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Abbreviations

ACACA acetyl-coA carboxylase

AMP adenosine monophosphate

AMPK adenosine monophosphate active protein kinase

ATP adenosine triphosphate

BMP bone morphometric protein

Ca** intracellular calcium

CAMKK?2 calcium/calmodulin-dependent protein kinase 2

CEBP CCAAT/enhancer binding protein

CPT1A carnitine palmitoyltransferase 1A

CYP11A1 cholesterol side-chain cleavage enzyme

CYP17A1 steroid 17-alpha-hydroxylase/17,20 lyase

CYP19 aromatase

FADH?2 flavin adenine dinucleotide

FDX1 ferrodoxin

FDXR ferrodoxin reductase

FSHR follicle-stimulating hormone receptor

GATA GATA binding protein

hCG human chorionic gondadotropin

HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase

HSD3B 3 beta-hydroxysteroid dehydrogenase/delta5 delta
4-isomerase

HSL/LIPE hormone-sensitive lipase

IGF1 insulin-like growth factor 1

LDLR low-density lipoprotein receptor

LH luteinizing hormone

LHCGR luteinizing hormone/chorionic gonadotropin
receptor

LIPE/HSL hormone-sensitive lipase

MAPK mitogen-activated protein kinase

mRNA messenger ribonucleic acid

NADH nicotinamide adenine dinucleotide i

NCEH1 neutral cholesterol ester hydrolase 1

PGE2 prostaglandin E2

PGF2a prostaglandin F2a

PKA protein kinase A

PKC protein kinase C

PLIN perilipin

SCARB scavenger receptor class B type 1

SREBP/SREBF sterol regulatory element binding transcription factor

STAR steroidogenic acute regulatory protein

TGFB transforming growth factor beta 1

TNF tumor necrosis factor

VDAC1 voltage-dependent anion channel 1
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INTRODUCTION

As the ovarian follicle transitions from a predomi-
nantly estrogen-secreting structure into a predominantly
progesterone-secreting corpus luteum, there are major
changes in the expression of genes involved in steroid
hormone synthesis and their respective proteins. The
luteinizing hormone (LH) surge leads to a decrease in fol-
licular cell CYPI7A1 (steroid 17-a-hydroxylase/17,20
lyase) and CYP19A1 (aromatase) mRNA and their corre-
sponding proteins, resulting in a dramatic drop in andro-
gen and estrogen production. Minimal levels of CYP19A1
mRNA and protein are present in the corpora lutea of
most mammalian species, whereas primates, pigs,
“pregnant” rodents, and rabbits reinitiate estradiol syn-
thesis in their corpora lutea to various degrees. After ovu-
lation, the majority of genes governing progesterone
synthesis begin a steady increase in their expression that
peaks with maturation of the corpus luteum. Theca cells,
after a transient decline in steroidogenic output, with
luteinization become rededicated to de novo steroidogen-
esis. The granulosa cells, which in the follicle had limited
capacity for de novo steroidogenesis, with luteinization
become committed to progesterone output by massively
upregulating the gene products necessary for cholesterol
transport, intracellular storage, and de novo steroidogen-
esis. The genes involved in progesterone synthesis include
steroidogenic acute regulatory protein (STAR), cholesterol
side-chain cleavage enzyme (CYP11A1) and its partners
ferrodoxin (FDX1) and ferrodoxin reductase (FDXR),
and 3f-hydroxysteroid dehydrogenase/delta5 deltad-
isomerase (HSD3B1 or HSD3B2). In addition, several
genes control cholesterol availability for steroidogenesis,
and these include genes for the lipoprotein receptors LDLR
and SCARBI, rate-limiting cholesterol synthetic enzyme
HMGCR, and the lipases hormone-sensitive lipase or
lipase E (LIPE) and neutral cholesterol ester hydrolase 1
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FIG.1 Steroidogeniclutealcellshowingstepsinpro-
gesterone biosynthesis from cholesterol substrate.
LDLR (low-density lipoprotein receptor) and SCARB1
(scavenger receptor type B1) obtain exogenous choles-
terol from LDL and /or HDL (high-density lipoprotein).
HMGCR (3-hydroxy-3-methylglutaryl-CoA reductase)
canmediate denovo cholesterol synthesis when cellular
sterol contents are low and do not meet the needs of ste-
roidogenesis. Cholesterol can be stored in lipid droplets
as cholesterol ester and liberated to free cholesterol by
the hormone-sensitive lipase, LIPE, and possibly a sec-
ond neutral cholesterol ester lipase NCEHI. Free cho-
lesterol for de novo steroidogenesis is delivered to the
inner mitochondrial membrane by STAR (steroido-
genic acute regulatory protein). Within mitochondria,
cholesterol is converted to pregnenolone through the
combined actions of molecules in the P450scc complex
that includes P450 cholesterol side-chain cleavage
enzyme (CYP11Al) and it partners ferrodoxin reduc-
tase (FDXR) and ferrodoxin (FDX1). Pregnenolone is
then converted to progesterone by the actions of ovarian
HSD3BL1 or 2 (3beta-hydroxysteroid dehydrogenase/
delta5 delta4-isomerase).
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(NCEH1), which liberates cholesterol from lipid droplets
(Fig. 1). The production of progesterone by the corpus
luteum encompasses the following steps: [1] cholesterol
synthesis and/or uptake from lipoproteins and storage
as cholesterol esters in lipid droplets, [2] cholesterol mobi-
lization from lipid droplets by the actions of lipases to
cleave stored cholesterol esters, [3] trafficking of choles-
terol across mitochondrial membranes to CYP11A1, the
cytochrome P450 side-chain cleavage enzyme on the inner
mitochondrial membrane, [4] cleavage of the cholesterol
side-chain to produce pregnenolone, and [5] shuttling of
pregnenolone from the mitochondria to the endoplasmic
reticulum to produce progesterone.

CORPUS LUTEUM

The corpus luteum is a temporary endocrine gland
that forms from the remnants of the ovarian follicle after
ovulation. The coordinated differentiation of granulosa
cells and theca cells into a functional corpus luteum is
required for fertility. During the menstrual or estrous
cycle, the corpus luteum develops, secretes progesterone
for a period of time, and then declines. This decline or
luteolysis is prevented when pregnancy occurs and the
extended life of the corpus luteum allows it to provide
the steroids needed for an intrauterine environment that
supports implantation, placentation, and fetal-placental
growth and development [1]. Insufficient progesterone
secretion early in the first trimester is associated
with pregnancy loss, and is attributed to premature loss
of luteal function [2-5]. To further highlight the signifi-
cance of steroidogenesis, studies [6,7] indicate that

progesterone also serves as an intraluteal cell survival fac-
tor. Therefore, an adequate supply of progesterone may
reduce the impact of luteolytic factors on the fate of the
corpus luteum.

The single most important factor involved in regulat-
ing the secretion of progesterone in the corpus luteum,
irrespective of species, is LH. Activation of the luteinizing
hormone/chorionic gonadotropin receptor (LHCGR)
induces luteinization of granulosa and theca cells, forma-
tion of the corpus luteum, and is capable of extending the
functional lifespan of the corpus luteum. An enormous
tissue reorganization occurs during the formation of the
corpus luteum with coordinated cell differentiation,
development of an extensive vascular network [8], and
immune cell infiltration [9,10]. In the absence of appropri-
ate embryonic signals, the corpus luteum will regress in
order for the next reproductive cycle to begin. The initial
sign of luteal regression is a decline in progesterone secre-
tion, followed by disruption in the vasculature and sub-
sequent structural regression through apoptosis and
reabsorption of the tissue. Luteal regression is associated
with an influx of immune cells in many species, which
secrete cytokines that act alone or in concert to disrupt
progesterone synthesis [9-11]. If however, pregnancy
occurs, the developing embryo produces signals that pre-
vent the regression of the corpus luteum, thus maintain-
ing progesterone levels until the placenta takes over
progesterone production. Extension of the luteal lifespan
and secretion of progesterone are absolutely required for
establishment and maintenance of pregnancy. Inade-
quate progesterone secretion contributes to early preg-
nancy loss in many species, including primates and
domestic animals.
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LH is critical for normal luteal function [12-15].
Although the corpus luteum is composed of luteinized
granulosa and theca cells, it expresses relatively modest
levels of the LH receptor, LHCGR, and very low levels
of mRNA for follicle-stimulating hormone receptor
(FSHR) and CYP19A1. Whereas LH is capable of activat-
ing many intracellular signaling cascades in gonadal cells
[16], the predominant pathway responsible for stimulat-
ing luteal progesterone synthesis is the adenylyl cyclase/
cAMP and protein kinase A (PKA) pathway [17]. The cor-
pus luteum expresses transcripts for multiple adenylyl
cyclase enzymes and the regulatory and catalytic compo-
nents of the PKA enzyme. LH, together with other
species-specific factors, is required for the long-term ste-
roidogenic capacity of luteal cells by maintaining levels of
critical components of the steroidogenic machinery
[HSD3B, CYP11A1l and STAR]. These genes and their
proteins are continuously expressed at very high levels
in the fully developed corpus luteum in vivo (Fig. 1).
The conversion of cholesterol to pregnenolone, catalyzed
by CYP11A1 located in the mitochondria, and its subse-
quent conversion to progesterone, catalyzed by HSD3B
present in the endoplasmic reticulum do not appear to
limit luteal progesterone secretion [14,18] with the possi-
ble exception during the earliest stages of luteal forma-
tion. A constant supply of cholesterol is needed to
serve as a precursor for conversion into steroid hormones
[19,20], and ovarian cells have multiple, redundant sys-
tems for cellular cholesterol delivery [21]. The source of
cholesterol consumed for steroidogenesis is derived
largely from uptake of lipoprotein-derived cholesterol,
as well as from endogenous cholesterol synthesis and
the mobilization of stored cholesterol esters. The LDL
receptor is responsible for the receptor-mediated endo-
cytic delivery of cholesterol esters from low-density
lipoproteins. The scavenger receptor class B type 1
(SCARBI) is responsible for the selective uptake of cho-
lesterol esters [22]. While both receptors are present on
steroidogenic luteal cells and contribute to steroidogen-
esis, the absorbed lipid is stored as cholesterol esters
primarily in cytoplasmic lipid droplets. Lipid droplets
are closely associated with mitochondria, creating an
environment for efficient transfer of stored cholesterol
from lipid droplets to the mitochondria. The fully
developed corpus luteum expresses high levels of
STAR, CYP11Al, and HSD3B suggesting that these
components of the steroidogenic pathway are not lim-
iting for progesterone synthesis. Therefore, the step that
is responsible for the acute regulation of luteal proges-
terone secretion appears to be the mobilization of cho-
lesterol from cholesterol esters stored in lipid droplets.
Once the corpus luteum is formed, mechanisms such as
gene expression and cholesterol uptake contribute to
sustained responses and high levels of output. This
chapter will report on intracellular signaling pathways
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that converge on cholesterol storage organelles, the lipid
droplet, and mechanisms that control the expression of
genes necessary for luteal progesterone synthesis.

CHOLESTEROL ESTER STORAGE AND
SIGNALS REGULATING CHOLESTEROL
AVAILABILITY

Storage of Cholesterol in Lipid Droplets

A noteworthy feature observed during luteal develop-
ment is the acquisition of cytoplasmic lipid droplets in
luteinized granulosa and theca cells [23,24]. Lipid drop-
lets are surrounded by a protein and phospholipid mono-
layer that coats a core of neutral lipids containing
predominantly triglycerides and cholesterol esters
[25,26]. Lipid droplets have been extensively studied in
adipocytes and preadipocytes for their essential role in
energy conservation and homeostasis; however, lipid
droplets are present in nearly all cell types, from bacteria
to adipose, hepatocytes, cardiac tissue, macrophages, as
well as steroid secreting cells. In some tissues, the pres-
ence of lipid droplets is a sign of pathological stress
because of environmental insults (e.g., alcohol causing
fatty liver disease) or an excess of serum lipids (e.g.,
foamy macrophages in atherosclerotic lesions). Whereas
the lipid droplets in steroidogenic tissues such as the
adrenal gland, testis, ovarian follicle, and corpus luteum
appear to be a requirement for healthy, functional ste-
roidogenic tissue, lipid droplets accumulate in the ste-
roidogenic tissues of patients with congenital lipoid
adrenal hyperplasia [21,27]. In this autosomal recessive
condition, cholesterol-rich lipid droplets accumulate in
the gonads and adrenals due to mutations in the STAR
gene, which impair normal utilization of cholesterol for
steroidogenesis. In women with congenital lipoid adrenal
hyperplasia, the accumulation of cholesterol and expan-
sion of lipid droplets in the theca and stroma further
impairs the function of organelles and steroidogenic
capacity of the ovary [28]. Massive lipid droplet accumu-
lation and deficiencies of all classes of steroid hormones
are also observed in the steroidogenic tissues of Star
knockout mice [29].

Current literature documents that cytosolic lipid drop-
lets are significant mediators of metabolic health and dis-
ease [30]. Intracellular lipid droplets store lipid as
reservoirs for energetic substrates (fatty acids) or choles-
terol for membrane biosynthesis or steroid production
[31]. The ability to store fatty acids in lipid droplets also
protects cells from lipotoxicity. Fundamental to under-
standing the presence, size, and activity of lipid droplets
is the presence or absence of specific lipid droplet coat
proteins [32]. The perilipin (PLIN) family of proteins
serves as lipid droplet-organizing hubs for enzymes
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and transporters in cellular lipid metabolism [33]. The
PLIN family of proteins is composed of PLIN1 (perilipin),
PLIN2 (adipophilin or ADRP), PLIN3 (previously known
as Tip47), PLIN4 (previously known as S3-12), and PLINS
(previously known as OXPAT). The numbering system
reflects their order of discovery. Perilipins 2 and 3 are
ubiquitously expressed, whereas PLINs 1, 4, and 5 have
more limited tissue expression [34]. In general, two or
more members of the PLIN family of proteins are
expressed in lipid storage droplets. Research indicates
that perilipins are either exclusively associated with lipid
droplets (PLINs 1 and 2) or can be found in either the
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cytoplasm or associated with lipid droplets (PLINs 3, 4,
and 5). Perilipin 1 is abundantly expressed only in adipo-
cytes in white and brown adipose tissue, with lower
levels of expression in steroidogenic cells of the adrenal
cortex, testis, and ovaries [35,36]. The major isoform of
PLIN1 (PLIN 1A), and PLINs 2 and 5 preferentially asso-
ciate with lipid droplets enriched in triacylglycerol,
whereas shorter isoforms of PLIN1 (PLIN 1C and 1D)
preferentially associate with lipid droplets enriched in
cholesterol esters. PLIN2 and PLIN3 are highly expressed
in most tissues and are involved in lipid accumulation
and lipid droplet formation [32]. PLIN2 and PLIN3 are
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abundant in the liver [37] and the corpus luteum [38] to
a much greater extent than PLINs 1, 4, and 5. Oxidative
tissues like heart and brown adipose contain PLINS
[34]. Genetic studies reveal that mice null for Plinl have
a distinct phenotype: reduced fat mass, increased lipoly-
sis, and increased B-oxidation [34]. Plin2 null mice are
unaffected by high fat diets that would otherwise induce
obesity [39]. It was found that Plin3 compensates for the
loss of Plin2 in these mice [40]. Mice with a deletion in
Plin4 have a downregulation of Plin5 and reduced cardiac
triacylglycerol storage [41]. In general, it appears that
PLINS 1, 2, and 5 modulate lipolysis by regulating the
access of specific lipases to the substrates stored in lipid
droplets. Thus, the expression of PLIN proteins in specific
types of cells impacts basal and stimulated rates of lipol-
ysis in target tissues and metabolic activity in mice. There
have been no detailed reports on the fertility of these ani-
mals. Of note, PLIN family members preferentially
sequester lipid droplets rich in triacylglycerol and diacyl-
glycerol (adipose, muscle, and liver) or rich in cholesterol
esters (steroidogenic tissues) [42,43]. The bovine corpus
luteum expresses a unique pattern of PLINs when com-
pared to adipose tissue and large and small luteal cells
express abundant PLIN2 and PLIN3 mRNA but very
low levels of PLIN1, PLIN4, and PLIN5 mRNA [24].
The distribution of PLIN2 and PLIN3 mRNA expression
in follicular and luteal compartments is shown in
Fig. 2. Exactly how these proteins impact luteal lipid
droplets and ovarian steroidogenesis are subjects of cur-
rent investigation.

Hormone-Sensitive Lipase

Hormone-sensitive lipase (HSL, also known as LIPE) is
a neutral cholesterol ester hydrolase that regulates lipid
stores in adipocytes and steroidogenic tissues [44]. In
response to a hormone or neurotransmitter that activates
the cAMP/PKA signaling pathway, HSL translocates to
the lipid droplet [19,45]. A current view of the mecha-
nisms regulating lipolysis in adipose suggests that the
lipid droplet coat protein PLIN1 functions as a scaffold
in the regulation of lipolysis [37,46]. Under resting condi-
tions, PLINT1 acts as a barrier to the hydrolysis of stored
lipids by preventing access of adipocyte triglyceride
lipase (ATGL) and HSL, the major lipases in adipose cells.
Following activation of PKA, both PLIN1 and HSL are
phosphorylated, leading to the translocation of HSL from
the cytosolic compartment to the lipid droplet. The phos-
phorylation of HSL facilitates its interaction with lipid
substrates [47] permitting triglyceride or cholesterol ester
hydrolysis to proceed. Phosphorylation of HSL occurs on
multiple sites, including Ser-660, which stimulates cata-
lytic activity and Ser-563, which is believed to be mutu-
ally exclusive with phosphorylation of HSL at the non-
PKA site Ser-565 [48]. Thus, hormonal cues that signal
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for release of stored fatty acids or cholesterol stimulate
PKA to phosphorylate HSL.

Evidence indicates that HSL is the main hormone-
sensitive cholesterol ester hydrolase in steroidogenic tis-
sues. The presence of perilipin coat proteins [35] and HSL
[49] in the ovary suggests that LH via a cCAMP/PKA sig-
naling pathway may regulate the phosphorylation of
perilipin and HSL to hydrolyze cholesterol esters to pro-
duce substrate for progesterone synthesis. Studies with
HSL-null mice revealed that knock-out of HSL resulted
in decreased steroidogenesis in the adrenals and inhib-
ited sperm production in the testis [50,51]. These findings
suggest that HSL is involved in the intracellular proces-
sing and availability of cholesterol for steroidogenesis.
Shen et al. [52] demonstrated an interaction between
STAR and HSL in the rat adrenal following treatment
with ACTH and that co-expression of HSL and STAR
increased both HSL activity and mitochondrial choles-
terol content. Other studies provide evidence for an inter-
action of HSL with the intermediate filament vimentin
and that vimentin null mice had small lipid droplets
and reduced adrenal and ovarian steroid production
[53]. A recent study by Zowalaty et al. shows that tar-
geted deletion of RhoA disorganized vimentin filaments
in the mouse corpus luteum [54]. This resulted in luteal
insufficiency and infertility in female mice. A mouse Ley-
dig cell line activation of the cAMP/PKA signaling path-
way stimulated the phosphorylation of HSL, which was
correlated with an increase in STAR and progesterone
[55]. Furthermore, treatment with an inhibitor of HSL
CAY10499 or silencing HSL with targeted siRNA sup-
pressed progesterone synthesis. A recent report by
Talbott et al. [11] links HSL levels to progesterone
synthesis in the bovine corpus luteum. In that study,
treatment with prostaglandin F2a to induce luteal regres-
sion resulted in a rapid decrease in HSL and progesterone
prior to reductions in the expression of other components
of the steroidogenic machinery. Studies using bovine
luteal cells in vitro demonstrated that LH via a cAMP/
PKA pathway rapidly phosphorylated HSL and the
HSL inhibitor CAY10499 effectively blocked the stimula-
tory actions of LH on progesterone synthesis (Talbott,
Krauss, Davis, unpublished). Taken together, the evi-
dence points to an important role for HSL in luteal ste-
roidogenesis, but more research is needed to determine
the mechanisms by which cholesterol esters are released
from luteal lipid droplets.

Identification of cytoplasmic lipid droplets as impor-
tant platforms for cell signaling and interactions with
other organelles [56,57] has propelled investigators to
identify the protein and lipid composition of the lipid
droplets. The PLIN family of lipid droplet coat proteins
can influence the type of lipids stored in lipid droplets
and metabolic activity [58,59]. Ovaries of the monkey
[38], mouse [60], and bovine [24] express PLIN2, which
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is associated with cholesterol ester storage. The protein
composition of lipid droplets has been characterized to
varying degrees in a few mammalian tissues or cell lines
[mouse mammary epithelial cells [61] and 3T3-L1 adipo-
cytes [62], rat liver and mouse muscle tissue [63,64], and
human cell lines [65]]. Direct information is lacking about
the protein composition of corpus luteum lipid droplets
and the effects of hormones or metabolic alterations on
lipid droplet properties. Khor et al. [43] compared the
proteome of lipid droplets from rat granulosa cells trea-
ted in vitro with either high-density lipoproteins or fatty
acids to enrich cytoplasmic lipid droplets for cholesterol
esters or triacylglycerols, respectively. In this study, 278
proteins, including PLIN2, were common to the lipid
droplets prepared from either treatment and there were
also similar other reports on lipid droplet proteomes.
They also identified 61 and 40 proteins unique to the cho-
lesterol ester-rich or triacylglycerol-rich lipid droplets.
Notably, in the cholesterol ester-rich lipid droplets they
identified HSD3B1, vimentin, and voltage-dependent
anion channel (VDAC1), each of which is reported to
have a role in steroidogenesis. Proteomic analysis of lipid
droplets isolated from the mouse Leydig tumor cell line
MLTC-1 [66], and mouse testes [67] also revealed the
presence of PLIN family proteins and enzymes involved
in the synthesis of steroid hormones. In our studies, lipid
droplets isolated from midcycle fully functional bovine
corpora lutea were found to contain PLIN2 and PLIN3
coat proteins, HSL and HSD3B, CYP11A1l and VDAC1
(Talbott, Cupp, Wood and Davis, unpublished). Collec-
tively, these studies indicate that luteal lipid droplets
may serve as a hormonally regulated platform that is
essential for gonadal steroidogenesis. Comprehensive
analysis of the lipid and protein composition of luteal
lipid droplets and their response to luteotrophic or luteo-
lytic hormones is required fully understand the dynamics
surrounding the movement of cholesterol from the lipid
droplet to the mitochondria.

Bovine and ovine corpora lutea have two distinct ste-
roidogenic cells with different abilities to produce proges-
terone [13]. The small luteal cells respond to LH with
large increases in progesterone secretion, and large luteal
cells have an elevated basal rate of progesterone secretion
and respond to LH with a modest increase. Luteal tissue
in women, monkeys, sheep, and rodents also possess
large and small luteal cells [68] with variable response
to LH. Bovine [24] and ovine [23] lutea cell types have dif-
ferent lipid droplet morphology as indicated by BODIPY
staining of neutral lipids. On average, the small luteal
cells have larger lipid droplets and the large cells have
abundant, dispersed small lipid droplets. The factors that
contribute to these differences are unknown, but the
reported high basal level of PKA activity in large luteal
cells [69] may provide a tonic activation of HSL resulting
in smaller and dispersed lipid droplets.
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Based on the pronounced difference in the ability of
large and small luteal cells to produce progesterone
under basal and stimulated conditions, it seems likely
that large and small luteal cells have different energy pro-
cessing requirements during basal and stimulated ste-
roidogenesis. The hydrolysis of cholesterol esters
liberates both cholesterol and fatty acids. The fatty acids
are either re-esterified and stored in lipid droplets or
membranes or used for p-oxidation producing reducing
equivalents and acetyl-CoA for the citric acid cycle [70].
Fatty acids are consumed by mitochondria through
p-oxidation to produce acetyl-CoA and NADH and
FADH, for use in the electron transport chain to produce
ATP [70]. Although steroidogenic tissues use glycolysis
to support steroidogenesis [71], it seems likely that the
production of large quantities of progesterone by luteal
cells may require p-oxidation of fatty acids to provide
the energy needed for optimal steroidogenesis under
basal conditions, but this remains to be critically evalu-
ated. Recent studies indicate that fatty acids play an
important role in cumulus oocyte complex metabolism
and oocyte maturation [72,73]. These studies found that
adding L-carnitine to promote f-oxidation improved
embryo development and that pharmacologic inhibition
of fatty acid p-oxidation with etomoxir impaired oocyte
maturation and embryo development. The enzyme carni-
tine palmitoyltransferase 1A (CPT1A) is responsible for
the uptake of fatty acids into the mitochondria for
p-oxidation. A report in the bovine indicates that CPT1A
mRNA expression in large luteal cells is 5.6-fold greater
than in granulosa cells, whereas no difference in expres-
sion was observed between theca and small luteal cells
[74]. This data supports the idea that p-oxidation may
play an important role in the metabolic regulation of large
luteal cells. The proportion of respiration that is sup-
ported by fatty acids in bovine large and small luteal cells
remains to be determined experimentally. Despite their
fundamental physiological importance, an oversupply
of nonesterified fatty acids can be detrimental to the cel-
lular function [30]. Given the intense interest in patholo-
gies that result in lipid accumulation and conditions (i.e.,
obesity, diabetes, metabolic syndrome) that elevate free
fatty acids and alter metabolism, understanding how
lipid droplets, glycolysis, and p-oxidation are regulated
in the corpus luteum may provide clues about their roles
in steroidogenesis and clues for improving ovarian func-
tion, treating ovarian disorders, and enhancing fertility.

AMP-Activated Protein Kinase

AMP-activated protein kinase (AMPK) is a master reg-
ulator of cellular metabolism [70,75]. The enzyme is acti-
vated by increases in AMP:ATP or ADP:ATP ratios,
which occur when the cellular energy status has been
compromised by environmental or metabolic stresses
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that either interfere with ATP production or that acceler-
ate ATP consumption [75]. AMPK acts to restore energy
homeostasis by activating alternate catabolic processes
generating ATP, while inhibiting energy-consuming pro-
cesses, that is, protein, carbohydrate, and lipid biosynthe-
sis, as well as cell growth and proliferation. AMPK acts
via direct phosphorylation of metabolic enzymes, and
by longer-term effects via phosphorylation of transcrip-
tion regulators. Pharmacological activators (e.g., metfor-
min and hydrogen peroxide) are normally viewed as
metabolic poisons that inhibit production of ATP and
stimulate AMPK indirectly by increasing cellular AMP
levels [75]. AMPK is also activated by upstream kinases
that phosphorylate a conserved threonine within the
“activation loop” of the kinase domain (Thr172). The pri-
mary upstream kinases that phosphorylate Thr172 are
the tumor suppressor kinase LKB1 (also known as serine
and threonine kinase 11 or STK11) and the calcium/cal-
modulin-dependent protein kinase kinase 2, CAMKK2.
The latter is activated when intracellular Ca®* is increased
by the action of hormones.

Of relevance to ovarian steroidogenic cells, AMPK
phosphorylates and inactivates acetyl-CoA carboxylase
(ACACA) and 3-hydroxy-3-methylglutaryl-CoA reduc-
tase (HMGCR), key enzymes involved in regulating the
de novo biosynthesis of fatty acids and cholesterol. AMPK
also phosphorylates and inactivates HSL. An immediate
consequence of enhanced AMPK activity is the phosphor-
ylation of HSL at Ser-565, which precludes activation of
HSL by PKA [76]. Thus, conditions that activate AMPK
could disrupt the ability of HSL to hydrolyze cholesterol
esters in steroidogenic tissues [53]. These observations
position AMPK strategically to control the expression of
genes required for steroidogenesis and / or the availability
of cholesterol for ovarian progesterone synthesis.

AMPK is present in granulosa, theca, and luteal cells
[77,78]. Reports from DuPont and colleagues [79,80] dem-
onstrate that AMPK activators metformin and AICAR
inhibit the secretion of progesterone and/or estradiol
by granulosa cells in a manner dependent on the state
of cellular differentiation and the species investigated
[77,79,81]. In rat and bovine granulosa cells, AMPK acti-
vation induced by metformin reduced the expression of
key enzymes required for progesterone synthesis,
HSD3B, CYP11A1, and STAR [80,82]. Similar findings
were observed in studies using the human KGN granu-
losa cell line (L Huang, X Hou and JS Davis, unpublished)
in which treatment with the AMPK activator metformin
inhibited STAR mRNA expression and progesterone syn-
thesis. In general, the studies in granulosa cells suggest
that the reduction in steroidogenesis was a result of a
reduction in the transcription of genes in the steroido-
genic pathway.

The expressions of AMPK [78], genes participating in
Ca®* homeostasis [83], and CAMKK2 [84], a calcium-
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dependent upstream regulator of AMPK, increase during
the maturation of the bovine corpus luteum. This devel-
opmental period is associated with the development of
maximal luteal progesterone output and the develop-
ment of the acquisition of competence of PGF2a to reduce
progesterone and induce luteolysis in domestic farm ani-
mals. Based on the high rate of progesterone production
during the mid-luteal phase and pregnancy, it seems
likely that any factors that influence metabolic activity
in steroidogenic cells would increase or decrease AMPK
activity and impact steroid secretion. Hou et al. [85]
reported that activation of AMPK in primary cultures
of bovine luteal «cells significantly reduced
LH-stimulated progesterone secretion. Recently, Bow-
dridge et al. [78] observed that treatment of bovine luteal
tissue slices with either metformin or another AMPK acti-
vator acutely reduced basal progesterone secretion.
These results indicate that AMPK activation can impair
luteal progesterone synthesis, but studies to demonstrate
the role of AMPK in vivo have not been performed.

Inhibition of AMPK by LH

In contrast to granulosa cells, luteal cells contain the
required steroidogenic machinery including HSL, which
enables luteal cells to respond to LH or cAMP with rapid
increases in progesterone synthesis. The increases in pro-
gesterone occur within 10-30min [86] and precede the
LH-induced increases in STAR expression, which are typ-
ically observed only after 2-4h of treatment [87]. In a
study of bovine luteal cells, Hou et al. reported that treat-
ment with LH rapidly inhibited AMPK activity as evi-
denced by reduced AMPK Thr172 phosphorylation and
reduced phosphorylation of the AMPK substrate ACC
[85]. Treatment with LH also increased phosphorylation
of AMPK on Ser485, which reduces AMPK activity [85].
These changes were associated with reduced phosphory-
lation of HSL at Ser565, the inhibitory AMPK phosphor-
ylation site, and increased phosphorylation of HSL at
Ser565/660, the residues required for HSL activity. Thus,
the ability of LH to modulate AMPK activity may opti-
mize LH- and PKA-dependent activation of HSL and rap-
idly provide cholesterol for the existing steroidogenic
machinery.

Activation of AMPK by PGF2a

Early studies established that PGF,, binds to and acti-
vates its cognate G, protein-coupled receptor, PTGFR.
This leads to the rapid activation of phospholipase C,
which leads to increases in both cytoplasmic Ca®* and
activation of protein kinase C. These initial events
contribute to the activation of additional protein kinase
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cascades like the mitogen-activated protein kinases
(ERK1/2, p38, and JNK) [88], which contribute to the
induction of early responses genes like FOS, JUN,
EGR1, and ATF3 [11]. While these early response genes
have been implicated in the luteolytic response to PGF2«,
it is not clear how or whether they impact steroidogenic
events in luteal cells. The developmental-specific expres-
sion of PKC and CAMKK?2 isoforms, proteins involved in
Ca®* homeostasis, and AMPK have been implicated in
the cellular mechanisms of acquisition of luteolytic capac-
ity by bovine corpus luteum [83,84]. Based on these
observations, it seems reasonable to predict that PGF2a
could activate at Ca**/CAMKK2 pathways leading to
the activation and phosphorylation of AMPK on
Thr172. Bowdridge et al. [78] recently reported that
PGF2a rapidly (2min) and transiently stimulated the
phosphorylation of AMPK on the Ser485 site in dispersed
bovine luteal cells. The response was prevented by treat-
ment with STO-609, a CAMKK?2 inhibitor. Treatment
with STO-609 also prevented the inhibitory effect of
PGF2a on progesterone synthesis in overnight incuba-
tions of dispersed luteal cells. In recent studies using
bovine large luteal cells, we have observed that PGF2a
rapidly stimulates AMPK on the stimulatory Thr172 res-
idue and the inhibitory Ser485 residue (Hou, Zhang, Tal-
bott, and Davis, unpublished). The observation that
PGF2a can target multiple sites on AMPK is consistent
with findings that PGF2a can activate multiple pathways
in luteal cells, pathways linked to calcium signaling and
pathways linked to PKC/MAPK/MTOR signaling [89].
While additional studies are needed to determine exactly
how PGF2a regulates AMPK in luteal cells, it seems clear
that activation of AMPK with pharmacologic tools dis-
rupts progesterone synthesis. Studies are needed to deter-
mine whether AMPK is activated in vivo during natural
and PGF2a-induced luteolysis. The reduction in luteal
blood flow coupled with increase in hypoxia and inflam-
matory mediators during luteal regression may elevate
AMPK activity resulting in decreased HSL activity and
reduced mobilization of cholesterol from luteal lipid
droplets.

REGULATION OF GENES ENCODING
STEROIDOGENIC PATHWAY PROTEINS
AND CHOLESTEROL AVAILABILITY

STAR

Probably the most dramatic gene and protein induc-
tion during early luteal formation is that of STAR; this
protein mediates cholesterol delivery to the inner mito-
chondrial membrane for de novo steroidogenesis. In
mammalian species, the theca cells of the maturing folli-
cle utilize STAR for de novo steroidogenesis, whereas the
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granulosa cells of healthy follicles in most species exhibit
negligible amounts of STAR prior to the LH surge. STAR
mRNA is transiently decreased in the theca just after the
surge, yet with progressive luteinization its mRNA and
protein become strongly expressed in small luteal cells.
Luteinization of granulosa cells into large luteal cells is
associated with a massive induction of STAR mRNA
(Fig. 2) and protein. STAR mRNA and its protein con-
tinue to be highly expressed in corpora lutea until func-
tional regression occurs [90,91].

More than two dozen regulators of ovarian STAR
mRNA and protein expression have been identified. Of
those relevant to luteal STAR mRNA expression are acti-
vators of PKA pathways and a variety of growth factors
and prostaglandins. LH, exogenous hCG, and FSH (in
culture) activate PKA signals increasing STAR mRNA
and protein expression in luteinizing granulosa cells
[90]. In addition, insulin and insulin-like growth factors
(IGF1 and 2) enhance gonadotropin effects on STAR
mRNA. In bovine, canine, and human, PGE2 promotes
luteal cell STAR mRNA and protein levels [90,92,93]. In
contrast, PGF2a decreases STAR mRNA and protein in
corpora lutea or cultured luteal cells of pigs, bovine,
and rodents [90,94]. PGF2a reduced STAR mRNA in cul-
tured human luteal slices, but does not reduce basal or
PGE2 stimulated STAR mRNA in human luteinized gran-
ulosa cells [93,95]. Activin A suppresses STAR mRNA
levels in human granulosa-luteal cells, an effect that is
reverse by the co-addition of GDF9 [96]. BMP2, 4, and
6, which increase in the human late corpus luteum,
repress STAR mRNA in human luteinized granulosa cells
[97]. TNFa inhibits hCG-prolactin stimulated Star mRNA
in rat corpora lutea [98].

Most ovarian studies of STAR transcription have been
performed in vitro with cultured granulosa cells under-
going luteinization [91]. In culture models, PKA pathway
agonists are potent activators of STAR gene transcrip-
tional activity, and most agents that modify STAR mRNA
levels have similar effects on STAR promoter transactiva-
tion. Within the ovary, nuclear regulators of the STAR
gene are members of the NRSA, NR4A, GATA, CEBP,
CREB, and AP-1 transcription factor families.
A handful of these factors have been linked with luteal
regulation of the gene.

The majority of cis-elements reside within the first —150
bp region upstream of the transcriptional start site of the
STAR gene [99]. NR5A1 and NR5A2, also known as
SF-1 and LRH-1, respectively, can recognize similar
sequences and interact with the proximal and more distal
upstream regions of the STAR 5'-flanking DNA region to
promote transactivation of the gene. Evidence indicates
that the coactivator f-catenin interacts with the STAR
proximal promoter in bovine luteal cells, possibly by coop-
erating with NR5A2 [87]. Transcription factor NR4A1,
also known as Nur77 and which can also actat NR5A sites,
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promotes transcription of the Star gene in the theca of
mouse cultured follicles and granulosa KK-1 tumor cells
[100,101]. The relative contributions of the NR5A binding
factors have not been discerned. Similarly, GATA4 and
GATAG6 canbothbind to GATA sites in the proximal STAR
promoter to enhance transcription. There is debate about
the individual contributions of GATA4 and GATA®6 to
transactivation of the gene in luteinized cells, but
in vitro RNAi-mediated knockdown in pig granulosa
and in vivo granulosa-specific knockdown in mice indi-
cate both GATA4 and GATAG6 are needed for maximal
induction of the gene [102,103]. The proximal promoter
is also rich in sites for CEBP, and CEBPp is a potent activa-
tor. The same region that is rich in CEBP sites also has the
capacity to bind CREB and AP-1 family member FOSL2
(Fra-2). In rodents, luteinization is associated with dis-
placement of CREB from this promoter region and new
occupancy by CEBPp and Fra-2 [90].

A few other transcriptional regulators have been
described but their relevance to the luteal expression of
STAR is less clear. For example, forced overexpression
of FOXO1, KLF4, KLF9, and KLF13 each can repress
STAR transactivation in cultured granulosa cells, and
might be relevant to preventing premature expression
of the gene prior to luteinization.

Cytochrome P450 Side-Chain Cleavage
Complex—FDX1, FDXR, and CYP11A1

Residing on the inner mitochondrial membrane, the
cytochrome P450 side-chain cleavage (P450scc) complex
is composed of three proteins FDX1, FDXR, and
CYP11A1 [104]. Working at the inner mitochondrial
membrane, CYP11A1 converts cholesterol into the first
steroid hormone pregnenolone. FDX1 and FDXR partici-
pate in electron transfer to CYP11A1, which is needed to
carry out the conversion.

FDX1

In bovine, FDX1 protein levels increased with corpus
luteum formation, peaked in mature corpora lutea, and
declined with regression [105]. Bovine large luteal cells
exhibited greater amounts of FDX1 mRNA than small
luteal cells [106]. The FDX1 protein was strongly expressed
in sheep corpora lutea of the cycle [107]. In pigs, the tran-
sition between the preovulatory follicles and corpora lutea
was accompanied by an increase in the FDX1 protein [108].

Activators of PKA appear to increase FDX1 mRNA
levels during luteinization. In mice, an ovulatory gonad-
otropin stimulus increased Fdx1 mRNA in the granulosa
cell layer [109]. Cultured luteinizing porcine and bovine
granulosa cells treated with a cAMP analog increased
FDX1 mRNA levels (LaVoie and Hernandez Gifford,
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unpublished). FSH and the cAMP analog induced
FDX1 protein synthesis in cultured bovine granulosa
cells [110].

The FDX1 gene promoter has been minimally charac-
terized in ovarian cells. Human FDX1 promoter con-
structs increase activity with cAMP analog in the
human granulosa-like tumor KGN cell line, and the
response involves two NR5A sites and a cAMP-response
element-like site [111]. In heterologous cell models, both
Sp1l and Sp3 control basal human FDX1 gene promoter
activation, whereas Spl is needed for cAMP-
responsiveness [112]. No studies of the promoter have
been performed in a luteal-like cell model.

FDXR

There are only a few studies that describe FDXR
mRNA and protein expression in the ovary or corpus
luteum. Bovine FDXR mRNA and protein expression
were shown to coordinate with luteal expression of
FDX1 and CYP11Al, although FDXR exhibits lower rel-
ative abundance than its partners [113,114]. In pigs, the
follicle to luteal transition was accompanied by an
increase in FDXR protein levels [108]. In the rat, cultured
large luteal cells exhibited greater immunoreactivity for
FDXR than small luteal cells [115].

FDXR mRNA in human luteinized granulosa cells
showed minimal or no increase with gonadotropin or
cAMP analog treatment [116]. Studies in a human gran-
ulosa cell tumor line showed no regulation of FDXR
mRNA and protein by the cAMP analog [117].

The human FDXR gene promoter is basally regulated
by SF-1 through an intronic NR5A enhancer element in
human granulosa tumor cells [117]. Regulation of this
gene in the corpus luteum warrants further study.

CYP11A1

CYP11A1 mRNA and protein, which are expressed in
theca and granulosa cells in the periovulatory follicle,
increase further with the LH surge and formation of the
corpus luteum [91]. A variation on this trend occurs in
the bovine periovulatory follicle, which exhibits a tran-
sient decrease in CYP11A1 mRNA near ovulation, prior
to its secondary increase with luteal formation [118].
Luteal cell CYP11A1 mRNA is maintained at high levels
until functional regression, and in some species is highest
in the early luteal phase [119,120]. CYP11A1 protein may
persist longer than its mRNA [121], and CYP11A1 protein
declines dramatically with structural regression of cor-
pora lutea [91].

Like STAR, PKA signals by the LH surge (or exoge-
nous hCG) are the initial stimuli that increase CYP11A1
during the follicle to luteal transition [91]. In rodents,
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with pregnancy prolactin promotes Cypllal mRNA
expression. Deletion of the PRL receptor in mice leads
to reductions in progesterone production that occurs in
concert with reduced LH receptor and Cypllal
mRNA [122].

In addition to LH and prolactin, other hormones and
growth factors have been shown to positively regulate
CYP11A1 mRNA and/or protein in follicular cells by
themselves or in the presence of gonadotropins and
include IGFs and insulin, EGF, progesterone, and PGE2
[90]. Most of the effects have only been demonstrated
in cultured luteinizing granulosa cells; so it is unknown
whether they exert similar effects in vivo. Several factors
modify gonadotropin effects. Repressors of CYP11Al
also tend to be inhibitors of luteinization in general and
include TGFp, TNFa, activin A, endothelin-1, and some
BMPs [90,123,124]. In bovine corpora lutea, PGF2a-
mediated luteolysis decreased CYP11AI mRNA [125].

Mice null for specific ovarian signaling protein genes
have been shown to have impaired CYP11A1 expression.
Frizzled4 null mice have defective corpora lutea, which
lose expression of CYP11A1l [126]. Granulosa cell tar-
geted reduction of GATA4 and GATAG6 the mouse perio-
vulatory period have reduced progesterone and all
steroidogenic genes including CyplIal [103]. Both the
frizzled and GATA null models also exhibit
co-reductions in LH and prolactin receptors that could
explain Cyp11al expression; however, a functional GATA
site has been demonstrated in the rodent Cypl1Al
promoter [127].

The proximal —100bp of the CYP11A1 gene is well-
conserved among mammalian species [99]. Bovine and
rodent CYP11A1 promoters have functional NR5A sites
[91]. The bovine [128] and porcine promoters [129] also
exhibit functional Sp1/Sp3 sites that participate in basal
and cAMP-responsiveness. In the pig, IGF1 responsive-
ness and its inhibition by SFPQ (also known as PSF) local-
izes to the Sp1 region [129]. In rodents, upon luteinization
a CRE half-site in the Cyp11al promoter exchanges CREB
binding with FOSL2 to promote activity [127]. The por-
cine CYP11A1 promoter also exhibits calcium depen-
dence [130] and basal activity can be driven by
CamKIV [131].

Forkhead and KLF transcription factors may influence
luteal expression by acting as repressors. FOXO1 pre-
vents luteinization and CYPI1Al gene expression in
granulosa cells [132]. Similarly, overexpressed KLF4, 9,
and 13 in luteinizing porcine granulosa cells reduced
transactivation of a CYP11A1 promoter fragment with
KLF13 also decreasing CYP11IA1 mRNA levels [133].
Inhibin A, which represses FSH induction of CYP11A1
in cultured granulosa, also increases levels of DAX-1 that
can inhibit SF-1 (NR5A1) mediated transcription in other
steroidogenic cells [134].
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HSD3B1/2

The enzyme 3p-hydroxysteroid dehydrogenase/
delta5 delta4-isomerase converts pregnenolone to pro-
gesterone and can act on other steroid hormone interme-
diates leading to the production of androgens in ovarian
cells. Although multiple HSD3B genes have been identi-
fied in different species [135], ovarian steroidogenesis uti-
lizes HSD3B2 in humans and HSD3B1 in other mammals
(Hsd3b1 in rodents). In addition, there are some reports
where it is unclear which isoform was studied; so, here-
after ovarian isoforms will be referred to as HSD3B. In
mammals, HSD3B mRNA is expressed in theca cells of
maturing follicles prior to ovulation and is robustly
expressed in their luteal derivatives after ovulation.
HSD3B mRNA and protein appear in the granulosa cells
of growing follicles prior to ovulation and are maintained
at high levels in granulosa-derived luteal cells. Luteal
regression is accompanied by a decline in HSD3B [91].

LH or exogenously administered hCG increases
HSD3B mRNA transcripts in granulosa cells during the
periovulatory period [90]. In cultured granulosa, FSH
and insulin or IGF1 also increase mRNA levels. In human
luteal cells, PGE2 supports luteal HSD3B mRINA expres-
sion [93]. Prolactin and TGFp have mixed effects on
HSD3B mRNA levels depending on the cell context
[91]. Several BMPs, PGF2a, and Activin A inhibit HSD3B
mRNA expression [90].

Only a few ovarian studies of the HSD3B gene pro-
moter activity relevant to luteinized granulosa and luteal
cells have been reported. The human HSD3B gene 5'-
flanking region possesses NR5A [99], and exogenous
SF-1 enhanced HSD3B transactivation in granulosa-
derived tumor cells [136]. Likewise, LRH-1 can bind
two NRbBA sites in luteinized granulosa cell extracts that
contribute to human HSD3B promoter activity [137].
However, the loss of LRH-1 from granulosa in mice does
not affect Hsd3b1 mRNA levels following an ovulatory
hCG stimulus [138], suggesting that SF-1 can substitute
for LRH-1 in these mice, or that the NR5A activity is
not essential for its luteal expression.

A role for GATA family proteins in HSD3B gene luteal
expression is supported by several pieces of evidence.
Targeted dual reduction of GATA4 and GATA6 in
PMSG/hCG-stimulated mice in the periovulatory period
leads to reduced expression in Hsd3b1 mRNA compared
to wild-type mice [103]. In luteinizing pig granulosa cells,
reduction of GATA4 suppressed basal HSD3B mRNA
expression [102]. The human HSD3B 5'-flanking region
has a GATA site at —196bp that contributes to transacti-
vation of the gene in nonovarian cells [139].

NR4A1 and CEBPf have also been shown to promote
transactivation of HSD3B promoter constructs in ovarian
cell lines [91,140].
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LDLR and SCARB1

The LDLR and SCARBI are membrane receptors that
allow lipoprotein-borne cholesterol to enter the cell. Cho-
lesterol carried by lipoproteins provides the major exog-
enous source for de novo steroidogenesis. LDLR brings in
LDL-borne cholesterol via receptor-mediated endocyto-
sis. SCARB1, on the other hand, bi-directionally transfers
cholesterol ester between plasma lipoproteins and the
cytoplasm. HDL is the primary lipoprotein for
SCARB1-mediated cholesterol transfer, but cholesterol
from modified LDL can be taken in by this receptor
[141]. The preference for LDL versus HDL sources of cho-
lesterol for steroidogenesis appears to be species
dependent [142].

Studies in pig, bovine, macaque, and rodents indicate
that LDLR and SCARBI mRNA and/or protein levels
increase in the periovulatory follicle or in new corpora
lutea in response to ovulatory stimuli, and in most cases
remain highly expressed in functional corpora lutea
[119,143-147]. SCARBI and LDLR receptor mRNA levels
drop in the regressive corpus luteum suggesting choles-
terol uptake is diminished with luteal regression
[143,148]. One study in pig showed LDLR protein levels
declined in functional corpora lutea while SCARBL levels
increased [149]. Luteal progesterone levels in superovu-
lated Scarbl null mice were reduced, further emphasizing
SCARB1 importance to luteal steroidogenesis in the
rat [146].

A variety of stimuli including PKA activators increase
LDLR and SCARB1 mRNA and/or their proteins in cul-
tured granulosa cells, and most of these factors are rele-
vant to their expression in corpora lutea. New LDLR
protein synthesis is increased by hCG treatment of
human luteinized granulosa cells [150]. FSH priming fol-
lowed by LH in the macaque granulosa increases both
LDLR and SCARBI mRNA [147]. FSH, LH, insulin, and
IGF1 increase LDLR mRNA in pig granulosa [151,152].
FSH combined with TGFp increased Ldir and Scarbl
mRNAs and proteins in rat granulosa cells in a time-
dependent and sterol-dependent manner [153]. Interest-
ingly in this rat model, SCARBI levels were less sensitive
to repression by sterol excess than LDLR indicating the
two genes may have some differential regulation. PGF2«
treatment of porcine corpora lutea with luteolytic capac-
ity exhibit reduced LDLR mRNA [94].

Both LDLR and SCARBI can be transcriptionally
regulated by intracellular sterol content through the
actions of the sterol-sensing transcription factors of the
SREBP family, including SREBP-1a and SREBP2 [154].
Stimuli that increase the utilization of cholesterol and
its cellular depletion, such as PKA, will increase the
active form of SREBPs and enhance the transcription of
these genes.
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Human and rat SCARBI promoters both possess
NR5A binding sites although at different locations. The
human site is 77bp upstream of the transcription start
site, whereas it is located more distally in the rat (approx-
imately —645bp) [155]. Rat Scarb1 exhibited regulation by
SF-1 and SREBP1a [156]. In mice with FOXOA3 gain of
function, Scarbl mRNA is suppressed due to reductions
in Srebpl and Srebp2 expression [132].

The proximal LDLR promoter regions of many mam-
malian species harbor Sp1/Sp3 sites and SREBP binding
sites [157]. In luteinizing porcine granulosa cells, the
DNA region harboring both the Sp1/Sp3 and SREBP sites
of the pig LDLR gene is needed for LH, forskolin, or
cAMP analog activation of LDLR promoter constructs
alone or in the presence of insulin or IGF1 [158]. Nuclear
extracts of luteinized porcine granulosa exhibit SREBP-1
binding to the SREBP site [157]. In human and porcine
granulosa cells, the SREBP sites mediate transactivation
in low sterol conditions [157,159].

HMGCR

The rate-limiting enzyme in de novo cholesterol syn-
thesis, 3-hydroxy-3-methylglutaryl-CoA reductase, is
encoded by the HMGCR gene. Typically, levels of
HMGCR mRNA and its protein are induced in cells under
low cholesterol conditions. There are species differences
in the luteal expression of HMGCR mRNAs and protein.
In the pig, HMGCR mRNA levels were not found to differ
significantly across follicular and luteal structures [143].
However, in the bovine the HMGCR protein was signif-
icantly higher in luteal structures than in follicles [160]
and Fig. 2. In the rat, HMGCR enzyme activity peaks
in the corpora lutea during mid-pregnancy and inversely
correlates with luteal cholesterol ester content [161].

The importance of HMGCR to luteal cholesterol sup-
ply for steroidogenesis has been debated. In vitro in
serum-free cultures of luteinizing porcine granulosa cells,
gonadotropins, PKA agonist (8Bromo-cAMP), insulin,
and IGF1 individually upregulate HMGCR mRNA and
progesterone [162]. Addition of human LDL to culture
media blocked all increases in HMGCR mRNA, while
driving progesterone production higher. Similar studies
in the rat showed that LDL or HDL supplementation
reduced cAMP-stimulated increases in Hmgcr mRNA
[163]. Furthermore, the addition of aminoglutethimide,
to block cholesterol utilization in the steroidogenic path-
way in human luteinized granulosa cells, attenuated
increases in HMGCR mRNA in response to stimuli. These
studies collectively indicate that the induction of
HMGCR mRNA was due to cellular depletion of the cho-
lesterol substrate by treatments that promote progester-
one production, and which did not occur when
lipoprotein-borne cholesterol was abundant. HMGCR is
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therefore expressed when the intracellular stores and
uptake from extracellular sources are insufficient to meet
the demands for steroidogenesis.

Specific animal models with altered cholesterol
homeostasis do support a role for HMGCR in luteal pro-
gesterone production. For example, experiments compar-
ing hyperlipidemic and normolipidemic rabbit strains
found that treatment with the HMGCoA-reductase
inhibitor, simvastatin, reduced luteal progesterone pro-
duction exclusively in the hyperlipidemic strain [164].
Scarbl null mice, which have defects in lipoprotein
uptake, appear to compensate partially by increasing
HMGCR expression [146].

The HMGCR gene promoter has not been studied in
the context of ovarian steroidogenic cells. In mice with
FOXOAS3 gain of function reductions in Srebp1 and Srebp2
expression result in reduced Hmgcr mRNA indicating
gene regulation by sterols [132]. Sterol regulation of
HMGCR gene expression has been demonstrated in other
tissues like liver [165].

LIPE and NCEH1

Cholesterol esters stored in lipid droplets can be
hydrolyzed into free cholesterol by two neutral choles-
terol ester hydrolases, hormone-sensitive lipase or lipase
E, hormone sensitive type (LIPE), and NCEH1. The free
cholesterol then becomes available for de novo
steroidogenesis.

There are only a few studies that have examined ovar-
ian LIPE and NCEHI mRNA and/or protein levels, and
thus their pattern of expression is not fully elucidated
in luteal structures. High levels of cholesterol ester hydro-
lase activity occur in corpora lutea; so, their correspond-
ing mRNA (Fig. 2) and proteins are thought to be strongly
expressed in luteal cells. Lipe mRNA and protein have
been examined during luteal regression in rat, where nat-
ural regression was accompanied by a decrease in LIPE
protein without a preceding change in its mRNA [166].
NCEH1 has been detected in bovine corpus luteum in
both small and large luteal cells [74].

In rats, hypophysectomy reduced luteal LIPE activity
indicating pituitary hormones such as LH and prolactin
are required for its expression [167]. Furthermore, rat
luteal expression of Lipe mRNA and protein was
decreased by PGF2a or loss of prolactin [166]. LIPE
mRNA was also rapidly decreased in the bovine corpus
luteum by PGF2a [24]. Luteal LIPE activity is maintained
in rats by prolactin restoration under hypophysectomy
conditions. LH is likely the main driver of LIPE activity
in corpora lutea not dependent on prolactin, as PKA path-
way agonist forskolin increased LIPE activity in small
ovine luteal cells [168]. In contrast, large ovine luteal cell
LIPE was not affected. Cultured luteinizing bovine
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granulosa cells from large follicles treated with a cAMP
analog increased LIPE mRNA (LaVoie and Hernandez
Gifford, unpublished).

No studies of transcriptional regulation of LIPE or
NCEH1 have been performed in primary ovarian cells.
In adrenal cells, SF-1 [169] and CEBPa [170] regulate LIPE
transcription. SF-1 stimulation of promoter activity
depends on PKA, whereas CEBPa stimulation does not.
Whether similar mechanisms are present in luteal cells,
which share many of the properties of adrenal steroido-
genic cells, needs to be explored.

CONCLUSION

In summary, LH acting through increased PKA signals
and high basal luteal PKA activity drive changes in gene
transcription that produce and lead to activation of the
proteins necessary for maintaining high levels of proges-
terone synthesis by the functional corpus luteum. The
major steps entail uptake of extracellular cholesterol, its
storage and release from lipid droplets, and mobilization
of cholesterol to the inner mitochondrial membrane for
the initial reactions in steroidogenesis. Cellular condi-
tions that activate AMPK can negatively impact multiple
points in the path to progesterone synthesis.

References

[1] Cha ], Sun X, Dey SK. Mechanisms of implantation: strategies for
successful pregnancy. Nat Med 2012;18(12):1754-67.

[2] Usadi RS, Groll JM, Lessey BA, Lininger RA, Zaino R], Fritz MA,
et al. Endometrial development and function in experimentally
induced luteal phase deficiency. ] Clin Endocrinol Metab 2008;93
(10):4058-64.

[3] Daya S. Luteal support: progestogens for pregnancy protection.
Maturitas 2009;65(Suppl 1):529-34.

[4] Shah D, Nagarajan N. Luteal insufficiency in first trimester. Ind
J Endocrinol Metabol 2013;17(1):44-9.

[5] Bech-Sabat G, Garcia-Ispierto I, Yaniz J, Lopez-Gatius F. Therapeu-
tic approaches to pregnancy loss of non-infectious cause during the
late embryonic/early foetal period in dairy cattle. A review.
Reprod Domest Anim 2010;45(6):e469-75.

[6] Rueda BR, Hendry IR, Hendry IW, Stormshak F, Slayden OD,
Davis JS. Decreased progesterone levels and progesterone receptor
antagonists promote apoptotic cell death in bovine luteal cells. Biol
Reprod 2000;62(2):269-76.

[7] Stouffer RL. Progesterone as a mediator of gonadotrophin action in
the corpus luteum: beyond steroidogenesis. Hum Reprod Update
2003;9(2):99-117.

[8] Robinson R, Woad, K.J. Luteal angiogenesis. In: Meidan R, editor.
The life cycle of the Corpus Luteum. Switzerland: Springer Interna-
tional Publishing; 12017. p. 1-21.

[9] Walusimbi SS, Pate JL. Physiology and endocrinology symposium:
role of immune cells in the corpus luteum. ] Anim Sci 2013;91
(4):1650-9.

[10] Shirasuna KM. A. Immune cells and their effects on the bovine Cor-
pus Luteum. In: Meidan R, editor. The life cycle of the Corpus
Luteum. Switzerland: Springer International Publishing; 2017.
p. 99-116.

III. THE CORPUS LUTEUM


http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0010
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0010
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0015
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0015
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0015
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0015
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0020
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0020
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0025
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0025
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0030
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0030
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0030
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0030
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0035
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0035
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0035
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0035
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0040
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0040
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0040
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0045
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0045
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0045
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0050
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0050
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0050
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0050

REFERENCES

[11] Talbott H, Hou X, Qiu F, Zhang P, Guda C, Yu F, et al. Early tran-
scriptome responses of the bovine midcycle corpus luteum to pros-
taglandin F2alpha includes cytokine signaling. Mol Cell Endocrinol
2017;452:93-109.

[12] Berisha B, Schams D. Ovarian function in ruminants. Domest Anim
Endocrinol 2005;29(2):305-17.

[13] Davis JS, Rueda BR. The corpus luteum: an ovarian structure
with maternal instincts and suicidal tendencies. Front Biosci
2002;7:d1949-78.

[14] Niswender GD. Molecular control of luteal secretion of progester-
one. Reproduction 2002;123(3):333-9.

[15] Stocco C, Telleria C, Gibori G. The molecular control of corpus
luteum formation, function, and regression. Endocr Rev 2007;28
(1):117-49.

[16] Hunzicker-Dunn M, Mayo K. Gonadotropin signaling in the ovary.
In: Tony Plant AZ, editor. Knobil and Neill’s physiology of repro-
duction, fourth edition academic press. 2015. p. 895-945.

[17] Marsh JM. The role of cyclic AMP in gonadal steroidogenesis. Biol
Reprod 1976;14(1):30-53.

[18] Christenson LK, Devoto L. Cholesterol transport and steroidogen-
esis by the corpus luteum. Reprod Biol Endocrinol 2003;1:90.

[19] Kraemer FB. Adrenal cholesterol utilization. Mol Cell Endocrinol
2007;265-266:42-5.

[20] Stocco DM, Clark BJ. Regulation of the acute production of steroids
in steroidogenic cells. Endocr Rev 1996;17(3):221-44.

[21] Miller WL, Auchus R]. The molecular biology, biochemistry, and
physiology of human steroidogenesis and its disorders. Endocr
Rev 2011;32(1):81-151.

[22] Hu ], Zhang Z, Shen W], Azhar S. Cellular cholesterol delivery,
intracellular processing and utilization for biosynthesis of steroid
hormones. Nutr Metab 2010;7:47.

[23] Khanthusaeng V, Thammasiri J, Bass CS, Navanukraw C,
Borowicz P, Redmer DA, et al. Lipid droplets in cultured luteal cells
in non-pregnant sheep fed different planes of nutrition. Acta His-
tochem 2016;118(6):553-9.

[24] Talbott H, Davis JS. Lipid droplets and metabolic pathways regu-
late Steroidogenesis in the Corpus Luteum. In: Meidan R, editor.
The life cycle of the Corpus Luteum. Switzerland: Springer Interna-
tional Publishing; 2017. p. 57-78.

[25] Kory N, Farese Jr RV, Walther TC. Targeting fat: mechanisms of
protein localization to lipid droplets. Trends Cell Biol 2016;26
(7):535-46.

[26] Welte MA, Gould AP. Lipid droplet functions beyond energy stor-
age. Biochim Biophys Acta 2017;1862(10 Pt B):1260-72.

[27] Bose HS, Sugawara T, Strauss III JF, Miller WL. The pathophysiol-
ogy and genetics of congenital lipoid adrenal hyperplasia. N Engl
] Med 1996,335(25):1870-8.

[28] Kaku U, Kameyama K, Izawa M, Yamada M, Miyamoto J,
Suzuki T, et al. Ovarian histological findings in an adult patient
with the steroidogenic acute regulatory protein (StAR) deficiency
reveal the impairment of steroidogenesis by lipoid deposition.
Endocr J 2008;55(6):1043-9.

[29] Hasegawa T, Zhao L, Caron KM, Majdic G, Suzuki T, Shizawa S,
et al. Developmental roles of the steroidogenic acute regulatory
protein (StAR) as revealed by StAR knockout mice. Mol Endocrinol
2000;14(9):1462-71.

[30] Zechner R, Zimmermann R, Eichmann TO, Kohlwein SD,
Haemmerle G, Lass A, et al. FAT SIGNALS—lipases and lipolysis
in lipid metabolism and signaling. Cell Metab 2012;15(3):279-91.

[31] Brasaemle DL, Wolins NE. Packaging of fat: an evolving model of
lipid droplet assembly and expansion. ] Biol Chem 2012;287
(4):2273-9.

[32] Kimmel AR, Sztalryd C. The perilipins: major cytosolic lipid
droplet-associated proteins and their roles in cellular lipid storage,
mobilization, and systemic homeostasis. Annu Rev Nutr
2016;36:471-509.

249

[33] Kimmel AR, Brasaemle DL, McAndrews-Hill M, Sztalryd C,
Londos C. Adoption of PERILIPIN as a unifying nomenclature
for the mammalian PAT-family of intracellular lipid storage drop-
let proteins. ] Lipid Res 2010;51(3):468-71.

[34] Sztalryd C, Brasaemle DL. The perilipin family of lipid droplet pro-
teins: gatekeepers of intracellular lipolysis. Biochim Biophys Acta
2017;1862(10 Pt B):1221-32.

[35] Londos C, Brasaemle DL, Gruia-Gray J, Servetnick DA, Schultz CJ,
Levin DM, et al. Perilipin: unique proteins associated with intracel-
lular neutral lipid droplets in adipocytes and steroidogenic cells.
Biochem Soc Trans 1995;23(3):611-5.

[36] Servetnick DA, Brasaemle DL, Gruia-Gray J, Kimmel AR, Wolff J,
Londos C. Perilipins are associated with cholesteryl ester droplets
in steroidogenic adrenal cortical and Leydig cells. ] Biol Chem
1995,270(28):16970-3.

[37] Brasaemle DL. Thematic review series: adipocyte biology. The
perilipin family of structural lipid droplet proteins: stabilization
of lipid droplets and control of lipolysis. ] Lipid Res 2007;48
(12):2547-59.

[38] Seachord CL, VandeVoort CA, Duffy DM. Adipose differentiation-
related protein: a gonadotropin- and prostaglandin-regulated
protein in primate periovulatory follicles. Biol Reprod 2005;72
(6):1305-14.

[39] McManaman JL, Bales ES, Orlicky DJ, Jackman M, MacLean PS,
Cain S, et al. Perilipin-2-null mice are protected against diet-
induced obesity, adipose inflammation, and fatty liver disease.
J Lipid Res 2013;54(5):1346-59.

[40] Sztalryd C, Bell M, Lu X, Mertz P, Hickenbottom S, Chang BH, et al.
Functional compensation for adipose differentiation-related pro-
tein (ADFP) by Tip47 in an ADFP null embryonic cell line. J Biol
Chem 2006;281(45):34341-8.

[41] Chen W, Chang B, Wu X, Li L, Sleeman M, Chan L. Inactivation of
Plin4 downregulates Plin5 and reduces cardiac lipid accumulation
in mice. Am ] Physiol Endocrinol Metab 2013;304(7):E770-9.

[42] Hsieh K, Lee YK, Londos C, Raaka BM, Dalen KT, Kimmel AR.
Perilipin family members preferentially sequester to either
triacylglycerol-specific or cholesteryl-ester-specific intracellular
lipid storage droplets. J Cell Sci 2012;125(Pt 17):4067-76.

[43] Khor VK, Ahrends R, Lin Y, Shen W], Adams CM, Roseman AN,
et al. The proteome of cholesteryl-ester-enriched versus
triacylglycerol-enriched lipid droplets. PLoS One 2014;9(8):
€105047.

[44] Shen W], Azhar S, Kraemer FB. Lipid droplets and steroidogenic
cells. Exp Cell Res 2016,340(2):209-14.

[45] Holm C. Molecular mechanisms regulating hormone-sensitive
lipase and lipolysis. Biochem Soc Trans 2003;31(Pt 6):1120-4.

[46] Lampidonis AD, Rogdakis E, Voutsinas GE, Stravopodis DJ. The
resurgence of hormone-sensitive lipase (HSL) in mammalian lipol-
ysis. Gene 2011;477(1-2):1-11.

[47] Krintel C, Morgelin M, Logan DT, Holm C. Phosphorylation of
hormone-sensitive lipase by protein kinase A in vitro promotes an
increase inits hydrophobic surface area. FEBS ] 2009;276(17):4752-62.

[48] Watt M]J, Holmes AG, Pinnamaneni SK, Garnham AP,
Steinberg GR, Kemp BE, et al. Regulation of HSL serine phosphor-
ylation in skeletal muscle and adipose tissue. Am ] Physiol Endo-
crinol Metab 2006;290(3):E500-8.

[49] Lobo MV, Huerta L, Arenas MI, Busto R, Lasuncion MA, Martin-
Hidalgo A. Hormone-sensitive lipase expression and IHC localiza-
tion in the rat ovary, oviduct, and uterus. ] Histochem Cytochem
2009;57(1):51-60.

[50] Kraemer FB, Shen W], Harada K, Patel S, Osuga ], Ishibashi S, et al.
Hormone-sensitive lipase is required for high-density lipoprotein
cholesteryl ester-supported adrenal steroidogenesis. Mol Endocri-
nol 2004;18(3):549-57.

[51] Kraemer FB, Shen W], Natu V, Patel S, Osuga ], Ishibashi S, et al.
Adrenal neutral cholesteryl ester hydrolase: identification,

III. THE CORPUS LUTEUM


http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0055
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0055
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0055
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0055
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0060
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0060
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0065
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0065
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0065
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0070
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0070
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0075
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0075
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0075
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0080
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0080
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0080
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0085
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0085
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0090
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0090
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0095
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0095
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0100
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0100
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0105
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0105
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0105
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0110
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0110
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0110
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0115
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0115
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0115
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0115
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0120
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0120
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0120
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0120
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0125
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0125
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0125
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0130
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0130
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0135
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0135
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0135
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0140
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0140
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0140
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0140
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0140
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0145
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0145
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0145
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0145
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0150
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0150
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0150
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0155
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0155
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0155
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0160
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0160
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0160
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0160
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0165
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0165
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0165
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0165
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0170
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0170
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0170
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0175
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0175
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0175
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0175
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0180
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0180
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0180
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0180
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0185
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0185
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0185
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0185
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0190
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0190
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0190
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0190
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0195
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0195
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0195
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0195
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0200
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0200
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0200
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0200
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0205
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0205
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0205
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0210
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0210
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0210
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0210
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0215
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0215
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0215
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0215
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0220
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0220
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0225
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0225
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0230
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0230
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0230
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0235
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0235
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0235
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0240
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0240
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0240
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0240
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0245
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0245
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0245
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0245
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0250
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0250
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0250
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0250
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0255
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0255

250

subcellular distribution, and sex differences. Endocrinology
2002;143(3):801-6.

[52] Shen W], Patel S, Natu V, Hong R, Wang ], Azhar S, et al. Interac-
tion of hormone-sensitive lipase with steroidogenic acute regula-
tory protein: facilitation of cholesterol transfer in adrenal. ] Biol
Chem 2003;278(44):43870-6.

[53] Kraemer FB, Khor VK, Shen W], Azhar S. Cholesterol ester droplets
and steroidogenesis. Mol Cell Endocrinol 2013;371(1-2):15-9.

[54] El Zowalaty AE, Li R, Zheng Y, Lydon JP, DeMayo FJ, Ye X. Dele-
tion of RhoA in progesterone receptor-expressing cells leads to
luteal insufficiency and infertility in female mice. Endocrinology
2017;158(7):2168-78.

[55] Manna PR, Cohen-Tannoudji ], Counis R, Garner CW,
Huhtaniemi I, Kraemer FB, et al. Mechanisms of action of
hormone-sensitive lipase in mouse Leydig cells: its role in the reg-
ulation of the steroidogenic acute regulatory protein. ] Biol Chem
2013;288(12):8505-18.

[56] Arrese EL, Saudale FZ, Soulages JL. Lipid droplets as signaling
platforms linking metabolic and cellular functions. Lipid Insights
2014;7:7-16.

[57] Murphy S, Martin S, Parton RG. Lipid droplet-organelle interac-
tions; sharing the fats. Biochim Biophys Acta 2009;1791(6):441-7.

[58] Greenberg AS, Coleman RA, Kraemer FB, McManaman JL,
Obin MS, Puri V, et al. The role of lipid droplets in metabolic dis-
ease in rodents and humans. ] Clin Invest 2011;121(6):2102-10.

[59] Xu L, Zhou L, Li P. CIDE proteins and lipid metabolism. Arterios-
cler Thromb Vasc Biol 2012;32(5):1094-8.

[60] Yang X, Dunning KR, Wu LL, Hickey TE, Norman R], Russell DL,
etal. Identification of perilipin-2 as a lipid droplet protein regulated
in oocytes during maturation. Reprod Fertil Dev 2010;22
(8):1262-71.

[61] Wu CC, Howell KE, Neville MC, Yates Il JR, McManaman JL. Pro-
teomics reveal a link between the endoplasmic reticulum and lipid
secretory mechanisms in mammary epithelial cells. Electrophoresis
2000;21(16):3470-82.

[62] Cho SY, Shin ES, Park PJ, Shin DW, Chang HK, Kim D, et al. Iden-
tification of mouse Prp19p as a lipid droplet-associated protein and
its possible involvement in the biogenesis of lipid droplets. J Biol
Chem 2007;282(4):2456-65.

[63] Turro S, Ingelmo-Torres M, Estanyol JM, Tebar F, Fernandez MA,
Albor CV, et al. Identification and characterization of associated
with lipid droplet protein 1: a novel membrane-associated
protein that resides on hepatic lipid droplets. Traffic 2006;7
(9):1254-69.

[64] Zhang H, Wang Y, Li ], Yu ], Pu]J, Li L, et al. Proteome of skeletal
muscle lipid droplet reveals association with mitochondria and
apolipoprotein a-1. ] Proteome Res 2011;10(10):4757-68.

[65] Sato S, Fukasawa M, Yamakawa Y, Natsume T, Suzuki T, Shoji I,
et al. Proteomic profiling of lipid droplet proteins in hepatoma cell
lines expressing hepatitis C virus core protein. ] Biochem 2006;139
(5):921-30.

[66] Yamaguchi T, Fujikawa N, Nimura S, Tokuoka Y, Tsuda S,
Aiuchi T, et al. Characterization of lipid droplets in steroidogenic
MLTC-1 Leydig cells: Protein profiles and the morphological
change induced by hormone stimulation. Biochim Biophys Acta
2015;1851(10):1285-95.

[67] Wang W, WeiS, LiL, Su X, DuC, LiF, et al. Proteomic analysis of
murine testes lipid droplets. Sci Rep 2015;5:12070.

[68] Wiltbank MC, Salih SM, Atli MO, Luo W, Bormann CL, Ottobre JS,
et al. Comparison of endocrine and cellular mechanisms regulating
the corpus luteum of primates and ruminants. Anim Reprod 2012;9
(3):242-59.

[69] Bogan RL, Niswender GD. Constitutive steroidogenesis in ovine
large luteal cells may be mediated by tonically active protein kinase
A. Biol Reprod 2007;77(2):209-16.

15. MOLECULAR REGULATION OF PROGESTERONE PRODUCTION IN THE CORPUS LUTEUM

[70] O’'Neill HM, Holloway GP, Steinberg GR. AMPK regulation of
fatty acid metabolism and mitochondrial biogenesis: Implications
for obesity. Mol Cell Endocrinol 2013;366(2):135-51.

[71] Midzak AS, Chen H, Aon MA, Papadopoulos V, Zirkin BR. ATP
synthesis, mitochondrial function, and steroid biosynthesis in
rodent primary and tumor Leydig cells. Biol Reprod 2011;84
(5):976-85.

[72] Dunning K, Russell DL, R. R. Lipids and oocyte developmental
competence: the role of fatty acids and B-oxidation.
Reproduction 2014;148:R15-27.

[73] Paczkowski M, Schoolcraft WB, Krisher RL. Fatty acid metabolism
during maturation affects glucose uptake and is essential to oocyte
competence. Reproduction 2014;148(4):429-39.

[74] Romereim SM, Summers AF, Pohlmeier WE, Zhang P, Hou X,
Talbott HA, et al. Gene expression profiling of bovine ovarian fol-
licular and luteal cells provides insight into cellular identities and
functions. Mol Cell Endocrinol 2017;439:379-94.

[75] Hardie DG. AMPK: positive and negative regulation, and its role in
whole-body energy homeostasis. Curr Opin Cell Biol 2015;33:1-7.

[76] Daval M, Diot-Dupuy F, Bazin R, Hainault I, Viollet B, Vaulont S,
et al. Anti-lipolytic action of AMP-activated protein kinase in
rodent adipocytes. ] Biol Chem 2005;280(26):25250-7.

[77] Bertoldo MJ, Faure M, Dupont J, Froment P. AMPK: a master
energy regulator for gonadal function. Front Neurosci 2015;9:235.

[78] Bowdridge EC, Goravanahally MP, Inskeep EK, Flores JA. Activa-
tion of adenosine monophosphate-activated protein kinase is an
additional mechanism that participates in mediating inhibitory
actions of prostaglandin F2Alpha in mature, but not developing,
Bovine Corpora Lutea. Biol Reprod 2015;93(1):7.

[79] Dupont J, Chabrolle C, Rame C, Tosca L, Coyral-Castel S. Role of
the peroxisome proliferator-activated receptors, adenosine
monophosphate-activated kinase, and adiponectin in the ovary.
PPAR Res 2008;2008:176275.

[80] Tosca L, Chabrolle C, Uzbekova S, Dupont J. Effects of metformin
on bovine granulosa cells steroidogenesis: possible involvement of
adenosine 5 monophosphate-activated protein kinase (AMPK).
Biol Reprod 2007;76(3):368-78.

[81] Tosca L, Chabrolle C, Crochet S, Tesseraud S, Dupont J. IGF-1
receptor signaling pathways and effects of AMPK activation on
IGF-1-induced progesterone secretion in hen granulosa cells.
Domest Anim Endocrinol 2008;34(2):204-16.

[82] Tosca L, Froment P, Solnais P, Ferre P, Foufelle F, Dupont ]J.
Adenosine 5'-monophosphate-activated protein kinase regulates
progesterone secretion in rat granulosa cells. Endocrinology
2005;146(10):4500-13.

[83] Wright MF, Bowdridge E, McDermott EL, Richardson S,
Scheidler J, Syed Q, et al. Mechanisms of intracellular calcium
homeostasis in developing and mature bovine corpora lutea. Biol
Reprod 2014;90(3):55.

[84] Goravanahally MP, Salem M, Yao J, Inskeep EK, Flores JA. Differ-
ential gene expression in the bovine corpus luteum during transi-
tion from early phase to midphase and its potential role in
acquisition of luteolytic sensitivity to prostaglandin F2 alpha. Biol
Reprod 2009;80(5):980-8.

[85] Hou X, Arvisais EW, Davis JS. Luteinizing hormone stimulates
mammalian target of rapamycin signaling in bovine luteal cells
via pathways independent of AKT and mitogen-activated protein
kinase: modulation of glycogen synthase kinase 3 and AMP-
activated protein kinase. Endocrinology 2010;151(6):2846-57.

[86] Davis JS, Weakland LL, Farese RV, West LA. Luteinizing hormone
increases inositol trisphosphate and cytosolic free Ca2 + in isolated
bovine luteal cells. ] Biol Chem 1987;262(18):8515-21.

[87] Roy L, McDonald CA, Jiang C, Maroni D, Zeleznik AJ, Wyatt TA,
et al. Convergence of 3',5'-cyclic adenosine 5'-monophosphate/
protein kinase a and glycogen synthase kinase-3beta /beta-catenin

III. THE CORPUS LUTEUM


http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0255
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0255
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0260
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0260
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0260
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0260
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0265
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0265
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0270
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0270
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0270
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0270
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0275
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0275
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0275
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0275
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0275
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0280
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0280
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0280
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0285
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0285
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0290
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0290
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0290
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0295
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0295
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0300
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0300
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0300
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0300
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0305
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0305
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0305
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0305
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0310
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0310
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0310
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0310
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0315
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0315
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0315
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0315
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0315
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0320
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0320
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0320
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0325
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0325
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0325
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0325
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0330
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0330
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0330
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0330
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0330
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0335
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0335
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0340
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0340
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0340
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0340
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0345
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0345
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0345
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0350
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0350
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0350
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0355
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0355
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0355
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0355
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0360
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0360
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0360
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0365
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0365
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0365
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0370
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0370
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0370
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0370
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0375
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0375
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0380
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0380
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0380
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0385
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0385
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0390
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0390
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0390
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0390
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0390
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0395
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0395
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0395
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0395
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0400
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0400
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0400
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0400
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0400
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0405
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0405
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0405
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0405
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0410
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0410
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0410
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0410
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0410
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0415
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0415
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0415
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0415
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0420
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0420
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0420
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0420
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0420
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0425
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0425
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0425
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0425
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0425
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0430
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0430
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0430
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0430
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0435
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0435
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0435
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0435
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0435
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0435

REFERENCES

signaling in corpus luteum progesterone synthesis. Endocrinology
2009;150(11):5036-45.

[88] Mao D, Hou X, Talbott H, Cushman R, Cupp A, Davis JS. ATF3
expression in the corpus luteum: possible role in luteal regres-
sion{dagger}. Mol Endocrinol 2013;27(12):2066-79.

[89] Arvisais EW, Romanelli A, Hou X, Davis JS. AKT-independent
phosphorylation of TSC2 and activation of mTOR and ribosomal
protein S6 kinase signaling by prostaglandin F2alpha. ] Biol Chem
2006;281(37):26904-13.

[90] King SR, LaVoie HA. Gonadal transactivation of STARDI,
CYP11A1 and HSD3B. Front Biosci 2012;17:824-46.

[91] LaVoie HA. Luteal steroidogenesis. In: Meidan R, editor. The life
cycle of the Corpus Luteum. Switzerland: Springer International;
2017. p. 37-55.

[92] Kowalewski MP, Fox B, Gram A, Boos A, Reichler I. Prostaglandin
E2 functions as a luteotrophic factor in the dog. Reproduction
2013;145(3):213-26.

[93] Nio-Kobayashi J, Kudo M, Sakuragi N, Iwanaga T, Duncan WC.
Loss of luteotropic prostaglandin E plays an important role in
the regulation of luteolysis in women. Mol Hum Reprod 2017;23
(5):271-81.

[94] Diaz FJ, Wiltbank MC. Acquisition of luteolytic capacity involves
differential regulation by prostaglandin F2alpha of genes involved
in progesterone biosynthesis in the porcine corpus luteum. Domest
Anim Endocrinol 2005;28(2):172-89.

[95] Chung PH, Sandhoff TW, McLean MP. Hormone and prostaglan-
din F2 alpha regulation of messenger ribonucleic acid encoding ste-
roidogenic acute regulatory protein in human corpora lutea.
Endocrine 1998;8(2):153-60.

[96] Shi FT, Cheung AP, Klausen C, Huang HF, Leung PC. Growth dif-
ferentiation factor 9 reverses activin A suppression of steroidogenic
acute regulatory protein expression and progesterone production
in human granulosa-lutein cells. ] Clin Endocrinol Metab 2010;95
(10):E172-80.

[97] Nio-Kobayashi ], Trendell ], Giakoumelou S, Boswell L, Nicol L,
Kudo M, et al. Bone morphogenetic proteins are mediators of luteo-
lysis in the human corpus luteum. Endocrinology 2015;156
(4):1494-503.

[98] Chen Y], Feng Q, Liu YX. Expression of the steroidogenic acute reg-
ulatory protein and luteinizing hormone receptor and their regula-
tion by tumor necrosis factor alpha in rat corpora lutea. Biol Reprod
1999;60(2):419-27.

[99] Lavoie HA, King SR. Transcriptional regulation of steroidogenic
genes: STARD1, CYP11A1 and HSD3B. Exp Biol Med
(Maywood) 2009;234(8):880-907.

[100] Manna PR, Huhtaniemi IT, Stocco DM. Mechanisms of protein
kinase C signaling in the modulation of 3',5'-cyclic adenosine
monophosphate-mediated steroidogenesis in mouse gonadal
cells. Endocrinology 2009;150(7):3308-17.

[101] Li M, Xue K, Ling J, Diao FY, Cui YG, Liu JY. The orphan nuclear
receptor NR4A1 regulates transcription of key steroidogenic
enzymes in ovarian theca cells. Mol Cell Endocrinol 2010;319
(1-2):39-46.

[102] Hui YY, LaVoie HA. GATA4 reduction enhances cyclic AMP-
stimulated steroidogenic acute regulatory protein mRNA and
progesterone production in luteinized porcine granulosa cells.
Endocrinology 2008;149(11):5557-67.

[103] Convissar SM, Bennett J, Baumgarten SC, Lydon JP, DeMayo FJ,
Stocco C. GATA4 and GATA6 knockdown during luteinization
inhibits progesterone production and gonadotropin responsiveness
in the corpus luteum of female mice. Biol Reprod 2015;93(6):133.

[104] King SR, LaVoie HA. Regulation of the early steps in gonadal
steroidogenesis. In: Chedrese PJ, editor. Reproductive endocri-
nology: a molecular approach. New York: Springer; 2009.
p- 163-80.

251

[105] Rodgers R]J, Waterman MR, Simpson ER. Cytochromes P-450scc,
P-450(17)alpha, adrenodoxin, and reduced nicotinamide adenine
dinucleotide phosphate-cytochrome P-450 reductase in bovine
follicles and corpora lutea. Changes in specific contents during
the ovarian cycle. Endocrinology 1986;118(4):1366-74.

[106] Aflalo L, Meidan R. The hormonal regulation of cholesterol side-
chain cleavage cytochrome P450, adrenodoxin, and their messen-
ger ribonucleic acid expression in bovine small-like and large-like
luteal cells: relationship with progesterone production.
Endocrinology 1993;132(1):410-6.

[107] Rodgers R], Waterman MR, Simpson ER, Magness RR. Immuno-
blot analysis of cholesterol side-chain cleavage cytochrome P-450
and adrenodoxin in corpora lutea of cyclic and late-pregnant
sheep. ] Reprod Fertil 1988;83(2):843-50.

[108] Tuckey RC, Kostadinovic Z, Stevenson PM. Ferredoxin and cyto-
chrome P-450scc concentrations in granulosa cells of porcine ova-
ries during follicular cell growth and luteinization. J Steroid
Biochem 1988;31(2):201-5.

[109] Espey LL, Richards JS. Temporal and spatial patterns of ovarian
gene transcription following an ovulatory dose of gonadotropin
in the rat. Biol Reprod 2002;67(6):1662-70.

[110] Funkenstein B, Waterman MR, Simpson ER. Induction of synthe-
sis of cholesterol side chain cleavage cytochrome P-450 and adre-
nodoxin by follicle-stimulating hormone, 8-bromo-cyclic AMP,
and low density lipoprotein in cultured bovine granulosa cells.
J Biol Chem 1984;259(13):8572-7.

[111] ImamichiY, Mizutani T, Ju Y, Matsumura T, Kawabe S, Kanno M,
et al. Transcriptional regulation of human ferredoxin 1 in ovarian
granulosa cells. Mol Cell Endocrinol 2013;370(1-2):1-10.

[112] Cheng PY, Kagawa N, Takahashi Y, Waterman MR. Three zinc
finger nuclear proteins, Sp1, Sp3, and a ZBP-89 homologue, bind
to the cyclic adenosine monophosphate-responsive sequence of
the bovine adrenodoxin gene and regulate transcription.
Biochemistry 2000;39(15):4347-57.

[113] Hanukoglu I, Gutfinger T, Haniu M, Shively JE. Isolation of a
cDNA for adrenodoxin reductase (ferredoxin-NADP + reductase).
Implications for mitochondrial cytochrome P-450 systems. Eur
] Biochem 1987;169(3):449-55.

[114] Hanukoglu I, Hanukoglu Z. Stoichiometry of mitochondrial cyto-
chromes P-450, adrenodoxin and adrenodoxin reductase in adre-
nal cortex and corpus luteum. Implications for membrane
organization and gene regulation. Eur ] Biochem 1986;157
(1):27-31.

[115] McLean MP, Nelson SE, Billheimer JT, Gibori G. Differential
capacity for cholesterol transport and processing in large and
small rat luteal cells. Endocrinology 1992;131(5):2203-12.

[116] Solish SB, Picado-Leonard J, Morel Y, Kuhn RW, Mohandas TK,
Hanukoglu I, et al. Human adrenodoxin reductase: two mRNAs
encoded by a single gene on chromosome 17cen—q25 are
expressed in steroidogenic tissues. Proc Natl Acad Sci U S A
1988;85(19):7104-8.

[117] Imamichi Y, Mizutani T, Ju Y, Matsumura T, Kawabe S, Kanno M,
et al. Transcriptional regulation of human ferredoxin reductase
through an intronic enhancer in steroidogenic cells. Biochim Bio-
phys Acta 2014;1839(1):33—42.

[118] Voss AK, Fortune JE. Levels of messenger ribonucleic acid for cho-
lesterol side-chain cleavage cytochrome P-450 and 3 beta-
hydroxysteroid dehydrogenase in bovine preovulatory follicles
decrease after the luteinizing hormone surge. Endocrinology
1993;132(2):888-94.

[119] Taketa Y, Yoshida M, Inoue K, Takahashi M, Sakamoto Y,
Watanabe G, et al. The newly formed corpora lutea of normal
cycling rats exhibit drastic changes in steroidogenic and luteolytic
gene expressions. Exp Toxicol Pathol 2012;64(7-8):775-82.

III. THE CORPUS LUTEUM


http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0435
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0435
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0440
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0440
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0440
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0445
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0445
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0445
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0445
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0450
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0450
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0455
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0455
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0455
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0460
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0460
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0460
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0465
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0465
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0465
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0465
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0470
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0470
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0470
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0470
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0475
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0475
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0475
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0475
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0480
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0480
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0480
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0480
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0480
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0485
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0485
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0485
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0485
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0490
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0490
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0490
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0490
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0495
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0495
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0495
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0500
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0500
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0500
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0500
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0500
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0500
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0505
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0505
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0505
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0505
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0510
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0510
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0510
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0510
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0515
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0515
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0515
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0515
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0520
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0520
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0520
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0520
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0525
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0525
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0525
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0525
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0525
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0530
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0530
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0530
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0530
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0530
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0535
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0535
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0535
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0535
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0540
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0540
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0540
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0540
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0545
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0545
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0545
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0550
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0550
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0550
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0550
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0550
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0555
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0555
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0555
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0560
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0560
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0560
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0560
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0560
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0565
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0565
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0565
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0565
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0565
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0570
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0570
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0570
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0570
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0570
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0575
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0575
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0575
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0580
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0580
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0580
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0580
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0580
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0585
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0585
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0585
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0585
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0590
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0590
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0590
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0590
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0590
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0595
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0595
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0595
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0595

252

[120] Bassett SG, Little-Thrig LL, Mason JI, Zeleznik AJ. Expression of
messenger ribonucleic acids that encode for 3 beta- hydroxyster-
oid dehydrogenase and cholesterol side-chain cleavage enzyme
throughout the luteal phase of the macaque menstrual cycle.
J Clin Endocrinol Metab 1991;72(2):362-6.

[121] Rodgers R], Vella CA, Young FM, Tian XC, Fortune JE. Concen-
trations of cytochrome P450 cholesterol side-chain cleavage
enzyme and 3 beta-hydroxysteroid dehydrogenase during prosta-
glandin F2 alpha-induced luteal regression in cattle. Reprod Fertil
Dev 1995;7(5):1213-6.

[122] Grosdemougel, Bachelot A, Lucas A, Baran N, Kelly PA, Binart N.
Effects of deletion of the prolactin receptor on ovarian gene
expression. Reprod Biol Endocrinol 2003;1:12.

[123] Tedeschi C, Hazum E, Kokia E, Ricciarelli E, Adashi EY,
Payne DW. Endothelin-1 as a luteinization inhibitor: inhibition
of rat granulosa cell progesterone accumulation via selective mod-
ulation of key steroidogenic steps affecting both proges-
terone formation and degradation. Endocrinology 1992;131
(5):2476-8.

[124] Bai L, Chu G, Wang W, Xiang A, Yang G. BAMBI promotes por-
cine granulosa cell steroidogenesis involving TGF-beta signaling.
Theriogenology 2017;100:24-31.

[125] Tian XC, Berndtson AK, Fortune JE. Changes in levels of messen-
ger ribonucleic acid for cytochrome P450 side-chain cleavage and
3 beta-hydroxysteroid dehydrogenase during prostaglandin F2
alpha-induced luteolysis in cattle. Biol Reprod 1994;50(2):349-56.

[126] Hsieh M, Boerboom D, Shimada M, Lo Y, Parlow AF,
Luhmann UF, et al. Mice null for Frizzled4 (Fzd4 —/—) are infer-
tile and exhibit impaired corpora Lutea formation and function.
Biol Reprod 2005.

[127] Sher N, Yivgi-Ohana N, Orly J. Transcriptional regulation of the
cholesterol side chain cleavage cytochrome P450 gene
(CYP11A1l) revisited: binding of GATA, cyclic adenosine 3',5'-
monophosphate response element-binding protein and activating
protein (AP)-1 proteins to a distal novel cluster of cis-regulatory
elements potentiates AP-2 and steroidogenic factor-1-dependent
gene expression in the rodent placenta and ovary. Mol Endocrinol
2007;21(4):948-62.

[128] Liu Z, Simpson ER. Steroidogenic factor 1 (SF-1) and SP1 are
required for regulation of bovine CYP11A gene expression in
bovine luteal cells and adrenal Y1 cells. Mol Endocrinol 1997;11
(2):127-37.

[129] Urban RJ, Shupnik MA, Bodenburg YH. Insulin-like growth
factor-I increases expression of the porcine P-450 cholesterol side
chain cleavage gene through a GC-rich domain. J Biol Chem
1994;269(41):25761-9.

[130] Jayes FC, Day RN, Garmey JC, Urban R], Zhang G, Veldhuis JD.
Calcium ions positively modulate follicle-stimulating hormone-
and exogenous cyclic 3',5-adenosine monophosphate-driven
transcription of the P450(scc) gene in porcine granulosa cells.
Endocrinology 2000;141(7):2377-84.

[131] Seals RC, Urban RJ, Sekar N, Veldhuis JD. Up-regulation of basal
transcriptional activity of the cytochrome P450 cholesterol side-
chain cleavage (CYP11A) gene by isoform-specific calcium-
calmodulin-dependent protein kinase in primary cultures of ovar-
ian granulosa cells. Endocrinology 2004;145(12):5616-22.

[132] Liu Z, Rudd MD, Hernandez-Gonzalez 1, Gonzalez-Robayna I,
Fan HY, Zeleznik AJ, et al. FSH and FOXO1 regulate genes in
the sterol/steroid and lipid biosynthetic pathways in granulosa
cells. Mol Endocrinol 2009;23(5):649-61.

[133] NatesampillaiS, Kerkvliet ], Leung PC, Veldhuis JD. Regulation of
Kruppel-like factor 4, 9, and 13 genes and the steroidogenic genes
LDLR, StAR, and CYP11A in ovarian granulosa cells. Am
J Physiol Endocrinol Metab 2008;294(2):E385-91.

[134] Lu C, Yang W, Chen M, Liu T, Yang ], Tan P, et al. Inhibin
A inhibits follicle-stimulating hormone (FSH) action by

15. MOLECULAR REGULATION OF PROGESTERONE PRODUCTION IN THE CORPUS LUTEUM

suppressing its receptor expression in cultured rat granulosa cells.
Mol Cell Endocrinol 2009;298(1-2):48-56.

[135] Rasmussen MK, Ekstrand B, Zamaratskaia G. Regulation of 3beta-
hydroxysteroid dehydrogenase/delta(5)-delta(4) isomerase: a
review. Int ] Mol Sci 2013;14(9):17926-42.

[136] Havelock JC, Smith AL, Seely JB, Dooley CA, Rodgers R],
Rainey WE, et al. The NGFI-B family of transcription factors reg-
ulates expression of 3beta-hydroxysteroid dehydrogenase type 2
in the human ovary. Mol Hum Reprod 2005;11(2):79-85.

[137] Peng N, Kim JW, Rainey WE, Carr BR, Attia GR. The role of the
orphan nuclear receptor, liver receptor homologue-1, in the regu-
lation of human corpus luteum 3beta-hydroxysteroid dehydroge-
nase type II. ] Clin Endocrinol Metab 2003;88(12):6020-8.

[138] Duggavathi R, Volle DH, Mataki C, Antal MC, Messaddeq N,
Auwerx]J, etal. Liver receptor homolog 1 is essential for ovulation.
Genes Dev 2008;22(14):1871-6.

[139] Martin LJ, Taniguchi H, Robert NM, Simard ], Tremblay ]JJ,
Viger RS. GATA factors and the nuclear receptors, steroidogenic
factor 1/liver receptor homolog 1, are key mutual partners in the
regulation of the human 3beta-hydroxysteroid dehydrogenase
type 2 promoter. Mol Endocrinol 2005;19(9):2358-70.

[140] Mizutani T, Ju'Y, Imamichi Y, Osaki T, Yazawa T, Kawabe S, et al.
C/EBPbeta (CCAAT/enhancer-binding protein beta) mediates
progesterone production through transcriptional regulation in
co-operation with SF-1 (steroidogenic factor-1). Biochem ]
2014;460(3):459-71.

[141] Rhainds D, Brodeur M, Lapointe ], Charpentier D, Falstrault L,
Brissette L. The role of human and mouse hepatic scavenger recep-
tor class B type I (SR-BI) in the selective uptake of low-density
lipoprotein-cholesteryl esters. Biochemistry 2003;42(24):7527-38.

[142] Grummer RR, Carroll D]. A review of lipoprotein cholesterol
metabolism: importance to ovarian function. ] Anim Sci 1988;66
(12):3160-73.

[143] LaVoie HA, Benoit AM, Garmey JC, Dailey RA, Wright DJ,
Veldhuis JD. Coordinate developmental expression of genes reg-
ulating sterol economy and cholesterol side-chain cleavage in the
porcine ovary. Biol Reprod 1997;57(2):402-7.

[144] Cherian-Shaw M, Puttabyatappa M, Greason E, Rodriguez A,
VandeVoort CA, Chaffin CL. Expression of scavenger receptor-
BI and low-density lipoprotein receptor and differential use of
lipoproteins to support early steroidogenesis in luteinizing
macaque granulosa cells. Endocrinology 2009;150(2):957-65.

[145] Rajapaksha WR, McBride M, Robertson L, O’Shaughnessy PJ.
Sequence of the bovine HDL-receptor (SR-BI) cDNA and changes
in receptor mRNA expression during granulosa cell luteinization
in vivo and in vitro. Mol Cell Endocrinol 1997;134(1):59-67.

[146] Jimenez LM, Binelli M, Bertolin K, Pelletier RM, Murphy BD.
Scavenger receptor-Bl and luteal function in mice. J Lipid Res
2010;51(8):2362-71.

[147] Puttabyatappa M, Vandevoort CA, Chaffin CL. hCG-induced
down-regulation of PPARgamma and liver X receptors promotes
periovulatory progesterone synthesis by macaque granulosa cells.
Endocrinology 2010;151(12):5865-72.

[148] Bishop CV, Bogan RL, Hennebold JD, Stouffer RL. Analysis of
microarray data from the macaque corpus luteum; the search
for common themes in primate luteal regression. Mol Hum
Reprod 2011;17(3):143-51.

[149] Miranda-Jimenez L, Murphy BD. Lipoprotein receptor expression
during luteinization of the ovarian follicle. Am ] Physiol Endocri-
nol Metab 2007;293(4):E1053-61.

[150] Golos TG, August AM, Strauss III JF. Expression of low density
lipoprotein receptor in cultured human granulosa cells: regulation
by human chorionic gonadotropin, cyclic AMP, and sterol. J Lipid
Res 1986;27(10):1089-96.

[151] Sekar N, Garmey JC, Veldhuis JD. Mechanisms underlying the ste-
roidogenic synergy of insulin and luteinizing hormone in porcine

III. THE CORPUS LUTEUM


http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0600
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0600
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0600
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0600
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0600
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0605
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0605
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0605
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0605
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0605
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0610
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0610
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0610
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0615
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0615
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0615
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0615
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0615
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0615
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0620
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0620
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0620
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0625
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0625
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0625
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0625
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0630
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0630
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0630
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0630
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0630
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0630
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0630
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0635
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0635
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0635
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0635
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0635
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0635
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0635
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0635
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0635
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0635
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0640
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0640
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0640
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0640
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0645
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0645
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0645
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0645
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0650
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0650
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0650
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0650
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0650
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0650
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0650
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0655
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0655
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0655
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0655
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0655
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0660
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0660
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0660
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0660
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0665
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0665
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0665
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0665
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0670
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0670
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0670
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0670
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0675
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0675
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0675
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0680
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0680
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0680
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0680
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0685
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0685
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0685
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0685
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0690
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0690
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0690
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0695
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0695
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0695
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0695
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0695
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0700
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0700
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0700
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0700
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0700
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0705
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0705
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0705
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0705
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0710
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0710
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0710
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0715
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0715
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0715
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0715
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0720
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0720
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0720
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0720
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0720
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0725
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0725
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0725
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0725
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0730
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0730
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0730
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0735
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0735
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0735
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0735
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0740
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0740
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0740
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0740
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0745
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0745
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0745
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0750
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0750
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0750
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0750
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0755
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0755

REFERENCES

granulosa cells: joint amplification of pivotal sterol-regulatory
genes encoding low-density lipoprotein (LDL) receptor, steroi-
dogenic acute regulatory (StAR) protein and cytochrome P450
side-chain cleavage (P450scc) enzyme. Mol Cell Endocrinol
2000;159:25-35.

[152] LaVoie HA, Garmey JC, Day RN, Veldhuis JD. Concerted regula-
tion of the low density lipoprotein receptor gene expression by FSH
and IGF-I in porcine granulosa cells: promoter activation, mRNA
stability, and sterol feedback. Endocrinology 1999;140(1):178-86.

[153] Lai WA, Yeh YT, Lee MT, Wu LS, Ke FC, Hwang J]. Ovarian gran-
ulosa cells utilize scavenger receptor SR-BI to evade cellular cho-
lesterol homeostatic control for steroid synthesis. ] Lipid Res
2013;54(2):365-78.

[154] Amemiya-Kudo M, Shimano H, Hasty AH, YahagiN, Yoshikawa T,
Matsuzaka T, et al. Transcriptional activities of nuclear SREBP-1a,
—1c, and —2 to different target promoters of lipogenic and
cholesterogenic genes. ] Lipid Res 2002;43(8):1220-35.

[155] Shen W], Azhar S, Kraemer FB. ACTH regulation of adrenal
SR-B1. Front Endocrinol 2016;7:42.

[156] Lopez D, McLean MP. Sterol regulatory element-binding protein-
labinds to cis elements in the promoter of the rat high density lipo-
protein receptor SR-BI gene. Endocrinology 1999;140(12):5669-81.

[157] Sekar N, Veldhuis JD. Involvement of Spl and SREBP-1a in tran-
scriptional activation of the low density lipoprotein-receptor gene
by insulin and luteinizing hormone in cultured porcine granulosa-
luteal cells. Am ] Physiol Endocrinol Metab 2004;287:E128-35.

[158] Sekar N, Veldhuis JD. Concerted transcriptional activation of the
low density lipoprotein receptor gene by insulin and luteinizing
hormone in cultured porcine granulosa-luteal cells: possible con-
vergence of protein kinase a, phosphatidylinositol 3-kinase, and
mitogen-activated ~ protein  kinase signaling pathways.
Endocrinology 2001;142(7):2921-8.

[159] Takagi K, Strauss ITT JF. Control of low density lipoprotein recep-
tor gene expression in steroidogenic cells. Can ] Physiol Pharma-
col 1989;67(8):968-73.

[160] Rodgers R], Mason JI, Waterman MR, Simpson ER. Regulation of
the synthesis of 3-hydroxy-3-methylglutaryl coenzyme A reductase
in the bovine ovary in vivo and in vitro. Mol Endocrinol 1987;1
(2):172-80.

253

[161] Azhar S, Khan I, Puryear T, Chen YD, Gibori G. Luteal cell
3-hydroxy-3-methylglutaryl coenzyme-A reductase activity and
cholesterol metabolism throughout pregnancy in the rat.
Endocrinology 1988;123(3):1495-503.

[162] Maitra A, LaVoie HA, Day RN, Garmey JC, Veldhuis JD. Regula-
tion of porcine granulosa cell 3-hydroxy-3-methylglutaryl coen-
zyme A reductase by insulin and insulin-like growth factor I:
synergism with follicle-stimulating hormone or protein kinase
A agonist. Endocrinology 1995;136(11):5111-7.

[163] Medicherla S, Azhar S, Cooper A, Reaven E. Regulation of choles-
terol responsive genes in ovary cells: Impact of cholesterol deliv-
ery systems. Biochemistry 1996;35(20):6243-50.

[164] Robins ED, Nelson LM, Hoeg JM. Aberrant hypothalamic-
pituitary-ovarian axis in the Watanabe heritable hyperlipidemic
rabbit. ] Lipid Res 1994;35(1):52-9.

[165] Horton JD, Shimomura I, Brown MS, Hammer RE, Goldstein JL,
Shimano H. Activation of cholesterol synthesis in preference to
fatty acid synthesis in liver and adipose tissue of transgenic mice
overproducing sterol regulatory element-binding protein-2. ] Clin
Invest 1998;101(11):2331-9.

[166] Aten RF, Kolodecik TR, Macdonald GJ, Behrman HR. Modulation
of cholesteryl ester hydrolase messenger ribonucleic acid levels,
protein levels, and activity in the rat corpus luteum. Biol Reprod
1995;53(5):1110-7.

[167] Behrman HR, Greep RO. Hormonal dependence of cholesterol
ester hydrolase in the corpus luteum and adrenal. Horm Metab
Res 1972;4(3):206-9.

[168] Wiltbank MC, Belfiore CJ, Niswender GD. Steroidogenic enzyme
activity after acute activation of protein kinase (PK) A and PKC in
ovine small and large luteal cells. Mol Cell Endocrinol 1993;97
(1-2):1-7.

[169] Kulcenty K, Holysz M, Trzeciak WH. SE-1 (NR5A1) expression is
stimulated by the PKA pathway and is essential for the PKA-
induced activation of LIPE expression in Y-1 cells. Mol Cell Bio-
chem 2015;408(1-2):139-45.

[170] Czajkowski MT, Holysz M, Trzeciak WH. Induction of hormone-
sensitive lipase/cholesteryl esterase gene expression by C/EBPal-
pha independently of the PKA pathway in the adrenocortical Y-1
cells. Steroids 2015;104:118-21.

III. THE CORPUS LUTEUM


http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0755
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0755
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0755
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0755
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0755
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0760
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0760
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0760
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0760
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0765
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0765
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0765
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0765
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0770
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0770
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0770
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0770
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0770
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0770
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0775
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0775
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0780
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0780
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0780
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0785
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0785
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0785
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0785
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0790
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0790
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0790
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0790
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0790
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0790
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0795
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0795
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0795
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0800
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0800
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0800
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0800
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0805
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0805
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0805
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0805
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0810
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0810
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0810
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0810
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0810
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0815
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0815
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0815
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0820
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0820
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0820
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0825
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0825
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0825
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0825
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0825
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0830
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0830
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0830
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0830
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0835
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0835
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0835
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0840
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0840
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0840
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0840
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0845
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0845
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0845
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0845
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0850
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0850
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0850
http://refhub.elsevier.com/B978-0-12-813209-8.00015-7/rf0850

	Molecular Regulation of Progesterone Production in the Corpus Luteum
	Introduction
	Corpus Luteum
	Cholesterol Ester Storage and Signals Regulating Cholesterol Availability
	Storage of Cholesterol in Lipid Droplets
	Hormone-Sensitive Lipase
	AMP-Activated Protein Kinase
	Inhibition of AMPK by LH
	Activation of AMPK by PGF2α

	Regulation of Genes Encoding Steroidogenic Pathway Proteins and Cholesterol Availability
	STAR
	Cytochrome P450 Side-Chain Cleavage Complex—FDX1, FDXR, and CYP11A1
	FDX1
	FDXR
	CYP11A1
	HSD3B1/2
	LDLR and SCARB1
	HMGCR
	LIPE and NCEH1

	Conclusion
	References




