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ABSTRACT
Introduction: Porcine parthenogenetic embryos have emerged as promising tools in biomedi-
cal science. However, in vitro maturation and in vitro development often lead to elevated levels
of reactive oxygen species and reduced developmental competence of the embryo. This study
focused on advancing our understanding of how to increase the developmental competence of
embryos. In addition, the embryos of large animals have specificmetabolic pathways, and their en-
ergy substrate requirements for preimplantation are also more flexible than those of rodents. Little
is known about the metabolism of porcine embryos from the 4-cell stage until morula. This study
examines the effects of adding insulin-transferrin-selenium and/or L-ascorbic acid to the medium
for maturing prepubertal porcine oocytes and establishes a new strategy of using glucose and
pyruvate/lactate in porcine embryos cultured for standard protocols.
Methods: The effects of insulin-transferrin-selenium and/or L-ascorbic acid during in vitro matu-
ration were examined in experiment 1. In experiment 2, porcine parthenogenetic embryos were
cultured in energy-free medium (days 0--5, 1--5, and 2--5, respectively) for the remaining duration
in medium containing lactate-pyruvate or glucose for days 0--5 to investigate the effects of en-
ergy substrates in early developmental stages. Finally, the strategies of using glucose and lactate-
pyruvate for in vitro development in Experiment 3 were determined, and the blastocyst quality
and quantity were evaluated by culturing in different combinations of energy substrate and cul-
ture durations: (1) glucose (7 days); (2) lactate-pyruvate/energy-free/glucose (2 days/3 days/2 days,
respectively); (3) lactate-pyruvate (7 days); and (4) lactate-pyruvate/glucose (2 days/5 days, respec-
tively).
Results: Supplementation with a combination of insulin-transferrin-selenium and L-ascorbic acid
during in vitro maturation significantly improved the quantity and quality of blastocysts, whereas
insulin-transferrin-selenium alone did not have a significant effect. Moreover, the embryos were
capable of self-growth without an energy substrate throughout the preimplantation stages, result-
ing in late cleavage and 2-cell block. The exposure of the embryo to energy substrates for at least
the first 48 hrs tended to have greater beneficial effects on embryo developmental competence.
In addition, compared with glucose, exposure to lactate and pyruvate significantly increased both
embryo quantity and quality.
Conclusion: Adding a combination of insulin-transferrin-selenium and L-ascorbic acid to in vitro
maturation medium could increase the developmental competence of porcine parthenogenetic
diploid embryos. Survival and development at the 1-cell stage are energy dependent, but those
from the 4-cell stage to the early blastocyst stage are energy independent. The morula-early blas-
tocyst formation with lactate-pyruvate had a better result than those exposed to glucose only.
Key words: Energy substrate, porcine oocytes, parthenogenetic embryos, in vitro maturation, in
vitro development

INTRODUCTION1

Parthenogenesis is a process in which zygotes are pro-2

duced without the presence of sperm. Owing to the3

lack of a paternal genome, parthenogenetic embryos4

are unable to achieve full-term development. This5

unique phenomenon has the potential to address eth-6

ical concerns related to human embryos. In addi-7

tion, the anatomical and physiological characteristics 8

of pigs are comparable to those of humans, making 9

themmore suitable for clinical-translational research. 10

They have been utilized in alternative human mod- 11

els supporting biomedical research, bioorgans, and 12

new drug testing trials. Recently, porcine embryo ef- 13

ficiency in vitro has improved because of the benefit 14

Cite this article : Linh N L B, My L B A, Thien L C, Vy N N T, Thinh N N, Thuan N V, Thuy B H. Effects of L-
ascorbic acid or insulin-transferrin-selenium on in vitromaturation and energymetabolism on the
developmental competence of porcine parthenogenetic embryos. Sci. Tech. Dev. J. 2024; ():1-11.
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of model research. However, producing large num-15

bers of blastocysts remains a challenge. Biochemical16

andmorphological changes during in vitro embryonic17

culture are related to changes in the nutritional and18

energy requirements of developing embryos, includ-19

ing zygotic gene activation, morula compaction, and20

blastocyst formation and expansion. Specifically, the21

developmental competence of in vitromature oocytes22

is usually impaired due to oxidative stress 1. High23

reactive oxygen species (ROS) production can cause24

oxidative stress, which induces apoptosis. Therefore,25

the reduction in oxidative stress caused by ROS pro-26

duction could improve the cytoplasmic maturation of27

porcine oocytes2. L-ascorbic acid (LAA) is an essen-28

tial micronutrient known for its ability to moderate a29

variety of biochemical processes and has both antiox-30

idant functions and enzymatic cofactor functions; it is31

a redox catalyst that can reduce and neutralize ROS3.32

In addition to suppressing ROS reactions, oocytes re-33

quire nutrients to improve their quality before reach-34

ing the MII stage. Insulin-transferrin-selenium (ITS)35

is preferred as a supplement in most serum-free cul-36

tures because it enhances cell proliferation and sur-37

vival and decreases the serum requirements of many38

cell types. It also increases both quantity and quality39

in several in vitro maturation (IVM) systems and dur-40

ing porcine embryonic development4. Insulin helps41

increase the absorption rate of nutrients instead of in-42

creasing the concentration of nutrients supplied to the43

medium5, whereas transferrin and selenium have an-44

tioxidant properties. However, the effects of either45

LAAor ITS on porcine oocytes are not completely un-46

derstood.47

Moreover, the embryo culture medium partially af-48

fects the survival rate and quality of the embryos in49

vitro. Energy metabolism is crucial for embryo de-50

velopment because it involves high energy demands51

from different substrates. In the context of preim-52

plantation embryos, it is important to focus on the53

major substrates added to embryo in vitro develop-54

ment (IVD) culture media. It has been reported that55

rats, rabbits, and monkeys prefer lactate and pyru-56

vate as the central energy sources required for em-57

bryos6, whereas glucose inhibits embryonic devel-58

opment in hamsters and cattle but is not obligatory59

for pigs7. Among porcine embryos, North Carolina60

State University-23 (NCSU-23) and Porcine Zygote61

Medium 3 (PZM3) variants are currently the most62

commonly used media for porcine embryo culture.63

PZM3 contains 2.73 mM lactate and 0.17 mM pyru-64

vate, andNCSU23 contains 5.56mMglucose but lacks65

pyruvate and lactate. Previous studies have shown66

that pyruvate and lactate are essential sources of car- 67

bohydrates during the early stages of preimplanta- 68

tion development8, and glucose becomes a key en- 69

ergy source after compaction9. Although many stud- 70

ies have suggested that the energy substrate should be 71

altered during embryonic development10, current re- 72

ports have only used one energy substrate addition 73

because no differences have occurred during develop- 74

ment11. Moreover, oocytes can provide enough sub- 75

strates for energy production necessary for the initial 76

days of embryo development12, and in vivo-produced 77

porcine zygotes have been demonstrated to complete 78

preimplantation embryonic development without en- 79

ergy requirements. While characteristic metabolites 80

have been defined for the 2-cell andmorula stages, the 81

metabolic characteristics of the 4-cell stage, a critical 82

stage for detecting synchronous embryos that lead to 83

abortion, have not been fully documented. 84

Here, we first examined the effect of ITS, specifically 85

LAA, on the in vitro maturation of porcine oocytes. 86

The second objective of this study was to clarify 87

whether porcine embryos require energy substrates, 88

especially at the 4-cell to morula stage. The third ob- 89

jective was to provide an overview of all the strate- 90

gies of using specific-energy substrate supplementa- 91

tion at different times of culture on the developmen- 92

tal competence of parthenogenetic diploid porcine 93

embryos. This thorough documentation of energy 94

metabolism and embryo behaviors during IVM and 95

IVD sets the stage for further improvements in em- 96

bryo culture conditions and the optimization of via- 97

bility assays. This may provide additional informa- 98

tion for discriminating between the suitability of dif- 99

ferent substrates for embryo development, which can 100

improve the knowledge of the in vitro production of 101

embryos. 102

MATERIALS ANDMETHODS 103

The treatment of porcine ovaries used in this study fol- 104

lowed the guidelines of the International University – 105

Vietnam National University, Ho Chi Minh City, Viet- 106

nam. All chemicals were purchased from Sigma (St. 107

Louis, MO) unless otherwise indicated. 108

Experimental Design 109

Experiment 1: Effects of ITSs during maturation and 110

culture on embryo production and quality 111

In this study, we evaluated whether the combination 112

of ITS and LAA affects in vitro embryo production 113

during IVM and in vitro culture. These groups in- 114

cluded (1) the control oocytes, n=59; (2) the oocytes 115

supplementedwith ITS in the IVMmedium for 24 hrs 116
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(+ITS), n=81; (3) the oocytes supplemented with L-117

AA in the IVM medium for 24 hrs (+L-AA), n=102;118

and (4) the oocytes supplemented with a combination119

of ITS andL-AA in the IVMmedium for 24 hrs (+ITS-120

LAA), n=134. The effects of supplementation on the121

culturewere examined via the cumulus expansion and122

development rates at the 2-cell, 4-cell, 8-cell, morula,123

and blastocyst stages, as well as the total cell number124

in blastocysts as a measure of embryo quality.125

Experiment 2: Evaluation of the energy substrate-126

dependent or energy substance-independent dura-127

tion of embryo development during the first 5 days128

after parthenogenesis activation129

Oocytes were cultured in EFree medium for 0–5 days,130

1–5 days, or 2–5 days in the presence of Glu or LP131

for 24 hrs or 48 hrs in the gaps, respectively. One-132

cell parthenogenetic embryos cultured with only LP133

or Glu for the whole culture period were chosen as134

the control group. The cleavage rates on day 2 and135

morula-early blastocysts, blastocyst rates, sizes and136

total cell numbers on day 5 were evaluated.137

Experiment 3: Effects of different energy supplemen-138

tation strategies on energy substrate independence139

during in vitro embryo development140

The effects of all the strategies and the modified141

combination media at different culture durations on142

the development of porcine parthenogenetic embryos143

were examined. After activation (day 0), a total of 4144

different IVD groups were used: (1) Glu (0-7 days),145

n=433 (2) LP D0-2/E-Free D2-5/Glu D5-7 (2 days/3146

days/2 days, respectively), n=327; (3) LP (0-7 days),147

n=244; and (4) LP D0-2/Glu D2-7 (2 days/5 days, re-148

spectively), n=151. All the embryoswere cultured un-149

til day 7, and the development rate to the blastocyst150

stage and the number of cells per blastocyst were as-151

sessed.152

The experimental design schematic is shown in Fig-153

ure 1.154

Oocyte collection and in vitro maturation155

(IVM).156

Porcine ovaries were collected from the slaughter-157

house and transported to the laboratory while they158

were kept in phosphate-buffered saline (PBS). The159

ovaries were rinsed several times with PBS, and the160

oocytes were collected from 4–6 mm follicles via the161

dissection method. Only cumulus−oocyte complexes162

(COCs) with multiple layers of intact cumulus cells,163

granulosa cells, and uniform ooplasm were selected164

for subsequent IVM. The detailed procedure of IVM165

was described in a previous study13. Briefly, the mat-166

uration medium consisted of tissue culture medium167

(TCM-199) supplemented with 10% (v/v) porcine 168

follicular fluid (pFF), 10% (v/v) fetal bovine serum 169

(FBS), 10 IU/mL human chorionic gonadotropin, and 170

0.91 mM sodium pyruvate, with supplementation of 171

3 treatment groups: 50 µg/mL LAA, 1% (v/v) ITS, or 172

ITS-LAA for the first 22 hrs during 44 hrs of IVM. 173

The COCs of the three treatment groups were placed 174

in separate IVMfloating drops (10–15 COCs/100 µL) 175

covered withmineral oil. Themicrodroplets were sta- 176

bilized at 38.5◦C in an atmosphere of 5% CO2 before 177

culture. 178

Parthenogenetic activation of diploid em- 179

bryos 180

The procedure of parthenogenetic activation was de- 181

scribed in a previous study14. Briefly, after 44 hrs 182

of maturation culture, denuded mature oocytes with 183

the first polar body were selected. Recovered ma- 184

ture oocytes were activated by a single direct-current 185

(DC) pulse of 100 V in 100 msec twice, with 5 s 186

intervals between two pulses by an Electro Cell Fu- 187

sion LF201 (Nepagene, Japan) in a medium contain- 188

ing 0.3 mM mannitol, 0.1 mM MgSO4, 0.05 mM 189

CaCl2, and 0.01% (w/v) PVA. After activation, the 190

oocytes were cultured in NCSU23 supplemented with 191

5 µg/mL cytochalasin B (CB) for 6 h to produce 192

porcine parthenogenetic diploid embryos. The em- 193

bryos were then washed to remove CB and continu- 194

ously cultured in the following treatments. 195

Combined effects of lactate/pyruvate (LN), 196

energy-free (EFree), and glucose (Glu) on 197

the in vitro development (IVD) of porcine 198

parthenogenetic embryos 199

Embryos were allocated randomly to 3 groups of cul- 200

ture media: (1) basic NCSU23 media containing 0.55 201

mM glucose (Glu), (2) modified NCSU23 with 0.55 202

mM Glu replaced with 2.73 mM sodium lactate and 203

0.17 mM sodium pyruvate (LP), and (3) modified 204

NCSU23 with free-energy substrates supplemented 205

with NaCl for osmolarity rebalancing (EFree). To 206

examine the combined effect of the energy supply 207

medium, the embryos were cultured in 4 groups: 208

(1) Glu (7 days), (2) LP/E-Free/Glu (2 days/3 days/2 209

days), (3) LP (7 days), and (4) LP/Glu (2 days/5 days). 210

Each group was cultured in an atmosphere of 5%CO2 211

in humidified air at 38.5◦C. 212

Quantitative and qualitative analysis 213

The embryo development rate was calculated by di- 214

viding the number of embryos reached in the ex- 215

pected stages by the number of MII oocytes or 2-cell 216
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Figure 1: Schematic representation of the experimental design. Experiment 1: The effects of the combina-
tion of ITS and LAA supplementation on embryos were were evaluated during in vitro maturation. Experiment 2:
Effects of the substance-independent duration of embryo development during the first 5 days after parthenogen-
esis activation. Experiment 3: Evaluation of different energy supplementation strategies during in vitro embryo
development.

embryos. The number of cells in the blastocysts on217

days 5 and 7 in each treatment group was detected218

via 4’,6-diamidino-2-phenylindole (DAPI) staining,219

as described in our previous report 15.220

Statistical analysis221

Each treatment was replicated at least three times,222

with each replication consisting of 15 ormore oocytes223

or embryos. One-way analysis of variance (ANOVA)224

was performed via the Statistical Package for Social225

Statistics version 20 (SPSS). A value < 0.05 was con-226

sidered statistically significant. The data are presented227

as the mean± standard error of the mean (SEM).228

RESULT229

Effect of L-ascorbic acid and Insulin-230

transferrin-selenium during in vitro matu-231

ration of porcine oocytes232

The viability of cumulus cells and oocytes is highly233

important in the assessment of oocyte maturation.234

In our experiment, COCs were subjected to ei-235

ther 50 µg/mL LAA or 1% (v/v) ITS during the236

first 22 hrs of IVM. The findings indicated that237

treatment of porcine COCs with both LAA and238

ITS resulted in greater expansion and fewer dead239

clumps of surrounding cumulus cells (Figure 2A).240

Although the addition of LAA alone or combined 241

with ITS (LAA-ITS) did not affect the cleavage rate 242

at the 2-cell stage compared with that in the con- 243

trol groups, it markedly improved embryonic devel- 244

opment, particularly at the 4-cell stage (87.46±1.30%, 245

89.45±0.34% vs. 76.67±1.67%, p<0.05, respectively) 246

and the blastocyst stage (45.87±1.30%, 49.32±1.38% 247

vs. 33.89±0.56%, p<0,05, p<0.01, respectively). In 248

contrast, ITS alone did not significantly improve de- 249

velopment (Figure 2BC). In addition, supplementa- 250

tion with the combination of LAA and ITS resulted in 251

a significant increase in the total cell number of day 7 252

blastocysts compared with that of the control groups 253

(35.79±1.86 vs. 27.31±1.26, p<0.05, respectively), in- 254

dicating significantly greater quality (Figure 2D). 255

Effectsofenergysubstratesonthe earlyde- 256

velopment of porcine parthenogenetic em- 257

bryos 258

In this series of experiments, embryos were cultured 259

in basic medium (NCSU23) at different stages from 260

pronuclei (day 0) to 4-cell (day 2) embryos with mi- 261

nor modifications in energy substrates, including the 262

presence of glucose (Glu) or lactate/pyruvate (LP), 263

and during the remaining gap periods, the embryos 264

were cultured in energy substrate-free medium (E- 265

Free), as shown in Figure 3 and Table 1. Although 266
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Figure 2: Effects of LAA and ITS on thematuration of porcine oocytes. (A) Expansion of cumulus cells after 44
hrs of IVM in the control (nontreated, a), with and without either LAA or ITS (b, c) and combined LAA/ITS groups
(d). (B) Day 7 expanded blastocysts fromdifferent groups are shown (a, b, c, d). (C) The development rates of 2-cell,
4-cell, 8-cell, morula, and blastocyst embryos from parthenogenetically activated mature oocytes were recorded.
(D) Quality of embryos in terms of cell number. The data are presented as the mean± SEM. Values with different
letters within each developmental stage are significantly different (P < 0.05). A, Scale bar = 500 µm. B, Scale bar
=100 µm.

the absence of energy substrates, E-Free, did not re-267

sult in a significant difference in the cleavage rate268

within 48 hrs post parthenogenetic activation, which269

caused delayed cleavage, with only 39.33±1.72% nor-270

mally reaching the 2-cell stage at 24 hrs postactiva-271

tion, whereas 50.50±2.92% (p<0.001) reached that272

stage after 24 hrs. In the presence of the energy sub-273

strates LP or Glu, porcine oocytes presented a signif-274

icantly greater normal cleavage ratio (90.26±2.02%275

and 93.14±1.18%, respectively) (Figure 3AB).276

In addition, the results revealed that the absence of277

energy substrates from the 2-cell (day 1) stage did278

not affect morula-early blastocyst (day 5) formation279

within the same energy groups (Table 1). However,280

the growth of the embryos differed with respect to281

the type of energy substrate and stage of exposure282

(Figure 3C). Exposure to Glu at all stages (day 0–283

5/day 0–1/day 0–2) resulted in similar proportions of284

morula-early blastocysts; however, these proportions 285

were lower than those in those cultured with LP. LP 286

exposure for the first 24 h (days 0–1) resulted in de- 287

layed morula-early blastocysts with a greater percent- 288

age of morula on day 5 than on the whole day (days 289

0–5) or the first 2 days (days 0–2) (23.07±2.25% vs. 290

7.75±0.56% and 10.58±0.75%, p<0.01, respectively). 291

In addition, the EFree groups presented the slowest 292

developmental competence and the greatest delay in 293

growth, with amorula ratio. Additionally, LPs yielded 294

greater quality and expanded sizes on day 5 embryos 295

than did the Glu groups did, while EFree exposure 296

had the lowest effect among the groups. Interestingly, 297

LP exposure on D0-2 did not significantly differ from 298

that on D0-5 (174.12±6.14 µm vs. 170.23±6.12 µm, 299

respectively), whereas exposure on D0-1 had a detri- 300

mental effect on expansion (157.60±4.12 µm) (Ta- 301

ble 1). 302
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Figure 3: Dependences of in vitro-produced embryos on different energy substrates. Porcine partheno-
genetically activated oocytes were used to test the effects of different energy substrates. (A) Cleavage capacity
of porcine oocytes in the presence (Glu or LP) and absence (EFree) of energy substrates within 48 hrs postacti-
vation. Normally cleaved oocytes reach the 2-cell stage prior to 24 hrs (a, b, c), whereas their delayed cleavage
counterparts reach this stage after 24 hrs (a1, b1, c1; red asterisk). (B). The data are presented as themean± SEM.
Values with different letters within each developmental stage are significantly different (P < 0.05). (C) After 5 days
of culture, morula-early blastocysts derived from groups of embryos cultured in media containing Glu (a, b, c) or
LP (a1, b1, c1) formed; those gaps were filled with EFree medium (d). A, Scale bar = 250 µm. C, Scale bar: 300 µm.
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This finding indicated that in vitro-produced em-303

bryos could develop independently from energy304

substrates. However, during normal development,305

porcine embryos require energy substrates at the 1-306

cell stage and could be independent from the 4-cell307

stage to the early blastocyst stage without detrimen-308

tal effects. Moreover, LP was superior to glucose at309

the early stages of embryogenesis in terms of quantity,310

quality, and blastocoel expansion.311

Effects of different media combinations312

on the development of porcine partheno-313

genetic embryos314

To evaluate the effects of different energy substrate-315

dependent periods, porcine parthenogenetic embryos316

were cultured for 7 days under four conditions: 1)317

Glu-only, 2) LP-only, 3) LP/EFree/Glu (2 days, 3318

days/2 days, respectively), and 4) LP/Glu (2 days/5319

days, respectively). The results are shown in Figure 4.320

In this study, the development rate from morula to321

early blastocyst formation (Figure 4AB) and the num-322

ber of cells per blastocyst (Figure 4CD) were eval-323

uated and compared among the groups. Compared324

with those in the Glu-only group, the development325

rates and cell numbers in the LP-only, LP/EFree/Glu,326

and LP/Glu groups were significantly greater. The327

LP-only, LP/EFree/Glu, and LP/Glu groups presented328

comparable results, with no significant differences.329

Compared with the Glu-only group, all the LP groups330

presented considerable effects on both the develop-331

ment rate and cell number, suggesting that these treat-332

ment groups presented increased blastocoel expan-333

sion capability and blastomere quantity.334

Thisfinding revealed that lactate andpyruvate are cru-335

cial for early embryonic stages because they induce336

development from the zygote to the 4-cell stage and337

that the absence of these substances may have detri-338

mental effects on embryos at this stage.339

DISCUSSION340

We found that adding ITS-LAA during IVM resulted341

in the greatest improvement in the quantity and qual-342

ity of the produced embryos. This led to a greater blas-343

tocyst rate and greater number of blastocyst cells than344

did the addition of L-AA alone, and the presence of345

ITS did not affect embryo development. In addition,346

this study revealed a high incidence of delayed cleav-347

age and 2-cell block when embryos were cultured in348

a medium lacking energy substrate. Our results em-349

phasize the critical role of energy substrates utilized350

by embryos from the zygote stage to the 2-cell stage351

in the subsequent development of the embryo.352

Our previous study demonstrated that LAA could 353

improve the developmental competence of porcine 354

embryos from growing oocytes14. Moreover, sup- 355

plementation with various nutrient sources, such as 356

FBS16, glucose 17, cysteine18, and amino acids19, 357

can aid in improving the quality and development 358

of oocytes during in vitro maturation. An excessive 359

supply of nutrients may adversely affect oocyte via- 360

bility and maturation. Therefore, ITS can mitigate 361

these issues by enhancing hormone absorption.20 and 362

the synthesis of protein, thereby increasing oocyte 363

metabolism21. However, an increase in metabolism 364

is associated with the production of reactive oxy- 365

gen species (ROS), and redox reactions affect key en- 366

zymes associated with metabolic pathways22. ROS 367

have been identified as major factors in the decline 368

in oocyte quality and development23. The accumu- 369

lation of ROS in the oocyte culture leads to lipid 370

peroxidation of the cell membrane, DNA fragmen- 371

tation, disruption of RNA transcription and protein 372

synthesis24, developmental blockage, and ultimately, 373

cell death1. L-ascorbic acid supplementation dur- 374

ing IVM could decrease the level of reactive oxygen 375

species (ROS) due to its antioxidative effect, resulting 376

in improved cytoplasmic maturation by promoting 377

the storage of glutathione (GSH) in oocytes and sub- 378

sequent embryonic development25. Therefore, the re- 379

sults suggest that the mutual support of LAA and ITS 380

leads to an improvement in the blastocyst formation 381

rate and the total cell number in the blastocyst. 382

The presence of glucose in IVF culture media at the 383

zygotic stage in mice has been shown to alleviate ox- 384

idative stress thus, high-quality 8-cell embryos can 385

develop26 and reach the morula stage27. In addition, 386

pyruvate has been proven to have the ability to pro- 387

tect against cytotoxicity, and lactate acts as a potent 388

cytosolic reductant in early embryos through lactate 389

dehydrogenase 28. It can also protect fragile cleavage- 390

stage cells from oxidative stress and injury by regulat- 391

ing excessive glucose consumption. 392

When glucose or lactate and pyruvate were added 393

to the IVD medium after electroactivation, the pres- 394

ence of lactate and pyruvate had greater beneficial 395

effects than did the addition of glucose, at least for 396

the first two days. It has been reported that precom- 397

pacted embryos utilize pyruvate and lactate to fuel 398

carboxylic acid-based metabolism via the Krebs cy- 399

cle and oxidative phosphorylation to consume glu- 400

cose via the Embden–Meyerhof pathway29. More- 401

over, at the early stages of porcine embryonic devel- 402

opment, small amounts of carbohydrates are neces- 403

sary to provide oxaloacetate to prime the TCA cycle if 404

8
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Figure 4: Dependences of in vitro-produced embryos on different energy substrates. Porcine partheno-
genetically activated oocytes were used to test the effects of different energy substrates. (A) Cleavage capacity
of porcine oocytes in the presence (Glu or LP) and absence (EFree) of energy substrates within 48 hrs postacti-
vation. Normally cleaved oocytes reach the 2-cell stage prior to 24 hrs (a, b, c), whereas their delayed cleavage
counterparts reach this stage after 24 hrs (a1, b1, c1; red asterisk). (B). The data are presented as themean± SEM.
Values with different letters within each developmental stage are significantly different (P < 0.05). (C) After 5 days
of culture, morula-early blastocysts derived from groups of embryos cultured in media containing Glu (a, b, c) or
LP (a1, b1, c1) formed; those gaps were filled with EFree medium (d). A, Scale bar = 250 µm. C, Scale bar: 300 µm.
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the free fatty acids formed from triglycerides are oxi-405

dized. The enzyme pyruvate carboxylase can produce406

oxaloacetate frompyruvate. During the later develop-407

mental stages, porcine embryos obtain pyruvate from408

glucose via the glycolytic pathway30. Thus, it is pos-409

sible to supply pyruvate, which helps to produce ox-410

aloacetate and is required to prime the TCA cycle.411

Pyruvate has been shown to play a crucial role as an412

energy substance during early mammals embryonic413

development31, and LP has been identified as an im-414

portant energy supplement in porcine embryos, par-415

ticularly for early embryonic development in vitro12.416

In our study, embryo culture with the combination of417

pyruvate-lactate and glucose during the early stages418

of development resulted in a significantly greater de-419

velopmental rate in the morula and expanded blas-420

tocyst stages than did those cultured with glucose421

alone. This can be attributed to the fact that 91–97%of422

the ATP produced during embryonic development is423

derived from oxidative phosphorylation through the424

consumption of lactate/pyruvate, and the remaining425

ATP is produced in the glycolytic pathway associated426

with glucose consumption after the morula stage 32.427

Previous studies have demonstrated that energy sub-428

strates are essential for massive cell proliferation of429

embryos from the morula to early blastocyst stages430

and that lactate/pyruvate (LP)may partially reflect the431

superiority of PZM3 over the NCSU23. However, our432

results revealed that when energy substrates were ab-433

sent from the 4-cell stage to the early blastocyst stage,434

the quantity and quality of the embryos were similar435

to those when energy substrates were present. These436

findings indicate that porcine embryos may not de-437

pend on energy substrates during this period and that438

the energy substrates used by embryos from the zy-439

gote to the 2-cell stage are crucial for the later devel-440

opment of the embryo.441

CONCLUSION442

To summarize, the combined supplementation of443

LAA and ITS in the in vitro culture system of porcine444

oocytes enhanced in vitro maturation and develop-445

mental competence. The results provide insights into446

the independence of energy substrates in the in vitro447

development of embryos and the effects of specific en-448

ergy substrate supplementation during different cul-449

ture periods. This study broadens our understand-450

ing of embryonic metabolism in the context of a451

broad, interconnected network of metabolic mecha-452

nisms that influences viability. A thorough under-453

standing of embryonic metabolism is crucial for en-454

hancing embryo survival in vitro and could have im-455

plications for improving in vitro human oocyte cul-456

ture techniques.457
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