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abstract
There are several findings indicating that the endocannabinoid system (ECS) is an important fac-
tor, acting in multiple ways in regulating reproductive function but changes of this system in the 
bovine endometrium have rarely been investigated; therefore, this study was designed to consider 
an association between endometrial ECS expression and different stages of the estrous cycles. 
MRNA expressions of the ECS were investigated during the late luteal phase and estrus using 
real-time PCR. Following estrous synchronization of sixteen Holstein dairy cows (34±1.3 kg/day 
of milk production), using two PGF2α injections given 14 days apart, at 30 and 44 days in milk 
(DIM), blood samples and ultrasonography (US) were performed every other day from the day 
of second PGF2α injection (44 DIM) until the start of the next estrous cycle (67±2 DIM) to verify 
CL development and ovulation. Based on blood and US results endometrial tissue was collected 
on days 16 (late luteal phase) and 21 (estrus) of the synchronized estrous cycle (ovulation = d 0). 
Real-time PCR analysis of ECS mRNA expression revealed endocannabinoid receptor (CNR2), 
diacylglycerol lipase (DAGL), cyclooxygenase-2 (COX-2), fatty acid amide hydrolase (FAAH) 
and monoglyceride lipase (MGLL) had significant fold differences when comparing two different 
stages of the estrous cycle (late luteal phase vs. estrus). CNR2 and DAGL showed 2.01 and 2.57 
fold increase, respectively (P=0.04 and P=0.02), in estrous cows. Among the analyzed genes FAAH 
(P=0.01) and MGLL (P=0.02) were significantly down-regulated in estrous cows, with a 5.01- and 
2.44-fold difference in mRNA expression, respectively. Overall, this study highlights an associa-
tion between the expression of the ECS in the bovine endometrium and stage of the estrous cycle. 
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The endometrium plays a pivotal role in coordinating the events that lead to fer-
tilization, implantation and pregnancy. Throughout the pregnancy and estrous cycle, 
the endometrium is subjected to a host of functional and morphological changes, 
regulated by the hormones progesterone, estradiol and oxytocin (Spencer et al., 
2004). The molecular mechanisms underlying endometrial function may contribute 
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to reproductive performance in dairy cows (Killeen et al., 2014). Using a global gene 
profiling approach, evidence identified numerous differentially expressed genes and 
related functional pathways in bovine endometrium under various conditions: during 
the different phases of the estrous cycle (Wolf and Bauersachs, 2010), in pregnant 
and cycling animals with artificially induced high, and normal systemic proges-
terone concentrations (Forde et al., 2010; McCarthy et al., 2012) and during early 
pregnancy in animals that produced viable and non-viable embryos (Beltman et al.,  
2010).

Endocannabinoids (EC, endogenous cannabinoids) are an emerging class of li-
pid mediators which includes fatty acid amides (FAA; oleoylethanolamide, ananda-
mide) (Maccarrone et al., 2002). Anandamide (N-arachidonoylethanolamine, AEA) 
and 2-arachidonoylglycerol (2-AG) are the best studied ligands for the cannabinoid 
receptors (CNRs) (De Petrocellis and Di Marzo, 2009). They bind to endocannab-
inoid receptors CNR1 and CNR2, which are G protein-coupled receptors mainly 
found in central nervous system, but also in peripheral tissues (Gorzalka and Dang, 
2012). The enzymes responsible for the synthesis and degradation of AEA (N-acyl 
transferase (NAT) and N-arachidonoyl phosphatidylethanolamine phospholipase D 
(NAPE-PLD) and fatty acid amide hydrolase (FAAH) and of 2-AG (Di-acyl glyc-
erol lipase (DAGL) and monoacyl glycerol lipase (MGLL)), convert these two en-
docannabinoids into arachidonic acid (AA) and ethanolamine or AA and glycerol, 
respectively (Di Marzo, 2008). Cyclooxygenase 2 (COX-2) converts AEA into pros-
taglandin ethanolamines. The endocannabinoid system (ECS) has been well-studied 
in non-ruminants which have orexigenic, anorexigenic, or anti-inflammatory prop-
erties (Lazzarin et al., 2004; Habayeb et al., 2004). There are few studies about the 
role of this system in ruminant reproduction (Weems et al., 2009; Abolghasemi et 
al., 2016; Dirandeh and Ghaffari, 2018). Bonsale et al. (2018) reported ECS can 
be considered as an endometrial inflammatory marker in dairy cows. There was  
a negative relationship between stimulation of either CNR1 or CNR2 receptors, lute-
al function and progesterone concentrations in sheep (Weems et al., 2009; Tsutahara 
et al., 2011). Indeed, it has been reported that low plasma AEA levels are essential for 
implantation and early pregnancy success in human (Demuth and Molleman, 2006); 
moreover, it has been shown that high AEA concentrations are embryotoxic in rats 
(Beltramo et al., 1997), and elevated plasma levels are associated with miscarriage 
in women (Dinh et al., 2002). Habayeb et al. (2004) reported plasma AEA levels in 
the early follicular phase (days 2–7) were higher than those of the late luteal phase 
(days 20–25) of the menstrual cycle. 

Taken together, there are several findings indicating that endocannabinoids are 
important factors, acting in multiple ways in regulating reproductive function. Since 
no data concerning the expression of ECS in different stages of the estrous cycle are 
available for the bovine endometrium, the current study was conducted to determine 
and compare different components of the ECS in the bovine endometrium through-
out the estrous cycle, which may open new perspectives for understanding the role 
of the ECS in the bovine reproduction.
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Material and methods

All animal experimental procedures were approved by the Iranian Ministry of 
Agriculture (experimental permission No. 2018-03-01). This study was conducted 
from March to September 2018 on a commercial, 5,600-cow dairy herd located in Iran.

Animals and housing
This study was carried out using sixteen Holstein dairy cows (milk produc-

tion: 34.5±1.4 kg/day, parity: 3.3±0.8 and body condition score (BCS): 3.2±0.07) 
in the north part of Iran. All cows were housed in a free stall barn equipped with 
fans and sprinklers that were automatically turned on when ambient temperature 
reached 26.7°C. Cows were fed a TMR diet three times daily with ad libitum access 
to feed and water. The diet was formulated to meet or exceed National Research 
Council (NRC) requirements (NRC, 2001) for high-producing lactating dairy cows. 
Throughout the experiment, cows were milked 3 times daily at approximately 8-h 
intervals. All healthy cows based on veterinarian check and confirmation were en-
rolled in the study. 

Blood samples 
Blood samples were collected every other day from the day of the second PGF2α 

injection until the next estrus (67±2 DIM) via jugular venipuncture into commer-
cial blood collection tubes (Vacutainer, 5 mL; Ava Pezeshk, Arak, Iran) containing 
sodium heparin to verify ovulation (estradiol ≥ 2 pg/mL, Sina et al., 2018) and CL 
development (progesterone ≥1 ng/mL, Heidari et al., 2017). After collection, the 
blood samples were placed immediately on ice, centrifuged (2500 ×g for 30 minutes, 
4°C) for plasma harvest, and stored at -20°C on the same day of collection for further 
analysis of estradiol 17β and progesterone concentrations using an ELISA procedure 
according to manufacturer’s guidelines (Diaplus, North York, Ontario, Canada). In-
tra- and interassay coefficients of variation were less than 5%. Sensitivity of the as-
say was 0.2 ng/mL and 0.4 pg/mL for progesterone and estradiol respectively. 

Estrous cycle synchronization and ultrasound examinations
The estrous cycles of 16 cows were synchronized with two intramuscular injec-

tions of PGF2α (Synchromate®, 150 g cloprostenol sodium, Aburaihan Co., Tehran, 
Iran) given 14 days apart (30 and 44 DIM). Transrectal ultrasonography (7.5-MHz 
transducer, 500 V; Aloka, Wallingford, CT, USA) was performed every other day 
from the day of the second PGF2α injection until the next estrus (67±2 DIM) to 
verify ovulation and CL development. 

Tissue collection
Endometrial tissue was collected from sixteen cows on days 16 (late luteal phase) 

and 21 (estrus) of the synchronized estrous cycle (ovulation = d 0, 45±1 DIM) by 
passing biopsy forceps as previously described (Abolghasemi et al., 2016). Endome-
trial samples (weight 100 mg) were collected, washed in sterile PBS, and immedi-
ately snap frozen in liquid nitrogen. 
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RNA extraction
The RNA from endometrial tissues was extracted using TRIzol reagent (Invit-

rogen Corp., Carlsbad, CA) according to instructions provided by the manufacturer 
and on-column DNase treatment and cleanup was performed (RNeasy mini-kit, Qia-
gen). RNA quality and quantity were tested in the Bioanalyzer (2100, Agilent Tech-
nologies Inc., Santa Clara, CA) and a Nano Drop 1000 (Thermo Fisher Scientific, 
Inc.), respectively.

Reverse transcription synthesis of cDNA
Total RNA (1000 ng) was reverse transcribed into cDNA using the High-Capac-

ity cDNA Reverse Transcription kit (Applied Biosystems) as per the manufacturer’s 
instructions. 

Real-time PCR
All real-time PCR reactions were carried out in duplicate on the Corbett Rotor-

GeneTM 3000 quantitative PCR system (Corbett Life Sciences, Sydney, Australia) 
using 50 ng of cDNA, 300 nM specific primers (Table 1, Abolghasemi et al., 2016) 
and 7.5 µl of FAST SYBR Green Master Mix (Applied Biosystems), with a final 
reaction volume of 15 µl. Cycling conditions were as follows: an initial denaturation 
step 95°C for 15 min and a cycling step (40 cycles of 95°C for 30 s, 60°C for 30 s, 
and 30 s extension at 72°C), followed by amplicon dissociation.

Table 1. Gene ID, GenBank accession number and sequence of primers for Bos taurus used to analyze 
mRNA expression by Real-time PCR

Primers (5’-3’)2PrimersAccession #Symbol

TCTTCGCCGGCATCATCTACFNM_001192303.1CNR2

CATCCGGGCTATTCCAGACAR

TTCCTGCCAAGCAACATACCTFNM_001099102.1FAAH

CACGAAATCACCTTTGAAGTTCTGR

GCAACCAGCTGCTCAACACFXM_581556.5MGLL

AGCGTCTTGTCCTGGCTCTTR

AGAGATCACAGCAGCGTTCCATFNM_001015680.1NAPEPLD

ACTCCAGCTTCTTCAGGGTCATCR

CAGCACTACGACCGGGACTTFNM_001100369.1NAAA

CCGGGACGACTTTTCTGATCR

TTT TGGTAGGTC TTC TGGTGFAF004944COX-2

GCATGG CCT GTA CAA CCT CAAR

AGATCCAGGATAAGGAAGGCAFNM_174133UBQ

GCTCCACCTCCAGGGTGATR

CNR2: cannabinoid receptor type 2. FAAH: fatty acid amide hydrolase. MGLL: monoacylglycerol lipase. 
NAPEPLD: N-acyl phosphatidylethanolamine phospholipase D. CB1: cannabinoid receptor type 1. NAAA: 
5-nitroanthranilic acid aminohydrolase. COX-2: prostaglandin-endoperoxide synthase 2. UBQ: ubiquitin.
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Statistical analysis
Samples were run in duplicate, and were expressed relative to UBQ as house-

keeping gene, which was stable under the culture conditions used. mRNA expression 
results were calculated using the 2-ΔΔCT method. Fold changes in mRNA expression 
between late luteal phase and estrus were determined. 

All data were analyzed using the Statistical Analysis Systems (SAS) software 
version 9.1 (SAS Institute, Cary, NC). mRNA expression data were examined to 
determine whether they were normally distributed (PROC UNIVARIATE, SAS). 
Differences in mean relative mRNA expression values between the two groups (late 
luteal phase and estrus) were analyzed by ANOVA (PROC GLM, SAS). The Tukey 
critical difference test was used to determine statistical differences between late lu-
teal phase and estrus mean values. Mean differences of P≤0.05 were considered to 
be significant.

Results

The peak of plasma progesterone concentration occurred on day 15 of the estrous 
cycle (14.20±0.56 ng/mL, Figure 1). The diameter of the corpus luteum (CL) at d 
15 of estrous cycle was greatest, 19.12±1.35 mm. The peak of plasma estradiol 17β 
concentration occurred at d 21 of the estrous cycle (13.50±0.70 pg/mL, Figure 2). 
The diameter of the largest follicle at d 21 of the estrous cycle was 14.52±1.80 mm.

Figure 1. Plasma progesterone concentrations (ng/mL) during estrous cycle of dairy cows. Blood  
samples were collected from the day of the second PGF2α injection (day -2) until the start of the next 
estrous cycle (day 22), ovulation = day 0. Mean plasma P4 concentration during estrous cycle was 

6.26±0.32 ng/mL

The results from endometrial gene transcription analysis showed that genes re-
lated to the endocannabinoid system, CNR2, DAGL, COX-2, FAAH and MGLL had 
significant fold differences when comparing two different stages of the estrous cycle 
(late luteal phase vs. estrus).
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Figure 2. Plasma estradiol concentrations (pg/mL) during estrous cycle of dairy cows. Blood samples 
were collected from the day of the second PGF2α injection (day –2) until the start of the next es-
trous cycle (day 22), ovulation = day 0. Mean plasma E2 concentration during estrous cycle was  

7.26±0.51 ng/mL

Figure 3. Effect of estrus expression on endometrial mRNA expression of endocannabinoids network. 
Significant fold difference based on estrus expression as a referent has been shown for genes with  
significant pattern of expression in endometrial tissue. Endocannabinoid receptor-2 [CNR2],  
diacylglycerol lipase [DAGL], N-acyl phosphatidylethanolamine phospholipase D [NAPEPLD],  
fatty acid amide hydrolase [FAAH], monoglyceride lipase [MGLL], N-acylethanolamine acid amidase 

[NAAA] and cyclooxygenase-2 [COX2]. For this graph, the (A, B) refers to P<0.05
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CNR2 and DAGL showed 2.01 and 2.57 fold increase, respectively (P=0.04 and 
P=0.02), in estrus compared to late luteal phase. Among the analyzed genes, FAAH 
(P=0.01) and MGLL (P=0.02) were significantly down-regulated in estrous cows, 
with a 5.01- and 2.44-fold difference in mRNA expression, respectively. Mean ex-
pression of COX2, which belongs to the prostaglandin biosynthesis group, showed  
a 13.25 fold up-regulation of mRNA expression in estrus, when compared with the 
late luteal phase. NAAA and NAPEPLD showed no significant difference between es-
trus and late luteal phase in their mRNA levels (P>0.4). The fold change differences 
of the genes in the endometrium are shown in Figure 3.

Discussion

This research was the first comprehensive study that simultaneously demonstrat-
ed details of ECS expression profiling in the bovine endometrium during the late 
luteal phase and estrus. There were limited data describing ECS in the endometrium 
of other species during different phases of the estrous cycle. 

Results of the present study showed CNR2 (ECS receptor), DAGL (ECS synthe-
sizing enzyme) and COX2 mRNA expression increased at estrus compared to late 
luteal phase, whereas FAAH (degradation enzyme) and MGLL (degradation enzyme) 
decreased at estrus compared to late luteal phase. In agreement with our results pre-
vious studies reported AEA and 2-AG levels appeared to be highest during diestrus 
and lowest during estrus in the anterior pituitary of mice (Gonzalez et al., 2000; 
Bradshaw et al., 2006). A similar pattern was shown in humans, circulating AEA 
levels were higher during the follicular phase and highest during ovulation and lower 
during the luteal phase (Habayeb et al., 2004; El-Talatini et al., 2010). 

Maximal expression of COX-2 mRNA and protein occurs on d 7–17 and 10–21 
of the bovine estrous cycle, respectively (Arosh et al., 2004). Moreover, it has been 
demonstrated that PGF2α treatment increases COX-2 expression and luteal produc-
tion of PGF2α in ruminants (Dirandeh et al., 2015).

FAAH activity was highest, and serum AEA was lowest, during the implantation 
in humans (El-Talatini et al., 2009). This led to the suggestion that low AEA levels 
are required to allow successful implantation and carrying offspring to term. This is 
supported by reducing levels of circulating AEA during pregnancy (Habayeb et al., 
2004). Additionally, increased AEA or treatment with cannabinoid agonists has been 
associated with miscarriages in humans (Habayeb et al., 2008) and disruptions to im-
plantation and embryonic development in rodents (Schmid et al., 1997). El-Talatini 
et al. (2010) reported there was a statistically significant positive correlation between 
AEA, estradiol, LH, FSH levels but not progesterone. 

The release of progesterone from the corpus luteum can be attenuated by en-
docannabinoid activity. Chronic administration of AEA in pregnant rats decreased 
serum progesterone and LH content (Habayeb et al., 2002). Treatment with either 
CNR1 or CNR2 receptor agonists reduced levels of serum progesterone, corpus lu-
teum weights, corpus luteum LH receptor mRNA content, and corpus luteum LH 
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receptor density in sheep (Tsutahara et al., 2011). This suggests that the release of 
progesterone is at least partially regulated by central endocannabinoid control over 
LH release, but is also controlled by direct endocannabinoid binding onto receptor 
sites on the corpus luteum. 

Progesterone regulates functioning of FAAH, the principal catabolic enzyme for 
the endocannabinoid AEA at the transcriptional and translational level. Progester-
one up-regulated the FAAH expression interacting with a transcription factor in the 
promoter region of the FAAH gene (Maccarrone et al., 2001, 2003). Lazzarin et al. 
(2004) demonstrated once ovulation occurs, the increase in progesterone induced 
FAAH expression and activity leads to a decrease in plasma AEA levels.

EL-Talatini et al. (2007) demonstrated a direct correlation between AEA levels in 
follicular fluid and follicle size, supporting the suggestion that AEA may be involved 
in folliculogenesis. The fact that serum estradiol levels and plasma AEA levels are 
significantly correlated suggests a closer association between these two molecules. 
Maccarrone et al. (2001, 2003) showed that AEA release from endothelial cells was 
stimulated by estradiol, supporting the possibility that estradiol and AEA levels are 
closely linked. Habayeb et al. (2008) reported that plasma AEA levels below 2nM 
were predictive of live birth in women with a threatened miscarriage, suggesting that 
plasma AEA levels above this value were not conducive to successful pregnancy. 
The FAAH enzyme also appears to be a major site of interaction between the endo-
cannabinoid system and estrogens. Estrogens appear to decrease FAAH activity in 
the mouse uterus (Maccarrone et al., 2000). The FAAH gene contains an estrogen 
response element; translocation of the estrogen receptor caused a down-regulation 
of FAAH transcription (Waleh et al., 2002). This is consistent with the finding that a 
CNR1 receptor antagonist reversed the anxiolytic effect of estradiol in rats and that 
the FAAH inhibitor URB 597 produced an anxiolytic effect similar to that produced 
by estradiol (Hill et al., 2007). However, estradiol administration in ovariectomized 
female rats also increased the levels of synthesized AEA in the medial basal hypo-
thalamus, suggesting that estradiol may also directly interact with endocannabinoid 
synthesis (Scorticati et al., 2004). Estrogen modulates endocannabinoid signaling via 
CNR1 expression in the CNS, as well as by up-regulating AEA content by decreas-
ing FAAH transcription in both peripheral and central regions.

Conclusion
The results of the present study showed enzymes that synthesize and degrade 

ECS are affected by stage of estrous cycle and showed a different pattern during the 
late luteal phase and estrus. Changes of ECS network might result in high ECS levels 
during estrus and low levels during the late luteal phase. Further studies are needed 
to improve our understanding of the role of the ECS in bovine fertility.
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