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Abstract 
The preovulatory intrafollicular environment plays a major role in determining oocyte competence. The basis of this review is to highlight the 
importance of the preovulatory follicle’s physiological status prior to the preovulatory luteinizing hormone (LH) surge and onset of oocyte 
maturation to promote an optimal follicular microenvironment and optimal oocyte developmental competence in cattle. While the underlying 
mechanisms remain unclear, and are likely multifactorial, the preovulatory follicle’s physiological status prior to the preovulatory LH surge is 
highly influential on the oocyte’s capacity to undergo postfertilization embryo development. Changes in the intrafollicular environment of the 
preovulatory follicle including steroid hormone production, metabolome profiles, and proteome profiles likely support the oocyte’s developmen-
tal and metabolic competency. This review focuses on the relationship between bovine oocyte developmental competency and antral follicle 
progression to the preovulatory phase, the role of the preovulatory follicle in improving oocyte developmental competence in cattle, and the 
importance of the ever-evolving preovulatory intrafollicular environment for optimal fertility.

Lay Summary 
Bovine pregnancy rates and oocyte developmental competence are heavily influenced by the periovulatory follicular environment. It is well 
known that the status of the preovulatory follicle at the time of the luteinizing hormone (LH) surge is related to both circulating and intrafollicu-
lar hormone concentrations during the follicular phase. Additional relationships between follicle status at the time of the LH surge and oocyte 
metabolic capacity or modifications in the follicular fluid metabolome and proteome have recently been established. Such studies suggest that 
critical, multifaceted modifications to the intrafollicular components occur leading up to the LH surge, and that such modifications contribute to 
the optimal preparation of both the oocyte and intrafollicular environment for oocyte maturation. This review focuses on intrafollicular changes 
that occur within the dominant follicle from luteolysis to the LH surge and discusses recent advancements in the literature related to how such 
changes support oocyte competence.
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Introduction
The production of a developmentally competent oocyte is 
essential for successful pregnancy establishment because the 
oocyte plays a key role in successful fertilization, embryo 
cleavage, and cell divisions in the early embryo (Sirard and 
Blondin, 1996; Rizos et al., 2002; Sirard et al., 2006). The 
intrafollicular environment of the antral follicle contributes 
to oocyte developmental competency by providing a suitable 
microenvironment for oocyte growth and maturation and 
providing metabolic substrates required for oocyte metabolic 
competency. The follicle contains somatic cells that either 
directly associate with the oocyte to regulate meiotic resump-
tion and provide metabolic support or are located around 
the follicle’s periphery and produce steroid hormones and 
extracellular vesicle packaged mRNA, DNA, proteins, and 
lipids that influence follicular trajectory toward ovulation 

or mediate gene regulatory action and function of the cumu-
lus–oocyte-complex, respectively (Eppig, 1991; Gilchrist et 
al., 2004; Thompson et al., 2007; Kidder and Vanderhyden, 
2010; Conti et al., 2012; Di Pietro, 2016).

Interestingly, maximal oocyte developmental competency is 
only achieved if the oocyte is allowed to remain in the follicle 
during the later stages of antral follicle development, espe-
cially through the preovulatory stage, and undergo subsequent 
in vivo maturation (Leemput van de et al., 1999; Dieleman 
et al., 2002; Rizos et al., 2002; Humblot et al., 2005). The 
preovulatory time period (time after luteolysis up to but just 
before the luteinizing hormone [LH] surge; Figure 1) is crit-
ical for both the developing follicle and oocyte within, as it 
includes the progression of the follicle from dominance to the 
preovulatory stage of folliculogenesis and offers a time period 
of final stages of oocyte capacitation or prematuration prior 
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to oocyte nuclear maturation from germinal vesicle (GV) to 
metaphase two (MII). The preovulatory follicle’s progression 
through proestrus, toward estrous expression and an endog-
enous LH surge influences preparation of both the intrafol-
licular environment and the oocyte for conditions that lead 
to optimal oocyte competence for successful maturation and 
postfertilization embryo development (Figure 1).

The physiological maturity of the preovulatory follicle prior 
to the LH surge influences pregnancy rates, early pregnancy 
maintenance, and oocyte developmental competence for 
embryo cleavage and production of a high-quality blastocyst, 
as such parameters were reported to improve with increasing 
future preovulatory follicle diameter and estradiol produc-
tion in animals undergoing fixed-time artificial insemination 
(FTAI; Lamb et al., 2001; Vasconcelos et al., 2001; Perry et 
al., 2005, 2007; Sá Filho et al., 2010; Atkins et al., 2013; Jinks 
et al., 2013). Recent studies by our lab and others have indi-
cated that the impact of preovulatory follicle physiological 
status before an induced LH surge on oocyte developmen-
tal competence may be strongly related to the preovulatory 
follicle’s influence on the metabolic capacity of the oocyte 
and the follicular environment to support oocyte metabolism 
(Moorey et al., 2021; Read et al., 2021, 2022). Though the 

preovulatory time period is relatively short compared with 
the entirety of the estrous cycle and the time period of antral 
follicle development, the preovulatory period is essential in 
preparing both the oocyte and intrafollicular environment for 
optimal in vivo oocyte maturation. The purpose of this review 
article is to highlight the importance of the preovulatory fol-
licle’s physiological status prior to the preovulatory LH surge 
and onset of oocyte maturation to promote an optimal fol-
licular microenvironment and optimal oocyte developmental 
competence.

Impact of Antral Follicle Progression on 
Oocyte Competence
The oocyte acquires developmental competence throughout 
antral follicle development, and in vitro studies have long high-
lighted the importance of the follicular origin of the oocyte 
for successful downstream development. Though this is not 
the focus of the current review, it is critical to mention that 
antral follicle size strongly influences oocyte competence in 2 
to 10 mm follicles collected for in vitro embryo production 
(IVP), with greater meiotic competency, fertilization, cleav-
age, and blastocyst rates reported in larger follicles (Pavlok 

Figure 1. Schematic depicting the important hormonal and cumulus–oocyte complex changes during proestrus and estrus. After luteolysis, the follicular 
phase of the estrous cycle begins, starting with proestrus. A decline in progesterone allows for an increase in LH pulsatility and a rise in estradiol 
both in circulation as well as within the follicle itself. During proestrus, the oocyte is completing critical prematuration developmental processes and 
is arrested at the germinal vesicle stage. At this time, there is bidirectional communication between the oocyte and cumulus cells allowing for critical 
metabolic modifications to occur. Once the LH surge occurs, the cross-talk between the oocyte and cumulus cells ceases and maturation to the MII 
stage begins. The intrafollicular hormone profile changes from predominantly estrogen to progesterone. The preovulatory intrafollicular environment 
influences oocyte developmental competency and the microenvironment of the periovulatory follicle in which the oocyte matures (Created with 
Biorender.com).
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et al., 1992; Lonergan et al., 1994; Blondin and Sirard, 1995; 
Otoi et al., 1997; Hagemann et al., 1999). Oocytes contain 
the intrinsic ability to undergo nuclear maturation after they 
have completed their growth phase, and thus bovine oocytes 
collected from follicles as small as 2 to 3 mm are able to com-
plete nuclear maturation and yield a blastocyst (Hyttel et 
al., 1997). Despite the ability to resume meiosis beyond this 
timepoint, oocytes do not complete nuclear maturation until 
exposure to the preovulatory gonadotropin surge in vivo or 
removal from the follicle to be utilized for in vitro maturation 
(Edwards, 1965). Continued exposure of the oocyte to the 
progressing follicle’s microenvironment allows the opportu-
nity to improve embryo development capacity, and full pro-
gression to the preovulatory stage of folliculogenesis provides 
the highest oocyte competency (Arlotto et al., 1996; Hyttel 
et al., 1997; Leemput van de et al., 1999; Atkins et al., 2013; 
Jinks et al., 2013).

The idea that the progression of a follicle through the 
events of a natural estrous cycle for optimal fertility has 
been leveraged previously to improve outcomes during IVP. 
Because of the molecular and chromatin changes, an oocyte 
undergoes following exposure and then starvation from phys-
iologically relevant follicle-stimulating hormone (FSH) levels 
during follicular wave recruitment, selection, and dominance, 
procedures of FSH coasting were developed that demon-
strated improved blastocyst rate when oocytes were collected 
via ovum pick up (OPU) from super-stimulated ovaries ~54 h 
after the conclusion of FSH priming (Nivet et al., 2012). The 
early atresia or plateau stage of follicular development fol-
lowing such treatments is not unlike intrafollicular conditions 
during the final stages of preovulatory and periovulatory fol-
licle development, and such conditions appear to improve 
oocyte developmental capacity (Blondin and Sirard, 1995; 
Nivet et al., 2012).

The positive relationship between oocyte developmental 
competence and the follicle’s physiological progression toward 
estrus and ovulation remains true even though proestrus and 
the preovulatory time period (Atkins et al., 2013; Jinks et al., 
2013). Though much less emphasis has been placed on the 
impact of the preovulatory follicles’ physiological status on 
oocyte developmental capacity, critical changes in the intra-
follicular milieu and oocyte infrastructure occur during the 
proestrus and preovulatory period that improve oocyte com-
petency in estrual animals (Figure 1). The remainder of this 
review will highlight such changes and summarize what is 
known of the physiological impacts preovulatory follicular 
progression toward estrus has on the preovulatory follicle’s 
microenvironment and the ability to support optimal oocyte 
competence.

Preovulatory Hormone Profiles and Follicular 
Dynamics
The period from luteolysis to estrus or the onset of the pre-
ovulatory LH surge is associated with unique hormone pro-
files within the developing preovulatory follicle (Figure 1). 
Dynamic changes in circulating and intrafollicular steroid 
hormone concentrations occur during the period of proestrus 
and from the onset of estrus to ovulation. Prior to luteoly-
sis, which occurs approximately 4 d before estrus, circu-
lating progesterone concentrations are at full luteal phase 
levels of approximately 5 to 12 ng/mL (Henricks et al., 1971; 
Ginther et al., 2013). Once luteolysis is initiated, circulating 

progesterone concentration markedly drops to below 2 ng/
mL by approximately 1.5 to 3.5 d before estrus, and con-
tinues to decrease to concentrations below 1  ng/mL prior 
to the onset of estrus (Henricks et al., 1971; Ginther et al., 
2013). As progesterone levels decrease due to luteolysis, 
the dominant follicle increases estradiol production due to 
increased pulse frequency of LH (Rahe et al., 1980; Walters 
and Schallenberger, 1984; Peters, 1985). Thus, the period of 
proestrus is characterized by a rise in estradiol concentration 
observed both in circulation as well as within the follicle itself.

Within the follicle, estradiol concentration rises during 
proestrus reaching a peak of 1,040 to 1,100 ng/mL prior to 
estrus while progesterone levels remain low during this period 
(Dieleman et al., 1983; Fortune and Hansel, 1985). Serum 
estradiol concentration also increases over the proestrus 
period with rises beginning ~3 d before estrus and a peak in 
circulating estradiol concentrations reported to occur ~30 h 
prior to ovulation. Circulating estradiol concentrations reach 
between 3 and 25 pg/mL prior to estrus (Henricks et al., 
1971; Walters and Schallenberger, 1984; Lucy and Stevenson, 
1986). The rapid rise in circulating estradiol concentrations 
toward peak concentrations begins approximately 12 to 36 h 
before the onset of estrus, and such levels reach the peak and 
remain at high concentration until ~2 to 5 h after the onset of 
estrus, which corresponds to the timing of the preovulatory 
gonadotropin surge (Henricks et al., 1971; Wettemann et al., 
1972; Ginther et al., 2013).

The preovulatory gonadotropin surge will occur shortly 
after the peak in estradiol with a LH surge magnitude rang-
ing from 5.3 to 42.4 ng/mL (Chenault et al., 1975; Walters 
and Schallenberger, 1984; Lucy and Stevenson, 1986). The 
first elevation of circulating LH concentrations that was fol-
lowed by higher LH values in the endogenously stimulated 
LH surge was observed to occur approximated 2 h after the 
onset of estrus, whereas the LH surge peak was recorded at 
approximately 4.5 h after the onset of estrus (Dieleman et al., 
1983). Interestingly, circulating LH levels can remain elevated 
up to 17 h after the LH surge (Chenault et al., 1975; Lucy and 
Stevenson, 1986). LH concentration in the follicular fluid has 
been observed to reach a peak at about 4 h after the peak con-
centration of LH in circulation, with LH concentrations in 
follicular fluid (FF) significantly increased from 2 to 6 h post 
circulating LH peak compared with before the circulating LH 
peak or 10 to 25  h after peak concentration in circulation 
was observed (Dieleman et al., 1983). Similarly, FSH concen-
tration in the FF before the preovulatory gonadotropin surge 
was lower than from the time of the peak LH surge until 18 h 
post surge, whereas intrafollicular prolactin concentrations 
were reported to fluctuate but not significantly change in rela-
tion to the LH surge (Dieleman et al., 1983).

The LH surge is a pivotal and critically important milestone 
for the preovulatory follicle to complete the final stages of fol-
licle development and ovulate. Toward this end, LH-binding 
receptors on mural granulosa induce a myriad of changes for 
induction of ovulation ~24 to 30 h thereafter (Malhi et al., 
2005; Ginther et al., 2013), initiates corpus luteum forma-
tion, and facilitates changes important for meiotic resumption 
of the oocyte. A major hallmark of the beginning of corpus 
luteum formation is the shift from estrogen to progester-
one production. By 6 h post estrus, intrafollicular hormone 
concentrations of estradiol and progesterone have abruptly 
shifted to favor progesterone production. Within the follicle, 
estradiol concentration remains constant until 6 h after the LH 
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surge where concentrations will then decrease up to 12-fold 
by 24 h after the surge and prior to ovulation (Dieleman et 
al., 1983; Fortune and Hansel, 1985). The drop in estradiol 
concentration can be attributed to the inhibition of aromatase 
activity within the follicle (Dieleman and Blankenstein, 1984). 
While estradiol production decreases, progesterone produc-
tion within the follicle will begin to increase and reach its 
highest level since luteolysis (Dieleman et al., 1983; Fortune 
and Hansel, 1985). This rapid change from estrogenic activ-
ity to progesterone production is observed in intrafollicular 
estradiol to progesterone concentration ratios of approx-
imately 45:1 during the latter stages of proestrus prior to 
estrus, 2.6:1 by 15 h post estrus, and <1:1 by 24 h post estrus 
(Fortune and Hansel, 1985). These dynamic changes in ste-
roid hormone concentrations occur during oocyte maturation 
and may influence the maturing oocyte. We recently observed 
that follicular fluid progesterone concentration influences the 
metabolome of preovulatory follicular fluid collected approx-
imately 18 h after an induced gonadotropin surge such that 
numerous glucogenic amino acids and citric acid cycle inter-
mediates were higher abundant in the follicular fluid of pre-
ovulatory follicles with higher progesterone concentrations 
(Read et al., 2022).

Follicle dynamics closely resemble the increased estradiol 
concentrations during proestrus that are noted above, with 
the future preovulatory follicle growing about 0.5 mm every 
8 h during proestrus to eventually reach its maximum diam-
eter (Ginther et al., 2013). Interestingly, developing preovu-
latory follicles from ~10 to >15 mm in size are capable of 
estradiol production necessary to stimulate the preovulatory 
gonadotropin surge, and physiologically less mature domi-
nant follicles that have not yet produced adequate estradiol 
concentrations to stimulate an endogenous gonadotropin 
surge to respond to a pharmacologically induced gonadotro-
pin surge and undergo induced ovulation if they have reached 
~9  mm and acquired LH receptors in their granulosa cells 
(Perry et al., 2005; Atkins et al., 2013). Thus, during proce-
dures that employ pharmacological administration to induce 
a preovulatory gonadotropin surge in non-estrual animals, all 
preovulatory follicles have not equally progressed to the same 
physiological maturity that is acquired throughout proestrus.

The physiological status or progression of the preovula-
tory follicle toward stimulation of estrus appears to be criti-
cal for both pregnancy outcomes and oocyte developmental 
competency in cattle. If a developing follicle is of sufficient 
physiological maturity to stimulate estrus, its size likely has 
no impact on the downstream development potential of the 
enclosed oocyte. Therefore, it is essential to understand that 
the preovulatory follicle’s size at the time of the gonadotropin 
surge is not a perfect roadmap to the follicle’s progression 
through proestrus to ovulation. It is, however, a reasonable 
estimator of follicular maturity and is closely tied to the ste-
roidogenic capacity of the follicle and oocyte developmental 
competency in animals that do not reach the onset of estrus 
before pharmacological induction of the preovulatory gonad-
otropin surge (Perry et al., 2005; Atkins et al., 2013; Jinks et 
al., 2013).

Importance of the Preovulatory Follicle and In 
Vivo Oocyte Maturation
The period of preovulatory follicle development is often asso-
ciated with oocyte prematuration, or the final stages of oocyte 

capacitation. Though the timespan of ~ 96 h from luteolysis 
to the preovulatory gonadotropin surge is brief in relation 
to the entirety of folliculogenesis, this period is essential for 
optimal downstream oocyte maturation, fertilization, cleav-
age, and embryo development because it serves as a critical 
opportunity for the oocyte to accrue necessary modifications 
required for optimal fertility before the onset of nuclear and 
cytoplasmic maturation (Dieleman et al., 2002).

Assisted reproductive technologies (ART) of superovula-
tion, FTAI and IVP reduce or eliminate the time period that 
the oocyte is exposed to the preovulatory follicle, preovulatory 
follicle developmental progression, and the length of oocyte 
prematuration period, thereby causing oocyte maturation to 
occur in vitro or a potentially inferior follicular environment 
(Figures 2 and 3). This often results in reduced oocyte devel-
opmental competence in subsets of animals or oocytes com-
pared with single, naturally stimulated ovulations.

IVP commonly utilizes in vitro culture for oocyte matu-
ration, fertilization, and early embryo development. Thus, 
most IVP procedures eliminate intrafollicular prematura-
tion of the oocyte and the critical oocyte–follicular interac-
tions that occur within the preovulatory follicle (Figure 2). 
As such, oocyte developmental competence during IVP is 
lower than that observed during a natural estrous cycle or 
ART that utilize in vivo oocyte maturation. While rates of 
successful fertilization remain 70% to 80% during IVP, the 
percentage of oocytes entering IVP that form a blastocyst 
is reduced to 14% to 70% as compared with 43% to 93% 
blastocyst rates reported during in vivo maturation (Diskin 
and Sreenan, 1980; Roche et al., 1981; Pavlok et al., 1992; 
Breuel et al., 1993; Lonergan et al., 1994; Blondin and Sirard, 
1995; Hyttel et al., 1997; Otoi et al., 1997; Hagemann et al., 
1999; Leemput van de et al., 1999; Dieleman et al., 2002; 
Iwata et al., 2004; Lequarre et al., 2005; Carter et al., 2008; 
Reese et al., 2020). Though interactions between the oocyte 
and intrafollicular environment are not recovered, an in vitro 
prematuration period can be induced during IVP by the inclu-
sion of specific compounds which inhibit GV breakdown into 
the media. This process delays oocyte nuclear maturation and 
allows added time for the cumulus–oocyte complexes (COCs) 
to acquire necessary metabolic, nuclear, and cytoplasmic 
modifications before oocyte nuclear maturation begins and 
the breakdown of COC bidirectional communication begins. 
Exposure to a prematuration period has been demonstrated 
to improve oocyte metabolic capacity and embryo develop-
ment outcomes (Hashimoto et al., 2002; Coy et al., 2005). 
Utilization of this technique, however, has failed to consis-
tently provide improvements in oocyte developmental compe-
tence, as oocyte developmental competence is reduced when 
oocyte maturation occurs ex vivo.

Such results, however, eliminate the ability to examine the 
impacts of variable preovulatory follicle maturity or physi-
ological status throughout the proestrus period on oocyte 
developmental competency. There is a strong evidence that the 
status of the preovulatory follicle prior to an endogenous or 
exogenously triggered gonadotropin surge influences oocyte 
developmental competency either in a direct mechanism or by 
altering the intrafollicular conditions of the post LH surge, the 
periovulatory follicle which houses the oocyte during in vivo 
maturation (Greve et al., 1995; Atkins et al., 2013; Jinks et 
al., 2013; Afedi et al., 2021; Moorey et al., 2021; Read et al., 
2021). Reduced or variable fertility during FTAI and super-
ovulation support the notion that in vivo maturation within a 
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physiologically compromised or immature periovulatory fol-
licle does not yield the same oocyte developmental outcomes 
as in vivo maturation within a physiologically mature perio-
vulatory follicle that naturally progressed through proestrus 
and stimulated an endogenous gonadotropin surge.

Oocyte Developmental Competence during 
the Preovulatory Time Period
Though oocyte maturation occurs in vivo during superovula-
tion and FTAI, the onset of the preovulatory LH surge often 
occurs earlier than in a natural estrous cycle (Figure 3). Such 
circumstances may alter both the oocyte’s prematuration 
or capacitation and the periovulatory follicle’s composition 
during oocyte maturation, as the physiological status of the 
preovulatory follicle at the onset of the LH surge, as well as 
the length of proestrus, impact pregnancy success, and oocyte 
developmental competence. The onset of the LH surge was 
reported ~20 h sooner after prostaglandin F2α injection to 
induce luteolysis in cattle undergoing superovulation com-
pared with non-stimulated animals (Figure 3A; Assey et al., 
1994a, 1994b; Greve et al., 1995). Estradiol production 
within the super-stimulated follicles is variable in nature 
(Fortune and Hansel, 1985; Berisha et al., 2019). The amount 
of estradiol produced by individual follicles is lower than that 
observed in follicular fluid from a typical preovulatory folli-
cle which results in a lower estradiol to progesterone ratio. 
The estradiol to progesterone ratio prior to an LH surge in 
super-stimulated cattle has been shown to be approximately 
10:1, which is significantly lower than observed in single pre-
ovulatory follicles (Fortune and Hansel, 1985; Berisha et al., 
2019). The ratio, expectedly, continues to decrease after the 

LH surge and has been observed to approximately be 3:1 by 
4 h after exogenous gonadotropin-releasing hormone (GnRH) 
administration, <1.4:1 by 10 h natural variation in preovula-
tory follicle status in super-stimulated cattle may explain the 
equally variable levels of oocyte competence during such pro-
cedures (Greve et al., 1995).

Further, ~40% to 60% of beef cattle undergoing FTAI 
rely on the administration of GnRH to induce the preovu-
latory gonadotropin surge near the time of insemination 
(Richardson et al., 2016). Such animals are denied the final 
hours or days of proestrus that would have been required for 
preovulatory follicle development to stimulate estrus and an 
endogenous gonadotropin surge (Figure 3B). Multiple studies 
have indicated a strong, positive relationship between pre-
ovulatory follicle diameter or preovulatory serum estradiol 
concentrations and pregnancy attainment and/or late embry-
onic survival when animals undergo FTAI (Lamb et al., 2001; 
Perry et al., 2005, 2007; Sá Filho et al., 2010). Both follicle 
size and estradiol production serve as measures of follicular 
progression toward the essential onset of estrus, and compre-
hensive reviews and literature focus toward the impact of pre-
ovulatory follicle status on the maternal environment (Perry 
et al., 2005; Pohler et al., 2012; Atkins et al., 2013; Geary et 
al., 2013; Jinks et al., 2013; Ciernia et al., 2021). The current 
review is focused on literature that suggests the preovulatory 
follicle’s status prior to an induced LH surge affects oocyte 
developmental competence. Both preovulatory follicle diam-
eter and serum estradiol concentration at the time of GnRH 
injection to induce the preovulatory gonadotropin surge posi-
tively impacted embryo cleavage rate (reported as fertilization 
rate) and embryo quality grade in a reciprocal embryo trans-
fer study (Atkins et al., 2013; Jinks et al., 2013). The mean 

Figure 2. Schematic depicting possible antral pool of follicles ranging in size of 3 to 8 mm (predominant) from which cumulus–oocytes are collected for 
use with in vitro production (IVP) of embryos. Because larger follicles are limited in number and may pose issues with clotting depending on collection 
approaches, cumulus–oocytes utilized for IVP are largely from a pool of estrogen-active (nondominant) antral follicles that have not been exposed to the 
preovulatory follicular environment (Created with Biorender.com).
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size of preovulatory follicles in which a cleaved embryo was 
recovered was ~12.6 mm whereas the mean follicle diame-
ter that resulted in the recovery of an uncleaved embryo was 
~11.7 mm (Atkins et al., 2013). A similar trend was observed 
for serum estradiol concentrations, in which mean serum 
estradiol concentrations were ~8.8 pg/mL in cows that pro-
duced a cleaved embryo and only ~6.7 pg/mL in cows that 
produced an unfertilized oocyte (Jinks et al., 2013). Though 
no animals that displayed estrus were utilized in this pair of 
studies, increasing follicle diameter and estradiol produc-
tion prior to an exogenously stimulated gonadotropin surge 
indicate further follicle progression toward the stimulation 
of estrus and an endogenous gonadotropin surge improves 
oocyte developmental competence.

Impact of Preovulatory Follicle Status on 
the Intrafollicular Environment and Oocyte 
Metabolic Capacity
To further understand why preovulatory follicle developmen-
tal status influenced oocyte cleavage and embryo quality, we 
performed RNA-sequencing on pools of four oocytes or sur-
rounding cumulus cell (CC) collected from small (≤11.7mm) 
and large (≥12.7mm) follicles ~18 h after GnRH injection to 
induce the preovulatory gonadotropin surge (Moorey et al., 
2021). We also collected samples from preovulatory follicles 
of cows who displayed estrus and would have experienced an 
endogenously stimulated gonadotropin surge. We discovered 
numerous differentially expressed gene (DEG) transcripts 
among oocyte or CC pools originating from the three follicle 
classifications. Functional analysis of DEGs between CC from 

small and large follicles revealed significant enrichment in 
KEGG pathways related to metabolism (“glycolysis,” “met-
abolic pathways,” “fructose and mannose metabolism,” “car-
bon metabolism,” and “biosynthesis of amino acids”), while 
the biological pathway “oxidative phosphorylation” was sig-
nificantly enriched with DEG from small vs. estrous follicle 
oocyte pools (Moorey et al., 2021). Such results suggest that 
CC from small follicles may have reduced ability to convert 
glucose to metabolic substrates for use by the oocyte and 
that oocytes from small follicles may have altered mitochon-
drial function or number. Lowered production and transfer 
of pyruvate, lactate, or phosphoenolpyruvate by the CC of 
small, developmentally immature follicles, and reduced mito-
chondrial function in the oocyte would lead to reduced ATP 
availability for oocyte maturation, fertilization, and down-
stream embryo development. We have since performed com-
plementary analyses of intraoocyte ATP levels, mitochondrial 
DNA copy number, and metabolic capacity per mitochondrial 
DNA copy number. Serum estradiol concentration at the time 
of an induced preovulatory gonadotropin surge was posi-
tively related to ATP levels in oocytes nearing completion of 
maturation (Read et al., 2022). Serum estradiol is a strong 
indicator of the preovulatory follicle’s progression through 
proestrus, toward the expression of estrus, and the endog-
enous gonadotropin surge. Oocytes collected from preovu-
latory follicles of animals with higher serum estradiol were 
likely allowed exposure to the follicular conditions during 
prematuration and maturation that more closely resembled 
an estrual animal. Though modulated follicular maturity at 
the onset of an exogenously stimulated gonadotropin surge 
likely impacts the follicular microenvironment during the 

Figure 3. Schematic depicting the development of multiple dominant follicles after FSH administration (A) for multiple ovulation embryo transfer 
(MOET) and preovulatory follicle development where the LH surge was pharmacologically induced in animals before they expressed estrus (B). 
Regarding MOET procedure depicted in (A), super stimulation of the ovary using FSH effectively recruits multiple follicles to grow and attain dominance. 
Greater levels of circulating estradiol cause the LH surge to occur sooner, thereby shortening the proestrus time period by ~20 h. The cumulus–
oocyte complexes resident within said follicles are exposed to a shorter prematuration period which may affect developmental competence (i.e., after 
fertilization, cleavage, and blastocyst development). Ovulated cumulus–oocyte complexes resulting from hyperstimulation with FSH, have diminished 
metabolic capacity (Created with Biorender.com). Regarding the preovulatory follicle in (B), in cows that do not exhibit estrus before a fixed timed 
AI (FTAI), exogenous GnRH administration induces the LH surge prematurely (well before the time when it would have occurred spontaneously if 
expression of estrus had occurred) thereby shorting the cumulus–oocyte’s prematuration time period. Pharmacological induction of the LH surge has 
been related to reduced oocyte competence, reduced metabolic capacity of the oocyte, as well as altered follicular fluid composition (Created with 
Biorender.com).
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critical hours of oocyte maturation and subsequently reduced 
developmental and metabolic competency of the oocyte, there 
may also be a direct effect of estradiol on COC metabolic 
dichotomy, as estradiol has been demonstrated to improve 
gap junctional communication in somatic cells (Firestone and 
Kapadia, 2012).

Interestingly, superovulation protocols also can have 
effects on the metabolic capacity of the oocyte, also affecting 
downstream embryo development. Murine oocytes derived 
from super-stimulated follicles have lower mitochondrial 
DNA copy numbers, ATP levels, and mitochondrial mem-
brane potential (Shu et al., 2015). Additionally, deformi-
ties in the mitochondria of murine oocytes retrieved from 
super-stimulated follicles have been observed by increases 
in vacuolated mitochondria and multivesicular body for-
mation murine oocytes (Lee et al., 2017). Similarly, rabbit 
oocytes collected from follicles following a superovulation 
protocol had significantly lower ATP levels and lower blas-
tocyst rates compared with oocytes from a single dominant 
follicle (Cortell et al., 2015).

Processes of oocyte maturation, fertilization, cleavage, and 
embryo development to the blastocyst stage require adequate 
storage of energetic precursors and production of ATP by the 
oocyte or early embryo (Biggers et al., 1967; Cetica et al., 
2002; Johnson et al., 2007; Chappel, 2013). Interestingly, the 
pre-blastocyst stage embryo and oocyte both rely on oxidative 
phosphorylation as a primary energetic pathway (Chappel, 
2013). Before oocyte maturation, the CC perform glycoly-
sis and transfer pyruvate and metabolic intermediates to the 
oocyte for ATP production or storage (Gilchrist et al., 2004; 
Thompson et al., 2007; Sutton-McDowall et al., 2010). Once 
oocyte maturation begins, and gap junctions break down, the 
metabolic transfer between the oocyte and CC ceases. The 
oocyte and early embryo must drive necessary metabolic pro-
cesses with the metabolic compounds accrued until this time-
point until the blastocyst embryo gains the ability to utilize 
glucose as a primary energetic compound through glycolysis.

The preovulatory follicular fluid contains metabolites and 
proteins that support COC metabolism and oocyte prepa-
ration for maturation. Both the metabolome of the post LH 
surge, periovulatory follicle and the proteome of the preovu-
latory follicle have been demonstrated to be impacted by 
preovulatory follicle physiological status (Afedi et al., 2021; 
Read et al., 2021, 2022). The metabolome of periovulatory 
follicular fluid collected ~18 to 20 h post-GnRH administra-
tion was related to both preovulatory follicle diameter and 
serum estradiol concentrations at GnRH (Read et al., 2021, 
2022). In both studies, metabolites involved in glucose metab-
olism, the citric acid cycle, and proteinogenesis were elevated 
in larger or higher estrogen-producing preovulatory follicles. 
The proteome of preovulatory follicular fluid also appears to 
be different from that of less progressed follicles and mod-
ulated by follicular maturity as observed by circulating and 
intrafollicular estradiol levels (Afedi et al., 2021). Indeed, 
intrafollicular levels of proteins relevant to metabolism were 
highly impacted based on preovulatory estradiol production 
at ~36 h post prostaglandin F2 alpha administration. Such 
observations clearly demonstrate that the physiological sta-
tus of the preovulatory follicle strongly influences the met-
abolic composition of the follicular fluid that likely leads to 
reduced metabolic competency in oocytes within physiologi-
cally immature preovulatory follicles that undergo an induced 
LH surge.

Conclusion
The importance of the follicle’s full progression through 
dominance and the preovulatory stage of development 
is critical for the creation of intrafollicular conditions 
that support optimal oocyte developmental competence. 
Preovulatory follicle size and estradiol production during 
this stage of folliculogenesis serve as markers not only for 
follicular progression to physiological maturity to induce 
estrus and the LH surge but also for oocyte developmen-
tal competence. Animals induced to ovulate a physiologi-
cally immature follicle experience reduced day 7 embryo 
quality and poorer embryo developmental rates than those 
that ovulate a physiologically more advanced follicle. This 
reduction in fertility appears to be strongly related to the 
reduced metabolic capacity of the COC and a metabolically 
altered intrafollicular environment. Though oocytes within 
preovulatory follicles have been exposed to the intrafollic-
ular conditions of selection, dominance, and the positive 
gonadotropin environment post luteolysis, full progression 
of the preovulatory follicle to endogenously stimulate the 
LH surge is required to produce an intrafollicular environ-
ment that best supports oocyte competence. Such changes in 
the ever-evolving preovulatory intrafollicular environment 
serve as essential building blocks to improve conditions for 
both in vivo and in vitro oocyte prematuration and matura-
tion and thereby improve fertility in agriculturally relevant 
livestock species and humans.
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