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Natural agents with antifibrotic properties:

The hormone relaxin

Ch.D. Zois, K.H. Katsanos, D. Christodoulou, E.V. Tsianos

SUMMARY

Relaxin (RLX) is an heterodimeric polypeptidic hormone
that belongs to the insulin-like superfamily. Three human
genes coding for H1, H2 and H3 relaxin have been identi-
fied. In women, the H2 gene is expressed in the corpus lu-
teum, endometrium, placenta, and breast, while Hl mRNA
has been found in the placenta only. In men, H1 and H2 ex-
pression has been reported in the prostate gland and sem-
inal vesicles. /n vitro and in vivo studies of exogenous RLX
administration have shown a substantial reduction in col-
lagen production and tissue metalloproteinase inhibitor-1
and 2 (TIMP-1, TIMP-2) expression by dermal and lung fi-
broblasts and by hepatic stellate cells. The role of RLX in
fibrostenotic Crohn’s disease is also under investigation.
One of the hypotheses in fibrosis suggests that progression
of fibrosis results from increased synthesis of extracellular
matrix molecules along with elevated expression of TIMP-1
and 2 which inhibit matrix degradation. Consequently, an-
tifibrotic therapies must target towards either reducing ma-
trix synthesis or/and increasing matrix degradation. These
promising data for RLX could be regarded nowadays as
a point of interest in trials for every disease that is patho-
physiologically linked with fibrotic or fibrostenotic proce-
dures due to abnormal collagen accumulation or collagen
degradation.
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INTRODUCTION

There is a continuously increasing interest in gastro-
enterology and other medical specialties for the antifibrot-
ic properties of relaxin. The hormone relaxin (RLX) is a
disulfidic analogue of insulin, which Hisaw has initially
described in 1926'. The name relaxin is attributed to its
reported actions in relaxing and dilating interpubic sym-
physis and cervical and vaginal tissue just prior to and dur-
ing parturition’. The hormonal activity has been classically
detected during pregnancy in plasma and urine extracts®.

Recent in vitro and in vivo studies have shown that this
hormone may have an important role in fibrotic procedures
through its intervention in certain regulatory mechanisms
of collagen degradation. Moreover, it has been reported
that recombinant human RLX administration (exogenous
RLX) can improve or even reverse up to a certain level
the fibrotic phenomena of several diseases®.

Fibrosis is a universal response to chronic injury and
inflammation of several organs and manifests itself as an
excess accumulation of connective tissue, resulting in an
irreversible loss of tissue function when normal tissue
is replaced by scar tissue>®. Fibrosis exists in numerous
forms including vascular sclerosis, hepatic cirrhosis, pul-
monary fibrosis and renal fibrosis. These forms of deep
organ fibrosis are particularly serious because the progres-
sive loss of organ function is a leading cause of mortal-
ity estimated to account for 45% of deaths in the United
States between 1984 and 1989°.

Known for many years as a hormone of human repro-
duction, the polypeptide RLX has attracted more general
attention since the early 1990s, when new studies revealed
the remarkable pleiotropy of this substance in rodents’?.
One of the most consistent biological effects of RLX is
its ability to stimulate the breakdown of collagen, a major
component of all organs within the body. RLX not only
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stimulates collagen remodeling within the birth canal in
preparation for parturition, but acts on cells and tissues to
inhibit fibrosis, the process of tissue scarring which is pri-
marily the result of excessive collagen deposition.

Thus, the recent promising data for RLX could be re-
garded nowadays as a point of interest in in vivo and in
vitro research and trials for every disease that is patho-
physiologically linked with fibrotic or fibrostenotic pro-
cedures due to abnormal collagen accumulation or colla-
gen degradation.

Relaxin production and structure

Relaxin (RLX) is an heterodimeric polypeptidic hor-
mone that belongs to the insulin-like superfamily. This
family of proteins includes insulin, RLX, insulin-like
growth factors 1 and 2 (IGF-1 and IGF-2) and the relax-
in-like factor®, that seem to share common evolution or-
igin'®. All members of this family of growth factors ap-
pear to be synthesized as a preprohormone consisting of
a signal peptide and B, C and A domains from the N’ to
the C’ terminus respectively''?, Human RLX is a simple
protein of a molecular weight of approximately 6000 dal-
tons®. Like insulin, RLX is synthesized as a single chain
prohormone that is post-translationally processed by cleav-
age of a C-peptide region to yield two chains, designated
A and B which are connected by inter- and intra-chain bi-
sulfide bounds'. The RLX molecules in different species
display significant differences in their nucleic acid and
amino acid sequences but always contain a certain ami-
no-acid motif, which has shown to be important for bind-
ing to the relaxin receptor'.

While RLX was one of the first peptides to be discov-
ered, its receptors (LGR7 and LGRS) were only recent-
ly discovered'®!”!® and found to interact with related G-
protein-coupled receptors (GPCRs). The RLX receptors
are part of a subgroup (type C) of the family of leuchine-
rich-repeat-containing GPCRs (LGR). Although LGR7 is
more highly responsive to RLX than LGRS, it has been
hypothesized that LGRS acts as a paracrine receptor for
locally produced RLX".

Humans and higher primates have three RLX genes,
designated as H1, H2 and H3 relaxin®*?. In women, the
H2 gene is expressed in the corpus luteum, endometrium,
placenta, and breast, while HI mRNA has been found
in the placenta only?!. In men, HI and H2 expression
has been reported in the seminal vesicles and the pros-
tate gland?>%, where it seems that RLX promoters are re-
pressed in contrast with the androgens and the prostatic
specific antigen (PSA)*. In human plasma only H2 RLX
has been detected”. The H3 RLX gene is predominantely

expressed in the brain where it is thought to act as a neu-
ropeptide?. For many years, RLX had been considered
only as a pregnancy hormone but, with improved detec-
tion technique, has also been found in nonpregnant wom-
en and during the early stages of placentation?’. However,
the highest levels of RLX are measured in pregnancy and
during the second phase of the menstrual cycle?. During
menstrual cycle two types of biochemical compounds
with hormonal activity are synthesized and secreted by
ovarian tissue. One is the polypeptide RLX and the sec-
ond is a class of compounds with steroidal stucture, which
includes androgens, estrogens and progestogens. The or-
igin of relaxin in postmenopausal women with atrophic
or surgically removed genitals is unknown since the usu-
al sources of RLX, the ovaries and the endometrium are
not likely to be the source®.

In animals RLX has also the same important function
during parturition. In the pregnant uterus, fetal tropho-
blast cells have been identified as the source of RLX in
the mare, the rabbit and the golden hamster®. In the guin-
ea pig RLX is localized in endometrial glands and in var-
ious animal species endometrial granulocytes have also
been found to contain RLX?'. In cats the placenta is the
major source of RLX and concentrations of RLX detected
in rabbit plasma during the preimplantation period seem
to indicate a possible involvement of RLX in implanta-
tion in that species. In addition to this, feline RLX is un-
detectable during estrus cycle and pseudopregnancy and
is a valid marker to indicate and monitor placenta suffi-
ciency in feline species®>.

Endogenous relaxin physiology and target
tissues

The binding of relaxin to specific receptors has been
observed in the brain, uterus mammary glands* and the
heart, which speaks in favor for the multifunctionality of
this hormone' (7able I). In laboratory animals RLX has
been shown to cause dilatation of the cervix in mice and
rats, a lengthening of the pubic symphysis of mice and
guinea pigs and inhibition of uterine contraction in guin-
ea pigs** and rats®. Additionally, RLX has been shown to
have anabolic effects and to induce glycogen accumula-
tion in the myometrium as well as to promote lipid deposi-
tion in the adipose tissue*. Furthermore, radioimmunolog-
ic (RIA) data confirm that serum level of this hormone in
many experimental animals increases significantly within
hours of parturition and drops sharply thereafter*®.

It has been shown that nerve growth factor (NGF)
and RLX have regions considerably different from these
of insulin, which may be consistent with the failure of
these proteins to exert insulin-like effects®’. Moreover, the
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Table 1. Target tissues for endogenous relaxin in vivo

TARGET TISSUE

EFFECTS

Interpubic ligament
Vagina and cervix
Uterus

Prostate and testicles

Central nervous system

Liver

Heart

Lung

Kidneys

Mammary glands and nipples
Skin

Adipose tissue

remodeling-lengthening
dilatation and softening
inhibition of contraction
development of prostate, sperm maturation and motility

influence on the bodily fluid balance affecting neurons in the subforni-
cal organ, stimulation of vasopressin and secretion of water drinking

fibrosis inhibition, glycogenolysis

vasodilatory, diuretic, chronotropic, inotropic effect

fibrosis inhibition, reduction of allergic airways inflammation
reduction of glomerular and interstitial fibrosis

lactation

Improvement of extensibility, reduction of dermal scarring

Lipid deposition

mRNA for insulin-related receptor is expressed in many
tissues including the liver but does not appear to be the
receptor of any known members of the insulin family3.
Insulin receptors in rat brain cortex are functionally dif-
ferent from other tissues regarding the insulin specifici-
ty and no competition was observed with porcine RLX?.
Moreover it has been shown that porcine RLX and insu-
lin do not cross react immunologically and do not com-
pete effectively for binding to the same receptors®. It is
not known whether hepatocytes express RLX receptors,
thus it is not known if this is a result of direct action of
the hormone or whether other factors also contribute.
The current finding on the RLX-induced glycogen de-
pletion*® does not allow defining whether this hormone
actually reduces glucose uptake by hepatocytes or rather
promotes glycogenolysis. RLX appears to share the abil-
ity to maintain adequate levels of glycemia for maternal
tissues and metabolic supply to the placenta*. However,
RLX administration did not increase the level of cyclic
AMP (cAMP)* in a non target tissue, other than pubic
symphysis, such as liver is. This specific tissue response
still remains under investigation.

Reported experiments in nonpregnant animals indi-
cated that RLX influences the cardiovascular system by
developing chronotropic and inotropic effects as well as
vasodilation and the lowering of blood pressure in nor-
motensive as well as in spontaneous hypertensive rats*.
The effects were however stronger in comparison to an-
giotensin II and it has been assumed that this effect is me-
diated via specific receptors in the heart. RLX interacts
also with several neural angiotensinergic pathways in the

central nervous system**, Systemic stimuli that may ac-
tivate central angiotensinergic pathways include plasma
hypertonicity and circulating hormones such as angioten-
sin IT and /or RLX.

Little is known about the mechanism(s) by which RLX
is degraded. It has been reported that an apparent degra-

dation of rat RLX has been observed in the presence of
microsomial membrane fractions of rat uterus®. The re-

sults of another study*® demonstrated that porcine RLX is
a viable, although not a preferential substrate for the two
out of three of the insulin degrading enzymes; GIT (Glu-
tathione-insulin transhydrogenase) and NTP (NeutraThiol
Peptidase). Furthermore, inhibition of insulin degradation
by RLX is unlikely to be a significant factor in the avail-
ability and kinetics of insulin in tissue.

RLX like insulin is excreted in the urine provided there
is normal renal function. An increase in urinary RLX re-
flected the increase of systemic RLX production after
transdermal estradiol treatment, which has been suggested
to favor RLX responsiveness in several target organs®.

RLX has been reported to be undetectable in the serum
of untreated males but extremely sensitive ELISA meth-
ods can measure RLX also in non pregnant status (male
and female subjects) in serum, plasma, seminal plasma,
tissue extract and cell culture®.

RLX levels are usually expressed in nanograms per
ml (ng/ml). RLX releasing factor* measurement is also
achievable with commercial kits but there is not yet ade-
quate information available in order to interpret efficient-
ly the obtained results.
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Exogenous relaxin administration in vitro
and in vivo

In vitro studies of exogenous RLX administration have
shown a substantial reduction in collagen production and
tissue metalloproteinase-1and 2 (TIMP-1 and TIMP-2) ex-
pression by dermal and lung fibroblasts™ (Figure I). Many
experimental studies have also shown the RLX effect on
structural remodeling of the liver’', cervix and interpubic
ligament in preparation for parturition'®.

Exposure of activated rat hepatic stellate cells (HSC)
to RLX (100 ng/ml) resulted in a concentration dependent
(dose-dependent) decrease in both collagen synthesis and
deposition*. In detail, a 40% decrease in collagen synthesis
was noticed in a 24-hour period of observation. These data
demonstrate that RLX modulates effective collagen deposi-
tion by HSC, at least in part, due to changes in the pattern of
matrix degradation. In this study the authors have proposed
that RLX regulates collagen deposition at the translational
or post-translational level in the hepatic cells.

The effect of RLX in HSC was also studied in an
in vivo rat model of liver fibrosis (using CCL4)%. In
this model subcutaneous infusion of recombinant RLX
in much more excessive levels than in normal pregnant
women resulted in a significant reduction of the effective
deposition of interstitial collagen. Treatment with RLX
led to a decrease in liver size associated with a signifi-
cant decrease in total liver hydroxyproline content. This
antifibrotic effect of RLX was comparable with that seen
in the rodent model of pulmonary fibrosis but less dra-
matic than that observed with the rodent dermal fibro-
sis. However, this study did not clearly show the exact
mechanism of how RLX acts with an antifibrotic way in
the rat liver. Reduction of collagen synthesis resulted in

MATRIX [
B 4 ]

Collagen I, IIT, IV, VI deposition ‘

Inhibition of deposition, not TGF-B1 mediated |

RELAXIN | TGF-B1 inhibition |

¢ Inhibition of Tissue Inhibitor of
MP (TIMP-1, 2)

HEPATIC STELLATE CELL
TIMP-1, TIMP-2 production

Boxes in grey color indicate in vivo antifibrotic mechanisms or factors |

A

Degradation by MP
(metalloprotemases)

Figure 1. The probable antifibrotic role of relaxin in the liver

a modest, although consistent, decrease in TIMP-mRNA
levels. On the other hand, secreted substances from HSC
such as collagenase, MMP-13 and gelatinase A and B,
although enhanced, were not RLX mediated in the same
experimental study.

In addition, in other studies RLX treatment of rats has
been reported to cause acute changes in hepatic micro-
circulation and to induce morphological changes in sinu-
soidal myofibroblastic cells*, dilation of the sinusoids,
decreasing also the expression of tissue inhibitors of metal-
loproteinases (TIMPs) and increasing the expression of the
rodent interstitial collagenase MMP-13%, RLX had also
protective effects against ischemia and reperfusion dam-
age in perfused rat liver’, while promoting vasodilation,
wound healing and angiogenesis®’. Finally, RLX treatment
of experimentally induced hepatic fibrosis resulted in de-
creased liver collagen, suggesting that RLX treatment may
benefit hepatic fibrosis in vivo®®.

From the body of data obtained by investigating the ef-
fects of exogenous RLX in rodents, we may predict that this
peptide chiefly exerts compensatory effects in the course
of congestive heart failure®, vasodilation, diuresis caused
by attenuation of the renal vascular response to angioten-
sin-11%¢!, stimulation of atrial natriuretic peptide®'*?, colla-
gen matrix degradation, prevention of coronary thrombotic
events by upregulating tissue plasminogen activator, mod-
ulation of angiotensin-II effects and suppression of the en-
dothelin-1 system®. Intravenous or intracerebroventricu-
lar (ICV) RLX administration in rats resulted in increased
circulating levels of vasopressin and significant increase in
water intake probably as a result of central nervous system
angiotensin receptor modulation®®. Administration of RLX
in rats causes widespread glycogen depletion as well as in-
crease in the organelles involved in the uptake of blood-
borne substances and their metabolization such as smooth
endoplasmic reticulum, endosomes and lysosomes®.

Recombinant human RLX reduced collagen accumu-
lation in a rodent model of dermal fibrosis®. RLX was also
associated with a significant reduction in a bleomycin in-
duced murine model of lung fibrosis®. In a rodent model
of renal fibrosis the anti-fibrotic role of exogenous RLX
administration has also been reporteds-%, RLX adminis-
tration was also suggested for the treatment of systemic
sclerosis 8, In addition, in a recent study conducted by
Samuel et al® it was demonstrated that mouse RLX can
effectively inhibit collagen deposition and accumulation
over long-term treatment periods (>4 months) in several
organs including the lung, kidney, testis and skin.

The observation that pregnancy decreases the inci-
dence of relapses and the development of fibrostenotic
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lesions in women with Crohn’s disease could be of great
importance. RLX in multiparous women with Crohn’s dis-
ease increases the laxity of fibrous tissue and probably en-
hances remodeling of fibrostenotic bowel lesions™”'. Gly-
coprotein YKL-40, which causes fibrosis in rheumatoid
arthritis and cirrhosis, is speculated to be lower in multip-
arous women than in nonpregnant women due to the fetal
lymphocytes that secrete a protein that is a potential im-
mune modulator”".

Future perspectives of exogenous relaxin use
in gastroenterology

Liver fibrosis is characterized by increased hepatic
deposition of extracellular matrix (ECM) proteins, fibril-
forming collagens (types I, III and IV), some non-fibril
forming collagens (types IV and VI), a number of glyco-
proteins (cellular fibronectin, laminin, SPARC, osteonec-
tin, tenascin and von Willenbrand factor), proteoglycans
and glycosaminoglycans (perlecan, decorin, aggrecan,
lumican and fibromodulin)’*7¢. The hepatic stellate cell
(HSC) is the main cell involved in hepatic fibrogenesis.
After liver injury or inflammation, HSC become activat-
ed, proliferated and undergo transformation to a myofi-
broblast-like phenotype. Activated HSC expresses mostly
type I and III collagen, matrix degrading metalloprotein-
ases, the TGF-B1, tissue metalloproteinase 1 and 2 inhibi-
tors (TIMPs)”’7 and their downstream mediators including
connective tissue growth factor (CTGF), platelet derived
growth factor (PDGF) and endothelin-1 (ET-1). Further-
more, an imbalance between collagen degrading enzymes,
the matrix metalloproteinases (MMPs) and their inhibi-
tors, the tissue inhibitors of metalloproteinases (TIMPs),
can also lead to excessive collagen deposition and result in
liver fibrosis (Table 2). The irregular deposition of matrix
material leads to the disruption of normal liver architecture
(cirrhosis) and eventually to organ dysfunction.

RLX was shown to act on HSC in a two-pronged man-
ner, first by reducing markers of HSC activation (reduced
production of collagen and smooth muscle actin by HSC)
and second by promoting fibrillar matrix degradation by
elevating collagenase activity. The result is a shift in the
HSC from a phenotype that contributes to fibrosis to one
that promotes recovery. Furthermore, in the recovery stage
of experimental hepatic fibrosis a large induction of MMP-
13 expression was detected, suggesting that MMP-13 is an
integral part of the antifibrotic process”™. RLX was found
to increase the expression and secretion of MMP-13%,

In recent studies conducted by Bennett et al**®' the ex-
pression of LGR7 and LGR8 in activated HSC and in the
cirrhotic rat liver increased markedly, whereas in the nor-

Table 2. Proposed antifibrotic mechanisms of exogenous re-
laxin administration.

Proposed antifibrotic mechanisms during exogenous RLX admin-
istration (rat model)

1. Down regulation of collagen synthesis and a-smooth muscle actin
(SMA)

2. Down regulation of TIMP-1,2 synthesis by hepatic stellate cells
(HSC)

3. Down regulation of the TGF-f1, Angll, PDGF, ET-1, CTGF
4. Reduction of TIMP-1 mRNA expression
5. Enhancement of matrix degradation by metalloproteinases

6. Increase of collagenase and proteoglycanase production and ef-
fects

mal rat liver neither receptor was detectable. Therefore,
the authors suggest that agents stimulating both receptors
may be therapeutically useful to limit the activation of
HSC in liver injury and to modify fibrosis.

In addition, antifibrotic therapies of benign and also
probably malignant diseases such as scirrthous carcinoma
of the stomach®® must target towards either reducing ma-
trix synthesis or/and increasing matrix degradation. Trans-
lating experimental findings to humans will however be
essential in determining the clinical significance of relaxin.
Thus, further clinical trials aiming to validate its signifi-
cance in human pathology are therefore mandatory.

In conclusion, RLX is emerging as a potent antifibrot-
ic agent with rapid occurring efficacy and excellent safety
through its ability to regulate the ECM and in particular
collagen turnover at multiple levels. It not only prevents
fibrogenesis but also reduces established scarring (fibro-
sis) which is a leading cause of organ failure and affects
several tissues regardless of etiology. Especially the role
of RLX in the treatment of liver fibrosis disease seems
promising.

REFERENCES

1. Hisaw FL. Experimental relaxation of pubic ligament of the
guinea pig. Proc Soc Exp Bio Med 1926; 23:661-663.

2. Sawyer WH, Frieden EH, Martin AC. In vitro inhibitions of
spontaneous contractions of rat uterus by relaxin-containing
extracts of sow ovaries. Am J Physiol 1953;172:547-552.

3. Korach KS. Selected biochemical actions of ovarian hor-
mones. Environ Health Perspect 1981; 38:39-45.

4. Schwabe C, Bollesbach EE. Relaxin: structures, functions,
promises and nonevolution. FASEB J 1994;8:1152-1160.

5. Franklin TJ. Therapeutic approaches to organ fibrosis. Int J
Biochem Cell Biol 1997; 29:79-89.

6. Bittermann PB, Henke CA. Fibroproliferative disorders.
Chest 1991;99:81S-84S.



154

CH.D. ZOIS, et al

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Eddy AA. Molecular basis of renal fibrosis. Pediatr Nephrol
2000;15:290-301

. Steinetz BG, Beach VL, Kroc RL, et al. Bioassay of relax-
in using a reference standard. A simple and reliable method
utilizing direct measurement of interpubic ligament forma-
tion in mice. Endocrinology 1960;67:102-115.

. Unemori EN, Beck LS, Lee WP, ef al. Human relaxin de-

creases collagen accumulation in vivo in two rodent models

of fibrosis. J Invest Dermatol 1993;101:280-285.

Bell GI, Merryweather JP, Sanchez-Pescador R, et al. Se-

quence of cDNA clone encoding human preproinsulin-like

growth factor II. Nature 1984; 310:775-777.

Dull TJ, Gray A, Hayflick JS, Ullrich A. Insulin-like growth

factor II precursor gene organization in relation to insulin

gene family. Nature 1984; 310:777-781.

Schwabe C, Mc Donald JK, Steinetz BG. Primary stucture of

the A-chain of porcine relaxin. Biochem Biophys Res Com-

mun 1976;70:397-405.

Schwabe C, Mc Donald JK. Primary structure of the B-chain

of porcine relaxin. Biochem Biophys Res Commun 1977,

75:503-510.

Halls ML, van der Westhuizen ET, Bathgate RAD, Summers

RIJ. Relaxin family peptide receptors-former orphans reunite

with their parent ligands to activate multiple signalling path-

ways. Br J Pharmacol 2007;150:677-691.

Bani D. Relaxin: a pleiotropic hormone.Gen Pharmacol

1997;28:13-22.

Gavin JR 3rd, Roth J, Jen P, Freychet P. Insulin receptors in

human circulating cells and fibroblasts. Proc Natl Acad Sci

U.S.A 19725 69:747-751.

Bathgate RA, Ivell R, Sanborn BM, Sherwood OD, Sum-

mers RJ. International Union of Pharmacology: Recommen-

dations for the nomenclature of receptors for relaxin family

peptides. Pharmacol Rev 2006; 58: 7-31.

Samuel CS, Du XJ, Bathgate RA, Summers RJ. ‘Relaxin’

the stiffened heart and arteries:the therapeutic potential for

relaxin in the treatment of cardiovascular disease. Pharma-

col Ther 2006;112:529-552.

Park JI, Chang CL, Hsu SY. New insights into biological

roles of relaxin and relaxin-related peptides. Rev Endocr

Metab Disord 2005;6:291-296.

Sherwood OD. Relaxin’s physiological roles and other di-

verse actions. Endocr Rev 2004;25:205-234.

Hudson P, Haley J, Cronk M, Shine J, Niall H. Molecular

cloning and characterization of cDNA sequences coding for

rat relaxin. Nature 1981; 291:127-131.

Hansell DJ, Bryant-Greenwood GD, Greenwood FC. Expres-

sion of the human relaxin H1 gene in the decidua, tropho-

blast and prostate. J Clin Endocrinol Metab 1991; 72:899-

904.

Garibay-Tupas JL, Bao S, Kim MT, Tashima LS, Bryant-

Greenwood GD. Isolation and analysis of the 3’-untrans-

lated regions of the human relaxin H1 and H2 genes. J Mol

Endocrinol 2000;24:241-252.

Yki-Jérvinen H, Wahlstrom T, Seppdlé M. Immunohisto-

chemical demonstration of relaxin in the genital tract of men.

J Reprod Fertil 1983;69:693-695.

Brookes DE, Zandvliet D, Watt F, Russell PJ, Molloy PL.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36

37.

38.

39.

40.

41.

42.

43.

44.

Relative activity and specificity of promoters from prostate-
expressed genes. Prostate 1998; 35:18-26.

O° Byrne EM, Steinetz BG. Radioimmunoassay (RIA) of
relaxin in sera of various species using an antiserum to por-
cine relaxin. Proc Soc Exp Biol Med 1976; 152:272-276.
Bathgate RA, Samuel CS, Burazin TC, Gundlach AL, Trege-
ar GW. Relaxin: new peptides, receptors and novel actions.
Trends Endocrinol Metab 2003;14:207-213.

Winslow JW, Shih A, Bourell JH, ef al. Human seminal re-
laxin is a product of the same gene as human luteal relaxin.
Endocrinology 1992; 130:2660-2668.

Eddie LW, Bell RJ, Lester A, et al. Radioimmunoassay of re-
laxin in pregnancy with an analogue of human relaxin. Lan-
cet 1986;1:1344-1346.

Schwabe C, Mc Donald JK. Relaxin: a disulfide homolog of
insulin. Science 1977; 197:914-915.

Cossum PA, Dwyer KA, Roth M, et al. The disposition of
human relaxin (hRIx-2) in pregnant and non-pregnant rats.
Pharm Res 1992; 9:419-424.

Porter DG. The action of relaxin in myometrial activity in
the guinea pig in vivo. J Reprod Fertil 1971; 26:251-253.
Klonisch T, Hombach-Klonisch S, Froehlich C, et al. Nucle-
ic acid sequence of feline preprolelaxin and its localization
within the feline placenta. Biol Reprod 1999; 60:305-311.
Cheach SH, Sherwood OD. Target tissues for relaxin in the
rat: tissue distribution of injected 125I-labeled relaxin and
tissue changes in adenosine 3°,5’-monophosphate levels after
in vitro relaxin incubation. Endocrinology 1980; 106:1203-
1209.

McMurtry JP, Kwok SC, Bryant-Greenwood GD. Target tis-
sues for relaxin identified in vitro with '*I-labelled porcine
relaxin. J Reprod Fertil 1978; 53:209-216.

. Vasilenko P, Mead JP. Growth-promoting effects of relaxin

and related compositional changes in the uterus, cervix and
vagina of the rat. Endocrinology 1987; 120:1370-1376.
Braddon SA. Relaxin-dependent adenosine 6°,5’-monophos-
phate concentration changes in the mouse pubic symphysis.
Endocrinology 1978; 102:1292-1299.

James R, Niall H, Kwok S, Bryant-Greenwood GD. Prima-
ry structure of porcine relaxin: homology with insulin and
related growth factors. Nature 1977; 267:544-546.

Zhang B, Roth RA. The insulin receptor-related receptor.
Tissue expression, ligand binding specificity, and signaling
capabilities. J Biol Chem 1992; 267:18320-18328.
Gammeltoft S, Staun-Olsen P, Ottesen B, Fahrenkrug J. In-
sulin receptors in rat brain cortex. Kinetic evidence for a re-
ceptor subtype in the central nervous system. Peptides 1984;
5:937-944.

Bani D, Nistri S, Quattrone S, Bigazzi M, Sacchi TB. Relax-
in causes changes of the liver. /n vivo studies in rats. Horm
Metab Res 2001; 33:175-80.

Posner BI. Regulation of lactogen specific binding sites in
rat liver: studies on the role of lactogens and estrogen. En-
docrinology 1976; 99:1168-1177.

Geddes BJ, Summerlee AJ. The emerging concept of relax-
in as a centrally acting peptide hormone with hemodynamic
actions. J Neuroendocrinol 1995; 7:411-417.

Sinnayah P, Burns P, Wade JD, Weisinger RS, McKinley MJ.



Natural agents with antifibrotic properties: The hormone relaxin

155

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Water drinking in rats resulting from intravenous relaxin and
its modification by other dipsogenic factors. Endocrinology
1995; 140:5082-5086.

Geddes BJ, Parry LJ, Summerlee AJ. Brain angiotensin II
partially mediates the effects of relaxin on vasopressin and
oxytocin release in anesthetized rats. Endocrinology 1994;
134:1188-1192.

Sherwood OD, Crnekovic VE, Gordon WL, Rutherford JE.
Radioimmunoassay of relaxin throughout pregnancy and
during parturition in the rat. Endocrinology 1980; 107:691-
698.

Pilistine SJ, Varandani PT. Degradation of porcine relaxin
by glutathione-insulin transhydrogenase and a neutral pep-
tidase. Mol Cell Endocrinol 1986; 46: 43-52.

Lippert TH, Armbruster FP, Seeger H, Mueck AO, Zwirn-
er M, Voelter W. Urinary excretion of relaxin after estradiol
treatment of postmenopausal women. Clin Exp Obstet Gy-
necol 1996;23:65-69.

Relaxin ELISA kit information booklet 2001 (Immunedia-
gnostik AG, D-64625 Bensheim, Germany).
Hombach-Klonisch S, Tetens F, Kauffold J, Steger K, Fisch-
er B, Klonisch T. Molecular cloning and localization of cap-
rine relaxin-like factor (RLF) mRNA within the goat testis.
Mol Reprod Dev 1999;53:135-141.

Unemori EN, Pickford LB, Salles AL, et al. Relaxin induc-
es an extracellular matrix-degrading phenotype in human
lung fibroblasts in vitro and inhibits lung fibrosis in a mu-
rine model in vivo. J Clin Invest 1996; 98:2739-2745.
Iredale JP, Murphy G, Hembry RM, Friedman SL, Arthur MJ.
Human hepatic lipocytes synthesize tissue inhibitor of metal-
loproteinases-I (TIMP-I). Implications for regulation of ma-
trix degradation in liver. J Clin Invest 1992; 90:282-287.
Williams EJ, Benyon RC, Trim N, ef al. Relaxin inhibits ef-
fective collagen deposition by cultured hepatic stellate cells
and decreases rat liver fibrosis in vivo. Gut 2001; 49:577-
583.

Benyon RC, Iredale JP, Ferris WF, et al. Increased expres-
sion of mRNA for gelatinase A and TIMP-2 in human fibrot-
ic liver disease. Hepatology 1993;18:198A.

Bani D, Nistri S, Quattrone S, Bigazzi M, Bani Sacchi T.
The vasorelaxant hormone relaxin induces changes in liver
sinusoid microcirculation: a morphologic study in the rat. J
Endocrinol 2001;171:541-549.

Bennett RG, Kharbanda KK, Tuma TJ. Inhibition of mark-
ers of hepatic stellate cell activation by the hormone relax-
in. Biochem Pharmacol 2003;66:867-874.

Bochnert MU, Hilbig H, Armbruster FP. Relaxin as an addi-
tional protective substance in preserving and reperfusion so-
lution for liver transplantation, shown in a model of isolated
perfused rat liver. Ann NY Acad Sci 2005;1041:434-440.
Samuel CS, Hewitson TD, Unemori EN, Tang MLK. Review.
Drugs of the future: the hormone relaxin. Cell Mol Life Sci
2007; 64:1539-1557.

Unemori EN, Amento EP. Relaxin modulates synthesis and
secretion of procollagenase and collagen by human dermal
fibroblasts. J Biol Chem 1990; 265:10681-10685.
Dschietzig T, Richter C, Bartsch C, et al. The pregnancy
hormone relaxin is a player in human heart failure. FASEB

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

J2001; 15:2187-2195.

St Louis J, Massicotte G. Chronic decrease of blood pres-
sure by rat relaxin in spontaneously hypertensive rats. Life
Sci 1985; 37:1351-1357.

Toth M, Taskinen P, Ruskoaho H. Relaxin stimulates atrial
natriuretic peptide secretion in perfused rat heart. J Endo-
crinol 1996; 150:487-495.

Kakouris H, Eddie LW, Summers RJ. Cardiac effect of re-
laxin in rats. Lancet 1992; 339:1076-78.

Mc Kinley MJ, Allen AM, Mathai ML, et al. Brain an-
giotensin and body fluid homeostasis. Jpn J Physiol
2001;51:281-289.

Becker GJ, Hewitson T. Relaxin and renal fibrosis. Kidney
Int 2001; 59:1184-1185.

Garber SL, Mirochnik Y, Brecklin CS, et al. Relaxin decreas-
es renal interstitial fibrosis and slows progression of renal
disease. Kidney Int 2001; 59:876-882.

Seibold JR, Korn JH, Simms R, et al. Recombinant hu-
man relaxin in the treatment of scleroderma. A random-
ized, double blind, placebo-controlled trial. Ann Intern Med
2000;132:871-879.

Steen VD. Treatment of systemic sclerosis. Am J Clin Der-
matol 2001;2:315-325.

Samuel CS, Lin F, Hossain MA, et al. Improved chemical
synthesis and demonstration of the relaxin receptor binding
affinity and biological activity of mouse relaxin. Biochem-
istry 2007;46:5374-5381.

Graham MF, Diegelmann RF, Elson CO, Gay S, Gay R. Ab-
normal accumulation of basement membrane (type IV) and
cytoskeletal (type V) collagens in the strictures of Crohn’s
disease: the probable role of intestinal smooth muscle cells.
Ann N Y Acad Sci 1985;460:439-442.

Munkholm P. Pregnancy, fertility and disease course in pa-
tients with Crohn’s disease and ulcerative colitis. Eur J In-
tern Med 2000;11:215-221.

Wahl SM. The role of lymphokines and monokines in fibro-
sis. Ann N Y Acad Sci 1985;460:224-231.

Riis L, Vind I, Politi P, ez al; European Collaborative study
group on Inflammatory Bowel Disease. Does pregnancy
change the disease course? A study in a European cohort of
patients with inflammatory bowel disease. Am J Gastroen-
terol. 2006;101:1539-1545.

Arthur MJ. Fibrogenesis II. Metalloproteinases and their
inhibitors in liver fibrosis. Am J Physiol Gastrointest Liver
Physiol 2000;279:G245-249.

Friedman SL. Hepatic stellate cells: protean, multifunctional
and enigmatic cells of the liver. Physiol Rev 2008;88:125-
172.

Rojkind M, Giambrone MA, Biempica L. Collagen types in
normal and cirrhotic liver. Gastroenterology 1979;76:710-
719.

Friedman SL. Seminars in medicine of the Beth Isra-
el Hospital, Boston. The cellular basis of hepatic fibrosis.
Mechanisms and treatment strategies. N Engl J Med 1993;
328:1828-1835.

Benyon RC, Iredale JP, Goddard S, Winwood PJ, Arthur MJ.
Expression of tissue inhibitor of metalloproteinases 1 and 2
is increased in fibrotic human liver. Gastroenterology 1996;



156 CH.D. ZOIS, et al
110:821-831. 81. Bennett RG, Mahan KJ, Gentry-Nielsen MJ, Tuma DJ. Re-
79. Watanabe T, Niioka M, Hozawa S, et al. Gene expression laxin receptor expression in hepatic stellate cells and in cir-
of interstitial collagenase in both progressive and recovery rhotic rat liver tissue. Ann N Y Acad Sci 2005;1041:185-
phase of rat liver fibrosis induced by carbon tetrachloride. J 189.
Hepatol 2000;33:224-235. 82. Liotta LA, Rao CN. Role of extracellular matrix in cancer.
80. Bennett RG, Dalton SR, Mahan KJ, Gentry-Nielsen MJ, Ann N Y Acad Sci 1985;460:333-344.
Hamel FG, Tuma DJ. Relaxin receptors in hepatic stellate 83. Nagai Y, Sunada H, Sano J, et al. Biochemical and immu-

cells and cirrhotic liver. Biochem Pharmacol 2007 ;73:1033-
1040.

nohistochemical studies on the scirrhous carcinoma of hu-
man stomach. Ann N'Y Acad Sci 1985;460: 321-332.





