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Follicle wall rupture and ovum release, i.e, ovulation, has been described as a controlled inflammatory event. The process involves tissue

remodeling achieved through leukocyte-mediated proteolysis. In birds, ovulation is the first step in the energy-intensive process of egg

formation, yet hens that consume energy in excess of productive requirements experience impaired egg-laying ability. Broiler chickens, selected
for rapid lean muscle gain, and coincidentally hyperphagia, develop adult obesity when given free access to feed. Obese broiler hens experience
elevated circulating concentrations of insulin and leptin, changes in lipid and lipoprotein metabolism similar to those of human metabolic

syndrome, as well as increased systemic inflammation. Overall, the manifestations in poultry are similar to those of women with polycystic ovary

syndrome. It was shown recently that, in hens, as in mammals, changes in lipid synthesis and metabolism cause granulosa cell apoptosis and
altered immune function and hormone production, further compromising ovarian function. To date, there is insufficient information on the
means used by the ovary to direct leukocyte function toward successful ovulation. More information is needed regarding the control of
proteolytic actions by leukocytes with regards to the roles of specific enzymes in both ovulation and atresia. The broiler hen has provided unique
insight into the interrelations of energy intake, obesity, leukocyte function, and reproduction. Additional work with this model can serve the dual

purposes of improving avian reproduction and providing novel insights into polycystic ovary syndrome in women. Adv. Nutr. 5: 199-206, 2014.

Introduction

Birds comprise the highly diverse Aves class within the
Chordata phylum. Containing ~27 orders, this review is
most correct for birds belonging to the order Galliform of
the genus and species Gallus domesticus, namely, the domes-
tic chicken. However, all birds are oviparous and so must
prepackage all nutrients needed by the incubating embryo
growing within a hard-shelled egg. Disordered fabrication
of the egg—embryo biologic unit will compromise reproduc-
tion. The egg itself is a complex structure and a marvel of
biologic engineering because its proper formation provides
both the physical environment and nutrition needed by
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the embryo to complete incubation successfully. Properly
formed, an egg is said to be “settable,” a term that refers
to its physical suitability for placement in an incubator. Set-
table eggs have a single yolk of appropriate size, albumen,
intact membranes, and a continuous smooth shell that is
neither too thin nor too thick (1). Yolk lipid is synthesized
in liver as both VLDLs and very HDLs, whereas albumen,
membranes, and shell are synthesized by the oviduct. Ovu-
lation of the ovum (i.e., the yolk) and its presence in the ovi-
duct provides a mechanical stimulus for subsequent egg
formation. In this regard, birds differ from leatherback tur-
tles that routinely lay shelled albumen gobs (2) along with
yolk-containing eggs.

Egg formation is clearly the outcome of highly integrated
multi-tissue processes; it is also a closely timed and energy-
intensive process. Despite its high energy requirements,
there is little biologic tolerance for excess, and hens in signif-
icant acute or chronic positive energy balance quickly reduce
the number of settable eggs laid (3—6). These studies showed
that excess energy intake in association with fat mass gain
disturb the estrogen-induced reprogramming of whole-
body lipid and lipoprotein metabolism that support yolk
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formation. However, these disturbances were only part of
the answer to reproductive failure. Overfed hens may exhibit
expanded ovarian hierarchies, hyperovulation, increased
fractional yolk mass, delayed ovulation, as well as apoptosis
and necrosis within ovarian follicles. All of these events un-
derscore that ovulatory processes are disordered beyond a
defect in yolk deposition per se. Interestingly, and perhaps
because of the need to temporally coordinate ovulation of
a single ovum (yolk) with shell formation and oviposition,
reduced egg production can occur despite the presence of
more hierarchical follicles, in conjunction with laying of
double-yolked eggs, partially shelled or shell-less eggs, al-
though ultimately a higher incidence of follicular atresia
leads to ovarian involution (3,7-9)

Obesity leads to increased inflammation, a situation that
has been shown to disrupt normal intercellular and intracel-
lular signaling in several chronic diseases, including diabetes
and atherosclerosis (10,11). Disruption in the timing of the
individual steps required to fabricate an egg is frequent mal-
function and alterations in the timing of ovulation particu-
larly disruptive to the correct sequencing of egg formation.
Interestingly, genetic selection of chickens for commercial
meat or egg production has resulted in strains of chickens
that differ greatly in spontaneous energy consumption and
total egg production. To date, ovarian morphology and hor-
mone production, circulating hormonal patterns, as well as
hypothalamic—pituitary—ovarian axis responses to hormonal
and fuel signals have been compared in hens made lean or
obese through genetic selection or dietary manipulations
(8,12-15). However, a fundamental mechanism responsible
for poor reproductive efficacy in broiler hens remains elu-
sive. Nevertheless, investigations into how these fundamen-
tal differences develop are revealing connections among
liver, ovary, and adipose, as well as the white blood cells
that circulate among them. This review aims to highlight
what is known and the gaps that remain regarding our un-
derstanding of how obesity and the systemic inflammation
that it causes disrupt the tissue—tissue interactions that result
in successful egg laying.

Yolk Formation

The egg yolk is the single large haploid cell that is ovulated
from the ovarian follicle. Its presence in the oviduct provides
amechanical stimulus for subsequent egg formation. Within
the chicken ovary, there is a hierarchy of follicles of increas-
ingly large size and maturity; indeed, the 2 features are
linked conceptually in the literature noting whether the
ovum has reached “an ovulable size” (9). In connection
with size, a primary requirement for the incubating embryo
is sufficient energy to grow and develop into a healthy chick.
The average chicken embryo requires 64 kcal to form tissues
(36 kcal) while generating heat (24 kcal) associated with
normal metabolism (16). TG is the most concentrated
form of energy, and this is the form used by the incubating
embryo. A 50-g egg (USDA large) contains ~ 72 and 55 kcal
in yolk and 17 kcal provided by the albumen (17). The en-
ergy present in yolk comprises ~22% protein and 74% fat
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and is deposited via receptor-mediated uptake of TG-rich
VLDL (TRL)” and the phospholipid-rich very HDL vitello-
genin (VTG). In chickens, VTG supplies ~7% of yolk total
lipid and 23% of yolk solids, whereas the TRL provides
93% of yolk lipid and 66% of yolk solids (18).

To ensure adequate energy delivery to the yolk follicle, the
hen’s liver, under the influence of estrogen, assembles and
secretes a highly specialized TRL, called yolk-targeted
VLDL (VLDLy), to signify its specific role in targeting lipid
nutrients for deposition into yolk (18-20). The VLDLy par-
ticle is rich in TG and contains apolipoprotein B, and ap-
olipoprotein-II of VLDL, the latter of which is a small
apoprotein that is made in response to increases in estrogen
concentration (21,22). Apolipoprotein-II of VLDL is
thought to control VLDLy diameter and is known to inhibit
lipoprotein lipase (LPL) (23,24), likely by changing the sur-
face of the particle to exclude water needed for lipolysis (25).
Lipase resistance ensures delivery of energy-rich TG to the
embryo, as does reduction in particle diameter from ~70
nm of VLDL to ~27 nm of VLDLy, a change that facilitates
passage of the intact lipoprotein particle through the granu-
losa layer of the follicle and allows it to come into close prox-
imity of the oocyte surface (Fig. 1) (14,15,20). VTG is also
sufficiently small to pass through this tissue layer and access
yolk receptors (26). In laying hens, VLDLy is deposited into
the growing yolk follicle by receptor-mediated endocytosis
using a type of VLDL receptor that is a member of the
LDL receptor (LDLR) superfamily (15,27). Yolk deposition
occurs using a shorter slice variant of the VLDL receptor,
termed LR8, which is present on the oocyte surface and is
able to bind to both VLDLy and VTG (28). The ability of
the coupled VLDLy/LR8 ligand/receptor system to target
lipid nutrients for yolk deposition was clearly shown in early
work by Bacon et al. (29) in which only 25% of radiolabeled
VLDLy isolated from laying hens and injected into sexually
immature females was recovered in carcass, whereas 94% of
radiolabeled VLDL isolated from sexually immature females
and similarly injected was recovered. The essentiality and se-
lectivity of the LR8 receptor/VLDLy receptor/ligand pair for
yolk deposition is clearly shown by massive accumulations
of VLDLy in the bloodstream of restricted ovulator hens
whose LR8 carries a point mutation in the coding sequence
of the gene for this receptor (30,31). These hens rarely form
yolks or settable eggs, and, as a result, the mutation is carried
through the male line (32).

Another lipoprotein/receptor pair of critical importance
to egg laying is the LDL/LDLR. The avian LDLR ortholog
was not characterized until 2003 (33), in part because of
the multiplicity of the LDLR superfamily members in ovar-
ian tissue. The ovarian LDLR prefers cholesteryl ester-rich
LDL to VLDL and is present in both granulosa and thecal
cells in which it is proposed to ensure lipoprotein-derived
cholesterol delivery for steroid hormone synthesis. This

7 Abbreviations used: LDLR, LDL receptor; LPL, lipoprotein lipase; LR8, short splice variant of
LDL receptor; MMP, matrix metalloproteinase; NEFA, non-esterified FA; TRL, TG-rich VLDL;
VLDLy, yolk-targeted VLDL; VTG, vitellogenin.
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FIGURE 1 Diagram of avian yolk follicle in cross-section. Note
that ovarian tissue layers (theca and granulosa) are vascularized,
providing the means for delivery of hepatic lipoproteins to
the oocyte surface (zona radiata) in which lipoprotein receptors
are located. Yolk forms by receptor-mediated uptake of intact VLDL
and vitellogenin. Only yolk-targeted VLDL, 25-30 nm in diameter
and resistant to hydrolysis by lipoprotein lipase, passes through the
granulosa basal lamina; vitellogenin is a large phospholipidated
protein ~ 10 nm in diameter. VLDLy, yolk-targeted VLDL.

receptor is also highly expressed in the adrenal glands (34).
We could not find publications regarding the effects of energy
excess on LR8 or LDLR gene expression or binding activities.

Ovulation

There are several signaling processes under active investiga-
tion that may mediate interactions between the ovum and
somatic cells such as those found in the granulosa and thecal
layers that are involved in follicle selection and maturation;
the reader is directed to current reviews by others for more
information on this aspect of folliculogenesis (35). As noted
in that review, signaling factors and receptors of interest
must often be studied using non-homologous reagents,
and this technical challenge often limits research progress.
This review focuses on ovulation per se, which has been
characterized as a controlled inflammatory event (36). The
expulsion of the oocyte from the follicle is the outcome of
successful ovulation and signals the last step in folliculogen-
esis. In mammals, it is well documented that leukocytes
bound within the ovary act as in situ modulators of ovula-
tion through secretion of regulatory factors, proteases, and
phagocytosis (37-39). Ovulation requires intensive tissue re-
modeling that is primarily dependent on fibroblast mobili-
zation, production of soluble mediators, disintegration of
the connective tissue elements, and an acute inflammatory
reaction, including leukocyte recruitment, migration, and
activation for release of regulatory factors such as cytokines,
proteases, and reactive oxygen intermediates (37-39). There
is scattered evidence on the role of leukocytes in avian ovu-
lation per se. Nili and Kelly (40) identified macrophages as
operative in the process of bursting atresia in which follicle
wall rupture is a characteristic (41). Sundaresan et al. (42)
investigated the actions of leukocytes in the avian postovula-
tory follicle, noting the involvement of cytokines and che-
mokines. In birds, the hierarchical position of ovarian

follicles within the most mature or “yellow” hierarchy is in-
dicated by a number, such as F1-F3, in which higher num-
bers indicate less mature follicles. Barua et al. (43-45)
published a series of immunohistologic studies document-
ing an increase in macrophage numbers within the ovary
of young compared with old hens, laying compared with im-
mature hens, and in F1-F3 follicles compared with small
white follicles. In each of these comparisons, increases in
macrophage number occurred in the more active ovulatory
condition. Postovulatory and atretic follicles had the greatest
number of macrophages (43,45). Onagbesan et al. (46) re-
ported that conditioned media collected from LPS stimu-
lated HD-11 avian macrophage cell line cultures mimicked
the effects of TNF-a and its interactions with insulin-like
growth factor-1 and luteinizing hormone on progesterone
production and cell proliferation in cultured granulosa cells.
Recently, Cornax et al.(47) showed that primary chicken
macrophages quickly phagocytized yolk after in vitro expo-
sure without increases in inflammatory cytokines, such as
IL-1, IL-6, and IFN-vy. These same studies showed that
yolk injection into the abdominal cavity of young male
chickens failed to invoke an inflammatory response. In
fact, yolk dampened many inflammatory changes caused
by LPS (47). Thus, it seems unlikely that exposure of the fol-
licle wall to yolk precursor VLDLy or VTG during the 7-10 d
needed to complete yolk follicle growth provokes a general-
ized inflammation that eventually ruptures the follicle wall
when the yolk is sufficiently large. Indeed, some form of al-
ternative activation may occur in macrophages involved in
ovulation to achieve tissue-specific outcomes (48). In mam-
mals, several secretory and membrane-type matrix metallo-
proteinase (MMP) and their inhibitors (such as tissue
inhibitor of MMP), have been shown to increase in expres-
sion and activity in conjunction with follicle development
(49). Because of tight coordination in matrix degradation
before ovulation and the redundant actions of various
MMPs with overlapping substrate specificity, few have
been demonstrated as obligatory for follicle wall remodeling
before ovulation in mammals. Through an in vitro ovulation
system, gelatinase A and membrane-type MMPs were shown
to be responsible for follicle rupture during ovulation in the
medaka. In that species, gelatinase A was shown to degrade
type IV collagen in the follicular basement membrane,
membrane-type 2 MMP was shown to hydrolyze theca layer
type I collagen, and MTI-MMP and tissue inhibitor of
MMP-2 were responsible for gelatinase A production and
activation in medaka fishes (50). Similar information is
needed for avians.

Two Types of Hens

Hens that have been genetically selected for egg production
(so called “table-egg” or “layer” strains) have small body size
(1500 g), tight control of feed intake, and lay ~364 eggs dur-
ing a 60-wk production cycle, or 6 eggs/wk (Fig. 2A) (51). In
marked contrast, hens from strains selected for meat pro-
duction (so called “meat-type” or “broiler” strains) are
heavy bodied (4000 g), tend to overeat, and, with proper
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management, can lay up to 180 eggs during a 44-wk produc-
tion cycle, or 4 eggs/wk (Fig. 2B) (52). Proper nutritional
management of broiler breeder hens includes feed restriction
to limit energy intake. The propensity of broiler hens to lay
fewer eggs at irregular intervals with more shell abnormalities
was well known by 1968 (53). Jaap and Muir (53) documented
this propensity for several growth-selected (broiler) lines com-
pared with layer strains. The title of their paper “Erratic Ovu-
lation and Egg Defects in Broiler-Type Pullets,” gave rise to the
currently used erratic ovulation and defective egg syndrome
(54) describing this tendency. Although Jaap and Muir noted
that broiler pullets were larger than layers and that genetic se-
lection had caused progressive divergence in the body sizes in
chickens purposed differently in food production systems, no
mention of body fatness was made, but the authors com-
mented that feed restriction was not used in their studies as
was common practice in commercial broiler breeder opera-
tions of the time. A series of publications by Yu and Robinson
and others (6,13,55) provide the most comprehensive docu-
mentation of the profound declines in egg production and
associated changes in ovarian morphology and hormone pro-
duction when broiler hens are allowed free access to feed.
Twenty years later, equivalent observations are made with cur-
rent breeder strains allowed to chronically overeat (3,4). Broiler
hens reared under feed restriction and subsequently provided
with free access to feed increase feed intake from 145 to 290 g/d
for 2 d, slowing to a steady intake of 250 g/d (3).

Laying strains were likewise known to develop fatty liver
syndrome, at times so severe that fatal hemorrhage also oc-
curred (also known as fatty liver hemorrhagic syndrome)
(56-58). The syndrome most often occurred transiently
when highly productive flocks experienced sudden periods
of hot weather and resolved when hens’ reduced feed intake
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FIGURE 2 Innate differences in bodyweight (4) and egg
production (B) in well-managed broiler and layer hens. Broiler
hen management for egg production requires control of
bodyweight by feed restriction starting at 3 wk of age because
this type of hen spontaneously consumes excessive amounts of
feed and becomes obese as an adult. Layer hen management
provides for ad libitum feed consumption because this type
of hen self-regulates feed intake for optimal egg production.
Mature lean broiler hens are ~2.5 times as large as layer hens as
indicated by bodyweight at 25 wk (A). Layer hens lay more eggs
during any given time interval and persist in egg laying longer
than broiler hens (B). Data are adapted from information found
in references 51 and 52.
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or feed energy concentration was reduced (19). It was pro-
posed that reduced energy requirements of hens during
hot weather caused typical energy intake to be excessive
and provocative of fat accumulation in the liver. During
these episodes, settable egg production would drop precipi-
tously. Similar changes in liver fat and egg production can be
provoked in egg-type hens if they are intubated with 50%
more feed than spontaneously consumed (5,58). Thus,
whether overfeeding was implemented by environmental
misadventure, intubation, or allowing spontaneous over-
consumption, overfed layer and broiler hens manifest simi-
lar changes in ovarian functions and lipoprotein profiles.
Energy excess in the form of accumulated adipose was also
associated with reduced egg production at the end of com-
mercial egg production cycles. In some operations, a second
period of high egg production is brought on by molting in
which hens are caused to lose ~30% of bodyweight to in-
crease subsequent egg production (59,60). Notably, this
practice is based on avian physiology; feed intake is sponta-
neously reduced in natural molt (61).

Obesity

The term obesity was not in routine use in the poultry liter-
ature until 1993 (58). Indeed, there are no universal criteria
for obesity in domestic fowl, nor was there an association
between body fatness in hens and increased inflammation
until 2006 (3). However, before this, it was widely recog-
nized that excess energy intake caused changes in FA and
acylglycerol metabolism. In chickens, the liver produces
>80% of adipose tissue FAs (62) and is the only organ
that responds to feeding/fasting manipulations of insulin
signaling (63); the diet of chickens is typically very low in
added fat, i.e., often <6% of total calories. For these reasons,
alterations in tissue and lipoprotein lipid composition is pri-
marily reflective of changes in endogenous FA synthesis and
metabolism. Detailed examination of lipoprotein profiles in
overfed layer hens showed increased peripheral lipolysis of
hepatic TRL and loss of yolk targeting of VLDLy (5). Particle
diameter of VLDLy increased from ~30 to ~40 nm, the
amount of the TRL lipolytic end product LDL increased,
as did amounts of circulating HDL. In highly productive
hens, the amount of HDL decreases because, despite high
TRL concentrations, TRL in the form of VLDLy is poorly
lipolyzed and produces little LDL, a process that generates
excess surface phospholipid for transfer to HDL via phos-
pholipid transfer protein and so promotes HDL maturation
(19,64). Importantly, despite the increase in circulating HDL
concentration, the LDL from overfed hens was shown to be
smaller and denser, as was the HDL when compared with
those from control hens. These changes were reminiscent
of those associated with metabolic Syndrome X in humans.
This impression was confirmed in subsequent studies with
broiler hens provided with free access to feed for 10 d,
which became obese and developed fatty liver (similar to
human non-alcoholic fatty liver), hyperglycemia, hyperlip-
idemia, hyperinsulinemia, hyperleptinemia, and elevated
non-esterified FAs (NEFAs). Insulin resistance occurred in



conjunction with poor egg production, high mortality, and
abnormal ovarian morphology (3). Leptin is a proinflam-
matory hormone with a number of systemic effects that
are distinct from suppression of food intake (65,66). In
mammals, obesity-associated metabolic changes similar to
those noted above have been termed lipotoxicity and are
thought to underlie pancreatic 3-cell failure and progression
from insulin resistance to overt diabetes (67). Targeted me-
tabolomics of acylglycerols in tissues, NEFA, and lipopro-
teins in broiler hens showed that ovarian dysfunction was
associated with increased proportions of SFAs in liver,
NEFA, and VLDLy (3). Susceptibility to poor egg production
and abnormal ovarian morphology in broiler hens provided
with free access to feed increased with decreasing stearoyl-
CoA desaturase activity as indicated by reduced 16:1n7/
16:0 or 18:1n9/18:0 in NEFA (3). These findings supported
the notion that changes in the molecular species of FAs pro-
duced by the liver play a role in avian ovarian follicle dys-
function; similar FA effects has been observed in humans
(68). Granulosa cells isolated from broiler hens in that study
consuming unlimited rather than restricted amounts of feed
showed striking increases in apoptosis and necrosis during a
12-h in vitro incubation (3).

Broiler hens that were brought into egg production using
breeder-recommended feed restriction until 27 wk of age
and then allowed free access to feed for 3 wk showed ele-
vated testosterone concentrations in conjunction with re-
duced estrogen and progesterone (69). Although leptin
concentrations were not measured in that study, hyperlepti-
nemia has been demonstrated to occur in similarly treated
broiler hens (3). Leptin negatively affected rodent granulosa
cell steroidogenesis and follicle maturation in vitro (70,71),
whereas rats treated with leptin exhibited significantly im-
paired in vivo and in vitro ovulation (72) Subsequent studies
with broiler hens reared using feed restriction to 26 wk of
age and then provided free access to feed for 9 wk and
then an additional 24 wk accumulated ceramide and sphin-
gomyelin in liver and circulating TRL and exhibited

Palmitic acid —— > Palmitoyl-CoA Serine
Acyl-CoA Synthetase o nd coo
SCOA + H><cn,uu

+

increased proinflammatory interleukin-18 gene ILIS
expression in liver and adipose tissues (4). Furthermore,
IL1B, serine palmitoyltransferase, and sphingomyelinase
transcript levels were increased, but serine/threonine protein
kinase activation was decreased within the hierarchical folli-
cles. These studies were the first to suggest that the aberrant
metabolic programs limiting egg production in broiler
breeder hens were similar to those in obese, insulin-resistant,
or overtly diabetic mammals, including women with polycys-
tic ovary syndrome (68) whose metabolite and endocrine
profiles include insulin resistance, hypertriglyceridemia, in-
creased circulating concentrations of ceramide and NEFA
with increased proportions of SFAs, and systemic inflammo-
gens, including elevated hepatic, adipose, and ovarian IL-13
production. In vitro studies showed that physiologically
high concentrations of palmitic acid were overtly toxic to
granulosa cells (73). In these studies, palmitate-induced cell
death was accompanied by increased acyl-CoA oxidase, carni-
tine palmitoyl transferase-1, serine palmitoyl transferase, and
sphingomyelinase gene transcription in conjunction with
increased concentrations of the proinflammatory IL-1p.
Triacsin-C inhibition of fatty acyl-CoA synthesis completely
rescued granulosa cultures from palmitate-induced cell death.
Partial to complete prevention of cell death was also seen with
addition of the free radical scavenger pyrrolidine dithiocarba-
mate, the sphingomyelinase inhibitor imipramine, or the de
novo ceramide synthesis inhibitor fumonisin B1, supporting
the notion that palmitate-induced granulosa cell cytotoxicity
operates through a palmitate-derived metabolite. Palmitoyl-
CoA may be channeled into B-oxidation and/or into
formation of bioactive metabolites that increase free radical
generation, inflammatory response, and ceramide produc-
tion. Thus, palmitate-derived metabolites appear to activate
apoptotic machinery in granulosa cells, whose death results
in follicular atresia and reduced egg production in fuel-
overloaded broiler breeder hens. It seems that both increased
synthesis and sphingomyelin remodeling contribute to
tissue ceramide accumulation (Fig. 3). Local and systemic
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inflammation and immune responses (74) were shown to be
mediated by IL-1 in response to leptin in many cell types,
including granulosa cells (75). IL-18 stimulates sphingo-
myelin hydrolysis and de novo ceramide synthesis, leading
to cell apoptosis. In cultured human granulosa cells, IL-
18 inhibited estradiol production and accelerated pregn-4-
ene-3,20-dione degradation (76,77). Palmitoleate was
shown to reduce liver inflammatory response in mice (78),
consistent with the observation that hens with elevated he-
patic stearoyl-CoA desaturase activities are resistant to the
deleterious effects of excess energy consumption on egg pro-
duction (3).

The cytotoxicity induced by excessive SFAs that operate
in broiler breeder hens appears similar to those in mammals
(79-81). Interestingly, oleic and linoleic acids also induced
granulosa cell apoptosis but to lesser degrees depending
on the degree of unsaturation of the 2 FAs (80). This last re-
port underscores the critical role of actual FA composition
and concentration of plasma NEFA and VLDL lipids in
SFA-induced cell apoptosis in vivo. In this regard, it is im-
portant to recall that the laying hen granulosa cell LPL activ-
ity can be as much as half that of adipose LPL and >10-fold
higher than the adjacent theca cells (82). Notably, VLDLy re-
sists lipolysis but is not impervious to this process, nor are
all VLDL in overfed hens lipase-resistant VLDLy, as indi-
cated by increased particle diameter. These functional and
anatomical relations highlight the critical role of cellular
FA disposal with the multi-tissue structure that comprises
the avian ovary and in follicular atresia within the yolk
hierarchy.

Conclusions

Obesity in hens appears to provoke reduction in settable egg
formation by setting a metabolic chain reaction in motion
that propagates from the liver through delivery of bioactive
FAs and other bioactive lipids to peripheral circulation and
ultimately peripheral tissues. Bioactive lipids, including pal-
mitic acid, sphingomyelin, and ceramide, provoke inflam-
mation and alter cell signaling processes in ways that lead
to granulosa cell dysfunction and death, altered timing
of ovulation that subsequently impairs egg formation by
disruption of the steps leading to settable egg formation.
Susceptibility to ovarian disruption during obesity is indi-
vidual in both layer and broiler hens and dependent on lipid
metabolism. Many of the changes observed to date are sim-
ilar to those observed in mammals, particularly women
with polycystic ovary syndrome. Although it seems clear
that leukocytes are involved in avian ovarian function,
there is only a rudimentary understanding what functions
they perform and how they affect avians’ ovulatory pro-
cesses, which in the case of highly productive layer hens
is a near daily event. The multiplicity of tissues and pro-
cesses involved in forming a settable egg is impressive
and only partially resolved. A better understanding of the
critical regulatory steps and interactions may allow im-
proved selection strategies to raise broiler hen produc-
tivity or lead to new management strategies to improve
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production in commercial settings, as well as potentially
improve conservation efforts in wild species.
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