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A B S T R A C T

The aim of this study was to evaluate the effect of L-carnitine (LC) supplemented in vitro maturation (IVM)
medium on the cryotolerance and development of buffalo oocytes. Mitochondrial activity, reactive oxygen
species (ROS) content, and lipid droplet distribution of vitrified-warmed buffalo oocytes were also observed.
Oocytes were matured in IVM medium supplemented with 0, 0.3, 0.6, and 1.2 mg/mL LC and some of them were
vitrified by the Cryotop® method. The highest survival, morula, and blastocyst rates were obtained with 0.6 mg/
mL LC, irrespective of whether oocytes were fresh or vitrified-warmed. The density of active mitochondria in
vitrified oocytes was significantly higher with 0.6 mg/mL LC than without LC treatment. In contrast, H2O2 levels
and lipid droplet content were significantly lower following LC treatment than without it. In conclusion, sup-
plementation with 0.6 mg/mL LC during IVM improves the buffalo oocytes’ survival rate and subsequent embryo
development after in vitro fertilization. This may be linked to improved mitochondrial activity, enhanced β-
oxidation, and reduced ROS levels.

1. Introduction

Oocytes’ cryopreservation offers potential applications in scientific
research, stock raising, endangered species conservation, and the pre-
servation of women's gametes before chemotherapy or radiation
therapy (Andrabi and Maxwell, 2007). Chilling injury, osmotic stress,
cryoprotectance (CPA) toxicity and ice crystallization are the major
damaging factor during cryopreservation (Mazur et al., 1972). A large
size, low volume-to-surface ratio, high lipid contents, and the nature of
the plasma membrane are associated with the limited success of oo-
cytes’ cryopreservation (Leibo, 1980). To date, vitrification has re-
ceived more attention than slow freezing as a cryopreservation protocol
because it causes less damage to the oocytes (Kuleshova and
Lopata, 2002). Buffalo oocytes’ cryopreservation is of great value in
preserving female gametes, especially in developing countries. How-
ever, the large number of lipid vacuoles inside buffalo oocytes makes
the oocyte sensitive to oxidative damage and chilling injuries
(Boni et al., 1992; Mondadori et al., 2010). Mitochondria, Golgi com-
plex, endoplasmic reticulum, and lipid are clustered in the buffalo oo-
cytes’ cortical region (Mondadori et al., 2010) which is also the first
location to undergo freezing damage. Lipid droplet removal has been
reported to improve oocytes’ and embryos’ cryotolerance (Ogawa et al.,

2010; Nagashima et al., 1995).
Lipids are essential for generating ATP via oxidative phosphoryla-

tion (OXPHOS) in the mitochondria. Although OXPHOS is a vital part of
metabolism, it produces reactive oxygen species (ROS), such as super-
oxide and hydrogen peroxide, which lead to lipid peroxidation as well
as the propagation of free radicals, apoptosis, and mitochondrial dys-
function (Yin et al., 2015).

L-carnitine (LC) is a small water-soluble molecule with an important
role in normal physiology. It was first isolated from bovine muscle in
1905 by two Russian scientists (Gulewitch and Krimberg, 1905), and
only the L-isomer was found to be bioactive (Binienda and
Virmani, 2003). LC serves as an intra-mitochondrial vehicle for the
transfer of long-chain fatty acids inside mitochondria for β-oxidation,
the transport of short- and medium-chain acyl groups from the per-
oxisome to mitochondria, the regulation of intracellular acyl-CoA/free
CoA ratio, and the removal of toxic acyl residues from mitochondria
(Melegh et al., 1993; Vaz et al., 2002). Moreover, it protects the cell
from DNA damage, minimizes insult to the oocytes’ cytoskeleton, and
acts as an antioxidant to prevent embryo apoptosis (Mansour et al.,
2009). LC promotes lipid metabolism as well as ATP production in
animal cell (Kerner J, Hoppel, 2000) and has been reported to act as a
potent antioxidant with very few side effects (Dunning and
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Robker, 2012). Given these positive characteristics, scientists are now
interested in the role of LC in freezing resistance in farm animals.

Over the last two decades, a number of studies have shown the
positive influence of LC supplementation on female fertility. LC added
in vitro matruration (IVM) medium was shown to decrease lipid droplet
and ROS levels, as well as increase mitochondrial activity in porcine
oocytes (Somfai et al., 2011). We previously reported that 0.3 mg/mL
LC added to maturation medium improved the nuclear maturation rate
of swamp buffalo oocytes (Phongnimitr et al., 2013a). In particular, LC
supplementation in maturation, fertilization, and culture media for
bovine oocytes revealed that 0.6 mg/mL in maturation medium led to
the highest embryo development (Phongnimitr et al., 2013b). Supple-
mentation of IVM medium with LC was found to maintain similar
embryo developmental competence in vitrified-warmed IVM bovine
oocytes as in non-vitrified ones (Chankitisakul et al., 2013).
Moawad et al. (2014) showed that LC supplementation (0.6 mg/mL) in
vitrification/warming and IVM medium increased the proportions of
immature mouse oocytes with normal MII spindles. LC improved cy-
toplasmic and nuclear maturation of immature mouse oocytes by re-
ducing ROS levels in the maturation medium (Zare et al., 2015).
Manzano et al. (2015) reported improved embryo developmental po-
tential, higher blastocyst formation rate, increased total cell count and
activity when bovine oocytes were matured in medium supplemented
with 0.1–0.5 mg/mL LC. Recently, LC supplemented during maturation
was shown to improve the development of bovine embryos from
meiotically less competent oocytes and accelerate blastocyst formation
(Knitlova et al., 2017). At the same time, a combination of 0.6 mg/mL
LC during maturation and 0.23 µg/mL Resveratrol prior to vitrification
was shown to decrease spindle damage and affect gene expression of
vitrified bovine oocytes (Sprícigo et al., 2017). More recently, acetyl-L-
carnitine (ALC, an ester of L-carnitine) supplementation during IVM
was suggested to improve buffalo oocyte quality after vitrification by
enhancing mitochondrial function and altering the phospholipid com-
position of vitrified oocyte membranes (Xu et al., 2018). ALC affects
mitochondrial function, regulates oocyte-derived paracrine factors, and
promotes the production of steroid hormones, thus increasing the
quality of matured oocytes and embryo development (Xu et al., 2019).

Based on the above-mentioned benefits of LC addition to IVM
medium, the present study sought to examine the effect of LC supple-
mentation on fertilization and embryo developmental competence,
cryotolerance during maturation, mitochondrial activity, ROS levels,
and lipid droplet variation in buffalo oocytes.

2. Materials and methods

2.1. Oocyte collection and IVM

Buffalo ovaries were obtained from a slaughterhouse and trans-
ported within 4 h to the laboratory in physiological saline solution
(0.9% NaCl) at room temperature. Cumulus-oocyte complexes (COCs)
were collected from follicles 2–8 mm in diameter and washed in
Dulbecco's phosphate-buffered saline (mDPBS) supplemented with
0.1% polyvinyl pyrrolidone (PVP). Each of 20 COCs was randomly
cultured in 100 µL IVM medium supplemented with at 0 (control), 0.3
(0.3 group), 0.6 (0.6 group), and 1.2 (1.2 group) mg/mL LC at 38.5 °C
under a humidified atmosphere of 5% CO2 for 23 h. The IVM medium
was TCM199 supplemented with 10% fetal bovine serum (FBS),
0.02 IU/mL follicle stimulating hormone (FSH, Antrin®, Denka
Phamaceutical, Japan), 50 IU/mL human chorionic gonadotropin
(Chorulon®; Intervet Inc., Rushmore, MN, USA) and 1 µg/mL 17-β-es-
tradiol.

2.2. Oocyte vitrification and warming

Vitrification was performed as previously described by
Liang et al. (2011) and was combined with the Cryotop® method

(Kitazato Supply Co., Tokyo, Japan).
After IVM, COCs were partially denuded by gentle pipetting with a

pulled-pipette using 0.1% (w/v) hyaluronidase. A group of five oocytes
was placed in base medium (BM: TCM199-Hepes + 20% FBS) sup-
plemented with 10% (v/v) dimethylsulfoxide (MERCK, Darmstadt,
Germany) and 10% (v/v) ethylene glycol (EG) for 1 min, and then
exposed to vitrification solution (BM supplemented with 20% (v/v)
DMSO, 20% (v/v) EG, and 0.5 M sucrose) at 22–24 °C for 30 s. Oocytes
were loaded onto the end tip of Cryotop® in a small volume of vi-
trification solution and plugged into liquid nitrogen (LN2) immediately.
The warming of vitrified-oocytes proceeded by direct immersion into
3 mL of 0.5 M sucrose in BM at 38.5 °C for 5 min, followed by transfer
into BM without sucrose for 5 min. Finally, the vitrified-warmed oo-
cytes were kept in BM under humidified atmosphere of 5% CO2 at
38.5 °C for 1 h before being used.

2.3. Evaluation of oocyte viability

After warming, oocytes were counted to calculate the recovery rate
and live/dead status using fluorescein diacetate (FDA) staining as de-
scribed previously (Mohr and Trounson 1980). Briefly, oocytes were
treated with 2.5 µg/mL FDA in phosphate buffered saline (PBS) sup-
plemented with 5 mg/mL BSA at 38.5 °C for 2 min in dark room, wa-
shed three times in PBS supplemented with 5 mg/mL bovine serum
albumin (BSA). The oocytes were evaluated under a fluorescent mi-
croscope (IX71, Olympus, Tokyo, Japan) with UV irradiation and a U-
MWIB3 filter with an excitation wavelength of 460–495 nm and
emission of 510 nm. Oocytes displaying a bright green fluorescence
were considered alive and used in subsequent experiments.

2.4. Preparation of Bovine oviduct epithelial cells (BOECs)

Bovine oviducts were collected along with buffalo ovaries from the
local slaughterhouse. BOECs were mechanically isolated from the ovi-
ducts according to the method by Parnpai et al. (1999). Oviducts were
cut, separated from the surrounding connective tissue, and rinsed with
PBS without calcium or magnesium. The oviduct was gently squeezed
in a stripping motion with forceps along the ampulla and isthmus to
obtain BOECs. These were centrifuged at 300 × g for 5 min, washed
two times in TCM-199-Hepes supplemented with 10% FBS, and then
washed twice in TCM-199 supplemented with 10% FBS. The cells were
cultured for 48 h in 5% CO2 in air at 38.5 °C to form aggregates of
BOECs. Finally, BOEC aggregates were selected and washed three times
in embryo culture medium.

2.5. In vitro fertilization (IVF) and in vitro embryo culture (IVC)

The frozen fertile bull sperms were thawed in air for 10 s and placed
in 38 °C water bath for 30 s. Thawed sperms were placed in the bottom
of 5 mL snap tube containing 2 mL of Tyrode's albumin lactate pyruvate
(TALP) medium and incubated at 38.5 °C in a humidified atmosphere of
5% CO2 in air for 30 min to allow the sperm to swim up. The top 1.5 mL
of medium were collected and centrifuged at 400 x g for 5 min. The
pellets were re-suspended in TALP medium and washed twice at 400 x g
for 5 min. Groups of 10–15 COCs were placed in 100 µL droplets of
TALP medium, and incubated with fertile-thawed sperms at a con-
centration of 3 × 106 cells/mL at 38.5 °C under humidified atmosphere
of 5% CO2 in air for 12 h. The embryos (20 embryos/100 µL) were
cultured in modified synthetic oviduct fluid supplemented with amino
acids (mSOFaa) medium (Parnpai et al., 1999) supplemented with
3 mg/mL fatty acid-free BSA at 38.5 °C in 5% CO2, 5% O2, and 90% N2

for two days. Only 8-cells stage embryos were co-cultured with BOECs
in mSOFaa medium supplemented with 0.25 mg/mL glucose in a hu-
midified atmosphere of 5% CO2 in air for two days. After that, the
embryos were cultured in mSOFaa medium supplemented with 0.5 mg/
mL glucose for an additional three days (seven days in total).
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2.6. Evaluation of mitrochondrial activity in vitrified oocytes

All evaluated vitrified-warmed buffalo oocytes were denuded before
incubated with 200 nM of Mito Tracker Red CMXRos (MTR) dye in PBS
containing 3% PVP for 30 min. After staining, the oocytes were fixed in
2% paraformaldehyde in PBS for 20 min. Subsequently, oocytes were
incubated in PBS supplemented with 10 µg/mL H33342 for 5 min, and
then fixed carefully on glass slide at dark room. Oocytes in 0 mg/mL
and 0.6 mg/mL L-carnitine treatment groups were processed simulta-
neously using the same batches of working. Only the oocytes with signs
of second metaphase plate with the first polar body (confirmed by
H33342) were included in our analysis. For mitrochondrial evaluation,
sample were observed at 200 × magnification using A1 laser scanning
confocal microscope (Nikon, Tokyo, Japan) equipped with helium-neon
laser (543 nm). The mitochondria distribution was measure in the
equatorial plane, at where the largest diameter of each oocyte was
taken using the same setting. The abundance of active mitochondria in
the equatorial section of the oocyte was evaluated by measuring pixel
numbers from inverted greyscale images using the NIH ImageJ (ver.
1.48) software. Relative mitochondria density was expressed as the
mean intensity of MTR-positive pixels in the total area of the oocyte
equatorial section surface.

2.7. Measurement of intracellular H2O2 levels in vitrified oocytes

The intracellular levels of H2O2 in MII-stage vitrified-warmed oo-
cytes were measured using 2′,7′-dichlorodihydrofluorescein diacetate
(DCHFDA; Molecular Probes, Eugene, OR, USA) as previously described
(Nasr-Esfahani et al., 1990). Denuded oocytes with first polar bodies
were selected for measurement. Oocytes were incubated in TCM-199
medium supplemented with 10 mM DCHFDA and 3 mg/mL PVP for
15 min. Next, oocytes were washed twice in the above medium without
DCHFDA and carefully mounted on a glass slide with a coverslip. The
slide was evaluated under a fluorescent microscope (IX71; Olympus)
with UV irradiation and a U-MWIB3 filter with an excitation wave-
length of 480 nm and emission of 510 nm. Digitalization of fluorescence
intensity to evaluate intra-oocyte H2O2 levels was performed in ImageJ.
Relative fluorescence intensity units (FIU) were calculated from the
mean total fluorescence, with the control group set as 100%. The H2O2

level in MII-stage oocytes matured in vitro with or without 0.6 mg/mL
LC was compared.

2.8. Measurement of intracellular lipid content in vitrified oocytes

Vitrified-warmed buffalo oocytes were denuded from cumulus cells
and fixed with 4% paraformaldehyde for 48 h. After that, oocytes were
washed in PBS three times (10 min each) and stained overnight in
500 µL of a 10 µg/mL Nile Red (Molecular Probes) solution in 0.9%
NaCl with 1 mg/mL PVP (Genicot et al., 2005). The oocytes were then
washed twice in PBS, mounted with 10 µg/mL H33342 on glass slides,
and examined immediately at room temperature in a dark room. The
distribution of lipid droplets was investigated only in MII-stage oocytes
(confirmed by H33342 staining) by the same laser scanning confocal
microscope described above. An equatorial section image at the largest
diameter of each oocyte was taken at the same settings for each sample.
Lipid content was evaluated using ImageJ. Relative lipid content was
expressed as the mean intensity of Nile Red-positive pixels in the total
area of the oocyte equatorial section. The lipid content in MII-stage
oocytes matured in vitro with or without 0.6 mg/mL LC was compared.

2.9. Experimental design

In experiment 1, the effect of different concentrations of LC (0, 0.3,
0.6, 1.2 mg/mL) added to IVM medium on embryo development after
IVF was evaluated. In experiment 2, the effect of different concentra-
tions of LC (0, 0.3, 0.6, 1.2 mg/mL) added to IVM medium on the

survival rate of vitrified-warmed oocytes and subsequent embryo de-
velopment following IVF was evaluated. In experiment 3, mitochon-
drial activity of vitrified-warmed buffalo oocytes matured in vitro with
0 and 0.6 mg/mL LC was compared (based on the results of experiment
1 and 2). In experiment 4, intracellular H2O2 levels in vitrified-warmed
buffalo oocytes matured in vitro with 0 and 0.6 mg/mL LC were com-
pared. In experiment 5, intracellular lipid content in vitrified-warmed
buffalo oocytes matured in vitro with 0 and 0.6 mg/mL LC was com-
pared.

2.10. Statistical analysis

Each experiment was replicated at least four times. Data for sur-
vival, and embryo development were arcsine-transformed and analyzed
by analysis of variance (ANOVA) using statistical analysis software (SAS
Institute Inc., Cary, NC, USA). P-values <0.05 were considered statis-
tically significant. Mitochondrial fluorescence intensity, H2O2 levels,
and lipid content were analyzed using one-way ANOVA followed by
Tukey's post-hoc test (StatSoft Inc., Tulsa, OK, USA). P-values <0.05
were considered statistically significant.

3. Results

3.1. Effect of LC supplementation on embryo development

As shown in Table 1, when the oocytes were subjected to IVF and
cultured in vitro, no difference in cleavage rates was observed between
LC groups and the control group. Similarly, there was no significant
difference between groups regarding the number of embryos devel-
oping to the 8-cell stage. The highest rates of embryos developing to the
morula and blastocyst stages were obtained with 0.6 mg/mL LC, while
the other LC groups gave similar results as the control group.

3.2. Effect of LC supplementation on survival of vitrified-warmed buffalo
oocytes and subsequent embryo development after IVF

As shown in Table 2, survival of vitrified groups was over 96%, and
did not differ from fresh control group (100%). Cleavage and morula
rates were not significantly different among vitrified groups, but they
were significantly lower than those of fresh oocytes. The ability of
embryos development to develop to the blastocyst stage was similar in
vitrified oocytes given either 0 or 0.3 mg/mL LC, and significantly
lower than with 0.6 or 1.2 mg/mL LC, which were again similar to each
other. The developmental ability of embryos was significantly lower in
all vitrified groups than in the fresh control group in terms of cleavage
and morula or blastocyst formation rates. There was no significant
difference in terms of survival, 8 cell, morula and blastocysts yield after
IVM in a medium supplemented with 0.6 mg/mL and 1.2 mg/mL. Base
on the low dosage and economical, it is safer to choose 0.6 mg/mL LC in
IVM medium for subsequent experiments.

Table 1
Effects of L-carnitine addition to IVM medium on embryo developmental
competence of buffalo oocytes after IVF.

Groups No. COCs Cleaved (%) No. (%) embryo developed to
8-Cell Morula Blastocyst

0 mg/mL 144 95 (66) 51 (35) 26 (18)b 22 (15)b

0.3 mg/mL 142 100 (70) 57 (40) 29 (20)ab 24 (17)b

0.6 m/mL 144 108 (75) 62 (43) 39 (27)a 32 (22)a

1.2 mg/mL 145 108 (74) 59 (41) 34 (23)ab 30 (21)a

*9 replicates were performed. Different superscripts within a column indicate
significant differences (P < 0.05, ANOVA).
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3.3. Evaluation of mitrochondrial activity in vitrified oocytes

Based on the results of experiments 1 and 2, 0.6 mg/mL LC was used
to investigate the effect of LC on mitochondrial activity. A high density
of active mitochondria was found both in the peripheral areas and the
center of MII-stage vitrified-warmed buffalo oocytes treated with LC
compared with non-LC-treated oocytes (Figs. 1 and 2, respectively).
When the equatorial sections of oocytes were subjected to digital image
analysis, a significantly higher density of MTR-labeled pixels was
measured in LC-treated oocytes compared with non-LC-treated oocytes
(Fig. 3).

3.4. Evaluation of intracellular H2O2 levels in vitrified oocytes

As shown in Figs. 4 and 5, at the end of the IVM culture, vitrified-
warmed oocytes matured with 0.6 mg/mL LC exhibited lower DCHFD
fluorescence intensity than vitrified-warmed oocytes matured without
LC. Fig. 6 shows H2O2 levels expressed as FIU and given as mean±
standard error of the mean.

3.5. Evaluation of intracellular lipid content in vitrified oocytes

As shown in Figs. 7 and 8, at the end of IVM culture, most of the
vitrified-warmed oocytes matured in the presence of 0.6 mg/mL LC
presented fewer lipid droplets than vitrified-warmed oocytes matured
without LC. Digital image analysis of equatorial sections revealed sig-
nificantly less Nile Red-positive staining in the LC group compared with
the non-LC group (P < 0.05) (Fig. 9).

4. Discussion

In this study, we investigated the effect of LC supplementation on
cryotolerance of buffalo oocytes during in vitro maturation.
Additionally, we assessed the effect of LC on mitochondrial activity,
H2O2 levels, and lipid droplet content in vitrified-warmed oocytes. The
present findings indicate that LC supplementation in IVM medium
clearly enhanced the development of embryos derived from vitrified
oocytes. Levocarnitine or LC is a biologically active stereoisomer of 3-
carboxy-2-hydroxy-N, N, N-trimethyl-1-propanaminium. It exists as a
highly polar, small zwitterion (an ion that while electrically neutral,
carries both a positive and a negative electrical charge in different parts

Table 2
Effects of L-carnitine addition to IVM medium on survival rate of vitrified oocytes and subsequent embryo development after IVF*.

Groups No. COCs Survived (%) No. IVF Cleaved (%) No. (%) embryo developed to
8 Cell Morula Blastocyst

0 mg/mL 119 114 (96) 114 63 (55)b 29 (25)b 7 (6)b 4 (4)c

0.3 mg/mL 121 117 (97) 117 66 (56)b 31 (26)b 8 (7)b 5 (4)c

0.6 mg/mL 120 116 (97) 116 72 (62)b 36 (31)ab 12 (10)b 9 (8)b

1.2 mg/mL 121 116 (96) 116 70 (60)b 35 (30)ab 12 (10)b 9 (8)b

Fresh control 124 124 (100) 124 91 (73)a 53 (43)a 30 (24)a 24 (19)a

⁎ Different superscripts within a column indicate significant differences (P < 0.05, ANOVA).

Fig. 1. Distribution of mitrochondria in MII stage oocytes matured in the absence of L-carnitine (0 mg/mL).
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Fig. 2. Distribution of mitrochondria in MII stage oocytes matured in the present of L-carnitine (0.6 mg/mL).

Fig. 3. Density of mitrochondria in MII stage oocytes matured in the absence (0 mg/ml) or presence (0.6 mg/mL) of L-carnitine.
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of the molecule, as seen in certain amino acids and protein)
(Binienda and Virmani, 2003). LC has been reported to act as a potent
antioxidant with very few side effects (Dunning and Robker, 2012).
This has sparked an interest in its role providing freezing resistance in
farm animals. Compared to other animals, buffalo ooplasm is char-
acterized by a large number of lipid droplets (Boni et al., 1992;
Mondadori et al., 2010). This high lipid content is directly correlated
with the oocytes’ sensitivity to oxidative damage and freezing injury.

The observed beneficial effect of LC on oocyte maturation and
embryo development may result from lipid utilization via β-oxidation
to generate the ATP necessary for meiosis and cytoplasmic maturation
(Ferguson and Leese, 2006). Similarly, Phongnimitr et al. (2013a) re-
ported that LC supplementation during bovine oocytes’ IVM improved
nuclear maturation and embryo development. Sprícigo et al. (2017)
found that addition of 0.6 mg/mL LC to the IVM medium of prepubertal
bovine oocytes restored the expression of certain genes. Meiotically less
competent bovine oocytes were shown to significantly accelerate

blastocyst formation from meiotically more competent oocytes when
0.5 mg/mL LC was supplemented during IVM (Knitlova et al., 2017).
When porcine oocytes were treated with 0.5 mg/mL LC during IVM, the
rate of blastocyst formation was significantly higher, but it decreased
when 2 mg/mL LC was used (Wu et al., 2011). A similar decrease in
blastocyst development was found in murine oocytes with 1.25, 2.5,
and 5 mg/mL LC (Abdelrazik et al., 2009). In buffalos, 0.5 mg/mL ALC
supplementation in IVM was reported to decrease oocytes’ freezing
injury and improve blastocyst formation from 3.4 to 7.95% (Xu et al.,
2018). Present findings demonstrate that supplementation with 0.6 and
1.2 mg/mL LC gives similar results as those reported previously. Al-
though blastocyst formation was the same with 0.6 and 1.2 mg/mL LC,
it's safer and economical to choose low dose group under the same
biological potency. Even safe drugs can have harmful effects when the
dosage is increased. Given the comparatively low cytotoxicity of
0.6 mg/mL LC, this dose was regarded as optimal for subsequent ex-
periments. Considering that LC acts as an antioxidant by reducing the

Fig. 4. a, b. Intracellular H2O2 levels in MII stage IVM buffalo oocytes matured in the absence (0 mg/mL) of L-carnitine.
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level of ROS during IVM (Somfai et al., 2011; Wu et al., 2011), we
propose that LC supplementation may improve embryonic development
after IVF of buffalo oocytes due to: (1) increased endogenous lipid
catabolism via β-oxidation to generate the ATP necessary for oocyte
metabolism; (2) its beneficial effect in protecting cells from apoptosis;
or (3) its antioxidant activity during maturation.

In the present study, only oocytes that survived the warming stage
were subjected to IVF and subsequent in vitro culturing until blastocyst
stage. In vitrified oocytes, LC supplementation in IVM medium had no
positive effect on survival and cleavage rates, but improved further
embryo development. Our result was similar to those observed by
Chian et al. (2004), Morató et al. (2008), Sripunya et al. (2010), and
Phongnimitr et al. (2013b), who also used the Cryotop® method to vi-
trify bovine oocytes. A lower embryo developmental ability is in-
evitable after vitrification and warming. Vitrification causes the frac-
tionation of the zona pellucida, disruption of gap junctions between
cumulus cells and oocytes, disappearance of microvilli on the oolemma
surface (Wu et al., 2006), and abnormality in spindle and chromosome

structure (Morató et al., 2008). Supplementation with LC during oocyte
maturation was reported to significantly increase β-oxidation, and im-
prove both fertilization and blastocyst development (Dunning et al.,
2010; 2011). Ferguson and Leese (2006) indicated that endogenous
lipid metabolism played an important role during oocyte maturation
and, potentially, during subsequent embryonic development. Further-
more, incubation of oocytes and embryos with LC significantly reduced
oocyte cytoskeleton damage and decreased the level of embryo apop-
tosis (Mansour et al., 2009).

Our results suggest that LC helps buffalo oocytes withstand the
freezing damage caused by impaired lipid metabolism during IVM. In
cattle, LC significantly increased the density of active mitochondria in
oocytes in the central areas (Yamada et al., 2006). Somfai et al. (2011)
revealed that mitochondrial translocation induced by LC was associated
with a significant reduction of intracellular lipid content. Similarly, ALC
improved vitrified buffalo oocytes’ quality by decreasing phospholipid
content (Xu et al., 2018). The greater density and distribution of active
mitochondria in the presence of LC is likely related to faster nuclear

Fig. 5. a, b. Intracellular H2O2 levels in MII stage IVM buffalo oocytes matured in the presence (0.6 mg/mL) of L-carnitine.
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maturation of oocytes, in line with earlier findings correlating the
proximity of active mitochondria with chromatin in porcine oocytes
(Sun et al., 2001). Redistribution of active mitochondria was found to
correlate with elevated ATP production during MI–MII transition,
suggesting the importance of mitochondrial ATP for chromosome seg-
regation in mouse oocytes (Yu et al., 2010).

At the end of the IVM culture, a lower level of intracellular H2O2, as

expressed by mean FIU per oocyte, was detected in oocytes matured in
the presence of LC. H2O2 plays important roles in host defense and
oxidative biosynthetic reactions. H2O2 can be produced intracellularly
from a variety of sources, though mostly superoxide anions (O2−)
formed from the partial reduction of oxygen. When H2O2 levels are low,
the cells’ antioxidant enzymes provide protection from oxidative da-
mage. In contrast, higher levels of H2O2 initiate a signaling cascade,
which may result in the inactivation of antioxidant enzymes and the
consequent inability to quench H2O2 (Veal et al., 2007). Our results
show that LC-treated oocytes were associated with reduced intracellular
H2O2 levels, indicating an antioxidant effect of LC. Somfai et al. (2011)
suggested a dual effect of LC on both lipid metabolism and ROS levels in
porcine oocytes. Reduced ROS levels in LC-treated oocytes indicate that
improved MII and cleavage rates may be related to the effect of LC on
the oocytes’ redox status. Alternatively, the beneficial effect of LC on
meiotic progression and development may be attributed to enhanced
metabolism, as suggested by a previous report, whereby LC improved
mouse oocyte development in the absence of compounds (e.g., glucose)
that promoted ROS formation (Dunning et al., 2010). Here, the greater
developmental competence of vitrified buffalo oocytes indicates en-
hanced β-oxidation of fatty acids, as manifested by the concomitant
lower intensity of lipid droplets following LC treatment.

In conclusion, we report that supplementation with LC during IVM
augments buffalo oocytes’ cryotolerance and mitochondrial activity,
while reducing H2O2 levels and lipid content. More detailed in vitro
assessments are required to determine the influence of such brief LC
treatment on sperm function and blastocyst quality.
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