
R E S E A R C H Open Access

© The Author(s) 2026. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit ​h​t​t​p​​:​/​/​​c​r​e​a​​t​i​​
v​e​c​​o​m​m​​o​n​s​.​​o​r​​g​/​l​​i​c​e​​n​s​e​s​​/​b​​y​-​n​c​-​n​d​/​4​.​0​/.

Ayantoye et al. BMC Genomics          (2026) 27:462 
https://doi.org/10.1186/s12864-026-12752-5

BMC Genomics

†Jesse Oluwaseun Ayantoye and Baigao Yang contributed equally to 
this work.

*Correspondence:
Hongmei Pan
panhm_2118@163.com
Xueming Zhao
zhaoxueming@caas.cn

Full list of author information is available at the end of the article

Abstract
Background  Cryopreservation of porcine blastocysts remains a significant challenge due to their high lipid content, 
which can lead to cryoinjury and reduced developmental competence. While liquid nitrogen (LN) vitrification causes 
significant molecular damage, LHe vitrification enhances oocyte viability, reduces cryoinjury, and better preserves 
ultrastructure and gene expression. Despite these advantages, the specific effects of LHe vitrification on porcine 
blastocysts are still underexplored.

Results  LHe vitrification significantly improved post-thaw survival rates (96.53 ± 4.27%) compared to conventional 
LN (71.20 ± 6.82%) and modified LN protocols (90.77 ± 7.88%). scRNA-seq and scWGBS achieved mapping rates of 
83.70% and 33.69%, respectively, and a bisulfite conversion efficiency of 99.27%, ensuring high-quality data for gene 
expression and methylation analysis. Vitrification significantly altered gene expression and epigenetic regulation, 
with hypermethylation and downregulation of genes associated with energy metabolism (ARG2, AUH, IDH3A, 
NDUFV1), immune function (CD53), and protein processing (B4GALT5, OSTC, DPM3, EXT1), resulting in mitochondrial 
and immune dysfunction, as well as protein instability. KEGG pathway analysis revealed disruptions in the TCA 
cycle, pentose phosphate pathway, homologous recombination, and fatty acid biosynthesis, which impaired 
blastocyst viability, ATP availability, immune responses, and cellular communication. Conversely, hypomethylation 
and upregulation of genes regulating energy metabolism (GPAM, AICDA), oxidative stress response (ITGAV), and cell 
adhesion (PLAU, MRAP2) suggest an adaptive response to mitigate cellular stress and damage. However, excessive 
upregulation following vitrification may lead to metabolic strain, oxidative stress accumulation, lipotoxicity, and an 
increased risk of apoptosis.
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Background
Cryopreservation of oocytes, blastocysts, embryos, 
and gametes plays a pivotal role in preserving genetic 
resources, supporting efficient breeding programs, and 
advancing reproductive biotechnology [1]. However, the 
cryopreservation of porcine embryos, particularly blas-
tocysts, presents significant challenges due to their high 
lipid content, which increases their susceptibility to cryo-
injury and low-temperature damage. This characteristic 
leads to ice crystal formation during freezing, disrupting 
cellular structures and contributing to poor cryopreser-
vation success rates [2, 3]. Therefore, improved cryo-
preservation strategies are urgently needed to enhance 
the survival and developmental competence of porcine 
blastocysts, thereby optimizing the efficiency of breeding 
and genetic enhancement programs.

Vitrification has emerged as a superior alternative to 
traditional freezing methods due to its ability to effec-
tively prevent ice crystal formation by rapidly cooling 
cells without freezing [4]. By employing ultrafast cool-
ing rates and high concentrations of cryoprotectants, 
vitrification transforms biological samples into a glass-
like state, thereby maintaining the biological integrity of 
embryos. This technique has significantly improved cryo-
preservation outcomes, particularly for porcine embryos 
[2]. However, the high concentration and composition of 
permeating cryoprotectants can influence post-warming 
embryo survival and developmental competence [5]. 
Furthermore, despite its advantages, vitrified porcine 
blastocysts, particularly those frozen with liquid nitro-
gen (LN), show suboptimal developmental competence 
when compared to in vivo-derived embryos and those 
from other model organisms, such as mice and cattle [6, 
7]. Due to the limitations of LN, alternative cryogenic 
agents, such as Liquid Helium (LHe), have gained atten-
tion in reproductive biotechnology to optimize vitrifica-
tion conditions.

LHe serves as a promising modification to vitrification, 
functioning as an ultra-rapid cryogenic cooling agent [8]. 
LHe vitrification improves oocyte viability, mitigates cry-
oinjury, and preserves ultrastructure and gene expression 
better than LN, leading to reduced cryodamage, higher 
survival rates, and enhanced post-thaw developmen-
tal competence [9]. Similarly, LHe achieves ultra-rapid 
cooling rates, minimizing intracellular ice formation 
and oxidative stress, thereby enhancing cryopreserva-
tion efficiency compared to LN [10]. LHe vitrification 
can potentially reduce cryoinjury and preserve embryos' 

epigenetic and transcriptional integrity, which could 
lead to enhanced survival and developmental outcomes 
[11]. While LHe vitrification has demonstrated promis-
ing results in bovine oocyte cryopreservation, its effects 
on porcine embryos, particularly parthenogenetically 
activated blastocysts, remain largely unexplored. Further 
research is needed to determine whether LHe vitrifica-
tion can enhance porcine blastocyst survival and devel-
opmental outcomes.

Despite advancements in vitrification techniques, 
challenges persist in preserving genomic stability, mito-
chondrial function, and regulating apoptosis post-cryo-
preservation [12]. Addressing these challenges requires 
a deeper understanding of the molecular mechanisms 
underlying the alterations induced by vitrification. Recent 
advances in sequencing technologies, such as RNA 
sequencing (RNA-seq) and DNA methylation analysis, 
have the potential to investigate the molecular effects of 
cryopreservation at both the transcriptional and epigene-
tic levels [13]. RNA-seq plays a pivotal role in elucidating 
how vitrification affects gene expression, shedding light 
on molecular pathways that may impact developmental 
quality [14]. Similarly, DNA methylation studies reveal 
how cryopreservation affects the epigenome, influencing 
embryo viability and developmental potential [15].

Recent studies have investigated the effects of vitrifi-
cation on the transcriptome profile of porcine embryos, 
including both in vitro-produced and in vivo-derived 
blastocysts [16–19]. Almiñana et al. (2022) [16] demon-
strated that vitrification induces changes in gene expres-
sion in porcine blastocysts, reflecting both cryodamage 
and the embryo's repair processes, which could impact 
embryo viability and post-transfer development. Simi-
larly, Wiesak and Goryszewska-Szczurek (2022) [18] 
reported modifications in specific gene expressions that 
may affect the embryos' developmental trajectory. In 
another study, Jia et al. (2024) [17] highlighted that the 
vitrification of porcine germinal vesicle oocytes can alter 
gene expression patterns during subsequent embryonic 
stages, potentially affecting developmental competence. 
Importantly, transcriptomic analyses of in vivo-derived 
porcine embryos have also shown that vitrification 
alters genes involved in metabolism, cell cycle regula-
tion, stress response, and key signaling pathways such as 
TGF-β, MAPK, and p53, indicating that cryopreserva-
tion-induced molecular perturbations also occur under 
physiological conditions [19]. However, these studies 
are limited to transcriptomic analyses of in vitro and 

Conclusions  Our findings demonstrate that LHe offers superior metabolic and epigenetic preservation compared 
to LN, thereby reducing molecular damage and enhancing post-thaw development. These results establish LHe 
vitrification as an effective method that increases blastocyst viability and reproductive biotechnology applications.
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in vivo-derived oocytes, leaving a critical gap in under-
standing how vitrification affects both the epigenetic 
modifications and gene expression in parthenogenetically 
activated (PA) porcine blastocysts. This gap is particu-
larly significant as porcine parthenogenetically activated 
(PA) blastocysts offer a well-established model for evalu-
ating cytoplasmic maturation and developmental compe-
tence in vitro [20], and thus provide a robust system for 
investigating developmental mechanisms and optimizing 
cryopreservation strategies.

Therefore, this study aims to fill this gap by introduc-
ing LHe vitrification as a novel approach to enhance 
the cryopreservation of porcine blastocysts. We aim to 
investigate the molecular effects of LHe vitrification on 
parthenogenetically activated porcine blastocysts by 
examining transcriptional and epigenetic changes using 
advanced single-cell RNA sequencing (scRNA-seq) and 
single-cell whole-genome bisulfite sequencing (scW-
GBS). We aim to identify molecular differences between 
non-vitrified, LN-vitrified, and LHe-vitrified blastocysts, 
thereby elucidating the mechanisms that influence devel-
opmental competence and advancing cryopreservation 
strategies to improve porcine blastocyst viability.

Materials and methods
Porcine oocytes collection
Porcine ovaries were collected from a nearby slaughter-
house and transported to the laboratory at a temperature 
of 35–37 °C within 2 h in a 0.9% saline solution contain-
ing penicillin (100 UI/mL) and streptomycin (10 mg/mL). 
Cumulus–oocyte complexes (COCs) were aspirated from 
the ovaries using a disposable syringe with an 18-gauge 
needle from follicles 3 to 8 mm in diameter. The COCs 
were washed in manipulation media (TCM-199 HEPES-
buffered medium supplemented with 1% pFF), and suit-
able COCs with at least three compact layers of cumulus 
cells and homogeneous cytoplasm were selected for IVM.

In Vitro maturation of the oocytes
Oocytes were matured in vitro according to [21], with 
slight modifications. COCs were matured at 37 °C in 5% 
CO2 in a maturation medium for 44 h containing TCM 
199 supplemented with 40  ng/mL of Fibroblast Growth 
Factor 2 (FGF2), 20  ng/mL of Insulin-like Growth Fac-
tor 1, 20  ng/mL of Leukaemia Inhibitory Factor, 20% 
pFF, 1  mM dibutyryl cyclic adenosine monophosphate 
(dbcAMP), 2  mM of Pyruvate, 5.6  mM of Glucose, 0.5 
UI/mL hCG, 0.5 UI/mL FSH and 50 mM of Nicotinamide 
(NAM). Twenty oocytes were cultured in 100 μL of IVM 
medium under mineral oil.

After maturation, the cumulus cells were removed from 
the oocytes by vortexing for 4  min in Tyrode lactate-
Hepes (TL-Hepes), which was supplemented with 0.1% 
PVA and 0.1% hyaluronidase. Denuded oocytes with a 

visible polar body were selected in the oocyte manipula-
tion medium.

Parthenogenetic activation (PA) of the oocytes
Parthenogenetic activation was performed on mature 
oocytes, as described by [22], with slight modifica-
tions. Matured oocytes were washed 3 times in activa-
tion medium (0.1 mg/mL PVA, 0.3 M mannitol, 0.1 mM 
CaCl2·2H2O, 0.5  mM MgCl2·6H2O, 0.8  mM HEPES). 
The mature oocytes were arranged sequentially in the 
electrophoresis tank, and two continuous DC pulses of 
1.2 kV/cm were activated by the ECM2001 electrofusion 
instrument (ECM2001, BTX, USA) for 30 μs. After acti-
vation, the oocytes were washed. Subsequently, the blas-
tocysts were transferred to culture medium PZM-3 and 
cultured at 38.5 °C with 5% CO2 for 6 days, during which 
they developed into blastocysts.

Vitrification and thawing of the blastocysts
The 6-day PA blastocysts were divided into four groups: 
fresh control (AA), LN-vitrified (BB), modified LN-vit-
rified (CC), and LHe-vitrified (HH). The 6-day PA blas-
tocysts (Groups BB and CC with some treatment) were 
subjected to the vitrification method (Cryotop Vitrifica-
tion) according to [23], with slight modifications.

For group BB vitrification, the blastocysts were equili-
brated in vitrification solution I (PZM-3 containing 7.5% 
ethylene glycol (EG), 7.5% dimethyl sulfoxide (DMSO), 
and 20% fetal bovine serum (FBS)) for 5 min. They were 
then transferred to vitrification solution II (PZM-3 con-
taining 0.4 mol/L sucrose, 15% EG, 15% DMSO, and 20% 
FBS) for 30 s. Subsequently, 3–5 blastocysts were loaded 
onto a single Cryotop device using a minimal volume 
of vitrification solution and quickly immersed in liquid 
nitrogen for cryopreservation.

For group CC vitrification, the blastocysts were equili-
brated in vitrification solution I (PZM-3 containing 7.5% 
ethylene glycol (EG), 7.5% dimethyl sulfoxide (DMSO), 
and 20% fetal bovine serum (FBS)) and supplemented 
with 7.5 mg/mL cytochalasin B for 5 min. They were then 
transferred to vitrification solution II (PZM-3 containing 
0.4  mol/L sucrose, 15% EG, 15% DMSO, 1% nanoparti-
cles Fe3O4, 7.5 mg/mL cytochalasin-b, and 20% FBS) for 
30  s. Subsequently, 3–5 blastocysts were loaded onto a 
single Cryotop device using a minimal volume of vitrifi-
cation solution and quickly immersed in liquid nitrogen 
for cryopreservation.

For group HH vitrification, vitrification followed the 
same protocol as LN vitrification, except that Cryotops 
were initially plunged into liquid helium (LHe) prior to 
transfer into liquid nitrogen (LN) according to [9], with 
slight modifications. Briefly, 3–5 blastocysts were loaded 
onto a single Cryotop device using minimal vitrifica-
tion solution, attached to the aluminum wire with tape, 
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and immediately transferred into LHe. For plunging, the 
insertion of the aluminum wire was stopped when a large 
amount of gas was emitted from the LHe. The Cryo-
top with blastocysts was held in LHe for a few seconds 
until the gas emissions stabilized. The Cryotop was then 
moved from the LHe to the LN container by grasping the 
aluminum wire as quickly as possible. The time interval 
between contact with the vitrification solution and cool-
ing did not exceed 30 s, and the interval between remov-
ing the Cryotop from LHe and plunging it into LN did 
not exceed 3  s. Finally, the Cryotop was detached from 
the aluminum wire and stored in LN.

For thaw, the Cryotop slide containing the blastocysts 
was immersed in a preheated thawing solution I (PZM-3 
containing 0.3 mol/L sucrose and 20% FBS) at 37 °C and 
gently agitated to facilitate the detachment of the blas-
tocysts from the slide. After equilibrating for 3  min, 
the blastocysts were transferred to thawing solution II 
(PZM-3 containing 0.15  mol/L sucrose and 20% fetal 
bovine serum (FBS)) at 37 °C for an additional 3 min. The 
blastocysts were washed thrice with PZM-3 and cultured 
in fresh PZM-3 for 24  h. The vitrified blastocysts were 
stored in LN for 24  h before thawing. Only those with 
good morphological recovery were selected for single-
cell transcriptome sequencing.

Assessment of the vitrified blastocysts
After thawing for 24  h, the state of the vitrified blasto-
cysts was evaluated by morphological observation under 
a stereomicroscope, according to [24], with a few modifi-
cations. Those with intact morphology were selected for 
subsequent experiments. The collected blastocysts were 
placed in a lysis buffer for single-cell sequencing and 
stored at -80 °C.

Survival rates were calculated as the percentage of 
morphologically intact blastocysts among those evalu-
ated post-thaw. A statistical comparison of survival rates 
among groups was performed using one-way ANOVA, 
followed by Tukey’s post-hoc test, with P < 0.05 consid-
ered statistically significant.

Single blastocyst preparation for transcriptome and 
methylome analysis
For both single-cell RNA and DNA methylation sequenc-
ing, each porcine blastocyst was treated as a single bio-
logical replicate for every experimental group. Each 
blastocyst was carefully selected under a microscope, 
thoroughly washed in PBS, and transferred into a sepa-
rate 200 μL PCR tube for lysis. Cytoplasmic RNA and 
nuclear DNA were simultaneously extracted from the 
same lysate using a magnetic bead-based separation 
method, enabling parallel processing of the transcrip-
tome and methylome. Cytoplasmic RNA was used for 
single-cell transcriptome profiling, while nuclear DNA 

was processed for whole-genome bisulfite sequencing to 
assess DNA methylation patterns.

Single-cell RNA sequencing
Smart-Seq2 scRNA-Seq was performed using the proto-
col described by [25], with slight modifications. Briefly, 
single cells were sorted into cell lysis buffer containing 
0.1 μL RNase inhibitor (Clontech), 1.9 μL Triton X-100 
solution (1%), 1 μL dNTP mix (10 mM), and 1 μL oligo-
dT primer (5 μM). Reverse transcription was performed 
containing 0.5 μL SuperScript II reverse transcriptase 
(200 U/μL, Invitrogen), 0.25 μL RNase inhibitor (40 U/
μL, Clontech), 2 μL Superscript II First-Strand Buffer 
(5 × , Invitrogen), 0.5 μL DTT (0.1  M, Invitrogen), 2 μL 
Betain (5 M, Sigma), 0.06 μL MgCl2 (1 M, Sigma), 0.1 μL 
TSO (100 μM). Reverse transcription was carried out at 
25 °C for 5 min, then at 42 °C for 60 min, then at 50 °C for 
30 min, and finally at 72 °C for 10 min. PCR preamplifi-
cation was performed using KAPA HiFi HotStart Ready 
MIX (KAPA Biosystems) with 22 cycles of PCR and 
the IS PCR primer reduced to 50 nM (4 cycles at 98  °C 
for 20  s, 65  °C for 30  s, and 72  °C for 5  min, followed 
by 18 cycles at 98  °C for 20 s, 67  °C for 15 s, and 72  °C 
for 5 min, with a final cycle at 72  °C for 5 min.). Subse-
quently, Amplified samples were purified twice with 0.8X 
Ampure XP beads (Beckman, A63882). We constructed 
a library from enriched cDNA fragments attached to C1 
beads using KAPA Hyper Prep Kits (KK8504). We used 
the NEB U-shape adaptor for ligation. Libraries were 
sequenced to generate 150-bp paired-end reads on an 
Illumina Novaseq 6000 platform.

Single-cell whole-genome DNA methylation sequencing
Whole-genome bisulfite sequencing (WGBS) steps were 
used to amplify the single-cell methylome, as described 
by [26] with some modifications. Briefly, single cells were 
sorted into a cell lysis buffer containing 20  mM Tris–
EDTA [pH 8.0], 20  mM KCl, and 0.3% Triton X-100, 
along with 1 mg/mL protease (Qiagen) and 60 fg unmeth-
ylated lambda DNA (Fermentas). Lastly, the total volume 
was adjusted to 4.5 μL with nuclease-free water. The cells 
were then lysed for 3 h at 50 °C and heat-inactivated for 
30 min at 75 °C.

Bisulfite conversion was performed in a 150 μL reac-
tion (125 μL CT conversion reagent, 20 μL Nuclease-
free water, and 5 μL single cell lysate) using the EZ-96 
DNA Methylation-Direct™ MagPrep kit (Invitrogen) 
following the manufacturer’s standard protocol. First, 
the double-stranded DNA was denatured for 8  min at 
98 °C; then, the reaction was incubated for 3.5 h at 64 °C 
to ensure complete bisulfite conversion. All these steps 
were performed in a PCR thermocycler. After this step, 
the converted DNA was purified using Zymo-Spin col-
umns (Zymo) with 10 ng tRNA (Roche) as a carrier; the 
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DNA was finally eluted in 20  mL of elution buffer. The 
purified DNA was subjected to two rounds of ampli-
fication in 24 μL reactions using bisulfite-converted 
DNA (19.5 μL), 10 × Blue Buffer (2.5 μL), and 10  μM 
oligo1 primer ((Biotin) CTACACGACGCTCTTCC-
GATCTNNNNNNNNN) (1 μL). It was incubated at 
65 °C for 3 min, followed by a 4 °C pause. Next, 50 U of 
Klenow exo-(NEB) were added, and the samples were 
incubated at 4  °C for 5 min, then warmed to 37  °C at a 
rate of + 1 °C per 15 s and held at 37 °C for 30 min. This 
random priming and extension were repeated 3 times (10 
rounds). The samples were incubated with 20 U of exonu-
clease I (NEB) for 1 h at 37 °C before purifying the DNA 
using 0.8 × Ampure XP beads (Beckman Clulter). The 
beads were eluted in 39 μL of QIAGEN EB according to 
the manufacturer’s guidelines.

Samples were eluted in 10  μM oligo2 (TGCTGAAC-
CGCTCTTCCGATCTNNNNNNNNN), 10  mM dNTP, 
and 10 × Blue buffer and incubated at 95 °C for 45 s. They 
were then immediately transferred to ice, then added 50 
U of Klenow exo-(NEB) and incubated at 4 °C for 5 min, 
followed by a temperature increase of 1  °C every 15  s 
until reaching 37  °C, where they were held for 90  min. 
DNA was purified using 0.9 × Ampure XP beads (Beck-
man Coulter), and the beads were then eluted in 23 μL of 
QIAGEN EB according to the manufacturer’s guidelines.

The 23 μL DNA samples were supplemented with 
15 μM Universal PCR Primer (NEB), 15 μM Index Primer 
(NEB), and 2 × Kapa HiFi Mix. Libraries were then ampli-
fied using PCR as follows: 95  °C for 2  min, followed by 
13–14 repeats of (94 °C for 80 s, 65 °C for 30 s, 72 °C for 
30 s), and then 72 °C for 3 min, with a final hold at 4 °C. 
Amplified libraries were purified using 0.8 × Ampure XP 
beads (Beckman Clulter) twice, final elute with 30 μL NF-
H2O, and were assessed for quality and quantity using 
High-Sensitivity DNA chips on the Agilent Bioanalyser 
and the KAPA Library Quantification Kit for Illumina 
(KAPA Biosystems). The final quality-ensured libraries 
were used for pair-ended deep sequencing on an Illumina 
HiSeqX-ten Sequencer, and all clusters that passed the 
filter were converted into FASTQ files using a standard 
Illumina pipeline.

Data quality, filtering, and analysis
Raw RNA-seq reads were filtered using FastQC to 
remove adapter sequences, low-quality bases, and con-
taminants. The filtered sequences were aligned to the 
reference genome  (Suscrofa11.1) using Tophat (version 
2.0.13). Cufflinks (version 2.2.1) was used to normal-
ize and verify the gene expression level between two 
samples. DESeq2  was used to analyze the differences 
in gene count matrices of duplicate samples within a 
group. Genes were considered significantly differentially 
expressed if they had an adjusted p-value < 0.05 and an 

absolute log2 fold change (|log2FC|) ≥ 1.2. All fold-change 
values reported in this study are log2FC.

Raw DNA methylation sequencing reads were filtered 
using FastQC to remove adapters, low-quality bases, 
and contaminating sequences. The filtered DNA meth-
ylation sequences were then compared with the reference 
genome (Suscrofa11.1) using the bs_seeker2-align.py tool 
in BS_seeker2 (v2.1.1). The paired-end sequencing data 
were compared separately. The bs_seeker2- call_methyl.
py tool in bs_seeker2 (v2.1.1) was used to detect methyla-
tion sites and amounts, with significance thresholds set at 
a q-value < 0.05 and a minimum methylation difference of 
20% between groups.

Gene Ontology (GO) and Kyoto Encyclopaedia of Genes 
and Genomes (KEGG) enrichment
The Differentially Expressed Genes (DEGs) and Dif-
ferentially Methylated Regions (DMRs) were then sub-
jected to GO and KEGG analyses to classify genes and 
identify functional enrichment. GO was analyzed using 
TopGO (version 2.24.0), and KEGG was analyzed using 
the ontology-based tool clusterProfiler (version 4.6.1). 
GO and KEGG analyses were performed using the RNA-
seq DEGs and DNA methylation DMRs, with promoter 
regions and genes analyzed separately.

GO and KEGG enrichment analyses were conducted 
to explore the biological functions of the interactions 
between DEGs and DMRs, categorized into hypermeth-
ylated and downregulated genes (DNA methylation 
detamC > 0.2, P-value < 0.01; RNAseq Foldchange < -2, 
P-value < 0.01) and hypomethylated and upregulated 
genes (DNA methylation detamC < 0.2, P-value < 0.01; 
RNAseq Foldchange > 2, P-value < 0.01). From the set of 
significantly enriched pathways, representative genes and 
corresponding methylation regions were selected to illus-
trate the coordinated transcriptional and epigenetic pat-
terns identified in the interaction analysis.

Experimental design
The experimental samples were divided into four groups 
based on vitrification conditions, with three replicates 
for each group except for Group BB, which had two rep-
licates. Group AA (A1, A2, and A3) consisted of fresh 
(non-vitrified) porcine blastocysts and served as the 
control group. Group BB (B1 and B2) included porcine 
blastocysts vitrified in LN. Group CC (C1, C2, and C3) 
comprised vitrified porcine blastocysts treated with a 
modified LN vitrification protocol. Group HH (H1, H2, 
and H3) included vitrified porcine blastocysts using LHe. 
Following vitrification and thawing, morphologically 
intact blastocysts were selected for downstream molecu-
lar analysis. Each blastocyst was processed individually 
for parallel transcriptomic and methylomic profiling. 
Cytoplasmic RNA and nuclear DNA were simultaneously 
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extracted from the same blastocyst lysate for Smart-seq2-
based scRNA-seq and single-cell whole-genome bisulfite 
sequencing (scWGBS), respectively. Differential gene 
expression and methylation analyses were performed 
between groups, followed by integrated DEG–DMR 
analysis and GO/KEGG enrichment to assess functional 
and pathway alterations associated with vitrification 
strategies.

Results
Blastocysts survival assessment and statistical summary
Table 1 presents a summary of blastocyst survival out-
comes following vitrification and post-thaw assessment 
across three treatment groups. The survival analysis 
shows that the vitrification protocol significantly influ-
enced post-thaw blastocyst viability. The HH group 
exhibited the highest survival rate, followed by the CC 
group, while the BB group showed the lowest survival 
outcome. Statistical analysis confirmed significant differ-
ences between all groups, as indicated by distinct super-
script letters.

Effect of vitrification on transcription profile of porcine 
parthenogenetic blastocysts
Single-cell RNA sequencing was performed to assess 
transcriptional differences among fresh (AA), LN-vitri-
fied (BB), modified LN-vitrified (CC), and LHe-vitrified 
(HH) blastocysts. Pairwise comparisons were conducted 
to identify differentially expressed genes (DEGs) across 
treatment groups. Sequencing quality metrics showed 
Q20 and Q30 values above 96% across all samples, with 
an average mapping rate of 83.70% to the Sus scrofa 11.1 
reference genome (Supplementary Table S1).

Analysis of Differentially Expressed Genes (DEGs)
Differential expression analysis revealed substantial tran-
scriptional variation across the six pairwise comparisons 
(Fig. 1A–B). The number of DEGs ranged from 2,596 in 
CC vs BB to 4,514 in HH vs CC. Comparisons involving 
the HH group showed higher DEG counts relative to LN-
based contrasts. Both upregulated and downregulated 
genes were detected in all comparisons. The differential 

gene bar chart (Fig. 1A) summarizes the magnitude and 
direction of DEGs across comparisons. In contrast, the 
volcano plots (Fig.  1B) illustrate the distribution of sig-
nificantly altered genes based on log₂ fold change and 
adjusted p-value thresholds.

Gene classification and functional enrichment analysis of 
DEGs
Figure  2 presents the GO enrichments for DEGs across 
group comparisons. Vitrification altered a wide range 
of biological processes (BP), molecular functions (MF), 
and cellular components (CC), with marked differences 
between fresh and vitrified groups. Blastocysts vitrified 
using LN, particularly in the BB and CC groups, exhib-
ited enrichment of GO terms linked to mitochondrial 
dysfunction, RNA binding, and disrupted biosynthetic 
activity. In contrast, blastocysts vitrified with LHe (HH 
group) showed distinct enrichment in processes such as 
protein transport, oxidoreductase activity, and organelle-
associated functions. The KEGG pathway analysis (Fig. 3) 
further identifies several key pathways that differ across 
groups, including oxidative phosphorylation, the tricar-
boxylic acid (TCA) cycle, and protein processing in the 
endoplasmic reticulum.

Effect of vitrification on DNA methylation sequencing 
analysis of porcine parthenogenetic blastocysts
Single-cell whole-genome bisulfite sequencing (scWGBS) 
was performed to assess DNA methylation differences 
among AA, BB, CC, and HH blastocysts. Differentially 
methylated regions (DMRs) were identified through pair-
wise comparisons between treatment groups. Promoter 
and gene-body methylation patterns were analyzed, fol-
lowed by functional enrichment analysis of associated 
genes. The average bisulfite conversion efficiency was 
99.27%, with an average mapping rate of 33.69% across 
samples (Supplementary Table S2).

Analysis of Differentially Methylated Regions (DMRs)
Differentially methylated regions (DMRs) were identi-
fied across all pairwise comparisons. Both shared and 
comparison-specific DMRs were detected (Fig. 4). Com-
parisons involving the HH group contained more unique 
DMRs than LN-based contrasts. The BB vs AA compari-
son showed fewer unique DMRs and greater overlap with 
other LN-related contrasts. The distribution of shared 
and unique DMRs across comparisons is presented in 
Fig. 4.

Gene classification and functional enrichment analysis of 
DMRs
GO enrichment analysis of DMR-associated genes iden-
tified functional categories across biological process, 
molecular function, and cellular component domains 

Table 1  Summary of blastocysts vitrification, assessment, and 
survival rates across vitrified groups
Group Number of 

Blastocysts 
Vitrified (n)

Number of 
Blastocysts 
Assessed Post-
Thaw (n)

Number of 
Embryos 
Survived 
(n)

Survival 
Rate (%)

BB 125 125 89 71.20 ± 6.82c

CC 130 130 118 90.77 ± 7.88b

HH 144 144 139 96.53 ± 4.27a

Values are presented as mean ± SE from three independent biological replicates. 
Different superscript letters within a column indicate significant differences 
(P < 0.05)
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Fig. 1  Differential Expression Analysis of Genes in the sample. A Differential gene bar chart. B Volcano Plots of DEGs in the sample comparison of BB vs. 
AA, CC vs. AA, CC vs. BB, HH vs. AA, HH vs. BB, and HH vs. CC
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Fig. 2  GO terms in DEGs. A BB vs AA and CC vs AA. B CC vs BB and HH vs AA. C HH vs BB and HH vs CC
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Fig. 3  KEGG pathway analysis of DEGs. A BB vs AA and CC vs AA. B CC vs BB and HH vs AA. C HH vs BB and HH vs CC
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(Fig.  5). In BB vs AA comparisons, enriched terms 
included ion transport and transmembrane activity. In 
CC vs AA and CC vs BB comparisons, enriched catego-
ries included metabolic regulation, extracellular organelle 
functions, and cell differentiation. In HH-related com-
parisons (HH vs AA, HH vs BB, HH vs CC), enriched 
terms included epithelial development, kinase signal-
ing, vesicle-mediated transport, and cellular response 
processes.

The KEGG pathway analysis (Fig.  6) identified sev-
eral key pathways that are significantly enriched across 
group comparisons. LN-vitrified blastocysts predomi-
nantly impacted amino acid metabolism pathways (e.g., 
histidine, arginine, and proline metabolism). Modified 
LN-vitrified (CC) blastocysts showed enrichments in 
pathways related to longevity regulation, immune sig-
naling, and cardiomyopathy pathways. Notably, LHe 
vitrification (HH) comparisons showed enrichment in 
pathways including phototransduction, gastric secretion, 
cortisol synthesis, diabetes-related pathways, and platelet 
activation.

Gene classification and functional enrichment analysis of 
the interaction of DEGs and DMRs
To investigate coordinated epigenetic and transcrip-
tional regulation, we analyzed the interaction between 
differentially expressed genes and promoter-associated 
DMRs. This integrative approach identified genes exhib-
iting statistically significant changes in both expression 

and promoter methylation. From this interaction analy-
sis, selected upregulated and downregulated genes are 
presented in Table  2, while the corresponding methyla-
tion changes for these interacting genes are summarized 
in Table 3. Across the comparisons, these genes (Table 2) 
were annotated to pathways related to energy metabo-
lism, cellular signaling, glycosylation, and immune-
associated processes. The direction of methylation and 
expression changes varied among group contrasts. These 
regions and associated genes (Table  3) were selected 
based on an interactive analysis of overlapping genes 
between DEGs and DMRs, further reinforcing their regu-
latory relevance. For instance, GPAM was hypomethyl-
ated in BB vs. AA, while ARG2 was hypermethylated. In 
CC vs. AA, hypomethylation of ITGAV and hypermeth-
ylation of IDH3A. The HH vs. AA and HH vs. BB groups 
exhibited multiple genes affected by hypermethylation 
(ACO2, SDHB, TALDO1, B4GALT5) and hypomethyl-
ation (E2F7, UNG).

Functional interpretation of DEG–DMR interactions
GO enrichment analysis of hypermethylated and down-
regulated genes identified biological process categories 
across all pairwise comparisons (Fig.  7). In BB vs. AA, 
enriched terms included negative regulation of CD4-pos-
itive, alpha–beta T cell activation. In CC vs AA and HH 
vs AA comparisons, enriched categories included cellular 
respiration. CC vs. BB enriched terms included positive 
regulation of myoblast fusion. In HH vs BB and HH vs 

Fig. 4  Charts of Differentially Methylated Regions Between Groups: DMR volcano plot of BB vs. AA, CC vs. AA, CC vs. BB, HH vs. AA, HH vs. BB, and HH vs. 
CC in the CG context
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Fig. 5  GO terms in DMRs. A BB vs AA and CC vs AA. B CC vs BB and HH vs AA. C HH vs BB and HH vs CC
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Fig. 6  KEGG pathway analysis of DMRs. A BB vs AA and CC vs AA. B CC vs BB and HH vs AA. C HH vs BB and HH vs CC
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CC contrasts, enriched processes included protein and 
macromolecular glycosylation.

GO enrichment analysis of hypomethylated and upreg-
ulated genes identified distinct biological process catego-
ries (Fig. 8). In BB vs. AA, enriched terms included viral 
RNA genome replication and protein palmitoylation. In 
CC vs. AA, enriched terms included substrate adhesion-
dependent cell spreading. CC vs. BB exhibited significant 
enrichment in signaling processes, including calcineu-
rin-mediated signaling and regulation of cellular pH. In 
HH vs. AA, enriched terms included cell differentiation 
related to embryonic placental development. In HH vs. 
BB, enriched terms included base-excision repair. In HH 
vs. CC, enriched terms included negative regulation of 
homeostasis and blood coagulation.

KEGG pathway analysis of overlapping genes identi-
fied enrichment in metabolic and regulatory pathways 
(Fig.  9). In HH vs BB (Fig.  9A), hypomethylated and 
upregulated genes were enriched in biotin metabolism. 
Hypermethylated and downregulated genes in HH vs 
AA, HH vs BB, and HH vs CC (Fig.  9B) were enriched 
in pathways including base excision repair, citrate cycle 
(TCA cycle), mucin-type glycan biosynthesis, and fatty 
acid elongation.

Discussion
The primary objective of this study was to explore 
the molecular effects of vitrification on porcine par-
thenogenetic blastocysts, with a particular focus on 

transcriptional and epigenetic changes and their impact 
on developmental competence. We comprehensively ana-
lyze how vitrification affects gene expression and DNA 
methylation patterns using advanced scRNA-seq and 
scWGBS. Our findings reveal that vitrification induces 
significant disruptions in key biological pathways, includ-
ing energy metabolism, genomic stability, and cellular 
function. These changes reflect stress-induced impair-
ments in hypermethylated and downregulated genes, as 
well as adaptive molecular responses in hypomethylated 
and upregulated genes. Moreover, this study demon-
strates the advantages of LHe vitrification over LN vitri-
fication in preserving these critical pathways, offering a 
promising approach to enhance blastocyst viability and 
developmental potential. However, it is crucial to rec-
ognize that blastocysts activated parthenogenetically 
exhibit differences in genomic DNA methylation com-
pared to biparental embryos, which may influence their 
response to stress induced by vitrification. This factor 
could limit the broader applicability of our findings, as 
the dynamics of methylation and stress responses may 
differ significantly between parthenogenetic and fertil-
ized embryos.

Our findings indicate that vitrification using liq-
uid helium (LHe) offers both functional and molecular 
advantages over traditional liquid nitrogen (LN) meth-
ods. As presented in Table 1, the LHe group achieved the 
highest post-thaw survival rate, significantly surpassing 
both the modified liquid nitrogen (CC) and conventional 

Table 2  Significantly expressed genes selected from RNA-Seq data
Genes Description Chr P-adj Log2(FC) Variation Group
AICDA Activation-Induced Cytidine Deaminase chr5 3.13E-06 5.217764 ↑ BB vs. AA

GPAM Glycerol-3-phosphate acyltransferase, Mitochondrial chr14 0.010487 1.491799 ↑ BB vs. AA

ARG2 Arginase 2 chr7 0.000684 -2.06089 ↓ BB vs. AA

AUH AU RNA-binding Methylglutaconyl-CoA Hydratase chr14 0.00137 -2.17896 ↓ BB vs. AA

ITGAV Integrin Subunit Alpha V chr15 9.05E-10 3.596246 ↑ CC vs. AA

IDH3A Isocitrate Dehydrogenase (NAD ( +)) 3 Catalytic Subunit Alpha chr7 0.004534 -1.2382 ↓ CC vs. AA

NDUFV1 NADH: ubiquinone Oxidoreductase Core Subunit V1 chr2 0.000566 -1.81382 ↓ CC vs. AA

RAB21 RAB21, member RAS oncogene family chr5 5.55E-10 3.004464 ↑ CC vs. BB

TMEM199 transmembrane protein 199 chr12 0.000759 2.408357 ↑ CC vs. BB

CD53 CD53 Molecule chr4 0.026678 -7.31612 ↓ CC vs. BB

CACNA2D1 Calcium Voltage-gated Channel Auxiliary Subunit Alpha2delta 1 chr9 0.000129 3.58063 ↑ HH vs. AA

E2F7 E2F Transcription Factor 7 chr5 0.035581 2.806235 ↑ HH vs. AA

NDUFS8 NADH: ubiquinone Oxidoreductase Core Subunit S8 chr2 0.013933 -1.2116 ↓ HH vs. AA

UNG Uracil DNA Glycosylase chr14 0.00068 2.553054 ↑ HH vs. BB

PNRC2 Proline Rich Nuclear Receptor Coactivator 2 chr6 0.01943 1.20761 ↑ HH vs. BB

HLCS Holocarboxylase Synthetase chr13 0.009937 1.49628 ↑ HH vs. BB

B4GALT5 beta-1,4-Galactosyltransferase 5 chr17 1.60E-05 -2.09688 ↓ HH vs. BB

OSTC Oligosaccharyltransferase complex non-catalytic Subunit chr8 0.000964 -1.59399 ↓ HH vs. BB

PLAU Plasminogen Activator, Urokinase chr14 6.21E-09 9.245213 ↑ HH vs. CC

MRAP2 Melanocortin 2 Receptor Accessory Protein 2 chr1 0.017122 6.123966 ↑ HH vs. CC

EXT1 Exostosin glycosyltransferase 1 chr4 4.88E-05 -2.13153 ↓ HH vs. CC
(↓): Downregulation

(↑): Upregulation
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liquid nitrogen (BB) groups. This outcome underscores 
the enhanced cryoprotective efficacy of LHe. At the 
molecular level, embryos vitrified with LHe exhibited 
less downregulation of critical metabolic genes, such as 

ACO2 and NDUFS8, which are essential for mitochon-
drial function. Furthermore, LHe-vitrified blastocysts 
demonstrated increased activation of DNA repair genes 
(UNG) and upregulation of genes involved in cell adhe-
sion and signaling (PLAU, MRAP2), indicating improved 
developmental competence following thawing. While 
these molecular results suggest superior preservation of 
blastocyst integrity with LHe, further studies are required 
to validate its practical benefits concerning implantation 
and pregnancy outcomes, particularly in contexts where 
embryo manipulation aims to produce viable offspring 
[27].

The scRNA-seq results revealed an average mapping 
rate of 83.70% to the reference genome (Sus scrofa 11.1), 
with an average GC content of 47.23% (Supplementary 
Table S1). This mapping efficiency aligns with studies 
on vitrified porcine oocytes [17] and exceeds the rates 
observed in in vitro fertilized (IVF) and somatic cell 
nuclear transfer (SCNT) blastocysts [28]. Variations in 
GC content may reflect differences in biological charac-
teristics or gene enrichment. The RNA-seq quality met-
rics showed high Q20 and Q30 scores across all samples, 
which confirm the reliability of the differential gene 
expression analysis. Additionally, scRNA-seq revealed 
significant differential gene expression (P < 0.05) across 
treatment groups, suggesting that vitrification induces 
transcriptional alterations in porcine blastocysts. These 
changes include downregulation of genes involved in 
metabolism, DNA repair, and development, and upreg-
ulation of stress-responsive genes. This dual response 
suggests that vitrification can disrupt essential cellular 
pathways while triggering compensatory mechanisms 
to preserve viability. Such alterations may impair lin-
eage specification, metabolic balance, and implantation 
potential, highlighting the need to optimize vitrification 
conditions to minimize molecular damage and support 
embryonic development. Moreover, LHe vitrification 
(HH) yielded distinct transcriptional profiles with more 
DEGs than LN vitrification (CC), suggesting that LHe 
may better preserve key molecular pathways required for 
blastocyst survival and developmental competence.

In terms of epigenetic analysis (Supplementary Table 
S2), scWGBS revealed an average mapping rate of 33.69% 
and a bisulfite conversion efficiency of 99.27%, consistent 
with previous studies on bovine blastocysts derived from 
non-vitrified or vitrified oocytes [29], but lower than the 
rates (86–89%) in porcine piglet peripheral blood mono-
nuclear cells (PBMCs) [30]. The GC content of 26–35% 
aligns with typical methylation data, highlighting the 
challenges in mapping bisulfite-treated sequences, par-
ticularly in regions with high GC content. These chal-
lenges likely reflect the inherent complexity of mapping 
bisulfite-converted sequences, which is influenced by fac-
tors such as sequence quality, reference genome quality, 

Table 3  Differentially Methylated Regions (DMRs) and 
associated genes selected from DNA methylation sequencing 
analysis
Genes DMR Q-value Variation Groups
GPAM chr14: 

122579148—
122581148

0.02296 Hypomethylated BB vs. 
AA

ARG2 chr7: 
91341988—
91343988

0.00002084 Hypermethylated BB vs. 
AA

ITGAV chr15: 
91602676—
91604676

0.01995 Hypomethylated CC vs. 
AA

IDH3A chr7: 
47778956—
47780956

0.00593 Hypermethylated CC vs. 
AA

CD53 chr4: 
109335802—
109337802

0.006494 Hypermethylated CC vs. 
BB

RAB21 chr5: 
35755494—
35757494

2.79E-11 Hypomethylated CC vs. 
BB

ACO2 chr5: 
7071025—
7073025

0.0227 Hypermethylated HH vs. 
AA

E2F7 chr5: 
104125731—
104127731

0.03891 Hypomethylated HH vs. 
AA

SDHB chr6: 
75679556—
75679810

0.0329 Hypermethylated HH vs. 
AA

TALDO1 chr2: 
462998—
463228

9.92E-6 Hypermethylated HH vs. 
AA

ACSL6 chr2: 
134279379—
134279538

0.0312 Hypomethylated HH vs. 
AA

UNG chr14: 
41757807—
41759807

0.0007725 Hypomethylated HH vs. 
BB

B4GALT5 chr17: 
51334020—
51336020

0.001424 Hypermethylated HH vs. 
BB

HACD2 chr13: 
136832300—
136832556

0.0000154 Hypermethylated HH vs. 
BB

ELOVL5 chr7: 
46934781—
46934979

0.000209 Hypermethylated HH vs. 
CC

DPM3 chr4: 
94659873—
94661873

0.0001899 Hypermethylated HH vs. 
CC

PLAU chr14: 
76627299—
76629299

3.705E-7 Hypomethylated HH vs. 
CC
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Fig. 7  GO analysis (Biological Processes) of hypermethylated and downregulated genes in group comparison. A BB vs AA and CC vs AA. B CC vs BB and 
HH vs AA. C HH vs BB and HH vs CC
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Fig. 8  GO analysis (Biological Processes) of hypomethylated and upregulated genes in group comparison. A BB vs AA and CC vs AA. B CC vs BB and HH 
vs AA. C HH vs BB and HH vs CC
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genome complexity, sample quality, and sequencing 
depth. Additionally, scWGBS analysis further identified 
significant differential methylation, with both hyper-
DMRs and hypo-DMRs exhibiting significant changes 
(Q < 0.05). We observed higher hypermethylation in 
HH vs. BB, which suggests gene silencing or epigenetic 

repression due to vitrification stress. In contrast, the 
higher hypomethylation in BB compared to AA suggests 
that vitrification (BB) may have caused a loss of DNA 
methylation in specific genomic regions, potentially lead-
ing to gene activation, altered cellular function, and an 
impact on blastocyst development and survival. Similarly, 

Fig. 9  KEGG Analysis. A KEGG analysis of hypomethylated and upregulated genes in HH vs. BB. B KEGG analysis of hypermethylated and downregulated 
genes in HH vs. AA, HH vs. BB, and HH vs. CC
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HH vs. CC showed the highest background CG ratio, 
suggesting widespread involvement of cytosine-guanine 
sites in DNA methylation and epigenetic modifications 
induced by vitrification, which may influence gene regu-
lation and blastocyst developmental competence. The 
observed differential methylation patterns suggest epi-
genetic reprogramming consistent with the dynamic, 
wave-like DNA methylation remodeling that character-
izes early mammalian embryogenesis [31], a process 
known to be highly sensitive to perturbations in calcium-
mediated activation signaling and chromatin remodel-
ing in porcine embryos [32, 33]. Such perturbations may 
contribute to compensatory responses or developmental 
impairments in blastocysts. These results highlight the 
molecular effects of vitrification on epigenetic regula-
tion, which may impact gene expression and embryonic 
development.

DNA methylation in gene promoters is a crucial epi-
genetic mechanism that regulates gene expression, often 
suppressing transcription by obstructing transcription 
factor binding and altering chromatin accessibility. Our 
study identified significant correlations between pro-
moter methylation and changes in gene expression in vit-
rified blastocysts. For instance, hypermethylation of key 
metabolic genes, such as IDH3A and ARG2, was associ-
ated with their downregulation, thereby disrupting vital 
energy metabolism pathways and diminishing blasto-
cyst viability. Conversely, hypomethylation of genes like 
GPAM and ITGAV correlated with their upregulation, 
indicating an adaptive response aimed at restoring meta-
bolic balance and reducing oxidative stress following vit-
rification. These findings underscore the crucial role of 
promoter methylation in the embryonic response to vit-
rification stress, affecting developmental competence and 
survival.

Vitrification-induced hypermethylation and gene 
downregulation disrupt essential biological processes, 
significantly impairing the viability of porcine blasto-
cysts (Tables 2 and 3). These disruptions were observed 
across various group comparisons and affected critical 
pathways, including energy metabolism, immune func-
tion, and protein glycosylation (Fig.  7). Excessive DNA 
methylation in key regulatory regions likely contributes 
to gene silencing, metabolic dysfunction, and impaired 
intercellular communication, collectively compromis-
ing post-thaw survival and implantation potential. The 
epigenetic silencing and transcriptional repression of 
these genes reduce mitochondrial efficiency, metabolic 
adaptability, and membrane-associated immune func-
tions, all of which are crucial for blastocyst expansion 
and developmental competence. These findings dem-
onstrate that vitrification induces a coordinated disrup-
tion of gene regulation, characterized by aberrant DNA 
methylation and transcriptional downregulation across 

interconnected biological pathways, ultimately compro-
mising embryonic viability.

In the  BB vs. AA  comparison, downregulation of  the 
ARG2  and  AUH genes was observed, enriched for pro-
cesses related to organic acid and carboxylic acid catabo-
lism. These metabolic pathways are critical for enhanced 
energy production, maintenance of cellular functions, 
and promotion of early embryonic development. The 
downregulation of ARG2 likely impairs nitrogen metab-
olism and mitochondrial function, leading to reduced 
oxidative phosphorylation, metabolic stress, energy 
shortages, and increased susceptibility to oxidative dam-
age, which may compromise blastocyst viability and 
developmental competence [34]. This observation aligns 
with the findings of Zhao et al. (2023) [35] who reported 
similar alterations in DEGs associated with metabolic 
pathways. Similarly, in CC vs. AA, downregulation of 
IDH3A and NDUFV1 significantly impaired cellular res-
piration, mitochondrial electron transport, and energy 
derivation through the oxidation of organic compounds. 
Specifically, IDH3A plays a key role in energy production 
by catalyzing reactions in the tricarboxylic acid (TCA) 
cycle [36], while NDUFV1 is involved in transferring 
electrons from NADH to ubiquinone within the mito-
chondrial electron transport chain [37]. The downregula-
tion of these genes in BB vs. AA and CC vs. AA disrupts 
energy metabolism, potentially leading to energy defi-
cits that reduce the blastocysts' ability to sustain growth 
and implantation. Furthermore, in the comparison of 
CC vs. BB, CD53 was significantly downregulated, high-
lighting severe impairment of immune function. CD53 
is enriched in syncytium formation, plasma membrane 
fusion, and cell–cell communication, which are essential 
for immune signaling and embryonic development. This 
gene plays a critical role in supporting immune function 
through cell communication and membrane fusion, pro-
cesses essential for the formation of syncytia and immune 
interactions [38]. The downregulation of  CD53  likely 
compromises the embryo's ability to respond to stress 
or infection, increasing its susceptibility to cellular dam-
age and apoptosis. Reduced CD53 expression could 
reduce the blastocyst's ability to establish maternal–fetal 
immune tolerance, increasing the risk of implantation 
failure and early pregnancy loss.

In addition to the previously discussed hypermeth-
ylated and downregulated genes, further analysis of 
the HH group revealed additional molecular changes 
reflecting blastocyst responses to cryopreservation 
stress (Fig.  7). In HH vs. AA, genes such as ACO2 and 
NDUFS8 were downregulated, affecting energy-related 
pathways, including cellular respiration, mitochondrial 
electron transport, energy derivation by oxidation of 
organic compounds, and the tricarboxylic acid (TCA) 
cycle. These pathways are crucial for ATP production 
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and biosynthesis, which are essential for supporting early 
embryonic development and maintaining cellular func-
tion [39]. Specifically, ACO2 catalyzes the conversion of 
citrate to isocitrate in the TCA cycle, a key step in oxi-
dative phosphorylation [40]. While NDUFS8 is a core 
component of complex I in the mitochondrial electron 
transport chain, facilitating ATP generation [41], further 
studies on pluripotent pig embryos confirm that ACO2 
downregulation coincides with the reduced expression 
of other electron transport complex genes. This suggests 
a metabolic shift from oxidative phosphorylation to gly-
colysis, which may reduce mitochondrial efficiency and 
impair blastocyst survival and implantation [42]. The 
downregulation of these genes in HH vs. AA suggests a 
stress-induced response that disrupts energy metabo-
lism, potentially compromising blastocyst viability and 
developmental competence. In HH vs. BB and HH vs. 
CC comparisons, downregulation of B4GALT5, OSTC, 
DPM3, and EXT1 was observed, indicating severe impair-
ments in protein-related pathways, particularly glyco-
sylation and glycoprotein biosynthesis. These processes 
are crucial for maintaining protein stability, regulating 
cell signaling, and facilitating early embryonic develop-
ment [43]. Glycosylation plays a crucial role in regulating 
protein function, influencing cell interactions, and main-
taining cellular communication. These processes closely 
interact with changes in DNA methylation, underscoring 
their significance in the complex molecular mechanisms 
of early embryonic development [44]. The downregu-
lation of these genes likely disrupts post-translational 
modifications, leading to protein misfolding, defective 
signaling, and compromised cellular integrity. This dis-
ruption, in turn, may contribute to impaired embry-
onic development, reduced implantation potential, and 
increased susceptibility to stress.

Vitrification significantly alters transcriptional and epi-
genetic changes, triggering adaptive and adverse molecu-
lar responses. This study reveals hypomethylation and 
upregulation of key genes involved in energy metabolism 
(GPAM), DNA modification (AICDA), cell-substrate 
adhesion and oxidative stress response (ITGAV), cel-
lular homeostasis (TMEM199, RAB21), DNA repair 
(UNG), and cell adhesion and signaling (PLAU, MRAP2) 
(Fig.  8). These hypomethylated and upregulated genes 
highlight critical biological processes essential for main-
taining blastocyst viability, supporting recovery post-
vitrification, and enhancing implantation potential. 
However, excessive upregulation of GPAM, ITGAV, 
E2F7, and PLAU due to vitrification may lead to meta-
bolic exhaustion, oxidative stress accumulation, lipo-
toxicity, mitochondrial dysfunction, DNA damage, and 
disrupted cell signaling, collectively increasing the risk 
of cellular apoptosis, developmental arrest, and reduced 
embryo survival.

In the BB vs. AA comparison, upregulation of GPAM 
and AICDA was observed, highlighting their impor-
tance in energy storage and maintaining DNA integrity 
during cryopreservation. GPAM contributes to triglyc-
eride biosynthesis, supporting energy metabolism [45] 
by maintaining energy reserves essential for implanta-
tion and early embryonic development [46]. Similarly, 
AICDA modulates DNA methylation and modification, 
regulating cell differentiation and genomic stability, 
which are essential for blastocyst development [47]. This 
aligns with Deshmukh et al. (2011) [48], who demon-
strated that DNA methylation facilitates somatic genome 
reprogramming, a crucial process for proper embry-
onic development. However, excessive upregulation of 
GPAM and AICDA may result in metabolic imbalances, 
aberrant DNA modifications, and impaired differentia-
tion, potentially compromising blastocyst viability and 
developmental competence. In the comparison between 
CC and AA, ITGAV was upregulated, highlighting its 
pivotal role in facilitating cell-substrate adhesion and 
the oxidative stress response, which is critical for blas-
tocyst implantation and survival under stress induced 
by vitrification. ITGAV, a subunit of integrin receptors 
that mediate cell adhesion to the extracellular matrix, is 
crucial for implantation and early embryonic develop-
ment [49]. By facilitating trophoblast attachment to the 
uterine lining, ITGAV enhances implantation efficiency 
and embryonic stability [50]. Its significant upregulation 
in the luminal epithelium of the porcine endometrium 
on Day 14 further underscores its role in implantation 
[51]. Additionally, ITGAV was enriched in oxidative 
stress response pathways that neutralize reactive oxy-
gen species (ROS) and maintain cellular homeostasis in 
developing blastocysts [52]. However, excessive oxida-
tive stress can trigger endoplasmic reticulum stress and 
apoptosis, impairing protein synthesis and mitochondrial 
function and compromising embryonic viability [53–55]. 
Notably, this pathway has been identified in vitrified, in 
vitro-cultured, and controlled porcine blastocysts [16]. 
Consistently, Zhang et al. (2020) [56] reported that vit-
rification alters gene expression associated with oxida-
tive stress response, reinforcing the dual role of ITGAV 
in supporting and potentially compromising embryonic 
development under stress conditions. Furthermore, the 
upregulation of TMEM199 and RAB21 was identified in 
the CC compared to the BB, substantiating their impor-
tance in maintaining cellular homeostasis and facilitating 
adaptive responses, which are crucial for the survival of 
vitrified porcine blastocysts. TMEM199-enriched cellular 
pH regulation and iron homeostasis pathways contribute 
to ion transport, enzymatic activity, and cellular integrity 
[57, 58], thereby facilitating resilience under cryogenic 
conditions. Similarly, RAB21, which is involved in intra-
cellular trafficking and signal transduction, regulates the 
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transport of receptors and proteins essential for cellular 
responses to environmental stress [59]. By facilitating 
efficient intracellular vesicular transport, RAB21 ensures 
proper protein localization and communication between 
cellular compartments, which is crucial for stress resil-
ience and maintaining cellular integrity in vitrified blas-
tocysts [60]. The upregulation of these genes underscores 
their crucial roles in maintaining cellular stability, miti-
gating stress induced by vitrification, and promoting 
blastocyst survival and developmental potential.

In the HH vs. AA comparison, upregulation of E2F7 
was observed, highlighting its critical role in cell dif-
ferentiation during embryonic placenta development, 
which is essential for supporting blastocyst growth and 
implantation. Cell differentiation regulates the segrega-
tion of the inner cell mass and trophectoderm, which 
is critical in early placental development [61]. Similarly, 
E2F7 may enhance the adaptive response of HH blasto-
cysts by preserving genome integrity through the regula-
tion of the mitotic cell cycle and DNA repair mechanisms 
[62], thereby its upregulation may support the recovery 
of blastocysts post-vitrification and their implantation 
potential. However, excessive E2F7 expression has been 
linked to increased DNA damage, which can disrupt 
cell cycle progression and elevate the risk of apoptosis, 
thereby compromising blastocyst viability [63]. Similarly, 
CACNA2D1 was enriched in pathways related to calcium 
ion transport, reflecting its essential role in maintain-
ing cellular communication, ion homeostasis, and stress 
adaptation mechanisms. CACNA2D1, a calcium channel 
subunit, modulates intracellular calcium signaling and 
is essential for metabolic activity, trophoblast invasion, 
and successful implantation [64]. The upregulation of 
E2F7 and CACNA2D1 suggests a coordinated molecular 
response to vitrification-induced stress, balancing pla-
cental development and ion regulation to support blas-
tocyst survival. However, excessive activation of these 
pathways may induce metabolic imbalance, emphasiz-
ing the need for tightly regulated expression. In the HH 
vs. BB comparison, significant upregulation of the UNG 
gene was observed, which is associated with the base 
excision repair (BER) pathway and is responsible for 
maintaining genomic stability and repairing oxidative 
DNA damage induced by vitrification [65]. Vitrification 
induces oxidative DNA damage, and the upregulation 
of UNG in HH blastocysts suggests an enhanced repair 
capacity, promoting better recovery and developmen-
tal competence compared to BB blastocysts. Similarly, 
PNRC2 was upregulated, which regulates RNA catabo-
lism and degradation, indicating its role in preserving 
transcriptomic integrity and stress adaptation by main-
taining proper mRNA processing [66]. The upregulation 
of UNG and PNRC2 underscores the importance of coor-
dinated DNA and RNA repair mechanisms in enhancing 

the resilience and developmental potential of vitrified 
blastocysts. Furthermore, in the comparison between 
HH and CC, PLAU and MRAP2 were upregulated, high-
lighting their roles in cell adhesion and cAMP-mediated 
signaling. PLAU encodes urokinase-type plasminogen 
activator (uPA), which binds to its receptor, uPAR, on the 
cell surface to activate signaling cascades that promote 
migration, adhesion, survival, and proliferation, all of 
which are critical for successful blastocyst implantation 
[67]. However, precise regulation of uPA activity is essen-
tial in blastocyst development; excessive or insufficient 
activity could disrupt normal cell adhesion dynamics, 
potentially impairing implantation and subsequent devel-
opment [68]. Similarly, MRAP2 modulates cAMP signal-
ing, enhancing oocyte developmental competence and 
blastocyst quality in porcine IVF [69]. The upregulation 
of PLAU and MRAP2 suggests a coordinated mechanism 
that promotes implantation and developmental compe-
tence, with regulated PLAU expression being crucial for 
maintaining adhesion dynamics in early embryogenesis.

Our findings revealed notable transcriptional and epi-
genetic effects associated with vitrification using LN 
and LHe, as evidenced by differences in GO enrichment 
analyses. Blastocysts vitrified with LN (BB vs. AA) dem-
onstrated significant enrichment in GO terms related to 
energy metabolism, RNA binding, and mitochondrial 
functions, indicating disruptions in critical areas essen-
tial for embryonic development. In contrast, blastocysts 
vitrified with LHe (HH vs. AA) showed enrichment in 
terms associated with amide biosynthesis, oxidoreduc-
tase activity, and membrane proteins, suggesting poten-
tial effects on protein metabolism and oxidative stress 
responses. DNA methylation analyses revealed hyper-
methylation of genes involved in cellular respiration 
in the LHe group, while the LN group exhibited hypo-
methylation in metabolism-related genes. These findings 
underscore the distinct molecular effects of LN versus 
LHe vitrification, highlighting the superior preservation 
of crucial biological pathways and developmental poten-
tial offered by LHe.

KEGG pathway analysis showed that the hypermethyl-
ation and downregulation of key genes disrupted essen-
tial metabolic and regulatory pathways (Fig.  9B). In 
the HH vs. AA, HH vs. BB, and HH vs. CC comparisons, 
the downregulation of SDHB, TALDO1, ACSL6, ELOVL5, 
and  HACD2  impaired critical pathways, including 
the Citrate Cycle (TCA cycle), Pentose Phosphate Path-
way (PPP), Homologous Recombination (HR), and Fatty 
Acid Biosynthesis. These pathways are fundamental for 
energy production, DNA repair, lipid metabolism, and 
cell membrane formation, and their disruption com-
promises blastocyst survival and development [70]. The 
PPP generates key metabolites for reductive biosynthe-
sis, nucleotide synthesis, and oxidative stress regulation 
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[71]. Its enrichment is consistent with Zhai et al. (2022) 
[72], who reported that 21.4% of downregulated genes 
in 4-cell porcine SCNT embryos are enriched for simi-
lar pathways. Similarly, the HR pathway is essential for 
repairing DNA double-strand breaks and maintaining 
genomic stability during embryonic development [73]. 
Additionally, fatty acid biosynthesis is crucial for pro-
ducing lipids that maintain membrane integrity, provide 
energy storage, and facilitate signaling processes essential 
for blastocyst survival and development [74]. Research-
ers have linked dysregulation of fatty acid metabolism to 
subfertility and impaired embryo development, under-
scoring the importance of understanding these pathways 
to enhance livestock reproductive health [75]. Specifi-
cally, the downregulation of SDHB and TALDO1 may 
reduce mitochondrial efficiency and ATP production, 
thereby impairing mitochondrial metabolic coordination 
during early embryogenesis [76], while the disruption 
of ACSL6 and ELOVL5 compromises lipid metabolism, 
impairing cellular function and blastocyst development. 
Conversely, hypomethylated and upregulated genes were 
significantly enriched in metabolic and regulatory path-
ways supporting porcine blastocyst development after 
vitrification (Fig.  7A). Notably, the biotin metabolism 
pathway was significantly enriched in HH vs. BB, with the 
HLCS gene playing a central role in energy generation, 
biosynthesis, and gene regulation, which are essential 
for cellular integrity [77]. HLCS upregulation enhances 
biotin-dependent enzymes that drive energy production, 
biosynthesis, and gene regulation, supporting cellular 
integrity and blastocyst development [78]. HLCS upregu-
lation and biotin metabolism may underlie the enhanced 
recovery and developmental competence of helium-vitri-
fied blastocysts, emphasizing helium’s role in preserving 
key metabolic pathways during cryopreservation.

Conclusion
This study demonstrates that vitrification alters tran-
scriptional and epigenetic regulation in porcine par-
thenogenetically activated blastocysts, affecting energy 
metabolism, genomic stability, cellular homeostasis, 
and immune function. Key gene disruptions, including 
the downregulation of ARG2, AUH, IDH3A, NDUFV1, 
CD53, B4GALT5, OSTC, DPM3, and EXT1, impair mito-
chondrial function, protein glycosylation, and immune 
responses, leading to metabolic stress and reduced 
implantation potential. Conversely, the upregulation of 
GPAM, ITGAV, PLAU, MRAP2, TMEM199, and RAB21 
suggests compensatory mechanisms, though excessive 
activation may cause cellular stress. Notably, our study 
conclusively demonstrates that blastocysts vitrified using 
LHe exhibit significantly better developmental potential 

compared to those vitrified with LN, as evidenced by 
blastocyst survival assessment with the LHe group exhib-
iting the highest post-thaw survival rate, superior molec-
ular integrity, reduced transcriptomic and epigenetic 
alterations, and improved maintenance of essential path-
ways related to energy metabolism, genomic stability, 
and cellular homeostasis. LHe showed better preserva-
tion of molecular integrity compared to LN vitrification, 
highlighting its potential to improve post-thaw blastocyst 
viability. Future studies should focus on refining vitrifica-
tion protocols to minimize molecular stress and enhance 
embryo survival in assisted reproductive technologies.

Future investigations should extend these findings by 
evaluating the long-term developmental competence 
of vitrified embryos, including implantation efficiency, 
pregnancy outcomes, and offspring health. Integration 
of additional multi-omics approaches, such as chromatin 
accessibility profiling and single-cell proteomics, would 
further clarify the regulatory networks underlying cryo-
induced molecular alterations. Moreover, mechanistic 
studies examining the fidelity of epigenetic reprogram-
ming during post-warming development will be essen-
tial to determine whether ultra-rapid cooling strategies, 
such as LHe vitrification, confer sustained developmen-
tal advantages. Collectively, these efforts will help refine 
cryopreservation protocols for reproductive biotechnol-
ogy and improve the safety and reliability of embryo pres-
ervation in both agricultural and biomedical contexts.
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