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a b s t r a c t

The aims of this study were to clarify the effects of high dietary supplementation with boric acid and

borax, called boron (B) compounds, on lipid peroxidation (LPO), antioxidant activity, some vitamin

levels, and DNA damage in rats. Thirty Sprague Dawley male rats were divided into three equal groups:

the animals in the first group (control) were fed with a standard rodent diet containing 6.4 mg B/kg, and

the animals in the experimental group were fed with a standard rodent diet added with a supra-

nutritional amount of boric acid and borax (100 mg B/kg) throughout the experimental period of 28

days. The B compounds decreased malondialdehyde (MDA), DNA damage, the protein carbonyl content

(PCO) level in blood, and glutathione (GSH) concentration in the liver, Cu–Zn superoxide dismutase

(SOD), and catalase (CAT) activity in the kidney. The B compounds increased GSH concentration in

blood and the vitamin C level in plasma. Consequently, our results demonstrate that B supplementation

(100 mg/kg) in diet decreases LPO, and enhances the antioxidant defense mechanism and vitamin

status. There are no differences in oxidant/antioxidant balance and biochemical parameters except for

serum vitamin A and liver GSH concentration, between the boron compounds used in this study.

Crown Copyright & 2010 Published by Elsevier GmbH. All rights reserved.
Introduction

Boron (B) compounds, most notably boric acid and borax, are
used in the industrial sector for the preparation of disinfectants
and drugs. However, B is primarily essential for plants, and
some animals, and beneficial for humans in nutritional amounts,
and is thus found in animal and human tissues at low
concentrations [1]. B deficiency may occur in animals when their
diet contains B at 0.3 mg/kg; the maximum tolerable level of B is
150 mg/kg diet [2].

B supplementation in animal and human nutrition may have
important effects on various metabolic and physiological systems
of the organism. Some studies have demonstrated that B has
effects on the metabolism of minerals (Ca and P) [3], vitamin
D [4], enzymes (aldehyde dehydrogenase, xanthine oxidase,
cytochrome b5 reductase) [4,5], hormones (insulin, estrogen,
testosterone, T3, T4) [6,7], energy substrates (triglycerides,
glucose) [8,9], and reactive oxygen species [10]. However, the
biochemical mechanism of B is not yet completely known.
Currently, two hypotheses have been advanced for the biochem-
ical and physiological functions of B in animals, including
010 Published by Elsevier GmbH.
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humans. Firstly, B may play a role in cell-membrane functions
that influence response to hormone action, trans-membrane
signaling and trans-membrane movement of regulatory ions
[11]. Secondly, B may act as a metabolic regulator in several
enzymatic systems [12].

Oxygen free radicals are highly reactive and may cause damage
in cells and tissues by interacting with cell membranes and
organelles. Lipid peroxidation (LPO) is a ubiquitous phenomenon
in the body under the influence of oxidative stress. Boron limits
oxidative damage by enhancing the body’s store of glutathione
and its derivates, or by inducing other reactive oxygen species
(ROS) neutralizing agents [13]. Garcia-Gonzalez et al. [14]
suggested that B deficiency increases the concentration of super-
oxide dismutase (SOD), catalase (CAT), and peroxidase in
Anabaena PCC 7119 heterocysts. In addition, Turkez et al. [10]
observed that at low doses (15 mg/L) B compounds increased both
SOD and CAT activities in erythrocytes versus control, while at
high doses (500 mg/L) they decreased both SOD and CAT activities
in erythrocytes. Pawa and Ali [15] found that when borax (4.0 mg/
kg), as a B source, was administered orally to rats for three
consecutive days at an interval of 24 h followed by the admin-
istration of thioacetamide (400 mg/kg), it offset the deleterious
effects of thioacetamide by modulating the oxidative stress
parameters; they suggested that boron could help to maintain
the oxidant/antioxidant balance of the affected tissue. However,
All rights reserved.
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there is little research comparing the effects of different B sources
on oxidative stress in tissues.

This study was conducted to investigate the effects of diet
supplementation with boric acid and borax on LPO, antioxidant
activity, some vitamin levels and DNA damage in rats.
Materials and methods

Materials

Chemicals

Boric acid (H3BO3) and borax (Na2B4O7 �10H2O) purchased
from Sigma-Aldrich (Sigma-Aldrich Chemical Co., St. Louis, MO,
USA) were used as test compounds. All the other chemicals and
reagents were of analytical reagent grade and purchased from
commercial sources.
Animals, diets, and experimental protocols

Thirty Sprague Dawley male rats (200–350 g) were purchased
from the animal breeding laboratories of the Experimental Animal
Research and Application Center (Afyon, Turkey) and divided into
three groups consisting of 10 animals each. The animals were left
for 2 days for acclimatization to animal room conditions. They
were maintained under a 12-h light/12-h dark cycle at room
temperature (2573 1C) and fed a standard rodent diet (Afyon
Feed Industry, Afyonkarahisar, Turkey). Diet and water were
provided to the animals ad libitum. The standard rodent diet was
analyzed for B by inductively coupled plasma optical emission
spectrometry (ICP-OES, Perkin Elmer 2100 DV, Waltham, Massa-
chusetts, USA) after microwave (Berghof MWS-2, Eningen,
Germany) digestion.

Boric acid and borax at 100 mg B/kg diet level were
supplemented to the standard rodent diets of the boric acid and
borax groups, respectively. This level of B is nontoxic for animals
because when B compounds are given orally to animals for a short
term, the LD50 values for boric acid and borax in laboratory
animals (mice and rats) are in the range of approximately 400–
700 mg B/kg of body weight [16,17]. The groups were fed for 4
weeks. The animals in the control group (control) were main-
tained on the standard rodent diet and water ad libitum, without
administering any B compounds.

At the end of 4 weeks, blood samples were collected from
all the rats after the animals were fasted overnight and sacrificed
by anesthetizing with a combination of ketamine and xylasine
HCl. Blood samples were obtained from each rat in the morning
by using evacuated tubes (trace element-free vacutainer tubes)
containing sodium citrate as anticoagulant and normal tubes.
The blood samples were centrifuged at 3000g for 10 min at 4 1C,
and then the plasma and serum were removed as completely
as possible. Red blood cells were washed three times with 0.9%
NaCl solution (phosphate buffer, pH: 7.2), and packed cells
were hemolysed by adding an equal volume of cold distilled
water.

The organs of the rats, including the liver, the kidney, and the
heart, were removed immediately for examination of clinical
biochemistry. Tissues were washed in ice-cold saline and
homogenized 1:40 w/v in 0.1 M phosphate buffer, pH 7.4,
containing 1 mM EDTA. After centrifugation at 18000g for
15 min at 4 1C, the supernatant was extracted and kept at
�30 1C in advance of assays.

The experimental protocols were approved by the Animal Care
and Use Committee at Afyon Kocatepe University and are in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.
Methods

Biochemical analysis

Blood samples were separated into serum, plasma, and erythro-
cytes. Whole blood malondialdehyde (MDA) was estimated accord-
ing to the method of Draper and Hardley [18], which is based on the
coupling of MDA with thiobarbituric acid. Whole blood reduced
glutathione (GSH) concentrations were assayed by the colorimetric
method of Beutler et al. [19]. Erythrocytes were prepared according
to Witterbourn et al. [20] and erythrocyte hemoglobin levels were
determined as described by Fairbanks and Klee [21]. Cu–Zn SOD
activity in erythrocytes was measured by the previously detailed
method of Sun et al. [22]. CAT in erythrocytes was measured
spectrophotometrically as described by Luck [23]. Plasma total
antioxidant activity (TAA) and nitric oxide (NOx) were measured
according to a method proposed by Koracevic et al. [24] and
Miranda et al. [25]. Endogenous lymphocyte DNA damage was
analyzed by alkaline comet assay using a similar method described
by Singh et al. [26]. The single-cell gel electrophoresis assay is a
sensitive and powerful method for determining DNA strand breaks
[26,27]. Protein carbonyl content (PCO) was measured by using the
method of Levin et al. [28]. Serum vitamin A and b-carotene
concentrations were estimated by the method of Suzuki and Katoh
[29], and plasma vitamin C was measured by Kyaw [30]. The levels
of MDA [31], GSH [19], SOD [22] and CAT [32] were also measured in
liver, kidney, and heart tissue homogenates. Tissue protein content
was assayed by the colorimetric method of Lowry et al. [33]. A
Shimadzu UV-1601 visible spectrophotometer (Kyoto, Japan) was
used for blood and tissue biochemical analysis.

Statistical analysis of data

The data obtained from the animal experiments were
expressed as mean and standard error (7SEM). The statistical
differences among the control, boric acid, and borax groups were
evaluated by one-way ANOVA and Duncan post-hoc tests using
the SPSS computer software program. A difference of po0.05 in
the mean values was considered significant.
Results

The mean level of blood MDA (po0.001) was decreased and
the mean level of blood GSH (po0.05) was increased by boric acid
and borax supplementation compared to the control. There were
no differences in the erythrocyte SOD and CAT activity levels
among the groups (Table 1). The mean levels of SOD kidney
(p=0.001) and CAT kidney (po0.001) were decreased in the boric
acid and borax groups compared to the control. Borax
supplementation decreased (po0.001) liver GSH concentration
compared to the control and boric acid groups (Table 1).

There were no differences in the mean of the TAA and NOx

levels among the groups. However, the vitamin A level was higher
(po0.05) in the boric acid than in the borax group. The vitamin C
level was higher in the boric acid and borax groups compared
with the control (po0.001). There were no differences in b-
carotene levels among the groups. DNA damage and PCO levels
decreased in the boric acid and borax groups (po0.05) compared
to the control (Table 2).
Discussion

In the present study, the rats in the all groups were fed with
the same commercial standard rodent diet and the diet contained
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Table 1
Effects of boric acid and borax on malondialdehyde (MDA), glutathione (GSH), Cu–Zn superoxide dismutase (SOD) and catalase (CAT) in blood, erythrocyte and tissues.

Parameters (n:10) Sample Control Boric acid Borax P value

MDA (nmol/mL) Blood 8.8870.52a 5.9470.46b 5.7570.18b 0.000

MDA (nmol/g tissue) Liver 1.9970.49 1.7470.24 1.6970.16 0.769

Kidney 2.9770.19 3.8170.15 3.5070.90 0.090

Heart 1.6670.60 1.2070.81 1.4470.36 0.617

SOD (U/mg Hb) Erythrocyte 0.3670.03 0.3570.06 0.3470.07 0.971

SOD (U/lg protein) Liver 0.1070.03 0.0770.05 0.0370.006 0.431

Kidney 0.2870.04a 0.0970.02b 0.1370.02b 0.001

Heart 0.5070.20 0.2570.02 0.2870.10 0.332

CAT (k/g Hb) Erythrocyte 27.3975.68 27.0177.61 18.4972.58 0.471

CAT (k/lg protein) Liver 5.5770.41 5.5371.14 4.4970.53 0.559

Kidney 3.7070.56a 1.2570.17b 1.6470.21b 0.000

Heart 0.9570.46 0.7270.13 0.2770.06 0.187

GSH (mg/dL) Blood 28.0479.8b 48.64711.13a 54.2478.56a 0.015

GSH (mg/g tissue) Liver 17.170.4a 16.670.5a 14.270.4b 0.000

Kidney 14.670.6 15.270.6 15.370.8 0.720

Heart 15.370.3 14.370.7 14.070.3 0.209

a,b In the same line values with different letters show statistically significant differences in blood MDA, GSH liver, CAT kidney (po0.001), SOD kidney (p=0.001) and

blood GSH (po0.05).

Table 2
Effects of boric acid and borax on plasma total antioxidant activity (TAA), nitric

oxide (NOx), vitamin C, serum vitamin A, b-carotene, blood DNA damage and

protein carbonyl content (PCO) in the groups.

Parameters (n:10) Control Boric acid Borax P value

TAA (mmol/L) 3.6070.57 4.0270.25 4.2770.48 0.571

NOx (lmol/L) 10.9272.46 11.7573.24 13.1371.67 0.873

Vitamin A (lg/dL) 27.7670.72ab 34.2271.07a 23.2173.91b 0.015

b-carotene (lg/dL) 4.3770.31 4.9270.41 3.5470.60 0.126

Vitamin C (mg/dL) 0.1570.05b 0.2770.02a 0.2570.02a 0.000

DNA damage (AU) 25.572.77a 22.7572,60b 21.8772.47b 0.030

PCO (nmol/mL) 2.0970.16a 1.8270.27b 1.8570.19b 0.036

a,b In the same line values with different letters show statistically significant

differences in vitamin C (po0.001), vitamin A, DNA damage and PCO (po0.05).
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6.4 mg B/kg. Hunt [12] reported that the physiological amount of
B in animal diet is 3 mg/kg, and its deficient level is r0.3 mg/kg.
Nielsen [34] found depressed growth in rats fed with a diet
containing 0.3–0.4 mg/kg B. If those reports are applied to our
study, then the amount of B (6.4 mg/kg diet) in the standard
rodent diet in the present study was sufficient for animals.

Oxidative stress is originally defined as the disequilibrium
between prooxidants and antioxidants in biological systems [35].
Increased oxidative stress refers to an imbalance between the
intracellular production of free radicals and the cellular defense
mechanisms, and MDA is one of the most important oxidative stress
markers. Until now, no studies have been done to compare boric
acid with borax supplementation in animal diet, as boron sources at
high but nontoxic levels, in terms of their effects on oxidant/
antioxidant balance. In the present study, both boric acid and borax
supplementation significantly decreased MDA concentration in
blood, which shows that there is no difference in the decreased
free radical damage in cells between boric acid and borax
supplementation. Turkez et al. [10] reported that B did not alter
MDA concentration at low doses (5–50 mg/L) but increased it at
high doses (500 mg/L) in human peripheral blood cultures exposed
to various doses (5–500 mg/L) of B compounds. Our data indicate
that diet supplementation with 100 mg B/kg has a protective effect
against oxidative damage in blood. However, Mohora et al. [36]
reported that 80 mg/kg boric acid supplementation in diet increased
the MDA level in rat liver tissue. In our study, both boric acid and
borax numerically decreased MDA concentration in the liver and the
heart, but increased it in the kidney. The increased LPO in the kidney
may be due to the utilization of excess energy because B is excreted
primarily in urine [12].

Oxidative stress develops when the levels of antioxidants are
lowered. Thus, the activities of antioxidant enzymes (SOD, CAT,
GSH) are important in cell defense [22,37]. In the present study,
erythrocyte SOD and CAT activities were not affected by both
boric acid and borax supplementation in the diet of rats. Similarly,
B supplementation unchanged SOD and CAT activities in the heart
and the liver, but decreased in the kidney because of the
elimination of B through the kidney. This result supported the
results reported by Mohora et al. [36] that liver SOD activity was
not affected by boric acid in rats. Turkez et al. [10] reported that B
compounds at low concentrations increased the GSH level in
erythrocytes. In the present study, B supplementation in diet
enhanced the GSH level in blood, with a concomitant decrease in
lipid peroxidation. This result is consistent with those of Hunt and
Idso [13]. However, B supplementation decreased the GSH level in
the liver. Generally, the consumption of high energy, associated
with GSH depletion, is exhibited in the liver, which is the largest
GSH reservoir [15]. This result supported the findings reported by
Mohora et al. [36] that the GSH level decreased in rat liver tissue
after 90 days of treatment with 40 mg/kg boric acid.

Antioxidant capacity is an important factor in all physiological
standards, and for the performance of humans and all animals
[39,40]. This study showed that dietary B supplementation did
not alter the plasma antioxidant capacity of rats when compared
to control animals. However, this result is inconsistent with the
findings reported by Turkez et al. [10] that, at low doses, B
compounds increased TAA in humans. The discrepancy between
our study and that of Turkez et al. [10] may be attributed to the
procedures used to measure TAA. Turkez et al. [10] determined
TAA in erythrocytes under in vitro conditions while we measured
it in plasma, which contains many nonspecific antioxidants such
as urea, uric acid, and proteins. High production of NO has been
suggested as a cause of tissue injury [40]. In the present study, B
supplementation had no effect on plasma NOx, which may
indicate that B supplementation does not affect NO production.

Non-enzymatic antioxidant compounds such as vitamin C and
b-carotene minimize the damaging effects of ROS in the body [37].
b-carotene is a quencher of singlet oxygen and has the ability to
react directly with the peroxyl radicals involved in LPO [41,42]. In
the present study, B supplementation had no effect on serum
b-carotene and vitamin A concentrations. However, the rats fed with



ARTICLE IN PRESS

S. Ince et al. / Journal of Trace Elements in Medicine and Biology 24 (2010) 161–164164
boric acid had significantly higher vitamin A concentration than the
rats fed with borax. This result is probably due to the effect of low
blood B concentration on the conversion of b-carotene to vitamin A
in the liver, because B in borax is less absorbed from the
gastrointestinal tract than B in boric acid [12,38]. Our results
indicate that boric acid as a B source is more beneficial for vitamin A
concentration in the blood than borax. Vitamin C is a major water-
soluble antioxidant and acts as the first defense against ROS in
whole blood and plasma [43]. B supplementation increased plasma
vitamin C concentration in this study. This could explain the
decrease in LPO levels in blood due to B supplementation.

DNA damage induced by free radicals is of great importance
because it initiates and promotes carcinogenesis [44]; DNA is
exposed to attack by free radicals approximately 10.000 times a day
[45,46]. B supplementation decreased DNA damage in this study.
Our results provide the first data about the effects of B supplemen-
tation in the form of boric acid or borax in the diet of animals on
DNA damage using comet assay on rats. Free radicals react with
proteins and modify amino acid residues by oxidation, nitrosation,
and carbonylation [27]. The plasma PCO significantly decreased in
the boric acid and borax groups compared to the control in this
study. This result shows the positive effect of B on proteins against
oxidation in rats and may explain with the antioxidant activities and
depletion of free radicals generation of B.

Our results demonstrate that B supplementation (100 mg/kg)
in diet decreases LPO, and enhances the antioxidant defense
mechanism and vitamin status. There are no differences in
oxidant/antioxidant balance and biochemical parameters, except
for serum vitamin A and liver GSH concentration, between the
boron compounds used in this study. Therefore, the application of
boron compounds in rat increased livability which, in turn, might
be enhance life span.
References

[1] Environmental Protection Agency. Toxiclogical review of boron and com-
pounds. Integrated Risk Information System (IRIS) Washington DC, 2004;
EPA/635/04/052.

[2] McDowell LR. Boron. In: Cunha TJ, editor. Minerals in animal and human
nutrition. London: Academic Press; 1992. p. 367–8.

[3] Meacham SL, Taper LJ, Volpe SL. Effects of boron supplementation on bone
mineral density and dietary, blood, and urinary calcium, phosphorus,
magnesium, and boron in female athletes. Environ Health Perspect
1994;102:79–82.

[4] Hunt CD. Biochemical effects of physiological amounts of dietary boron. J
Trace Elem Exp Med 1996;9:185–213.

[5] Devirian TA, Volpe SL. The physiological effects of dietary boron. Crit Rev Food
Sci Nutr 2003;43:219–31.

[6] Nielsen FH, Hunt CD, Mullen LM, Hunt JR. Effect of dietary boron on mineral,
estrogen, and testosterone metabolism in postmenopausal women. Faseb J
1987;1:394–7.

[7] Armstrong TA, Spears JW, Lloyd KE. Inflammatory response, growth, and
thyroid hormone concentrations are affected by long-term boron supple-
mentation in gilts. J Anim Sci 2001;79:1549–56.

[8] Hunt CD. Boron homeostasis in the cholecalciferol-deficient chick. Proc Natl
Acad Sci 1988;42:60.
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