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Abstract.  Persistence of the corpus luteum (CL) in cattle usually occurs during the puerperium and is associated with 
interference of prostaglandin (PG) F2α release from the uterus. The objective of the present study was to determine for the first 
time the gene expressions in the persistent CL compared with the CL of pregnancy and cyclic CL. Three types of CL biopsy 
samples were collected from 32 lactating Holstein cows: (1) CL persisting for 29 to 33 days after the first ovulation postpartum 
(persistent CL, n=9), (2) CL between days 29 and 33 of early pregnancy (CL of pregnancy, n=8) and (3) CL between days 
10 and 13 of the estrous cycle (cyclic CL, n=27). mRNA expression of 2′,5′-oligoadenylate synthetase-1 was upregulated 
only in the CL of pregnancy, confirming exposure to interferon-τ (IFNT) produced by trophoblasts in pregnant cows. mRNA 
expressions of immune tolerance-related factors (PGES and forkhead/winged helix transcription factor 3) were upregulated 
in the CL of pregnancy but not in the persistent CL, suggesting that IFNT controls upregulation of these genes. mRNA 
expression relating to some of the major systems such as lymphangiogenesis, inflammation and apoptosis were similarly 
upregulated in the persistent CL and the CL of pregnancy but not in the cyclic CL. The results suggest that the persistent CL 
may survive for a long period without changes in local immune tolerance but develops several major systems required for CL 
maintenance similar to the CL of pregnancy.
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In mammals, the corpus luteum (CL) develops rapidly after ovulation 
and plays a crucial role in survival of the embryo and maintenance 

of pregnancy by producing progesterone (P4). Luteinization of 
steroidogenic cells and angiogenesis are essential processes during 
CL development and maturation [1]. On the other hand, prostaglandin 
(PG) F2α released by the uterine endometrium induces regression 
of the CL if pregnancy is not established. Formation, maintenance 
and regression of the CL are regulatory mechanisms controlled by 
various luteotropic and luteolytic factors that are mediated by the 
cyclic expression of key genes during the lifespan of the CL [2].

Luteolysis in cattle is generated by the pulsatile release of PGF2α 
by the endometrium between days 16 and 19 of the estrous cycle 
[3]. The persistence of the CL in cattle usually occurs postpartum 
in association with uterine disorders, such as fetal mummification, 
endometritis or pyometra [4]. In addition, mastitis [5] and negative 
energy balance [6] can cause a higher incidence of a prolonged luteal 
phase. It is generally thought that interference with the production or 

release of PGF2α causes persistent CL [7]. Indeed, the lifespan of the 
CL can be prolonged for at least 145 days by immunization against 
PGF2α, thereby maintaining plasma P4 concentrations above 4 ng/
ml [8]. Although a prolonged luteal phase due to CL persistence is 
one of the major inhibitors of reproductive performance because it 
prevents normal estrous cycling [4, 9], there have been no previous 
reports that have investigated the characteristics of persistent CL.

Interferon-τ (IFNT) is recognized as a pregnancy recognition 
signal that is secreted by embryonic trophoblast cells [10]. IFNT 
downregulates the expression of uterine receptors for estrogen and 
oxytocin, thereby inhibiting the oxytocin-induced pulsatile release 
of PGF2α, which, in turn, prevents luteolysis [11]. IFNT induces 
the expression of IFN response genes such as 2′,5′-oligoadenylate 
synthetase 1 (OAS-1) and IFN-stimulated gene 15 (ISG-15) [12]. 
Oliveira et al. have demonstrated that IFNT is released into the uterine 
vein, which induces OAS-1 in extrauterine tissues (such as the CL) 
during the time of maternal recognition of pregnancy (MRP) [13]. 
Additionally, we recently reported that lymphangiogenesis occurred 
in the bovine CL during MRP by upregulating mRNA expression 
of the lymphangiogenic factor VEGF receptor 3 (VEGF-R3) [14]. 
That study revealed that IFNT induced lymphangiogenesis in vitro, 
suggesting that IFNT possibly regulates the occurrence of new 
lymphangiogenesis in the bovine CL during MRP, thereby contribut-
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ing to the transition into a CL of pregnancy. The physiological 
significance of the lymphatic system in the CL for the establishment 
and maintenance of pregnancy in cows remains to be determined. 
Theoretically, it could be assumed that a lack of exposure to IFNT is 
the main difference between the persistent CL and CL of pregnancy, 
although both have a longer lifespan than that of the cyclic CL.

We hypothesized that the regulatory mechanism of the persistent 
CL is similar to that of the cyclic mature CL but different from that 
of the CL of pregnancy and that exposure to IFNT contributes to the 
differences between the persistent CL and CL of pregnancy. Therefore, 
the present study investigated the expressions of genes related to 
the regulation of CL functions in the persistent CL compared with 
the CL of pregnancy and cyclic CL.

Materials and Methods

Animals
Twenty-six lactating Holstein Friesian cows (age 4.0 ± 1.7, body 

weight 638 ± 72 kg; mean ± SD) were used. The animals belonged 
to the Farm for Education and Research in Ruthe, University of 
Veterinary Medicine Hannover, Germany, and the herd average milk 
production was 10,082 ± 1054 kg/year (mean ± SD). The present study 
was approved in accordance with the German legislation on animal 
welfare (Lower Saxony Federal State Office for Consumer Protection 
and Food Safety, file reference number 33.9-42502-04-09/1782).

Study design
The resumption of ovarian cyclicity was monitored 3 times per 

week (Monday, Wednesday, Friday) starting on day 12 postpartum 
by transrectal ultrasonography (HS-101V, Honda Electronics, Tokyo, 
Japan) using a 7.5 MHz linear transducer. After the first ovulation, 
the presence of the CL was determined 3 times per week starting 
on day 14 (day 1 = ovulation). In animals that did not show any 
symptoms of CL regression by day 29 after ovulation, the plasma 
concentration of P4 was determined. The CL was considered to be 
persistent when P4 concentrations were higher than 1 ng/ml, after 
which CL biopsy was performed between days 29 and 33 (n=9). 
After biopsy, regression of the persistent CL was induced using 0.5 
mg of a PGF2α analogue (2.0 ml cloprostenol; Estrumate™; Intervet, 
Unterschleißheim, Germany). In cyclic cows, ultrasonographic 
examination and blood sampling were performed, and CL biopsy 
samples were collected between days 10 and 13 of estrous (2nd 
cycle at day 45 to 65 postpartum, n=17; 4th cycle at day 90 to 118 
postpartum, n=10).

Artificial inseminations (AI) were performed after the 4th cycle, and 
pregnancy diagnosis was carried out using ultrasonography between 
days 29 and 33 post insemination. When the cow was diagnosed 
as pregnant with the proof of an embryonic heartbeat, CL biopsy 
samples were collected (n=8). Pregnancy diagnosis was performed 
again between days 37 and 43. The time schedule for collection of 
the CL biopsies is shown in Fig. 1.

Progesterone determination
Blood samples were collected from the jugular vein into serum 

tubes (Serum tube, Sarstedt, Nümbrecht, Germany). The tubes 
were immediately placed on ice, and plasma was separated by 

centrifugation (3000× g, 15 min) within 90 min and frozen at –20 
C until P4 levels were determined. Plasma P4 concentrations were 
determined by radioimmunoassay (Progesterone Coat-a-Count, 
TKPG1, Siemens Medical Diagnostics, Berkeley, CA, USA). The 
interassay coefficient of variation was 4.0%.

Corpus luteum biopsy
Prior to biopsy, the cows received epidural analgesia (4.0 ml 2% 

procaine hydrochloride; Procasel™; Selectavet, Weyarn-Holzolling, 
Germany) to eliminate any pain or rectal contractions. A sample of 
the CL was collected using an RNase-free (RNase-ExitusPlus™; 
AppliChem, Darmstadt, Germany) semi-automatic high-speed biopsy 
needle (TEMNO Evolution™; Fa. Walter, Baruth/Mark, Germany). 
A portable ultrasound device (LOGIQ Book XP; General Electric 
Medical Systems, Solingen, Germany) equipped with a 7.5 MHz 
convex transducer was used to guide the needle. The biopsy needle 
and the ultrasound transducer were guided transvaginally using a 
bearing system (type Hannover), while the CL was placed in front 
of the vaginal fornix using transrectal manual assistance. Tissue 
samples were immediately placed in a sterile DNase- and RNase-free 
cryotube (Fa. Brand, Wertheim, Germany), frozen in liquid nitrogen 
and stored at –80 C until mRNA expression analysis. This method 
allowed for repeated biopsy sampling from a single CL without 
impairing its subsequent function, as described previously [15].

Extraction of RNA
Total RNA was extracted from the CL tissue following the protocol 

of Chomczynski and Sacchi using TRIzol reagent [16]. The yield 
of extracted total luteal RNA for each sample was determined by 
ultraviolet (UV) spectroscopy (optical density, 260). The RNA 
concentration was measured using a spectrophotometer (Eppendorf, 
Munich, Germany) at 260 and 280 nm absorbances. The extracted 
total RNA was stored in RNA storage solution (Ambion, Austin, TX, 
USA) at –80 C until it was used for cDNA production.

Production of cDNA
DNase treatment was carried out using an RQ1 RNase-Free DNase 

kit (Promega, Madison, WI, USA). Two microliters of the tissue 
sample was incubated for 30 min at 37 C with 1 μl RQ1 RNase-Free 

Fig. 1. The time schedule of CL biopsy collection. If the CL did not 
regress by day 29 after the first postpartum ovulation and the 
plasma P4 concentration was >1 ng/ml, the CL was considered to 
be persistent (n=9), and CL biopsy was performed between days 
29 and 33. CL regression was then induced using 0.5 mg PGF2α. 
In the 2nd and 4th cycle, CL biopsy samples were collected from 
normal cyclic cows (n=27) between days 10 and 13 of estrous. 
Artificial inseminations were performed after the 4th cycle, 
and pregnancy diagnosis was performed using ultrasonography 
between days 29 and 33 post insemination. When a cow was 
diagnosed as pregnant, a CL biopsy sample was collected (n=8).
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DNase 10× Reaction Buffer and 2 μl of 1 μg/μl RNase-Free DNase, 
respectively. Then 1 μl RQ1 DNase Stop solution (20 mM EDTA) 
was added, and the mixture was incubated for 10 min at 65 C to 
terminate the reaction. First-strand cDNA synthesis was conducted 
according to the commercial protocol described in the SuperScript™ II 
Reverse Transcriptase kit (Invitrogen, Carlsbad, CA, USA). The first 
cocktail was prepared using 2 μl total RNA extracted from the tissue 
sample, 1.5 μl of 50 ng/μl random primer (Invitrogen), 1.5 μl of 10 
mM PCR Nucleotide Mix (dNTP; Roche Diagnostics, Indianapolis, 
IN, USA) and 12 μl H2O, yielding a final volume of 18 μl per tube. 
This cocktail was then incubated at 65 C for 5 min in a thermal cycler 
(Bio-Rad, Munich, Germany). The samples were kept on ice while 
the second cocktail, 3 μl of 0.1 M DTT (Invitrogen), 1.5 μl of 40 
units/μl RNasin™ Ribonuclease Inhibitor (Promega, Madison, WI, 
USA) and 6 μl of 5× First-Strand Buffer (Invitrogen), was added to 
each tube. The samples were incubated for 2 min at 42 C, and 0.2 
μl of 200 units/μl SuperScript™ II Reverse Transcriptase was added 
to each tube. The thermal cycler was programmed at 25 C for 10 
min, 42 C for 50 min and then 70 C for 15 min. The synthesized 
cDNA was stored at –30 C.

Real-time polymerase chain reaction (real-time PCR)
The following factors were analyzed in the present study: OAS-1, 

steroidogenic acute regulatory protein (StAR), cytochrome P450 side-
chain cleavage enzyme (P450scc), 3β-hydroxysteroid dehydrogenase 
(3β-HSD), cyclooxygenase-2 (COX-2), PGE synthase (PGES), PGF 
synthase (PGFS), PGI synthase (PGIS), PG dehydrogenase (PGDH), 
VEGF-A, VEGF-C, VEGF-R3, endothelial nitric oxide synthase 
(eNOS), inducible NOS (iNOS), tumor necrosis factor α (TNFα), 
caspase-3, transforming growth factor β (TGFβ), forkhead/winged 
helix transcription factor (Foxp3), β-actin and GAPDH. Quantifications 
of mRNA expression were performed using synthesized cDNA via 
real-time PCR with a LightCycler (Roche Diagnostics, Mannheim, 
Germany) using either a QuantiTect™ SYBR Green PCR kit (QIAGEN 
GmbH, Hilden, Germany), LightCycler™ FastStart DNA Master 
SYBR Green I kit (Roche Diagnostics, Mannheim, Germany) or 
KAPA SYBR™ FAST qPCR kit (NIPPON Genetics, Tokyo, Japan). 
The primers were designed using Primer3 based on bovine sequences, 
and the primers used for real-time PCR are listed in Table 1. The 
amplification program consisted of 15 min activation at 95 C, 
followed by 40 cycles of PCR steps (15 sec denaturation at 94 C, 30 
sec annealing at 54–58 C and 20 sec extension at 72 C). The values 
of mRNA expression were assayed by normalization to β-actin and 
GAPDH, which were used as internal controls. The Delta–Delta 
Comparative Threshold method [17] was used to quantify the fold 
change between the samples.

Statistical analysis
All data are presented as means ± SEM. Statistical analysis was 

performed using Stat View 5.0 (SAS Institute, Cary, North Carolina, 
USA). One-way ANOVA followed by Fisher’s multiple comparison 
test was performed, and all analyses were considered to be statistically 
significant at P<0.05.

Results

OAS-1
mRNA expression of OAS-1 in the CL tissues is shown in Fig. 

2A. The mRNA expression of OAS-1 was significantly higher in 
the CL of pregnancy than in the cyclic and persistent CLs (P<0.05). 
This result confirms that the CL of pregnancy at Day 30 of early 
pregnancy is exposed to IFNT.

Steroidogenesis-related factors
mRNA expressions of StAR, P450scc and 3β-HSD in the CL tissues 

are shown in Fig. 2B–D. StAR, P450scc and 3β-HSD are known 
to regulate the synthesis of P4 as it is converted from cholesterol 
[18]. Although the mRNA expression of 3β-HSD was higher in the 
persistent CL and CL of pregnancy than in the cyclic CL (P<0.05), 
there were no significant differences in the StAR and P450scc mRNA 
expressions among the groups. The plasma concentration of P4 did 
not differ among the cyclic CL, persistent CL and CL of pregnancy 
(4.8 ± 1.2 ng/ml, mean ± SD).

Prostaglandin-related factors
mRNA expressions of COX-2, PGES, PGFS, PGIS and PGDH 

in the CL tissues are shown in Fig. 3. To produce various forms of 
PGs, such as PGE2, PGF2α and PGI2, COX-2 converts arachidonic 
acid into PGH2. The downstream enzymes PGES, PGFS and PGIS 
then catalyze the conversion of PGH2 into PGE2, PGF2α and PGI2, 
respectively. Catabolism of PGs is governed by PGDH [19]. In the 
present study, there were no differences in COX-2 and PGDH mRNA 
expressions among the groups. The mRNA expression of PGES was 
significantly higher in the CL of pregnancy than in the cyclic and 
persistent CLs (P<0.05), whereas the mRNA expressions of PGFS 
and PGIS were significantly higher in both the persistent CL and CL 
of pregnancy compared with the cyclic CL (P<0.05).

Angiogenesis and lymphangiogenesis-related factors
mRNA expressions of VEGF-A, VEGF-C and VEGF-R3 in the 

CL tissues are shown in Fig. 4. VEGF-A is known as the major factor 
that regulates angiogenesis, a potent mitogen for endothelial cells 
[20] and a stimulator of vascular permeability [21]. VEGF-C acts 
as the ligand of VEGFR-3 [22], and VEGFR-3 activation leads to 
proliferation and migration of lymphatic endothelial cells, thereby 
stimulating lymphangiogenesis [23]. The mRNA expressions of 
VEGF-A and VEGF-C did not differ significantly among the groups, 
whereas VEGF-R3 mRNA expression was higher in both the persistent 
CL and CL of pregnancy (P<0.05).

Inflammation and apoptosis-related factors
mRNA expressions of eNOS, iNOS, TNFα and caspase-3 in the CL 

tissues are shown in Fig. 5. Nitric oxide (NO) is an important signaling 
molecule that plays various physiological roles in the reproductive 
system [24]. NO is produced by 3 isoforms of synthases: neuronal 
NOS, iNOS and eNOS [25]. The presence of iNOS and eNOS has 
been reported in the bovine CL [26]. The mRNA expressions of 
eNOS and iNOS were significantly higher in the persistent CL and 
CL of pregnancy compared with the cyclic CL (P<0.05).

TNFα is a pleiotropic cytokine whose cellular effects depend on 
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cell type, concentration and receptor type [27]. Caspase-3 is a pivotal 
mediator of apoptosis during regression of the CL [28]. In the bovine 
CL, TNFα induces apoptosis via caspase-3 activation in luteal cells 
and luteal endothelial cells [29]. Although TNFα mRNA expression 
was higher in the persistent CL and CL of pregnancy than in the 
cyclic CL (P<0.05), there were no significant differences among the 
groups in regard to mRNA expression of caspase-3.

Immune tolerance-related factors
mRNA expressions of TGFβ and Foxp3 in the CL tissues are 

shown in Fig. 6. TGFβ is a multifunctional cytokine regulating T-cell 

growth and development, and it induces CD4 + T cells to become 
CD4 + CD25 + regulatory T cells (Tregs) [30]. Foxp3 is specifically 
expressed in Tregs, and retroviral gene transfer of Foxp3 converts 
naive T cells to Tregs [31]. Tregs are essential for immune tolerance, 
modulation of inflammatory responses [32] and protection of the fetus 
from rejection by the maternal immune system during pregnancy 
[33]. TGFβ mRNA expression was higher in the persistent CL and 
CL of pregnancy compared with the cyclic CL (P<0.05). The mRNA 
expression of Foxp3 was significantly higher in the CL of pregnancy 
than in the cyclic and persistent CLs (P<0.05).

Table 1. Primers used in real-time PCR

Gene  Sequence of nucleotide (5’-3’) * Accession No. Product size (bp)
OAS-1 F TAGGCCTGGAACATCAGGTC NM001040606 253
 R TTTGGTCTGGCTGGATTACC   
StAR F GTGGATTTTGCCAATCACCT MN174189 203
 R TTATTGAAAACGTGCCACCA   
P450scc F CTGCAAATGGTCCCACTTCT K02130 208
 R CACCTGGTTGGGTCAAACTT   
3β-HSD F TCCACACCAGCACCATAGAA X17614 178
 R AAGGTGCCACCATTTTTCAG   
COX-2 F TCCTGAAACCCACTCCCAACA AF031698 241
 R TGGGCAGTCATCAGGCACAG   
PGES F AGGACGCTCAGAGACATGGA NM174443 142
 R TTCGGTCCGAGGAAAGAGTA   
PGFS F GATCAAAGCGATTGCAGACA S54973 113
 R CAATGCGTTCAGGTGTCACT   
PGIS F AGGATGAAGGAGAAGCATGG MN174444 226
 R TGTGGAGGAGAGTCGGTTTC   
PGDH F GAACCTACCTGGGCTTGGAT NM001034419.1 323

R CGAGCGTGTGAATCCAACTA
VEGF-A F CCCAGATGAGATTGAGTTCATTTT M32976 245

R AGCAAGGCCCACAGGGATTT
VEGF-C F CTCAAGGGCCCCAAACCAGT NM174488 71

R CATCCAGCTTAGACATGCATCG
VEGF-R3 F TGAGGATAAAGGCAGCATGGA AF030379 66

R CCCAGAAAAAGACAGCGATGA
eNOS F GGAAATCGGGGGTCTGGAGT M89952 219

R TTGGCGAGCTGAAAGCTGTG
iNOS F TCATCTTCGCCACCAAGCAG NM001076799 167

R CAGTGATGGCCGACCTGATG
TNFα F TCTACCAGGGAGGAGTCTTCCA AF348421 221

R GTCCGGCAGGTTGATCTCA
caspase-3 F AAGCCATGGTGAAGAAGGAA NM001077840.1 182

R CCTCAGCACCACTGTCTGTC
TGFβ F CTGCTGAGGCTCAAGTTAAAAGTG NM001166068.1 90

R CAGCCGGTTGCTGAGGTAG
Foxp3 F CACAACCTGAGCCTGCACAA NM001045933.1 233

R TCTTGCGGAACTCAAACTCATC
β-actin F CCAAGGCCAACCGTGAGAAAAT K00622 256

R CCACATTCCGTGAGGATCTTCA
GAPDH F CTCTCAAGGGCATTC TAGGC NM001034034 160

R TGACAAAGTGGTCGTT GAGG

* F, forward; R, reverse.
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Fig. 2. The relative mRNA expression of OAS-1 (A) and steroidogenesis-
related factors, StAR (B), P450scc (C), and 3β-HSD (D), in the 
cyclic CL (n=27), persistent CL (n=9), and CL of pregnancy 
(n=8). In each figure, the white bar indicates cyclic CL, gray bar 
indicates persistent CL, and black bar indicates CL of pregnancy. 
All values are shown as means ± SEM. Values with different 
letters (a, b) are different between groups (P<0.05).

Fig. 3. The relative mRNA expression of prostaglandin-related factors, 
COX-2 (A), PGES (B), PGFS (C), PGIS (D) and PGDH (E), in 
the cyclic CL (n=27), persistent CL (n=9), and CL of pregnancy 
(n=8). In each figure, the white bar indicates cyclic CL, gray bar 
indicates persistent CL, and black bar indicates CL of pregnancy. 
All values are shown as means ± SEM. Values with different 
letters (a, b) are different between groups (P<0.05).

Fig. 4. The relative mRNA expression of an angiogenesis-related factor, 
VEGF-A (A), and lymphangiogenesis-related factors, VEGF-C 
(B) and VEGF-R3 (C) in the cyclic CL (n=27), persistent CL 
(n=9), and CL of pregnancy (n=8). In each figure, the white bar 
indicates cyclic CL, gray bar indicates persistent CL, and black 
bar indicates CL of pregnancy. All values are shown as means ± 
SEM. Values with different letters (a, b) are different between 
groups (P<0.05).

Fig. 5. The relative mRNA expression of inflammation-related factors, 
eNOS (A) and iNOS (B), and apoptosis-related factors, TNFα 
(C) and caspase-3 (D) in the cyclic CL (n=27), persistent CL 
(n=9), and CL of pregnancy (n=8). In each figure, the white bar 
indicates cyclic CL, gray bar indicates persistent CL, and black 
bar indicates CL of pregnancy. All values are shown as means ± 
SEM. Values with different letters (a, b) are different between 
groups (P<0.05).
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Discussion

The present study gives the first information on mRNA expres-
sions for regulating the function of the persistent CL in cows. The 
expressions of immune tolerance-related factors, which might play 
a crucial role in the establishment and maintenance of pregnancy, 
were upregulated in the CL of pregnancy but not in the persistent CL, 
suggesting that exposure to IFNT is responsible for this difference. 
In contrast to our hypothesis, results indicate that some of the major 
systems such as lymphangiogenesis-, inflammation- and apoptosis-
related factors found in the persistent CL are similar to those in the 
CL of pregnancy but different from those in the cyclic CL.

The present study revealed the critical difference between the 
persistent CL and CL of pregnancy; the mRNA expressions of OAS-1, 
PGES and Foxp3 were upregulated in the CL of pregnancy but not in 
the persistent CL. During pregnancy, there are some dynamic changes 
in maternal immune functions that prevent immunological destruction 
of the conceptus. Among the immunological changes, circulating 
Tregs, defined as CD4+ CD25+FOXP3+ cells, increase to downregulate 
T lymphocyte function [34, 35]. Foxp3 is specifically expressed in 
Tregs and is a critical regulator of their development and function 
[36]. Several in vitro studies have reported an immunosuppressive 
role of PGE2, which is known to induce Foxp3 gene expression and 
modulate Treg function in human lymphocytes [37]. Importantly, 
IFNT activates PGE2 biosynthesis in the CL at the time of recognition 
and establishment of pregnancy in cattle [38]. The findings in the 
present study suggest that immune tolerance by Treg upregulation 
may occur only in the CL of pregnancy but not in the persistent CL. 
In turn, the persistent CL might survive for a long period without 
changes in the tolerance of the local immune system. In fact, Oliveira 
et al. [35] reported that Treg concentrations were elevated in the 
peripheral blood lymphocytes of pregnant cows between days 33 
and 34 of gestation, the same period of pregnancy examined in the 
present study. TGFβ is a multifunctional cytokine and regulates T-cell 
growth and development; TGFβ converts naive T cells to Tregs with 
upregulation of IL-2, while TGFβ and inflammatory cytokine IL-6 
induce differentiation of Th 17 to stimulate inflammation [39]. In 
the present study, the mRNA expression of TGFβ was higher in both 

the persistent CL and CL of pregnancy, although it is possible that 
TGFβ has different effects on the 2 types of CL.

Although the persistent CL as well as CL of pregnancy expressed 
higher levels of 3β-HSD mRNA than did the cyclic CL, the mRNA 
expressions of StAR and P450scc did not differ among the groups. 
The StAR protein acts as the rate-limiting enzyme in luteal P4 
production [40], which may be associated with the observation that 
the plasma P4 concentration did not differ among the persistent, cyclic 
and pregnant groups of cows in this study. Crowe et al. [8] induced 
the formation of persistent CLs in heifers by actively immunizing 
them against PGF2α; the lifespan of the CL was prolonged at least 
145 days, with plasma P4 concentrations remaining elevated above 
4 ng/ml, which is comparable to that in the luteal phase of cyclic 
cows [41]. The data indicate that CL function is able to persist for a 
significant amount of time with the interference of PGF2α. We have 
previously shown that luteal mRNA expressions of angiogenic factors 
such as VEGF120 and VEGF164, fragments of VEGF-A, do not differ 
between the late luteal phase and early pregnancy, while histological 
examination showed that angiogenesis does not occur in the CL 
during early pregnancy [42]. This finding is in agreement with the 
present study, where VEGF-A did not differ among the persistent CL, 
cyclic CL and CL of pregnancy, indicating that angiogenesis does 
not occur in the persistent CL or CL of pregnancy. In the present 
study, the persistent CL, cyclic CL and CL of pregnancy all showed 
the same level of mRNA expression of caspase-3, suggesting that 
there were no differences in the occurrence of apoptosis in the luteal 
tissues of the 3 groups. Collectively, the present findings indicate 
that the function and structure of the persistent CL are similar to 
those of the CL of pregnancy and cyclic CL in terms of P4 synthesis, 
angiogenesis, and apoptosis.

In addition to the uterus, the bovine CL itself expresses all of the 
components necessary for complete PG biosynthesis, transport and 
signaling, which helps determine its life span and function [43]. PGs 
are key mediators of embryo implantation during early pregnancy. 
PGE2 has been proposed to have multiple roles as a temporary 
luteotropic or luteoprotective signal [38, 44]. The biosynthetic and 
signaling pathways of PGE2 and PGF2α are selectively activated at 
the time of pregnancy recognition; thus, the balance between PGE2 
and PGF2α production plays a critical role in CL function. It has 
been shown that IFNT upregulates PGES expression but not PGFS 
expression in the CL, leading to an increase in the PGES to PGFS 
ratio [38]. In the present study, the mRNA expression of PGFS was 
higher both in the persistent CL and CL of pregnancy, whereas PGES 
expression was upregulated only in the CL of pregnancy, i.e., the 
PGES to PGFS ratio was increased in the CL of pregnancy but not 
in the persistent CL. The findings suggest that the characteristics 
of the PG system in the persistent CL are distinct from those of 
both the cyclic CL and CL of pregnancy. Moreover, PGIS mRNA 
expression was higher in the persistent CL and CL of pregnancy 
compared with the cyclic CL. It is well accepted that PGI2 stimulates 
P4 production [45] and regulates vascular tone [46]; however, the 
role of PGI2 (PGIS) in the persistent CL and CL of pregnancy needs 
to be further determined.

VEGF-C stimulates lymphangiogenesis via the receptor VEGFR3 
[22, 23]. In the present study, mRNA expression of VEGF-R3 was 
remarkably high in both the persistent CL and CL of pregnancy, 

Fig. 6. The relative mRNA expression of immune tolerance-related 
factors, TGF-β (A) and Foxp3 (B) in the cyclic CL (n=27), 
persistent CL (n=9), and CL of pregnancy (n=8). In each figure, 
the white bar indicates cyclic CL, gray bar indicates persistent CL, 
and black bar indicates CL of pregnancy. All values are shown 
as means ± SEM. Values with different letters (a, b) are different 
between groups (P<0.05).
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suggesting that the system of lymphangiogenesis is activated in the 
persistent CL as well. Interestingly, it has been demonstrated that 
inflammatory cytokines including TNFα [47, 48], NO via iNOS [49, 
50] and eNOS [25] induce VEGF-C expression and may promote 
lymphangiogenesis in tumors. The mRNA expressions of TNFα, iNOS 
and eNOS were higher in the persistent CL and CL of pregnancy 
compared with the cyclic CL in this study, potentially contributing to 
the activation of lymphangiogenesis. Our recent study [14] has shown 
that IFNT directly stimulates proliferation of lymphatic endothelial 
cells and increases VEGF-C mRNA expression, suggesting that 
IFNT is involved in lymphangiogenesis. However, the low OAS-1 
mRNA expression in the persistent CL indicates a lack of exposure 
to IFNT; thus, lymphangiogenesis might be simply required for the 
long survival of the CL.

mRNA expressions for PGFS and PGIS, as well as factors relating 
to lymphangiogenesis and inflammation, were upregulated both in the 
persistent CL and CL of pregnancy compared with the cyclic CL. The 
longer survival of the persistent CL and CL of pregnancy (29 to 33 
days) might require upregulation of several systems regulating their 
structure and function. The development of immune tolerance seems 
to be particularly crucial for the transition into a CL of pregnancy 
but is perhaps not necessary for the CL survival.

In conclusion, the results demonstrate that the persistent CL has 
similar characteristics to the CL of pregnancy but not the cyclic 
CL with regards to gene expression in several major systems that 
regulate CL function. The critical difference between the persistent 
CL and CL of pregnancy was the immune tolerance system that was 
upregulated only in the CL of pregnancy, which may be due to a 
lack of exposure to IFNT in the persistent CL.

Acknowledgments

This study was supported by a Grant-in-Aid for Scientific Re-
search of the Japan Society for the Promotion of Science (JSPS) 
and the Global COE Program, Ministry of Education, Culture, 
Sports, Science and Technology, Japan.

References

 1. Miyamoto A, Shirasuna K, Shimizu T, Bollwein H, Schams D. Regulation of corpus 
luteum development and maintenance: specific roles of angiogenesis and action of prosta-
glandin F2alpha. Soc Reprod Fertil Suppl 2010; 67(Suppl): 289–304. [Medline]

 2. Pretheeban T, Balendran A, Gordon MB, Rajamahendran R. mRNA of luteal genes 
associated with progesterone synthesis, maintenance, and apoptosis in dairy heifers and 
lactating dairy cows. Anim Reprod Sci 2010; 121: 218–224. [Medline]  [CrossRef]

 3. McCracken JA, Schramm W, Barcikowski B, Wilson L. The identification of prosta-
glandin F2 alpha as a uterine luteolytic hormone and the hormonal control of its synthesis. 
Acta Vet Scand Suppl 1981; 77(Suppl): 71–88. [Medline]

 4. MacLachlan NJ. Ovarian disorders in domestic animals. Environ Health Perspect 1987; 
73: 27–33. [Medline]  [CrossRef]

 5. Nguyen TC, Nakao T, Gautam G, Su LT, Ranasinghe RMSBK, Yusuf M. Relationship 
between milk somatic cell count and postpartum ovarian cyclicity and fertility in dairy 
cows. Acta Vet Hung 2011; 59: 349–362. [Medline]  [CrossRef]

 6. Zulu VC, Sawamukai Y, Nakada K, Kida K, Moriyoshi M. Relationship among 
insulin-like growth factor-I, blood metabolites and postpartum ovarian function in dairy 
cows. J Vet Med Sci 2002; 64: 879–885. [Medline]  [CrossRef]

 7. Naokes DE, Parkinson TJ, England GCW. Subfertility and infertility. In: Veterinary 
Reproduction and Obsterics. New York: Saundes Elsevier; 2009: 448.

 8. Crowe MA, Enright WJ, Prendiville DJ, Morrison CA, Roche JF. Active immuni-
zation against prostaglandin F2 alpha: effect of conjugate dose and booster interval on 

antibody titers and estrous behavior in postpubertal beef heifers. J Anim Sci 1994; 72: 
1778–1785. [Medline]

 9. Opsomer G, Groehn YT, Hertl J, Coryn M, Deluyker H, Kruif A. Risk factors for 
post partum ovarian dysfunction in high producing dairy cows in Belgium: A field study. 
Theriogenology 2000; 53: 841–857. [Medline]  [CrossRef]

 10. Imakawa K, Anthony RV, Kazemi M, Marotti KR, Polites HG, Roberts RM. Inter-
feron-like sequence of ovine trophoblast protein secreted by embryonic trophectoderm. 
Nature 1987; 330: 377–379. [Medline]  [CrossRef]

 11. Wolf E, Arnold GJ, Bauersachs S, Beier HM, Blum H, Einspanier R, Fröhlich T, Her-
rler A, Hiendleder S, Kölle S, Prelle K, Reichenbach HD, Stojkovic M, Wenigerkind 
H, Sinowatz F. Embryo-maternal communication in bovine - strategies for deciphering a 
complex cross-talk. Reprod Domest Anim 2003; 38: 276–289. [Medline]  [CrossRef]

 12. Johnson GA, Stewart MD, Gray CA, Choi Y, Burghardt RC, Yu-Lee LY, Bazer FW, 
Spencer TE. Effects of the estrous cycle, pregnancy, and interferon tau on 2’,5’-oligoad-
enylate synthetase expression in the ovine uterus. Biol Reprod 2001; 64: 1392–1399. 
[Medline]  [CrossRef]

 13. Oliveira JF, Henkes LE, Ashley RL, Purcell SH, Smirnova NP, Veeramachaneni 
DNR, Anthony RV, Hansen TR. Expression of interferon (IFN)-stimulated genes in 
extrauterine tissues during early pregnancy in sheep is the consequence of endocrine 
IFN-tau release from the uterine vein. Endocrinology 2008; 149: 1252–1259. [Medline]  
[CrossRef]

 14. Nitta A, Shirasuna K, Haneda S, Matsui M, Shimizu T, Matsuyama S, Kimura K, 
Bollwein H, Miyamoto A. Possible involvement of IFNT in lymphangiogenesis in the 
corpus luteum during the maternal recognition period in the cow. Reproduction 2011; 142: 
879–892. [Medline]  [CrossRef]

 15. Tsai SJ, Kot K, Ginther OJ, Wiltbank MC. Temporal gene expression in bovine corpora 
lutea after treatment with PGF2alpha based on serial biopsies in vivo. Reproduction 2001; 
121: 905–913. [Medline]  [CrossRef]

 16. Chomczynski P, Sacchi N. Single-step method of RNA isolation by acid guanidinium 
thiocyanate-phenol-chloroform extraction. Anal Biochem 1987; 162: 156–159. [Medline]  
[CrossRef]

 17. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time 
quantitative PCR and the 2(-delta delta CT) method. Methods 2001; 25: 402–408. [Med-
line]  [CrossRef]

 18. Niswender GD, Juengel JL, Silva PJ, Rollyson MK, McIntush EW. Mechanisms 
controlling the function and life span of the corpus luteum. Physiol Rev 2000; 80: 1–29. 
[Medline]

 19. Silvia WJ, Lewis GS, Thatcher WW, Mccracken JA, Wilson L. Hormonal regulation 
of uterine secretion of rostaglandin F2alpha during luteolysis in ruminants. Biol Reprod 
1991; 45: 655–663. [Medline]  [CrossRef]

 20. Ferrara N, Davis-Smith T. The biology of vascular endothelial growth factor. Endocr 
Rev 1997; 18: 4–25. [Medline]  [CrossRef]

 21. Connolly DT. Vascular permeability factor: a unique regulator of blood vessel function. J 
Cell Biochem 1991; 47: 219–223. [Medline]  [CrossRef]

 22. Karkkainen MJ, Haiko P, Sainio K, Partanen J, Taipale J, Petrova TV, Jeltsch M, 
Jackson DG, Talikka M, Rauvala H, Betsholtz C, Alitalo K. Vascular endothelial 
growth factor C is required for sprouting of the first lymphatic vessels from embryonic 
veins. Nat Immunol 2004; 5: 74–80. [Medline]  [CrossRef]

 23. Mäkinen T, Veikkola T, Mustjoki S, Karpanen T, Catimel B, Nice EC, Wise L, Mercer 
A, Kowalski H, Kerjaschki D, Stacker SA, Achen MG, Alitalo K. Isolated lymphatic 
endothelial cells transduce growth, survival and migratory signals via the VEGF-C/D 
receptor VEGFR-3. EMBO J 2001; 20: 4762–4773. [Medline]  [CrossRef]

 24. Rosselli M, Keller PJ, Dubey RK. Role of nitric oxide in the biology, physiology and 
pathophysiology of reproduction. Hum Reprod Update 1998; 4: 3–24. [Medline]  [Cross-
Ref]

 25. Lahdenranta J, Hagendoorn J, Padera TP, Hoshida T, Nelson G, Kashiwagi S, Jain 
RK, Fukumura D. Endothelial nitric oxide synthase mediates lymphangiogenesis and 
lymphatic metastasis. Cancer Res 2009; 69: 2801–2808. [Medline]  [CrossRef]

 26. Skarzynski DJ, Jaroszewski JJ, Bah MM, Deptula KM, Barszczewska B, Gawronska 
B, Hansel W. Administration of a nitric oxide synthase inhibitor counteracts prostaglandin 
F2-induced luteolysis in cattle. Biol Reprod 2003; 68: 1674–1681. [Medline]  [CrossRef]

 27. Terranova PF. Potential roles of tumor necrosis factor-alpha in follicular development, 
ovulation, and the life span of the corpus luteum. Domest Anim Endocrinol 1997; 14: 
1–15. [Medline]  [CrossRef]

 28. Carambula SF, Matikainen T, Lynch MP, Flavell RA, Gonçalves PBD, Tilly JL, 
Rueda BR. Caspase-3 is a pivotal mediator of apoptosis during regression of the ovarian 
corpus luteum. Endocrinology 2002; 143: 1495–1501. [Medline]  [CrossRef]

 29. Korzekwa A, Murakami S, Wocławek-Potocka I, Bah MM, Okuda K, Skarzynski 
DJ. The influence of tumor necrosis factor alpha (TNF) on the secretory function of bovine 
corpus luteum: TNF and its receptors expression during the estrous cycle. Reprod Biol 
2008; 8: 245–262. [Medline]

 30. Fu S, Zhang N, Yopp AC, Chen D, Mao M, Chen D, Zhang H, Ding Y, Bromberg 

http://www.ncbi.nlm.nih.gov/pubmed/21755680?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20599333?dopt=Abstract
http://dx.doi.org/10.1016/j.anireprosci.2010.05.016
http://www.ncbi.nlm.nih.gov/pubmed/7030035?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/3665869?dopt=Abstract
http://dx.doi.org/10.1289/ehp.877327
http://www.ncbi.nlm.nih.gov/pubmed/21727067?dopt=Abstract
http://dx.doi.org/10.1556/AVet.2011.017
http://www.ncbi.nlm.nih.gov/pubmed/12419863?dopt=Abstract
http://dx.doi.org/10.1292/jvms.64.879
http://www.ncbi.nlm.nih.gov/pubmed/7928758?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10730974?dopt=Abstract
http://dx.doi.org/10.1016/S0093-691X(00)00234-X
http://www.ncbi.nlm.nih.gov/pubmed/2446135?dopt=Abstract
http://dx.doi.org/10.1038/330377a0
http://www.ncbi.nlm.nih.gov/pubmed/12887567?dopt=Abstract
http://dx.doi.org/10.1046/j.1439-0531.2003.00435.x
http://www.ncbi.nlm.nih.gov/pubmed/11319143?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod64.5.1392
http://www.ncbi.nlm.nih.gov/pubmed/18063687?dopt=Abstract
http://dx.doi.org/10.1210/en.2007-0863
http://www.ncbi.nlm.nih.gov/pubmed/21933879?dopt=Abstract
http://dx.doi.org/10.1530/REP-11-0157
http://www.ncbi.nlm.nih.gov/pubmed/11373177?dopt=Abstract
http://dx.doi.org/10.1530/rep.0.1210905
http://www.ncbi.nlm.nih.gov/pubmed/2440339?dopt=Abstract
http://dx.doi.org/10.1016/0003-2697(87)90021-2
http://www.ncbi.nlm.nih.gov/pubmed/11846609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11846609?dopt=Abstract
http://dx.doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/10617764?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/1756203?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod45.5.655
http://www.ncbi.nlm.nih.gov/pubmed/9034784?dopt=Abstract
http://dx.doi.org/10.1210/er.18.1.4
http://www.ncbi.nlm.nih.gov/pubmed/1791186?dopt=Abstract
http://dx.doi.org/10.1002/jcb.240470306
http://www.ncbi.nlm.nih.gov/pubmed/14634646?dopt=Abstract
http://dx.doi.org/10.1038/ni1013
http://www.ncbi.nlm.nih.gov/pubmed/11532940?dopt=Abstract
http://dx.doi.org/10.1093/emboj/20.17.4762
http://www.ncbi.nlm.nih.gov/pubmed/9622410?dopt=Abstract
http://dx.doi.org/10.1093/humupd/4.1.3
http://dx.doi.org/10.1093/humupd/4.1.3
http://www.ncbi.nlm.nih.gov/pubmed/19318557?dopt=Abstract
http://dx.doi.org/10.1158/0008-5472.CAN-08-4051
http://www.ncbi.nlm.nih.gov/pubmed/12606417?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod.102.008573
http://www.ncbi.nlm.nih.gov/pubmed/8985665?dopt=Abstract
http://dx.doi.org/10.1016/S0739-7240(96)00094-X
http://www.ncbi.nlm.nih.gov/pubmed/11897708?dopt=Abstract
http://dx.doi.org/10.1210/en.143.4.1495
http://www.ncbi.nlm.nih.gov/pubmed/19092986?dopt=Abstract


MAGATA et al.452

JS. TGF-beta induces Foxp3 + T-regulatory cells from CD4 + CD25– precursors. Am J 
Transplant 2004; 4: 1614–1627. [Medline]  [CrossRef]

 31. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the tran-
scription factor Foxp3. Science 2003; 299: 1057–1061. [Medline]  [CrossRef]

 32. Munoz-Suano A, Kallikourdis M, Sarris M, Betz AG. Regulatory T cells protect from 
autoimmune arthritis during pregnancy. J Autoimmun 2012; 38: J103–J108. [Medline]  
[CrossRef]

 33. Sasaki Y, Sakai M, Miyazaki S, Higuma S, Shiozaki A, Saito S. Decidual and peripheral 
blood CD4+CD25+ regulatory T cells in early pregnancy subjects and spontaneous abor-
tion cases. Mol Hum Reprod 2004; 10: 347–353. [Medline]  [CrossRef]

 34. Aluvihare VR, Kallikourdis M, Betz AG. Regulatory T cells mediate maternal tolerance 
to the fetus. Nat Immunol 2004; 5: 266–271. [Medline]  [CrossRef]

 35. Oliveira LJ, Hansen PJ. Deviations in populations of peripheral blood mononuclear 
cells and endometrial macrophages in the cow during pregnancy. Reproduction 2008; 136: 
481–490. [Medline]  [CrossRef]

 36. Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development and function 
of CD4+CD25+ regulatory T cells. Nat Immunol 2003; 4: 330–336. [Medline]  [CrossRef]

 37. Baratelli F, Lin Y, Zhu L, Yang SC, Heuzé-vourc N, Zeng G, Reckamp K, Dohadwala 
M, Sharma S, Dubinett SM. Prostaglandin E2 induces FOXP3 gene expression and 
T regulatory cell function in human CD4+ T cells. J Immunol 2005; 175: 1483–1490. 
[Medline]

 38. Arosh JA, Banu SK, Kimmins S, Chapdelaine P, Maclaren LA, Fortier MA. Effect 
of interferon-tau on prostaglandin biosynthesis, transport, and signaling at the time of 
maternal recognition of pregnancy in cattle: evidence of polycrine actions of prostaglandin 
E2. Endocrinology 2004; 145: 5280–5293. [Medline]  [CrossRef]

 39. Acosta-Rodriguez EV, Napolitani G, Lanzavecchia A, Sallusto F. Interleukins 1beta 
and 6 but not transforming growth factor-beta are essential for the differentiation of in-
terleukin 17-producing human T helper cells. Nat Immunol 2007; 8: 942–949. [Medline]  
[CrossRef]

 40. Diaz FJ, Wiltbank MC. Acquisition of luteolytic capacity involves differential regulation 
by prostaglandin F2alpha of genes involved in progesterone biosynthesis in the porcine 
corpus luteum. Domest Anim Endocrinol 2005; 28: 172–189. [Medline]  [CrossRef]

 41. Badinga L, Driancourt MA, Savio JD, Wolfenson D, Drost M. De la sota RL, Thatch-

er WW. Endocrine and ovarian responses associated with the first-wave dominant follicle 
in cattle. Biol Reprod 1992; 47: 871–883. [Medline]  [CrossRef]

 42. Beindorff N, Nagai K, Shirasuna K, Herzog K, Hoeffmann K, Sasaki M, Bollwein H, 
Miyamoto A. Vascular changes in the corpus luteum during early pregnancy in the cow. J 
Reprod Dev 2010; 56: 263–270. [Medline]  [CrossRef]

 43. Arosh JA, Banu SK, Chapdelaine P, Madore E, Sirois J, Fortier MA. Prostaglandin 
biosynthesis, transport, and signaling in corpus luteum: a basis for autoregulation of luteal 
function. Endocrinology 2004; 145: 2551–2560. [Medline]  [CrossRef]

 44. Emond V, Fortier MA, Murphy BD, Lambert RD. Prostaglandin E2 regulates both 
interleukin-2 and granulocyte-macrophage colony-stimulating factor gene expression in 
bovine lymphocytes. Biol Reprod 1998; 58: 143–151. [Medline]  [CrossRef]

 45. Miyamoto A, von Lützow H, Schams D. Acute actions of prostaglandin F2 alpha, E2, 
and I2 in microdialyzed bovine corpus luteum in vitro. Biol Reprod 1993; 49: 423–430. 
[Medline]  [CrossRef]

 46. Rubin LJ, Groves BM, Reeves JT, Frosolono M, Handel F, Cato AE. Prostacyclin-
induced acute pulmonary vasodilation in primary pulmonary hypertension. Circulation 
1982; 66: 334–338. [Medline]  [CrossRef]

 47 Cha HS, Bae EK, Koh JH, Chai JY, Jeon CH, Ahn K-S, Kim J, Koh EM. Tumor ne-
crosis factor-alpha induces vascular endothelial growth factor-C expression in rheumatoid 
synoviocytes. J Rheumatol 2007; 34: 16–19. [Medline]

 48. Polzer K, Baeten D, Soleiman A, Distler J, Gerlag DM, Tak PP, Schett G, Zwerina 
J. Tumour necrosis factor blockade increases lymphangiogenesis in murine and human 
arthritic joints. Ann Rheum Dis 2008; 67: 1610–1616. [Medline]  [CrossRef]

 49. Franchi A, Massi D, Santucci M, Masini E, Degl’Innocenti DR, Magnelli L, Fanti 
E, Naldini A, Ardinghi C, Carraro F, Gallo O. Inducible nitric oxide synthase activity 
correlates with lymphangiogenesis and vascular endothelial growth factor-C expression 
in head and neck squamous cell carcinoma. J Pathol 2006; 208: 439–445. [Medline]  
[CrossRef]

 50. Zhang W, He XJ, Ma YY, Wang HJ, Xia YJ, Zhao ZS, Ye ZY, Tao HQ. Inducible 
nitric oxide synthase expression correlates with angiogenesis, lymphangiogenesis, and 
poor prognosis in gastric cancer patients. Hum Pathol 2011; 42: 1275–1282. [Medline]  
[CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/15367216?dopt=Abstract
http://dx.doi.org/10.1111/j.1600-6143.2004.00566.x
http://www.ncbi.nlm.nih.gov/pubmed/12522256?dopt=Abstract
http://dx.doi.org/10.1126/science.1079490
http://www.ncbi.nlm.nih.gov/pubmed/22004905?dopt=Abstract
http://dx.doi.org/10.1016/j.jaut.2011.09.007
http://www.ncbi.nlm.nih.gov/pubmed/14997000?dopt=Abstract
http://dx.doi.org/10.1093/molehr/gah044
http://www.ncbi.nlm.nih.gov/pubmed/14758358?dopt=Abstract
http://dx.doi.org/10.1038/ni1037
http://www.ncbi.nlm.nih.gov/pubmed/18635742?dopt=Abstract
http://dx.doi.org/10.1530/REP-08-0218
http://www.ncbi.nlm.nih.gov/pubmed/12612578?dopt=Abstract
http://dx.doi.org/10.1038/ni904
http://www.ncbi.nlm.nih.gov/pubmed/16034085?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15308607?dopt=Abstract
http://dx.doi.org/10.1210/en.2004-0587
http://www.ncbi.nlm.nih.gov/pubmed/17676045?dopt=Abstract
http://dx.doi.org/10.1038/ni1496
http://www.ncbi.nlm.nih.gov/pubmed/15713365?dopt=Abstract
http://dx.doi.org/10.1016/j.domaniend.2004.08.002
http://www.ncbi.nlm.nih.gov/pubmed/1477213?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod47.5.871
http://www.ncbi.nlm.nih.gov/pubmed/20103987?dopt=Abstract
http://dx.doi.org/10.1262/jrd.09-150K
http://www.ncbi.nlm.nih.gov/pubmed/14736737?dopt=Abstract
http://dx.doi.org/10.1210/en.2003-1607
http://www.ncbi.nlm.nih.gov/pubmed/9472935?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod58.1.143
http://www.ncbi.nlm.nih.gov/pubmed/8373969?dopt=Abstract
http://dx.doi.org/10.1095/biolreprod49.2.423
http://www.ncbi.nlm.nih.gov/pubmed/7046988?dopt=Abstract
http://dx.doi.org/10.1161/01.CIR.66.2.334
http://www.ncbi.nlm.nih.gov/pubmed/17216674?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18174217?dopt=Abstract
http://dx.doi.org/10.1136/ard.2007.083394
http://www.ncbi.nlm.nih.gov/pubmed/16278821?dopt=Abstract
http://dx.doi.org/10.1002/path.1892
http://www.ncbi.nlm.nih.gov/pubmed/21333324?dopt=Abstract
http://dx.doi.org/10.1016/j.humpath.2010.09.020

