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Prolactin Increases HO-1 Expression and Induces
VEGF Production in Human Macrophages

L. Malaguarnera,* R.M. Imbesi, A. Scuto, F. D’Amico, F. Licata, A. Messina, and S. Sanfilippo

Department of Biomedical Sciences, University of Catania, Italy

Abstract The pituitary hormone prolactin (PRL) is a multifunctional polypeptide which exerts a role on cell
proliferation and may also contribute to cell differentiation. PRL is also produced by immune cells and is regarded as a key
component of the neuroendocrine—immune loop and as a local regulator of macrophage response. The involvement of
PRL in regulating monocyte/macrophage functions is suggested by the presence of PRL receptors in these cells. It has been
shown that PRL possess both angiogenic and antiangiogenic effects. Recently, we revealed that augmentation of HO-1
activity enhances PRL-mediated angiogenesis in human endothelial cells. Since macrophages are key participants in
angiogenesis our objective was to investigate the effect of PRL also in human macrophages. In vitro treatment of
macrophages with PRL was found to increase both heme oxygenase-1 (HO-1) expression and protein synthesis in a time
and dose dependent manner as quantified respectively by reverse-transcriptase real-time polymerase chain reaction and
Western blot analysis. PRL-treated macrophages also showed an enhanced release of vascular endothelial growth factor
(VEGF) as demonstrated by ELISA assay. Furthermore, to determine whether PRL-induced HO-1 activity was required for
VEGF production by macrophages, the effect of PRL on the induction of VEGF was studied in the presence of an inducer
stannic chloride (SnCl,) and of an inhibitor stannic mesoporphyrin (SnMP) of HO activity. Our observations suggest that
PRL may regulate monocyte activation and influences not only immune function but also angiogenesis. J. Cell. Biochem.

93: 197-206, 2004. © 2004 Wiley-Liss, Inc.
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Prolactin (PRL), a polypeptide hormone
secreted by the acidophilic cells of the anterior
pituitary gland, is implicated in diverse arrays
of physiological functions such as osmoregula-
tion, reproduction, growth, and development
[Ben-Jonathan et al., 1996]. PRL synthesis has
been demonstrated in extra-pituitary tissue,
including endothelial [Clapp et al.,, 1998],
neuronal, and immune cells such as lympho-
cytes, mononuclear cells, and thymocytes [Ben-
Jonathanetal., 1996]. The emerging role of PRL
in immunoregulation has led to the concept of a
dual function for PRL as both a circulating
hormone and cytokine [Bazan, 1989; Ben-
Jonathan et al., 1996]. It is structurally related
to several cytokines and its receptor (PRL-R)
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belongs to the superfamily of hematopoietic
cytokine receptors [Cosman et al., 1990]. Recent
evidence indicates that PRL is involved in
regulating monocyte/macrophage functions,
this is also supported by the presence of PRL-
R in these cells [Gala and Shevach, 1993].
Perturbation of PRL physiology has significant
immunological effects in humans. Hyperprolac-
tinemia is associated with malignant diseases
and also with autoimmune diseases such as
multiple sclerosis, lupus erythematosus, and
rheumatoid arthritis [Cosman et al., 1990].
Recent studies showed that PRL possess both
angiogenic and antiangiogenic effects [Struman
et al.,, 1999]. The intact human PRL mole-
cule, with a molecular mass of 23 kDa, was
found to be angiogenic and increases cell
proliferation in bovine brain capillary endothe-
lial cells whereas its respective 16 kDa N-
terminal fragment is antiangiogenic [Ferrara
et al., 1991]. In addition, the angiogenic effect of
PRL was markedly detected in invasive
macroprolactinoma [Turner et al., 2000], the
most common type of primary pituitary PRL-
secreting tumor.
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Angiogenesis is necessary in several physio-
logical processes, such as the formation of
embryonic tissues or placental development, in
which induction and cessation of angiogenesis
appear to be highly regulated through the exp-
ression of angiogenic or antiangiogenic factors.
Moreover, angiogenesis is necessary for the
continued growth of solid tumors, and accelera-
tion of tumor growth accompanies neovascular-
ization [Fidler and Ellis, 1994]. The stroma of
the neoplasm is essential for tumor growth,
invasion, and neovascularization. The stroma
intermingles with and surrounds neoplastic
cellular elements in almost all solid tumor cells
and includes interstitial connective tissues,
basal lamina, and constituents such as type IV
collagen, laminin, fibronectin, and proteogli-
cans [Dvorak, 1996]. Blood vessels and inflam-
matory cells such as lymphocytes, neutrophils,
macrophages, and natural killer cells are also
observed frequently in the stroma. Interaction
of stroma with malignant cells is considered to
be crucial for development of neovascularity in
tumors [Nagy et al., 1988].

Among stromal cells, macrophages carry out
various biological functions, including partici-
pation in tumor angiogenesis [Sunderkotter
et al., 1994]. Macrophages are important among
the key angiogenic effector cells that produce a
number of growth stimulators and inhibitors,
proteolitic enzymes, and promote the expres-
sion of vascular endothelial growth factor
(VEGF), transforming growth factor-alpha
(TGF-o), platelet growth factor (PDGF), basic
fibroblast growth factor (bFGF), epidermal
growth factor (EGF) by vascular endothelial
cells, capable of modulating new vessel forma-
tion [Yoshida et al., 1997].

Diverse mediators have been implicated in
the process of angiogenesis and cell proli-
feration including members of bFGF, VEGF
[Ferrara and Henzel, 1989; Folkman, 1995],
and heme oxygenase [Deramaudt et al., 1998;
Quan et al., 2001]. Three HO isozymes (HO-1,
HO-2, and HO-3), the products of distinct genes,
have been described [Shibahara et al., 1993;
McCoubrey et al., 1997]. HO-1, which is dis-
tributed ubiquitously in mammalian tissue, is
induced strongly and rapidly by many com-
pounds that elicit cell injury. HO-1 metabolizes
heme to the antioxidant bilirubin and carbon
monoxide (CO), and represents a powerful endo-
genous defensive mechanism against free radi-
cals in many diseases. The natural substrate of

HO, heme, is itself a potent inducer of the
enzyme [Abraham et al., 1996]. HO-1 is an
inducible heat shock protein [Shibahara et al.,
1987] and is increased in whole animal tissues
and in cultured cells following treatment with
heme, inflammatory cytokines, and angiogenic
factors [Deramaudt et al., 1998].

Induction of heme oxygenase (HO)-1 during
inflammation has been demonstrated in many
cell types. In macrophages, HO-1 gene tran-
scription is up-regulated by inflammatory med-
iators such as LPS and IL-1p [Wiesel et al.,
2000]. Moreover, it has been demonstrated that
HO-1 gene expression could be a useful marker
for macrophage infiltration as well as neovas-
cularization in human gliomas [Nishie et al.,
1999] and melanomas [Torisu-Itakura et al.,
2000].

Since we have recently observed that in
human endothelial cells PRL-mediated angio-
genesis was modulated by the level of HO-1 gene
expression, the aim of our studies was to
investigate the importance of PRL in the
functional activation of human monocytes/
macrophages as well as the ability of PRL to
stimulate the HO-1 expression and the VEGF
production in macrophages.

MATERIALS AND METHODS
Cells

Human monocytes—macrophages (HMMs)
were isolated from fresh buffy coat of healthy
volunteers. The buffy coats were diluted with
phosphate-buffered saline (PBS) supplemented
with 2.5 mM EDTA and layered onto Ficoll-
Hypaque gradients (Invitrogen, Milan, Italy).
After 30 min of centrifugation at 400g at room
temperature, the mononuclear cells were col-
lected, washed twice with PBS, and placed in
plastic Petri dishes at a concentration of 1—
2 x 10° cells/cm surface areas in Iscove’s med-
ium supplemented with 2 mM glutamine, and
50 mg/ml of penicillin/streptomycin. After 2 h of
incubation, the non-adherent cells were washed
out using PBS. The adherent cells ( HMMs) were
cultured in Iscove’s medium supplemented with
10% fetal calf serum (FCS) 2 mM glutamine,
and 1% of penicillin/streptomycin (Invitrogen).

Cell Treatment

For each experimental group, we wused
100 mm Petri dishes. The cells were then
treated with different concentrations of PRL
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(5,10, 25,50, 100 ng/ml). Cells were divided into
several groups, cell groups were pre-treated
with different reagents inducing HO-1 activity
stannic chloride (SnCly) 10 M and with the
inhibitor stannic mesoporphyrin (SnMP) 10 uM
for 8 h and then with 25 ng/ml of PRL.
Untreated cells were used as control.

Superoxide Anion (O5) Production

The O3 production was assayed by the
spectrophotometric measurement of ferricyto-
chrome ¢ reduction. Cells were harvested 4 h
after PRL treatment. Cells were washed once
with PBS and incubated with 0.5 ml of reaction
mixture consisting of Krebs Ringer phosphate
(KRP) buffer containing 80 uM Cytochrome c,
2 mM NaNj, and with or without 100 ng/ml
PMA (Sigma Chemical Co., Italy). After 1 h of
incubation at 37°C, the supernatants were
collected and used to assay the amount of
reduced Cytochrome c¢ by the difference in
adsorbance at 550—-468 nm. The O3 release
was calculated using a coefficient of 0.0245 (the
extinction coefficient pml/l of Cytochrome
¢ determined at 550—468 nm), and expressed
as pmol O/mg proteins.

RT-PCR

Reverse transcription (RT) was carried out
using the Superscript™ One-Step RT-PCR
System (Invitrogen, Milan, Italy). Poly-d(T)n
was used as reverse transcription primer.
Specific primers for the hHO-1 cDNA fragment
were as follows: primer 1, 5-CAGGCAGAGA-
ATGCTGAGTTC-3'; primer 2, 5'-GATGTTGA-
GCAGGAACGCAGT-3'. PCR was performed
using the AmpliTaq PCR (Perkin-Elmer Cetus
Instruments, Norwalk, CT). For each RT-PCR,
a sample without reverse transcriptase was
processed in parallel and served as a negative
control. Cycling parameters for amplifying RT
products were as follows: 95°C, 1 min; 60°C,
1 min; 72°C, 1-3 min, for 30 cycles, and then
extended at 72°C for another 5 min.

GAPDH was used for normalization of data.
After amplification, PCR products were electro-

phoresed on 1.2% agarose gel, stained with ethi-
dium bromide, and visualized under UV light.

Quantitative Real Time PCR

Real-time fluorescence PCR, based on SYBR
Green, was carried out in a 30 ul final volume
containing 1x SYBR Green PCR Master Mix
(Applied Biosystems, Monza, Italy), 200 nM
forward and 200 nM reverse primers (Table I)
and 20 ng of ¢cDNA. Thermal cycling was
performed for each gene (HO1 and HO-2) in
triplicate on c¢cDNA samples in MicroAmp
Optical 96-well reaction plate (Applied Biosys-
tems) with MicroAmp optical caps (Applied
Biosystems) using the ABI PRISM 7700
sequence detection system (Applied Biosys-
tems). Amplification was carried out with
the following conditions: 50°C for 2 min, 95°C
for 10 min, and 50 cycles each of 95°C for 15 s
and 60°C for 1 min. All data were captured
using Sequence Detector Software (Applied
Biosystems).

Western Blot

Cells were harvested using cell lysis buffer as
described previously [Abraham et al., 1987].
The lysate was collected for Western blot
analysis or HO activity measurement. Protein
levels were visualized by immunoblotting with
antibodies against human HO-1, total immu-
noreactions HO-1 (rat and human) or HO-2.
Briefly, 30 pg of lysate supernatant was se-
parated by SDS/polyacrylamide gel electro-
phoresis and transferred to a nitrocellulose
membrane (Amersham, Milan, Italy) using a
semidry transfer apparatus (Bio-Rad, Hercules,
CA). The membranes were incubated with 5%
milk in 10 mM Tris-HCl (pH 7.4) 150 mM
NaCl, 0.05% Tween 20 (TBST) buffer at 4°C
overnight. After washing with TBST, the mem-
branes were incubated with a 1:2,000 dilution of
anti-HO-1 or anti-HO-2 antibodies for 1 h at
room temperature with constant shaking.
Human HO-1 and HO-2 antibodies were kindly
provided by Prof. NG Abraham (Dept. of
Pharmacology, New York Medical College).

TABLE 1. Synthetic Primers for RT-PCR for Gene Verifications

Gene Primer Sequence 53’ Fragment length

Target gene HO-1 Forward CCAGCGGGCCAGCAACAAAGTGC 265
Reverse =~ AAGCCTTCAGTGCCCACGGTAAGG

Internal standard HO-2 Forward GTGGCCCAGCGAGCACTGAAACTC 255

Reverse

AGGGAACCCATCCTCCAAGGTCTC
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The filters were then washed and subse-
quently probed with horseradish peroxidase-
conjugated donkey anti-rabbit IgG (Amersham)
at a dilution of 1:2,000. Chemiluminescence
detection was performed with the Amersham
ECL detection kit according to the manufac-
turer’s instructions.

VEGF Assay

Surnatants were analyzed for VEGF using
enzyme-linked immunosorbent assay (ELISA)
obtained commercially (R&D Systems, Milan,
Italy) the assays were performed according to
the manufacturer’s protocol. VEGF concentra-
tions are expressed in pg/ml. A standard curve
was prepared from a group of serially diluted
standard samples of VEGF. Absorbance was
read against a blank at 450 nm A using a
microtiter ELISA reader.

Immunocytochemical Staining

Indirect immucytochemistry was performed
on cells grown on glass coverslips. Cells were
fixed in 3.5% paraformaldehyde in phosphate
buffered saline (PBS) for 10 min at room
temperature. After quenching in 50 mM ammo-
nium chloride and permeabilization with 0.1%
saponin in PBS, cells were incubated for 2 h
anti-VEGF (1:100 dilution; Santa Cruz
Biotechnologies, Inc., CA) rabbit polyclonal
antibodies. Detection was then carried out
using the ImmunoCruz™ Staining System
(Santa Cruz Biotechnologies, Inc.) according to
the manufacturer’s instructions. This kit uti-
lizes a horseradish—peroxidase—streptavidin
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complex and DAB as a chromogen. Finally,
a counterstain of Harris’ hematoxylin was
applied. Control immunocytochemical experi-
ments were performed by substitution of the
primary antibodies with normal rabbit serum at
the same concentration as that of the respective
primary antisera.

Statistical Analysis

Data are expressed as mean + SE. Significance
was assessed by one way analysis of variance
(ANOVA) and Student’s ¢-test. P<0.05 was
considered to be statistically significant.

RESULTS
Superoxide Anion (O3) Production

To investigate the mechanisms by which PRL
activates HMMs, O3 release was carried out by
the spectrophotometric measurement of ferricy-
tochrome ¢ reduction. Macrophages were cul-
tured at different times (2, 4, 8,16, and 24 h) in the
absence or the presence of different concentra-
tions (5, 10, 25, 50, and 100 ng/ml) of PRL. As
shown in Figure 1 PRL induced O3 production in
a dose, and time-dependent manner. At 25 ng/ml
production of O3 was increased 8.7-fold over that
of the control within 4 h of PRL treatment
(P < 0.05). PMA (100 ng/ml) treated macrophages
were used as positive control.

HO-1 Expression in Macrophages
Following PRL Exposure

In the following sets of experiments, we
evaluated the effect of PRL on HO-1 gene

B2h
B4h
E8h
O16h
W24h

PRL 50 PRL 100 PMA

Fig. 1. Time- and dose-dependent effect of PRL on O™, production in human macrophages. PMA (100 ng/
ml) treated-macrophages were used as positive control. Data are representative of three independent
experiments. Statistical analysis was performed by Student’s t test; *P < 0.05.
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expression by measuring HO-1 mRNA levels.
Total mRNA of macrophages treated with
different concentrations of PRL (5, 10, 25, 50,
100 ng/ml) for 4 h were subjected to RT-PCR.
PRL treatment resulted in a dose-dependent
increase in the expression of HO-1 with the
higher expression at 25 ng/ml (Fig. 2A lane 4).
Semi-quantitative evaluation of HO-1 mRNA
level was done by using GAPDH. Densitometry
analysis indicated a maximum of 3.05-fold
increase (Fig. 2B) in HO-1 mRNA levels in
macrophages treated with 25 ng/ml PRL com-
pared to untreated control cells (P < 0—-05). We
then performed a time course to assess the
higher HO-1 expression following PRL treat-
ment, as shown in Figure 3, HO-1 mRNA levels
were increased at 4 h and reached the higher
expression at 8 h of PRL treatment (Lane 3, and
4). After 16 and 24 h of exposure HO-1 expres-
sion was undetectable. Macrophages treated for
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8 h with 10 uM SnCl,, a potent inductor of HO-1
activity, were used as control (lane 7). Semi-
quantitative evaluation of HO-1 mRNA changes
by densitometry analysis indicated a 4.5-fold
increase in HO-1 mRNA levels in macrophages
treated with PRL (25 ng/ml) for 8 h (Fig. 3B)
compared to untreated controls. To confirm
the time course data, RT preparations were
also subjected to real-time PCR. As seen in
Figure 3C, the level of HO-1 in macrophages
treated for 4 and 8 h were markedly elevated
(2.3 and 3.6-fold respectively) compared with
untreated control. After 16 and 24 h of PRL
treatment, the levels of HO-1 expression HO-1
were markedly low.

Enhancement of HO-1 Protein Synthesis in
Macrophages Following PRL Exposure

To determine whether the increase in HO-1
mRNA was associated with elevation of HO-1

25 50 100 SaCl,

0.

JEH

PRL 5

PRL 10 PRL 25

PRL 50 PRL 100 SnCI2

Fig. 2. A: Detection of HO-1 expression by RT-PCR of RNA obtained from monocytes/macrophages
untreated and treated 4h with different concentration of PRL. Lanes: (1) Control; (2) PRL 5 ng/ml; (3) PRL

10 ng/ml; (4) PRL 25 ng/ml; (5) PRL 50 ng/ml; (6

6) PRL 100 ng/ml; (7

)SnCl, 10 uM. B: The level of HO-T mRNA

normalized to GAPDH. Statistical analysis was performed by Student’s ttest; *P < 0.05, of treated cells versus

control.



202 Malaguarnera et al.

PRL

HO-1

GAPDH

B

T

&

o
1

HO-1 expression fold
(5] S

ha
1

.b.
-

1 2 3 4 5 [ 7

1|

Control PRL 2h PRL4h

@

2-&'
[++]

PRLBh

PRL 16 h PRL24 h SnCi2

. *
5
*
4
2 ]
o4 ; . ; = — el

Control  PRL 2h

PRL4h PRLEBh PRL16h PRL 24h  SnCi2

Fig. 3. A: Time course of HO-1 expression by RT-PCR of RNA obtained from monocytes/macrophages
untreated and treated with PRL (25 ng/ml). Lanes: (1) Control; (2) 2 h; (3) 4 h; (4) 8 h; (5) 16 h; (6) 24 h; (7) SnCl,
10 puM. B: The level of HO-1 mRNA normalized to GAPDH. Statistical analysis was performed by Student’s
ttest; *P < 0.05, of treated cells versus control. C: Quantification of HO-1T mRNA levels by Real Time PCR.

MRNA levels are expressed as 272" value.

protein in macrophages, Western blot analysis
was performed on cell lysates obtained from
treated and untreated human macrophages
using HO antibodies that recognize human
HO-1 protein. A time-dependent increase
in HO-1 protein was observed, as shown in
Figure 4A, following exposure to 25 ng/ml PRL,
the cells exhibited a strong signal for HO-1
proteinat8and 16 h (lanes3and4),at4and 24 h

the HO-1 levels were comparable to the control
untreated cells (lanes 2 and 5). A similar
amount of HO-2 protein was observed in each
line. Semi-quantitative evaluation of HO-1
protein was measured by scanning densitome-
try (Fig. 4B). The results showed that HO-1
synthesis was increased 3.9-fold and over con-
trol within 16 h of treatment with 25 ng/ml PRL
(P <0.05).
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Fig. 4. A: Western blot analysis of human macrophages
untreated and treated with PRL (25 ng/ml). Lanes: (1) Control;
(2) 4 h; (3) 8 h; (4) 16 h; (5) 24 h. B: Level of HO-1 protein
normalized to HO-2. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Effect of PRL on VEGF Production

To verify if PRL was capable to enhance
VEGF production, cells were incubated with
PRL (25 ng/ml) in 0.5% FBS. As shown in
Figure 5, Panel A, at 25 ng/ml, PRL caused an
enhancement of VEGF production within 24 h
and at 72 h was increased by 3.4 fold, as
compared with control cells (P < 0.05). To assess
whether the effect of PRL on the induction of
VEGF production in macrophages was depen-
dent on HO-1, it was essential to evaluate the
effect of an inducer and an inhibitor of HO-1
activity. Macrophages were pretreated for 8 h
with SnCl; (10 mM), a potent inducer of HO-1 or
SnMP (10 mM) a competitive inhibitor of HO-1
activity, and then PRL 25 ng/ml was added for
another 24 h. As seen in Figure 5 panel B, pre-
treatment with SnCI2 resulted in a significant
increase of VEGF production by 4.6-fold, as
compared with control cells (P < 0.05). In con-
trast, pre-treatment with SnMP markedly
attenuated (2.9-fold decrease) VEGF produc-
tion by macrophages as compared with macro-
phages PRL treated (P < 0.05). These findings
confirm that PRL is an important inductor of
angiogenesis and an important relationship

Controt  8h 16 h 24h 48 h T2h BE h 1220

_uh 7] ﬁ

Coonirol PRL 25 SriMP  SoMP+PRL  SoCR2 SnCi2+ PRL

=

Fig. 5. A: Time course of VEGF production in macrophages
treated with PRL (25 ng/ml). Data are representative of three
independent experiments. B: Effect of inducer and inhibitor of HO-
1 on PRL mediated VEGF production, cells pre-treated for 8 h with
SnCl, (10 mM), and SnMP (10 mM) and then incubated with PRL
(25 ng/ml) for 24 h. Data are representative of three independent
experiments. Statistical analysis was performed by Student’s ttest;
*P < 0.05. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

exists between PRL-mediated angiogenesis
and the levels of HO-1.

Effects of PRL on Phenotypical Differentiation
of Cultured Monocyte/Macrophages

Immunocytochemical staining using anti-
VEGF showed that long-term (4—8 days) incu-
bation of cultured monocyte/macrophages with
PRL at a concentration of 25 ng/ml phenotypi-
cally gave rise to elongated, mononucleated
cells showing to form endothelial tube-like
structures, in which VEGF-positive cytoplasm
seems to delineate a lumen (Fig. 6B). This result
suggest that PRL induces monocytes/macro-
phages to differentiate into endothelial progeni-
tor cells.

DISCUSSION

In the present study, we demonstrate that
in vitro treatment of human macrophages
with PRL enhances HO-1 gene expression and
VEGF production. The finding showing that the



204 Malaguarnera et al.

-t ."-- -~ it
- S <y
- -t
W
- " ; L]
- -y -
— -
5 . ety W
A f
i -
.\ LY i
.‘ - -' % - -
. - - -
Ty . ;S - P S
‘~ - L] ¥
s "y -~ ) ¥ .

Fig. 6. Immunocytochemical staining using anti-VEGF of cultured monocyte/macrophages with PRL 25 ng/
ml. A: untrated macrophages; B: PRL treated macrophages. 100 x magnification. [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]

treatment with PRL was associated with an
increase in the O3 content is also of great interest.
This result is consistent with the notion that
changes in the redox status of the cell are the
prerequisite for the upregulation HO-1. Our re-
sults demonstrate that HO-1 expression reflects
the functional state of activated macrophages.

The addition of PRL resulted in an increase in
a dose and time-dependent manner in the
expression of HO-1 at the mRNA (Figs. 2, 3)
and protein levels (Fig. 4). By producing a
number of growth stimulators and inhibitors,
cytokines and proteolytic enzymes, macro-
phages play a key role in the angiogenesis
cascade [Sunderkoétter et al., 1994]. The PRL-
induced HO-1 overexpression in macrophages
may have a crucial function of these cells in
angiogenesis.

Moreover, we observed that PRL-mediated
increase VEGF production is dependent on the
levels of HO-1 gene expression as evidenced by
modulating HO-1 levels by known inducer or
inhibitor. Experimental results demonstrated
that pre-treatment of macrophages with SnCl,,
an inducer of HO-1, caused a significant
increase in PRL-mediated VEGF release. In
contrast, SnMP, a competitive inhibitor of HO
activity [Kappas et al., 1985, 1988], caused a
significant decrease VEGF release, suggesting
that the VEGF production induced by PRL
treatment was dependent on HO-1 expression.
Our results are consistent with other recent
reports in which it was demonstrated that HO-1
upregulates growth factors, including VEGF
[Abdel-Aziz et al., 2003; Abraham et al., 2003;
Jozkowicz et al., 2003].

Macrophages in the stromal compartment of
tumors, often called tumor associated macro-
phages, are closely correlated with neovascu-
larization and prognosis in patients with

breast cancer [Leek et al., 1996]. Several
reports have demonstrated that HO-1 is upre-
gulated in various types of cancers. Elevated
HO activity has been found in renal adenocarci-
noma [Goodman et al., 1997, 2002]; in prostate
cancer and in solid tumors [Doi et al., 1999].
This expression is consistent with the role of
HO-1 in tumor growth as well as in tumor
metastasis [Tsuji et al., 1999]. In addition, it has
been demonstrated that HO-1 gene expression
could be a useful marker for macrophage
infiltration as well as neovascularization in
human gliomas [Nishie et al., 1999] and mela-
nomas [Torisu-Itakura et al., 2000]. Of note is
our recent finding showing that PRL-mediated
angiogenesis was modulated by the level of
HO-1 gene expression also in human endothe-
lial cells [Malaguarnera et al., 2002] suggesting
that in the stromal compartment PRL effect in
infiltrating macrophages may have a cumula-
tive effects in the induction of angiogenesis as
demonstrated also by immunocytochemical
staining. PRL could also act as an angiogenetic
signal for monocytes/macrophages cultured
in vitro, inducing them to differentiate into
endothelial progenitor cells (EPCs). Our pre-
sent, morphological results confirm previous
findings of Fernandez-Pujol et al. and of
Schmeisser et al. [Fernandez-Pujol et al.,
2000; Schmeisser et al., 2001] pointing out the
complex relationship between monocyte/macro-
phages and endothelial cells.

The mechanism of PRL mediated increases in
angiogenesis may be related to the HO products
such as CO and bilirubin. In fact, it has been
shown that CO, generated by HO-1, enhances
endothelial cell proliferation and decreases
apoptosis [Brouard et al., 2000]. When HO
activity is blocked by SnMP or the action of
CO is inhibited by hemoglobin, HO-1 activity no



Prolactin Induces HO-1 and VEGF in Macrophages 205

longer prevents endothelial cell apoptosis
[Deramaudt et al., 1998].

Collectively, these findings suggest that the
heme oxygenase system, presumably via the
production of CO or bilirubin, sub serves mecha-
nisms that prevent growth arrest and apoptosis
and may mediate the angiogenesis induced by
PRL.

In conclusion, the involvement of PRL in the
activation of macrophages and the production
HO-1 and its products CO and/or bilirubin is
indicative of an integrated cooperative regula-
tion of the component of immune system with
that of the endocrine system in the induction of
angiogenesis. Additional studies to elucidate
the detailed regulatory pathway of PRL on
induction of HO-1 gene expression and angio-
genesis are necessary to develop strategies for a
potential targeted pharmacological modulation
of HO-1.
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