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ARTICLE INFO ABSTRACT

Keywords: Introduction: Dietary boron improves immune and antioxidant status and calcium metabolism in mammals.
Boron However, till date the effects of dietary boron supplementation on male reproduction, especially on sperm
Sperm production and sperm quality in farm animals are not documented.

Immunity . Objective: The present study was aimed to investigate the influence of dietary boron on semen production, semen
gzzi‘)dumon quality, immunity and molecular changes in the testis, blood and seminal plasma and to assess the inter-

relationship with other minerals in male goats.

Methodology: The study was conducted in 21 adult male goats divided into 3 groups (control, boron and sele-
nium supplemented groups, n = 7 each). In boron group, boron was supplemented at 40 ppm and in selenium
group, selenium was supplemented at 1 ppm over and above the basal level. In control group, only the basal diet
was fed without supplementary boron or selenium. The feeding trial was carried out for 60 days. Selenium was
taken as a positive control for the dietary boron supplementation experiment. Following feeding trials, the sperm
concentration, kinematics and functional attributes, immunity and molecular level changes in the testis, bio-
molecular changes in the blood and seminal plasma and also interrelationship with other minerals were studied.
Results: The average sperm concentration (million/ml) and the total sperm production (million/ejaculate) were
significantly (p < 0.05) increased in boron supplemented group when compared to selenium and control
groups. The boron levels in blood plasma (r = 0.65) and seminal plasma (r = 0.54) showed a positive correlation
with sperm progressive motility. Blood and seminal plasma metabolic biomarker namely, aspartate amino-
transferase (AST) (p < 0.01) was significantly lower in the boron and selenium supplemented group than
control, while alanine aminotransferase (ALT) (p < 0.05) was significantly lower in the boron supplemented
group than selenium and control group. There was a significant increase in the mRNA expression of serine
proteinase inhibitor (SERPIN) and interferon y (IFNy) in the testis of boron supplemented than the control group.
Boron supplementation up-regulated the immune-regulatory gene, interleukin 2 (IL2) and antioxidant gene,
catalase (CAT) in the peripheral blood mononuclear cells (PBMC). On contrary, toll-like receptor 2 (TLR2) mRNA
expression was significantly (p < 0.05) down-regulated in boron and selenium supplemented groups.

Conclusion: The study revealed that dietary boron supplementation increased the sperm output, sperm motility
and enhanced the immune and antioxidant defense capacity in male goats. The improved semen quality can be
attributed to enhanced expression of testicular SERPIN, a crucial protein for the regulation of spermatogenesis

process.
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1. Introduction

Boron is essentially required for physiological functions of plant and
animals. The functional significance of various macro and micro mi-
nerals was studied in animal production [1,2] but the beneficial role of
boron is least understood [3,4]. The research on the beneficial role of
boron in higher animals started in 1990s when the boron was found to
be associated with bone disorders [5]. Though the definitive role of
dietary boron on physiological functions has not been established in
mammals, boron supplementation influences bone growth and main-
tenance, central nervous system, endocrine and reproductive functions
[6]. Boron enhanced Interleukin 6 (IL-6) production in mammalian
cultured cells [7]. It regulated the enzyme activity of serine protease
[8]. Boron supplementation also improved immune and antioxidant
status and calcium metabolism [3,9,10].

Boron has regulatory role in utilization of different macro and micro
nutrients [11]. In calcium deficient conditions boron ameliorated oxi-
dative stress and enhanced cellular and humoral immunity [3]. In
rabbits, boron feeding improved total antioxidant capacity, sperm
quality [12] and testosterone concentration [13]. Boron deficiency af-
fects embryo development in Xenopus laevis [14] and Zebra fish [15].
However, at very high doses, boron might affect various systems in-
cluding reproduction [16]. Perusal of literature revealed paucity of
information of dietary boron on male reproduction, sperm production
and sperm quality in farm animals. Till date, the effect of boron on male
reproduction and mechanisms in regulating sperm production and
function are not documented in ruminants. The present study was
aimed to 1) investigate the influence of dietary boron on semen pro-
duction, semen quality, immunity and molecular changes in the testis,
blood and seminal plasma and 2) assess the interrelationship with other
minerals in male goats.

2. Materials and methods
2.1. Experimental design and feeding trial

The study was conducted in 21 adult male goats divided into 3
groups of seven in each group (control, boron and selenium supple-
mented groups, n = 7). The goats were maintained in the Experimental
Livestock Unit of ICAR-NIANP, Bangalore. The average weight (kg) of
these goats were 27.82 + 1.11, 27.72 + 0.70 and 27.75 * 0.79 in
control, boron and selenium supplemented groups, respectively before
the starting of the experiment. In boron group, boron (sodium tetra
borate, SRL, Mumbai, LR grade) was supplemented at 40 ppm and in
selenium group, selenium (Selplex, Altech, Bangalore) was supple-
mented at 1 ppm over and above the basal level in the diet. Boron and
selenium were administered orally once daily before morning feeding.
Care was taken to ensure complete ingestion of the minerals. In control
group, only the basal diet was fed without supplementary boron or
selenium. The feeding trial was carried out for 60 days. The basal diet
fed commonly to all the groups consisted of 55% roughage and 45%
concentrate. The dry matter as maize stover and concentrate mixture
was offered to each animal at the rate of 3% of body weight. The
concentrate mixture (CP- 20% and TDN- 70%) consisted of crushed
maize grain 40%, soybean meal 30%, wheat bran 27.5%, mineral
mixture (without added boron and selenium) 2% and common salt
0.5%. Maize stover was chaffed and fed as a source of roughage. The
animals were provided with fresh and clean drinking water ad libitum.

2.2. Blood and semen sample collection

Semen samples were collected before and after the feeding minerals
(boron and selenium) supplementation. Following feeding trials macro
minerals such as, calcium (Ca), phosphorus (P), magnesium (Mg) and
micro minerals such as, cobalt (Co), zinc (Zn), manganese (Mn), copper
(Cu), boron (B) and selenium (Se) levels in the blood and seminal
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plasma were estimated. Semen collection was carried out using electro
ejaculation method and collected semen was maintained at 37 °C and
semen analyses were carried out within 15-20 min of collection.

2.3. Assessment of seminal attributes

2.3.1. Sperm kinematics

The motility and velocity parameters of neat semen were assessed
using computer-assisted semen analyzer (CASA, Sperm Class Analyser,
Microptic, Barcelona, Spain). Five consecutive digitalized images of 25
frames per second were captured using 10X negative phase-contrast
objective (50i Nikon microscope, Nikon, Japan) and analyzed by clas-
sifying the spermatozoa based on average path velocity (VAP). The
kinematic parameters were analysed by setting the following para-
meters: speed type-VCL, cell size-5-70 um?, spermatozoa speed
with < 10, 10-35, 35-60 and > 60 um/s were classified as immotile,
slow, medium and fast motile, respectively. The various parameters
obtained from CASA analysis were progressive forward motility, rapid
progressive forward motility, total progressive motility, total motility,
curvilinear velocity (VCL), straight-line velocity (VSL), average path
velocity (VAP), percentage of linearity (LIN), straightness (STR) and
percentage of type A spermatozoa (amplitude of lateral head
displacement = > 2.5um, STR = > 80%) as described earlier [17].

2.3.2. Mitochondrial membrane potential

Mitochondrial membrane potential (MMP) in goat spermatozoa was
assessed by JC-1 (5, 5, 6, 6-tetrachloro-1, 1/, 3, 3’- tetraethyl benzi-
midazolyl carbocyanine iodide) staining [18]. One microlitre (1.53 mM
in dimethyl sulfoxide) of JC-1 stain was added to 50 ul PBS (pH=7.4)
containing one million spermatozoa and incubated for 30 min at 37 °C
in a dark room. Then, the samples were mixed gently and smeared on to
glass slides and examined under epifluorescence microscope (Nikon
Eclipse 50i; Nikon Corporation, Tokyo, Japan) with excitation filter of
510-560 nm and barrier filter of 505 nm in dark room. A minimum of
200 spermatozoa was observed at 100X magnification in all samples.
The spermatozoa exhibiting more than 80% yellowish to orange
fluorescence in the mid-piece due to formation of J-aggregates were
considered as positive for MMP.

2.3.3. Sperm acrosome integrity

Acrosome integrity in the semen samples was assessed as per pro-
cedure described earlier [19] with minor modification. Ten million
spermatozoa in 50 ul PBS were incubated at 37 °C for 20 min in dark by
adding 0.8 ul carboxyfluorescein diacetate (CFDA) (4 mg/ml DMSO).
Following this, 5pl propidium iodide (PI) (0.27 mg/ml in PBS) was
added to the sample and incubated for another 10 min at 37 °C. After
incubation, the spermatozoa were washed twice by adding 2 ml of PBS
(pH=7.4) to the sample centrifuged at 1500 rpm for 5min each. The
supernatant was removed by leaving 100 pl of the sample containing
spermatozoa in the tube. The cells were mixed well and the smear was
made on to the glass slide and observed under the epifluorescence
microscope (510-560 excitation, 505 emission). The spermatozoa
showing complete green fluorescence were considered as acrosome
intact and those showing partial or complete red nuclei were classified
as acrosome integrity lost.

2.4. Macro and micro mineral estimation

The minerals such as B, Se, Ca, Mg, Zn, Co, Mn and Cu were esti-
mated in seminal plasma, blood plasma, sperm and testis by mild acid
digestion protocol. In brief, the plasma samples (1 ml) and 2% nitric
acid (1 ml) were mixed well and final volume was made up to 10 ml
with deionized water. The concentrations of all the elements of the
samples were analysed using ICP-OES (Inductively Coupled Plasma-
Optical Emission Spectrometry, Optima 8000, Perkin-Elmer, USA) [20].
Plasma P was estimated calorimetrically [21].
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2.4.1. Preparation of mineral extract from testes for ICP-OES

Mineral estimation in the testes was done as per the procedure de-
scribed earlier [22]. A weighed quantity (2 g) of completely dried testes
was taken in pre-weighed silica crucible and subjected to dec-
arbonisation followed by ashing at 550-600 °C in muffle furnace for 5 h.
The residue left in the crucible was considered as total ash, which was
digested with 5N HCI on a hot plate. After digestion, the samples were
filtered through Whatman filter paper No. 41 in a volumetric flask. The
samples were repeated washed with ultrapure water (Typel,
18.2MQ cm) till it was free from the acid and finally the volume was
made up to 50 ml.

2.4.2. Preparation of mineral extract from sperm pellet for ICP-OES

Mineral estimation in the spermatozoa was done as per the proce-
dure described earlier with slight modification [20]. Spermatozoa pellet
obtained after centrifugation (2000 rpm for 5 min) was added with 1 ml
of ultrapure water (Type 1) and 3 ml of concentrated nitric acid. The
samples were boiled on a hot water bath till the appearance of clear
solution. Final volume was made up to 10 ml with ultrapure water
(Type 1).

2.5. Blood metabolites and biochemical estimation

2.5.1. Plasma triglycerides

The triglycerides in the blood plasma samples were estimated by
adopting enzymatic method (GPO-PAP endpoint) [23] using kit (Au-
tospan liquid gold triglycerides, GPO-PAP, End point assay, 72LS100).
Triglycerides were hydrolyzed by lipoprotein lipase (LPL) to produce
glycerol and free fatty acid. In presence of glycerol kinase, ATP phos-
phorylates glycerol to produce glycerol 3-phosphate and ADP. Glycerol
3-phosphate was further oxidized by glycerol 3-phosphate oxidase
(GPO) to produce dihydroxyacetone phosphate and hydrogen peroxide.
In the presence of peroxidase, hydrogen peroxide coupled with 4-ami-
noantipyrine and 4-chlorophenol to produce red coloured quinonei-
mine dye. The absorbance of coloured dye was measured at 505 nm and
is proportional to triglycerides concentration in the sample. Triglycer-
ides concentration in plasma was calculated using the following for-
mula: Triglycerides (mg/dl) = (Absorbance of test/Absorbance of
standard) * 200

2.5.2. Alanine aminotransferase

ALT activity (IU/L) was determined in blood and seminal plasma
[24] using kit (Autospan liquid gold, ALT (alanine transferase), Mod-
ified UV(IFCC), kinetic assay, 76LS200). Pyruvate so formed from t-
Alanine and o-ketoglutarate is coupled with 2, 4-Dinitrophenyl hy-
drazine (2, 4-DNPH) to form corresponding hydrozone, a brown co-
loured complex in alkaline medium, which was measured at 505 nm
with UV-vis spectrophotometer (Cintra 10e, GBC, Australia). Plasma
ALT activity (IU/L) was calculated using the following formula: ALT
(IU/L) = {(Absorbance of test — Absorbance of control)/(Absorbance of
standard — Absorbance of blank)} * Concentration of standard

2.5.3. Aspartate aminotransferase

AST activity (IU/L) was determined in blood and seminal plasma
[24] using kit (Autospan Liquid gold, AST (Aspartate transaminase),
Modified UV(IFCC), kinetic assay 77LS200). AST catalyzes the transa-
mination of r-aspartate and a-ketoglutarate to form oxaloacetate and 1-
glutamate. Oxaloacetate so formed is coupled with 2, 4- dinitrophenyl
hydrazine (2, 4-DNPH) to form corresponding hydrozone, a brown
coloured complex in alkaline medium, which was measured at 505 nm
with UV-vis Spectrophotometer. Plasma AST activity (IU/L) was cal-
culated using the following formula: AST (IU/L) = {(Absorbance of
test — Absorbance of control)/(Absorbance of standard — Absorbance of
blank)} * Concentration of standard
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2.6. Antioxidant enzyme activity

2.6.1. Estimation of catalase activity

The activity of catalase in seminal plasma of the goat was measured
using the protocol of [25] with minor modifications. In brief, the re-
action mixture was prepared in a test tube by adding 880 pul of po-
tassium phosphate buffer (50 mM, pH7.0) and 100pl of hydrogen
peroxide (100 uM). To this reaction mixture, 20 ul of seminal plasma
was added and the change in absorbance was measured for 3 min with
20s interval at 240 nm. The non-enzymatic reaction rate was corre-
spondingly assessed by replacing the sample with potassium phosphate
buffer. The rate of change of absorbance was recorded for enzymatic
and non-enzymatic samples. The enzyme activity was calculated and
expressed as units/ml/minute.

2.6.2. Estimation of superoxide dismutase (SOD) activity

The SOD activities in the seminal plasma were estimated according
to the method described earlier [26] with minor modification. In brief,
the reaction mixture was prepared by adding 980 pul of 50 mM trisco-
codylic acid buffer with 1 mM EDTA and 10 ul of 20 mM pyrogallol. The
seminal plasma (10 pul) was added to the above reaction mixture. The
rate of change in the absorbance at 420 nm was recorded at every 20 s
interval for 3min for both enzymatic and non-enzymatic (blank) re-
actions.One unit of SOD is described as the amount of enzyme required
to cause 50% inhibition of pyrogallol auto-oxidation. The enzyme ac-
tivity was expressed as units/ml/minute.

2.6.3. Estimation of activity of glutathione reductase (GR)

The GR activities in the seminal plasma were measured [27] with
slight modifications. In brief, the reaction mixture was prepared by
adding 880 pl of potassium phosphate buffer (0.2 M, pH 7) along with
20 mM glutathione oxidised solution (50 pl) and 50 ul of NADPH (2 mM
prepared with 10 mM HCI). The seminal plasma (20 pl) was added to
the above reaction mixture. The rate of change in the absorbance at
340 nm was recorded for both enzymatic and non-enzymatic (blank)
reactions for 5min in 30s interval. The enzyme units were calculated
and expressed as units/ml/minute.

2.7. Relative expression of transcripts in the testis and PBMC

The RNA was isolated from the goat testis and PBMC using TRIzol
method [28] and the quality of the isolated RNA was estimated using
spectrophotometer (Nanodrop 1000, Thermo Scientific, USA). The
primers were designed using Primer-blast software (https://www.ncbi.
nlm.nih.gov/tool/primer-blast) (Suppplementary Table 1). The re-
altime PCR (Stepone Plus, Applied Biosystems, CA 92008 USA) was
carried out in 20 pl reaction using SYBR master mix (K0221, Thermo
Scientific, Maxima SYBR Green/Rox PCR Master Mix, USA). The re-
lative quantification of the genes in the goat testis samples (SPINK2,
SERPIN, G6PD, HSP90, IFNy and GH) and in the PBMCs (CAT, IL2 and
TLR2) were estimated using GAPDH as the reference gene. The relative
expression of these transcripts was calculated using 2~ 24¢T [29].

2.8. Statistical analysis

The percent mean values for various sperm attributes were arcsine
transformed and subjected to statistical analysis. One-way ANOVA and
LSD Post-hoc test were used to analyze the statistical difference in
various sperm functional attributes, biochemical parameters and body
and testicular weights estimated among the supplemented and control
groups. Pearson’s correlation coefficient was used to assess the corre-
lation between sperm motility and levels of boron in blood and seminal
plasma. All the values were presented as mean = SEM. The p < 0.05
was considered as statistically significant.
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Table 1
Body weight of the goats before and after dietary mineral feeding and testicular
weight.

Parameters Control Boron Selenium

Body weight (kg; 0 day) 27.82 + 1.11 27.72 = 0.70 27.75 = 0.79
Body weight (kg; 60 day) 28.26 + 1.06 29.05 + 0.72 29.45 + 0.80
Testis weight (g) 169.00 * 14.6 185.3 = 11.80 174.5 = 10.7

3. Results

Dietary supplementation of boron and selenium did not influence
the overall body weight change or the testicular weight (Table 1). The
boron-supplemented group had significantly (p < 0.05) higher total
sperm motility (%) and total progressive motility (%) as compared to
control and selenium supplemented groups (Fig. 1). The average sperm
concentration (million/ml) in the ejaculate and per ml of the semen was
also significantly (p < 0.05) increased in boron supplemented group
when compared to selenium and control groups (Fig. 2). Spermatozoa
viability, acrosome integrity and MMP did not vary between control
and treatment groups.

Before the start of the supplement, there was no significant differ-
ence in the levels of macro and micro minerals between the control and
treatment groups either in blood or seminal plasma. The boron sup-
plemented group showed significantly (p < 0.05) higher levels of
blood boron, zinc and phosphorus when compared to other groups.
Similarly, in the seminal plasma the calcium and boron levels were also
significantly (p < 0.05) higher in the boron supplemented group than
the control and selenium supplemented groups (Table 2a & b). As
compared to control, boron supplemented animals had 2.9 fold higher
boron level in the seminal plasma. However, no significant difference in
the testicular and spermatozoa boron level following boron supple-
mentation was observed (Table 2¢ & d). Similarly, dietary boron did not
alter the level of other macro and micro minerals in the testicular tissue
or spermatozoa. The boron levels in blood plasma (r = 0.65) and
seminal plasma (r = 0.54) showed a positive correlation with sperm
progressive motility (Fig 3). Blood plasma and seminal plasma meta-
bolic biomarker namely, AST (p < 0.01) was significantly lower in the
boron and selenium supplemented group than control, while ALT
(p < 0.05) was significantly lower in the boron supplemented group
than selenium and control group. Dietary selenium supplemented group
also had significantly low level of blood plasma AST than the control.
The blood plasma triglycerides did not show any significant difference
among the groups studied (Table 3). Among the antioxidant enzymes
studied, glutathione reductase (mU/ml) level was significantly
(p < 0.05) higher in seminal plasma of the boron-supplemented group
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Fig. 2. Sperm concentration (millions) in semen of boron fed group when
compared to selenium and control groups of goats. The dietary boron supple-
mentation improved total spermatozoa output in the form of sperm/ml as well
as sperm/ejaculate in goats.p < 0.05.

(102.3 = 14) than selenium (64.3 + 16) and control (31.8 + 08)
groups (Fig. 4a). However, no significant differences in the seminal
plasma SOD (Fig. 4b) and CAT (Fig. 4c) levels were observed among the
groups.

The present study documented the presence of transcripts associated
with serine protease inhibitors such as SERPIN and SPINK2 in the goat
testis. There was a significant (p < 0.05) increase in the expression of
SERPIN (2.02 fold) and IFNy (2 fold) in the testis of boron supplemented
group (Fig. 5a). In the PBMC, the immune-regulatory gene, IL2 (8.63
fold) and antioxidant gene, CAT (4.37 fold) expressions were sig-
nificantly (p < 0.05) up regulated in boron supplemented group,
whereas, TLR2 (0.38 fold) expression was significantly (p < 0.05)
down-regulated in boron and selenium supplemented groups. The ex-
pression of CAT and IL2 were not affected by the selenium supple-
mentation (Fig. 5b).

4. Discussion and conclusion

Supplementation of macro and microelements have beneficial ef-
fects on male reproduction in terms of increased sperm production,
sperm quality and fertility [30,31]. However, the role of the novel trace
mineral, like boron in farm animal reproductive physiology has not
been not clearly documented. In present study, we have analyzed the
dietary influence of boron on sperm production potential, sperm
quality, molecular and biochemical effects in the testicular compart-
ment, circulation and seminal plasma. Also, the association of boron on
the levels of other macro and micro minerals as well as on sperm

95 1 Fig. 1. The effect of dietary boron and selenium on sperm kine-
® Control matics such as total motility, total progressive motility and line-
* =B arity in goats. The semen samples were collected after 60 days of
90 1 OrOIT feeding the minerals and sperm kinematics was studied using
Selenium computer assisted semen analyzer. The dietary boron supple-
85 mentation improved total motile and progressive forward motile
§ spermatozoa in goats. *p < 0.05.
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g
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Table 2
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Macro and micro mineral profiles in the (a) blood plasma (b) seminal plasma (c) sperm and (d) testis of the goats supplemented with Boron and Selenium. These
minerals were estimated in blood plasma, seminal plasma, spermatozoa and testis samples collected after 60 days of feeding.

Slno. Sample Groups Ca (mg/dl) Mg (mg/dl) P (mg/dl) Co (mg/1) Zn (mg/1) Mn (mg/1) Cu (mg/1) B (mg/1) Se (mg/1)
a Blood plasma  Control 8.0 + 0.5 21 + 0.2 41 £05° 01 +001 09+004 01=+00 08=0.1 0.4 + 0.03° 0.2 = 0.01
Boron 8.9 + 0.5 2.4 + 0.2 51+ 0.3 01002 12=010° 0.1 = 0.0 0.8 = 0.1 0.8 = 0.05* 0.2 = 0.01
Selenium 8.3 + 0.3 2.1 + 0.2 38 +03> 01 +001 11007 01=00 0.8 + 0.1 0.3 = 0.08"° 0.2 + 0.02
b Seminal plasma Control 7.4 + 0.9° 57 * 1.0 5.4 * 0.6 0.7 £ 0.00 51+ 15 0.07 = 0.01 1.7 + 0.4 1.5 + 02> 0.3 x 0.1°
Boron 11.0 = 0.9° 6.4 + 0.9 6.0 = 0.4 0.7 £ 0.00 5.0 %= 1.5 0.05 = 0.01 1.0 = 0.4 44 + 120 03 =x02°
Selenium 8.1 + 0.8° 5.0 + 0.8 6.3 = 0.8 0.7 = 0.00 4.8 = 0.7 0.08 = 0.01 1.6 = 0.2 2.6 = 0.3 0.8 + 0.5°
c Sperm Control  30.7 + 10.7 24.6 = 9.5 595 + 160 4.0 = 1.6 4.0 + 0.4 0.29 + 0.05 29 * 1.0 2.0 £ 0.5° 0.4 * 0.1
Boron 249 + 10.4 233 + 54 643 + 141 3.2 + 0.7 48 *+ 0.6 0.30 = 0.05 1.6 = 0.3 1.4 £ 0.3* 04 + 0.1
Selenium 23.1 + 5.0 15.0 = 3.0 428 = 9.50 2.0 = 0.6 46 + 0.8 0.24 = 0.03 1.4 = 0.5 0.4 = 01> 04 * 00
Ca(%) Mg (%) P(%) Co (ppm) Zn (ppm) Mn (ppm) Cu (ppm) B (ppm) Se (ppm)
d Testis Control  0.05 + 0.02 0.08 = 0.00 2.90 = 0.17 0.36 * 0.05 107.9 = 4.87 3.13 = 0.22 1841 + 450 858 = 1.47 0.39 = 0.04
Boron 0.09 = 0.03 0.08 + 0.00 275 + 0.16 0.24 + 0.05 98.47 + 392 292 + 0.18 831 + 0.38 6.21 + 0.47 0.27 * 0.05
Selenium 0.04 + 0.00 0.08 = 0.00 2.81 + 0.13 1.48 + 0.07 88.85 = 1.44 3.57 = 0.20 6.74 + 0.62 7.55 = 0.88 0.25 * 0.03

Values in a column with different superscripts (a,b) differ significantly (p < 0.05).
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Fig. 3. Relationship between the sperm total progressive motility to the boron
level in a) blood plasma and b) seminal plasma of goats. The blood and seminal
plasma boron levels were significantly associated with progressive motile
spermatozoa (%) in goats. p < 0.05.

attributes has been recorded in the present study. Selenium, an estab-
lished mineral for improving the male reproductive performance was
taken as a positive control for the dietary boron supplementation ex-
periment.

Boron supplementation enhanced seminal attributes such as total
sperm motility, total progressive sperm motility and total sperm output.
Similar findings were observed in rabbit semen wherein boron feeding
improved total sperm output and sperm concentration [12]. There was
a significant positive correlation between seminal plasma and blood
boron concentration with total progressive motility, indicating the
beneficial effect of dietary boron on semen quality. So far, the influence
of dietary boron on sperm motility was not documented in any rumi-
nants in general and the goats in particular. The improved seminal
attributes might be due to reduced oxidative stress in the testicular
compartment [9] and beneficial effect of SERPIN, serine protease in-
hibitor proteins that favored spermatogenesis and steroidogenesis for
improved quality sperm production. Serine protease inhibitor proteins
protected semen against unwanted proteolysis in the reproductive tract
apart from antimicrobial activity [32].

Boron supplementation augmented the immune status in goats as
indicated by the increased level of antioxidant enzyme glutathione re-
ductase in the seminal plasma and catalase in the peripheral blood. The
higher total antioxidant capacity and lower MDA level have been
documented upon boron feeding in rabbits [12]. Serine borate is a
transition state inhibitor of gamma-glutamyl transpeptidase [33] and
known to increase the intracellular glutathione level in cultured fibro-
blast cells [34]. The boron mediates antioxidant status through mod-
ulating SOD, GSH and catalase [7]. However, in the present study, we
did not observe any significant changes in the seminal plasma SOD and
CAT of boron supplemented groups. Dietary boron also increased the
immunity status by increasing the testicular IFNy when compared to
control. Earlier study reported endogenous production of IFNa and y by
testicular cells and IFNy protein was expressed constitutively in early
spermatids [35] and IFN-a administration improved testicular sper-
matogenesis and increased the epididymal sperm concentration in the
rat [36].

There was no difference in the body weight change in the boron
supplemented group as indicated by growth. Though the dietary boron
increased sperm output in the present study, there was no significant
increase in testicular weight in the boron supplemented group sug-
gesting that supplementation of boron promoted sperm output possibly
by reducing sperm apoptosis. This mechanism is possible as the sperm
protective SERPIN gene expression was higher in boron-supplemented
group. Boron supplemented groups had higher blood levels of boron,
zinc and phosphorus. The present study is in agreement with the earlier

10
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Table 3
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The levels of ALT (IU/L), AST (IU/L) and triglycerides (mg/dL) in blood and seminal plasma of goats supplemented with boron and selenium groups. These enzymes
and triglyceride levels were estimated in blood and seminal plasma samples collected after 60 days of feeding.

Groups ALT (IU/L) AST (IU/L) Triglycerides (mg/dL)
Blood plasma Seminal plasma Blood plasma Seminal plasma Blood plasma

Control 30.34 + 7.92% 41.67 + 10.2° 27.78 + 4.67¢ 32.83 + 9.97¢ 25.17 = 6.21

Boron 12.99 + 2.56" 9.47 + 2.3° 7.43 + 4.12¢ 3.91 + 1.29¢ 15.10 + 2.79

Selenium 29.05 + 7.64 21.26 + 6.7% 6.69 + 2.78¢ 4.85 + 2.59¢ 18.26 = 3.46

Values in a columns with different superscripts differ significantly (a,b; p < 0.05) and (c,d; p < 0.01).

a 120

y =0.0227x - 1.2232,r =0.65

1.00

0.80

Blood plasma boron (mg/L)

65.0 70.0 75.0 80.0 850

Progressive motile sperm (%)

90.0 95.0

y=0.2201x - 14.768, r =0.54

o
(=]

*

Seminal plasma boron (mg/L)
S = N W AR N9 O

65.0

70.0

75.0 80.0 85.0
Progressive motile sperm (%)

90.0 95.0

Fig. 4. Seminal plasma a) glutathione reductase activity, b) superoxide dis-
mutase activity and c) catalase activity and in control, boron and selenium fed
goats. Though the seminal plasma catalase and superoxide dismutase activities
were not influenced, the glutathione reductase activity was significantly im-
proved by boron supplementation in goats.*p < 0.05.

report wherein dietary boron increased the zinc concentration in the
tibial bone and phosphorus level in the femoral bone of boron deficient
rats [37]. The higher serum level of boron in the boron fed group in the
present finding might be due to supplementation as reported in earlier
study in rats [3]. In rats, boron feeding did not have any influence on
the levels of serum minerals such as Zn and P, however, had antag-
onistic effect on Mn concentration [3].

Similarly, boron supplementation increased the concentration of
seminal plasma minerals such as calcium and boron, however, did not
change the concentration of other minerals namely Mg, P, Co, Zn, Mn,
Cu and Se. Earlier study from this Institute and elsewhere also docu-
mented the influences of dietary boron on calcium metabolism in the
bone of rat [3] and chicks [38]. In humans, dietary boron decreased the
calcium excretion and increased testosterone concentration [39].
However, to the best of our knowledge, the mechanism influencing the
increased concentration of calcium in seminal plasma upon boron
supplementation has not been reported in any of the species.

In general, macro and micro mineral levels are higher in the seminal
plasma as compared to the blood levels. The higher mineral levels in the
seminal plasma have met the requirement of the sperm maturation and
fertilization [40] as in the case of higher Zn level in seminal plasma was
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associated with good semen quality in humans [41]. Boron feeding in
animals increased the levels of blood zinc and phosphorus. However,
the mechanism by which the boron feeding improves blood zinc and
phosphorus levels need to be studied.

We documented the expression of serine protease inhibitors such as
SERPIN and SPINK2 in the goat testis and the positive effect of dietary
boron on the expression of SERPIN gene. The mechanism of action of
the boron upregulating SERPIN in the testicular tissue needs to be
elucidated. Organo compounds of boron (in the alkyl or arly forms) is
proven to have serine protease inhibitor activity [42]. Serpin was re-
ported earlier in the male reproductive tract and sperm of species such
as rodents and crustaceans [43]. The Serpin acts as a sperm-dec-
apacitating factor that protects sperm by inhibiting protease activity
until sperm maturation and capacitation in the female reproductive
tract [44,45]. The boron inhibits the serine proteases by forming a
tetrahedral boron adduct that mimics those formed during normal
substrate hydrolysis [46]. Dietary boron increased the serine protease
inhibitor in the testis thus favoring the acrosome remodeling during
spermatogenesis as acrosome is packed with serine protease, acrosin.
Serpin functions as a scavenger of prematurely activated acrosin. The
increased concentration of the spermatozoa in the boron supplemented
group might be due to the protective role of Serpin favoring production
of normal/viable spermatozoa or protecting spermatozoa from enzy-
matic digestion [47]. Whereas in human semen, other protease namely,
ProMMP-9 was reported to have negative correlation with sperm con-
centration [48].

Dietary boron (40 ppm) did not accumulate both in the spermatozoa
and the testicular tissue as the boron level did not differ in the control
and treatment groups. However, following boron feeding, boron levels
were significantly high in the blood circulation and seminal plasma.
The probable source of boron in the seminal plasma could be from
accessory sex glands or epididymal secretions. In humans, no adverse
effects of boron on spermatozoa concentration, motility, morphology as
well as blood hormones including follicle stimulating hormone, lutei-
nizing hormone and testosterone have been reported [49]. Interest-
ingly, the sperm DNA integrity was protected in the boric acid/borate
exposed men indicating beneficial effect of boron [50]. Boron accu-
mulation in semen over blood concentration is in accordance with a
recent human study [51]. Such increase in the boron levels in biological
fluids might have favored for the beneficial effect on semen quality and
sperm production through molecular changes in the gene expression
such as SERPIN and IFNy. Earlier study is in accordance to our study
wherein dietary boron in human at the rate of 8.41 mg/day did not
cause accumulation in the body, but had anti-cancerous properties
[52]. We also observed changes caused by dietary boron supple-
mentation in the blood and seminal plasma levels of other macro and
micro minerals, however, no alterations were observed in the sperm
and testicular mineral levels.

Low levels of AST and ALT in the blood plasma may be attributed to
the reduced stress in the dietary boron supplemented animals as these
enzymes levels were high under stress conditions [53] and dietary
boron has immune and antioxidant properties thereby reducing oxi-
dative stress in animals [9]. Such action also might have increased the
sperm production and function in the present study.
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Fig. 5. Influence of dietary boron on the relative expressions of serine protease inhibitors (SPINK2 and SERPIN), glucose metabolism (G6PD), stress response and
immunity (HSP90, IFNy, IL2, IL6 and TLR2) and antioxidant enzyme (CAT) associated genes in testicular tissue (a) and peripheral blood mononuclear cells (b) of
goats. GAPDH was used as a house keeping gene. The fold change in control group was considered as 1. In the testicular tissue, SPINK2, SERPIN and IFNy and in

PBMC, CAT, IL2, TLR2 and IL6 genes were upregulated in goats. p < 0.05.

At the PBMC level, dietary boron supplementation increased the IL2
and catalase and decreased TLR2 mRNA expression is suggestive of
increased immune status and reduced oxidative stress. The significant
increase in proinflammatory IL2 gene expression in the present study
indicates enhanced immune function in the boron fed animals [54].
Dietary zinc supplementation increased pro-inflammatory and anti-
oxidant status by the elevation of cytokines such as IL2 [55]. Similarly,
upregulation of antioxidant enzyme catalase is suggestive of the re-
duced stress in dietary boron group and is in agreement with the de-
creased level of stress biomarker enzymes, AST and ALT. The low doses
of boron (5-20 mg/1) increased catalase in the erythrocytes of the mice
[56].

In the present study, decreased TLR2 expression in the PBMC of the
boron fed animals suggest the positive role of boron on semen pro-
duction as the enhanced TLR2 expression in the spermatozoa was as-
sociated with reduced sperm motility, sperm apoptosis, and impaired
fertilization [57]. Overall, the present study suggest that dietary boron
supplementation mediated the molecular level changes in male goat
favored sperm output and quality sperm production.

Dietary boron supplementation increased the sperm output, sperm
motility and enhanced the immune and antioxidant defense capacity in
male goats. Further, it also increased the expression of positive reg-
ulators such as SERPIN and IFNy, which are critical regulators of
spermatogenesis process. Such changes at the testicular level coupled
with antioxidant microenvironment improved reproductive function in
male goats.
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