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Despite the documented importance of the protein hormone re-
laxin in reproduction in various mammalian species, the role of
relaxin in human reproduction is poorly understood, largely be-
cause of the lack of studies in women or in suitable non-human
primate models. Here we describe the establishment of a non-
human primate model of early human pregnancy and its use in
defining the actions of relaxin. Results demonstrate that relaxin
exerts dramatic uterine effects including pronounced increase in
uterine weight and stimulation of endometrial angiogenesis and
resident endometrial lymphocyte number. In addition, relaxin
decreases endometrial levels of matrix metalloproteinases 1 and 3
and increases levels of their endogenous inhibitor, tissue inhibitor
of metalloproteinase 1, resulting in maintenance of endometrial
collagen content. Relaxin significantly inhibits endometrial levels
of estrogen receptor «, but not B, and of progesterone receptor
isoforms A and B. The findings that relaxin stimulates new blood
vessel formation and increases cytokine-containing lymphocyte
number while maintaining endometrial connective tissue integrity
are consistent with a significant role of relaxin in the establishment
and/or maintenance of early pregnancy.

elaxin is a 6-kDa protein hormone member of the insulin-

like growth factor family present in circulation in women
during the latter part of the menstrual cycle and throughout
pregnancy (1). In many mammalian species, relaxin exerts
pronounced effects on the female reproductive tract that are
involved in the maintenance of pregnancy and successful par-
turition (2, 3). Relaxin is important for normal delivery in several
mammalian species because of its marked rearrangement of
reproductive tract connective tissue (2-4). Despite the docu-
mented importance of relaxin in various mammalian species, the
role of relaxin in human reproduction is, to date, an important,
yet unanswered, question. Elucidation of the role of relaxin in
women has been hampered by the inability to perform studies in
women and by the lack of studies performed in suitable primate
models of human pregnancy. Here we describe the establishment
of a non-human primate model of early human pregnancy and
its use in defining the actions of relaxin. Results demonstrate
that relaxin exerts dramatic uterine effects including pronounced
increase in uterine weight, stimulation of endometrial angiogen-
esis and resident lymphocyte number, maintenance of endome-
trial connective tissue integrity, and inhibition of endometrial
estrogen and progesterone action. These effects are the devel-
opmental changes that occur in the human uterus during the late
secretory phase of the menstrual cycle and early pregnancy.
These findings support the thesis that relaxin acts as an impor-
tant factor in uterine accommodation to and maintenance of
early pregnancy in women.

The dramatic species differences in the sources, secretion pat-
terns, and target organs of relaxin have contributed greatly to the
lack of understanding of the role of relaxin in human reproductive
physiology. Results from various studies demonstrate that in ro-
dents the ovary is the source of circulating relaxin, which in these
species is secreted only during the second half of pregnancy (5, 6).
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Several studies provide evidence that in rats there is a major
prelabor surge in circulating relaxin levels, and relaxin appears to
be critical for cervical dilation (4, 6). Relaxin is necessary for normal
delivery in pigs, which also have a major prepartum relaxin surge
not seen in primates (7-9). In horses and rabbits, the placenta is the
major source of relaxin, not the ovary (2, 3, 10). In rodents and
guinea pigs, relaxin significantly increases the intrapubic ligament
to enlarge the diameter of the pubis (2-4). This is not seen in
primates (2, 8, 9).

In women, the source of circulating relaxin is the ovarian corpus
luteum (11). Relaxin is detectable in maternal circulation during the
late luteal phase of the menstrual cycle. Relaxin in peripheral
plasma is detected ~9 days after ovulation in normal women in
nonconception cycles. In conception cycles, circulating levels of
relaxin continue to rise to reach levels of ~1 ng/ml in the first
trimester. Levels drop ~20% at the end of the first trimester and
are then maintained throughout the pregnancy (1, 12, 13).

Recent data demonstrate that, in women, the endometrium
also synthesizes relaxin. Relaxin-specific mRNA is detected in
human endometrial stromal and glandular epithelial cells, and
relaxin protein is secreted into the medium taken from primary
cultures of these cell types (14). A role for relaxin in human
endometrial function is also supported by findings that relaxin
binds specifically and with high affinity to human endometrial
cells (15). In addition, a large body of evidence exists to
demonstrate that relaxin has definitive effects on human endo-
metrial cells in vitro (14, 16-27). Relaxin stimulates production
of several endometrial products including prolactin, glycodelin,
insulin-like growth factor binding protein 1 (IGFBP-1) and
vascular endothelial growth factor in progestin-primed human
endometrial cells in vitro. Despite these findings, to our knowl-
edge, no in vivo physiological studies had been performed to
determine the effects of relaxin in a non-human primate model
of human pregnancy.

In this work, ovariectomized rhesus monkeys were given
exogenous estradiol and progesterone in a manner that simu-
lated a human menstrual cycle. Animals were then randomized
to two groups. One group was given exogenous human relaxin
in amounts that achieved physiological circulating levels equiv-
alent to those detected in early human pregnancy; the other
group was given vehicle only. This model insured that relaxin was
the only independent variable. Relaxin significantly stimulated
uterine weight, endometrial lymphocyte and arteriole number,
and tissue inhibitor of metalloproteinase 1 (TIMP-1) levels.
Relaxin significantly inhibited endometrial levels of estrogen
receptor «, both isoforms of the progesterone receptor, and
matrix metalloproteinases (MMPs) 1 and 3. Thus, relaxin acts as
a significant factor in the establishment and/or maintenance of
early pregnancy.

Abbreviations: TIMP, tissue inhibitor of metalloproteinase; MMP, matrix metal-
loproteinase; proMMP-1, procollagenase; proMMP-3, prostromelysin.
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Table 1. Circulating levels of estradiol, progesterone, and relaxin
in study monkeys

Estradiol, pg/ml Progesterone, ng/ml Relaxin, ng/ml

Day C R C R R

7 9% +8 7712 23+04 1.8 0.3 <0.05
21 708 84+12 21.1*x20 237=*29 <0.05
24 53+4 62+13 167*25 19426 0.71 =04
28 62+8 61x8 18925 196=17 0.56 = 0.1
31 535 59*x11 173%3.1 193=x28 0.64 + 0.1
35 502 57*6 175+36 17.2+13 0.70 = 0.2
38 60+x7 56+18 167=*x3.1 169=1.0 0.90 = 0.1
42 68+7 62+21 175x23 179=*3.1 1.06 = 0.1

Mean *+ SEM values for the four monkeys in the control (C; i.e., vehicle-
treated) and relaxin-treated (R) groups are shown for the days of the protocol
indicated. Note that the values for days 7 and 21 are pre-relaxin treatment.
Circulating levels for relaxin in the control group were <0.05 at each day
shown.

Materials and Methods

Animal Protocol. All animal work was performed at the Center for
Research in Reproductive Physiology at the University of Pitts-
burgh School of Medicine. The protocol was approved by the
University of Pittsburgh Institutional Animal Care and Use
Committee. A monkey model of early human pregnancy was
constructed and used in this study. Mature, virgin, female rhesus
monkeys (Macaca mulatta; n = 8) were ovariectomized during
the mid-luteal phase of the menstrual cycle. Seven days after
ovariectomy, animals were implanted s.c. with Silastic capsules
containing crystalline estradiol; 14 days later, animals received
Silastic capsules containing crystalline progesterone to achieve
concentrations that simulated the steroidal environment of early
pregnancy. Seven days after insertion of the progesterone im-
plants, animals were randomized to two groups that received
daily s.c. injections of 0.5 ml with either (i) 150 ug of human H2
relaxin (kindly provided by Genentech) in 50% (wt/vol) poly-
vinylpyrrolidone (PVP) (relaxin-treated group) or (ii) PVP
(control, vehicle-treated group) starting on day 21 for 21 days.
Blood samples were collected by femoral venipuncture while
animals were sedated with ketamine hydrochloride on the days
indicated in Table 1. Sera were separated and assayed for
estradiol, progesterone, and relaxin levels by specific immuno-
assays. After 21 days of relaxin (or vehicle) treatment, animals
were killed. The entire uterus was removed from each animal
and weighed. Tissues were retained for histological and bio-
chemical analyses.

Hormone Assays. Circulating estradiol and progesterone concen-
trations were measured by RIA using reagents obtained com-
mercially (Coat-A-Count, Diagnostic Products, Los Angeles).
The intra- and interassay coefficients of variation for the estra-
diol assay were 4.3% and 8.9%, respectively, and those for the
progesterone assay were 4.0% and 5.6%, respectively. Concen-
trations of human relaxin in serum were measured by using
a human relaxin-specific RIA described previously (28), which
employs H2 human relaxin protein as standard, a rabbit poly-
clonal anti-human H2 relaxin antibody, and '’I-labeled H2
human relaxin as radioligand. The sensitivity of the assay was
10-25 pg per tube. The intra- and interassay coefficients of
variation were 4.3% (n = 12 observations) and 11.8% (n = 13
assays), respectively. The assay was validated for accurate mea-
surement of human relaxin in monkey serum.

Morphological Analyses. Tissues were fixed in 10% neutral buff-

ered formalin and embedded in paraffin. Sections were depar-
affinized and rehydrated in graded ethanols. Hematoxylin/
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eosin-stained sections were viewed under light microscopy by
two independent investigators in a blinded and randomized
fashion. Sections were stained with Masson’s trichrome stain to
assess the effect of relaxin on the abundance of collagen
expression. At least three sections of uterus per animal were
assessed; for each section at least five fields were evaluated.
Quantitative morphometric determinations of lymphocyte num-
ber, arteriole number, epithelial cell number, stromal area,
and stromal collagen abundance were performed by using a
Leitz DMRB microscope and Leica QUANTIMET 500+ image
analysis system using IMAGEPRO PLUS software as previously
described.**

Western Blot Analyses. Western blot analyses employing specific,
well characterized primary antibodies and semiquantitative
methods described previously (29, 30) were used to determine
expression of the steroid hormone receptors, MMPs, and
TIMP-1. Mouse monoclonal antibodies to human procollage-
nase (proMMP-1) (Ab-1), human prostromelysin (proMMP-3)
(Ab-1), and human TIMP-1 (Ab-1), human estrogen receptor «
(GR17), human estrogen receptor 8 (GR39), pure proMMP-1,
proMMP-3, and TIMP-1 proteins and peroxidase-conjugated
goat anti-mouse IgG and IgM were from Calbiochem/Oncogene
Research Products. Mouse monoclonal antibody to estrogen
receptor a (1D5) was obtained from DAKO. Rabbit polyclonal
anti-human estrogen receptor 8 antibody (PA1-311) was from
Affinity Bioreagents (Golden, CO). Pure estrogen receptor o
and B proteins were from Panvera (Madison, WI). Mouse
monoclonal antibody 1294 and pure progesterone receptor B
and A proteins were used (31). Anti-peroxidase-conjugated
affinity-purified anti-rabbit IgG was from Rockland (Gilberts-
ville, PA). Poly(vinylidene fluoride) (PVDF) membranes and
electrophoresis reagents were from Sigma—Aldrich. Enhanced
chemiluminescence reagents were purchased from Amersham
Pharmacia.

Tissues were homogenized in modified radioimmunoprecipi-
tation assay (RIPA) buffer, 1% SDS, and protease-inhibitor
cocktail (Boehringer Mannheim; 1 tablet per 10 ml), for 1 min
by using a Polytron homogenizer; homogenates were clarified by
centrifugation at 4°C at 16,000 X g for 15 min, and supernatants
were electrophoresed on SDS/PAGE gels. For assessment of
nuclear receptors, tissues were extracted with high-salt buffer to
solubilize nuclear proteins. Broad-range kaleidoscope molecular
weight markers were used to estimate molecular weights. Pure
proteins were used as positive controls. Extracts from monkey
negative control tissues were prepared in the same manner and
used as negative controls. Proteins were electroblotted onto
polyvinylidene fluoride (PVDF) membranes, which were then
blocked, washed, and incubated with primary antibody. Blots
were then washed and incubated with horseradish peroxidase-
conjugated secondary antibody. Subsequently, the blots were
washed three times with Tris-buffered saline Tween 20 over a
30-min period and developed by the enhanced chemilumines-
cence method. Intensities of the signals obtained on developed
films were determined with a computing densitometer (model
300B, Molecular Dynamics) by using the volume-integration
method with appropriate corrections for background absorption,
as we have described previously (29, 30). Samples from all
monkeys were run on the same blot. For each protein assessed,
verification was made that the intensity of the signal in each band
increased in the same linear fashion as the increase in the
amount of sample protein loaded.

**Lambert, W. C., Lapidus, A. & Kuo, H.-R. (1997) Blood 91, 59 (abstr.).
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Table 2. Body and uterine weights in study monkeys

Control group

Relaxin-treated group

Mean Mean
(=SEM) (+=SEM)
Animal 1 2 3 4 5 6 7 8
Body weight, kg 5.8 4.9 7.4 5.6 5.9 (0.53) 9.1 6.5 5.7 4.6 6.5 (0.95)
Uterine weight, g 12.36 12.81 9.87 12.86 11.98 (0.71) 27.21 19.13 14.93 12.95 18.56 (3.15)

Body weight, P = 0.79. Uterine weight, P = 0.014.

Statistical Analyses. Rank sum tests for group comparisons were
performed with exact one-tailed P values computed. P values <
0.05 were considered significant.

Results

Hormone Levels. Mean circulating levels of the steroid hormones
and relaxin are shown in Table 1. Circulating levels of estradiol
and progesterone approximated those seen during early preg-
nancy. Injections of relaxin achieved circulating relaxin levels
ranging from 0.56 to 1.06 ng/ml, approximately the same as
levels previously detected during early human pregnancy (1).

Relaxin Stimulates Uterine Weight. A pronounced effect of relaxin
on uterine weight was observed. The body and uterine weights
of all animals are shown in Table 2. At the time of removal of
the uteri (performed by investigators blinded to the treatment
group), a markedly increased uterine size and weight were
apparent in a set of animals later revealed to be the relaxin-
treated group. The difference in uterine weights between the two
groups was highly significant (P = 0.014). In contrast, body
weights did not differ (P = 0.79).

Relaxin Effects on Histology. The endometria of the control animals
revealed the histological appearance of a secretory phase endome-
trium, as expected in view of the estradiol and progesterone levels
achieved. Endometria of the relaxin-treated monkeys resembled a
generally more decidualized morphology. To determine whether
relaxin had any effect on endometrial and/or stromal cell prolif-
eration, the number of epithelial cells and the stromal area were
determined in hematoxylin/eosin-stained sections from each ani-
mal. No differences between the two groups of monkeys in either
the number of epithelial cells per unit area or stromal area were
detected (data not shown). Assessment of Masson’s trichrome-
stained sections revealed no differences in the relative stromal area
stained for collagen in the relaxin-treated animals from those in the
control group (data not shown).

Relaxin Increases Endometrial Lymphocyte and Arteriole Number.
The endometria of the relaxin-treated animals had a significantly
greater number of lymphocytes (Fig. 14). Quantitative assess-
ment revealed that the number of endometrial lymphocytes for
the relaxin-treated animals [mean = 64.1 = 5.5 cells per 100,000
pm? (£SEM)] was significantly higher than that for the control
animals (mean = 34.7 £ 8.6) (P = 0.03). The endometria of the
relaxin-treated animals had a greater number of arterioles (Fig.
1B). The number of endometrial arterioles for all animals in the
relaxin-treated group [mean = 9.87 = 3.12 per 100,000 um?
(=SEM)] was significantly higher than that for all animals in the
control group (mean = 2.94 = 0.25) (P = 0.014).

Relaxin Inhibits Endometrial Estrogen Receptor « but Does Not Affect
Estrogen Receptor 8. Endometrial levels of estrogen receptor « in
relaxin-treated monkeys were significantly lower (P = 0.01) than
those in control monkeys (Fig. 2 Upper Left). Repeated Western
analyses showed virtually identical inhibitory effects of relaxin.
The use of three different estrogen receptor « antibodies showed
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similar results. In contrast, relaxin had no effect on endometrial
estrogen receptor 3 levels (P = 0.11) (Fig. 2 Upper Right). The
use of two different estrogen receptor 8 antibodies showed the
same results.

Relaxin Inhibits Endometrial Progesterone Receptors B and A. Endo-
metrial levels of progesterone receptor B and A isoforms were
significantly lower in the relaxin-treated animals (P = 0.01 and
P = 0.03, respectively) than those in the control animals (Fig. 2
Lower).

Relaxin Negatively Regulates Endometrial MMP Expression. Endo-
metrial levels of proMMP-1 were significantly lower in the
relaxin-treated animals (P = 0.01) (Fig. 3 Upper Left). Endo-
metrial levels of proMMP-3 were also significantly lower in the
relaxin-treated animals (P = 0.01) (Fig. 3 Upper Right). In
contrast, levels of TIMP-1 were significantly increased in relaxin-
treated animals (P = 0.01) (Fig. 3 Lower).

Discussion

These results demonstrate that relaxin has pronounced in vivo
effects on the primate uterus. The combination of effects demon-
strated, consisting of increased uterine weight, stimulation of en-
dometrial lymphocyte and arteriole number, and inhibition of
steroid hormone receptor and MMP expression, suggests an im-
portant role for relaxin in the establishment and/or maintenance of
early pregnancy and provides specific mechanisms responsible. The
increased availability of cells that produce cytokines and other
biochemical factors involved in pregnancy maintenance and labor
induction, in concert with effects that cause a potential hyperemia,
are mechanisms by which relaxin exerts its influence. Increased
endometrial vascularization in association with the dramatic inhi-
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Fig. 1. The effects of relaxin on monkey endometrial lymphocyte (A) and
arteriole (B) number. Morphological assessments were performed as de-
scribed in Materials and Methods. Each bar shows the mean value for one
animal in either the control (open bar) or relaxin-treated (filled bar) group; at
least five fields for each of at least three uterine sections per animal were
assessed.
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Fig. 2. The effects of relaxin on monkey endometrial estrogen receptor «
(Upper Left) and B (Upper Right) and progesterone receptor B (Lower Left)
and A (Lower Right) expression. Western blot analyses were performed by
using endometrial tissue from each monkey as described in Materials and
Methods. Densitometric values from a representative blot are shown. Each bar
shows the value for one animal in either the control (open bar) or relaxin-
treated (filled bar) group.

bition of MMP expression, allowing maintenance of connective
tissue integrity, provides evidence for relaxin’s important role in
endometrial support.

Hisaw and coworkers (32, 33) performed the first studies to
suggest that relaxin affects endometrial vascularization. The
results of these earlier studies, also in the rhesus monkey,
suggested that relaxin induces proliferation of endothelial cells
of endometrial blood vessels and dilatation of superficial endo-
metrial blood vessels (33). Animals in which administration of
relaxin-containing extracts was discontinued but steroid treat-
ment was maintained showed reduced endothelial proliferation
and dilatation (32). Thus, relaxin seemed necessary to maintain
endothelial proliferation and vascular dilatation in the endome-
trium of the rhesus monkey. These pioneering studies had severe
limitations: relaxin-containing extracts were administered rather
than pure hormone, which was not available at that time. To our
knowledge, until the present investigations were performed, no
additional studies to assess the effects of relaxin on non-human
primate endometrium in vivo had been performed. Clinical trials
performed in women to determine the efficacy of relaxin for
treatment of systemic sclerosis (34) revealed that, as reported by
Unemori and colleagues (27), administration of relaxin at doses
that achieved circulating levels between 2.0 and 83.3 ng/ml was
associated with menometrorrhagia in 72% of the subjects,
compared with an incidence of 15% in the control group.

Results from various studies provide abundant evidence that
relaxin is a potent regulator of the differentiated function of

4688 | www.pnas.org/cgi/doi/10.1073/pnas.0400776101

roMMP-1 roMMP-
2000 — P 300 — P 3
1600 250+
2004l I~
1200—
150
800
100—
400 — 50—
Z 0 0
5
2 Animal#1 2 3 4 5678 Animal#12 34 5678
3 Control Relaxin Control Relaxin
g Group Group Group Group
.g
s TIMP-1
&  4000—
3200 —
2400 —
1600 —
800 —
0
Animal #1 2 3 4 5678
Control Relaxin
Group Group

Fig. 3. The effects of relaxin on proMMP-1 (Upper Left), proMMP-3 (Upper
Right), and TIMP-1 (Lower) expression. Data are expressed as in Fig. 2.

human endometrial cells in vitro (14, 16-27). Relaxin stimulates
the production of prolactin (16, 17, 19), insulin-like growth factor
(18), and insulin-like growth factor binding protein 1 (IGFBP-1)
(19), in progestin-primed endometrial stromal cells. Because
prolactin and IGFBP-1 are considered the major secretory
proteins of decidual cells (21), induction of the expression of
these secretory proteins has been widely used as a biochemical
marker of decidualization of endometrial stromal cells in vitro
(22). Detailed studies of the regulation of IGFBP-1 promoter
activity in endometrial stromal cells demonstrate that relaxin,
not progesterone, is the major inducer of IGFBP-1 gene tran-
scription (20). Thus, relaxin seems to be a powerful regulator of
human endometrial decidualization, at least as influential as
progesterone, if not more so. No evidence of secretory activity
was shown by cells treated with only progesterone and estradiol,
although secretory activity appears to be a prominent feature of
decidualized endometrial stromal cells in vivo (21). Cells in the
stromal cultures that were treated with relaxin in addition to
progestin exhibited ultrastructural features characteristic of se-
cretory cells. Thus, in stromal cell cultures, progesterone alone
seems to be inadequate for the induction of full cellular function;
relaxin is necessary as well.

The present data demonstrate that relaxin significantly inhibits
endometrial levels of estrogen receptor «, but not 3, and of both
progesterone receptor isoforms. Various studies demonstrate the
decline in endometrial estrogen receptor «a and progesterone
receptor isoforms during the secretory phase of the human men-
strual cycle (35, 36). Moreover, recent data suggest that the lack of
this decline may be associated with an inability to become pregnant.
Because relaxin levels rise during the late secretory phase, even in
nonconceptive cycles (13), we now can hypothesize that relaxin may

Goldsmith et al.
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be responsible for the decline in endometrial expression of estrogen
receptor o and progesterone receptors B and A.

Consistent with results from previous in vitro studies of human
endometrial cells, relaxin negatively regulates endometrial MMP
expression in the rhesus monkey in vivo. The present data demon-
strate that relaxin significantly inhibits endometrial proMMP-1 and
proMMP-3 and significantly stimulates levels of the endogenous
inhibitor TIMP-1. Clearly, the effects of relaxin on MMP expression
vary with cell/tissue type, negative regulation by relaxin in endo-
metrial cells, in distinct contrast to the positive regulatory effect of
relaxin on MMP expression in cervical and other types of fibroblasts
(30, 37). Relaxin is an important agent in the remodeling of
connective tissue in several reproductive tract tissues (2—-4). Relaxin
markedly modulates the connective tissue phenotype of human
fibroblasts of several target organs. No previous studies have
determined the effects of relaxin in the modulation of endometrial
connective tissue in vivo despite considerable evidence that endo-
metrial maturation involves remodeling of the interstitial extracel-
lular matrix (38, 39).

Our previous studies (14) and those of Unemori et al. (27)
have demonstrated that relaxin stimulates expression of endo-
metrial vascular endothelial growth factor, suggesting a role for
relaxin in endometrial angiogenesis. Our data shown here,
demonstrating an increase in endometrial arteriole number,
support this concept. The present demonstration that relaxin
negatively regulates endometrial MMP levels suggests its role is
in the maintenance of pregnancy, rather than menstruation,
which could have been implied from the angiogenesis data alone.
In concert with prior results, these data now suggest an impor-
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tant role for relaxin in early pregnancy maintenance. Other data
demonstrate that progesterone also inhibits endometrial
proMMP-1 expression (40, 41). However, because endometrial
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phase, the action of relaxin may be critical to early pregnancy
maintenance. It is clear that menstrual tissue breakdown is
initiated by MMPs (42). In the endometrium, TIMPs, the
endogenous inhibitors of MMP activity, are not regulated by
ovarian steroids or cytokines (39, 40). Our finding that relaxin
stimulates endometrial TIMP-1 points again to the importance
of relaxin in early pregnancy maintenance.

In summary, the findings presented here support the thesis that
relaxin causes the secretory phase remodeling of the primate
endometrium, needed to support the establishment and mainte-
nance of early pregnancy. Relaxin now can be considered an
important regulator of endometrial development via mechanisms
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esis, maintenance of endometrial connective tissue integrity, and
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