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Proteolytic enzymes, released early in the course of an
inflammatory response, hydrolyze fibronectin, producing frag-
ments of the parent molecule that alter monocyte phenotype and
migratory behavior. Here we test the hypothesis that macro-
phages, stimulated by the dominant 110-120 kd fibronectin
fragments (FNf), as are found in lymphatic fluid draining sites of
cardiac ischemia-reperfusion injury, produce factors that pro-
mote the survival of injured parenchymal cells. Rat splenic
macrophages stimulated in vitro with purified FNf produced
soluble factors that protected hypoxic rat cardiac myocytes
from death by apoptosis. Addition of blocking antibodies
specific for tumor necrosis factor-a (TNF-a), fibroblast growth
factor-1 (FGF-1), insulin-like growth factor | (IGF-I), and leukemia
inhibitory factor (LIF) partly reduced the protection against
apoptosis provided to hypoxic cardiac myqcytes by cell-free
culture supernatants from FNf-stimulated macrophages. Com-
plete blockade of this protection was achieved by a combination
of antibodies specific for FGF-1, IGF-I, and LIF. Stimulation of
human monocyte-derived macrophages in vitro with FNf
significantly increased their output of TNF-o, FGF-1, IGF-I, and
LIF. These results suggest that tissue degradation products,
released in the early hours of an inflammatory response,
stimulate tissue-infiltrating macrophages to protect injured but
still viable parenchymal cells from death by apoptosis. Exp Biol
Med 229:538--545, 2004.
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initially exacerbates tissue injury (1). Much of the

inflammatory damage is attributable to proteolytic
enzymes (2) and other agents released by leukocytes that
infiltrate formerly ischemic tissues during reperfusion (3).
Some of the leukocytes, particularly monocyte-derived
macrophages (4), also help to resolve and repair this injury
(1, 5). Macrophages enter formerly ischemic tissue within
1-3 hrs after reperfusion (3), take up dead cells and debris
within 24 hrs (4), and remodel the tissue matrix and
stimulate production of collagen 3 or more days later (6).
Although this repair may maintain organ integrity by scar
formation, organ dysfunction may still result from extensive
parenchymal cell death. Since macrophages have been
shown to limit (7) as well as repair injury, we propose an
additional role for them in preventing parenchymal cell loss.
Our hypothesis is that during the early phases of an
inflammatory response, monocyte-derived macrophages
produce agents that protect parenchymal cells from death-
inducing signals.

Our studies grew out of the observation that proteolytic
enzymes, released during the first 5 hrs of an inflammatory
response, generate fibronectin fragments that can activate
tissue infiltrating monocyte-derived macrophages, altering
their migratory behavior (4) and stimulating them to
produce cytokines and other factors with the potential to
influence parenchymal cell survival (8-11). We stimulated
macrophages with 110-120 kd fibronectin fragments (FNf),
the major fibronectin fragment in the lymphatic drainage of
ischemic cardiac tissue (4), to identify the factors and their
relevance to cardiac myocyte survival after hypoxic injury.

Ischemia provokes an intense inflammatory response that

Materials and Methods

Materlals and Reagents. Collagenase (Type 2) was
obtained from Worthington Biochemical (Lakewood, NIJ);
pyrogen free human serum albumin (HSA) from Alpine
Biologics, Inc. (Orangeburg, NJ); heparin from Elkins-Sinn,
Inc. (Cherry Hill, NJ); human plasma fibronectin (FN) from



MACROPHAGES PROTECT INJURED MYOCYTES 539

Chemicon (Temecula, CA); mouse laminin and the 110 kD
cell-binding fragment of human FN (FNf) from Upstate
Biotechnology (Lake Placid, NY). Other chemicals came
from Sigma Chemical Co. (St. Louis, MO). ITS (1.25 mg/
ml insulin, 1.25 mg/ml transferrin, 1.25 pg/ml selenium)
came from BioSource International (Camarillo, CA);
Hanks’ basic salt solution (HBSS), Dulbecco’s PBS
(DPBS), gentamicin, penicillin-streptomycin, distilled water
(low endotoxin), and trypsin came from Gibco BRL (Grand
Island, NY). Fetal bovine serum (FBS) was obtained from
HyClone (Logan, UT). Endotoxin was undetectable by the
Limulus amoebocyte assay (Associates of Cape Ced, Inc.,
Falmouth, MA) in these reagents. Joklik medium was
reconstituted from powdered MEM and 2 g NaHCO,, 60
mM taurine, 17.5 mM creatine, 5 mM HEPES, and 0.1%
human serum albumin; pH was adjusted with NaOH.
Dulbecco’s modified Eagle’s medium (DMEM) base with-
out glucose was reconstituted according to the manufac-
turer’s instructions. Media were sterilized by 0.2 pm
filtration. Complete M199 was made by adding 0.4% (v/v)
ITS, 100 U penicillin, 100 pg streptomycin, and 0.1% HSA.
RPMI 1640 was used alone or after addition of 10% FBS
and 10 pg/ml gentamicin. Media were warmed to 37°C and
equilibrated with 5% CO, in air before use. Glassware was
baked at 220°C overnight to eliminate endotoxin.
Isolation of Rat Cardiac Myocytes. Six- to 12-
week-old Sprague-Dawley male rats (Charles River,
Wilmington, MA), purchased under a protocol approved
by Baylor College of Medicine and the Houston Veterans
Affairs Medical Center, were anesthetized intraperitoneally
with 0.6 ml of a 0.3:1:1 mixture of acepromazine (10 mg/
ml):xylazine (20 mg/ml):ketamine (100 mg/ml). The hearts
were removed under aseptic conditions, and cardiac
myocytes were isolated using modifications of previously
reported methods (12, 13). Isolated hearts were perfused
with 1 U/ml heparin in Joklik medium followed by 0.7 mg/
ml collagenase through autoclaved tubing (Masterflex
Tygon LFL, L/S 13; Cole-Parmer, Vernon Hills, IL) at a
rate of 12.6 ml/min by a peristaltic pump (Master Flex Easy
Load II; Cole-Parmer). All perfusion fluids were kept at
38°C and equilibrated with 95% O, plus 5% CO, passed
through a Vacushield 0.45 um PTFE filter (Gelman
Laboratory, Ann Arbor, MI). After perfusion, the ventricles
were minced and further digested in a laminar flow hood.
Cell suspensions were strained through a 210-um mesh
(Spectrum Laboratories, Inc., Rancho Dominguez, CA),
then washed and placed on a 6% HSA cushion. CaCl, was
added stepwise to the sedimented cells to a final concen-
tration of 100 mM. Fibroblasts were removed by adherence
in T75 flasks (Falcon, Becton Dickinson, Franklin Lakes,
NJ). This step results in >97% purity of myocytes (13).
Myocytes were placed into complete M199 and 5 X 10°/ml
dispensed into 35-mm dishes (Falcon) coated with 10 pg
laminin. After overnight culture, the myocytes were moved
to glucose-free DMEM and placed at <10 torr PO, (1 torr =
133.3 Pa = pressure of 1 mm mercury) for 3 hrs in an

anaerobic workstation (Forma Scientific, Marietta, OH)
perfused with 90% N,, 5% CO,, and 5% H, (14). After the
hypoxic interval, DMEM was repilaced with complete
M199. The glucose-free DMEM is also free of pyruvate,
which prevents anaerobic metabolism and maximizes injury
to cells deprived of oxygen. Normoxic control myocytes
were also placed in DMEM for the same interval.

Assessment of Viability and Apoptosis. After21
hrs reoxygenation, myocytes were detached by trypsiniza-
tion and counted. Viability was assessed with calcein AM
(LIVE/DEAD viability cytotoxicity assay; Molecular
Probes, Eugene, OR) added in 1:1 M199/HBSS. To identify
apoptotic cells, myocytes were fixed in 3% paraformalde-
hyde and permeabilized with TBST (50 mM Tris-HCl pH
7.4, 150 mM NaCl, 0.1% Tween), after which 5% normal
goat serum was added to block nonspecific antibody
binding. The cells were stained with antibody to cleaved
caspase 3 (Cell Signaling Technology, Beverly, MA) or
control rabbit IgG. The secondary antibody was phycoer-
ythrin-conjugated affinity-purified F(ab’), goat anti-rabbit Ig
(BioSource). For flow cytometric analysis of the cardiac
myocytes, a neutral density filter was inserted in front of the
forward-angle light scatter detector (measuring size of the
cells) of the Epics XL-MCL flow cytometer (Beckman
Coulter, Miami, FL) to bring myocytes within the
boundaries of the light scatter histogram. Gains on forward-
and side-scatter detectors were set at one, voltages at 30, and
events for both parameters were collected on log scales.
Necrosis was assessed by measuring lactate dehydrogenase
using a kit from Sigma (13). Annexin V binding was
assessed using reagents from Becton Dickinson according to
the supplier’s directions.

Isolation and Treatment of Rat Macropha-
ges. Spleen cells were suspended in serum-free RPMI
1640 and distributed into 6-well culture plates coated with
60 pg/well FN. Nonadherent cells were removed after 2 hrs.
Adherent macrophages were cultured in complete RPMI
1640 overnight and then washed to remove remaining
nonadherent cells. Macrophages were scraped from the
wells with rigid polypropylene cell lifters (Fisher, Pitts-
burgh, PA), resuspended in fresh medium, and counted.
Purity ranged from 84%-92% by microscopy and by
esterase staining. Macrophages were treated with 110 pg
FNF per 10° cells for 90 mins in RPMI 1640 without serum
(4) or held in RPMI 1640 for the same interval as an
untreated control before washing and resuspension at 5 X
10%ml in complete M199 before co-culture with cardiac
myocytes. Alternatively, filtered supernatants from macro-
phages cultured in M199 on laminin-coated dishes over-
night were added to the cardiac myocytes.

Normal Donor Bilood. Blood was obtained from
volunteers under a protocol approved by the Institutional
Review Boards of Baylor College of Medicine and the
Houston Veterans Affairs Medical Center. Blood, anti-
coagulated with preservative-free heparin, was fractionated
by Ficoll-Hypaque gradient centrifugation (Histopaque-
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Figure 1. Analysis of viability and apoptosis. (A) Forward-angle light
scatter (FS), an indicator of cell size, and side-angle light scatter
{SS), an indicator of intracellular organelles, are shown on the yand x
axes, respectively. Intact cells with caicein fluorescence (C) are
encircled in the light scatter histogram, whereas debris is caicein-
negative. (B) Control myocytes not given calcein produce back-

1077; Sigma) to collect mononuclear cells that were then
allowed to adhere in serum-free RPMI 1640 to plastic, six-
well plates (Nunc; Nalge Nunc International, Denmark)
coated with 60 pg/well mouse laminin. After 1 hr,
nonadherent cells were removed and the remaining cells
cultured for 24 hrs with or without addition of 110 pg FNf
to each culture containing 10’ original mononuclear
leukocytes. Culture supernatants were harvested for meas-
urement of cytokines and growth factors by enzyme-linked
immunoabsorbent assay (ELISA) according to the manu-
facturer’s directions (R&D Systems, Minneapolis, MN).

Antibody Blocking Studies. Sterile blocking anti-
bodies certified to contain less than 10 ng endotoxin per
milligram of antibody protein were obtained from R&D
Systems (Minneapolis, MN). Goat anti-rat TNF-o was used
at 10 pg; rabbit anti-bovine FGF acid was used at 2.5 pg;
goat anti-human IGF-I was used at 2.5 pg; and goat anti-
mouse LIF was used at 0.5 pg/culture. Reactivity of the
antibodies against rat factors was confirmed by immuno-
blots. Normal rabbit IgG, isolated from sterile serum by
ammonium sulfate precipitation, was used as a control at 2.5
1g per culture.

Data Reporting and Statistics. To calculate the
numbers of calcein bright rods per dish, the total number of
cells harvested from each dish was multiplied by the fraction
of bright events in the calcein analysis. Likewise, the
number of nonapoptotic cells was determined by multi-
plying the total number of cells per dish by the fraction that
were cleaved caspase-3 negative (formulas below):

bright

(myocyte number/dish)X(% calcein cells)

= number live rods/dish
(myocyte number/dish)X (% cleaved caspase 3"&*"““cells)
= number nonapoptotic cells/dish.

Data from hypoxic cells were compared with those from
cells maintained in 95% air plus 5% CO,. To facilitate
comparisons between experiments,. the numbers obtained
with nonhypoxic controls in each experiment were set at
100%; experimental results were recorded as a percent of
this control value. Data from multiple rats were pooled to
yield the reported results. Paired 7 tests were used to
measure statistical significance except where indicated.

—

ground autofluorescence (left peak). By UV microscopy, weakly
reactive cells under the middie peak were contracted (i.e., injured),
whereas the strongly fluorescent cells under the far right peak were
rod-shaped (i.e., viable; see Fig. 3 for appearance by microscopy).
Myocytes were counted as viable if they were strongly calcein-
positive. (C) After 6 hrs of hypoxia and 24 hrs of reoxygenation, many
cells were stained with the anticleaved caspase 3 antibody. Back-
ground fiuorescence was measured with an irrelevant IgG.
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Figure 2. Myocyte protective effects of macrophages. FNf-stimulated macrophages and FNf-stimulated macrophage culture supernatants
enhanced survival of hypoxic cardiac myocytes. The percentage of live, calcein-positive, rod-shaped, nonapoptotic myocytes significantly
increased when hypoxic, reoxygenated myocytes were incubated with FNf-stimulated macrophages (A and B, n = 5) or with culture
supernatants from FNf-stimulated macrophages (C and D, n = 5; P < 0.01, asterisks, paired t test). Addition of untreated macrophages or
untreated macrophage culture supernatants provided slight improvement but, except for the data shown in (panel B, P = 0.04, cross, paired ¢
test), the improvement in survival was not statistically significant. Shaded bars = number of myocytes in cultures not subject to hypoxia or cuiture
with macrophages or supematants. Some values are greater than 100 as a result of normalization to normoxic myocyte cultures.

Results

Assessment of Cardiac Myocyte Viability After
Hypoxia. We used flow cytometric techniques to assess
myocyte viability and apoptosis. Myocytes can be identified
at the upper right of a light scatter histogram using a log
scale for both forward-angle and side-angle parameters (Fig.
1A); myocytes were identified by live gating as the only
events in the histogram that were fluorescence positive for
calcein, a reagent identifying viable cells (Fig. 1B). Two
peaks of calcein fluorescence were evident (Fig. 1B) on the
four-decade log fluorescence scale. UV microscopy showed
that the calcein-bright cells were rod shaped, which is the
normal configuration of healthy, isolated cardiac myocytes.
The calcein-dim cells were hypercontracted, a configuration
assumed by injured and dying cardiac myocytes (15).
Therefore, we counted calcein-bright events as indicating
the presence of viable cells; that is, we only counted rod-
shaped myocytes as healthy. Some injured myocytes also
expressed the cleaved form of caspase 3, a marker of cells
undergoing apoptosis (Fig. 1C). Cells that were negative for
cleaved caspase 3 were then also used as an estimate of
healthy nonapoptotic myocytes. The number of healthy
myocytes was similar, whether assessed by calcein bright-
ness or the absence of cleaved caspase 3. Release of lactate
dehydrogenase (LDH), an indicator of cell necrosis, was not
significantly different (paired ¢ test) in nommoxic cultures
(196.6 £ 18.8 U/ml) and myocytes subjected to 3 hrs of
hypoxia (245.6 = 18 U/ml, n = 12). If myocytes are
exposed to longer periods of hypoxia, LDH release occurs
(13). In the current study, with the shorter interval of

hypoxia, we only found myocytes with evidence of
apoptotic injury.

Macrophage Prevention of the Loss of Viable
Myocytes After Hypoxia. The recovery of viable
myocytes was significantly reduced by 3 hrs of hypoxia
and 21 hrs reoxygenation, as compared with myocytes
maintained under normoxic conditions for the same interval
(negative controls). The decreased recovery was seen
whether measured by calcein fluorescence (Fig. 2A) or by
the frequency of myocytes negative for cleaved caspase 3
(Fig. 2B). Hypoxia caused a 53.7% decrease in live rods by
the calcein assay (second bar from top, Fig. 2A). Similarly,
hypoxia caused a 50.5% decrease in myocytes with no
evidence of caspase 3 cleavage (second bar, Fig. 2B). All
myocyte cultures were maintained in the same glucose- and
pyruvate-free medium, whether normoxic or exposed to 3
hrs hypoxia. This ensured that any differential loss of
viability was attributable to oxygen deprivation, not nutri-
tional stress.

To evaluate whether macrophages affect the viability of
hypoxic cardiac myocytes, we incubated adult rat splenic
macrophages or macrophage culture supernatants with the
myocytes. Addition of untreated macrophages to previously
hypoxic myocytes (third bar, Fig. 2A and B) improved the
recovery of viable myocytes, but the benefit was only
marginally significant (P = 0.05, Wilcoxon signed rank
test).  However, addition of FNf-treated macrophages
significantly increased the frequency of viable myocytes to
levels comparable with those in normoxic cultures (fourth
bars, Fig. 2A and B). Culture supernatants from untreated
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Figure 3. Microscopy of myocytes. Normoxic myocytes (A) exhibited
typical rod morphology, whereas hypoxic myocytes (B) became
contracted. Addition of untreated macrophage supernatant (C)
preserved some of the myocytes in the rod configuration, but many
were nevertheless contracted. Addition of supemnatant from FNf-
stimulated macrophages (D) maintained rod morphology in a majority
of the myocytes. Magnification x40.

and FNf-treated macrophages were as effective as the cells
themselves in protecting myocytes from hypoxia injury
(compare Fig. 2C and D and Fig. 2A and B).

The effects of these macrophage culture supernatants
on myocyte morphology are shown in Figure 3. Normoxic
myocytes were rod shaped (Fig. 3A), whereas many
hypoxic cells contracted (Fig. 3B). Supernatants from
untreated macrophages protected some but not all myocytes
from hypoxic injury (Fig. 3C). FNf-stimulated macrophage
supernatants effectively protected most of the hypoxic
myocytes with the result that almost all of the cells had a
normal rod-like morphology (Fig. 3D).

Macrophage Factors that Protect Cardiac My-
ocytes Against Hypoxic Injury. Prior studies (16-21)
have identified séveral cytokines and growth factors, most
notably TNF-a, LIF, IGF-I, and FGF-1, which can protect
myocytes from ischemic injury. We used blocking anti-
bodies to determine whether these same agents also
contributed to the protective effects of FNf-treated macro-
phages in vitro. As was seen for experiments shown in
Figure 2, hypoxia without the addition of macrophages
reduced the recovery of viable myocytes (Fig. 4, second bar
compared with top bar in A and B). In the remaining
experimental groups, macrophages treated with FNf were
added to the myocyte cultures subjected to hypoxia, and
antibodies were used to block the effects of the growth
factors. Addition of FNf-treated macrophages with a control
irrelevant antibody significantly increased myocyte survival
to the same extent as we saw when FNf-treated macro-
phages were co-cultured with myocytes in the absence of
added IgG (Fig. 2). Blocking antibodies to LIF, IGF-1, or
FGF-1 significantly reduced the protection against cell death
afforded by FNf-stimulated macrophages (P < 0.02, ¢ test;

Fig. 4A and B). To evaluate whether these factors had an
additive effect on the survival of hypoxic myocytes, we
combined blocking antibodies to the three most efficacious
growth factors: LIF, IGF-I, and FGF-1 (Fig. 4C). Blocking
all three factors effectively abolished the protection afforded
by the ENf-treated macrophages (compare third and fourth
bars in Fig. 4C).

Human Monocytes Produce the Same Factors
Following FNf Stimulation. Unstimulated human
monocytes adherent to laminin produced the same four
factors: TNF-a, LIF, IGF-I, and FGF-1. When monocytes
were exposed to FNf, the quantity of each of these factors
increased significantly. Table 1 shows the quantities
produced at the end of 24 hrs; however, levels in FNf-
treated cultures were significantly elevated above unstimu-
lated cultures after as little as 90 mins.

Discussion

TNF-0, IGF-1, FGF-1, and LIF have previously been
associated with protection of cardiac muscle cells from
hypoxic or ischemia-reperfusion injury (16-18, 22-25). The
novel, unifying concept brought out by the present report is
that fragments of fibronectin, which are generated by
proteolysis in the first minutes to hours after ischemic
tissue injury (4), can stimulate macrophages to produce all
of these agents. Blocking antibody studies suggest that each
of these four agents, acting alone, significantly protects
myocytes from apoptotic death and that FGF-1, IGF-I, and
LIF may be additive in their effects. Both rat tissue
macrophages and human monocytes made all the factors
even without stimulation, perhaps as a result of adherence to
the laminin substrate, but production was upregulated by
FNf. Production by monocyte-derived macrophages indi-
cates that leukocytes likely to enter newly injured tissue
from the blood can be sources of these factors,

The multiplicity of factors produced as a result of FNf
stimulation could reflect the fact that some are produced in a
cascade. For example, IGF-I stimulates the production of
TNF-o. (26), which, in some cell types, induces LIF
production (27). This diversity ensures that the injured
myocytes receive effective anti-apoptotic signals through a
variety of signaling pathways. TNF-a and IGF-I activate the
phosphoinositol-3'-kinase/Akt pathway in cardiac myocytes
(28, 29), but anti-apoptotic signals from IGF-I follow more
than one signaling pathway (30, 31). To suppress apoptosis
of cardiac myocytes, IGF-I also transmits signals through
ERK- and MEKI-dependent pathways to activate the
transcription factor CREB, which then induces expression
of the anti-apoptotic factor Bcl-2 (31). TNF-a activates NF-
kB, also via the MEK1 and I-xB kinase pathways, to induce
production of the anti-apoptotic cytokine, interleukin-6 (32).
FGF-2 activates ERK and MEKI1 to protect cardiac
myocytes from endotoxin-mediated apoptosis (33); it is
not known if FGF-1 also acts through the same signaling
pathway. LIF causes the phosphorylation of the signal
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Figure 4. Effect of blocking antibodies. The percent of live, calcein-
positive rods (A) and nonapoptotic myocytes (B) significantly
decreased when the cells were exposed to hypoxia (shaded bar
versus open bar). When hypoxic, reoxygenated myocytes were co-
incubated with FNf-stimulated macrophages (crosshatched bars),
and their viability increased if the activity of the FNf-treated
macrophages was not blocked (control 1gG, C). Blocking antibodies
to tumor necrosis factor-alpha (TNF-a), leukemia inhibitory factor
(LIF), insulin-like growth factor-l (IGF-1), or fibroblast growth factor-1
(FGF-1) partially inhibited the survival-enhancing effect of the

Table 1. Factors Produced by Human Monocytes
Stimulated with Fibronectin Fragments (FNf)?

No treatment FNf treatment P value
TNF-o 11 =10 370 = 60 0.0003
LIF 47 £ 2 56 =+ 3 0.0003
IGF-I 295 + 4 3054 0.001
FGF-1 13 =1 16 = 1 0.02

4 Monocytes adherent to laminin-coated plastic plates were
stimulated with FNf, and the culture supernatant was harvested after
24 hrs. Factors were assayed by ELISA; data are means * SEM
expressed as picograms per milliliter (pg/ml) from nine different
normal donors. Statistical analysis comparing the no treatment
versus the FNf-treated cultures was done by paired t test. TNF-a,
tumor necrosis factor-o; LIF, leukemia inhibitory factor; IGF-I, insulin-
like growth factor-I; FGF-1, fibroblast growth factor-1.

transducer and activator of transcription 3 (STAT3) in
cardiac myocytes (34), but STAT3 may also be phosphory-
lated via other kinase pathways (35). Many questions
remain concerning the complex signaling pathways that
protect cardiac myocytes against apoptosis, particularly
whether altered balances of different pathways generate
different outcomes (36).

We previously found that fibronectin fragments regu-
late the ability of monocytes to migrate through injured
tissue (4). Evidence that FNf also induce monocyte-derived
macrophages to produce agents that protect parenchymal
cells against apoptosis expands its homeostatic role and
indicates that, even at the outset, host responses to tissue
injury may produce agents that help to limit that injury. For
example, a conventional view of the host inflammatory
response to ischemic injury is that when tissue infiltrating
neutrophils degranulate and release reactive oxygen inter-
mediates, proteases, and other degradative enzymes, they
cause more tissue injury than would have occurred in their

—

macrophages. Measurements were expressed as a percent of
normoxic control (white bar). Data are means = SEM (n = 10).
Statistical significance was estimated by the palred ttest: Asterisk (*),
P < 0.05. Actual Pvalues for data in (A) are 10°® for normoxic versus
hypoxic, 0.05 for (C) versus TNF, 0.0005 for (C) versus LIF or IGF
and 0.002 for (C) versus FGF. Actual P values for (B) are 2 x 10°® for
normoxic versus hypoxic, 0.02 for (C) versus TNF, 0.0009 for (C)
versus LIF, 0.0005 for (C) versus IGF, and 0.01 for (C) versus FGF.
Blocking the activities of LIF, IGF-I, and FGF-1 with a combination of
antibodies abolished the ability of FNf-stimulated macrophages to
protect hypoxic cardiac myocytes (C). The shaded bar represents
survival of nonhypoxic cells. The second bar down represents the
survival of hypoxic myocytes without added macrophages. FNf-
treated macrophages were added to myocytes in the remaining
cultures. In the third set of cultures, an irrelevant control IgG was
added to the myocyte/FNf-stimulated macrophage co-cuiture, where-
as in the blocked cultures a mixture of anti-factor antibodies (fourth
bar) was added. Data are means + SEM (n = 4; asterisks indicate P
= 0.03 for hypoxic myocytes without macrophages and P = 0.02 for
cultures treated with antibodies to LIF + IGF-1 + FGF-1 as compared
with nonhypoxic myocytes).
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absence (5). Although this may be true, the present studies
suggest that by causing proteolysis of fibronectin, the
inflammatory response also generates critical negative
regulatory signals that help parenchymal cells survive,

The macrophage’s role in tissue injury has been
considered to be that of a late-entering phagocyte that
ingests parenchymal cell and neutrophil debris, and then
calls in fibroblasts to remodel tissue and form a scar. With
the discovery that monocytes enter damaged tissue as early
as neutrophils (3), and that their constitutive production of
factors that promote parenchymal cell survival is quickly
upregulated by FNf, it is clear that a role for tissue
preservation soon after the onset of injury must be added to
the macrophage repertory. That fibronectin fragments
enhance this role may explain the finding that a lack of
plasma fibronectin exacerbates the extent of injury after
reperfusion of the ischemic brain (37). Sakai er al. (37)
found that the presence of plasma fibronectin decreased the
number of apoptotic cells in the infarcted areas, and they
postulated that neurons may respond directly to fibronectin
by upregulating anti-apoptotic cell proteins such as Bcl-2.
Our data suggest an additional possibility: stimulation of
macrophages by fibronectin fragments induces the prompt
release of diverse factors that enhance parenchymal cell
survival.

We thank Pamela Fritz and Christine Noman-Tiner for technical
assistance. We also wish to thank Blase Carabello, MD, for support and
encouragement.
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