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The ovarian peptide hormone, relaxin,
circulates during pregnancy, contributing
to profound maternal vasodilation
through endothelial and nitric oxide
(NO)–dependent mechanisms. Circulat-
ing numbers of bone marrow–derived en-
dothelial cells (BMDECs), which facilitate
angiogenesis and contribute to repair of
vascular endothelium, increase during
pregnancy. Thus, we hypothesized that
relaxin enhances BMDEC NO production,
circulating numbers, and function. Re-
combinant human relaxin-2 (rhRLX)

stimulated PI3K/Akt B-dependent NO pro-
duction in human BMDECs within min-
utes, and activated BMDEC migration that
was inhibited by L-NG-nitroarginine methyl
ester. In BMDECs isolated from relaxin/
insulin-like family peptide receptor 2 gene
(Rxfp2) knockout and wild-type mice, but
not Rxfp1 knockout mice, rhRLX rapidly
increased NO production. Similarly, rhRLX
increased circulating BMDEC number in
Rxfp2 knockout and wild-type mice, but
not Rxfp1 knockout mice as assessed by
colony formation and flow cytometry.

Taken together, these results indicate that
relaxin effects BMDEC function through
the RXFP1 receptor. Finally, both vascular-
ization and incorporation of GFP-labeled
BMDECs were stimulated in rhRLX-
impregnated Matrigel pellets implanted in
mice. To conclude, relaxin is a novel
regulator of BMDECs number and func-
tion, which has implications for angiogen-
esis and vascular remodeling in preg-
nancy, as well as therapeutic potential in
vascular disease. (Blood. 2012;119(2):
629-636)

Introduction

Dramatic changes in systemic and renal hemodynamics occur during
pregnancy. There is a marked decrease in systemic vascular resistance
and reciprocal increases in cardiac output and global arterial compli-
ance, accompanied by a modest decline in mean arterial pressure. The
renal circulation participates in this maternal vasodilatory response;
consequently, renal plasma flow and glomerular filtration rate rise by
80% and 50%, respectively.Although understanding of the mechanisms
underlying these maternal adaptations to pregnancy is incomplete, there
is increasing evidence that the ovarian peptide hormone relaxin plays a
key role.1 Originally isolated from the ovary by Hisaw,2 relaxin was
named for its ability to relax the pubis symphysis in some species. In
nonhuman primates, it was subsequently shown by the same investiga-
tors to cause morphologic changes in endothelial cells of endometrial
blood vessels consistent with hypertrophy and hyperplasia, and enlarge-
ment of arterioles and capillaries.3

Humans have 3 relaxin genes, designated relaxin-1, -2, and -3.4 Rats
and mice each have 2 relaxin genes designated relaxin-1 and -3. Human
relaxin-2, as well as rat and mouse relaxin-1 gene products, are true
orthologs, insofar as they are secreted by the corpus luteum during
pregnancy and circulate. Humans, rats, and mice have 1 relaxin receptor,
the LGR7 (leucine rich repeat-containing G protein coupled) receptor
recently renamed relaxin/insulin-like family peptide 1 receptor, RXFP1.
Although human relaxin may also bind to the LGR8 receptor (RXFP2),
albeit with reduced affinity,5 the preferred ligand for RXFP2 is
insulin-like 3 (INSL3). Recently, 2 new receptors have been described
for relaxin-3, GPCR135 and 142,6 although GPCR142 is a pseudogene
in rats.

Infusion of recombinant human relaxin-2 (rhRLX) in nonpregnant
conscious female and male rats significantly decreases renal and
systemic vascular resistances, and increases cardiac output, renal blood
flow, glomerular filtration, and global arterial compliance, thus mimick-
ing the circulatory changes of pregnancy.1 Conversely, administration of
relaxin-neutralizing antibodies or ovariectomy inhibits the circulatory
changes during midterm pregnancy in conscious rats.1 In addition to
changes in arterial tone and remodeling, another potential mechanism
for the decrease in systemic vascular resistance and increase in global
arterial compliance observed during relaxin administration or in preg-
nancy is maternal angiogenesis.7 Because BM-derived endothelial cells
(BMDECs) can contribute to these processes,8 and circulating BMDECs
and relaxin are both increased during normal pregnancy,4,9,10 we
hypothesized that the gestational effects of relaxin on sustained virologic
response and global arterial compliance could in part be mediated by
BMDECs. In this study, we begin to address this overarching hypothesis
by investigating whether relaxin can affect circulating BMDEC num-
bers and function using mouse and human BMDECs, as well as an in
vivo model of angiogenesis.

Methods

Reagents

All tissue culture reagents were obtained from Invitrogen and MediaTech.
Stromal-derived factor-1 (SDF-1) and MK-2206 were obtained from R&D
Systems and Selleck Chemicals, respectively. Recombinant human
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(rh)relaxin was a generous gift from Corthera. B-R13/17K H2 was kindly
provided by Dr John D. Wade (Howard Florey Institute, Melbourne,
Australia). All other reagents were obtained from Sigma-Aldrich unless
otherwise indicated.

Isolation of CD34� BMDECs

The study protocol was approved by the Institutional Review Board of the
University of Florida, and written, informed consent was obtained from
each subject in accordance with the Declaration of Helsinki. Blood was
collected from healthy controls by routine venipuncture into cell prepara-
tion tube with heparin (BD Biosciences), centrifuged at room temperature
in a swinging bucket rotor for 20 minutes at 1800g, the PBMCs diluted with
PBS supplemented with 2mM EDTA (PBSE) and centrifuged for 10 min-
utes at 300g. After washing the cell pellet, centrifugation was repeated. A
total of 3.3 � 107 PBMCs were resuspended in 100 �L of PBSE to which
33 �L of FcR-blocking reagent (Miltenyi Biotec) and 33 �L of magnetic
microbeads conjugated with an anti-CD34 antibody was added. After
incubation for 30 minutes at 4°C, the cells were diluted in 10 times the
volume of PBSE supplemented with 0.1% BSA, and CD34� BMDECs
were positively selected using automated magnetic selection autoMACS
(Miltenyi Biotec). The selected cells were confirmed to be CD34�

BMDECs by costaining with PE-conjugated anti-CD34 (Miltenyi Biotec)
and FITC-conjugated anti-CD45.

SDF-1/relaxin-induced chemotaxis

CD34� BMDECs chemotaxis was carried out by staining the cells with
calcein-AM (Invitrogen) before loading them into a Boyden Chamber.
SDF-1 or rhRLX was loaded in the bottom chamber, which was overlaid
with a polycarbonate membrane (8-�m pores; Neuro Probe) coated with
10% bovine collagen, and the cells were introduced into the top chamber.
After 4.5 hours at 5% CO2 at 37°C, the percentage of cells that migrated
was determined by collecting the media in the lower chamber and
determining the relative fluorescence using a Synergy HT (Bio-Tek
Instruments) with an excitation of 485 � 20 nm and an emission of
528 � 20 nm. For chemokinesis experiments, rhRLX was also added to the
top chamber with the cells. Migration was done in RPMI except in experiments
with L-NAME when EGM-2 (Lonza Switzerland) media was used.

Detection of NO produced by cells

CD34� BMDECs or mouse BMDEC colonies were cultured on a 35-mm
dish with a glass-bottom insert (MatTek). Bioavailable NO was determined
as previously described.11 Briefly, BMDECs were incubated with 5�M
4-amino-5-methylamino-2�,7�-difluzorofluorescein (DAF-FM) diacetate
(Invitrogen) for 30 minutes at 37°C in the dark. Excess extracellular probe
was removed by washing in HBSS followed by incubation for 10 minutes at
room temperature to allow for probe de-esterification. DAF-FM fluores-
cence increases by approximately 160-fold when it reacts with NO. Green
fluorescence was measured in 20 to 30 cells per field in at least 6 fields per
well from images captured as described in “Image acquisition and
preparation.”

Mouse protocols

All animal procedures were performed according to protocols approved
from the Institutional Animal Care and Use Committee and complied with
the standard laboratory animal procedures. Male Rxfp1�/� mice approxi-
mately 15 months of age12 and Rxfp2�/� mice 4 to 8 months of age,13 and
their respective C57BL/6J and FVB wild-type littermates, as well as female
C57BL/6J mice (the majority of which were 2-4 months of age) from
Harlan were used.

Chimeric GFP mice were generated as previously described.14 Briefly,
GFP transgenic mice (C57BL/6J background), obtained from The Jackson
Laboratory, express GFP in every cell driven by chicken �-actin promoter
and cytomegalovirus intermediate early enhancer. Wild-type C57BL/6J
mice were irradiated with 950 rads and injected with BM cells (1 � 106)
from GFP mice into the retro-orbital sinus. Chimeric mice were allowed to
stably engraft for 6 to 10 months before subcutaneous injection of the

Matrigel pellets. The mice were housed under standard conditions (12:12
light/dark cycle) with access to PROLAB RMH 2000 feed containing
0.32% sodium (PME Feeds) and water ad libitum.

Osmotic pump implantation

Briefly, mice were anesthetized with isoflurane using a portable anesthesia
machine (Summit Medical). Alzet osmotic pumps (model 1007D 7-day
infusion, or 1002 14-day infusion, Durect) containing rhRLX or vehicle
(20mM sodium carbonate, pH 5.2) was then implanted subcutaneously on
the back. The rate of infusion of rhRLX was 1 �g/hour. This yielded an
average circulating concentration of 39.6 � 4.1 ng/mL as determined by
ELISA.

Mouse BMDEC enumeration

After 5 days of rhRLX or vehicle administration, the mice were anesthe-
tized with pentobarbital and the whole peripheral blood was collected via
cardiac perfusion with 2 to 3 mL heparin solution in saline (100 IU/mL).15

Blood collected from the mouse was layered onto Ficoll 400 and
centrifuged at 400g for 30 minutes at 10°C. The buffy coat was collected,
washed twice in PBS/2% FBS, resuspended in 3 mL Endocult Media (Stem
Cell Technologies), and plated onto a 60-mm tissue culture plates coated
with fibronectin and containing 3 mL of EGM-2. After 5 to 7 days, the
number of colony-forming units were counted. They were identified as
BMDECs based on their ability to stain with 1,1�-dioetadeeyl-3,3,3�,3�-
tetramethylindocarboeyanine perchlorate acetylated low-density lipopro-
tein (DiI-AcLDL; Invitrogen) and Ulex europaeus 1 (Sigma-Aldrich).

Flow cytometry

A total of 3 mL of RBC lysis buffer (BD Biosciences PharMingen) was
added to 20 �L of heparinized peripheral blood and, after 15 minutes in the
dark, was centrifuged at 300g for 10 minutes, the supernate decanted, and
cells resuspended in 100 �L of PBS. The antibodies PerCP anti–mouse
Ly-6A/E (Sca-1; clone D7, BioLegend), PE anti–mouse CD117 (c-Kit;
clone 2B8, BioLegend), and APC Mouse Lineage Antibody Cocktail (BD
Biosciences) were added to the cells and incubated for 15 minutes at room
temperature. The cells were washed with 2 to 3 mL of PBS, centrifuged at
300g for 10 minutes, and supernatant decanted. After resuspending in
300 �L of PBS/1%BSA/0.01% NaN3 and fixed in 2% paraformaldehyde,
the cells were analyzed by FACSCaliber (BD Biosciences). Control
staining with isotype-matched antibodies was carried out in parallel. Data
analysis was performed using FCS Express Version 3.0 (De Novo
Software).

Isolation of BM cells from mice

Mice were killed with pentobarbital, the femurs and tibias removed and
placed in a 35-mm dish (on ice), and the bones sterilized with 70% ethanol
for 20 seconds. After cutting the ends of both bones off with microsurgical
scissors, the medullary cavities were flushed with PBS with a syringe with a
25-G 5/8” needle. To remove bits of bone and tissue clumps, the PBS
containing the marrow was filtered through a sterile 40-�m nylon mesh
(BD Biosciences), collected into a 15-mL of medium, and the cells
centrifuged at 300g for 15 minutes at room temperature. The cells were
washed twice with PBS/2% FBS, resuspended in EGM-2 medium (Lonza
Switzerland), and plated onto a 60-mm tissue culture plate coated with
fibronectin.

Plasma relaxin concentration

Plasma rhRLX concentrations were measured in duplicate using a commer-
cially available ELISA that has been validated for mouse plasma (R&D
Systems). The assay typically yielded a standard curve with R2 � 0.998
with a minimum detectable dose of less than 10 pg/mL. The intra-assay
precision (average coefficient of variation of the unknowns) was less than
6.7% � 1.3% and the interassay precision (average of coefficient of
variation of the standards was 6.5% � 2.1%. Plasma H2 relaxin was below
the minimum detectable dose in vehicle-treated mice.
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In vivo neoangiogenesis assay

Two 250-�L Matrigel implants were injected into each mouse: one
injection containing 100 ng/mL relaxin and the other containing vehicle.
Subcutaneous injections were made on the right (relaxin pellet) and left
(vehicle pellet) sides of the midventral abdominal region. Seven days after
injections, mice were anesthetized, perfused with saline and heparin, and
blood was collected from the heart. After the blood was collected, the mice
were perfused with 4% paraformaldehyde and the Matrigel pellets were
removed from the abdomen, placed in 4% paraformaldehyde, and stored at
4°C for 12 to 24 hours. The pellets were then washed 3 times with 1 times
PBS, paraffin-embedded, sectioned, and stained with anti-GFP and anti–
MECA-32 antibodies. Average area of fluorescent cells was calculated from
3 fields per slide and 3 slides per pellet by summing all areas of fluorescence
divided by total area analyzed from images captured as described in “Image
acquisition and preparation.”

Image acquisition and preparation

Images were taken using an Axiovert 200 inverted microscope (Carl Zeiss),
unless otherwise indicated. For image acquisition and analysis of fluores-
cence intensity of DAF-FM diacetate and for live imaging of NO in Hanks
Balanced Salt Solution (HBSS) without Calcium, Magnesium, Phenol Red,
we used the LD Achroplan 40�/0.60 Corr objective (Carl Zeiss), the
AxioCam MRm charge-coupled device camera (CCD; Carl Zeiss), FITC
filter (excitation 480/30 nm, emission 535/40 nm), and AxioVision (Version
4.5) image acquisition and analysis software. All optical filters were obtained
from Chroma Technologies. The imaging of EPC colonies was done in the
same fashion except with an A-Plan X10 objective (Carl Zeiss) was used.

Examination of neoangeogenesis of the implanted matrigel pellets was
performed using an Axioplan 2 imaging system (Carl Zeiss) under
Plan-Apochromat 10�/0.45 objective. The microscope was equipped with
AxioCam MRm camera (CCD; Carl Zeiss) and image acquisition and
analysis software Axio Vision (Version 4.5). Sections were additionally
examined with a confocal laser scanning microscope (LSM; 510 UV, Carl
Zeiss). Images were acquired with a Plan-Neofluor 20X (N.A. � 0.75) and
Plan-Fluor 63X oil (N.A. � 1.4) objectives and evaluated with Zeiss LSM
510 imaging software including 3D reconstruction. We used Adobe
Photoshop CS4 for subsequent image editing and assembling of the figures.

Statistical analysis

Data are expressed as mean � SD. Statistical analysis was carried out using
Student t test, Mann-Whitney rank-sum test, or 1-way ANOVA with
multiple comparisons performed by the Holm-Sidak or Dunn method.

Results

Relaxin is a chemoattractant for human CD34� BMDECs

To revisit the rationale: (1) circulating BMDEC numbers9,10 and
relaxin4 increase during pregnancy; (2) relaxin contributes to the

gestational decrease in systemic vascular resistance and increase in
cardiac output and global arterial compliance at least in the gravid
rat model1; and (3) maternal angiogenesis (perhaps mediated in
part by BMDECs) may contribute to the cardiovascular adaptations
observed in pregnancy.1,7 Therefore, we tested the hypothesis that
relaxin can increase circulating BMDEC number, as well as
BMDEC function (ie, migration and NO production). We used
CD34 as a marker of progenitor populations, including BMDECs,
that promote angiogenesis and take part in neovascularization
because functional studies performed using purified BMDECs (the
very rare CD34�/CD45�/VEGFR2� or CD133�/CD45�/VEGFR2�

cells) would require a prohibitively large amount of blood.
CD34� BMDECs isolated from the peripheral blood of healthy

volunteers migrated in response to increasing concentrations of
rhRLX with a threshold dose of 10 ng/mL (P 	 .001 vs 0 ng/mL,
Figure 1A). CD34� BMDECs isolated from the peripheral blood of
healthy volunteers migrated in response to rhRLX to a greater
extent than to SDF-1, a major chemokine for CD34� cells (Figure
1B). This stimulation of migration was not a chemokinetic effect
because rhRLX added to the top well or both wells of the Boyden
chamber did not increase migration (Figure 1C).

Relaxin stimulates NO in human CD34� BMDECs via PI3K/Akt

Previously, NO has been shown to be critical to BMDEC func-
tion16; we thus tested whether relaxin increased BMDEC NO levels
using a method of single-cell fluorescence to measure bioavailable
NO within individual cells17 (Figure 2A-D). Incubation with
rhRLX leads to a rapid increase in intracellular NO concentrations
(Figure 2E) with a threshold as low as 2.5 ng/mL rhRLX (Figure
2F). To determine whether stimulation of NO underlies the
chemotactic effect of relaxin on BMDECs, we inhibited NOS with
10�M of the arginine analog L-NAME, a low concentration that
does not lower basal levels of NO but effectively blocks agonist-
induced increases in NO.18 The ability of relaxin to stimulate
chemotaxis was blocked by low-level L-NAME, but importantly
the basal level of migration was unaffected by these low levels of
L-NAME (Figure 2G).

We previously demonstrated that the PI3K/Akt pathway is
crucial to the rapid production of NO by endothelial cells and, as a
consequence, rapid relaxation of small arteries.19 Thus, we used the
PI3K inhibitor LY294002 to interrogate the role of PI3K in
rhRLX-stimulated NO production in BMDECs. Pretreatment with
LY294002 blocked rhRLX-stimulated increase in NO by CD34�

(Figure 3A). In addition, pretreatment with the Akt inhibitor
MK220620 also prevented rhRLX stimulation of NO in BMDECs

Figure 1. Relaxin is a chemoattractant for CD34� BMDEC migration. (A) CD34� BMDECs migrate to increasing concentrations of rhRLX. *P 	 .001 versus 0 ng/mL
rhRLX. Bar represents the mean (� SD) infrared (IR) fluorescence of migrating cells from 4 wells per rhRLX concentration. Shown is a representative of 4 experiments.
(B) CD34� BMDECs from 10 healthy persons that migrate to rhRLX (50 ng/mL) and SDF-1 (100nM) expressed as mean percentage (� SD) of cells in the lower chamber,
above background migration. *P 	 .029 versus SDF-1. (C) CD34� BMDECs were seeded in the upper Boyden chamber with either vehicle or 60 ng/mL of rhRLX in the top
and/or bottom as indicated. Shown is mean percentage (� SD) of 3 wells of CD34� BMDECs loaded to the top chamber that have migrated, after subtracting background.
*P 	 .025 versus black bar.
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(Figure 3B). Taken together, these results suggest that the PI3K/Akt
pathway is integral to relaxin-stimulated NO in CD34� BMDECs.

Relaxin increases circulating mouse BMDECs in vivo

The effect of relaxin on circulating BMDECs in vivo was assessed
by 2 different methods: (1) BMDEC colony assay; and (2) FACS
analysis by determining the percentage of Sca�, Flk�, cKit� cells
in the peripheral blood.21 In the BMDEC colony assay, endothelial
colonies from the peripheral blood that stain with Ulex europaeus 1
and DiI-AcLDL can be seen after 1 week in culture (Figure 4A-D).
These colonies can be continuously cultured for more than

3 months when they take on a more endothelial appearance (Figure
4E) and express VWF and MECA-32 (Figure 4F-G), thus confirm-
ing their endothelial progenitor phenotype. Using the BMDEC
colony assay, mice implanted with osmotic pumps containing
rhRLX (n � 9 mice) had almost 2-fold more colony-forming units
versus the vehicle-infused group (n � 9 mice; 14.6 � 4.0 vs
7.8 � 1.4 CFU/mice, respectively; P � .022).

We next confirmed the effect of relaxin on BMDEC number by
flow cytometry. Using the same rhRLX and vehicle treatment
regimens, the number of Sca�, Flk�, cKit� cells was deter-
mined. In mice treated with vehicle and rhRLX (n � 15 each),

Figure 2. CD34� BMDECs produce NO in response to rhRLX. Human CD34� BMDECs were isolated in the absence (A-B) and presence (C-D) of 100�M L-NAME and then
incubated with DAF-FM before imaging by confocal microscopy. Panels A and C are brightfield images of panels B and D, respectively, the same fields imaged with 495 nm
excitation and 515 nm emission. Arrows indicate some of the CD34� BMDECs. Original magnification �200. (E) CD34� BMDECs were isolated from a healthy volunteer and
labeled with DAF-FM for 30 minutes before removing probe and waiting 10 minutes for de-esterification. The cells were monitored for 30 minutes, to confirm a stable baseline of
bioavailable NO before vehicle (E; arrow) or 50 ng/mL of rhRLX (F; arrow) was added to the CD34� cells. Shown is the mean fluorescence (� SD) of at least 8 cells in which
fluorescence was continuously monitored. *P 	 .01 versus last baseline value. (F) BMDEC-CFU were isolated from a healthy volunteer and labeled with DAF-FM. After
30 minutes to stabilize NO baseline, the indicated concentration of rhRLX was added and after 30 minutes fluorescence was determined. Data are mean � SD. *P 	 .001
versus 0 ng/mL of rhRLX. (G) Cells were incubated with 10�M L-NAME before being placed in the Boyden chamber with 50 ng/mL of rhRLX. The mean percentage (� SD) of
fluorescence of cells migrating relative to control is shown. *P 	 .001 versus all other treatments.

Figure 3. Relaxin stimulates NO production via PI3K/Akt. (A) Human CD34� BMDECs were isolated from a healthy volunteer and pretreated with the PI3K inhibitor
LY294002 (10�M) for 30 minutes as indicated before the addition of DAF-FM and continued incubation with LY294002 (LY). After 30 minutes of monitoring to confirm that
bioavailable NO was stable, either vehicle (Control) or 100 ng/mL of rhRLX was added to the CD34� BMDECs, and NO was measured again after 30 minutes. Fluorescence
was determined for each condition in at least 30 cells within 2 separate wells. Data are mean � SD. *P 	 .001 versus all other conditions. (B) CD34� BMDECs were isolated
from a healthy volunteer and pretreated with the Akt inhibitor MK2206 (20nM) for 30 minutes as indicated before the addition of DAF-FM and continued incubation with
MK2206. After 30 minutes of monitoring, to confirm that bioavailable NO was stable, either vehicle (Control) or 50 ng/mL of rhRLX was added to the CD34� BMDECs, and NO
was measured again after 30 minutes. Fluorescence was determined for each condition in 2 wells for at least 30 cells per well. Data are mean � SD. *P 	 .001 versus control.
There is a significant difference between control and MK2206 (P � .025) but no difference between MK2206 and MK2206 � rhRLX-treated cells.
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0.002% � 0.0001% and 0.032% � 0.0005% of total lymphocytes
were Sca�, Flk�, cKit�, respectively (P � .013). Representative
FACS analyses are shown in Figure 4I-L.

Relaxin-induced BMDEC mobilization and NO stimulation are
mediated by the RXFP1 relaxin receptor

Relaxin increases CD34� BMDEC NO production and migration
in vitro and mobilizes BMDECs in vivo. To determine which of the
RXFP receptors may mediate these effects of relaxin on BMDECs,
we tested the newly developed human relaxin-2 antagonist, B-R13/
17K H2.22 This heterodimeric peptide antagonist inhibited the
increase in NO in response to rhRLX treatment (Figure 5A),

consistent with a role for the RXFP1 receptor in mediating NO
production by rhRLX.

To determine whether the RXFP1 receptor is responsible for
mediating the effect of relaxin on BMDEC mobilization, we used
Rxfp1 and Rxfp2 knockout mice. BM cells isolated from the Rxfp2
knockout and FVB wild-type littermates both showed a significant
increase in NO in response to rhRLX (Figure 5B). However, BM
cells from Rxfp1 knockout mice failed to demonstrate an increase
in NO when treated with rhRLX in contrast to the C57BL/6J
wild-type littermates (Figure 5B).

Consistent with these findings, infusion of rhRLX by osmotic
pump led to an increase in circulating BMDEC-CFU in both Rxfp2

Figure 4. Relaxin increases circulating BMDECs in mice by colony assay and flow cytometry. (A) BMDEC-CFU stimulated by relaxin have characteristics of late
outgrowth colonies. BMDEC-CFU are counted after 5 days of culture, and a brightfield view of colonies is shown (original magnification �100). (B) True BMDEC-CFUs
demonstrate Ulex europaeus 1 staining (original magnification �200). (C) DiI-AcLDL uptake (original magnification �200). (D) Dual staining in a merged image of Ulex and
DiI-AcLDL staining (original magnification �200). Instead of staining, the BMDEC-CFU cells can be propagated for months. (E) Brightfield view of cells after 3 months of
propagation taking on a cobblestone, endothelial, monolayer appearance. (F) Brightfield view of propagated cells that were trypsinized and plated onto a coverslip for
immunostaining with anti–VWF and/or anti–MECA-32. (G) Merged image of cells in panel F stained with anti-VWF (red) and the nuclear stain DAPI (blue; original
magnification �400). (H) Merged image of another coverslip stained with anti-VWF (red), anti–MECA-32 (green), and the nuclear stain DAPI (blue; original magnifica-
tion �630). (I-K) Mice were implanted with a osmotic pumps pump containing vehicle (I-J) or rhRLX (K-L), and after 5 days the peripheral blood was collected and stained with
fluorochrome-conjugated monoclonal antibody to mouse endothelial cell markers Lin, Sca1, cKit, and Flk1. The gated cells were analyzed for Sca-1 and Lin characteristics
(I,K), and the subpopulation of Sca1� cells was analyzed for Flk1 and cKit expression (J,L). Background staining was corrected by use of isotype controls for all markers.
Percentages shown are percent of gated cells, not total lymphocytes.

Figure 5. Relaxin activates BMDECs through the RXFP1 relaxin receptor. (A) The peptide B-R13/17K H2 (H2), a relaxin antagonist, was added as indicated to CD34�

BMDECs at a concentration of 1�M in the presence or absence of rhRLX (50 ng/mL). Shown is the DAF-FM fluorescence in arbitrary units (� SD) of 2 wells, 20 cells per well.
*P 	 .002 versus all other treatments. Shown is a representative of 3 experiments. (B) BMDECs were isolated from the BM of wild-type littermates and Rxfp1 or Rxfp2 knockout
mice and treated with vehicle (black bars) or rhRLX 50 ng/mL (white bars) for 10 minutes before the determining intracellular bioavailable NO by DAF-FM. The NO fluorescence
from at least 20 cells was analyzed for each mouse. Shown is the mean DAF-FM fluorescence in arbitrary units (� SD). *P 	 .009 versus vehicle treated cells. †P 	 .05 versus
untreated cells. n indicates the number of mice studied. (C) Wild-type (�/�) littermates and Rxfp1 and Rxfp2 knockout (�/�) mice were implanted with osmotic pumps containing
rhRLX, and after 5 days their blood was collected and BMDEC-CFU were determined. Shown is the number of BMDECs (� SD). *P 	 .01 versus Rxfp1�/�. n indicates the
number of mice studied.
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knockout and wild-type littermates (Figure 5C), whereas there
were significantly less circulating BMDEC-CFU in rhRLX-infused
Rxfp1 knockout mice versus their wild-type counterparts (Figure
5C). All wild-type and knockout mice treated with vehicle had
comparable number of BMDECs-CFU (data not shown).

Relaxin stimulates vasculogenesis in vivo

To test whether relaxin will stimulate angiogenesis and enhance
recruitment of BMDECs into sites of angiogenesis, we inserted
Matrigel pellets containing rhRLX or its vehicle subcutaneously in
GFP chimeric mice, in which BM cells and cells derived from the
BM exclusively express GFP. Representative epifluorescent and
confocal images are shown in Figures 6A and B, respectively.
Pellets impregnated with rhRLX demonstrated a 3.2-fold increase
in the mean area of red fluorescence (pan-endothelial cell antigen,

- MECA-32) versus pellets containing vehicle (mean area
5.5% � 4.2% vs 1.7% � 0.84%, respectively, P 	 .001, Figure
6C), indicating that rhRLX stimulated angiogenesis. Of note,
pellets that contained rhRLX showed a 4.5-fold increase in the
mean area of dual fluorescent areas: cells expressing both GFP and

-MECA-32 (4.5% � 4.2% vs 0.99% � 0.84%, respectively,
P � .001, Figure 6D), indicating an increase in the number of cells
derived from the BM that differentiated into endothelial cells
(Figure 6A). Confocal imaging demonstrated blood vessels lined
with GFP� BMDECs (Figure 6B), although the different cell
localization of the GFP (intracellular) and MECA-32 (cell surface)

precluded detection of yellow in the merged image by confocal
microscopy.

Discussion

The major new finding of this work is that the pregnancy hormone,
relaxin, regulates the biology of BM derived endothelial cells in
several ways: (1) relaxin increases intracellular NO in BMDECs;
(2) the hormone is a chemoattractant for the cells; (3) it mobilizes
BMDECs into the circulation; and (4) it enhances their integration
into sites of vasculogenesis. In addition, these effects of relaxin are
mediated by the major relaxin receptor, RXFP1, and not the RXFP2
receptor. Finally, these findings were derived from both mouse and
human studies.

Unemori et al previously reported enhanced vessel in-growth of
Matrigel plugs containing rhRLX that were implanted subcutane-
ously in rodents.23 However, their study did not delineate the
potential contribution of BMDECs. In contrast, our results clearly
show that rhRLX stimulated integration of BMDECs into sites of
vasculogenesis using the same model because GFP� BM cells were
detected in the blood vessel walls and many costained for a mature
endothelial marker (Figure 6). In the same report, Unemori et al
also demonstrated enhanced blood vessel growth in response to
circulating rhRLX using the Hunt-Schilling wound chamber.23 It
will be important for us in future studies to adopt this methodology

Figure 6. Relaxin recruits BMDECs into areas of neovascularization. (A) Chimeric mice (wild-type mice with GFP BM) were implanted with Matrigel pellets impregnated
with vehicle or rhRLX, as indicated, and after 7 days the pellets were isolated, embedded in paraffin, sectioned, and stained with DAPI, a pan-endothelial cell antigen
monoclonal antibody MECA-32, anti-GFP, or isotype control antibodies as indicated and imaged using conventional fluorescent microscopy. (B) Same as panel A, except that
slides were imaged using confocal microscopy. (C) Percentage of area that fluoresces red (by epifluorescence) indicating MECA-32 staining. Shown is average area of 3 fields
from 6 different sections from 9 pellets for each treatment. *P 	 .001 by paired t test. (D) Percentage of area that expresses dual fluorescence (by epifluorescence) indicating
dual MECA-32 and GFP staining. Shown is average area of 3 fields from 6 different sections from 9 pellets. *P 	 .001 by paired t test.
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in GFP chimeric mice, to demonstrate the contribution of BMDECs
to vasculogenesis in response to circulating rhRLX.

Relaxin is a peptide hormone emanating from the corpus luteum that
circulates at low levels in the luteal phase of the menstrual cycle
(� 100 pg/mL) and peaks during the first trimester of pregnancy
(� 1.0 ng/mL) falling to intermediate levels thereafter (� 0.5 ng/mL).4

Although the level of relaxin during human pregnancy ranges from 0.5
to 1 ng/mL, the majority of the experiments performed herein used
rhRLX in the 10- to 30-ng/mL range, although an rhRLX concentration
as low as 2.5 ng/mL significantly increased NO production by human
BMDECs (Figure 2). In mice, the higher levels are the best estimate of
early to midterm pregnancy concentrations based on extrapolating from
2 studies.24,25 In addition, concentrations of 10 to 40 ng/mL produced
significant changes in hemodynamics during the phase 1 and 2 trials of
relaxin in heart failure,26 and another goal of the present work is to
evaluate relaxin as a potential therapeutic agent via its actions on
BMDECs.

Previously, relaxin was shown to augment MCP-1–induced
monocyte chemotaxis but was not a monocyte chemoattractant by
itself.27 The chemokinetic effect on monocytes was dose-dependent
and in proportion to relaxin-induced cAMP accumulation.27 In this
study, we demonstrate that relaxin is a chemoattractant, but not
chemokinetic agent, increasing directional CD34� BMDEC migra-
tion in a NO-dependent manner (Figure 1).

Relaxin is emerging as a major player in the maternal hemody-
namic alterations that occur during normal pregnancy: decrease in
systemic and renal vascular resistances with reciprocal increases in
cardiac output, renal blood flow, and in glomerular filtration rate.1

In addition, the hormone can increase arterial compliance.28 Our
overarching hypothesis, is that relaxin contributes to maternal
angiogenesis during pregnancy, in part by mobilizing, activating,
and incorporating BMDECs into sites of vasculogenesis. In turn,
maternal angiogenesis and vasculogenesis abet the profound gesta-
tional decrease in systemic vascular resistance and increase in
global arterial compliance. We are currently investigating a role for
BMDECs in these physiologic adaptations to pregnancy.

BMDECs integrate into the vascular wall either differentiat-
ing into endothelial cells (vasculogenesis) or serving a paracrine
role in stimulating local angiogenesis or endothelial repair. Of
note is that the number of CD34� BMDECs expressing VEGFR-2
that circulate in the bloodstream is an independent predictor of
early subclinical atherosclerosis in healthy subjects,29 inversely
proportional to the risk factors for atherosclerosis,30 and predicts
future cardiovascular events.31 Although there may be some
need for enhancing endothelial repair because of endothelial
injury because of a systemic inflammatory response32 and
hemodynamic mechanical stresses, which accompany normal
gestation, another possibility is that, in addition to maternal
angiogenesis, placental and fetal angiogenesis is also abetted by
circulating maternal BMDECs during pregnancy. Indeed, fetal
endothelial progenitor cells contribute to maternal angiogenesis
during pregnancy.33 Moreover, it is also possible that BMDECs
participate in uterine vascular remodeling during gestation.
Robb et al hypothesized that because BMDECs may have a
homeostatic role in maintaining both the maternal systemic and
uterine vasculature, BMDECs may be the link between preexist-
ing cardiovascular risk factors in women, and their increased
risk of preeclampsia.34

Several studies have indirectly addressed the role of circulating
BMDECs in postnatal vasculogenesis.35 Pregnancy is clearly
associated with marked angiogenesis in the fetus and placenta, but
presumably in the mother as well. For example, the accretion of

maternal fat,36 expansion of mammary tissue,37 and B-cell hypertro-
phy and hyperplasia38 during pregnancy all necessitate the forma-
tion of new blood vessels, and there are probably other sites of
maternal neovascularization yet to be delineated. In the mouse,
sprouting angiogenesis occurring in the first third of pregnancy is
one mechanism for the capillary expansion in mammary tissue.37 In
addition, optimal uterine implantation and subsequent placentation
require robust endometrial vascular development,39 and relaxin has
been implicated in this process.3,40,41 Angiogenesis plays such a
critical role in implantation that a single dose of an anti–angiogenic
compound (AGM-1470) administered before or shortly after
implantation will result in resorption of all embryos in mice.42 In
humans, umbilical blood flow velocity, as measured by Doppler
ultrasound, increases and resistance decreases throughout the last
half of gestation,43 in part reflecting the formation of new blood
vessels. Embryonic death and blighted ova have been demonstrated
to occur when chorionic villous vascularization is deficient44 and
increased uterine vascular resistance and reduced uterine blood
flow are predictors of high-risk pregnancies.45 Thus, the role of
maternal BMDECs in all of these processes requiring new blood
vessel formation or remodeling clearly needs investigation.

The findings herein also provide potential mechanistic insights
into the impaired reduction in systemic vascular resistance and
increase in global arterial compliance that occurs in preeclampsia46

or in pregnant women with diabetes.47 Although not all studies are
in agreement, decreased circulating BMDECs have been reported
in preeclampsia.9,48 Similarly, the number of circulating BMDECs
in patients with both type I (quantified by CFU) and type II
(CD34�, VEGFR2� cells measured by flow cytometry) diabetes is
significantly reduced compared with healthy subjects.49 Thus, a
defect in the number and function of BMDECs may in part be
responsible for the lack of reduction in systemic vascular resistance
and increase in global arterial compliance in preeclamptic and
diabetic pregnancies.46,47

In conclusion, another potentially novel feature of relaxin is its
ability to mobilize and activate BMDECs without being pro-
inflammatory; indeed, the hormone may be anti-inflammatory.50

This would make relaxin the only cytokine known to positively
impact BMDECs number and function without being pro-
inflammatory, which may offer a distinct advantage for relaxin as a
potent therapeutic in cardiovascular disease.
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