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Recent studies have implicated n-3 polyunsaturated fatty acids (PUFAs) in the 

reduction of prostaglandin F2α (PGF2α) synthesis in the bovine uterus.  Although cattle 

diets contain a mixture of n-3 and n-6 fatty acids, currently there is a lack of information 

as to how these fatty acids may interact to alter PGF2α biosynthesis in the uterus.  The 

objective of this thesis was to examine the physiological effects and mechanisms of 

action of eicosapentaenoic acid (EPA; 20:5, n-3) on PGF2α production in phorbol-12,13-

dibutyrate (PDBu)-stimulated bovine endometrial (BEND) cells.  Pre-incubation of 

confluent BEND cells with EPA for 24 h decreased PGF2α response to PDBu, but had no 

detectable effect on prostaglandin endoperoxide synthase-2 (PGHS-2) or peroxisome 

proliferator-activated receptor δ (PPARδ) mRNA abundance.  The inhibitory effect of 

EPA on PGF2α secretion was reverted when increasing amounts of linoleic acid (LA; 

18:2, n-6) were added to the incubation medium. 
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 Activation and inhibition of PPARδ greatly reduced PGF2α and PGHS-2 mRNA 

responses to PDBu.  The PPARδ agonist, L-165,041, and sulindac sulfide decreased 

PGHS-2 mRNA response to PDBu, whereas EPA and sulindac sulfone had no detectable 

effects on PGHS-2 mRNA abundance in PDBu-stimulated BEND cells. 

 Selective inhibition of p38 and ERK MAP kinases did not affect PGF2α and 

PGHS-2 mRNA responses to EPA, suggesting that EPA may affect the PGF2α cascade at 

a site or sites that are distal to these two MAP kinases. 

 In summary, this study presents direct evidence that the inhibition of uterine 

endometrial PGF2α biosynthesis by n-3 fatty acids depends on the amount of n-6 fatty 

acids in the uterus, and that EPA and PPARδ affect uterine PGF2α synthesis through 

complex mechanisms which may or may not involve PGHS-2 gene regulation.  Further 

studies are needed to fully document the role of p38 and ERK MAP kinases in 

endometrial PGF2α biosynthesis.  
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CHAPTER 1 
INTRODUCTION 

One of the most important aspects of the dairy cattle industry is the ability to 

maintain reproductively efficient animals.  The inability of a dairy cow to have a normal 

reproductive cycle and become pregnant will lead to the culling of the animal, since 

failure to have a pregnant cow will result in no milk production.  Because of this, 

researchers have dedicated a lot of time and effort in studying the bovine reproductive 

cycle and investigating ways to make dairy cows as reproductively efficient as possible, 

which would help contribute to maximal milk revenue.  

Embryonic mortality is one of the reproductive problems associated with increased 

milk production by dairy cattle.  It has been estimated that up to 40% of total embryonic 

losses occur between days 8 and 17 of pregnancy, which is also the period of time when 

conceptus inhibition of uterine prostaglandin F2α (PGF2α) occurs.  Luteolysis in domestic 

ruminants is caused by an episodic release of PGF2α from the uterus that reaches the 

corpus luteum (CL) and causes its regression.  If the developing conceptus is not able to 

inhibit the production of PGF2α, the CL regresses, progesterone (P4) production 

decreases, and pregnancy cannot be maintained.  Many researchers have focused on in 

vivo and in vitro studies to produce and evaluate systems that allow for increased embryo 

survival (Oldick et al., 1997; Moreira et al., 2000; Binelli et al., 2001; Badinga et al., 

2002; Mattos et al., 2002, 2003). Results from several of these studies have shown that 

manipulating the polyunsaturated fatty acid (PUFA) content of the cow’s diet could help 
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inhibit PGF2α production, but the mechanism of action of these fatty acids is not known.  

Polyunsaturated fatty acids are fatty acids with two or more double bonds.  Fatty acids 

are unsubstituted monocarboxylic acids that occur mainly as esters in natural fats and 

oils, and may also exist as non-esterified forms known as free fatty acids.  

Polyunsaturated fatty acids can be divided in n-3 or n-6 fatty acids, depending on the 

position of the first double bond along the hydrocarbon chain.  Those PUFA’s with their 

first double bond at the third position of the hydrocarbon chain counting from the methyl 

end are classified n-3, while those with their first double bond at the sixth position are 

classified as n-6 PUFA’s.  Prostaglandin F2α is derived from the action of prostaglandin 

endoperoxide synthase-2 (PGHS-2) on arachidonic acid (AA), a PUFA that is cleaved 

from membrane phospholipids by the action of phospholipase A2 (PLA2).  A study by 

Mattos et al. (2003) with bovine endometrial (BEND) cells showed that n-3 fatty acids 

induced greater PGF2α inhibition than n-9 or n-6 fatty acids.  

It has been suggested that PUFAs may inhibit PGF2α synthesis by decreasing the 

availability of AA, increasing the concentration of fatty acids that compete with AA for 

processing by PGHS-2, inhibiting PGHS-2 synthesis and or activity, or affecting gene 

expression through activation of nuclear transcription factors (Mattos et al., 2000).  

Peroxisome proliferator-activated receptors (PPARs) are an example of nuclear hormone 

receptors that mediate the effects of fatty acids and their derivatives at the level of gene 

expression.  Three isoforms, each encoded by a different gene, have been identified: 

PPARα, PPARδ, and PPARγ.  Of these isoforms, PPARδ is the only PPAR that has been 

associated with reproductive function (Berger et al., 2002).  
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The objective of this thesis was to examine the physiological effects and 

mechanisms of action of eicosapentaenoic acid (EPA), an n-3 fatty acid, on PGF2α 

production in phorbol-12,13-dibutyrate (PDBu)-stimulated BEND cells.  Phorbol-12,13-

dibutyrate (PDBu) is a phorbol-ester that activates protein kinase C (PKC), a step 

necessary for prostaglandin (PG) production, and is therefore used to stimulate PGF2α 

production by cultured BEND cells.  If EPA affects PGF2α production through the 

activation of PPARδ, then activation of this nuclear receptor would mimic the effect of 

EPA on PGF2α production in cultured BEND cells.  Alternatively, if the aforementioned 

hypothesis is correct, inhibition of PPARδ should block the effect of EPA on PGF2α 

production in cultured BEND cells.  Also, if EPA exerts its PGF2α-inhibitory effect 

through the activation of the mitogen-activated protein (MAP) kinases ERK or p38, 

which have been implicated in the activation of PGHS-2, then inhibition of the ERK and 

p38 MAP kinases should block the effect of EPA on PGF2α production in cultured BEND 

cells. 

This thesis will consist of a literature review (Chapter 2) that will focus on 

ruminants, specifically discussing their estrous cycle, ovarian follicular dynamics, CL 

development and function, luteolysis, pregnancy establishment, the effects of PUFAs on 

reproduction, and the role of PPARs in reproduction.  Chapter 3 will present the 

experiments that were conducted to study the physiological effects of EPA on PGF2α 

production in cultured BEND cells, while Chapter 4 will center on the studies conducted 

to elucidate the mechanisms of action of EPA in the inhibition of PGF2α production in 

cultured BEND cells.  Chapter 5 will consist of a discussion and concluding remarks. 
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CHAPTER 2 
LITERATURE REVIEW 

Estrous Cycle 

Estrous cycles provide animals with numerous opportunities for copulation and 

conception, allowing them to fulfill the ultimate goal in life, procreation.  This cycle 

varies in length from species to species, and the different types of estrous cycles can be 

categorized based on the number of estrous cycles per year and by whether they are 

regulated seasonally.  In cattle, selection has favored a strategy of polyestrous cycles.  

This means that an animal has a uniform distribution of estrous cycles that occur 

regularly throughout the year.  Seasonally polyestrous females, like sheep and mares, 

display numerous estrous cycles only during certain seasons of the year.  These females 

can be divided further into long-day and short-day breeders.  Long-day breeders begin to 

cycle as day length increases, while short-day breeders cycle when the length of daylight 

decreases.  This is practical since long-day breeders, like mares, tend to have a gestation 

length of almost a year, while a short-day breeder’s gestation length is closer to 4 Mo.  

The gestation length and the seasonal regulation ensure that parturition occurs when there 

are enough natural resources and the season is favorable for the offspring.  Animals such 

as dogs and wolves have monoestrous cycles meaning that they only have one cycle per 

year.  To ensure that mating does occur, the estrus (heat) phase of the estrous cycle can 

last up to several days.  Regardless of species, the estrous cycle is characterized by a 

series of predictable events that begin at estrus and end at the subsequent estrus.  Among 

these events are alternating periods of sexual receptivity and non-receptivity.  Sexual 
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receptivity and mating are characteristic behavior of a female in the estrus stage of the 

estrous cycle.  If conception does not occur, a new estrous cycle begins, but if it does 

occur, the animal goes into an extended period of sexual non-receptivity known as 

anestrus.  Diestrus is the period of sexual non-receptivity that characterizes the interval 

between periods of estrus (Heape, 1900). 

Regulation of the Estrous Cycle  

The estrous cycle is regulated by endocrine and neuroendocrine mechanisms.  This 

regulatory network includes gonadotropin releasing hormone (GnRH), follicle-

stimulating hormone (FSH), luteinizing hormone (LH), progesterone (P4) and estradiol 

(E2).  These hormones are interconnected by the hypothalamic-pituitary-ovarian axis, 

which controls follicular growth, ovulation, and luteal function.  Follicle-stimulating 

hormone and LH bind to specific receptors on the ovary and stimulate follicular 

development to produce a mature and competent egg (Driancourt, 2001).  Gonadotropins 

released by the pituitary gland are influenced by changes in rate of GnRH synthesis and 

degradation.  These endocrine changes lead to marked morphologic and secretory 

changes in the ovaries and tubular genitalia of the animal such as (i) changes in vaginal 

and uterine cytology, (ii) changes in cervical tonus and water content, (iii) increases in 

blood supply, and (iv) changes in follicular development. 

Characteristics of the Bovine Estrous Cycle 

The length of the bovine estrous cycle is 20-21 d with heat or estrus occurring on 

day 1 and ovulation occurring 10-12 h after the end of standing estrus, or 24-30 hours 

after the onset of estrus (Hafez and Hafez, 2000).  Mean duration of estrus is 15 hours, 

but can range anywhere from 6 to 24 hours (Senger, 1997).  Ovulation in bovids is 

spontaneous, meaning that the female periodically becomes sexually receptive.  Selection 
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has favored polyestrus females, which have estrous cycles that occur with a uniform 

distribution throughout the year, allowing them to become pregnant without regard to 

season.  In bovids, copulation usually occurs before ovulation, providing an opportunity 

for conception.  Commonly only one follicle ovulates, although about 10% of the time 

two follicles may ovulate (Hafez and Hafez, 2000).  Follicles ovulate on the right ovary 

about 60% of the time and on the left ovary about 40% of the time (Hafez and Hafez, 

2000). 

Phases of the Estrous Cycle 

The estrous cycle is divided into a short follicular phase and a longer luteal phase.  

Each of these phases is dominated by one of the gonadotropic hormones, P4 or E2.  The 

period of time from the regression of the corpus luteum (CL) to ovulation is known as the 

follicular phase.  During this phase, preovulatory Graafian follicles are the primary 

ovarian structures.  These produce estradiol-17β (E2), the dominant reproductive 

hormone.  High E2 concentrations lead to behavioral alterations and major physiological 

changes in the reproductive tract.  This steroid is responsible for the behavioral 

characteristics observed in cows that are approaching or have reached sexual receptivity.  

High E2 concentrations at estrus lead to a decrease in the viscosity of cervical mucus, 

dilation of the cervix, improved contractility or tonicity of the uterus and increase in 

vascular growth of the endometrium (Hafez and Hafez, 2000).  These characteristic 

physiological changes favor copulation and fertilization.  

The luteal phase of the estrous cycle is longer than the follicular phase and takes 

place from the time of ovulation to regression of the CL.  The CL, the dominant structure 

of the luteal phase, produces P4.  Progesterone has the opposite physiological and 
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behavioral effects of E2, causing the cow to be in a phase of sexual non-receptivity.  This 

steroid is essential for pregnancy and, therefore, is known as the pregnancy hormone.  

Progesterone induces physiological changes that prepare a suitable environment for 

embryo development and attachment to the endometrium.  When P4 is high, cervical 

mucus is thick, the cervical canal is tightly closed and the myometrium is relaxed (Hafez 

and Hafez, 2000).  Thick cervical mucus and a tightly closed cervical canal help restrict 

microorganisms from the upper reproductive tract to maintain a clean environment for the 

embryo, while the quiescent uterus allows implantation of the embryo. 

Stages of the Estrous Cycle 

The estrous cycle can be divided further into the following four stages: proestrus, 

estrus, metestrus, and diestrus.  Proestrus is the stage that begins after luteolysis as P4 

starts to decrease and ends at the onset of estrus.  This stage is characterized by the 

formation of ovulatory follicles that produce E2 and lead to a shift from the P4-dominated 

to the E2-dominated phase.  During proestrus, the female’s reproductive tract undergoes 

physiological changes that prepare it for the onset of estrus and mating.  

Estrus is an easily recognizable stage since the high E2 levels in blood lead to 

visible behavioral symptoms in the animal.  As the animal enters estrus, she displays a 

behavior which indicates that she is approaching sexual receptivity such as increased 

locomotion, mounting of other females, nervousness and phonation (Senger, 1997).  

When fully sexually receptive, the female displays standing estrus, and in some cases 

lordosis (arching of back in preparation for mounting).  

From the time of ovulation to the formation of a functional CL, the animal is in the 

metestrus stage of the estrous cycle.  This stage is characterized by a decrease in E2 levels 

and an increase in P4 levels.  Once the follicle ovulates, it undergoes cellular and 
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structural remodeling that result in the formation of the CL, the dominant intraovarian 

structure of the luteal phase of the estrous cycle.  This endocrine gland produces P4, 

causing this hormone to be detected soon after ovulation.  

The longest stage of the estrous cycle is diestrus.  During this stage, the CL (or 

corpora lutea in the rare case of more than one follicle ovulating) is fully functional and 

produces the maximal amount of P4.  The duration of diestrus depends directly on the 

amount of time that the CL remains functional, meaning that if conception occurs, the CL 

will persist throughout pregnancy and so will diestrus.  On the other hand, if there is no 

mating or conception, luteolysis will take place, diestrus will end, and a new estrous 

cycle will begin.  

Anestrus 

A female that does not exhibit regular estrous cycles is referred to as being in 

anestrus.  Anestrus can occur if there is a failure to stimulate and maintain gonadotropin 

secretion due to insufficient GnRH release from the hypothalamus (Senger, 1997).  The 

lack of gonadotropins prevents the formation of ovulatory follicles or a functional CL.  

Anestrus can be caused by pregnancy, presence of offspring, stress, pathology, 

undernutrition, or season (Senger, 1997).  

Anestrus caused by pregnancy is a direct result of endocrine factors, such as 

continuous P4 secretion mainly by the placenta (Hafez and Hafez, 2000).  Once 

parturition occurs, P4 concentrations decrease dramatically, and a new estrous cycle can 

take place.  It is important to note that for anestrus to end there needs to be not only 

parturition, but uterine involution, since the animal needs to have a normal uterus before 

it goes into estrus again and becomes pregnant.  
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The extent of postpartum anestrus can also depend on mammary stimulation by the 

offspring.  Frequent nursing leads to an increase in serum concentrations of prolactin.  

Serum prolactin concentration is inversely related to FSH and LH concentrations (Hafez 

and Hafez, 2000), meaning that frequent nursing leads to a decrease in the concentration 

of the hormones responsible for follicle growth and ovulation.  Weaning of offspring can 

result in short estrous cycles in postpartum anestrous females.  Almost 80% of 

postpartum anestrous cows that had their calf weaned and exhibited estrus within 10 days 

of weaning had estrous cycles of about 7-12 days in length (Ramírez-Godinez et al., 

1982).  

There is a very close relationship between fertility and body condition and 

nutritional status of females, especially in dairy cattle.  Undernutrition and a prolonged 

negative energy balance can significantly extend the length of postpartum anestrus in 

these animals (Beam and Butler, 1999).  Studies with cycling heifers showed that severe 

restriction of energy intake can induce nutritional anestrus when body weight decreases 

by 15% (Rhodes et al., 1996).  In high producing dairy cows, the amount of milk 

production is related to the amount of time from parturition to the cow’s first ovulation 

(Hafez and Hafez, 2000).  This is related to the energy balance of the animal, since to 

maintain high milk production, the cow needs to mobilize fat from its body reserves.  If 

the cow is in a state of negative energy balance, it will use its energy primarily for milk 

production and reproductive processes will be negatively affected.  Undernutrition, 

caused by under consumption of nutrients before or after calving, may interfere with 

follicle maturation, ovulation, or other mechanisms regulating ovarian follicular 

dynamics (Jolly et al., 1995).  
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It is also worth noting that after parturition, the incidence of ovulations where the 

cow does not exhibit any behavioral characteristics of estrus approximates 50-95% 

(Hafez and Hafez, 2000).  Most dairy cows have normal fertile estrous cycles by around 

35 days postpartum.  In cows that ovulate early after calving (such as pluriparous cows), 

the conception rate is lower when bred at first postpartum estrus than at subsequent 

estrous cycles (Hafez and Hafez, 2000). 

Ovarian Follicular Dynamics in Ruminants 

In ruminants, ovarian follicular dynamics are regulated by the hypothalamic-

pituitary-ovarian axis.  This axis initiates and regulates the reproductive processes 

through neuro-endocrine systems.  Hormones produced by the hypothalamus stimulate 

(or inhibit) the pituitary gland which releases hormones in an endocrine fashion, which 

bind to receptors in the ovaries leading to morphological and endocrine changes in these 

tissues.  These changes cause the ovaries to go through several follicular waves, 

ultimately selecting a dominant follicle that will produce more E2 than the subordinate 

follicles, and which will eventually ovulate.  After ovulation, a CL is formed, and the 

luteal phase of the estrous cycle begins.  The presence or absence of an embryo creates a 

hormonal environment that leads to either the maintenance or regression of the CL, 

respectively.  Regression of the CL (luteolysis) permits the ovulation of the dominant 

follicle of the existing follicular wave, and the cycle starts again. 

Although much of the literature focuses on the gonadotropins as the major 

hormonal players in follicular dynamics, new research has established that polypeptide 

growth factors such as insulin, insulin-like growth factor (IGF), and insulin-like growth 

factor binding proteins (IGFBPs) are key for oocyte maturation and ovulation, and for 

establishment of the dominant follicle. 
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Hypothalamic-pituitary-ovarian axis 

 Regulation of follicle development includes both positive and negative endocrine 

feedback, occurring at the level of the pituitary and hypothalamus.  The hypothalamus is 

connected to the pituitary gland through the hypothalamic-hypophyseal portal system, 

which consists of a capillary plexus that can transport GnRH released by specialized 

hypothalamic nerve cells into the anterior pituitary, and also a neural connection to the 

posterior pituitary, where the hormone oxytocin (OT) is stored.  The hypothalamic 

hormone GnRH is released in pulses into the portal system in response to neural signals, 

where it signals the release of FSH and LH from the anterior pituitary (Hafez and Hafez, 

2000).  The gonadotropins FSH and LH are responsible for the growth and selection of 

the dominant follicle, estrogen secretion from the follicle, and for the ovulation of the 

follicle, respectively.  Through the hypothalamic-pituitary-ovarian axis, the pituitary 

hormones can exert a negative feedback to regulate the functions of the hypothalamus 

(Hafez and Hafez, 2000).  Studies performed by Karsch et al. (1980; 1987) suggest that in 

ovids E2 and P4 have a negative feedback effect on LH pulse amplitude and frequency, 

respectively, but that if E2 levels become sufficiently high the negative feedback effect 

becomes interrupted, and a positive feedback effect is observed causing an LH surge to 

occur.  The negative feedback effects of E2 and P4 on gonadotropin secretion in the ewe 

include an action on the brain and a consequent inhibition of pulsatile GnRH secretion 

(Karsch et al., 1987).  The positive feedback effect observed when E2 levels become 

sufficiently high allows for pulsatile GnRH secretion from the hypothalamus which 

results in the surge of LH necessary for follicle ovulation. 
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As follicles grow, they attain steroidogenic capabilities, which allow them to 

produce estrogens, E2 being the primary biologically active estrogen produced (Hafez and 

Hafez, 2000).  Luteal cells of the CL are also steroidogenic, but produce P4 primarily.  

The CL is composed of large and small luteal cells.  The large luteal cells spontaneously 

secrete P4 at a high rate, whereas the small luteal cells secrete little P4 in the absence of 

LH stimulation (Hafez and Hafez, 2000).  Progesterone has a negative feedback effect on 

the hypothalamus, which prevents it from releasing GnRH at a high amplitude and 

frequency (Hafez and Hafez, 2000), which in turn causes a very low release of LH, the 

hormone necessary for follicle ovulation.  When luteolysis occurs and P4 levels are low, 

the negative feedback effect on the hypothalamus is removed and a new follicular wave 

can occur.  

Follicular Waves in Cattle 

In bovids, selection of an antral follicle that will eventually ovulate usually occurs 

in 2 or 3 waves.  The ovary has a primordial follicle reserve, formed during fetal life or 

soon after birth (Hafez and Hafez, 2000), from which follicles are continuously being 

selected to grow and mature.  Follicle growth refers to the proliferation and 

differentiation of theca and granulosa cells, which leads to an increased ability to produce 

E2 and respond to gonadotropins (Hafez and Hafez, 2000).  Follicle growth, which is 

slow and gonadotropin-independent initially (Scaramuzzi et al., 1993), becomes 

gonadotropin-dependent during the final stages of maturation.  Transient FSH rises 

occurring at regular 8-10 day intervals in cattle (Mihm et al., 2002) lead to the emergence 

of up to 24 small (3-5 mm) follicles that grow beyond 4 mm in diameter (Adams et al., 

1992).  Follicles that are smaller than 4 mm require FSH to grow, while large antral 

follicles (7-9 mm) require LH for maturation (Hafez and Hafez, 2000).  These sequential 
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FSH rises associated with new follicle waves occur not only during the estrous cycle but 

also in the postpartum period (Crowe et al., 1998; Stagg et al., 1998), and before puberty 

in cattle (Evans et al., 1994).  As FSH concentrations start to decline, one follicle 

becomes the dominant follicle, whereas the rest of the follicles undergo atresia via 

apoptosis (Austin et al., 2001).  The dominant follicle exhibits enhanced growth and E2 

production, becomes FSH-independent and LH-dependent, and maintains FSH 

concentrations low to prevent the growth of subordinate follicles (Ginther et al., 1997; 

1999).  The dominant follicle continues to grow and produce E2 for 3 to 4 days, but as the 

CL produces high levels of P4, LH pulses are altered to a low frequency, high amplitude 

pattern causing the dominant follicle to become atretic (Sunderland et al., 1994; Evans et 

al., 1997).  As the follicle becomes atretic, it starts to secrete less E2 and eventually loses 

dominance.  When the dominant follicle regresses, there is another transient FSH rise, 

which triggers the emergence of a new wave of follicles and selection of a new dominant 

follicle (Sunderland et al., 1994).  Following luteolysis, P4 levels decrease, removing this 

hormone’s negative feedback effect on the hypothalamus.  This allows LH to be secreted 

from the pituitary gland.  A frequent LH pulse pattern during the follicular phase supports 

the existing dominant follicle, allowing it to undergo final differentiation, induce the 

gonadotropin surge, ovulate and luteinize (Mihm et al., 2002).   

Follicular Growth Factors 

 Although FSH and LH have historically been defined as the factors stimulating 

follicular and luteal growth and differentiation, more recent research has revealed that 

other factors are also involved.  These include inhibins, activin, follistatin, IGF, and 

IGFBPs.  
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Inhibins are proteins that exert an FSH-suppressive action on the pituitary.  Bovine 

follicular fluid contains dimeric forms (α and β subunits) of inhibins (Good et al., 1995).  

Activin is a dimer linking two β inhibin subunits and the interaction of activin and its 

receptor is regulated by follistatin, which neutralizes activin functions in the pituitary and 

ovary (Robertson et al., 1987; Findlay, 1993).  Recruited follicles produce inhibins, 

causing FSH levels to decrease and LH levels to increase.  During the first 33 hours of 

FSH decline, an increase in the larger molecular weight inhibins is seen in the fastest 

growing cohort follicles, and activin increases in the largest follicle (Austin et al., 2001).  

In the next 24 hours, the two largest follicles maintain high levels of the high molecular 

weight inhibins, but the larger of the two shows a reduction in follistatin concentrations 

(Austin et al., 2001).  The transient FSH rise will result in enhanced growth and E2 

synthesis in successful follicles, while follistatin and the amounts of the native 34 kDa 

inhibin dimer are kept at low concentrations (Mihm et al., 2002).  

The effects of IGFs on follicular granulosa cells are dependent on the concentration 

of FSH.  In vitro experiments have shown that IGFs stimulate proliferation of follicular 

granulosa cells, and enhance E2, inhibin and activin synthesis (Glister et al., 2001).  

Insulin-like growth factor binding proteins bind IGF with high affinity, making IGF 

unavailable to the IGF receptor.  High intrafollicular amounts of IGFBP-2, -4 and -5 

(lower molecular weight) is negatively correlated with follicle estrogen activity 

(Echternkamp et al., 1994), and atretic bovine follicles have been shown to have 

increased concentration of these IGFBPs (Mazerbourg et al., 2001).  Low amounts of 

IGFBPs are maintained in the dominant follicle, and this follicle demonstrates enhanced 

IGF bioavailability as a result of higher IGF-II synthesis and IGF-I binding, while 
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subordinate follicles show increased levels of IGFBP-4 and -5 (de la Sota et al., 1996; 

Stewart et al., 1996; Mihm et al., 1997; Austin et al., 2001).  As the dominant follicle 

loses dominance, there is an increase in low molecular weight IGFBPs and an increase in 

the incidence of granulosa cell apoptosis (de la Sota et al., 1996; Stewart et al., 1996; 

Manikkam and Rajamahendran, 1997).   

Ovulation 

As the dominant follicle grows, it attains LH receptors, which allow it to bind LH 

released from the pituitary gland.  When this gonadotropin binds to its receptor, a cascade 

of intracellular events is initiated whereby cholesterol is converted to testosterone.  

Testosterone diffuses out of the theca interna cells and enters the granulosa cells where it 

is converted to E2 (Senger, 1997).  The E2 concentrations increase until they reach a 

threshold that allows the LH surge to occur.  After the LH surge, the theca interna cells 

start to produce P4 instead of testosterone, which induces the production of collagenase, 

gelatinase, and stromelysin, enzymes known as metalloproteinases, which aid in the 

remodeling of the extracellular matrix.  Consequently the outer connective tissue of the 

ovary (tunica albuginea) is digested while granulosa cells increase secretion of follicular 

fluid, causing the apex of the follicle (stigma) to push outward and weaken (Senger, 

1997).  Prostaglandins produced by the ovary cause contraction of smooth muscle of the 

ovary, increasing local pressure and forcing the stigma to protrude even more (Senger, 

1997).  During ovulation, rupture of follicular blood vessels leads to the formation of the 

corpus hemorrhagicum, or “bloody body.”  Once ovulation occurs, prostaglandin E2 

(PGE2) helps remodel the follicle into the CL, a process that starts with the dramatic 

infolding of the follicular wall that facilitates migration of fibroblasts, endothelial cells, 

and theca interna cells into the central regions of the developing CL (O’Shea et al., 1980). 
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The breakdown of the basement membrane that separates the avascular granulosa layer 

from the theca interna layer further facilitates tissue remodeling and cellular migration 

during the luteinization process (O’Shea et al., 1980). 

Development and Function of the Corpus Luteum in Ruminants 

The CL is a transient endocrine gland composed of endothelial cells, steroidogenic 

large and small luteal cells, fibroblasts, smooth muscle cells and immune cells (O’Shea et 

al., 1989).  The major hormones produced by this reproductive gland are P4, and to a 

lesser extent OT, which is stored in secretory granules of large steroidogenic cells 

(McCracken et al., 1999).  Progesterone is necessary for the initiation and maintenance of 

pregnancy because it induces a quiescent state of the myometrium (Csapo and Pulkkinen, 

1978) and suppresses the maternal immune response to fetal antigens (Szekeres-Bartho, 

1992).  During early pregnancy, the CL is the primary source of this hormone.  Oxytocin, 

on the other hand, contributes to the luteolytic process if pregnancy is not established.  In 

domestic animals such as ruminants, the major luteotropin (substance that promotes the 

growth of the CL and P4 production) is LH (McCracken et al., 1999), although during 

early CL development, growth hormone (GH) seems to be the major player affecting P4 

secretion from the CL in vivo (Miyamoto et al., 1998) and in vitro (Kobayashi et al., 

2001).  The CL grows very rapidly, and a substantial increase in mass is apparent as early 

as two days after ovulation (Fields et al., 1996).  This increase in mass is due to 

hypertrophy of granulosa and theca cells and repeated mitosis of steroidogenic cells, 

endothelial cells, and fibroblasts (Acosta et al., 2004; McCracken et al., 1999).  Even 

though the CL has been the subject of intense research for decades, many of the luteal 

regulatory mechanisms involved are not completely understood.  The gonadotropins and 

growth hormones are the primary regulators of CL function, although other factors of 
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intra- and extraovarian origin have the potential to modulate the local response to these 

hormones or to have direct specific functions (Schams and Berisha, 2004).  This literature 

review will focus on angiogenesis promoters necessary for CL formation, and endocrine, 

autocrine, and paracrine regulators of CL function.   

Promoters of Angiogenesis 

As final follicular growth, ovulation and CL development occur, ovarian tissue is 

remodeled, and this tissue remodeling is associated with the occurrence of hemodynamic 

changes.  The developing CL is characterized by highly active vascularization (Acosta et 

al., 2004), and the majority of the steroidogenic cells of the mature CL are in contact with 

one or more capillaries (Reynolds et al., 1992).  Angiogenesis (the development of new 

blood vessels from pre-existing blood vessels) in the developing CL needs to be tightly 

controlled since this process maintains the delicate balance between promoters and 

inhibitors of angiogenesis (Schams and Berisha, 2004).  Factors that regulate luteal 

angiogenesis include vascular endothelial growth factor (VEGF), acidic and basic 

fibroblast growth factor (FGF-1 and FGF-2), IGF-I, and IGF-II.  

All components of the VEGF system are found in the bovine CL (Garrido et al., 

1993; Berisha et al., 2000).  The luteal tissue seems to express predominantly the smallest 

and secretory isoforms of the VEGF system (Schams and Berisha, 2004).  The highest 

VEGF and VEGF receptor (VEGFR) mRNA and protein expression were detected at the 

time of angiogenesis (early luteal development) (Berisha, 2000).  Schams and Berisha 

(2004) stated that these findings suggest that VEGF may act as a chemoattractant for 

sprouting endothelial cells (EC) since angiogenesis involves the migration and 

proliferation of EC from the pre-existing vessels.  Luteinizing hormone, IGF-I, and tumor 
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necrosis factor α (TNF-α) are some of the hormones that stimulate VEGF mRNA and 

protein expression in bovine granulosa cells (Schams and Berisha, 2004).    

Fibroblast growth factor-1 (acidic) mRNA expression in the bovine CL increases 

significantly during the mid-luteal stage (Schams and Berisha, 2002), while FGF-2 

(basic) and FGF receptor (FGFR) expression is highest during the early luteal stage 

(Schams and Berisha, 2004).  Fibroblast growth factor-2 concentrations in the bovine CL 

decrease during the mid-luteal stage and increase during the late-luteal stage and these 

changes are accompanied by changes in the protein localization from the cytoplasm of 

capillary EC and smooth muscle cells of arteries to the cytoplasm of luteal cells (Schams 

and Berisha, 2004).  The predominant localization of FGF-2 in EC during the early stages 

of CL development suggests that this is a dominating factor for endothelial growth 

(Gospodarowicz et al., 1985).     

Many researchers have demonstrated that the bovine CL expresses IGF-I mRNA 

(Einspanier et al., 1990; Kirby et al., 1996; Perks et al., 1999; Schams et al., 1999; 

Schams and Berisha, 2002).  The highest mRNA expression for both IGF-I and IGF-II 

was observed during the early luteal phase, followed by a decrease to a lower cyclic 

plateau (Schams and Berisha, 2004).  Insulin-like growth factor binding protein-3 

expression is positively correlated with IGF-I, -II, and IGF receptor-1 (IGFR-1) 

expression, and it has even been postulated that IGFBP-3 serves as a carrier and storage 

reservoir for IGFs within the intravascular compartment (Schams and Berisha, 2004).  As 

was mentioned before, IGFs have been shown to stimulate VEGF mRNA, suggesting that 

the IGF system may have an indirect effect on angiogenesis.  The fact that IGF-II is 

distinctly localized in pericytes (undifferentiated mesenchymal-like cells that may 
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become fibroblasts, macrophages, or smooth-muscle cells) suggests a direct role of the 

IGF system in angiogenesis and capillary stabilization (Amselgruber et al., 1994), since 

pericytes play an important role in the modulation of endothelial migration and 

proliferation (Orlidge and D’Amore 1987; Antonelli-Orlidge et al., 1989).  

Endocrine Regulators of CL Function 

An endocrine regulator is one that is produced by a gland and acts on a distant 

organ, tissue, or gland by traveling through the bloodstream.  The classical and primary 

endocrine hormones that support the development and function of the CL are LH and 

GH.  The CL expresses receptors for both of these hormones.   

An increase in LH receptor mRNA during the mid-luteal phase is followed by an 

increase in LH receptors (Kobayashi et al., 2001).  Most of the LH receptors are located 

on small luteal cells (Schams and Berisha, 2004), and LH stimulates these cells to 

produce P4 (Niswender and Nett, 1988).  In fact, a classic study by Hoffman et al. (1974) 

showed that treatment of heifers with an LH antiserum brought P4 levels back to basal 

levels within a short period of time. 

Receptors for GH are found mainly in large luteal cells (Lucy et al., 1993; Koelle et 

al., 1998).  These cells are responsible for 80% of P4 produced by the CL (Niswender et 

al., 1985).  Growth hormone stimulates the CL to produce and secrete OT and P4 

(Lieberman and Schams, 1994), and it has been shown that the latter hormone and the 

luteolysin, PGF2α, are more strongly stimulated by GH than by LH (Kobayashi, et al., 

2001). 

Autocrine and Paracrine Regulators  

Autocrine regulators are those that exert their effect on the same gland that produce 

them, while paracrine regulators refer to those that exert their effect on cells neighboring 
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the gland that produce them.  Autocrine and paracrine regulators of the CL include 

growth factors, peptides, steroids and prostaglandins. 

 Angiogenic growth factors can also stimulate CL function by stimulating 

secretion of P4 and OT.  Insulin-like growth factor-I and IGF-II are potent stimulators of 

P4 and OT (Einspanier et al., 1990; Sauerwin et al., 1992).  Fibroblast growth factor-2 

mRNA and protein expression have been demonstrated in luteal cells (Schams et al., 

1994), and in vitro studies have shown that it stimulates P4 and OT in a dose-dependent 

manner (Miyamoto et al., 1992; Liebermann et al., 1996). 

 Ovarian peptides regulating CL function are OT, angiotensin II (Ang II), and 

endothelin-1 (ET-1).  Oxytocin is localized in large and small luteal cells (Kruip et al., 

1985) and it has been shown to have a modulating action on the luteotrophic effects of 

LH on P4 secretion by the CL (Schams et al., 1995).  Studies suggest that during the 

development of the CL, OT may play an important role as a lutetropic factor (Schams, 

1996).  

Ang II and other growth factors that induce angiogenesis and support P4 production 

by large luteal cells seem to modulate the sprout of new blood capillaries needed to 

support luteal cell development (Kobayashi et al., 2001).  There are conflicting results 

regarding the effects of Ang II on P4 production by luteal cells.  Studies by Kobayashi et 

al. (2001) suggested that this peptide together with PGF2α greatly stimulated P4 secretion 

by the early CL, while studies with bovine CLs (Girsh et al., 1996; Miyamoto et al., 

1997; Hayashi and Miyamoto, 1999) suggested that it inhibited P4 production.  It is 

conceivable that the interaction of Ang II and PGF2α is necessary to induce stimulation of 

P4 production and secretion. 
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There is evidence of ET-1 expression in the bovine CL during the estrous cycle and 

pregnancy (Berisha et al., 2002).  The studies that noted an inhibition of P4 secretion by 

Ang II in the bovine CL suggest that ET-1 may also have an inhibitory effect on P4 

secretion (Girsh et al., 1996; Miyamoto et al., 1997; Hayashi and Miyamoto, 1999). 

Both P4 and norepinephrine (NE) have effects on the synthesis of hormones that 

regulate the CL.  Progesterone inhibits PGF2α secretion by the CL during the mid-luteal 

phase (Pate, 1988; Skarzynski and Okuda, 1999), and it also plays a luteotrophic role by 

stimulating the synthesis of LH receptors (Jones et al., 1992).  Norepinephrine is known 

to stimulate the synthesis and release of PGF2α  and PGE2 in bovine luteal cells 

(Skarzynski et al., 2001). 

Luteal PGF2α has distinct effects on CL function depending on the stage of the 

luteal cycle.  At the early and mid-luteal phases it has a luteotrophic effect, which ceases 

at the late luteal stage despite its high local production (Miyamoto et al., 1993).  Ovarian 

estradiol, OT and P4 appear to be the major regulators of the synthesis and secretion of 

luteal PGF2α during the estrous cycle (Grazul et al., 1988; Okuda et al., 2001). 

Luteolysis in Domestic Ruminants 

Luteolysis is the process whereby the CL regresses and loses its capability to 

produce P4.  Luteolysis in domestic ruminants is caused by an episodic release of PGF2α 

from the uterus that reaches the CL by a countercurrent system between the uterine vein 

and the ovarian artery (Schams and Berisha, 2004).  Through this system, PGF2α from 

one of the uterine horns reaches its ipsilateral ovary and causes the structural and 

functional demise of the CL (Ginther, 1974).  This countercurrent system is especially 

necessary in ovids because without it PGF2α would have to travel through the pulmonary 
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circulation where most of it (>99%) would be metabolized after one passage through the 

lungs (Davis et al., 1980).  Because only about 65% of PGF2α is enzymatically 

inactivated after one passage through the lungs in bovids (Davis et al., 1985), it is thought 

that this hormone may also work through the systemic circulation in cows.  Luteolysis is 

generally divided into functional and structural luteolysis.  During functional luteolysis, 

the CL loses its ability to synthesize and secrete P4 (McGuire et al., 1994), whereas 

during structural luteolysis the cellular components of the CL are lost (Pate, 1994). 

Historically, it has been reported that luteolysis is initiated when E2 released from 

the preovulatory follicle triggers the release of OT from the pituitary gland.  This causes 

the release of small quantities of PGF2α from the uterus (Fairclough et al., 1980), which 

has a positive feedback effect that leads to the release of additional luteal oxytocin and 

PGF2α from the CL and uterus (Silvia et al., 1991).  However, evidence is accumulating 

that suggests that OT is not essential for the initiation of PGF2α output during luteolysis 

(Kotwica et al., 1997; Kotwica et al., 1998).  In blood (Parkinson et al, 1992) and in 

intact (Parkinson et al, 1992) and microdialyzed bovine CL (Douglas et al., 2000), OT 

concentrations are extremely low at the time of luteolysis and a study performed by 

Kotwica et al. (1997) demonstrated that blocking uterine oxytocin receptors had no effect 

on luteolysis or the duration of the estrous cycle in heifers.  Estradiol stimulates the 

activity of enzymes that control prostaglandin (PG) synthesis in the uterine endometrium 

(Ham et al., 1975), and priming the uterus with P4 enhances E2-stimulated production of 

PGF2α in ruminants (Barcikowski et al., 1974; Lewis and Warren, 1977).  Luteolysis is a 

complex process that involves many morphological, structural, and molecular changes 

that allow the degradation of the CL so that a new estrous cycle can take place.  Some of 
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the aspects of luteolysis that will be discussed in this section are hormonal regulation of 

uterine PGF2α synthesis, changes in intracellular signaling, changes in blood flow, 

changes in morphology, effect of PGF2α on P4 synthesis, immune-mediated events, tissue 

metalloproteinases in the CL, and apoptosis of luteal cells. 

Hormonal Regulation of Uterine PGF2α Synthesis 

The endometrium is the site of luteolytic PGF2α synthesis, specifically the inter-

caruncural region of the surface epithelium (Kim and Fortier, 1995; Asselin et al., 1998).  

Synthesis of this luteolysin is stimulated by E2, the hormone that stimulates the activity of 

enzymes involved in PG synthesis and also by P4, which has been found to have a 

priming effect on the uterus when administered before E2.  It is thought that the priming 

effect of P4 is due to the accumulation of lipids in the endometrium (Boshier et al., 1981).  

Lipid accumulation is important because PGF2α is derived from arachidonic acid (AA), 

an omega-6 (n-6) fatty acid found in the phospholipid membrane of the cell.  Release of 

this fatty acid by phospholipase A2 (PLA2) is the rate-limiting step in PGF2α synthesis 

(Kunze and Vogt, 1971).  The released AA is converted to PGH2 by the enzyme 

prostaglandin endoperoxide synthase-2 (PGHS-2; DeWitt and Smith, 1995), also known 

as COX-2, an enzyme that contains cyclooxygenase and endoperoxidase activities 

(Wlodawer et al., 1976).  Prostaglandin H2 (PGH2) is an endoperoxide (unstable, 

biologically active molecule) that is further acted upon by the enzyme PGF synthase 

(PGFS) to yield PGF2α (Watanabe et al., 1985).  An alternate pathway for the formation 

of PGF2α is through PGE2-9-keto reductase (9K-PGR), an NADPH-dependent enzyme 

that catalyzes the conversion of PGE2 to PGF2α (Asselin and Fortier, 2000).  Progesterone 

is also thought to increase the concentration and activity of PGFS, further enhancing 
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PGF2α synthesis (Eggleston et al., 1990).  The positive feedback effect of the low levels 

of uterine PGF2α on luteal PGF2α can be attributed to the increase in availability of AA 

and PGHS-2 activity in the CL in response to PGF2α (Niswender et al., 2000).  The major 

point of control of E2 and P4 in PGF2α synthesis in the endometrium is through the 

regulation of endometrial OT receptor concentrations, and it has been postulated that in 

the intact cycling sheep, E2 enhances the formation of OT receptors in the endometrium, 

but that during the luteal phase, P4 blocks the formation of endometrial OT receptors 

(McCracken et al., 1995).  It also has been postulated that P4 exerts a nongenomic 

regulation of OT receptors by binding them with high affinity, therefore preventing the 

binding of OT to its own receptor (Grazzini et al., 1998).  At the end of the luteal phase, 

prolonged exposure of the uterus to P4 produced by the CL leads to a downregulation of 

the P4 receptor (Vu Hai et al., 1977), and the action of E2 is no longer suppressed.  This 

leads to the E2-induced formation of endometrial OT receptors, and a large amplification 

of endometrial PGF2α secretion induced by OT at the end of the luteal phase which leads 

to the regression of the CL (Niswender et al., 2000). 

Intracellular Signaling 

High-affinity receptors for PGF2α are localized to the large luteal cells of the CL 

(Fitz et al., 1982).  Binding of PGF2α to its receptor leads to the activation of membrane 

bound phospholipase C (PLC) (Berridge et al., 1984), which catalyzes the hydrolysis of 

phosphatidylinositol-4,5-bisphosphate to inositol-1,4,5-trisphosphate (IP3) (Davis et al., 

1985) and 1,2-diacylglycerol (DAG) (Berridge et al., 1984).  As the amount of IP3 

increases in the cytoplasm, it causes the release of free Ca2+ from the smooth 

endoplasmic reticulum of the cell into the cytoplasm (Berridge et al., 1984).  Free 



25 

 

intracellular Ca2+ activates phospholipase A2 (PLA2) (Flower and Blackwell, 1976), 

which cleaves AA from membrane phospholipids.  Also, free Ca2+ and DAG in the 

plasma membrane stimulate the Ca2+-dependent protein kinase C (PKC) (Nishizuka, 

1986), which is believed to mediate many of the antisteroidogenic actions of PGF2α 

through posttranslational modification of cellular proteins such as those involved in 

steroidogenesis (McGuire et al., 1994) and cholesterol biosynthesis (Behrman et al., 

1971).  It is also possible that PKC mediates apoptosis of large luteal cells, because 

activation of this enzyme induces the expression and activation of proteins involved in 

apoptosis in other cell types (Schwartzman and Cidlowski, 1993).  

Blood Flow and Vascular Changes 

 A steep decrease in blood flow to the CL has been postulated as one of the main 

luteolytic actions of PGF2α.  Studies with ewes demonstrated that administration of 

PGF2α caused a reduction in blood flow to the CL concurrent with a reduction in P4 

secretion (Niswender et al., 1973; Nett et al., 1976).  This decline in blood flow caused 

by PGF2α can lead to luteolysis by means of a reduction in luteotropic support, nutrients, 

and substrates for steroidogenesis reaching the CL (Phariss et al., 1970).  Also, 

vasoactive peptides like ET-1 have been implicated as having a direct luteolytic role.  

Endothelin-1 is a strong vasoconstrictor (Huggins et al., 1993) that is thought to mediate 

the inhibitory effect of PGF2α on luteal cells.  The PGF2α stimulates endothelial cells of 

the CL to produce ET-1 in vivo (Ohtani et al., 1998) and ET-1 inhibits the steroidogenic 

activities of luteal cells in vitro (Girsh et al., 1996).  Furthermore, a study by Meidan et 

al. (1999) showed that ET-1 inhibited P4 production by luteal cells in a dose-dependent 

manner.  Being a strong vasoconsctrictor, ET-1 may cause arteriole constriction (Ohtani 
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et al., 1998) by reducing blood flow during early luteolysis, and the resulting hypoxia 

may cause further release of ET-1 (Rakugi et al., 1990). 

Morphological Changes 

 Morphological changes associated with PGF2α are not evident until 24-36 h after 

exposure of the luteal cells (large and small) to the luteolysin (Sawyer et al., 1990), 

although by this time the steroidogenic capabilities of these cells are markedly reduced.  

Large luteal cell numbers decrease before small steroidogenic luteal cells, and a decrease 

in large luteal cell size is also evident at this time (Braden et al., 1988).  

PGF2α Inhibition of P4 Synthesis 

 The PGF2α decreases luteal synthesis of progesterone in vivo in many species, 

including bovids and ovids, where it has been shown to decrease P4 secretion from 

purified preparations of large luteal cells (Wiltbank et al., 1991).  The PGF2α negatively 

regulates P4 synthesis by decreasing cholesterol transport across the mitochondrial 

membranes.  This is critical because P4 is derived from cholesterol and steroidogenesis 

occurs in the mitochondria.  The disruption in the transport of cholesterol can occur at the 

two different following points: transport from the cytosol to the outer mitochondrial 

membrane and from the outer to the inner mitochondrial membrane where the enzymes 

required for side-chain cleavage reside.  

Transport of cholesterol in the cytoplasm is tightly coupled to interactions between 

sterol binding proteins and the cytoskeleton.  In a variety of species, P4 secretion from 

luteal cells is decreased by disruption of the cytoskeleton (Silavin et al., 1980), and 

studies in ewes have shown that treatment with PGF2α dramatically reduces the number 

of luteal cells staining for tubulin, a critical component of microtubular fibers (Murdoch, 
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1996).  This decrease in tubulin was followed by a decrease in P4, indicating that 

disruption of the cytoskeleton precedes the decreased synthesis of P4.  Still, it has not 

been elucidated if disruption of the microtubule network prevents transport of cholesterol 

to mitochondria or disturbs other aspects of luteal steroidogenesis.  In vitro studies have 

also shown that PGF2α may inhibit transport of cholesterol across the mitochondrial 

membranes (Wiltbank et al., 1993).  Treatment of cows and ewes with PGF2α decreased 

mRNA encoding for steroidogenic acute regulatory protein (StAR), which is followed by 

a decline in StAR protein (Pescador et al., 1996).  This reduction in StAR may lead to a 

reduction in cholesterol transport across the mitochondrial membranes.  

Immune-Mediated Events 

 The immune system plays a pivotal role in both functional (decline in P4 secretory 

capacity of the CL) and structural luteolysis (involution or regression of the CL).  During 

luteolysis, leukocytes, T-lymphocytes and macrophages increase significantly in the CL 

(Penny et al., 1999).  Macrophages perform several roles in the regressing CL, but the 

major one is phagocytosis of degenerative luteal cells (Pepperell et al., 1992) and 

degradation of the extracellular matrix (Parker, 1991).  They also assist in cytokine-

mediated inhibition of steroidogenesis and stimulation of CL production of PGF2α.  This 

is mediated by the macrophage-produced cytokines interleukin-1 (IL-1), which has been 

shown to be a potent stimulator of PGF2α in cultured bovine cells (Nothnick and Pate, 

1990), and tumor necrosis factor-α (TNF-α), which stimulates PGF2α production and 

inhibits LH-stimulated P4 production in vitro (Fairchild-Benyo and Pate, 1992).  It has 

been postulated that monocyte chemoattractant protein-1 (MCP-1), a potent chemotactic 
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agent for macrophages, may play an important role in structural luteolysis by increasing 

the migration of macrophages into the CL (Tsai et al., 1997). 

Tissue Metalloproteinases 

 Tissue metalloproteinases have been proposed as mediators of structural 

luteolysis.  As the CL becomes the corpus albicans (CA), substantial tissue remodeling 

occurs, and tissue metalloproteinases are thought to be involved in remodeling of the 

extracellular matrix (Birkedal-Hansen, 1995).  The CL of sheep and cows expresses 

tissue inhibitor of metalloproteinases-1 (TIMP-1), which serves in maintaining the 

structural integrity of this gland (Smith et al., 1995; Smith et al., 1996).  As the CL 

regresses, TIMP-1 levels decrease, allowing for an increased activity of the tissue 

metalloproteinases (McCracken et al., 1999).  

Apoptosis 

 It is generally accepted that structural luteolysis is an example of apoptosis.  This 

programmed cell death has been reported to occur during CL regression in ruminants 

(Juengel, 1993) and to be promoted by PGF2α (Sawyer et al., 1990).  Morphological 

evidence that a cell is undergoing apoptosis is the appearance of nuclear fragment 

containing degenerate chromatin (Sawyer et al., 1990), cell shrinkage, and appearance of 

membrane-bound cytoplasmic fractions (Kerr et al., 1972).  These cell fragments are 

phagocytized by cells of the immune system, like macrophages, which increase the 

apoptotic process in populations of luteal cells by phagocytosing membrane-enclosed 

fragments of these cells (Gemmell et al., 1976). 

Pregnancy Establishment in Ruminants 

Successful pregnancy in viviparous animals depends on the development of an 

allogenic fetus within its mother’s uterus.  This presents the challenge of preventing the 
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maternal immune system from recognizing the fetal antigens as foreign, since it presents 

paternal genes, and mounting a response against it.  Therefore, in most mammals, the 

conceptus has found ways to escape the deleterious effects of maternal rejection.  

Another barrier the embryo must prevent is the pulsatile release of PGF2α from the uterus, 

which would result in regression of the CL and a down regulation in P4 production.  In 

ruminants, as in most other species, a signal is sent by the developing embryo with the 

purpose of allowing the mother to recognize the embryo’s presence.  This prevents 

luteolysis from occurring and allows P4 secretion to continue, since this is the hormone 

that prepares and maintains the uterus as a suitable environment for the development of 

the conceptus.  Luteal P4 is necessary to allow maintenance of pregnancy until the 

placenta can produce adequate amounts of this steroid to complete the gestation interval 

(Niswender et al., 2000).  Ruminants have developed a way of rescuing the CL during 

early pregnancy that seems to be unique to these species, in which implantation is both 

late in onset and displays limited invasiveness (Wooding, 1992).  The anti-luteolytic 

signal is a protein, interferon-τ (IFN-τ), produced by the mononuclear cells of the 

trophectoderm, and it is released between days 14 and 17 of pregnancy (LaFrance and 

Goff, 1985; Okuda et al., 2002).  This means that the antiluteolytic signal is released 

while the blastocyst is still elongating and before the trophoblast attaches to the uterine 

wall (Roberts et al., 1996).  Interferon-τ inhibits luteolysis by down-regulating OT 

receptors in the endometrium, therefore preventing OT-stimulated pulsatile PGF2α release 

(Okuda et al., 2002), and also by different OT receptor-independent mechanism 

(LaFrance and Goff, 1990; Binelli et al., 2000).  This is important to note since some 

studies suggest that OT is not mandatory, but supplementary, for the luteolytic cascade 
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(Kotwica et al., 1998; Kotwica et al., 1997).  The mechanisms by which IFN-τ inhibits 

luteolysis that are independent of OT receptor downregulation, are the attenuation of 

PGHS-2 (also known as COX-2) gene expression (Binelli et al., 2000; Pru et al., 2001) 

and the shifting of PG production in the endometrium from PGF2α to PGE2, which has a 

luteotropic or luteoprotective effect on the CL (Xiao et al., 1998). 

Placentation in Ruminants 

Placentation in ruminants is of the synepitheliochorial type, which shows limited 

invasiveness, as opposed to hemochorial placentation, which is seen in humans and mice, 

or endotheliochorial placentation seen in dogs and cats (Roberts et al., 1996).  In 

synepitheliochorial placentation, binucleate cells migrate from the chorion and fuse with 

epithelial cells of the uterus (Roberts et al., 1996).  Cell to cell fusions lead to the 

formation of an extensive syncytium between the maternal and fetal tissues in sheep, 

while cell fusion is less extreme in cows and the barrier layer becomes partly populated 

with trinucleate cells (Roberts et al., 1996).  In cattle, the areas of interface known as 

placentomes provide tight attachments between the maternal and fetal membranes, which 

allow for nutrient exchange.  Placentomes are formed by the branching fetal cotyledonary 

villi, which grow down into the maternal caruncular crypts in a finger-in-glove 

arrangement (Schlafer et al., 2000).  One area of intense research has been how the fetus 

escapes the maternal immune response in these areas of intimate attachment. 

Pregnancy and the Immune Response 

There is no doubt that one of the most interesting areas of research in pregnancy is 

the study of how the fetus escapes the maternal immune system.  The major challenge 

that the fetus presents to the mother’s uterus is that it expresses paternally derived genes, 
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which are seen as foreign to the maternal immune system.  There have been several 

theories regarding the maternal-conceptus immunologic relationship (Hansen, 2000), but 

recent research has favored some of these more strongly than others.  In cows and ewes, 

there is a decrease in the number of lymphocytes, which serve in antigen presentation, 

phagocytosis, antibody and cytokine secretion, among other things.  This decrease is 

localized primarily to the placentomes of cows and the caruncular endometrium of sheep, 

the areas where the fetal and maternal tissues are in closest attachment, suggesting that 

the maternal immune tolerance is both local and specific to the areas adjacent to fetal 

tissues (Leung et al., 2000).  It has been suggested that this decrease is mediated by IFN- 

τ which has been shown to regulate lymphocyte proliferation (Newton et al., 1989; 

Skopets et al., 1992), and to have antiviral activity in vitro (Pontzer et al., 1988).  A study 

by Leung et al. (2000) suggested that in early pregnancy, the cytokine interleukin-1 (IL-

1) could act in concert with IFN-τ to stimulate stromal PGE2 synthesis, which in turn may 

inhibit uterine expression of the pro-inflammatory cytokine interleukin-2 (IL-2).  This is 

biologically relevant because studies have shown an increase in concentrations of IL-2 in 

placental tissues of mice (Tangri and Raghupathy, 1993) and women (Hill et al., 1995; 

Marzi et al., 1996) that have undergone a spontaneous abortion.  It has also been 

documented that early in pregnancy, a complete shutdown of major histocompatibility 

complex class I (MHC class I) expression by trophoblast cells appears to be critical for 

normal placental development and fetal survival (Davies et al., 2004).  The MHC class I 

protein is expressed in most somatic cells and is used to present peptides derived from 

intracellular pathogens, or from the animal’s own proteins, to cytotoxic T lymphocytes, 

which lyse the target cell.  The MHC class II molecules tend to be expressed on antigen-
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presenting cells such as macrophages, dendritic cells and B lymphocytes, which use them 

to present antigens from extracellular pathogens to helper T lymphocytes, which regulate 

the activity of other lymphocytes through cytokine secretion.  Trophoblasts of most 

species do not present either MHC class I or MHC class II antigens (Hunt et al., 1987; 

Kydd et al., 1991; Davies et al., 2004), suggesting that this lack of expression protects the 

placenta from attack by the maternal immune system (Davies et al., 2004).  Bovids are an 

exception in that they do present MHC class I protein, but only in the interplacentomal 

region, which may be the mechanism used by the fetus to prevent rejection by the 

maternal immune system.  Studies by Davies et al. (2000) showed that in bovids, as 

pregnancy progresses, there is a significant increase in expression of class I antigens in 

interplacentomal trophoblast cells, while endometrial epithelial cells of the maternal 

crypts lack detectable class I expression throughout pregnancy.  

PGHS-2 Gene Expression 

 A study by Binelli et al. (2000) with cultured bovine endometrial (BEND) cells 

demonstrated that bovine IFN-τ (bIFN-τ) suppresses PGF2α production, steady-state 

levels of PGHS-2 mRNA, and expression of PGHS-2 and PLA2 proteins, after these cells 

had been stimulated to produce PGF2α with phorbol-12,13-dibutyrate (PDBu), a protein 

kinase C (PKC) stimulator.  A decrease in PGHS-2 activity would directly decrease 

PGF2α production since, as it was mentioned before, this is the enzyme that converts AA 

into PGH2, the precursor of PGF2α.  The authors hypothesized that since PKC may 

stimulate PGF2α production via stimulation of synthesis and/or activity of both PLA2 

(Mayer and Marshall, 1993; Karimi and Lennartz, 1995) and PGHS-2 (DeWitt, 1991; 

Vezza et al., 1996), the effects of bIFN-τ could be at the level of PKC by inhibiting its 



33 

 

ability to stimulate PGF2α synthesis through modulation of these two enzymes.  Because 

there was still some PGF2α production in the presence of bIFN-τ, it was suggested that 

bIFN-τ likely does not affect PDBU-induced PGF2α synthesis at sites upstream of PKC.  

Later experiments by the same group (Binelli et al., 2001) indicated that IFN-τ activates 

the Janus kinase (JAK)-signal transducer and activator of transcription (STAT) pathway 

regulating gene expression of PGHS-2 in a manner that decreases secretion of PGF2α.  

Even though it is highly possible that activation of the JAK-STAT pathway is involved in 

the regulation of the anti-luteolytic effects of IFN-τ, there is a whole host of signaling 

pathways activated by IFNs that cannot be excluded from consideration (Binelli et al., 

2001).  

Shift in PG Production from PGF2α to PGE2 

 Interferon-τ may also prevent luteolysis by shifting primary prostaglandin 

production in the endometrium from luteolytic PGF2α to luteotropic PGE2.  Studies have 

established that IFN-τ may inhibit PGF2α production in the endometrium by down-

regulating PGFS and 9K-PGR (Asselin and Fortier, 2000; LaFrance and Goff, 1990).  

This would prevent the conversion of PGH2 or PGE2 into PGF2α, respectively.  

Additionally, studies by Xiao et al. (1998) showed that IFN-τ had an inhibitory effect on 

PGHS-2 mRNA expression in epithelial cells of the endometrium, which is the primary 

site of PGF2α production, while it has a stimulatory effect on PGHS-2 mRNA expression 

and PG synthesis in stromal cells, which are the primary source of PGE2 (Kim and 

Fortier, 1995).  More recent studies have demonstrated that IFN-τ specifically increases 

one of the PGE2 receptor subtypes in the myometrium and endometrial stroma, but not in 

luminal or glandular epithelium (Arosh et al., 2004). 
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Effects of Polyunsaturated Fatty Acids on Reproduction in Cattle 

High early embryonic mortality is one of the major problems affecting the dairy 

cattle industry.  Increased milk production in dairy cattle is associated with a decrease in 

reproductive performance.  Selective breeding has contributed to the propagation of high 

producing cows that exhibit a reduction in occurrence and intensity of estrus as well as 

embryo survival, due to alterations in metabolic rate associated with lactation and 

management (Thatcher et al., 2003).  It is estimated that up to 40% of embryonic losses 

occur between day 8 and day 17 of pregnancy (Thatcher et al., 1995), which is coincident 

with the period of conceptus inhibition of uterine PGF2α secretion.  It is conceivable that 

some of these early embryo losses may be due to lack of or suboptimal production of 

IFN-τ by the developing conceptus.  

Polyunsaturated fatty acids are fatty acids with two or more double bonds.  Fatty 

acids are unsubstituted monocarboxylic acids that occur mainly as esters in natural fats 

and oils, and may also exist in non-esterified forms known as free fatty acids 

(Abayasekara et al., 1999).  Unsaturated fatty acids can be divided into n-3, n-6, or n-9 

fatty acids, depending on the position of the first double bond from the methyl end of the 

hydrocarbon chain.  Polyunsaturated fatty acids that contain their first double bond at the 

third bond counting from the omega end are n-3 PUFAs, while those that have their first 

double bond at the sixth position are n-6 fatty acids.  Essential fatty acids that cannot be 

endogenously produced by ruminants include linoleic acid (LA; 18:2 n-6), which can be 

obtained from plant oils, and α-linolenic acid (LNA; 18:3 n-3), which predominates in 

forage lipids and in linseed (Cheng et al., 2001).  Metabolic conversions can occur only 

within the same PUFA family, meaning that LA can only be converted to other n-6 fatty 
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acids such as γ-linolenic acid (GLA; 18:3), dihomo-γ-linolenic (DGLA; 20:3), AA (20:4), 

and docosapentaenoic acid (DPA; 22:5), while LNA can be converted to other members 

of the n-3 family such as eicosapenaenoic acid (EPA; 20:5) and docosahexaenoic acid 

(DHA; 22:6) (Bezard et al., 1994).  These processes occur by the action of desaturase and 

elongase enzymes present in the animal.  These longer chain PUFAs can also be obtained 

directly from the diet. 

Using lactating dairy cows, Oldick et al. (1997) showed that OT-induced 

prostaglandin F2α metabolite (PGFM) concentrations in plasma were greatly reduced in 

cows infused abomasally with 0.45 kg/d of yellow grease, compared with infusion of 

tallow, glucose or water.  Additionally, Mattos et al. (2002) demonstrated that 

supplementation of postpartum dairy cows with fish meal containing EPA and DHA 

considerably attenuated serum PGF2α response to OT injection. 

Bovine endometrial (BEND) cells are a good model for the study of endometrial 

regulation of PGF2α.  These are a line of spontaneously replicating endometrial cells 

originating from cows on day 14 of their estrous cycle (Staggs et al., 1998) that can be 

stimulated with phorbol-12,13-dibutyrate (PDBu; a phorbol ester) to produce PGF2α.  A 

study by Mattos et al. (2003) using BEND cells reported that the n-3 fatty acids, LNA, 

DHA, and EPA, induced greater PGF2α inhibition than the n-9 fatty acid, oleic acid (OA), 

or the n-6 fatty acids, LA and AA.  

Although the mechanism of action by which supplemental n-3 fatty acids inhibit 

PGF2α production is not fully understood, Mattos et al. (2000) suggested that PUFAs may 

inhibit PGF2α synthesis by decreasing the availability of AA, increasing the concentration 

of fatty acids that compete with AA for processing by PGHS-2, inhibiting PGHS-2 
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synthesis and or activity, or affecting gene expression through activation of nuclear 

transcription factors.  In cultured BEND cells, n-3 PUFAs were shown to suppress PGF2α 

production without altering PGHS-2 mRNA synthesis (Mattos et al., 2003).  This would 

suggest that supplemental fatty acids may affect PGF2α biosynthesis through mechanisms 

which do not require PGHS-2 gene regulation.  The n-3 polyunsaturated fatty acids may 

decrease AA synthesis by inhibiting the desaturation and/or elongation processes 

necessary for the conversion of LA to AA (Bezard et al., 1994), or by replacing AA in 

tissue phospholipids, which has been demonstrated in animals fed diets rich in n-3 fatty 

acids (Trujillo and Broughton, 1995).  Another possible mechanism for dietary reduction 

in prostaglandin synthesis is the competition of PUFAs such as EPA for PGHS-2 activity, 

which would result in production of prostaglandins of the 3 series, which are less 

biologically active (Mattos et al., 2000).  A study by Leaver et al. (1991) showed that 

feeding rats a diet rich in n-3 fatty acids resulted in increased secretion of prostaglandins 

of the 3 series from uterine explants cultured in vitro.  Dietary fatty acids may repress 

genes involved in the synthesis of prostaglandins through activation of nuclear 

transcription factors such as peroxisome proliferator-activated receptors (PPARs). 

Roles of Peroxisome Proliferator-Activated Receptors in Reproduction 

Polyunsaturated fatty acids and their various metabolites can act at the level of the 

nucleus, in conjunction with nuclear receptors and transcription factors, to affect the 

transcription of a variety of genes.  Peroxisome proliferator-activated receptors are an 

example of nuclear hormone receptors that mediate the effects of fatty acids and their 

derivatives at the level of gene expression.  Peroxisome proliferator-activated receptors 

belong to the steroid hormone nuclear receptor superfamily of ligand-activated 
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transcription factors that also includes the retinoic acid receptor (RAR), liver X receptor 

(LXR), and the ubiquitous retinoid X receptor (RXR) (Sampath and Ntambi, 2005).  

Three isoforms, PPAR α, PPAR δ, and PPAR γ, each encoded by a different gene, have 

been identified.  Peroxisome proliferator-activated receptor α is expressed in numerous 

metabolic sites such as liver, kidney, heart, skeletal muscle, and brown fat (Braissant et 

al., 1996), while PPAR γ is highly expressed in adipocytes, where it regulates adipocyte 

differentiation, lipid storage and insulin sensitivity (Chawla et al., 1994; Schiffrin et al., 

2003).  Peroxisome proliferator-activated receptor δ is expressed in a wide range of 

tissues and cells, with relative higher levels of expression noted in brain, adipose, and 

skin (Braissant et al., 1996), and in the human placenta and large intestine (Mukherjee et 

al., 1997; Auboeuf et al., 1997).  Each of these receptors binds to the peroxisome 

proliferator response element (PPREs) of regulated genes as a heterodimer with a RXR.  

The PPRE comprises a direct repeat of 6 nucleotides, separated by one spacer nucleotide 

and has the consensus sequence AGGTCA n AGGTCA (van Bilsen et al., 2002).  The 

PPAR/RXR dimer is known to interact with various coactivators and corepressors which 

are thought to modulate transcriptional activity by interacting both with nuclear receptors 

and basal transcription factors (van Bilsen et al., 2002).  It is generally believed that the 

PPARs are constitutively localized in the nucleus, as opposed to other ligand-activated 

transcription factors which are translocated to the nucleus after binding to their cognate 

ligand (van Bilsen et al., 2002).  Studies have shown that PUFAs can activate PPARs at 

micromolar concentration ranges (Hihi et al., 2002).  

To date, the only PPAR that has been associated with reproductive function is 

PPAR δ (Berger et al., 2002).  Some fatty acid agonists for PPAR δ are DGLA, AA, and 
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EPA, of which the latter may be the most potent activator of this chemical class (Xu et 

al., 1999).  Prostacyclin (PGI2), derived from the action of PGHS-2, can also interact with 

PPARδ (Forman et al., 1997).  Studies with mice and rats have shown that PPAR δ plays 

a specific role in embryo development, specifically during implantation and 

decidualization (Barak et al., 2001; Ding et al., 2003).  Furthermore, a study by Lim et al. 

(2000) demonstrated that PGI2 is the primary PG that is essential for implantation and 

decidualization, and suggested that the effects of PGI2 are mediated by activation of 

PPAR δ.  This suggests that PGs produced by PGHS-2 may exert their effects directly on 

the nucleus via the activation of PPARs.  Moreover, in PGHS-2 deficient mice, 

decidualization and implantation failures can be reversed by the administration of a 

PPAR δ-selective agonist (Lim et al., 1997).  

The bovine endometrium, as well as BEND cells, have been shown to express 

PPAR δ (MacLaren et al., 2003) and a study by Balaguer et al. (2005) showed an inverse 

relationship between PPAR δ and uterine expression of estrogen receptor alpha and 

PGHS-2 genes, suggesting that this nuclear receptor may play an important role in the 

control of reproductive processes in mammalian species.  Activation of PPAR δ by its 

agonists may lead to the transcription of genes that are essential to reproductive events, 

therefore affecting reproductive performance. 

Roles of Mitogen-activated Protein Kinases in Reproduction 

The mitogen-activated protein (MAP) kinase signaling cascade is believed to 

function as an important regulator of prostaglandin biosynthesis (Guan et al., 1998), and 

components of this pathway have been implicated as mediators of phosphorylation of 

intracellular substrates such as protein kinases and transcription factors (Karin, 1994).  
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Three major classes of MAP kinases have been identified, each having several isoforms.  

They include the extracellular signal regulated protein kinase (ERK), c-Jun N-

terminal/stress-activated protein kinase (JNK/SAPK), and p38 MAP kinase (Robinson 

and Cobb, 1997).  These MAP kinases are activated by distinct upstream MAPK/ERK 

kinases (MEKs, MKKs), which recognize and phosphorylate threonine and tyrosine 

residues within a tripeptide motif (Thr-X-Tyr) required for MAP kinase activation 

(Kriakis and Avruch, 1996). 

There is evidence that the MAP kinase pathway is involved in the activation of the 

PG biosynthetic pathway.  For example, Lin et al. (1998) demonstrated that activation of 

cytosolic PLA2 was mediated by MAP kinase, while Guan et al. (1997) showed that 

inhibition of p38 MAP kinase resulted in the decrease of IL-1 mediated PGHS-2 

expression and PGE2 production.  Studies with the ovine endometrium have shown that 

this tissue expresses all classes of MAP kinase, and that OT induces phosphorylation of 

ERK1/2, suggesting this MAP kinase mediates OT-induced PGF2α synthesis in ovine 

endometrium (Burns et al., 2001).  A recent study performed at the University of Florida 

demonstrated that activation of p38 MAP kinase by PDBu is required for continued 

presence of PGHS-2 mRNA and secretion of PGF2α in BEND cells (Guzeloglu et al., 

2004).  In fact, several studies show evidence for a regulatory effect of p38 MAP kinase 

on PGHS-2 mRNA stability.  Inhibition of this MAP kinase in several cell types resulted 

in reduced expression and/or increased turnover of PGHS-2 mRNA (Dean et al., 1999; 

Guan et al., 1998; Jang et al., 2000; Subbaramaiah et al., 2003).  Scherle et al. (2000) 

studied the involvement of various signaling pathways leading to PGHS-2 and PPAR δ 

expression in the mouse uterus and demonstrated that inhibition of p38 MAP kinase 
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blocked PPAR δ expression and decreased PGHS-2 gene expression in luminal epithelial 

and stromal cells.  Ait-Said et al. (2003) recently showed that EPA suppresses p38 MAP 

kinase phosphorylation in stimulated human microvascular endothelial cells, resulting in 

a down-regulation of PGHS-2 gene expression.  This report suggests a novel regulatory 

point for EPA in PGF2α inhibition. 
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CHAPTER 3 
STUDIES ON THE EFFECTS OF EICOSAPENTAENOIC ACID ON PGF2α 

PRODUCTION IN CULTURED BOVINE ENDOMETRIAL CELLS  

Introduction 

Pregnancy establishment in ruminants is dependent on the attenuation of the 

pulsatile release of PGF2α from the endometrium (McCracken et al., 1970).  

Prostaglandin F2α is the luteolytic agent in many species, and it is produced in the 

endometrium through the action of several enzymes.  The rate-limiting step in PG 

synthesis is the cleavage of sn-2 fatty acyl ester bond of membrane phospholipids by 

cytosolic phospholipase A2 (Van den Bosh, 1980; Irvine, 1982).  The AA that is released 

by phospholipid hydrolysis is acted on by PGHS-2 to form PGH2, which then is 

converted to PGF2α.  Regression of the CL through the action of PGF2α leads to a 

decrease in plasma concentrations of P4, which is needed for maintenance of pregnancy.  

Early embryonic mortality is one of the major problems affecting the dairy cattle 

industry, and it is estimated that up to 40% of embryonic losses occur between d 8 and d 

17 of pregnancy (Thatcher et al., 1994), which is coincident with the period of conceptus 

inhibition of uterine PGF2α secretion.  Many researchers have focused on identifying 

ways to increase embryo survival in domestic species (Oldick et al., 1997; Moreira et al., 

2000; Mattos et al., 2002, 2003; Badinga et al., 2002).  Several of these studies have 

shown that manipulating the fat content of the ruminant’s diets can have a beneficial 

effect on reproduction (Staples et al., 1998).   



42 

 

Eicosapentaenoic acid and DHA have been shown to inhibit PGF2α synthesis in 

various tissue and cell models (Olsen et al., 1992; Baguma-Nibasheka et al., 1999; 

Mattos et al., 2002).  For example, infusing ewes with 3 ml/kg of body weight per day of 

an emulsion of fish oil (FO) containing 30% EPA and 20% DHA blocked a 

betamethason-induced increase in plasma concentration of PGF2α and delayed the 

occurrence of parturition (Baguma-Nibasheka et al., 1999).  In humans, consumption of 

large quantities of FO resulted in delayed parturition, conceivably due to reduced 

secretion of PGF2α (Olsen et al., 1992).  Recently, Mattos et al. (2002) reported that 

supplementing the diet of lactating dairy cows with fish meal (rich in n-3 fatty acids) 

reduced plasma PGFM concentrations after an OT injection.  The same authors showed 

that EPA and DHA were potent inhibitors of PGF2α secretion in BEND cells and that LA, 

an n-6 fatty acid, did not affect PGF2α response to PDBu in cultured BEND cells (Mattos 

et al., 2003). It has been postulated that supplemental fatty acids may inhibit PGF2α 

secretion by decreasing the availability of the precursor AA, increasing the 

concentrations of fatty acids that compete with AA for processing by PGHS, or by 

inhibiting PGHS synthesis and or activity (Mattos et al., 2000).  The University of 

Florida investigators recently reported that n-3 PUFAs suppressed PGF2α production 

without altering PGHS-2 mRNA synthesis in cultured BEND cells (Mattos et al., 2003), 

suggesting that supplemental fatty acids may affect PGF2α biosynthesis through 

mechanisms which do not require PGHS-2 gene regulation. 

 The objective of this study was to study the physiological effects of EPA on 

PGF2α production in PDBu-stimulated BEND cells.  We hypothesized that incubation of 

BEND cells with EPA would lead to a reduction in PGF2α production by these cells, and 
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that increasing the concentration of the n-6 fatty acid, LA, in these cells may abolish the 

inhibitory effect of EPA on endometrial PGF2α production. 

Materials and Methods 

Materials 

 Polystyrene tissue culture dishes (100 x 20 mm) were purchased from Corning 

(Corning Glass Works, Corning, NY).  The Ham F-12 medium, antibiotic/antimycotic 

(ABAM), phorbol 12,13-dibutyrate (PDBu), horse serum, D-valine, insulin, and fatty 

acid-free bovine serum albumin (BSA) were from Sigma Chemical Co. (St. Louis, MO).  

The Minimum Essential medium (MEM) and fetal bovine serum (FBS) were from US 

Biologicals (Swampscott, MA) and Atlanta Biologicals (Norcross, GA), respectively.  

Eicosapentaenoic acid, LA and PGF2α standard were from Cayman Chemicals (Ann 

Arbor, MI).  Hanks Balanced Salt Solution (HBSS) and TriZol reagent were from 

GIBCO BRL (Carlsbad, CA).  Isotopically-labeled PGF2α (5, 6, 8, 9, 11, 12, 14, 15 [n-

3H] PGF2α; 208 Ci/mmol) was from Amersham Biosciences (Piscataway, NJ).  The anti-

PGF2α antibody was purchased from Oxford Biomedicals (Oxford, MI).  BioTrans nylon 

membrane and [α-32P]deoxycytidine triphosphate (SA 3000 Ci/nmol) were from MP 

Biolomedicals (Atlanta, GA).  The PGHS-2 cDNA probe was cloned from an ovarian 

follicular cDNA library (Liu et al., 1999). 

Cell Culture and Treatment 

 Immortalized BEND cells (American Type Culture Collection # CRL-2398, 

Manassas, VA) were cultured as described by Mattos et al. (2003).  Cells were suspended 

(0.5 x 106 cells/mL) in growth medium (40% Ham F-12, 40% MEM, 1% ABAM, 200 

U/L of insulin, 0.343 g/L of D-valine, 10% heat-inactivated FBS and 10% horse serum) 
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and incubated at 37oC in a 95% air-5% CO2 environment.  Each culture was replenished 

with fresh medium every 2 days until cells reached confluence. 

 To examine the effect of EPA on PDBu-stimulated PGF2α secretion, confluent 

BEND cells were rinsed twice with HBSS and incubated in serum-free medium with or 

without EPA (100 µM) for 24 h (Figure 3-1).  This concentration and incubation time 

were selected since previous studies have shown that this particular concentration of EPA 

and incubation time have the most inhibitory effect on PGF2α in cultured BEND cells 

(Mattos et al., 2003).  The fatty acid was complexed with BSA at a molar ratio of 2:1 

before being added to the cultures.  The 24 h incubation period with fatty acid was 

chosen based on reported effects of EPA and DHA on phorbol ester-induced PGF2α 

secretion by BEND cells after 24 h (Mattos et al., 2003).  Medium was then removed and 

the cells incubated in serum-free medium with or without PDBu (100 ng/mL) for an 

additional 6 h (Figure 3-1).  After PDBu challenge, samples (0.5 mL) of cell-conditioned 

media were collected and store at -20oC until assayed for PGF2α concentration.  The 

remaining cell monolayers were rinsed in ice-cold HBSS, lysed with TriZol, and stored at 

-80oC until PGHS-2 and PPARδ mRNA quantifications. 

To determine the effect of LA on EPA-mediated inhibition of PGF2α secretion, 

confluent BEND cells were incubated with 6 molar ratios of EPA to LA for 24 h (Figure 

3-2). The molar n-6:n-3 ratios were 0 (all EPA), 1, 4, 9, 19, and ∞ (all LA).  The total 

concentration of fatty acids in the culture medium was maintained at 100 µM.  After 

incubation, the medium was removed and the cells were incubated in fresh serum-free 

medium with PDBu (100 ng/mL) for an additional 6 h. Aliquots (0.5 mL) of cell-

conditioned media then were collected and stored at -20oC for subsequent PGF2α 
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radioimmunoassay.  The remaining cell monolayers were rinsed in ice-cold HBSS, lysed 

with 1 mL of TRIzol Reagent, and stored at -80oC until PGHS-2 mRNA quantification. 

PGF2α Radioimmunoassay 

 Prostaglandin F2α concentration in cell-conditioned media was measured in 

duplicates as described by Danet-Desnoyers et al. (1994) and modified by Binelli et al. 

(2000).  Assay sensitivity was 5 ng/mL and intra- and inter-assay coefficients of variation 

were 8.2 and 15.8%, respectively.  To adjust for between well differences in cell density, 

final PGF2α concentrations were expressed as picograms per million cells.  Cell numbers 

in individual dishes were determined using a hemocytometer (Sigma Chemical Co., St. 

Louis, MO).  

RNA Isolation and Analysis 

 Total cellular RNA was isolated from control and treated BEND cell cultures 

using TRIZol reagent.  Two hundred µL of chloroform were added to each tube 

containing 1 mL of TRIzol.  Tubes were shaken vigorously by hand for 15 seconds and 

incubated at room temperature for 3 minutes.  Samples were centrifuged at no more than 

12,000 x g for 15 minutes at 4°C.  After centrifugation the aqueous phase was transferred 

to a fresh tube, and RNA was precipitated using 500 µL of isopropanol.  Samples were 

incubated at room temperature for 10 minutes and centrifuged at no more than 12,000 x g 

for 10 minutes at 4°C.  The supernatant was removed and the RNA pellet was washed 

once by adding 1 mL of 75% ethanol and centrifuging at no more than 7,500 x g for 3 

minutes at 4°C.  At the end of the procedure the RNA pellet was air dried for 5 to 10 

minutes, after which time the RNA was dissolved in RNase-free water.  Ten micrograms 

of RNA was fractionated in 1.0% agarose-formaldehyde gel and blotted to a BioTrans 
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nylon membrane by capillary action.  The RNA was cross-linked to the membrane by UV 

irradiation and baked at 80oC for 1 h.  The RNA filters were hybridized consecutively 

with random primer-labeled PGHS-2 and PPARδ cDNA probes (Balaguer et al., 2005).  

After hybridization, RNA filters were washed for 20 min in 50 mL 2X SSC, 0.1% SDS at 

room temperature, followed by two 15-min washes in 0.1X SSC, 0.1% SDS at 42oC.  The 

filters were blotted dry and exposed to X-ray films for 6 to 24 h at -80oC.  Hybridization 

signals for each target gene were quantified by densitometric analysis. 

Statistical Analyses 

 Concentrations of PGF2α in cell culture medium and mRNA responses were 

analyzed using the General Linear Model procedure of the SAS software package (SAS 

Institute Inc., Cary, NC).  For PGF2α concentration, the sources of variation included 

experiment, treatment, experiment x treatment interaction, and well (experiment x 

treatment).  One experiment constituted one run in which all treatments (i.e., control, 

PDBu, PDBu+EPA) were tested.  The well, nested within experiment and treatment, was 

considered a random variable and, therefore, the well variance was used as error term to 

test the effects of experiment, treatment and experiment x treatment interaction. The 

statistical model used was the following: 

yijk = µ + Ei + Tj + ETij + W(ET)ijk + εijkl 

where µ = overall mean; Ei = effect of the ith experiment; Tj = effect of the jth 

treatment; ETij = the interaction of the ith experiment and the jth treatment; W(ET)ijk = is 

the well nested within the ith experiment and the jth treatment; and εijkl = random error.  

For PGHS-2 and PPARδ mRNA responses, the mathematical models included 

experiment, treatment and experiment x treatment interaction.  Densitometric values for 
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each target gene were expressed as ratios over the values for 18S ribosomal RNA.  When 

treatment effects were detected (P < 0.05), means were separated using orthogonal 

contrasts. 

Results 

 Prostaglandin F2α production was negligible in control BEND cells (Figure 3-3).  

Treatment with PDBu for 6 h stimulated (P < 0.01) PGF2α secretion 10-fold (Figure 3-3).  

Pre-incubation of BEND cells with EPA for 24 h decreased (P < 0.01) PGF2α response to 

PDBu by 75% (Figure 3-3).  However, concentration of PGF2α remained higher (+ 2.7-

fold) in EPA-treated than control cells (Figure 3-3).   

 Compared to untreated cells, PDBu increased (P < 0.01) steady-state PGHS-2 

mRNA concentrations by 20-fold (Figure 3-4).  Eicosapentaenoic acid had no detectable 

effect on PGHS-2 mRNA responses to PDBu (Figure 3-4). 

PDBu increased (P < 0.05) steady-state PPARδ mRNA concentrations by 1.3-fold, 

as compared to untreated cells (Figure 3-5).  Eicosapentaenoic acid had no detectable 

effect on PPARδ mRNA response to PDBu (Figure 3-5).  

 The inhibitory effect of EPA on PGF2α production decreased (P < 0.01) from 88 

to 40% as the n-6/n-3 fatty acid ratio in the culture medium increased from 0 to 19 

(Figure 3-6).  Addition of LA alone to the culture medium had no detectable effect on 

PGF2α response to PDBu (Figure 3-6). 

 Steady-state PGHS-2 mRNA concentrations increased (P < 0.05) from 18 to 93%, 

as the n-6/n-3 fatty acid ratio in the culture medium increased from 0 to 19 (Figure 3-7).  

Complete substitution of EPA by LA in the medium further enhanced (P < 0.05) PGHS-2 

mRNA response to PDBu (+ 149%; Figure 3-7).  
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Discussion 

 Evidence is rapidly accumulating that supplemental fatty acids can have major 

effects on eicosanoid synthesis in domestic animals (Baguma-Nibasheka et al., 1999; 

Mattos et al., 2003; Cheng et al., 2001; Chartrand et al., 2003).  Depending on the amount 

and type of particular fatty acids reaching the target tissues, supplemental fatty acids can 

either stimulate (Burke et al., 1996; Filley et al., 1999) or inhibit (Baguma-Nibasheka et 

al., 1999; Mattos et al., 2003; Cheng et al., 2001) prostanoid synthesis.  Results of this 

study extend previous observations that n-3 fatty acids are potent inhibitors of PG 

secretion in mammalian species (Baguma-Nibasheka et al., 1999; Olsen et al., 1992; 

Mattos et al., 2000; Mattos et al., 2002; Mattos et al., 2003; Cheng et al., 2001).  

Although the exact mechanism by which supplemental n-3 fatty acids inhibit PGF2α 

production is not fully understood, it is conceivable that increased concentration of EPA 

in membrane phospholipids as a result of treating BEND cells with EPA could displace 

AA, leading to increased synthesis of PGs of the 3 series at the expense of PGs of the 2 

series (Mattos et al., 2003).   This hypothesis does not rule out the possibility that 

supplemental EPA also may inhibit PGHS-2 activity in cultured BEND cells.  In fact, 

incubation of rat hepatoma cells with AA, EPA, DHA, or heineicosapentaenoic acid 

(C21:5 n-3) inhibited the PGHS-2 enzyme activity (Larsen et al., 1997).  Eicosapentaenoic 

acid inactivated the enzyme almost completely when added 30 sec before addition of AA. 

The rate-limiting step in PG synthesis involves the cleavage of sn-2 fatty acyl ester 

bond of membrane phospholipids by cytosolic PLA2 (Van den Bosh, 1980; Irvine, 1982).  

The AA that is released by phospholipid hydrolysis is acted on by PGHS-2 to form 

PGH2, which then is converted to PGF2α.  Consistent with a previous observation (Mattos 
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et al., 2003), the present study provided no evidence for EPA regulation of PGHS-2 

mRNA abundance in BEND cells.  As discussed above, supplemental EPA may alter 

endometrial PGF2α production through competitive displacement of AA from membrane 

phospholipids and/or through alteration of the PGHS-2 enzymatic activity. 

Polyunsaturated fatty acids elicit several physiological changes through the 

alteration of the activity or synthesis of nuclear PPARs (Bocher et al., 2002).  In mice, 

PPARδ deficiency leads to placental defects and results in frequent mid gestational 

lethalities (Barak et al., 2002), suggesting that this nuclear receptor may play an 

important role in the control of reproductive processes in mammalian species.  Consistent 

with a recent in vivo experiment (Palin et al., 2005), supplemental EPA had no detectable 

effects on PPARδ response to PDBu in cultured BEND cells.  Results suggest that 

supplemental n-3 fatty acids may alter endometrial PGF2α production through a 

mechanism which does not require induction of PPARδ gene.  However, whether and 

how these fatty acids may control the activity of this nuclear receptor warrants further 

investigation. 

Conventional cattle diets contain a mixture of n-6 and n-3 fatty acids.  Therefore, 

we examined the effect of EPA on endometrial production of PGF2α in the presence of 

increasing concentrations of LA.  The inhibitory effect of EPA on uterine endometrial 

PGF2α production decreased from 88 to 40%, as the n-6/n-3 fatty acid ratio in the culture 

medium increased from 0 to 19.  These findings are consistent with previous reports 

(Trujillo et al., 1995; Achard et al., 1997), and suggest that the net inhibition of uterine 

PGF2α synthesis by n-3 fatty acids may depend on the amount of n-6 fatty acids reaching 

the target tissue.  Increasing concentrations of LA in the cell culture system may increase 
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the availability of AA in membrane phospholipids and therefore decrease the competition 

by n-3 fatty acids for the PGHS-2 enzyme.  Whether and how increasing n-6/n-3 fatty 

acid ratios alter the PGHS-2 activity is yet to be elucidated. 

Summary 

Phorbol ester stimulated PGF2α production and up-regulated PGHS-2 gene 

expression within 6 h in cultured BEND cells.  Pre-incubation of confluent BEND cells 

with EPA for 24 h decreased PGF2α response to PDBu, but had no detectable effect on 

PGHS-2 mRNA abundance.  The inhibitory effect of EPA on PGF2α response to PDBu 

was reverted when increasing amounts of LA and decreasing amounts of EPA were 

added to the culture medium.  These findings indicate that the net inhibition of uterine 

endometrial PGF2α synthesis by n-3 fatty acids may depend on the availability of n-6 

fatty acids within the target tissue. 
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Figure 3-1.  Experimental manipulations to examine the effect of eicospaentaenoic acid 

(EPA) on prostaglandin F2α (PGF2α) response to phorbol-12,13-dibutyrate 
(PDBu) in bovine endometrial (BEND) cells.  
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Figure 3-2.  Experimental manipulations to study the effect of linoleic acid (LA) on 

prostaglandin F2α (PGF2α) response to eicosapentaenoic acid (EPA) in bovine 
endometrial (BEND) cells. 

 
 

 
 

 

 

 

 

PDBu + + + + + + + 
LA, µM 0 0 50 80 90 95 100 

EPA, µM 0 100 50 20 10 5 0 
n-6/n-3 0 0 1 4 9 19 ∞ 
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Figure 3-3.  Effect of eicosapentaenoic acid (EPA) on prostaglandin F2α (PGF2α) 

response to phorbol-12,13-dibutyrate (PDBu) in bovine endometrial (BEND) 
cells.  Data represents least square means ± SEM of three independent 
experiments.  When treatment effects were detected (P < 0.05), means were 
separated using orthogonal contrasts. Contrast 1:  (Control) vs. (PDBu), 
(PDBu + EPA), P < 0.0001; Contrast 2: (PDBu) vs. (PDBu + EPA), P < 
0.0001. 
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Figure 3-4.  Effect of eicosapentaenoic acid (EPA) on prostaglandin endoperoxide 

synthase (PGHS-2) mRNA response to phorbol-12,13-dibutyrate (PDBu) in 
bovine endometrial (BEND) cells.  Ten micrograms of total cellular RNA 
isolated from control and treated BEND cells were subjected to Northern blot 
analysis (A), and resulting densitometric values were analyzed by the GLM 
procedure of SAS (B). The top panel shows a representative Northern blot, 
whereas the bottom panel represents means ± SEM calculated over two 
experiments (n = 4 for each treatment).  When treatment effects were detected 
(P < 0.05), means were separated using orthogonal contrasts.  Contrast 1: 
(Control) vs. (PDBu), (PDBu + EPA), P < 0.0001; Contrast 2: (PDBu) vs. 
(PDBu + EPA), P = 0.4. 
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Figure 3-5.  Effect of eicosapentaenoic acid (EPA) on peroxisome proliferator-activated 

receptor δ (PPARδ) mRNA response to phorbol-12,13-dibutyrate (PDBu) in 
bovine endometrial (BEND) cells.  Ten micrograms of total cellular RNA 
isolated from control and treated BEND cells were subjected to Northern blot 
analysis (A), and resulting densitometric values were analyzed by the GLM 
procedure of SAS (B). The top panel shows a representative Northern blot, 
whereas the bottom panel represents means ± SEM calculated over two 
experiments (n = 4 for each treatment).  When treatment effects were detected 
(P < 0.05), means were separated using orthogonal contrasts.  Contrast 1: 
(Control) vs. (PDBu), (PDBu + EPA), P = 0.04; Contrast 2: (PDBu) vs. 
(PDBu + EPA), P = 0.3. 
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Figure 3-6.  Effects of increasing n-6/n-3 fatty acid ratios on prostaglandin F2α (PGF2α) 
response to phorbol-12-13-dibutyrate (PDBu).  Data represents least square 
means ± SEM of three independent experiments.  When treatment effects 
were detected (P < 0.05), means were separated using orthogonal contrasts. 
Contrast 1: (PDBu), (∞) vs. (0), (1), (4), (9), (19), P < 0.0001; Contrast 2: (0) 
vs. (1), (4), (9), (19), (∞), P < 0.0001; Contrast 3: (1) vs. (4), (9), (19), (∞), P 
= 0.0001; Contrast 4: (4) vs. (9), (19), (∞), P = 0.0003; Contrast 5: (9) vs. 
(19), (∞), P = 0.3; Contrast 6: (PDBu) vs. (∞), P = 0.6. 
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Figure 3-7.  Effects of increasing n-6/n-3 fatty acid ratios on prostaglandin endoperoxide 

synthase (PGHS-2) response to phorbol-12,13-dibutyrate (PDBu).  Ten 
micrograms of total cellular RNA isolated from control and treated BEND 
cells were subjected to Northern blot analysis (A), and resulting densitometric 
values were analyzed by the GLM procedure of SAS (B). The top panel shows 
a representative Northern blot, whereas the bottom panel represents means ± 
SEM calculated over two experiments.  When treatment effects were detected 
(P < 0.05), means were separated using orthogonal contrasts. Contrast 1: 
(PDBu), (∞) vs. (0), (1), (4), (9), (19), P = 0.1; Contrast 2: (0) vs. (1), (4), (9), 
(19), (∞), P = 0.3; Contrast 3: (1) vs. (4), (9), (19), (∞), P = 0.03; Contrast 4: 
(4) vs. (9), (19), (∞), P = 0.2; Contrast 5: (9) vs. (19), (∞), P = 0.3; Contrast 6: 
(PDBu) vs. (∞), P = 0.0004. 
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CHAPTER 4 
STUDIES ON THE MECHANISMS OF ACTION OF EICOSAPENTAENOIC ACID 

ON PGF2α PRODUCTION BY CULTURED BOVINE ENDOMETRIAL CELLS 

Introduction 

Polyunsaturated fatty acids and their metabolites can act at the level of the 

nucleus to affect the transcription of a variety of genes.  One potential mechanism by 

which PUFAs affect mammalian gene expression is through the interaction with nuclear 

receptors commonly referred to as PPARs (Berger et al., 2002).  Peroxisome proliferator-

activated receptors are members of the nuclear hormone receptor superfamily of ligand-

dependent transcription factors (Ding et al., 2003).  Three PPAR subtypes that have been 

recognized include PPARα, PPARδ, and PPARγ.  Of these three different subtypes, 

PPARδ is the only one that has been associated with reproductive processes (Berger et 

al., 2002).  Recently Balaguer et al. (2005) showed an inverse relationship between 

PPARδ and uterine expression of estrogen receptor alpha and PGHS-2 genes, suggesting 

that this nuclear receptor may play an important role in the control of reproductive 

processes in mammalian species. 

The MAP kinase signaling cascade is believed to function as an important 

regulator of PG biosynthesis (Guan et al., 1998), and components of this pathway have 

been implicated as mediators of phosphorylation of intracellular substrates such as 

protein kinases and transcription factors (Karin, 1994).  In mammalian cells, at least three 

different subfamilies of MAP kinases have been identified (ERK, JNK/SAPK, and p38), 

each having several isoforms (Guan et al., 1998).  Recent investigations have 
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demonstrated the importance of ERK and p38 MAP kinases as regulators of the PG 

biosynthetic pathway.  Specifically, ERK has been shown to mediate OT-induced PGF2α 

synthesis in ovine endometrium (Burns et al., 2001), while p38 regulates the stability of 

PGHS-2 mRNA (Dean et al., 1999; Guan et al., 1998; Jang et al., 2000; Subbaramaiah et 

al., 2003).  Whether and how supplemental PUFAs interact with the MAP kinases 

signaling pathway has not been fully documented. 

The objective of this investigation was to study the mechanisms of action of EPA 

on PGF2α production in PDBu-stimulated BEND cells.  We hypothesized that if EPA 

exerts its PGF2α-inhibitory effect through activation of PPARδ, then activation of this 

nuclear receptor would mimic the effect of EPA on PGF2α production.  Alternatively, if 

EPA acts through the ERK or p38 MAP kinase signal transduction pathways, then 

blocking these kinases would block the PGF2α-inhibitory effect of EPA. 

Materials and Methods 

Cell Culture and Treatment 

Immortalized BEND cells (American Type Culture Collection # CRL-2398, 

Manassas, VA) were cultured as described by Mattos et al. (2003) with the following 

modifications.  Cells were suspended (0.5 x 106 cells/mL) in growth medium (40% Ham 

F-12, 40% MEM, 1% ABAM, 200 U/L of insulin, 0.343 g/L of D-valine, 10% heat-

inactivated FBS and 10% horse serum) and incubated at 37oC in a 95% air-5% CO2 

environment.  Each culture was replenished with fresh medium every 2 days until cells 

reached confluence. 

 Experiment 1.  To determine if EPA-mediated inhibition of PGF2α secretion 

involves PPARδ activation, confluent BEND cells were rinsed with HBSS and then 
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assigned randomly to one of the following treatments: 1) control (medium alone), 2) 

PDBu (100 ng/mL), 3) PPARδ agonist (L-165,041; 1 µM), or 4) PDBu + L-165,041 

(Figure 4-1).   

Experiment 2.  In another set of experiments, confluent BEND cells were treated 

with 1) medium alone (control), 2) PDBu, 3) PDBu + EPA, or 4) PDBu + EPA + PPARδ 

antagonist (sulindac sulfide or sulindac sulfone; Figure 4-2).  In each experiment, aliquots 

(0.5 mL) of cell conditioned media were collected at the end of the culture and stored at -

20°C until analyzed for PGF2α concentration.  The remaining cell monolayers were lyzed 

with Trizol and stored at -80°C until PGHS-2 and PPARδ mRNA quantifications. 

Experiment 3.  To determine whether EPA-mediated PGF2α secretion involves p38 

or ERK MAP kinase activation, confluent BEND cells were treated with EPA (100 

ng/mL), a combination of EPA and p38 MAP kinase inhibitor (SB203580 [1 µM]), or a 

combination of EPA and ERK MAP kinase inhibitor (PD98059 [20 µM]) for 24 h, and 

then challenged with PDBu (100 ng/mL) for an additional 6 h (Figure 4-3).  After 

incubation, aliquots (0.5 mL) of cell-conditioned media were collected and stored at -

20oC for subsequent PGF2α radioimmunoassay.  The remaining cell monolayers were 

rinsed in ice-cold HBSS, lysed with TriZol, and stored at -80oC until PGHS-2 mRNA 

quantification. 

PGF2α Radioimmunoassay 

 Prostaglandin F2α concentration in cell-conditioned media was measured in 

duplicates as described by Danet-Desnoyers et al. (1994) and modified by Binelli et al. 

(2000).  Assay sensitivity was 5 ng/mL and intra- and inter-assay coefficients of variation 

were 8.2 and 15.8%, respectively.  To adjust for between well differences in cell density, 
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final PGF2α concentrations were expressed as picograms per million cells.  Cell numbers 

in individual dishes were determined using a hemocytometer (Sigma Chemical Co., St. 

Louis, MO). 

RNA Isolation and Analysis 

 Total cellular RNA was isolated from control and treated BEND cell cultures 

using TriZol reagent according to the manufacturer’s instructions.  Ten micrograms of 

RNA was fractionated in 1.0% agarose-formaldehyde gel and blotted to a BioTrans nylon 

membrane by capillary action.  The RNA was cross-linked to the membrane by UV 

irradiation and baked at 80oC for 1 h.  The RNA filters were hybridized consecutively 

with random primer-labeled PGHS-2 and PPARδ cDNA probes (Balaguer et al., 2005).  

After hybridization, RNA filters were washed for 20 min in 50 mL 2X SSC, 0.1% SDS at 

room temperature, followed by two 15-min washes in 0.1X SSC, 0.1% SDS at 42oC.  The 

filters were blotted dry and exposed to X-ray films for 6 to 24 h at -80oC.  Hybridization 

signals for each target gene were quantified by densitometric analysis. 

Statistical Analyses 

 Concentrations of PGF2α in cell culture medium and mRNA responses were 

analyzed using the General Linear Model procedure of the SAS software package (SAS 

Institute Inc., Cary, NC).  For PGF2α concentration, the sources of variation included 

experiment, treatment, experiment x treatment interaction, and well (experiment x 

treatment).  The well, nested within experiment and treatment, was considered a random 

variable and, therefore, the well variance was used as error term to test the effects of 

experiment, treatment and experiment x treatment interaction.  For PGHS-2 and PPARδ 

mRNA responses, the mathematical models included experiment, treatment and 
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experiment x treatment interaction.  Densitometric values for each target gene were 

expressed as ratios over the values for 18S ribosomal RNA.  When treatment effects were 

detected (P < 0.05), means were separated using orthogonal contrasts. 

Results 

To test the hypothesis that EPA may attenuate endometrial PGF2α secretion through 

activation of nuclear PPARδ, we examined endometrial PGF2α response to PDBu in the 

absence or presence of L-165,410, a specific PPARδ agonist.  The PPARδ agonist 

completely abolished (P < 0.01) PGF2α response to PDBu (Figure 4-4).  The decrease in 

PGF2α secretion coincided with a significant reduction in PGHS-2 mRNA abundance in 

PDBu + L-165,410-treated cells (Figure 4-5).  Basal and PDBu-induced PPARδ mRNA 

concentrations were unaffected by supplemental PPARδ agonist (Figure 4-6). 

 When added in combination with EPA, the PPARδ inhibitor sulindac sulfide 

decreased (P < 0.01) PGF2α response to PDBu to a greater extent (-94%) than did EPA 

alone (-78%; Figure 4-7).  The decrease in PGF2α secretion due to sulindac sulfide 

coincided with a reduction (P < 0.01) in steady-state PGHS-2 mRNA concentration in 

sulindac sulfide-treated cells (Figure 4-8).  The PPARδ mRNA response to PDBu was 

unaffected by supplemental sulindac sulfide (Figure 4-9). 

 Because sulindac sulfide decreased PGHS-2 mRNA concentration in PDBU-

treated BEND cells, it was unclear whether this PPARδ inhibitor decreased endometrial 

PGF2α secretion via repression of PGHS-2 gene and or through a specific inhibition of 

nuclear PPARδ.  To test a PGHS-2-independent mechanism of PGF2α inhibition in 

endometrial cells, we examined PGF2α response to PDBu in the presence of EPA and 

sulindac sulfone, a PPARδ inhibitor that has been reported to have no effects on PGHS-2 
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gene expression (Babbar et al., 2003).  Sulindac sulfone decreased (P < 0.01) PGF2α 

response to PDBu to a greater extent (-86%) than did EPA alone (-71%; Figure 4-10).  

However, unlike sulindac sulfide, treatment of BEND cells with sulindac sulfone had no 

detectable effects on steady-state PGHS-2 mRNA concentration (Figure 4-11).  

Interestingly, priming of BEND cells with EPA alone or EPA and sulindac sulfone 

increased (P < 0.05) PPARδ response to PDBu (Figure 4-12).  

 To test whether EPA inhibits endometrial PGF2α production through the p38 or 

ERK MAP kinase signal transduction pathways, we examined PGF2α response to PDBu 

in the absence or presence of SB203580, a p38 inhibitor, or PD98059, an ERK inhibitor.  

Pre-incubation of BEND cells for 24 h with either inhibitor had no detectable effect on 

PGF2α production as compared to EPA + PDBu treated BEND cells (Figure 4-13).  There 

was no difference in PGHS-2 mRNA level among any of the treatments tested (Figure 4-

14).  

Discussion 

Polyunsaturated fatty acids elicit several metabolic changes through alteration of 

the activity or synthesis of nuclear PPARs, all of which appear to have distinct patterns of 

expression and functional roles (Brassant and Wahli, 1998).  Our laboratory recently 

detected an inverse relationship between PPARδ and uterine estrogen receptor alpha and 

PGHS-2 genes (Balaguer et al., 2005), suggesting that this nuclear receptor may play an 

important role in the control of reproductive processes in mammalian species. 

In the present study, PPARδ  activation greatly reduced PGF2α and PGHS-2 mRNA 

responses to PDBu in cultured BEND cells (Figure 4-4 and Figure 4-5).  This is in 

contrast with a previous study in which PPARδ activation induced PGHS-2 gene 
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expression in human hepatocellular carcinoma cells (Glinghammar et al., 2003).  

Consistent with our findings, Inouie et al. (2000) reported that PPARγ activation reduced 

the PGHS-2 promoter activity in lipopolysaccharide-stimulated monocytic cells.  

Furthermore, Subbamaiah et al. (2001) showed that PPAR ligands could suppress tissue-

type plasminogen activator (TPA)-driven PGHS-2 transcription in human epithelial cells 

via activator protein-1 (AP-1) and cAMP response element binding protein (CREB) at the 

cAMP response element  (CRE) site in the proximal promoter.  These studies collectively 

indicate that the net effect of PPAR activation may vary depending on the cell type and 

likely depends on the presence and or activation of other transcription co-factors in a 

given cell system (Lim et al., 2004). 

To further characterize the role of PPARδ in EPA-induced attenuation of 

endometrial PGF2α secretion, we examined the effects of two PPARδ inhibitors on PGF2α 

response to EPA in cultured BEND cells.  Sulindac sulfide and sulindac sulfone 

decreased PGF2α secretion to greater extents than did EPA alone.  The decrease in PGF2α 

secretion was associated with a significant reduction in PGHS-2 mRNA abundance in 

sulindac sulfide–treated, but not sulindac sulfone-treated cells.  Results are consistent 

with previous reports that sulindac sulfide is a potent inhibitor of cyclooxygenase gene 

expression and PG synthesis in several malignant cells (Marnett, 1992; Meade et al., 

1993; Lim et al., 1999).  The observation that sulindac sulfone decreased PGF2α secretion 

without altering endometrial PGHS-2 mRNA content also is consistent with the literature 

data (Thompson et al., 1995,1997; Babbar et al., 2003), and would suggest that the 

sulfone derivative of sulindac regulates uterine PGF2α secretion through a mechanism that 

is PGHS-2-independent.   
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Previous studies have shown that the MAP kinase signaling cascade functions as an 

important regulator of prostaglandin biosynthesis (Guan et al., 1998), and in ruminants, 

there is evidence that ERK and p38 MAP kinases are involved in activation of the PG 

biosynthetic pathway (Guan et al., 1997; Lin et al., 1998; Burns et al., 2001; Guzeloglu et 

al., 2004).  Inhibition of p38 MAP kinase in several cell types resulted in reduced 

expression and/or increased turnover of PGHS-2 mRNA (Dean et al., 1999; Guan et al., 

1998; Jang et al., 2000; Subbaramaiah et al., 2003).  Most importantly, a recent 

investigation by Ait-Said et al. (2003) showed that EPA suppressed p38 MAP kinase 

phosphorylation and down-regulated PGHS-2 gene expression in stimulated human 

microvascular endothelial cells, suggesting a novel regulatory point for EPA in PGF2α 

inhibition.  

The present study indicated that p38 or ERK inhibitor had no detectable effect on 

PGF2α or PGHS-2 mRNA responses to EPA in cultured BEND cells.  This is in contrast 

with previous observations which showed that inhibition of the p38 MAP kinase in 

several cell types resulted in reduced expression and/or increased turnover of PGHS-2 

mRNA (Dean et al., 1999; Guan et al., 1998; Jang et al., 2000; Subbaramaiah et al., 

2003).  It is conceivable that the use of PDBu in BEND cells leads to an activation of 

PKC and, subsequently, of PGHS-2, which may override the effect of p38 inhibition on 

PGHS-2 gene expression.   

Collectively, these findings indicate that EPA and PPARδ alter uterine endometrial 

PGF2α secretion through complex mechanisms which may or may not involve PGHS-2 

regulation.  Whether and how EPA and PPARδ affect the activities of several enzymes 

involved in endometrial PGF2α cascade remains to be elucidated.  Further studies are 
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necessary to investigate the role of p38 and ERK in EPA-mediated PGF2α inhibition in 

cultured BEND cells.   

Summary 

 Phorbol ester stimulated PGF2α production and up-regulated PGHS-2 gene 

expression within 6 h in cultured BEND cells.  Pre-incubation of confluent BEND cells 

with a PPARδ agonist (L-165,041) for 24 h decreased PGF2α and steady-state PGHS-2 

mRNA responses to PDBu, but had no detectable effect on PPARδ mRNA 

concentrations.  Pre-incubation of BEND cells with PPARδ inhibitors (sulindac sulfide 

and sulindac sulfone) decreased PGF2α response to PDBu to a greater extent than did 

EPA alone.  Treatment of BEND cells with sulindac sulfide resulted in a reduction in 

steady-state PGHS-2 mRNA levels, while use of sulindac sulfone had no detectable 

effects on steady-state PGHS-2 mRNA abundance.  Basal and PDBu-induced PPARδ 

mRNA concentrations were unaffected by supplemental sulindac sulfide, while sulindac 

sulfone increased PPARδ response to PDBu.  Inhibiton of p38 and ERK MAP kinases 

had no detectable effects on the PGF2α or PGHS-2 response to EPA.  

Results of these studies indicate that EPA and PPARδ alter uterine endometrial 

PGF2α secretion through complex mechanisms which may or may not involve PGHS-2 

regulation. Further studies are necessary to elucidate the role of MAP kinases in EPA-

mediated PGF2α inhibition in the bovine uterus.
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Figure 4-1.  Experimental manipulations to determine if eicosapentaenoic acid (EPA)-
mediated inhibition of prostaglandin F2α (PGF2α) secretion involves 
peroxisome proliferator-activated receptor δ (PPARδ) activation in bovine 
endometrial (BEND) cells. 
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Figure 4-2.  Experimental manipulations to determine if peroxisome proliferator-

activated receptor δ (PPARδ) inhibition may abolish eicosapentaenoic acid 
(EPA) effect on prostaglandin F2α (PGF2α) secretion in bovine endometrial 
(BEND) cells.  
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Figure 4-3.  Experimental manipulations to examine the role of mitogen-activated protein 

(MAP) kinases in eicosapentaenoic acid (EPA) regulation of prostaglandin F2α 
(PGF2α) production in bovine endometrial (BEND) cells. 
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Figure 4-4.  Effect of a peroxisome proliferator-activated receptor δ (PPARδ) agonist (L-
165,041) on prostaglandin F2α (PGF2α) secretion in bovine endometrial 
(BEND) cells.  Data represents least square means ± SEM of two independent 
experiments.  When treatment effects were detected (P < 0.05), means were 
separated using orthogonal contrasts. Contrast 1: (Control), (Ag) vs. (PDBu), 
(PDBu + Ag), P < 0.0001; Contrast 2: (PDBu) vs. (PDBu + Ag), P < 0.0001; 
Contrast 3: (Control) vs. (Ag), P = 0.2.  
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Figure 4-5.  Effect of a peroxisome proliferator-activated receptor δ (PPARδ) agonist (L-

165,041) on prostaglandin endoperoxide synthase (PGHS-2) mRNA 
abundance in bovine endometrial (BEND) cells.  Ten micrograms of total 
cellular RNA isolated from control and treated BEND cells were subjected to 
Northern blot analysis (A), and resulting densitometric values were analyzed 
by the GLM procedure of SAS (B). The top panel shows a representative 
Northern blot, whereas the bottom panel represents means ± SEM calculated 
over two experiments (n = 4 for each treatment).  When treatment effects were 
detected (P < 0.05), means were separated using orthogonal contrasts. 
Contrast 1: (Control), (Ag) vs. (PDBu), (PDBu + Ag), P = 0.0001; Contrast 2: 
(PDBu) vs. (PDBu + Ag), P = 0.004; Contrast 3: (Control) vs. (Ag), P = 0.9. 
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Figure 4-6.  Effect of a peroxisome proliferator-activated receptor δ (PPARδ) agonist (L-

165,041) on PPARδ mRNA response to PDBu in bovine endometrial (BEND) 
cells.  Ten micrograms of total cellular RNA isolated from control and treated 
BEND cells were subjected to Northern blot analysis (A), and resulting 
densitometric values were analyzed by the GLM procedure of SAS (B). The 
top panel shows a representative Northern blot, whereas the bottom panel 
represents means ± SEM calculated over two experiments (n = 4 for each 
treatment).  When treatment effects were detected (P < 0.05), means were 
separated using orthogonal contrasts. Contrast 1: (Control), (Ag) vs. (PDBu), 
(PDBu + Ag), P = 0.008; Contrast 2: (PDBu) vs. (PDBu + Ag), P = 0.9; 
Contrast 3: (Control) vs. (Ag), P = 0.2.   
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Figure 4-7.  Effect of sulindac sulfide on prostaglandin F2α (PGF2α) response to 

eicosapentaenoic acid (EPA) in bovine endometrial (BEND) cells.  Data 
represents least square means ± SEM of five independent experiments.  When 
treatment effects were detected (P < 0.05), means were separated using 
orthogonal contrasts. Contrast 1: (PDBu) vs. (PDBu + EPA), (PDBu + EPA + 
I) P < 0.0001; Contrast 2: (PDBu + EPA) vs. (PDBu + EPA + I), P < 0.0001.   
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Figure 4-8.  Effect of sulindac sulfide on prostaglandin endoperoxide synthase (PGHS-2) 

mRNA response to eicosapentaenoic acid (EPA) in bovine endometrial 
(BEND) cells.  Ten micrograms of total cellular RNA isolated from control 
and treated BEND cells were subjected to Northern blot analysis (A), and      
resulting densitometric values were analyzed by the GLM procedure of SAS        
(B). The top panel shows a representative Northern blot, whereas the bottom       
panel represents means ± SEM calculated over two experiments (n = 4 for      
each treatment).  When treatment effects were detected (P < 0.05), means 
were separated using orthogonal contrasts. Contrast 1: (PDBu) vs. (PDBu + 
EPA), (PDBu + EPA + I) P = 0.2; Contrast 2: (PDBu + EPA) vs. (PDBu + 
EPA + I), P = 0.0005.   

 



75 

 

 
 
Figure 4-9.  Effect of sulindac sulfide on peroxisome proliferator-activated receptor δ 

(PPARδ) mRNA response to eicosapentaenoic acid (EPA) in bovine 
endometrial (BEND) cells.  Ten micrograms of total cellular RNA isolated 
from control and treated BEND cells were subjected to Northern blot analysis 
(A), and resulting   densitometric values were analyzed by the GLM 
procedure of SAS (B). The top panel shows a representative Northern blot, 
whereas the bottom panel represents means ± SEM calculated over two 
experiments (n = 4 for each experiment). 
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Figure 4-10.  Effect of sulindac sulfone on prostaglandin F2α (PGF2α) response to 

eicosapentaenoic acid (EPA) in bovine endometrial (BEND) cells.  Data 
represents least square means ± SEM of three independent experiments.  
When treatment effects were detected (P < 0.05), means were separated using 
orthogonal contrasts. Contrast 1: (PDBu) vs. (PDBu + EPA), (PDBu + EPA + 
I) P < 0.0001; Contrast 2: (PDBu + EPA) vs. (PDBu + EPA + I), P = 0.0005.   
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Figure 4-11.  Effect of sulindac sulfone on prostaglandin endoperoxide synthase (PGHS-

2) mRNA response to eicosapentaenoic acid (EPA) in bovine endometrial 
(BEND) cells.  Ten micrograms of total cellular RNA isolated from control 
and treated BEND cells were subjected to Northern blot analysis (A), and       
resulting densitometric values were analyzed by the GLM procedure of        
SAS (B). The top panel shows a representative Northern blot, whereas the        
bottom panel represents means ± SEM calculated over two experiments (n        
= 4 for each treatment).  When treatment effects were detected (P < 0.05), 
means were separated using orthogonal contrasts. Contrast 1: (PDBu) vs. 
(PDBu + EPA), (PDBu + EPA + I) P = 0.07; Contrast 2: (PDBu + EPA) vs. 
(PDBu + EPA + I), P = 0.4.   
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Figure 4-12.  Effect of sulindac sulfone on peroxisome proliferator-activated receptor δ 

(PPARδ) mRNA response to eicosapentaenoic acid (EPA) in bovine 
endometrial (BEND) cells.  Ten micrograms of total cellular RNA isolated  
from control and treated BEND cells were subjected to Northern blot analysis 
(A), and resulting densitometric values were analyzed by the GLM procedure 
of SAS (B). The top panel shows a representative Northern blot, whereas the      
bottom panel represents means ± SEM calculated over two experiments (n        
= 4 for each treatment).  When treatment effects were detected (P < 0.05), 
means were separated using orthogonal contrasts. Contrast 1: (PDBu) vs. 
(PDBu + EPA), (PDBu + EPA + I) P = 0.01; Contrast 2: (PDBu + EPA) vs. 
(PDBu + EPA + I), P = 0.8.   
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Figure 4-13.  Effect of SB203580 and PD98059 on prostaglandin F2α (PGF2α) response to 

eicosapentaenoic acid (EPA) in bovine endometrial (BEND) cells.  Data 
represents least square means ± SEM of three independent experiments.  
When treatment effects were detected (P < 0.05), means were separated using 
orthogonal contrasts. Contrast 1: (PDBu) vs. (PDBu + EPA), (PDBu + EPA + 
SB), (PDBu + EPA + PD) P < 0.0001; Contrast 2: (PDBu + EPA) vs. (PDBu 
+ EPA + SB), (PDBu + EPA + PD), P < 0.0001, Contrast 3: (PDBu + EPA + 
SB) vs. (PDBu + EPA + PD), P = 0.9.   
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Figure 4-14.  Effect of SB203580 and PD98059 on prostaglandin endoperoxide synthase 

(PGHS-2) mRNA response to eicosapentaenoic acid (EPA) in bovine 
endometrial (BEND) cells.  Ten micrograms of total cellular RNA isolated 
from control and treated BEND cells were subjected to Northern blot analysis 
(A), and resulting densitometric values were analyzed by the GLM procedure 
of SAS (B).  
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CHAPTER 5 
GENERAL DISCUSSION  

Recent studies have implicated n-3 polyunsaturated fatty acids (PUFAs) in the 

reduction of prostaglandin F2α (PGF2α) synthesis in the bovine uterus.  Although cattle 

diets contain a mixture of n-3 and n-6 fatty acids, currently there is a lack of information 

as to how these fatty acids may interact to alter PGF2α biosynthesis in the uterus.  Results 

of this study extend previous observations that n-3 fatty acids are potent inhibitors of PG 

secretion in mammalian species (Baguma-Nibasheka et al., 1999; Olsen et al., 1992; 

Mattos et al., 2000; Mattos et al., 2002; Mattos et al., 2003; Cheng et al., 2001).  

Although the exact mechanism by which supplemental n-3 fatty acids inhibit PGF2α 

production is not fully understood, it is conceivable that increased availability of EPA in 

membrane phospholipids as a result of treating BEND cells with EPA could displace AA, 

leading to increased synthesis of PGs of the 3 series at the expense of PGs of the 2 series 

(Mattos et al., 2003).   This hypothesis does not rule out the possibility that supplemental 

EPA also may inhibit PGHS-2 activity in cultured BEND cells.  In fact, incubation of rat 

hepatoma cells with AA, EPA, DHA, or heineicosapentaenoic acid (C21:5 n-3) inhibited 

the PGHS-2 enzyme activity (Larsen et al., 1997).  Eicosapentaenoic acid inactivated the 

enzyme almost completely when added 30 sec before addition of AA. 

The rate-limiting step in PG synthesis involves the cleavage of sn-2 fatty acyl ester 

bond of membrane phospholipids by cytosolic PLA2 (Van den Bosh, 1980; Irvine, 1982).  

The AA that is released by phospholipid hydrolysis is acted on by PGHS-2 to form 
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PGH2, which then is converted to PGF2α.  Consistent with a previous observation (Mattos 

et al., 2003), the present study provided no evidence for EPA regulation of PGHS-2 

mRNA abundance in BEND cells.  As discussed above, supplemental EPA may alter 

endometrial PGF2α production through competitive displacement of AA from membrane 

phospholipids and/or through alteration of the PGHS-2 enzymatic activity. 

Polyunsaturated fatty acids elicit several physiological changes through the 

alteration of the activity or synthesis of nuclear PPARs (Bocher et al., 2002).  In mice, 

PPARδ deficiency leads to placental defects and results in frequent mid gestational 

lethalities (Barak et al., 2002), suggesting that this nuclear receptor may play an 

important role in the control of reproductive processes in mammalian species.  Consistent 

with a recent in vivo experiment (Palin et al., 2005), supplemental EPA had no detectable 

effects on PPARδ response to PDBu in cultured BEND cells.  Results suggest that 

supplemental n-3 fatty acids may alter endometrial PGF2α production through a 

mechanism which does not require induction of PPARδ gene.  However, whether and 

how these fatty acids may control the activity of this nuclear receptor warrants further 

investigation. 

Conventional cattle diets contain a mixture of n-6 and n-3 fatty acids.  Therefore, 

we examined the effect of EPA on endometrial production of PGF2α in the presence of 

increasing concentrations of LA.  The inhibitory effect of EPA on uterine endometrial 

PGF2α production decreased from 88 to 40%, as the n-6/n-3 fatty acid ratio in the culture 

medium increased from 0 to 19.  These findings are consistent with previous reports 

(Trujillo et al., 1995; Achard et al., 1997), and suggest that the net inhibition of uterine 

PGF2α synthesis by n-3 fatty acids may depend on the amount of n-6 fatty acids reaching 
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the target tissue.  Increasing concentrations of LA in the cell culture system may increase 

the availability of AA in membrane phospholipids and therefore decrease the competition 

by n-3 fatty acids for the PGHS-2 enzyme.  Whether and how increasing n-6/n-3 fatty 

acid ratios alter the PGHS-2 activity is yet to be elucidated. 

For the experiments that focused on studying the mechanisms of action of EPA on 

PGF2α production in BEND cells, we hypothesized that if EPA affects PGF2α production 

through the activation of PPARδ or of p38 or ERK, then activation of this nuclear 

receptor, or of these MAP kinases, would mimic the effect of EPA on PGF2α production 

in cultured BEND cells.  In the present study, PPARδ activation greatly reduced PGF2α 

and PGHS-2 mRNA responses to PDBu in cultured BEND cells.  This is in contrast with 

a previous study in which PPARδ activation induced PGHS-2 gene expression in human 

hepatocellular carcinoma cells (Glinghammar et al., 2003).  Consistent with our findings, 

Inouie et al. (2000) reported that PPARγ activation significantly reduced the PGHS-2 

promoter activity in lipopolysaccharide-stimulated monocytic cells.  Furthermore, 

Subbamaiah et al. (2001) showed that PPAR ligands could suppress TPA-driven PGHS-2 

transcription in human epithelial cells via AP-1 and CREB binding proteins at the CRE 

site in the proximal promoter.  These studies collectively indicate that the net effect of 

PPAR activation may vary depending on the cell type and likely depends on the presence 

and or activation of other transcription co-factors in a given cell system (Lim et al., 

2004). 

To further characterize the role of PPARδ in EPA-induced attenuation of 

endometrial PGF2α secretion, we examined the effects of two PPARδ inhibitors on PGF2α 

response to EPA in cultured BEND cells.  Sulindac sulfide and sulindac sulfone 
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decreased PGF2α secretion to greater extents than did EPA alone.  The decrease in PGF2α 

secretion was associated with a significant reduction in PGHS-2 mRNA abundance in 

sulindac sulfide–treated, but not sulindac sulfone-treated cells.  Results are consistent 

with previous reports that sulindac sulfide is a potent inhibitor of cyclooxygenase gene 

expression and PG synthesis in several malignant cells (Marnett, 1992; Meade et al., 

1993; Lim et al., 1999).  The observation that sulindac sulfone decreased PGF2α secretion 

without altering endometrial PGHS-2 mRNA content also is consistent with the literature 

data (Thompson et al., 1995,1997; Babbar et al., 2003), and would suggest that the 

sulfone derivative of sulindac regulates uterine PGF2α secretion through a mechanism that 

is PGHS-2-independent.   

Previous studies have shown that the MAP kinase signaling cascade functions as an 

important regulator of prostaglandin biosynthesis (Guan et al., 1998), and in ruminants, 

there is evidence that ERK and p38 MAP kinases are involved in activation of the PG 

biosynthetic pathway (Guan et al., 1997; Lin et al., 1998; Burns et al., 2001, Guzeloglu et 

al., 2004).  Inhibition of p38 MAP kinase in several cell types results in reduced 

expression and/or increased turnover of PGHS-2 mRNA (Dean et al., 1999; Guan et al., 

1998; Jang et al., 2000; Subbaramaiah et al., 2003).  Most importantly, a recent 

investigation by Ait-Said et al. (2003) showed that EPA suppressed p38 MAP kinase 

phosphorylation and down-regulated PGHS-2 gene expression in stimulated human 

microvascular endothelial cells, suggesting a novel regulatory point for EPA in PGF2α 

inhibition.  

The present study indicated that p38 or ERK inhibitor had no detectable effect on 

PGF2α or PGHS-2 mRNA responses to EPA in cultured BEND cells.  This is in contrast 
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with previous observations which showed that inhibition of the p38 MAP kinase in 

several cell types resulted in reduced expression and/or increased turnover of PGHS-2 

mRNA (Dean et al., 1999; Guan et al., 1998; Jang et al., 2000; Subbaramaiah et al., 

2003).  It is conceivable that the use of PDBu in BEND cells leads to an activation of 

PKC and, subsequently, of PGHS-2, which may override the effect of p38 inhibition on 

PGHS-2 gene expression.   

In summary, this study presents direct evidence that the inhibition of uterine 

endometrial PGF2α biosynthesis by n-3 fatty acids depends on the amount of n-6 fatty 

acids in the uterus, and that EPA and PPARδ affect uterine PGF2α synthesis through 

complex mechanisms which may or may not involve PGHS-2 gene regulation.  Further 

studies are needed to fully document the role of p38 and ERK MAP kinases in 

endometrial PGF2α biosynthesis. 
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