
Relaxin Stimulates Multiple Signaling Pathways:
Activation of cAMP, PI3K, and PKCζ in THP-1 Cells

Carmen W. Dessauer and Bao T. Nguyen
Department of Integrative Biology and Pharmacology, University of Texas Health Science Center,
Houston, Texas 77030, USA

Abstract
Relaxin has been shown previously to stimulate cyclic AMP production and the activation of MAPK.
We reported that phosphoinositide-3 kinase (PI3K) activity is required for biphasic stimulation of
cAMP by relaxin and that relaxin treatment increased PI3K activity in THP-1 cells. A downstream
target of PI3K is protein kinase C zeta (PKCζ). Relaxin stimulated translocation of PKCζ to the
plasma membrane in THP-1, MCF-7, pregnant human myometrial (PHM1-31), and mouse mesangial
(MMC) cells. PKCζ translocation is PI3K dependent and independent of cAMP production.
Pharmacological and antisense approaches, utilized to inhibit or knock down PKCζ, resulted in a
40% inhibition of relaxin-stimulated cAMP production. The stimulation of PKCζ by relaxin therefore
is downstream of PI3K leading to increased cAMP production. To determine the role of PI3K/
PKCζ stimulation by relaxin on downstream-mediated events, we examined the increase in vascular
endothelial growth factor (VEGF) gene expression by relaxin. Treatment of THP-1 or MMC cells
with the PI3K inhibitor, LY294002, abolished the relaxin-mediated stimulation of VEGF transcript
levels. In summary, relaxin has pleiotropic signaling effects in THP-1 cells activating ERK1/2,
cAMP, PI3K, and PKCζ. We have described a novel bifurcated pathway by which relaxin stimulates
Gs alpha and PI3K/PKCζ leading to increased cAMP production and increased VEGF gene
expression. Some, but not all, of these pathways are detected in other cell lines which may cause the
unique diversity of downstream responses from this interesting hormone.
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Relaxin Increases cAMP
Early studies of the mechanism of relaxin action indicated that it increased cAMP and activated
PKA, notably in a biphasic manner.1–6 In addition, a weak stimulation of myometrial adenylyl
cyclase by relaxin was noted.7 Since that time, several studies have confirmed the involvement
of cAMP and the activation of PKA in specific effects of relaxin, including those in human
endometrial cells, the human monocytic line THP-1, and human endometrial stroma cells.8–
12 The reversal of the following effects of relaxin by PKA inhibitors have been reported:
inhibition of oxytocin-stimulated contractions of rat myometrial strips, oxytocin-stimulated
phosphatidylinositide (PI) turnover and oxytocin-stimulated increases in intracellular calcium
in rat myometrium and in the immortalized human myometrial cell line PHM1-41, and
activation of maxi-K channels in PHM1-41 cells.9
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We have also examined cAMP production in THP-1 cells. The stimulation of cAMP by relaxin
in THP-1 cells is highly synergistic with low levels of forskolin, similar to the synergy exhibited
in rat myometrial cells.5 Whole-cell treatment of THP-1 cells with relaxin produced a biphasic
time course for cAMP accumulation, with a clear peak at 1 min and a second increase in cAMP
accumulation at 10–20 min.13 This pattern was consistent with time courses in rat myometrial
cells and uterine tissue in which small but reproducible increases were observed at 5 min and
a clear peak in cAMP accumulation at 20 min.2,5 A similar biphasic curve was also noted for
PKA activation.4 Although, phosphodiesterase (PDE) inhibitors increased the total cAMP
levels in THP-1 cells, the stimulation of cAMP by relaxin was independent of changes in
phosphodiesterase activity,13 ruling out a direct inhibition of PDE activity by relaxin. This
biphasic time course suggests that multiple pathways may be involved in cAMP production.
Functional studies of the relaxin receptors (LGR7 and LGR814) indicate that the rapid first
peak is likely caused by Gsα-stimulated AC activity, because hormonal stimulation of cAMP
via Gsα-coupled receptors is generally very fast (1–2 min).15 However, the second wave of
cAMP is not consistent with the effects observed with most Gsα-coupled receptors.15,16

Relaxin Increases PI3K
The unique biphasic nature of cAMP accumulation observed in THP-1 and myometrial cells
and uterine tissue suggested activation of AC by more than one mechanism.2,5,13 We showed
that inhibitors of PI3K (LY294002 and wortmannin) partially blocked relaxin-mediated
increases in cAMP in THP-1 cells but had no effect on the stimulation of AC by forskolin or
isoproterenol (a β-adrenergic agonist),13 indicating potential unique properties of relaxin
receptor signaling. The inhibition of cAMP production by LY294002 occurs across a wide
range of relaxin concentrations (1–500 ng/mL13). Both LY294002 and wortmannin
preferentially inhibited the second wave of cAMP production.13 The first peak of relaxin-
stimulated cAMP accumulation was inhibited by 20–30%, whereas the second wave of cAMP
production was inhibited by more than 70% by LY294002.

We postulated that the partial block of cAMP is a consequence of the stimulation of multiple
pathways by relaxin. Activation of Gsα by relaxin is rapid and insensitive to the effects of PI3K
inhibitors. The second pathway leading to an increase in cAMP requires PI3K activation.
Additional evidence for these two mechanisms is derived from in vitro studies of relaxin with
purified plasma membrane preparations. Relaxin generated a 25% increase in AC activity in
isolated plasma membrane preparations from rat myometrium.7 Relaxin also stimulated cAMP
production in plasma membrane preparations from THP-1 cells which was relatively
insensitive to the PI3K inhibitor LY294002.13 PI3K is mainly cytosolic and is translocated to
the plasma membrane upon activation.17 The presence of PI3K therefore was not expected in
our membrane preparations. The increase in cAMP in membranes must be caused by an
activation of Gsα by the LGR7/8 relaxin receptor. If we added back cytosol derived from THP-1
cells to our membrane preparations, we reconstituted an LY294002-sensitive relaxin response.
The addition of cytosol to membranes had no effect on isoproterenol-stimulated cAMP
production. In reconstituted membranes and cytosol, inhibitors of PI3K only partially blocked
the increase in cAMP production by relaxin as was previously observed in whole cells. Thus,
we proposed two potential pathways for relaxin: a Gsα membrane–delimited pathway and a
second pathway that we hypothesized is mediated via the βγ subunits of Gs, leading to
activation of PI3K.

Relaxin stimulation of THP-1 cells also increased the activity of PI3K for the substrate
phosphoinositide by 1.6-fold.13 This stimulation was completely reversed by treatment with
the PI3K inhibitor wortmannin. It is not completely surprising that relaxin can stimulate PI3K.
Phosphoinositide-3 kinases are lipid kinases that phosphorylate the 3′-OH group of the inositol
ring in phospholipids.18 Several members of class I PI3Ks can be stimulated by G-protein–
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coupled receptors, including Gs-coupled receptors,19–21 presumably by recruitment to the
plasma membrane upon binding Gβγ.20 The preferred substrate in intact cells for class I PI3Ks
is phosphatidylinositol 4,5-bisphosphate leading to the generation of phosphatidylinositol
3,4,5-trisphosphate (commonly known as PIP3), an important cellular second messenger.

Relaxin Increases PKCζ
A key link between PI3K and AC activation may be protein kinase C zeta (PKCζ). The PI3K
product, PIP3, stimulates the activity of several downstream signaling molecules, including
PKCζ which was shown previously to directly phosphorylate and activate adenylyl cyclase.
22 More recently,23 we used pharmacological and antisense approaches to inhibit or knock
down PKCζ activity, resulting in a 40% inhibition of relaxin stimulation of cAMP.
Immunofluorescence microscopy was used to examine relaxin-mediated PKCζ translocation
to the plasma membrane.23 Relaxin stimulated translocation of PKCζ to the plasma membrane
in THP-1 cells, a breast cancer cell line (MCF-7), pregnant human myometrial (PHM1-3124),
and mouse mesangial cells (MMCs25). These cell lines all respond to relaxin in a variety of
ways. Relaxin increased cAMP and vascular endothelial growth factor (VEGF) mRNA in
THP-1 cells26,27; differentiated MCF-7 cells28; inhibited oxytocin-stimulated increase in
Ca2+ and PI turnover and activated maxi-K channels in PHM1-31 cells9; and degraded
fibronectin and collagen in MMC cells.29 PKCζ translocation was confirmed by confocal
microscopy and was PI3K dependent and independent of cAMP production. Thus, relaxin
stimulates PKCζ, downstream of PI3K, to enhance cAMP production.

Relaxin Increases MAPK
Cyclic AMP, PI3K, and PKCζ are certainly not the only pathways stimulated by relaxin.
Previously, Unemori's group showed that relaxin stimulates ERK activation in THP-1,
pulmonary and coronary artery cells, and human endometrial stromal cells.30 In addition,
Dschietzig et al. demonstrated ERK1/2 activation in human umbilical vein endothelical cells
and HeLa cells.31 Both groups demonstrate downstream consequences as a result of MAPK
activation by relaxin. In THP-1 cells, MEK inhibitors block relaxin-mediated increases in
VEGF transcript levels. In human umbilical vein endothelical cells and HeLa cells, inhibition
of the ERK pathway blocked NF-κB translocation and upregulation of the endothelin type-B
receptor by relaxin. Thus, the ability of relaxin to activate pathways in addition to cAMP is
important to downstream-mediated events.

Is Activation of PI3K or PKCζ Required for Downstream Signaling by Relaxin?
Although relaxin stimulates PI3K and PKCζ in a number of cell types, it is unknown whether
these pathways are required for relaxin-mediated effects. We have focused on regulation of
VEGF and matrix metalloprotease (MMP) gene expression by relaxin. Relaxin upregulates
VEGF mRNA levels at wound sites27 and in human endometrial32 and THP-127 cells. Relaxin
stimulates MMP-1, -3, and -9,33 increasing MMP-9 expression in uterine and cervical tissues
and breast cancer cell lines.34,35 We also observe an enhancement of VEGF and MMP-9
transcription in THP-1 cells (Fig. 1).

PI3K and PKCζ are also implicated in the transcriptional activation of VEGF and MMPs.
PKCζ is essential in smooth muscle cells for the activation of MMP-1,-3, and -9,36 and, in
conjunction with PI3K, PKCζ is required for the transcriptional activation of VEGF in renal
cell carcinomas.37 ERK pathways have also been implicated in VEGF gene transcription and,
as discussed previously, inhibition of ERK activity partially blocks relaxin stimulation of
VEGF in THP-1 cells.38,39 The VEGF promoter does not contain a consensus sequence for
the cAMP response element; therefore, stimulation by relaxin may potentially occur via
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activation of ERK and/or PI3K. MMP-9 is regulated by the cAMP response element40 and
both PI3K and PKA are important in MMP-9 gene transcription in epithelial breast cells.40,41

Inhibition of PI3K Blocks Relaxin-Stimulated Increases in VEGF
We examined the regulation of VEGF by relaxin in THP-1 and MMC cells. Treatment of THP-1
or MMC cells with the PI3K inhibitor, LY294002, abolished relaxin-stimulation of VEGF
transcript levels in both cell lines (Fig. 2). This result suggests that stimulation of VEGF
requires PI3K activation in these cell lines. If ERK or cAMP pathways are involved, they either
act in conjunction with or downstream of PI3K or represent only a small component of the
stimulation by relaxin. Thus, PI3K and potentially PKCζ are an important aspect of the diverse
actions of relaxin.

Conclusion
In summary, relaxin has pleiotropic signaling effects in THP-1 cells activating ERK1/2, cAMP,
PI3K, and PKCζ. We have described a novel bifurcated pathway by which relaxin stimulates
Gsα and PI3K/PKCζ leading to increased cAMP production. The stimulation of multiple
pathways is an important aspect of relaxin-mediated actions, in that the stimulation of PI3K is
required for increased VEGF transcript levels in THP-1 and MMC cells. Some, but not all, of
these pathways are detected in other cell lines which may cause the unique diversity of
downstream responses from this interesting hormone.
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Figure 1.
Relaxin stimulates VEGF and MMP-9 gene expression in THP-1 cells. THP-1 cells were
serum-starved for 12 hours with 1% fetal bovine serum and then treated with 0.5 mg/mL relaxin
or control buffer (Ctrl) in duplicate for 0, 2, 6, or 12 hours. RNA was isolated using RNeasy
mini kits (Qiagen, Valencia, CA) and incubated with RNAse-free DNAse for 30 min at 37°C
followed by heat inactivation at 75°C for 10 min. Samples (10 ng total RNA) then were
analyzed in triplicate by quantitative real-time PCR (Q-RT-PCR) performed by amplification
of samples in 96-well plates in an ABI Prism 7700 (Applied Biosystems, Norwalk, CT). Data
were analyzed by the use of the Sequence Detection Application software, and the absolute
values of human VEGF and MMP-9 transcripts were generated using a standard curve of a
known amount of single-stranded DNA run in parallel on the same 96-well plate. All values
were corrected for RNA input by normalization to the level of β-actin transcripts. Data are
expressed as the mean ± SD from a single experiment and are representative of two different
experiments. Significant differences (*P <.05) between groups are designated (t test).
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Figure 2.
PI3K activity is required for relaxin stimulation of VEGF in THP-1 and MMC cells. THP-1
and MMC cells were serum-starved for 12 hours in 1% fetal bovine serum and pretreated for
15 min with 50 mM LY294002 or vehicle, followed by addition of 0.1 mg/mL relaxin.
Triplicate samples were harvested for RNA isolation after 0, 2, 6, or 12 hours. RNA was
isolated, DNAse-treated, and subjected to Q-RT-PCR as described in the legend to FIGURE 1,
using β-actin to normalize transcript levels for human (THP-1) and mouse (MMC) VEGF.
Significant differences (*,#P < 0.05) between groups are designated (t-test).

Dessauer and Nguyen Page 8

Ann N Y Acad Sci. Author manuscript; available in PMC 2010 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


