Fv
|

' foxins

Article

Bee Venom Induces Acute Inflammation through a
H;0,-Mediated System That Utilizes Superoxide Dismutase

Kwang-Sik Lee ¥, Bo-Yeon Kim '*, Min-Ji Park !, Yijie Deng !, Jin-Myung Kim !, Yun-Hui Kim !, Eun-Jee Heo !,
Hyung-Joo Yoon 2, Kyeong-Yong Lee 2, Yong-Soo Choi 2 and Byung-Rae Jin 1*

check for
updates

Citation: Lee, K.-S.; Kim, B.-Y.; Park,
M.-].; Deng, Y.; Kim, J.-M.; Kim, Y.-H.;
Heo, E.-].; Yoon, H.-].; Lee, K.-Y.;
Choi, Y.-S.; et al. Bee Venom Induces
Acute Inflammation through a
H,0,-Mediated System That Utilizes
Superoxide Dismutase. Toxins 2022,
14,558. https://doi.org/10.3390/
toxins14080558

Received: 12 July 2022
Accepted: 16 August 2022
Published: 17 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 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 (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Applied Biology, College of Natural Resources and Life Science, Dong-A University,
Busan 49315, Korea

Department of Agricultural Biology, National Academy of Agricultural Science, Wanju 55365, Korea
*  Correspondence: brjin@dau.ac.kr; Tel.: +82-51-200-7594

1t  These authors contributed equally to this work.

Abstract: Venoms from venomous arthropods, including bees, typically induce an immediate local
inflammatory response; however, how venoms acutely elicit inflammatory response and which com-
ponents induce an inflammatory response remain unknown. Moreover, the presence of superoxide
dismutase (SOD3) in venom and its functional link to the acute inflammatory response has not been
determined to date. Here, we confirmed that SOD3 in bee venom (bvSOD3) acts as an inducer of
HyO, production to promote acute inflammatory responses. In mouse models, exogenous bvSOD3
rapidly induced H,O; overproduction through superoxides that are endogenously produced by
melittin and phospholipase A, which then upregulated caspase-1 activation and proinflammatory
molecule secretion and promoted an acute inflammatory response. We also showed that the relatively
severe noxious effect of bvSOD3 elevated a type 2 immune response and bvSOD3 immunization
protected against venom-induced inflammation. Our findings provide a novel view of the mecha-
nism underlying bee venom-induced acute inflammation and offer a new approach to therapeutic

treatments for bee envenoming and bee venom preparations for venom therapy/immunotherapy.

Keywords: bee venom; arthropod venom; envenoming; superoxide dismutase; hydrogen peroxide;
acute inflammation

Key Contribution: Bee venom induces acute inflammatory response through a H,O,-mediated
system that utilizes bvSOD3 as an inducer of H,O,.

1. Introduction

Incidences of human envenoming by bee stings are a common health problem world-
wide. Bee venom typically causes nonallergic reactions that elicit an immediate local
inflammatory response. However, in certain subjects, bee venom can also cause severe aller-
gic reactions due to an immediate hypersensitivity-induced reaction that leads to anaphy-
laxis [1]. As a therapy, bee venom is subcutaneously administered to treat various disorders,
including arthritic theumatism, pain, cancerous tumors, and skin diseases [2-5]. Although
nociceptive and inflammatory responses are common limitations of bee venom therapy
(VT) [6], the administration of bee venom through alternative therapeutic methods exerts
antinociceptive and anti-inflammatory effects [2,4]. Moreover, bee venom immunotherapy
(VIT) is the most effective treatment for reducing the risk of allergic reactions [7,8]. There-
fore, understanding how bee venom induces acute inflammatory responses is essential to
improving the treatment outcomes of VT and VIT, as well as the therapeutic treatments for
envenoming [6,8,9].

Bee venom is a complex mixture of toxic components, including a variety of enzymes,
peptides, biogenic amines, and nonpeptide components, which display various biological,
pharmacological, and toxicological activities [2,6,10-12]. The major toxic compound of bee

Toxins 2022, 14, 558. https:/ /doi.org/10.3390/toxins14080558

https:/ /www.mdpi.com/journal/toxins


https://doi.org/10.3390/toxins14080558
https://doi.org/10.3390/toxins14080558
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/toxins
https://www.mdpi.com
https://doi.org/10.3390/toxins14080558
https://www.mdpi.com/journal/toxins
https://www.mdpi.com/article/10.3390/toxins14080558?type=check_update&version=1

Toxins 2022, 14, 558

2 0f23

venom is melittin, which possesses lytic activity, followed by the predominant allergen
phospholipase A, (PLA;), which has inflammatory and nociceptive effects [13-15]. Previ-
ous studies have demonstrated that bee venom and melittin activate the release of oxygen
radicals and the transcription of proinflammatory genes [16] and induce caspase-1 activa-
tion and interleukin (IL)-1p secretion [17] and that PLA; also triggers IL-1f3 release [17]. A
general mechanism has been proposed, through which melittin and PLA; induce inflam-
matory responses. Despite extensive investigation, previous studies have failed to identify
the component that induces reactive oxygen species (ROS) in bee-venom-induced inflam-
mation. Due to the lack of a firm understanding of the venom components, the mechanism
underlying bee venom-induced acute inflammation remains incompletely understood.
Specifically, the presence of superoxide dismutase (SOD) in the venom of venomous arthro-
pods, including bees, has not been previously demonstrated. As the first line of defense
against ROS, SOD is a key superoxide-scavenging antioxidant enzyme that catalyzes the
dismutation of superoxide to H,O, [18-21]. In contrast, HyO, overproduction is involved
in inflammation and in many regulatory cellular events [22-26]. H,O, drives the onset of
inflammation through NFkB activation [27]. Although the beneficial antioxidant role of
SOD as a defense system against ROS is well-known, the detrimental effects of SOD remain
largely unknown.

It is well-known that H,O, acts as a mediator of immediate inflammation [22-26]
and that bee venom typically causes immediate inflammation [1]. A recent study has
proposed a mechanistic model for toxin synergism, which is related to cytotoxicity by
cytotoxin/melittin and PLA; complex formation [28]. However, neither the component
that induces the bee-venom-mediated production of H,O, nor the component that promotes
bee-venom-induced immediate inflammation is known. Therefore, it could be surprising
to provide the rationale and presence of novel components in bee venom and uncover the
potential mechanisms underlying the induction of acute inflammation.

Here, we provide the first demonstration that venoms contain Cu,Zn-SOD (SOD3),
an extracellular enzyme. As bee venom serves as a defensive weapon against human and
vertebrate predators, we hypothesized that bee venom SOD3 (bvSOD?3) serves as an ROS-
based harm-inducing system in bee venom. We investigated the role of bvSOD3 in the bee
venom-induced inflammatory responses in mouse models because SOD3 produces H,O,,
which acts as a mediator of immediate inflammation [22-26]. Notably, we demonstrated
that bvSOD3 functions as an inducer of H,O, production to promote an acute inflammatory
response. Finally, we demonstrate that the bvSOD3-mediated overproduction of H,O, led
to the induction of caspase-1 activation and proinflammatory molecule secretion, providing
a novel view of the mechanism underlying the bee-venom-induced acute inflammatory
response. Additionally, we implicate a type 2 immune response using the noxious effect of
bvSOD3 and a protective immune response by bvSOD3 immunization.

2. Results
2.1. Bee and Arthropod Venoms Contain a Functional SOD3 Enzyme

To determine how venom elicits acute inflammatory responses, we focused on SOD3,
a novel component of bee venom. Analyses of the enzymatic activities of bee venoms
revealed that both honeybee (Apis mellifera and A. cerana) and bumblebee (Bombus terrestris
and B. ignitus) venoms present the SOD3 enzyme, but not catalase or peroxidase enzymes
(Figure 1A). Honeybee venom had relatively low SOD3 levels compared with bumblebee
venom (Figure 1B). Using an anti-A. mellifera SOD3 (AmSOD3) antibody raised against a
recombinant AmSOD3 protein produced in baculovirus-infected insect cells (Figure S1A,B),
we confirmed the presence of SOD3 in the venom gland and secreted venom (bvSOD3)
(Figure 1C), which indicated that bvSOD3 is an extracellular SOD. Consistent with the iden-
tity in bvSOD3 protein sequences (Figure S1A), the anti-AmSOD3 antibodies cross-reacted
with the SOD3 enzymes in the venoms of A. cerana, B. terrestris, and B. ignitus (Figure 1D).
As the inflammatory effects and components of bee venom have been extensively stud-
ied in recent decades [6,11,12,29], the evidence shows that bee venom contains a SOD3
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enzyme as a novel venom component. This is a surprising new result. We further con-
firmed the presence of SOD activity in the venom of spiders (Latrodectus mactans), hornets
(Vespa mandarinia), and centipedes (Scolopendra subspinipes mutilans) (Figure 1E). In addition
to the previous results, showing the presence of secreted SOD3 in wasp venom [30], our
data suggest that SOD3 is a conserved component of venoms from venomous arthropods.
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Figure 1. The SOD3 enzyme is a conserved component of venoms from venomous arthropods.
(A,B) SOD activity (A) and SOD3 quantities (B) in fresh bee venoms. (C) Western blot detection of
AmSOD?3 in the venom glands and venoms of A. mellifera worker bees. The results are representative
of two independent experiments with different samples. (D) Cross-reactivity of the SOD3 enzymes in
bee venoms from A. mellifera, A. cerana, B. ignitus, and B. terrestris, as analyzed by Western blotting.
The results are representative of two independent experiments. (E) SOD activity in hornet, spider,
and centipede venoms. (A,B,E) The data are shown as the means & SDs (n = 3). The experiments

were independently replicated three times.
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2.2. buSOD3 Induces Caspase-1 Activation and Proinflammatory Molecule Secretion via
H>0O; Overproduction

As venom evolved as a defensive weapon against predators, we hypothesized that
bvSOD3 acts as an ROS-based harm-inducing system in bee venom rather than as a de-
fensive system against ROS. To address this issue, we prepared A. mellifera bee venom
(AmV) containing blocked SOD3 (AmVASOD3) by immunoprecipitation with an anti-
AmSOD3 antibody (Figure S2A). The analysis of in vitro H,O, production induced by
bvSOD?3 revealed that native AmV produced H,O,, whereas AmVASOD3 produced almost
no HyO, (Figure S2B). These results indicated that the production of H,O, induced by bee
venom was dependent on SOD3, and thus define a specific role for SOD3 in bee venom.
To determine whether bvSOD3 affects pathological outcomes, we injected mice with AmV
and AmVASOD3. Surprisingly, compared with the mice injected with native AmV, the
mice injected with AmVASOD3 showed a decreased immediate inflammatory response,
as indicated by the reduced redness, swelling, and inflammatory mediator release in the
injected inguinal tissues of the rear leg and the native AmV-injected mice exhibited a more
severe inflammatory response (Figure 2A) and more severe damage in muscle tissues due to
the increased levels of caspase-1 and apoptosis [17,31] (Figures 2B and S3). Thus, bvSOD3
activity appears to promote an immediate local inflammatory response.

We subsequently assessed whether bvSOD3 induces HyO, production in mice. The
mice injected with AmVASOD3 showed a significantly decreased generation of ROS and
H,0O, compared with mice injected with native AmV (Figure 2C,D). Importantly, these
results indicated that H,O, production was acutely increased in mice injected with bee
venom and that the bee-venom-mediated overproduction of H,O, was dependent on SOD3.
In addition, the level of SOD activity in the AmV-injected mice was higher than that in
the mice injected with AmVASOD3 (Figure S4A), which suggested that bvSOD3 acts as an
exogenous SOD. The overproduction of H,O, mediated by exogenous bvSOD3 activity al-
tered the noxious effects of venom injection, including local inflammation, although catalase
and peroxidase activity in the mice increased in an H,O,-dependent manner (Figure S4B,C)
to allow for neutralization of tH,O, toxicity. As excessive HyO, production overwhelms
cellular scavenging systems and causes acute inflammation and tissue damage [25,32], our
data showed that bee venom, which contains SOD3, can promote inflammatory responses
by producing significant amounts of HyO,, and these amounts were higher than those
produced by the non-SOD3 components of bee venom. These results indicated that bvSOD3
does not play a role in the defense system against ROS. Instead, bvSOD3 might function as
a detrimental system that utilizes ROS, which indicates that the immediate inflammatory
response to venom is likely due to the deleterious effects of the SOD enzyme.

We further confirmed that bvSOD3-mediated H,O, overproduction promoted the
expression of proinflammatory mediators and cytokines, such as tumor necrosis factor
(TNF)-a, cyclooxygenase (COX)-2, interleukin (IL)-1f3, and IL-6, in mice (Figure 2E),
which demonstrated bvSOD3's critical role in promoting the immediate inflammatory
response. Previous studies have shown that venoms from venomous animals [33-35], in-
cluding bees [16,17], induce an inflammatory response in a proinflammatory mediator- and
cytokine-dependent manner. We investigated the induction of proinflammatory molecules,
which was attributed to bvSOD3. These results further demonstrated that bvSOD3 plays a
pathological rather than beneficial role in bee-venom-induced inflammation. Furthermore,
our findings, together with the observations that bvSOD3 promotes an immediate local
inflammatory response and that other arthropod venoms exhibit SOD activity, suggest that
arthropod-venom-induced acute inflammation is regulated in an SOD-dependent manner.
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Figure 2. bvSOD3 acts as a ROS-based harm-inducing system to promote acute inflammation.
(A) Pathological effects of bvSOD3 on the immediate local inflammatory response in mice injected
with PBS (injection control), AmV, or AmVASOD3, as determined through the imaging of representa-
tive mice (group medians) at the indicated timepoints (n = 5). (B) Caspase-1 activity in the muscles of
the mice shown in (A). (C,D) ROS content (C) and H,O, concentration (D) in the muscles of the mice
shown in (A). (E) TNF-«, COX-2, IL-13, and IL-6 levels produced in the muscles of the mice shown
in (A), as determined by ELISA. (B-E) The data are shown as the means =+ SDs; the experiments were
independently replicated three times. Independent, unpaired, 2-tailed Student’s t-test; * p < 0.05,
**p<0.01.

2.3. buSOD3 Promotes Acute Induction of Inflammatory Responses

As we observed that the mice injected with recombinant AmSOD3 alone did not
develop an inflammatory response or HyO, production compared with control mice in-
jected with PBS (Figure S5A,B), we further examined the requirement for superoxide in the
bvSOD3-mediated induction of H,O, production. A combination of AmSOD3 and major
venom components, such as melittin and PLA;, was required to induce the production
of ROS, H,O;,, and proinflammatory molecules in mice (Figure 3A—C). These treatments
exerted more severe inflammatory effects than melittin and /or PLA; alone (Figure 3D).
Thus, bvSOD3, as an exogenous SOD, rapidly induced H,O, overproduction by using
superoxide endogenously produced by melittin and PLA;, and the resulting H,O, up-
regulated caspase-1 activation and the secretion of proinflammatory molecules and led
to an immediate inflammatory response (Figure 3E). Collectively, these results indicate
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that bvSOD3 promotes the acute induction of inflammatory responses driven by the toxin
synergism of melittin and PLA; [13,15,28], and thus provides a rationale for the presence
of SOD3 in bee venom.

Melittin + PLA; + AmSOD3

0.0

o

&0 25

=

=

[ *)

= 20

L=

" B PBS

g L5 B Melittin

= B Melittin + AmSOD3
E 1.0 B PLA,

= B PLA, +AmSOD3
S 05 W Melittin +PLA,
£

o

&

Time (min)

ok R

PBS

Melittin

Melittin + AmSOD3

PLA,

PLA, + AmSOD3

Melittin + PLA,

Melittin + PLA, + AmSOD3

H,0; concentration (nmol/mg)

0 10 20 30 60
Time (min)
C .
60 rm pBS
so | @ Melittin r
B Melitin +AmSOD3
® 40 LW PLA;
~§,, B PLA,+ AmSOD3
E 30 | m Melitin +PLA,
3 m Melittin + PLA, + AmSOD3
E 20
10
0
0 30 60
Time (min)

Figure 3. Cont



Toxins 2022, 14, 558

90f23

IL-1p (ng/mg) COX2 (ng/mg)

IL-6 (ng/mg)

60

50

40

30

20

10

60

50

30

20

10

as

30

25

20

15

B PBS =
B Melitin

B Melittin + AmSOD3
| W PLA,
[
[
o

PLA; + AmSOD3
Melittin + PLA,
Melittin +PLA; + AmSOD3

0 30 60

Time (min)

PBS *
Melittin

Melittin +AmSOD3

PLA,

PLA, + AmSOD3

Melittin +PLA,

Melittin + PLA; + AmSOD3

Time (min)

1
%

PBS
Melittin

Melittin +AmSOD3

PLA,

PLA, + AmSOD3

Melittin +PLA,

Melittin + PLA; + AmSOD3

T

Time (min)

Figure 3. Cont.




Toxins 2022, 14, 558 10 of 23

D Time (min)

PBS

Melittin

MelittintAmSOD3

PLA,

PLA,+AmSOD3

Melittin+PLA,

Melittin+PLA,+AmSOD3

Bee === PLA,

sﬁng Melittin
v
Oxygen — > bYSOD3 New insights
radicals
A J 1
Induction H,0;
of caspase-1 overproduction
activation
Induction of pr_oinﬂammatory Promotion of acute
molecule secretion / inflammatory response

Figure 3. Bee-venom-induced acute inflammation is regulated in a bvSOD3-dependent manner.
(A,B) ROS content (A) and H,O, concentration (B) in the muscles of mice injected with PBS (injection
control), major venom components (melittin and/or PLA;), or major venom components plus
AmSOD3 (n = 5). (C) Produced levels of TNF-«, COX-2, IL-1f3, and IL-6 in the muscles of the mice
shown in (A), as determined by ELISA. (D) Promotion of acute inflammatory responses in the mice
shown in (A), as determined by the imaging of representative mice (group medians) at the indicated
time points (1 = 5). (E) Model of the bee venom-induced acute inflammatory response. (A—C) The
data are shown as the means + SDs; the experiments were independently replicated three times.
Independent, unpaired, 2-tailed Student’s ¢-test; * p < 0.05, ** p < 0.01.
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2.4. Noxious Effects of buSOD3 Elevate Type 2 Immune Responses

In addition to the known mechanism of type 1 cytokine activation involved in enveno-
mation, type 2 immune responses are induced as a host defense against venoms [17,36]. We
observed the production of type 2 cytokines (IL-4 and IL-13) in mice injected with melittin
and PLA,; (Figure 4A). Notably, bvSOD3 induced the production of type 2 cytokines in
a similar manner to that of type 1 cytokines (Figure 4A,B). As tissue damage, H,O,, and
the noxious effects of venoms lead to the induction of a type 2 immune response [17,36],
our results showed that the elevation of type 2 immune responses was due to bvSOD3,
which increased the noxious effects involved in the inflammatory response to envenoma-
tion. Thus, these data suggest that the elevation of type 2 innate immune responses to
repair damaged muscles is a response to the increased noxious effects induced through the
bvSOD3-mediated inflammatory response [17,37].
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Figure 4. Noxious effects of bvSOD3 elevate the levels of type 2 cytokines. (A,B) Produced levels of
IL-4 and IL-13 in the muscles of mice injected with major venom components (melittin and/or PLA;)
or major venom components plus AmSOD3 (A) or with AmV or AmVASOD?3 (B), as determined
by ELISA (n = 5). The data are shown as the means £ SDs; the experiments were independently
replicated three times. Independent, unpaired, 2-tailed Student’s t-test; * p < 0.05, ** p < 0.01.

2.5. buSOD3 Immunization Protects against Bee Venom-Induced Inflammation

As PLA; immunization protects against PLA,-mediated toxicity [37], we assessed
whether immunization with bvSOD3 protects against the noxious effects involved in the
inflammatory response to envenomation through the induction of an antibody response.
After challenge with AmV, the pathological effects of the production of H,O, and proin-
flammatory molecules were determined in mice immunized through injection with AmV,
AmVASOD3, or AmMSOD3. The mice immunized with AmV showed a decreased inflam-
matory response compared with mice immunized with AmVASOD3 (Figure 5A), which
suggested that the more effective protection against immediate inflammatory responses
observed in the mice immunized with AmV was likely due to bvSOD3. Notably, the mice
immunized with AmSOD3 were protected against the noxious effects of envenomation
compared with unimmunized mice (Figure 5A). These data are consistent with the pro-
duction of antibodies against AmSOD3 in the mice immunized with AmV or AmSOD3
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A

(Figure 5B), which led to the decreased production of H,O, and caspase-1 (Figure 5C,D)
and subsequently reduced the levels of proinflammatory molecules and apoptosis [17,31]
(Figures 5E and S6). Thus, immunization with bvSOD3 induced protection against the
bee-venom-induced inflammatory response, which indicated that bvSOD3 can act as an
immunogen in a protective immune response to limit acute inflammation.
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Figure 5. bvSOD3 immunization protects against bvSOD3-mediated toxicity. (A) Effects of immuniza-
tion with bvSOD3 on the acute inflammatory response in mice, as determined through the imaging
of representative mice (group medians) at the indicated timepoints. The mice were immunized with
PBS (injection control), AmSOD3, AmVASOD3, or AmV and challenged with AmV one month later
(n =5). (B) Western blot detection of anti-AmSOD3 (top) and anti-PLA; (bottom) antibodies in blood
samples from the mice shown in (A). The results are representative of two independent experiments.
(C) HyO, concentration in the muscles of the mice shown in (A). (D) Caspase-1 activity in the muscles
of the mice shown in (A). (E) Produced levels of TNF-&, COX-2, IL-13, and IL-6 in the muscles of
the mice shown in (A), as determined by ELISA. (C-E) The data are shown as the means + SDs; the
experiments were independently replicated three times. Independent, unpaired, 2-tailed Student’s

t-test; * p < 0.05, ** p < 0.01.
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3. Discussion

Human injury caused by bees is one of the most common envenoming events [38].
Interestingly, the paradoxical aspects of the biological action of bee venom have been
intensively studied, including nociceptive and inflammatory responses and antinociceptive
and anti-inflammatory effects [6]. The common toxic effects of bee venom are known to
induce nociceptive and immediate inflammatory responses. However, the mechanism
underlying the induction of inflammation by bee venom is poorly understood. Herein, we
provide possible evidence for an acute inflammatory response induced by bvSOD3 by first
demonstrating that bee venom contains the SOD3 enzyme.

We found that venom from honeybees and bumblebees contained the SOD3 enzyme.
Similar to wasp venom SOD3, which is secreted in venom [30], we confirmed that the SOD
in bee venom was SOD3 by showing that little or no SOD activity was present in bee venom
blocked by an SOD3-specific antibody. Thus, the SOD activity of bee venom was due to
the presence of SOD3, demonstrating that bee venom contains a functional SOD3 enzyme
alone, without catalase and peroxidase enzymes. Moreover, our findings that the venom
of spiders, hornets, and centipedes exhibits SOD activity, suggesting the possibility of the
presence of SOD3 as a conserved component of venoms from venomous arthropods.

Bee venom, which serves as a defensive weapon against human and vertebrate preda-
tors, induces an immediate local inflammatory response that causes acute redness and
swelling at the site of the sting [6]. In the present study, we demonstrated that bee venom
contains SOD3 and described a possible function of bvSOD3. We found that bvSOD3
induces HyO, production in vivo. The levels of H,O, and ROS (including H,O5) in tis-
sue at the site of injection were acutely and significantly increased. Thus, bvSOD3 likely
converts the oxygen radicals generated by bee venom components, such as melittin, to
H,0O, [16]. Consistent with our hypothesis that bvSOD3 is involved in H,O, overproduc-
tion, which leads to an immediate local inflammatory response [22-26,32], mice injected
with AmVASOD3 did not show a significant immediate local inflammatory response, as
indicated by redness, swelling, and nociception. Along with our other data, this result
suggests that bvSOD3 acts as a HyO, inducer, which drives an immediate local inflamma-
tory response at the site of the sting. This observation supports the concept that the high
levels of HyO, produced by the activity of exogenous bvSOD3 may be injurious to tissues
and lead to local inflammation [22-25]. Several deleterious consequences of H,O, over-
production have previously been attributed to increased SOD levels [20,39-41]. Thus, our
results represent an example of a detrimental consequence of an exogenous SOD (bvSOD3),
indicating that bvSOD3 can also play an injurious role in the response to envenoming.

The recognition of stress and damage signals by inflammasomes activates caspase-1,
which subsequently induces proinflammatory cytokine secretion and cell death called
pyroptosis [31]. Activation of the inflammasome by bee venom induces a caspase-1-
dependent inflammatory response [18]. In mouse podocytes, H,O, plays a pivotal role in
inflammasome formation and activation, which induces caspase-1 activation and IL-13
production [42]. Here, we show that bvSOD3 increased the levels of caspase-1 activity
and cell death. Thus, it appears that HyO, overproduction by bvSOD3 activates caspase-1,
which leads to the induction of proinflammatory cytokine secretion and cell death.

Previous research has shown that ROS triggers an inflammatory response through the
expression of many proinflammatory genes [43,44] and that H,O5 is a signaling molecule in
inflammation [22-25]. Furthermore, bee venom upregulates the level of proinflammatory
mediators and cytokines [16,17]. Venom from animals such as scorpions [33], scorpi-
onfish [45], centipedes [34], and snakes [35,46—49] induces a local inflammatory response
in a proinflammatory mediator- and cytokine-dependent manner. Herein, we observed an
elevation in the secretion of proinflammatory mediators and cytokine, including TNF-¢,
COX-2,IL-1B, and IL-6, which was attributed to bvSOD3. Thus, the observed increase in
the inflammatory response due to venom administration in the present study was likely
caused by bvSOD3. These data indicate that bvSOD3 plays a critical role in the induction
of an immediate inflammatory response to venom injection via HyO, overproduction.
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Notably, these findings provide a functional link between bvSOD3 and acute inflamma-
tion. In addition, SOD activity in the venom of venomous arthropods suggests a possible
SOD-dependent regulation of arthropod venom-induced inflammation.

Although PLA; is regarded as the major bee venom component affecting the inflam-
matory response [14-16], previous studies have shown that melittin is also likely to play a
central role in the inflammatory response, including caspase-1 activation and proinflamma-
tory cytokine secretion [16,17]. In addition, similar to previous results [13-17], we found
that mice injected with melittin and/or PLA; exhibit an inflammatory response. Impor-
tantly, we established that bvSOD3 induced more severe inflammatory effects, as indicated
by the increased H,O, production, proinflammatory cytokine secretion, and pathological
outcome in mice injected with a combination of bvSOD3 and melittin and/or PLA;. These
findings indicate that bvSOD3 participates in an inflammatory signaling event, in which
bvSOD3 generates an inflammation-signaling molecule (H,O;) to activate caspase-1 and
proinflammatory cytokine secretion, promoting an acute inflammatory response.

We describe a crucial role for bvSOD3 in the promotion of the acute inflammatory
response and provide a novel view of the mechanism underlying bee-venom-induced acute
inflammation. We have incorporated our findings into a proposed model (Figure 3E) to
explain the mechanisms underlying the immediate local inflammatory response induced
by bvSOD3: bvSOD3, as an exogenous SOD, induces caspase-1 activation and proinflam-
matory molecule secretion through H,O, overproduction using superoxide endogenously
produced by melittin and PLA;, which promotes an acute inflammatory response. Col-
lectively, bee venom has an ROS-based harm-inducing system for the induction of acute
inflammatory responses. Bee venom contains SOD3, which induces H,O, and, therefore,
can promote acute inflammatory responses. Thus, our data reveal why bvSOD3 exists in
the venom and how bee venom acutely elicits inflammatory responses, which suggests
that venom-induced acute inflammation is a rapid anti-predatory defense strategy against
vertebrate predators.

In contrast, the noxious effects of bvSOD3 in mice elevated type 2 immune responses
as a host defense against venoms [17,36]. Our data, together with the observations that
catalase and peroxidase activities in the mice injected with AmV increased in a Hy,O,-
dependent manner and type 2 cytokines were produced in a similar manner to type 1
cytokines, indicate that HyO, induced by bvSOD3 in mice is converted by antioxidant
system of the host [22] and elevation of the type 2 innate immune responses is a damaged
muscle repair mechanism [17,37]. We also detected bvSOD3- and bvPLA;-neutralizing IgG
antibodies in mice and observed the protection effects in mice immunized with AmV or
AmSOD3, demonstrating that immunization with bvSOD3 induces a protective immune
response against bee-venom-induced inflammation. These results indicate that bvSOD3 is
a toxic component of bee venom and induces an innate immune response and protective
immune response, as demonstrated for bee venom PLA; [18].

4. Conclusions

Our findings provide the first evidence that bee venom contains the SOD3 enzyme,
which promotes the immediate local inflammatory response via HyO, overproduction
at the site of the sting. To the best of our knowledge, the present study is the first to
demonstrate that bvSOD3 acts as an ROS-based harm-inducing system in bee venom
to promote an acute inflammatory response. These findings provide a novel view of
the mechanism underlying bee venom-induced inflammatory responses. Thus, targeting
bvSOD3, which promotes an acute inflammatory response, may offer a new approach to
improve the clinical efficacy of therapeutic treatments and VT/VIT. Understanding the
crucial role of venom components allows for further insights into the inflammatory and
allergic responses induced by arthropod venoms.
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5. Materials and Methods
5.1. Arthropods and Venoms

The bees (Apis mellifera, Apis cerana, Bombus terrestris, and Bombus ignitus), centipedes
(Scolopendra subspinipes mutilans), and hornets (Vespa mandarinia) used in the present study
were supplied by the Department of Agricultural Biology, National Academy of Agricul-
tural Science, Republic of Korea. Fresh bee venom was collected in test tubes by stimulating
the stings of worker bees on the inside wall of the tube. For the immunoprecipitation and
injection experiments, A. mellifera venom was purchased from Sigma (St. Louis, MO, USA).
Spider (Latrodectus mactans) venom was also purchased from Sigma. Fresh S. s. mutilans
venom was collected in test tubes by stimulating the venom forcipules using forceps, and
fresh V. mandarinia venom was collected by stimulating the sting on the inside wall of
the tube.

5.2. Cloning and Sequence Analysis

A. cerana SOD3 (AcSOD3) cDNA was selected from a cDNA library, constructed using
the entire body of A. cerana [50]. Total RNA was extracted from the bees using a Total RNA
Extraction Kit (Promega, Madison, W1, USA) and was used as the template for reverse tran-
scription (RT)-PCR. The cDNAs for A. mellifera SOD3 (AmSOD3), AcSOD3, B. ignitus SOD3
(BiSOD3), and B. terrestris SOD3 (BtSOD3) were amplified from the total RNA by RT-PCR.
The primers for AmSOD3 cDNA were designed using the following AcSOD3 cDNA se-
quences: forward 5'-ATGAATAGAATAATTATA-3" and reverse 5'-TTTTTTTTTTTTTTTTTT-
3/. The primers for the BtSOD3 and BiSOD3 cDNAs were designed using the follow-
ing BtSOD3 ¢cDNA sequences (GenBank accession number XM_003397268): forward
5'-ATGAATCGAATAATCATA-3" and reverse 5'-TTTTTTTTTTTTTTTTTT-3'. All PCR
products were verified by DNA sequence analysis. The DNASIS and BLAST programs
(http:/ /www.ncbinlm.nih.gov/BLAST (accessed on 17 July 2016)) were used for pairwise
sequence comparisons. MacVector (ver. 6.5, Oxford Molecular, Ltd., Oxford, UK) was
used to align the SOD3 amino acid sequences. The signal sequence was predicted using
the SignalP 4.1 program (http://www.cbs.dtu.dk/services/Signall (accessed on 17 July
2016)). The bee SOD3 amino acid sequences registered in this study included AcSOD3
(GenBank accession number KX113616), AmSOD3 (KX113617), BiSOD3 (KX113618), and
BtSOD3 (KX113619).

5.3. Protein Expression and Analysis

In this study, the recombinant AmSOD3 proteins were produced using a baculovirus
expression vector system [51]. The AmSOD3 cDNA sequence was amplified by PCR from
pAmSOD3 using forward (1-22) and reverse (511-531) primers with the sequences 5'-
GGATCCATGAATAGAATAATTATATTAC-3' and 5'-TCTAGACTAATGATGATGATGATG
ATGGATAGCTTCGATAATACCACA-3, respectively, which included a His-tag sequence.
After verification of the cDNA sequence, the AmSOD3 cDNA was inserted into a pBacPAK8
transfer vector (Clontech, Palo Alto, CA, USA) to generate an expression vector that can
drive the expression of recombinant AmSOD3 under the control of the Autographa californica
nucleopolyhedrovirus (AcNPV) polyhedrin promoter. The recombinant baculoviruses were
propagated in Sf9 insect cells cultured in TC100 medium (Gibco BRL, Gaithersburg, MD,
USA) at 27 °C [52]. The recombinant proteins were purified using the MagneHis™ Protein
Purification System (Promega), and the protein concentrations were estimated using a
Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA, USA). The recombinant proteins were
identified by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
Western blot analyses were performed with an enhanced chemiluminescence western
blotting detection system (Amersham Biosciences, Piscataway, NJ, USA) using anti-His
antibodies (diluted 1:500 (v/v); BETHYL Laboratories, TX) or anti-AmSOD3 antibodies
[diluted 1:1000 (v/v)]. Horseradish peroxidase-conjugated anti-mouse IgG (diluted 1:5000
(v/v); Sigma-Aldrich) was used as a secondary antibody.
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5.4. Antibody Preparation and Immunoprecipitation

Eight-week-old BALB/c mice (Samtako Bio Korea Co., Osan, Republic of Korea) were
injected with a volume of 200 uL, consisting of purified recombinant AmSOD3 (5 nug)
mixed with Freund’s complete adjuvant (Sigma-Aldrich). One and two weeks after the
first injection, the mice were administered injections of the antigen mixed with Freund’s
incomplete adjuvant in a total volume of 200 uL. Blood was collected three days after the
final injection (antigen only), allowed to clot overnight at 4 °C, and centrifuged at 10,000x g
for 10 min. The supernatant antibodies were stored at —70 °C until use. The anti-AmSOD3
antibodies were purified with an A-Sepharose 4B column (Pharmacia) using 0.1 M sodium
phosphate buffer (pH 8.0) for binding and 0.1 M sodium citrate buffer (pH 3.5) for elution.
For the immunoprecipitation experiments, A. mellifera venom (50 ug; Sigma-Aldrich) was
incubated with 1, 5, or 10 pg of anti-AmSOD3 antibodies at 37 °C for 1 h. The A. mellifera
bee venom containing blocked SOD3 (AmVASOD3) was determined by SOD activity.

5.5. Enzyme Activity Assay

Enzyme activity assays were performed using bee or arthropod venom. Additionally,
mouse muscle tissues were ground with liquid nitrogen and centrifuged at 10,000 g for
10 min to remove cell debris, and the resulting samples were used for enzyme activity
assays. The SOD enzyme activities of bee venom, arthropod venom, and the tissue samples
were determined using a Superoxide Dismutase (SOD) Activity Assay Kit (BioVision
Inc., Milpitas, CA, USA) according to the manufacturer’s instructions. The amount of
SOD3 in bee venom was quantified using a Superoxide Dismutase (SOD) Activity Assay
Kit (BioVision Inc.). The catalase enzyme activity of bee venom or the tissue samples
was assayed using a Catalase Activity Colorimetric/Fluorometric Assay Kit (BioVision,
Inc.) according to the manufacturer’s instructions. The peroxidase enzyme activity was
evaluated using a Peroxidase Activity Colorimetric/Fluorometric Assay Kit (BioVision,
Inc.) according to the manufacturer’s instructions.

5.6. ROS Measurement

To measure the ROS and H,O; levels, mouse muscle tissues were prepared as de-
scribed above. The ROS levels were quantified using an OxiSelect™ In Vitro ROS/RNS
Assay Kit (Green Fluorescence; Cell Biolabs, Inc., San Diego, CA, USA) according to the
manufacturer’s instructions. The H,O, levels were determined using a Hydrogen Perox-
ide Assay Kit (Abcam, Cambridge, UK) following the manufacturer’s instructions. For
the in vitro HyO, production of A. mellifera bee venom (AmV), recombinant AmSOD3,
or AmVASOD3, superoxide anions were produced using WST solution (Superoxide Dis-
mutase (SOD) Activity Assay Kit (BioVision Inc.)), which includes xanthine oxidase. The
solution was mixed with AmYV, recombinant AmSOD3, or AmMVASOD3. After incubation
for 20 min at 37 °C, the HyO; levels produced by SOD were determined using a Hydrogen
Peroxide Assay Kit (Abcam), as described above.

5.7. Venom Administration in Mice

The in vivo experiments were performed using 8-week-old male BALB/c mice pur-
chased from Samtako Bio Korea, Co. (Osan, Republic of Korea). The experimental protocol
for the animals was approved by the Dong-A University Animal Care Committee (ap-
proval number DIACUC-16-3). The mice were separated into seven groups (5 mice/group):
control (PBS), recombinant AmSOD3 (50 or 100 ng per mouse), PLA; (10 pug per mouse),
melittin (25 pg per mouse), AmV (50 ug per mouse), or AmVASOD3 (50 pug per mouse). In
the present study, an inflammatory response was observed in mice after the injection of
50 pg of bee venom, which represents the minimum quantity of venom protein (50-140 ug)
released from a sting [53,54]. The amounts of PLA; and melittin in the injection were deter-
mined as percentages based on the weight of the dry bee venom [2,6]. PLA; and melittin
were isolated from the crude venom fractions by size-exclusion column chromatography,
as previously described [55]. The amount of recombinant AmSOD3 in the injection was
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determined as the quantity (approximately 33 ng) of SOD enzyme in 50 pg of bee venom
using the standard curve from the enzyme-linked immunosorbent assay. The mice were
shaved, and bee venom or PBS was injected into the inguinal muscle of the rear leg. The
venom administration sites were photographed at various timepoints post-injection. The
muscle tissue (without skin) at the administration sites was dissected and washed with
PBS. The collected muscle samples were used directly.

5.8. Apoptosis Assay

The mice’s apoptotic responses to PBS (negative control), AmV (50 pg per mouse), or
AmVASOD?3 (50 pug per mouse) were determined through the measurement of caspase-1
activity using a Caspase-1 Assay Kit (Abcam). As described above, the muscle samples
collected at 1, 3, 6, 12, 18, or 24 h post-injection were washed with PBS, resuspended in cold
lysis buffer, and placed on ice for 20 min. The lysed samples were centrifuged at 14,000x g
for 15 min, and the supernatants were mixed with a caspase substrate (YVAD-AFC) in
a 96-well plate. The samples were incubated overnight at 37 °C, and the released AFC
(7-amino-4-trifluoromethyl coumarin) levels were determined by measuring the absorbance
at 400/505 nm using a fluorescence microplate reader (SpectraMAX Gemini XPS, Molecular
Devices, Sunnyvale, CA, USA). The experiments were performed in triplicate. The muscle
samples collected at 1 and 3 h post-injection were also subjected to immunofluorescence
staining. Specifically, the muscle samples were double-labeled with an in situ cell death
detection kit (Roche Applied Science) and a mouse anti-caspase-1 antibody (Abcam). The
samples were washed three times with PBS and then preincubated in PBS containing 5%
BSA at room temperature for 1 h. After incubation for 1 h with mouse anti-caspase-1
antibody (diluted 1:200 (v/v)) in PBS containing 1% BSA, the samples were washed three
times with PBS for 1 h and then incubated with tetramethyl rhodamine isothiocyanate-
conjugated goat anti-mouse IgG (diluted 1:300 (v/v); Santa Cruz Biotech, Inc.) in PBS
containing 1% BSA for 3 h. After three washes with PBS, the samples were incubated in a
TUNEL reaction mixture containing terminal deoxynucleotidyl transferase and fluorescein-
conjugated dUTP at 37 °C for 1 h. The samples were washed with PBS and wet-mounted,
and the presence of caspase-1 and apoptosis in the muscle samples was visualized by
laser-scanning confocal microscopy (Carl Zeiss LSM 510).

5.9. Enzyme-Linked Immunosorbent Assay (ELISA)

The levels of cyclooxygenase (COX)-2, IL-1§3, IL-6, tumor necrosis factor (TNF)-«, IL-4,
and IL-13 were determined using ELISA Kits (Abcam). The proteins obtained from the
mouse muscle samples (50 pg/well) were added to each well of a 96-well plate coated
with anti-mouse COX-2, IL-1f3, IL-6, TNF-«, IL-4, or IL-13 antibody. After incubation, the
wells were washed four times with 300 puL of washing buffer. Subsequently, 100 uL of
biotinylated anti-mouse COX-2, IL-1§3, IL-6, TNF-«, IL-4, or IL-13 antibody was added to
each well, and the plate was incubated for 1 h at room temperature with gentle shaking.
The plate was then washed repeatedly, and 100 puL of TMB One-Step Substrate Reagent was
added to each well. The plate was subsequently incubated for 30 min at room temperature
in the dark with gentle shaking. The reaction was stopped by the addition of 50 uL of stop
solution, and the absorbance at 450 nm was immediately measured using a microplate
reader (Bio-Rad Model 3550, Bio-Rad, Hercules, CA, USA).

5.10. Protection Assay

Eight-week-old male BALB/c mice were immunized through one subcutaneous injec-
tion of PBS (control), recombinant AmSOD3 (250 ng per mouse), AmV (50 pg per mouse),
or AmVASOD3 (50 ng per mouse) and challenged with AmV (50 pug per mouse) one month
after the injection. Blood was collected at 1, 3, 6, 12, or 18 h post-challenge, allowed to clot
overnight at 4 °C, and centrifuged at 10,000 x g for 10 min. The supernatant antibodies were
used as the primary antibody (diluted 1:500 (v/v)) for the Western blots. For the Western
blot analysis, recombinant AmSOD3 and PLA; proteins were separated by SDS-PAGE on a
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12% gel. The Western blot analysis was performed using an enhanced chemiluminescence
western blotting detection system with horseradish peroxidase-conjugated goat anti-mouse
antibody (diluted 1:5000 (v/v); Sigma) as the secondary antibody.

5.11. Statistical Analysis

Data are shown as the means £ SDs and Shapiro-Wilk test was used to test for normal
distribution. The data were analyzed using an independent, unpaired, 2-tailed Student’s
t-test. All statistical analyses were performed using SPSS PASW 22.0 package for Windows
(IBM, Chicago, IL, USA). The statistical significance was set at ** p < 0.01 and * p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/toxins14080558 /51, Figure S1: Bee venom SOD3 protein sequences
and recombinant AmSOD3 expression. (A) Amino acid sequence alignment of bee venom SOD?3s.
The cleavage site for the predicted signal sequence is underlined. The residues that form disulfide
bridges (S-S) and ligate metals (Cu or Zn) are indicated by solid circles and asterisks, respectively. The
AmSOD3 sequence was used as a reference for the identity/similarity (Id/Si) values. (B) Production
of a recombinant AmSOD3 in baculovirus-infected insect cells. Figure S2: bvSOD3 functions in
H202 formation. (A) Preparation of bee venom in which SOD3 was blocked by immunoprecipitation
with anti-AmSOD3 antibodies. A. mellifera bee venom (50 pg) was incubated with anti-AmSOD3
antibodies (1, 5, and 10 pg) at 37°C for 1 h, and the SOD activity was then measured. The data
represent the mean £ SD (n = 3). (B) In vitro HyO, production by native A. mellifera bee venom
(AmV), bee venom with blocked SOD3 (AmVASOD3), or recombinant AmSOD3 (200 ng). The data
represent the mean £ SD (n = 3). Figure S3: bvSOD3 increases the levels of caspase-1 and cell
death. Figure S4: Antioxidant enzyme activity in bee venom-injected mouse muscles. SOD (A),
catalase (B), and peroxidase (C) activities in mouse muscle samples analyzed in (Figure 2A) (n = 5).
Data are the mean + SD; experiments were independently replicated three times. Independent
t-test, * p < 0.05, ** p < 0.01. Figure S5: Mice injected with recombinant AmSOD3 alone do not
exhibit an inflammatory response or HyO, production. (A) In vivo effects of recombinant AmSOD3
administration, determined by imaging of representative mice at 10, 20, 30, and 60 min post injection
(n = 5). PBS, injection control. (B) HyO, concentration in mouse muscles from (A). Data are the
mean + SD; experiments were independently replicated three times. Figure S6: Immunization with
bvSOD3 reduces the levels of caspase-1 and cell death.

Author Contributions: Conceptualization, B.-R.J. and K.-S.L.; Data curation, K.-S.L. and B.-YK;
Formal analysis, K.-S.L., B.-YK., M.-].P, Y.D,, ].-M.K,, Y.-HK. and E.-].H.; Investigation, K.-S.L.,
B.-YK, H.-JY, K-YL, Y-5.C. and B.-R.J.; Resources, H.-].Y., K.-Y.L. and Y.-S.C.; Writing—original
draft, B.-R.J. and K.-S.L.; Writing—review and editing, B.-R.J. and K.-S.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Education (grant number 2020R1A6A1A03047729)
and the Green Fusion Technology Program funded by the Ministry of Environment.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

1. Miiller, U.R. Insect venoms. Chem. Immunol. Allergy 2010, 95, 141-156. [CrossRef]

2. Son, D.J.; Lee, J.E.; Lee, YH.; Song, H.S.; Lee, CK.; Hong, ].T. Therapeutic application of anti-arthritis, pain-releasing, and
anti-cancer effects of bee venom and its constituent compounds. Pharmacol. Ther. 2007, 115, 246-270. [CrossRef] [PubMed]

3. Kim, H.; Park, S.Y.; Lee, G. Potential therapeutic applications of bee venom on skin disease and its mechanisms: A literature
review. Toxins 2019, 11, 374. [CrossRef] [PubMed]

4. Lin, TY,; Hsieh, C.L. Clinical applications of bee venom acupoint injection. Toxins 2020, 12, 618. [CrossRef] [PubMed]

5. Badawi, ].K. Bee venom components as therapeutic tools against prostate cancer. Toxins 2021, 13, 337. [CrossRef]


https://www.mdpi.com/article/10.3390/toxins14080558/s1
https://www.mdpi.com/article/10.3390/toxins14080558/s1
http://doi.org/10.1159/000315948
http://doi.org/10.1016/j.pharmthera.2007.04.004
http://www.ncbi.nlm.nih.gov/pubmed/17555825
http://doi.org/10.3390/toxins11070374
http://www.ncbi.nlm.nih.gov/pubmed/31252651
http://doi.org/10.3390/toxins12100618
http://www.ncbi.nlm.nih.gov/pubmed/32992601
http://doi.org/10.3390/toxins13050337

Toxins 2022, 14, 558 22 0f 23

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

Chen, J.; Lariviere, W.R. The nociceptive and anti-nociceptive effects of bee venom injection and therapy: A double-edged sword.
Prog. Neurobiol. 2010, 92, 151-183. [CrossRef]

Golden, D.B.K;; Kelly, D.; Hamilton, R.G.; Craig, T.]. Venom immunotherapy reduces large local reactions to insect stings. J. Allergy
Clin. Immunol. 2009, 123, 1371-1375. [CrossRef]

Ozdemir, C.; Kucuksezer, U.C.; Akdis, M.; Akdis, C.A. Mechanisms of immunotherapy to wasp and bee venom. Clin. Exp. Allergy
2011, 41, 1226-1234. [CrossRef]

Pucca, M.B.; Cerni, EA.; Oliveira, I.S; Jenkins, T.P.; Argemi, L.A.; Serensen, C.V.; Ahmadi, S.; Barbosa, ].E.; Laustsen, A.H. Bee
updated: Current knowledge on bee venom and bee envenoming therapy. Front. Immunol. 2019, 10, 2090. [CrossRef]

Seppild, U.; Francese, S.; Turillazzi, S.; Moneti, G.; Clench, M.; Barber, D. In Situ imaging of honeybee (Apis mellifera) venom
components from aqueous and aluminum hydroxide-adsorbed venom immunotherapy preparations. J. Allergy Clin. Immunol.
2012, 129, 1314-1320. [CrossRef]

Danneels, E.L.; Van Vaerenbergh, M.; Debyser, G.; Devreese, B.; de Graaf, D.C. Honeybee venom proteome profile of queens and
winter bees as determined by a mass spectrometric approach. Toxins 2015, 7, 4468—4483. [CrossRef]

Matysiak, J.; Hajduk, J.; Mayer, F.; Hebeler, R.; Kokot, Z.]. Hyphenated LC-MALDI-ToF/ToF and LC-ESI-QToF approach in
proteomic characterization of honeybee venom. J. Pharm. Biomed. Anal. 2016, 121, 69-76. [CrossRef]

Hartman, D.A.; Tomchek, L.A.; Lugay, ].R.; Lewin, A.C,; Chau, T.T.; Carlson, R.P. Comparison of anti-inflammatory and
antiallergic drugs in the melittin- and D49 PLA2-induced mouse paw edema models. Agents Actions 1991, 34, 84-88. [CrossRef]
Nair, X.; Nettleton, D.; Clever, D.; Tramposch, K.M.; Ghosh, S.; Franson, R.C. Swine as a model of skin inflammation: Phospholi-
pase A2-induced inflammation. Inflammation 1993, 17, 205-215. [CrossRef]

Landucci, E.C.; Toyama, M.; Marangoni, S.; Oliveira, B.; Cirino, G.; Antunes, E.; de Nucci, G. Effect of crotapotin and heparin on
the rat paw oedema induced by different secretory phospholipases A2. Toxicon 2000, 38, 199-208. [CrossRef]

Stuhlmeier, K.M. Apis mellifera venom and melittin block neither NF-«B-p50-DNA interactions nor the activation of NF-«B,
instaed they activate the transcription of proinflammatory genes and the release of reactive oxygen intermediates. J. Immunol.
2007, 179, 655-664. [CrossRef]

Palm, N.W.; Medzhitov, R. Role of the inflammasome in defense against venoms. Proc. Natl. Acad. Sci. USA 2013, 110, 1809-1814.
[CrossRef]

Hodgson, E.K,; Fridovich, I. The interaction of bovine erythrocyte superoxide dismutase with hydrogen peroxide: Chemilumines-
cence and peroxidation. Biochemistry 1975, 14, 5299-5303. [CrossRef]

Hodgson, E.K.; Fridovich, I. The interaction of bovine erythrocyte superoxide dismutase with hydrogen peroxide: Inactivation of
the enzyme. Biochemistry 1975, 14, 5294-5299. [CrossRef]

Liochev, S.I.; Fridovich, I. The effects of superoxide dismutase on HyO, formation. Free Radic. Biol. Med. 2007, 42, 1465-1469.
[CrossRef]

Liochev, S.I.; Fridovich, I. Mechanism of the peroxidase activity of Cu, Zn superoxide dismutase. Free Radic. Biol. Med. 2010,
48, 1565-1569. [CrossRef] [PubMed]

Lisanti, M.P.; Martinez-Outschoorn, U.E,; Lin, Z.; Pavlides, S.; Whitaker-Menezes, D.; Pestell, R.G.; Howell, A.; Sotgia, F. Hydrogen
peroxide fuels aging, inflammation, cancer metabolism and metastasis: The seed and soil also needs “fertilizer”. Cell Cycle 2011,
10, 2440-2449. [CrossRef] [PubMed]

Watt, B.E.; Proudfoot, A.T.; Vale, ].A. Hydrogen peroxide poisoning. Toxicol. Rev. 2004, 23, 51-57. [CrossRef] [PubMed]
Wittmann, C.; Chockley, P; Singh, S.K.; Pase, L.; Lieschke, G.J.; Grabher, C. Hydrogen peroxide in inflammation: Messenger,
guide, and assassin. Adv. Hematol. 2012, 2012, 541471. [CrossRef] [PubMed]

van der Vliet, A.; Janssen-Heininger, YM.W. Hydrogen peroxide as a damage signal in tissue injury and inflammation: Murderer,
mediator, or messenger? J. Cell. Biochem. 2014, 115, 427-435. [CrossRef]

Sies, H. Hydrogen peroxide as a central redox signaling molecule in physiological oxidative stress: Oxidative eustress. Redox Biol.
2017, 11, 613-619. [CrossRef]

Kobayashi, Y.; Nishikawa, M.; Hyoudou, K.; Yamashita, F.; Hashida, M. Hydrogen peroxide-mediated nuclear factor kappaB
activation in both liver and tumor cells during initial stages of hepatic metastasis. Cancer Sci. 2008, 99, 1546-1552. [CrossRef]
Pucca, M.B.; Ahmadj, S.; Cerni, EA.; Ledsgaard, L.; Serensen, C.V.; McGeoghan, ET.S.; Stewart, T.; Schoof, E.; Lomonte, B.; auf
dem Keller, U.; et al. Unity makes strength: Exploring intraspecies and interspecies toxin synergism between phospholipases A2
and cytotoxins. Front. Pharmacol. 2020, 11, 611. [CrossRef]

Habermann, E. Bee and wasp venoms. Science 1972, 177, 314-322. [CrossRef]

Colinet, D.; Cazes, D.; Belghazi, M.; Gatti, ].L.; Poirié, M. Extracellular superoxide dismutase in insects. Characterization, function,
and interspecific variation in parasitoid wasp. J. Biol. Chem. 2011, 286, 40110-40121. [CrossRef]

Strowig, T.; Henao-Mejia, J.; Elinav, E.; Flavell, R. Inflammasomes in health and disease. Nature 2012, 481, 278-286. [CrossRef]
Trenam, C.W.; Blake, D.R.; Morris, C.J. Skin inflammation: Reactive oxygen species and the role of iron. J. Invest. Dermatol. 1992,
99, 675-682. [CrossRef]

Zoccal, K.F; da Silva Bitencourt, C.; Sorgi, C.A.; Bordon, K.D.C.F,; Sampaio, S.V.; Arantes, E.C.; Faccioli, L.H. Ts6 and Ts2 from
Tityus serrulatus venom induce inflammation by mechanisms dependent on lipid nediators and cytokine production. Toxicon 2013,
61, 1-10. [CrossRef]


http://doi.org/10.1016/j.pneurobio.2010.06.006
http://doi.org/10.1016/j.jaci.2009.03.017
http://doi.org/10.1111/j.1365-2222.2011.03812.x
http://doi.org/10.3389/fimmu.2019.02090
http://doi.org/10.1016/j.jaci.2011.10.014
http://doi.org/10.3390/toxins7114468
http://doi.org/10.1016/j.jpba.2016.01.009
http://doi.org/10.1007/BF01993245
http://doi.org/10.1007/BF00916106
http://doi.org/10.1016/S0041-0101(99)00143-9
http://doi.org/10.4049/jimmunol.179.1.655
http://doi.org/10.1073/pnas.1221476110
http://doi.org/10.1021/bi00695a011
http://doi.org/10.1021/bi00695a010
http://doi.org/10.1016/j.freeradbiomed.2007.02.015
http://doi.org/10.1016/j.freeradbiomed.2010.02.036
http://www.ncbi.nlm.nih.gov/pubmed/20211248
http://doi.org/10.4161/cc.10.15.16870
http://www.ncbi.nlm.nih.gov/pubmed/21734470
http://doi.org/10.2165/00139709-200423010-00006
http://www.ncbi.nlm.nih.gov/pubmed/15298493
http://doi.org/10.1155/2012/541471
http://www.ncbi.nlm.nih.gov/pubmed/22737171
http://doi.org/10.1002/jcb.24683
http://doi.org/10.1016/j.redox.2016.12.035
http://doi.org/10.1111/j.1349-7006.2008.00856.x
http://doi.org/10.3389/fphar.2020.00611
http://doi.org/10.1126/science.177.4046.314
http://doi.org/10.1074/jbc.M111.288845
http://doi.org/10.1038/nature10759
http://doi.org/10.1111/1523-1747.ep12613740
http://doi.org/10.1016/j.toxicon.2012.10.002

Toxins 2022, 14, 558 23 0f 23

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Kimura, L.E,; Prezotto-Neto, ].P; Tavora, B.D.C.L.F,; Antoniazzi, M.M.; Knysak, L.; Guizze, S.P.G.; Santoro, M.L.; Barbaro, K.C.
Local inflammatory reaction induced by Scolopendra viridicornis centipede venom in mice. Toxicon 2013, 76, 239-246. [CrossRef]
Santhosh, M.S.; Sundaram, M.S.; Sunitha, K.; Kemparaju, K.; Girish, K.S. Viper venom-induced oxidative stress and activation of
inflammatory cytokines: A therapeutic approach for overlooked issues of snakebite management. Inflamm. Res. 2013, 62, 721-731.
[CrossRef]

Palm, N.W.; Rosenstein, R.K.; Medzhitov, R. Allergic host defences. Nature 2012, 484, 465-472. [CrossRef]

Heredia, J.E.; Mukundan, L.; Chen, EM.; Mueller, A.A.; Deo, R.C.; Locksley, R.M.; Rando, T.A.; Chawla, A. Type 2 innate signals
stimulate fibro/adipogenic progenitors to facilitate muscle regeneration. Cell 2013, 153, 376-388. [CrossRef]

Haddad Junior, V.; Amorim, P.C.; Haddad Junior, W.T.; Cardoso, ].L. Venomous and poisonous arthropods: Identification, clinical
manifestations of envenomation, and treatments used in human injuries. Rev. Soc. Bras. Med. Trop. 2015, 48, 650-657. [CrossRef]
Elroy-Stein, O.; Bernstein, Y.; Groner, Y. Overproduction of human Cu/Zn-superoxide dismutase to transfected cells: Extenuation
of paraquat-mediated cytotoxicity and enhancement of lipid peroxidation. EMBO J. 1986, 5, 615-622. [CrossRef]

Amstad, P; Moret, R.; Cerutti, P. Glutathione peroxidase compensates for the hypersensitivity of Cu,Zn-superoxide dismutase
overproducers to oxidant stress. J. Biol. Chem. 1994, 269, 1606-1609. [CrossRef]

Amstad, P; Peskin, A.; Shah, G.; Mirault, M.E.; Moret, R.; Zbinden, I.; Cerutti, P. The balance between Cu,Zn-superoxide
dismutase and catalase affects the sensitivity of mouse epidermal cells to oxidative stress. Biochemistry 1991, 30, 9305-9313.
[CrossRef]

Abais, ].M.; Xia, M; Li, G.; Gehr, TW.B.; Boini, K.M; Li, P.L. Contribution of endogenously produced reactive oxygen species to
the activation of podocyte NLRP3 inflammasomes in hyperhomocysteinemia. Free Radic. Biol. Med. 2014, 67, 211-220. [CrossRef]
Halliwell, B.; Gutteridge, ].M. Role of free radicals and catalytic metal ions in human disease: An overview. Methods Enzymol.
1990, 186, 1-85.

Schulze-Osthoff, K.; Bauer, M.K.; Vogt, M.; Wesselborg, S. Oxidative stress and signal transduction. Int. ]. Vitam. Nutr. Res. 1997,
67,336-342. [PubMed]

Menezes, T.N.; Carnielli, ].B.T.; Gomes, H.L.; Pereira, FE.L.; Lemos, E.M.; Bissoli, N.S.; Lopes-Ferreira, M.; Andrich, F;
Figueiredo, S.G. Local inflammatory response induced by scorpionfish Scorpaena plumieri venom in mice. Toxicon 2012, 60, 4-11.
[CrossRef] [PubMed]

Carneiro, A.S.; Ribeiro, O.G.; De Franco, M.; Cabrera, W.H.K.; Vorraro, F.; Siqueira, M.; Ibafiez, O.M.; Starobinas, N. Local
inflammatory reaction induced by Bothrops jararaca venom differs in mice selected for acute inflammatory response. Toxicon 2002,
40, 1571-1579. [CrossRef]

Moreira, V.; Dos-Santos, M.C.; Nascimento, N.G.; Borges da Silva, H.; Fernandes, C.M.; D'Império Lima, M.R.; Teixeira, C. Local
inflammatory events induced by Bothrops atrox snake venom and the release of distinct classes of inflammatory mediators. Toxicon
2012, 60, 12-20. [CrossRef]

Sebastin Santhosh, M.S.; Hemshekhar, M.; Thushara, R.M.; Devaraja, S.; Kemparaju, K.; Girish, K.S. Vipera russelli venom-induced
oxidative stress and hematological alterations: Amelioration by crocin a dietary colorant. Cell. Biochem. Funct. 2013, 31, 41-50.
[CrossRef]

Wanderley, CW.S,; Silva, CM.S.; Wong, D.V.T.; Ximenes, R.M.; Morelo, D.E.C.; Cosker, F; Aragao, K.S.; Fernandes, C.; Palheta-
Junior, R.C; Havt, A.; et al. Bothrops jararacussu snake venom-induced a local inflammatory response in a prostanoid- and
neutrophil-dependent manner. Toxicon 2014, 90, 134-147. [CrossRef]

Kim, B.Y;; Lee, K.S.; Zou, EM.; Wan, H.; Choi, Y.S.; Yoon, H.].; Kwon, HW.,; Je, YH.; Jin, B.R. Antimicrobial activity of a honeybee
(Apis cerana) venom Kazal-type serine protease inhibitor. Toxicon 2013, 76, 110-117. [CrossRef]

Je, YH.; Chang, J.H.; Kim, M.H,; Roh, J.Y;; Jin, B.R.; O'Reilly, D.R.; Kang, S.K. A defective viral genome maintained in
Escherichia coli for the generation of baculovirus expression vectors. Biotechnol. Lett. 2001, 23, 575-582. [CrossRef]

Deng, Y,; Kim, B.Y.; Lee, K.Y.; Yoon, H.J.; Wan, H.; Li, J.; Lee, K.S.; Jin, B.R. Lipolytic activity of a carboxylesterase from bumblebee
(Bombus ignitus) venom. Toxins 2021, 13, 239. [CrossRef]

Hoffman, D.R.; Jacobson, R.S. Allergens in Hymeoptera venom. XII-How much protein is in a sting? Ann. Allergy 1984,
52,276-278.

Schumacher, M.].; Tveten, M.S.; Egen, N.B. Rate and quantity of delivery of venom from honeybee stings. J. Allergy Clin. Immunol.
1994, 93, 831-835. [CrossRef]

Xin, Y.; Choo, YM.; Hu, Z.; Lee, K.S.; Yoon, H.J.; Cui, Z.; Sohn, H.D.; Jin, B.R. Molecular cloning and characterization of a venom
phospholipase A, from the bumblebee Bombus ignitus. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 2009, 154, 195-202. [CrossRef]


http://doi.org/10.1016/j.toxicon.2013.10.017
http://doi.org/10.1007/s00011-013-0627-y
http://doi.org/10.1038/nature11047
http://doi.org/10.1016/j.cell.2013.02.053
http://doi.org/10.1590/0037-8682-0242-2015
http://doi.org/10.1002/j.1460-2075.1986.tb04255.x
http://doi.org/10.1016/S0021-9258(17)42068-0
http://doi.org/10.1021/bi00102a024
http://doi.org/10.1016/j.freeradbiomed.2013.10.009
http://www.ncbi.nlm.nih.gov/pubmed/9350475
http://doi.org/10.1016/j.toxicon.2012.03.008
http://www.ncbi.nlm.nih.gov/pubmed/22453065
http://doi.org/10.1016/S0041-0101(02)00174-5
http://doi.org/10.1016/j.toxicon.2012.03.004
http://doi.org/10.1002/cbf.2858
http://doi.org/10.1016/j.toxicon.2014.08.001
http://doi.org/10.1016/j.toxicon.2013.09.017
http://doi.org/10.1023/A:1010301404445
http://doi.org/10.3390/toxins13040239
http://doi.org/10.1016/0091-6749(94)90373-5
http://doi.org/10.1016/j.cbpb.2009.06.003

	Introduction 
	Results 
	Bee and Arthropod Venoms Contain a Functional SOD3 Enzyme 
	bvSOD3 Induces Caspase-1 Activation and Proinflammatory Molecule Secretion via H2O2 Overproduction 
	bvSOD3 Promotes Acute Induction of Inflammatory Responses 
	Noxious Effects of bvSOD3 Elevate Type 2 Immune Responses 
	bvSOD3 Immunization Protects against Bee Venom-Induced Inflammation 

	Discussion 
	Conclusions 
	Materials and Methods 
	Arthropods and Venoms 
	Cloning and Sequence Analysis 
	Protein Expression and Analysis 
	Antibody Preparation and Immunoprecipitation 
	Enzyme Activity Assay 
	ROS Measurement 
	Venom Administration in Mice 
	Apoptosis Assay 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Protection Assay 
	Statistical Analysis 

	References

