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ABSTRACT

The present study aimed to investigate the possible effects of chitosan nanoparticles (CNPs) supplementation to the in
vitro maturation medium on the expansion of cumulus cells, nuclear maturation, and relative gene expression of
Superoxide dismutase-1 (SOD1), B-cell lymphoma-2 Apoptosis Regulator (BCL2), and BCL2 Associated X (BAX) in
the River buffalo. Slaughterhouse-derived cumulus-oocyte complexes (COCs) became matured in vitro in the absence
(control) or presence of CNPs (10, 25, and 50pg/mL). At the end of maturation, we assessed expansion rates and
denuded COCs; then, some replicates were fixed and stained to determine nuclear maturation. Other replicates were
vitrified until we acquired enough oocytes, thawed, and assessed gene expression. We concluded that 10pg/mL CNPs
significantly increased cumulus cell expansion and nuclear maturation. Whereas 10 and 25pg/mL CNPs non-
significantly increased SODI relative expression, BCL2/BAX ratio for 10pg/mL CNPs was significantly higher than in

control, 25 and 50pg/mL CNPs groups.
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INTRODUCTION

Buffaloes are economically important animals in many
Asian, Mediterranean, Latin American, and European
countries because they are important source of milk and
meat (Ondho et al. 2020; Bertoni et al. 2021). However, the
reproductive performance of buffaloes is low due to
delayed onset of puberty, silent estrus, poor conception
rates, low numbers of Graafian follicles on ovaries, and
poor response to hormonal stimulation, which decreases
the yield of embryos in embryo transfer practices (Mahesh
et al. 2017). This has resulted in increased attention to in
vitro embryo production (IVEP) technologies for the rapid
proliferation of superior traits in this species(Gasparrini
2013). In vitro environment exposes oocytes and embryos
to much higher activities of reactive oxygen species (ROS)
compared to physiological in vivo procedures (Gupta et al.
2010). Furthermore, in vitro procedures usually lack
enzymatic antioxidants which combat ROS, such as
superoxide dismutase, catalase and glutathione peroxidase

(Agarwal and Majzoub 2017). Reactive oxygen species
have been shown to adversely affect in vitro embryo
production (IVEP) through increased membrane selective
permeability, enzyme inactivation, DNA fragmentation,
mitochondrial enzyme leakage and apoptosis induction
(Agarwal and Majzoub 2017).

Chitosan is a glucosamine polymer produced by the
de-acetylation of purified chitin (Rampino et al. 2013). It
has several biological activities, including its ability to
scavenge free radicals (Park et al. 2004). This polymer has
been shown to enhance the maturation of porcine oocytes
(Garcia et al. 2015). Furthermore, low concentrations of
chitosan nanoparticles (CNPs) significantly increased the
intracellular Glutathione levels and reduced ROS, which
led to significantly higher maturation, cleavage, and
blastocysts formation rates (Roy et al. 2021). In cattle, a
low concentration of CNPs suppressed the negative effect
of linoleic acid (LA) on both the nuclear maturation and
cumulus cells expansion. Furthermore, it supressed the
detrimental effects of LA on cleavage and blastocyst rates
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(Abdel-Halim 2018). To the best of our knowledge, the
possible effects of CNPs on the maturation of buffalo oocytes
have not been studied so far. Therefore, aim of the present
study was to investigate the effect of supplementation of in
vitro maturation medium with chitosan nanoparticles on
river buffalo cumulus-oocyte complexes.

MATERIALS AND METHODS

Ethics Approval

All experiments of this study were approved by the
Research Committee of the Biotechnology Department,
Agriculture Faculty, Al-Azhar University, Egypt, in their
17 February 2021 session.

Chitosan Nanoparticles Preparation

Chitosan nanoparticles were prepared as described by
Darwesh et al. (2018). In brief, 14mL of 0.1% tri-sodium
polyphosphate (in distilled water) and 35mL of 1%
chitosan (in 2.0% acetic acid) were mixed together at room
temperature while maintaining mild stirring (550rpm).
Then the mixture containing CNPs was subjected to
centrifugation for 10min at 10,000rpm. The supernatant
was removed; CNPs pellet was washed with distilled water,
then ethanol and air dried and stored at 5°C.

For characterization of CNPs, a drop of chitosan
(dissolved in distilled water) was placed on the carbon-
coated copper grid and air dried at room temperature.
Electron micrographs were obtained using a JEOL GEM-
1010 transmission electron microscope at 80kV (Amin et
al. 2021). The mean diameter for CNPs was 16.7nm (Fig. 1).

The in vitro maturation medium contained M199 (earl
salts) supplemented with 25mM sodium bicarbonate, 10%
heat-inactivated FCS, 0.2mM sodium pyruvate, Spg/mL
LH, 0.5pg/mL FSH and 1pg/mL estradiol-17f (El-Ruby et
al. 2017). The fixative solution used for fixation of oocytes
contained acetic acid and ethanol (1:3 v/v). Stain
differentiation solution (Aceto-orcein stain, 1%) was
composed of acetic acid, distilled water, and glycerol (1:3:1
v/v/v). All vitrification and thawing solutions were
prepared according to the protocol described by Attanasio
et al. (2010). QIAzol® lysis reagent (QIAGEN, Meryland,
USA) was used for the total RNA isolation. Thermo
Scientific RevertAid First Strand ¢cDNA Synthesis Kit
(Thermo Fisher scientific Inc., Lithuania) was used in the
study. Maxima SYBR Green qPCR master mix (2x)
(Thermo Fisher Scientific inc., Lithuania) was used for
Real-Time PCR. Four gene specific primers were applied
in the study. These included SOD1, BCL2, BAX and B
actin. The SODI1 had accession number of
NM_001290973.1, product length of153bp, with primer
sequences of F- GAGAGGCATGTTGGAGACCT and R —
TCTGCCCAAGTCATCTGGTT (Khalil et al. 2021). For
BCL2, the accession number was XM 025273634.1,
product length wasl10bp, with primer sequences of F-
ATGACTTCTCTCGGCGCTAC and R- TGAAGAGCTC
CTCCACCAC (Khalil et al. 2021). BAX had accession
number of XM 006050927.2, product length 122bp and
primer sequences of F- CTTTTGCTTCAGGGTTTCA and
R- CGCTTCAGACACTCGCTCA (Khalil etal. 2021). For
B actin, accession number was XM_006044278.1, product
length was 150bp, the primer sequences were F-
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GCCCTGGCACCCAGCACAAT and R-GGAGGGGCC
GGACTCATCGT (Zhao et al. 2019).

Oocytes Recovery and Maturation

For recovery of oocytes, medium-sized (4-8mm)
follicles were aspirated within 2-3 hours after slaughter by
an 18-gauge needle (Yousaf and Chohan 2003). Only
cumulus-oocyte-complexes (COCs) having evenly granular
and homogenous ooplasm and more than two layers of
dense cumulus cells were collected. The collected COCs
were washed many times in HEBES buffered TCM199,
followed by incubation in IVM (10 oocytes/100uL) for 22h
at 38.5°C under mineral oil and 5% CO- in the air with high
humidity (El-Ruby et al. 2017).

Assessment of Cumulus Cell Expansion

Visually, oocyte expansion was classified into three
categories: non or low expansion, moderate expansion, and
high expansion (Chauhan et al. 1999). For denuding,
oocytes were exposed to 0.3% hyaluronidase in PBS and
then repeatedly pipetted through a narrow flame-pulled
Pasteur pipette, as described by Prentice-Biensch et al.
(2012). The denuded and matured oocytes were fixed and
stained by Aceto-orcein stain to evaluate their maturation.
For this purpose, the protocol described by Prentice-
Biensch et al. (2012) was followed. Oocytes with
condensed chromatin were considered as mature. Then the
matured oocytes were subjected to vitrification and
thawing following the procedure of Attanasio et al. (2010).

Total RNA Extraction and First Strand cDNA synthesis

The oocytes were lysed byQIAzol®lysis reagent
(QIAGEN, Meryland, USA), as per instructions of the
manufacturer. First Strand c¢cDNA Synthesis (Thermo
Fisher Scientific Inc., Lithuania) kit was used to generate
cDNA from the RNA template immediately after total
RNA extraction, as recommended by the manufacturer.
The cDNA was stored by deep freeze till use.

Quantitative Real-time PCR

Gene expression levels for SOD1, BCL2, and BAX
genes with B-actin as the housekeeping gene was evaluated
using the Rotor-GeneTM 6000 Real-Time PCR Thermo
cycler (Corbett Life Science, Australia) and primers
developed based on cDNA sequences. Maxima SYBR
Green qPCR master mix (2x) (Thermo Fisher Scientific
inc., Lithuania) was used according to the manufacturer's
instructions. The fold difference method 224 was used to
quantify gene expression levels for target genes, as
described by Yadav et al. (2013).

Experimental Design and Statistical Analysis

COCs were recovered and matured in the absence
(control) or presence of CNPs (10, 25, and 50pg/mL). At
the end of maturation, expansion rate was assessed, then
oocytes were denuded, then either fixed and stained to
assess maturation or vitrified until enough oocytes were
acquired for each replicate. The vitrified oocytes were
thawed, and the gene expression was assessed. Each
experiment was repeated at least three times. Mean values
(£SEM) of various parameters for different CNPs treatment
groups were computed. The magnitude of variation in
cumulus expansion, nuclear maturation and gene



expression for different CNPs treatment groups was
assessed using ANOVA and LSD post hoc test (SPSS 23).

RESULTS

Effect of IVM Media Supplementation with CNPs on
Cumulus Cell Expansion

As shown in Table 1, supplementation of IVM with
10pg/mL CNPs led to a significant (P<0.05) increase in
high cumulus cell expansion when compared to control, 25
and 50pg/mL CNPs groups; where high cumulus cell
expansion rates were 73.97+3.64, 48.96+4.19, 57.14+4.20
and 56.83+4.22%, respectively. The differences in high
cumulus cell expansion rates among control, 25 and
50ug/mL CNPs groups were non-significant. Moreover,
supplementation of IVM with 10pug/mL CNPs also led to a
significant (P<0.05) increase in expanded COCs when
compared to control (98.63£0.97 Vs. 93.01£2.14%). The
rates of expanded COCs of 25 and 50ug/mL supplemented
groups were 96.43+1.57 and 94.96+1.86%, respectively.

Table 1: Effect of IVM media supplementation with CNPs on
cumulus cell expansion (N=568)

Experimental ~High cumulus expansion =~ Expanded COCs
Groups COCs (%) (%)
Control 48.96+4.19a 93.01+2.14a
10pg/mL 73.97+3.64b 98.63+0.97b
25ug/mL 57.14+4.20a 96.43+1.57ab
50pg/mL 56.83+4.22a 94.96+1.86ab

Values (MeantSEM) with different alphabets within same
column indicate significant difference (P<0.05).

Effect of IVM Media Supplementation with CNPs on
the Nuclear Maturation

Supplementation of IVM with 10pg/mL CNPs led to a
significant (P<0.05) increase in oocyte nuclear maturation
rate compared to control; where rates were 84.21+4.21 and
64.10+£5.47% for 10pg/mL CNPs and control groups,
respectively. Supplementation of IVM with 25 and
50pg/mL CNPs also increased oocyte nuclear maturation
rates compared to the control, but the difference was non-
significant. Oocyte nuclear maturation rates for 25 and
50ug/mL CNPs and control groups were 73.75+4.95,
74.36+4.98 and 64.10+5.47%, respectively.

Effect of IVM Media Supplementation with CNPs on
SOD1, BAX and BCL2 Relative Gene Expression

As shown in Table 2, supplementation of [VM with 10
and 25pg/mL CNPs non-significantly increased SODI1
relative expression when compared to 50pg/mL CNPs and
control groups. Values for SODI1 relative expression were
1.2540.12, 1.30£0.29, 1.03£0.12 and 1.00+0.00 for 10, 25
and 50pug/mL CNPs and control groups, respectively.
Regarding BAX relative expression, 10 and 50pg/mL
CNPs supplementation significantly (P<0.05) decreased
the relative expression when compared to control, where
expressions were 0.72+0.00, 0.64+0.27, and 1.00+0.00,
respectively. Relative BAX expression of 25pg/mL CNPs
supplemented group (0.88+0.15) differed non-significantly
from 10pg/mL CNPs and control groups. For BCL2
expression, 10 and 25pg/mL CNPs IVM supplementation
significantly (P<0.05) increased the values when compared
to control, where expression values were 2.07+0.27,
1.954+0.39, and 1.00+0.00, respectively. Relative BCL2
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expression for 50pg/mL CNPs supplemented group was
1.36+0.57, which neither differed significantly from 10 and
25ug/mL. CNPs nor the control group. All CNPs
supplemented groups (10, 25 and 50pg/mL) had
significantly (P<0.05) higher BCL2/BAX ratio when
compared to control, the values were 2.89+0.37, 2.19+0.08,
2.14+0.00 and 1.00+0.00, respectively. BCL2/BAX ratio
for 10pg/mL CNPs group was the highest when compared
with control, 25 and 50pg/mL CNPs supplemented groups
(P<0.05).
DISCUSSION

During the in vitro maturation of oocytes, FSH
stimulates epidermal growth factor synthesis, which in turn
stimulates cumulus cells to secrete hyaluronic acid rich
extracellular matrix expanding the cumulus cells. This
expansion promotes meiosis resumption by disrupting the
cumulus oocyte gap junctions and preventing
cAMP/cGMP flow into the oocyte (Sugimura et al. 2018).
Therefore, cumulus cell expansion can be used as a marker
for assessing the oocyte developmental competence (Han
et al. 2006).

Data present in the current study revealed that
10ug/mL CNPs supplementation significantly (P<0.05)
enhanced the cumulus cell expansion and oocyte
maturation. All groups supplemented with CNPs had non-
significant increase of SOD1 expression. BCL2 expression
was significantly (P<0.05) increased in 10 and 25pg/mL
CNPs supplemented groups. BAX expression was
significantly (P<0.05) decreased in 10 and 50pg/mL CNPs
supplemented groups. Although All CNPs supplemented
groups significantly increased BCL2/BAX ratio compared
to control, 10pg/mL CNPs supplemented group showed the
highest ratio when compared with control, 25 and 50pg/mL
CNPs supplemented groups (P<0.05).

These results agree with those reported by Abdel-
Halim (2018), where 10pg/mL CNPs suppressed the
detrimental effect of LA on nuclear maturation and
cumulus cell expansion. These results are also in line with
those of Roy et al. (2021), who found that 25pg/mL CNPs
supplementation led to a significant increase in porcine
oocyte nuclear maturation. The difference in CNPs dose of
the present study and that of Roy et al. (2021) may be
attributed to species difference, as the porcine oocytes are
more susceptible to lipid peroxidation than bovine due to
the presence of more fatty acid contents (McEvoy et al.
2000).

The data in the present study showed that low
concentrations of CNPs (10 and 25pg/mL) non-
significantly increased the SOD1 expression. SODI is a
vital gene responsible for the SOD enzyme, which combats
oxidative stress, and is the first enzymatic defense against
ROS. It protects cells from ROS and produces hydrogen
peroxide (H20») as a by-product, which is then eliminated
either by catalase (CAT) or Glutathione Peroxidase (GSH
Px) (Wang et al. 2018). So, CNPs supplementation
increases SOD1 expression and helps combat ROS, as
increase in ROS induces DNA fragmentation (Ashibe et al.
2019), lipid peroxidation, and apoptosis (Tiwari et al.
2016). Furthermore, the study revealed that CNPs also
influenced BAX and BCL2 expression. BAX and BCL2 are
essential in regulating apoptosis (Yang and Rajamahendran
2002). Kim and Tilly (2004) investigated their role in
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Fig. 1: Transmission electron microscopy image showing CNPs and their diameter in nm.

Table 2: Effect of IVM media supplementation with CNPs on SOD1, BAX and BCL2 relative gene expression

Experimental Groups SOD1 BAX BCL2 BCL2/BAX
Control 1.00+0.00 1.00+0.00a 1.00+0.00a 1.00+0.00a
10pg/mL 1.25+0.12 0.72+0.00bc 2.07£0.27b 2.89+0.37¢
25pg/mL 1.30+0.29 0.88+0.15ab 1.95+0.39b 2.19+0.08b
50pg/mL 1.03£0.12 0.64+0.27¢ 1.36+0.57ab 2.14+0.00b

Values (MeantSEM) with different alphabets within same column indicate significant difference (P<0.05).

oocyte apoptosis, indicating that BAX and BCL2 were the
critical factors in initiating or suppressing apoptosis,
respectively. According to Yang and Rajamahendran
(2002), good grade oocytes and embryos show
significantly higher BCL2 expression than BAX
expression and vice versa. On the other hand, expression of
BAX was much higher than BCL2 expression in poor grade
oocytes and embryos. A higher expression of BCL2 than
BAX is an indication of healthy embryo. On the other hand,
when BAX expression is higher than BCL2, the embryo is
of low quality and fragmented. So the favorable impact of
10pg/mL CNPs on oocytes may be explained by its up-
regulation of SOD1 and BCL2 and down-regulation of
BAX, which in turn enhance oocyte and embryo
developmental competence and reduce their apoptosis. The
CNPs-induced improvement can be attributed to CNPs
antioxidant capability, where CNPs were closely effective
as Vitamin C for the protection of macrophages against
H,0,. Moreover, the CNPs augmented the mRNA
expression of SOD and GSH Px (Wen et al. 2013).
Chitosan, as bulk material, has free radical scavenging
activities (Park et al. 2004). Chitosan significantly lowered
free fatty acids and malondialdehyde serum concentrations,
elevated SOD, CAT, and GSH Px, resulting in reduced
lipid peroxidation (Liu et al. 2008). When exposed to
peroxyl radicals, chitosan prevented carbonyl and
hydroperoxide synthesis in human serum albumin (Anraku
et al. 2008). Moreover, it removed hydroxyl radicals and
stopped phosphatidylcholine and linoleate liposome
peroxidation (Lee et al. 2018). It prevented the oxidation of
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hepatotoxic lipids in isoniazid or rifampicin-treated rats
(Santhosh et al. 2006). Furthermore, it suppressed glycerol
renal oxidative damage either in vitro or in vivo (Wen et al.
2013).

The higher concentrations of CNPs didn’t improve the
cumulus cells' expansion and oocyte maturation, which is
supported by the findings of Roy et al. (2021) and Abdel-
Halim (2018). This might have been due to CNPs toxicity
when used at high concentrations, as has been reported
earlier in porcine oocytes (Roy et al. 2021), bovine oocytes
(Abdel-Halim 2018), and zebrafish embryos (Hu et al.
2011).

Conclusion

Supplementation of IVM with low concentration of
CNPs (10pug/mL) led to a significant enhancement in
cumulus cell expansion and maturation rates. It also
significantly increased BCL2/BAX relative gene
expression ratio compared to other groups. Furthermore, it
non- significantly increased SOD1 relative gene
expression. So, further studies are needed to evaluate CNPs
impact on cleavage and blastocyst formation rates.

Authors’ Contribution
All authors contributed equally in the study.

REFERENCES
Abdel-Halim BR, 2018. Protective effect of Chitosan

nanoparticles against the inhibitory effect of linoleic acid
supplementation on maturation and developmental



competence of bovine oocytes. Theriogenology 114: 143-
148. https://doi.org/10.1016/j.theriogenology.2018.03.032

Agarwal A and Majzoub A, 2017. Role of antioxidants in assisted
reproductive techniques. World Journal of Mens Health 35:
77-93. https://doi.org/10.5534/wjmh.2017.35.2.77

Amin BH, Ahmed HY, El-Gazzar EM and Badawy MM, 2021.
Enhancement the mycosynthesis of selenium nanoparticles
by using gamma radiation. Dose Response 19: 1-8.
https://doi.org/10.1177/15593258211059323

Anraku M, Kabashima M, Namura H, Maruyama T, Otagiri M,
Gebicki JM, Furutani N and Tomida H, 2008. Antioxidant
protection of human serum albumin by chitosan.
International Journal of Biological Macromolecules 43: 159-
164. https:/doi.org/10.1016/j.ijbiomac.2008.04.006

Ashibe S, Miyamoto R, Kato Y and NagaoY, 2019. Detrimental
effects of oxidative stress in bovine oocytes during
intracytoplasmic sperm injection (ICSI). Theriogenology
133: 71-78. https://doi.org/10.1016/j.theriogenology.
2019.04.012

Attanasio L, Boccia L, Vajta G, Kuwayama M, Campanile G,
Zicarelli L, Neglia G and Gasparrini B, 2010. Cryotop
vitrification of buffalo (Bubalus bubalis) in vitro matured
oocytes: effects of cryoprotectant concentrations and
warming procedures. Reproduction in Domestic Animals 45:
997-1002. https://doi.org/10.1111/.1439-0531.2009.

Int J Vet Sci, 2023, 12(3): 341-346.

Khalil WA, Yang CY, El-Moghazy MM, El-Rais MS, Shang JH
and El-Sayed A, 2021. Effect of zinc chloride and sodium
selenite supplementation on in vitro maturation, oxidative
biomarkers, and gene expression in buffalo (Bubalus
bubalis) oocytes. Zygote 29: 393-400. https://doi.org/
10.1017/S0967199421000162

Kim MR and Tilly JL, 2004. Current concepts in Bcl-2 family
member regulation of female germ cell development and
survival. Biochimica et Biophysica Acta (BBA) - Molecular
Cell Research 1644: 205-210. https://doi.org/10.1016/.
bbamer.2003.10.012

Lee S, Jin JX, Taweechaipaisankul A, Kim GA, Ahn C and Lee
BC, 2018. Sonic hedgehog signaling mediates resveratrol to
improve maturation of pig oocytes in vitro and subsequent
preimplantation embryo development. Cellular Physiology
233:5023-5033. https://doi.org/10.1002/jcp.26367

Liu J, Zhang J and Xia W, 2008. Hypocholesterolaemic effects of
different chitosan samples in vitro and in vivo. Food
Chemistry  107:  419-425.  https://doi.org/10.1016/j.
foodchem.2007.08.044

Mahesh YU, Gibence HRW, Shivaji S and Rao BS, 2017. Effect
of different cryo-devices on invitro maturation and
development of vitrified-warmed immature buffalo oocytes.
Cryobiology ~ 75: 106-116.  https://doi.org/10.1016/.
cryobiol.2017.01.004

01475.x

Bertoni A, Alvarez-Macias A, Mota-Rojas D, Davalos J and
Minervino AHH, 2021. Dual-purpose water buffalo
production systems in tropical latin america: Bases for a
sustainable model. Animals 11: 2910. https:/doi.org/
10.3390/ani11102910

Chauhan S, Singla SK, Palta P, Manik RS and Madan ML, 1999.
Effect of epidermal growth factor on the cumulus expansion,
meiotic maturation and development of buffalo oocytes in
vitro. Veterinary Record 144: 266-267. https://doi.org/
10.1136/vr.144.10.266

Darwesh OM, Sultan YY, Seif MM and Marrez DA, 2018. Bio-
evaluation of crustacean and fungal nano-chitosan for
applying as food ingredient. Toxicology Reports 5: 348-356.
https://doi.org/10.1016/j.toxrep.2018.03.002

El-Ruby AM, Hussein MS, Bedier W, Montaser AM, Badr MR,
Hegab AOand Zaabel SM, 2017. Improvement of in vitro
fertilization in buffalo by increasing the fertilizing capacity
of spermatozoa. Alexandria Journal of Veterinary Sciences
53: 6-10. https://doi.org/10.5455/ajvs.264914

Garcia F, Ducolomb Y, Miranda-Castro S, De la Torre-Sanchez J
and Romo SJR, 2015. Evaluation of porcine in vitro
production with the addition of chitosan to culture media.
Reproduction, Fertility and Development 27: 219-220.
https://doi.org/10.1071/RDv27n1Ab260

Gasparrini B, 2013. In vitro embryo production in buffalo:
Yesterday, today and tomorrow. Buffalo Bulletin 32: 188-
195.

Gupta S, Sekhon L, Kim Y and Agarwal A, 2010. The role of
oxidative stress and antioxidants in assisted reproduction.
Current Women's Health Reviews 6: 227-238.
https://doi.org/10.2174/157340410792007046

Han ZB, Lan CG, Wu YG, Han D, Feng WG, Wang JZ and Tan
JH, 2006. Interactive effect of granulosa cell
apoptosis,follicle ~ size,  cumulus-oocyte  complexes
morphology, andcumulus expansion on the developmental
competence ofgoat oocytes: A study using the well-in-drop
culture system. Reproduction 132: 749-758.
https://doi.org/10.1530/REP-06-0055

Hu YL, Qi W, Han F, Shao JZ and Gao JQ, 2011. Toxicity
evaluation of biodegradable chitosan nanoparticles using a

zebrafish embryo model. International Journal of
Nanomedicine 6: 3351-3359. https://doi.org/10.2147/
IJN.S25853

345

McEvoy TG, Coull GD, Broadbent PJ, Hutchinson JS and Speake
BK, 2000. Fatty acid composition of lipids in immature
cattle, pig and sheep oocytes with intact zona pellucida.
Journal of Reproduction and Fertility 118: 163-170.

Ondho YS, Samsudewa D and Lestari DA, 2020. In vitro
maturation of ovine oocytes using follicle stimulating
hormone (FSH), estradiol-17f and co-culture of fallopian
tube epithelial cells (FTEC) in tissue culture medium-199
(TCM-199). International Journal of Veterinary Science 9:
66-71.

Park PJ, Je JY, Byun HG, Moon SH and Kim S, 2004.
Antimicrobial activity of hetero-chitosans and their
oligosaccharides with different molecular weights. Journal
of Microbiology and Biotechnology 14: 317-323.

Prentice-Biensch JR, Singh J, Alfoteisy B and Anzar M, 2012. A
simple and high-throughput method to assess maturation
status of bovine oocytes: Comparison of anti-lamin A/C-
DAPI with an aceto-orcein staining technique.
Theriogenology 78: 1633-1638. https://doi.org/10.1016/
j.theriogenology.2012.07.013

Rampino A, Borgogna M, Blasi P, Bellich B and Cesaro A, 2013.
Chitosan nanoparticles: Preparation, size evolution and
stability. International Journal of Pharmaceutics 455: 219-
228. https://doi.org/10.1016/j.ijpharm.2013.07.034

Roy PK, Qamar AY, Fang X, Kim G, Bang S, De Zoysa M, Shin
ST and Cho J, 2021. Chitosan nanoparticles enhance
developmental competence of in vitro-matured porcine
oocytes. Reproduction in Domestic Animals 56: 342-350.
https://doi.org/10.1111/rda.13871

Santhosh S, Sini TK, Anandan R and Mathew PT, 2006. Effect of
chitosan supplementation on antitubercular drugs-induced
hepatotoxicity in rats. Toxicology 219: 53-59.
https://doi.org/10.1016/j.t0x.2005.11.001

Sugimura S, Yamanouchi T, Palmerini MG, Hashiyada Y, Imai K
and Gilchrist RB, 2018. Effect of pre-in vitro maturation
with cAMP modulators on the acquisition of oocyte
developmental competence in cattle. Journal of
Reproduction  and  Development  64:  233-241.
https://doi.org/ 10.1262/jrd.2018-009

Tiwari M, Prasad S, Tripathi A, Pandey AN, Singh AK,
Shrivastav TG and Chaube SK, 2016. Involvement of
reactive oxygen species in meiotic cell cycle regulation and
apoptosis in mammalian oocytes. Reactive Oxygen Species
1: 110-116._doi:http://dx.doi.org/10.20455/r0s.2016.817




Wang Y, Branicky R, Noé A and Hekimi S, 2018. Superoxide
dismutases: Dual roles in controlling ROS damage and
regulating ROS signaling. Journal of Cell Biology 217:
1915-1928. https://doi.org/10.1083/jcb.201708007

Wen ZS, Liu LJ, Qu YL, OuYang XK, Yang LY and Xu ZR,
2013. Chitosan nanoparticles attenuate hydrogen peroxide-
induced stress injury in mouse macrophage RAW264.7 cells.
Marine Drugs 11: 3582-3600. https://doi.org/10.3390/
md11103582

Yadav A, Singh K, Singh M, Saini N, Palta P, Manik R, Singla SK,
Upadhyay RC and Chauhan M, 2013. Effect of
physiologically relevant heat shock on development, apoptosis
and expression of some genes in buffalo (Bubalus bubalis)
embryos produced in vitro. Reproduction in Domestic
Animals 48: 858-865. https://doi.org/10.1111/rda.12175

346

Int J Vet Sci, 2023, 12(3): 341-346.

Yang MY and Rajamahendran R, 2002. Expression of Bcl-2 and
Bax proteins in relation to quality of bovine oocytes and
embryos produced in vitro. Animal Reproduction Science
70: 159-169. https://doi.org/10.1016/S0378-4320(01)00186-
5

Yousaf MR and Chohan KR, 2003. Nuclear morphology,
diameter and meiotic competence of buffalo oocytes relative
to follicle size. Reproduction, Fertility and Development 15:
223-229. https://doi.org/10.1071/RD03006

Zhao X, DuF, Liu X, Ruan Q, Wu Z, Lei C, Deng Y, Lou C, Jiang
J, Shi D and Lu F, 2019. Brain-derived neurotrophic factor
(BDNF) is expressed in buffalo (Bubalus bubalis) ovarian
follicles and promotes oocyte maturation and early
embryonic development. Theriogenology 130: 79-88.
https://doi.org/10.1016/j.theriogenology.2019.02.020




