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Abstract
Purpose To determine the effects of PGL1001, a somatostatin receptor isoform-2 (SSTR-2) antagonist, on ovarian follicle
development, oocyte fertilization, and subsequent embryo developmental potential in the rhesus macaque.
Methods Cycling female rhesus macaques (N = 8) received vehicle through one menstrual (control) cycle, followed by
daily injections of PGL1001, a SSTR-2 antagonist, for three menstrual (treatment) cycles. Main endpoints include
overall animal health and ovarian hormones (e.g., estradiol [E2], progesterone [P4], and anti-Müllerian hormone
[AMH]), ovarian circumference, numbers of oocytes and their maturation status following controlled ovarian stimu-
lation (COS), as well as oocyte fertilization and subsequent blastocyst rates that were assessed in control and
PGL1001 treatment cycles. Circulating PGL1001 levels were assessed at baseline as well as 6, 60, and 90 days
during treatment.
Results PGL1001 treatment did not impact overall animal health, menstrual cycle length, or circulating levels of ovarian
hormones (E2, P4, and AMH) in comparison to vehicle treatment during natural cycles. PGL1001 treatment increased
(p ˂ 0.05) ovarian circumference and the day 8 to day 1 ratio of AMH levels (p ˂ 0.05) during a COS protocol, as well as
oocyte fertilization rates compared to the vehicle treatment interval. Blastocyst development rates were not significantly different
between vehicle and PGL1001 treatment groups.
Conclusion Prolonged treatment with PGL1001 appears to be safe and does not affect rhesus macaque general health, menstrual
cycle length, or ovarian hormone production. Interestingly, PGL1001 treatment increased the fertilization rate of rhesus macaque
oocytes collected following ovarian stimulation.
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Introduction

Most studies support the idea that women are born with a
finite number of eggs (oocytes), which progressively de-
creases with age [1]. The vast majority of oocytes are present
in the form of primordial follicles, which are comprised of a
quiescent oocyte surrounded by a single layer of flattened,
non-dividing pre-granulosa cells. During each menstrual cy-
cle, multiple primordial follicles leave this quiescent state and
are irreversibly directed to undergo follicle growth and devel-
opment [2, 3].

Only one follicle typically becomes dominant and is des-
tined to ovulate in primates, whereas the subordinate follicles
are lost through the process of atresia. Current infertility treat-
ments rely on the use of exogenous gonadotropins (follicle-
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stimulating hormone, FSH; luteinizing hormone, LH) to stim-
ulate further growth and development of existing antral folli-
cles into large ovulatory follicles, which then can be aspirated
to collect oocytes for fertilization and embryo development
[4]. This strategy depends on sufficient numbers of growing
follicles that are responsive to exogenous FSH and LH.
Therefore, one of the rate-limiting steps in current infertility
treatments is the number of primordial follicles that transition
into FSH-responsive small antral follicles. In some women,
the size of the growing pool is very small, resulting in a limited
number of mature follicles available for aspiration. Other fac-
tors affecting the success of infertility treatments include oo-
cyte quality, which defines subsequent fertilization and em-
bryo development potential. Treatments that can stimulate pri-
mordial follicles to enter the growing stage or improve oocyte
quality would theoretically increase the number of mature and
fertilizable oocytes collected, as well as the likelihood of en-
hanced in vitro fertilization (IVF) and subsequent embryo
development rates.

Somatostatin (SST), also known as growth hormone-
inhibiting hormone, is a peptide hormone that is present in
multiple systems including the central nervous system, pitui-
tary, gastrointestinal tract, pancreas, thyroid, kidney, and ova-
ry [5]. SST not only inhibits the secretion of several exocrine
and endocrine hormones or peptides but also has anti-
proliferative and anti-angiogenic effects [5]. Therefore, SST
and synthetic analogues were evaluated as treatments for a
variety of neuroendocrine tumors [6, 7], diabetic complica-
tions [8], and polycystic liver disease [9] as well as polycystic
ovarian syndrome [10]. Five SST receptors (SSTR-1–5) were
identified, all of which are G protein-coupled receptors [11]
expressed in various tissues [12]. In the ovary, SSTR-2 and -5
are the major SSTR subtypes and were reported to be
expressed in bovine and human granulosa cells [12, 13], as
well as in oocytes and granulosa cells of primordial and grow-
ing follicles in rodents [14, 15].

Several studies have suggested a role of SST in ovarian
function, including inhibition of follicle recruitment [16], ste-
roidogenesis [17], and oocyte maturation [18], which may be
the result of increased rates of follicle atresia [19]. Systemic
SST treatment of rats during the peri-pubertal interval in-
creased the number of the primordial (non-growing) follicles
compared with untreated rats [16]. Conversely, blocking the
ability of SST to act through SSTR-2 using an SSTR-2 selec-
tive antagonist increased the follicle transition from the non-
growing pool into the growing pool in comparison to untreat-
ed mouse ovaries in vitro, suggesting a local control of SSTR
signaling on initial follicle recruitment [14]. Similarly, system-
ic SST treatment caused follicle atresia in all phases of
folliculogenesis, especially in large antral follicles [19],
whereas blocking ovarian SSTR-2 signaling using a siRNA
approach inhibited granulosa cell apoptosis in bovine primary
granulosa cells [13]. These studies suggest that SST inhibits

folliculogenesis and induces follicle atresia in rodents and
bovine and these actions can be reversed by blocking SSTR-
2 signaling, thereby promoting follicle recruitment and surviv-
al of growing follicles. Whether a similar effect of SSTR in-
hibition occurs in the primate ovary is unclear.

Female rhesus macaques and women share numerous sim-
ilarities with regard to reproductive physiology, including a 28-
day and mono-ovulatory menstrual cycle, comparable rates of
folliculogenesis, and hormone profiles (e.g., similar circulating
FSH, LH, estradiol [E2], and progesterone [P4] levels).
Moreover, both species respond similarly to ovarian stimula-
tion and have comparable IVF and embryonic development
(i.e., blastocyst formation) rates [20–22]. Additionally, rhesus
monkeys and humans share 99.7% sequence homology of the
SSTR-2 receptor. Thus, the goal of the current study is to
utilize the rhesus macaque to determine the effects of
PGL1001, an SSTR-2 antagonist, on primate ovarian follicle
development. Experiments were performed to evaluate wheth-
er systemic PGL1001 increases ovarian follicle recruitment,
which in turn leads to the growth and development of more
follicles following stimulation with exogenous hormones and a
greater number of mature oocytes available for fertilization.
Other endpoints include overall animal health and ovarian hor-
mone production as well as oocyte fertilization and subsequent
embryo developmental potential.

Materials and methods

Animals

The general care and housing of rhesus macaque monkeys
(Macaca mulatta) was provided by the Division of
Comparative Medicine at the Oregon National Primate
Research Center (ONPRC) as previously described [23].
Animals were pair-caged in a temperature-controlled (22 °C)
light-regulated (12L:12D) room and fed monkey chow twice a
day and water ad libitum. The studies were conducted accord-
ing to the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. All animal protocols and proce-
dures were approved by ONPRC’s Institutional Animal Care
and Use Committee.

Young adult female rhesus macaques (N = 8; 4.5–7.0 years
old) exhibiting regular menstrual cycles received vehicle and
PGL1001 treatments sequentially in a longitudinal study to
minimize inter-animal variability (Fig. 1). Beginning on day
(D) 1–3 of Cycle 1, animals received daily vehicle treatment
(subcutaneous [SC] q.d. sterile saline containing 0.001 N HCl
and 2% heat-inactivated monkey serum; vehicle, Veh). Cycle
D1 is defined as the first day of menses. All animals were
subjected to a controlled ovarian stimulation protocol (COS;
COS1) beginning of Cycle 2 and received no intervention in
Cycle 3 (rest cycle). Beginning on D1–3 of Cycle 4, a SSTR-2
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antagonist (PGL1001; Preglem SA, Geneva, Switzerland)
was administered SC daily at a dose of 0.4 mg/kg (dissolved
in 2% DMSO and vehicle) to each animal for three consecu-
tive months (Cycles 4–6). A second COS protocol (COS2)
was performed at the beginning of Cycle 7 (started D2 to D4
after onset of menses). Preliminary PK studies revealed that
both 0.4 and 2 mg/kg doses of PGL1001 are extremely well
tolerated and safe in cynomolgusmonkeys when administered
twice a day for 3 months (data not shown). No side effects
were observed. A 0.4 mg/kg dose of PGL1001 was selected
for this study and is within the range of well-tolerated doses
used in the cynomolgusmacaque study (data not shown). Data
for the previous Ki and IC50 studies in cynomolgus macaques
are provided in Supplemental Table 1.

Blood samples for hormone analyses were collected every
3 days starting on D1 of the menstrual cycle during Cycles 1
and 4–6, and every day throughout the COS protocol in Cycles
2 (no drug) and 7 (3 months of continuous drug exposure).
Additional blood samples were collected on D1 and D7 after
the start of PGL1001 treatment as well as at the end of Cycle 5
and Cycle 6 to measure PGL1001 plasma concentrations by
mass spectrometry (MPI Research, Mattawan, MI). In addi-
tion, menses and general animal well-being were monitored
daily. Complete blood count (CBC) and blood chemistry tests
were performed prior to (at the end of Cycle 3), during (D7 in
Cycle 4), and at the end of PGL1001 treatment in Cycle 6.

Controlled ovarian stimulation and follicle aspiration

The controlled ovarian stimulation (COS) and follicle aspiration
procedures were described previously [21, 24]. Briefly, begin-
ning D1–4 of menses, monkeys received recombinant human
(rh) FSH (30 IU, twice a day, IM) for 6 days, followed by
rhFSH and rhLH (30 IU each, twice a day, IM) for 2 days
(Merck & Co.-Organon, West Orange, NJ and Merck-Serono
Reproductive Biology Institute, Rockland, MA; respectively).
A GnRH antagonist (Antide, 1 mg/kg, SC; Salk Institute for
Biological Studies, La Jolla, CA) was administered when circu-
lating E2 levels were ˃ 150 pg/ml to prevent a spontaneous
ovulatory LH surge. On D8 of the COS protocol, a bolus of
human chorionic gonadotropin (hCG; 1000 IU; Novarel,
Ferring Pharmaceuticals, Parsippany, NJ) was administered to
induce meiotic progression of oocytes. Thirty-six hours post-
hCG, using a needle attached to a vacuum with pressure set at
80–120 mmHg, multiple antral follicles were aspirated by

laparoscopy into a TALP-HEPES buffered solution (Sigma-
Aldrich) with 0.3% bovine serum albumin (BSA, Sigma-
Aldrich). During surgical procedures, OHSU IACUC-approved
standard anesthesia protocols were carried out using ketamine,
lidocaine with 1% epinephrine, O2, isoflurane, bupivacaine HCl,
and buprenorphine, followed by a standard post-operative pro-
cedure using opioid analgesia (buprenorphine).

IVF and embryo culture

Following follicle aspiration, cumulus-oocyte-complexes
(COCs) were briefly exposed to 1% hyaluronidase (Sigma-
Aldrich) in TALP-HEPES with 0.3% BSA [24]. Cumulus-
free oocytes were collected and grouped into the following
meiotic stages: germinal vesicle (GV; failed to reinitiate mei-
osis), metaphase I (MI; GV breakdown), and metaphase II
(MII; mature, presence of a polar body). Standard IVF was
performed on all healthy oocytes as previously described [23,
24]. Briefly, oocytes were inseminated in 100-μl drops of
TALP + 0.3% BSAwith freshly collected sperm provided by
the ONPRCAssisted Reproductive Technologies (ART) Core
and cultured for 18 h. Oocytes/zygotes were then washed and
transferred into Global Media with 10% Protein Supplement
(LifeGlobal Group, LLC). Since IVF was performed instead
of intra-cytoplasmic sperm injection, the precise timing of
fertilization and the expected timing for the presence of
pronuclei were unpredictable. Therefore, evidence of the first
mitotic cell division (2-cell stage) was used as a measure of
fertilization at 36 h post-IVF [24]. Because traditional IVF is
performed in the current study, all collected healthy oocytes
regardless of their maturation stage at collection were incubat-
ed overnight in the presence of sperm. Thus, 36 h post-IVF,
zygotes that reached the 2-cell stage could be from fertilized
MII oocytes (MII stage at collection) or collected MI or GV
oocytes that reached theMII stage during IVF incubation. The
number of 2-cell embryos and unfertilized MII oocytes were
counted 36 h post-IVF. Embryos were cultured until blasto-
cyst formation (~ 8 days) or developmental arrest. Oocyte
maturation (MI + MII oocytes), fertilization (two-cell stage),
and blastocyst formation rates (%) were determined. Oocyte
maturation rate was calculated as the number of MI plus MII
oocytes divided by the total number of oocytes (MII, MI, GV,
and atretic) at oocyte collection. Fertilization rate was calcu-
lated as the number of 2-cell stage embryos divided by the
number of cleaved embryos plus unfertilized MII oocytes at

Fig. 1 Schematic of experimental
design and timeline
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36 h post-IVF. Blastocyst rate was calculated as the number of
blastocysts divided by the number of fertilized oocytes (i.e., 2-
cell embryos). To eliminate the effect of variable sperm qual-
ity from different donors on IVF and early embryonic devel-
opment, sperm from the same donor was used for insemina-
tion of oocytes collected from different COS cycles of the
same female rhesus macaque. In addition, each sperm donor
has at least two full days of rest between each semen
collection.

Ultrasound imaging

Ovarian ultrasound (US) was performed during Cycles 1–2
and 4–7 during early (D1–3; D1 being the first day of menses)
and late (D7–10) follicular phase as described previously [25]
using a GE Medical Systems Voluson 730 Expert Doppler
ultrasound instrument (GE Healthcare, Waukesha, WI) with
a 4D (3.3–9.1 MHz) and transabdominal probe. Ovarian size
was not assessed during each COS cycle due to the dramatic
increase in circumference that occurs as a consequence of the
growth of multiple follicles in response to exogenous gonad-
otropins. Ovarian size, defined as the circumference of the US
image with the longest axis [25], was measured using 4D
View software (GE Healthcare). Ovarian size as measured
by its circumference has been used for characterization of
follicle size and dynamics in rhesus macaque ovaries and
demonstrated to correlate with the number of antral follicles
as well as the number of oocytes collected following COS
protocol and oocyte aspiration [25]. Ovarian circumference
in each animal was calculated as the average of the left and
right ovary circumference at each time point.

Hormone analysis

Serum levels of E2, P4, and AMH were measured by the
ONPRC Endocrine Technologies Support Core [26]. E2 and
P4were analyzed using a Roche cobas e411 automated clinical
platform (Roche Diagnostics, Indianapolis, IN). The assay
ranges for the E2 and P4 assays were 5–4300 pg/ml and
0.030–60 ng/ml, respectively. Intra- and inter-assay coefficient
of variations (CV) for the steroid assays in the ETSC are con-
sistently less than 7%. AMH was measured using ELISAwith
a commercial kit (AL-105; AnshLabs, Webster, TX) based on
the manufacturer’s instructions [27]. Intra-assay CVs for AMH
ranged from 1.2 to 6.1% and inter-assay CV was 11.9% (n =
7). In addition, the ETSC includes an in-house nonhuman pri-
mate serum quality control pool with each assay.

Statistical analysis

Data are presented as the mean ± SEM. Statistical significance
was determined using one-way repeated measures ANOVA
and Student-Newman-Keuls post-hoc analysis (SigmaPlot

11.0; Systat Software, Inc., San Jose, CA, USA) for data com-
parison among different treatment time points. Two-way re-
peated measures ANOVA was performed for data with two
measurements within the same treatment time point (i.e., early
and late follicular phase). Difference was considered signifi-
cant when p < 0.05.

Results

PGL1001 plasma concentration and overall animal
health

The eight rhesus macaques assigned to the project completed
the entire study protocol (seven menstrual cycles). PGL1001
plasma levels increased during the treatment interval and
peaked at the end of cycle 6 (Supplemental Table 2).
Maximum PGL1001 levels ranged between 85.7 ng/ml
(73.6 nM) and 3200 ng/ml (2700 nM). All animals achieved
a final circulating PGL1001 level that was above its Ki value
6.4 nM. Throughout the study, all animals were monitored
closely by ONPRC veterinarians and trained animal care tech-
nicians daily, and no abnormalities were reported with regard
to their food intake and urine and feces output, as well as
activity and behavior. All animals also tolerated daily
vehicle/PGL1001 injections and showed no signs of inflam-
mation or negative outcomes at the injection site. No
PGL1001-dependent effects on CBC and blood chemistry pa-
rameters were observed (data not shown).

Menstrual cyclicity and ovarian hormone production

All animals had menstrual cycle lengths through the vehicle
treatment cycle that were similar to those from ONPRC his-
torical records (average = 27 ± 1 days; range = 23 to 34 days,
Fig. 2a). Through 3 cycles of PGL1001 treatment, the men-
strual cycle length did not differ (p ˃ 0.05) from that of the
vehicle cycle (Fig. 2a). A mid-cycle rise in E2 followed by
elevated P4, indicative of an ovulatory cycle, was observed in
all animals during the vehicle and subsequent PGL1001 treat-
ment cycles (cycles 4 through 6). Area under the curve assess-
ment of E2 and P4 production demonstrated that their levels
were not different (p ˃ 0.05) between vehicle and PGL1001
treatment cycles (Fig. 2b and c). When measured at early or
late follicular phase, serum AMH did not differ (p ˃ 0.05)
between the vehicle and any of the PGL1001 treatment cycles
(Fig. 2d). However, late follicular AMH levels were lower
(p ˂ 0.05) than those observed during the early follicular phase
in the vehicle and first cycle of PGL1001 treatment. A similar
trend (p ˂ 0.1) was observed in the second and third PGL1001
cycles (Fig. 2d).
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Determination of ovarian size by ultrasound imaging

Ovarian circumference during the early follicular phase in-
creased following one cycle of PGL1001 treatment (p ˂ 0.05,
Fig. 3a and b) and remained elevated after PGL1001 treatment
during the subsequent second and third natural menstrual cycle
relative to pretreatment (vehicle) measurements. An increase in
size among different treatment cycles was not observed when
ovaries were measured during late follicular phase, in which a
dominant follicle is often present and occupies a large portion
of the ovary (Fig. 3c). While ovarian size was not assessed
during each COS cycle, an example of the ovarian ultrasound
at the end of a COS cycle is illustrated in Fig. 2d, which
demonstrates the presence of multiple follicles in response to
exogenous gonadotropins (Fig. 3d).

Controlled ovarian stimulation: hormone production,
oocyte maturation, oocyte quantity, and embryonic
developmental potential

E2 levels were similar (p ˃ 0.05) during the first (vehicle) and
second (following PGL1001 treatment) COS cycles (Fig. 4a).
However, P4 levels were greater (p ˂ 0.05) on D3 (a trend was
noted on D6; p < 0.1) of the COS protocol in animals treated
with PGL1001 (COS2) relative to vehicle-treated animals un-
dergoing a COS protocol (COS1). On D9, 24 h after admin-
istration of an ovulatory bolus of hCG, P4 levels were lower
(p ˂ 0.05) following PGL treatment relative to the P4 values
observed during the vehicle COS cycle. D1 and D8 AMH
levels remain unchanged (p ˃ 0.05) during the COS protocol
after vehicle treatment (Fig. 4c). However, following

Fig. 2 Menstrual cyclicity and ovarian hormone production during
vehicle (Veh) and PGL1001 (PGL) treatment. Length (days) of the men-
strual cycle (a) as well as area under the curve values for E2 (b) and P4 (c)
was assessed during Veh treatment and through three menstrual cycles of
PGL treatment (first treatment cycle = PGL1; second treatment cycle =

PGL2; third treatment cycle = PGL3). AMH levels were assessed during
the early (D1–4) and late (D7–10) follicular phase of the Veh and each of
the PGL treatment menstrual cycles (d). Data are presented as mean ±
SEM. (*) indicate statistical significance (p ˂ 0.05) and (#) indicate a trend
towards statistical significance (p < 0.1) between treatment groups
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PGL1001 treatment for three menstrual cycles, D8 AMH
levels were elevated (p ˂ 0.05) compared to D1 values.

The total number of oocytes retrieved during the COS cy-
cle did not differ (p ˃ 0.05) following vehicle or PGL1001
treatment (Fig. 5a). When stratified into different maturational
stages (GV, MI, and MII), no difference was observed in the
number of GV oocytes obtained following vehicle or
PGL1001 treatment. However, the number of MII oocytes
was decreased (p ˂ 0.05), while there was a trend (p ˂ 0.1)
for increased numbers of MI oocytes obtained from the COS
following PGL1001 treatment relative to the COS protocol
performed after vehicle treatment (Fig. 5a). Together, the rate
of oocyte maturation remains similar (p ˃ 0.05) in COS cycles
following vehicle and PGL1001 treatment (Fig. 5c). The num-
bers of total oocytes retrieved varied among individual ani-
mals, reflecting previously reported inter-animal variability
[24] and did not correlate with PGL1001 plasma concentra-
tion (Supplemental Fig. 1).

Thirty-six hours after IVF, average numbers of 2-cell em-
bryos were 23.8 ± 3.7 and 24.5 ± 4.7 (p ˃ 0.05) in COS cycles
performed following vehicle and PGL1001 treatment, respec-
tively. Average numbers of uncleaved MII oocytes were 8.8 ±
1.4 and 4.4 ± 1.6 (p ˃ 0.05) in COS cycles performed follow-
ing vehicle and PGL1001 treatment, respectively. Even
though the total number of fertilized oocytes were not differ-
ent in vehicle and PGL1001 treatment cycles, fertilization rate
was greater (p ˂ 0.05) in oocytes obtained from the COS
performed after PGL1001 treatment in comparison to the
post-vehicle COS (Fig. 5c). In fact, seven out of eight animals
exhibited an increased fertilization rate after PGL1001

treatment compared to the vehicle cycle (Supplemental Fig.
2). Typically, macaque embryos reach the blastocyst stage 7–
8 days after fertilization [24]. Embryos that do not progress to
blastocysts arrest at an early cleavage stage (2–16 cells) or the
morula stage (Fig. 5b) of development. Blastocyst formation
rates remain similar (p ˃ 0.05) in COS cycles following vehi-
cle and PGL1001 treatment (Fig. 5c).

Discussion

In rodents, SST inhibits primordial follicle activation [16] and
blocking the action of SST using an SSTR-2 selective antag-
onist promotes the transition of follicles from the non-growing
into the growing pool [14]. In the current study, we hypothe-
sized that PGL1001, a SSTR-2 antagonist, would also in-
crease ovarian follicle recruitment in a nonhuman primate
model (i.e., rhesus macaques), leading to increased number
of follicles responsive to gonadotropins and ultimately higher
numbers of oocytes retrieved following ovarian stimulation.
Female rhesus macaques share similarities with women in
terms of reproductive physiology that makes them an excel-
lent preclinical model. Female macaques have a 28-day and
mono-ovulatory menstrual cycle, respond similarly to ovarian
stimulation, and have comparable IVF and embryonic devel-
opment outcomes when compared to those observed in wom-
en. This is the first report on the ovarian effects and overall
safety of long-term (three menstrual cycles) treatment with a
SSTR-2 antagonist, PGL1001, in primates. Our results dem-
onstrated that without altering general health or normal

Fig. 3 Ovarian circumference (cm) in natural menstrual cycles after ve-
hicle (Veh) and PGL1001 (PGL) treatment. The size of the ovary was
measured by ultrasound (a) during the Veh cycle, as well as after one
cycle (determined at the beginning of the second PGL cycle, PGL2), two
cycles (determined at the beginning of the third PGL cycle, PGL3), and
three PGL1001 treatment cycles (determined at the end of the third PGL
treatment cycle and just prior to the initiation of the second COS, COS2).

Data are presented as mean ± SEM. Different upper and lower case letters
represent significant differences (p ˂ 0.05) in D1–3 ultrasound (early
follicular phase) or D7–10 ultrasound (late follicular phase) measure-
ments between treatment groups, respectively. Ultrasound images of the
macaque ovary during early (b) and late (c) follicular phase as well as
during D7–10 of COS cycle (d). Scale bar = 1 cm
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Fig. 4 Circulating steroid levels
during controlled ovarian
stimulation (COS) protocols fol-
lowing vehicle (Veh; COS1) and
three cycles of PGL1001 treat-
ment (PGL; COS2). While daily
E2 levels remain similar during
COS1 and COS2 (a), P4 levels
were elevated on days 3, 6, and 9
during the COS protocol that oc-
curred following PGL treatment
(b). While unchanged in D1 and
D8 in COS1, AMH levels were
elevated on D8, compared to D1,
in COS2 (c). Data are presented as
mean ± SEM. (*) indicate statisti-
cal significance (p ˂ 0.05) and (#)

indicate a trend towards statistical
significance (p ˂ 0.1) between
treatment groups
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Fig. 5 Oocyte numbers,
maturation status, and
fertilization/blastocyst develop-
ment rates following COS proto-
cols performed prior to (vehicle
[Veh]) and after three menstrual
cycles of PGL1001 (PGL) treat-
ment. a While the total numbers
of oocytes were similar prior to
and after PGL treatment, the
mean number of MII oocytes de-
creased and the number of MI
oocytes exhibited an increasing
trend after PGL treatment. b
Representative picture of embry-
os of different developmental
stages on day 8 of culture. Scale
bar = 250 μm. c Compared to the
Veh treatment, maturation and
blastocyst formation rates remain
similar while the fertilization rate
demonstrated a significant in-
crease after PGL treatment. Data
are presented as mean ± SEM. (*)

indicate statistical significance
(p ˂ 0.05) and (#) indicate a trend
towards statistical significance
(p ˂ 0.1) when compared to the
Veh treatment groups
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menstrual and ovarian steroid hormone pattern, PGL1001 sig-
nificantly increased the fertilization rate of oocytes obtained
following controlled ovarian stimulation (COS). Additional
data obtained from this study also indicates that PGL1001
may affect the population of growing follicles.

Circulating PGL1001 accumulated over time, reaching its
peak level at the end of the three-cycle treatment and prior to
the post-treatment COS. Inter-animal variability of peak
PGL1001 levels was observed, although the reason remains
unclear. It is recognized that SST is capable of inhibiting the
secretion of a variety of exocrine and endocrine hormones or
peptides (i.e., growth hormone, thyroid stimulating hormone,
gastrointestinal hormones, insulin, and glucagon) [5]. Thus,
the potential exists for an SSTR antagonist to exhibit off-target
effects. However, PGL1001 did not affect overall animal
health and well-being or blood count/chemistry in any of the
animals, suggesting that PGL1001 does not significantly im-
pact non-reproductive tissues at the dosage tested in the cur-
rent study.

PGL1001 also did not alter the length of the natural
menstrual cycle or circulating levels of E2, P4, and AMH
through three consecutive cycles of treatment compared to
the vehicle treatment cycle. All animals exhibited normal
follicular and luteal phase length. The E2 peak prior to
ovulation as well as the P4 maximum during the luteal
phase was not different between vehicle and PGL1001
treatment cycles. AMH is produced by granulosa cells of
growing ovarian follicles [28, 29] and its production in-
creases as follicles transition from the preantral to the small
antral stage and then decreases as follicles progress to the
preovulatory stage [27]. In women, serum AMH level is
considered to be a predictor of the size of the growing
follicle pool. In the current study, serum AMH during early
or late follicular phase did not differ between the vehicle
and any of the subsequent PGL1001 treatment cycles.
However, AMH levels during the late follicular phase were
lower than what was observed during the early follicular
phase in the vehicle and the first PGL cycle. A similar
trend was observed in the second PGL and third PGL cy-
cles. This reduction could be explained by decreased num-
bers of small antral follicles as a consequence of dominant
follicle selection during the late follicular phase.
Interestingly, ovarian circumference during early follicular
phase was 36%, 39%, and 50% greater following one, two,
and three menstrual cycles of PGL1001 treatment, respec-
tively, relative to the baseline measurement in the vehicle
cycle. This modest increase in ovarian size during
PGL1001 cycles may be a consequence of prior ovarian
stimulation following the vehicle treatment and/or in-
creased follicle recruitment to the growing pool.

During the COS protocols, daily E2 levels were similar
between post-vehicle and post-PGL1001 treatments.
However, after PGL1001 treatment, P4 serum levels were

slightly increased prior to hCG, but decreased after hCG, in
comparison to those observed in the vehicle COS cycle. The
cause for the differential changes in P4 levels pre- and post-
hCG is unclear. Silencing of SSTR-2 expression was reported
to increase P4 production in bovine primary granulosa cells by
enhancing mRNA levels of steroidogenic acute regulatory
protein (STAR) and CYP11A1 without altering aromatase ex-
pression or estradiol production [13]. Another study demon-
strated that while SST treatment decreased P4 secretion in
luteinized human granulosa cells, it stimulated P4 production
when treated in combination of hCG [30]. Regardless, the
changes in P4 levels during the COS protocol observed in
the current study did not correlate with the number of stimu-
lated follicles or oocytes retrieved. Serum AMH levels on
days 1 and 8 during COS remain unchanged post-vehicle
treatment. AMH levels were significantly elevated on day 8
of the COS protocol performed following three cycles of
PGL1001 treatment compared to levels 1 day after the initia-
tion of the COS protocol. In contrast, a significant increase at
day 8 versus day 1 of the COS protocol was not observed post-
vehicle treatment. It is possible that after PGL1001 treatment,
the number of preantral follicles is increased and upon FSH
stimulation, they become early/small antral follicles and con-
tribute to higher AMH levels. However, these early/small an-
tral follicles at D8 of COS are potentially too small/immature
and thus are not likely to be collected during follicle
aspiration.

No difference was observed in the number of total and GV
oocytes collected during COS cycles after vehicle and
PGL1001 treatment. While this seems to suggest that
PGL1001 did not affect the size of the growing follicle pool,
it is possible that 3-month PGL1001 treatment promoted
primordial-to-preantral follicle growth (increased AMH levels
and ovarian size) but did not increase the number of small
antral follicles that would contribute to the number of oocyte
retrieved following COS. In primates, the time for primordial
follicles to reach the antral stage is not well defined. However,
it is hypothesized that this time is probably close to 6 months
[1, 31]. Interestingly, there seems to be a shift fromMII to MI
oocytes aspirated from animals following the PGL1001 treat-
ment in comparison to the vehicle treatment. The reason for
this shift in oocyte maturation status is presently unclear and
requires additional studies. The maintenance of meiotic arrest
within oocytes, keeping the oocytes from reaching the mature/
MII stage, requires high levels of cAMP [32]. Therefore, it is
possible that blocking SSTR-2 signaling increases levels of
cAMP, as was demonstrated in cultured granulosa cells [13],
which subsequently inhibits the progression towards the MII
stage in oocytes. After PGL1001 treatment, the number of
oocytes aspirated, as well as oocyte maturation (MII + MI)
and blastocyst formation rates, remained similar to what was
observed following vehicle treatment. Intriguingly, the fertili-
zation rate, as measured by early embryo cleavage, was
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significantly increased in oocytes collected after PGL1001
treatment in comparison to the vehicle cycle. PGL1001, a
synthetic peptide, appeared to have a long half-life which
accounts for its accumulation and peak circulating value at
the end of treatment. Thus, while animals were not treated
with PGL1001 during COS, PGL1001 is expected to be pres-
ent in circulation during the COS cycle. The reason for the
increased fertilization rate following PGL1001 treatment is
unclear and warrants further investigation.

The COS protocol used in the current study is optimized to
collect a maximum number of oocytes per stimulation cycle.
In addition, this study employed young female rhesus ma-
caques that are most likely to have a large ovarian reserve.
Future studies that include using aging monkeys with limited
ovarian reserve may provide insight into whether PGL1001
treatment would increase pregnancy outcomes in women of
advanced reproductive age or those with a limited primordial
follicle reserve. For example, rhesus macaques with an age
range of 14–17 would be appropriate to use as a model similar
to women in the age group of 35–43. Similarly, combining
PGL1001 treatment with a Bmilder^ COS (i.e., suboptimal
gonadotropin treatment) would help establish the ability of
an SSTR-2 antagonist to promote the development of greater
numbers of preovulatory follicles. Lastly, in the current study,
it is unclear whether it is a direct effect of PGL1001 on follicle
recruitment, the periovulatory follicle, the cumulus-oocyte
complex, or the oocyte itself that promotes fertilization.
Thus, the site of action by PGL1001 will also be examined
in future studies.

Conclusions

Prolonged treatment of PGL1001 appears to be safe with-
out affecting normal menstrual patterns or ovarian hor-
mone production. In addition, PGL1001 has the potential
to improve fertilization rate of oocytes collected following
ovarian stimulation. Future studies on mechanisms and the
site of PGL1001 action is required to determine possible
clinical applications of PGL1001 to improve outcomes of
current infertility treatment in Assisted Reproductive
Technology.
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