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Macrophages (Mps) can exert the defense against invading pathogens. During sepsis, bacterial lipopolisaccharide (LPS) activates the
production of inflammatory mediators by Mps. Nitric oxide synthase (NOS) derived-nitric oxide (NO) is one of them. Besides, Mps
may produce pro-angiogenic molecules such as vascular endothelial growth factor-A (VEGF-A) and metalloproteinases (MMPs). The
mechanisms involved in the cardiac neovascular response by Mps during sepsis are not completely known. We investigated the ability of
LPS-treated Mps from septic mice to modulate the behavior of cardiac cells as producers of NO and angiogenic molecules. In vivo LPS
treatment (0.1mg/mouse) increased NO production more than fourfold and induced de novoNOS2 expression in Mps. Immunoblotting
assays also showed an induction in VEGF-A and MMP-9 expression in lysates obtained from LPS-treated Mps, and MMP-9 activity was
detected by zymography in cell supernatants. LPS-activated Mps co-cultured with normal heart induced the expression of CD31 and
VEGF-A in heart homogenates and increased MMP-9 activity in the supernatants. By immunohistochemistry, we detected new blood
vessel formation in hearts cultured with LPS treated Mps.When LPS-stimulated Mps were co-cultured with isolated cardiomyocytes in a
transwell assay, the expression of NOS2, VEGF-A andMMP-9was induced in cardiac cells. In addition, MMP-9 activity was up-regulated in
the supernatant of cardiomyocytes. The latterwas due toNOS2 induction inMps from in vivo LPS-treatedmice. In conclusion LPS-treated
Mps are inducers of inflammatory/angiogenic mediators in cardiac cells, which could be triggering neovascularization, as an attempt to
improve cardiac performance in sepsis.
J. Cell. Physiol. 228: 1584–1593, 2013. � 2013 Wiley Periodicals, Inc.

Macrophages (Mps) are innate immune cells that form the first
line of defense against invading pathogens. They are released
from the bonemarrow and after circulating in the blood stream,
they migrate into tissues to undergo final differentiation into
resident Mps (Valledor et al., 2010). These cells perform many
functions that are essential for tissue remodeling, inflammation
and immunity, including phagocytosis, cytotoxicity and
secretion of a wide array of cytokines, growth factors,
lysozymes, proteases, complement components, clotting
factors and prostaglandins (Ren et al., 2008). One of the most
potent stimuli for Mps is bacterial lipopolysaccharide (LPS), a
constituent of the cell wall of Gram negative bacteria, and a
major causative agent of septic shock. This condition affects
different organs, among others the myocardium and the blood
vascular system. In experimental models, LPS challenge leads to
pathophysiological changes similar to the human septic shock
syndrome. During sepsis, LPS starts a complex cascade of
events in monocytes, Mps and neutrophils that leads to the
production of endogenousmediators, precedingmultiple organ
dysfunction syndrome (Ren et al., 2008). One of these
mediators is nitric oxide (NO) derived from calcium-
dependent isoforms of nitric oxide synthase (NOS) 1 and 3
and/or from the calcium-independent NOS2 isoform. LPS is a
potent inducer of NOS2 leading to high production of NO
(Moncada and Higgs, 2006). NO is one of the vasoactive
substances released from a variety of cells under conditions
of endotoxemia and sepsis, and it is now becoming clear that
NO plays a pivotal role in the regulation of gene expression
(Connelly et al., 2001).

For a decade the function of vascular endothelial growth
factor (VEGF) (also referred to as VEGF-A) in the regulation of
angiogenesis has been extensively reviewed (Ferrara et al.,
2003). VEGF-A belongs to a gene family that includes VEGF-B,
VEGF-C and VEGF-D. Alternative splicing of VEGF-A yields in
the generation of different isoforms (VEGF121, VEGF165,
VEGF189, VEGF206). Less frequent splice variants have also been
reported, such as VEGF145 and VEGF185. Native VEGF is a
heparin-binding homodimeric glycoprotein of 45 kDa and its
properties closely correspond to those of VEGF165. VEGF-A is
a potent angiogenic and vascular permeability factor (Ferrara
et al., 2003). It has been shown that VEGF levels are regulated in
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several cell types, for example, Mps and smooth muscle cells
after LPS stimulation, suggesting that it is important in the
initiation and development of sepsis (Kim et al., 2008). Other
factors mainly involved in angiogenesis are metalloproteases
(MMPs). A variety of cell types such as Mps, lymphocytes and
tumor cells, have been shown to produce MMPs (Sato et al.,
1994; Goetzl et al., 1996;Malik et al., 1996). Cytokines aswell as
other factors such as lectins, hormones, viruses, bacteria, and
LPS, have been shown to play a crucial role in the regulation of
MMPs expression in vivo and in vitro (Paemen et al., 1997).
Significantly increased MMPs activity has been observed in a
variety of inflammatory disorders such as rheumatoid arthritis,
multiple sclerosis and in bacterial sepsis, implicating a role for
the MMPs in the tissue injury that accompanies these diseases
(Gijbels et al., 1992; Pagenstecher et al., 2000; Takaishi et al.,
2008).

Because the mechanisms by which Mps are involved in the
modulation of cardiac angiogenesis during septic shock are not
completely known, we here investigated the ability of Mps to
produce NOS derived NO and angiogenic mediators by itself
and to induce those molecules in the heart in an experimental
model of sepsis induced by LPS.

Materials and Methods
Animals

Female BALB/cmice (12weeks old) fromourAnimal CareDivision
were used. Mice were maintained on a 12 h day/night cycle and
fed ad libitum with a standard diet. Euthanasia was performed by
inhalation ofCO2. Animals weremaintained in accordancewith the
guidelines of the NIH (Guide for the Care and Use of Laboratory
Animals, 1996) and protocols were approved by the Internal
Committee for theCare andUse of Laboratory Animals (CICUAL)
from the School of Medicine, University of Buenos Aires.

Purification of peritoneal macrophages

Mpswere obtained bywashing the peritoneal cavity of BALB/cmice
with 5ml ofDulbeccósModified EagleMedium (D-MEM; Invitrogen
Life Technologies, Grand Island, NY) supplemented with 10% of
heat-inactivated fetal bovine serum (FBS) (PAA, Greiner Bio-One,
Frickenhausen, Germany). Cells were left to adhere to plastic for
2 h at 378C.Afterwashing twicewith phosphate buffer saline (PBS),
adherent cells were scraped and suspended in culture medium.
Cell viability (>95%) was assessed by Trypan blue exclusion test.
For in vitro assays, Mps were treated with 10mg/ml of LPS from
Eschericchia coli (E. coli; L2654 Sigma–Aldrich, St. Louis, MO) for
24 h. The in vivo model of septic shock was obtained by inoculating
mice with 0.1mg/mouse of LPS in 0.1ml PBS intraperitoneally (i.p.)
(Ren et al., 2008). To prevent NOS2 induction, animals were
treated i.p. with aminoguanidine (150mg/kg) 1 h before LPS
treatment. Animals were sacrificed 6 or 24 h post-inoculation and
peritoneal Mps were purified. After 24 h, culture supernatants
were collected and after washing with PBS, Mps were lysed in
buffer: 100mM NaCl; 10mM EGTA; 10mM EDTA; 50mM Tris–
HCl pH 8; 1% Triton X-100 and protease inhibitors. Lysates were
centrifuged at 8,000g for 10min at 48C. Samples were stored at
�808C and protein concentration was measured by the method of
Bradford (1976).

Determination of nitric oxide

Levels of NO released into the cell culture were determined
by Griess reaction (Green et al., 1982). Briefly, Mps were seeded in
6-well plates, at 106 cells/well in 1ml D-MEM:F12 with 5% FBS.
After 24 h, 100ml of the supernatants were added to an equal
volume of Griess reagent (1% sulphanyl amine in 30% acetic acid
with 0.1% N-1-naphtyl ethylenediamine dihydrochloride in 60%
acetic acid). Absorbance was measured at 540 nm with an ELISA
Reader (Biotek, Winooski, VT). Results were expressed as nitrite

(NO�
2 ) production in micromolar concentration per million cells

(mM/106 cells).

Western blot assays

Heart tissue homogenates or cell lysates were prepared according
previously described methods and were subjected to 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS–PAGE),
seeding 20–50mg/lane (Davel et al., 2002; Penas et al., 2013).
Proteins were transferred to nitrocellulose strips and incubated
with the following polyclonal antibodies: rabbit anti-NOS1 or anti-
NOS3 (sc-1025 or sc-654 Santa Cruz Biotechnology, Santa Cruz
CA), goat anti-NOS-2 (sc-8310 Santa Cruz Biotechnology), goat
anti-PECAM-1 (CD31; sc-1506 Santa Cruz Biotechnology), goat
anti-VEGF-A (sc-1836 Santa Cruz Biotechnology) or rabbit anti-
MMP-9 (#3852Cell Signaling Technology, Danvers, MA). Then, the
corresponding second antibody: anti-rabbit IgG conjugated with
peroxidase, diluted 1:10,000 or anti-goat IgG conjugated with
peroxidase, diluted 1:20,000 (A5420 or A0545 Sigma–Aldrich)
was added. Bands were visualized by chemiluminiscence. Optical
density (O.D.) of the bands was quantified by Image J software
(NIH) and expressed in O.D. units relativized to that obtained for
actin or glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
expression (detectedwith polyclonal antibodies: rabbit anti-b actin
or rabbit anti-GAPDH (sc-130656 or sc-25778 Santa Cruz
Biotechnology), which were used as loading controls.

Zymography assays

Culture supernatants were subjected to 10% SDS–PAGE gel
electrophoresis in the absence of reducing agents. Gels were
copolymerized with gelatin from porcine skin as enzyme substrate.
After electrophoresis, gels were incubated in 5mM CaCl2 and
50mM Tris–HCl buffer, pH 7.4, at 378C for 24 h. Then, the
zymograms were stained with Coomassie Brilliant Blue R-250 and
destained with 30%methanol and 10% acetic acid in distilled water.
Bands of gelatine degradation could be seen as transparent areas
against a blue background. O.D. of the bands was quantified by
Image J software and values were relativized to control (cells or
tissue without treatment) considered as 1.

Co-culture of macrophages with normal hearts

Mps (3� 106) fromBALB/cmicewere obtained 6 h after treatment
(0.1mg/mouse LPS administered i.p.) and cultured with hearts
slices (100mg/sample) from normal BALB/c mice in 4ml of D-MEM
medium. After 24 or 48 h, the culture supernatants were collected
and hearts were homogenized following procedures previously
described (Davel et al., 2002).

Immunohistochemistry

Heart tissue obtained from co-culture experiments mentioned
above were fixed by immersion in formalin solution and then
dehydrated, cleared, embedded in paraffin wax and cut (7-mm
thickness) on a rotating microtome. The slides were deparaffinized
and rehydrated through xylene and descending ethanol series.
The quenching of endogenous peroxidase activity was made by
incubation in 3%H2O2 inmethanol for 30min. After several washes
in PBS, the slides were heated in microwave oven in buffer
citrate pH 6 for 1min three times for antigen retrieval. After
cooling at room temperature and rinsing with PBS, the sections
were incubated with blocking solution (PBSwith 5% skimmedmilk)
for 1 h at room temperature. Then, after PBS washing, the tissue
were bordered with pap-pen and incubated with a goat polyclonal
antibody againstmouse PECAM-1 (CD31)molecule (sc-1506 Santa
Cruz Biotechnology) diluted 1:100 in blocking solution overnight
at 48C in a humidified chamber. After washes, sections were
incubated 30min at room temperature with diluted biotinylated
antibody solution provided by Vectastain Elite ABC system kit
(Vector, Burlingame, CA) and then with ABC reagent from the
same kit during 30min more. The immune reaction was detected
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using H2O2 with 3, 30-diaminobenzidine tetrahydrochloride
(D9015 Sigma Chemical Co.) within 10min, when desired stain
intensity was achieved. Control sections were prepared by
omitting the primary antibody. Controls did not show
immunolabelling. An Arcano ZOU T biological photomicroscope
equipped with a digital camera (Arkano, China) was used for the
observation of sections. The images obtained were analyzed and
stored using a TSView Image software.

Primary cardiomyocytes culture

Hearts from neonatal BALB/c mice were removed and kept in
Hanks’ balanced salt solution (HBSS) without Ca2þ and Mg2þ The
cells were dissociated with trypsin (Sigma–Aldrich; 0.25% wt/vol
inHBSS) at 378C.After successive digestions cellswere added to an
equal volume of cold HBSS with Ca2þ and Mg2þ. The cell
suspension was centrifuged at 200g for 8min and the cells were
suspended in D-MEM:M199 medium (Gibco Life Technologies,
Grand Island, NY; 4:1, vol/vol) supplemented with 10% FBS and
antibiotics. The suspended cells were then collected and plated at a
density of 105 cells/cm2 in D-MEM:M199 with 10% FBS and
antibiotics. It was confirmed that more than 90% of cells were
cardiomyocytes (Hovsepian et al., 2011). For co-culture
experiments, cardiomyocytes (2� 106) were plated in 24-well
plates, were washed extensively with PBS, and transwells with
0.4-mm porosity polyester membrane filters were placed above
them. LPS-activated peritoneal Mps (2.5� 106; obtained from
animals treated i.p. with 0.1mg/mouse LPS for 6 h) were added to
the upper chamber. After 24 or 48 h, the supernatants from
cardiomyocytes were collected and after washing with PBS cells
were lysed in buffer: 100mM NaCl; 10mM EGTA; 10mM EDTA;
50mM Tris–HCl pH 8; 1% Triton X-100 supplemented with
protease inhibitors. Lysates were centrifuged at 8,000g for 10min
at 48C. Samples were stored at �808C and protein concentration
was measured by the method of Bradford (1976).

Statistics

Datawere expressed asmean� SEMof at least three experiments.
A GraphPad Prism computer program one-way ANOVA analysis
for paired samples was used to determine the significance of
differences between mean values in all control and test samples.
The analysis was complemented by using a Tukey test to compare
among mean values. Differences between means were considered
significant if P< 0.05.

Results
Effect of LPS added in vitro to macrophages

We tested the action of 10mg/ml LPS added in vitro during 24 h
to normal peritoneal Mps by quantifyingNOproduction, one of
the main modulators of inflammation, accumulated in culture
supernatants. Figure 1A shows that the production of NO from
LPS-treated Mps increased by 100� 9%. Concomitantly,
LPS induced de novo expression of NOS2 protein, while it
decreased the levels of calcium-dependent isoforms,NOS1 and
NOS3 (Fig. 1B). In addition, LPS significantly increased MMP-9
enzyme expression by 49� 5% and activity by 130� 12%
respect to control (untreated Mps; Fig. 2).

Effect of LPS administered in vivo on macrophages

When Mps were purified from animals treated in vivo with
LPS, the maximal effect on nitrite accumulation in culture
supernatants was observed 6 h post-inoculation (27� 2mM/
106 cells) in comparison to untreatedMps cultured for the same
period of time (6� 1mM/106 cells; P< 0.001; Fig. 3A). NO
production was still increased in Mps after 24 h treatment with
LPS in vivo (13� 2mM/106 cells) in comparison to control
(7� 1mM/106 cells; Fig. 3A). These results were paralleled to a
maximal induction in the expression of NOS2 observed in Mps

at 6 h, which decreased 24 h post-inoculation of LPS (Fig. 3 B).
As it was observed in vitro, NOS1 expression was also down-
regulated in Mps.

In vivo activation of Mps by LPS induced de novo expression
of VEGF-A in cell lysates, being greater at 24 h than at 6 h
(P< 0.01 vs. control: untreated Mps; Fig. 4A). In a similar
manner than Mps treated in vitro with LPS, in vivo treatment
increased MMP-9 expression in cell lysates and raised MMP-9

Fig. 1. Nitric oxide synthase (NOS) derived nitric oxide (NO)
production by macrophages treated in vitro with LPS. A: Peritoneal
macrophages from normal BALB/c mice were stimulated with
10mg/ml lipopolisaccharide (LPS) as it was stated in Materials and
Methods. NOS activity was measured as nitrite (NO�

2 ) production in
micromolar concentration permillion cells (mM/106 cells). Values are
meansWSEMof six experiments. MP<0.001 versus control (untreated
macrophages). B: Western blot assays to detect the expression of
NOS1, 2, and 3 (upper part). One representative experiment of 3 is
shown. Densitometric analysis of the bands was expressed as optical
density units relative (rO.D.) to the expression of actin used as loading
control (lower part).White bars: control. Black bars: LPS treatment.
Values represent meanWSEM of three independent experiments.
MP<0.05 versus control.
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activity by around 60� 7% in the supernatants of Mps, obtained
after 6 h of LPS inoculation (Fig. 4B). Both, the expression and
the activity of MMP-9 were higher at 24 h than at 6 h. The
activity was tested either in the supernatant of Mps or in the
sera of LPS-treated animals (P< 0.05; Fig. 4B).

Effect of macrophages activated in vivo with LPS on
heart tissue

Also, Mps from animals treated in vivo with LPS up-regulated
NO production in the supernatants of the co-culture with
normal heart (Fig. 5A) and slightly induced NOS2 expression in
heart tissue after 48 h in culture (P< 0.001 vs. control; Fig. 5B).
In addition, when hearts were obtained from animals treated
with LPS (0.1mg/mouse) during 6 h and were co-cultured with
Mps derived from the same animals, a significant increase in the
production of NO was observed in the supernatants after 24 h
(25.2� 2.3mM) or after 48 h (33.5� 3.1mM) (P< 0.001 vs.
control) of co-culturing in comparison to control (co-culture of
untreated heart plus untreated Mps: after 24 h: 7.4� 0.9mMor
after 48 h: 14.9� 1.9mM).

It has been proposed that during sepsis immune cells are
recruited to different organs, like heart, regulating the
production of inflammatory/angiogenic mediators. To test
this hypothesis, we co-cultured Mps from mice treated i.p.
with LPS for 6 h with normal heart slices for 24 h or 48 h.
Figure 6A shows, that the expression of CD31, amarker of new

blood vessels formation, as well as 40 and 33 kDa VEGF-A
expression were induced in heart homogenates after 24 h
of culture (P< 0.05 vs. control: untreated heart). When Mps
were in contact with heart for 48 h, an increment in VEGF-A

Fig. 2. Metalloproteinase-9 (MMP-9) expression (e) and activity (a)
in macrophages treated in vitro with lipopolisaccharide (LPS).
Densitometric analysis of the bands was expressed in optical density
units relative (rO.D.) to control (untreatedmacrophages) considered
as 1. White bars: MMP-9 (e) Black bars: MMP-9 (a). Values represent
meansWSEM of three experiments. MP<0.05 versus control.
Molecular weights of proteins are indicated on the right.

Fig. 3. Nitric oxide synthase (NOS) derived nitric oxide (NO)
production by macrophages obtained from animals treated in vivo
with (LPS).BALB/cmicewere inoculatedwith 0.1mg/mouseLPSas it
is stated in Materials and Methods. A: NOS activity was measured as
nitrite (NO�

2 ) production in micromolar concentration per million
cells (mM/106 cells). Values represent meansWSEM of four
experiments. MMP<0.001; MP<0.01 versus control (untreated
macrophages). B: Western blot assays to detect the expression of
NOS1, 2, and 3 in macrophage lysates (upper part). One
representative experiment of three is shown. Densitometric analysis
of the bands was expressed in optical density units (rO.D.) relative to
the expression of actin used as loading control (lower part). Values
represent meansWSEM of three independent experiments. MP<0.05
versus control.
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Fig. 4. Expression of angiogenic proteins in macrophages obtained
from animals treated in vivo with lipopolisaccharide (LPS). A:
Western blot assays to detect the expression of vascular endothelial
growth factor-A (VEGF-A; upper part) in macrophage lysates. One
representative experiment of 3 is shown. Densitometric analysis of
the bandswas expressed in optical density units relative (rO.D.) to the
expression of actin used as loading control (lower part).MP<0.05
versus control. B: metalloproteinase-9 (MMP-9) expression (e) in
macrophages lysates. Densitometric analysis of the bands was
expressed in optical density units relative (rO.D.) to the expression
of actin used as loading control (lower part). MMP-9 activity (a) in
macrophage supernatants (sn; upper part) and in the sera (s) of
LPS-treated mice (middle part). Densitometric analysis of the bands
was expressed as optical density units relative (rO.D.) to control
(untreated macrophages) considered as 1. Values represent
meansWSEM of three independent experiments. MP<0.05 versus
control (untreated macrophages). Molecular weights of proteins
are on the right.

Fig. 5. Effect of in vivo lipopolisaccharide (LPS) treated
macrophages (Mps) on nitric oxide (NO) production and nitric oxide
synthase (NOS) expression in normal hearts. A: NOS activity was
measured as nitrite (NO�

2 ) production in micromolar concentration
(mM) in the supernatants. Values represent meansWSEM of three
independent experiments. MP<0.01 versus control (normal heart).
B: Western blot assays to detect the expression of NOS2 in heart
homogenates (upper part). One representative experiment of 3 is
shown. Densitometric analysis of the bands was expressed as optical
density units relative (rO.D.) to the expression of glyceraldehyde
3-phosphate dehydrogenase (GAPDH) used as loading control
(lower part). Values represent meansWSEM of three independent
experiments. MP<0.05 versus control. Molecular weights of proteins
are indicated on the right.
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expression in the supernatants was observed (P< 0.05;
Fig. 6A). In addition, a raised in MMP-9 activity in the
supernatants of the co-culture (heart plus LPS-activated Mps)
after 24 and 48 h was detected (P< 0.05; Fig. 6B).

In addition, positive immunostaining for CD31molecule was
observed in some blood vessels of heart slices obtained from
the co-culture with LPS-treated Mps during 48 h revealing the
formation of newblood vessels in hearts from this experimental
group (Fig. 7A).Nopositive stainingwas observed in heart slices
obtained from 24 h of co-culture with LPS-activated Mps or
normal Mps or untreated tissue (Fig. 7B–D).

Since heart is composed by cardiomyocytes, vascular
endothelial cells and connective tissue, we analyzed the action
of peritoneal Mps obtained 6 h after the inoculation of 0.1mg/
mouse LPS (i.p.) on isolated cardiomyocytes in a transwell assay.
This kind of assay let us elucidate if soluble mediators derived
from Mps were responsible for the regulation of angiogenic
molecules in purified cardiomyocytes. LPS-treated Mps
increased the production of nitrites by 100� 6% at 24 h and
fivefold after 48 h of co-culturing (Fig. 8A). Activated Mps also
induced de novo expression of NOS2 in cardiomyocytes, being
this effect more potent after 48 h than after 24 h of culture
(P< 0.05; Fig. 8B).

Also VEGF-A expression was up-regulated in
cardiomyocytes by LPS-stimulated Mps (Fig. 9A); this effect was
more potent at 48 h than at 24 h of co-culturing (P< 0.05).
Similar results were observed in relation to MMP-9 activity in
the supernatant of cardiomyocytes (Fig. 9B).

We confirmed that aminoguanidine treatment of LPS-
activated Mps reduced nitrite production in the supernatant
of cardiomyocytes as well as NOS2 expression in the same
cells (Fig. 10A,B). In order to analyze whether NOS2-derived
NO from Mps was involved in the regulation of angiogenic
molecules expressed in cardiomyocytes, we tested the
expression of VEGF-A in these cells after culturing them with
aminoguanidine-LPS-treated Mps. Figure 11A shows that the
inhibition of NOS2 in LPS-treated Mps did not modify VEGF-A
expression in cardiomyocytes. On the other hand, the
inhibition of NOS2 by aminoguanidine in LPS-treated Mps
dramatically reduced MMP-9 expression and activity in
cardiomyocytes (Fig. 11B).

Discussion

It is known that LPS activates monocytes/Mps to produce pro-
inflammatory cytokines such as tumor necrosis factor alpha and
interleukins (Cohen, 2002). Mps also secrete, in response to
LPS, a wide variety of other biological mediators including
platelet-activating factor, prostaglandins and free radicals, such
asNO(Cohen, 2002;Connelly et al., 2003). Production of these
inflammatory cytokines and mediators by monocytes/Mps may
exert a dual role: on the one hand, they may contribute to
the efficient control of growth and dissemination of invading
pathogens, and on the other to exacerbate inflammatory/
infection diseases like sepsis (Cohen, 2002). As a consequence
of Mps stimulation either in vitro or in vivo with this endotoxin,
NOS2 enzyme is expressed de novo. Concomitantly, we
observed a decreased in calcium-dependent NOS isoforms
expression, mainly in NOS1 protein. Colasanti et al. (1999)
reported that in astroglial cells treated with LPS plus interferon
gamma, expressing both constitutive and inducible NOS, the
induction of the latter is an event that takes placewhenNOS1 is
preventively and quickly down-regulated. This phenomenon
was seen in our experimental model either in vitro or in vivo
in LPS-activated Mps.

MMPs play an important role in acute and chronic
inflammation by promoting the turnover of extracellular
matrix (ECM), and by modulating the action of inflammatory
mediators. MMPs aid efficient invasion of inflammatory cells to

Fig. 6. Effect of in vivo lipopolisaccharide (LPS) treated
macrophages (Mps) on angiogenic proteins in normal hearts. Heart
sliceswere co-culturedwithLPS-Mps (3T 106) for 24 hor48 has itwas
stated in Materials and Methods Section. A: Western blot assays to
detect the expression of CD31 and vascular endothelial growth
factor-A (VEGF-A) in heart homogenates or in culture supernatants
(sn; upper part). One representative experiment of 3 is shown.
Densitometric analysis of the bands was expressed as optical density
units relative (rO.D.) to theexpressionof actin usedas loading control
(lower part). Values represent meansWSEM of three independent
experiments. MP<0.05 versus control (normal heart). B: Zymography
assays to detect metalloproteinase-9 (MMP-9) activity in
supernatants. One representative experiment of 3 is shown
(upper part). Densitometric analysis of the bands was expressed
as optical density units relative (rO.D.) to control (normal heart)
considered as 1 (lower part). Values represent meansWSEM of three
independent experiments. MP<0.05 versus control.
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sites of damage or infection, allow angiogenesis and prepare the
tissue for deposition of new ECM (Parks et al., 2004). Reel et al.
(2011) found that LPS-treatment of monocytes selectively
increased the steady-state mRNA levels of MMP-1, MMP-7,
MMP-9, MMP-10, and MMP-14 to a greater degree than TIMPs,
implying a shift in the protease/anti-protease balance in favor of

Fig. 7. CD31 expression in murine heart co-cultured with
macrophages (Mps). Immunohistochemistry using a specific antibody
against CD31 (PECAM1) in heart slices. Positive immunostaining is
seen in the endothelium of new blood vessels in (A) heart from the
co-culture with LPS activated-Mps during 48 h. Scale barU 50mm.
Heart slices fromaco-culturewith (B) LPS activated-Mps during 24 h,
(C) normal Mps, or (D) untreated heart did not show positive
immunostaining. E: negative control, omitting the primary antibody.
Scale barU 50mm.

Fig. 8. Effect of in vivo lipopolisaccharide (LPS) treated
macrophages (Mps) on nitric oxide (NO) production and nitric oxide
synthase (NOS) expression in normal cardiomyocytes (CM). A: NOS
activity was measured as nitrite (NO�

2 ) production in micromolar
concentration per million cells (mM/106 cells) in the supernatants of
CM. Values represent meansWSEM of three independent
experiments. MP<0.05 versus CM; #P<0.05 versus CMRLPS-Mps
(co-cultured during 48h). B: Western blot assays to detect the
expression of NOS2 in CM lysates (upper part). One representative
experiment of 3 is shown. Densitometric analysis of the bands was
expressed as optical density units relative (rO.D.) to the expression of
actin used as loading control (lower part). Values represent
meansWSEM of three independent experiments. MP<0.05 versus
CM. Molecular weights of proteins are indicated on the right.
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Fig. 9. Effect of in vivo lipopolisaccharide (LPS) treated
macrophages (Mps) on angiogenic proteins in normal
cardiomyocytes (CM). LPS-Mps (2.5T 106) were co-cultivated with
CM (2T 106) in a transwell assay for 24 h or 48h as it was stated in
Materials and Methods Section. A: Western blot assays to detect
the expression of vascular endothelial growth factor-A (VEGF-A) in
CM lysates (upper part). One representative experiment of 3 is
shown. Densitometric analysis of the bands was expressed as optical
density units relative (rO.D.) to the expression of actin used as loading
control (lower part). Values represent meansWSEM of three
independent experiments. MP<0.05 versus CM. B: Zymography
assays to detect metalloproteinase-9 (MMP-9) activity in the
supernatants of CM. One representative experiment of 3 is shown
(upper part). Densitometric analysis of the bands was expressed as
optical density units relative (rO.D.) to control (normal heart)
considered as 1 (lower part). Values represent meansWSEM of
three experiments. MP<0.05 versus CM.

Fig. 10. Role of nitric oxide synthase 2-derived nitric oxide from in
vivo lipopolisaccharide (LPS) treated macrophages (Mps) on the
expression of angiogenic proteins in normal cardiomyocytes
(CM). Mps (2.5T 106) were obtained from mice treated with
aminoguanidine (AG) and LPS and were co-cultivated with CM
(2T 106) in a transwell assay for 48h as it was stated in Materials and
Methods Section. A: Western blot assays to detect the expression of
vascular endothelial growth factor-A (VEGF-A) in CM lysates (upper
part). One representative experiment of 3 is shown. Densitometric
analysis of the bands was expressed as optical density units relative
(rO.D.) to the expression of actin used as loading control (lower part).
Values represent meansWSEM of three independent experiments.
MP<0.05; MMP<0.001 versus CM. B: Western blot and zymography
assays todetectmetalloproteinase-9 (MMP-9) expression and activity
in lysates and supernatants of CM respectively. One representative
experiment of 3 is shown (upper part). Densitometric analysis of the
bands was expressed as optical density units relative (rO.D.) to
control (CM; lower part). White bars MMP-9 expression; black
bars MMP-9 activity. Values represent meansWSEM of three
experiments. MP<0.05; MMP<0.001 versus CM.
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matrix degradation. In line with these results, we demonstrated
that LPS stimulates the expression and activity of MMP-9 in
peritoneal Mps. Also, we found an increase in MMP-9 activity in
the sera of animals treated with LPS. Other authors indicated
that the migration of immune cells from the bloodstream to
sites of inflammation requires MMPs-mediated proteolysis of
the basement membrane, as it was reported in vitro and in
animal models (Leppert et al., 1995; Faveeuw et al., 2001;
Cuenca et al., 2006).

When analyzing the action of LPS administered in vivo on
peritoneal Mps, a maximum in the expression and activity of
NOS2 at 6 h post-inoculation was observed. Regarding
angiogenic proteins, VEGF-A and MMP-9, were induced by LPS
in a delayedmanner in comparison toNOS2.Wells et al. (2003)
described abundant differences between the genes expressed
early (within the first 6 h) or late (12–24 h or later) after LPS
stimulation in different mouse strains. They mentioned that
NOS protein is derived from an early gene induced, while
angiogenic factors could be considered as products of late
induced genes. Besides the differences observed in the kinetics
of protein induction in LPS-treated Mps, they can display a
broad spectrum of phenotypes which allows them to be equally
critical in both the initiation and the resolution of inflammation
(Mantovani et al., 2007). The two major Mps phenotypes
reported are the classic pro-inflammatory M1 and the
alternative anti-inflammatory M2 phenotypes (Mantovani et al.,
2007; Martinez et al., 2009). Mps activated with Th1 cytokines
(interferon gamma) and/or bacterial endotoxins polarize to M1
phenotype. In contrast, Mps activated with Th2 cytokines (IL-4,
IL-13), IL-10, or glucocorticoid hormones polarize to M2
profile.

The formation of newblood vessels requires the sprouting of
pre-existing blood vessels and their subsequent fusion with
other blood vessels (Carmeliet, 2005). It has been suggested
that Mps could participate in this process, but little is known
about the mechanisms involved in it (Nucera et al., 2011).
We had previously reported that peritoneal Mps from tumor-
bearing mice are able to induce a strong neovascular response
in the skin of singeneic mice (de la Torre et al., 2005). Similar
results accompanied by the increment of VEGF-A and MMP-9
are observed when LPS-treated Mps are inoculated in the skin
of singeneic mice (data not shown). Cursiefen et al. (2004)
demonstrated in a model of inflammatory corneal
neovascularization that VEGF-A is essential for recruitment
of monocytes/Mps and that these cells play a crucial role in
inducing inflammatory neovascularization by supplying/
amplifying signals essential for pathological angiogenesis and
lymphangiogenesis, since Mps depletion inhibited these
processes.

It is known that an excessive and uncontrolled production of
inflammatory cytokines and mediators in response to LPS may
lead to serious systemic complications such asmicrocirculatory
dysfunction, tissue damage, and septic shock with a high
mortality (Morrison and Ryan, 1987). One of the most affected
organs during sepsis is the heart. When we investigated the
effect of LPS-activated Mps on the heart, we observed an
induction in the expression of CD31, a marker of new blood
vessels and confirmed the formation of new blood vessels in the
heart from the co-cultures with LPS-treated Mps for 48 h
by immunohistochemistry. Also the expression of VEGF-A,
more specifically of the low molecular weight fragments were
detected by Western blot after 24 h of co-culture either in
heart homogenates or in cardiomyocyte lysates. These results
were in parallel with an increment in MMP-9 activity in the
supernatants. Previous reports indicated that tumor
associated-Mps release MMPs that contribute to tumor
dissemination by degrading ECM and/or by processing VEGF-A
to lowmolecular weight fragments that could in turn activate in
a more potent manner VEGF receptors (Allavena et al., 2008).

Fig. 11. Inhibition of nitric oxide synthase 2 (NOS2) activity and
expression in normal cardiomyocytes (CM) co-cultured with in vivo
lipopolisaccharide (LPS) activated macrophages (Mps). Mps
(2.5T 106) were obtained from mice treated with aminoguanidine
(AG) and LPS and were co-cultivated with CM (2T 106) in a transwell
assay for 48h as it was stated in Materials and Methods Section.
A: NOS activity was measured as nitrite (NO�

2 ) production in
micromolar concentration (mM) in the supernatants. Values
represent meansWSEM of three independent experiments. MP<0.01
versus CM. B:Western blot assays to detect the expression of NOS2
in CM lysates (upper part). One representative experiment of 3 is
shown. Densitometric analysis of the bands was expressed as optical
density units relative (rO.D.) to the expression of actin used as loading
control (lower part). Values represent meansWSEM of three
independent experiments. Molecular weights of proteins are
indicated on the right.
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We also showed a progressive increment in the expression of
VEGF-A and NOS2, and in the activity of MMP-9 when the
supernatant of LPS-activated Mps reaches cardiomyocytes in
the transwell assay. This reveals that Mps produce soluble
mediators which induce cardiomyocytes to produce angiogenic
factors.

Previous reports indicated interactions and possible cross
talk between iNOS and MMP-9 in rat aortic vascular smooth
muscle cells stimulated with LPS, interferon-gamma, and
phorbol 12-myristate13-acetate. The NOS inhibitor N omega-
nitro-L-arginine methyl ester exerted an inhibitory effect on
COX-2 and MMP-9 mRNA synthesis (Marcet-Palacios et al.,
2003). Similarly, our results indicate that NOS2 induction by
LPS inMps is involved in the up-regulation ofMMP-9 expression
and activity in cardiomyocytes derived from co-culture
experiments.

Conclusions

Other authors have mentioned that interstitial inflammatory
immuno-infiltrates are present in the ischemic heart disease and
in myocardium of LPS-induced sepsis (Cuenca et al., 2006;
Lorier et al., 2011). This study suggests that Mps obtained from
in vivo LPS-treated mice are able to up-regulate its own
production of NO as well as VEGF-A levels, MMP-9 expression
and activity and new blood vessel formation in heart tissue. LPS-
activated Mps are also inducers of VEGF-A and MMP-9
expression and activity in cardiomyocytes being the latter
dependent onNOS2 induction in activatedMps, supporting the
hypothesis that during sepsis neovascularization occurs in the
myocardium as an attempt to improve cardiac function.
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