occipital protuberance in the prospective, open, and case series. Improvement in sharp/shooting pain
was noted, but no definite improvement in dull/aching pain was indicated [49]. Occipital neuralgia
has been assessed in only two case series without an RCT article, so these studies are insufficient to
prove the effectiveness of BoNT. The above papers are also described in Table 5.
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Table 5. Botulinum toxin for occipital neuralgia.

. No. of Method of Injection
Study Design Patients (Total Volume) Result Reference
Case series 6 Occipital nerve block 50 U Significant VAS reduction and 48]

for each block (100 U) pain relief lasting >4 weeks

Improvement in sharp/shooting
pain, no definite improvement [49]
in dull/aching pain

Prospective, open, 6 Greater and lesser occipital
case series nerve block (100 U)

4.6. Carpal Tunnel Syndrome

Breuer et al. conducted a randomized, double-blind, placebo-controlled study of 20 patients.
In this study, 2,500 U of BoONT-B or saline was injected into hypothena muscle and tentorium associated
with carpal tunnel. Tingling sensation, pain, and pain related to improved sleep were noted, but there
was no significant difference compared with the control group [50]. In a prospective, open, pilot study
of five patients, a total of 30 U of BONT-A was injected intracarpally. Of the five patients, three reported
insignificant pain relief, and none had electrophysiological changes [51]. These results suggest that the
use of BoNT in carpal tunnel syndrome is not effective. These papers are described in Table 6.

Table 6. Botulinum toxin for carpal tunnel syndrome.

. No. of Method of Injection
Study Design Patients (Total Volume) Result Reference
Randomized, Intramuscular, hypothena  No significant difference
double-blind, 20 /P &n [50]

placebo-controlled muscle, tentorium (2500 U)  compared to the control group

Three patients insignificant

Pmipecitlivte, 5 In’;raclaf alm?()l ?660{}; ach reduced pain, none had [51]
open, prio carpat tunne electrophysiological change.
4.7. CRPS

Safarpour et al. reported that two patients with CRPS had a reduction of CRPS and myofascial
pain with the intramuscular administration of 20 U BoNT-A per site and trigger point injection [52].
They also performed randomized, prospective, double-blind, placebo-controlled, open-label extension
studies of BONT in CRPS patients. Fourteen patients with CRPS were divided into the BoNT group
(n = 8) and control group (n = 6). A total of 40-200 U (5 U per point) BoONT was administered to
the affected area with allodynia. No difference was found between the interventional group and the
placebo group, and this study was terminated early due to the intolerance of BoNT [53]. In another
study, lumbar sympathetic block was performed in a randomized, double-blind, placebo-controlled
crossover study. Patients received standard LSGB on one side, and 10 mL of 0.5% bupivacaine was
used. The same patient was injected with a crossover (another side) injection of 75 U BoNT-A in 10 mL
of 0.5% bupivacaine. The control group has a median of 10 days, whereas the BONT group has a median
of 71 days [54]. In a case series published by Choi et al., two patients who experienced short-term
effects on the lumbar sympathetic block were injected with 5000 U of BONT-B in 0.25% levobupivacaine
with a lumbar sympathetic block. VAS, allodynia, edema, coldness, and analgesic drug usage were
reduced [12]. In a prospective, open case series of 11 patients with CRPS symptoms in upper limb
girdle muscles, a total of 300 U of BONT-A was administered to the pain-related muscles at 25-50 U.
All patients exhibited improved VAS, allodynia, hyperalgesia, and skin color after 6-12 weeks [55].
In a retrospective, uncontrolled, unblended study of 37 patients, as a result of administering a total of
100 U of BoNT-A (10-20 U per pain site), 97% of patients reported pain reduction, and the average
pain score decreased by 43% [56]. Except for one negative study, positive results have been published.
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However, these studies include a low class papers, and the effect of BONT in CRPS patients has not
been proven. These papers are summarized in Table 7.

Table 7. Botulinum toxin for complex regional pain syndrome (CRPS).

. Number of Method of Injection
Study Design Patients (Total Volume) Result Reference
Case series 5 Int.ramuscular Trlgger Reducthn of CRPS pain and 52]
point 20 U per site myofascial pain
Randomized,
prospective, Intradermal, subcutaneous  No difference between BONT
. 14 (8 BoNT group, . .
double-blind, 6 control group) Allodynia area 5 U per site  group and placebo group, [53]
placebo-controlled, ¢ group (40-200 U) terminated study early.
and open-label extension
Randomized, Lumbar sympathetic block Loneer duration of pain
double-blind, 75 U BoNT + 0.5% ger ou pat
9 (18 cases) . . o reduction (BoNT vs. [54]
placebo-controlled bupivacaine/0.5%
. . control/71 days vs. 10 days)
crossover bupivacaine
Lumbar sympathetic block
Case series 2 5000 UBoNT-B +025% A5 and CRPS symptoms [12]
. . were reduced.
levobupivacaine
Prospective, Affected site, All patlgnts had 1mpr9ved VAS,
N case series 11 25-50 U per site (300 U) allodynia, hyperalgesia, and [55]
open case series persite skin color after 6 to 12 weeks
Retrospective, 37 Affected site, The 97% patients reduced pain. [56]

uncontrolled, unblended

10-20 U per site (100 U)

(average pain reduction of 43%)

4.8. Phantom Limb Pain

In a prospective, randomized, double-blind pilot study, 14 patients with phantom limb pain were
treated with 50 U per site for a total of 250-300 U BoNT-A. In addition, a lidocaine and depomedrol
mixture was administered at the focal tender point. VAS was assessed monthly in patients before and
six months after treatment. Both groups reported improved pain. The BoNT group had an advantage
over pain control during the 3-6 months, but phantom limb pain was not completely alleviated [57].
There is a case report in which the effect of BONT was effective in reducing phantom limb pain for
greater than 12 months. In total, 25 U of BONT-A was injected into the trigger point of the stump at
four sites, and the patient was able to reduce the pain medication given that the pain was significantly
eliminated [58]. The effect of BONT on phantom limb pain cannot be verified because only low-grade
studies on phantom limb pain have been reported. The above papers are also listed in Table 8.

Table 8. Botulinum toxin for phantom limb pain.

No. of

Study Design . Method of Injection (Total Volume) Result Reference
Patients
Both groups improved pain and
Prospective, Intramuscular/cutaneous/subcutaneous/ BoNT group had an advantage over
randomized, 14 neuroma (EMG guidance) 50 U per site pain control during 3-6 months but [57]
double-blind, pilot (250-300 U) could not completely change
phantom limb pain.
Phantom pain, pain medication could
Case series 3 EMG guidance into points with strong be reduced, the gait became more (58]

stable and the artificial limb was
better tolerated.

fasciculation (500 U)

4.9. Spinal Cord Injury-Induced Neuropathic Pain

In a study of 40 patients with spinal cord injury-induced neuropathic pain, a randomized,
double-blind, placebo-controlled design was used. In the BoONT group, 200 U BoNT-A was divided
into 40 sites, and 4 mL of saline was administered to the control group in a similar manner. Pain
intensities were assessed using VAS, the Korean version of the short-form McGill Pain Questionnaire
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(SF-MPQ), and the Korean version of the World Health Organization Quality of Life (WHOQOL-BREF)
questionnaire. The same procedure was performed at baseline and four and eight weeks. The BoNT
group exhibited a statistically significant decrease in VAS at four and eight weeks compared with
the placebo group, and SF-MPQ was also significantly reduced compared with the placebo group.
However, there was no significant difference between the control group and the BoNT group in
the Korean version of the WHOQOL-BREF, which assesses physical health, psychological social
relationship, and environmental domains [59]. A similar paper was published in 2017, and a randomized,
double-blind, placebo-controlled study was performed in 44 patients with spinal cord injury-induced
neuropathic pain. The BoNT group received 200 U of BoNT-A at the pain site, and the control group
received the same amount of saline at the pain site. Unlike the above paper, patients received the same
treatment once daily for eight weeks. The primary outcome of pain was measured on a VAS scale,
and the secondary outcome was measured by the SF-MPQ and the WHOQOL-BREF questionnaire.
At four and eight weeks, both primary and secondary outcomes were measured and evaluated.
No adverse effect was noted in both groups. VAS and SE-MPQ were significantly decreased in the
BoNT group compared with placebo group at four and eight weeks, respectively. The difference from
the above paper is that the WHOQOL-BREF also exhibited a statistically significant decrease compared
with the placebo group [60].

In addition, there have been several case reports of neuropathic pain associated with spinal cord
injury. Jabbari et al. reported that two patients who had burning pain and allodynia after spinal
cord injury injected with 5 U of BONT-A at 1620 sites in the pain site maintained significant VAS
reduction for greater than three months [61]. Han et al. mentioned that 20 U of BONT-A was injected
into 10 painful areas in patients with spinal cord injuries, and VAS was decreased from 96 to 23 [62].
The use of BoNT for spinal cord injury is considered to be effective based on a statistically significant
RCT journal report. These papers are listed in Table 9.

Table 9. Botulinum toxin for spinal cord injury-induced neuropathic pain.

Number of Method of Injection

Study Design Patients (Total Volume) Result Reference

Randomized, double-blind, Significantly VAS was

placebo-controlled 40 Subeutaneous (200 U) decreased at 4 and 8 weeks. 15
Randomized, double-blind, 44 Subcutaneous (200 U) Significantly VAS was [60]
placebo-controlled Once daily for 8 weeks decreased at 4 and 8 weeks.

c 5 Subcutaneous 5 U of BONT  Significant VAS reduction 611

ase at 16-20 sites for more than 3 months
Case 1 Subcutaneous 20 U of VAS decreased from 96 to 23.  [62]

BoNT at 10 sites

4.10. Central Poststroke Pain

Poststroke patients often use BONT due to poststroke spasticity. However, some recent reports
have reported that BoNT is used for central poststroke pain control. Shippen et al. injected BoNT in
patients with elbow flexor spasticity with central poststroke pain. The patients had severe neuropathic
pain at the site of the spasticity and received 100 U BoNT-A of Biceps Brachii, 75 U Brachialis and
25 U Brachioradialis. After the second day, the pain was reduced, and the spasticity was improved
one week after administration. The patients repeat BONT every three months to control pain [63].
Barbosa et al. also published a case report in which an analgesic effect was obtained using BoNT-A
in patients with central poststroke pain. In two patients with stroke, injection of BONT-A 200 U into
the affected area under EMG guidance resulted in a decrease in NRS after a 3-month follow-up [64].
A randomized, double-blind, placebo-controlled trial of 273 patients with poststroke spasticity was
performed. In total, 74.3% of the patients had stroke-related pain, and 47.3% were suffering from
greater than NRS 4. Patients were divided into two groups: BoNT-A and standard care vs. placebo
and standard care. The degree of pain was compared 12 weeks from the baseline, and the BoNT group

297



Toxins 2017, 9, 260

reported significantly less pain compared with the placebo group. The reduction in pain persisted
for up to 52 weeks [65]. This is the first RCT assessing the control of neuropathic pain with BoNT in
patients with poststroke spasticity. Therefore, BONT may be effective in patients with central poststroke
pain. The above papers are summarized in Table 10.

Table 10. Botulinum toxin for central poststroke pain.

. Number of Method of Injection
Study Design Patients (Total Volume) Result Reference

Intramuscular Biceps Brachii Pain was reduced after

Case 1 100 U, Brachialis 75 U and 2 days, spasticity was [63]
Brachioradialis 25 U improved after 1 week.

Case 5 Intramuscular Affected muscle ~ NRS reduction for more [64]
(200 U) than 3 months

Randomized g:ettreirrr;llilrstzgllir Dmoxs:sltgl ‘ZtaSr Significantly VAS was

- 273 (139 BoNT, ned by gator, decreased at 12 weeks and
double-blind, second injection was performed L . [65]
134 control) reductions in pain were

placebo-controlled with an open label and at least

12 weeks after the first injection sustained through Week 52.

5. Adverse Effects

BoNT-A has minimal irreversible medical adverse effect. Regarding the use of BoNT in
cervical dystonia, side effects, including neck muscle weakness, dysphagia, pain during swallowing,
and flu-like symptoms, are rarely reported. The use of BoNT in blepharospasm and cerebral palsy is
associated with unilateral or bilateral ptosis, hematoma, and lower limb weakness and pain. When
BoNT is used in neuropathic pain, relatively minor complications, such as antibody formation and
immune-related complications, are reported when a small amount of BONT-A enters the circulatory
system [66]. BONT-B can also be used to obtain effective results when neutralizing antibodies are
present in BONT-A, and the effect is reduced. [67,68].

6. Conclusions

Before beginning BoNT therapy, patients with neuropathic pain require a careful assessment of
functional limitations, goals, and expected outcomes. The guidelines of the American Academy of
Neurology recommend the use of BONT-A in neuropathic pain as follows. In postherpetic neuralgia,
trigeminal neuralgia, and spinal cord injury-induced neuropathic pain, BoNT is effective (Level A)
and BoNT is probably effective in post-surgical neuralgia, diabetic neuropathy, and central poststroke
pain (Level B). In neuropathic pain, such as occipital neuralgia, CRPS, and phantom limb pain, a large
and well-designed blinded and randomized controlled trial is needed to evaluate the effect of BoNT.
The route of administration of BoNT is different for each article. There are no clinical guidelines
for administration of BoNT for neuropathic pain. Most treatments are subcutaneous or intradermal,
and BoNT is also injected intramuscularly or into the surrounding tissues. In some papers, BoNT
is injected into the skin as a chessboard. In other studies, BoNT is directly injected into the nerve.
In particular, the development of ultrasound technology can accurately inject drugs near the nerve,
and BoNT injection near the nerve is emerging as an alternative method [69].

There is a need for comparative studies on whether these methods are effective and safe or
which methods are more effective than others. In addition, studies should be carried out to compare
the minimum doses that are effective. Large, well-designed clinical trials are needed to address
these problems.
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