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Abstract: Relaxin, best known for its reproductive effects can be also viewed as a cardiovascular hormone. Its action in-

cludes a marked increase in coronary blood flow, exerted through the up-regulation of inducible nitric oxide (NO) syn-

thase (NOS II) and NO production in vascular endothelial and smooth muscle cells. This effect seems to involve NF- B, a 

classical transcription factor controlling NOS II induction by proinflammatory cytokines. The present study was designed 

to clarify the mechanisms underlying the relaxin-induced up-regulation of NOS II gene in endothelial cells. Rat coronary 

endothelial (RCE) cells were grown for 30 min, 2, 6 and 12 h in the absence or presence of 60 ng/ml porcine relaxin. 

Time-course analysis of the expression of NOS II and the proinflammatory cytokines IL-1   and TNF  was per-

formed. Relaxin induced the expression of NOS II transcript and protein at all these time points. No correlation was ob-

served with the expression profiles of the genes for the assayed cytokines: IL-1  expression showed a first peak at 30 min. 

followed by a decline and a second peak at 12 h, whereas faint TNF-  expression was only detected at 2 h. Relaxin re-

tained the ability to induce NOS II transcript and to generate NO even in the presence of neutralizing anti- IL1  and/or 

anti-TNF-  antibodies. The current findings suggest that the induction of NOS II by relaxin in coronary endothelial cells 

is a direct effect of this hormone and does not depend on a primary cytokine-mediated pathway that eventually results in 

NF- B activation and NOS II induction. 

INTRODUCTION 

 Relaxin, a peptide hormone of the insulin-IGF superfa-
mily best known for its effects on reproduction [1,2], has 
been recently validated as a cardiovascular hormone [3-6], as 
it can activate specific receptors on the heart and the blood 
vessels [7,8]. The effects of relaxin on the cardiovascular 
system include a marked increase in coronary blood flow 
[9,10], which involves the activation of the endogenous pro-
duction of the gaseous free radical and potent vasodilator 
nitric oxide (NO) by vascular endothelial and smooth muscle 
cells in vitro [11-13]. In these studies, relaxin was shown to 
promote endogenous NO generation by an up-regulation of 
inducible nitric oxide synthase (NOS II). In particular, in 
endothelial cells from both rat coronary vessels (RCE) and 
human umbilical vein (HUVEC), treatment with relaxin 
caused a de novo transcription of NOS II gene, as judged by 
the increased amount of NOS II mRNA and protein [12,13]. 
These effects were inhibited by dexamethasone [12] or cur-
cumin [13], potent inhibitors of the transcription factor NF-

B [14,15], thus suggesting the involvement of NF- B in the 
response of endothelial cells to relaxin. In fact, NF- B is 
known to bind to the NOS II gene promoter [16] and to be 
involved in the induction of NOS II caused by cytokines and 
bacterial lipopolysaccharide (LPS) [14,16]. 
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 However, it remains to be clarified whether the reported 
induction of NOS II by relaxin, observed upon the addition 
of this hormone to the endothelial cell cultures, is a direct 
effect or may rather follow the primary activation of a cyto-
kine-mediated pathway that eventually results in NF- B ac-
tivation and NOS II induction. The present study was de-
signed to address this issue. 

MATERIALS AND METHODS 

Isolation and Culture of Rat Coronary Endothelial 

(RCE) Cells 

 RCE cells were isolated from hearts of 2-3-month old 
Wistar rats, as described previously [17]. Animal handling 
was done in compliance with the recommendations of the 
European Economic Community (86/609/CEE) for the care 
and use of laboratory animals and with the principles of 
Good Laboratory Practice. The experiment was approved by 
the animal care committee of the University of Florence. 
Briefly, after enzymatic digestion of heart tissue fragments, 
the recovered cells were stirred for 30 min at 37°C in the 
presence of 10 mg/50 ml trypsin, centrifuged, resuspended in 
15 ml of culture medium (see below), and plated. After 4 h, 
cells were washed twice and grown until they were confluent 
(5-6 days). M199 containing 20% foetal bovine serum 
(FBS), 250 U/ml penicillin G, 0.625 g/ml amphotericin and 
250 g/ml streptomycin, was used as culture medium. By 
this method, RCE cells are 97% pure and express typical 
endothelial markers [17]. RCE cells were used at the 1

st
 pas-

sage in culture. 
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 Media, sera and reagents for cell culture were from 
Sigma-Aldrich (Milan, Italy) and Gibco BRL (Paisley, Scot-
land, UK). Cell culture plastic ware was purchased from 
Costar (Corning Costar Co., Costar Italia, Milan, Italy). 
Highly purified porcine relaxin (2500 to 3000 U/mg) was the 
generous gift of Dr. O.D. Sherwood. The relaxin preparation 
used was endotoxin-free, as assessed by the Limulus amebo-
cyte lysate assay (E-toxate, Sigma-Aldrich). 

Evaluation of NOS II and Cytokine mRNA Expression 
by RT-PCR 

 For time-course analysis of the expression of NOS II, IL-
1  and TNF  transcripts, RCE cells seeded in 25 cm

2
 culture 

flasks were grown for 30 min, 2 h, 6 h and 12 h in the ab-
sence (controls) or presence of 60 ng/ml relaxin. This con-
centration of the hormone was similar to that found previ-
ously to induce NOS II in RCE cells [12]. At the end of the 
experiments, total RNA was extracted using Trizol Reagent 
(Gibco-BRL) according to the manufacturer’s protocol and 
quantified spectrophotometrically at a 260-nm wave length. 
Then, 1 μg of total RNA was reverse-transcribed and ampli-
fied with SuperScript

TM 
One-Step

TM 
RT-PCR System (Invi-

trogen, Groningen, The Netherlands) in
 
a total volume of 50 

l. After cDNA synthesis
 
for 30 min at 55°C, the samples 

were pre-denaturated for 2 min at 94°C; the first-strand 
cDNA was subjected

 
to 35 cycles of PCR performed at 94°C 

for 15 sec, 55°C
 
for 30 sec (NOS II, IL-1 ) and 62°C

 
for 30 

sec (TNF- ), and 72°C for 1 min; the final extension step 
was performed at 72°C for 5 min. Internal standards for 
quantification

 
of NOS II and cytokine cDNAs were gener-

ated by amplifying GAPDH mRNA performing 35 cycles of 
the following steps: 94°C for 15 sec, 55°C

 
for 30 sec and 

72°C for 1 min. 

 The following sets of primers were used: NOS II sense, 
5’-GCT ACA CTT CCA ACG CAA CA-3’; antisense, 5’-
GGC GAA GAA CAA TCC ACA AC-3’; IL-1  sense, 5’-
AAA AGC TTG GTG ATG TCT GG-3’; antisense, 5’-TTT 
CAA CAC GCA GGA CAG G-3’; TNF-  sense, 5’-GAG 
CTG AGA GAT AAC CAG CTG GTG-3’; antisense, 5’-
CAG ATA GAT GGG CTC ATA CCA GGG-3’; GAPDH 
sense, 5’-CCA TGG AGA AGG CTG GGG-3’; antisense, 
5’-CAA AGT TGT CAT GGA TGA CC-3’. The resulting 
PCR products were analyzed on a 2% agarose gel using ap-
propriate base pair markers to verify the requires size of the 
final PCR products. Bands were quantified by densitometric 
analysis using Scion Image Beta 4.0.2 image analysis pro-
gram (Scion Corp., Frederick, MD, USA). Values are the 
mean (± SEM) of 3 separate experiments. 

Western Blotting for NOS II Protein 

 RCE cells seeded into 75 cm
2
 flasks were grown for 30 

min, 2 h, 6 h and 12 h in the absence (controls) or presence 
of relaxin (60 ng/ml). Cells were then detached in tryp-
sin/EDTA, washed thoroughly and placed in cold lysis 
buffer of the following composition: 20 mM Tris/HCl pH 
7.4, 10 mM NaCl, 1.5 mM MgCl2, 1.3 mM Na2EDTA, 1 
mM dithiotreitol (DTT), 1 mM phenylmethylsulfonyl fluo-
ride (PMSF), 0.25% Triton X-100, 20 μg/ml Leupeptin, 1 
μg/ml Pepstatin, 1 mg/ml Pefabloc SC, 2.5 μg/ml Aprotinin. 
Upon centrifugation at 17,000 g at 4°C, the supernatants 
were collected and the total protein content was measured 
spectrophotometrically using a micro-BCA protein assay kit 

(Pierce, Rockford, IL). The samples, each containing 35 μg 
of total proteins, were electrophoresed by SDS-PAGE and 
blotted onto nitrocellulose membranes (Amersham). After 
thorough washings in PBS added with 0.1% Tween 20 (T-
PBS), the membranes were treated with albumin 5% in T-
PBS to block aspecific binding sites and incubated overnight 
at 4°C under stirring with rabbit polyclonal antibodies 
against NOS II (Alexis, Läufelingen, Switzerland), diluted 1: 
50,000 in T-PBS added with 1% bovine serum albumin. 
Immune reaction was revealed by peroxidase-labeled goat 
anti-rabbit antibodies (Vector, Burlingame, CA), diluted 1: 
10,000 in T-PBS with 1% bovine serum albumin and applied 
to the membranes for 1 hour at room temperature under stir-
ring, followed by 1-min incubation with the chemilumines-
cent substrate ECL (Amersham, Buckinghamshire, UK) and 
exposure to high-sensitivity photographic film (Biomax ML, 
Kodak, Rochester, NY). 

Evaluation of the Role of IL-1  and TNF  on the Re-
laxin-Induced NOS II mRNA Expression 

 In order to clarify the role of IL-1   and TNF  on the 
relaxin-induced expression of NOS II, RCE cells were 
grown for 2 h in medium added with 60 ng/ml relaxin in the 
presence of excess concentrations of neutralizing goat poly-
clonal antibodies anti-IL-1  (R&D Systems, Minneapolis, 
MN; 4 μg/ml), anti-TNF  (R&D; 1.8 μg/ml) or a mixture of 
both, according to manufacturer’s instructions. As controls, 
RCE cells treated with nonimmune goat -globulins were 
used. At the end of the experiments, total RNA was extracted 
and NOS-II mRNA expression was evaluated as described 
above. 

Evaluation of NO Production 

 This step was performed by measuring the accumulation 
of nitrites, the stable end-products of NO, in the supernatant 
of RCE cells. Cells were seeded into 24-well plates at den-
sity of 5x10

4
 cells/well, allowed to grow to subconfluence 

and then incubated for 2 h in the absence (controls) and pres-
ence of relaxin (60 ng/ml), alone or together with the neutral-
izing antibodies anti-IL-1 , anti-TNF  or a mixture of both, 
at the above noted concentrations. The amount of nitrites 
was determined spectrophotometrically by the Griess reac-
tion adapted for a 96-well plate reader [12]. In brief, 100 μl 
of sample were added to 100 μl of Griess reagent (1% sulfa-
nilamide and 0,1% N-(1-naphtyl)ethylendiamine in 5% 
phosphoric acid). The optical density at a wavelength of 546 
nm was measured with a Bio Rad 550 micro plate reader. 
Nitrite concentrations in the supernatants were calculated by 
comparison with standard concentrations of NaNO2 dis-
solved in culture medium. The reported values are the mean 
(± SEM) of 3 separate assays. 

RESULTS 

 Time-course analysis of NOS II mRNA and protein 
shows that relaxin (60 ng/ml) induced the functional expres-
sion of NOS II gene at all the time points assayed, transcripts 
and protein being already detectable at 30 min, attaining the 
climax at 2 h, and declining slowly at the longer times (Fig. 
1A,B). The untreated controls showed no detectable NOS II 
mRNA and protein expression. GAPDH, assumed as control 
invariant gene, did not change its levels of mRNA transcrip-
tion upon relaxin treatment, at any time assayed (Fig. 1C). 
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IL-1  expression in response to relaxin at the noted concen-
tration showed a first peak at 30 min. followed by a decline 
and a second peak at 12 h (Fig. 2). Faint TNF-  expression 
was only detected at 2 h (Fig. 3). Densitometric analysis of 
the PCR bands gave a quantitative confirmation to the visual 
observations (Fig. 4). 

 

Fig. (1). Time-course of NOS II PCR amplification products (A) 

and protein expression (B) in RCE cells stimulated or not with re-

laxin. The amplicons for GAPDH (C), assumed as control invariant 

gene, show no changes in the different experimental groups. C: 

control cultures; R: cultures treated with relaxin (60 ng/ml). 

 

Fig. (2). Time-course of IL-1  PCR amplification products upon 

stimulation of RCE cells with relaxin at the noted concentration. 

 Despite the time course analysis showed no correlation 
between gene expression of NOS II, and of the cytokines  
 

 

Fig. (3). Time-course of TNF-  PCR amplification products upon 

stimulation of RCE cells with relaxin at the noted concentration. 

 

Fig. (4). Densitometric analysis of PCR bands for the expression of 

the noted genes. Black bars: untreated RCE cells; gray bars: RCE 

cells treated with 60 ng/ml relaxin for (left to right): 30 min., 2 h, 6 

h, 12 h. 

assayed, the possibility that IL-1  and/or TNF-  may ac-
count, at least in part, for the effect of relaxin on NOS II 
expression could not be ruled out. Therefore, RCE cells were 
stimulated with relaxin for 2 h in a medium containing neu-
tralizing anti- IL-1  and/or anti-TNF-  antibodies. Of note, 
even in the presence of the noted anti-cytokine antibodies, 
relaxin retained the ability to induce NOS II transcripts and 
to stimulate the endogenous generation of NO, as indicated 
by measurement of the levels of nitrites, the stable end-
products of NO, in the cells’ conditioned medium (Fig. 5A-

C). As expected, nonimmune goat serum substituted for the 
anti-cytokine antisera did not change the effect of relaxin on 
NOS II mRNA (data not shown). 

DISCUSSION 

 The current findings indicate that relaxin, at the concen-
tration of 60 ng/ml that has been proven adequate to up-
regulate NOS II in endothelial cells [12,13], induces a 
prompt, long-lasting expression of NOS II mRNA and pro-
tein by RCE cells. This effect appears to depend on a direct 
action of the intracellular relaxin signaling pathway on NOS 
II gene, likely mediated by specific nuclear transcription 
factors such as NF-kB, as previously reported [11-13]. In the 
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meantime, relaxin also increases the transcription of IL-1  
and, at a lesser extent, TNF- , but these cytokines are not 
required to mediate the stimulatory effect of relaxin on NOS  
 

 

Fig. (5). (A) NOS II PCR amplification products in RCE cells, 

untreated (control) and treated with relaxin (60 ng/ml, 2 h) in the 

absence or presence of the noted neutralizing anti-cytokine antibod-

ies. (B) Densitometric analysis of the PCR bands. (C) Nitrite 

amounts in the conditioned medium of RCE cells in the above ex-

perimental conditions. 

II gene expression. Thus, it is conceivable that IL-1  and 
TNF-  expression may be the consequence of the activation 
by relaxin of transcription factors shared by NOS II and cy-
tokines, such as NF-kB. 

 It should be noted that relaxin is the specific ligand of G 
protein-coupled receptors, chiefly RXFP1, also expressed by 
blood [8]. It is tempting to speculate that, through activation 
of Gs proteins and adenylate cyclase, relaxin may up-regulate 
the activity of protein kinase A (PKA) [18] which, in turn, 
may phosphorylate and inactivate IkB- , the inhibitor 
subunit of the transcription factor NF- B, thus allowing NF-

B to translocate into the nucleus and to promote the expres-

sion of NOS II [19]. The involvement of NF- B in the re-
sponse of RCE cells to relaxin is also indicated by our previ-
ous observation that NOS II induction by relaxin is sup-
pressed by dexamethasone, a well known NF- B inhibitor 
[12]. 

 These findings may have important pathophysiological 
implications. In fact, evidence has been provided that NOS 
II, besides being up-regulated in the inflammatory process in 
response to pro-inflammatory cytokines [20], may also func-
tion as a “constitutive” enzyme in some cell types under 
physiological conditions [11,21]. Once synthesized upon the 
action of different inducers, NOS II is active for long times 
and generates large amounts of NO that can have beneficial 
effects, such as antiatherogenic and antiapoptotic actions 
[22]. At variance with pro-inflammatory cytokines, which 
lead to massive NOS II induction and consequent generation 
of harmful NO levels, relaxin could up-regulate NOS II in 
RCE cells within a physiologic range by an cytokine-
independent pathway. In this way, relaxin could exert a 
broad spectrum of cardiovascular protective functions of 
endothelial-derived NO, which include the reduced expres-
sion of chemokines and adhesion molecules, as well as the 
inhibition of smooth muscle cell proliferation in the coronary 
vascular wall [reviewed in 23-25). In this context, relaxin 
may afford significant protection against cardiovascular 
ischemic disease, in agreement with the results of our previ-
ous studies in animals subjected to ischemia and reperfusion 
[10,26,27]. Of note, in the above studies, relaxin was also 
found to significantly decrease neutrophil extravasation into 
the damaged myocardium [26,27], an effect that can be as-
cribed to reduced neutrophil adhesion to the coronary endo-
thelium mediated by increased generation of NO by the en-
dothelial cells [28]. 
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