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Abstract

In recent years, because of its significant biological roles, the usage of boron has been started in animal feeding. In this research, it
was aimed to investigate the ulexite’s action mechanism on the zebrafish brain with an evaluation of the oxidative parameters.
The adult zebrafish were exposed to four ulexite doses (5, 10, 20, and 40 mg/1) in a static test apparatus for 96 h. For assessing the
oxidative responses, multiple biochemical analyses were performed in brain tissues. The results indicated the supporting potential
of low ulexite doses on the antioxidant system (< 40 mg/l) and that low-dose ulexite does not lead to oxidative stress in the
zebrafish brain. Again, our results showed that low ulexite concentrations did not cause DNA damage or apoptosis. As a final
result, in aquatic environments, ulexite (a boron compound) can be used in a safe manner, but it would be useful at higher
concentrations to consider the damages of the cells that are probable to develop because of the oxidative stress
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Introduction

Boron element is found at the rate of 10 ppm in the earth’s
crust and 3-5 ppm in sea water. Boron minerals are named
according to the metal found in their structures, their water
content, and crystal structures. Boron element is not found
alone in nature. Generally, boron is found by forming minerals
such as colemanite (2CaO ¢ 3B,05 * SH,0) and ulexite (Na,O
* 2Ca0 * 5B,03 « 16H,0) containing some oxidized alkaline
ions [1-3]. Ulexite (the chemical formula NaCaB5;0,.8H,0)
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is an important boron mineral containing calcium and sodium
[4] and is commonly used worldwide [5]. Ulexite ore, which is
in sodium-calcium-hydroborate composition, is localized in
rare places in the earth’s crust [6]. Uleksit is the most impor-
tant boron mineral used in the production of boron com-
pounds [7]. Boron minerals are effective not only in many
enzymes’ activity, but also in hormone and lipid metabolism
[8]. The action mechanism may not be purely understandable;
however, it has been demonstrated that borates are not metab-
olized and they control the damage of the organism by chang-
ing the oxidative stress parameters [9—13].

The formation of reactive oxygen species (ROS) occurs
during normal metabolism in a healthy organism; however,
in some problematic situations (inflammation and drug, exog-
enous source, and radiation exposure), the production of this
compound (ROS) is increasing. The main known ROS in the
cells are superoxide anion, singlet oxygen, hydroxyl radical,
and hydrogen peroxide; the levels of these in the cell are in
constant balance under normal conditions [14]. The excess of
free radicals can initiate chemical chain reactions that damage
cells and even their DNA. Under normal conditions, there is a
protected balance between oxidants and antioxidants in cells.
However, an imbalance caused by excessive production of
oxidants or a decrease in antioxidants leads to abnormal oxi-
dant production, so “oxidative stress” occurs. In oxidative


http://crossmark.crossref.org/dialog/?doi=10.1007/s12011-020-02231-7&domain=pdf
http://orcid.org/0000-0002-7539-1152
mailto:galak@atauni.edu.tr
mailto:mataman@atauni.edu.tr

Antioxidant Potential of Ulexite in Zebrafish Brain: Assessment of Oxidative DNA Damage, Apoptosis, and... 1093

stress, in vivo—produced ROS cause oxidative damage of
nucleic acids, proteins, and lipids. Among all purine and py-
rimidine bases in DNA, guanine is more prone to oxidation.
Therefore, the main target of ROS is DNA modification. The
most common ROS in the organism is the lipid radical formed
by the removal of a hydrogen from the allyl group of unsatu-
rated fatty acids. This structure reacts with oxygen first and
forms lipid peroxy radical and then lipid hydroperoxides by
chain reaction with lipids. The iron (Fe* %) and copper (Cu*")
ions in the environment both accelerate the formation of lipid
peroxide and turn this radical into cytotoxic products.
Reactive oxygen species react with lipids, proteins, carbohy-
drates, and DNA for taking electrons. When these oxidants are
in excess, they lead to peroxidation of lipids in the membrane,
leading to impaired permeability, thereby causing intracellular
ion imbalance. They also play an important role in the forma-
tion of many diseases by disrupting the structure of proteins
and molecules such as DNA and RNA. In oxidation, an OH
radical is added to the 8th position of the guanine molecule
and 8-OHdG which is one of the free radical lesions of oxi-
dized DNA. This shows the true toxic effects of unsaturated
fatty acids in the ROS cell membrane, causing peroxidation.
Lipid peroxide radicals, on the one hand, affect other unsatu-
rated fatty acids in the cell membrane, leading to the formation
of new lipid radicals, on the other hand, taking the hydrogen
atoms released into lipid peroxides. So, the event continues by
self-catalyzing. Thiobarbituric acid reagents such as
malondialdehyde (MDA) are the most-known aldehyde form
of lipid peroxides, resulting from the oxygenation of arachi-
donic acid or non-enzymatic oxidative degradation of polyun-
saturated fatty acids. MDA changes the ionization, enzymatic
activity, aggregation states of cell surface determinants, and
intrinsic membrane properties by causing polymerization and
cross-linking of components in the cell membrane. Defense
systems that function in the body to prevent damage caused by
ROS are called antioxidant defense systems. There are many
different substances that can act as antioxidants. Antioxidants
inhibit lipid peroxidation by stopping the peroxidation chain
reaction or by collecting reactive oxygen species. The antiox-
idants have a protective effect against cancer and abnormal
increase in cell division by reducing the effect of oxidative
damage on DNA [15-19]. Due to their ability to take electrons
from target molecules, oxidants are known to alter the struc-
ture and functions of this target molecule, causing cell damage
by affecting the cell membrane, genetic material such as
DNA, RNA, and various enzymatic events. These oxidants
are monitored at the level of malondialdehyde (MDA) with
enzymatic systems such as cytoplasmic, mitochondrial, and
extracellular forms superoxide dismutase (SOD), glutathione
peroxidase (GPx), and catalase (CAT) in living organisms
[20]. Environmental factors that cause DNA damage are phys-
ical and chemical agents. Although there are about 23 differ-
ent types of oxidative base damage on DNA, the most

common base modification is 8-hydroxy-2-deoxyguanosine
(8-OHAG) [21]. For this reason, the most commonly measured
base damage is 8-OHdG and is considered as a marker of
oxidative DNA damage [20]. In the formation of DNA dam-
age, poly (ADP-ribose) polymerase enzyme (DNA
Polymerase enzymes) is inhibited and DNA breaks occur
[22]. In the case of DNA damage, the cell is eliminated by
directing to apoptosis. The central component of the apoptotic
program is caspases. Caspase activation is cell-specific, and
caspase inhibitors (IAP) have been shown to inhibit effector
caspases and inhibit apoptosis [23].

No study with ulexite content in aquatic livings was found
in literature searches. For this reason, ulexite (a boron deriva-
tive) which has a protective effect in fish was used in this
study, and its protective mechanism was investigated for the
first time considering the use of the substance in question and
the oxidative stress response.

Material and Methods
Fish Material

Adult zebrafish were obtained from Atatiirk University
Fisheries Faculty. The ulexite treatments were implemented
in Atatiirk University, Fisheries Faculty, Zebrafish Research
and Toxicology Trial Unit. The fish were acclimated in the
same conditions before the trial for 14 days. This study was
conducted in agreement with the precepts of Atatiirk
University Animal Experimental and Ethical Committee num-
ber with 75296309-050.01.04-E.2000066104. The study was
approved by the committee in Erzurum, Turkey.

Ulexite Source

Ulexite (Cas No. 1319-33-1; NaCa[BsOs(OH)s] SH,0O) was
obtained from a commercial company (Eti Mine Works,
Ankara, Turkey), and the test concentrations were determined
according to the previous study by Rowe et al. [24].

Trial Plan and Application of Ulexite

According to the static test rules, the trial plan was composed
in four replications (control 0 mg/l, and 5, 10, 20, 40 mg/1
ulexite added to the water environment). For this purpose,
the study was planned with 4 replications, 56 fish were used
(randomly selected) in each group in aquarium environments,
and the trial was conducted with a total of 1120 fish. The adult
larvae were treated with determined applications for 96 h. The
activities of enzymes (SOD, CAT, GPx, PON, and AR) and
myeloperoxidase (MPO), MDA, 8-OHdG, and caspase-3
levels were analyzed in zebrafish brain tissues which were
obtained from the living materials.
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Determination of Enzyme Activities and Lipid
Peroxidation (MDA) Level

Homogenate Preparation

All groups of fish were anesthetized in ice-cold water and
subsequently sacrificed. All biochemical analyses were deter-
mined by combining the brain tissues of 8 fish (4 females and
4 males) for each group at the end of the trial period. To study
oxidative stress parameters, firstly, tissues were homogenized.
For this, the brain tissues taken from each application group
were homogenized in phosphate buffer and centrifuged at
1300 rpm for 30 min [25, 26]. Bradford method (via bovine
serum albumin as standard) was used for the determination of
protein concentration (at 595 nm) [27].

Measurement of Antioxidant Enzyme Activity Enzyme
Activity

Superoxide dismutase (SOD) accelerates the dismutation of
toxic superoxide radicals (O, ) formed during oxidative ener-
gy production to hydrogen peroxide and molecular oxygen.
This method is based on reading the optical density (OD) of
the blue-colored formazan paint (at 560-nm wavelength) cre-
ated by the superoxide radicals created using xanthine and
xanthine oxidase (XOD) [28]. Catalase (CAT) activity was
measured according to the Aebi [29] method. Catalase cata-
lyzes the destruction of H,O, to water and molecular oxygen.
By using H,0, to absorb light, the destruction rate of the
enzyme at 240-nm wavelength was measured spectrophoto-
metrically. Glutathione peroxidase (GPx) activity was mea-
sured in the presence of reaction with GR. The oxidized
GSSG formed by the reduction of hydroperoxide with GPx
is returned to its reduced state with GR and NADPH.
Oxidation of NADPH to NADP+ results in a decrease in ab-
sorbance and was measured by a decrease in 340-nm absor-
bance [30]. Myeloperoxidase (MPO) activity was measured
spectrophotometrically using o-dianicidine and hydrogen per-
oxide. In the presence of H,O, as the oxidizing agent, MPO
catalyzes the oxidation of o-dianicidine and gives a brown
product to oxidized o-dianicidine. The absorbency of the sam-
ples was measured by spectrophotometry at a wavelength of
460 nm [31]. Paraoxonase (PON) and arylesterase (AR) ac-
tivities were measured using commercially available kits.
Paraoxane hydrolysis rate (diethyl p-nitrophenyl phosphate)
was measured at 37 degrees with an increase in absorption at
412 nm [32].

Measurement of Lipid Peroxidation (MDA)
The principle of this analysis is based on the spectrophotomet-

ric (wavelength of 532 nm) measurement of the pigment,
which is the result of the reaction of TBA (thiobarbituric acid)

@ Springer

with the acidic pH and hot environment of the pink-colored
pigment [33].

Determination of Apoptosis (Caspase-3) Level

Caspase-3 enzyme activity in the control and experimental
group samples was determined using the “Caspase-3 Analysis
Kit” (Fish (CASP3) ELISA Kit (Catalog No: 201-00-0031)
(SunRed)). The main point of this analysis is the determination
of the product formed by the reaction of the substrate with the
caspase-3 enzyme. The readings were done in 10 min ELISA
(plate reader) devices at 450-nm absorbance [34].

Determination DNA Damage (8-OHdG) Level

8-OHdG analysis in brain tissue homogenates was done with a
ready-to-use commercial kit (Fish (8-OHdG) using the com-
petitive binding of the 8-OHdG monoclonal antigen (anti-8-
OHAG) to the sample, standard, or 8-OHdGs that have not
been previously bound to the wells of the plate: 201-00-
0041/SunRed). Samples taken from — 80 °C were dissolved
and mixed with chitin solutions and standards. They had been
incubated for 10 min in the plate shaker at 37 °C in the dark.
Then, the Stop Solution (50 ul) was added to the plate wells
and the measurement was performed in ELISA (plate reader)
device with an absorbance of 450 nm within 10 min [34].

Statistical Analyses

Statistical analysis of the data obtained from the biochemical
analysis was done using the SPSS (Standard Version
Copyright © SPSS Inc. 20) prepackage program. The data
of the study groups were shown as mean + standard deviation
(mean £ S d), and one-way ANOVA test was used for statis-
tical comparison between groups. Significance was deter-
mined by Duncan’s test. Whether the differences were statis-
tically significant and their significance levels were deter-
mined (p < 0.05).

Results

As a result of 96 h of application, the potential regulatory
effect of ulexite, as well as the reference range for zebrafish,
was investigated by multiple biochemical analyzes in brain
tissue.

Enzyme Activities and Lipid Peroxidation Level

Ninety-six-hour ulexite application (5, 10, 20, and 40 mg/l)
caused alterations in enzyme activities of zebrafish brain tis-
sue (p < 0.05). The low-dose ulexite treatments (5, 10, and 20
mg/l) induced SOD, CAT, GPx, PON, and AR enzyme
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activities as compared with the control group. Forty milli-
grams per liter of ulexite led to the inhibition of these enzymes
and an increase in MDA and MPO levels (Table 1).

DNA Damage Grade and Apoptosis Level

After 96 h, ulexite administration caused significant changes
in 8-OHdG levels in zebrafish brain tissue (p < 0.05). The
lower concentrations of ulexite (5, 10, and 20 mg/1) decreased
the 8-OHdG levels comparing with the control group, whereas
the 40-mg/1 ulexite application caused an increase in the 8-
OHAG level (Fig. 1). A situation similar to that of 8-OHdG
was observed in caspase-3 activity, and the difference be-
tween the groups was found significant (p < 0.05) (Fig. 2).

Discussion
Enzyme Activities and Lipid Peroxidation Level

A general definition of oxidative stress is when the proxy-
to-antioxidant balance shifts to the proxoid direction, caus-
ing potential cellular damage [8]. However, the measure-
ment of oxidative stress status can be difficult due to the
complex endogenous defense systems that perform correc-
tion and repair. Oxidative stress may be the result of in-
creased free radical production and decreased antioxidant
defense. Therefore, the investigation of antioxidant con-
sumption as a biomarker of oxidative stress may be by
evaluating the decrease in antioxidant amounts or the in-
crease in their metabolites [20].

The supporting potential of low-dose ulexite on the an-
tioxidant system was in the present research. In addition,
comparing with the control group, low ulexite concentra-
tions yielded lower results in brain MDA levels. Also, the
determined enzyme activities for these groups (5, 10, and
20 mg/l) supported the other findings in our research that
oxidative stress did not occur. As supporting the present
research’s findings, Tiirkez et al. [35] reported that boron
compounds (boric acid, borax, ulexite, and colemanite)

assisted the antioxidant enzyme activities at doses which
are not causing any genetic damage. In this line, the results
of Geyikoglu and Tiirkez [36] were parallel with our find-
ings which obtained that boron compounds increase the
activities of antioxidant enzymes at low concentrations (<
20 mg/l) and reduce at high concentrations (80—500 mg/1).
Similarly, Nielsen [37] reported that boron increases SOD
levels. In this study, SOD activity increasing (another pre-
diction is about increasing antioxidant capacity) was effec-
tive in inhibiting boron free radical formation [38]. In ad-
dition, the GPx activity increasing in brain tissues is
thought to be an adaptive answer to the effects of boron
[33, 34, 39]. The antioxidant mechanism of boron and its
derivatives has not been fully understood in conducted
studies until now. However, boron supplementation (100
mg/kg/day) had been led to an increase in lipid peroxida-
tion by increasing antioxidant activity [40]. It shows that
the increase in CAT activity as a result of the use of boron
compound plays a protective role against oxygen radicals.
In this sense, it can be said that boron-derived ulexite has
protective effects by both preventing LPO and increasing
the antioxidant defense system activity.

Due to its antioxidant properties, PON and AR have been
updated in recent years. PON and AR are enzymes in the
esterase group that are encoded by the same gene and whose
active centers are similar [41]. It is due to its success in
preventing lipid hydroperoxide hydrolysis and oxidative dam-
age in the atheroprotective effects of paraoxonase enzymes
[42]. In this study, which constituted the first data on the
ulexite application in aquaculture, it was concluded that ulex-
ite also supports antioxidant enzyme activities by determining
that these increases are statistically significant compared with
control in enzyme activities. It is known that boron com-
pounds have negative effects on GSH-Px at lower levels than
those associated with other enzymes. In this sense, a dose-
response relationship can be established between boron deriv-
atives and GPx activity. Selenium should be taken into con-
sideration especially in its effect on this enzyme [35, 43].
However, we cannot say that the effects of boron compounds
on antioxidant enzymes are caused solely by selenium.

Table 1 Alteration in oxidative parameters after exposure to ulexite on zebrafish (Danio rerio) brain (mean £ SD)

Treatments *CAT (EU/mg) *SOD (EU/mg) *GPx (EU/mg) *PON (U/ml) *AR (U/ml) *MPO (U/ml) *MDA (nmol/protein)
Control 0.26 = 0.01° 0.48 £0.01° 0.41 £0.01% 5223 +7.77*° 84.81+1.73% 161.24+2496° 0.48 +0.01°

5 mg/l 0.69 + 0.04% 0.86 +0.01* 0.99 + 0.02% 81.73 + 14.74° 9359 +£3.42* 73.10 £9.49° 0.18+0.01°

10 mg/1 0.53 £0.02* 0.76 £ 0.01% 0.60 =+ 0.02° 66.79 +8.74®°  90.79+0.46* 101.92+2.24° 028 +0.01°

20 mg/l 0.43 £0.01%° 0.70 + 0.01* 0.55+0.01° 53.68 +13.62> 84.89+3.24° 13698 +29.20 0.44+0.01°

40 mg/l 0.17 £ 0.02° 0.42 £0.01° 0.24 +0.01¢ 34.82 +14.67°  85.65+4.62° 227.59+3335 0.81+0.01°

Lowercase superscripts (a, b, ¢, d) indicate significant differences among same column within each experimental treatment group

“p<0.05(n,7)
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Fig. 1 The effect of ulexite on 8-OHdG level in zebrafish (Danio rerio) brain. Lowercase superscripts (a, b, ¢, d) indicate significant statistical
differences among the experimental groups (n, 7); asterisk indicates p < 0.05

Enzyme inhibitions seen in high concentrations of ulexite (40
mg/1) are a result of lipid peroxidation. Because lipid peroxi-
dation increases fluidity by disrupting the integrity of cell
membranes, this inactivates membrane-bound receptors and
enzymes [44]. PONI and AR enzymes are included in the
antioxidant defense system because they prevent oxidation
of lipid peroxides. It has been stated in previous studies that
decreased specific activity may occur as a result of the inhibi-
tion of one of the oxidation products released into the
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circulation when glycolysis or oxidative stress increases, or
as a result of decreased serum concentration [41]. As known,
PON is inactive under oxidative stress and can be inhibited by
oxidant [45].

In addition to the decrease in MDA level, ulexite can be
interpreted to strengthen the antioxidant system, in the change
of PON activation [46—48]. Similar mechanisms may be con-
sidered to be effective since this is consistent with AR enzyme
activity results [34].

a
| I I

10mg/It 20mg/It 40mg/It

Treatment Groups

Fig. 2 The effect of ulexite on caspase-3 activity in zebrafish (Danio rerio) brain. Lowercase superscripts (a, b, ¢, d) indicate significant statistical
differences among the experimental treatment groups (n, 7); asterisk indicates p < 0.05

@ Springer



Antioxidant Potential of Ulexite in Zebrafish Brain: Assessment of Oxidative DNA Damage, Apoptosis, and... 1097

DNA Damage Grade and Apoptosis Level

DNA damage occurs spontaneously or under the influence of
environmental factors during normal DNA metabolism. The
most important cause of DNA damage during normal DNA
metabolism is spontaneous changes in the chemical structure
of the bases. The keto-enol tautomerism or deamination of the
purine and pyrimidine bases alters the pairing specificity of
the bases, leading to a mismatch. Also, depending on the
thermal resistance of the bases, hydrolytic base loss occurs
and as a result apurinic/apyrimidinic regions occur. Loss of
base affects both replications, and chain fractures easily occur
in these areas. Oxidative DNA damage can be created endog-
enously by oxygen radicals formed in some reaction steps
during normal metabolism, as well as exogenous factors such
as ionizing radiation and various chemicals. The oxygen re-
quired for life leads to the formation of reactive products that
cause damage to cellular components in the organism [21].

High levels of MDA and MPO obtained at high doses of
ulexite (40 mg/l) indicate the presence of oxidative stress. As a
result of increased oxidative stress, 8-OHdG levels in this
group of brain tissues were determined as high [10]. In parallel
with the increase in 8-OHAG level, MDA level also increased.
This is a verification feature. As a known case, nitrogen bases
of DNA react with MDA, which can diffuse [49-51]. Boron/
borax has a modulating effect on 8-OHdG levels as deter-
mined in low-dose ulexite applications [10].

When DNA damage occurs in the cell, it remains in the G1
phase and stops the transition to the S phase. It repairs the DNA
damage that occurs in the cell by providing the synthesis of
DNA repair enzymes; however, if this damage is irreparable,
it triggers the synthesis of the base protein on the mitochondria
membrane and enables the cell to undergo apoptosis [52].

The caspases activate other procaspases in a series of
events. Caspases contribute to the production of cytokines
(caspase-1, 4, 5, 13); they are classified as the initiators of
proteolysis (caspase-3, 6, 7). The death signaling starter
caspases connect to the adapter and lead to death, but they
cannot perform the execution, only activate those who will
do it. The practitioner caspases who carry out death activate
the flow of the starter caspases [23]. Considering the increased
caspase-3 activity, the important issue is to explain as to what
extent caspase-3 activates ulexite application. The caspase-3
increase in brain tissues in high dose (40 mg/l) was also sup-
ported by a decrease in enzyme activity in the same group,
high MDA levels, 8-OHgD level, and MPO activity. It can be
said that this increase occurs in apoptotic cells due to the
disruption of the body enzyme balance and the change of
the apoptosis pathway.

Reactive oxygen metabolites occur as a natural result of
oxygen use. ROS occurs in phagocytic activation; various
synthesis and degradation reactions, especially mitochondrial
electron transport; and oxidative stress, which develops as a

result of shifting of the proxy/antioxidant balance in favor of
proxydanes and damages biomolecules with various mecha-
nisms. As a result of the increase in ROS formation and de-
crease in antioxidant enzyme levels, the cell’s defense line
against oxidative stress is broken and dragged to death.
Among the radical reactions characterized by biological dam-
age, the most prominent is lipid peroxidation. Oxygen radical
exposition to membranes of cell stimulates lipid peroxidation
reactions. Lipid peroxidation ends with the conversion of lipid
hydroperoxides to aldehyde MDA and other carbonyl com-
pounds. Decreases in intracellular glutathione drag the cell to
apoptosis via oxidative stress. In various animal model studies
with low intracellular glutathione levels, it has been observed
that they induce glucocorticoid-induced platelet apoptosis and
increase anti-Fas/APO-1-induced lymphocyte apoptosis [53].
High levels of boron derivatives (ulexite, colemanite, borax,
etc.) can induce apoptosis, as in this study. It does this by
activating caspase-3 and suppressing some mechanisms
[54]. Again, in the field of aquaculture, the anti-apoptotic ef-
fect of borax and/or its derivatives on toxicity models has been
reported only in a few studies [10—13, 34]. Boron supplemen-
tation was found to reduce tissue antioxidant defense and re-
duce genotoxic effects [55]. In this study, ulexite, used at low
doses, has no negative effect on some biochemical analysis
results (DNA damage and apoptosis). We can evaluate this
situation as the strengthening of the antioxidant defense for
the studied tissue. Similarly, Khaliq [56] reported that at low
doses, boron regulates cellular apoptosis, and it does this by
overcoming oxidative stress.

Conclusion

This research showed clearly that ulexite, one of the commer-
cially important boron compounds, promotes antioxidant ca-
pacity via increasing enzyme activities at low doses. However,
this proposed mechanism should be supported by different
biochemical investigations concerning the dose for each boron
compound. Again, our results show that low concentrations of
ulexite do not cause apoptosis or DNA damage in the brain. In
summary, although high dose (40 mg/l) caused oxidative
stress (with decreased enzyme activities and increased MDA
and MPO levels), low-dose ulexite administration did not
cause oxidative stress, DNA damage, and apoptosis.
However, when we look at the effectiveness of the different
concentrations tested, low-dose (5, 10, and 20 mg/l ulexite)
applications were effective in preventing oxidative stress com-
pared with high dose (40 mg/1).

The obtained data showed that it would be safe to use
ulexite considering the cellular damages likely to develop
due to oxidative stress. As a result, it may be important to
study the applications and possible side effects in explaining
the effectiveness of boron derivatives.
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