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Abstract
Boric acid (BA) is an important mineral for plants in nature, animals and human to help metabolic
functions. Boric acid has both positive and negative effects on biological systems. In the literature, there
is no publication about boric acid effect on preimplantation mouse embryo about in vitro developments.
The aim of the present work was to investigate the effects of different concentrations of boric acid added
to prior in vitro cytotoxicity for bene�cial doses and later the mouse embryo culture media for antioxidant
levels, the embryo quality, in vitro development rate and related genes. Superovulated C57Bl6/6j female
mice were sacri�ced ~18 hours after human chorionic gonadotropin (hCG) injection. Single cell stage
embryos were collected from the oviducts and the embryos were divided experiment groups and cultured
in embryo medium supplemented BA+ in 5% CO2, 37°C until 96-120 h at the blastocyst stage. The

blastocyst development rates of 0, DMSO, 10-2, 10-3, 10-4, and 10-5 ppm BA were 51.52% (34/66), 45.00%
(9/20), 72.62% (36/49), 77.48% (41/53) and 81.15% (43/53), respectively. The in vitro development rates
were signi�cantly higher in the 10-2, 10-3, 10-4 ppm compared with 0 (control) (p<0.05) and 10-5 ppm BA
signi�cantly higher compared with control group (p<0.01). With these results, after determining the non-
cytotoxic doses of BA, low doses in�uence embryo development by positively affecting in vitro
development rates, embryo cell numbers, biochemical parameters, development at molecular level.
Therefore, boric acid seems to play an important role on the in vitro embryo development.

Introduction
Reproductive biotechnology studies focus on such topics as the collection of greater numbers of
embryos, the long-term storage of embryos (cryopreservation), embryo cultures, the genetic diagnosis of
embryos and embryo transfer [1]. The development of embryos in embryo cultures is affected by the
ingredients of the culture medium (nutritional minerals, protein sources, etc.), atmospheric conditions
(CO2 and O2 proportions), ambient temperature, the osmotic pressure of the culture medium, the volume
of culture drops and embryo manipulation, among other factors [2–3]. Embryos are exposed to severe
oxidative stress under in vitro culture conditions, and the resulting reactive oxygen species can damage in
vitro embryo development. The speci�c conditions of an embryo culture can affect the blastocyst quality
and cell counts [4–5]. Antioxidants act as free radical scavengers, protecting cells or reducing the
damage caused by free radicals. The addition of antioxidants to the embryo culture medium has been
shown to improve in vitro embryo development [6]. While some free radical scavenging antioxidants in
follicular �uids can protect oocytes against oxidative stress under in vivo conditions [8], this antioxidant
environment is weaker under in vitro culture conditions, exposing oocytes or embryos to severe oxidative
stress [9]. The most effective approach to overcoming this problem involves the supplementation of the
culture medium with antioxidant agents.

Boron (B) is an essential trace element for the metabolism of plants, animals and humans. Boric acid
(BA) is a Lewis acid that plays an important role in the regulation of many enzymes, and in cell growth,
proliferation, development and energy metabolism [10–11]. Generally, B exists in the environment in an
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oxidation state, which is BA. After being taken into the body, it quickly enters the bloodstream and is
excreted without accumulation. Boric acid contains approximately 17.5% boron [11]. In addition to being
used as an antioxidant, anti-in�ammatory and anti-cancer agent, BA has also been reported to have a
positive effect on embryonic development, bone development, the immune system, and psychomotor and
cognitive functions [13–16]. Recent studies have focused on the potential bene�cial effects of BA in rat
Sertoli cells, mouse Leydig cells and fetal embryo development [17–19].

The present study is the �rst to monitor embryo development and to optimize bene�cial therapeutic dose
concentrations after the addition of BA to in vitro mouse embryo cultures. To this end, in vitro
development rates, embryo development quality, total oxidative stress and antioxidant levels, and the
embryo development pathways of embryos derived through different concentrations of BA
supplementation to the embryo culture medium are analyzed.

Materials And Method
In Vitro Dose Selection by MTT Testing

Before starting the animal studies, the therapeutic dose was determined in vitro to use fewer animals, and
to determine the bene�cial dose of BA (3R; Replacement, Reduction, Re�nement). U2-OS (human
osteosarcoma) cells were used for the cytotoxicity assay, being the cell line most suitable for reproductive
studies due to its pluripotency-like stem cells. Accordingly, 4000 cells/well were seeded into clear 96-well
plates and grown for 48 hours, after which the cells were treated with BA (Merck catalog number:100165)
in the 13 different concentrations (from 10− 5 to 103 ppm) in which the �nal solvent (DMSO)
concentration was adjusted to 0.5% (v/v). The cells were incubated for another 48 hours, after which cell
viability was determined using tetrazolium dye 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium
bromide (MTT) salt. MTT is the substrate of the mitochondrial enzymes and converts to insoluble purple
color formazan. After 48 hours, the MTT: DMEM mixture was replaced with the medium and incubated
for four hours. The intensity of the purple color was measured to determine the cell viability [20]. Cells
with MTT reagent medium was replaced with a DMSO:EtOH (50:50) mixture to dissolve the formazan
salt. Finally, the absorbance of the wells was measured at 570nm using the spectrophotometer. As a
positive control, the cells were treated with a 5% �nal DMSO concentration (known as toxic to cells). The
experiment was repeated twice in triplicate.

Animals

The animals were kept under a 12:12 light-dark cycle in a room with 55 ± 10% humidity and a temperature
of 22 ± 2◦C at the Animal Research Laboratory of the Koç University Translational Medical Center
(KUTTAM) and provided with pellets (Special Diets Services; UK), bedding (TAPVEI®, Estonia) and �ltered
potable water ad libitum. All experiments with mice were approved by the Koç University Animal
Experiments Local Ethics Committee (Approval No: 2021-05).

Superovulation and Embryo Culture
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First, an intraperitoneal (IP) injection of 10 IU pregnant mare serum gonadotropin (Sigma G4877-PMSG)
was administered to female mice between 12:00 and 13:00, followed 48 hours later by 10 IU of human
chorionic gonadotropin (Organon-hCG), administered intraperitoneally, between 12:00 and 13:00. The
mice were then mated with male mice of the same race. The next day, at 08:00 AM, vaginal plaque
control was performed. The superovulated female mice were sacri�ced and the embryos were collected
through the rupture of the oviduct ampullae. After washing three times in 80 IU/mL hyaluronidase (Sigma
H-3506) + 4 mg/mL Bovine Serum Albumin (BSA, SigmaA-3311) + Human Tubal Fluid + HEPES-buffered
(HTF, global total w/ HEPES) medium, the embryos were washed again in the external medium
supplemented with 4 mg/mL BSA (Sigma Catalog, No A-3311, Fraction V).

Then, 10 µl of embryo culture drops were added to a Petri dish and the drops were overlaid with mineral
oil (LIFEGUARD-Life Global) to ensure the contamination, evaporation and integrity of the drops, and
placed in an incubator at 37°C in 5% CO2 and high humidity for gassing at least 2 hours prior to embryo
transfer. The collected embryos were kept in an embryo culture (LifeGlobal Media, LGGG-020) medium (4
mg/ml BSA Fraction V. A3311) for 60 minutes in an incubator at 37ºC with 5% CO2 for quality
assessment. Selected quality embryos were then cultured in a Life Global embryo culture (4 mg/ml BSA
Fraction V, A3311) supplemented with BA (Merck catalog number:100164) 10− 2, 10− 3, 10− 4, 10− 5, and
control) in an incubator at 37ºC with 5% CO2. The in vitro development rates of the transferred embryos
were evaluated at 24, 96 and 120 hours [21].

Differential Labeling of Inner Cell Mass (ICM) and Trophectoderm (TE) Nuclei

The blastocysts were kept in 100 µg/ml propidium iodide (PI) + HTF external medium + 1% TritonX100
(Sigma CAS No.9002-93-1) solution for 10–12 seconds, then transferred to a 100 µg/ml 100% ethanol
(EMPROVE) + 25 µg/ml Hoechst 33258 (H1398, Molecular Probes, Inc.) solution, and incubated overnight
at 4°C. A 5 µl glycerol drop was put on the slide to �x the blastocysts, which were transferred into the drop
and covered with a coverslip. In the prepared blastocyst cell staining samples, cell counts of
trophectoderm (TE) and inner cell mass (ICM) were calculated under an inverted microscope with red and
blue �uorescent attachments [21–22].

Determination of Oxidant and Antioxidant Levels

The total antioxidant status (TAS, mmol Trolox eq/L), total oxidant status (TOS, µmol H2O2 eq/L) and
oxidative stress index (OSI, arbitrary unit) levels were assayed as described previously [23] using
commercial assay kits (Rel Assay Diagnostics, Gaziantep, Turkey).

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) analysis

RNA isolation was performed using a Quick-RNA® Kit (Macharey-Nagel) following the manufacturer's
instructions. RNA measurement was performed using Nanodrop (ThermoScienti�c) with a
spectrophotometric reading at 260 nm. A 250 ng cDNA preparation was obtained through the reverse
transcription of RNA using M-MLV Reverse Transcriptase. The relative mRNA expression levels of
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Glutathione peroxidase 1 (GPX1), Glutathione peroxidase 4 (GPX4), CDX2, superoxide dismutase 1
(SOD1), superoxide dismutase 2 (SOD2), CDX2 and NANOG genes were determined using a Light Cycler®
480 SYBR Green I Master [21] (Table 1).

Statistical Assessment of Results

IBM SPSS Statistics for Windows (Version 24.0. Armonk, NY: IBM Corp.) was used for the statistical
assessment of the results with a su�cient number of repetitions. The results were evaluated with a one-
way ANOVA with a Bonferroni post-hoc test. A p-value of < 0.05 was considered statistically signi�cant.
All experiments were repeated three times.

Results
Determination of the Boric Acid Dose by In Vitro Cytotoxicity

The cytotoxic effects of 13 different BA doses on cell viability after 48 hours of exposure were evaluated,
revealing that 101.70, 102, 102.40, 102.70 and 103 ppm BA negatively affected (p > 0.05) both cell viability
and cell count, while three BA concentrations (10− 3, 10− 4, and 10− 5) positively affected cell growth (p < 
0.05).

Embryo Culture

One-cell embryos obtained through superovulation (DMSO, 0, 10− 2, 10− 3 10− 4 and 10− 5 ppm) were
transferred to in vitro embryo culture media in numbers of 20, 66, 49, 53 and 53, respectively and were
cultured for 96 hours in an incubator at 37°C with 5% CO2, 5% O2, and under high humidity until the
blastocyst stage. The assessment of development after in vitro culture revealed 9 blastocysts (45.00%) in
the DMSO control group, 34 blastocysts (51.52%) in the control group (0 ppm BA), 36 blastocysts
(72.62%) in the 10− 2 ppm BA group, 41 blastocysts (77.48%) in the 10− 3 ppm BA group and 43
blastocysts (81.15%) in the 10− 5 ppm BA group. There was a statistically signi�cant difference between
the control group and the 10− 4 ppm (p < 0.05), and the 10− 5 ppm BA groups (p < 0.001) (Fig. 2). The
difference between the control group and the DMSO group was insigni�cant (p > 0.05).

Results of Cell Counting by Differential Staining

The differential �uorescence staining produced a mean cell count of 37.67 ± 3.79, 45.17 ± 5.60, 55.20 ± 
14.02, 49.00 ± 6.28 and 49.33 ± 1.15 in the 0, 10− 2, 10− 3 10− 4 and 10− 5 ppm BA groups, respectively
(Fig. 3C). The trophectoderm cell counts were 28.33 ± 3.21, 32.67 ± 2.34, 40.4 ± 10.64, 36.60 ± 5.18 and
37.67 ± 0.58 in the groups, respectively (Fig. 3B); and inner cell counts were 9.33 ± 0.58, 12.50 ± 3.94,
14.80 ± 4.44, 12.40 ± 1.82 and 11.67 ± 0.58 in the groups, respectively (Fig. 3A). The mean cell and inner
cell counts differed signi�cantly between the 10− 2, 10− 3 and 10− 4 (p < 0.05), and the 10− 5 (p < 0.01) ppm
BA groups, and the control group. There was a signi�cant difference in the mean trophectoderm cell
count between the 10− 2, 10− 3, 10− 4 and 10− 5 ppm BA groups and the control group (p < 0.05).
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Oxidant and Antioxidant Levels

A comparison of TOS levels revealed no statistical difference between the control group [37.16 (33.67–
38.21)] and the 0.01 ppm [33.28 (32.76–38.06)], 0.001 ppm [38.82 (27.91–40.11)], 0.0001 ppm [39.04
(35.04–40.52)] and 0.00001 ppm [39.47 (37.53–41.13)] groups (Fig. 4A). A comparison of TAS levels, in
turn, showed a signi�cant difference between the control group [22.07 (19.43–22.99)] and the 0.001 ppm
[24.81 (22.23–26.31)] group (p > 0.05). The 0.01 ppm [21.64 (19.03–22.46)], 0.0001 ppm [22.27 (21.83–
24.89)] and 0.00001 ppm [23.34 (21.37–24.57)] groups did not differ statistically from the control group
(p < 0.05) (Fig. 4B). The comparison of OSI levels did not reveal any statistical difference between the
control [1.731 (1.616–1.733)], 0.01 ppm [1.722 (1.482–1.759)], 0.001 ppm [1.617 (1.061–1.759)], 0.0001
ppm [1.628 (1.605–1.753)] and 0.00001 ppm [1.762 (1.527–1.847)] groups (p < 0.05) (Fig. 4C).

Quantitative Real-Time PCR

We performed qPCR analyses of the control and boric acid-treated blastocysts to evaluate whether the
observed changes in the cell counts of trophectoderm and ICM within the embryo were re�ected in the
expression of the respective genes in these two structures, and BA-treated embryos were seen to
signi�cantly upregulate the expression of CDX2 (Fig. 5A) – a trophectoderm cell marker – and NANOG
(Fig. 5D) – an inner cell mass marker (p < 0.05). The oxidative stress markers, GPX1, SOD1 and SOD2
(Fig. 5B,E,F) genes differed signi�cantly between the BA-treated groups and the control group (p < 0.05).
Furthermore, the level of GPX4 – a marker gene identifying the negative effect of oxidative stress – was
signi�cantly decreased in the BA-treated groups when compared to the control groups (p < 0.05).

Discussion
The speci�c conditions of the embryo culture can affect blastocyst quality and cell counts. However, in
vitro embryo development can be affected by such oxidative stress sources as reactive oxygen species
that can damage embryo development. Antioxidants act as free radical scavengers and protect cells. The
addition of antioxidants to the embryo culture medium has been shown to improve in vitro embryo
development [6].

In a previous study examining the effect of boron-supplemented feed on the embryonic development of
mice, doses of 0.04, 2.05 and 11.8 µg B/g-diet were administered, and the negative effects on the in vitro
development of embryos collected from those fed 0.04 µg B/g-diet [17] were established. In the present
study, as the �rst of its kind in literature, low doses (10− 2, 10− 3, 10− 4 and 10− 5 ppm) of BA were added to
the culture medium to understand the positive effects on embryo development and its mechanism.

Ince et al. found that feeding rats boron via a gavage tube (0.04 and 2.05 g) for 14 days improved gene
expression in the early embryonic period after conception (HEX, NANOG, and OCT-3/4) and improved the
fetal development of the rats [24]. Similarly, our study found NANOG levels to signi�cantly promote
embryo development when compared to the control group.
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In contrast, a recent study reported that the addition of 20–250 µM/L BA as an antioxidant to in vitro
cultures did not promote bovine embryo development in vitro [25]. Nonetheless, B (0.3-09 g)
supplemented to the quality of Angora buck sperma after freezing and thawing and some positive effects
on spermatological parameters after thawing [26]. Another study, in which B (0.25, 0.5 and 1 mm) was
added to thawed ram sperm parameters, adverse effects on sperm parameters and gene expressions
level of antioxidants [27]. It was noted in the present study that embryo development is positively
affected at much lower doses (up to 10− 5), and that the use of in vitro methods is important for the dose
determination of newly used antioxidants or similar growth factors.

Erhui et al. established that 0.4 and 40 ppm B doses positively affected the proliferation of spleen
lymphocytes. A study examining the effects of rat Sertoli cells cultured with different B doses (0, 0.25, 0.5,
1.0, 5.0, 10.0, 40.0 and 80.0 mmol) on in vitro cytotoxicity, apoptosis and cell cycle reported a positive
effect on proliferation for only 0.5 mmol B [28]. The B boron and BA used in the present study had a
greater effect on cell growth, particularly at low doses.

Yalcin et al., in their study investigating the effects of BA on cell viability of mouse TM3 Leydig cells,
observed no cytotoxicity after exposure to BA in varying concentrations (0.5, 1, 5, 10, 50, 100, 500 and
1000 µM) for 24 hours [29]. The present study observed that boric acid (10− 2, 10− 3 10− 4 and 10− 5 ppm)
signi�cantly improved viable cell growth.

In fertilized trout eggs fed B in quantities ranging from 2.2 to 90.6 mmol/L, B was found to promote
development in a dose-dependent manner [30]. Similarly, our study showed that BA promoted embryo
development depending on the dose. Adult Xenopus laevis were fed a diet containing 45, 310 and 1850
microg B/kg B (-B), and abnormal developmental disorders were observed in the high-dose groups (310
and 1850 microg B/kg), while the low dose group (45 micrograms) had normal reproductive system
development after 120 days [31]. The present study, considering the effect of BA on embryo development,
observed a negative effect especially in high doses in MTT, while the effect was positive in low-dose
groups, and therefore, dose escalation was performed.

Recent studies have investigated the antioxidant properties of BA under in vivo and in vitro conditions.
Various doses of BA were administered to Galleria mellonella larvae as a supplementary diet, leading to
increased SOD activity at 156 and 620 ppm doses, while high doses of 1250 and 2500 ppm led to
decreased antioxidant levels and increased larval and pupal mortality [32]. A previous study investigating
the ability of BA to protect against a�atoxin b1 toxicity in human blood found that 2 ppm BA reduced the
oxidative stress caused by a�atoxin by increasing the levels of such antioxidants as SOD, CAT and GSH-
Px [33]. Furthermore, another study investigating the effects of different doses of BA injected into the egg
on the bursa of Fabricius and spleen found that low boric acid doses (1000 ppm) caused led to the
involution of the bursa of Fabricius, and indirectly increased the plasma cell counts in the spleen [34]. In
another study assessing the immune and antioxidant status and the growth performance of lambs fed
diets with or without su�cient Ca + showed that 40 ppm BA increased the total antioxidant activity and
SOD1 gene expression [35]. In the present study, in which embryo development after the addition of BA to
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in vitro mouse embryo cultures was monitored, a dose-dependent increase in TAS, NANOG, SOD1, SOD2,
GPX1 and GPX4 levels was established at 0.001 ppm BA, and this increase in antioxidant levels suggests
a decrease in the oxidative stress factors in the embryo culture and an increase in embryo development
rates and quality.

In conclusion, the use of low-dose BA (0.00001) the better positively affects embryo development. The
�ndings of the present study can be used for the development of a model for use in veterinary and
human medicine. Embryo production is especially important in farm animals (cattle, sheep). Increasing
the production of healthy embryos through the use of BA would contribute to the improvement and
development of livestock. Future original researches exploring the effects of boric acid-supplemented
culture media on in vitro and in vivo embryo development together in studies of such processes as
embryo cryopreservation, somatic cell nuclear transfer (SCNT), in vitro fertilization (IVF) and
intracytoplasmic sperm injection (ICSI) would further contribute to literature.
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Figures

Figure 1

In vitro toxicity and determination the bene�cial BA dose by MTT testing: 13 different BA doses on cell
viability after 48 hours of exposure were evaluated, revealing that 4 doses (100, 250, 500 and 1000
ppm) BA negatively affected *p<0.05, **p<0.01 and ***p<0.001. Both cell viability and cell count, while
three BA concentrations (0.01, 0.001, 0.0001 and 0.00001) positively affected cell growth and non-toxic. 
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Figure 2

Effect of boric acid concentration to in vitro development rates of mouse embryo: Effect of boric acid on
blastocyt mouse embryo development rates *p<0.05 and ***p<0.001.
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Figure 3

Effet of boric acid on results of mouse embryo cell counting by differential staining (A) Effect of boric
acid on inner cell mass (ICM) mean numbers of mouse blastocysts (B) Effect of boric acid on
trofectoderm cell (TE) mean numbers of mouse blastocysts (C) Effect of boric acid on total cell mean
numbers of mouse blastocysts. 

Figure 4
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The oxidant and antioxidant effects of different doses of boric acid on mouse embryo

(A) total oxidant status (TOS, µmol H2O2 eq/L), (B) total antioxidant status (TAS, mmol Trolox eq/L), and
(C) oxidative stress index (OSI, arbitrary unit). *p<0.05, **p<0.01 and ***p<0.001.

Figure 5

Relative transcript levels of CDX2, GPX1, GPX4, NANOG, SOD1 and SOD2 in control and boric acid-treated
embryos (A) Boric acid have positive effect on in vitro mouse blastocyt level of CDX2 *p < 0.05. B) Boric
acid have positive effect on in vitro mouse blastocyt level of GPX1 *p < 0.05 (C) Boric acid have negative
effect on in vitro mouse blastocyt level of GPX4 *p <0.05 (D) Boric acid have positive effect on in vitro
mouse blastocyt level of NANOG *p < 0.05. (E) Boric acid have positive effect on in vitro mouse blastocyt
level of SOD1 *p < 0.05. (F) Boric acid have positive effect on in vitro mouse blastocyt level of SOD2 *p <
0.05. 


