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Simple Summary

Butterfly wing morphology is determined during the early pupal stage, when the periph-
eral portion of the pupal wing tissue undergoes apoptosis. We hypothesized that the
development of wing morphology and color patterns may involve NADPH oxidase (NOX).
To test this hypothesis, we treated pupae of the blue pansy butterfly Junonia orithya with
NOX inhibitors. When VAS2870, isuzinaxib, or diphenyleneiodonium chloride (DPI) was
topically applied to pupal wing tissue, wing morphology and color pattern elements were
severely deformed. When systemically injected into pupae, VAS2870 increased eyespot size
in males but decreased eyespot size in females, likely due to the sexual dimorphism of this
species. These results suggest that NOX and probably hydrogen peroxide play important
roles in wing morphogenesis and color pattern fate determination in butterfly wings.

Abstract

During the early pupal stage in butterflies, the peripheral portion of wing tissue undergoes
apoptosis to finalize adult wing morphology, and wing color patterns are determined
coordinately. We hypothesized that the development of wing morphology and color
patterns may involve NADPH oxidase (NOX). To test this hypothesis, we treated pupae of
the blue pansy butterfly Junonia orithya with NOX inhibitors. When VAS2870, isuzinaxib, or
diphenyleneiodonium chloride (DPI) in dimethyl sulfoxide (DMSO) was topically applied
to the pupal wing tissue via the sandwich method, wing morphology and color pattern
elements, including eyespots, parafocal elements, submarginal bands, and marginal bands,
were severely deformed as if the marginal area were surgically removed. The topical
application of DMSO alone mildly deformed and enlarged eyespots without affecting other
color patterns and wing morphology. When systemically injected into pupae, VAS2870
increased eyespots in males but decreased eyespots in females, likely due to the sexual
dimorphism of this species. These results suggest that NOX and probably hydrogen
peroxide play important roles in wing morphogenesis and color pattern fate determination
in butterfly wings. Sexually dimorphic eyespot size in this species may also be explained
by the sexually differential activities of NOX.

Keywords: apoptosis; butterfly wing; color pattern formation; eyespot; hydrogen peroxide;
marginal band system; NADPH oxidase; sexual dimorphism; wing morphogenesis
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1. Introduction

Embryonic development involves dynamic cellular movement and the three-dimensional
folding of cellular sheets, as exemplified by the process of gastrulation in amphibian
embryos [1,2]. Such dynamic cellular activities are most prevalent in the early stages of life
in vertebrates. However, because insect development accompanies metamorphosis, dynamic
cellular activities are important in both early and late developmental stages of larval imaginal
discs and pupal tissues to realize adult morphology. This is especially true in holometabolic
insects, including Lepidoptera (butterflies and moths). The evolutionary inventions for wing
elaboration are so important that they are key features for defining insect orders. For example, in
Lepidoptera, the surface of the wings is covered with fine scales that may show diverse pigment
colors and/or structural colors for the overall color patterns [3,4]. In addition to their color
pattern diversity, lepidopteran insects have highly diverse wing morphologies, for example,
notable hindwing tails.

In butterflies, wing morphogenesis takes place during the early pupal period [3-6].
During this period, a small number of mitosis events and subsequent terminal differenti-
ation of wing epidermal (epithelial) cells occur [3-6]. Notably, the peripheral portion of
a pupal wing tissue degenerates to finalize the adult wing morphology [4-9]. It is this
mechanism that realizes the high diversity of wing morphology in Lepidoptera. This
process involves not only the development of bordering lacuna along the prospective wing
margin but also degeneration via the apoptosis of peripheral epidermal cells [4-9]. In real-
time in vivo observations, pupal wing tissues exhibit dynamic physical movement [10-12],
suggesting that the process of peripheral apoptosis may be more complex in association
with wing movement. Furthermore, mitotic density is likely important in the development
of wing shape [13]. A few genes are expressed in wing imaginal discs in an area-specific
manner [9,14], but their precise functions in association with peripheral degeneration and
wing morphogenesis are not clear. Similar to the peripheral wing degeneration in butter-
flies, the sex-dependent wing development of winter moths, in which entire female wings
degenerate, involves the apoptosis of wing tissues [15]. This degeneration is induced by
ecdysteroid [16,17].

In addition to wing morphology, wing color pattern fates are also determined during
the early pupal period, although this determination process begins in the late larval stage.
The color patterns are strongly influenced by the overall wing shape. The overall color
pattern in butterflies is composed of four symmetry systems (the discal symmetry system,
the central symmetry system, the basal symmetry system, and the border symmetry system)
and two half-symmetry peripheral systems (the marginal band system and the wing root
band system) [3,18-21]. These systems likely have their own organizers that determine
the system’s color patterns. Each of these systems is composed of color pattern elements
(such as eyespots in the border symmetry system). Color pattern elements in the same
system and in different but adjacent systems seem to interact with one another to finalize
the elemental positions during development [22-24]. The marginal band system and the
border symmetry systems appear to repel each other so that their color patterns do not
overlap [25]. When the marginal area of the prospective adult wing is physically removed,
the marginal band system cannot develop, likely because its organizers are removed, and
an eyespot is diffused and flattened along the artificial wing margin [4,26]. When the
marginal organizer is damaged, the marginal band (MB) and submarginal band (SMB) are
disturbed, and the parafocal element (PFE) is positioned more distally, likely because of the
lack of repulsion from the marginal band system [25]. Furthermore, wing veins define wing
compartments (wing cells), and this venation system is required to properly develop color
pattern elements on the wings [4,27]. The wing veins likely cut the color pattern signals
from the previous organizer into pieces that fit in each wing compartment [22].
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Although the development of wing morphology can be considered an important
model system for investigating animal morphogenesis [9,14], the molecular mechanisms
of peripheral apoptosis in butterfly pupal wing tissues are largely unknown. In general,
one of the apoptosis-regulating enzymes is the family of NADPH oxidases (NOX), which
regulate reactive oxygen species (ROS), including hydrogen peroxide [28-34]. Through the
production of ROS, NOX proteins have multiple roles, including innate immunity responses
and crosslinking of the extracellular matrix, in various organisms including insects [35-38].
Extracellular ROS is likely a key factor for apoptosis-induced compensatory proliferation
after stress-induced cell death [39]. Importantly, in insects, dual NADPH oxidase (DUOX)
contributes to the stabilization of wing cuticle [40] and tracheal network [41], likely through
tyrosine crosslinking via ROS. Moreover, DUOX appears to be important in various aspects
of the insect life cycle, including molting, hatching, and feeding [42]. Various types of
ROS are produced in many biological systems, of which hydrogen peroxide has been
recognized as a signaling molecule [43-52]. Importantly, hydrogen peroxide is a cell-
surviving signaling molecule at low concentrations, although it is generally harmful at high
concentrations [46,53]. We hypothesized that a type of NOX is involved in the regulation
of hydrogen peroxide to define the apoptotic and nonapoptotic regions of the pupal
peripheral wings in butterflies. We also hypothesized that NOX-derived hydrogen peroxide
is involved in color pattern determination in butterfly wings. To examine these possibilities,
we employed VAS2870, a specific inhibitor of NOX without isoform specificity [54-58].
VAS2870 has been used in a variety of biological systems to demonstrate the physiological
function of NOX [59-63]. In addition, we tested two additional NOX inhibitors, isuzinaxib
and diphenyleneiodonium chloride (DPI). Both isuzinaxib [64—67] and DPI [68-70] have
been used as widely as VAS2870.

In this study, we used the blue pansy butterfly Junonia orithya as an experimental
system of choice. We topically applied NOX inhibitors on the surface of the hindwings of
fresh pupae. We then tested whether the effects of NOX inhibitors can be rescued via the
injection of hydrogen peroxide. Additionally, we systemically injected VAS2870 into fresh
pupae. We then examined the wing morphology and color patterns of adult butterflies
after eclosion. Because VAS2870, isuzinaxib, and DPI were dissolved in dimethyl sulfoxide
(DMSO), we also examined the effects of DMSO on wing morphology and color patterns
for comparison.

2. Materials and Methods
2.1. Butterflies

The blue pansy butterfly J. orithya (Linnaeus, 1758) was used throughout this study.
This butterfly is abundant on Okinawa-jima Island, Okinawa Prefecture, Japan, where there
is no restriction on its collection and use for research. Female butterflies were collected on
the Nishihara Campus of the University of the Ryukyus, Okinawa, Japan. The collected
female butterflies were confined in a glass tank (300 mm x 300 mm x 300 mm) together with
the natural host plant Phyla nodiflora for oviposition. Larvae were reared with the natural
host plant Plantago asiatica in a plastic container at ambient temperature (approximately
27 °C) under L16:D8 light conditions.

2.2. Experimental Treatments

Immediately after pupation (within 30 min postpupation), the left forewing was
physically lifted, a liquid droplet (0.6 uL) was placed on the surface of the hindwing, and
the forewing was carefully placed back to the original position. In this way, a liquid droplet
was sandwiched between the forewing and the hindwing (henceforth called the sandwich
method). The right wing was not treated and was used for comparison. For systemic
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applications, 2.0 uL of liquid was injected into the abdomen of a fresh pupa within 1 h
postpupation via an Ito microsyringe MS-05 (Fuji, Shizuoka, Japan). The treated pupae were
individually placed in a container until eclosion. Adult butterflies were frozen immediately
after eclosion before wing damage could occur. The survival rates for these treatments are
recorded in Appendix A Table Al.

We also performed a rescue experiment in which VAS2870 (13.87 mM) was applied
topically via the sandwich method, and simultaneously, either water or 12% hydrogen
peroxide solution (obtained as 30% solution; FUJIFILM Wako Pure Chemical, Osaka, Japan)
(2.0 puL) was injected. This experiment was based on the hypothesis that the hydrogen
peroxide produced from endogenous NOX during wing morphogenesis is inhibited by
VAS2870, and its effects could be rescued by the exogeneous supply of hydrogen perox-
ide, although the biological half-lives of VAS2870 and hydrogen peroxide in pupae may
be different.

2.3. Chemical Compounds

The NOX inhibitor VAS2870 (Cayman Chemical, Ann Arbor, MI, USA) was used
in this study. This compound contains a sulfur atom, and its formal name is 7-(2-
benzoxazolylthio)-3-(phenylmethyl)-3H-1,1,3-triazolo[4,5-d]pyrimidine, according to the
manufacturer’s product information. Two additional NOX inhibitors, isuzinaxib (also
known as APX-115 free base or Ewha-18278 free base) (Selleckchem, Houston, TX, USA)
and diphenyleneiodonium chloride (DPI) (MedChemExpress, Monmouth Junction, NJ,
USA) were similarly used. These inhibitors were dissolved in dimethyl sulfoxide (DMSO)
(Wako Pure Chemical Industries, Osaka, Japan), and several concentrations were applied as
shown in Appendix A Table Al. Owing to its high degree of cellular penetrance and solu-
bilizing ability, DMSO may disrupt wing morphogenesis and color pattern formation. Thus,
we evaluated the effects of DMSO alone and NOX inhibitors in DMSO simultaneously.

2.4. Experimental Evaluations

We mainly focused on dorsal hindwing eyespots because they are accessible via the
sandwich method. For the quantification of eyespot areas, only the posterior eyespot was
examined in males because anterior eyespots are often nonexistent or undeveloped in
males. In females, both the anterior and posterior eyespots were examined.

We obtained images of the dorsal hindwings of the adult butterflies that eclosed in
our laboratory via a Keyence Digital Microscope VHX-7000 (Osaka, Japan). For qualitative
analysis, the color pattern elements that were changed in location, shape, and size were
noted in reference to the nomenclature shown in Figure 1 in accordance with the nymphalid
ground plan [4,20]. Wing shape changes were also noted. For quantitative analysis, an
eyespot area was defined and measured via the brightness function of the microscope. To
standardize the eyespot area values in accordance with wing size, the distance between
the two wing veins where a given eyespot was present was measured using Image] 1.54g
(National Institute of Health, Bethesda, MD, USA). To obtain the standardized eyespot size,
the eyespot area value was divided by the distance squared.

Because DMSO solvent alone was found to increase eyespot size (Section 3.3), the
effect of VAS2870 was corrected in accordance with the effect of DMSO alone when the
DMSO-injected control group was not available in the same sibling group. To do so, the
VAS2870-injected eyespot size was divided by the DMSO-induced fold change value of
eyespot size.
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Figure 1. Nomenclature of color pattern elements on the dorsal hindwings in J. orithya. (a) Male and
female dorsal wings without experimental treatment. This species is sexually dimorphic. A dorsal
hindwing has anterior and posterior eyespots, but the male anterior eyespot is mostly black and is of-
ten a small dot or is not expressed at all. (b) Female dorsal hindwing without experimental treatment.

Statistical evaluation (unpaired bisided Student ¢-test or Welch t-test after F-test) of
eyespot size was performed using Microsoft Excel (Microsoft Office 365) and JSTAT 16.1
(Yokohama, Japan). Fisher’s exact test was performed to evaluate the results of the rescue
experiments using JSTAT 16.1.

3. Results
3.1. Topical Application of DMSO

Because NOX inhibitors were dissolved in DMSO, we first evaluated the possible
effects of DMSO alone on wing morphogenesis and color pattern formation. To directly
deliver DMSO to the wing tissue, we topically applied it on the surface of the left dorsal
hindwing using the sandwich method. Qualitative visual inspection revealed that, in
comparison with the right wing, the anterior eyespot (a black spot in most individuals)
tended to be enlarged in males (1 = 8) (Figure 2a-h). One individual presented a large black
area covering the anterior eyespot (Figure 2e). The posterior eyespot tended to deform
without extensive size changes (Figure 2f-h). The MB, SMB, and PFE were not severely
affected. Overall, color pattern changes in response to DMSO were not extensive in males.

Figure 2. Topical application of DMSO to males via the sandwich method. Only the left wing
was treated, and the right wing was not treated and saved as a control. Eight treated individuals
(a—h) with successful eclosion are shown. The scale bar in (a) is applicable to all whole-wing images in
this figure. A portion of a treated wing (red arrow) is enlarged in the right panel for each individual.
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We then observed females that were subjected to the same treatment. Qualitative
visual inspection revealed that the anterior eyespot tended to be enlarged and open at
the distal side so that the eyespot was in contact with the PFE (n = 5) (Figure 3a—e). In
one individual, the position and shape of the PFE touching an eyespot were disrupted
(Figure 3c). Only mild deformation of the wing shape was observed. These results revealed
the ability of DMSO to modify color pattern elements, especially eyespots, both in males
and females.

Figure 3. Topical application of DMSO to females via the sandwich method. Only the left wing was
treated. The right wing was not treated and was saved as a control. Five treated individuals (a—e)
with successful eclosion are shown. The scale bar in (a) is applicable to all whole-wing images in this
figure. A portion of a treated wing (red arrow) is enlarged in the right panel for each individual.

3.2. Topical Application of VAS2870 in DMSO

We dissolved VA2870 in DMSO and applied it topically to fresh pupae immediately
after pupation via the sandwich method. Qualitatively, at a relatively low concentration
(13.87 mM) in males (1 = 5), no color pattern changes were observed in one male individual
(Figure 4a), but in another male individual, the anterior eyespot (black spot) appeared
to be enhanced (Figure 4b). However, at the same concentration, in other individuals,
the peripheral wing area was lacking, like when ablated, resulting in an abnormal wing
shape (Figure 4c—e). In two individuals, eyespots were completely compromised; eyespots
were spread along the wing margin where the MB, SMB, and PFE were no longer present
(Figure 4d,e). Despite the lack of these elements, long marginal scales were present in at
least one individual (Figure 4e).

Essentially similar results were observed at a higher concentration (69.37 mM) in males
(n = 6) (Figure 4f-k). In two individuals, eyespots were severely disrupted, but the MB,
SBM, and PFE were still identifiable, suggesting that VAS2870 acted directly on eyespots
more than on the peripheral area in these cases (Figure 4f,g). In the other four individuals,
the peripheral wing proper was lacking, and the elements were no longer identifiable,
but the orange area along the wing margin suggested that eyespots were compromised to
spread out along the wing margin (Figure 4h-k).

We then visually examined the females. At a relatively low concentration (13.87 mM)
in females (n = 3), the MB, SMB, and PFE appeared to be inhibited from developing in
association with the lack of peripheral wing area (Figure 5a—c). Eyespots appeared to be
deformed in response to the deformation of the wing shape and the lack of MB, SMB, and
PFE (Figure 5b,c). At a higher concentration (69.37 mM) in females (1 = 4), the peripheral
wing area was lacking and appeared ablated, and eyespots were spread out along the wing
margin (Figure 5d) or were completely deformed (Figure 5e-g).
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13.87 mM

69.37 mM

Figure 4. Topical application of VAS2870 in DMSO to males via the sandwich method. Only the
left wing was treated, with the right wing saved as a control. Five treated individuals (13.87 mM)
(a—e) and six treated individuals (69.37 mM) (f-k) with successful eclosion are shown. The scale bar
in (a) is applicable to all whole-wing images in this figure. A portion of a treated wing (red arrow) is
enlarged in the right panel for each individual.

13.87 mM

69.37 mM

Figure 5. Topical application of VAS2870 in DMSO to females via the sandwich method. Only the
left wing was treated, and the right wing was not treated and was saved as a control. Three treated
individuals (13.87 mM) (a—c) and four treated individuals (69.37 mM) (d-g) with successful eclosion
are shown. The scale bar in (a) is applicable to all whole-wing images in this figure. A portion of a
treated wing (red arrow) is enlarged in the right panel for each individual.
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In summary, both males and females were severely affected in a similar fashion; a
lack of peripheral wing area (including the elimination of the MB, SMB, and PFE) and the
deformation of eyespots were notable.

3.3. Systemic Application of DMSO

To further understand the effects of DMSO and VAS2870 on wing morphogenesis and
color pattern formation, we systemically applied DMSO alone via the injection method. No
clear color pattern changes were observed in any of the individuals treated (1 = 15 in males
and n = 15 in females) compared with the no treatment sibling group (# = 13 in males and
n = 18 in females) (Supplementary Figure S1).

We then attempted to quantitatively evaluate the possible effects of DMSO on eyespot
size. In the male posterior eyespot, no statistically significant difference in relative size was
observed between the DMSO-treated group (n = 15) and the no treatment group (n = 13)
(p = 0.37) (Figure 6a,b). However, in the female anterior and posterior eyespots, DMSO
treatment (n = 15) significantly increased the relative eyespot size (p = 0.00011 for the
anterior eyespot; p = 0.00080 for the posterior eyespot) compared with those of the no
treatment group (n = 18) (Figure 6c—e). For the anterior and posterior eyespots, a 1.48-fold
increase and a 1.36-fold increase in relative eyespot size, respectively, were observed.

b

Posterior eyespot
p=0.37

Male dorsal hindwing

Relative eyespot size
=
e

n=13 n=15

NT DMSO
. e .
Anterior eyespot Posterior eyespot
p =0.00011%%% 10 p =0.00080 ¥**

£ 80 ] o
w» w2
A o
é_ 6.0 g 20
kA ]
40 z
w® 20 =
G} i
&~ " & 0

n=18 n=15 n=18 n=15

NT DMSO NT DMSO

Figure 6. Quantitative evaluation of the effect of DMSO on eyespot size. ***: p < 0.001. (a) Examples
of a control (no treatment, NT) dorsal hindwing (left) and a DMSO-treated dorsal hindwing (right)
of males. The posterior eyespots (red arrows) were measured and statistically compared in (b).
(b) Comparison of the relative eyespot size between the NT and DMSO-treated groups of male
posterior dorsal hindwings (Student’s t-test). (c) Examples of a control (NT) dorsal hindwing (left)
and a DMSO-treated dorsal hindwing (right) of females. Both anterior eyespots and posterior
eyespots (red arrows) were measured and statistically compared in (d,e). (d) Comparison of the
relative eyespot size between the NT and DMSO-treated groups of female anterior dorsal hindwings
(Student t-test). (e) Comparison of the relative eyespot size between the NT and DMSO-treated
groups of female posterior dorsal hindwings (Student ¢-test).

In summary, DMSO effect was sexually dimorphic. DMSO increased eyespot size
in females but not in males. This effect of DMSO via systemic injection appeared to be
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specific to eyespots, although we did not quantitatively evaluate whether other elements
were affected.

3.4. Systemic Application of VAS2870 in DMSO

To investigate the effects of VAS2870 on wing morphogenesis and color pattern devel-
opment, we performed systemic application via the injection method. Qualitatively, we
did not observe any changes in wing shape or color patterns in three different concentra-
tions at 0.69 mM (n = 13 in males and #n = 18 in females), 6.94 mM (n = 15 in males and
n =15 in females), and 13.87 mM (n = 18 in males and # = 13 in females) compared with
the nontreated group (1 = 29 in males and (n = 30 in females) in the first sibling group
(Supplementary Figure S2). However, in the second sibling group, in comparison with
nontreated group (n = 24 in males and #n = 25 in females), one female individual presented
relatively extensive color pattern modifications in the forewing on both the dorsal and
ventral sides at 27.75 mM (n = 9 in males and n = 7 in females) (Figure 7a,b; Supplementary
Figure S2). In this individual, the black band on the ventral side expanded to fuse with
the adjacent black line (Figure 7b). Less extensive but similar fusion of the black band and
the black line was observed in two additional female individuals (n = 3 in total among
seven females) at this concentration (Figure 7b). In the no-treatment group, only one such
individual among 25 females was observed, suggesting that the fusion of the black band
and the black line was induced by the VAS2870 injection in females. We did not observe
similar modifications at 69.37 mM (n = 1 for both males and females) compared with those
of the nontreated group (n = 24 in males and n = 25 in females). This is probably because of
the small number of successful eclosion events at 69.37 mM.

Dorsal

Ventral Dorsal Ventral

No treatment VAS2870 (27.75 mM)

Figure 7. Qualitative evaluation of the effects of VAS2870 (27.75 mM) in DMSO on color patterns in
females. (a) Examples of the control group (no treatment). The gap between the black band and the
black line is indicated by red arrows. The scale bar here is applicable to all wings shown in this figure.
(b) Modified color patterns on the dorsal and ventral sides. The fusion of the black band and the
black line is indicated by a red arrow. Other modifications are indicated by blue arrows. Two wings
on the right also show partial fusion of the black band and the black line indicated by red arrows.

We then measured the relative area of the eyespots for quantitative evaluation. Com-
pared with the no treatment group (n = 29), the VAS2870-injected group had significantly
larger relative eyespot sizes at concentrations of 6.94 mM (n = 15; p = 0.028) and 27.75 mM
(n=9; p=0.0088) in males (Figure 8a,b). In females, the relative eyespot area values were
corrected in accordance with the DMSO correction factors (Sections 2.4 and 3.3). In the
female anterior eyespot, the VAS2870-injected group had significantly smaller relative
eyespot sizes at concentrations of 0.69 mM (n = 18; p = 0.039), 6.94 mM (n = 15; p = 0.00074),
and 13.87 mM (n = 13; p = 0.00085) than the no treatment group (1 = 30 for 0.69 mM,
6.94 mM, and 13.87 mM) (Figure 8c,d). This effect was not observed at 27.75 mM (n = 7;
p = 0.87), compared with the no treatment group (n = 24), which may be attributable to the
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high variation in the control group in this sibling group (Figure 8d). Similarly, in the female
posterior eyespot, the VAS2870-injected group had significantly smaller relative eyespot
sizes at concentrations of 6.94 mM (n = 15; p = 0.047), 13.87 mM (n = 13; p = 0.0027), and
27.75 mM (n = 7; p = 0.043) than the no treatment group (1 = 30 for 0.69 mM, 6.94 mM, and
13.87 mM; n = 25 for 27.75 mM) (Figure 8e).

a b Dorsal hindwing posterior eyespot
p=0.098
Male dorsal hindwing Male =00z *
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1.6 _— —_—
3
x|
= I 20
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Figure 8. Quantitative evaluation of the effect of VAS2870 in DMSO on eyespot size. *: p < 0.05,
**: p <0.01, **: p <0.001. (a) Examples of a control (no treatment, NT) dorsal hindwing (left) and
a VAS2870-treated dorsal hindwing (right) of males. The posterior eyespots (red arrows) were
measured and statistically analyzed in (b). (b) Comparison of the relative eyespot size between the
NT and VAS2870-treated groups of male posterior dorsal hindwings. (Student ¢-test). Each graph
indicates each sibling group, as in (d,e). (c) Examples of a control NT dorsal hindwing (left) and a
VAS2870-treated dorsal hindwing (right) of females. Both the anterior eyespots and the posterior
eyespots (red arrows) were measured and statistically compared in (d,e). (d) Comparison of the
relative eyespot size between the NT and VAS2870-treated groups of female anterior dorsal hindwings
(Student t-test for the left panel and Welch t-test for the right panel). (e) Comparison of the relative
eyespot size between the NT and VAS2870-treated groups of female posterior dorsal hindwings
(Student t-test).

In summary, the effect of VAS2870 on eyespot size was sexually dimorphic. Eyespot
size increased in males and decreased in females. This effect of VAS2870 via systemic
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Male

injection appeared to be selective to eyespots to some extent. However, other elements
such as the black band in the ventral forewings appeared to be affected in females.

3.5. Topical Application of Isuzinaxib in DMSO

To confirm the effects of VAS2870 above, here we tested another NOX inhibitor,
isuzinaxib, via topical application. As in the case of VAS2870, we observed wing shape
disruption and color pattern changes (Figure 9; Supplementary Figure S4). Among the
treated male individuals (n = 17) (Figure 9a—d), eyespots were severely disrupted in 11
individuals. Among them, the peripheral wing proper was severely deleted in two individ-
uals (Figure 9b,c). In these cases, the elements were not clearly identifiable. In one male
individual, the wing shape was almost intact, but MB and SMB did not develop well in
one compartment (Figure 9d), suggesting the elimination of the organizer for the marginal
band system. The treated female individuals (1 = 10) exhibited similar results (Figure 9e-h),
although the deletion level of the wing margin was minor in females compared to males.
Eyespots, PFE, SMB, and MB appeared to be deformed in response to the deformation of
the wing shape.

Female

Figure 9. Effects of isuzinaxib in DMSO on wing shape and color patterns. Representative individuals
are shown. Wings of all treated individuals are shown in Supplementary Figure S4. Left panels
indicate both right and left (treated) wings, and right panels indicate enlarged images of affected
wing areas. Red arrows indicate the affected wing margins. (a—d) Males. (e-h) Females.

In summary, the results of isuzinaxib were phenotypically similar to those of VAS2870
in both males and females. We observed a lack of peripheral wing area and the deformation
of certain elements, notably eyespots. These results support the results of VAS2870 and
suggest the function of NOX in butterfly wing development.
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Male

3.6. Topical Application of DPI in DMSO

To further confirm the effects of VAS2870 and isuzinaxib, we applied three different
concentrations of DPI topically via the sandwich method. At the highest concentration
tested (41.32 mM), we obtained only seven individuals with successful eclosion; the survival
rate was just 19% (Appendix A Table Al). In these individuals, we observed wing shape
disruption and color pattern changes as in the case of VAS2870 and isuzinaxib (Figure 10).
In two males and one female, the forewing shape was disrupted more than the hindwing
shape (Figure 10a,d,g). Despite only the left wings being treated topically, the wing shape of
the right hindwing was affected in one individual (Figure 10b), suggesting that DPI reached
the right hindwing via hemolymph. Both in right and left dorsal wings in both males and

females, the overall color patterns were blurred. The enhancement of black scales was
observed in the dorsal wings of males (Figure 10a—d), whereas the enhancement of orange
scales was notable in the dorsal wings of females (Figure 10e-g). Lower concentrations of
DPI (4.13 mM and 0.41 mM) did not produce the forewing disruption but produced wing
shape disruption and color pattern changes in hindwings as in the case of VAS2870 and
isuzinaxib (Supplementary Figure S5).

Female

Figure 10. Effects of DPI in DMSO at the highest concentration tested (41.32 mM) on wing shape and
color patterns. Left wings were treated, but both right and left wings and both dorsal and ventral sides
are shown. Some wings are not shown because they did not eclose. Red arrows indicate disrupted
wing margin. (a—d) Wings from male individuals (1 = 4). (e—g) Wings from female individuals (1 = 3).
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3.7. Rescue Experiement via the Injection of Hydrogen Peroxide

The results thus far suggest that the NOX inhibitors used in this study inhibited en-
dogenous NOX in wing tissues to produce hydrogen peroxide, which may be necessary
for wing morphogenesis and color pattern formation. We tested the hypothesis that the
lack of hydrogen peroxide due to the treatment with NOX inhibitors might be compen-
sated for via the exogenous supplementation of hydrogen peroxide via injection. These
double treatments (VAS2870 application via the sandwich method and water or hydrogen
peroxide application via the injection method) were well tolerated with high survival
rates (Appendix A Table A1). In both sexes, the differences between the two treatments
(hydrogen peroxide versus water) after the VAS2870 application were not statistically
significant, but the percentages of individuals with wing shape changes were lower when
hydrogen peroxide was injected than when water was injected (Figure 11).

Male Female Both sexes
p=0.37

p=0.45 25 - No change in wing shape

o
-
o

20

p=0.30 - Change in wing shape
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Water  Hydrogen peroxide Water  Hydrogen peroxide Water  Hydrogen peroxide

Figure 11. Results of the rescue experiment. The number of individuals with wing shape changes
were counted and compared between the two groups (top panels). The results are also shown as
percentages (bottom panels).

4. Discussion

In this study, we tested the pharmacological effects of three NOX inhibitors (namely,
VAS2870, isuzinaxib, and DPI) and DMSO on the development of butterfly wings. Their
effects on wing morphology and eyespot size were observed. Because VAS2870, isuzinaxib,
and DPI are well-known specific inhibitors of the NOX family proteins [54-70], which
produce hydrogen peroxide as a signaling molecule, the present results can be interpreted
as showing a functional inhibition of NOX and hydrogen peroxide. Notably, hydrogen per-
oxide has a dual role in organisms [43-52]. It is produced as a byproduct of mitochondrial
oxidative phosphorylation, which causes oxidative stress. In this case, hydrogen peroxide
must be eliminated quickly before extensive damage to biomolecules occurs. However,
hydrogen peroxide is also used as a signaling molecule at low concentrations. It is this
type of hydrogen peroxide that was inhibited by the NOX inhibitors in this study. Because
VAS2870 and other NOX inhibitors were dissolved in DMSO, we also evaluated the effects
of DMSO alone.

With respect to wing morphology, DMSO alone had a minor effect, if any. In contrast,
VAS2870 in DMSO eliminated a large peripheral portion of the wing proper in severely
affected individuals, in both males and females. In severely affected individuals, the MB,
SMB, and PFE were all eliminated, and the eyespots were extremely deformed and flattened
along the wing edge. These results likely indicate that VAS2870-treated individuals cannot
restrict the proper region of apoptotic degeneration and that in normal development,
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hydrogen peroxide from NOX may define the wing border and thus wing morphology. The
present results likely indicate that the large wing area proper, including the presumptive
eyespot field, underwent apoptosis in response to VAS2870, together with the further
peripheral portion of the wing tissue that normally undergoes apoptosis. It is known that
VAS2870 induces or inhibits apoptosis depending on the cellular context; VAS2870 enhances
the apoptosis of tumor cells [60] but reduces the apoptosis of platelets [61]. Because
VAS2870 is an inhibitor of NOX that produces hydrogen peroxide, hydrogen peroxide
may function to maintain the survival of wing tissue during normal development. In this
case, hydrogen peroxide may act as a signaling molecule for cellular survival, preventing
epidermal cells from undergoing apoptosis. In the far periphery, which normally undergoes
apoptosis, hydrogen peroxide may not be produced for survival.

To confirm the findings on the VAS2870-induced changes above, we further used
isuzinaxib and DPI. We found that both isuzinaxib and DPI induced changes in wing
morphology and color patterns, as did VAS2870. Furthermore, we performed a rescue
experiment, in which hydrogen peroxide was injected into pupae after sandwich treatment
with VAS2870. The results indicated that the injection of hydrogen peroxide could not
statistically significantly rescue the phenotypic effect of VAS2870. This is not very sur-
prising, because hydrogen peroxide, when injected, may not be able to reach the wing
due to immediate quenching with catalase. Moreover, while the possible effect of NOX
inhibitors may last for hours or even days, hydrogen peroxide will be quenched relatively
quickly. As a signaling molecule, hydrogen peroxide should be produced constantly for a
relatively long period of time at low concentration levels. Nonetheless, there were fewer
wing-deformed individuals in the hydrogen peroxide treatment group than the no treat-
ment group, suggesting that the wing deformation phenotype may be partially rescued.
Therefore, the present results, although not statistically significant, are not sufficient to
reject the hypothesis that wing deformations are caused by lack of hydrogen peroxide due
to NOX inhibitors.

These NOX-inhibitor-induced changes in wing morphology and color patterns are
reminiscent of the results of surgical removal of the large peripheral area from the larval
imaginal disc, resulting in a flattened eyespot along the wing margin [4,26]. To obtain
such an eyespot via surgery, the presumptive eyespot field should be cut out during the
larval stage [26]. The surgery results suggest that the eyespot and other color patterns are
determined during the late larval stage. However, the present results based on the pupal
manipulations demonstrated that the color pattern fates are determined during the early
pupal stage but not the larval stage, although the determination process begins in the late
larval stage. Moreover, the previous surgery results have been explained by the behavior
of a diffusible substance with the eyespot focus and ablated wing edge as either sources
or sinks [4,26]. We speculate that the eyespot focus and ablated wing edge are sources or
sinks of mechanical forces, according to the physical distortion hypothesis [71]. When the
peripheral portion of the pupal wing tissue degenerates in response to a NOX inhibitor,
mechanical forces from the prospective eyespot focus and the wing edge may be so close
together that they generate a collision to spread these forces out along the wing margin.

A previous study suggested that no qualitative color pattern changes are induced
by DMSO via injections into pupae [72]. Although this is probably correct, DMSO quan-
titatively affected eyespot size in a sexually dimorphic manner. That is, DMSO affected
eyespot size in females but not in males. Both the topical and systemic application of DMSO
had a negligible effect on eyespots in males. However, in females, DMSO clearly enlarged
eyespots, with a 1.48-fold increase in the anterior eyespot and a 1.36-fold increase in the
posterior eyespot without affecting the overall color pattern. These results are consistent
with other pharmacological studies [73,74]. This eyespot-specific sexually dimorphic effect
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of DMSO is surprising and worth investigating in the future. In addition, regardless of
the sexually dimorphic response to DMSO, this finding is practically important in that
many chemical compounds must be dissolved in DMSO as a solvent to test their effects
on butterfly color patterns. It is not easy to understand how DMSO changes eyespots
in butterflies because DMSO is reported to show various biological effects, including im-
munomodulation, drug delivery and efficacy modulation, and radioprotection [75-77],
but we acknowledge that in our experiments, the solvent itself (i.e., DMSO) might have
behaved as a ROS scavenger, which might have masked the effects of solutes (i.e., NOX
inhibitors) to some extent.

Because the eyespot is determined by morphogenic signals from the eyespot organizer
located at the prospective eyespot focus, a larger eyespot induced by DMSO in females
indicates that morphogenic signals travel a greater distance. This sexually dimorphic
response may not be a trivial discovery regarding the understanding of the molecular
mechanisms of sexual dimorphism in butterflies. Importantly, morphogenic signals need
a mechanical surface of proper rigidity and hydrophobicity to travel [78]. In this context,
thiol modifications of cuticular proteins by DMSO may change the structure of the cuticle’s
inner surface, allowing tighter cellular binding to the inner cuticle surface and resulting in
eyespot morphogenic signals traveling longer distances, according to the physical distortion
hypothesis [71]. Other mechanisms of the DMSO effect that act intracellularly may also
be possible, as DMSO can penetrate into cells; however, eyespot enlargement with no
effect on the overall color pattern cannot be explained well by the nonspecific intracellular
penetration of DMSO.

Extensive eyespot deformation was observed following the topical application of NOX
inhibitors in both males and females. This deformation of eyespots may largely be due
to deformation of the wing morphology. The disappearance of the MB, SMB, and PFE
appeared to have affected the eyespot morphology, indicating that the elemental shape
and position are determined by the mutually repulsive interactions among the elements,
although the elements are not in physical contact, as indicated in previous studies [23-25].
However, eyespots were also deformed without peripheral degradation invading the
eyespot area in a few individuals, suggesting that eyespots themselves may employ a
mechanism similar to peripheral degradation for color pattern formation. It is known
that physical damage causes cell death (necrosis, not apoptosis) and calcium waves, and
then wound healing induces ectopic eyespot formation at the damage site in butterfly
wings [4,23,24,79-82].

Systemic application of VAS2870 revealed that eyespot size responded to this com-
pound in a sexually dimorphic manner; eyespots were enlarged in males but were di-
minished in females. Because the DMSO effect was female-specific for eyespot enlarge-
ment, these two compounds (i.e., DMSO and VAS2870) seem to work similarly but in
a counteractive manner. To understand the sexually dimorphic results of VAS2870, the
possible opposing effects of hydrogen peroxide at relatively high and low concentrations
are discussed below (Figure 12). We presume that eyespot size is determined by cuticle
hardness [78,83,84] and that hydrogen peroxide has a dual effect on pupal cuticle hardness
in a concentration-dependent manner.

At low levels, hydrogen peroxide may crosslink specific biomolecules (e.g., tyrosine
residues in proteins) in the extracellular matrix, including cuticular proteins, which hardens
the cuticle. As a result, eyespot morphogenic signals can travel long distances, which may
be represented in large female eyespots without treatment. When VAS2870 is applied
to females, relatively specific crosslinks are not formed due to the scarcity of hydrogen
peroxide, and the cuticle becomes less hard, resulting in smaller eyespots. In contrast,
in males, the hydrogen peroxide level may be relatively high without treatment. In that
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case, hydrogen peroxide may nonspecifically oxidize the cuticle, which makes the cuticle
soft. As a result, eyespot morphogenic signals cannot travel long distances in small male
eyespots without treatment. When VAS2870 is applied to males, nonspecific oxidation is
inhibited, and the cuticle becomes harder, resulting in larger eyespots. In this way, sex-
dependent responses to VAS2870 may be explained. Note that the enlarged male eyespots
are still much smaller than the reduced female eyespots, indicating that males and females
exhibit different concentration ranges of hydrogen peroxide. If the explanations above
are correct, the sexually dimorphic eyespot size in this species may be explained by the
levels of hydrogen peroxide and its effect on cuticle hardening, although other aspects of
sexual dimorphism such as background coloration cannot be explained. However, NOX
and hydrogen peroxide may have something to do with background color expression. The
DPI treatment enhanced the black background color in males and the orange background
color in females.

- A 4

9. @
A

Male Male Female Female

Hydrogen peroxide level
Cuticle hardness / Eyespot size +

No treatment VAS2870 No treatment VAS2870

Cuticle softening by high-level H202 Cuticle hardening by low-level H202

Figure 12. Possible interpretations of the sexually dimorphic response of eyespot size to VAS2870. A
key is the dual concentration-dependent effects of hydrogen peroxide. Eyespot size is here considered
to be directly related to cuticle hardness, which is controlled by the level of hydrogen peroxide. Red
arrows indicate treatments with VAS2870 to reduce the level of hydrogen peroxide.

In accordance with this interpretation, hydrogen peroxide is known to degrade polysac-
charides such as chitin at high concentrations [85,86]. ROS in general may be recruited to
adjust the crosslinking of cuticle components in insects [87-89]. Resilin, which is expressed
to make the insect cuticle flexible, may also function in association with ROS [90-94].
According to the physical distortion hypothesis [78], mechanical push and pull among
epidermal cells in pupal wing tissues function as morphogenic signals, and accordingly,
the reception or emission of mechanical signals may require cytoskeletal reorganization
of epidermal cells. Indeed, it has been reported that ROS from NOX induce cytoskeletal
reorganization [95-97].

In addition to the eyespot enlargement in males and reduction in females, the systemic
injection of VAS2870 induced notable modifications in the dorsal and ventral forewings
in a single female individual. Similar, although minor, expansion of the black band was
also observed in two additional VAS2870-treated individuals, suggesting that this type of
modification is induced by VAS2870. This modification pattern is reminiscent of that of the
temperature-shock (TS) type induced by cold shock [98], tungstate [99], acid carboxypepti-
dase [100], sulfated polysaccharides [101], and fluorescent brightener 28 [83]. All of these
treatments appear to act on the cuticle [83]. These treatments are known to induce black
band expansion and eyespot size reduction [83,98-101]. Indeed, in the VAS2870-induced
modified individuals, the black bands expanded on the ventral side of the forewings.
Taken together, we speculate that NOX inhibitor treatments may inhibit the production
of hydrogen peroxide required for proper cuticle hardening and color pattern formation.
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However, hydrogen peroxide may also directly activate TRPA1 channel for color pattern
formation [74], as observed in other systems [102,103].

5. Conclusions

This study showed the effects of NOX inhibitors in wing morphogenesis and color
pattern formation in butterflies. These results suggest that NOX (and thus hydrogen
peroxide) functions as a morphogenic signaling molecule for butterfly wing morphogenesis
and color pattern formation. Molecular mechanisms of sexual dimorphism in butterflies
may be partly explained by the activities of NOX, hydrogen peroxide, and cuticle. Further
studies are necessary to validate the function of hydrogen peroxide as a regulator of wing
morphology and eyespot color patterns. For example, hydrogen peroxide production may
be quenched experimentally by several quenchers. The sexually dimorphic effect of DMSO
on eyespot size is also interesting, and it is a practically important finding regarding the
use of DMSO as a solvent for chemical compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/insects17030300/s1, Figure S1: Wings of all butterfly samples
used for the DMSO injection experiment (a single sibling group); Figure S2: Wings of all butterfly
samples used for the VAS2870 injection experiment at 0.69 mM, 6.94 mM, and 13.87 mM (a single
sibling group); Figure S3: Wings of all butterfly samples used for the VAS2870 injection experiment
at 27.75 mM and 69.37 mM (a single sibling group); Figure S4: Isuzinaxib-treated wings; Figure S5:
DPI-treated wings.
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DPI Diphenyleneiodonium chloride
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NADPH Nicotinamide adenine dinucleotide phosphate
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MB Marginal band

SMB Submarginal band

PFE Parafocal element

ROS Reactive oxygen species
Appendix A

The survival rates for DMSO and VAS2870 are shown in Table A1 below.

Table Al. Survival rates in response to chemical treatments.

(;;:TSHI;IIIGHEEEL) Application Chemical Treated Eclosed (Male) (}13;;1;32) Survival Rate (%)
#1 Topical DMSO only 36 16 12 77.8%
4 Topical VAS2870 (13.87 mM) 15 6 6 80.0%

Topical VAS2870 (69.37 mM) 35 20 10 85.7%
3 Systemic DMSO only 33 15 15 91.0%
- No treatment 31 13 18 100%
Systemic VAS2870 (0.69 mM) 39 12 18 76.9%
41 Systemic VAS2870 (6.94 mM) 39 17 15 82.1%
Systemic VAS2870 (13.87 mM) 38 18 13 81.6%
- No treatment 71 32 31 88.7%
Systemic VAS2870 (27.75 mM) 43 9 7 37.2%
#5 Systemic VAS2870 (69.37 mM) 40 1 1 5.0%
- No treatment 63 24 25 79.7%
Topical Isuzinaxib (200.47 mM) 27 17 10 100%
Topical DPI (41.32 mM) 36 4 3 19%
Topical DPI (4.13 mM) 41 22 14 98%
Topical DPI (0.41 mM) 12 6 6 100%
#6 - No treatment 4 2 2 100%
Topical and VAS2870 (13.87 mM) + o
Systemic Hydrogen peroxide (12%) A 6 15 100%
Topical a'nd VAS2870 (13.87 mM) + o4 1 13 100%
Systemic Water

References

1.  Spemann, H.M.; Mangold, H. Uber Induktion von Embryonalanlagen durch Implantation artfremder Organisatoren. Arch.
Mikrosk. Anat. Entwickl. 1924, 100, 599-638.

2. Sander, K.; Faessler, P.E. Introducing the Spemann-Mangold organizer: Experiments and insights that generated a key concept in
developmental biology. Int. ]. Dev. Biol. 2001, 45, 1-11. [CrossRef]

3. Mayor, A.G. The development of the wing scales and their pigment in butterflies and moths. Bull. Museum Comp. Zool. 1896,
XXIX, 209-236.

4. Nijhout, H.F. The Development and Evolution of Butterfly Wing Patterns; Smithsonian Institution Press: Washington, DC, USA, 1991.

5. Dohrmann, C.E.; Nijhout, H.F. Development of the wing margin in Precis coenia (Lepidoptera: Nymphalidae). J. Res. Lepid. 1988,
27,151-159. [CrossRef]

6.  Yoshida, A. Butterfly and Moth Wings. Functional Morphology of the Wings with Scales; Springer Nature: Singapore, 2024.

7. Kodama, R; Yohida, A.; Mitsui, T. Programmed cell death at the periphery of the pupal wing of the butterfly, Pieris rapae. Rouxs
Arch. Dev. Biol. 1995, 204, 418-426. [CrossRef]

8. Macdonald, W.P.; Martin, A.; Reed, R.D. Butterfly wings shaped by a molecular cookie cutter: Evolutionary radiation of
lepidopteran wing shapes associated with a derived Cut/wingless wing margin boundary system. Evol. Dev. 2010, 12, 296-304.
[CrossRef] [PubMed]

9.  Nijhout, H.E; McKenna, K.Z. Wing morphogenesis in Lepidoptera. Prog. Biophys. Mol. Biol. 2018, 137, 88-94. [CrossRef]
[PubMed]

10. Iwata, M.; Ohno, Y.; Otaki, ].M. Real-time in vivo imaging of butterfly wing development: Revealing the cellular dynamics of the
pupal wing tissue. PLoS ONE 2014, 9, e89500. [CrossRef]

11. Iwata, M.; Tsutsumi, M.; Otaki, ].M. Developmental dynamics of butterfly wings: Real-time in vivo whole-wing imaging of
twelve butterfly species. Sci. Rep. 2018, 8, 16848. [CrossRef]

12. Hirata, K.; Otaki, .M. Real-time in vivo imaging of the developing pupal wing tissues in the pale grass blue butterfly Zizeeria

maha: Establishing the lycaenid system for multiscale bioimaging. J. Imaging 2019, 5, 42. [CrossRef]

https:/ /doi.org/10.3390/insects17030300


https://doi.org/10.1387/ijdb.11291840
https://doi.org/10.5962/p.332213
https://doi.org/10.1007/BF00360849
https://doi.org/10.1111/j.1525-142X.2010.00415.x
https://www.ncbi.nlm.nih.gov/pubmed/20565540
https://doi.org/10.1016/j.pbiomolbio.2018.04.008
https://www.ncbi.nlm.nih.gov/pubmed/29786506
https://doi.org/10.1371/journal.pone.0089500
https://doi.org/10.1038/s41598-018-34990-8
https://doi.org/10.3390/jimaging5040042
https://doi.org/10.3390/insects17030300

Insects 2026, 17, 300 19 of 22

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

Nijhout, H.E; Cinderella, M.; Grunert, L.W. The development of wing shape in Lepidoptera: Mitotic density, not orientation, is
the primary determinant of shape. Evol. Dev. 2014, 16, 68-77. [CrossRef] [PubMed]

McKenna, K.Z.; Nijhout, H.E. The development of shape. Modular control of growth in the lepidopteran forewing. J. Exp. Zool. B
Mol. Dev. Evol. 2022, 338, 170-180. [CrossRef]

Nardi, J.B.; Godfrey, G.L.; Bergstrom, R.A. Programmed cell death in the wing of Orgyia leucostigma (Lepidoptera: Lymantriidae).
J. Morphol. 1991, 209, 121-131. [CrossRef] [PubMed]

Niitsu, S.; Toga, K.; Tomizuka, S.; Maekawa, K.; Machida, R.; Kamito, T. Ecdysteroid-induced programmed cell death is essential
for sex-specific wing degeneration of the wingless-female winter moth. PLoS ONE 2014, 9, e89435. [CrossRef]

Lobbia, S.; Niitsu, S.; Fujiwara, H. Female-specific wing degeneration caused by ecdysteroid in the Tussock Moth, Orgyia recens:
Hormonal and developmental regulation of sexual dimorphism. J. Insect Sci. 2003, 3, 11. [CrossRef]

Nijhout, H.F. Elements of butterfly wing patterns. J. Exp. Zool. 2001, 291, 213-225. [CrossRef]

Nijhout, H.F. Symmetry systems and compartments in Lepidopteran wings: The evolution of a patterning mechanism. Develop-
ment 1994, 1994, 225-233. [CrossRef]

Otaki, ].M. Color pattern analysis of nymphalid butterfly wings: Revision of the nymphalid groundplan. Zool. Sci. 2012, 29,
568-576. [CrossRef]

Otaki, ].M. Morphological and spatial diversity of the discal spot on the hindwings of nymphalid butterflies: Revision of the
nymphalid groundplan. Insects 2020, 11, 654. [CrossRef] [PubMed]

Otaki, ].M. The fractal geometry of the nymphalid groundplan: Self-similar configuration of color pattern symmetry systems in
butterfly wings. Insects 2021, 12, 39. [CrossRef]

Otaki, ].M. Artificially induced changes of butterfly wing colour patterns: Dynamic signal interactions in eyespot development.
Sci. Rep. 2011, 1, 111. [CrossRef]

Otaki, ].M. Long-range effects of wing physical damage and distortion on eyespot color patterns in the hindwing of the blue
pansy butterfly Junonia orithya. Insects 2018, 9, 195. [CrossRef] [PubMed]

Taira, W.; Kinjo, S.; Otaki, ].M. The marginal band system in nymphalid butterfly wings. Zool. Sci. 2015, 32, 38—46. [CrossRef]
Nijhout, H.E; Grunert, L.W. Colour pattern regulation after surgery on the wing disks of Precis coenia (Lepidoptera: Nymphalidae).
Development 1988, 102, 377-385. [CrossRef]

Koch, P.B.; Nijhout, H.F. The roles of wing veins in colour pattern development in the butterfly Papilio xuthus (Lepidoptera:
Papilionidae). Eur. J. Entomol. 2002, 99, 67-72.

Begum, R.; Thota, S.; Abdulkadir, A.; Kaur, G.; Bagam, P.; Batra, S. NADPH oxidase family proteins: Signaling dynamics to
disease management. Cell. Mol. Immunol. 2022, 19, 660-686. [CrossRef] [PubMed]

Li, B.; Ming, H.; Qin, S.; Nice, E.C; Dong, J.; Du, Z.; Huang, C. Redox regulation: Mechanisms, biology and therapeutic targets in
diseases. Signal Transduct. Target. Ther. 2025, 10, 72. [CrossRef]

Kra¢un, D.; Lopes, L.R.; Cifuentes-Pagano, E.; Pagano, PJ. NADPH oxidases: Redox regulation of cell homeostasis and disease.
Physiol. Rev. 2025, 105, 1291-1428. [CrossRef]

Xiong, B.; Zhang, Y.; Liu, S.; Liao, S.; Zhou, Z.; He, Q.; Zhou, Y. NOX family: Regulators of reactive oxygen species balance in
tumor cells. FASEB ]. 2025, 39, €70565. [CrossRef]

Lennicke, C.; Cochemé, H.M. Redox metabolism: ROS as specific molecular regulators of cell signaling and function. Mol. Cell.
2021, 81, 3691-3707. [CrossRef]

Averill-Bates, D. Reactive oxygen species and cell signaling. Review. Biochim. Biophys. Acta Mol. Cell Res. 2024, 1871, 119573.
[CrossRef] [PubMed]

Sies, H.; Berndt, C.; Jones, D.P. Oxidative stress. Annu. Rev. Biochem. 2017, 86, 715-748. [CrossRef]

Aguirre, ]J.; Lambeth, ].D. Nox enzymes from fungus to fly to fish and what they tell us about Nox function in mammals. Free
Radic. Biol. Med. 2010, 49, 1342-1353. [CrossRef]

Zug, R.; Hammerstein, P. Wolbachia and the insect immune system: What reactive oxygen species can tell us about the mechanisms
of Wolbachia-host interactions. Front. Microbiol. 2015, 6, 1201. [CrossRef]

Zeng, T.; Jaffar, S.; Xu, Y;; Qi, Y. The intestinal immune defense system in insects. Int. J. Mol. Sci. 2022, 23, 15132. [CrossRef]
[PubMed]

Muhammad, A.; Sun, C.; Shao, Y. The humoral immune response of the lepidopteran model insect, silkworm Bombyx mori L., to
microbial pathogens. Curr. Res. Insect Sci. 2024, 6, 100097. [CrossRef] [PubMed]

Diwanji, N.; Bergmann, A. The beneficial role of extracellular reactive oxygen species in apoptosis-induced compensatory
proliferation. Fly 2017, 11, 46-52. [CrossRef]

Anh, N.T.; Nishitani, M.; Harada, S.; Yamaguchi, M.; Kamei, K. Essential role of Duox in stabilization of Drosophila wing. J. Biol.
Chem. 2011, 286, 33244-33251. [CrossRef]

Morimura, H.; Ishigami, K.; Kanie, S.; Sato, Y.; Kikuchi, Y. Antioxidant cysteine and methionine derivatives show trachea
disruption in insects. PLoS ONE 2024, 19, e0310919. [CrossRef]

https://doi.org/10.3390/insects17030300


https://doi.org/10.1111/ede.12065
https://www.ncbi.nlm.nih.gov/pubmed/24617986
https://doi.org/10.1002/jez.b.23101
https://doi.org/10.1002/jmor.1052090110
https://www.ncbi.nlm.nih.gov/pubmed/1920444
https://doi.org/10.1371/journal.pone.0089435
https://doi.org/10.1093/jis/3.1.11
https://doi.org/10.1002/jez.1099
https://doi.org/10.1242/dev.1994.Supplement.225
https://doi.org/10.2108/zsj.29.568
https://doi.org/10.3390/insects11100654
https://www.ncbi.nlm.nih.gov/pubmed/32977583
https://doi.org/10.3390/insects12010039
https://doi.org/10.1038/srep00111
https://doi.org/10.3390/insects9040195
https://www.ncbi.nlm.nih.gov/pubmed/30572627
https://doi.org/10.2108/zs140058
https://doi.org/10.1242/dev.102.2.377
https://doi.org/10.1038/s41423-022-00858-1
https://www.ncbi.nlm.nih.gov/pubmed/35585127
https://doi.org/10.1038/s41392-024-02095-6
https://doi.org/10.1152/physrev.00034.2023
https://doi.org/10.1096/fj.202500238rrr
https://doi.org/10.1016/j.molcel.2021.08.018
https://doi.org/10.1016/j.bbamcr.2023.119573
https://www.ncbi.nlm.nih.gov/pubmed/37949302
https://doi.org/10.1146/annurev-biochem-061516-045037
https://doi.org/10.1016/j.freeradbiomed.2010.07.027
https://doi.org/10.3389/fmicb.2015.01201
https://doi.org/10.3390/ijms232315132
https://www.ncbi.nlm.nih.gov/pubmed/36499457
https://doi.org/10.1016/j.cris.2024.100097
https://www.ncbi.nlm.nih.gov/pubmed/39364346
https://doi.org/10.1080/19336934.2016.1222997
https://doi.org/10.1074/jbc.M111.263178
https://doi.org/10.1371/journal.pone.0310919
https://doi.org/10.3390/insects17030300

Insects 2026, 17, 300 20 of 22

42.
43.
44.
45.
46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Ren, J; Tao, S.; Cheng, X.; Bao, Y. Dual oxidase is essential for moulting, hatching and feeding in the brown planthopper. Insect
Mol. Biol. 2025, 34, 716-728. [CrossRef]

Reth, M. Hydrogen peroxide as second messenger in lymphocyte activation. Nat. Immunol. 2002, 3, 1129-1134. [CrossRef]
[PubMed]

Stone, J.R; Yang, S. Hydrogen peroxide: A signaling messenger. Antioxid. Redox Signal. 2006, 8, 243-270. [CrossRef] [PubMed]
Veal, E.A.; Day, A.M.; Morgan, B.A. Hydrogen peroxide sensing and signaling. Mol. Cell. 2007, 26, 1-14. [CrossRef]

Groeger, G.; Quiney, C.; Cotter, T.G. Hydrogen peroxide as a cell-survival signaling molecule. Antioxid. Redox Signal. 2009, 11,
2655-2671. [CrossRef]

Veal, E.; Day, A. Hydrogen peroxide as a signaling molecule. Antioxid. Redox Signal. 2011, 15, 147-151. [CrossRef]
Garcia-Santamarina, S.; Boronat, S.; Hidalgo, E. Reversible cysteine oxidation in hydrogen peroxide sensing and signal transduc-
tion. Biochemistry 2014, 53, 2560-2580. [CrossRef]

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

Lismont, C.; Revenco, I.; Fransen, M. Peroxisomal hydrogen peroxide metabolism and signaling in health and disease. Int. J. Mol.
Sci. 2019, 20, 3673. [CrossRef] [PubMed]

Winterbourn, C.C. Hydrogen peroxide reactivity and specificity in thiol-based cell signalling. Biochem. Soc. Trans. 2020, 48,
745-754. [CrossRef]

Fransen, M.; Lismont, C. Peroxisomal hydrogen peroxide signaling: A new chapter in intracellular communication research. Curr.
Opin. Chem. Biol. 2024, 78, 102426. [CrossRef]

Lennicke, C.; Cochemé, H.M. Redox signalling and ageing: Insights from Drosophila. Biochem. Soc. Trans. 2020, 48, 367-377.
[CrossRef]

Altenhofer, S.; Kleikers, PW.; Radermacher, K.A.; Scheurer, P.; Rob Hermans, ].J.; Schiffers, P.; Ho, H.; Wingler, K.; Schmidt, H.H.
The NOX toolbox: Validating the role of NADPH oxidases in physiology and disease. Cell. Mol. Life Sci. 2012, 69, 2327-2343.
[CrossRef]

Wingler, K.; Altenhoefer, S.A.; Kleikers, PW.; Radermacher, K.A.; Kleinschnitz, C.; Schmidt, H.H. VAS2870 is a pan-NADPH
oxidase inhibitor. Cell. Mol. Life Sci. 2012, 69, 3159-3160. [CrossRef]

Wind, S.; Beuerlein, K.; Eucker, T.; Miiller, H.; Scheurer, P.; Armitage, M.E.; Ho, H.; Schmidt, H.H.; Wingler, K. Comparative
pharmacology of chemically distinct NADPH oxidase inhibitors. Br. ]. Pharmacol. 2010, 161, 885-898. [CrossRef]

Stielow, C.; Catar, R.A.; Muller, G.; Wingler, K.; Scheurer, P.; Schmidt, H.-H.; Morawietz, H. Novel Nox inhibitor of oxLDL-induced
reactive oxygen species formation in human endothelial cells. Biochem. Biophys. Res. Commun. 2006, 344, 200-205. [CrossRef]
Reis, J.; Massari, M.; Marchese, S.; Ceccon, M.; Aalbers, ES.; Corana, F.; Valente, S.; Mai, A.; Magnani, F.; Mattevi, A. A closer look
into NADPH oxidase inhibitors: Validation and insight into their mechanism of action. Redox Biol. 2020, 32, 101466. [CrossRef]
Sun, Q.A.; Hess, D.T.; Wang, B.; Miyagi, M.; Stamler, ].S. Off-target thiol alkylation by the NADPH oxidase inhibitor 3-benzyl-7-
(2-benzoxazolyl)thio-1,2,3-triazolo [4,5-d]pyrimidine (VAS2870). Free Radic. Biol. Med. 2012, 52, 1897-1902. [CrossRef]

Sancho, P,; Fabregat, I. The NADPH oxidase inhibitor VAS2870 impairs cell growth and enhances TGF--induced apoptosis of
liver tumor cells. Biochem. Pharmacol. 2011, 81, 917-924. [CrossRef]

Hosseini, E.; Ghasemzadeh, M.; Atashibarg, M.; Haghshenas, M. ROS scavenger, N-acetyl-L-cysteine and NOX specific inhibitor,
VAS2870 reduce platelets apoptosis while enhancing their viability during storage. Transfusion 2019, 59, 1333-1343. [CrossRef]
Yang, J.; Li, J.; Wang, Q.; Xing, Y.; Tan, Z.; Kang, Q. Novel NADPH oxidase inhibitor VAS2870 suppresses TGF-f3-dependent
epithelial-to-mesenchymal transition in retinal pigment epithelial cells. Int. ]. Mol. Med. 2018, 42, 123-130. [CrossRef]

ten Freyhaus, H.; Huntgeburth, M.; Wingler, K.; Schnitker, J.; Biumer, A.T.; Vantler, M.; Bekhite, M.M.; Wartenberg, M.; Sauer, H.;
Rosenkranz, S. Novel Nox inhibitor VAS2870 attenuates PDGF-dependent smooth muscle cell chemotaxis, but not proliferation.
Cardiovasc. Res. 2006, 71, 331-341. [CrossRef]

Suzuki, N.; Mittler, R. Reactive oxygen species-dependent wound responses in animals and plants. Free Radic. Biol. Med. 2012, 53,
2269-2276. [CrossRef]

Li, S.; Chen, G.; Wu, M.; Zhang, J.; Wu, S. Restraining of reactive oxygen species promotes invasion of Listeria monocytogenes into
glia cells. FEMS Microbiol. Lett. 2016, 363, fnv228. [CrossRef]

Suzuki, H.; Hatano, N.; Muraki, Y.; Itoh, Y.; Kimura, S.; Hayashi, H.; Onozaki, K.; Ohi, Y.; Haji, A.; Muraki, K. The NADPH
oxidase inhibitor diphenyleneiodonium activates the human TRPA1 nociceptor. Am. J. Physiol. Cell Physiol. 2014, 307, C384—C394.
[CrossRef]

He, Y.E; Chen, H.J.; Qian, L.H.; He, L.F,; Buzby, J.S. Diphenyleneiodonium protects preoligodendrocytes against endotoxin-
activated microglial NADPH oxidase-generated peroxynitrite in a neonatal rat model of periventricular leukomalacia. Brain Res.
2013, 1492, 108-121. [CrossRef]

https:/ /doi.org/10.3390/insects17030300


https://doi.org/10.1111/imb.12995
https://doi.org/10.1038/ni1202-1129
https://www.ncbi.nlm.nih.gov/pubmed/12447370
https://doi.org/10.1089/ars.2006.8.243
https://www.ncbi.nlm.nih.gov/pubmed/16677071
https://doi.org/10.1016/j.molcel.2007.03.016
https://doi.org/10.1089/ars.2009.2728
https://doi.org/10.1089/ars.2011.3968
https://doi.org/10.1021/bi401700f
https://doi.org/10.1016/j.redox.2016.12.035
https://doi.org/10.3390/ijms20153673
https://www.ncbi.nlm.nih.gov/pubmed/31357514
https://doi.org/10.1042/BST20190049
https://doi.org/10.1016/j.cbpa.2024.102426
https://doi.org/10.1042/BST20190052
https://doi.org/10.1007/s00018-012-1010-9
https://doi.org/10.1007/s00018-012-1107-1
https://doi.org/10.1111/j.1476-5381.2010.00920.x
https://doi.org/10.1016/j.bbrc.2006.03.114
https://doi.org/10.1016/j.redox.2020.101466
https://doi.org/10.1016/j.freeradbiomed.2012.02.046
https://doi.org/10.1016/j.bcp.2011.01.007
https://doi.org/10.1111/trf.15114
https://doi.org/10.3892/ijmm.2018.3612
https://doi.org/10.1016/j.cardiores.2006.01.022
https://doi.org/10.1016/j.freeradbiomed.2012.10.538
https://doi.org/10.1093/femsle/fnv228
https://doi.org/10.1152/ajpcell.00182.2013
https://doi.org/10.1016/j.brainres.2012.11.017
https://doi.org/10.3390/insects17030300

Insects 2026, 17, 300 21 of 22

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

Joo, ].H.; Huh, J.E.; Lee, ].H.; Park, D.R.; Lee, Y.; Lee, S.G.; Choi, S.; Lee, H.J.; Song, S.W.; Jeong, Y.; et al. A novel pyrazole
derivative protects from ovariectomy-induced osteoporosis through the inhibition of NADPH oxidase. Sci. Rep. 2016, 6, 22389.
[CrossRef]

Lee, ES,; Kim, HM.; Lee, S.H.; Ha, K.B; Bae, Y.S.; Lee, S.J.; Moon, S.H.; Lee, E.Y,; Lee, ] H.; Chung, C.H. APX-115, a pan-NADPH
oxidase inhibitor, protects development of diabetic nephropathy in podocyte specific NOX5 transgenic mice. Free Radic. Biol. Med.
2020, 161, 92-101. [CrossRef]

Hong, SSW.; Noh, M.H.; Kim, Y.S;; Jin, D.H.; Moon, S.H.; Yang, ] W.; Hur, D.Y. APX-115A, a pan-NADPH oxidase inhibitor,
induces caspase-dependent cell death by suppressing NOX4-ROS signaling in EBV-infected retinal epithelial cells. Curr. Eye Res.
2020, 45, 1136-1143. [CrossRef]

Otaki, ]. M. Self-similarity, distortion waves, and the essence of morphogenesis: A generalized view of color pattern formation in
butterfly wings. In Diversity and Evolution of Butterfly Wing Patterns: An Integrative Approach; Sekimura, T., Nijhout, H.F,, Eds.;
Springer: Singapore, 2018; pp. 119-152. [CrossRef]

Otaki, ].M.; Ogasawara, T.; Yamamoto, H. Tungstate-induced color-pattern modifications of butterfly wings are independent of
stress response and ecdysteroid effect. Zool. Sci. 2005, 22, 635-644. [CrossRef]

Ozaki, M,; Otaki, ].M. Pharmacological intervention of PIEZO1 for butterfly eyespot color patterns in Junonia orithya. Receptors
2025, 4, 20. [CrossRef]

Ozaki, M.; Otaki, ].M. TRPA1 for butterfly eyespot formation. Int. J. Mol. Sci. 2026, 27, 1420. [CrossRef] [PubMed]

Huang, S.H.; Wu, C.H.; Chen, SJ.; Sytwu, HK,; Lin, G.J. Inmunomodulatory effects and potential clinical applications of
dimethyl sulfoxide. Immunobiology 2020, 225, 151906. [CrossRef]

Wood, D.C.; Wood, J. Pharmacologic and biochemical considerations of dimethyl sulfoxide. Ann. N. Y. Acad. Sci. 1975, 243, 7-19.
[CrossRef] [PubMed]

Jacob, S.W.; Herschler, R. Pharmacology of DMSO. Cryobiology 1986, 23, 14-27. [CrossRef]

Otaki, ].M. Butterfly eyespot color pattern formation requires physical contact of the pupal wing epithelium with extracellular
materials for morphogenic signal propagation. BMC Dev. Biol. 2020, 20, 6. [CrossRef]

Nijhout, H.F. Cautery-induced colour patterns in Precis coenia (Lepidoptera: Nymphalidae). |. Embryol. Exp. Morphol. 1985, 86,
191-203. [CrossRef]

Brakefield, PM.; French, V. Eyespot development on butterfly wings: The epidermal response to damage. Dev. Biol. 1995, 168,
98-111. [CrossRef]

Ohno, Y.; Otaki, ].M. Spontaneous long-range calcium waves in developing butterfly wings. BMC Dev. Biol. 2015, 15, 17.
[CrossRef] [PubMed]

Ozsu, N.; Monteiro, A. Wound healing, calcium signaling, and other novel pathways are associated with the formation of butterfly
eyespots. BMC Genomics 2017, 18, 788. [CrossRef]

Otaki, ] M.; Nakazato, Y. Butterfly wing color pattern modification inducers may act on chitin in the apical extracellular site:
Implications in morphogenic signals for color pattern determination. Biology 2022, 11, 1620. [CrossRef]

Otaki, ].M. Buckling model for pancake and butterfly color patterns. Res. Rev. Insights 2025, 8, 1-13. [CrossRef]

Cumpstey, I. Chemical modification of polysaccharides. ISRN Org. Chem. 2013, 2013, 417672. [CrossRef]

Du, X,; Li, T.; Wang, L.; Ren, D.; Huo, Z. Catalyst and base-free, direct oxidation of chitin to lactic acid with hydrogen peroxide.
Carbohyd. Res. 2024, 543, 109218. [CrossRef]

Hurd, T.R,; Liang, EX.; Lehmann, R. Curly encodes dual oxidase, which acts with heme peroxidase Curly Su to shape the adult
Drosophila wing. PLoS Genet. 2015, 11, e1005625. [CrossRef]

Locke, M. The localization of a peroxidase associated with hard cuticle formation in an insect, Calpodes ethlius Stoll, Lepidoptera,
Hesperiidae. Tissue Cell 1969, 1, 555-574. [CrossRef]

Neville, A.C; Parry, D.A.; Woodhead-Galloway, J. The chitin crystallite in arthropod cuticle. J. Cell Sci. 1976, 21, 73-82. [CrossRef]
Andersen, S.O. Regional differences in degree of resilin cross-linking in the desert locust, Schistocerca gregaria. Insect Biochem. Mol.
Biol. 2004, 34, 459-466. [CrossRef]

Lerch, S.; Yang, Y.; Flaven-Pouchon, J.; Gehring, N.; Moussian, B. Resilin is needed for wing posture in Drosophila suzukii. Arch.
Insect Biochem. Physiol. 2022, 111, €21913. [CrossRef] [PubMed]

Lerch, S.; Zuber, R.; Gehring, N.; Wang, Y.; Eckel, B.; Klass, K.D.; Lehmann, F.O.; Moussian, B. Resilin matrix distribution,
variability and function in Drosophila. BMC Biol. 2020, 18, 195. [CrossRef] [PubMed]

Wong, D.C,; Pearson, R.D.; Elvin, C.M.; Merritt, D.J. Expression of the rubber-like protein, resilin, in developing and functional
insect cuticle determined using a Drosophila anti-Rec 1 resilin antibody. Dev. Dyn. 2012, 241, 333-339. [CrossRef]

Dong, H.; Yan, ].; Wang, X.; Li, Y; Liu, Q.; Liu, H.; Chen, Y.; Tian, T.; Sun, Y.; Zhao, P; et al. Mutation in Resilin reveals attachment
impairment in Bombyx mori. Insect Sci. 2025, in press. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/insects17030300


https://doi.org/10.1038/srep22389
https://doi.org/10.1016/j.freeradbiomed.2020.09.024
https://doi.org/10.1080/02713683.2020.1718164
https://doi.org/10.1007/978-981-10-4956-9_7
https://doi.org/10.2108/zsj.22.635
https://doi.org/10.3390/receptors4040020
https://doi.org/10.3390/ijms27031420
https://www.ncbi.nlm.nih.gov/pubmed/41683840
https://doi.org/10.1016/j.imbio.2020.151906
https://doi.org/10.1111/j.1749-6632.1975.tb25339.x
https://www.ncbi.nlm.nih.gov/pubmed/1093465
https://doi.org/10.1016/0011-2240(86)90014-3
https://doi.org/10.1186/s12861-020-00211-7
https://doi.org/10.1242/dev.86.1.191
https://doi.org/10.1006/dbio.1995.1064
https://doi.org/10.1186/s12861-015-0067-8
https://www.ncbi.nlm.nih.gov/pubmed/25888365
https://doi.org/10.1186/s12864-017-4175-7
https://doi.org/10.3390/biology11111620
https://doi.org/10.15761/rri.1000172
https://doi.org/10.1155/2013/417672
https://doi.org/10.1016/j.carres.2024.109218
https://doi.org/10.1371/journal.pgen.1005625
https://doi.org/10.1016/S0040-8166(69)80021-2
https://doi.org/10.1242/jcs.21.1.73
https://doi.org/10.1016/j.ibmb.2004.02.006
https://doi.org/10.1002/arch.21913
https://www.ncbi.nlm.nih.gov/pubmed/35599599
https://doi.org/10.1186/s12915-020-00902-4
https://www.ncbi.nlm.nih.gov/pubmed/33317537
https://doi.org/10.1002/dvdy.23724
https://doi.org/10.1111/1744-7917.70002
https://www.ncbi.nlm.nih.gov/pubmed/40047404
https://doi.org/10.3390/insects17030300

Insects 2026, 17, 300 22 of 22

95.

96.
97.

98.
99.

100.

101.

102.

103.

Mendieta-Serrano, M.A.; Mendez-Cruz, E]J.; Antinez-Mojica, M.; Schnabel, D.; Alvarez, L.; Cardenas, L.; Lomeli, H.; Ruiz-
Santiesteban, J.A.; Salas-Vidal, E. NADPH-Oxidase-derived reactive oxygen species are required for cytoskeletal organization,
proper localization of E-cadherin and cell motility during zebrafish epiboly. Free Radic. Biol. Med. 2019, 130, 82-98. [CrossRef]
[PubMed]

Goldschmidt-Clermont, PJ.; Sevilla, B.A. Redox and actin, a fascinating story. Redox Biol. 2025, 83, 103630. [CrossRef]
Munnamalai, V.; Weaver, C.J.; Weisheit, C.E.; Venkatraman, P.; Agim, Z.S.; Quinn, M.T.; Suter, D.M. Bidirectional interactions
between NOX2-type NADPH oxidase and the F-actin cytoskeleton in neuronal growth cones. J. Neurochem. 2014, 130, 526-540.
[CrossRef]

Nijhout, H.F. Colour pattern modification by coldshock in Lepidoptera. J. Embryol. Exp. Morphol. 1984, 81, 287-305.

Otaki, .M. Color-pattern modifications of butterfly wings induced by transfusion and oxyanions. J. Insect Physiol. 1998, 44,
1181-1190. [CrossRef]

Umebachi, Y.; Osanai, M. Perturbation of the wing color pattern of a swallowtail butterfly, Papilio xuthus, induced by acid
carboxypeptidase. Zool. Sci. 2003, 20, 325-331. [CrossRef]

Serfas, M.S.; Carroll, S.B. Pharmacologic approaches to butterfly wing patterning: Sulfated polysaccharides mimic or antagonize
cold shock and alter the interpretation of gradients of positional information. Dev. Biol. 2005, 287, 416-424. [CrossRef]

Arenas, O.M.; Zaharieva, E.E.; Para, A.; Vasquez-Doorman, C.; Petersen, C.P,; Gallio, M. Activation of planarian TRPA1 by
reactive oxygen species reveals a conserved mechanism for animal nociception. Nat. Neurosci. 2017, 20, 1686-1693. [CrossRef]
Naziroglu, M. Molecular role of catalase on oxidative stress-induced Ca?* signaling and TRP cation channel activation in nervous
system. J. Recept. Signal. Transduct. Res. 2012, 32, 134-141. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/insects17030300


https://doi.org/10.1016/j.freeradbiomed.2018.10.416
https://www.ncbi.nlm.nih.gov/pubmed/30342187
https://doi.org/10.1016/j.redox.2025.103630
https://doi.org/10.1111/jnc.12734
https://doi.org/10.1016/s0022-1910(98)00083-3
https://doi.org/10.2108/zsj.20.325
https://doi.org/10.1016/j.ydbio.2005.09.014
https://doi.org/10.1038/s41593-017-0005-0
https://doi.org/10.3109/10799893.2012.672994
https://www.ncbi.nlm.nih.gov/pubmed/22475023
https://doi.org/10.3390/insects17030300

	Introduction 
	Materials and Methods 
	Butterflies 
	Experimental Treatments 
	Chemical Compounds 
	Experimental Evaluations 

	Results 
	Topical Application of DMSO 
	Topical Application of VAS2870 in DMSO 
	Systemic Application of DMSO 
	Systemic Application of VAS2870 in DMSO 
	Topical Application of Isuzinaxib in DMSO 
	Topical Application of DPI in DMSO 
	Rescue Experiement via the Injection of Hydrogen Peroxide 

	Discussion 
	Conclusions 
	Appendix A
	References

