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In this study, we investigated the role of the hemato-
poietic cytokine erythropoietin (EPO) during wound
healing, the physiological response to tissue injury.
We used an in vivo wound-healing assay (fibrin Z-
chambers) consisting of fibrin-filled chambers im-
planted subcutaneously in rats. The fibrin inside the
chambers is replaced by granulation tissue consisting
of new blood vessels, macrophages and fibroblasts as
part of the wound-healing response. Local, exoge-
nous recombinant EPO administration into the fibrin
matrix significantly increased granulation tissue for-
mation in a dose-dependent manner. To investigate
the physiological role of endogenous EPO during
wound healing, we used soluble EPO receptor or anti-
EPO monoclonal antibodies to neutralize EPO and
observed dose-dependent inhibition of granulation
tissue formation, consistent with an important role
for EPO in the wound-healing cascade. The ability of
recombinant EPO to promote wound healing was as-
sociated with a proangiogenic effect during granula-
tion tissue formation. We also found abundant ex-
pression of EPO receptor protein in macrophages,
cells that play a pivotal role during wound healing.
Modulation of wound healing because of administra-
tion of recombinant EPO or inhibition of endogenous
EPO-EPO receptor correlated with changes in levels of
inducible nitric oxide synthase protein in granulation
tissue. These data demonstrate a novel function for
EPO by providing in vivo evidence for a physiological
role during fibrin-induced wound healing. (Am J
Pathol 2003, 163:993–1000)

Erythropoietin (EPO) is a glycoprotein hormone that reg-
ulates the production of red blood cells.1–3 The biological
effects of EPO are mediated by its specific interaction
with its cell-surface receptor EPOR, a type I cytokine
receptor that is expressed in erythroid progenitor cells as
well as in several nonhematopoietic cell types.4 A series
of recent studies have provided experimental evidence
for diverse nonhematopoietic biological effects of EPO-

EPOR signaling. For instance, in the central nervous sys-
tem, EPO plays an important role in the brain’s response
to neuronal injury.5–9 In other tissues, expression of EPOR
in kidney, muscle cells, and intestine is associated with
the ability of EPO to induce cellular proliferation.10–12

Several types of vascular endothelial cells express re-
ceptors for EPO13–15 and previous studies have shown
the ability of EPO to stimulate angiogenesis, the genera-
tion of new blood vessels from pre-existing vessels.16 In
different experimental systems, recombinant EPO was
shown to promote endothelial cell proliferation and mi-
gration in rat thoracic aorta17 and chick chorioallantoic
membrane.18 In the uterus, EPO has been implicated in
cyclic endometrial angiogenesis.19

Wound healing is a complex process that is initiated in
response to tissue injury and restores the function and
integrity of damaged tissues. Tissue injury is followed by
the formation of a fibrin provisional matrix that facilitates
the influx of inflammatory and vascular endothelial cells
during wound healing. Angiogenesis is an essential com-
ponent of the physiological wound-healing response that
is mediated in large part by cytokines and growth fac-
tors.20,21 In the present study, we hypothesized that EPO
may be an important cytokine that is involved in the
physiological wound-healing cascade. We investigated
the role of EPO during fibrin-induced wound healing in a
rodent model consisting of fibrin Z-chambers (F-ZCs),
dual porous Plexiglas chambers containing a compound
of interest and fibrin matrix, implanted into the subcuta-
neous tissues of rats and harvested later for analysis of
wound-healing response and angiogenesis.22 We tested
the hypothesis that EPO may enhance granulation tissue
formation and found that local recombinant EPO admin-
istration accelerated fibrin-induced wound healing. We
investigated the role for endogenous EPO during wound
healing by using soluble EPOR (sER) and anti-EPO
monoclonal antibodies (mAbs) to scavenge EPO and
observed delayed wound healing associated with EPO-
EPOR inhibition. Furthermore, we found EPOR expres-
sion in macrophages, cells that are critical mediators of
wound-healing response. Modulation of wound healing
because of recombinant EPO administration or endoge-
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nous EPO-EPOR inhibition correlated with changes in
levels of inducible nitric oxide synthase (iNOS) protein in
granulation tissue. We also show that stimulation of
wound healing after local recombinant EPO administra-
tion correlates with increased microvessel density (MVD)
in granulation tissue suggesting that the prohealing effect
of EPO may be associated, at least in part, with its ability
to stimulate blood vessel growth in vivo.

Materials and Methods

Reagents

Recombinant human EPO (hEPO) containing 2.5 mg/ml
of human albumin (Procrit) was purchased from Ortho-
Biotech (Bridgewater, NJ). Recombinant murine EPO
(mEPO) was provided by Amgen (Thousand Oaks, CA).
Recombinant basic fibroblast growth factor (bFGF), neu-
tralizing anti-EPO mAb 287, a second monoclonal anti-
EPO mAb 2871, and recombinant soluble EPO receptor
(sER) consisting of the extracellular domain of EPOR,
capable of binding EPO and acting as a potent antago-
nist were from R&D Systems, Minneapolis, MN. sER,
anti-EPO mAb 287, and mAb 2871 were capable of in-
hibiting murine EPO-mediated proliferation of hematopoi-
etic cells expressing EPOR in vitro, with mAb 2871 being
the least potent of all three (unpublished data). Anti-EPO
mAbs and sER were reconstituted in phosphate-buffered
saline (PBS) and mEPO was diluted in PBS. Anti-EPOR
polyclonal antibodies (C-20 and M-20) and anti-actin (I-
19) were from Santa Cruz Biotechnology, Santa Cruz, CA,
antibody against tissue transglutaminase was from Neo-
markers (Fremont, CA; catalog no. MS-279), monoclonal
ED-1 antibody (Serotec, Oxford, UK) was used to stain
macrophages and iNOS antibody was from Transduction
Laboratories, Lexington, KY. Fibrinogen (catalog no.
341578) and thrombin (catalog no. 605160) were from
Calbiochem, La Jolla, CA. Human albumin was from
Sigma Chemical Co., St. Louis, MO (catalog no. A3782).
Dulbecco’s modified Eagle’s medium was used to recon-
stitute fibrinogen.

Animal Studies and F-ZCs

The Duke Institutional Animal Care and Use Committee
approved all animal protocols. Female Fischer 344 rats of
an average weight of �150 g were selected for these
studies. The animals were kept in temperature-controlled
rooms (24°C) on a 12-hour light-dark cycle with access to
rodent chow and bottled tap water ad libitum. The F-ZC is
a fibrin gel-based in vivo assay in which fibrinogen, throm-
bin, and the compound of interest are added to a dual
porous chamber through a side port (Figure 1A) and the
chambers are then surgically implanted (four chambers
per animal) in the subcutaneous tissues at the dorsum of
rats as described.22–25 As a positive control, we per-
formed an experiment to test the effect of bFGF, a proan-
giogenic growth factor that is known to promote wound
healing.26 Two rats were used for surgical implantation of
eight chambers containing bFGF (final concentration of 1

�g/ml) and two control rats were implanted with eight
chambers containing vehicle (PBS). At day 6, the F-ZCs
were removed and the contents of four randomly as-
signed chambers in each group (control and bFGF) were
fixed in 10% formalin for paraffin embedding for assess-

Figure 1. Effect of recombinant EPO, soluble EPOR, and anti-EPO antibodies
on granulation tissue formation and angiogenesis in F-ZCs and EPOR ex-
pression in wound macrophages. A: Z-chamber. Arrows indicate the Plexi-
glas ring (1), side port through which fibrinogen and thrombin solution are
added (2), and nylon mesh of 180-�m pore size glued to both sides of the
ring (3). B and C: Representative H&E-stained tissue sections from F-ZCs
illustrating the effect of EPO on granulation tissue thickness at day 6 after
treatment with vehicle (B) or recombinant EPO (C). Thickness of granulation
tissue developed inside the F-ZC was used as a measure of the healing
response. Lines with arrowheads indicate the maximum granulation tissue
thickness inside F-ZC. The fibrin in the chamber is indicated. The granulation
tissue in EPO-treated F-ZCs (C) is distinctly increased compared to control
(B). Black bars, 200 �m. D, E, and F: Representative H&E-stained tissue
sections illustrating the effect of sER (E) and neutralizing anti-EPO antibody
mAb 287 (F) on granulation tissue thickness in F-ZCs at day 9 compared to
control (D). Lines with arrowheads indicate maximum granulation tissue
thickness that is decreased in F-ZCs treated with EPO-EPOR inhibitors (E and
F) compared to control (D). Black bars, 500 �m. G and H: Representative
tissue sections stained with blood vessel marker demonstrating increased
MVD in granulation tissue on day 6 in F-ZCs containing EPO (H) compared
to control (G). Black bars, 100 �m. I and J: Expression of EPOR (I) and
macrophage marker ED-1 (J) in wound macrophages by immunohistochem-
istry of formalin-fixed, paraffin-embedded granulation tissue sections. Black
bars, 15 �m. K and L: EPOR expression in wound macrophages identified by
double labeling with both anti-EPOR (green) and anti-ED-1 (red) and visu-
alized by fluorescence microscopy. White bars, 15 �m.
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ment of wound healing and the remaining four chamber
contents were snap-frozen for protein analyses. To inves-
tigate the effect of EPO on wound healing, we tested
increasing doses of recombinant EPO (human or murine)
or EPO-EPOR inhibitors in F-ZCs, harvested either at day
6 or day 9. Negative controls included vehicle (PBS or
PBS with 2.5 mg/ml of human albumin). For each treat-
ment group and dose, three animals were used leading
to a total of 12 chambers in each experiment. For every
treatment group, seven or eight randomly chosen cham-
bers were used for formalin fixation and paraffin embed-
ding. The remaining four or five chambers were frozen in
liquid nitrogen for protein analyses. The effect of murine
EPO was tested in two experiments and the data from two
experiments pooled, leading to a total of 15 chambers (of
24 implanted) in each dose group analyzed for wound
healing at day 6. A second negative control group con-
sisted of heat-inactivated murine EPO and all 12 im-
planted chambers were assessed for wound-healing re-
sponse. For each recombinant human EPO treatment
group, 8 of the 12 implanted chambers were randomly
assigned for formalin fixation for measurement of wound-
healing response at day 6 and the remaining four cham-
bers were snap-frozen for protein analyses. To investi-
gate the role of endogenous EPO, we administered sER
or anti-EPO mAbs into F-ZCs that were harvested at day
9. For each inhibitor treatment group, 12 chambers were
implanted and in the control group 16 chambers (4 rats)
were implanted. In every dose group, five random cham-
bers were snap-frozen for protein analyses and the re-
maining chambers (7 in each treatment group and 11 in
control group) were processed for analysis of wound
healing at day 9. In all experiments, every implanted
chamber that was randomly assigned for immunohisto-
chemistry was analyzed for wound healing and every
granulation tissue measurement was included in the data
analysis except one chamber in the low-dose sER group
(1 �g/ml) was damaged during paraffin embedding, pre-
cluding measurement of wound healing. To assess
wound-healing response, maximum thickness of granu-
lation tissue inside each F-ZC was measured from hema-
toxylin and eosin (H&E)-stained tissue sections.22 To as-
sess angiogenic response, MVD was estimated using
immunohistochemistry as described below. All measure-
ments of granulation tissue thickness and MVD were
performed independently by two pathologists (ZAH and
KA) in a blinded manner.

Immunohistochemistry and Protein Analyses

Immunohistochemistry was performed on formalin-fixed,
paraffin-embedded tissues removed from F-ZCs. Primary
antibody against tissue transglutaminase (TG100, 1:10,
endothelial cell marker) was used using procedures de-
scribed previously.22,27–29 Controls for immunohisto-
chemistry were treated with mouse or rabbit IgG instead
of primary antibody and were negative in any reactivity.
MVD was estimated as described by Weidner and col-
leagues.30 Briefly, three hot spots or areas with the high-
est visible blood vessel density (marked by the vessel

marker) per section were selected and the number of
blood vessels having a visible lumen were counted at
high-power field (�400) by two pathologists (ZAH and
KA) blinded to the samples.22 A total of 9 to 18 fields in
three to six randomly chosen sections were analyzed for
each group (control or treatment). The data were pooled
for the controls or treated tissues and mean values were
calculated for each group. Macrophage influx into gran-
ulation tissue was assessed on images captured from
ED-1-immunostained F-ZC sections. Images of three
�400 fields from each section showing highest density of
macrophages were analyzed. Macrophages were
counted using Zeiss interactive digital imaging software
KS 300. A total of four randomly chosen sections were
analyzed for each group (control or treatment). To deter-
mine iNOS protein levels in granulation tissue, Western
blots were performed using tissues obtained from F-ZCs.
The granulation tissues from four or five chambers from
each treatment or control group were pooled and tissues
were homogenized in 1 ml of ice-cold lysis buffer con-
taining 20 mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl,
10% glycerol, 5 mmol/L ethylenediaminetetraacetic acid,
10 mmol/L NaF, 1% Triton X-100, supplemented with
proteolytic inhibitor cocktail (Roche, Indianapolis, IN) fol-
lowed by sonification and centrifugation at 13,000 � g for
20 minutes at 4°C. The concentration of the soluble pro-
teins was determined using the Bio-Rad protein assay,
proteins (100 �g/lane) were mixed with 2� Laemmli
buffer, heated to 95°C for 5 minutes and separated by 8%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis followed by electrophoretic transfer to polyvinylidene
difluoride (Immobilon-P) membranes (Millipore, Bedford,
MA). The membranes were blocked with TBST [10
mmol/L Tris-HCl, pH 7.4, 150 mmol/L NaCl, 0.05% (v/v)
Tween 20] with 5% nonfat dry milk for 1 hour at room
temperature. Immunoblots were incubated with primary
antibodies and the appropriate secondary antibodies ac-
cording to the manufacturers’ instructions and the im-
mune complexes were detected using SuperSignal
Chemiluminescent Substrate (Pierce, Rockford, IL) and
autoradiography. The relative amount of iNOS protein in
each lane was determined with a densitometer.

EPOR Expression in Wound Macrophages and
Immunofluorescence Studies

Immunostaining was performed on sections (5 �m) of
formalin-fixed, paraffin-embedded granulation tissues
from F-ZCs. EPOR expression was analyzed using poly-
clonal rabbit anti-mouse antibody against EPOR (M-20)
and EPOR immunoreactivity was confirmed with a sec-
ond EPOR antibody (C-20) that has been validated pre-
viously.7,31–33 Both antibodies were incubated overnight
at 4°C at a dilution of 1:50 and visualized with horseradish
peroxidase/diaminobenzidine and counterstained with
hematoxylin. Monoclonal ED-1 antibody (1:50) was used
to label wound macrophages. Controls were treated with
rabbit or mouse IgG instead of primary antibody and
were negative in any reactivity. For immunofluorescence
studies, double labeling of wound macrophages was
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performed with anti-EPOR (M-20) and the macrophage
marker ED-1. Fluorescein isothiocyanate-conjugated
donkey anti-rabbit secondary antibody (1:200; Jackson
Laboratories, Bar Harbor, ME) was used to visualize
EPOR and rhodamine red-conjugated donkey anti-
mouse antibody (1:200, Jackson Laboratories) was used
to visualize ED-1. Fluorescence microscopy was per-
formed under �630 magnification using Zeiss Axioskop 2
and digital images were captured using KS300 imaging
software.

Statistical Analyses

GraphPad InStat version 3.00 for Windows (San Diego,
CA) software was used for all analyses. The data are
expressed as mean � SE. Every granulation tissue and
MVD measurement was included in the statistical analy-
ses. For comparison of two groups, Student’s t-tests or
nonparametric Mann-Whitney tests were performed as
indicated. When more than two groups were compared,
analysis of variance was performed followed by Bonfer-
roni multiple comparisons post hoc test. P � 0.05 was
considered statistically significant.

Results

Recombinant EPO Promotes Wound Healing

We first investigated the effect of local recombinant EPO
administration on wound-healing response in F-ZCs. In
this model, the fibrin inside the Z-chamber initiates a
wound-healing response that is associated with stimula-
tion of angiogenesis and the production of granulation
tissue that can be quantitated.22–24 To test the hypothesis
that EPO may enhance wound-healing response, recom-
binant EPO was administered at incremental concentra-
tions into F-ZCs that were surgically implanted in the
subcutaneous tissues of rats. As negative controls, vehi-
cle-only or heat-inactivated EPO were placed into F-ZCs.
To assess wound-healing response, we measured the
thickness of granulation tissue that developed in the
chambers in the presence or absence of EPO. In a sep-
arate experiment, we tested the effect of bFGF, a proan-
giogenic growth factor that is known to promote wound

healing26 and found that local bFGF administration (1
�g/ml) into F-ZCs resulted in an �3.5-fold increase in
granulation tissue thickness from 159.5 � 9.8 �m in
controls to 567 � 43.1 �m in bFGF-treated chambers at
day 6 (P � 0.05, Mann-Whitney U � 16.00, n � 4 in each
group). Figure 1 illustrates representative photomicro-
graphs of the effect of EPO on granulation tissue thick-
ness in F-ZC at day 6 of wound healing (compare B and
C). In the presence of EPO, granulation tissue thickness
increased at all concentrations tested in a dose-depen-
dent manner. The summary of measurements performed
on paraffin-embedded F-ZCs is shown in Table 1 and
quantitative representation of the effect of EPO on gran-
ulation tissue formation is illustrated in Figure 2. In neg-
ative control F-ZCs containing vehicle only, the mean
granulation tissue thickness was 150.6 � 16.8 �m. Local
administration of high-dose mEPO (200 U/ml) was asso-
ciated with a 2.2-fold increase in granulation tissue thick-
ness to 338 � 17.2 �m (P � 0.001). Human recombinant
EPO also promoted fibrin-induced wound healing asso-
ciated with a dose-dependent, significant increase in

Table 1. Summary of Measurements Performed on Paraffin-Embedded F-ZCs in Response to Recombinant EPO Administration

Treatment GT (�m) Difference (GT) MVD Difference (MVD)

Control 150.6 � 16.8 N/A, n � 15 12.94 � 0.39 N/A, n � 18
mEPO (10) 240.8 � 25.6 60%, NS, n � 15 25.83 � 0.8 93%, P � 0.001, n � 18
mEPO (100) 277.4 � 28.6 84%, P � 0.01, n � 15 24.05 � 1.1 86%, P � 0.001, n � 18
mEPO (200) 338 � 17.2 124%, P � 0.001, n � 15 25.17 � 1.19 95%, P � 0.001, n � 18
mEPO-HI (200) 158.4 � 23.8 5%, NS, n � 12 14.06 � 1.72 8%, NS, n � 18
hEPO (50) 197.6 � 46.2 31%, NS, n � 8 20.67 � 1.53 60%, P � 0.001, n � 9
hEPO (500) 285 � 42.8 89%, P � 0.05, n � 8 26.22 � 1.52 102%, P � 0.001, n � 9

The concentration of recombinant EPO in each treatment group is indicated in brackets (U/ml). Data represents mean � SE values. The difference
from controls of each granulation tissue thickness (GT) and microvessel density (MVD) measurement is indicated as percentage of increase from
control. Statistical analysis (ANOVA) was performed as described in Materials and Methods and P � 0.05 is considered statistically significant. The
number of F-ZCs analyzed for granulation tissue thickness (GT) and total number of hot-spots counted for estimation of MVD are indicated in each
group (n). mEPO; mouse EPO; hEPO; human EPO; N/A, not applicable; NS; not significant; mEPO-HI; heat-inactivated EPO-negative control.

Figure 2. Effect of recombinant EPO on granulation tissue formation during
wound healing. F-ZCs were harvested at day 6 after implantation and gran-
ulation tissue formation was measured as described in Materials and Meth-
ods. The granulation tissue thickness in each treatment group was expressed
as fold change from control (y axis). mEPO (gray bars) was administered
into F-ZCs at the indicated concentrations ranging from 10 to 200 U/ml and
hEPO (white bars) was administered at concentrations of 50 and 500 U/ml.
The negative control chambers (C) contained vehicle (black bar) or 200
U/ml of heat-inactivated mEPO (HI-200). The mean values (�SE) are shown.
*, P � 0.05 (analysis of variance). NS, not significant. Table 1 illustrates the
measurement data, number of measurements in each group, and the P
values.

996 Haroon et al
AJP September 2003, Vol. 163, No. 3



granulation tissue thickness to 285 � 42.8 �m compared
to controls (P � 0.05). As a negative control using heat-
inactivated EPO, the granulation tissue thickness was
158.4 � 23.8 �m, not different from controls with vehicle
only (Table 1 and Figure 2). Taken together, these exper-
imental data demonstrate for the first time the ability of
local, one time EPO administration to stimulate fibrin-
induced wound-healing response.

Soluble EPOR and Anti-EPO Antibodies Delay
Wound-Healing Response

We then investigated the effect of EPO antagonists on
wound-healing response. We hypothesized that if endog-
enous EPO is involved in the wound-healing cascade,
administration of compounds into F-ZCs that scavenge
endogenous EPO may be associated with partial inhibi-
tion of wound-healing response. To examine the role of
endogenous EPO, we administered sER or one of two
different anti-EPO mAbs into F-ZCs. The wound-healing
response was assessed by measuring granulation tissue
thickness in the chambers at day 9 after implantation of
the chambers in rats. We selected day 9 as F-ZC harvest
time because in previous experiments we had observed
that the negative controls approach their peak granula-
tion tissue formation at day 9, enabling us to demonstrate
any delay in wound healing in response to EPO-EPOR
inhibition. Two different concentrations were tested for
each compound in F-ZCs. The summary of measure-
ments performed on paraffin-embedded F-ZCs are pre-
sented in Table 2 and quantitative representation of the
effects on granulation tissue formation is shown in Figure
3. As indicated in Table 2, sER administration was asso-
ciated with a dose-dependent, significant, 30% decrease
in granulation tissue thickness from 585.4 � 37.2 �m in
controls to 411.4 � 65 �m (P � 0.05; compare Figure 1,
D and E). Local administration of mAbs against EPO was
also associated with decreased granulation tissue thick-
ness (Table 2). Representative photomicrographs are

shown in Figure 1 (compare D and F). After the adminis-
tration of mAb 2871, we observed a concentration-de-
pendent 37% decrease in granulation tissue thickness to
368.4 � 68 �m (P � 0.01) and in the presence of the
second antibody mAb 287, granulation tissue thickness
decreased significantly to 342.8 � 68.8 �m, a reduction
of 41% compared to controls (P � 0.01). These data
indicate that local administration of sER or anti-EPO an-
tibodies results in partial inhibition of wound-healing re-
sponse at day 9. The significant inhibitory effects on
granulation tissue formation were observed after only a
one time administration of the compounds. These find-
ings demonstrate an important role for endogenous EPO
in the physiological wound-healing cascade.

Prohealing Effect of EPO Is Associated with
Increased Angiogenesis

We investigated whether the EPO-mediated increase in
wound-healing response may be associated with en-
hanced angiogenesis as measured by MVD in granula-
tion tissue. Tissue sections from granulation tissue that
developed within F-ZCs were evaluated for blood vessels
by immunohistochemistry to estimate MVD as described
in Materials and Methods. In a separate experiment as a
positive control, administration of the proangiogenic
growth factor bFGF (1 �g/ml) into F-ZCs resulted in an
increase in MVD from 13.83 � 1.3 in untreated controls to
26.16 � 1.4 in bFGF-treated chambers at day 6 (P �
0.0001 by t-test, n � 12 in each group). Representative
photomicrographs illustrating the effect of EPO on MVD
are presented in Figure 1 (compare G and H), summary
of MVD measurements are presented in Table 1 and
quantitative representation of MVD data are illustrated in
Figure 4. Local administration of EPO in F-ZCs resulted in
significantly increased MVD in granulation tissue com-

Table 2. Summary of Measurements Performed on Paraffin-
Embedded F-ZCs in Response to Soluble EPOR
(sER) and Monoclonal Anti-EPO Antibody
Administration

Treatment GT (�m) Difference

Control 585.4 � 37.2 N/A, n � 11
sER (1) 520 � 66 11%, NS, n � 6
sER (10) 411.4 � 65 30%, P � 0.05, n � 7
mAb 2871 (10) 528.4 � 61.4 10%, NS, n � 7
mAb 2871 (100) 368.4 � 68 37%, P � 0.01, n � 7
mAb 287 (5) 351.4 � 64.4 40%, P � 0.01, n � 7
mAb 287 (50) 342.8 � 68.8 41%, P � 0.01, n � 7

The final concentration of compound in each treatment group is
indicated in brackets (�g/ml). Granulation tissue (GT) measurement
data is presented with mean � SE values. The difference from control
of each GT measurement is indicated as percentage of decrease from
control. Statistical analysis (ANOVA) was performed as described in
Materials and Methods and P � 0.05 is considered statistically
significant. The numbers of F-ZCs analyzed for granulation tissue
thickness are indicated in each group (n). N/A, not applicable; NS, not
significant.

Figure 3. Effect of soluble EPOR and anti-EPO antibodies on granulation
tissue formation during wound healing. Soluble EPOR (sER, patterned
bars), monoclonal anti-EPO antibodies mAb 2871 (Ab1, white bars), and
mAb 287 (Ab2, gray bars) were administered once, locally into F-ZCs at final
concentrations indicated in brackets (�g/ml). Control chambers (C) con-
tained vehicle alone (black bar). F-ZCs were harvested at day 9 and gran-
ulation tissue thickness in each chamber was measured and expressed as fold
decrease from control (y axis). Mean values (�SE) are shown. *, P � 0.05
(analysis of variance). Table 2 illustrates the measurement data, number of
measurements in each group, and P values.
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pared to controls at day 6 (P � 0.001). The MVD in
granulation tissue of negative controls containing vehicle
was 12.94 � 0.39 (Table 1). In response to local EPO
administration, we observed an increase in MVD to
25.17 � 1.19 with mouse EPO and to 26.22 � 1.52 with
human EPO (P � 0.001). As a negative control using
heat-inactivated EPO, the MVD was 14.06 � 1.72, not
significantly different from controls without added EPO
(Table 1 and Figure 4). Taken together, these experimen-
tal results indicate that the ability of EPO to promote
wound healing is associated with a significant increase of
MVD in granulation tissue.

EPOR Is Expressed in Wound Macrophages

We investigated the expression of EPOR protein in gran-
ulation tissue that developed during wound healing by
immunohistochemistry using anti-EPOR polyclonal anti-
bodies as described in Materials and Methods. We found
strong EPOR immunoreactivity not only in vascular endo-
thelial cells, but interestingly in macrophages in granula-
tion tissue (Figure 1I), cells that play a pivotal role during
wound healing, confirmed by immunostaining for macro-
phage marker ED-1 (Figure 1J). Expression of EPOR in
wound macrophages was further validated by performing
double immunofluorescence for macrophage marker and
EPOR on the same granulation tissue section. Figure 1, K
and L, illustrates representative images of a wound mac-
rophage exhibiting both EPOR (Figure 1K) and ED-1
expression (Figure 1L). Wound macrophage EPOR ex-
pression is a unique finding that has not been reported
previously.

Recombinant EPO Administration and
Endogenous EPO-EPOR Inhibition Modulate
iNOS Expression during Wound Healing

The inducible isoform of nitric oxide synthase, iNOS,
plays an important role during wound healing34 and we
investigated whether the modulation of wound healing in
response to recombinant EPO administration or endoge-
nous EPO-EPOR inhibition was associated with changes
in iNOS protein levels in granulation tissue. Granulation
tissues from EPO-treated, EPO-EPOR antagonist-treated,
and untreated control F-ZCs were solubilized and ana-
lyzed by immunoblotting for iNOS expression. Figure 5
illustrates the results of representative Western blot as-
says for iNOS expression in granulation tissue. The en-
hanced wound healing because of recombinant EPO
administration on day 6 was associated with a concen-
tration-dependent increase in iNOS protein (Figure 5,
lanes 1 to 3). Densitometric analysis revealed an increase
of 43% with low-dose EPO (Figure 5, lane 1) and 97%
with high-dose EPO (Figure 5, lane 3) compared to un-
treated control (Figure 5, lane 1). Conversely, the signif-
icant decrease in granulation tissue formation in re-
sponse to EPO-EPOR inhibition on day 9 using sER or
anti-EPO monoclonal antibodies was associated with a
concentration-dependent reduction in iNOS levels as il-
lustrated in Figure 5 (lanes 4 to 10). The primary source of
iNOS in granulation tissue are macrophages,35 and a
possible mechanism for changes in iNOS levels in gran-
ulation tissue may involve an increase or decrease in
macrophage influx associated with EPO administration or
EPO-EPOR inhibition, respectively. To determine whether
the observed modulation of iNOS levels were a function
of the number of macrophages in the granulation tissue,
we quantitated macrophage influx using ED-1 immuno-
staining of granulation tissue sections from EPO treat-

Figure 4. Effect of recombinant EPO on angiogenesis during wound healing.
mEPO (gray bars) was administered locally into F-ZCs at the indicated
concentrations ranging from 10 to 200 U/ml and hEPO (white bars) was
administered at 50 and 500 U/ml. The negative control chambers (C) con-
tained vehicle (black bar) or 200 U/ml of heat-inactivated mEPO (HI-200).
The F-ZCs were harvested at day 6 after implantation, MVD in granulation
tissues was determined as described in Materials and Methods and expressed
as fold increase from controls (y axis). Data represents mean values (�SE).
*, P � 0.05 (analysis of variance). NS, not significant. Table 1 illustrates the
MVD data, number of measurements in each group, and P values.

Figure 5. Immunoblot for iNOS expression in granulation tissue during
wound healing. Granulation tissues from F-ZCs were harvested at day 6 after
administration of EPO (left, lanes 1 to 3) or day 9 after soluble EPOR (sER),
mAb 2871 (Ab1), or mAb 287 (Ab2) administration (right, lanes 4 to 10).
Western blotting was performed as described in Materials and Methods. Lane
1, control day 6 (C); lane 2, EPO 50 U/ml; lane 3, EPO 500 U/ml; lane 4,
control day 9 (C); lane 5, sER 1 �g/ml; lane 6, sER 10 �g/ml; lane 7, Ab1
10 �g/ml; lane 8, Ab1 100 �g/ml; lane 9, Ab2 5 �g/ml; and lane 10, Ab2 50
�g/ml. Comparable loading and integrity of proteins in each lane were
confirmed by hybridization of an immunoblot to anti-actin antibody (bottom
blots). Arrows indicate iNOS and actin immunoreactivity. Densitometric
analysis for the 130-kd iNOS bands for this representative experiment are
illustrated in the graphs below the blots.
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ment, EPO-EPOR inhibition and control groups. The
mean (� SE) macrophage numbers in granulation tissues
at day 6 were similar in EPO-treated (500 U/ml) samples
(97 � 6/high-power field, n � 12) and untreated negative
controls (99 � 7/high-power field, n � 12). We also found
that the reduction in iNOS levels associated with admin-
istration of EPO-EPOR inhibitors and decreased granula-
tion tissue formation was not because of decreased mac-
rophage influx. In granulation tissues at day 9,
macrophage influx per high-power field in untreated con-
trols was 92 � 5.6, not significantly different from macro-
phage influx after administration of high concentrations of
sER (93 � 5.9), mAb 2871 (87 � 3.8), and mAb 287 (90 �
5.8) (n � 12 in each group). These findings indicate that
modulation of iNOS associated with administration of re-
combinant EPO or inhibition of EPO-EPOR during wound
healing is not because of changes in macrophage influx
into granulation tissue, the primary source of iNOS.

Discussion

The present study demonstrates a novel nonhematopoi-
etic function for EPO as a cytokine with an important role
during wound healing. The diminished healing response
after administration of EPO antagonists provides evi-
dence for the involvement of an endogenous EPO-EPOR
system in the wound-healing cascade. Our studies fur-
ther show that local EPO administration significantly ac-
celerates fibrin-induced wound-healing response. The
ability of recombinant EPO to promote wound healing
correlates with increased angiogenesis in granulation tis-
sue suggesting that the prohealing effect of EPO is as-
sociated, at least in part, with its stimulatory effect on the
proliferation and migration of endothelial cells during
wound healing. It is important to note that the enhance-
ment in wound healing and angiogenesis observed in our
experiments was achieved with only a one time adminis-
tration of EPO locally in the fibrin matrix of subcutaneous
chambers. Whether systemic, intravascular EPO admin-
istration would augment wound healing and exhibit
proangiogenic effects in distant peripheral tissues re-
mains to be determined. This question is relevant be-
cause localized angiogenic responses have been re-
ported to vary depending on the route of administration of
angiogenic molecules.16 For instance, although bFGF
was reported to stimulate angiogenic responses when
administered locally, systemic intravascular infusion did
not promote endothelial mitogenesis and neovasculariza-
tion.36,37

Wound-healing response consists of two major com-
ponents: angiogenesis mediated by endothelial cells and
pericytes; and matrix formation orchestrated by fibro-
blasts and smooth muscle cells with macrophages, the
major cell type in granulation tissue, playing a critical role
in both regulation of angiogenesis and matrix forma-
tion.20,28,38 In the present study, we show for the first time
that macrophages express EPOR protein. Macrophages
are responsible for production of cytokines and growth
factors essential to the healing cascade and they are also
the predominant cell type expressing iNOS in healing

wounds.35 The importance of iNOS expression during
wound healing is highlighted by the phenotype of iNOS
knockout mice that exhibit impaired wound-healing re-
sponse associated with reduced epithelialization and
wound contraction.39 The delayed wound repair in iNOS-
deficient mice was reversed after topical adenovirus-
mediated iNOS gene transfer.40 Furthermore, direct
transfection of iNOS gene in cutaneous wounds en-
hanced wound strength, collagen synthesis, epithelializa-
tion, and wound contraction.41 In our studies, we showed
that the diminished wound-healing response with EPO-
EPOR inhibition paralleled reduction in iNOS levels in
granulation tissue and conversely, enhanced wound
healing after recombinant EPO administration was asso-
ciated with increased iNOS expression. Because macro-
phages are the main source of iNOS expression during
wound healing,35 we determined whether administration
of recombinant EPO or inhibition of EPO-EPOR affected
the influx of macrophages into the granulation tissue. We
found that changes in iNOS levels could not be explained
on the basis of differences in macrophage numbers in
granulation tissue suggesting that mechanisms other
than macrophage influx are involved in modulation of
iNOS expression associated with EPO administration or
EPO-EPOR inhibition during wound healing.

Recombinant human EPO has been widely used in
clinical practice for the treatment or prevention of anemia
associated with renal failure, cancer, chemo-radiother-
apy, human immunodeficiency virus infection, and sur-
gery. Our studies indicate a novel function for EPO by
providing in vivo evidence for a physiological role as a
proangiogenic cytokine that modulates wound-healing
response. Given the excellent clinical safety profile of
recombinant EPO and its ability to accelerate wound
healing, EPO may be investigated in new clinical appli-
cations that are comparable, for instance, to the use of
recombinant bFGF to facilitate wound healing42,43 and in
stimulation of therapeutic angiogenesis.44 Furthermore,
exploration of the functional significance of EPOR expres-
sion and signaling in macrophages and in disorders as-
sociated with unregulated, pathological angiogenesis
such as that observed in cancer33 and diabetic retinop-
athy45 may provide insight into specific signaling path-
ways that mediate the diverse hematopoietic and nonhe-
matopoietic effects of EPO.
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