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Abstract—The objective of this study was screening of ommochromes from the compound eyes of insects and comparison of
their antioxidant properties. Ommochromes were isolated in preparative quantities from insects of five different families:
Stratiomyidae, Sphingidae, Blaberidae, Acrididae, and Tenebrionidae. The yield of ommochromes (dry pigment weight) was
0.9-5.4% of tissue wet weight depending on the insect species. Isolated pigments were analyzed by high-performance liquid
chromatography and represented a mixture of several ommochromes of the ommatin series. The isolated ommochromes dis-
played a pronounced fluorescence with the emission maxima at 435-450 nm and 520-535 nm; furthermore, the emission
intensity increased significantly upon ommochrome oxidation with hydrogen peroxide. The ommochromes produced a sta-
ble EPR signal consisting of a singlet line with g = 2.0045-2.0048, width of 1.20-1.27 mT, and high concentration of para-
magnetic centers (> 10" spin/g dry weight). All the investigated ommochromes demonstrated high antiradical activity meas-
ured from the degree of chemiluminescence quenching in a model system containing luminol, hemoglobin, and hydrogen
peroxide. The ommochromes strongly inhibited peroxidation of the photoreceptor cell outer segments induced by visible light
in the presence of lipofuscin granules from the human retinal pigment epithelium, as well as suppressed iron/ascorbate-medi-
ated lipid peroxidation. The obtained results are important for understanding the biological functions of ommochromes in
invertebrates and identifying invertebrate species that could be used as efficient sources of ommochromes for pharmacologi-
cal preparations to prevent and treat pathologies associated with the oxidative stress development.
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INTRODUCTION

Ommochromes are invertebrate pigments containing
phenoxazine/phenothiazine rings. Ommochromes are
classified into two major subgroups — ommatins and
ommins — that represent either dimers or oligomers of
kynurenine derivatives, respectively [1, 2]. Ommatins and
ommins in vivo are typically dark-colored yellow-brown
or purple pigments. Insects use ommochromes for the
coloration of different body parts in mimicry. Thus, xan-

Abbreviations: EPR, electron paramagnetic resonance; HPLC,
high performance liquid chromatography; TBA, thiobarbituric
acid.

* To whom correspondence should be addressed.

thommatin and its derivatives (such as ommatin D) are
responsible for the body color and its changes in arthro-
pods [3-5]. Significant amounts of ommochromes are
present in the compound eyes of arthropods, where they
perform an important function. In particular, we demon-
strated earlier that the content of ommochromes in the
eye of the opossum shrimp Mysis relicta reaches 80 mg dry
weight per 1 ml or 200 pg dry weight per 1 mg protein [6].
Compound eyes of most arthropods consist of multiple
small eyelets (ommatidia), each with its own photorecep-
tor cells (rhabdomeres). In addition to the light-sensitive
retinal-containing visual pigments, all vision organs con-
tain light-non-sensitive screening pigments — ommo-
chromes. Their main function in the compound eyes is to
filter and absorb light [7, 8]. Ommochromes participate
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in the formation of the eye spectral sensitivity by absorb-
ing or transmitting light of particular wavelengths.
Moreover, by absorbing scattered light, ommochromes
increase the contrast and the sharpness of the image.

In addition to the optical function, ommochromes
play a protective antioxidant role [9-12], which is neces-
sary because some light quanta, especially those in the
violet and blue regions of the spectrum, carry high energy
and present a potential danger, especially for the retinal
photoreceptor cells (the so-called blue light hazard). The
photodamage of insect eye structures has its own features.
First, unlike in vertebrates, prolonged exposure to light
can result in the accumulation of phagosomes [13] con-
taining a large amount of unsaturated peroxidation-prone
fatty acids in the eye retinular cells. Second, the eye opti-
cal medium in many insects transmits UV light, which is
an active exogenous prooxidant factor. In this case, illu-
mination with UV light or intense visible light could result
in the accumulation of toxic peroxidation products capa-
ble of penetrating rhabdom membranes and causing their
damage. Hence, the probability of photodamage in the
ommatidia of a compound eye is likely higher than in the
eyes of vertebrates. Hence, additional protection of the
compound eye cells from peroxidation is essential.
Ommochromes can play this protective role in the eyes of
arthropods. It is known that crustacean and insect species
containing large amounts of screening pigments are
extremely resistant to prooxidant factors [6, 10, 14].
Furthermore, as we have shown using cells of compound
eye from M. relicta, the resistance to the action of proox-
idant factors was not associated with a higher content of
low-molecular-weight antioxidants and antioxidant
enzymes, but was rather due to the presence of a large
number of ommochrome-containing granules [14].

Ommochromes can be either electron donors or
electron acceptors and function as efficient antiradical
molecules [15-17]. One of the mechanisms underlying
the protective effect of ommochromes against the photo-
damage of visual cells could be their reaction with singlet
oxygen, which is an extremely toxic oxidant. We have
demonstrated previously that ommochromes from the eye
of Pandalus latirostris shrimp quenched the photosensi-
tized luminescence of singlet oxygen [18]. At the same,
one cannot rule out that ommochromes could be genera-
tors of singlet oxygen. Such possibility was reported, for
example, for kynurenine — a precursor of ommochromes
[19-21]. However, there are no published data on the
excitation of ommochromes, triplet formation, and sin-
glet oxygen generation. Most likely, ommochromes only
act as singlet oxygen quenchers.

It is commonly accepted now that the antioxidant
activity of ommochromes is due to their ability to neu-
tralize reactive oxygen species and to bind transition met-
als into inactive complexes [9, 11]. We demonstrated pre-
viously that ommochromes from the black soldier fly
Hermetia illucens were capable of quenching luminol
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luminescence induced by hydrogen peroxide in the pres-
ence of hemoglobin [12] with the quenching constant
(>10* M) [22] that was comparable with similar con-
stants for synthetic antioxidants, such as mexidol and
hydroxy(alkoxy)-2-aminobenzothiazole derivatives [23].

Arthropods, such as crustaceans and insects, are a
good source of ommochromes. These natural antioxi-
dants can be used for practical purposes, for example, in
pharmacology. In this study, we isolated ommochromes
from different species of feed insects and investigated
their physicochemical and antioxidant properties.

MATERIALS AND METHODS

Isolation of ommochromes from insect heads.
Ommochromes were isolated from five insect species.
Black soldier fly (Hermetia illucens, Stratiomyidae family)
and its larvae are widely used as a livestock feed and in
conversion of biological waste into food protein, fats,
chitin, and melanin. These flies are maintained as a pure
line at the Severtsov Institute of Ecology and Evolution,
Russian Academy of Sciences. The procedure for the cul-
tivation of flies includes the following stages: breeding
adult flies at the insectarium under controlled conditions;
incubating eggs and producing larvae in an incubator;
growing larvae in a container with a nutrient substrate;
producing prepupae, pupae, and imago. Adult flies live
for five to eight days. At the end of the life cycle, dead flies
were collected, frozen, and stored at —180°C.The genome
of Hermetia illucens is available from the GenBank
(Hermetia illucens, sample H-il 1 No. KY817115).

Mealworm beetle (7enebrio molitor, Tenebrionidae
family) is currently one of the most popular species used
for feeding various exotic animals. Large-scale produc-
tion facilities exist in Europe, China, and the USA. A cul-
ture of mealworm beetles was maintained under laborato-
ry conditions at the Severtsov Institute of Ecology and
Evolution.

Marble cockroach (Nauphoeta cinerea, Blaberidae
family) is also commonly used for feeding insect-eating
animals. A culture of marble cockroaches was maintained
under laboratory conditions at the Severtsov Institute of
Ecology and Evolution.

The larvae of the tobacco hornworm butterfly
(Manduca sexta, Sphingidae family) are another popular
food for exotic insect-eating animals. A culture of tobac-
co hornworm butterfly was maintained at the Entomology
department of the Moscow Zoo.

Desert locust (Schistocerca gregaria, Acrididae fami-
ly) is also used as a live food for insect-eating animals. A
culture of desert locust was maintained at the
Entomology department of the Moscow Zoo.

Ommochromes were extracted from the insect heads
without preliminary homogenization. The heads of dead
adult insects were manually separated and stored at
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—180°C. If necessary, insect heads were first incubated in
neutral methanol (~10 g heads per 300 ml methanol) for
24 h in the dark at room temperature with periodical mix-
ing. Following filtration, 500 ml of absolute methanol
containing 1 vol % of hydrogen chloride (MeOH-HCI
mixture) was added to the heads and incubated at 6°C in
the dark for 48 h with periodical shaking. Next, the
extract was filtered through a paper filter (Whatman,
Grade 6). The produced cherry-colored filtrate was neu-
tralized with 20% ammonium solution and centrifuged at
5,000g for 15 min. The supernatant was discarded, and
fresh MeOH-HCI mixture was added to the precipitate to
its complete dissolution. The precipitation procedure
with ammonium was repeated twice. Finally, the
ommochrome precipitate was dried in a desiccator in the
presence of anhydrous calcium chloride.

Isolation of lipofuscin granules. Lipofuscin granules
from the retinal pigment epithelium were isolated from
the eyes of cadaveric donors using procedure suggested
Boulton and Marshall [24]. Cadaveric human eyes were
obtained within the framework of agreement with the Eye
Tissue Bank, Fyodorov Eye Microsurgery Complex,
Ministry of Health of the Russian Federation. Isolated
lipofuscin granules were washed with 0.1 M K-phosphate
buffer (pH 7.6), resuspended in the same buffer, and
stored at —20°C. The concentration of the granules was
evaluated with a hemocytometer.

Preparation of outer segments of bovine photorecep-
tors. Outer segments of photoreceptor cells were isolated
from the bovine retina using the modified method sug-
gested in [25]. The produced outer segments were sus-
pended in 0.1 M K-phosphate buffer and stored at
-20°C.

Preparation of cardiolipin liposomes. Cardiolipin
liposomes were prepared by suspending cardiolipin in
0.1 M K-phosphate buffer, pH 7.4. Cardiolipin sodium
salt (Sigma-Aldrich, USA) in methanol (5 mg/ml) was
dried in a rotary evaporator and the formed lipid film was
solubilized in buffer followed by thorough shaking on a
Vortex-type mixer. The liposome suspension was stored at
2-4°C.

Analysis of ommochrome extracts. Isolated
ommochromes were analyzed by high-performance lig-
uid chromatography (HPLC) using a Knauer chromato-
graph (Germany) on a Diasphere 120 C18 column (4 x
250 mm; particle size, 5 um). Solvent A was 10% aqueous
acetonitrile containing 0.5% formic acid; solvent B was
100% acetonitrile containing 0.5% formic acid. The pig-
ments were fractionated in a linear gradient (0-40%) of
solution B in solution A for 60 min at a flow rate of
0.4 ml/min at 24°C. Eluted pigments were registered with
a Knauer K-2501 UV/Vis detector and an RF-10A-xl flu-
orescence detector (Shimadzu, Japan). The ommo-
chromes or standard compounds were dissolved in 100 pl
of methanol containing 0.5% HCI. Tryptophan, kynure-
nine, 3-hydroxykynurenine, and xanthurenic acid

DONTSOV et al.

(Sigma-Aldrich, USA) were used as standards.
Xanthommatin was synthesized by autooxidation of 3-
hydroxykynurenine as described in [26]. Absorption spec-
tra were recorded with a Shimadzu UV—-1601PC spec-
trophotometer. Fluorescence spectra were recorded with
a Shimadzu RF-5301PC fluorimeter. The obtained data
were processed with the RFPC version 2.0 software
(Shimadzu).

Measuring the concentration of free radical centers.
The parameters of the paramagnetic centers in the
ommochromes were determined by the electron para-
magnetic resonance (EPR) spectroscopy. Dry ommo-
chrome samples or frozen ommochrome suspensions in
K-phosphate buffer prepared using an attachment made
from a piece of polyethylene tube with a length of 10-
15 mm and inner diameter of 0.45 mm were used in the
experiments. Each sample (0.3 ml) was quickly frozen in
liquid nitrogen and stored until the measurements. To
record the EPR spectra, the frozen samples were pushed
out of the tubes with a plunger. The EPR spectra were
recorded at 77°K with a Bruker EMX EPR spectrometer
in a cylindrical resonator. The conditions for the EPR
spectrum recording were: AH scan, — 50 Gs; H center,
3440 Gs; modulation amplitude, 3 Gs; microwave power,
20 uW. The UDA No. 5 spin concentration standard (cal-
ibration certificate No. 905/910-2012) was used for
determining spin concentration.

Oxidation of ommochromes with hydrogen peroxide.
The oxidative destruction of ommochromes was induced
with 1.0-1.5% hydrogen peroxide. The pigment suspen-
sion (2-3 mg/ml) in 0.1 M K-phosphate buffer, pH 7.4, or
ommochrome solution in MeOH-HCI (0.5-1.0 mg/ml)
were incubated in the presence of hydrogen peroxide for
at least 2 h. Next, the physicochemical characteristics of
the original and oxidized samples were compared.

The antioxidant activity of ommochromes was deter-
mined using a homogenous hydrophilic chemilumines-
cence system consisting of hemoglobin, hydrogen perox-
ide, and luminol [27]. The latent period before the devel-
opment of maximal luminescence intensity was meas-
ured. The chemiluminescence kinetics was recorded with
a Shimadzu RF 5301PC spectrofluorimeter at the emis-
sion wavelength of 470 nm at room temperature. The
ability of ommochromes to interact with the radicals in
the aqueous phase of the model system was evaluated
from chemiluminescence quenching in the latent period
duration versus pigment concentration coordinates. The
incubation medium contained 0.05 M K-phosphate
buffer, pH 7.4, 2.0 uM hemoglobin, 100 uM luminol,
100 uM  EDTA, and varying concentrations of
ommochromes in 0.1 M K-phosphate buffer, pH 7.4, or
in methanol-HCI solution. The reaction was initiated by
adding 100 uM hydrogen peroxide. The buffer solution
without ommochromes was used as a control.

The kinetics of lipid peroxidation in cardiolipin lipo-
somes or outer segments of photoreceptor cells was deter-
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mined from the accumulation of products of reaction with
thiobarbituric acid (TBA-reactive substances) [28]. Lipid
peroxidation was initiated either with divalent iron ions or
visible light in the presence of lipofuscin granules. A
KGM-24-150 halogen lamp equipped with a focusing sys-
tem and a heat-absorbing filter was used for illumination
within the full visible spectrum. The illumination energy
was 80 mW/cm?; the illumination spectral range was 390-
700 nm. Typically, the samples were illuminated at room
temperature with constant mixing. The average rate of the
accumulation of TBA-reactive substances was calculated
by measuring the concentration of the products formed
10, 25, and 40 min after the reaction initiation.

Statistical analysis was performed using the
Student’s #-test (p < 0.05). The data are presented as
mean =+ standard deviation.

RESULTS AND DISCUSSION

All investigated insect species contained high con-
centrations of ommochromes, which were extracted from
the insect heads with relatively high yields. The yield of
the ommochromes was 0.9, 1.4, 1.7, 4.2, and 4.8% of dry
pigment weigh per initial biomass weight for the marble
cockroach, desert locust, tobacco hornworm butterfly,
black soldier fly, and mealworm beetle, respectively. The
maxima of the absorption spectra of ommochromes in the
visible range of the spectrum were between 430 and
502 nm for all the investigated insects (Fig. 1).

The longest wavelength absorption maxima were
characteristic for ommochromes from the tobacco horn-
worm butterfly (502 nm, Fig. 1a) and marble cockroach
(497 nm, Fig. le). The ommochromes from the meal-
worm beetle displayed pronounced absorption maximum
at 454 nm (Fig. 1c¢), while less pronounced absorption
maximum at the shortest wavelength (430 nm) was
observed for ommochromes from the black soldier fly
(Fig. 1b). The ommochromes from the desert locust did
not have any pronounced absorption maximum in the
visible range and displayed only a “shoulder” around 490
nm (Fig. 1d). The absorption spectra were the same for
the preparations isolated independently form the same
source (3-4 independent isolations), which was likely due
to the fact that the insect cultivation conditions have not
been changed in the course of the experiment. The
absorption maxima of ommochromes at 430-490 nm are
typical for ommatins, and the absorption maxima at
520 nm and above are characteristic for ommins [1]. The
absorption spectra of ommochromes from the black sol-
dier fly, mealworm beetle, and desert locust were closer to
the ommatin spectra; the absorption spectra of
ommochromes from the marble cockroach and tobacco
hornworm butterfly were of an intermediate type, which
suggests the presence of two types of ommochromes —
ommatins and ommins — in their composition.
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All isolated ommochromes strongly fluoresce in the
visible spectral range with the two major fluorescence
peaks: the short-wavelength peak with the emission max-
imum at 440 nm and the long-wavelength peak with the
emission maximum at 530 nm (Fig. 2, a and b, respec-
tively).

The main excitation maxima were 290 nm, 330 nm,
and 380 nm for the short-wavelength fluorescence and
330 nm and 460 nm for the long-wavelength fluores-
cence.

The qualitative composition of the ommochromes
was examined by HPLC. The chromatograms of the
ommochromes recorded by measuring absorbance at
490 nm and fluorescence (excitation wavelength, 460 nm;
emission, 520 nm) are shown in Fig. 3.

The composition of ommochromes was different in
the studied insect species (Fig. 3). The ommochromes
were a mixture of several compounds, mainly xanthom-
matin and several its derivatives. The ommochromes from
the marble cockroach differ significantly in the composi-
tion from the ommochromes from the rest of insects
(Fig. 3e). The ommochromes from the tobacco horn-
worm butterfly and black soldier fly were close in compo-
sition, as indicated both by their absorption and fluores-
cence (Fig. 3, a and b). However, unlike the ommo-
chromes from the black soldier fly, the ommochromes
from the tobacco hornworm butterfly included ommatin
D with the absorption maximum at 490 nm, which is in
agreement with the results of the study [30], in which a
mixture of ommatin D and xanthommatin was identified
as a chromophore in the ommochrome-binding protein
in the tobacco hornworm butterfly hemolymph. The
composition of ommochromes from the mealworm beetle
was closer to the composition of ommochromes from the
tobacco hornworm butterfly and black soldier fly than to
the composition of ommochromes from the marble cock-
roach (Fig. 3c). It is important to note that ommo-
chromes from the majority of investigated insects had the
absorption maximum close to the absorption maximum
of ommatins. Nevertheless, the exact composition of
ommochromes from the eyes of investigated insects
requires further examination, e.g., by mass spectrometry.

All investigated ommochromes displayed clearly
pronounced singlet EPR signal (Fig. 4).

The parameters of the EPR signals of ommochromes
from all five insect species are presented in the Table. All
ommochromes have g-factors close to the g-factor of free
electron and contained relatively large amounts of para-
magnetic centers. The highest concentration of spins per
g dry weight was detected in the ommochromes from the
black soldier fly and tobacco hornworm butterfly (>10'%).

The ommochromes from other insects had the con-
centration of paramagnetic centers below 10'%; further-
more, the spin concentration in the ommochromes from
the desert locust and mealworm beetle was more than an
order of magnitude lower than in the ommochromes from
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Fig. 1. Absorption spectra of insect ommochromes in methanol-HCL solution: a) tobacco hornworm butterfly; b) black soldier fly; ¢) meal-
worm beetle; d) desert locust; ¢) marble cockroach. Ommochrome concentration, 0.4-0.6 mg/ml.

the black soldier fly. The high concentration of stable free
radical centers suggests that ommochromes can act as
scavengers of active free radicals. The g-factor value in the
range from 2.004 and 2.005 (Table) is characteristic for
phenoxy radicals [31]. It is known that phenoxazine
intermediates in the composition of ommochrome mole-

cules exhibit a stable EPR signal [32, 33] and likely can be
the source of the EPR signals observed in this study.
Moreover, it cannot be ruled out that it is precisely phe-
noxazine that determines the antiradical activity of
ommochromes [17]. The EPR signal of the ommo-
chromes was sensitive to illumination by either UV or vis-
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Fig. 4. EPR spectra of ommochromes from the black soldier fly
(1), tobacco hornworm butterfly (2), marble cockroach (3), and
desert locust (4). The spectra were recorded using dry
ommochrome preparations at room temperature.

ible light at the liquid nitrogen temperature (data not
shown). The intensity of EPR signal significantly
increased upon illumination.

The ommochromes were found to be sensitive to oxi-
dation with hydrogen peroxide and/or potassium super-
oxide. Oxidation with hydrogen peroxide resulted in the
disappearance of the long-wavelength absorption maxi-
mum at 430-502 nm (Fig. 5a, curve /) and emergence of
the short-wavelength maximum at 370-390 nm (Fig. 5a,
curve 2). This indicated that the isolated ommochromes
were predominantly in the reduced state. The reaction
with hydrogen peroxide occurs in at least two stages.
First, there is transition of ommochromes into the oxi-
dized form, which is likely followed by gradual pigment
destruction during prolonged incubation with the oxidiz-
er manifested as further decrease of the pigment absorp-
tion in the visible range (Fig. 5a) and significant loss in
the number of paramagnetic centers.

The fluorescent properties of ommochromes
changed as a result of oxidation with hydrogen peroxide.

DONTSOV et al.

As seen in Fig. 5b, the fluorescence intensity of the inves-
tigated samples increased significantly following oxida-
tion, mainly in the long-wavelength region (500-560 nm).

HPLC analysis of the ommochromes revealed signif-
icant qualitative and quantitative changes in their compo-
sition after oxidation with hydrogen peroxide (Fig. 5, c-f).
It can be seen that the peaks 2-8 present in the non-oxi-
dized sample almost completely disappeared following
sample exposure to hydrogen peroxide. At the same time,
the relative content of peaks 9-11 displaying strong fluo-
rescence increases significantly. The reasons for the
increase in the ommochrome fluorescence intensity after
oxidation with hydrogen peroxide require further investi-
gation.

The EPR signal of the ommochromes was also sensi-
tive to the action of hydrogen peroxide (Fig. 5g, curves /
and 2). Oxidation of ommochromes with hydrogen per-
oxide resulted in a sharp drop in the EPR signal and,
eventually, complete loss of paramagnetic centers, which
was likely associated with the destruction of phenoxazine
ring in the structure of ommochrome molecules [17] that
initially demonstrated free radical properties. The
destruction of Drosophila eye ommochromes by hydrogen
peroxide was demonstrated previously [34].

Low concentrations of ommochromes quench lumi-
nol chemiluminescence induced by hydrogen peroxide.
The kinetics of luminol chemiluminescence in the pres-
ence of varying concentrations of ommochromes from
the marble cockroach is shown in Fig. 6a. Both the
decrease in the amplitude of chemiluminescence signal
and increase in the lag period of the development of lumi-
nescence maximum were observed in the presence of
ommochromes.

The ommochromes at a concentration of 400 pg/ml
(Fig. 6a, curve 5) caused significant inhibition of luminol
chemiluminescence. The relative duration of the latent
period of the luminol chemiluminescence was deter-
mined at the same concentration for all investigated
ommochromes (750 pug/ml) in order to compare their
antiradical activity (Fig. 6b). The ommochromes from
the black soldier fly and marble cockroach (Fig. 6b, bars
1 and 2) demonstrated the highest antiradical activity,

Parameters of EPR signals of insect ommochromes

Ommochromes, powder, room temperature
Sample Tobacco Marble Mealworm

) hornworm Black soldier fly | Desert locust cockroach beetle
Parameters of EPR signal butterfly
g-Factor 2.0048 2.0045 2.0045 2.0046 2.0045
Half width at half height, AH,,, 12.0 12.4 12.6 12.7 10.2
Concentration of paramagnetic centers, 27.5 x 10" 48.0 x 10" 4.6 x 10" 9.7 x 107 0.5x% 10"
spin/g dry weight
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Fig. 5. Effect of hydrogen peroxide on insect ommochromes. a) Absorption spectra of ommochromes from the mealworm beetle before (/)
and after (2) oxidation with hydrogen peroxide; b) fluorescence spectrum of ommochromes from the mealworm beetle at the excitation wave-
lengths of 340 nm (/) and 460 nm (2) before (a) and after (b) exposure to hydrogen peroxide; c-f) HPLC analysis of ommochromes from the
mealworm beetle before (black) and after (red) exposure to hydrogen peroxide: c¢) absorption at 380 nm; d) fluorescence at 520 nm with exci-
tation at 380 nm; e) absorption at 490 nm; f) fluorescence at 520 nm with excitation at 460 nm. D;,; and I;,;, y-axes for absorbance and fluo-
rescence, respectively, before exposure; D, and I, y-axes for absorbance and fluorescence, respectively, after exposure to hydrogen perox-
ide. g) EPR spectrum of ommochromes from the tobacco hornworm butterfly before (/) and after (2) oxidation with hydrogen peroxide. The
spectra of ommochrome suspensions were recorded in 0.1 M K-phosphate buffer at the temperature of liquid nitrogen.
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Fig. 6. Quenching of luminol chemiluminescence by insect ommochromes. a) Kinetics of luminol chemiluminescence in the presence of dif-
ferent concentrations of ommochromes from the marble cockroach: 7) control; 2-5) 100 pg/ml, 150 pg/ml, 250 pg/ml, and 400 pg/ml
ommochromes, respectively. Samples containing buffer solution without the ommochromes served as controls. b) Latent period of luminol
chemiluminescence in the presence of different ommochromes at a concentration of 750 pg/ml; bars: 1) black soldier fly; 2) marble cock-
roach; 3) tobacco hornworm butterfly; 4) mealworm beetle; 5) desert locust. Each bar represents results of four independent measurements.
The difference was considered statistically significant at p < 0.05. The incubation medium contained 0.05 M K-phosphate buffer, pH 7.4,
2.0 uM hemoglobin, 100 uM luminol, 100 uM EDTA, and suspension of ommochromes in K-phosphate buffer. The reaction was initiated by

adding 100 uM of hydrogen peroxide.

while the ommochromes from the mealworm beetle and
desert locust (bars 4 and 5) had the lowest one. This result
is in agreement with the data on the concentration of sta-
ble free radical centers in the ommochromes, which was
the lowest in the ommochromes from the mealworm bee-
tle and desert locust. On the other hand, a higher antirad-
ical activity of ommochromes from the marble cockroach
(bar 2) in comparison with the activity of ommochromes
form the tobacco hornworm butterfly (bar 3) remains

TBA-reactive substances,
nmol/min mg lipids
=
to

Ommochromes

Control

Fig. 7. Inhibitory effect of ommochromes from the black soldier
fly (1) and tobacco hornworm butterfly (2) on the Fe?*/ascorbate-
induced peroxidation of cardiolipin liposomes. Each bar repre-
sents results of three independent measurements. The difference
was considered statistically significant at p < 0.05. The incubation
medium contained 0.1 M K-phosphate buffer, pH 7.4, 265 pg/ml
of cardiolipin liposomes, 0.5 mM ascorbate, and 35 uM Fe?*. The
ommochrome concentration was 90 pg/ml; the control did not
contain ommochromes.

unclear, because the concentration of paramagnetic cen-
ters in the ommochromes from the tobacco hornworm
butterfly is significantly higher than in the ommochromes
from the marble cockroach. As mentioned above, the
constant of luminol chemiluminescence quenching by
the ommochromes from the black soldier fly was relative-
ly high, which implies that these pigments are rather
strong antioxidants. It follows from Fig. 6b that the effi-
ciency of luminol chemiluminescence quenching by the

120
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Fig. 8. Inhibitory effect of ommochromes from the desert locust
on the peroxidation of photoreceptor outer segments initiated by
visible light in the presence of lipofuscin granules. Each bar repre-
sents results of three independent measurements. The difference
was considered statistically significant at p < 0.05. The incubation
medium contained 0.1 M K-phosphate buffer, pH 7.4, 200 pug/ml
photoreceptor outer segment protein, and 5 x 10° granule/ml
lipofuscin; ommochrome concentration was 46 (/) and 77 pg/ml
(2); control (peroxidation rate in the absence of ommochromes)
was accepted as 100%.
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ommochromes from the marble cockroach is close to the
one by the ommochromes from the black soldier fly, while
the efficiencies of chemiluminescence quenching by the
ommochromes from the tobacco hornworm butterfly,
mealworm beetle, and desert locust are lower, but still
comparable to it. It is important to note that the concen-
tration of ommochromes in the eyes of investigated
insects is very high. According to our calculations, the
content of eye ommochromes reaches 90 mg/ml in the
black soldier fly and 45 mg/ml in the desert locust. This is
significantly higher that the ommochrome concentration
used in our experiments (<1 mg/ml).

All the investigated ommochromes inhibited peroxi-
dation initiated with various peroxidation systems. The
antioxidant activity of ommochromes was determined in
three different systems: Fe?"/ascorbate-induced peroxi-
dation of cardiolipin liposomes (Fig. 7); ascorbate-
induced peroxidation of outer segments of bovine eye
photoreceptors (results not shown); and photoinduced
peroxidation of the photoreceptor cell outer segments
sensitized by lipofuscin granules from the human retinal
pigment epithelium (Fig. 8).

In these experiments, we used ommochromes from
the black soldier fly, tobacco hornworm butterfly (Fig. 7),
and desert locust (Fig. 8). All these ommochromes
demonstrated pronounced antioxidant activity by inhibit-
ing peroxidation and photoperoxidation at relatively low
concentrations. The antioxidant activity of the insect
ommochromes was comparable to the activity of natural
melanins [12] and synthetic antioxidants of the oxypyri-
dine series [23]. In our experiments, the ommochromes
at a concentration of 0.5 mg/ml caused almost 90% inhi-
bition of free-radical processes. It is important to note
that the ommochromes significantly slowed down the
photoperoxidation of the photoreceptor cell outer seg-
ment sensitized with lipofuscin (Fig. 8). The reaction was
inhibited by 70% already at the ommochrome concentra-
tion of 0.08 mg/ml (=0.2 mM), while 0.5 mM mexidol
(well-known synthetic antioxidant) inhibited the same
reaction by no more than 50% [35]. Hence, it is reason-
able to suggest that ommochromes, which are present in
the compound eyes of insects in large amounts, could
exhibit significant antioxidant activity. The mechanisms
of the antioxidant action of ommochromes could be asso-
ciated with their ability to react with reactive oxygen
species and to utilize free radicals [9, 11, 15, 16].

In conclusion, we have developed a relatively simple
procedure for the isolation of ommochromes from the
insect heads. Based on their physicochemical character-
istics, these pigments can be assigned to ommatins [1, 2,
8, 36]. Insects used for feeding animals are cultivated
under controlled conditions (both in laboratories and
commercially), they can be a good natural source of large
quantities of ommochromes. Based on our data, it is pos-
sible to isolate more than 4% of dry weight of
ommochromes from the biomass wet weight. Due to their
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biological activity, these natural pigments can be promis-
ing pharmacological preparations for prevention and
treatment of pathologies associated with the oxidative
stress development. The results obtained in this study are
important for understanding the mechanisms underlying
the biological functions of ommochromes that act as
screening and antioxidant pigments in the ommatidia of
the compound eyes of invertebrates.
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