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The objective of this study was to evaluate the effect of adding of C-Type Natriuretic (CNP) to the 
in vitro culture medium of bovine embryos on cryotolerability through modulation of lipid content 
and profile, as well as modulation of gene transcripts linked to embryonic metabolism. Initially, 
a concentration of 400 nM of CNP was used throughout the in vitro culture and blastocysts were 
collected for lipid content analysis by Sudan Black B. In addition, blastocysts were selected by 
morphological quality and developmental stage, and the samples collected were analyzed using MRM- 
profiling. After, blastocysts were vitrified using OPS. Subsequently the warming, hatched blastocysts 
were collected and evaluated for transcript abundance in a microfluidic platform. Differences of 
probabilities lower than P < 0.05, and/or fold change ˃1.5 were considered significant. The CNP group 
presented a reduction in the relative abundance of ions belonging to different lipid subclasses, 
such as acylcarnitine, sphingomyelin, cholesteryl esters, free fatty acids, and glycerophospholipid. 
Furthermore, the triacylglycerol lipids TG 52:3 NL 16:1, TG 56:3 NL 18:1, and the glycerophospholipid 
C22:6, were increased in the CNP group. A modulation of blastocyst transcripts was also observed by 
increased transcription of ATF4, and a trend statistical significance of BMP15 and GFPT2 transcripts. 
There was no difference in blastocyst development rates after warming of CNP-treated embryos.
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Reproduction biotechniques make a decisive contribution to the beef and dairy production chain1. Among 
the available biotechniques, in vitro production (IVP) embryo stands out on the world stage. About 1,876,591 
bovine embryos were in vitro produced (IVP) worldwide in 2023, about 15,8% more than in 2022 (1,876,591 
vs.1,620,347, respectively)2.

In addition, since the first successful cryopreservation, several procedures have been developed. 
Cryopreservation methods can basically be classified into two main strategies: cryopreservation with a slow 
cooling curve and vitrification3. Embryos produced in vitro have a high sensitivity to cryopreservation, which 
is apparently associated with the higher lipid content present in the cells of these embryos when compared to 
those produced in vivo4.

Thus, IVP embryos have a high lipid deposit, and the addition of fetal bovine serum (FBS) in the culture of 
these embryos is one of the possible causes leading to it5. Lipids such as triacylglycerides (TG), the main lipid 
class found in the cytoplasm of mammalian cells, are stored as lipid droplets3 and, in cryopreservation processes, 
their presence is a possibly compromising factor due to the cellular damage it causes.

Despite recent advances related to IVP, low efficiency in cryopreservation processes is still an obstacle6–8. 
Some invasive strategies, such as mechanical removal of lipids, were proposed before cryopreservation9. 
However, important changes occurred in the developmental potential of blastocysts transferred to recipients10. 
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Further, as there was damage of zona pellucida due to micromanipulation, it also led to a higher chance of 
transmission of pathogens11.

In this way, numerous substances have already been tested with the aim of reducing or modulating the lipid 
profile12–16. Recently, the inclusion of the C-type natriuretic peptide (CNP) with different concentrations were 
tested, showing that a concentration of 400 nM of CNP in the in vitro culture (IVC), not previously described 
in the literature and which was not embryotoxic, modulated some transcripts related to embryonic metabolism. 
However, in the previous study no aspect regarding interference in cryotolerance or lipid modulation processes 
was measured17.

Thus, the objective of our study was to evaluate whether the addition of CNP in the in vitro culture of 
bovine embryos alters its cryotolerability through the modulation of the lipid content and profile, as well as the 
modulation of transcripts linked to embryonic metabolism.

Materials and methods
All animal procedures were approved by the Ethics and Animal Handling Committee of the São Paulo State 
University (UNESP), Botucatu, São Paulo, Brazil, certificate #1180. All medium to produce bovine embryos and 
solutions used in vitrification and warming were provided by ABS Global Brasil®, Mogi Mirim, São Paulo, Brazil.

In vitro embryo production
Sample collection
Ovaries from a commercial slaughterhouse and from phenotypically resembling Nellore breed females (that is, 
with the phenotype mostly from Bos taurus indicus animals of the Nellore breed) were collected, packaged and 
transported to the laboratory in 0.9% saline solution between 30 and 35ºC. Follicles with a diameter of 2–8 mm 
were aspirated with hypodermic needles (30 × 8; 21G) attached to 10 mL syringes for the recovery of cumulus-
oocyte complexes (COCs), with a maximum interval of one hour between the receipt of the ovaries in the 
laboratory and the completion the aspiration of the follicles present in the bovine ovaries. Only COCs of qualities 
I and II were used, and the classification was performed conforming International Embryo Technology Society 
(IETS) oocyte classification. The number and presentation of cumulus cell layers and ooplasm homogeneity 
are considered. It should be noted that degenerated oocytes were not included with viable oocytes for in vitro 
maturation (IVM)18,19.

In vitro maturation
Previously to in vitro maturation (IVM), COCs were washed three times in TCM-HEPES 199 supplemented 
with 10% (v/v) fetal bovine serum, (FBS), 0.20 nM sodium pyruvate and 83.4 mg/mL of gentamicin. The COCs 
were matured in drops of 100 µL of TCM-199 medium bicarbonate supplemented with 10% (v/v) FBS, 5 µg of 
luteinizing hormone, 0.5 µg of follicle-stimulating hormone, 1 µg of estradiol, 2.2 µg of pyruvate and 50 µg of 
gentamycin/mL and incubated for 24 h in an environment with maximum humidity, 38.5 °C and, 5% CO2.

In vitro fertilization
After maturation, the COCs were washed in HEPES-buffered TCM-199 medium and transferred to 100-µL 
droplets of the fertilization medium that consisted of tris-buffered medium (TBM) supplemented with 8 mg/mL 
fatty acid-free bovine serum albumin (BSA) and 1 mM glutamine. For fertilization in drops of 100 µL, semen 
from a single Nellore bull was used (Adamo Fiv Kubera; Código 011NE03127, registry ACF 3522, Alta Genetics). 
The bull was previously tested in our laboratory for the production of IVF embryos. The cryopreserved semen 
was heated at 36 °C for 30 s. Sperm selection was performed by Percoll gradient (Percoll 45% in the upper part 
and 90% in the lower part) by centrifugation (12,100 g, for 2 min), the supernatant (600 µL) was discarded, and 
the pellet sperm resuspended in 300 µL of fertilization medium and homogenized. The semen was centrifuged 
again (8,127 g, for 45 s) and, after discarding the supernatant, the sperm concentration was adjusted to obtain a 
final concentration of 1 × 10⁶ mL⁻¹ live spermatozoa in each drop containing 20 COCs. They were co-incubated 
for 20 to 22 h in an environment with maximum humidity, 5% CO2, and 38.5° C. The day of insemination was 
considered day zero (Day 0).

In vitro culture
For in vitro culture, presumptive zygotes were subjected to the removal of cumulus cells by successive pipetting 
and then incubated in synthetic oviduct fluid (SOF) medium supplemented with 8 mg/mL fatty acid-free BSA 
under mineral oil at the same temperature and gaseous atmospheric condition used in the previous steps. On 
the first day of culture (D1) the presumptive zygotes were divided into experimental groups: control (without 
the addition of CNP) and CNP groups (400 nM of CNP, Sigma–Aldrich/St. Louis, MO, United States). After day 
three (D3), 50% of the culture media volume was replaced by fresh media (1st feeding). At D5, 50% of the culture 
media volume was replaced with fresh SOF medium but this time was supplemented with glucose (2nd feeding). 
During culture, blastocyst (D7) and hatching rates (D8 and D9) were recorded.

Lipid content by Sudan black B
Expanded blastocysts from the control and CNP groups (D7; n = 10/group 6 replicates) were randomly selected 
during the experimental replicates and had their lipid content measured as described by Sudano et al.. (2012)20. 
Briefly, the embryos were fixed in a 10% formaldehyde solution (diluted in PBS- pH 7.4) for 2  h at room 
temperature. After that, they were washed in distilled water with 0.05% polyvinyl alcohol (PVA) and transferred 
to drops with 50% ethanol (diluted in distilled water). After 2 min, the embryos were transferred to drops with a 
1% Sudan Black B solution (w/v) diluted in 70% ethanol (diluted in distilled water) for 1 to 2 min. Subsequently, 
they were washed in three 50% ethanol baths for 5 min each and then with distilled water containing 0.05% 
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PVA. For mounting the slides, 10 µL of glycerol was used. The evaluation was performed using light microscopy. 
To estimate lipid content, digital images were captured and processed using Image J 1.41 Software (Wayne 
Rasband, National Institutes of Health, Bethesda, MD, USA) based on the methodology described by Sudano et 
al. (2012)20and Costa et al. (2019)15.

Lipid profiling method by the MRM
Blastocysts from the control and CNP groups (D7; n = 10/group, 5 replicates) were selected by morphological 
quality (excellent or good) and developmental stage (blastocysts to expanded blastocysts) for the analysis using 
Multiple Reaction Monitoring (MRM) profiling technique21,22. Briefly, the embryos were collected, washed for a 
few seconds in methanol: water (1:3 v/v) to remove the culture medium and stored at −80° C. Lipid extraction 
was performed according to Bligh and Dyer (1959)23 and adapted for small volume samples. Briefly, 40 µL of 
ultrapure water was added to a microtube containing the embryos, and the mixture was to promote cell lysis. 
Then, 50 µL of chloroform and 90 µL of methanol were added and mixed by pipetting for 15 s (one-phase 
solution). After, another 50 µL of chloroform and 50 µL of ultrapure H2O were added and the samples were 
incubated for 5  min at room temperature. Samples were centrifuged to enhance polar from nonpolar phase 
separation (two-phase solution). The combined organic and water phases were dried in a centrifugal evaporator 
and samples were vacuum-sealed and stored at −80ºC until MS analysis24.

Vitrification of embryo
On D7 and D8 (n = 50 blastocysts/group, 5 replicates), only expanded blastocysts and IETS grade I blastocysts 
(excellent or good quality25) were subjected to vitrification using the open pulled straw (OPS) technique 
developed by Vajta et al. (1997)26. The blastocysts were washed in three drops of H-SOF solution and submitted 
to a vitrification solution 1 until the beginning of vitrification. Groups of no more than 5 blastocysts at a time 
were transferred to one well of a four-well plate containing 400 µL of holding solution 1 (TCM-HEPES 199 
supplemented with 20% (v/v) FBS), with 7.5% of ethylene glycol (50 µL), and 7.5% of dimethylsulfoxide (DMSO- 
50 µL). After 1 min, the structures were transferred to a drop of 10 µL of vitrification solution 2 (TCM-HEPES 
199 supplemented with 20% (v/v) FBS and, 0.5 M of sucrose), solution plus 16.5% of ethylene glycol (100 µL) 
and, 16.5% of DMSO (100 µL). They remained in this drop for 20 s and then were placed at the end of the OPS 
with as little medium as possible. Immediately after loading, the OPS was immersed in liquid nitrogen, where it 
was stored for a week, for later warming.

For warming, the OPS was removed from the liquid N2, and one OPS was warmed at a time. The tip of the 
OPS, where the blastocysts were located, was immersed in a well of a four-well plate containing 800 µL of holding 
solution (TCM-HEPES 199) and 400 µL of holding solution supplemented with sucrose (HS + S; PBS - pH 7.4 
supplemented with 5% (v/v) FBS and, 0.5 M of sucrose). Then, the blastocysts were transferred to the second 
well containing 400 µL of holding solution and 200 µL of HS + S. The blastocysts spent time between well 1 and 
2 did not exceed 5 min. The blastocysts were transferred to well 3 containing 400 µL of holding solution and 100 
µL of HS + S for 5 min and finally to well 4 in which there was only holding solution. After that, the blastocysts 
were washed in three drops of SOF medium and transferred to the culture plate. After 12 h of warming, the rate 
of re-expansion and hatching was evaluated; and at 24 and 48 h the hatching rate was recorded.

Reverse transcription and quantitative polymerase chain reaction (RT-qPCR)
Total RNA from blastocysts after vitrification (3 embryos/group in 4 replicates) was extracted using the PicoPure 
RNA Isolation kit (Life Technologies, Foster City, CA, United States) following the manufacturer’s protocol. 
Extracted RNA was stored at − 80° C until further analysis by qPCR. RNA concentration was quantified using 
a spectrophotometer (Nanodrop, Thermo Fisher Scientific, Waltham, MA, United States). For each sample, we 
used a pool of three blastocysts for reverse transcription. cDNA synthesis was performed using a High-Capacity 
Reverse Transcription kit (Applied Biosystems, Foster City, CA, United States), following the manufacturer’s 
instructions. All samples were treated with DNase according to the manufacturer’s instructions before reverse 
transcription.

Pre-amplification and qPCR
Gene expression analyses of bovine blastocysts were performed independently using Applied BiosystemsTM 
TaqMan©R Assays specific for B. taurus and based on Fontes et al. (2020)27. We analyzed the abundance of 
56 transcripts using a panel of genes formatted to investigate embryonic competence and quality (apoptosis, 
oxidative stress, proliferation, differentiation), and lipid metabolism in a microfluidic platform (Supplementary 
Table S2 describing all the genes and their signaling pathways). Prior to qPCR thermal cycling, each sample 
was subjected to a sequence specific preamplification process as follows: 1.25 mL assay mix (TaqMan©R Assay 
was pooled to a final concentration of 0.2× for each of the 56 assays), 2.5 mL TaqMan PreAmp Master Mix 
(Applied Biosystems, #4391128), and 1.25 mL cDNA (5 ng/mL). The reactions were activated at 95° C for 10 
min, followed by denaturation at 95° C for 15 s, annealing, and amplification at 60° C for 4 min for 14 cycles. 
These preamplified products were diluted fivefold (embryos) prior to RT-qPCR analysis. Assays and preamplified 
samples were transferred to an integrated fluidic circuit plate. For gene expression analysis, the sample solution 
preparation consisted of 2.25 mL cDNA (preamplified products), 2.5 mL of TaqMan Universal PCR Master Mix 
(2×, Applied Biosystems), and 0.25 mL of 20× GE Sample Loading Reagent (Fluidigm, South San Francisco, CA, 
United States); the assay solution included 2.5 mL 20× TaqMan Gene Expression Assay (Applied Biosystems) 
and 2.5 mL of 2× Assay Loading Reagent (Fluidigm). The 96.96 Dynamic ArrayTM Integrated Fluidic Circuits 
(Fluidigm) chip was used for data collection. After priming, the chip was loaded with 5 mL each of the assay 
solution and each sample solution and loaded into an automated controller that prepares the nanoliter-scale 
reactions. The qPCR thermal cycling was performed in the Biomark HD System (Fluidigm) using the protocol 
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TaqMan GE 56 × 56 Standard, which involved one stage of Thermal Mix (50° C for 2 min, 70° C for 20 min, and 
25° C for 10 min) followed by a hot start stage (50° C for 2 min and 95° C for 10 min), 40 cycles of denaturation 
(95° C for 15 s), primer annealing, and extension (both at 60° C for 60 s).

Statistical analysis
To estimate the lipid content, the results of the analysis were evaluated of data distribution, being non-parametric 
data, the Kruskal-Wallis test was used followed by the post hoc Student-Newman-Keuls test. The data are present 
in the form of median, 1sd and 3rd interquartiles, and analyzes were performed with SigmaStat 4.0 software.

To evaluate blastocyst rate and hatching kinetics after warming, data were tested for normality using the 
Shapiro–Wilk and Bartlett tests. After then, Tukey’s test was applied. Differences with probabilities less than 
0.05 were considered significant. The data is presented as mean value and standard error of the mean (SEM) and 
analyzes were performed with SigmaStat 4.0 software.

To the lipid profile data (MRM profiling), analysis was performed with the first step (discovery) applying a 
list of MRMs generated by combining the m/z of the analysis in relation to the ions based on the online platform 
LipidMAPS (http://www.lipidmaps.org/) with expected product ion resulting from precursor scan (Prec) and 
neutral loss scans (NL; Supplementary Table S1)28. MetaboAnalyst 5.0 (http://www.metaboanalyst.ca) was used 
for multivariate statistics by Principal Component Analysis (PCA). The two experimental groups, control and 
CNP group (400 nM of CNP) were evaluated with Student’s t-test. Fold-change values were also calculated and 
considered significant when fold changes (FC) > ± 1.5 and P < 0.05.

Quantitative PCR data were assessed using the ∆Cq values relative to the geometric mean of the reference 
genes (genes that maintained stability in their values) among the 56-gene set, i.e., GAPDH, and ACTB. Fold-
changes (FC) were calculated using the 2−∆Cq method29. All analyses were performed using SigmaStat 4.0 and 
MetaboAnalyst 5.0. The evaluation of the transcripts was initially performed with the univariate statistical 
analysis method, using FC, t-test, and Volcano Plot. In a second step, we analyzed the data by multivariate 
methods, considering Principal Component Analysis (PCA) and Partial Least Squares- Discriminant Analysis 
(PLS-DA) and their variations. Weak statistical significance (i.e., a trend that we consider indicative of biological 
effect) was determined based on 0.06 < P-value ≤ 0.08, while strong significance was considered when p-value 
≤ 0.01. Differences with probabilities less than P < 0.05 were considered intermediately significant.

Results
Lipid content by Sudan black B
There was no difference in lipid content analysis between embryos without CNP supplementation (control) 
compared to embryos supplemented with 400nM CNP (Table 1; Fig. 1).

Fig. 1.  Illustrative light microscopy images of IVP bovine embryos submitted to culture supplemented with 
CNP. (A) Bovine embryo without CNP supplementation (control); (B) Bovine embryo submitted to 400 nM 
CNP supplementation. (1) Images captured by light microscopy; (2) Images converted to grayscale using Image 
J 1.41 Software. Original magnification x 500.

 

Parameter Control CNP P-value

Gray intensity (X 10 −6) 2.29 ± 6.66 2.12 ± 5.11 0.109

Gray intensity per area (X 10 −12/µm2) 5.17 [3.35, 7.03]* 4.77 [2.84, 6.04]* 0.230

Gray intensity per volume (X 10 −15/µm 3) 10.04 [6.02, 1.52]* 9.37 [4.90, 1.26]* 0.266

Table 1.  Intracytoplasmic lipid content of IVP bovine embryos supplemented or not with CNP (when added 
on the first day of culture). * The data are present in the form of median, 1sd and 3rd interquartiles. CNP: 400 
nM of CNP. The data are presented as the mean ± standard error of the mean (SEM) from 6 replicates. Control 
group: n = 69; CNP group: n = 66.
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Lipid profile of embryos cultured with CNP
Embryos cultured with CNP showed a reduction in the relative abundance of ions belonging to different lipid 
subclasses, such as acylcarnitine, sphingomyelin, cholesteryl esters, free fatty acids, and glycerophospholipid. 
Furthermore, the triacylglycerol lipids TG 52:3 NL 16:1, TG 56:3 NL 18:1, and the glycerophospholipid C22:6, 
were increased in the CNP group (Table 2).

Warming, Re-expansion and hatching rates of blastocysts
Regarding the rate of re-expanded and hatched blastocysts, there was no difference between the rates of re-
expansion and hatching at 12, 24, and 48 h after warming between the evaluated groups (Tables 3 and 4).

The effect of CNP on the abundance of target-transcripts in IVC embryos post-
cryopreservation
There were weak differences between groups on the transcript abundance in ATF4 (P = 0.052), BMP15 (P = 
0.063), and GFPT2 (P = 0.063; Fig. 2).

Group

Vitrified Re-exp. rate 12 h (%) Hatch. rate 12 h (%) Hatch. rate 24 h (%) Hatch. rate 48 h (%)

Embryos (N) [N (% mean ± SEM)] [N (% mean ± SEM)] [N (% mean ± SEM)] [N (% mean ± SEM)]

Control 88 47 (51.22 ± 1.60) 4 (9.52 ± 0.46) 14 (39.10 ± 0.76) 17 (28. 57 ± 0.71)

CNP 92 50 (45.45 ± 2.12) 2 (4.00 ± 0.35) 14 (32.00 ± 0.93) 29 (40.00 ± 1.15)

P-value 0.37 0.59 0.36 0.48

Table 4.  Re-expansion and hatching rate of embryos after vitrification on days 7 and 8 (only expanded 
blastocysts) from groups control OrCNP (supplementation with 400 nM of CNP). CNP: 400 nM de CNP. 
Abbreviations: Re-exp.: re-expansion; Hatch.: hatching. Data are the mean ± standard error of the mean (SEM) 
of 5 replicates.

 

Group

PZ Blastocyst Hatched Blastocysts

N N (% mean ± SEM) N (% mean)*

Fresh control 104 29 (27.75 ± 5.37) 22 (75.86)

Control 1714 476 (27.88 ± 3.81)

CNP 1740 504 (28.92 ± 4.93)

P-value - 0.21

Table 3.  Evaluation of the bovine blastocyst development rate (D7) cultured in the absence or the presence 
of CNP (supplementation with 400 nM of CNP) which underwent vitrification. CNP: 400 nM de CNP. PZ 
= Presumptive zygotes. Data are the mean ± standard error of the mean (SEM) of 8 replicates except for *. 
* Statistical comparisons were only applied to vitrified blastocyst groups. The fresh control group was the 
laboratory production and hatching control.

 

Lipid Subclasses Tentative attributiona P-value

Acylcarnitine CAR 5:1 0.02276 ↓

Triacylglycerol TG 52:3 NL 16:1 0.03288 ↑

TG 56:3 NL 18:1 0.04092 ↑

Sphingomyelin SM d18:0/18:0 0.03806 ↓

Cholesteryl ester 20:0 Cholesteryl ester 0.01974 ↓

18:0 Cholesteryl ester 0.04315 ↓

Free Fatty Acid C16:0 0.01552 ↓

C18:0 0.01645 ↓

C22:6 0.01841 ↑

Glycerophospholipid PS 28:0 0.01083 ↓

Table 2.  List of compounds that showed difference in relative intensity between blastocysts from groups 
treated with 400 nM CNP (CNP) compared to not cultured with CNP (control; P < 0.05). a Tentative 
assignment does not confirm the actual structures of corresponding ions. The sum composition abbreviations 
were acquired from LIPID MAPS Structure Database (http://www.lipidmaps.org/). CAR = acylcarnitine; 
TG = triacylglycerides; NL = neutral loss product ion used to profile TG; SM = sphingomyelin; PS 
= phosphatidylserine.
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In Partial Least Squares - Discriminant Analysis (PLS-DA) it was possible to observe an overlap in PCA 
plot, and in PLS-DA a slight separation between the control and CNP-treated groups (Fig. 3A). The Heatmap 
shows the abundance of transcriptional profiles of bovine embryos produced in vitro with 400 nM CNP and 
the control group, which obtained fold change less than 1.5. There was a slight clustering between the samples 
(Fig. 3B). All the others target transcripts analyzed in blastocysts did not differ in a statistically significant way 
(Supplementary Table S2).

Discussion
Our study is the first to present the use of CNP in in vitro culture of bovine embryos to modulate the lipid profile 
and content, aiming to make it more cryo-tolerable. Changes in the analysis of transcripts - related to lipid 
metabolism, embryonic development, and oxidative stress - were observed in blastocysts treated with CNP. In 
addition, when analyzing the embryonic lipid by the MRM profiling, it was possible to observe changes in ions 
belonging to different lipid subclasses, such as acylcarnitine, sphingomyelin, cholesterol esters, free fatty acids, 
and glycerophospholipid. However, no changes in embryonic lipid content were observed in the Sudan Black B 
analysis.

The use of exogenous CNP in pre-IVM and IVM has been used for years, with different concentrations 
and in different species14,30–33. However, the relationship between CNP and the embryo has few reports 
in the literature14,16,34. It is known that CNP binds to its receptor NPR2 and modulates intracellular cAMP 
concentrations in oocytes in the in vitro maturation phase30. In this way, the presence of the NPR2 receptor was 
already detected in bovine17 and murine embryos32. Moreover, it is suspected that CNP can stimulate cGMP, 
which exerts an action similar to cAMP, stimulating lipolysis and reducing the amount of lipids16.

Unlike the results with the semiquantitative analysis by Sudan Black B, we demonstrated that the culture of 
embryos with CNP altered the lipid profile. Costa et al.. (2020)16in a similar way to our study, previously also 
did not observe changes in the Sudan Black B profile after the use of CNP (100 nM). In the present study, a 
reduction in the relative concentrations of C16:0 (palmitic acid) and C18:0 (stearic acid) was observed. Changes 
in biological functions associated with metabolic disease, pro-inflammatory response, and reduction in glucose 
uptake were demonstrated by RNA sequencing in a study performed on ovarian cortex culture and oocyte 
maturation in a medium containing palmitic, oleic, and stearic acid (NEFA- non-esterified fatty acids)34. In 
this context, Shibahara et al.. (2020)35 showed that the oocytes developed in the presence of palmitic acid had 
low developmental ability and differential histone modifications. Also, the exposure of COCs to palmitic acid 
during IVM reduced mitochondrial membrane potential, and increased oxidative stress in the resulting bovine 
embryos36.

In our study, embryos of the CNP group (with addition of 400 nM of CNP) have C22:6 (docosahexaenoic 
acid-DHA) increased. The DHA supplementation (physiological dose of 1 µM) during IVM was able to increase 
the blastocyst rate of bovine oocytes after IVF37. DHA addition in IVM medium enhances the homeostasis 
of energy metabolism by improving mitochondrial function and lipid metabolism. Also, DHA improved the 
quality of matured oocytes and enhanced the embryonic developmental potential of IVP porcine embryos38. 
Some triacylglycerols (TG) decreased in embryos CNP treatment. TG are found in intracytoplasmic droplets in 
mammalian cells and represent an energy reserve for the cell3. In this context, our group previously reported that 
the embryos derived from high-AFC (antral follicles count) cows presented a higher concentration of TG than 
the embryos from low-AFC females39.

Cholesterol esters are present in all cell membranes and play an important role during cell division after 
the fertilization stage40. Sphingomyelin (SM), is implicated in proliferation, migration, inflammation, and cell 

Fig. 2.  Effect of CNP treatment in IVC on differential gene expression in blastocyst after warming. Data 
represent the fold change of relative target abundance related to the reference gene. Upregulated transcription 
ATF4 (P = 0.052), BMP15 (P = 0.063), and GFPT2 (P = 0.063) with the addition of CNP (400 nM) on the 
D1 of culture after vitrification and warming. Results are represented by least-squares means ± SEM of four 
replicates/group. Different letters above each bar represent significant differences (P ≤ 0.05) and trend statistical 
significance was determined based on 0.06 < P-value ≤ 0.08. Control (no treatment) and CNP (400 nM of 
CNP).
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survival41. Glycerophospholipids play an important role in maintaining the function and integrity of cellular 
and subcellular structures and are the major constituents of cellular membranes42. Similarly, CAR 5:1 is an 
acylcarnitine, which refers to the compounds that play a crucial role in the metabolism of long-chain fatty acids 
and are utilized to transport acyl-CoAs out of the mitochondria43. Despite the decrease of some cholesteryl 
esters, sphingomyelin, and acylcarnitine (Table 2) in the embryos CNP group, we did not observe interferences 
in the hatching kinetics and rate of re-expansion and hatching after warming blastocysts cultured with CNP. 
However, the results of in vivo embryo transfer are still needed, whether cryopreserved or freshly transferred, so 
that there is greater clarity about the possible effects of CNP on the IVC of these embryos.

The transcript of bone morphogenetic protein 15 (BMP15) was upregulated in blastocysts that received CNP 
in the IVC and evaluated after cryopreservation. BMP15, in mammals, is related to oocyte maturation and 
cholesterol biosynthesis, with the aim of improving oocyte competence and consequently the development of 
the bovine embryo44,45. It has already been observed that mutation in the BMP15 gene affects glycolysis and 
cholesterol biosynthesis in cumulus cells46. A possible inference for the finding in the present study would be that 
CNP could be intensifying the expression of BMP15 by modulating cholesterol biosynthesis through a potential 
increase in cGMP, in addition to the stress that the cryopreservation process can cause in cells.

In the blastocysts evaluated after vitrification and warming, it was possible to observe a greater abundance of 
the ATF4 gene transcript. Activating transcription factor 4 (ATF4) is a transcription factor that upregulates genes 
involved in amino acid import, glutathione biosynthesis, and antioxidant stress response47,48. In addition, ATF4 is 
related to the prevention of endoplasmic reticulum stress14,19. Despite the ATF4 action related to the antioxidant 
stress response, no oxidative stress tests were performed in the present article to support this statement.

In summary, this study showed changes in embryonic metabolism based on the abundance of transcripts 
and analysis of the lipid profile. Furthermore, maintenance of production rates was observed after vitrification 

Fig. 3.  Plots derived from multivariate analysis of the abundance of transcripts derived from untreated 
(control) and CNP-treated blastocyst after cryopreservation. (A) PLS-DA shows the 2D score plot between 
groups. (B) Heatmap showing transcriptional profiles abundance of in vitro–produced bovine embryos with 
400 nM CNP and control group, which obtained fold change ˃1.5. Control group: n = 4; CNP group: n = 5.
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of embryos cultured with CNP, in addition to no change in embryonic lipid content. Since the differences in gene 
expression were not statistically significant, more studies are needed to establish whether those observed changes 
- in gene expression and lipid metabolism - will impact embryo implantation and pregnancy development. So 
far, our work has shown no harmful effects with CNP treatment on the studied endpoints.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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