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Abstract

Conotoxins from marine cone snails are small, disulfide-rich peptides that act with specificity on various
receptors and channels, making these powerful probes to study the properties of voltage and ligand-
gated ion channels. Conotoxin drug candidates have shown remarkable therapeutic promise in managing
pain, addiction, and neurodegenerative disorders. A systematic review following th e PRISMA guidelines
was conducted to assess the pharmacological effects of conotoxins on various channels and receptors
and the conotoxins’ effects in broader in vivo and in vitro biological assays. PubMed and Google Scholar
articles assessing the ability of conotoxins to inhibit receptors and channels and the conotoxins-induced
biological response were eligible for inclusion. Twenty-seven studies met the inclusion criteria. Studies of
alpha conotoxin reported the peptide as an excellent tool for distinguishing neuronal and muscle nAChRs
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and have a high potency of blocking nAChRs even at nanomolar concentrations. While y-conotoxin isolated
from piscivorous Conus potently blocks sodium channels, with p-GlIIA and u-GlIIB abolishing the twitch
response of the muscle. 3-GmVIA slows down the sodium-current inactivation, while 8-TxVIA does not.
w-TxVII significantly and reversibly blocked the L-type Ca2+ current. However, all the evidence reported
in this review was obtained from studies with a serious risk of bias due to a lack of blind outcome
assessment, thereby limiting the strength of the pieces of evidence. Blinded RCTs may improve
confidence in concluding the biological effects of various conotoxins.

Index Terms: calcium channel, Conotoxin, Conus, nicotinic acetylcholine receptor, PRISMA, pharmacology,
sodium channel

1. INTRODUCTION

It is well recognized that the opioid crisis is one of the most significant and recent
severe public health issues, with more than 93,000 Americans dying from drug
overdose between December 2019 and December 2020 [1]. Hence, it is pivotal to
examine treatment and recovery services, strengthen the understanding regarding pain
and addiction, and advance evidence-based medical practices for pain management. A
review of the opioid crisis has shown that an interprofessional approach is required for
patients prescribed opioids [2]. Healthcare providers play a significant role in
appropriate pain  management education and prescription. Researchers are also
essential in providing and strengthening the understanding of pain management and
advancing treatments and practices.

The venom of marine Conus contains small, disulfide-rich peptides that act with
excellent specificity on various channels and receptors. a-conotoxin is an antagonist of
the nicotinic acetylcholine receptors (nAChRs). &-conotoxin slows down the inactivation
of the voltage- gated sodium channels, while p-conotoxins block the same sodium
channels. In addition, w-conotoxins selectively inhibit calcium voltage- gated channels.
Hence, these highly selective peptides can also be used as specific probes to study the
structure-function relationships of channels and receptors; similarly, conotoxins
represent potential therapeutic candidates for alleviating pain and aiding the functional
recovery of neurons. Conus-derived therapeutics include Ziconotide, an intrathecal non-
opioid analgesic drug derived from w-conotoxin MVIIA of Conus magus approved by the
U.S. Food and Drug Administration under the name Prialt and used for treating
intractable pain. Several other conopeptides are undergoing clinical trials and
assessments for possible therapeutic applications.

This systematic review presents reported conotoxins' mechanisms of action on various
receptors and channels and conotoxins-induced biological activity to gain a deeper
understanding of conotoxins' specificity and inhibition kinetics, as well as their potential
analgesic effect and pharmacological application.

2. METHODOLOGY

A systematic review was performed following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines. The associated
guestions regarding the pharmacological application of conotoxins were formulated
using the patient population,
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intervention, comparison, and outcomes (PICOs) framework to summarize the alpha,
mu, delta, and omega conotoxins’ from the selected Conus species (1) effects on
targeted receptors and ion channels; (2) the action mechanisms to its target receptor,
and (3) the biological activities and hazards induced.

2.1 Inclusion and Exclusion Criteria

Original articles assessing the effects of alpha (a) and mu (y) conotoxin from the
piscivorous Conus species C. catus, C. geographus, C. tulipa,

C. bullatus, and C. magus and omega (w) and delta (&) conotoxin from molluscivorous
species C. bandanus, C. marmoreus, C. textile, C. aulicus, and C. gloriamaris on
various receptors and ion channels. Studies that used 0.001-100 yM of native or
synthesized conotoxins, clinical trials assessing the pharmacological effects or the
broader biological roles of conotoxins on specific receptors and muscles, In vivo and In
vitro studies with endpoints of assessing the effectiveness of blocking various receptors
and ion channels of the native or synthesized conotoxins from the selected piscivorous
and molluscivorous species, focusing on determining the mechanism of action of
conotoxin on various muscles and receptors were eligible and included in the review.
However, studies that are not in English, reviews, studies evaluating the purification and
characterization of the conotoxin alone, assessing the chemical synthesis of conotoxin
independently, and those that discuss the structural relationship of different conotoxins
were excluded.

2.2 Literature Search Method

A systematic search was conducted on PubMed and Google Scholar for studies
evaluating the effect of conotoxins on various channels and receptors from inception to
September 2021 with relative key search terms of Conus species with mentioned
corresponding conotoxins as mentioned. The search was duplicate-filtered and limited to
English-published studies.

2.3 Study Selection and Data Extraction

The review authors independently reviewed titles and abstracts of studies retrieved
through the search for their relevance and design. The papers were examined for
eligibility and inclusion and counter verified. Extracted data was then cross-checked by
another reviewer who has not participated in the extraction procedure. The bibliometric
indices and population characteristics were also retrieved.

2.4 Data Items

This systematic review was performed to collate and analyze the effect of the selected
conotoxins on various receptors, channels, and muscles. The clinical questions in
association with PICOs are as follows:

Participants: Studies were considered for inclusion if people and animals of any age were
used to assess the effect of conotoxin on specific receptors and muscles. Any in vitro
and in vivo samples used to assess the activity and specificity of inhibition kinetics of
conotoxins on receptors, channels, and muscles are also eligible.
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Intervention: Studies were considered for inclusion if the selected conotoxins were used
in In vitro and In vivo samples to assess the effect of conotoxins on specific receptors
and on bioassays.

Comparison: Studies were considered for inclusion if the conotoxin is compared to any
comparator intervention.

Outcome: The outcome did not form part of the selection process. The result was
structured into primary (conotoxin-blocked targeted receptors and channels, percentage
of blocking targeted receptors and channels, and conotoxin-induced biological
response) and secondary outcomes (native and synthetic conotoxin effectiveness in
blocking targeted receptors and channels and effectiveness compared to other
conotoxins).

2.5 Risk of Bias in Individual Study Assessment

This systematic review included both randomized and non-randomized studies about
the a and p conotoxin of the piscivorous cone snails and the & and w conotoxin of the
molluscivorous cone snails. The researchers exercised the Cochrane Collaboration’s
risk of an assessment tool for evaluating the risk of bias in randomized trials and the
Risk of Bias in Non-randomized Studies — of Intervention (ROBINS — 1) for non-
randomized studies.

2.6 Data Synthesis

The author independently reviewed all papers. A narrative synthesis was conducted to
evaluate the varied associated results. Due to the sheer high degree of heterogeneity,
studies that used various statistical tools, laboratory devices, and subjective
evaluations, a narrative synthesis was utilized to create a pooled summary of findings.

3. RESULTS

The result of the systematic search is summarized in Fig. 1. The systematic search
identified 6,300 studies; after initial deduplication, 2,074 unique studies remained. After
applying the inclusion and exclusion criteria, only twenty-seven (27) studies remained to
be included in the systematic review.
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Fig 1. The PRISMA Flowchart
3.1 Included Studies

All studies provided level three evidence based on the Oxford Center for Evidence-
Based Medicine 2011 scale. The twenty-seven (27) included studies used various
samples to assess the conotoxin's ability to block and inhibit receptors and ion channels
and their biological activities on various muscle types. Included studies utilized Xenopus
oocytes expressing rat and mouse sodium channel subunits [3], [4], [5].[6].[7],[8]; a cell
line modified to express sodium channel subunits [9]; Xenopus oocyte expressing
nAChr subunits [10],[11],[12],[13], [14],[15],[16], 17]; Aplysia neurons [18],[19], rat
ganglia neurons [20], 21]; and animal models including Danio rerio, Mus musculus,
Carassius auratus, Patella vulgate, Cornu aspersum, Lymnaea stagnalis, Gambusia
affinis, and Rattus norvegicus were used [10], [11],
[13],[18],[20],[22],[23],[24],[25],[26],[27],[28].

3.2 Intervention

Twenty-seven (27) studies that meet this review’s inclusion criteria were examined
based on the conotoxin concentration-dependent blocking or inhibition of receptors and
ion channels and their broader biological effects. The included studies utilized a variety
of methods such as a static bath exposure of in vitro samples to conotoxins [3], [4], [5],
[7], [8], [10], [29]; perfusion [9], [11], [12], [13], [16], [20], [21];

superfusion [6], [15], [20]; incubation after conotoxin application [12], [14], [15], [23.];
and other specific systems to apply the conotoxin

[17], [19], [22], [25]. Whereas in vivo studies that used animal models applied conotoxin
through intramuscular [10], [13], [23], [27], [28],
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intracranial [18] [29], and intraperitoneal [11] [20] injection.

3.3 Outcomes

Of the twenty-seven (27) included studies, twenty-five (25) included the conotoxins’
abilities and potencies in blocking or inhibiting a specific receptor or ion channel, while

nine studies included the biological activity of conotoxin as outcomes.

3.4 Risk of Bias in Included Studies

The risk of bias assessment for the randomized trial is presented in Fig 2. The trial had
a low risk of bias since the randomization of participants into groups was stated [9].
However, the performance and detection bias indicated a high risk of bias since
assessors are not blinded. Fig. 3 presents the summary of the risk of bias assessment
of all 26 non-randomized studies. All non-randomized studies were judged to be at
serious risk of bias in the measurement of outcome data, due to a lack of blind outcome

assessment.
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Fig 2: Risk of Bias was applied to each included study based on the review
author’s judgments regarding each risk of bias item
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Fig 3: Risk of Bias Summary: Review the authors' assessments of each risk
of bias item for each included study

3.5 Primary Outcomes: Piscivorous alpha conotoxin
3.5.1 Conotoxin Inhibition and Block Percentage

The a-conotoxin of C. geographus, named GID, GIC, and GVIIIB are reported [12], [13],
[15], [17]. o-GID has consistently antagonized nAChR receptors [15], [17]. The IC50
values of GID on a7 and a382 were 3 and 5 nM, respectively [15]. A similar study has
recorded close results on the IC50 values of GID on a7, a342, and 0452 at 5.1, 3.4, and

June 2023 | 87



Jilin Daxue Xuebao (Gongxueban)/Journal of Jilin University (Engineering and Technology Edition)
ISSN: 1671-5497

E-Publication: Online Open Access

Vol: 42 Issue: 06-2023

DOI 10.17605/OSF.IO/CYH9ON

128.6, respectively [17].

a-GIC does not block human muscle nAChR subtype but potently blocks ACh-induced
response in human neuronal NnAChRs (10 nM concentration producing a 91.5% block of
ACh-induced response) that is reversed relatively rapidly in neuronal a352 subunits [15].
This finding suggests GIC has a high selectivity for a382 receptors compared to muscle
NAChR subtypes. aS-GVIIIB caused little to no block in rat neuronal and human muscle
NAChR subtypes. Treatment of 100 nM aS-GVIIIB caused ACh-induced blocking of
2.9%, a3p2; 7.7%, a6/a3pB2B3; 6.5%, a3p4; 5.3%, a452; and 4.1% for a7. At 10-fold
higher concentration, a partial block was observed in a3B2 and a6/a3p32B3 with ACh-
induced responses of 48.3% and 54.0%, respectively [12].

The a-conotoxin of C. magus- MIl has consistently been reported to antagonize nAChR
receptors in a dose-dependent block on a352 receptors at nanomolar concentrations
[11], [14], [21]. Native MIl (3.7 nM — 222 nM) reduced the nACh-activated current
response by 47-76%.

a-BulA from C. bullatus [16], [20] reported its effects on nAChR subtypes [16] and
calcium channels [20]. The venom potently blocks (a6/a4) 243 induced current by
92.6+2.6%, consistent with the IC50 = 0.43 nM [20]. In contrast, the binding affinity of
BulA and its analogs (cotx 2.1 and cotx 2.13) showed significantly enhanced affinity to
human a7 nAChR; compared to novel conotoxin [16]. Additionally, BulA and analogs
induced calcium channel closure, leading to decreased calcium levels in dorsal root
ganglion (DRG) neuron cells.

Studies assessing the blocking mechanism of CIA reported conotoxin’s blocking of
muscle type (a1)26yB1 nAChR with IC50 of 5.7 nM and the neuronal subtype a332 with
>350-fold lower affinity (IC50 = 2.06uM), while no noticeable activity recorded on a7 and
0432 subtypes even at higher concentrations (10 uM) [10]. Contrastingly, CIB blocked
neuronal subtype a3£2 with an IC50 of 128.9 nM and a7 with anIC50 of 1.51 uM while
CIB has no activity on muscle and o432 subtype at 10 uM.

These results suggest a-conotoxins potently block specific nAChR subtypes at
nanomolar concentrations while effectively discriminating and distinguishing nAChR
subunits. MIl and GID potently block a352, and a7 nAChRs, BulA potently blocks
(a6/04) B2B3, GIC potently blocks neuronal a3p2 subtype, and CIA and CIB
respectively block muscle and neuronal subtypes. GVIIIB caused little or no block on
neuronal and muscle nAChRs.

3.5.2 Conotoxin-induced Biological Response

Mice intraperitoneally and fish intramuscularly injected with MIl did not show signs of
paralysis after conotoxin administration [11], these results are in contrast to a-Ml from C.
magus, which induced paralysis both in mice and fish. In terms of the conotoxins’ ability
to induce hemolysis, one study reported that neither MIl nor Laa-MIl caused appreciable
hemolysis, even at high concentrations on RBCs isolated from male rats [21]. These
findings show that MIl is not paralytic and preferentially targets neuronal nAChRs rather
than muscle subtypes.
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Intramuscular injection of 3.5 nmol of a-GIC to fish, did not induce paralysis in
comparison to a-Gl, which caused full paralysis 3 min after administration [13]. Similar
observations were also recorded after the intraperitoneal injection of 5 nmol GIC in mice.
a-GIC showed no paralytic activity in fish or mice and had no effect on human muscle
nicotinic receptor subtypes.

BulA-treated groups significantly expanded the licking time of rats, the Paclitaxel-
induced peripheral neuropathy model showed hyperalgesia in BulA treated group-
indicating an analgesic effect. The adverse reactions of BulA analogs did not affect the
autonomic movement of mice, but BulA weakened the autonomous movement
significantly [20]. Moreover, intramuscular injection of CIA to zebrafish caused rapid
flaccid paralysis of the skeletal muscle of Danio rerio — evidenced by loss of equilibrium
of the fish and ultimate immobilization [10]. Paralysis was a dose-dependent effect of
CIA with an effective dose of ED50 = 110 pg/kg, showing a potent biological effect
compatible with a role in prey capture. While 1 mM introduction of CIB, recorded no
effect on the locomotion of zebrafish, which is consistent with the absence of activity of
CIB on muscle nAChR. These findings suggest the biological role of a-conotoxin for
prey capture and the possible therapeutic and drug development potential of
piscivorous cone snails derived conotoxins.

3.6 Primary Outcome: Piscivorous mu Conotoxin
3.6.1 Conotoxin Blocked Receptor and Percentage of Blocking

p-conotoxins GVIIISSG and GVIIJSH potently inhibit WT rNaV1.2, rNaV1.2[C912A],
and rNaV1.2[C918A] with and without the DTT pretreatment [8]. The percentage block
for the inhibition of GVIIISSG without DTT pretreatment on various rNaVv1.2), was 73
10% on WT rNaV1.2; 73 + 11% on rNaV1.2[C912A]; and 20 + 3% on rNaV1.2[C918A].
While the DTT pretreated GVIIJSSG produced higher inhibition than without DTT
pretreatment GVIIJSSG, with recorded inhibition of 89 + 3% on WT rNaV1.2; 89 + 3%
on rNaVv1.2[C912A];

and 90 = 2% on rNaV1.2[C918A]. The highest percentage block for the inhibition of
GVIIISH was recorded without the DTT pretreatment at 92 + 4%. Lastly, GVIIJSH with
DTT treatment produced percentage block for inhibition of rNaVs 1.2 recorded were 89
+ 3% on WT rNaV1.2; 88 + 2% on rNaV1.2[C912A]; and 90 = 2% on rNaV1.2[C918A].

Oocyte-expressing hNaV1.5 recorded a block with an IC50 of 0.3 + 6.5% at 10 uyM
GVIIJSH and by 10 uM GVIIISSG with 19 * 2%. GVIIJSSG readily blocks NaVv1.1-1.4,
1.6, and 1.7. In contrast, no block was observed in rNaV1.8 and human NaVl.l
subtypes [3]. GIIIA inhibits the depolarization-evoked NaV1.4 currents in a
concentration-dependent manner with an IC50 of 0.069 £ 0.005uM [9]. On rat sciatic
nerve, GIIIA at 10 uM concentration blocked A-CAPs at 100 = 0% and C-CAPs at -12.7
+ 15.4% [7]. While BulllB at 10 uM blocks A-CAPs at -9.1

+ 10.9% and C-CAPs at -7.9 + 13.3% of rat sciatic nerve. Synthetic variants- y-BulllB
and p-BulllC are potent antagonists of NaV1.4 with an average block of ~96%. BulllA,
on the other hand, blocked NaV1.4 at ~87% [7]. CIlIIA and MIIIA at 5 uM on frog DRG
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neurons produced a block of 96 + 4% and 64 + 12% after 25-30 minutes of exposure [8].

The conotoxin produced no detectable blocks of the depolarization-activated Na
currents at 3 uM [6]. However, TIIIA at 10 uM blocked

A-CAPs at -9.9 + 13.8% and C-CAPs at -0.2 + 7.5% of rat sciatic nerve [7].
3.6.2 Conotoxin-Induced Biological Response

Seven analogs of GIIIA and two of GIIIB cause a twitch-tension response [27]. GIIIA
caused a dose-dependent inhibition of twitch response with an IC50 of approximately 1
1M, with GIIIB causing a more potent inhibition than GIIIA. A study indicated that CIIIA
at 0.2 nmol/g: after 4 minutes resulted in allodynia and lethargy, and at 20 minutes,
complete paralysis was observed, at a higher concentration of 0.5nmol/g, immediately
after injection- lethargy was observed with the animal dying after 13 minutes of
exposure owing to respiratory failure; Lastly at 0.55 nmol/g immediate lethargy and
hypersensitivity to touch after injection were observed and after 5-8 min death followed
[8]. Extracellular recordings of action potentials acquired from three isolated tissue
preparations from frogs: skeletal muscle, cardiac muscle, and cutaneous nerves also
reported that CIIIA primarily blocks C-CAPs and obliterates action potentials of the three
isolated muscles with an IC50 value lower than 10 uM [8].

3.7 Primary Outcomes: Molluscivorous Delta Conotoxin
3.7.1 Conotoxin Blocked Receptor and Percentage of Blocking/Inhibition

€-GmVIA is reported to slow down Na channel inactivation [18], [19]. When K+ and
Ca2+ conductance was blocked, the toxin-induced lengthening of the action potential
persisted [18]. At final concentrations of 0.3-0.75 uM, arise in action potential duration by
1-2 orders of magnitude reached over 250 ms in numerous tests. Moreover, 0.75 yM
GmVIA did not alter the rise time of the sodium current, butinstead, slowed the rate of
Na current inactivation- implying that its effect is most likely attributable to a slower rate
of Na current inactivation rather than the in Ca2+ and K+ currents [19]. The Na current
inactivation kinetics is changed from a single exponential with an average 1 = 0.47 +
0.14 ms to a slower decay with two-time constants: 1 = 0.86 + 0.12ms for the initial
inactivation phase and 1 = 488

+ 120 ms for the second phase.

In contrast to the reported activity of GmVIA, €-TxVIA produced no detectable effect on
Na current peak value and time course while failing to modify Ca influx [22], [23], [24]. It
was noted that voltage dependence of the steady-state inactivation of the Na+ current
was unaffected, and no current was sustained after treatment [22]. Furthermore, TxVIA
could not trigger sodium influx [24], but can reduce the flux enhancement caused by
CsTx almost twofold. On high nanomolar concentrations, TxVIA partially inhibited
human Cav3.2, produced little effect on Cav3.3, and promoted the opening of Cav3.1
[23]. Moreover, the 60 uM TxVIA only inhibited the Cav3.2 by 42%. Although 0.5 puM
TxVIA has decreased the inactivation of molluscan NaV current, 5 uM TxVIA did not
influence human NaV responses in SH-SY5Y cells. TxVIA (10M) does not affect calcium
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influx in HEK cells transiently expressing mouse NaV1.7.
3.7.2 Conotoxin-Induced Biological Response

Administration of 20 nmol €-GmVIA into local garden snail resulted in the retraction of
the head and body into the shell, followed by a release of viscous green slime and
convulsive undulation of the snail into and out of the shell. Biological effects on garden
snails were detectable at a level of 1.25 nmol/g, and are more evident at 2 nmol/g. No
noticeable biological activity was observed from 10 nmol/g injected peritoneally [18].

Meanwhile, TxVIA did not affect the rats, even when given at a level of 30 nmol/rat.
When the two toxins are given together, 30nmol TxVIA protects the rats from the toxic
effects of 0.5nmol CsTx (more than twice the lethal dose), demonstrating that TxVIA
operates as an antagonist in the rat brain. Within the time range of the trial, this
protective effect appears to be absolute on the dose used [24]. Moreover, zebrafish
injected with 250ng/100mg TxVIA displayed less swimming activity than control fish.
However, this effect was insignificant and soon reversed to regular edge swimming.
Furthermore, the lack of swimming bursts or abnormal swimming behavior following the
TXVIA injection suggests that pain pathways were not triggered [23]. TxVIA at ED50 of
36.0 (pmol/100mg) causes paralysis in snails but does not show any activity in
vertebrates. These findings suggest that GmVIA causes a slower rate of sodium current
inactivation, while it cannot modify the sodium current peak and inactivation kinetics
[22].

3.8 Primary Outcomes: Molluscivorous Omega Conotoxin
3.8.1 Conotoxin Blocked Receptor and Percentage of Blocking/Inhibition

The activity of w-TxVIlI was observed on the Ca channel-blocking activity in the neuronal
culture of Lymnaea stagnalis [25], [26]. Application of 20 um synthetic TxVII blocked the
L-type HVA calcium channel significantly and reversibly from the L. stagnalis neurons
(RPeD1 cells). A Ca current blockade and depolarizing pulses occurred. Moreover, it
reduced peak L-type-like Ca currents by 29+14%. The effect of conotoxin was more
pronounced at the end of the depolarization pulse, where the full amplitude was reduced
by 72+15%. However, equally applied conotoxin exhibited a low efficacy on the L-type
Ca channel in PC23 cells of rat origin, which produced a calcium flux of 111.5+13.2%.
Moreover, the result indicates the low efficacy of conotoxin in effectively blocking L-type
Ca channels in PC12 cells [26]. On the other hand, TxVIl mimics the effects of
nimodipine in preferentially blocking the sustained calcium current. Administration of 10
pm TxVII blocked the sustained current of L-type HVA Ca+ current of about 85% at
+10mV and by 95% at 40mV. A dose-dependency for TxVIl indicated the threshold
concentration of 100 nM as the minimal amount and 10 pum for the maximal effect. No
significant effect from the same amount of toxin was observed on voltage-dependent Na
or K currents [25].

3.8.2 Conotoxin-Induced Biological Response

TxVIlI was reported to block DHP-sensitive calcium channels of the caudodorsal cell
(CDC) neurons of L. stagnalis, expressing subtypes of HVA calcium current essential in
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hormone release regulation. The same results were presented that utilized synthesized
and purified peptides and recorded the block of L-type calcium currents. The toxin did
not affect the voltage-dependent properties of the Ca channel [26]. These effects of
TxVIlI on molluscan neurons would prove helpful for studies on the roles of Ca channels
in synaptic mechanisms in this system, more so on which respiratory system is
generated in intact animals, as observed in RPeD1. The absence of effect from TxVIl, as
it did not block L-type Calcium channels in PC12 cells, suggests that the L-type channel
may reveal either a subtype or phyletic subdivision, which would be distinguishable by
using the conotoxin.

4. DISCUSSION

Marine cone snails contain a highly diverse and unique set of peptides that shows
promising potential as pharmacological tools in understanding various ion channels,
receptors, and transporter. With only a fraction of conotoxins studied, the need for more
studies concerning the potential pharmacological and therapeutic application of
conotoxins is required, and rigorous analysis of the evidence presented on the current
knowledge regarding the mechanism and pharmacological effects of conotoxins is
crucial to produce evidence with confidence and certainty. As such, this review was
performed to produce pooled data on the effects of conotoxins on various channels and
receptors and the conotoxins' induced biological. Data from twenty-seven (27) studies
provided level 3 evidence and a serious risk of bias due to a lack of blind outcome
assessment. The heterogeneity of the study, comparator, and outcome measure make
it impracticable for a meta-analysis. The results of the review should be interpreted with
the following caveats in mind: There were different anatomical areas used for observing
the conotoxins' effect on in vivo and in vitro biological assays, and not all papers specify
the location. The appropriateness and similarity of comparators have not been
consistent throughout the studies included, and the variability in outcome measurement
precluded a meta-analysis from being conducted.

4.1 Conotoxin Biological Activity

The results presented should be interpreted with the context that the studies assessed
have a serious risk of bias in the domain of bias in the measurement of outcome. The
results for the activity of GID have been consistent, of the two included studies both
reported the potency and selectivity of the toxin on a7, a3£2, and a42 nAChRs, with
consistent IC50 values observed [15], [17,]. These findings regarding the selectivity and
affinity of GID conotoxin are consistent with more recent studies [30], [31] as a similar
affinity for neuronal nicotinic receptors was observed. Additionally, GID conotoxin was
similarly reported to have a higher affinity for a7 and a4p2 compared to a3p2 receptors
[30], [31]. Due to the high affinity to the human a7 subtype, this conotoxin is a valuable
probe for understanding the physiological roles of these receptors [31]. aS-GVIIIB
caused little or no block on rat neuronal and human muscle nAChR subtypes [12].
However, a recent finding suggests that though aS-GVIIIB causes little to no block on
human neuronal and muscle nAChRs, the conotoxin is 100-fold more selective for
a9a10 receptors than other subtypes [32]. Similarly, aS-GVIIIB, GIC conotoxin was also
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extracted from C. geographus and was also unable to block muscle nAChRs but is
highly selective for human neuronal (a382) nAChRs and is consistent with its inability to
produce any signs of paralysis in fish when injected intramuscularly, in contrast to
paralytic a-conotoxin Gl [13]. Results also consistently showed that MIl causes a dose-
dependent block of a382 receptors at nanomolar concentrations [11], [14], [21]. Similar
to GIC, intraperitoneal and intramuscular injection of MIl into rats and fish produced no
signs of paralysis, in contrast to Ml [11]. Only one study reported that MIl has no
appreciable hemolytic effect on rat red blood cells [21]. Findings regarding the
selectivity of a-conotoxin MIl for the a6 subtype are potentially important in nicotine
addiction [33].

BulA distinguishes and targets specific ligand binding sites from different nAChR
subunits. Rats treated with BulA conotoxin have a significantly higher licking time in the
hot plate test and higher hyperalgesia in the paclitaxel model [20]; however, BulA is not
compared to any frequently referenced substances for comparison. This study utilized
rat samples and adverse effects such as the weakened autonomous movement to
measure the biological effects of conotoxin. Oocytes expressing muscle-type nAChR
were potently blocked by CIA, while neuronal subtypes were blocked at a lower affinity.
In contrast, CIB potently blocks neuronal nAChRs but has no recorded effect on muscle
subtypes. Zebrafish treated with CIA experienced a rapid flaccid paralysis of skeletal
muscle, while CIB did not produce any noticeable effect on zebrafish locomotion. The
evidence suggests that alpha- conotoxins are an excellent tool for determining and
discriminating between neuronal and muscle nAChRs. However, scarce and uncertain
pieces of evidence on conotoxins’ effects on in vivo and in vitro biological assays do not
show to have more beneficial analgesic and pharmacological effects, compared to other
frequently referenced substances. p-conotoxins of all piscivorous Conus species
included in the systematic review have been discussed and are highly specific for
sodium channels [3], [4], [5], [6], [7]. [8], [9], [27], [28], [29]. GIIIA (10 uM) also potently
blocks A-CAPS at 100+0% but incompletely blocks C-CAPs at

-12.74£5.4% in rat sciatic nerves [7].

Other conotoxins of C. bullatus, BulllB and BulllC, were more potent sodium channel
blockers for NaV subtypes with a block of 96% compared to BulllA at ~87% % [4]. BulllB
at 10 uyM also blocks A-CAPs at -9.1+10.9% and C-CAPs at -7.9+13.3% [7].

CIlIA at 5 uM produced a block of 96+4%, while MIIIA at 64+12% in TTX-resistant
sodium channels. The potency of the conotoxins exhibited lethal results as observed in
frog DRG neurons than in treated frog skeletal and cardiac muscle [29]. Lethal
symptoms were observed in bioassays done in an intracranial injection of CIIIA to
mice, which produced severe results after administration of high conotoxin
concentration, starting from 0.2 nmol/g resulting in paralysis after 37 minutes, while the
highest dose of 0.55 nmol/g induced death 5-8 minutes after the conotoxin
introduction. The inhibitory activity of TIIIA was observed in rat NaVs at 3 uM
concentration; the toxin blocked rNaV 1.2 by ~95% with an IC50 of 0.04 uM [6]. THIA
did not produce any significant blockade when tested for inhibition on TTX-sensitive
VGSC channels in similar concentrations. TIIIA at 10 Mm inhibits A-CAPs at -
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9.9+13.8% and C-CAPs at -0.2+7.5% [7]. Results discussed must be interpreted with
the context that the assessors are aware of the group receiving the type of intervention
[4], [5], [6], [29]. The comprehensive understanding of p-conotoxins from piscivorous
Conus species as sodium channel blockers is significant in improving therapeutic tools.
Knowing that the conotoxins of these snails can induce death as quickly as possible
serve as a powerful tool for prey capture and shows potential as a pharmacological
tool. However, blinded RCTs regarding the therapeutic application and effect of
conotoxin are needed to produce evidence with high certainty and confidence.

The results on &-conotoxin GmVIA consistently reported that the mechanism underlying
the effect of GmVIA is to slow down sodium current inactivation rather than altering
Ca2+ and K+ currents. Of the two (2) included studies, both reported a reduction in
calcium current and the conotoxin-induced prolongation of action potential extending to
over 250 ms [18] to 370 ms [19]. Additionally, the effects of the conotoxin of C.
gloriamaris on limpet snails showed the retraction of head and body into the shell,
followed by the animal secreting a viscous green slime and convulsive undulation into
and out of the shell after administration of conotoxin into the animal [18]. Three
included studies reported similar effects of TxVIA conotoxin on sodium channels.
Moreover, there were no detectable effects or prolonged inactivation of sodium
currents in humans, frog skeletal fibers, and rat brain synaptosomes [22], [23], [24].

Limpet snails [22] and mice [24] showed no signs of paralysis after the injection of
conotoxin. TxVIA inhibited Cav3.2, indicating a possible pain-relieving activity.
However, the conotoxin activation of Cavl.3 indicates its possible pain-inducing effect.
Whereas zebrafish injected intramuscularly with TxVIA showed neither signs of pain-
related behaviors and paralysis nor other adverse effects [23].

At present, the results on the pain-relieving effect of TxVIA are still scarce and further
studies are required to provide evidence that is of high quality and certainty. The Ca2+
channel-blocking activity of w-TxVII requires further analyses to highlight the conotoxins’
degree of specificity for L-type or DHP-sensitive calcium channels [25], [26].
Concentrations of 0.1-20 um induce up to 72+15 - 95% L-type calcium channel blocking
in RPeD1 cells. The reduction of L-type HVA calcium currents in the molluscan neuronal
culture of L. stagnalis could be interpreted as the observed efficacy of the C. textile toxin
for mollusk prey. Meanwhile, similar experiments done in PC12 cells of rat origin
exhibited differing results in the rate of efficacy and percentage of blocking. The
contrasting results suggest TxVIlI and other toxins serve as excellent pharmacological
tools in distinguishing subtype and phyletic subdivision of the L-type channel family. The
results presented should be interpreted with the context that each study was assessed
to have a serious risk of bias [25], [26].

5. CONCLUSION

There is low certainty of evidence regarding selected conotoxins' analgesic and
therapeutic activity. This means that the reviewers do not know with certainty whether
intraperitoneal, intracranial, and intramuscular injection of conotoxin to animals causes
pain relief and would provide similar effects on humans, since indirect surrogate ways
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of measurement were utilized. Moreover, randomized trials that provide certainty about
the conotoxins’ analgesic effect are scarce. However, results suggest that Mll, GIC,
and CIB conotoxins are non-paralytic to fish and mice compared to paralytic a-
conotoxins M, GlI, and CIA. p-conotoxin CIIIA can cause lethargy and allodynia at a

dose of 0.2 nmol/g and could cause death in mice at 0.55 nmol/g. €-conotoxin GmVIA
causes convulsive undulation into and out of the shell of snails, while TxVIA does not
affect rats. And w-conotoxin TxVIl does not affect molluscan calcium channels. Blinded
randomized control trials regarding the therapeutic and application as a
pharmacological compound drug of conotoxin may improve confidence in concluding
the analysis. Overall, there is strong evidence that conotoxins are a valuable tool for
understanding the structure-function of numerous channels and receptors and a great
discriminant on voltage- and ligand-gated ion channel subtypes. Studies focusing on
these levels are highly recommended for advancing our understanding of the
pharmaceutical applications of conotoxins.
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