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 Feeding conjugated linoleic acids (CLA) improves reproductive 

performance in dairy cows; however, the molecular mechanisms by which 

CLA improves reproduction are not well understood. Therefore, we evaluated 

whether the CLA isomers, trans-10, cis-12 CLA and cis-9, trans-11 CLA 

altered synthesis of steroidogenic hormones in bovine luteal cells by 

measuring concentrations of progesterone, PGE2, and PGF2α in conditioned 

medium and expression of genes involved in their synthesis. Confluent luteal 

cells from each of 4 cows were cultured in 0 μM (control) or 0.1 μM solutions 

of trans-10, cis-12 CLA and cis-9, trans-11 CLA in varying ratios (1:0, 0:1, 1:1, 

2:1, 1:2, 5:1, 1:5, 9:1, or 1:9) for 48 h in the presence and absence of 1 μM of 

the adenylate cyclase activator forskolin. Independent of CLA isomer and 

ratio, CLA decreased, compared to control, hormone concentrations of 



   

 

   

 

 

prostaglandin F2α (62.6 ± 10.5 vs. 50.4 ± 9.9 pg/mL; POverall = 0.003) and, in 

the absence of forskolin, prostaglandin E2 (61.2 ± 11.3 vs. 36.1 ± 10.1 pg/mL; 

P < 0.001) in cultured luteal cells, while no effect was observed for 

progesterone (POverall = 0.94). Compared to control, CLA decreased relative 

levels of COX-2 mRNA, a rate limiting enzyme in prostaglandin synthesis, by 

1.7 fold (POverall < 0.001) and 3 β-hydroxysteroid dehydrogenase mRNA, a rate 

limiting enzyme in progesterone synthesis, by 1.4 fold (POverall = 0.008). 

Relative levels of PGE synthase and PGE2 9-keto-reductase mRNA, both 

involved in prostaglandin synthesis, and steroid acute regulatory protein and 

cytochrome P450 side chain cleavage mRNA, both involved in progesterone 

synthesis, were not significantly altered by CLA. In conclusion, a potential 

mechanism by which trans-10, cis-12 CLA and cis-9, trans-11 CLA may 

improve reproductive performance in dairy cows, is by suppressing PGF2α 

synthesis in luteal cells through attenuating COX-2 gene expression. 
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EFFECTS OF CONJUGATED LINOLEIC ACIDS ON PGE2, PGF2α 
AND PROGESTERONE PRODUCTION BY BOVINE LUTEAL 

CELLS IN VITRO 
 

 

CHAPTER 1 

INTRODUCTION 

 

The decline in reproductive performance over the last 50 years in dairy 

cows is an important concern for the dairy industry (Butler, 2003).  Cow 

nutrition, especially feeding polyunsaturated fatty acids (PUFA), may be a 

management tool to improve reproductive performance (Mattos et al., 2000).  

The underlying biological mechanisms responsible for this improvement in 

fertility are not well understood. 

Although progesterone is the major luteal hormone, prostaglandins are 

also of interest due to their autocrine role within the CL (Arosh et al., 2004).  

Two prostaglandins of importance are prostaglandin E2 (PGE2) and F2α 

(PGF2α) (Arosh et al., 2004).  PGE2 is considered luteotrophic (Tsai and 

Wiltbank, 1997), while PGF2α induces luteal regression and commencement of 

a new estrous cycle (Kotwica et al., 2003).  Progesterone is produced from 

cholesterol through the action of steroid acute regulatory protein (StAR), 

cytochrome P450 side chain cleavage (P450scc) enzyme, and 3β-

hydroxysteroid dehydrogenase (3βHSD).  PGE2 and PGF2α are produced from 

arachidonic acid (AA) through the COX-2 pathway and the secondary 
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enzymes prostaglandin F synthase (PGFS), prostaglandin E synthase (PGES) 

and prostaglandin E2-9-ketoreductase (9KR). 

Conjugated linoleic acids (CLA) are a group of positional and geometric 

isomers with 18 carbons and 2 double conjugated bonds that are also 

members of the larger family of PUFA.  Two of the most abundant naturally 

occurring CLA isomers are cis-9, trans-11 CLA and trans-10, cis-12 CLA 

(Smedman et al., 2004).  CLA may be added to dairy cattle diets but it is also 

produced endogenously by microbes in the rumen and body tissues.  Trans-

10, cis-12 CLA primarily originates from CLA produced by rumen bacteria as 

intermediates in biohydrogenation of linoleic acid (LA), while cis-9, trans-11 

CLA primarily originates by the ∆9-desaturase conversion of vaccenic acid 

(trans-11 18:1 fatty acid) in tissue (Dhiman, 2005).  The effect of in vivo 

supplementation of CLA isomers on reproduction has been partly evaluated.  

De Veth and coworkers (2009) evaluated the effects of feeding predominately 

cis-9, trans-11 and trans-10, cis-12 isomers to dairy cows on time to first 

ovulation and conception.  Reproductive performance was in fact improved by 

feeding cis-9, trans-11 CLA and trans-10, cis-12 CLA to cows during early 

lactation.  However, a molecular mechanism for CLA action was not proposed. 

Results of CLA supplementation in vivo and in vitro have been mixed.  

Reproductive tissues have been shown to readily incorporate both 

docosahexaenoic acid (DHA) and CLA (Harris et al., 2001).  Results from 

many studies using different cell types of reproductive tissue except for luteal 

cells have shown that CLA significantly depresses PGF2α synthesis (Cheng et 
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al., 2003; Kendall et al., 2006; Moussavi et al., 2006; Rodriguez-Sallaberry et 

al., 2006) and PGE2 secretion (Cheng et al., 2003; Iwakiri, 2002). 

A mechanism exists by which CLA can affect gene transcription and 

possibly the production of PGE2, PGF2α, and progesterone.  The popular 

model for CLA transport into the cytoplasm involves the help of specific 

membrane-bound fatty acid transporters which bind to tissue-specific fatty acid 

binding proteins (FABP) in the cytosol.  This complex enters the nucleoplasm, 

where CLA is transferred to the peroxisome proliferators activated receptor 

(PPAR).  The CLA-PPAR complex heterodimerizes with the retinoid X receptor 

(RXR).  This heterodimeric complex binds to the peroxisome responsive 

proliferator element (PPRE) on the target gene and alters gene expression 

(Benjamin and Spener, 2009).  PPARs may be activated by fatty acids to 

repress genes encoding for both COX-2 and cPLA2 (Mattos et al., 2000). 

Therefore, the objective of this study was to examine the effects of the 

CLA isomers trans-10, cis-12 CLA and cis-9, trans-11 CLA on production of 

PGE2, PGF2α, and progesterone, and the relative mRNA levels of genes 

important in their synthesis in bovine luteal cells. 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

 

Reproductive Performance in Dairy Cattle 

The decline in reproductive performance over the last 50 years in dairy 

cows is an important concern for the dairy industry (Butler, 2003).  Ruminant 

fertility is directly influenced by the supply of nutrients required for ovulation, 

embryo survival and the establishment of pregnancy.  Indirectly, fertility is 

influenced by nutrition’s effects on circulating concentrations of hormones 

which are necessary for these processes (Robinson et al., 2006).  Improving 

reproductive performance of lactating dairy cattle requires an understanding of 

the physiological pathways that control reproduction.  This knowledge must 

then be applied to health, reproductive and nutritional management systems to 

increase fertility of present day dairy herds (Thatcher et al., 2006). 

Cow nutrition, especially feeding polyunsaturated fatty acids (PUFA), 

may be a management tool to improve reproductive performance (Mattos et 

al., 2000).  A recent study suggested that feeding conjugated linoleic acids 

(CLA), a group of structural isomers of linoleic acid with two conjugated double 

bonds, may improve reproductive performance by decreasing time to first 

ovulation and pregnancy following calving (de Veth et al., 2009).  The 

underlying biological mechanisms responsible for this improvement in fertility 

are not well understood.  Studies involving the corpus luteum (CL) and its 



   

 

   

 

 

 

 

7 

products have provided insight into the pathways by which feeding PUFA may 

influence reproduction in the dairy cow. 

 

The Corpus Luteum 

The CL forms from the cells previously surrounding the antrum of the 

developing ovarian follicle under the influence of luteinizing hormone (LH).  

The process of luteinization transforms the former follicle into an interdigitated 

mass of cells that act as a gland.  This gland contains endothelial cells, 

immune cells such as macrophages, small steroidogenic and large 

steroidogenic cells (O’Shea et al., 1989; Pate, 1994).  During luteinization the 

thecal cells of the ruptured follicle undergo hyperplasia to form small luteal 

cells, while the granulosa cells of the follicle undergo hypertrophy and form 

large luteal cells (O’Shea et al., 1980).  The major role of this newly formed 

gland is to produce progesterone.  Large luteal cells are responsible for 80% 

of total progesterone production by the CL (Niswender et al., 1985).  

Progesterone production supports the conceptus.  In addition to this major 

steroid hormone, the CL also produces other lipid-derived hormones, 

prostaglandins.  While progesterone is the major luteal hormone, 

prostaglandins are of interest due to their autocrine role within the CL.  Two 

prostaglandins of importance are prostaglandin E2 (PGE2) and F2α (PGF2α) 

(Arosh et al., 2004).  In most animal species including bovine, PGE2 is 

considered luteotrophic in most animals during early formation of the CL (Tsai 

and Wiltbank, 1997).  In contrast, PGF2α from both the uterus and CL induces 
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luteal regression in many species for commencement of a new estrous cycle 

(Kotwica et al., 2003).  The CL has three distinct stages: early or luteal growth 

(d 1-5 following ovulation), mid or luteal maintenance (d 6-12 following 

ovulation) and late or luteal regression (d 13-18 following ovulation).  

Compared to the late CL, progesterone production is greater (Del Vecchio et 

al., 1995) and production of PGE2 and PGF2α are less in the mid luteal stage 

(Wiltbank and Ottobre, 2003). 

 

Progesterone Synthesis 

 Progesterone is a steroid hormone synthesized from pregnenolone, a 

derivative of cholesterol.  Esterified cholesterol is supplied to the bovine luteal 

cells via high density lipoproteins (HDL) and to a smaller extent by low density 

lipoproteins (LDL) (Savion et al., 1982).  The HDL/LDL cholesterol complex 

binds to specific receptors on the outside of the plasma membrane and is then 

internalized into the luteal cell.  The rate limiting step for progesterone 

synthesis is catalyzed by steroid acute regulatory protein (StAR), which 

transports cholesterol from the outer to the inner mitochondrial membrane.  

Cytochrome P450 side chain cleavage (P450scc) enzyme located at the inner 

mitochondrial membrane converts cholesterol to pregnenolone.  In the final 

step 3β-hydroxysteroid dehydrogenase (3βHSD), associated with the smooth 

endoplasmic reticulum, converts pregnenolone to progesterone (Rekawiecki et 

al., 2008).  Progesterone secretion has been shown to be stimulated by LH 

and PGE2 in luteal cells cultured from d 6-10 CL.  In the same study, StAR, 
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P450scc, and 3βHSD protein concentrations in luteal cells increased after 

treatment with progesterone, LH and PGE2, this increase was associated with 

an increase in their gene expression (Rekawiecki et al., 2005) (Figure 2-1).  

Progesterone plays an additional luteotrophic role by stimulating the increase 

of LH receptors and inhibiting PGF2α production by mid-cycle luteal cells 

(Berisha and Schams, 2005). 

 

Steroid Acute Regulatory Protein  

The accepted model of action for StAR mediated cholesterol synthesis 

is the interaction of its C-terminus with the relatively sterol-rich outer 

mitochondrial membrane.  This causes cholesterol to desorb from the outer 

membrane and transit to the relatively sterol-poor inner membrane, perhaps 

through pre-existing contact sites.  The import of StAR into the mitochondria 

and its subsequent processing removes the protein from its site of action, 

effectively terminating sterol movement from the outer to inner mitochondrial 

membranes.  Thus, continuous synthesis of StAR is required to sustain 

steroidogenesis (Alpy and Tomasetto, 2005).  Additional observations by 

Strauss et al. (2003) suggest that post- or co-translational modification of StAR 

can increase the activity of existing or newly made StAR protein, providing a 

mechanism by which tropic hormones, acting through the intermediacy of 

cyclic adenosine monophosphate (cAMP), can rapidly increase 

steroidogenesis (Strauss et al., 2003).  In this instance, LH binds to the 

plasma membrane activating a G protein which activates adenylate cyclase 
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(AC).  AC provides the second messenger by converting ATP to cAMP 

(Niswender et al., 2000).  cAMP is absolutely required for activation of protein 

kinase A (PKA) which ultimately increases StAR protein activity through 

phosphorylation of residues on the StAR protein and thus increases 

progesterone synthesis (Rekawiecki et al., 2005). 

 

Cytochrome P450 side chain cleavage enzyme 

P450scc enzyme cleaves the side chain from cholesterol to form 

pregnenolone at the inner mitochondrial membrane.  Acute regulation is 

mediated by StAR protein, which facilitates transfer of cholesterol into the 

mitochondria.  Chronic regulation of this enzymatically rate-limiting step is 

principally at the level of gene transcription for P450scc (Stocco et al., 2007).  

P450scc is induced during luteinization (Meidan et al., 1992) but its 

transactivation is repressed by activation of the protein kinase C (PKC) 

pathway (Moore et al., 1990).  PGF2α appears to inhibit secretion of 

progesterone in vitro by large luteal cells from d 10 ovine CL through the PKC 

pathway by upregulating intracellular calcium (Wiltbank et al., 1989). 

 

3β-hydroxysteroid dehydrogenase isomerase 

Pregnenolone is synthesized into progesterone by 3βHSD through two 

steps 1) the 3-hydroxyl group is oxidized to a 3-keto group and 2) the Δ5 

double bond is isomerized to a Δ4 double bond (Niswender et al., 2000; 

Stocco et al., 2007).  Stimulation by LH is crucial for maintaining normal 
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amounts of 3βHSD mRNA (Niswender, 2002).  Treatment with PGF2α 

decreases transcription of 3βHSD in luteal cells likely through the PKC 

pathway (McGuire et al., 1994).  Evidence also suggests that progesterone is 

able to stimulate its own synthesis through increasing 3βHSD activity (Pate, 

1996; Rekawiecki et al., 2005) 

 

Prostaglandin Synthesis 

PGE2 and PGF2α are both derived from arachidonic acid (AA) of 

membrane phospholipids that are channeled into the cyclooxygenase (COX) 2 

pathway (Diaz et al., 2002).  Two cyclooxygenase enzymes, COX-1 and COX-

2, exist with similar structures and functions but different expression patterns 

(Smith et al., 1996).  COX-1 is constitutively expressed while COX-2 is 

inducible (Diaz et al., 2002).  AA is abundant in the bovine CL (Voet and Voet, 

2004) and is synthesized by desaturase activity from the essential fatty acid 

linoleic acid (LA) (Lukaszewska and Hansel, 1980).  PGE2 and PGF2α 

synthesis commences with the liberation of arachidonic acid (AA) from the 

plasma membrane.  This first step is primarily catalyzed by cytosolic 

phospholipase A2 (cPLA2), an enzyme which is responsive to hormones that 

act by increasing free intracellular calcium.  cPLA2 is activated in two ways, by 

1) an increase in free intracellular calcium (Gijon and Leslie, 1999) and 2) 

phosphorylation by MAP kinases (MAPK) (Milvae and Hansel, 1983).  cPLA2 

is activated and translocated to the nuclear membrane where it catalyzes 

hydrolysis of AA containing phospholipids (Gijon and Leslie, 1999).  The free 
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AA is converted to prostaglandin H2 (PGH2) by COX-2.  PGH2 can be made 

into a variety of prostaglandins depending on the prostaglandin synthase 

enzymes that are available in the cell.  Prostaglandin F synthase (PGFS) has 

been identified as an enzyme which produces PGF2α from PGH2 in the luteal 

cell and prostaglandin E synthase (PGES) has been identified as the enzyme 

which primarily produces PGE2 in the luteal cell.  An enzyme, prostaglandin 

E2-9-ketoreductase (9KR) exists which can convert PGE2 to PGF2α as well as 

PGF2α to PGE2 in the CL (Diaz et al., 2002) (Figure 2-2).  Prostaglandin 

synthesis can be altered through a variety of processes which include: 1) 

altering the fatty acid profile of the plasma membrane, 2) reduction in the 

synthesis of arachidonic acid (AA), 3) competition for desaturase activity, 4) 

competition for COX-2, 5) inhibition of COX-2 synthesis and activity, or 5) 

effects on gene expression (Mattos et al., 2000). 

 

Prostaglandin E2 

One way PGE2 enacts its luteotrophic function is by increasing blood 

flow to the CL (Berisha and Schams, 2005).  PGE2 has also been shown to 

stimulate secretion of progesterone from luteal cells as well as increase both 

concentrations of protein and mRNA of StAR, P450scc and 3βHSD genes 

associated with progesterone production (Rekawiecki, 2005).  Evidence 

suggests that PGE2 is able to act through the cAMP pathway in bovine CL 

(Godkin et al., 1977).  There is a proposed positive feedback loop between 

PGE2 and its cAMP response element that has been observed in endometrial 
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cells.  This loop is attenuated by the PKC pathway which counteracts the rise 

in intracellular cAMP in response to PGE2 (Cheng et al., 2007; Sales et al., 

2008). 

 

Prostaglandin F2α 

The main luteolytic action of PGF2α is the induction of a rapid decrease 

in blood flow to the CL (Berisha and Schams, 2005).  PGF2α production in the 

CL is stimulated by PGF2α from the uterus (Tsai and Wiltbank, 1997) which 

reaches the ovary via a countercurrent exchange between the ovarian artery 

and the uterine vein on d 16-17 of the 21 d bovine estrous cycle (Ginther, 

1974).  Uterine PGF2α activates both of the key rate-limiting steps in PGF2α 

production by activating the cPLA2 protein and inducing COX-2 activity 

(Matsumoto et al., 2001).  Evidence suggests that luteal progesterone is one 

of the regulators for the release of PGF2α from the uterus (Berisha and 

Schams, 2005).  Research has also shown that treatment of luteal cells with 

exogenous progesterone reduced PGF2α secretion in a dose dependent 

manner (Pate, 1988).  Luteal PGF2α is further regulated by PGF2α itself.  

According to research with ovine CL (Wu and Wiltbank, 2001), PGF2α 

stimulation induces PGF2α production by large luteal cells through induction of 

COX-2 transcription via the PKC pathway.  Binding of PGF2α to PGF2α 

receptors in the luteal cell activates other intracellular effector systems of free 

intracellular calcium and MAPK in addition to PKC (Wu and Wiltbank, 2001).  
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Unlike PGE2, PGF2α does not have the same feedback loop with cAMP 

mediated pathways (Waclawik et al., 2009). 

 

Cyclooxygenase 2 

The rate limiting enzyme for PGE2 and PGF2α synthesis is COX-2, 

which catalyzes AA to PGH2 at the nuclear membrane (Dubois et al., 1998).  

In bovine luteal cells, COX-2 mRNA is maximally expressed on d 7 to 17 of the 

estrous cycle while COX-2 protein is maximally expressed on d 10-21 of the 

estrous cycle (Arosh et al., 2004).  COX-2 expression is increased through an 

auto-regulatiory loop by PGF2α by way of the PKC pathway.  The PKA 

pathway may also play a role per research performed in human endometrial 

stroma cells which documented a decrease in COX-2 expression when a PKA 

inhibitor was administered (Tamura et al., 2002).  COX-2 is also induced by an 

increase of its substrate, AA, which occurs due to the increase of intracellular 

calcium by PGF2α activating cPLA2 (Diaz et al., 2002). 

 

Prostaglandin E synthase 

While COX-2 is involved in nonselective production of prostaglandins, 

PGES is selective in its exclusive production of PGE2 (Arosh et al., 2004).  In 

the growing bovine CL, PGES converts PGH to PGE2 (Asselin and Fortier, 

2000).  In the cow, PGES protein expression is highly modulated and is 

maximally expressed during d 4-12 of the estrous cycle compared to PGFS 

which is expressed at steady state levels throughout the different phases of 
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the cycle.  Based on specificity constants it has been estimated that 

conversion of PGH2 is preferential towards PGE2 by PGES (Arosh et al., 

2004).  Little is known about the mechanism of regulation of PGES in bovine 

luteal cells. 

 

Prostaglandin E2-9-ketoreductase 

9KR interconverts PGE2 and PGF2α and is a member of the aldo-keto-

reductase family of enzymes such as PGFS, discussed previously and 20α-

HSD, which metabolizes progesterone in rodent CL (Wintergalen et al., 1994).  

Sequences of 9KR mRNA have been found to be 91% homologous to that of 

PGFS and identical to that of 20α-HSD (Asselin and Fortier, 2000).  It has 

been postulated that 9KR is an important enzyme which places a role in the 

interluteal balance between progesterone and PGF2α however, the mechanism 

by which 9KR is regulated in bovine luteal cells remains to be elucidated 

(Wintergalen et al., 1994). 

 

Effects of Fatty Conjugated Linoleic Acids on Cultured Cells 

CLA is a group of fatty acids with 18 carbons and 2 conjugated double 

bonds and are a member of the larger family of PUFAs defined as fatty acids 

which have more than one double bond (Castañeda-Gutierrez et al., 2007).  

The double bonds in CLA are not separated by a methylene group and occur 

on adjacent carbons.  CLA is a common term describing a group of positional 

and geometric dienoic isomers of LA (Dhiman, 2005).  Two of the most 
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abundant naturally occurring CLA isomers are cis-9, trans-11 CLA and trans-

10, cis-12 CLA (Smedman et al., 2004).  CLA may be added to dairy cattle 

diets but it is also produced endogenously by the rumen as well as other body 

tissues.  Trans-10, cis-12 CLA originates primarily from rumen bacteria as an 

intermediate in the biohydrogenation of LA, while cis-9, trans-11 primarily 

originates from ∆9-desaturase conversion of vaccenic acid (trans-11 18:1 fatty 

acid) in tissue (Dhiman, 2005).  These two major isomers have been shown to 

alter lipid metabolism in a tissue-specific manner including some isomer-

specific mechanisms such as body fat reduction by trans-10, cis-12 CLA 

(House et al., 2005).  The additional anti-carcinogenic properties of these 

isomers have been partially attributed to the ability of CLA to inhibit 

biosynthesis of eicosanoids, which includes prostaglandins.  The effect of in 

vivo supplementation of these CLA isomers on reproduction has been 

evaluated, however, a molecular mechanism of action in luteal cells remains 

elusive. 

In vivo results for CLA supplementation have been mixed.  Castañeda- 

Gutierrez and coworkers (2007) found that short periods of CLA supplement 

feeding to dairy cows did not alter uterine secretions of PGF2α but that a trend 

did exist for increased progesterone concentrations within the follicular fluid 

during the early luteal phase.  Contrary results were reached in pregnant mice 

fed diets containing differing ratios of ω-6: ω-3 fatty acids along with CLA and 

docosahexaenoic acid (DHA).  Reproductive tissues were shown to readily 

incorporate both DHA and CLA.  Results indicated that CLA significantly 
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depressed PGF2α synthesis in placenta, uterus and liver when accompanied 

by the omega fatty acids.  Differences in PGE2 synthesis in uterus and liver 

were seen only when CLA accompanied a lower ratio ω-6: ω-3 diet versus the 

higher ω-6: ω-3 diet without CLA.  Addition of CLA to the DHA containing diets 

depressed PGF2α by one-third in uterus and liver (Harris et al., 2001).  

Encompassing more research, de Veth and coworkers (2009) performed a 

multi study evaluating time to first ovulation and conceptus development in 

dairy cows fed predominately cis-9, trans-11 and trans-10, cis-12 isomers.  

Their results concluded that reproductive performance was in fact improved by 

feeding cows cis-9, trans-11 CLA and trans-10, cis-12 CLA during early 

lactation. 

In vitro studies have also been undertaken in different cell types in 

order to determine the specific effect of CLA on reproductive hormones and 

the molecular mechanisms involved.  Rodriguez-Sallaberry and coworkers 

(2006) treated cultured bovine endometrial (BEND) cells with 100 μM each of 

cis-9, trans-11 and trans-10, cis-12 CLA.  Both isomers similarly decreased 

phorbol 12, 13-dibutyrate (PDBu)-induced PGF2α secretion in BEND cells.  

These two CLA isomers in combination also decreased PGF2α secretion in 

cells isolated from late gestation ewe endometrium (Cheng et al., 2003).  The 

CLA isomers have also been studied individually at different concentrations in 

cultured BEND cells.  Both CLA isomers were found to inhibit PGF2α secretion 

when treatments were performed at either a concentration of 50 μM or 100 μM 

however, cis-9, trans-11 CLA consistently caused greater inhibition than trans-
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10, cis-12 CLA (Kendall et al., 2006).  Other studies performed by Moussavi 

and coworkers (2006) evaluated the effects of the cis-9, trans-11 and trans-10, 

cis-12 isomers separately on COX-2 expression, and PGF2α and PGE2 

production in phorbol 12-myristate 13-acetate (PMA) stimulated cultured 

BEND cells.  Both isomers decreased PGF2α production however, trans-10, 

cis-12 CLA decreased production more potently than cis-9, trans-11 CLA.  

PGE2 production was also decreased by both isomers with the low dose (50 

μM ) of trans-10, cis-12 CLA causing more of a decrease than higher doses 

(100 μM and 200 μM).  No effect was found in the level of COX-2 protein 

production in BEND cells (Moussavi et al., 2006).  Contrary to these results, 

Iwakiri and coworkers found that CLA significantly reduced COX-2 protein 

production as well as PGE2 secretion by murine macrophages (Iwakiri, 2002).  

Little is really known about how CLA affects the synthesis of hormones by 

luteal cells. 

The mechanism by which CLA affects production of PGE2, PGF2α, and 

progesterone through gene transcription may be similar to the mechanism 

proposed for other PUFA.  In this model, CLA is transported into the cytoplasm 

by specific membrane-bound fatty acid transporters which then bind to tissue-

specific fatty acid binding proteins (FABP) in the cytosol.  The CLA-FABP 

complex enters the nucleoplasm, where CLA is transferred to the specific 

peroxisome proliferators activated receptor (PPAR) subtype.  The CLA-PPAR 

complex heterodimerizes with the retinoid X receptor (RXR).  The 

heterodimeric complex binds to the peroxisome proliferator responsive 
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element (PPRE) on the target gene and alters gene expression (Benjamin and 

Spener, 2009).  Genes for cPLA2 and COX-2 could be affected.  PPARs may 

be activated by fatty acids to repress genes encoding for both COX-2 and 

cPLA2 (Mattos et al., 2000).  Three subtypes of PPARs are expressed in cells; 

PPARα, PPARβ/δ, and PPARγ.  PPAR subtypes are co-expressed in 

numerous cell types, with relative levels varying between them from one cell 

type to the other.  PPARα is highly expressed in hepatocytes, cardiomyocytes, 

and enterocytes.  PPARβ/δ is expressed ubiquitously and often at higher 

levels than PPARα and PPARγ.  PPARγ is expressed predominantly in 

adipose tissue and the immune system (Braissant, et al. 1996).  All three 

PPAR subtypes have been identified in the ovary of many species including 

bovine.  Transcripts for PPARα have been identified in immune cells and cells 

of the theca and stroma, while PPARβ/δ is found across all ovarian 

compartments.  Ovarian expression of both PPARα and PPAR β/δ is relatively 

stable across the estrous cycle, which suggests these subtypes are involved in 

regulating basal ovarian functions.  PPARγ is expressed strongly in the 

granulosa cells and less strongly in the theca cells and luteal cells of 

ruminants.  PPARγ is detected early in folliculogenesis, but is down regulated 

in response to the LH surge (Minge et al., 2008).  Results of Rodriguez-

Sallaberry and coworkers (2006) research suggested that CLA modulation of 

PGF2α production by BEND cells was not mediated through PPARβ/δ gene 

repression (Rodriguez-Sallaberry et al., 2006).  Reports indicate that PPARγ 

knockout mice exhibit reduced progesterone synthesis (Minge, 2008). 
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Figure 2-1. Progesterone production in the luteal cell 
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Figure 2-1. Progesterone production in the luteal cell.  Esterified 
cholesterol is supplied to the luteal cells via LDL or HDL.  LDL/HDL binds to 
specific receptors on the outside of the plasma membrane and is then 
internalized into the luteal cell.  StAR transports cholesterol from the outer to 
the inner mitochondrial membrane.  P450scc enzyme located at the inner 
mitochondrial membrane converts cholesterol to pregnenolone.  In the final 
step 3β-hydroxysteroid dehydrogenase (3βHSD), associated with the smooth 
endoplasmic reticulum, converts pregnenolone to progesterone.  Progesterone 
secretion has been shown to be stimulated by LH and PGE2 in d 6-10 CL.  
StAR, P450scc and 3βHSD have also been shown to increase in luteal cells 
after treatment with progesterone, LH and PGE2.  The cAMP stimulator 
forskolin acts like LH. 
 

 



   

 

   

 

 

 

 

27 

Figure 2-2. Prostaglandin production in the luteal cell. 
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Figure 2-2. Prostaglandin production in the luteal cell.  PGE2 and PGF2α 
synthesis begins with the liberation of AA from the plasma membrane 
catalyzed by cPLA2.  cPLA2 is activated and translocated to the nuclear 
membrane where it catalyzes hydrolysis of AA containing phospholipids.  The 
free AA is converted to PGH2 by COX-2.  PGFS produces PGF2α from PGH2 
or PGES produces PGE2.  An enzyme, prostaglandin E2-9-ketoreductase 
(9KR) exists which can convert PGE2 to PGF2α as well as PGF2α to PGE2. 
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CHAPTER 3 

STATEMENT OF THE OBJECTIVES 

 

Feeding conjugated linoleic acids (CLA) improves reproductive 

performance in dairy cows; however, the molecular mechanisms by which 

CLA improves reproduction are not well understood.  Manipulation through 

diet of hormones, such as progesterone, PGE2, and PGF2α which are 

important to ovulation and survival of the conceptus, is a way in which dairy 

reproduction can be improved.  As world populations grow and the demand for 

food products rises, the need for increased efficiency in reproduction will 

increase.  Therefore, we evaluated whether the CLA isomers, trans-10, cis-12 

CLA and cis-9, trans-11 CLA altered synthesis of hormones in bovine luteal 

cells by measuring concentrations of progesterone, PGE2, and PGF2α in 

conditioned medium and expression of genes involved in their synthesis. 
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CHAPTER 4 

CONJUGATED LINOLEIC ACID DECREASES 
PROSTAGLANDIN SYNTHESIS IN BOVINE LUTEAL CELLS IN 

VITRO 
 

Abstract 

Feeding conjugated linoleic acids (CLA) improves reproductive performance in 

dairy cows; however, the molecular mechanisms by which CLA improves 

reproduction are not well understood. Therefore, we evaluated whether the 

CLA isomers, trans-10, cis-12 CLA and cis-9, trans-11 CLA altered synthesis 

of steroidogenic hormones in bovine luteal cells by measuring concentrations 

of progesterone, PGE2, and PGF2α in conditioned medium and expression of 

genes involved in their synthesis. Confluent luteal cells from each of 4 cows 

were cultured in medium containing 0 μM (control) or 0.1 μM of trans-10, cis-

12 CLA and cis-9, trans-11 CLA in varying ratios (1:0, 0:1, 1:1, 2:1, 1:2, 5:1, 

1:5, 9:1, or 1:9) for 48 h in the presence and absence of 1 μM of the adenylate 

cyclase activator forskolin. Independent of CLA isomer and ratio, CLA 

decreased, compared to control, hormone concentrations of prostaglandin F2α 

(62.6 ± 10.5 vs. 50.4 ± 9.9 pg/mL; POverall = 0.003) and, in the absence of 

forskolin, prostaglandin E2 (61.2 ± 11.3 vs. 36.1 ± 10.1 pg/mL; P < 0.001) in 

cultured luteal cells, while no effect was observed for progesterone (POverall = 

0.94). Compared to control, CLA decreased relative levels of COX-2 mRNA, a 

rate limiting enzyme in prostaglandin synthesis, by 1.7 fold (POverall < 0.001) 

and 3 β-hydroxysteroid dehydrogenase mRNA, a rate limiting enzyme in 
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progesterone synthesis, by 1.4 fold (POverall = 0.008). Relative levels of PGE 

synthase and PGE2 9-keto-reductase mRNA, both involved in prostaglandin 

synthesis, and steroid acute regulatory protein and cytochrome P450 side 

chain cleavage mRNA, both involved in progesterone synthesis, were not 

significantly altered by CLA. In conclusion, a potential mechanism by which 

trans-10, cis-12 CLA and cis-9, trans-11 CLA may improve reproductive 

performance in dairy cows, is by suppressing PGF2α synthesis in luteal cells 

through attenuating COX-2 gene expression. 

 

Introduction 

The decline in reproductive performance over the last 50 years in dairy 

cows is an important concern for the dairy industry (Butler, 2003).  Cow 

nutrition, especially feeding polyunsaturated fatty acids, may be a 

management tool to improve reproductive performance (Mattos et al., 2000).  

A recent study suggested that feeding conjugated linoleic acids (CLA), a group 

of positional and geometric isomers of linoleic acid with two conjugated double 

bonds, increases pregnancy rates and decreases days to first ovulation and 

days open (de Veth et al., 2009).  Two of the most abundant naturally 

occurring CLA isomers are cis-9, trans-11 CLA and trans-10, cis-12 CLA 

(Smedman et al., 2004).  The underlying biological mechanisms of CLA’s 

beneficial effect on reproductive performance are not well understood.  One of 

several mechanisms by which CLA may improve reproductive performance is 

by altering the synthesis of steroidogenic hormones in the corpus luteum (CL).  
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However, little is known how CLA affects the synthesis of steroidogenic 

hormones in reproductive tissues.  Both isomers decreased phorbol 12, 13-

dibutyrate-induced PGF2α secretion in cultured bovine endometrial cells 

(Rodriguez-Sallaberry et al., 2006) and a CLA mixture decreased PGE2 and 

PGF2α secretion in late gestation ewe endometrium (Cheng et al., 2003).  To 

our knowledge, the effects of CLA on synthesis and secretion of steroidogenic 

hormones, specifically PGE2, PGF2α, and progesterone, in the CL have not 

been reported. 

 One of many mechanisms by which CLA may alter the synthesis of 

steroidogenic hormones is by changing gene expression of enzymes and 

transport proteins involved in synthesis of prostaglandins and progesterone.  

The rate limiting enzyme for prostaglandin synthesis is cyclooxygenase (COX) 

2, which converts the precursor arachidonic acid to PGH (Dubois et al., 1998).  

Prostaglandin E synthase (PGES) converts PGH to PGE2 and prostaglandin 

E2-9-ketoreductase (9KR) converts PGE2 to PGF2α. 9KR has been found to be 

91% homologous to that of Prostaglandin F synthase (PGFS), the enzyme 

which converts PGH to PGF2 α in bovine endometrial tissue (Asselin and 

Fortier, 2000).  In non-reproductive tissues, CLA, especially trans-10, cis-12 

CLA, suppresses COX-2 gene and protein expression (Li et al., 2005), while 

less is known about the effect of CLA on PGES and 9KR.  A rate limiting step 

for progesterone synthesis is provided by steroid acute regulatory protein 

(StAR), which transports cholesterol from the outer mitochondrial membrane 

to the inner mitochondrial membrane (Rekawiecki et al., 2008).  Little is known 
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how CLA affects expression of StAR and the enzymes involved in the next two 

steps for progesterone synthesis, cytochrome P450 side chain cleavage 

(P450scc) enzyme, which converts cholesterol to pregnenolone, and 3β-

hydroxysteroid dehydrogenase (3βHSD), which converts pregnenolone to 

progesterone (Rekawiecki et al., 2008). 

 Therefore, the objective of this study was to examine the effects of the 

CLA isomers trans-10, cis-12 CLA and cis-9, trans-11 CLA on production of 

PGE2, PGF2α, and progesterone, and the mRNA levels of genes important in 

their synthesis in cultured bovine luteal cells under basal conditions and after 

stimulation with the adenylate cyclase activator forskolin (Pate and Condon, 

1982; Tsai et al., 1996). 

 

Materials and Methods 

Collection of Corpora Lutea 

 Animal care and experimental procedures were conducted with 

approval of the Oregon State University Institutional Animal Care and Use 

Committee.  One primiparous lactating Holstein cow (29 mo of age, 165 DIM), 

two primiparous lactating Jersey cows (24 and 39 mo of age, 198 and 205 

DIM), and one multiparous Jersey cow (third lactation, 53 mo of age, 77 DIM) 

were estrous synchronized with two 25-mg injections of PGF2α (Lutalyse; 

Pfizer Animal Health, New York, NY) administered intramuscularly 12 d apart.  

Estrus was detected by tail head chalking and observation two times per day. 
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On Day 11 of the estrous cycle (Day 0 = onset of estrus), cows were 

anesthetized with an epidural injection of 5-10 mL of 2% lidocaine 

hydrochloride (VEDCO Inc, St. Joseph, MO).  Corpora lutea were collected 

transvaginally via an incision made with a handheld scalpel blade and 

manually widened.  The operator’s hand was passed through the incision and 

the CL was located and digitally enucleated.  Corpora lutea were immediately 

placed in 150 mL of ice-cold, May’s modified Ham’s F-10 medium containing 

L-glutamine (Hyclone Thermo Fisher Scientific, Logan, UT) and transported to 

the laboratory.  May’s Modified Ham’s F-10 medium was prepared by adding 

5.72 g HEPES (EMD Chemical, Gibbstown, NJ), 0.32 mg putrescine 

dihydrochloride (MP Biomedical, Solon, OH), and 160 mg D-(+)-Glucose 

(Sigma, St. Louis, MO) to 1 L of Ham’s F-10 medium (pH 7.4). 

 

Culture and Treatment of Luteal Cells 

 Luteal cells were cultured similarly as described by Pate and Condon 

(1982).  Briefly, luteal tissue was weighed, minced, and transferred to a 

spinner flask containing freshly prepared dissociation medium.  Dissociation 

medium was prepared by adding 20 μg/mL gentamicin sulfate (Cellgro, 

Manassas, MA) and 0.5% (w/v) Fraction V BSA (EMD Chemical, Gibbstown, 

NJ) to May’s Modified Ham’s F-10.  Minced tissue was stirred at 37 °C for 15 

min after which dissociation medium was replaced with a fresh volume 

containing 2000 U collagenase per 1 g of luteal tissue (activity of 220 U/mg) 

(Worthington Biochemical, Lakewood, NJ).  Tissue was stirred in solution for 1 
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h with aspiration occurring every 10 min to facilitate dissociation.  The 

supernatant was decanted after 1 h from the flask and kept on ice.  A second 

dissociation was performed with two-thirds the original amount of collagenase 

and the resulting supernatant was pooled with that of the first dissociation.  

The pooled supernatant was pelleted via centrifugation and cells were washed 

a total of four times; one time in dissociation medium at 1000 rpm and three 

times in luteal cell culture medium at 900, 800, and 600 rpm. 

Luteal cell culture medium was prepared by adding 5 μg/mL insulin, 5 

μg/mL transferrin, and 5 ng/mL sodium selenite (ITS premix; Sigma, St. Louis, 

MO) and 20 μg/mL gentamicin sulfate (Cellgro, Manassas, MA) to May’s 

Modified Ham’s  F-10 medium.  Luteal cells were suspended at density of 5.0 

x 106 cells/mL in 5 mL of luteal cell culture medium into 25 cm2 flasks (Grenier 

Bio-one, Monroe, NC) and incubated for 24 h at 37 ºC in a humidified 

atmosphere of 5% CO2 in air.  Culture flasks were conditioned for cell 

attachment.  Briefly, flasks were incubated with 5 mL of PBS containing 10% 

bovine calf serum (Hyclone, Logan, UT) for 1 h, after which the serum-

containing PBS was aspirated and the flasks were rinsed three times with PBS 

only. 

To examine the effect of supplemental CLA on luteal progesterone and 

prostaglandin synthesis, luteal cell culture medium was changed to fresh 

medium after the 24 h incubation and luteal cells were cultured with 0 μM or 1 

μM forskolin (Sigma, St. Louis, MO) and 0.1 μM cis-9, trans-11 CLA and trans-

10, cis-12 CLA at varying ratios (0:0, 0:1, 1:0, 1:1, 2:1, 1:2, 1:5, 5:1, 9:1, and 
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1:9) (Matreya, Pleasant Gap, PA) in 100% ethanol (EMD Chemical Gibbstown, 

NJ).  After 48 h of culture, cell-conditioned medium was collected for hormone 

analysis and stored in borosilicate glass vials (Kimble Chase, Vineland, NJ) at 

-20 ºC.  Luteal cells were removed from the culture flasks using a cell scraper 

(Grenier Bio-one, Monroe, NC), lysed in 1 mL TRIzol® reagent (Invitrogen, 

Carlsbad, CA), and stored in 1.7 mL centrifuge tubes (VWR, West Chester, 

PA) at -80 ºC until subsequent mRNA analysis (Figure 4-1). 

 

Hormone Analyses 

 Concentrations of PGE2, PGF2α, and progesterone were measured in 

conditioned medium using commercially available enzyme-linked 

immunoabsorbent assays (EIA) (kit numbers 514010, 516011, and 582601, 

respectively, Cayman Chemical, Ann Arbor, MI).  Hormone concentrations 

were expressed as pg/mL of medium and assumed equal cell number among 

flasks.  Lower detection limits for concentrations of PGE2, PGF2α, and 

progesterone were 15, 10, and 10 pg/mL, respectively.  Hormone 

concentrations were measured from two identically treated flasks and 

averaged for further analysis.  Less than 0.5% of the samples were below the 

detection limit.  Coefficients of variation (CV) of duplicate samples for PGE2, 

PGF2α, and progesterone concentrations were 19.1, 15.0, and 13.5%, 

respectively. 
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RNA Isolation 

Total cellular RNA was isolated from control and treated luteal cell 

cultures using TRIzol® and a chloroform/isopropanol precipitation method 

according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA).  

Briefly, stored lysates were thawed and 200 μL of chloroform (EMD Chemical 

Gibbstown, NJ) were added to each tube.  Tubes were shaken for 15 s and 

incubated at 25 °C for 3 min.  Tubes were centrifuged at 12,000 g for 15 min 

at 4 °C to separate phases.  The aqueous phase containing RNA was 

transferred into fresh 1.7 mL tubes and mixed with 700 mL of 100% isopropyl 

alcohol (Mallinckrodt Baker, Phillipsburg, NJ).  The mixture was stored at -80 

°C for 18 h to allow RNA precipitation. 

Tubes were centrifuged at 12,000 g for 15 min at 4 °C to pellet the 

RNA.  The supernatant was removed and the pellet was washed with 1 mL of 

75% ethanol (EMD Chemical Gibbstown, NJ), vortexed and centrifuged at 

7,500 g for 5 min at 4 °C.  The ethanol was removed from the tube; the pellet 

was allowed to air dry and resuspended in RNase-free water.  RNA levels and 

integrities were determined by measurement at 260/280 and 260/230 

Absorbance using a Nanodrop® spectrophotometer (Thermo Scientific, 

Wilmington, DE).  Ninety-six percent of all RNA samples used for PCR 

analysis had at least a 260/280 ratio of 1.9.   
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Quantitative Real-Time PCR 

To examine the effects of CLA on prostaglandin and progesterone 

synthesis, we chose the genes of enzymes known to be rate limiting for 

synthesis of prostaglandins (COX-2, 9KR, PGES) and progesterone (STAR, 

P450scc, and 3βHSD).  Two µg of total RNA from each sample was utilized to 

synthesize cDNA using the High Capacity cDNA RT Kit (Applied Biosystems, 

Foster City, CA) according to the manufacturer’s instructions.  Briefly, 10X RT 

buffer, 25X dNTP Mix, 10X RT Random Primers, Multiscribe™ Reverse 

Transcriptase and RNase Inhibitor were thawed on ice and a master mix was 

prepared.  Reactions were prepared by mixing 10 μL of the master mix with 10 

μL of each RNA sample in 0.65 mL centrifuge tubes (VWR, West Chester, PA) 

and briefly centrifuging to remove air bubbles.  cDNA was synthesized in three 

steps: 25 °C for 10 min, 37 °C for 120 min, and 85 °C for 5 sec.  cDNA was 

stored at -20 °C until amplification. 

Gene expression was determined by quantitative real-time PCR using 

the 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA).  

Commercially available gene primers (Table 4-1) were obtained from Applied 

Biosystems (TaqMan® Gene Expression Assays ID; Bt03214492_m1, 

Bt03223689_m1, Bt03213117_g1, Bt03213774_m1, Bt03213902_m1, 

Bt03210913_g1).  The 9KR bovine primer sequence was custom synthesized 

(AID07HO) based on a previously published sequence (Asselin and Fortier, 

2000).  TaqMan® Gene Expression Assays were followed according to the 

manufacturer’s instructions.  Briefly, 20X TaqMan Gene Expression Assay, 
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Universal Master Mix, 75 ng cDNA template for each sample and RNase-free 

water were mixed in a 0.65 mL tube and transferred to a 96 well plate.  

Reactions were singleplex and run in triplicate.  Twenty µL of the mixture were 

loaded per well, after which each plate was loaded into the thermal cycler.  

Real-time quantification was performed using the following two-step cycling 

program: cycle 1 (2 min at 50  C followed by 10 min at 95 C) and cycle 2 (40 

cycles at 15 s at 95 C followed by 1 min at 60 C with data collection occurring 

during the last 30 sec).  Cycle threshold (Ct) values were measured for 

individual genes of interest using the same amplification cut-off value within 

genes.  Data were normalized by subtracting the Ct for glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) from the Ct value of the gene of interest 

(i.e., calculating a ∆∆Ct).  The average of the triplicate ∆∆Ct was used for 

statistical analysis. 

 
Statistical Analysis 

Hormone and mRNA levels were analyzed as repeated measures using 

the mixed models procedure (PROC MIXED) of SAS Version 9.1.3 (SAS, 

2004).  Fixed effects in the mixed model were CLA (0:0, 0:1, 1:0, 1:1, 2:1, 1:2, 

1:5, 5:1, 9:1, 1:9) and forskolin (0, 1) and their interaction.  To account for 

repeated measures within the same cow, a compound symmetry structure was 

used in PROC MIXED that assumes equal correlations for observations of the 

same cow.  Because CLA ratios did not differ in their hormone and mRNA 

levels, the average of CLA-treated samples within cows was computed and 
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further statistical analysis was done using a simplified model with the fixed 

effects CLA (0, 1), forskolin (0, 1), and their interaction term.  Denominator 

degrees of freedom were adjusted for repeated measures within the same cow 

using the KENWARDROGER option. Significance was declared at P ≤ 0.05, 

and trends toward significance were declared at P ≤ 0.10.  Means presented in 

figures and tables are multivariate-adjusted means. 

 

Results 

CLA decreases prostaglandin synthesis by luteal cells 

CLA decreased hormone concentrations of prostaglandin F2α (62.6 ± 

10.5 vs. 50.4 ± 9.9 pg/mL; POverall = 0.003) and in the absence of forskolin 

prostaglandin E2 (61.2 ± 11.3 vs. 36.1 ± 10.1 pg/mL; P < 0.001) in conditioned 

medium recovered from cultured luteal cells (Figure 4-2A). Isomer (cis-9, 

trans-11 or trans-10, cis-12) type or ratio (0:1, 1:0, 1:1, 2:1, 1:2, 5;1, 1:5, 9:1, 

and 1:9) did not modify the prostaglandin response to CLA (results not 

shown).  Forskolin decreased the concentration of PGE2 (P < 0.001) and 

prevented the CLA-induced decrease in PGE2 (P = 0.34; PInteraction < 0.001), 

but had no effect on PGF2α concentrations in conditioned medium (POverall = 

0.57; PInteraction = 0.39) (Figure 4-2B).  

The primary effect of CLA on prostaglandin-associated gene expression 

was on COX-2 (Figure 4-3A).  CLA decreased relative mRNA levels of COX-2 

(POverall < 0.001) with the greatest decrease observed when forskolin was 

added (2.4-fold; P < 0.001; PInteraction = 0.064).  Relative mRNA levels of PGES 
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and 9KR were primarily affected by forskolin (Figures 4-3B, 4-3C).  Forskolin 

increased 1.7-fold PGES mRNA levels (POverall = 0.003) and decreased 22.2-

fold 9KR mRNA levels (POverall < 0.001).  CLA tended to decrease 1.3-fold 

PGES mRNA levels (POverall = 0.081). 

 

Forskolin but not CLA changes progesterone synthesis by luteal cells 

CLA did not affect progesterone concentrations in conditioned medium 

(POverall = 0.94), however, we observed a small decrease in expression of 

genes involved in progesterone synthesis by CLA.  In contrast, 1 μM forskolin 

increased progesterone concentrations in conditioned medium from 474.7 ± 

159.9 pg/mL to 603.2 ± 159.9 pg/mL (POverall < 0.001) in the three Jersey cows 

(Figure 4-4A), while decreasing progesterone from 531.0 ± 38.2 pg/mL to 

99.8 ± 38.2 pg/mL in the Holstein cow (Figure 4-4B), resulting overall in a 

non-significant effect (POverall = 0.94).  CLA decreased relative mRNA levels of 

3βHSD by 1.4-fold (POverall = 0.008) and tended to decrease StAR by 1.5-fold 

(POverall = 0.083).  In addition, forskolin altered expression of genes important 

in progesterone synthesis by upregulating mRNA levels of StAR by 1.8 fold 

(POverall = 0.008) and downregulating levels of P450scc and 3βHSD by 2.8 fold 

(POverall < 0.001) and 1.6 fold (POverall < 0.001), respectively (Figure 4-5A-C). 

 

Discussion 

The objective of our study was to evaluate whether trans-10, cis-12 

CLA and cis-9, trans-11 CLA alter the synthesis of steroidogenic hormones in 
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luteal cells.  Furthermore, we examined whether changes in expression of 

genes involved in the synthesis of steroidogenic hormones is one potential 

mechanism by which CLA alters concentrations of steroidogenic hormones. 

Our results suggest that CLA, independent of isomer and ratio, may decrease 

PGE2 and PGF2α synthesis, which may be, in part, by down-regulation of 

COX-2 gene expression.  We did not observe an effect of CLA on 

progesterone synthesis.  To our knowledge, this is the first study to report on 

the effect of CLA on prostaglandin and progesterone synthesis in luteal cells. 

Similar to our results, both CLA isomers suppressed PGE2 synthesis in 

endothelial cells (Eder et al., 2003) and macrophages (Iwakiri et al., 2002; Li et 

al., 2006; Stachowska et al., 2009).  In cultured bovine endometrial cells, both 

isomers decreased PGF2α secretion in the presence and absence of the 

protein kinase C (PKC) activator phorbol 12, 13-dibutyrate (Moussavi et al., 

2006; Kendall et al., 2006; Rodriguez-Sallaberry et al., 2006).  Furthermore, a 

CLA mixture decreased PGF2α secretion in late gestation ewe endometrium 

(Cheng et al., 2003), while no effect of CLA feeding was observed on oxytocin-

induced secretion of PGF2α metabolites in dairy cows (Castañeda-Guitiérrez et 

al., 2007). 

CLA may decrease prostaglandin synthesis through a variety of 

processes: CLA may decrease the formation of the prostaglandin precursor 

arachidonic acid (AA) from linoleic acid (LA) or γ-linolenic acid by either 

inihibiting desaturase activity (Chuang et al., 2001; Eder et al., 2002; 2003) or 

by preferentially being elongated (Chuang et al., 2001) or desaturated 
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(Bretillon et al., 1999).  CLA may change the fatty acid composition of the 

membrane and its function by competing with arachidonic acid for 

incorporation in the lipid fraction (Ringseis et al., 2006; Urquhart et al., 2002).  

CLA may decrease the availability of the prostaglandin precursor arachidonic 

acid by either decreasing the concentrations of arachidonic acid incorporated 

in to phospholipids for prostaglandin synthesis or by decreasing the activity of 

phospholipase A2 responsible for release of fatty acids for prostaglandin 

synthesis from phospholipids (Eder et al., 2003; Ringeis et al., 2006).  CLA 

may directly decrease prostaglandin synthesis by either competing with 

arachidonic acid as prostaglandin substrate or by inhibiting gene expression, 

protein synthesis, or activity of enzymes required for prostaglandin synthesis 

(Miller et al., 2001; Oikawa et al., 2009; Urquhart et al., 2002; Whigham et al., 

2001). 

In this study, we focused on the effect of trans-10, cis-12 and cis-9, 

trans-11 CLA on the gene expression of enzymes essential for PGE2 and 

PGF2α synthesis in bovine luteal cells and observed that CLA inhibited COX-2 

gene expression.  Similar to our results, both CLA isomers decreased COX-2 

mRNA levels in aortic endothelial cells (Eder et al., 2003) and macrophages 

(Iwakiri et al., 2002; Li et al., 2006; Stachowska et al., 2009).  In cultured 

bovine endometrial cells, however, CLA increased phorbol 12, 13-dibutyrate-

induced COX-2 mRNA level (Rodriguez-Sallaberry et al., 2006).  The CLA-

induced increase in COX-2 mRNA levels is surprising because PGF2α 

synthesis was concomitantly decreased (Rodriguez-Sallaberry et al., 2006) 
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and COX-2 catabolizes a rate-limiting step of prostaglandin synthesis (Dubois 

et al., 1998). 

Several mechanisms may explain why CLA decreases COX-2 gene 

expression and prostaglandin synthesis.  CLA may prevent the upregulation of 

COX-2 gene expression and subsequent autoamplification of prostaglandin 

synthesis by either inhibiting PGE2 and PGF2α synthesis or by directly 

inhibiting COX-2 gene expression (Sales et al., 2008; Wiltbank and Ottobre, 

2003; Wu and Wiltbank, 2001).  Several signal transduction pathways, some 

involving PPAR γ, have been proposed by which CLA could directly inhibit 

COX-2 gene expression (Degner et al., 2006, 2007; Hwang et al., 2007; 

Ringseis et al., 2008; Scoditti et al., 2010). 

Addition of forskolin inhibited PGE2 secretion in luteal cells while 

secretion of PGF2α was not changed.  Little is known how forskolin may affect 

prostaglandin synthesis in bovine luteal cells; however, data using luteinizing 

hormone (LH) and dibutyryl cyclic AMP would suggest that bovine luteal cells 

may be more responsive to cAMP-induced PGE2 and PGF2α synthesis in the 

mid to late stages of the luteal phase (Blitek and Ziecik, 2005; Wiltbank and 

Ottobre, 2003; Grazul et al., 1989; Rodgers et al., 1988).  Thus, the luteal cells 

used in our experiment (day 11 of the estrous cycle) may have not been 

sensitive to cAMP-induced PGE2 and PGF2α synthesis yet or, alternatively, 

lacked sufficient precursors for prostaglandin synthesis.  Culture medium 

lacked substrate for prostaglandin synthesis.  The lack of substrate may also 

explain why the forskolin-induced gene expression changes of COX-2 (1.5 fold 
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decrease), PGES (1.7-fold increase), and 9KR (22.2-fold decrease) in our 

study did not coincide with the changes in PGE2 and PGF2α concentrations. 

Forskolin increased, as expected (Alila et al., 1988; Davis et al., 1987; 

Pate and Condon, 1984), progesterone synthesis in the luteal cells of the 

three Jersey cows.  In contrast, forskolin decreased progesterone synthesis in 

luteal cells of the Holstein cow.  This unexpected decrease in progesterone 

synthesis may be due to differences in hormone responsiveness as a result of 

differences in proportions of small and large luteal cells (Mamluk et al., 1999), 

differences in substrate availability, or both.  In additional support of this 

hypothesis, the Holstein cow also had a forskolin-induced decrease in PGE2 

and PGF2α synthesis. 

The forskolin-induced increase in progesterone synthesis may, in part, 

be mediated by an increase in STAR gene expression, a cholesterol transport 

protein essential for progesterone synthesis in small luteal cells (Rekawiecki et 

al., 2008).  Similar to our results, Mamluk et al. (1999) reported an increase in 

STAR mRNA levels in response to forskolin; however, contrary to our 

observation, Mamluk and coworkers observed an increase in P450scc mRNA 

levels.  One potential explanation for the decrease in forskolin-induced 

P450scc and 3βHSD mRNA levels in this study is that the forskolin-induced 

decrease in PGE2 may have counteracted the progesterone and luteinizing 

hormone-induced increase in P450scc and 3βHSD mRNA levels (Rekawiecki 

et al., 2008).  Alternatively, forskolin may primarily increase STAR but not 

P450scc and 3βHSD mRNA levels.  In support of this hypothesis, Wiltbank et 
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al. (1993) showed that addition of forskolin increases progesterone synthesis 

but not conversion of cholesterol or pregnenolone to progesterone in bovine 

luteal cells.  In addition, LH, PGE2, and progesterone primarily increase STAR 

mRNA levels but not P450scc and 3βHSD mRNA levels (Rekawiecki et al., 

2008). 

Addition of CLA did not alter progesterone synthesis in bovine cells.  

The lack of progesterone response to CLA in our experiment may be caused, 

in part, by the surprising absence of a CLA effect on STAR and P450scc 

mRNA level.  We examined mRNA levels of STAR, P450scc, and 3βHSD 

because previous studies have shown that the promoter region of their genes 

have response elements that can interact with CLA and its ligands (Degner et 

al., 2006, 2007; Hwang et al., 2007; LaVoie and King, 2009; Ringseis et al., 

2008).  The absence of progesterone substrates in our cell culture medium, 

such as serum or cholesterol, may have inhibited a potential effect of CLA on 

the synthesis of progesterone.  We decided to use a serum- and cholesterol-

free medium because serum or cholesterol may confound the potential effect 

of CLA on gene expression of STAR, P450scc, and 3βHSD. 

In conclusion, the mechanism whereby trans-10, cis-12 CLA and cis-9, 

trans-11 CLA improves reproductive performance in dairy cows may, in part, 

be by decreasing PGF2α in bovine luteal cells through down-regulation of 

COX-2 gene expression.  Reducing PGF2α in the mid to late CL may afford a 

greater chance for luteal rescue by the developing embryo and subsequent 

pregnancy establishment.  The observed decrease in PGE2 concentrations 
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cannot be considered to be beneficial because PGE2 promotes progesterone 

synthesis (Rekawiecki et al., 2005).  Further studies are warranted to examine 

the effect of CLA on prostaglandin and progesterone synthesis in the 

presence and absence of various prostaglandin and progesterone substrates 

in the culture media. 
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Table 4-1. Forward and reverse primers used for qRT-PCR.  
 

 

[1] Cyclooxygenase-2

[2] Prostaglandin E2-9-keto-reductase

[3] Prostaglandin E2 synthase

[4] Steroid acute regulatory protein

[5] Cytochrome P450 side cleavage enzyme

[6] 3β-hydroxysteroid dehydrogenase-isomerase

[7] Glyceraldehyde 3-phosphate dehydrogenase

GGGCCATCCACAGTCTTCTGGCATCGTGGAGGGACTTATGAAB098979GAPDH7

ATGCCGTTGTTATTCAAGGCTACCCAGCTGCTGTTGGAGX176143βHSD6

ATGTCTCTTTCACCAACAACAGTCCATCATGCTGGACACCTCTAACU18447P450scc5

CATTGCCCACAGACCTCTTGACATGGTGCTCCGCCCCTTGGCTY17260StAR4

GGGTTGGCAAAAGCCTTCTTGTACGTGGTGGCCGTCATCNM_174443PGES3

GCTGCCGTTTTCTTGTGCCCAAGTCCATCGGGGTGTXM_0012538249-keto-reductase2

TCCAGATCACATTTGATTGACTCTTTGACTGTGGGAGGATACAF004944COX-21

Reverse primerForward primer
EMBL/GenBank

accession number
Gene

 

 

Table 4-1. Forward and reverse primers used for qRT-PCR.  Primers listed 
(5' → 3').  All concentrations used were 75 nM. 
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Figure 4-1. Experimental Design 

 

4 CL           
(11 d post 

estrus)

n= 40 for each 

of 4 CL’s (24 h)

n= 2 n= 18 n= 2n= 18

- forskolin + forskolin (1 µM)

- CLA + CLA (0.1 µM) + CLA (0.1 µM) - CLA

Hormone Analysis

Prostaglandin:

COX-2, PGES, 9KR 

Progesterone: 

StAR, P450scc, 3βHSD

Internal Control: 

GAPDH

mRNA  Analysis 

Prostaglandin:

PGE2, PGF2α

Progesterone: 

Progesterone

CLA treatment ratios:

0:1, 1:0, 1:1, 2:1, 1:2, 1:5, 5:1, 9:1, and 

1:9 

48 h
*

* Culture system was serum free and no cholesterol was added, per Pate and Condon (1982) 

 

Figure 4-1. Experimental Design.  One corpus luteum from each of four 
cows was collected at 11 d post estrus. Luteal cells were grown to confluency 
for 24 h (40 plates per cow for a total of 160 plates). Luteal cells were cultured 
for 48 h with 0 μM or 1 μM forskolin and 0.1 μM cis-9, trans-11 CLA and trans-
10, cis-12 CLA at varying ratios (0:0, 0:1, 1:0, 1:1, 2:1, 1:2, 1:5, 5:1, 9:1, and 
1:9) in 100% ethanol.  Cell-conditioned culture medium was collected for 
hormone analysis and luteal cells were removed from the culture flasks and 
lysed in 1 mL TRIzol® reagent for subsequent mRNA analysis. 
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Figure 4-2. Effect of CLA and forskolin on PGF2α and PGE2 concentrations in 
cultured bovine luteal cells. 
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Figure 4-2. Effect of CLA and forskolin on PGF2α and PGE2 
concentrations in cultured bovine luteal cells. (40 plates for each of 4 
cows).  Average prostaglandin concentrations (± standard errors) with the 
same letter did not differ at P ≤ 0.05. A) CLA (P = 0.003) but not forskolin (P = 
0.57) decreased PGF2α concentrations (PInteraction = 0.39). B) CLA decreased 
PGE2 concentrations in the absence of forskolin (P < 0.001) but not in its 
presence (PCLA overall = 0.02; PForskolin overall = 0.003; PInteraction < 0.001). 
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Figure 4-3. Effect of CLA and forskolin on relative mRNA levels of COX-2, 
PGES, and 9KR in cultured bovine luteal cells. 

Forskolin (µM) 0         0                        1           1      
CLA (µM)          0         0.1                      0          0.1 

CO
X-

2 (
mR

NA
 fo

ld-
ch

an
ge

s v
ers

us
 co

ntr
ol)

PG
ES

 (m
RN

A 
fol

d-c
ha

ng
es

 ve
rsu

s c
on

tro
l)

b

a
a

ab

2.5

2

1.5

1/-1

-1.5

-2

-2.5

P
G

E
S

(m
R

N
A

 f
o
ld

 c
h
a
n
g
e
s
 v

s
. 
c
o
n
tr

o
l)

2.5

2

1.5

1/-1

-1.5

-2

-2.5

9-K
R 

(m
RN

A 
fol

d-c
ha

ng
es

 ve
rsu

s c
on

tro
l)

a

b b

a

a
aa

2.5

2

1.5

1/-1

-15

-20

-25

9
K

R

(m
R

N
A

 f
o
ld

 c
h
a
n
g
e
s
 v

s
. 
c
o
n
tr

o
l)

b

C
O

X
-2

 

(m
R

N
A

 f
o
ld

 c
h
a
n
g
e
s
 v

s
. 
c
o
n
tr

o
l)

B)

C)

A)

 

Figure 4-3. Effect of CLA and forskolin on relative mRNA levels of COX-2, 
PGES, 9KR in cultured bovine luteal cells. (40 plates for each of 4 cows).  
Average relative mRNA concentrations versus no CLA and no forskolin with 
the same letter did not differ at P ≤ 0.05. A) CLA (P < 0.001) and forskolin (P = 
0.008) decreased COX-2 levels (PInteraction = 0.06). B) Forskolin (P = 0.003) but 
not CLA (P = 0.08) increased PGES levels (PInteraction = 0.32). C) Forskolin (P < 
0.001) but not CLA (P = 0.94) decreased 9KR levels (PInteraction = 0.63).  
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Figure 4-4. Effect of CLA and forskolin on progesterone concentrations in 
cultured bovine luteal cells. 
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Figure 4-4. Effect of CLA and forskolin on progesterone concentrations 
in cultured bovine luteal cells. (40 plates for each of 4 cows).  Average 
progesterone concentrations (± standard errors) with the same letter did not 
differ at P ≤ 0.05. A) Forskolin (P < 0.001) but not CLA (P = 0.63) increased 
progesterone concentrations in three Jersey cows (PInteraction = 0.73). B) 
Forskolin but not CLA decreased progesterone concentrations in one Holstein 
cow. 
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Figure 4-5. Effect of CLA and forskolin on relative mRNA levels of StAR, 
P450scc, and 3βHSD in cultured bovine luteal cells. 
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Figure 4-5. Effect of CLA and forskolin on relative mRNA levels of StAR, 
P450scc, and 3βHSD in cultured bovine luteal cells. (40 plates for each of 
4 cows).  Average relative mRNA concentrations versus no CLA and no 
forskolin with the same letter did not differ at P ≤ 0.05. A) Forskolin (P = 0.008) 
but not CLA (P = 0.08) increased StAR levels (PInteraction = 0.81). B) Forskolin 
(P < 0.001) but not CLA (P = 0.91) decreased P450scc levels (PInteraction = 
0.10). C) Forskolin (P < 0.001) and CLA (P = 0.008) decreased 3βHSD levels 
(PInteraction = 0.70).  
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CHAPTER 5 

SUMMARY 

 

 Cow nutrition and the feeding of conjugated linoleic acids (CLA) may be 

a way to help reverse the decline in reproductive performance in dairy cattle.  

The underlying biological mechanisms have been explored in this work as well 

as others in order to determine the nutrient’s role in reproduction. 

 Progesterone as the major luteal hormone which supports the 

conceptus was not altered by CLA in our study.  This may have been due to 

our culture system which was preferential to prostaglandin production.  More 

work will have to be done in order to better determine the effect of CLA on 

progesterone production. 

 In this study, trans-10, cis-12 CLA and cis-9, trans-11 CLA decreased 

cyclooxygenase (COX)-2 gene expression, a rate-limiting enzyme for 

prostaglandin production.  Our results also showed that CLA, regardless of 

isomer type, decreased PGF2α production.  This reduction in PGF2α in mid to 

late corpus luteum (CL) may afford a greater chance for luteal rescue by the 

developing embryo and subsequent pregnancy establishment. 

 Further studies into the mechanisms by which CLA may decrease 

prostaglandin synthesis, in luteal cells specifically, are warranted including; 

CLA reduced transcription of the genes involved in the transcription of PGF2α 

through PPARs γ, reduction of the PGF2α precursor arachidonic acid (AA) by 
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reduced desaturase activity or change in elongation of fatty acids and finally, 

the role of CLA in deposition of phospholipids into the plasma membrane. 
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