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Abstract 
 

Circulating concentration of progesterone (P4) 
is determined by a balance between P4 production, 
primarily by corpus luteum (CL), and P4 metabolism, 
primarily by liver. The volume of large luteal cells in 
the CL is a primary factor regulating P4 production. 
Rate of P4 metabolism is generally determined by liver 
blood flow and can be of critical importance in 
determining circulating P4 concentrations, particularly 
in dairy cattle. During timed AI protocols, elevations in 
P4 are achieved by increasing number of CL by 
ovulation of accessory CL or by supplementation with 
exogenous P4. Dietary manipulations, such as fat 
supplementation, can also be used to alter circulating 
P4. Elevating P4 prior to the timed AI generally 
decreases double ovulation and can increase fertility to 
the timed AI. This appears to be an effect of P4 during 
the follicular wave that produces the future ovulatory 
follicle, possibly by altering the oocyte and subsequent 
embryo. Near the time of AI, slight elevations in 
circulating P4 can dramatically reduce fertility. The 
etiology of slight elevations in P4 near AI is inadequate 
luteolysis to the prostaglandin F2α (PGF) treatment 
prior to timed AI. After AI, circulating P4 is critical for 
embryo growth and establishment and maintenance of 
pregnancy. Many studies have attempted to improve 
fertility by elevating P4 after timed AI. Combining 
results of these studies indicated only marginal fertility 
benefits of <5%. In conclusion, previous research has 
provided substantial insight into the effects of 
supplemental P4 on fertility and there is increasing 
insight into the mechanisms regulating circulating P4 
concentrations and actions. Understanding this prior 
research can focus future research on P4 manipulation 
to improve timed AI protocols.  
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Introduction 
 

Reproductive efficiency is dependent upon 
optimization of management, health, and physiology of 
cows. The interactions between nutrition, the hormonal 
systems, and altered reproduction in dairy cattle are 
increasingly being elucidated (Lucy, 2001; Wiltbank et 
al., 2006; Chagas et al., 2007; Sartori et al., 2010). This 

review will focus on the role of progesterone (P4) in 
reproduction in cattle, with primary emphasis on the 
lactating dairy cow.  

Progesterone is a steroid hormone primarily 
secreted by the corpus luteum (CL) and placenta. 
Adequate circulating P4 concentrations are essential for 
establishment and maintenance of pregnancy. Studies at 
the turn of the last century showed that pregnant rabbits 
did not maintain their pregnancy following bilateral 
ovariectomy (Fraenkel and Cohn, 1901) or 
electrocautery of all CL (Magnus, 1901). Corner and 
Allen (1929) determined that the CL factor that was 
responsible for pregnancy maintenance could be 
extracted with ethanol but not with saline. By 1934, four 
different laboratories independently isolated the 
crystalline hormone that maintained pregnancy and 
progesterone was selected as the scientific name for the 
hormone (Allen, 1974).  

The receptors for P4 and the intracellular 
mechanisms of action have been extensively reviewed 
(Ellmann et al., 2009). The classical P4 receptors (PR) 
are members of the nuclear receptor superfamily. In 
other words, these receptors work through actions in the 
nucleus that regulate expression of specific genes. There 
are two isoforms of the nuclear PR, termed PR-A and 
PR-B. These PR are products of the same gene with the 
key distinction that PR-B contains an additional 165 
amino acids at the N-terminal end of the protein. Studies 
in knockout mice in which PR-A or PR-B are selectively 
eliminated show that these two receptors are functionally 
distinct and both are critical for successful reproduction 
(Arck et al., 2007). The PR-A isoform alone is sufficient 
for the establishment and maintenance of pregnancy; 
whereas, PR-B is not sufficient for establishment or 
maintenance of pregnancy but is essential for fertility, 
possibly through actions on tissues other than the uterus 
(Fernandez-Valdivia et al., 2005). Surprisingly, there are 
also multiple types of plasma membrane P4 receptors that 
act through activation of intracellular signal transduction 
systems that are not related to the nuclear PR systems 
(Peluso, 2006).  

The P4 concentration that reaches the receptors 
within each particular cell is the key determinant of the 
physiological actions of P4 in an animal. In most tissues 
the circulating P4 concentration is the primary 
determinant of P4 concentrations within the cell. 
Therefore, factors regulating circulating P4 primarily
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determine the magnitude of P4 responses throughout the 
body.  

Circulating P4 concentrations (Fig. 1) represent 
a balance between the production of P4, primarily by 
the CL (shown on left), and the metabolism of P4, 
primarily by the liver (shown on right). If P4 production 
is increased by an increase in luteal tissue without a 
change in liver blood flow, then circulating P4 will 
increase. Conversely, if liver blood flow doubles, from 
1000 to 2000 l/h, then there will be a corresponding 
decrease in circulating P4 even though P4 production 
has not been altered. Thus, an understanding of 
regulation of circulating P4 must carefully consider the 
factors regulating P4 production and P4 metabolism. 
Over 80% of P4 production during the estrous cycle of 
the cow is due to constitutive P4 production by the large 
luteal cell (Niswender et al., 1994; 2000; Diaz et al., 
2002). Regulation of constitutive P4 production by the 
CL does not appear to require stimulatory pathways but 
can be dramatically decreased during luteolysis induced 
by exogenous or endogenous PGF. These concepts are 
more fully developed in a companion manuscript on 
regulation of the CL (Wiltbank et al., 2012). 
Conversely, although liver enzymes involved in P4 
metabolism can be regulated, we speculate in this model 
that the primary regulation of P4 metabolism in the 
lactating cow is related to the rate of liver blood flow.  

The role of feed intake in regulating P4 
metabolism and thus circulating P4 was initially 
demonstrated in studies with pigs and sheep 
(Christenson et al., 1985; Parr et al., 1993; Prime and 
Symonds, 1993). For example, the studies in sheep 
showed convincingly that as feed intake increased, there 
was a clear increase in liver blood flow with a 
corresponding decrease in circulating P4 (Parr et al., 
1993). Our studies extended these studies to the 
lactating dairy cow by demonstrating the clear 
relationship between dry matter intake, liver blood flow, 
and circulating concentrations of P4 as well as another 
steroid hormone, estradiol-17ß (Sangsritavong, 2002; 
Sangsritavong et al., 2002; Wiltbank et al., 2006). After 
matching Holstein cows for weight and age, high 
producing dairy cows had more than twice the liver blood 
flow as found in non-lactating cows. Similarly, the 
metabolic clearance rate of estradiol and P4 were much 
greater in lactating than non-lactating cows, probably 
reflecting the increased blood flow to the liver. Thus, when 
P4 was infused at a constant rate in lactating and non-
lactating dairy cows, the concentration of P4 that was 
reached at steady-state in the blood was much greater in 
non-lactating than lactating cows due to the high 
metabolic clearance rate of P4 in the lactating cows. 
Thus, if there was the same production of P4 from the 
CL, a lactating cow will have a much lower circulating 
P4 concentration than a non-lactating cow.  

The underlying physiology for the decrease in 
circulating P4 seems to be relatively simple (Wiltbank 
et al., 2006). If we assume that any blood that flows 

through the liver is completely cleared of P4, in other 
words 100% metabolism of P4 in liver blood (Bedford 
et al., 1974; Freetly and Ferrell, 1994), then any 
increase in rate of blood flow to the liver would produce 
a corresponding increase in rate of P4 metabolism. 
Blood flow to the liver comes from two major blood 
vessels, the hepatic artery and the portal vein. The portal 
vein drains the blood from the digestive tract and takes 
this blood to the liver. Any increase in blood flow to the 
digestive tract, for example due to an increase is feed 
intake, will necessarily increase blood flow to the liver 
through the portal vein. Thus, an increase in feed intake 
will increase blood flow to the digestive tract, 
increasing blood flow to the liver and thereby increasing 
the rate of P4 metabolism solely due to higher amount 
of P4 entering the liver due to greater volume of liver 
blood flow (Sangsritavong et al., 2002). It is also likely 
that P4 is metabolized in the tissue of the digestive tract, 
as well as the liver (Bedford et al., 1974; Freetly and 
Ferrell, 1994). This simple physiological explanation 
helps to illustrate how various physiological states could 
produce dramatic changes in circulating P4 solely due to 
changes in P4 metabolism.  

Metabolism of P4 by the liver generally 
involves enzymatic reactions that have been described 
as phase I or phase II reactions (Fig. 1). The phase I 
reactions can either hydroxylate progesterone in 
multiple positions using the P450 enzymes, primarily 
CYP3A4 and CYP2C enzymes, as well as other CYP 
enzymes. A more active pathway for P4 metabolism in 
bovine involves reduction of the double bond at the 4-5 
position to a 5-alpha or 5-beta reduced progesterone and 
reduction of the ketone at the 3 position to a hydroxyl 
group. The ketone at the 20 position is also 
hydroxylated to produce a tetrahydrosteroid from the P4 
molecule. The enzymes involved in these reactions are 
the 5-alpha reductase enzyme producing 5-alpha- 
reduced progestins and AKR1D1 producing 5-beta 
reduced progestins. The 5-beta reduced progestins 
account for about two-thirds of the mass of steroids that 
are inactivated. Reduction of the 3-ketone to a 3-
hydroxy and reduction of the 20-ketone to a 20-hydroxy 
are mediated by the AKR1C enzymes with AKR1C4 
being the most abundant enzyme with the high catalytic 
efficiency. However other AKR1C isoforms may also 
be important in metabolisms of P4 in cattle. The most 
common pathway, based on ovine liver microsome 
metabolism of P4, is 6-beta hydroxylation (Murray, 
1991) or 21-hydroxylation (Murray, 1992). However, 
almost all P4 metabolites found in blood, urine, or feces 
are 5-alpha or 5-beta reduced pregnanes (Stupnick and 
Williams, 1968; Chantilis et al., 1996; Schwarzenberger 
et al., 1996), indicating that the reductase and AKR1D 
pathways represent a major part of in vivo P4 
metabolism. These pathways are considered the phase I 
pathways and P4 metabolism by liver microsomes has 
been found to yield a myriad of different metabolites 
apparently through multiple liver enzymes, as
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summarized by (Sangsritavong, 2002).  
Insulin appears to be an inhibitor of gene and 

protein expression for 2 of the major P450 enzymes, 
CYP3A and CYP2C, in bovine or ovine liver (Smith et 
al., 2006; Lemley et al., 2008, 2010a, b). This suggests 
that future programs to reduce P4 metabolism may 
focus on increasing circulating insulin. Polyunsaturated 
fat acids (PUFAs) appear to inhibit the P4 metabolizing 
activity of the CYP enzymes from bovine liver slices 
(Piccinato et al., 2010), although, this effect could not 
be replicated in vivo possibly because the 
concentrations of PUFAs that were effective in vitro 
were not achieved in vivo (Piccinato et al., 2010). 
Following the phase I reactions there are generally 
phase II reactions that involve conjugation of 

hydrophilic groups to P4. The primary circulating P4 
conjugates have an attached glucuronide, although, 
mono- and disulfates can also be detected 
(Sangsritavong, 2002). These steps inactivate P4 and 
facilitate excretion of hydrophilic P4 conjugates in urine 
and feces (Sangsritavong, 2002). The primary enzymes 
involved in glucuronidation of reduced or hydroxylated 
pregnane compounds are UGT1A and UGT1B. 
Although all of these complex pathways are clearly 
involved in P4 metabolism and are targets for manipulation 
of P4 metabolism, our current view is that the primary 
reason for high P4 metabolism in lactating dairy cows is 
the extraordinary liver blood flow due to extremely 
elevated feed consumption and gastrointestinal liver 
blood flow.  

 
 

 
 

Figure 1. Physiological model of the factors that regulate circulating P4 concentrations in the lactating dairy cow 
(center of model). Production of P4 (left side of model) is primarily a function of production in the corpus luteum 
through pathways that convert cholesterol from HDL (high density lipoprotein) into P4. The cholesterol transport 
protein, StAR, and the 2 steroidogenic enzymes, CYP11A1 and HSD3B, are critical for this conversion. Although 
stimulators, such as LH, and inhibitors, such as PGF, can regulate P4 production by CL, it is emphasized in the 
model that the primary factor determining greater P4 production is likely to be CL volume due the constitutive 
nature of P4 production in the bovine CL. On the right side of the model are pathways involved in P4 metabolism 
tending to decrease circulating P4. The 2 Phase I pathways are hydroxylation, with CYP3A4 shown as an example, 
and 5-alpha or 5-beta reduction. Phase II conjugation pathways are also involved in producing hydrophilic P4 
metabolites. Although stimulation and inhibition of the P4 metabolizing enzymes has been reported, this model 
emphasizes the critical role of the elevated liver blood flow in producing the extraordinary rates of P4 metabolism in 
high producing lactating dairy cows. 
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Importance of high P4 during follicular growth 
before AI 

 
Although the effects of P4 on reproduction are 

numerous, this review will divide these effects into 
three time periods that will be discussed in the next 
three sections of this manuscript. These time periods 
will be in relationship to the time of breeding. In this 
manuscript, we will briefly discuss this relationship 
during timed AI programs focusing on the role of P4 
concentrations before, during, or after timed AI.  

There is a clear association between milk 
production and double ovulation and it is now clear that 
this association is, at least partly, related to the 
circulating P4 concentrations near the time of follicle 
selection (Wiltbank et al., 2000; Lopez et al., 2005a). 
From a practical standpoint, high percentage of cows 
with double ovulation appears to be the underlying 
cause of increased twinning rate in lactating dairy cows, 
with 93% of twins being non-identical (del Rio et al., 
2006). Numerous factors have been recognized as 
possible regulators of twining rates, including age of 
dam, season, genetics, use of reproductive hormones or 
antibiotics, ovarian cysts, and days open; however, peak 
milk production is clearly the largest contributor (Kinsel 
et al., 1998; Wiltbank et al., 2000). We have done two 
studies that evaluated the effect of milk production on 
double ovulation. In cows synchronized with the 
Ovsynch protocol (Fricke and Wiltbank, 1999), double 
ovulation was much greater in cows that were above 
average milk production, 40.7 kg/day, than below (20.2 
vs. 6.9%; P < 0.05). Similarly, in a study with cows that 
were evaluated near natural estrus (Lopez et al., 2005a), 
almost 50% of cows that were above 40 kg/day of milk 
production had double ovulation, whereas less than 10% 
had double ovulation for cows producing below 40 kg/day. 
These effects were similar for multiparous or 
primiparous cows (Fricke and Wiltbank, 1999; Lopez et 
al., 2005a). It should be noted that neither of these 
studies involved manipulation of milk production and 
were only performed as an analysis of the percentage of 
cows with double ovulation compared to different levels 
of milk production. 

The underlying physiology that produces the 
relationship between milk production and double 
ovulation is becoming clearer. There is an increase in 
FSH near the time of follicle selection that is associated 
with a decrease in circulating P4 concentrations (Lopez 
et al., 2005b). Manipulative studies have now been 
performed that have demonstrated a decrease in 
percentage of cows that double ovulate when circulating 
P4 is increased (Cunha et al., 2008; Cerri et al., 2011b). 
It is postulated that the endocrine mechanism that 
underlies the decrease in double ovulation in the 
presence of high P4 is related to a decrease in 
circulating FSH during a critical time of follicle 
selection, although this idea has not yet been 
experimentally evaluated.  

The key role of greater P4 prior to AI on 
fertility of lactating dairy cows was first described by 
(Fonseca et al., 1983). More recent manipulative studies 
have shown some improvements of ~5-7% in pregnancy 
by using a P4 vaginal dispositive such as a CIDR during 
the Ovsynch program prior to AI (Stevenson et al., 
2006, 2008; Chebel et al., 2010). Nevertheless, the 
results from these studies may be somewhat confounded 
due to improvements in synchronization rate that may 
accompany the use of CIDR in the Ovsynch protocol. In 
the study mentioned above we tested the effects of 
elevated P4 on fertility to a timed AI during the Double 
Ovsynch program (Cunha et al., 2008). Cows (n = 564) 
were randomly assigned to have either high or low P4 
during the Ovsynch protocol. The cows with low P4 
had increased double ovulation rate, which would be 
expected to potentially increase fertility in these cows. 
Ovulation of more follicles could potentially result in a 
greater probability of pregnancy. However, cows with 
lower P4 before AI had much lower fertility (37.1% 
pregnant at day 29 pregnancy diagnosis) compared to 
cows with high P4 (51.0%; P < 0.001). This indicates 
that increasing P4 prior to timed AI can result in a 
substantial improvement in fertility, suggesting that the 
reason for the lower fertility in lactating dairy may be, 
at least partly, due to reduced P4 concentrations during 
the time period prior to AI. Obviously, we produced an 
artificial reduction in P4 during this study; however, 
under normal conditions, P4 concentrations may be 
reduced due to the high feed intake and increased P4 
metabolism of lactating dairy cows. In the future, 
practical programs may be developed that target an 
elevation in circulating P4 in order to increase fertility. 

One further observation of this study was 
related to pregnancy loss. Pregnancy loss is generally 
defined as the number of pregnancies that are lost 
between the pregnancy diagnosis at Day 28 after AI 
compared to Day 60 after AI. This time period is 
critical for implantation and development of the 
embryo. We observed a decrease (P < 0.05) in 
pregnancy loss between day 29 and day 57 when cows 
had high P4 (6.8% loss) vs. low P4 (14.3% loss). Thus, 
the high P4 group not only had increased number of 
pregnancies at the day 29 pregnancy diagnosis, but also 
had less susceptibility to pregnancy loss after this time. 
This was not due to P4 after AI because circulating P4 
concentrations after AI were actually somewhat higher 
in the cows that had low P4 prior to AI (2.9 ng/ml) 
compared to the cows with high P4 prior to AI (2.5 ng/ml). 
Thus, there was a positive effect of elevated P4 prior to 
AI on subsequent maintenance of pregnancy even after 
29 days following AI.  

Studies by Bisinotto et al. (2010) also 
demonstrate the importance of higher P4 during the 
growth of the final follicular wave. Two studies were 
performed in which the effect of P4 during the Ovsynch 
protocol was evaluated. In the first study, cows were 
evaluated for P4 concentration at the time of the first
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GnRH of Ovsynch and 7 days prior to this first GnRH. 
Cows were classified as anovular, or as beginning 
Ovsynch with high P4 or low P4. Cows that began 
Ovsynch with high P4 had greater pregnancies per AI 
(P/AI = 43.0%) than cycling cows that had low P4 
(31.3%) or that were anovular (29.7%) at the time of 
initiation of Ovsynch (Bisinotto et al., 2010). In the 
second study, cows were presynchronized with two PGF 
treatments and Ovsynch was initiated either 3 days or 
10 days after the second PGF. This design would 
produce cows that ovulate a dominant follicle from 
either the first or second follicular wave near the 
timed AI. Similar to the first study, cows that ovulated 
the second follicular wave in which P4 concentrations 
are higher had greater P/AI that cows ovulating the 
first follicular wave that grew during low P4 
concentrations (41.7 vs. 30.4%; Bisinotto et al., 2010). 
Thus, it seems clear that increasing P4 during growth of the 
follicular wave increases fertility more than 10% to the 
subsequent timed AI. The mechanisms that produce this 
increase in fertility are still being investigated. 

An elegant study in superstimulated cows 
(Rivera et al., 2011) showed that high P4 concentrations 
during superstimulation increased the subsequent 
quality of embryos flushed on day 7 after 
superovulation. Cows began superstimulation during the 
second follicular wave with high P4, during the first 
follicular wave with low P4, or during the first follicular 
wave with P4 supplementation using 2 CIDRs to 
increase P4 concentrations. Although, total number of 
embryos/oocytes that were collected was not different 
between groups, the percentage of structures that were 
transferable embryos was much less for cows 
superstimulated during the first follicular wave (55.9%), 
than during the second follicular wave (88.5%) or 
during the first follicular wave with P4 supplementation 
(78.6%). This result is consistent with a positive effect 
of elevated P4 during follicle growth on embryo 
development prior to Day 7 of the estrous cycle. It is 
postulated that effects of P4 during growth of the 
follicles may allow production of a better oocyte for 
subsequent fertilization and embryo development 
(Rivera et al., 2011). However, a recent study that 
flushed embryos from single ovulating cows that had 
follicles growing during low or high P4 did not find a 
difference in embryo quality on day 7 (58.3 vs. 53.3%; 
Cerri et al., 2011b). A companion study (Cerri et al., 
2011a) indicated that although cows with low P4 had 
increased basal LH concentrations and altered follicular 
dynamics and follicular fluid composition that could 
alter oocyte quality, a particularly distinct difference in 
cows with low P4 was the premature development of 
pathways leading to uterine PGF secretion. Thus, 
altered uterine function could also have an important 
role in reducing fertility in cows that have low P4 
concentrations prior to AI. Our laboratory (Wiltbank et 
al., unpublished) has recently completed a study 
evaluating day 7 embryo quality in single ovulating 

cows with follicle development occurring in low vs. 
high P4. We found a greater percentage of grade 1 and 2 
embryos from cows with high P4 than low P4 prior to 
AI (86.5 vs. 61.5%; P < 0.02). Thus, these results are 
consistent with the idea that low P4 during follicle 
growth reduces fertility and this fertility decrease is 
evident in embryo quality at day 7 after AI. This 
reduction in embryo quality has been observed in 
single-ovulating cows (our study) and in superovulated 
cows (Rivera et al., 2011). 

At this time it is not possible to provide a 
definitive explanation for the reason that high P4 prior 
to AI produces greater fertility. Nevertheless, the 
fertility enhancing effects are dramatic and consistent in 
lactating dairy cows. Future studies are needed to define 
the mechanism for this effect and to design reproductive 
management programs that optimize these fertility-
enhancing effects.  

 
Importance of low progesterone near time of AI 

 
Inadequate luteolysis can result in an elevation 

in circulating P4 near AI and a reduction in fertility. 
This is clearly a problem with some cows during timed 
AI programs (Souza et al., 2007; Brusveen et al., 2008) 
but also may be a problem in AI programs based on 
detection of estrus. Studies on cows that receive AI 
based on estrus, have generally reported that minor 
elevations in P4 near AI are detrimental to fertility (De 
Silva et al., 1981; Waldmann et al., 2001; Ghanem et 
al., 2006), although some studies did not obtain this 
result (Erb et al., 1976; Plym Forshell et al., 1991). 
During Ovsynch, the percentage of cows that do not 
have complete CL regression following the PGF 
treatment before timed AI has been reported to range 
from 5-30%; Moreira et al., 2000; Gumen et al., 2003; 
Souza et al., 2007; Brusveen et al., 2009; Martins et 
al., 2011). A recent extensive study of incomplete 
luteolysis evaluated multiple blood samples in cows at 
first AI (n = 652) and second or greater AI (n = 394; 
Martins et al., 2011). They defined complete luteolysis and 
low P4 (<0.5 ng/ml) at 56, 72, and 96 h after PGF. At first 
AI, 80% of cows underwent complete luteolysis, whereas 
at the second AI only 71% underwent regression. 
Surprisingly, greater P4 concentrations at the time of PGF 
were associated with greater probability of luteolysis 
after PGF treatment and greater fertility (50 vs. 28%).  

To study whether P4 near AI had an effect on 
fertility during timed AI protocols our laboratory (Souza et 
al., 2007; Brusveen et al., 2009) used lactating cows 
synchronized with Ovsynch on three commercial dairy 
herds. We collected blood samples for P4 measurement 
near the time of the last GnRH of Ovsynch. Both studies 
supported the concept that greater circulating P4 near AI 
decreases fertility. This decrease was observed even when 
only cows that ovulated to the second GnRH were 
evaluated for fertility. Combining the data from both 
studies (Fig. 2) it is clear that there is a dramatic decrease
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in pregnancy per AI (P/AI) as P4 increases above 0.4 to 0.5 
ng/ml near the time of the second GnRH of Ovsynch. The 
decrease that we observed was similar to the decrease 
described in a pioneering study (De Silva et al., 1981) 
using visual detection of estrus in lactating cows and 
heifers.  

There may be multiple physiological 
mechanisms that result in the reduced fertility when P4 
is elevated near AI. First, P4 may alter sperm or oocyte 
transport by altering uterine or oviductal contractility 
and thus reduce fertilization (Hunter, 2005). Second, 
addition of P4 to in vitro fertilization (IVF) media 
reduced blastocyst rate (Silva and Knight, 2000) 
suggesting that there may be direct effects of P4 during 
IVF on subsequent embryo development. The 
detrimental effect of added P4 was reversed by 
treatment with the P4 antagonist, RU-486, suggesting a 
role for P4 receptors in this action. Elevated P4 in vitro 

also increased total α-inhibin production by the cumulus-
oocyte complex, which may reduce embryo development 
after cleavage (Silva et al., 1999). Further, the reduced 
endometrial thickness with slight elevations in P4 (Souza 
et al., 2011) may indicate other major effects of P4 on the 
uterus that could result in reduced embryo development.  

In summary, high circulating concentrations of 
P4 near AI has been shown by a number of large field 
studies to be detrimental to fertility in dairy cattle, but 
the underlying physiological mechanisms that reduce 
fertility are not well understood. Further, the causes of 
elevated P4 near AI probably differ for cows bred after 
natural estrus compared to cows bred following timed 
AI protocols such as Ovsynch. However, an additional 
PGF treatment in cows receiving Ovsynch and more 
precise detection of estrus may help to minimize 
percentage of cows having somewhat greater circulating 
P4 near AI.  
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Figure 2. Relationship between circulating P4 near AI and conception results in lactating dairy cows receiving 
Ovsynch (data from Souza et al., 2007 and Brusveen et al., 2009 combined). 
 

Importance of high progesterone after AI 
 

The role of the “CL hormone” after ovulation 
in maintaining pregnancy was described more than 
100 yr ago and was recognized well before the chemical 
structure of P4 was identified (Fraenkel and Cohn, 
1901; Magnus, 1901). Recent studies continue to 
characterize the effects of P4 in inducing the dramatic 
changes in the uterus, termed progestational changes, 
that are essential for inducing an environment 
compatible with embryo growth, implantation, and 
maintenance of pregnancy (Arck et al., 2007).  

Although there is unequivocal evidence that an 
absolute requirement for P4 is needed for pregnancy 
maintenance, results have been somewhat more 
equivocal about the relationship between concentrations 
of circulating P4 after AI and fertility in lactating dairy 
cows. A number of studies have reported lower P4 in 
non-pregnant than pregnant cows, whereas, other 

studies reported no relationship between post-AI P4 and 
fertility (Bulman and Lamming, 1978; Larson et al., 
1997; Mann and Lamming, 1999; Gumen et al., 2003; 
Stronge et al., 2005; Lonergan et al., 2007; Morris and 
Diskin, 2008). More extensive modeling of P4 
concentrations with pregnancy using logistic regression 
have demonstrated a relationship between circulating P4 
on days 5, 6, and 7 after AI with P/AI in dairy cows and 
a relationship between rate of P4 increase and P/AI 
(Stronge et al., 2005). They reported that 60-85% of 
dairy cows had sub-optimal circulating P4 for 
pregnancy, based on absolute P4 concentrations during 
the early luteal phase or rate of P4 increase (Stronge et 
al., 2005). Many recent studies have attempted to 
unravel the mechanisms involved in the complex 
relationship between circulating P4 concentrations and 
fertility in lactating dairy cows.  

Early embryos express different types and 
concentrations of P4 receptors (Clemente et al., 2009)

Effect of circulating P4 near AI on fertility of lactating
dairy cows (n = 1539) 
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raising the possibility that P4 may be acting directly on 
the embryo to improve embryo development. An 
elegant series of experiments found no effect of P4 
supplementation, in vitro, on blastocyst yield, in the 
presence or absence of bovine oviductal epithelial cells 
(Clemente et al., 2009). Thus, it appears that 
development of the early embryo is not directly altered 
by treatment with P4. In a surprising twist, these 
researchers treated recipient cows with a intravaginal 
P4-releasing device (PRID) starting on day 3 after estrus 
with in vitro produced blastocysts transferred on day 7. 
Circulating P4 concentrations were elevated in the 
recipient cows from days 3 to 6 but were not elevated in 
treated cows after that time. Thus, the rise in P4 
concentrations in treated cows occurred prior to the 
transfer of embryos. Nevertheless, embryos that were 
transferred into recipients that had received prior P4 
exposure from day 3 to 6 with increased P4, were much 
longer and the embryos had a larger surface area on day 
14 than embryos transferred to unsuplemented recipients. 
(Clemente et al., 2009). The authors conclude that “P4-
induced changes in the uterine environment are responsible 
for the advancement in conceptus elongation reported 
previously in cattle and that, interestingly, the embryo does 
not need to be present during the period of high P4 in 
order to exhibit advanced elongation” (Clemente et al., 
2009). These results are consistent with the studies of 
Larson et al. (2011) that also failed to find a direct effect 
of P4 during either days 1 to 3 or days 4 to 7 of culture on 
percentage of embryos that developed to the morula or 
blastocyst stage; although small differences in glucose 
metabolism were observed. Further evidence for a lack 
of P4 effect in early embryo is found in the studies of 
Carter et al. (2008, 2010). In the first experiment, 210 
crossbred beef heifers were used to analyze the effects 
of in vivo supplementation with P4 on embryo 
development. These researchers observed no difference 
in early embryo development by day 5 or 7 after AI, 
however dramatic effects of P4 supplementation on 
embryonic length could be observed on days 13 and 16 
after AI (Carter et al., 2008). In an elegant study that 
continued this research focus (Carter et al., 2010), in 
vitro produced embryos were transferred to the oviduct 
of beef heifers that received or did not receive a PRID 
on day 3 after estrus. There was no detectable effect of 
P4 on the proportion of embryos that developed to the 
blastocyst stage by day 7 when embryos were recovered 
or during subsequent culture of the embryos in vitro. 
However, there were subtle but intriguing differences in 
gene expression, detected by microarray, in the embryos 
recovered from recipients that received P4 
supplementation (Carter et al., 2010). Thus, it seems 
clear that increased P4 during days 3 to 7 induces 
changes in the uterus that increase embryo elongation 
by day 14. Whether a P4-induced increase in embryo 

development can improve fertility in lactating dairy 
cows continues to be an area of investigation, as 
discussed below.  

Many studies have investigated the P4-induced 
changes in gene expression that occur in the endometrial 
tissue and these will not be extensively reviewed in this 
manuscript. However, it seems clear that there are 
dramatic differences in endometrial gene expression as 
the luteal phase progresses and that early 
supplementation with P4 can induce earlier expression 
of this P4 program (McNeill et al., 2006; Forde et al., 
2008, 2009, 2011). The P4-induced changes in uterine 
gene expression can have dramatic consequences for the 
development of the embryos (Forde et al., 2011). There 
have been numerous studies that have evaluated the 
effects of P4 supplementation on fertility in cattle with 
the earliest experiments conducted in the 1950s 
(Herrick, 1953; Wiltbank et al., 1956). Throughout the 
last 60 yr (Mann and Lamming, 1999), there have been 
numerous methods to increase P4 including: treatment 
with exogenous P4 (injectable P4; P4 releasing 
intravaginal device, PRID; or controlled internal drug 
release, CIDR) or by treatments attempting to ovulate a 
follicle and produce an accessory CL using human 
chorionic gonadotropin (hCG) or gonadotropin 
releasing hormone (GnRH). These experiments have 
varied considerably in regard to type of animal (beef vs. 
dairy, heifers vs. cows), supplementation/administration 
day relative to AI, utilization of synchronization prior to 
AI, and number of animals in the trial. Of the 30 trials 
that we evaluated, the vast majority (25/30) showed a 
numeric improvement in fertility with P4 
supplementation, although only six of these trials 
showed significance (P < 0.05). Of these six trials, only 
one (Stevenson et al., 2007) used greater than 100 
animals per comparison.  

The most extensive trials to increase P4 have 
been done by inducing formation of an accessory CL 
with hCG or GnRH treatment. When hCG or GnRH is 
administered on day 5 after AI, there is generally 
formation of an accessory CL and increase in P4 by day 
9. Previous work has demonstrated that ovulation occurs 
most often when GnRH is administered between days 5 
and 12 of the estrous cycle (Vasconcelos et al., 1999). 
Our large unpublished trial using hCG treatment on 
day 5 produced only a 3.5% increase in fertility. 
Although this result was statistically significant, it was 
not of a large magnitude. Combining all of the results 
for hCG indicated a slight improvement in fertility from 
38.1% (1511/3963) in control cows to 41.6% 
(1616/3884) in hCG-treated cows (+3.5%). This result 
indicates that there is some improvement due to the 
hCG treatment, however, it is unclear why the effect is 
not of a larger magnitude. It seems possible that 
formation of the CL and the increase in P4 following
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hCG or GnRH administration is not sufficiently early in 
the cycle to induce the uterine changes that are needed 
to optimize fertility. Further research may clarify and 
improve on these results. 
 

Conclusions 
 

This manuscript has attempted to describe the 
underlying physiology that produces the changes in 
circulating P4 in lactating dairy cows and the potential 
reproductive challenges associated with suboptimal P4 
concentrations. Metabolism of P4 appears to be the 
primary cause of lowered P4 in lactating dairy cows, 
although changes in P4 production by the CL have not 
yet been experimentally excluded. This manuscript 
reviewed the scientific literature on P4 and fertility with 
clear evidence for effects of P4 at all three time periods 
that were analyzed. Prior to AI, there were very 
dramatic effects observed with more than 10% units 
difference in P/AI observed by increasing P4 
concentrations. The lactating dairy cow may have 
insufficient P4 during this time period and insufficient 
P4 at this time may, at least partially, underlie the high 
incidence of double ovulations and low fertility that is 
characteristic of high-producing dairy cows. Near the 
time of AI, it is critical that P4 concentrations are below 
a critical value, which appears to be about 0.4 ng/ml 
during Ovsynch-type protocols in which ovulation 
before FTAI is induced with GnRH. Even small 
increases in P4 near the time of AI were associated with 
dramatic reductions in fertility, either in cows bred to 
natural estrus or after timed AI protocols. Following AI, 
there are dramatic effects of increasing P4 on embryo 
elongation, however, these dramatic effects have 
generally not been observed in field trials focused on 
improving fertility by supplementing P4 after AI. Thus, 
although substantial research has investigated the role of 
P4 on fertility in lactating dairy cows for more than 6 
decades, it seems clear that future focus in this research 
area is likely to continue to yield exciting research 
results related to the physiology and practical 
management of dairy cows.  
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