
Citation: McKinley, E.; Speckhart, S.L.;

Keane, J.A.; Oliver, M.A.; Rhoads,

M.L.; Edwards, J.L.; Biase, F.H.; Ealy,

A.D. Influences of Supplementing

Selective Members of the Interleukin-6

Cytokine Family on Bovine Oocyte

Competency. Animals 2024, 14, 44.

https://doi.org/10.3390/ani14010044

Academic Editors: Michelle Garcia

and Fang Xie

Received: 10 November 2023

Revised: 11 December 2023

Accepted: 20 December 2023

Published: 21 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

animals

Article

Influences of Supplementing Selective Members of the
Interleukin-6 Cytokine Family on Bovine Oocyte Competency
Endya McKinley 1, Savannah L. Speckhart 1 , Jessica A. Keane 1, Mary A. Oliver 1, Michelle L. Rhoads 1 ,
J. Lannett Edwards 2, Fernando H. Biase 1 and Alan D. Ealy 1,*

1 School of Animal Sciences, Virginia Tech, Blacksburg, VA 24061, USA;
e.mckinley@conceptionsflorida.com (E.M.); sspeckhart@kumc.edu (S.L.S.); jakeane@vt.edu (J.A.K.);
maryalio@vt.edu (M.A.O.); rhoadsm@vt.edu (M.L.R.); fbiase@vt.edu (F.H.B.)

2 Department of Animal Science, The University of Tennessee, Knoxville, TN 37996, USA; jedwards@utk.edu
* Correspondence: ealy@vt.edu; Tel.: +1-540-231-4425

Simple Summary: In vitro-produced (IVP) bovine embryos have reduced developmental potential
and post-transfer survival. One reason this may occur is because of the lack of growth, differentiation
factors, and cytokines that are present within the follicle but absent within oocyte maturation culture
systems. This work explored whether supplementing selective members of the interleukin-6 (IL6)
cytokine family during in vitro bovine oocyte maturation affects maturation success, cumulus–oocyte
complex (COC) gene expression, fertilization success, and embryo development potential. Human
recombinant proteins for IL6, IL11, and leukemia inhibitory factor (LIF) were supplemented to COCs
during the maturation period, then fertilization and embryo culture commenced without further
cytokine supplementation. Several key outcomes were observed. Both LIF and IL11 increased one
COC transcript associated with oocyte competency whereas IL6 did not produce this effect. None of
the cytokines influenced fertilization success but supplementing COCs with LIF or IL11 increased the
ability of these oocytes to generate blastocyst stage embryos. No effect of IL6 supplementation was
detected. Collectively, this work provides evidence that supplementing LIF or IL11 during in vitro
oocyte maturation complexes improves oocyte competency, but no such effects were detected when
IL6 was supplemented during maturation.

Abstract: This work explored whether supplementing selective members of the interleukin-6 (IL6)
cytokine family during in vitro bovine oocyte maturation affects maturation success, cumulus–oocyte
complex (COC) gene expression, fertilization success, and embryo development potential. Human
recombinant proteins for IL6, IL11, and leukemia inhibitory factor (LIF) were supplemented to COCs
during the maturation period, then fertilization and embryo culture commenced without further
cytokine supplementation. The first study determined that none of these cytokines influenced the rate
that oocytes achieved arrest at meiosis II. The second study identified that LIF and IL11 supplementa-
tion increases AREG transcript abundance. Supplementation with IL6 supplementation did not affect
AREG abundance but reduced HAS2 transcript abundance. Several other transcriptional markers
of oocyte competency were not affected by any of the cytokines. The third study determined that
supplementing these cytokines during maturation did not influence fertilization success, but either
LIF or IL11 supplementation increased blastocyst development. No effect of IL6 supplementation
on subsequent blastocyst development was detected. The fourth experiment explored whether each
cytokine treatment affects the post-thaw survivability of cryopreserved IVP blastocysts. None of
the cytokines supplemented during oocyte maturation produced any positive effects on post-thaw
blastocyst re-expansion and hatching. In conclusion, these outcomes implicate IL11 and LIF as
potentially useful supplements for improving bovine oocyte competency.
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1. Introduction

Oocyte quality is of paramount importance for cattle and many other mammalian
species [1,2]. Adverse environmental and physiological events that occur prior to ovu-
lation can have severe detrimental effects on subsequent fertilization success, embryo
developmental potential, and pregnancy success [3–5]. This issue with oocyte quality is
also concerning when using in vitro embryo production schemes in cattle, where oocytes
are harvested from live cows through a transvaginal ovum pickup (OPU) scheme or are
collected from abattoir ovaries. Oocytes contained within a mass of cumulus cells, called
a cumulus oocyte complex (COC), are matured in vitro then fertilized, and embryos are
cultured to the blastocyst stage before transfer to surrogate cattle either before or after cry-
opreservation [6]. The most recent survey determined that >1.5 million in vitro-produced
(IVP) bovine embryos were transferred worldwide in 2021 [7]. There has been a constant
upward trend in using IVP bovine embryos in the past decade [7], and all indications are
that the use of these embryo will continue to increase. There are two major limitations
with this process: one is that the efficiency of in vitro embryo development is low, where
only 20% to 40% of oocytes will yield transferable embryos, and a second is that reduced
post-transfer competency has been observed in IVP embryos [6,8].

One topic of special interest for our laboratory is to better understand how to properly
manage the oocyte during in vitro maturation (IVM) so that a greater portion of oocytes can
produce transferable embryos and these embryos will be better able to sustain a pregnancy.
There is ample evidence that poor oocyte quality is a primary factor contributing to poor
in vitro embryo development [9,10] and that poor oocyte quality contributes to poor post-
transfer pregnancy success [3,11]. Most IVM systems contain bioactive molecules that will
promote oocyte maturation. This work focused on determining whether supplementing
selective members of the interleukin-6 (IL6) cytokine family will promote bovine oocyte
maturation in ways that result in greater embryo yields. Leukemia inhibitory factor (LIF)
has been the best studied member of this family, where supplementation during IVM
improved nuclear maturation and increased post-fertilization cleavage rates, blastocyst
total cell numbers, and hatching rate [12,13]. Bovine oocyte supplementation with LIF
also improved subsequent cryosurvival of oocytes [13]. Other studies where LIF was co-
supplemented with fibroblast growth factor 2 (FGF2) and insulin-like growth factor 1 (IGF1)
during IVM identified increases in transzonal projection numbers, nuclear maturation,
blastocyst development, and blastocyst cryosurvival [14]. There also is evidence suggesting
that IL6 and at least one other cytokine family member, termed interleukin 11 (IL11), may
mediate bovine oocyte maturation. One supplementation study found that providing IL6
or IL11 during IVM increased the expression of several microRNAs that improve bovine
oocyte maturation [13]. Another study suggested that IL6 may participate in mediating the
timing of meiosis completion in heat-stress cattle [15].

This work was completed to provide a definitive assessment of the comparable and
distinct activities of IL6, IL11, and LIF during bovine oocyte maturation. The objective
of this study was to determine if supplementing IL6, IL11, or LIF during IVM improves
nuclear maturation, COC gene expression, and subsequent cleavage, blastocyst formation,
and post-thaw viability of blastocysts.

2. Materials and Methods

No animals were used for this work. All studies were completed using abattoir-
derived materials (Brown Packing Co., Gaffney, SC, USA) that followed humane slaughter
practices according to USDA guidelines. Reagents were purchased from ThermoFisher
Chemical Company (Waltham, MA, USA), unless otherwise specified.

2.1. In Vitro Maturation

Maturation procedures were completed as previously described [16]. In brief, cumulus–
oocyte complexes (COCs) were harvested from ovaries purchased from Brown Packing
Company (Gaffney, SC, USA) and incubated overnight for 22–24 h at 38.5 ◦C in 5% [v/v]
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CO2 in humidified air in groups of 25–35 COCs per 500 µL TCM-199, containing Earle’s
salts supplemented with 10% [v/v] fetal bovine serum (FBS; Atlanta Biologicals, Flowery
Branch, GA, USA), 200 µg/mL Gentamicin, 1 mM Sodium Pyruvate, 2 mM L-alanyl-
L-glutamine (Glutamax), 5 µg/mL Folltropin (AgTech Inc., Manhattan, KS, USA), and
20 ng/mL Estradiol (Sigma-Aldrich, St. Louis, MO, USA).

2.2. Supplementation of IL6, IL11, and LIF

Recombinant human IL6, IL11, and LIF were purchased from R&D Systems (Min-
neapolis, MN, USA) and reconstituted in TCM-199 (Earle’s salts) containing 1% [w/v]
bovine serum albumin (BSA; Sigma-Aldrich Inc., St. Louis, MO, USA). Single use aliquots
were stored at –80 ◦C for <6 mo. Treatments were supplemented into the oocyte matu-
ration medium immediately after thawing at a final concentration of 25 ng/mL. Control
treatments (CTR) consisted of carrier only (0.001% [w/v] BSA in TCM-199).

2.3. Oocyte Maturation

Progression to metaphase II (MII) was completed as described previously [17,18].
At 16 or 22 h after beginning IVM, oocytes were denuded by vortexing then fixed in
4% [w/v] paraformaldehyde in Dulbecco’s phosphate-buffered saline (DPBS) for 15 min
at room temperature. Oocytes were permeabilized with 1% [v/v] Triton X-100 in DPBS
for 1 h at room temperature and blocked in 10% [v/v] donkey serum for 1 h at room
temperature. Oocytes were incubated with a mix of 5 µg/mL mouse-α-tubulin antibody
and 5 µg/mL mouse anti-β-tubulin antibody (Sigma-Aldrich) either at room temperature
for 1 h or overnight at 4 ◦C, then they were rinsed and incubated in Alexa Fluor 488 donkey
anti-mouse (3.3 µg/mL) at room temperature for 1 h, and finally in 4′,6-diamidino-2-
phenylindole (DAPI) (1 µg/mL) for 5 min at room temperature. Oocytes were placed
into imaging droplets (DPBS containing 0.1% [w/v] Polyvinylpyrrolidone [PVP]) and imaged
using an ECHO Revolve Epifluorescence Microscope with associated software (version R4)
that includes the Z-stack software module (ECHO, San Diego, CA, USA). Oocytes were
determined to have undergone meiosis II (MII) by detecting one polar body and a closely
aligned cytoplasmic chromatin spindle.

2.4. Real-Time Quantitative RT-PCR

Total RNA was isolated from groups of COCs (n = 20/sample) after 4 or 22 h of IVM
using the PureLink™ RNA Mini Kit. Adequate sample quality was verified (A260/280 > 1.8).
Samples with adequate quality (A260/280 > 1.8; 5 ng) were treated with RNase-free DNase
I at 37 ◦C for 30 min, the enzyme was inactivated (75 ◦C for 10 min), and then reverse
transcription (RT) was completed using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Foster City, CA, USA). The Fast SYBRTM Green PCR Master Mix
(Applied Biosystems) and primers (500 nM each; Table 1) were combined with RT products,
and PCR was completed using the Applied Biosystems 7500 Fast PCR System (Applied
Biosystems). Each sample was run in triplicate with an initial denaturation at 95 ◦C for 20 s
followed by 40 cycles of 95 ◦C for 3 s and 60 ◦C for 30 s. Quantification of each transcript
was calculated relative to the reference transcript, HPRT1. The reference transcript was
found by others to serve as a suitable reference transcript for oocytes and embryos [19], and
HPRT1 abundance was not influenced by IVM culture time or cytokine treatment in our
preliminary studies. Abundance relative to HPRT1 was analyzed using the 2−∆∆CT method.
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Table 1. Primer sequences used for qRT-PCR.

Transcript Primer Sequence * Reference

AREG
F: 5′-CTTTCGTCTCTGCCATGACCTT-3′

[20]R: 5′-CGTTCTTCAGCGACACCTTCA-3′

CX37
F: 5′-GACTCATCTCCCTGGTGCTC-3′

[21]R: 5′-GTTCTGCTCACTGGACGACA-3′

CX43
F: 5′-GTCTTCGAGGTGGCCTTCTTG-3′

[21]R: 5′-AGTCCACCTGATGTGGGCAG-3′

HAS2
F: 5′-GGGTTCTTCCCTTTCTTTCT-3′

[22]R: 5′-CCACCCAGCTTTGTTTATTG-3′

HPRT1
F: 5′-TGCTGAGGATTTGGAGAAGG-3′

[19]R: 5′-CAACAGGTCGGCAAAGAACT-3′

* F: forward, 5′ primer; R: reverse, 3′ primer.

2.5. In Vitro Fertilization and Culture

In vitro fertilization and embryo culture procedures were completed as previously
described [16]. After 22 h IVM, COCs were washed and placed in groups of 25–30 in
500 µL fertilization medium covered with paraffin oil (Origio; Malov, Denmark). A mixture
of frozen semen from four Holstein bulls (donation form Select Sires, Plain City, OH,
USA) was thawed, and spermatozoa were isolated through a biphasic (40 and 80%, [v/v])
Bovipure ™ density gradient (Nidacon; Spectrum Technologies Healdsburg, CA, USA)
before addition to the fertilization medium (1 million sperm/mL). Day 0 indicates the day of
fertilization. After 14–18 h incubation with spermatozoa at 38.5 ◦C in 5% CO2 in humidified
air, presumptive zygotes were denuded of cumulus cells, washed, and placed in groups
of 20–30 in droplets of 50 µL of Synthetic Oviductal Fluid-Bovine Embryo 1 (SOF-BE1)
medium [23] covered by paraffin oil. Zygotes were incubated at 38.5 ◦C in 5% O2, 5% CO2,
90% N2 in humidified air.

Cleavage was assessed 72 h after IVF, and blastocyst development (out of total zy-
gotes recovered from maturation and fertilization) was determined 7 and 8 days after IVF.
Blastocyst stage was recorded as either regular (blastocyst with no increase in diameter
relative to morulae), expanded (noteworthy increase in diameter and zona thinning), and
hatched (release from the zona; blastocysts in the process of hatching were recorded in
this category). The term “advanced blastocysts” included blastocysts categorized as either
expanded or hatched.

2.6. Embryo Cryopreservation and Thawing

Day 8 regular and expanded blastocysts were cryopreserved according to previously
published procedures with minor modifications [24,25]. Blastocysts were washed three
times in HEPES-SOF then placed in a 1.5 M ethylene glycol solution containing 0.1 M
sucrose (ViGRO Ethylene Glycol Freeze Plus; Vetoquinol Inc., Princeville, QC, Canada).
Embryos were allowed to equilibrate for 5 to 15 min, until the embryos sank to the bottom
of the dish, then were loaded into embryo transfer straws (5 blastocysts/straw) and sealed
with a plastic plug. Straws were placed into the programmable slow freezer (Crysalys
PTC 9500; Biogenics, Harriman, TN, USA) and held at −6 ◦C for 2 min. Straws were
seeded using a liquid nitrogen covered cotton swab on the upper column of freezing media
adjacent to the embryos and maintained at −6 ◦C for another 8 min before slow freezing at
a rate of −0.6 ◦C/min. Upon reaching −32 ◦C, straws were plunged and stored in liquid
nitrogen until subsequent thawing.

Embryos were thawed using a Cito Thaw (CITO Products, Watertown, WI, USA) at
35.0 ◦C for 30 s. Embryos were expelled into HEPES-SOF and then were passed through
three HEPES-SOF washes followed by two washes of SOF-BE1. Blastocysts were plated
into 500 µL SOF-BE1 containing 10% [w/v] fetal bovine serum (FBS) (5 blastocysts/drop)
that were covered in mineral oil and incubated at 38.5 ◦C in 5% CO2, 5% O2, and 90% N2 in
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humidified air. Blastocyst re-expansion, hatching, and degeneration were recorded at 24
and 48 h post-thawing. Re-expansion was determined by the re-emergence of a blastocoel
cavity. Hatching was classified as detecting the re-expanded blastocyst either undergoing
or completing zona hatching. Degenerate embryos represented those embryos that did not
re-expand.

2.7. Statistical Analyses

Least-squares analysis of variance (ANOVA) was completed using the general linear
model (GLM) of the Statistical Analysis System (SAS; version 9.4; SAS Institute Inc., Cary,
NC, USA). Pairwise comparisons were completed by using the probability of difference
(PDIFF) test of SAS. Relative mRNA abundance data were log-transformed, and percentage
data (i.e., oocyte, cleavage, and blastocyst data) were arcsine-transformed before analysis.
Study replicate was used as the experimental unit for all analyses. All data are presented as
non-transformed data. Statistical significance was determined at p ≤ 0.05 and a tendency
in statistical significance was defined at p ≤ 0.1 and >0.05.

3. Results
3.1. Bovine COC Expression of IL6, IL11, LIF, and Their Receptors

A recently published transcriptomic dataset [26] from bovine cumulus cells and de-
nuded oocytes harvested immediately after COC retrieval from slaughterhouse-derived
ovaries (i.e., not matured) was used to examine the presence or absence of expression
for IL6, IL11, and LIF, and their receptors (Table 2). No IL6, IL11, or LIF transcripts were
detected in the oocyte and cumulus cells, but transcripts for their receptors was detected.
Both the cumulus cells and oocytes contained transcripts for IL6ST and LIFR, whereas
transcripts for IL6R and IL11RA were detected in the oocyte but not the cumulus cells.

Table 2. Expression profiles of IL6, IL11, and LIF and their receptor subunits in bovine oocyte and
cumulus cells harvested before in vitro maturation.

Oocyte
(Mean FPKM *)

Cumulus
(Mean FPKM *)

Ligand
IL6 ND ND

IL11 ND ND
LIF ND ND

Receptor
IL6ST 2.57 17.37
IL6R ND 9.27

IL11R ND 5.82
LIFR 8.00 11.89

* FPKM: Fragments per kilobase per million reads; ND: Not Detected Adapted from [26].

3.2. Lack of Cytokine Effect on Oocyte Maturation

The presence of IL6, IL11, and LIF receptor expression inspired us to explore whether
these cytokines influence the rate of in vitro oocyte maturation (Figure 1). Maturation was
assessed by examining the progression to the MII stage after 16 h (early maturation) and
22 h (normal duration of IVM). None of the cytokines influenced MII progression at either
timepoint when provided at a concentration of 25 ng/mL.

3.3. Effects of Cytokine Supplementation on Gene Expression

Changes in the relative abundance of four transcripts described by others to serve
as biomarkers of bovine cumulus cell competency [27–30] were used to explore whether
IL6, IL11, or LIF influence cumulus cell competency during IVM (Figure 2). Transcript
abundances were examined 4 h after beginning IVM and at the end of IVM (22 h). After 4 h
of maturation, an increased abundance (p < 0.05) of AREG was detected with exposure to
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25 ng/mL LIF or IL11 but not IL6 (Figure 2A). The expression of CX37, CX43, and HAS2 was
not affected by any treatment at the 4 h time-point (Figure 2B–D). After 22 h of maturation,
no increases in transcript abundance were detected for any cytokine treatment (Figure 2E,H),
but a reduction (p < 0.05) in HAS2 abundance was detected after IL6 treatment (Figure 2H).
This effect was not generated after LIF or IL11 supplementation.
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Figure 1. The progression of oocytes to metaphase II is not affected by supplementation with LIF, IL6,
or IL11. Cumulus–oocyte complexes were matured in vitro in the presence of 25 ng/mL rhLIF, rhIL6,
or rhIL11. Oocytes were harvested, denuded of cumulus cells, and processed for detection of first
polar body extrusion and chromatin alignment after 16 h (left side graph) or 22 h (right side graph)
(94–119 oocytes/treatment over six replicates). Different superscripts within each panel represent
differences (p < 0.05).
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Figure 2. Effect of LIF, IL6, or IL11 supplementation on selective transcript abundances in COCs.
Cumulus oocyte complexes were exposed to either no treatment (CONT) or to 25 ng/mL of either
rhLIF, rhIL6, or rhIL11 during in vitro maturation, then COCs were harvested either 4 h (Panels
(A–D); n = 4 replicate studies) or 22 h (Panels (E–H); n = 3replicate studies) later and processed to
extract RNA and complete qRT-PCR. Shown are transcript abundances for AREG (Panels (A,E)),
CX37 (Panels (B,F)), CX43 (Panels (C,G)), and HAS2 (Panels (D,H)) relative to an internal control
transcript (HPRT1) that are expressed as a fold-difference relative to the CTR value for each transcript.
Different superscripts within each graph represent differences (p < 0.05).



Animals 2024, 14, 44 7 of 13

3.4. Effects of Cytokine Supplementation on Subsequent Embryo Development

A study was completed to examine whether supplementing IL6, IL11, or LIF during
IVM will influence subsequent fertilization and in vitro embryo culture (Figure 3). None
of the treatments affected cleavage rates (Figure 3A). At day 7 post-IVF, a tendency for
an increase in blastocyst development (p = 0.07) in embryos derived from IL11-treated
oocytes when compared with the control (Figure 3B). No effects of LIF or IL6 were detected
on day 7. At day 8 post-IVF, blastocyst development was increased (p < 0.5) in embryos
derived from LIF- and IL11-supplemented oocytes whereas IL6-supplemented oocytes
produced blastocysts at the same frequency as the controls (Figure 3C). The distribution of
blastocyst stages was different among the treatments. When compared with the controls,
embryos derived from IL11-supplemented oocytes exhibited a reduction (p < 0.05) and
those from IL6-supplemented oocytes tended to have fewer blastocysts (p = 0.07) that were
expanded or hatched (Figure 3D). No treatment-dependent differences in the distribution
in blastocyst stages were detected on day 8 (Figure 3E).
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Figure 3. Effects of LIF, IL6, and IL11 supplementation during oocyte maturation on subsequent
cleavage rate and blastocyst development at days 3, 7 and 8 post-fertilization. Cumulus–oocyte
complexes were exposed to either no treatment (CONT) or to 25 ng/mL of either rhLIF, rhIL6, or
rhIL11 during in vitro maturation, then treatments ended, and oocytes were fertilized and cultured to
day 8 (n = 50–75 COCs/treatment/replicate; eight replicate studies). Shown here are the percentage of
putative zygotes that cleaved by day 3 post-fertilization (Panel (A)) and that achieved the blastocyst
stage by day 7 (Panel (B)) or day 8 (Panel (C)). Also shown are the distributions of regular, expanded,
and hatched blastocysts on day 7 (Panel (D)) and day 8 (Panel (E)). Different superscripts within each
graph represent differences (p < 0.05). The asterisks (*) indicates a tendency between the treatment
group and the control group (p = 0.07).

3.5. Effects of Cytokine Supplementation on Embryo Cryopreservation Efficiency

Work by others indicated that oocyte supplementation with a growth factor and cy-
tokine cocktail containing LIF improves cryopreservation potential of bovine embryos [14].
A final study was, therefore, completed to determine if any of the cytokines studied in this
work could act independently to improve bovine IVF blastocyst cryosurvival (Figure 4).
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The embryos produced from cytokine-treated oocytes contained the same ability as the
controls to re-expand and hatch from the zona pellucida after 24 and 48-h.
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treatment (CONT) or to 25 ng/mL of either rhLIF, rhIL6, or rhIL11 during in vitro maturation 8
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4. Discussion

The IL6 cytokine family are comprised of group of pleiotropic factors that act on
various cells and tissues as differentiation, proliferation, apoptosis, and both pro- and anti-
inflammatory factors [31,32]. Our interest in this cytokine family emerged from discovering
that IL6 supplementation modifies the cellular composition of IVP bovine embryos to where
they have a larger inner cell mass (ICM) and a greater number of primitive endoderm
cells (PrE) [33]. The increased ICM size is interesting because bovine IVP blastocysts
have fewer total ICM cells than their in vivo-produced counterparts [34–37], and this is
potentially one reason why IVP embryos are less able to maintain viable pregnancies. The
PrE is of interest because of its role in yolk sac development, and the observation that a
subset of IVP conceptuses contain microscopic anomalies in yolk sac villous formation
and vascular development [38,39]. These IL6 activities cannot be fully replicated by LIF
supplementation [40], and detecting differential responses to different IL6 family members
led to our speculation that the bovine oocyte may also respond differently to different IL6
family members.

We included IL6, IL11, and LIF in these studies for two reasons. First, we verified
that bovine COCs contain the receptor expression profiles necessary to respond to IL6,
IL11, and LIF [41] (see Table 2). Transcripts for each of the three ligand-specific receptor
subunits and the common, signaling transducing subunit (IL6ST) were present in cumulus
cells. Only the LIF-specific receptor subunit (LIFR) and IL6ST were present within the
oocyte, suggesting that LIF may contain activities that cannot be fully replicated by the
other cytokines. Second, work completed by others determined that all three cytokines
contained gene expression regulatory activity in bovine COCs [13]. This previous work also
found that each cytokine functioned at or below the concentration we tested (25 ng/mL).
There is an absence of IL6, IL11, and LIF mRNA in both the cumulus cells and oocyte
immediately after COCs are harvested, but dynamic changes in the gene expression of IL6
and LIF exist during bovine oocyte maturation. Specifically, both IL6 and LIF mRNA peaks
6 to 7 h after the resumption of meiosis occurs in bovine COCs [13,15]. To our knowledge,
the expression profile for IL11 has not been examined.

The interest in exploring whether these cytokines influence the ontogeny and overall
efficiency of meiotic progression to MII stemmed from previous work where IL6 and IL6ST
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expression profiles in bovine COCs were shifted 2 h earlier upon exposure to elevated
incubation temperature [15]. This finding is noteworthy because COC exposed to this
heat shock condition matured sooner than the thermoneutral controls [42]. This led us
to propose that IL6 may be responsible for this rapid completion in progression to MII.
This was not observed. No differences in MII progression were detected at 16 h post-IVM.
Rather, a reduction in MII efficiency was detected in the IL6-supplemented COCs at 22 h
post-IVM. This reduction did not have an adverse effect on cleavage rate and blastocyst
development, so it is unclear whether this outcome is biologically important.

The expression profiling study utilized previously validated cumulus markers of COC
competency to describe whether any of the cytokines under investigation affect cumulus
cell activity during IVM [20,29,43]. Protein products for CX37 and CX43 play pivotal roles
in controlling granulosa and cumulus–oocyte gap-junctional communication [44], HAS2 is
involved with cumulus expansion [45], and AREG transduces gonadotrophin effects within
the COC [46]. Both LIF and IL11 increased AREG transcript abundance at 4 h. This may
indicate that these cytokines can enhance the effects of LH and FSH during maturation [47].
Supplementation with IL6 did not influence AREG transcript abundance, but it reduced
HAS2 transcript abundance after 22 h. Although cumulus expansion was not examined in
this work, it is interesting that fewer oocytes supplemented with IL6 progressed to MII by
22 h. Perhaps these two adverse events are related to one another. It certainly is possible
that IL6 is not able to target the same signaling systems as LIF and IL11 within the COC.
Further work is needed to describe these and other ligand-specific activities.

Arguably, the most notable outcome of this study was observing LIF and IL11-
dependent improvements in blastocyst development at day 8 post-IVF. The IL11 finding has
not been described previously. Positive effect of LIF on blastocyst rates has been observed
in cattle in some studies [12] but not in others [14]. The positive effect of LIF and IL11
on blastocyst development was not dependent on the effects of these supplements on
fertilization success. No beneficial effects of cytokine supplementation during IVM were
detected on cleavage rate. This and other post-maturation effects have not been explored
for IL6 for IL11, but there are several reports showing improvements in cleavage rates after
LIF supplementation in cattle, pigs, goats, and mouse COCs [12,48–51].

It is difficult to develop solid reasons for the absence of beneficial effects of IL6
supplementation on blastocyst development. No adverse effects on cleavage rate were
detected in this treatment group, but there was a statistical tendency for a reduction in
the proportion of advanced and hatched blastocysts in this group at day 7 post-IVF. This
effect was not detected on day 8, and it is tempting to speculate that embryos from IL6
and IL11-supplemented oocytes are developing slower than embryos supplemented with
LIF. This finding is intriguing because others have claimed that the fastest developing
IVP embryos are not necessarily the most competent embryos. Embryos developing at
a slower rate will have a “quiet” metabolism that is conducive to optimize post-transfer
competency [52]. Recently, this “Quiet Embryo Hypothesis” has been refined to consider
that having too low of a metabolic rate is detrimental. Having an optimal median range
in metabolic activity, termed the “Goldilocks Zone”, appears to maximize developmental
competency of IVP embryos [53].

We are confident that the recombinant IL6 protein contains biological activity. Our
laboratory recently transitioned away from using a largely uncharacterized bovine recom-
binant protein to the human recombinant IL6 protein used in this work that has been
thoroughly evaluated for purity and biological activity. We consistently receive positive
effects on bovine embryos at a concentration of 20–25 ng/mL (Oliver and Ealy, unpublished
observations). There is a remote possibility that a different concentration of human recom-
binant IL6 is needed to observe a more robust effect on bovine blastocyst development.
Many growth factors and cytokines contain biphasic, dose-dependent effects when used
for in vitro work. However, another group determined that microRNA expression was
increased when using a similar concentration of human recombinant IL6 [13]. One final
possibility is that sufficient COC-derived IL6 is being produced during IVM, whereby
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supplemented IL6 was not needed to provide the maximal benefit of this cytokine. Al-
though we failed to detect IL6 mRNA at the beginning of maturation, another laboratory
discovered that IL6 mRNA levels increase at 4 to 8 h after the beginning of maturation [15].
No reports exist that have quantified IL6 protein abundances in bovine COCs, but IL6
protein has been detected in the mouse COC, and this COC-derived IL6 plays an active
role in mediating cumulus expansion [54].

The final study explored whether cytokine treatment during IVM improves subsequent
embryo cryosurvival. This work was inspired by a study completed by Stoecklein and
colleagues [14], where they found that supplementing LIF along with FGF2 and IGF1 during
IVM improved bovine blastocyst survival following slow freezing. No such beneficial
effects were observed when supplementing LIF, IL6, or IL11. These disparate outcomes
indicate that mixing LIF and potentially also IL6 or IL11 with other factors is likely necessary
to improve bovine IVP embryo cryosurvival, or this outcome may reflect differences in
culture systems, cryopreservation protocols, and/or post-thaw analyses that may exist
between this and studies completed by other laboratories.

5. Conclusions

These findings have led us to propose that supplementing either LIF or IL11 during
IVM may be beneficial to IVP embryo development. The mechanism(s) of action for the
improvements in IVP blastocyst yields have not been defined, but observing positive
effects of either cytokine on selective COC transcripts is consistent with the hypothesis
that LIF and IL11 alter COC gene expression in ways that promote subsequent embryo
development. Further work is needed to define specific pathways and biological systems
that are controlled by these cytokines. By contrast, IL6 supplementation did not produce
positive effects on COC gene expression, oocyte maturation, and blastocyst development.
Possible explanations for these outcomes are that sufficient endogenous IL6 production
occurs during IVM, so further supplementation is not needed.

Author Contributions: Conceptualization, E.M., J.L.E. and A.D.E.; Methodology, E.M., S.L.S.,
J.A.K., M.A.O., M.L.R., J.L.E., F.H.B. and A.D.E.; Software, F.H.B. and A.D.E.; Validation, E.M. and
A.D.E.; Analysis, A.D.E.; Data curation, F.H.B.; Writing—original draft preparation, E.M. and A.D.E.;
Writing—review and editing, S.L.S., J.A.K., M.A.O., M.L.R., J.L.E., F.H.B. and A.D.E.; Supervision,
A.D.E.; Project administration, A.D.E.; Funding acquisition, E.M. and A.D.E. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by Agriculture National Institute of Food and Agriculture Grants
(2017-67015-26461 and 2021-67015-34485) from the USDA National Institute of Food and Agriculture
(NIFA), and from the Virginia Tech George Washington Carver Scholars Program for fellowship
funding to E.M.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data collected in this work are available for viewing upon submis-
sion of a reasonable request to the corresponding author at ealy@vt.edu.

Acknowledgments: Authors thank Bo Harstine and Select Sires Inc. (Plain City, OH, USA) for the
generous donation of frozen bull semen used for this work.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Eppig, J.J. Coordination of nuclear and cytoplasmic oocyte maturation in eutherian mammals. Reprod. Fertil. Dev. 1996, 8, 485–489.

[CrossRef] [PubMed]
2. Gilchrist, R.B.; Lane, M.; Thompson, J.G. Oocyte-secreted factors: Regulators of cumulus cell function and oocyte quality. Hum.

Reprod. Update 2008, 14, 159–177. [CrossRef] [PubMed]

https://doi.org/10.1071/RD9960485
https://www.ncbi.nlm.nih.gov/pubmed/8870074
https://doi.org/10.1093/humupd/dmm040
https://www.ncbi.nlm.nih.gov/pubmed/18175787


Animals 2024, 14, 44 11 of 13

3. Denicol, A.C.; Siqueira, L.G.B. Maternal contributions to pregnancy success: From gamete quality to uterine environment. Anim.
Reprod. 2023, 20, e20230085. [CrossRef] [PubMed]

4. Al Katanani, Y.M.; Paula-Lopes, F.F.; Hansen, P.J. Effect of season and exposure to heat stress on oocyte competence in Holstein
cows. J. Dairy Sci. 2002, 85, 390–396. [CrossRef]

5. Hansen, P.J. Reproductive physiology of the heat-stressed dairy cow: Implications for fertility and assisted reproduction. Anim.
Reprod. 2019, 16, 497–507. [CrossRef]

6. Hansen, P.J. The incompletely fulfilled promise of embryo transfer in cattle-why aren’t pregnancy rates greater and what can we
do about it? J. Anim. Sci. 2020, 98, skaa288. [CrossRef]

7. Viana, J.H. 2021 Statistics of Embryo Production and Transfer in Domestic Farm Animals. 2022. Available online: https:
//www.iets.org/Committees/Data-Retrieval-Committee (accessed on 1 January 2020).

8. Ealy, A.D.; Wooldridge, L.K.; McCoski, S.R. Post-transfer Consequences of In Vitro-Produced Embryos in Cattle. J. Anim. Sci.
2019, 97, 2555–2568. [CrossRef]

9. Rizos, D.; Ward, F.; Duffy, P.; Boland, M.P.; Lonergan, P. Consequences of bovine oocyte maturation, fertilization or early embryo
development in vitro versus in vivo: Implications for blastocyst yield and blastocyst quality. Mol. Reprod. Dev. 2002, 61, 234–248.
[CrossRef]

10. Lonergan, P.; Rizos, D.; Gutierrez-Adan, A.; Fair, T.; Boland, M.P. Oocyte and embryo quality: Effect of origin, culture conditions
and gene expression patterns. Reprod. Domest. Anim. 2003, 38, 259–267. [CrossRef]

11. Baruselli, P.S.; Rodrigues, C.A.; Ferreira, R.M.; Sales, J.N.S.; Elliff, F.M.; Silva, L.G.; Viziack, M.P.; Factor, L.; D’Occhio, M.J. Impact
of oocyte donor age and breed on in vitro embryo production in cattle, and relationship of dairy and beef embryo recipients on
pregnancy and the subsequent performance of offspring: A review. Reprod. Fertil. Dev. 2021, 34, 36–51. [CrossRef]

12. Mo, X.; Wu, G.; Yuan, D.; Jia, B.; Liu, C.; Zhu, S.; Hou, Y. Leukemia inhibitory factor enhances bovine oocyte maturation and early
embryo development. Mol. Reprod. Dev. 2014, 81, 608–618. [CrossRef] [PubMed]

13. Vendrell-Flotats, M.; Garcia-Martinez, T.; Martinez-Rodero, I.; Lopez-Bejar, M.; LaMarre, J.; Yeste, M.; Mogas, T. In Vitro
Maturation with Leukemia Inhibitory Factor Prior to the Vitrification of Bovine Oocytes Improves Their Embryo Developmental
Potential and Gene Expression in Oocytes and Embryos. Int. J. Mol. Sci. 2020, 21, 7067. [CrossRef] [PubMed]

14. Stoecklein, K.S.; Ortega, M.S.; Spate, L.D.; Murphy, C.N.; Prather, R.S. Improved cryopreservation of in vitro produced bovine
embryos using FGF2, LIF, and IGF1. PLoS ONE 2021, 16, e0243727. [CrossRef] [PubMed]

15. Rowinski, J.R.; Rispoli, L.A.; Payton, R.R.; Schneider, L.G.; Schrick, F.N.; McLean, K.J.; Edwards, J.L. Impact of an acute heat
shock during in vitro maturation on interleukin 6 and its associated receptor component transcripts in bovine cumulus-oocyte
complexes. Anim. Reprod. 2021, 17, e20200221. [CrossRef] [PubMed]

16. Speckhart, S.L.; Wooldridge, L.K.; Ealy, A.D. An updated protocol for in vitro bovine embryo production. STAR Protoc. 2022, 4,
101924. [CrossRef] [PubMed]

17. Campen, K.A.; Kucharczyk, K.M.; Bogin, B.; Ehrlich, J.M.; Combelles, C.M.H. Spindle abnormalities and chromosome misalign-
ment in bovine oocytes after exposure to low doses of bisphenol A or bisphenol S. Hum. Reprod. 2018, 33, 895–904. [CrossRef]
[PubMed]

18. Eichenlaub-Ritter, U.; Vogt, E.; Cukurcam, S.; Sun, F.; Pacchierotti, F.; Parry, J. Exposure of mouse oocytes to bisphenol A causes
meiotic arrest but not aneuploidy. Mutat. Res. 2008, 651, 82–92. [CrossRef] [PubMed]

19. Goossens, K.; Van Poucke, M.; Van Soom, A.; Vandesompele, J.; Van Zeveren, A.; Peelman, L.J. Selection of reference genes for
quantitative real-time PCR in bovine preimplantation embryos. BMC Dev. Biol. 2005, 5, 27. [CrossRef]

20. Caixeta, E.S.; Sutton-McDowall, M.L.; Gilchrist, R.B.; Thompson, J.G.; Price, C.A.; Machado, M.F.; Lima, P.F.; Buratini, J. Bone
morphogenetic protein 15 and fibroblast growth factor 10 enhance cumulus expansion, glucose uptake, and expression of genes in
the ovulatory cascade during in vitro maturation of bovine cumulus-oocyte complexes. Reproduction 2013, 146, 27–35. [CrossRef]

21. Sabry, R.; Apps, C.; Reiter-Saunders, J.A.; Saleh, A.C.; Balachandran, S.; St John, E.J.; Favetta, L.A. BPA and BPS Affect Connexin
37 in Bovine Cumulus Cells. Genes 2021, 12, 321. [CrossRef]

22. Diogenes, M.N.; Guimaraes, A.L.S.; Leme, L.O.; Mauricio, M.F.; Dode, M.A.N. Effect of prematuration and maturation with
fibroblast growth factor 10 (FGF10) on in vitro development of bovine oocytes. Theriogenology 2017, 102, 190–198. [CrossRef]
[PubMed]

23. Fields, S.D.; Hansen, P.J.; Ealy, A.D. Fibroblast growth factor requirements for in vitro development of bovine embryos. Theri-
ogenology 2011, 75, 1466–1475. [CrossRef] [PubMed]

24. Gomez, E.; Carrocera, S.; Martin, D.; Perez-Janez, J.J.; Prendes, J.; Prendes, J.M.; Vazquez, A.; Murillo, A.; Gimeno, I.; Munoz,
M. Efficient one-step direct transfer to recipients of thawed bovine embryos cultured in vitro and frozen in chemically defined
medium. Theriogenology 2020, 146, 39–47. [CrossRef] [PubMed]

25. Leibo, S.P. Cryobiology: Preservation of mammalian embryos. Basic. Life Sci. 1986, 37, 251–272. [CrossRef]
26. Walker, B.N.; Nix, J.; Wilson, C.; Marrella, M.A.; Speckhart, S.L.; Wooldridge, L.; Yen, C.N.; Bodmer, J.S.; Kirkpatrick, L.T.; Moorey,

S.E.; et al. Tight gene co-expression in BCB positive cattle oocytes and their surrounding cumulus cells. Reprod. Biol. Endocrinol.
2022, 20, 119. [CrossRef]

27. Conti, M.; Hsieh, M.; Zamah, A.M.; Oh, J.S. Novel signaling mechanisms in the ovary during oocyte maturation and ovulation.
Mol. Cell. Endocrinol. 2012, 356, 65–73. [CrossRef]

28. Downs, S.M. Regulation of the G2/M transition in rodent oocytes. Mol. Reprod. Dev. 2010, 77, 566–585. [CrossRef]

https://doi.org/10.1590/1984-3143-ar2023-0085
https://www.ncbi.nlm.nih.gov/pubmed/37720724
https://doi.org/10.3168/jds.S0022-0302(02)74086-1
https://doi.org/10.21451/1984-3143-AR2019-0053
https://doi.org/10.1093/jas/skaa288
https://www.iets.org/Committees/Data-Retrieval-Committee
https://www.iets.org/Committees/Data-Retrieval-Committee
https://doi.org/10.1093/jas/skz116
https://doi.org/10.1002/mrd.1153
https://doi.org/10.1046/j.1439-0531.2003.00437.x
https://doi.org/10.1071/RD21285
https://doi.org/10.1002/mrd.22327
https://www.ncbi.nlm.nih.gov/pubmed/24687528
https://doi.org/10.3390/ijms21197067
https://www.ncbi.nlm.nih.gov/pubmed/32992968
https://doi.org/10.1371/journal.pone.0243727
https://www.ncbi.nlm.nih.gov/pubmed/33534866
https://doi.org/10.1590/1984-3143-ar2020-0221
https://www.ncbi.nlm.nih.gov/pubmed/33936291
https://doi.org/10.1016/j.xpro.2022.101924
https://www.ncbi.nlm.nih.gov/pubmed/36520625
https://doi.org/10.1093/humrep/dey050
https://www.ncbi.nlm.nih.gov/pubmed/29538760
https://doi.org/10.1016/j.mrgentox.2007.10.014
https://www.ncbi.nlm.nih.gov/pubmed/18096426
https://doi.org/10.1186/1471-213X-5-27
https://doi.org/10.1530/REP-13-0079
https://doi.org/10.3390/genes12020321
https://doi.org/10.1016/j.theriogenology.2017.06.004
https://www.ncbi.nlm.nih.gov/pubmed/28826105
https://doi.org/10.1016/j.theriogenology.2010.12.007
https://www.ncbi.nlm.nih.gov/pubmed/21295834
https://doi.org/10.1016/j.theriogenology.2020.01.056
https://www.ncbi.nlm.nih.gov/pubmed/32036059
https://doi.org/10.1007/978-1-4684-5110-8_21
https://doi.org/10.1186/s12958-022-00994-3
https://doi.org/10.1016/j.mce.2011.11.002
https://doi.org/10.1002/mrd.21175


Animals 2024, 14, 44 12 of 13

29. Assidi, M.; Dufort, I.; Ali, A.; Hamel, M.; Algriany, O.; Dielemann, S.; Sirard, M.A. Identification of potential markers of oocyte
competence expressed in bovine cumulus cells matured with follicle-stimulating hormone and/or phorbol myristate acetate
in vitro. Biol. Reprod. 2008, 79, 209–222. [CrossRef]

30. Calder, M.D.; Caveney, A.N.; Smith, L.C.; Watson, A.J. Responsiveness of bovine cumulus-oocyte-complexes (COC) to porcine
and recombinant human FSH, and the effect of COC quality on gonadotropin receptor and Cx43 marker gene mRNAs during
maturation in vitro. Reprod. Biol. Endocrinol. 2003, 1, 14. [CrossRef]

31. Rose-John, S. Interleukin-6 Family Cytokines. Cold Spring Harb. Perspect. Biol. 2018, 10, a028415. [CrossRef]
32. Jones, S.A.; Jenkins, B.J. Recent insights into targeting the IL-6 cytokine family in inflammatory diseases and cancer. Nat. Rev.

Immunol. 2018, 18, 773–789. [CrossRef] [PubMed]
33. Wooldridge, L.K.; Ealy, A.D. Interleukin-6 promotes primitive endoderm development in bovine blastocysts. BMC Dev. Biol. 2021,

21, 3. [CrossRef] [PubMed]
34. Iwasaki, S.; Yoshiba, N.; Ushijima, H.; Watanabe, S.; Nakahara, T. Morphology and proportion of inner cell mass of bovine

blastocysts fertilized in vitro and in vivo. J. Reprod. Fertil. 1990, 90, 279–284. [CrossRef] [PubMed]
35. Pomar, F.J.; Teerds, K.J.; Kidson, A.; Colenbrander, B.; Tharasanit, T.; Aguilar, B.; Roelen, B.A. Differences in the incidence of

apoptosis between in vivo and in vitro produced blastocysts of farm animal species: A comparative study. Theriogenology 2005,
63, 2254–2268. [CrossRef] [PubMed]

36. Gjorret, J.O.; Knijn, H.M.; Dieleman, S.J.; Avery, B.; Larsson, L.I.; Maddox-Hyttel, P. Chronology of apoptosis in bovine embryos
produced in vivo and in vitro. Biol. Reprod. 2003, 69, 1193–1200. [CrossRef] [PubMed]

37. Knijn, H.M.; Gjorret, J.O.; Vos, P.L.; Hendriksen, P.J.; van der Weijden, B.C.; Maddox-Hyttel, P.; Dieleman, S.J. Consequences of
in vivo development and subsequent culture on apoptosis, cell number, and blastocyst formation in bovine embryos. Biol. Reprod.
2003, 69, 1371–1378. [CrossRef] [PubMed]

38. Mess, A.M.; Carreira, A.C.O.; Marinovic de Oliveira, C.; Fratini, P.; Favaron, P.O.; Barreto, R.; Pfarrer, C.; Meirelles, F.V.; Miglino,
M.A. Vascularization and VEGF expression altered in bovine yolk sacs from IVF and NT technologies. Theriogenology 2017, 87,
290–297. [CrossRef] [PubMed]

39. Alberto, M.L.; Meirelles, F.V.; Perecin, F.; Ambrosio, C.E.; Favaron, P.O.; Franciolli, A.L.; Mess, A.M.; Dos Santos, J.M.; Rici, R.E.;
Bertolini, M.; et al. Development of bovine embryos derived from reproductive techniques. Reprod. Fertil. Dev. 2013, 25, 907–917.
[CrossRef]

40. Wooldridge, L.K.; Ealy, A.D. Leukemia inhibitory factor stimulates primitive endoderm expansion in the bovine inner cell mass.
Front. Anim. Sci. 2021, 2, 1–9. [CrossRef]

41. Walker, B.N.; Biase, F.H. The blueprint of RNA storages relative to oocyte developmental competence in cattle (Bos taurus). Biol.
Reprod. 2020, 102, 784–794. [CrossRef]

42. Edwards, J.L.; Saxton, A.M.; Lawrence, J.L.; Payton, R.R.; Dunlap, J.R. Exposure to a physiologically relevant elevated temperature
hastens in vitro maturation in bovine oocytes. J. Dairy Sci. 2005, 88, 4326–4333. [CrossRef] [PubMed]

43. Saini, N.; Singh, M.K.; Shah, S.M.; Singh, K.P.; Kaushik, R.; Manik, R.S.; Singla, S.K.; Palta, P.; Chauhan, M.S. Developmental
competence of different quality bovine oocytes retrieved through ovum pick-up following in vitro maturation and fertilization.
Animal 2015, 9, 1979–1985. [CrossRef] [PubMed]

44. Kordowitzki, P.; Sokolowska, G.; Wasielak-Politowska, M.; Skowronska, A.; Skowronski, M.T. Pannexins and Connexins: Their
Relevance for Oocyte Developmental Competence. Int. J. Mol. Sci. 2021, 22, 5918. [CrossRef] [PubMed]

45. Regassa, A.; Rings, F.; Hoelker, M.; Cinar, U.; Tholen, E.; Looft, C.; Schellander, K.; Tesfaye, D. Transcriptome dynamics and
molecular cross-talk between bovine oocyte and its companion cumulus cells. BMC Genom. 2011, 12, 57. [CrossRef] [PubMed]

46. Lonergan, P.; Carolan, C.; Van Langendonckt, A.; Donnay, I.; Khatir, H.; Mermillod, P. Role of epidermal growth factor in bovine
oocyte maturation and preimplantation embryo development in vitro. Biol. Reprod. 1996, 54, 1420–1429. Available online:
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=8724373 (accessed on
1 January 2020). [CrossRef] [PubMed]

47. Caixeta, E.S.; Machado, M.F.; Ripamonte, P.; Price, C.; Buratini, J. Effects of FSH on the expression of receptors for oocyte-secreted
factors and members of the EGF-like family during in vitro maturation in cattle. Reprod. Fertil. Dev. 2013, 25, 890–899. [CrossRef]
[PubMed]

48. Currin, L.; Glanzner, W.G.; Gutierrez, K.; de Macedo, M.P.; Guay, V.; Baldassarre, H.; Bordignon, V. Optimizing swine in vitro
embryo production with growth factor and antioxidant supplementation during oocyte maturation. Theriogenology 2022, 194,
133–143. [CrossRef] [PubMed]

49. An, L.; Liu, J.; Du, Y.; Liu, Z.; Zhang, F.; Liu, Y.; Zhu, X.; Ling, P.; Chang, S.; Hu, Y.; et al. Synergistic effect of cysteamine, leukemia
inhibitory factor, and Y27632 on goat oocyte maturation and embryo development in vitro. Theriogenology 2018, 108, 56–62.
[CrossRef]

50. De Matos, D.G.; Miller, K.; Scott, R.; Tran, C.A.; Kagan, D.; Nataraja, S.G.; Clark, A.; Palmer, S. Leukemia inhibitory factor induces
cumulus expansion in immature human and mouse oocytes and improves mouse two-cell rate and delivery rates when it is
present during mouse in vitro oocyte maturation. Fertil. Steril. 2008, 90, 2367–2375. [CrossRef]

51. Ptak, G.; Lopes, F.; Matsukawa, K.; Tischner, M.; Loi, P. Leukaemia inhibitory factor enhances sheep fertilization in vitro via an
influence on the oocyte. Theriogenology 2006, 65, 1891–1899. [CrossRef]

https://doi.org/10.1095/biolreprod.108.067686
https://doi.org/10.1186/1477-7827-1-14
https://doi.org/10.1101/cshperspect.a028415
https://doi.org/10.1038/s41577-018-0066-7
https://www.ncbi.nlm.nih.gov/pubmed/30254251
https://doi.org/10.1186/s12861-020-00235-z
https://www.ncbi.nlm.nih.gov/pubmed/33430761
https://doi.org/10.1530/jrf.0.0900279
https://www.ncbi.nlm.nih.gov/pubmed/2231548
https://doi.org/10.1016/j.theriogenology.2004.10.015
https://www.ncbi.nlm.nih.gov/pubmed/15826688
https://doi.org/10.1095/biolreprod.102.013243
https://www.ncbi.nlm.nih.gov/pubmed/12773422
https://doi.org/10.1095/biolreprod.103.017251
https://www.ncbi.nlm.nih.gov/pubmed/12826584
https://doi.org/10.1016/j.theriogenology.2016.09.012
https://www.ncbi.nlm.nih.gov/pubmed/27729111
https://doi.org/10.1071/RD12092
https://doi.org/10.3389/fanim.2021.796489
https://doi.org/10.1093/biolre/ioaa015
https://doi.org/10.3168/jds.S0022-0302(05)73119-2
https://www.ncbi.nlm.nih.gov/pubmed/16291624
https://doi.org/10.1017/S1751731115001226
https://www.ncbi.nlm.nih.gov/pubmed/26165355
https://doi.org/10.3390/ijms22115918
https://www.ncbi.nlm.nih.gov/pubmed/34072911
https://doi.org/10.1186/1471-2164-12-57
https://www.ncbi.nlm.nih.gov/pubmed/21261964
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=8724373
https://doi.org/10.1095/biolreprod54.6.1420
https://www.ncbi.nlm.nih.gov/pubmed/8724373
https://doi.org/10.1071/RD12125
https://www.ncbi.nlm.nih.gov/pubmed/23021259
https://doi.org/10.1016/j.theriogenology.2022.10.005
https://www.ncbi.nlm.nih.gov/pubmed/36244270
https://doi.org/10.1016/j.theriogenology.2017.11.028
https://doi.org/10.1016/j.fertnstert.2007.10.061
https://doi.org/10.1016/j.theriogenology.2005.10.018


Animals 2024, 14, 44 13 of 13

52. Baumann, C.G.; Morris, D.G.; Sreenan, J.M.; Leese, H.J. The quiet embryo hypothesis: Molecular characteristics favoring viability.
Mol. Reprod. Dev. 2007, 74, 1345–1353. [CrossRef] [PubMed]

53. Leese, H.J.; Brison, D.R.; Sturmey, R.G. The Quiet Embryo Hypothesis: 20 years on. Front. Physiol. 2022, 13, 899485. [CrossRef]
[PubMed]

54. Wang, Y.; Liang, N.; Yao, G.; Tian, H.; Zhai, Y.; Yin, Y.; Sun, F. Knockdown of TrkA in cumulus oocyte complexes (COCs) inhibits
EGF-induced cumulus expansion by down-regulation of IL-6. Mol. Cell Endocrinol. 2014, 382, 804–813. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/mrd.20604
https://www.ncbi.nlm.nih.gov/pubmed/17342740
https://doi.org/10.3389/fphys.2022.899485
https://www.ncbi.nlm.nih.gov/pubmed/35634152
https://doi.org/10.1016/j.mce.2013.10.031
https://www.ncbi.nlm.nih.gov/pubmed/24215827

	Introduction 
	Materials and Methods 
	In Vitro Maturation 
	Supplementation of IL6, IL11, and LIF 
	Oocyte Maturation 
	Real-Time Quantitative RT-PCR 
	In Vitro Fertilization and Culture 
	Embryo Cryopreservation and Thawing 
	Statistical Analyses 

	Results 
	Bovine COC Expression of IL6, IL11, LIF, and Their Receptors 
	Lack of Cytokine Effect on Oocyte Maturation 
	Effects of Cytokine Supplementation on Gene Expression 
	Effects of Cytokine Supplementation on Subsequent Embryo Development 
	Effects of Cytokine Supplementation on Embryo Cryopreservation Efficiency 

	Discussion 
	Conclusions 
	References

