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Abstract Boric acid is widely used as an insecticide,
acaricide, herbicide, and fungicide and also during
various industrial processings. Hence, numerous
populations are subjects to this toxic compound. Its
action on animals is still not fully known and under-
stood. We examined the effect of boric acid on larvae
of greater wax moth (Galleria mellonella). The chem-
ical appeared to be toxic for larvae, usually in a
concentration-dependent manner. Exposed groups re-
vealed increased lipid peroxidation and altered activity
of catalase, superoxide dismutase, glutathione S-trans-
ferase, and glutathione peroxidase. We also observed
changes of ultrastructure, which were in tune with
biochemical assays. We suggest that boric acid has a

broad mode of action, which may affect exposed lar-
vae, and even if sublethal, they may lead to distur-
bances within exposed populations.

Keywords Antioxidantenzymes . Boricacid .Galleria
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Abbreviations
BA Boric acid
ER Endoplasmic reticulum
CAT Catalase
GST Glutathione S-transferase
GPx Glutathione peroxidase
LCx Concentration lethal to x percent of a

population
LOEC Least observable effect concentration
MDA Malondialdehyde
ROS Reactive oxygen species
SOD Superoxide dismutase

Introduction

Boric acid (BA) occurs naturally in both sea and fresh
waters at concentrations 1–5 ppm. It is also present in
the earth crust, in various concentrations, from several
dozens up to more, c.a. 300 mg of boron per kilogram
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of soil (Eckel and Langley 1988). Borates are the
naturally occurring form of boron, and they are de-
graded no further (ATSDR 2010). BA is soluble in
water and therefore leachable through soil. The per-
sistence in soil depends from its pH and minerals
present in soil (for detailed information, see USDA
report 2006). BA alters biological functions of various
animals, including insects. Therefore, it is often used
as a pesticide. It belongs to the oldest insecticides used
in agriculture. It can be used against various insects,
like cockroaches, ants, termites, fleas, and other in-
sects. BA is also used for in-hive trapping in natural
beekeeping (Handbook for Natural Beekeeping), since
it is regarded as one of the least-toxic pesticides and as
essentially non-toxic to honey bees (Atkins 1987;
Harper et al. 2012). It acts as an absorber of insect
cuticle wax and stomach poison of still unclear mode
of action. Besides, BA is a component of various non-
pesticidal mixtures; it is an important raw material of
wood preservatives, a fire retardant, and for
manufacturing glass, light bulbs, porcelain enamel,
or ceramic glazes. It can be released into the environ-
ment during coal burning and power generation. It is
used as a drug to treat fungal infections, too (Harper et
al. 2012). The global market of BA is still expanding.
Therefore, the probability of being exposed to this
substance is increasing.

The data on the effect of boron compounds on
terrestrial invertebrate species is limited (compare
USDA report 2006). Because of that, there is a need
of further studies of BA toxic action on various species.
Various xenobiotics stimulate production of reactive
oxygen species (ROS) (Freeman and Crapo 1982;
Harris 1992; Adamski et al. 2003; Krishnan and
Sehnal 2006; Hyršl et al. 2007). BA unbalances
antioxidant–pro-oxidant equilibrium (Hyršl et al.
2007) and leads to oxidative damage in some tis-
sues, increasing insects’ mortality. In consequence,
BA may cause toxic results at various levels of bio-
logical organization. Such effects may result either from
pro-oxidant activity of some xenobiotics, which can be
observed as protein/lipid peroxidation or altered antiox-
idant enzyme activity. Therefore, the values of these
parameters (peroxidation and enzymatic activity) are
important in estimation of the stress caused by
xenobiotics.

The increased activity of enzymes may protect ex-
posed species against ROS. Our previous studies
showed that greater wax moth (Galleria mellonella)

is sensitive to BA and oxidative stress (Hyršl et al.
2007). Therefore, we decided to examine if BA can
alter lipid peroxidation, measured as malondialdehyde
(MDA) concentration, as well as the activity of the
following antioxidant enzymes: superoxide dismutase
(SOD), catalase (CAT), glutathione S-transferase
(GST), and glutathione peroxidase (GPx), in chosen
tissues of this species. The moth can be found in
Europe, Asia, North America, and Australia. Larvae
destroy beehives, and therefore, they are regarded as
pests. Its development is described in detail. The lab-
oratory culture is easy to maintain. The knowledge of
the effect of BA on terrestrial invertebrates is scanty.
We lack knowledge of its mechanisms of action, in-
sects’ defense mechanisms, as well as we do not have
endpoints, which could be used as bioindicators of
stress. Therefore, the species seems to be a good
object of ecotoxicological and toxicological studies.
We focused on two larval organs: the midgut and fat
body. The midgut is important as an organ where
ingested xenobiotics may enter the insect’s body. The
fat body plays a very important role in detoxification
and also in endocrinology, reproduction, and nourish-
ment of insects. Therefore, any disturbance within
these two organs may lead to important sublethal
changes of the insect’s physiology and behavior.

To obtain a more complete explanation of toxic action
of this insecticide, we decided to compare the
abovementioned measurements with the ones done with
the use of transmission electron microscopy. We focused
especially on alterations within nuclei, mitochondria, and
endoplasmic reticulum (ER) in tested tissues as possible
bioindicators of stress. Additionally, in fat body cells, we
focused on lipid droplets. These changes are frequently
met when tissues are exposed to xenobiotics (Adamski et
al. 2005, Adamski 2007; da Silva et al. 2010).

The aim of this study was to examine whether expo-
sure to BA correlates with insects’mortality, and chosen
biochemical and ultrastructural parameters.

Materials and methods

Insects

Larvae of the greater wax moth, G. mellonella (L.),
were used in all experiments. The insects were reared
in 1,000-ml glass jars with an artificial diet (Bronskill
1961), at 30±1 °C in constant darkness. The standard
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diet was composed of 420 g of bran, 150 ml of
filtered honey, 150 ml of glycerol, 20 g of ground
old dark honeycomb, and 30 ml of distilled water.
Fifteen newly emerged adult females were placed in
jars and provided a piece of old honeycomb on the
diet for egg deposition and feeding of newly hatched
larvae. The methods used to prepare and dispense
diets into container, and the methods used to obtain
eggs and larvae and their placement onto diets were
described in previous studies (Hyršl et al. 2008;
Büyükgüzel et al. 2010).

Experimental designs

BA (crystal form, 99 %, H3BO3, Eti Mine Works
General Management, Ankara, Turkey) was directly
incorporated into diets at concentrations of 156, 620,
1,250, and 2,500 ppm. Using standard laboratory rear-
ing conditions, two series of experiments were carried
out to examine the effects of BA on the insect. In the
first one, the lethal effects of various concentrations of
BA were determined. These data were used for probit
analysis of the lethal activity of BA to G. mellonella
larvae. The parameters were lipid peroxidation levels,
protein profiles, and activities of antioxidant enzymes
in hemolymph and fat body of last instar larvae
(VIIth). These stages were used in the biochemical
analyses. For electron microscopic studies, the same,
last instar, but not prepupal larvae were used. The time
of exposure depends on the concentration—BA
slowed down larval development—and varied from
22 (control and 156 ppm) to 25 days (higher concen-
trations of BA).

Five groups of larvae (80 individuals each, four
subgroups of 20 insects per concentration) were
exposed to BA in the following concentrations: con-
trol, 156, 620, 1,250, and 2,500 ppm. After expo-
sure, percentages of dead larvae were calculated, and
mortality curve, correlation coefficient, and some
chosen LCx values (LC1, LC5, LC10, LC30, LC50,
and LC95) were determined using probit analysis
(Finney 1971):

Probit of mortality ¼ log Aþ B� log ðconcentrationÞ:

The lowest of the values (LC1) is close to least
observable effect concentration (LOEC) value (the
lowest concentration that causes toxic effects).

Together with the next three values (LC5, LC10, and
LC30), they show if environmental exposure to low or
moderate concentrations may be a threat to the ex-
posed population, whereas the two highest ones (LC50

and LC95) are standard values presented when toxicity
of substances is estimated.

The two lower of the used concentrations (156 and
620 ppm) and the next groups of 80 larvae were
exposed to them.

Biochemical assays

First instar larvae were reared through VIIth instars
on artificial diets amended with given concentra-
tions of BA (156 and 620 ppm). The larvae were
transferred into another jar lined with a filter paper
for pupation. Last instar larvae were used for de-
termining protein content, MDA content as indica-
tor of lipid peroxidation, and antioxidant enzyme
activities. The larvae were chilled on ice for
5 min and surface sterilized in 95 % ethanol. Fat
body and midgut were dissected from larvae into a
chilled Eppendorf tube charged with cold homoge-
nization buffer (w/v 1.15 % KCL, 25 mM K2HPO4,
5 mM ethylenediaminetetraacetic acid EDTA, 2 mM
phenylmethylsulfonyl fluoride PMSF, 2 mM
dithiothreitol DDT, pH7.0). For protein analysis,
5 mg of both tissues were homogenized in a diluted
sample buffer using ultrasonic homogenizer (Elma,
Singen, Germany) for 8 min. A few crystals of
phenylthiourea (PTU) were added to each sample
to prevent melanization. The samples for biochem-
ical assays were frozen at −25 °C until use.

Sample preparation and determination
of malondialdehyde (MDA) content and antioxidant
enzyme activities

Extracts of midgut and fat body were prepared at 4 °C
by an ultrasonic homogenizer (Bandelin Sonopuls,
HD2070, Berlin, Germany) at 50W, 40–50 s in homog-
enization buffer, and subsequent centrifugation at
10,000×g for 10 min. The resulting cell-free extracts
were collected for biochemical analysis. MDA contents
and antioxidant enzyme activities were determined by
measuring the absorbance of the samples in a dual beam
spectrophotometer (Shimadzu 1700, UV/VIS Spectro-
photometer, Kyoto, Japan). Assays were replicated four
times each with five larvae. Protein concentrations were
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determined according to Lowry et al. (1951) by using
bovine serum albumin (BSA) as a standard. All
chemicals used were analytical grade and were obtained
from Sigma-Aldrich (St. Louis, MO, USA).

MDA content was assayed according to Jain and
Levine (1995). MDA reacts with thiobarbituric acid
(TBA) to form a colored complex. MDA contents as
an indicator of lipid peroxidation were determined
after incubation at 95 °C with TBA (1 % w/v). Absor-
bances were measured at 532 nm to determine MDA
content. MDA content were expressed as nanomoles
per milligram protein by using 1.56×105M−1cm−1 for
extinction coefficient.

Total SOD (EC 1.15.1.1) activity was determined
according to Marklund and Marklund (1974) assaying
the auto-oxidation and illumination of pyrogallol at
440 nm for 3 min. One unit total SOD activity was
calculated as the amount of protein causing 50 % inhi-
bition of pyrogallol auto-oxidation. The total SOD ac-
tivity was expressed as units per milligram of protein.

CAT (EC1.11.1.6) activity was measured according
to Aebi (1984) assaying the hydrolyzation of H2O2

and decreasing absorbance at 240 nm over 3 min at
25 °C. CAT activity was expressed as millimoles of
H2O2 reduced per minute per milligram of protein,
using є240=0.0394 mM−1cm−1.

GST (EC 2.5.1.18) activity was assayed by measuring
the formation of the GSH and 1-chloro-2,4-dinitroben-
zene (CDNB) conjugate (Habig et al. 1974). The increase
in absorbance was recorded at 340 nm for 3 min. The
specific activity of GST was expressed as nanomoles
GSH-CDNB conjugate formed per minute per milligram
protein using an extinction coefficient of 9.6 mM−1cm−1.

GPx (EC1.11.1.9) activity was measured with
H2O2 as substrate according to Paglia and Valentine
(1987). This reaction was monitored indirectly as the
oxidation rate of NADPH at 340 nm for 3 min. En-
zyme activity was expressed as nanomoles of NADPH
consumed per minute per milligram of protein, using
an extinction coefficient of 6220 M−1cm−1.

All assays were corrected for nonenzymatic reactions
using corresponding substrate in phosphate buffer
(50 mM, pH7.0).

Ultrastructural research

Larvae were anesthetized, dissected, and the fat body
and midgut were isolated and were fixed with 2 %
glutaraldehyde in 0.175 M cacodylate buffer, postfixed
with 1 % OsO4, dehydrated, and finally embedded in
Spurr’s resin. Ultrathin sections (70 nm) were obtained
using a Leica ultramicrotome, stained with uranyl ac-
etate and lead citrate, and observed under the JEOL
1200EX II JEM Transmission Electron Microscope.

Statistical analysis

Data on the activities of antioxidant enzymes and
MDA content were evaluated by analysis of variance
(ANOVA). To determine significant differences be-
tween means, least significant difference (LSD) test
(SPSS 1997) was used. When the F estimate exceeded
the probability of 0.05, the differences were considered
significant.

Results

Probit analysis

All tested concentrations of BA caused significant,
concentration-dependent mortality of G. mellonella
larvae (Table 1). The logarithmic dependence between
BA concentration and the probit of mortality is
expressed as the following equation:

Y ¼ þ2:5285þ 1:12095 log concentrationð Þ

There is a high correlation between BA concentra-
tion and number of dead individuals found within the

Table 1 Mortality of Galleria
mellonella larvae exposed to
four concentrations of BA

BA concentration (ppm) No. of exposed larvae No. of dead larvae Mortality (%)

Control (0.0) 80 4 5.0

156 80 44 55.0

620 80 52 65.0

1,250 80 73 91.1

2,500 80 72 90.0
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tested groups (r=0.90). The slope of dependence line
is high (B=1.12). LC50 equals 160 ppm (Table 2).

Probit analysis indicates that the 156-ppm concen-
tration can be potentially highly harmful (c.a. 50 % of
mortality); 620 ppm responds to about LC72–73. They
are located at the steep, middle part of the curve.
Mortality for the two highest concentrations is located
at the upper plateau of the sigmoid concentration–
mortality curve. Both the first and the last part of the
sigmoid curve are plane. That affects the preciseness
of data reading. Therefore, we decided to focus on the
first two concentrations during the next experiments.

Biochemical parameters

In most of the cases, exposure to BA resulted in a
concentration-dependent increase of the measured pa-
rameter. We observed statistically significant increase of
lipid peroxidation, expressed as MDA content within
the fat body and the midgut (t test, p<0.05). Although
measured values of MDAwere comparable among tis-
sues, peroxidation of fat body increased c.a. twice as

high, as peroxidation of midgut, when compared to
control values (Fig. 1). Measured values of MDA in
the fat body were 3- and 4.5-fold higher than control
one, for 156 and 620 ppm, respectively, whereas they
were 1.5 and 2.4 times higher for values measured in the
midgut. In the fat body, the difference between all
groups was statistically significant. In the midgut, only
the higher concentration resulted in statistically signifi-
cant increase of MDA content.

The activity of total SOD was higher in the fat body
than in the midgut (Fig. 2). In both cases, it showed
concentration-dependent increase of activity in re-
sponse to exposure to BA. Again, effect on the fat
body was much higher than on the midgut, with values
about six times higher in the fat body than in the
midgut exposed to the same concentration of BA. In
case of both tissues, only 620 ppm BA caused statis-
tically significant increase of SOD activity.

CAT activity decreased in the fat body exposed to
BA (Fig. 3a). On the contrary, its activity increased in
the midgut, and for 620 ppm, BA reached values more
than three times higher than in control (Fig. 3b). In
both cases, we saw proportional dependence.

GSTactivity had the same trend as SOD—its activity
increased in the fat body and in the midgut (Fig. 4). The
increase was concentration dependent in both tested
tissues. All the groups showed statistically significant
altered values of GST activity. The increase was higher
in the midgut than in the fat body when compared to
control. However, control activity of this enzyme was
much higher in the fat body than in control.

The activity of GPx showed different mode of
changes in case of both tested tissues (Fig. 5). Where-
as the fat body showed prominent, statistically

Table 2 Values of lethal concentrations obtained after exposure
of Galleria mellonella to boric acid

Lethal concentration Concentration of boric acid [ppm]
(95 % confidence interval)

LC50 160 (55.717–268.29)

LC95 4,704.2 (2,246.8–9,849.4)

LC1 1.346 (0.195–9.303)

LC5 5.459 (1.218–24.472)

LC10 11.518 (3.229–41.083)

LC30 54.618 (24.359–122.46)

Fig. 1 Malondialdehyde
content in control and boric
acid-exposed fat body and
midgut tissues. Concentra-
tions of boric acid: 156 and
620 ppm. Bars represent
means+standard deviations
(SD) of replicates. Means
followed by the same letter
(not underlined for the fat
body and underlined for the
midgut) are not significantly
different
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significant increase of activity in 156 ppm BA group,
with no statistically significant difference among

620 ppm BA and control groups, the midgut showed
adverse effect: insignificant change in 156 ppm BA

Fig. 2 Superoxide
dismutase activity in control
and boric acid-exposed fat
body and midgut tissues.
Concentrations of boric ac-
id: 156 and 620 ppm. Bars
represent means+standard
deviations (SD) of repli-
cates. Means followed by
the same letter (not
underlined for the fat body
and underlined for the mid-
gut) are not significantly
different

Fig. 3 Catalase activity in
control and boric acid-
exposed fat body (a) and
midgut (b). Concentrations
of boric acid: 156 and
620 ppm. Bars represent
means+standard deviations
(SD) of replicates. Means
followed by the same letter
(not underlined for the fat
body and underlined for the
midgut) are not significantly
different
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group and high statistically significant increase of GPx
activity in 620 ppm BA group.

Effect of BA on fat body ultrastructure

Control fat body consisted of cells which posses nu-
merous fat body granules, with regular shape and
homogenous structure. Mitochondria and ER grouped
around the nuclei. The nuclei had an oval shape and
many patches of heterochromatin (relatively high
ratio; Fig. 6a). Mitochondria were electron dense (they
absorb most energy from an electron beam, which
refers to density of the structure, Fig. 6b).

On the contrary, fat body of insects exposed to
156 ppm showed heterogenic fat droplets, which fused
together (Fig. 7a). We observed large intercellular
spaces; cells lost connection between each other
(Fig. 7b–d). Beginnings of vacuolization within cyto-
plasm (Fig. 7c, d), mitochondrial vacuolization

(Fig. 7d), as well as pyknotic nuclei (Fig. 7c) could
be noticed. Similar changes, but of a higher intensity,
were observed within the group exposed to higher
concentration of BA (Fig. 8a–d). Lipid droplets were
more intensively heterogeneous: there was an
electron-lucent rim and electron-dense core. Again,
droplet fusion (Fig 8a) and vacuolization of mitochon-
dria (Fig. 8d) were observed. Myelinated figures were
present within the cytoplasm (Fig. 8a, b).

Effect of BA on midgut ultrastructure

Control TEM pictures of midgut revealed cells that pos-
sessed nuclei with low heterochromatin ratio and regular
oval shape. Nuclei were surrounded by a rim of cyto-
plasm where numerous as well as electron-lucent mito-
chondria were located (Fig. 9a, b). Mild malformations of
midgut ultrastructure were observed in samples exposed
to 156 ppmBA. Cytoplasmic vacuolizationwas observed

Fig. 4 Glutathione S-trans-
ferase activity in control and
boric acid-exposed fat body
and midgut. Concentrations
of boric acid: 156 and
620 ppm. Bars represent
means+standard deviations
(SD) of replicates. Means
followed by the same letter
(not underlined for the fat
body and underlined for the
midgut) are not significantly
different

Fig. 5 Glutathione peroxi-
dase activity in control and
boric acid-exposed fat body
and midgut. Concentrations
of boric acid: 156 and
620 ppm. Bars represent
means+standard deviations
(SD) of replicates. Means
followed by the same letter
(not underlined for the fat
body and underlined for the
midgut) are not significantly
different
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Fig. 6 Control fat body
cells. Note regular shape of
nucleus (N), its envelope
(NE; a), and separated fat
body droplets (F; a, b).
Mitochondria (M) are intact
(b). Cells adhere to each
other (white arrow)

Fig. 7 Fat body cells,
156 ppm of BA. Cells lose
connections to each other
(b–d, white arrows). Fat
droplets (F) are not homog-
enous (a–c, asterisks), and
they start to fuse (a–c, black
arrowheads). Minor
vacuolization of mitochon-
dria (M) begins (b, d, white
arrowheads). Pyknotic
nucleus is also visible
(c, black arrow)

124 Cell Biol Toxicol (2013) 29:117–129



Fig. 8 Fat body cel ls ,
620 ppm of BA. Note wide
space between cells (b, c,
white arrows). Not homog-
enous (a–c, asterisks) and
fusing fat droplets (F; a, c,
black arrowheads).
Advanced vacuolization of
mitochondria (M; d, white
arrowheads). Myelinated
figures (a, b, caret symbol)
and pyknosis (a, black ar-
row). Vacuolization of cyto-
plasm (b–d). Nuclei (N)
show invaginations (a–c),
but nuclear envelope (NE) is
not swollen

Fig. 9 Midgut control. Note
oval regular shape of nuclei
[N; including nuclear enve-
lope (NE)]. Numerous not
malformed mitochondria
(M) and endoplasmic
reticulum (ER)
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(Fig. 10a); mitochondria were electron dense (Fig. 10b).
Nuclei, however, did not show irregularities within their
membrane (Fig. 10a), and the pattern of heterochromatin

was similar to the controls. The higher concentration
caused some more prominent changes, like rupture of
cell membrane, vacuolization of the cytoplasm, and

Fig. 10 Midgut 156 ppm. a
Apical part of midgut cells.
b Basal part. No changes of
nuclei (N) were noticed.
Mitochondria (M) and
endoplasmic reticulum were
intact, too. Weak
vacuolization of electron
lucent cytoplasm is visible
(a, b, asterisks)

Fig. 11 Midgut 620 ppm.
Nuclei (N) are not harmed.
Some malformation at the
brush border. Rupture of cell
membrane can be noticed
(a, b, black arrows).
Swollen endoplasmic retic-
ulum (ER; c, d, black
arrowheads). Vacuolization
of cytoplasm appears (b, c,
asterisks). Within regenera-
tive crypt, one of the cells
shows pyknotic figures
(e, white arrow) and more
electron-dense cytoplasm
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swelling of ER in the apical part of the cell (Fig. 11a, b).
ER was swollen also in the basal part of the cells, close
to the nuclei (Fig. 11c, d).Mitochondria, located close to
intact nuclei, were similar to those from the control.
Nuclei of columnar epithelium were not malformed.
However, we observed some pyknotic nuclei within
regenerative crypts (Fig. 11e).

Discussion

BA is a frequently used pesticide. Various non-target
species are exposed to it. In this research, we showed
that BA may be potentially harmful to insects. Lethal
and sublethal effects were observed in G. mellonella
exposed to a wide range of concentrations. The values
causing high mortality are low, BA can be used in
concentration as low as 1 % (Xue et al. 2011), i.e.,
much higher than we used. LC50 for bees is more than
two times higher than obtained for G. mellonella (EPA
1996). The two lowest concentrations (156 and
620 ppm) respond to the steep part of the sigmoid
concentration–mortality curve. They enable us to ob-
serve sublethal and subacute toxicity of BA and are
not far from concentrations used to eradicate pests.
Death is the easiest endpoint; it rarely gives enough
information concerning the toxic activity of any sub-
stance. Sublethal endpoints, however, bring a lot of
data. Therefore, we decided to study closer the two
lowest tested concentrations. One hundred fifty-six
parts per million respond to about 49–50 % of mortal-
ity within exposed population. Six hundred twenty
parts per million respond to calculated LC72–LC73.
Already at the upper plateau of the concentration–
mortality curve are 1,250 and 2,500 ppm. High slope
indicates that the concentration lethal for a higher
percentage of the population can be easily obtained.
One must remember that values causing 10–20 %
mortality within the population are a serious threat
for them in the environment. The calculated value
for LC10 is c.a. 11 ppm, while the values responding
LOEC (LC1 in this case) can be as small as 1 ppm.
Therefore, BA can cause significant disturbances
within exposed populations.

The changes we observed are in tune with the ones
reported previously (Hyršl et al. 2007). There are no
significant difference between results obtained for the
fat body in that research and the ones reported here.
Both the values and the tendencies described in both

papers are similar, and they indicate that BA causes
oxidative stress. One can notice that results observed
for hemolymph and fat body are not always concur-
rent. Tissues and organs differ in their response to the
stress, their abilities to detoxify xenobiotics, as well as
the time of the exposure. Therefore, the various re-
sponses of the fat body and the midgut are not sur-
prising. Some of the observed ultrastructural changes
are typical for the increased level of ROS, too. We
noticed similar connection between presence of ROS
and ultrastructural changes in case of some pesticides
(compare Adamski et al. 2003, 2005; Adamski 2007).
Therefore, we can assume that induction of ROS pres-
ent during exposure to various xenobiotics and effects
in ultrastructural changes. In consequence, it leads to
decreased vivacity of exposed animals.

Peroxidation was a few times higher in the BA ex-
posed fat body and the BA exposed midgut than within
control. Increased MDA content may indicate that the
defense mechanisms of given cells and tissues are not
satisfactory. Increased activity of majority of tested an-
tioxidant enzymes suggests that they play important role
against BA toxicity and that BA causes oxidative stress
is tissues. Activity of the majority of enzymes in both
tissues increased. Nevertheless, it did not protect the
tissues from peroxidation. This suggests that defense
mechanisms of exposed insects were broken. That was
supported by harmed membranes and fat droplet ob-
served under TEM. Next, oxidative stress led to ultra-
structural alterations within lipid membranes and fat
droplets. In consequence, we could observe fused mem-
branes, malformed mitochondria, and nuclei.

Of the four tested enzymes, SOD showed the
highest increase of activity. For the fat body and the
midgut, SOD activity at 620 ppm was 7.7 and 3.9
times higher than in control, respectively. This sug-
gests that this enzyme or, rather, two enzymes, mito-
chondrial SOD and cytoplasmic SOD, play a crucial
role in defense against ROS during toxic action of BA.
Interestingly, BA decreased CAT activity within fat
body. It may be assumed that CAT and SOD cooper-
ate, and they change their activities in a coordinated
mode. However, the inversed relationship which we
report for fat body is not a unique phenomenon. Such
relationship was found also by Felton and Summers
(1995). Also, Qiang et al. (2012) found uneven
changes of CAT and SOD in response to stress (cold
temperature). Low activity of CAT might be compensat-
ed by increased GPx activity. It increased significantly in
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response to both tested concentrations. This is in tune
with research of Habes et al. (2001) who reported in-
crease of GST activity in response to various concentra-
tions of BA. Activity of antioxidant enzymes might
differ among various organs exposed to BA and borax
(Ince et al. 2010).

Electron microscopic observations revealed vari-
ous alterations within cells exposed to BA of concen-
trations around the LC50 level. Many of them
resemble changes observed after exposure of insects
to other xenobiotics, which also cause oxidative
stress (Adamski et al. 2005; Adamski 2007). There-
fore, we suggest that described changes could be
caused by elevated ROS levels that surpass the
capacity of the antioxidant defense system. Within
the fat body, ultrastructural changes referred to
altered fat droplets, loss of connections between cells,
changes of nuclei, and vacuolization of both cyto-
plasm and mitochondria. Some of those changes,
but of a lower intensity, were observed within the
midgut: vacuolization of cytoplasm, mild mitochon-
drial, and nuclear irregularities. These changes indi-
cate that BA causes complex changes within exposed
individuals and affects various organs, tissues, and
cells. The low intensity of midgut malformation
may be due to the relatively short time of exposure
to this substance. Perhaps BA is transported quickly
to hemolymph and fat body. Therefore, it does not
harm the cells very much. The only exception is the
apical part of the columnar cells. This part of the cell
is in direct constant contact with unabsorbed food
within lumen of a midgut. In consequence, they are
in prolonged contact with BA. On the contrary, fat
body cells revealed much more prominent alterations.
Fat body plays an important role in detoxification;
therefore, plenty of BA and its metabolites are prob-
ably transferred here. The interesting and important
point is the noticed malformation of regenerative
cells. Stem cells, by definition, do not possess elab-
orated ER or other organelles, which may play an
important role in detoxification. Therefore, they are at
higher risk than the other gut cells. In consequence,
replacement of cells in gut may be disturbed, and
even though the gut is not seriously destroyed by a
direct BA action or ROS activity, it may show im-
pairment of its functioning. Exposure to BA resulted
in changes in the ultrastructure of nuclei within fat
body, as well as some midgut cells, too. In conse-
quence, cellular metabolism must be altered.

There is limited data concerning ultrastructure of
tissues affected by BA. Habes et al. (2001) described
thickening of midgut and its destruction after exposure
to 8.2 % BA. However, the authors show light micro-
scopic observations. Therefore, it is hard to refer to
their results. Perhaps increased midgut size was due to
vacuolization of cells. Similar ultrastructural changes
were observed by Sumida et al. (2010) in ants and da
Silva et al. (2010) in bees exposed to BA. Midgut cells
were vacuolized, membranes were ruptured, and my-
elinated figures were observed, too. However, due to
higher BA concentrations used by these authors, the
changes were of much higher intensity and could even
lead to pyknosis and to death of cells. On the other hand,
we could observe some pyknotic nuclei, too. Loss of
connection between cells, changes of lipid droplets, and
vacuolization of cytoplasm might surely affect other
physiological processes, including hormonal regulation
of development—some of the important insects’ hor-
mones are produced on the basis of lipids.

All these changes suggest that BA has a broad action
on exposed insects, even in very low concentrations.
Moreover, due to changes in vital tissues, these changes
may affect other organs and processes, which are not
directly exposed to BA and its metabolites.
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