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revised highlighted 1 

Presence of L-carnitine during maturation of oocytes with different meiotic competence 2 
enhances in vitro development of bovine embryos and accelerates their differentiation 3 
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ABSTRACT 15 

The present study was designed to characterize define the impact of L-carnitine, 16 
supplemented during maturation, on bovine oocytes with different meiotic competence in 17 
terms of their IVF outcomes. Meiotically more competent (MMC) and less competent (MLC) 18 
oocytes were obtained separately from differently sized follicles at selected phases of 19 
folliculogenesis. The oocytes were matured with or without L-carnitine, were fertilized and 20 
cultured to the blastocyst stage. The oocytes were examined for nuclear maturation, 21 
mitochondrial cluster formation, lipid consumption, fertilization and embryo development. 22 
Even though no significant differences in proportions of oocytes at metaphase II were found 23 
among MMC and MLC oocytes matured with or without L-carnitine. The proportion of 24 
oocytes at metaphase II was significantly higher in the L-carnitine-treated MMC than that in 25 
the L-carnitine-treated MLC oocytes. However in comparison with the untreated controls, the 26 
proportion of MII oocytes with mitochondrial clusters was significantly higher only in the L-27 
carnitine-treated MLC oocytes, which also showed a significantly lower mean lipid content. 28 
The L-carnitine-treated MLC oocytes showed significantly higher fertilization and syngamy 29 
rates than the untreated MLC oocytes. On the other hand, in the L-carnitine-treated MMC 30 
oocytes, the fertilization rate was similar to that of the untreated controls and the syngamy 31 
rate was significantly delayed. Although no significant differences in cleavage on Day 2 were 32 
found among all oocyte categories, L-carnitine treatment resulted in a significantly higher 33 
blastocyst yield in the MLC oocytes on Day 7 and Day 8 and a significantly higher proportion 34 
of expanded blastocysts in relation to the total number of blastocysts in MMC oocytes on 35 
Day 8. It can be concluded that L-carnitine supplementation during maturation improves the 36 
development of bovine embryos from meiotically less competent oocytes and accelerates 37 
blastocyst formation from more competent oocytes. 38 
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1. Introduction 41 

Both the nuclear and the cytoplasmic maturation of oocytes are important for effective 42 
fertilization and embryo production in mammals.For effective fertilization and embryo 43 
production in mammals, both the nuclear maturation as well as cytoplasmic maturation of 44 
oocytes are important. The activation of pathways involved in protein synthesis and 45 
phosphorylation is indispensable for oocyte cytoplasmic maturation and subsequent embryo 46 
development [1]. It is generally known that deficiencies in cytoplasmic maturation are 47 
responsible for reducing the development of embryos from prepubertal oocytes. Differences 48 
in the number and distribution of cytoplasmic organelles between prepubertal and adult 49 
oocytes matured under in vitro conditions have been reported. Prepubertal calf and lamb 50 
oocytes have mitochondria of lower volume density, fewer in number and smaller in size, 51 
compared with their adult counterparts [2,3]. 52 

 In adult cyclic cows, the developmental potential of oocytes is changing in accordance 53 
with follicular waves emerging during the ovarian cycle. In each wave, the developmental 54 
competence of oocytes rises with an increasing size of follicles, stagnates due to dominant 55 
follicle (DF) selection and subsequenly decreases during DF growth. This influences the 56 
developmental competence of other oocytes from subordinate follicles [4–6]. Bovine oocytes 57 
undergo changes in the number and distribution of cytoplasmic organelles in a manner 58 
specific for each phase of follicular development. While in the growth phase, oocytes show 59 
little contact of mitochondria with lipid droplets, both sparsely distributed in the oocyte 60 
periphery, in the static phase they exhibit an increased number of mitochondria associated 61 
with lipid droplets, also in the periphery. In the regression phase, mitochondria in tight 62 
contact with lipid droplets are evenly distributed in the whole oocyte [7]. 63 

 Among cytoplasmic organelles participating in the acquisition of oocyte 64 
developmental competence, mitochondria and lipids are crucial to energy production. 65 
Mitochondria and lipids are crucial to energy production and supplementation of energy 66 
resources of oocyte. The ability of mitochondria to balance ATP supply is considered the 67 
most critical factor in relation to oocyte fertilization and embryo development [8,9]. 68 

In vitro matured bovine oocytes differ in mitochondrial patterns and ATP production [10]. 69 
More competent oocytes from medium follicles activate mitochondria twice during 70 
maturation, before meiosis resumption and before completion of maturation, while less 71 
competent oocytes do it only once, before completion of maturation [11]. 72 

 Lipid metabolism regulators added to culture media can influence the expresion of 73 
lipid metabolism-regulating genes and thus can improve the developmental competence and 74 
quality of embryos [12,13]. L-carnitine is intrinsically involved in mitochondrial function and 75 
lipid metabolism via the transport of fatty acids to mitochondria and its involvement in fatty 76 
acid β-oxidation. It also participates in the regulation of vital cellular functions such as 77 
apoptosis. Although positive effects of L-carnitine on oocytes and embryos have been 78 
described in cattle [14,15], sheep [16], pigs [17,18] and mice [19–21], no information is 79 
available about L-carnitine impact on bovine oocytes with different meiotic and 80 
developmental competences. The aim of this study was to investigate utilization of L-81 
carnitine, supplemented during maturation, by bovine oocytes with different meiotic and 82 
developmental competence in relation to their IVF outcomes. We assumed that meiotically 83 
less competent oocytes would chiefly use L-carnitine and thus improve their developmental 84 
competence. It is generally known that oocytes recovered from larger follicles have a greater 85 
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capability to complete nuclear and cytoplasmic maturation, undergo successful fertilization 86 
and develop to the blastocyst stage than have oocytes from smaller follicles. 87 

Therefore, the aim of this study was to investigate the effect of L-carnitine, supplemented 88 
during maturation, on subpopulations of bovine oocytes differing in their meiotic and  89 
developmental competence. We hypothesized that a) a response of more competent oocytes to 90 
L-carnitine is different from that of less competent oocytes; b) less competent oocytes utilize 91 
L-carnitine more effectively than do more competent oocytes; c) L-carnitine supplementation 92 
during maturation improves embryo development chiefly from less competent oocytes. 93 

2. Materials and methods 94 

All the chemicals used in this study were purchased from Sigma-Aldrich Chemical Co. 95 
(Prague, Czech Republic) unless otherwise stated. 96 

2.1. Oocyte collection  97 

Slaughtered Holstein dairy cows (n = 181), aged 4 to 6 years, with a checked ovarian 98 
cycle stage, served as donors. Ovaries in the growth, stagnation and regression phases, after 99 
dominant phase elimination, defined by follicle population and corpus luteum morphology, 100 
were used for oocyte recovery. Meiotically more competent (MMC) oocytes were collected 101 
by aspiration from medium follicles (6 to 10 mm) by aspiration and meiotically less 102 
competent (MLC) oocytes were subsequently collected from small follicles (2 to 5 mm) by 103 
slicing of the ovarian cortex. Only healthy cumulus-oocyte complexes with the homogenous 104 
ooplasm, surrounded by compact multiple layers of cumulus cells, were selected from each 105 
oocyte category and used in experiments. 106 

2.2. Oocyte maturation 107 

In each category, one half of the oocytes was matured in 500 µL of TCM-199 medium 108 
(M4530; Earle's salts), with 20 mM sodium pyruvate, 50 IU/mL penicillin, 50 µg/mL 109 
streptomycin, 5% oestrus cow serum (ECS; Sevapharma, Prague, Czech Republic) and 110 
gonadotropins (P.G. 600 15 IU/mL; Intervet, Boxmeer, Holland) supplemented with 2.5 mM 111 
L-carnitine (C0283). The concentration of 2.5 mM L-carnitine was selected as being most 112 
effective for maturation of bovine oocytes on the basis of our unpublished results. The other 113 
half oocytes was matured in the same medium, but without L-carnitine, and served as a 114 
control. Maturation took place in four-well plates (Nunclon Intermed, Roskilde, Denmark) 115 
under a humidified atmosphere of 5% CO2 in air at 38.8 °C for 24 h. Aliquot parts Adequate 116 
numbers of L-carnitine-treated and untreated matured oocytes, in which the first polar body 117 
had been extruded, were examined. Before their examination, the oocytes were denuded from 118 
cumulus cells by vortexing in TCM-199 medium containing 0.1% (w/v) hyaluronidase. 119 

2.3. Maturation assessment 120 

For chromation chromatin and mitochondria evaluation, the oocytes were first stained in 121 
PBS supplemented with 0.4% BSA and 200 nM MitoTracker Orange CMTMRos dye 122 
(Molecular Probes, Eugene, OR, USA) for 30 min at 38.8 °C. Subsequently, they the oocytes 123 
were washed in PBS, fixed in 3.7% paraformaldehyde for 60 min at room temperature and 124 
washed again. Avoiding compression, the oocytes were mounted on slides using Vectashield 125 
medium (Vector Lab, Burlingame, CA, USA) containing l µM of DNA dye (SYTOX Green; 126 
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Invitrogen; Carlsbad, CA, USA). They were examined with a laser scanning confocal 127 
microscope (Leica TCS SP2 AOBS; Leica, Heidelberg, Germany) equipped with Ar and 128 
DPSS lasers. The 40 × HCX PL APO CS objective, pinhole, offsets, gain and AOBS were 129 
adjusted. The 488 nm excitation band and a 490 to 515 nm detector and the 561 nm excitation 130 
band and a 565 to 600 nm detector were used for chromatin and mitochondria detection, 131 
respectively. The oocytes were scanned in equatorial optical sections and processed by NIS-132 
ELEMENTS AR 3.0 software (Laboratory Imaging, Prague, Czech Republic). 133 

 The oocytes at metaphase II (MII) and those with mitochondrial clusters (Fig. 1) were 134 
considered to have completed nuclear and cytoplasmic maturation, respectively [11]. The 135 
proportion of oooytes with completed maturation was expressed as a proportion of MII 136 
oocytes with mitochondrial clusters in relation to the total number of MII oocytes. 137 

2.4. Lipid assessment  138 

The matured oocytes were fixed in 3.7% paraformaldehyde solution for 60 min at room 139 
temperature, washed in PBS and permeabilized with 1% Triton X-100 for 1 h. To stain lipid 140 
droplets, the oocytes were incubated in PBS supplemented with 0.4% BSA and 1 µM Nile red 141 
dye (Invitrogen, Molecular Probes, Oregon, USA) for 10 min at room temperature. They were 142 
washed three times in PBS and mounted on slides, avoiding oocyte compression, using 143 
Vectashield medium (Vector Laboratories., Burlingame, CA, USA) with 1 µM of DNA dye 144 
TO-PRO-3 (Invitrogen, Molecular Probes, Oregon, USA) to visualize chromatin 145 
configuration. They were examined with a confocal microscope adjusted to the same 146 
parameters as described above. The 488 nm excitation band and a 540 to 600 nm detector and 147 
the 638 nm excitation band and a 640 to 710 nm detector were used for lipid droplets and 148 
chromatin detection, respectively. The intensity of fluorescence was recorded in equatorial 149 
sections of each oocyte and processed by NIS-ELEMENTS AR 3.0 software. The lipid 150 
content per oocyte was expressed as a mean intensity (± SEM) of total lipid droplet 151 
fluorescence (Fig. 2). 152 

2.5. Oocyte fertilization  153 

The L-carnitine-treated and untreated oocytes of each category were inseminated with 154 
spermatozoa isolated from the same batch of frozen-thawed semen of a standard bull tested in 155 
IVF system. Motile spermatozoa were isolated by the swim-up method. Briefly, semen 156 
(25 µL) was placed under a layer of SP-TALP medium (1 000 µL) in each of eight tubes and 157 
incubated in an atmosphere with 5% CO2 at 38.8 oC for 1 h. The upper fraction from each 158 
tube (850 µL) was collected and centrifuged twice (200 × g, 10 min). The pellet was 159 
resuspended in modified Tyrode’s medium (IVF-TALP). Fertilization was carried out in IVF-160 
TALP medium containing 1 × 106/mL spermatozoa and 10 µg/mL heparin at a 161 
spermatozoa/oocyte ratio of 10.000:1. The oocytes were co-cultured with the spermatozoa for 162 
19 h at 38.8 °C in a humidified atmosphere of 5% CO2 in air. Adequate numbers Aliquot parts 163 
of L-carnitine treated and untreated oocytes in each category were examined to determine the 164 
efficiency of fertilization. 165 

2.6. Fertilization assessment 166 

The inseminated oocytes were fixed overnight in 2.5% aqueous glutaraldehyde solution at 167 
4 C and stained with bisbenzimide Hoechst 33258 (Serva, Heidelberg, Germany) in citrate 168 
buffer for 10 min at room temperature. After they were rinsed in PBS-Dulbecco, wet mounts 169 
were prepared in 5 µL glycerin buffer and subsequently examined by epifluorescence at 400 x 170 
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magnification. Oocytes with two polar bodies, either one male and one female pronucleus or 171 
at the syngamy stage were considered to be normally fertilized (Fig. 3). Oocytes with two 172 
polar bodies - that is, defined by both a male and a female pronucleus or their fusion - were 173 
considered to be normally fertilized (Fig. 3). Fertilization efficiency was determined by the 174 
proportion of fertilized to inseminated oocytes as well as the proportion of oocytes at 175 
syngamy to fertilized oocytes. Oocytes with two polar bodies - that is, defined by both a male 176 
and a female pronucleus or their fusion - were considered to be normally fertilized (Fig. 3). 177 
Fertilization efficiency was determined by the proportion of fertilized to inseminated oocytes 178 
as well as the proportion of oocytes at syngamy to fertilized oocytes. 179 

2.7. Embryo cultivation culture and development assessment 180 

The remaining presumptive zygotes were transferred to a Buffalo rat liver cell line 181 
monolayer (BRL cell line, ATCC, Rockville, MD, USA) and cultured in Menezo B2 medium 182 
with 10% ECS. The cultures were maintained in a humidified atmosphere of 5% CO2 in air at 183 
38.8 °C. Embryo development efficiency was recorded on Day 2 (D2), Day 7 (D7) and 184 
Day 8 (D8) after oocyte fertilization (Day 0 = day of IVF). It was expressed as proportions of 185 
D2 cleaved oocytes, D7 early blastocysts and D8 blastocysts developed from the inseminated 186 
oocytes. The proportion of D8 expanded blastocysts in relation to the total number of 187 
blastocysts was also assessed. Aliquot of the blastocysts that developed from MLC oocytes 188 
was used for blastocyst differentiation assessment. 189 

2.8. Blastocyst assessment 190 

The immunohistochemistry cal method based on the detection of specific markers and 191 
described by Wydooghe et al. [22] was modified for trophectoderm (TE) cell staining. 192 
Briefly, blastocysts were fixed for 60 min in 3.7% paraformaldehyde at room temperature and 193 
stored in PBS containing 0.4% bovine serum albumin (PBS-BSA) at 4 C. They were 194 
incubated overnight in 0.5% Triton X-100 and 0.05% Tween 20 in PBS at 4 C. Subsequently, 195 
the blastocysts were washed three-times for 2 min in PBS-BSA and incubated overnight in 196 
blocking solution containing 10% goat serum and 0.05% Tween 20 in PBS at 4 C. They were 197 
washed and incubated overnight with ready-to-use mouse monoclonal anti-CDX2 primary 198 
antibody (BioGenex; Fremont, USA) at 4 C. After washing, the blastocyts were incubated 199 
with secondary goat anti-mouse IgG antibody (1:100) conjugated with Alexa Fluor 488 200 
(Jackson ImmunoResearch, Inc; West Grove, PA, USA) for 60 min at room temperature. 201 
Subsequently they were washed and mounted onto slides in Vectashield mounting 202 
medium (Vector Laboratories, Burlingame, CA, USA) with 1 µM of the DNA dye TO-PRO-203 
3 (Invitrogen, Molecular Probes) to visualize TE and inner cell mass (ICM) nuclei. The total 204 
cell number (TCN) and the number of TE cells were evaluated using confocal microscopy 205 
(Fig. 4). The 488 nm excitation band and a 510 to 560 nm detector and the 633 nm excitation 206 
band and a 650 to 690 nm detector were used for visualization of TE cells and all blastocyst 207 
nuclei, respectively. Micrographs were evaluated using NIS-Elements AR 3.00 software. 208 

2.9. Statistical analysis 209 

At least three four replicas were carried out for each oocyte category and each 210 
assessment. All Data for maturation, fertilization and embryo development, and blastocyst 211 
differentiation were analyzed by one-way ANOVA SPSS version 11.5 for Windows (SPSS, 212 
INC. IL, USA). The significance of differences among the values was evaluated by the Chi-213 
square test. Data for lipid content were subjected to one-way ANOVA, and the significance of 214 
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differences among means was evaluated by Fisher's least significant difference test (StatSoft, 215 
Inc. 2011, STATISTICA, version 10). Differences at P < 0.05 were considered statistically 216 
significant. 217 

3. Results 218 

The impact of L-carnitine on meiotically more and less competent bovine oocytes was 219 
characterized in terms of the efficiency and kinetics of maturation, fertilization and embryo 220 
development. The kinetics of fertilization and that of embryo development were also assessed 221 
on the basis of syngamy onset and blastocyst formation, respectively. 222 

3.1. Effect of L-carnitine on oocyte maturation 223 

The maturation efficiency of oocytes with different meiotic competence matured in the 224 
presence or absence of L-carnitine is shown in Table 1. The yield of MII oocytes from the 225 
treated MMC oocytes did not differ was significantly higher (P < 0.05) between than that 226 
from the treated and MLC oocytes, however, this was not due to regardless of L-carnitine 227 
treatment. The proportion of MII oocytes with mitochondrial clusters was significantly higher 228 
(P < 0.05) in the L-carnitine-treated MLC oocytes than in those that were untreated. No such 229 
difference was observed in the case of the MMC oocytes. 230 

 Lipid content in the MLC oocytes matured with or without L- carnitine is presented in 231 
Figure 1 5. The mean (± SEM) lipid content was significantly lower (P < 0.05) in the MLC 232 
oocytes matured with L-carnitine than in those matured without it. 233 

3.2. Effect of L-carnitine on oocyte fertilization  234 

The efficiency of fertilization and pronuclear syngamy in MMC and MLC oocytes 235 
matured in the presence or absence of L-carnitine are shown in Table 2. Significantly higher 236 
(P < 0.05) proportions of fertilized oocytes and oocytes at the syngamy stage were found in 237 
the MLC oocytes matured with L-carnitine than in those matured without it. In the MMC 238 
category, no significant difference in the proportion of fertilized oocytes was observed, but a 239 
significantly lower proportion of oocytes at syngamy was found in the L-carnitine-treated 240 
oocytes than in those that were untreated. 241 

3.3. Effect of L-carnitine on embryo development 242 

No significant differences in the cleavage rate on Day 2 were found between the MMC 243 
and MLC categories, regardless of L-carnitine treatment. In the MLC category, the proportion 244 
of Day 7 early blastocysts developed from oocytes matured with L-carnitine was significantly 245 
higher (P < 0.05) than the proportion of those developed from the oocytes matured without it 246 
(Table 3). Similarly, a significantly higher (P < 0.05) proportion of Day 8 blastocysts 247 
developed from the MLC oocytes matured with L-carnitine than from those matured without 248 
it (Table 4). In the MMC category, no significant differences in proportions of Day 7 early 249 
blastocysts and Day 8 blastocysts were found between the L-carnitine-treated and those that 250 
were untreated. However, the proportion of Day 8 expanded blastocysts from in relation to the 251 
total number of blastocysts MMC oocytes was significantly higher (P < 0.05) in the treated 252 
than in the untreated oocytes. 253 

3.4. Effect of L-carnitine on blastocyst differentiation 254 
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Differentiation assessment carried out on the MLC oocytes showed no significant 255 
differences in the total number of cells, TE and ICM cells per blastocyst, or ICM/TE and 256 
ICM/TCN ratios between the D 8 blastocysts derived from treated oocytes and those obtained 257 
from untreated oocytes (Table 5). 258 

4. Discussion 259 

The developmental competence of mammalian oocytes and embryos is closely associated 260 
with their metabolic activity [23]. Apart from carbohydrates, lipids are important energy 261 
sources for oocyte maturation and embryonic development. ATP production from lipids 262 
processed by mitochondria involves L-carnitine. Its presence significantly increases β-263 
oxidation and ATP production essential for oocyte maturation and fertilization, and for 264 
embryo development [24,25]. In addition to its role in metabolism, L-carnitine participates in 265 
reducing the ROS level in both oocytes and embryos [26,27]. A significantly lower level of 266 
intracellular H2O2 has been detected in MII oocytes matured in the presence of L-carnitine in 267 
comparison with controls [18]. Up to now the influence of L-carnitine on bovine [15,28,29], 268 
porcine [18] and mouse [20] oocytes and embryos cultured under in vitro conditions has been 269 
investigated with promising results. 270 

It has been generally accepted that bovine oocytes undergo maturation changes as 271 
follicles grow, stagnate and regress but, only recently, specific changes in the number and 272 
distribution of mitochondria, lipid droplets and the smooth endoplasmic reticulum have been 273 
reported [7]. In this study, the effect of L-carnitine on bovine oocytes with different meiotic 274 
and developmental competence collected from differently sized follicles in the growth, 275 
stagnation and regression phases is presented for the first time. To confirm our hypothesis that 276 
the effect of L-carnitine could differ in oocytes with different meiotic competence, we 277 
collected more and less competent oocytes and matured them in the presence or absence of L-278 
carnitine, fertilized them with spermatozoa of proved bull and cultured them into the 279 
blastocyst stage. During these experiments we assessed the efficiency of each step, i.e 280 
maturation, fertilization and embryonic development rates. 281 

No significant effect of L-carnitine treatment on nuclear maturation of bovine oocytes, as 282 
compared with untreated oocytes, has been reported by Chankitisakul et al. [28]. On the other 283 
hand, L-carnitine significantly improved nuclear maturation of porcine oocytes in relation to 284 
the dose used [18]. In L-carnitine-treated MII porcine oocytes, active mitochondria were 285 
found in high densities in both the peripheral and the central area; in the untreated oocytes, 286 
mitochondria were distributed mainly in the peripheral cytoplasm [18]. Mitochondrial and 287 
lipid droplet volume did not change significantly in L-carnitine-treated lamb oocytes but the 288 
cytoplasm increased in volume compared with the untreated oocytes [16]. In mice, L-carnitine 289 
accelerated nuclear and cytoplasmic maturation and improved normal spindle configuration 290 
and mitochondrial distribution in MII oocytes [20,21]. 291 

In this study, the effect of L-carnitine on maturation of bovine oocytes was assessed on 292 
the basis of the frequency of MII oocytes with mitochondrial clusters, because a relationship 293 
between mitochondrial cluster formation and ATP content has been found in our previous 294 
study [10]. A correlation between large mitochondrial cluster formation and ATP content has 295 
also been described in mouse oocytes [30]. 296 

In our study, nuclear maturation tended to be enhanced in the presence of L-carnitine in 297 
both MMC and MLC oocytes; however, the differences in MII oocyte frequency between L-298 
carnitine-treated and untreated oocytes within category were not significant. Regarding the 299 
frequency of MII oocytes with mitochondrial clusters, this was improved after L-carnitine 300 
treatment in both MMC and MLC oocytes, in MLC oocytes the improvement was statistically 301 
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significant. Abundant mitochondrial activity and lipid utilization are  associated with 302 
cytoplasmic maturation of oocytes. In our experiments, a significantly lower lipid content was 303 
detected in MLC oocytes after their maturation with  L-carnitine. A significantly reduced 304 
density of lipids in porcine oocytes matured with L-carnitine, as compared with those matured 305 
without it, has been described by Somfai et al. [18]. The authors have observed that L-306 
carnitine-treated oocytes have lipid droplets distributed near the central area and under the 307 
oolemma while untreated oocytes showed most of the lipid droplets located in the peripheral 308 
area. Bovine oocytes matured with L-carnitine also redistributed lipid droplets from the 309 
peripheral area to the inner cytoplasm and increased their ATP content [28]. 310 

There is very little information on the influence of L-carnitine on the maturation of 311 
bovine and porcine oocytes in relation to their IVF outcomes. It has been reported that L-312 
carnitine significantly increases intracellular glutathione level [21] and stimulates formation 313 
of male pronuclei in fertilized oocytes [31,32]. No significant differences in penetration and 314 
pronuclear syngamy in association with L-carnitine treatment have been observed in porcine 315 
oocytes. Monospermic fertilization rates did not differ significantly between L-carnitine-316 
treated and untreated oocytes. On the other hand, the proportion of zygotes with two polar 317 
bodies was significantly higher in L-carnitine-treated oocytes than in untreated control 318 
oocytes [18]. 319 

In our experiments with bovine oocytes, in the MMC category, the normal fertilization 320 
rate of L-carnitine-treated oocytes was similar to that of untreated oocytes but, in the MLC 321 
category, it was significantly higher in treated than in untreated oocytes. It was unexpected to 322 
find that L-carnitine had a different effect on the kinetics of pronuclear fusion, slowed down 323 
syngamy onset in MMC oocytes, but did not affect syngamy formation in MLC oocytes. It 324 
can be speculated that fertilized MMC oocytes are, for a certain period, occupied with the 325 
expression of genes and synthesis of proteins manifested by a faster embryo development at 326 
the blastocyst stage. This assumption is supported by differences in the levels of mRNA 327 
transcripts found between bovine embryos derived from more competent oocytes and those 328 
developed from less competent oocytes in our earlier study [33]. 329 

From the majority of studies mentioned here, it is evident that supplementation of 330 
medium with L-carnitine during maturation or cultivation improves the development of early 331 
embryos into the blastocyst stage and positively influences blastocyst quality. However, the 332 
results are not so clear-cut. Apparently, there are some differences in the effect of L-carnitine 333 
on oocytes and embryos in different animal species. Significantly higher blastocyst rates were 334 
achieved in sheep [3,34] and mouse [21] oocytes matured with L-carnitine in comparison with 335 
conltrols. In bovine [12,15] and porcine [18,35] embryos cultured with L-carnitine, no 336 
improvement in development was observed although mitochondrial density was increased, 337 
cytoplasmic lipid content was reduced and expression of some lipid regulating genes was 338 
altered. An increase in the expression of lipid metabolism-related genes and ATP content in 339 
bovine embryos developed with L-carnitine has also been described by Takahashi et al. [29]. 340 
In these embryos, the gene expression remained enhanced until the blastocyst stage, but the 341 
ATP content was significantly increased only up to the 2-cell stage. The authors suggest that 342 
the metabolism-activating effect of L-carnitine decreases during embryo cultivation. 343 

The cultivation of bovine embryos into blastocysts in the presence of L-carnitine 344 
significantly increases the total number of cells and the number of TE cells per blastocyst 345 
[12,29]. In our experiments, the total number of cells and the number of TE cells per 346 
blastocyst also increased, but not significantly. Similar results in bovine embryos derived 347 
from oocytes matured with L-carnitine have been reported by Chankitisakul et al. [28] and 348 
Phongnimitr et al. [15]. 349 

The present study shows that the impact of L-carnitine on bovine oocytes during 350 
maturation differs in relation to meiotic and developmental competences of oocytes. While 351 
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the meiotically less competent oocytes utilize L-carnitine to promote their cytoplasmic 352 
maturation and improve embryo development, the meiotically more competent oocytes use L-353 
carnitine to accelerate blastocyst formation and expansion. 354 

In conclusion, this study confirmed a positive influence of L-carnitine on the maturation 355 
and development of mammalian oocytes and embryos, as reported previously. A new finding 356 
of this study is that, in bovine oocytes and embryos, the effect of L-carnitine is specific and 357 
depends on oocyte meiotic and developmental competence. Our results may contribute to a 358 
better understanding of cytoplasmic maturation in mammalian oocytes and the development 359 
of more effective systems for in vitro embryo production in cattle. 360 
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Table 1
Effect of L-carnitine on bovine oocyte maturation.

n  % n  %

L-carnitine 57/59  96.6a 51/57 89.5a

Control 56/63  88.9ab 43/56 76.8ab

L-carnitine 85/103  82.5bc 58/85 68.2b

Control 79/105 75.2c 41/79 51.8c

Values with different superscripts are significantly different (Chi-square test; P < 0.05). Replica: n = 5. 

MLC

Mitochondrial clusters / MII stageMII stage / matured
Oocyte category IVM 

MMC

Abbreviations: MMC = meiotically more competent oocytes derived from medium follicles (6–10 mm); MLC = meiotically less competent oocytes derived from 
small follicles (< 5 mm).  
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Table 2
Effect of L-carnitine on bovine oocyte fertilization.

n % n %

L-carnitine 198/214 92.5ab 72/198 36.4a

Control 191/222 86.0ab 101/191 52.9bc
173/222

L-carnitine 393/432 91.0a 216/393 55.0c

Control 379/441 85.9b 177/379 46.7ab

Values with different superscripts are significantly different (Chi-square test; P < 0.05). Replica: n = 5.

MLC

Syngamy stage / Fertilized Fertilized / Inseminated

MMC

Oocyte category IVM 

Abbreviations: MMC = meiotically more competent oocytes derived from medium follicles (6–10 mm); MLC = meiotically less competent oocytes derived from 
small follicles (< 5 mm).  
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Table 3
Effect of L-carnitine on bovine embryo development.

n  % n  %

L-carnitine 90/97 92.8a 49/97 50.5a 

Control 58/68 85.3a 32/68 47.1a 

L-carnitine 262/303 86.5a 96/303 31.7b 

Control 226/264 85.6a 61/264 23.1c

Values with different superscripts are significantly different (Chi-square test; P < 0.05). Replica: n = 4.

MLC

Early blastocysts on D7/ InseminatedCleaved on D2 / Inseminated
IVM 

MMC

Abbreviations: MMC = meiotically more competent oocytes derived from medium follicles (6–10 mm); MLC = meiotically less competent oocytes derived from 
small follicles (< 5 mm); D2 = 48h after oocyte insemination; D7 = 168h after oocyte insemination.

Oocyte category
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Table 4
Effect of L-carnitine on bovine blastocyst formation.

n  % n %

L-carnitine 44/97 45.4a 32/44 72.7a

Control 27/68 39.7ab 16/27 59.3b

L-carnitine 101/303 33.3b 64/101 63.4ab

Control 68/264 25.8c 47/68 69.1ab

Values with different superscripts are significantly different (Chi-square test; P < 0.05). Replica: n = 4.

MLC

MMC

Expanded/Total blastocystsTotal blastocysts on D8/ Inseminated
Oocyte category IVM 

Abbreviations: MMC = meiotically more competent oocytes derived from medium follicles (6–10 mm); MLC = meiotically less competent oocytes derived from 
small follicles (< 5 mm); D8 = 192h after oocyte insemination.  
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Table 5
Effect of L-carnitine on bovine blastocyst differentiation. 

Blastocysts

examined (n) Total (n) TE (n) ICM (n) ICM/TE ICM /TCN (%)

L-carnitine 44 135.7 ± 26.6 a 94.2 ± 18.7 a 41.5 ± 10.5 a 0.44 ± 0.4 30.6 ± 4.8 
Control 47 129.0 ± 24.3 a 89.2 ± 15.4 a 39.8 ± 9.6 a 0.45 ± 0.3 31.0 ± 3.3 

Values are not significantly different (Chi-square test; P > 0.05). Replica: n  = 4.

MLC = meiotically less competent oocytes derived from small follicles (< 5 mm); TCN = total cell number per blastocyst. 

MLC

Ratio (mean ± SEM) 
Oocyte category  IVM

Cell number per blastocyst (mean ± SEM)  
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Fig. 5. Lipid content in MLC bovine oocytes after maturation with and without L-carnitine. 
Different letters indicate signifficant differences (Fisher's test; P < 0.05). Replica = 5. MLC = 
meiotically less competent oocytes derived from small follicles (< 5 mm). 
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Fig. 1. Representative image of bovine oocyte with mitochondrial clusters after 24 h-
maturation. Mitochondria were stained with MitoTracker Orange CMTMRos and oocytes 
were examined by confocal microscopy. Scale bar = 30 µm. 
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Fig. 2. Representative image of bovine oocyte with lipid droplets after 24 h-maturation. Lipid 
droplets were stained with Nile red and oocytes were examined by confocal microscopy. 
Scale bar = 30 µm. 
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Fig. 3. Representative image of bovine oocyte with male and female pronuclei at the syngamy 
stage (arrow) at 19 h after insemination. Two extruded polar bodies are also visible. 
Chromatin was stained with Hoechst-33258 and oocytes were examined by fluorescent 
microscopy. Scale bar = 30 µm. 
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Fig. 4. Representative image of bovine expanded blastocyst at Day 8. Nuclei were visualized 
by differential staining of ICM (blue colour; TO-PRO-3) and TE (pink colour; anti CDX2 
protein-IgG antibody conjugated with Alexa Fluor 488) and blastocysts were examined by 
confocal microscopy. Scale bar = 50 µm. 
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24 h-maturation 
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syngamy stage 
Figure 4. Representative image of bovine expanded blastocyst at Day 8 
Figure 5. Lipid content in MLC bovine oocytes after maturation with and without L-carnitine 
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Highlights: 
 
 
• The effect of L-carnitine during maturation of bovine oocytes was assessed. 
 
• The impact of L-carnitine on oocytes depends on their meiotic competence. 
 
• Maturation with L-carnitine increases development of embryos from less competent 

oocytes. 
 
• Expansion of blastocysts from more competent oocytes matured with L-carnitine is 

accelerated. 


