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Abstract
OBJECTIVE—This study was designed to determine if angiopoietin (ANGPT)-1 and -2 are
detectable in the circulation of nonhuman primates and women, and if these levels fluctuate in
association with ovarian activity.

DESIGN—Prospective

SETTING—National Primate Research Center, medical center and infertility clinic.

PATIENTS—Adult, female rhesus monkeys; 15 women donating oocytes for infertility treatment.

INTERVENTIONS—Controlled ovarian stimulation with gonadotropins, removal of the corpus
luteum and ovaries, oocyte retrieval and embryo transfer.

MAIN OUTCOME MEASURE—Circulating levels of ANGPT-1 and ANGPT-2.

RESULTS—Serum ANGPT-1 and ANGPT-2 levels were detectable and invariant in maintaining
an ANGPT1:2 ratio >1 in: (a) macaques over the course of the natural menstrual cycle, during a
controlled ovulation protocol and following removal of the corpus luteum or ovaries, and (b) women
undergoing controlled ovarian simulation (COS). In contrast, the ANGPT1:2 ratio was markedly
decreased (≪1) at mid-to-late gestation in macaques, and in the follicular fluid of women undergoing
COS, due to increased levels of ANGPT-2.

CONCLUSIONS—The ovary and its dominant structures are not major contributors to circulating
levels of ANGPT-1 or ANGPT-2. The physiologic importance of the rising levels of ANGPT-2 after
the luteal-placental shift in pregnancy is unknown.
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INTRODUCTION
Angiogenesis, blood vessel stabilization and vascular degeneration within the ovary are
essential components of the functional menstrual cycle (1-3). This sequence of vascular events
allows for the extensive tissue remodeling necessary for follicular growth and atresia, ovulation
and the subsequent development and regression of the corpus luteum. The regulation of these
events is an intricate process, likely dependent on the activity of numerous angiogenic and
angiolytic substances. Studies revealed that two such classes, the vascular endothelial growth
factors (VEGFs)(1;4) and the angiopoietins (ANGPTs) (5-7) are present within both ovarian
follicles and corpora lutea, and appear to play an integral role in endothelial cells and hence,
blood vessel regulation within the ovary.

It is proposed that the VEGFs and ANGPTs work in concert with one another to control vascular
growth, stabilization and regression (8). The VEGFs appear to be responsible for the formation,
migration and proliferation of endothelial cells, as well as vascular tube formation. The
ANGPTs appear to work through a single receptor tyrosine kinase, Tie-2; however, they exert
opposing effects following receptor binding. ANGPT-1 recruits and interacts with
periendothelial cells, providing stabilization and maintenance to those vessels stimulated and
developed by VEGF. In contrast, ANGPT-2 appears to act as a natural antagonist to ANGPT-1,
resulting in loosening of the supporting cell matrix and destabilization of existing vessels. In
the presence of VEGF, this allows for further stimulation of endothelial cell proliferation and
migration, promoting further angiogenesis. Acting in the relative absence of VEGF, ANGPT-2
appears to block the recruitment of periendothelial support cells, resulting in blood vessel
destabilization and regression.

Evidence supporting the dynamic expression of ANGPT-1 and ANGPT-2 in the corpus luteum
and/or ovulatory follicle of several species, including primates (6;7) and humans (9;10), is
consistent with a role in ovarian vasculogenesis. The temporal expression of VEGF, ANGPT-1
and ANGPT-2 mRNA during the lifespan of the macaque corpus luteum was previously
described (7). Levels of VEGF mRNA, primarily for the diffusible VEGF165 and 121 isoforms
(11), are detectable in the developing corpus luteum during the early luteal phase; indeed,
VEGF protein levels in luteal tissue are highest at this stage. There appears to be a divergence
in the transcriptional versus translational regulation of VEGF, since mRNA levels continue to
rise through the mid-late luteal phase, whereas protein levels decline to low levels. In contrast,
mRNA levels for the ANGPTs, especially ANGPT-2, rise later in the luteal phase to peak at
the late stages during luteal regression. To date, ANGPT-1 and -2 proteins have not been
quantitated in the primate corpus luteum during the menstrual cycle. Nevertheless,
intrafollicular injection of the ANGPTs demonstrated a critical role for these factors in
controlling the health and subsequent fate of the preovulatory follicle in macaques. Injection
of ANGPT-2, but not ANGPT-1, resulted in a dose-dependent inhibition of ovulation and
prevented the development and function of the subsequent corpus luteum (12;13). The latter
appeared secondary to the forced degeneration of the ovulatory follicle and resetting of the
onset of the subsequent menstrual cycle.

Although considered a local, paracrine factor, circulating levels of free and total VEGF-A and
its soluble VEGF receptors-1 and 2 are detectable in women and nonhuman primates during
the menstrual cycle and controlled ovarian stimulation (COS) (14-16). During COS protocols
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in women, concentrations of free and total VEGF increased significantly following
administration of hCG. Total VEGF remained detectable throughout early pregnancy, but free
VEGF concentrations peaked during the midluteal phase and subsequently dropped to
undetectable levels in the early first trimester. This decrease in free VEGF-A corresponded to
an abrupt rise in sVEGFR-1 in the circulation (14). These findings suggest that alterations in
the production and thus, circulating levels of VEGF and its soluble VEGF receptors (17;18)
can serve as a marker for ovarian or placental function. Whether ANGPTs of ovarian or
placental origin circulate in the blood has not been detailed. Based on our preliminary report
of circulating ANGPT-2 and its soluble Tie-2 receptor in women during gestation (19), further
studies were designed to determine if the ANGPTs are detectable in the circulation of
nonhuman primates and women in natural or COS cycles, and whether these levels fluctuate
in association with ovarian activity over the course of the reproductive cycle and in pregnancy.

MATERIALS/METHODS
Animal Protocols

Saphenous venous blood samples were collected from adult, female rhesus monkeys during
the natural menstrual cycle, the periovulatory interval in a controlled ovulation protocol and
during pregnancy, as previously described (14;20). The general care and housing of rhesus
monkeys was provided by the Division of Animal Resources at the Oregon National Primate
Research Center in accordance with the NIH Guide For The Care and Use of Laboratory
Animals. All animal protocols were approved by the ONPRC Animal Care and Use Committee.
Blood samples were collected from non-anesthetized animals.

Natural Cycles (14)—Saphenous venous blood samples were obtained from 10 female
rhesus monkeys exhibiting regular menstrual cycles, from the first day of menses until the
onset of the subsequent menstrual period.

Controlled Ovulation (COv) (20)—Daily serum samples were obtained from 6 female
rhesus monkeys and treatment initiated when estradiol levels were between 80-120 pg/ml. On
day 1 of treatment, 3 mg/kg of a GnRH antagonist (Antide; NICHD), 30 IU r-hFSH (Organon)
and 15 IU r-hLH (Merck Serono) were administered at 0800, followed by a second dose of r-
hFSH and r-hLH alone 8 hours later. On day 2 of treatment, 1.5 mg/kg of Antide, 30 IU r-
hFSH and 15 IU r-hLH were administered at 0800, followed by ovulatory bolus of 1000 IU r-
hCG (Merck Serono). Saphenous venous blood samples were obtained every 12 hours for 48-72
hours prior to and 36 hours following administration of hCG.

Lutectomy/Oophorectomy (12;21)—Daily venous blood samples were collected prior to
(day -1), the day of (day 0) and after (day +1 and +2) surgical removal of the corpus luteum
or ovaries at midluteal phase of the natural cycle.

Pregnancy—Venous blood samples were collected from 8 pregnant, rhesus monkeys from
mid-to-late gestation; this interval was chosen based on our earlier data from human pregnancy
(19). Pregnant monkeys for blood sampling were provided by the Assisted Reproductive
Technologies (ART) Core, ONPRC. Briefly (22;23), in vitro fertilized eggs were cultured and
two embryos transferred into recipient monkeys at 3-4 days following the midcycle peak in
estradiol levels during the natural menstrual cycle. Gestational age was determined by the day
of embryo transfer. Samples were obtained weekly and grouped based on a gestational age of
8-10, 11-14, 15-19 and 20-22 weeks (14).
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Human Protocols
Patients (n=15) were recruited from a population of women under 35 years of age who were
serving as oocyte donors within the infertility clinic, IVF New Jersey. The general consent
form for oocyte donation and IVF provided patients’ approval for use of discarded materials
(serum, follicular fluid) for research purposes. Discarded materials without patient identifiers
were shipped to OHSU for analyses of ANGPT levels. The study for analyses of angiogenic
factors at OHSU was approved by the Institutional Review Board.

Controlled Ovarian Stimulation (COS) in Women—The protocol, involving pituitary
down-regulation with GnRH agonist (Lupron; TAP Pharmaceuticals, Deerfield, IL, USA),
with a urinary gonadotropin (HMG) and recombinant human FSH mixture started after induced
menses to promote multiple follicular development, was similar to that previously described
(Gonal F, Serono, Rockland, MA; (19)). Dosage was individualized based on serial ultrasound
results and serum estradiol levels. When ≥2 follicles were >17mm diameter, 10,000 IU hCG
(Serono) was given IM, and transvaginal ultrasound-directed oocyte retrieval was performed
36 hours later. Venous blood samples were collected on the first day of COS onset (baseline
levels prior to injection of endogenous gonadotropins), the day of the hCG bolus, and at oocyte
retrieval, as well as follicular fluid from the lead (largest) follicle after oocyte removal. Samples
were shipped frozen to ONPRC for analyses.

Hormone Assays—Serum concentrations of estradiol (E) and progesterone (P) were
determined by the Endocrine Services Laboratory at the ONPRC (Roche Elecsys 2010 assay
instrument) (12). ANGPT-1 and ANGPT-2 concentrations were determined using Quantikine
immunoassays (R&D Systems, USA). Pooled samples were included in assays to confirm
accuracy. Inter- and intra-assay variations were 18% and 11.5% for ANGPT-1 and 3% and
11% for ANGPT-2 (19), respectively.

Statistical Analyses—Mean differences over time or between experimental groups were
evaluated by ANOVA or ANOVA on ranks followed by the Student-Newman-Keuls or Dunn’s
test using the SigmaStat statistical software package (SPSS, Chicago, Il., USA) A significant
difference was defined as P<0.05. Data are expressed as the mean ± the standard error of the
mean (SEM).

RESULTS
Animal Studies

As illustrated in Figure 1, monkeys displayed the typical patterns and levels of circulating
estradiol and progesterone during the follicular (11.6 ± 0.8 days) and luteal (17.2 ± 0.4 days)
phases of the natural menstrual cycle. Both ANGPT-1 and ANGPT-2 were detectable in serum
of adult, female macaques throughout the menstrual cycle. Due to normal variance in the
lengths of the follicular and luteal phase of the menstrual cycle among the animals, the data
were normalized to the midcycle LH surge (day 0), as well as to the day of onset of menstruation
(first day 1). ANGPT-1 and -2 levels remained invariant throughout the early follicular phase
after menses, at midcycle, as well as at the end of the luteal phase prior to the next menstrual
period. At the time of the first menses, mean ANGPT-1 and -2 levels were 57 ng/ml and 9 ng/
ml, respectively, resulting in an ANGPT1:2 ratio of 7.0 ± 1.6 (mean ± SEM). Likewise,
ANGPT-1 and -2 levels at the time of the midcycle LH surge were comparable to those at
menses, resulting in an ANGPT1:2 ratio of 5.8 ± 1.1.

Since daily samples may not detect acute changes during the periovulatory interval (note the
disparate value the day before the midcycle LH surge, Fig. 1), samples were obtained twice
daily in macaques undergoing a COv protocol during this interval. The COv protocol (20)
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permits selection of the dominant follicle in the natural cycle, but then removes control of onset
of ovulatory events from the pituitary by administration of a GnRH antagonist. Administration
of an ovulatory bolus of hCG permits study of events at precise intervals in the periovulatory
interval, with ovulation occurring in animals at ≥36 hours post-hCG injection. As was observed
with the natural menstrual cycle, there were no significant changes in ANGPT-1 and -2 levels.
ANGPT-1 and -2 levels were 36 +/- 6 and 7 +/- 1 ng/ml at the time of the ovulatory hCG bolus,
resulting in an ANGPT1:2 ratio of 5.7 ± 0.9. The ANGPT1:2 ratio and levels remained
unchanged for the 36-hour interval following exposure to hCG (data not shown).

To determine if the functional CL or ovary contributed to circulating levels of ANGPT-1 or
-2, levels were monitored for an interval following excision of the CL or ovaries. Although
serum progesterone levels declined 10-fold (p<0.05) within 24 hours, there was no change in
circulating levels of ANGPT-1 or -2 following removal of the CL (Fig. 2) or following
oophorectomy (not shown). ANGPT-1 and -2 levels were 35.7 ± 17.5 ng/ml and 7.5 ± 1 ng/
ml just prior to oophorectomy, and 34.5 ± 3.3 ng/ml and 6.9 ± 1 ng/ml 48 hours later. Thus,
an ANGPT1:2 ratio of 3-5 was maintained following both lutectomy and oophorectomy.

The serum concentrations of ANGPT-1 and -2 at intervals from mid-to-late gestation in
macaques are illustrated in Figure 3. Although ANGPT-1 levels did not change throughout
these intervals, there was a significant (p=0.01) increase in the concentration of ANGPT-2.
ANGPT-2 levels were 29 ± 10 ng/ml at 8-10 weeks, and increased to 155 ± 42 ng/ml at 15-19
weeks, with no further increase in ANGPT-2 levels in late gestation. This resulted in a marked
decrease of the ANGPT1:2 ratio to 0.4 ± 0.1 at 8-10 weeks and 0.04 ± 0.1 at 15-19 weeks,
which remained in late pregnancy.

Human Studies
ANGPT-1 and -2 were detectable in the serum of women undergoing COS, as shown in Figure
4. However, as in monkeys (data not shown) mean concentrations were invariant throughout
the stimulation cycle. ANGPT-1 and -2 levels were 33 ± 3 ng/ml and 1.5 ± 0.2 ng/ml at the
time of baseline suppression prior to COS and remained unchanged at the time of the hCG
bolus and at the time of oocyte retrieval. This resulted in an ANGPT1:2 ratio of 21-25.
Conversely, the concentration of ANGPT-1, 1.0 ± 0.1 ng/ml, was markedly lower than
ANGPT-2, 18.1 ± 4 ng/ml, in follicular fluid. Consequently, this resulted in a reversal of the
ANGPT1:2 ratio to 0.07 ± 0.01.

Table 1 summarizes the observed ANGPT1:2 ratios among the study groups in macaques and
women. Notably, the ANGPT1:2 ratio in the circulation remains >1 in macaques during the
menstrual cycle, a controlled ovulation protocol, and following removal of the corpus luteum
or ovaries. Likewise, the ANGPT1:2 ratio was >1 in serum of women undergoing controlled
ovarian stimulation. However, the ANGPT1:2 ratio was markedly reduced (≪1) during
macaque gestation and in human follicular fluid at the time of oocyte retrieval following COS.

DISCUSSION
This report describes the first longitudinal study of the levels and temporal patterns of
circulating ANGPT-1 and ANGPT-2 over the course of the reproductive cycle and pregnancy
in primates. We were able to demonstrate that both ANGPT-1 and ANGPT-2 are present in
macaque and human serum, as well as in human follicular fluid. Although detectable, the
concentration of ANGPT-1 and -2 remained invariant throughout the natural menstrual cycle,
following a controlled ovulation protocol and following the removal of the corpus luteum or
ovaries in macaques. Moreover, circulating ANGPT levels remained unchanged throughout a
controlled ovarian stimulation protocol in macaques (not shown) and women. The ANGPT1:2
ratio was maintained at greater than 1 among these study groups.
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That circulating ANGPT levels did not change during the selection, maturation and ovulation/
luteinization of the dominant follicle, nor during recruitment of multiple large antral follicles
in COS protocols, suggests that the ovarian structures are not a primary source of these
angioregulatory factors in the bloodstream. Also, since ANGPT levels did not change during
the luteal phase, the corpus luteum must not contribute significantly to their presence in the
circulation. This premise is supported by evidence that blood levels of ANGPT-1 and -2 did
not change in the 24-48 hours following ablation of the corpus luteum or removal of the ovaries.
Since ANGPT mRNA expression and protein can be detected in cells of the growing and
ovulatory follicle (5;6), and corpus luteum (7;9;10), the ANGPTs of ovarian origin must be
acting primarily, if not exclusively, as local factors. In addition, our observation that the ratio
of ANGPT1:2 in follicular fluid can be very different from that in the blood indicates that
circulating ANGPT levels typically do not reflect their synthesis or actions in the ovary.

Notably, the ANGPTs were also detectable in the circulation during pregnancy, but there was
a marked decrease in the ANGPT1:2 ratio by mid-to-late gestation in macaques. The reversal
from a >1 ratio during the ovarian cycle to ≪1 in pregnancy was due to increasing levels of
ANGPT-2, as ANGPT-1 concentrations remained unchanged during this interval. These results
extend and support our earlier findings (19) of a significant rise in ANGPT-2 levels beginning
30 days after hCG administration in women following IVF-ET protocols that result in
pregnancy. ANGPT-2 levels were similar between women who became pregnant during COS
cycles versus those using donor eggs, suggesting again, that the corpus luteum is not the major
source of ANGPT circulating in pregnancy. Moreover, since elevated levels occur after the
luteal-placental shift (19) and continue in mid-to-late gestation (current study), it is most likely
of placental origin (24;25). The recent observation that ANGPT-2 levels decline after
parturition (26) supports this hypothesis. Our findings in monkeys and women are consistent
with an evaluation of women with pre-eclampsia that reported elevated ANGPT-2 levels in
healthy controls during pregnancy compared to nonpregnancy (26). In contrast, Loukovaara
(27) et al, reported decreasing levels of ANGPT-2 from the first to third trimester in pregnant
women with and without Type 1 diabetes mellitus. The reason for the discrepancy, e.g., assay
or population differences, remains unknown.

The factors responsible for the marked change in ANGPT1:2 ratio during pregnancy are
unclear. Presuming of placental origin, changes in ANGPT-1 versus -2 levels could reflect
differential control of their expression/synthesis by local factors, or their differential production
by tissue compartments. Notably, Albrecht and colleagues (28) observed diverse effects of
androgen/estrogen on VEGF and ANGPT expression in the villous placenta of baboons leading
to decreased ANGPT-1, without altering ANGPT-2, mRNA levels. Johnson et al (29) also
observed time-dependent changes in estrogen-stimulation of ANGPT-1 versus -2 mRNA
expression in the ovine endometrium. Others have emphasized a cell-specific manner of
regulated expression, with ANGPT-1 mRNA and protein expression predominant in the
baboon synctiotrophoblast and levels declining with advancing gestation; in contrast,
ANGPT-2 expression was greatest in the villous stromal cells and did not decrease in late
gestation (24). Dunk et al (25) noted that ANGPT-2 was expressed throughout the villous core
in human term placenta, whereas ANGPT-1 was restricted to paravascular tissues in primary
stem villi. These authors speculate that the different temporal and special expression of
ANGPT-1 and -2 reflects different roles in the development of the trophoblast, independent of
their well-established roles in angiogenesis.

The physiologic importance of elevated circulating ANGPT-2, and/or a significant decrease
in the ANGPT1:2 ratio during gestation is unknown. Since the early rise in ANGPT-2 is not
associated with increasing levels of soluble Tie-2 receptor (19), much of the ANGPT-2
circulating in pregnancy may not be bound and hence is free for bioactivity. In contrast,
although total VEGF-A levels increased in the luteal phase and remained appreciable during
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the first trimester in pregnant women, the concentration of unbound/“free” VEGF declined
after 30 days. This drop corresponded to a 20-40-fold increase in soluble VEGF-R1, but not
soluble VEGF-R2, resulting in decreased levels of bioactive VEGF-A in the circulation (14).
Based on proposed models of VEGF-A, ANGPT-1 and ANGPT-2 action in vascular
development (8), the predominance of the endogenous Tie2 antagonist ANGPT-2 in the
relative absence of VEGF-A would be expected to destabilize blood vessels. Since major
vascular remodeling and growth occurs in the placenta (30), and circulating VEGF and
ANGPTs are likely of placental origin, their presence in the maternal circulation may be
secondary to their synthesis and actions in the fetal-placental unit (25;30). Whether there are
other VEGF/ANGPT-responsive vascular beds in women that are influenced by the changes
in circulating VEGF or ANGPTs during pregnancy requires further investigation.

Importantly, elevated levels of circulating VEGF-A (14;16), as well as VEGF in the follicle
(18) and ascites fluid (31), are proposed to be a major etiologic factor in the vascular
dysfunction associated with ovarian hyperstimulation syndrome. This role is purportedly due
to the ability of VEGF to increase vascular permeability or “leakage” (32;33). Studies also
proposed that the agonist ANGPT-1 (34), and its antagonist ANGPT-2 (35), can influence
microvascular permeability within the context of promoting vessel stabilization or
destabilization, respectively. Although the current study did not observe changes in ANGPT
levels in women during COS cycles, none of these samples were collected from patients
developing OHSS symptoms. It remains to be determined if the level or ratio of ANGPTs in
the circulation or ovary is altered or plays a role in early- or late-onset OHSS (36). However,
the low ANGPT1:2 ratio observed in follicular fluid from COS protocols would be consistent
with “leaky” follicles, and warrants further investigation.

In summary, this study documents the presence of ANGPT-1 and ANGPT-2 in primate and
human serum, as well as in human follicular fluid. The concentration of ANGPT-1 and
ANGPT-2 remained invariant, and the ANGPT1:2 ratio was >1 over the course of the natural
menstrual cycle, following a controlled ovulation protocol and following the removal of the
corpus luteum or ovaries in macaques, as well as throughout a controlled ovarian stimulation
protocol in women. These findings suggest that the ovary is not a major contributor to the
ANGPTs in circulation. It is more likely that the ANGPTs of ovarian origin serve as local
factors. Notably, circulating levels of ANGPT-2 markedly increased and thus, the ANGPT1:2
ratio decreased to ≪1 by mid-gestation in macaques. Although likely placental in origin, the
physiologic importance of this is unknown. Further studies are needed to investigate the role
of the ANGPTs in circulation during pregnancy and their local actions in the ovary during
natural and COS cycles.
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Figure 1.
Levels and patterns of serum estradiol, progesterone (top panel), ANGPT-1 and -2 (bottom
panel) in 10 adult rhesus monkeys during the menstrual cycle. Values (mean ± SEM) are
normalized to first day of menstruation (first day 1), and to the day of the midcycle LH surge
(day 0). There was no significant difference over time or between days for ANGPT-1 or -2
levels.
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Figure 2.
Serum levels of ANGPT-1, -2 and progesterone in female rhesus monkeys before (day -1), the
day of (day 0) or after (day +1 and +2) lutectomy at midluteal phase of the menstrual cycle.
Values (mean ± SEM, n=3) with different letters (a,b) differed, e.g., progesterone levels, after
lutectomy.
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Figure 3.
Levels and patterns of serum ANGPT-1 and -2 during intervals from mid-to-late gestation in
pregnant macaques. Values (mean ± SEM, n=8) with different letters differed over time (e.g.,
ANGPT-2 at weeks 8-10 versus 15-19).
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Table 1

Summary of the ratios of ANGPT 1:2 in serum of macaques and women during various protocols, plus in follicular
fluid of women at follicle aspiration during COS protocols.1

Sample Time ANGPT 1:2 Ratio2

Macaque

 Menstrual Cycle Menses 7.0 ± 1.6

LH Surge 5.8 ± 1.1

 Controlled Ovulation Protocol HCG Bolus 5.7 ± 0.9

 Lutectomy 48 hours following procedure 3.2 ± 0.9

 Oophorectomy 48 hours following procedure 5.2 ± 1.3

 Pregnancy 8-10 weeks gestation 0.4 ± 0.1

11-14 weeks gestation 0.2 ± 0.1

15-19 weeks gestation 0.04 ± 0.01

20-22 weeks gestation 0.02 ± 0.01

Human

 Controlled Ovarian Stimulation Baseline Suppression 25.4 ± 4.1

Following HCG Bolus 21.9 ± 2.6

Oocyte Retrieval 21.0 ± 2.2

Follicular Fluid (lead follicle) 0.07 ± 0.01

1
See Figures 1-3 for details of time points.

2
Mean ± SEM, bolded values indicate ratio < 1.

Fertil Steril. Author manuscript; available in PMC 2011 March 15.


