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Uncontrolled	macrophage	activation	is	now	considered	to	be	a	critical	event	in	the	pathogenesis	of	chronic	
inflammatory	diseases	such	as	atherosclerosis,	multiple	sclerosis,	and	chronic	venous	leg	ulcers.	However,	it	
is	still	unclear	which	environmental	cues	induce	persistent	activation	of	macrophages	in	vivo	and	how	mac-
rophage-derived	effector	molecules	maintain	chronic	inflammation	and	affect	resident	fibroblasts	essential	
for	tissue	homeostasis	and	repair.	We	used	a	complementary	approach	studying	human	subjects	with	chronic	
venous	leg	ulcers,	a	model	disease	for	macrophage-driven	chronic	inflammation,	while	establishing	a	mouse	
model	closely	reflecting	its	pathogenesis.	Here,	we	have	shown	that	iron	overloading	of	macrophages	—	as	was	
found	to	occur	in	human	chronic	venous	leg	ulcers	and	the	mouse	model	—	induced	a	macrophage	population	
in	situ	with	an	unrestrained	proinflammatory	M1	activation	state.	Via	enhanced	TNF-α	and	hydroxyl	radical	
release,	this	macrophage	population	perpetuated	inflammation	and	induced	a	p16INK4a-dependent	senescence	
program	in	resident	fibroblasts,	eventually	leading	to	impaired	wound	healing.	This	study	provides	insight	
into	the	role	of	what	we	believe	to	be	a	previously	undescribed	iron-induced	macrophage	population	in	vivo.	
Targeting	this	population	may	hold	promise	for	the	development	of	novel	therapies	for	chronic	inflammatory	
diseases	such	as	chronic	venous	leg	ulcers.

Introduction
Chronic venous leg ulcers (CVUs) represent the final outcome of 
lower-extremity chronic venous insufficiency in most cases (1, 2). 
It is a debilitating, recurrent complication with a steady increase 
in incidence with age (3).

CVUs fail to progress through the normal pattern of wound 
repair, involving inflammation, granulation tissue formation, 
and remodeling (4), but instead remain in a chronic inflamma-
tory state with little signs of healing (1, 2, 5–9). Accumulation of 
activated macrophages, as indicated by NOS expression, is a key 
feature in CVUs (10, 11). In addition, neutralization of TNF-α, 
a cytokine released by various cell types, including macrophages, 
has substantially accelerated healing of CVUs in a series of 14 
nonhealing ulcers (12). However, to our knowledge, neither the 
role of macrophages in perpetuating chronic inflammation nor 
the microenvironmental cues in CVUs that may lead to persis-
tent monocyte/macrophage activation have been addressed in 
sufficient detail. So far, there is evidence that venous hyperten-
sion — caused by venous valve incompetence — results in venous 
stasis of the lower extremity,  low or absent shear stress, and 
hypoxia, which all trigger endothelial cell activation with “trap-
ping” of monocytes/macrophages and other leukocytes in the 
microcirculation (13–15). Activated monocytes/macrophages 
and other leukocytes transmigrate into the tissue and release 
high amounts of proinflammatory cytokines (16), proteases 
(17), and ROS (18, 19), which are responsible for the breakdown 
of the connective tissue and of essential growth factors (20–22), 
eventually leading to ulcer formation (1, 2, 9).

Although not systematically studied, macrophages in CVUs have 
been reported to contain high amounts of Prussian blue–positive 
iron (23, 24), most likely due to extravasation of erythrocytes sec-
ondary to venous hypertension and stasis. Erythrocytes are engulfed 
by macrophages, and the released iron is bound to intracellular 
ferritin, which over time changes its structure to hemosiderin (23, 
24). This contributes to an up to 20-fold higher iron concentration 
in the lower limbs of CVU patients than in the upper arms of the 
same patients (25). Iron overload in tissue and wound exudates of 
CVUs, but not of acute wounds (AWs), was confirmed in 2 inde-
pendent studies (18, 19). In the presence of H2O2 released by mac-
rophages and neutrophils, iron drives the generation of highly toxic 
hydroxyl radicals (OH•) via the Fenton reaction. In fact, significant 
oxidative damage was found in CVUs (18, 19). The pathogenic role 
of iron-overloaded macrophages in the perpetuated inflammatory 
nonhealing state of CVUs is poorly understood. In contrast, the 
requirement of macrophages for physiologic tissue repair in adults 
is better understood and is supported by early depletion experi-
ments using antimacrophage serum (26) and, more recently, by 
murine knockout models. These models revealed impaired wound 
healing caused by reduced numbers or functional defects of mac-
rophages at distinct phases of tissue repair (20, 27–30). During 
physiologic wound healing, macrophages ingest and combat invad-
ing microbes, contribute to debris scavenging, and enhance tissue 
remodeling by the release of a wide variety of growth factors.

Tissue macrophages originate from peripheral blood monocytes 
and reveal a substantial heterogeneity of phenotypes and special-
ization (31). In analogy to the concept of the Th1/Th2 dichotomy, 
macrophages have been classified as M1 as opposed to M2 based 
on in vitro data (31–34). According to this classification, the M1 
designation was reserved for classically activated macrophages fol-

Conflict	of	interest: The authors have declared that no conflict of interest exists.

Citation	for	this	article: J Clin Invest. 2011;121(3):985–997. doi:10.1172/JCI44490.



research article

986	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 121      Number 3      March 2011

lowing stimulation with IFN-γ and LPS (which induces TNF-α),  
and the M2 designation was applied to the alternatively activated 
macrophages after in vitro stimulation with IL-4 and IL-13 (35). 
M1 macrophages reveal enhanced microbicidal capacity and secrete 
high  levels of proinflammatory cytokines  (TNF-α,  IL-1,  IL-6,  
and IL-23) and increased concentrations of superoxide anions 
(O2

–•), oxygen radicals, and nitrogen radicals to increase their 
killing activity, as required in early phases of tissue repair (36). 
Conversely, M2 macrophages dampen proinflammatory cytokine 
levels, secrete components of the extracellular matrix, and may be 
essential for late phases of tissue repair. Even though the validity 
of the M1/M2 paradigm in vivo is largely unexplored, recent analy-
sis of the dynamics of macrophage-specific gene expression during 
physiologic wound healing showed that wound macrophages dis-
play a similar M1 gene expression profile in early healing phases, 
which is later changed in favor of antiinflammatory M2 macro-
phage–related genes. Beyond the correlative nature of increased 
iron deposits in macrophages and disease progression in CVUs, it 
is unknown whether and how iron affects the M1/M2 dichotomy 
and activation state of macrophages. This is of substantial clinical 
relevance, as it may lead to the identification of early steps in the 
pathogenesis of CVUs. We therefore set out to study the causal role 
of iron in the induction and perpetuation of the activation state of 
macrophages and effector molecules leading to persistent inflam-
mation, tissue breakdown, and impaired tissue restoration.

Using iron chelation, depletion of macrophages, and the TNF-α 
antagonist etanercept, we here describe an iron-induced macro-
phage population in CVUs and the corresponding murine model, 
which we believe to be novel, with an unrestrained proinflamma-
tory M1 activation state along with the highly expressed M2 iron 
scavenger receptor CD163. These macrophages, via the release of 
high concentrations of TNF-α and OH•, are responsible for the 
perpetuation of inflammation and premature aging of resident 
ulcer-adjacent fibroblasts no longer available for productive tis-
sue repair. The identification of these molecular and cellular key 
players in CVUs may contribute to the development of novel thera-
pies targeting this distinct macrophage population or iron also in 
other chronic inflammatory diseases.

Results
Activated macrophages accumulate and persist in CVUs. Normal wound 
healing follows a sequence of events involving clotting, inflamma-
tion, matrix deposition, and remodeling (4, 37). Within a few hours 
after injury, first polymorphonuclear neutrophils and later macro-
phages invade the wound site. Both neutrophils and macrophages 
produce proteinases and ROS to combat contaminating microor-
ganisms and phagocytose cellular debris. In CVUs, this inflamma-
tory phase is persistent (9, 10). Whether macrophages play a role in 
maintaining this persistent inflammation is not known.

Biopsies derived from CVU patients presented with high num-
bers of CD68+ macrophages, representing up to 80% of the cells in 
the wound margins (Figure 1A and Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI44490DS1). These macrophages showed an increase in classi-
cal proinflammatory M1 markers iNOS and TNF-α in all studied 
biopsies derived from CVU patients (patients 1–5; Figure 1, B and 
C, and Supplemental Table 1). In contrast, only a transient increase 
in  macrophage  numbers  expressing  both  iNOS  and  TNF-α  
were observed in AWs at day 2 after wounding, with a subsequent 
reduction in macrophage numbers to those of normal skin (NS) 

by day 5 (Figure 1, A–C). iNOS generates microbicidal NO• to com-
bat invading microbes. TNF-α stimulates iNOS synthesis and thus 
enhances microbicidal defense. However, persistent overproduc-
tion of TNF-α, as observed here in CVUs, may be detrimental for 
tissue repair. In fact, injection of recombinant TNF-α (rTNF-α) 
in the wound margins of AWs in a mouse model of full-thickness 
excisional wounds significantly delayed wound healing (Supple-
mental Figure 2).

Macrophages mount a distinct activation phenotype in CVUs.  We 
hypothesized that macrophages from CVUs fail to switch from 
proinflammatory M1 macrophages to the antiinflammatory M2 
macrophages  required  for  tissue remodeling and restoration. 
We studied proinflammatory M1 activation markers, including 
cytokines (TNF-α and IL-12/IL-23), chemokine receptors involved 
in monocyte recruitment and activation (CCR2 and CX3CR1), and 
iNOS, which is involved in phagocytosis and bacterial killing (32, 
38). In addition, we included antiinflammatory M2 markers like 
arginase, which exerts its antiinflammatory effect via degradation 
of arginine required for iNOS activity, and M2 nonopsonic scaven-
ger (CD36), β-glucan (Dectin-1), and mannose receptors (CD206) 
(35, 39). We performed double immunostaining for combinations 
of M1 and M2 activation markers in AWs compared with CVUs 
using immunohistology and flow cytometric analysis of macro-
phages from enzymatically digested tissue samples (Figure 2, A–C). 
In selected experiments, macrophages gated on CD68+ were subse-
quently regated for M1 and M2 markers in order to demonstrate 
that M1 and M2 markers are expressed by the same macrophages. 
An unexpected transient concomitant expression of both proin-
flammatory M1 (TNF-α, IL-12, CCR2, and CX3CR1) and antiin-
flammatory M2 markers (CD206, arginase, Dectin-1, IL-10, IL-4Rα,  
CD36, and CD163) by almost all macrophages was observed in 
early phases of AWs at day 2 (Figure 2 and data not shown). Virtu-
ally all proinflammatory M1 markers were downregulated to basal 
levels in NS macrophages, and high expression of antiinflamma-
tory M2 markers prevailed in macrophages of AWs at day 5 after 
wounding (Figure 2). Conversely, persistent coexpression of high 
levels of proinflammatory M1 markers (TNF-α, IL-12p40, and 
CCR2) and — apart from high expression of CD163 — intermedi-
ate expression levels of M2 markers (arginase, CD206, Dectin-1, 
IL-10, IL-4Rα, and CD36) was observed in all macrophages in the 
studied tissue samples from CVU patients (Figure 2, B and C).

These data suggested that a previously undescribed macrophage 
population in CVUs fails to fully switch from a proinflamma-
tory M1 state to an antiinflammatory M2 program to efficiently 
promote angiogenesis, connective tissue deposition, and wound 
repair. These macrophages, with an unrestrained proinflamma-
tory M1 activation state along with highly expressed M2 iron scav-
enger receptor CD163, are referred to herein as macrophages with 
unrestrained proinflammatory M1 phenotype.

Unrestrained proinflammatory M1 macrophages accumulate iron in CVUs. 
Iron deposits in CVUs cause visible brownish skin that always sur-
rounds chronic leg ulcers. The origin of increased iron stores in the 
skin around CVUs is extravasation of red blood cells in conditions 
of significantly increased blood pressure and venous stasis due to 
venous valve insufficiency. The observed enhanced expression of the 
hemoglobin-haptoglobin scavenger receptor CD163, an important 
M2 marker, is a consequence of red blood cell extravasation and pre-
cedes the engulfment and degradation by tissue macrophages (40). 
In addition, CD163 expressed on macrophages serves as scavenger 
receptor for hemoglobin-haptoglobin–bound iron, further increas-
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ing intracellular iron stores. Consistent with previous data on tissue 
iron accumulation in CVUs (18, 19, 25), we found accumulation of 
ferric iron in macrophages and in the extracellular space in all studied 
CVU samples (patients 1–5 and 12–16; Figure 2D and Supplemental 
Table 1). Conversely, iron deposits were absent in AWs. These data 
indicate that the CD163+ macrophages with unrestrained proinflam-
matory M1 activation colocalize with iron in CVUs.

Iron causes the induction of the unrestrained proinflammatory M1 mac-
rophage population. In order to assess whether iron can induce the 
unrestrained proinflammatory activation of the newly defined 
macrophage population, we established a murine model closely 
reflecting main pathogenic aspects of CVUs. Repeated treatment 
of mice with iron-dextran resulted in an abundant deposition of 
iron in cells within the dermis of the skin (Figure 3A). After wound-
ing, iron accumulated inside the F4/80+ macrophages. Iron loading 
of macrophages was almost completely prevented when treatment 
with iron-dextran was followed by injection of the iron chelator 
desferrioxamine (DFX; Figure 3A). Similar to human macrophages 
in CVUs, murine macrophages concomitantly expressed both M1 
(TNF-α and IL-12) and M2 (CD206 and arginase) activation mark-
ers in wound margins from iron-dextran–treated mice in the early 
(day 2) and late (day 5) inflammatory phases of wound healing 
(Supplemental Figure 3A). Notably, macrophages isolated from 
wound margins of iron-dextran–treated mice revealed an activation 

pattern reminiscent of macrophages isolated from CVUs with a per-
sistent proinflammatory M1 response and intermediate antiinflam-
matory M2 marker activation (i.e., TNF-αhi, IL-12hi, CCR2hi, Ly6Chi, 
Dectin-1med, IL-4Rαmed, and CD204med) at day 5 after wounding 
compared with PBS-dextran–treated control mice (Figure 3B and 
Supplemental Figure 3B). Even though the nonopsonic scavenger 
receptors CD206 and CD301 were expressed at comparable levels 
in iron-dextran– and PBS-dextran–treated control mice and the M2 
marker CD163 was highly expressed, the overall antiinflammatory 
M2 response may not be sufficient to terminate inflammation and 
promote tissue repair (Figure 3B). Consistent with the phenotype 
observed in vivo in CVUs and in the murine model, human macro-
phages mounted an identical activation profile, with dominance of 
proinflammatory markers when cultured under Fenton reaction–
mimicking conditions in the presence of Fe(III) chloride/ascorbate 
and H2O2 in vitro (Supplemental Figure 4).

TNF-α from iron-induced unrestrained proinflammatory M1 activat-
ed macrophages is responsible for impaired wound healing. Compared 
with PBS-dextran–treated mice, iron-loaded mice showed delayed 
wound healing at days 3, 5, 7, and 10 after wounding (Supplemen-
tal Figure 5A). Interestingly, whereas in PBS-treated wounds, mac-
rophages reached a maximal number at day 2 after wounding and 
continuously decreased thereafter, macrophages accumulated 
and persisted at significantly higher numbers in iron-overloaded 

Figure 1
Activated macrophages accumulate and 
persist in CVUs. (A) Quantification of 
CD68+ infiltrating macrophages in NS, 
AWs at days 1, 2, and 5 after wounding, 
and CVUs were counted in 10 high-power 
fields per sample. Results are mean ± SD 
ratio of CD68+ to total cells counted in the 
dermis (n = 5). **P < 0.01 versus day-5 
AW and NS. (B and C) Representative 
photomicrographs of skin sections. Acti-
vation of macrophages was assessed in 
NS, AWs, and CVUs by immunostaining 
of cryosections for the classical activation 
markers (B) iNOS and (C) TNF-α or the 
nonclassical activation marker CD163. 
Nuclei were counterstained with DAPI. 
Scale bars: 100 μm. Dashed lines indicate 
the junction between epidermis (e) and 
dermis. es, eschar; wm, wound margin.
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mice compared with control mice at days 3, 4, and 5 after wound-
ing. These data suggest  that  increased numbers of activated, 
TNF-α–producing macrophages are most likely responsible for 
the observed healing defect (Supplemental Figure 5, A and B).

The wound healing phenotype in iron-loaded mice was fully res-
cued in the presence of the iron chelator DFX (Figure 3, C and D), 
demonstrating the causal role of iron in delayed wound healing. 
TNF-α has previously been shown to maintain the activation state 
of macrophages in an autocrine manner (41, 42). This is in line 
with our observation that F4/80+ macrophages with unrestrained 
proinflammatory M1 phenotype highly expressed TNF-α in iron-
loaded compared with control mice, and that intracellular TNF-α 
was reduced in macrophages of iron-loaded mice in the presence 
of the TNF-α antagonist etanercept (Figure 3E). As TNF-α has 
previously been shown to maintain the activation state of macro-
phages in an autocrine manner, neutralization of soluble TNF-α 
by injection of etanercept most likely resulted in the disruption of 
this autocrine feedback loop and subsequently in reduced TNF-α 
synthesis by macrophages and dampened inflammation. Consis-
tent with a causal role of TNF-α in delayed wound healing, etan-
ercept injection at day 3 after wounding rescued impaired wound 
healing in iron-loaded mice at days 5, 7, and 10 after wounding 
(Figure 3, C and D), whereas injection of rTNF-α into the margins 
of AWs in control mice resulted in significant delay of wound heal-
ing (Supplemental Figure 2). Given that etanercept injection was 
performed at day 3, a rescue of the delay in wound healing of day-3 
wounds (Figure 3D) cannot be expected.

Virtually all F4/80+ macrophages of  enzymatically digested 
wounds from iron-dextran–treated mice revealed the unrestrained 
proinflammatory M1 activation pattern. To determine whether the 
iron-activated proinflammatory TNF-α–releasing macrophages 
are responsible for delayed wound healing, we depleted the mac-
rophages from wound margins by injections of liposomes encap-
sulated by dichloromethylene diphosphonate (clodronate) at day 4 
after wounding as previously described (41). As expected, 24 hours 
after injection of clodronate liposomes, macrophages were almost 
completely depleted (Supplemental Figure 6A), whereas numbers 
of mature dendritic cells, Langerhans cells, neutrophils, lympho-
cytes, and mast cells were not affected (Supplemental Figure 6, 

B–G and refs. 41, 43). Injection of clodronate liposomes, but not 
control PBS liposomes, in the late inflammatory phase at day 4 
after wounding resulted in a significant improvement of impaired 
wound healing of iron-loaded mice and fully rescued the delayed 
tissue repair at day 10 after wounding, whereas wound healing of 
PBS-dextran–treated mice injected with clodronate liposomes was 
not affected (Figure 3F). These data indicate that macrophages 
with unrestrained proinflammatory M1 phenotype are important 
in iron-induced delayed wound healing and imply that TNF-α 
release from M1 proinflammatory macrophages cause the iron-
dependent impaired wound healing phenotype.

Iron-activated macrophages release toxic amounts of OH• and peroxyni-
trite in vivo. Iron-loaded macrophages, while releasing H2O2, may 
drive the Fenton reaction and thus cause the generation of highly 
toxic OH• (9). Also, iron-activated macrophages release O2

–• and 
NO•, which can generate peroxynitrite (ONOO•) (44). To deter-
mine whether production of noxious OH• and ONOO• by iron-
activated macrophages occurs in vivo, we applied the redox-sen-
sitive dye dihydrorhodamine123 (DHR) on cryosections of NS, 
CVUs, and skin from PBS-dextran–treated and iron-loaded mouse 
wounds in the presence and absence of scavengers for distinct 
ROS. The wound margins of human AWs and CVUs presented 
with intense green fluorescence (Figure 4A), indicative of a strong 
oxidative burst. O2

–• and H2O2 were primarily responsible for the 
oxidative burst in AW, as coincubation of the sections with SOD, 
which detoxifies O2

–•, and with the H2O2 scavenger catalase (Cat) 
clearly quenched the fluorescence intensity. DMSO, the scavenger 
for OH•, did not quench the signal. Notably, O2

–• and OH•, but 
not H2O2, were the prevailing ROS in all studied biopsies from 
CVU patients (Figure 4A). Identical results were found in wounds 
of iron-loaded mice compared with those of control mice (Supple-
mental Figure 7A). These differences in distinct ROS and concen-
trations may contribute to tissue damage and the nonhealing state 
of macrophage iron-overload conditions. In fact, immunostaining 
of  sections  with  antibodies  against  8-oxo-2′-deoxyguanosine 
(8OHdG), a marker for oxidative DNA damage, identified high 
numbers of cells with oxidative DNA damage in CVUs, but not 
in AWs or NS (Figure 4B). Similarly, an antibody against 3-nitro-
tyrosine (3-NT), a selective marker for protein nitration due to 
ONOO•, detected enhanced protein nitration in CVUs, but not in 
AWs or NS (Figure 4C). These data were confirmed in skin lysates 
from iron-loaded mice compared with PBS-treated mice and CVUs 
(Figure 4D and Supplemental Figure 8). Reduction of proinflam-
matory TNF-α released by macrophages with etanercept, or deple-
tion of macrophages with clodronate liposomes, prevented gen-
eration of toxic OH• and ONOO• in iron-treated mice (Figure 4D 
and Supplemental Figure 7B). These data indicate a critical role 
for unrestrained proinflammatory M1 activated macrophages and 
enhanced TNF-α release for generation of toxic radicals.

Enhanced macrophage-dependent ROS release activates a senescence pro-
gram. OH• and ONOO• can severely damage macromolecules and 
can induce double strand breaks and inter-crosslinks in the DNA 
(44). Such lesions induce a senescence program in resident skin 
fibroblasts (45, 46) and thus may contribute to impaired wound 
healing. To test this hypothesis, γH2AX, a phosphorylated histone 
protein and aging marker (47) with specificity for DNA double 
strand breaks in vivo (45, 47), was studied. Double staining with 
antibodies against CD18, the common β chain of β2 integrins that is 
exclusively expressed on leukocytes, was used to differentiate γH2AX 
expression in inflammatory leukocytes from resident fibroblasts. In 

Figure 2
The identified macrophage population mounts an unrestrained proin-
flammatory M1 activation phenotype and accumulates iron in CVUs. 
(A) Representative photomicrographs with double immunostaining of 
skin cryosections from AWs and CVUs for M1 and M2 macrophage 
activation markers TNF-α and CD206 or IL-12 and arginase-1. Nuclei 
were stained with DAPI. Scale bars: 100 μm. Dashed lines indicate the 
junction between eschar and wound margin. (B) Flow cytometry analy-
sis of wound macrophages purified from AW tissue 2 and 5 days after 
wounding and CVUs gated according to side scatter (SSC) and CD68 
and regated for CD68 and M1 marker TNF-α, CD68 and M2 marker 
Dectin-1, or TNF-α and Dectin-1. (C) Expression levels for M1 and M2 
activation markers of macrophages isolated from 5 AWs and 6 CVUs 
by flow cytometry. Results are given in RFU (see Methods). Resident 
skin macrophages were pooled from NS (n ≥ 5). *P < 0.05, **P < 0.01, 
Student’s t test. (D) Representative photomicrographs of cryosections 
from CVU patients and AWs from healthy volunteers stained for iron by 
Perl Prussian blue and immunostained with CD163 for macrophages. 
Nuclei were stained with PI. High amounts of iron were identified within 
the CD163+ macrophages (filled arrows) and extracellular space (open 
arrows) in CVUs, but not AWs. Scale bars: 150 μm.
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contrast to NS taken in sufficient distance from CVUs of the same 
patients’ legs, which showed almost no γH2AX expression in nuclei 
of resident fibroblasts (Figure 5A), a high number of fibroblasts adja-
cent to CVUs stained positive for γH2AX (Figure 5B). Thus, fibro-
blasts and not inflammatory cells revealed DNA damage. Western 
blot analysis of wound lysates confirmed these data (Supplemental 
Figure 9). Iron-loaded mice, in contrast to PBS-dextran–injected 
mice, showed enhanced induction of γH2AX that could be com-
pletely prevented by either DFX (Figure 5C) by clodronate liposome 
depletion of macrophages (data not shown). Immunostaining for 
p16INK4a, a robust in vivo marker for aging in murine and human 
skin (48, 49), revealed higher p16INK4a expression in CVUs, but not 
in NS of the patients’ same leg (Figure 5, D and E).

Collectively, our data indicate that the iron-induced activation of 
the proinflammatory M1 macrophage population contributes to 
enhanced DNA damage and senescence in skin resident fibroblasts 
and, hence, distinctly impairs their capacity for tissue repair.

Discussion
This report defines what we believe to be a previously undescribed 
iron-induced macrophage population in CVUs in humans and the 
corresponding murine model, with a unique unrestrained pro-
inflammatory M1 activation profile along with high expression 
of the M2 iron scavenger receptor CD163, which — via release of 
TNF-α, ONOO•, and OH• — is responsible for the perpetuation 
of inflammation, tissue breakdown, and impaired wound healing 
(Figure 6). To identify and characterize this macrophage popula-
tion in the pathogenesis of macrophage-driven chronic inflamma-
tion, we analyzed tissue samples from patients with CVUs, which, 
in contrast to human AWs, revealed a persistent increase in macro-
phage numbers with an unrestrained proinflammatory M1 activa-
tion state. This macrophage population expressed both classical 
proinflammatory M1 markers (TNF-α, iNOS, IL-12, and CCR2) 
and M2 markers, particularly the scavenger receptors CD163 and 

CD206, and exhibited low expression of IL-4Rα, IL-10, Dectin-1, 
CD36, arginase, M2 receptors, and cytokines, which normally ter-
minate the inflammatory response and contribute to angiogen-
esis, matrix deposition, and remodeling (50).

We show here, for the first time to our knowledge, that the persis-
tence of an unrestrained proinflammatory M1 macrophage popu-
lation with an incomplete switch to antiinflammatory M2 macro-
phages eventually led to tissue breakdown and impaired healing 
in CVUs. We furthermore identified iron to be responsible for the 
induction of the unrestrained proinflammatory M1 macrophage 
population. Iron accumulated in macrophages in CVUs and in the 
corresponding murine model. Normally, iron bound to ferritin is 
safely stored in macrophages, and, hence, macrophages are essential 
to prevent iron toxicity (51, 52). However, under iron-overloading 
conditions with persisting erythrocyte extravasation and coincid-
ing leukocyte trapping in the tissue, as in CVUs, persistence of the 
unrestrained proinflammatory M1 macrophage population may 
occur. This was in fact the case: we fully reproduced the induction 
of the unrestrained proinflammatory M1 macrophage population 
with enhanced CD163 expression, leading to impaired wound heal-
ing, in the macrophage iron-overload mouse model. Our findings 
that the iron chelator DFX prevented induction of the unrestrained 
proinflammatory M1 macrophage population and the impaired 
wound-healing phenotype strongly support this notion.

Inflammatory conditions in the ulcer tissue further promote 
iron  retention  in  macrophages.  In  fact,  exposure  of  macro-
phages to bacteria (53), the bacterial wall constituent LPS, and 
Toll-like receptor agonists (54), all occurring in CVUs (55, 56), 
result in the induction of hepcidin (57), the major inhibitor of 
iron export from macrophages. In addition, proinflammatory 
cytokines released at high concentrations from the unrestrained 
proinflammatory M1 macrophages further enhance the uptake 
and intracellular iron retention in macrophages by the induc-
tion of transmembrane transporter–1 expression (58). In con-
trast, M2 cytokines like IL-10 — which are virtually absent in the 
proinflammatory M1 macrophages in nonhealing CVUs — are 
responsible for the release of iron from the macrophage to the 
extracellular space (58). Collectively, these CVU-related condi-
tions, in addition to persistent erythrocyte extravasation, further 
increase the intracellular iron pool, promoting activation of the 
proinflammatory M1 macrophage population.

Our studies do not allow us to discern whether this unrestrained 
proinflammatory M1 macrophage population represents a contin-
uum of functional state in the conceptual M1/M2 framework (32). 
It is also not clear whether phenotypic alteration of this macro-
phage population is the result of differentiation of the initial mac-
rophages within the tissue or of polarization of a distinct popula-
tion of macrophages into the wound/ulcer site, where they replace 
the original macrophages. Regardless of the mechanism, it is likely 
that an inflammatory environment leads to the exposure of mac-
rophages to several stimuli. We here identified iron overloading in 
macrophages as the major environmental cue responsible for the 
persistence of the unrestrained proinflammatory M1 activation 
state of the wound macrophage population.

The present approach highlighted the usefulness of a more 
complete assessment of the innate immune response and helped 
to identify TNF-α as a key effector molecule released from mac-
rophages with unrestrained proinflammatory M1 activation 
phenotype. This is supported by our finding that the TNF-α 
antagonist etanercept dampened proinflammatory macrophage 

Figure 3
Iron is causal for induction of the macrophage population with unre-
strained proinflammatory M1 phenotype and for impaired wound heal-
ing. (A) Representative photomicrographs detects Fe deposition in 
NS and in F4/80+ macrophages in iron-dextran–treated wounds. Iron 
deposition was almost completely prevented by coinjection with DFX. 
Cell nuclei were counterstained with PI. Scale bars: 150 μm. Dashed 
lines indicate the junction between epidermis and dermis (d). h, hair 
follicle. (B) Flow cytometry analysis of macrophages isolated from 
mouse wounds gated for side scatter and F4/80. Expression of M1 
and M2 activation markers is shown in RFU (see Methods). Resident 
skin macrophages were pooled from NS (n = 5). *P < 0.05, **P < 0.01,  
***P < 0.001, Student’s t test. (C) Representative macroscopic aspects 
of wounds at 0, 5, 7, and 10 days after wounding. (D) Statistical analy-
sis of 20 wound areas per group, expressed as percentage of the ini-
tial wound size (day 0), for iron-dextran–treated mice (filled symbols) 
in the presence and absence of DFX or etanercept. Open symbols 
denote PBS-dextran treatment. Results are mean ± SD (n = 5) repre-
senting 1 of 3 independent experiments. *P < 0.05, Mann-Whitney test. 
(E) Representative photomicrographs of mouse wounds at day 5 after 
wounding stained for F4/80 and TNF-α, with persistent TNF-α–pro-
ducing macrophages (yellow), in iron-loaded, but not PBS-dextran– or 
etanercept-treated, wounds. Nuclei were stained with DAPI. Scale 
bars: 100 μm. Dashed lines indicate the junction between eschar and 
wound margin. (F) Statistical analysis of 20 wound areas per group for 
iron-loaded and PBS-dextran control mice treated with clodronate or 
PBS liposomes. *P < 0.05, **P < 0.01, Mann-Whitney test.
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activation and rescued delayed healing in the murine iron-over-
load model, whereas injection of rTNF-α in the margins of AWs 
significantly impaired healing in control mice.

As to the mechanism by which iron stimulates continuous 
macrophage activation, there is evidence from 2 independent 
reports that intracellular iron activates NF-κB, the major tran-
scription factor of genes including, among others, proinflamma-
tory TNF-α in a model of LPS-stimulated (59) or iron-loaded rat 
liver macrophages (60).

Apart from maintaining macrophage activation (41, 42), TNF-α  
tilts  the  metabolism  of  connective  tissue  fibroblasts  toward 
proteolysis (61) and enhances expression of iNOS, which was highly 
upregulated in unrestrained proinflammatory M1 activated mac-
rophages in CVUs. iNOS in turn stimulates macrophage genera-
tion of NO•, which, together with O2

–•, forms ONOO• and leads to 
nitrative tissue damage. We showed that redox-active iron — via the 
Fenton reaction — generated the highly toxic OH• in sections from 
CVU biopsies; in addition, it stimulated macrophages to produce 

Figure 4
The iron-induced macrophage popula-
tion with unrestrained proinflammatory 
M1 phenotype releases toxic amounts 
of OH• and ONOO• in situ. (A) Rep-
resentative photomicrographs of skin 
cryosections derived from wound mar-
gins of AWs 2 days after wounding and 
CVUs. Oxidative burst was detected 
in cryosections incubated with DHR, 
a ROS-sensitive dye; thus, ROS con-
centrations correlated with green fluo-
rescence. Shown are coincubations 
of cryosections with DHR and SOD, 
which scavenges O2

–•, with the H2O2 
scavenger Cat, and with the OH• scav-
enger DMSO. Nuclei were stained with 
DAPI. Scale bars: 150 μm. (B and C) 
Representative photomicrographs of 
paraffin-embedded skin sections from 
AWs 3 days after wounding and CVUs 
stained with (B) an antibody against 
8OHdG and (C) an antibody against  
3-NT. Dashed lines indicate the junc-
tion between epidermis and dermis. 
Scale bars: 150 μm; 50 μm (insets). 
Quantification of positive cells per 
10 high-power fields, assessed for  
10 different sections of 5 different 
AW and CVU samples, is shown as  
mean ± SD ratios of positive to total 
cells. (B) The brown-colored pre-
cipitate is indicative of oxidative DNA 
damage in CVUs (inset, arrows), but 
not AWs. (C) Increased protein nitra-
tion was observed in CVUs, but not 
AWs. (D) Nitroblot analysis of wound 
lysates with an antibody against  
3-NT from PBS-treated mice and from 
iron-loaded mice and iron-loaded 
mice treated with DFX, etanercept, or 
clodronate equilibrated to actin. Posi-
tive bands indicate increased levels of 
protein nitration in iron-loaded wounds 
compared with reduced levels in iron-
dextran–loaded mice treated with 
DFX, etanercept, or clodronate.
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enhanced ONOO• concentrations. Both OH• and ONOO• can lead 
to DNA double strand breaks and to the installment of the p16INK4a-
dependent senescence program in ulcer-adjacent fibroblasts. p16INK4a 
functions as an inhibitor of the D-type cyclin-dependent kinase 
CDK4 and is known to arrest cells in the G1 phase of the cell cycle, 
implementing irreversible growth arrest. Our in vivo data corroborat-
ed and extended previous in vitro data that ulcer-derived fibroblast 
cultures undergo accelerated replicative senescence (62). Although 
an increase in telomere erosion as a consequence of the pro-oxidant 
environment of ulcer resident fibroblasts was previously excluded 
(62), we showed here that accelerated aging of ulcer resident fibro-
blasts was rather caused by the installment of a p16INK4a-dependent 
senescence program in vivo. Interestingly, replicative senescent ulcer 
resident fibroblasts in CVUs revealed an impaired ability to produce 
their correct stromal address code (a specific combination of released 
chemokines and cytokines; ref. 63), which is essentially required to 
generate a physiological self-terminating inflammatory response 
(62). Independent of this interesting observation, we here identified 

iron-induced unrestrained proinflammatory M1 macrophages to be 
upstream of the reported dysfunctional and senescent ulcer fibro-
blasts. In fact, treatment with clodronate liposomes and DFX pre-
vented induction of γH2AX, a recognized in vivo aging marker (47), 
in fibroblasts of AWs from iron-dextran–treated mice.

Apart from initiating a senescence program in resident fibro-
blasts, high ROS concentrations released by proinflammatory 
macrophages or other antigen-presenting cells may stimulate 
T cells that suppress wound healing in CVUs. In fact, recent 
reports have shown that appropriate ROS signaling in antigen-
presenting cells is required to suppress Th1-type autoimmune 
responses (64) and to induce Th2 immunity to allergens (65). 
It remains to be elucidated whether similar suppressive or Th2 
lymphocytes, or rather IFN-γ–producing Th1 T cells, occur in 
the highly pro-oxidative ulcus environment.

Our findings have substantial clinical impact, as potential ther-
apeutic targets have been identified in the specific pathogenic 
context of CVUs. First, iron is a well-known suspect in oxidative 

Figure 5
Enhanced ROS release by the unrestrained proinflammatory M1 activated macrophage population activates a senescence program in resident 
wound fibroblasts. (A) Representative photomicrographs of cryosections from wound margins from CVUs and NS with increased numbers of 
γH2AX+ foci in the cell nuclei of wound margins. Double staining for γH2AX and the leukocyte marker CD18 revealed exclusive γH2AX expression in 
wound-adjacent fibroblasts. Nuclei were stained with DAPI. Scale bars: 150 μm; 50 μm (inset). (B) Quantification of γH2AX+ and γH2AX+CD18+ cells 
in 10 high-power fields from CVUs and NS samples (n = 5). Results are mean ± SD percent positive cells relative to total cells. **P < 0.01, Student’s  
t test. (C) Representative Western blot of wound lysates from iron-loaded and PBS control wounds with and without treatment with DFX, equilibrated 
to total actin, showing expression of γH2AX in iron-loaded, but not control or DFX-treated, wounds (n = 3). (D) Representative photomicrographs of 
cryosections of wound margins and NS derived from CVU patients showing increased numbers of p16INK4a in the cell nuclei of ulcer margins. Double 
staining for p16INK4a and CD18 showed p16INK4a expression exclusively in wound-adjacent fibroblasts, not in CD18+ cells. Nuclei were stained with 
DAPI. Scale bars: 150 μm. Original magnification of insets, ×400. (E) Quantification of p16INK4a+ and p16INK4a+CD18+ cells in 10 high-power fields 
from 5 different CVUs and NS samples. Results are mean ± SD percent positive cells relative to total cells. **P < 0.01, Student’s t test.
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tissue damage (9); however, to our knowledge, it has never been 
recognized as causal for persistent macrophage-driven inflamma-
tion in CVUs. Thus, we believe our data on the critical role of mac-
rophage iron overload in preventing the physiologic switch from 
M1 to M2 macrophages to be novel. We found that DFX, the most 
specific and potent iron chelator, fully prevented generation of the 
proinflammatory M1 macrophage population and consequently 
prevented impaired wound healing in the murine iron-overload 
model. Interestingly, experimental and clinical studies demon-
strate that iron chelation by DFX substantially protects myocardial 
fibers against iron-dependent damage in iron-overload conditions 
like β-thalassemia (66) and decreases necrosis in dorsally localized 
skin flaps (67). Previously, DFX covalently bound to cellulose to 
selectively pick up iron was reported to abrogate lipid peroxidation 
in human dermal fibroblasts in vitro (19), but this has not been 
assessed in CVUs in vivo, and the effect of DFX on macrophages 
when topically applied is currently not known. Second, our in situ 
data showed that O2

–• and OH• increased in CVUs. Notably, topical 
application of DMSO, an OH• scavenger, or of allopurinol, which 
exerts its effect by inhibition of xanthine oxidase, which itself gen-
erates high O2

–• concentrations under the hypoxic conditions of 
CVUs, have been reported to improve CVU healing in a series of 

133 studied patients (68). Third, we found that iron induced a 
macrophage population with unrestrained proinflammatory M1 
activation pattern and only moderate upregulation of M2 scaven-
ger receptors (CD163 and CD206). It will be of major importance 
to search for small molecular therapeutics that induce a switch 
to antiinflammatory macrophage populations (69). Among many 
agonists, glucocorticoids have been shown to promote antiinflam-
matory macrophage populations (70). Interestingly, treatment of 
CVUs with topical corticosteroids was of benefit for 79% of the 
patients in terms of healing (71). It remains to be seen whether 
the favorable outcome following short-term topical application of 
corticosteroids in fact results in a switch from proinflammatory 
macrophages to macrophage populations with antiinflammatory 
properties. Fourth, we found that the release of high concentra-
tions of TNF-α from the proinflammatory M1 macrophages per-
petuated inflammation. Interestingly, topical application of inflix-
imab, a chimeric IgG1 monoclonal antibody that binds with high 
affinity and specificity to the soluble and transmembrane TNF-α, 
resulted in significant improvement of healing in 12 of 14 previ-
ously therapy-resistant CVUs (12). Because of the impressive suc-
cess of anti–TNF-α therapies in a variety of conditions (72–74), 
including the aforementioned study on CVUs (12), the next gener-

Figure 6
Iron-dependent activation of the macro-
phage population with unrestrained pro-
inflammatory M1 phenotype, leading to 
chronic inflammation, tissue breakdown, 
and impaired wound healing in CVUs. 
Chronic venous valve insufficiency leads 
to hypertension in the lower-limb veins, 
with persistent erythrocyte extravasation. 
Engulfment of red blood cells by tissue 
macrophages (erythrophagocytosis) and 
release of hemoglobin-bound iron acti-
vates a proinflammatory M1 macrophage 
population with enhanced release of 
TNF-α, ONOO•, and OH•. TNF-α expres-
sion perpetuates unrestrained proinflam-
matory M1 activation. ONOO• and OH• 
result in oxidative and nitrative damage 
and induction of a p16INK4a-induced 
senescent program in wound resident 
fibroblasts, which therefore cannot con-
tribute to efficient tissue restoration.
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ation of small molecules targeting different steps of TNF-α signal-
ing have been developed, some of which are currently being tested 
in clinical trials (75). Finally, a complementary analysis of human 
subjects and a relevant mouse model was essential for establishing 
a role for the iron-dependent induction of a proinflammatory M1 
macrophage population and effector molecules, such as TNF-α, 
ONOO•, and OH•, that drive chronic inflammation, tissue break-
down, premature aging, and ulcer formation.

Thus far, the concept of the M1/M2 dichotomy was defined in 
vitro; however, apart from few studies on acute tissue damage mod-
els in mice (30, 76–78), it has not to our knowledge been studied in 
macrophage-driven chronic inflammatory disease in humans. The 
identification of iron accumulation in macrophages as the prime 
event in the complex pathogenesis of CVUs eventually driving per-
sistent inflammation and tissue damage is also of major relevance 
for other chronic inflammatory disorders with enhanced iron stor-
age in macrophages, like arteriosclerosis, multiple sclerosis, and 
other neurodegenerative diseases (79–82). Taken together, our 
findings provide powerful insight into the role of an iron-induced 
macrophage population in vivo. Targeting this population holds 
substantial promise for the development of novel therapies for 
these difficult-to-treat conditions.

Methods
Collection of human tissue samples. We studied 16 patients with nonheal-
ing ulcers (CEAP classification C6; ref. 83) that, despite conventional 
therapy, persisted for more than 4 months. After  informed consent 
was obtained, 5-mm biopsies were taken from the ulcer edge and from 
healthy skin of the same patient’s leg. AWs of 5 mm were inflicted on the 
upper thighs of healthy volunteers. At 1, 2, and 5 days after wounding, a 
second 5-mm biopsy was punched around the initially inflicted wounds. 
All protocols were approved by the Ethics Committee of the University 
of Ulm (protocol nos. 224/2002, 225/2002, and 170/2009) according to 
the Declaration of Helsinki Principles.

Immunohistochemistry. Sections (5 μm) from paraffin-embedded tissue 
were subjected to antigen retrieval with Proteinase K (Dako) and incu-
bated with anti-CD68 (PG-M1; Dako), anti–3-NT (1A6; Millipore) and 
anti-8OHdG (15A3; eBioscience) antibodies and HRP-conjugated second-
ary antibodies (Dako). Peroxidase activity was visualized using diamino-
benzidine (Sigma-Aldrich). For iron staining, cryosections were incubated 
with Perl Prussian solution (1:1, 5% potassium ferrocyanide and 5% HCl) 
(Merck) and with Nuclear Fast Red (ROTH).

Immunofluorescence staining. Cryosections (5 μm) were incubated with 
antibodies against human iNOS (BD Transduction Laboratories), TNF-α  
(abcam), CD163/M130 (GHI/61; Santa Cruz Biotechnology), arginase-1  
(M-20; Santa Cruz Biotechnology), IL-12p40 (1-1A4; GeneTex), CD18 
(YFC118.3; GeneTex), CD206/MMR (19.2; BD Biosciences — Pharmingen), 
γH2AX (9F3; abcam) and p16INK4a (16P04; Neomarkers) and mouse F4/80 
(BM8; eBioscience), GR-1 (RB6-8C5; eBioscience), CD4 (L3T4; eBioscience), 
CD8 (53-6.7; eBioscience), CD117 (ACK2; eBioscience), CD205 (NLDC-
145; AbD Serotec), TNF-α (MP6-XT22; BD Biosciences — Pharmingen and 
abcam), CD206 (MR5D3; Santa Cruz Biotechnology), arginase-1 (M-20; 
Santa Cruz Biotechnology), CD207 (Langerin; Santa Cruz Biotechnolo-
gy), and IL-12 (C15.6; GeneTex). Isotype Ig served as negative control, and 
Alexa Fluor 488 and Alexa Fluor 555 (Molecular Probes) served as second-
ary antibodies. Photomicrographs were produced using a Zeiss Axiophot 
microscope and corresponding software (Zeiss).

Qualitative assessment of ROS in situ. Fresh wound cryosections (10 μm) 
were incubated with 10 μM DHR for 20 minutes at 37°C, resulting in 
a ROS-dependent increase in green fluorescence. For ROS scavenging 

experiments, serial cryosections were coincubated with DHR and either 
SOD (100 U/ml; Sigma-Aldrich), catalase (1,000 U/ml; MBL Int.), or 0.2% 
DMSO (Merck). Photomicrographs were taken immediately, with identical 
exposure time for all settings.

FACS analysis. Cell suspensions isolated from fresh tissue by enzymatic 
digestion (28) or in vitro matured macrophages were incubated with anti-
human CD206–Alexa Fluor 647 (15-2; BioLegend), CCR2–Alexa Fluor 
647 (TG5/CCR2; BioLegend), CD163-PerCP/Cy5.5 (RM3/1; BioLegend),  
IL-4Rα–fluorescein (25463; R&D Systems), Dectin-1/CLEC7A-PE (259931; 
R&D Systems), CX3CR1 (Lifespan Biosciences), and CD36-FITC (NL07; 
eBioscience) antibodies or anti-mouse CCR2 (abcam), F4/80–Alexa Fluor 
488 (eBioscience), F4/80–Pacific blue (BM8; eBioscience), Ly-6C–PerCP/
Cy5.5C (HK1.4; eBioscience), CD163 (M-96; Santa Cruz Biotechnology), 
IL-4Rα/CD124–PE (mIL4R-MI; BD Biosciences — Pharmingen), Dectin-1 
(2A11; AbD Serotec), CD204–PE/SRA I (2F8; AbD Serotec), CD301/MGL1,2 
(ER-MP23; AbD Serotec), CD206–Alexa Fluor 647 (MR5D3; BioLegend), or 
isotype Ig. Intracellular markers were identified after permeabilization (eBio-
science) with anti-human IL-12/IL-23p40–Alexa Fluor 488 (C11.5; BioLeg-
end), CD68-PE and CD68-FITC (Y1/82A; eBioscience), TNF-α-PerCP–Cy5.5 
(MAb11; eBioscience), and IL-10–Pacific blue (JES3-9D7; eBioscience) and 
with anti-mouse TNF-α–PerCP/Cy5.5 (MP6-XT22; BioLegend) and IL-12/
IL-23p40-PerCP-Cy5.5 (C17.8; eBioscience) or isotype Ig. Cells were mea-
sured with a BD FACS Canto II flow cytometer (BD Biosciences) and ana-
lyzed with FlowJo Software (Tree Star Inc.). Marker expression is given as 
relative fluorescent units (RFU) representing the ratio of the geometric MFI 
from the specific antibody to that of the isotype-matched antibody.

Western blotting. Frozen crushed tissue was dissolved in ice-cold lysis buf-
fer (50 mM Tris-Cl, pH 7.6; 150 mM NaCl; 1% NP-40; and protease inhibi-
tors [Roche]) and cleared by centrifugation. Equal amounts of protein were 
resolved by SDS-PAGE (Bio-Rad) and transferred to nitrocellulose mem-
branes (Schleicher & Schuell). Membranes were blocked with 5% BSA/TBS/
Tween and incubated with antibodies against γH2AX (9F3; Assay Designs-
Stressgen), 3-NT (1A6; Millipore) and actin (Calbiochem). Oxyblots were 
performed using the Oxyblot Protein Oxidation Detection Kit (Millipore) 
according to the manufacturer’s instructions.

Human PBMC-derived primary macrophages. Primary macrophages were 
obtained as described previously (27). Monocytes were purified from buffy 
coats by density gradient using Lymphocyte Preparation Medium 1077 
(PAA) followed by CD14+ magnetic cell sorting (Miltenyi Biotech). Cells 
were cultured in DMEM with 2 mM l-glutamine and 50 mg/ml gentamicin 
(Biochrom) at 37°C, 5% CO2, for 9 days. Where indicated, macrophages 
were coincubated for the last 4 days with the combination 500 U/ml IFN-γ 
(PeproTech) and 10 ng/ml LPS (Sigma-Aldrich) or the combination 0.1 μM  
dexamethasone (Merck) and 10 ng/ml IL-4 (PeproTech). For Fenton chem-
istry, macrophages were subjected to 10 μM Fe(III)-chloride, 10 μM ascor-
bate, and 50 μM H2O2 (Sigma-Aldrich).

Mice and wound-healing model. All experiments were performed with 8- to 
12-week-old C57BL/6 mice in compliance with the German Law for Wel-
fare of Laboratory Animals and were approved by the Institutional Review 
Board of the University of Ulm.

Mice were treated intraperitoneally with 5 mg iron-dextran at 200 μl/
mouse or 200 μl PBS-dextran (Sigma-Aldrich) every 3 days for 21 days. 
Selected groups were treated, following the same schedule, with 6 mg 
per 200 μl DFX (Sigma-Aldrich) intraperitoneally. Etanercept (Wyeth) 
was injected at 25 μg/wound into wound margins at days 3, 4, 5, and 
6 after wounding; rTNF-α (PeproTech) was administered at 5,000 U/
wound at days 2, 3, and 4; clodronate or PBS liposomes were injected 
at 12.5 mg/wound at day 4 after wounding. 4 6-mm full-thickness exci-
sional wounds were produced under anesthesia on both sides of the 
shaved back of each mouse, as described previously (27, 28). At the indi-
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cated time points, wounds were photographed, and wound areas were 
quantified using Adobe Photoshop 7.0.1 software (Adobe Systems).

Statistics. Quantitative data are presented as mean ± SD. Statistical sig-
nificance was determined by 2-tailed Student’s t test, or Mann-Whitney 
U test in cases of non-Gaussian distribution. P values less than 0.05 were 
considered statistically significant.
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