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Hypoxia induces expression of the chemokines monocyte chemoattractant protein-1

(MCP-1) and IL-8 in human dermal fibroblasts
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SUMMARY

Hypoxia is an important factor in the pathophysiology of vascular and inflammatory diseases. Leucocyte

infiltration, as a consequence of adhesion molecule up-regulation and chemokine release, is a prominent

feature of these diseases. The objective of our study was to investigate the potential role of resident

fibroblasts in hypoxia-induced chemotactic responses. We show that MCP-1 and IL-8 mRNA are

specifically induced by hypoxia in dermal fibroblasts. This response is paralleled by increased NF-kB

p65/p50 binding activity, and it is inhibited by pretreatment with N-acetyl-L-cysteine. MCP-1 secreted

by fibroblasts is chemotactic for monocytic cells and this activity is significantly increased by hypoxia.

Chemotactic index correlates with MCP-1 protein levels and is significantly decreased by neutralizing

anti-MCP-1 MoAb. These findings demonstrate the ability of resident fibroblasts to mediate chemotaxis

of leucocytes through the release of chemokines in response to hypoxia. Our data point to MCP-1 as an

important component in this response, and therefore it may be a potential target in inflammatory

responses associated with hypoxia.
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INTRODUCTION

Fibroblasts, a ubiquitous cell population, the most abundant

cellular component of connective tissues, have traditionally been

primarily considered for their important role in the synthesis of

extracellular matrix (ECM) components necessary for tissue

integrity and repair. Recent evidence suggests that fibroblasts may

also have immunological functions that provide a first line of

defence of connective tissue by initiating leucocyte recruitment

and inflammatory responses (reviewed by Smith [1]). Upon

stimulation with substances derived from infectious microorgan-

isms or with early inflammatory mediators, such as tumour

necrosis factor-alpha (TNF-a ) or IL-1, fibroblasts are activated to

produce cytokines and soluble growth factors that can drive

inflammatory and reparative responses [2,3]. Moreover, fibro-

blasts are targets of autocrine or paracrine inflammatory mediators

and may therefore play a pivotal role in the amplification and

perpetuation of inflammatory processes.

Chemokines are a large family of small cytokines that induce

migration of leucocytes to sites of inflammation [4]. In addition to

their chemotactic effects, chemokines may induce cellular

responses such as angiogenesis [5,6] or ECM synthesis [7,8] which

are important factors in the pathogenesis of inflammatory and

reparative processes. Chronic inflammatory disorders are also

characterized by increased chemokine production and there is

supporting evidence for the participation of chemokines in the

pathogenesis of chronic inflammation [9±11]. The potential of

fibroblasts to synthesize chemokines in response to a variety of

cytokines and bacterial products has been demonstrated [2,3].

Nuclear factor-kB (NF-kB)/Rel factors are the best identified

elements involved in the transcriptional activation of chemokine

genes in most cell types [2,12,13]. However, important differences

in the response to specific NF-kB/Rel members between fibroblasts

and leucocytes have been demonstrated [14]. Fibroblasts are the

cell type responsible for uncontrolled chemokine production and

multiorgan leucocyte infiltration in RelB knockout mice [15].

Hypoxia and the generation of reactive oxygen intermediates

(ROI) are important components in the pathogenesis of the

inflammatory and scarring responses that occur during wound

healing, and in vascular or inflammatory diseases [16±18].

Oxidative stress is a potent NF-kB activator and this intracellular

pathway is an important mediator of the proinflammatory effects

of ROI [19]. A heterogeneous group of chronic inflammatory

autoimmune disorders such as systemic lupus erythematosus

(SLE), dermatomyositis and systemic sclerosis (SSc) is character-

ized by early vascular alterations leading to chronic hypoxia,

repeated cycles of hypoxia/reoxygenation (Raynaud's phenomen-

on), and ROI generation. These changes are followed by chronic

inflammation of the skin and different organs [20]. Severe
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vascular changes and fibrosis are particularly prominent in SSc,

although possible linkage between vascular lesions, inflammatory

cell infiltration and fibrosis is unclear [21]. We here examine

whether dermal fibroblasts can play a role in mediating leucocyte

infiltration in conditions characterized by hypoxia. We describe

the specific pattern of chemokines synthesized by normal and

hypoxic fibroblasts and the participation of NF-kB activation in

response to hypoxia. Our results underline the relevance of

fibroblasts as a source of chemokines with chemotactic activity

for monocytic cells and demonstrate that this activity increases in

response to hypoxia.

MATERIALS AND METHODS

Fibroblast cultures

Human normal skin samples were obtained from healthy controls.

All samples were taken from normal margins of benign cutaneous

lesions treated with minor cosmetic surgery. Fibroblasts were

obtained by outgrowth from minced skin explants in Dulbecco's

modified Eagle's medium (DMEM) (BioWhittaker, Walkersville,

MD) supplemented with antibiotics and 10% fetal calf serum

(FCS; Gibco BRL, Karlsruhe, Germany). Fibroblasts were used

between passages 2 and 9. As positive controls for the expression

of chemokine mRNA in fibroblasts, confluent monolayers were

exposed for 6 h to 10, 25 or 50 U/ml of human recombinant TNF-

a (Genzyme, Cambridge, MA).

Confluent fibroblasts were maintained in DMEM with 0´1%

FCS for at least 24 h before exposure to hypoxia (3% O2) for 6 h

in an anaerobic cell incubator under 5% CO2/92% N2 atmosphere.

Following hypoxia, cells were reoxygenated for 1 h or 2 h under

normoxic (21% O2) atmosphere. To study the role of ROI-induced

NF-kB activation in chemokine gene expression, cells were pre-

treated with 25 mm N-acetyl-L-cysteine (NAC; Sigma, St Louis,

MO), for 1 h prior to exposure to hypoxia and reoxygenation. To

study whether chemokine gene expression was independent of

protein synthesis, cells were pretreated with 10 mg/ml cyclo-

heximide (CHX; Sigma).

RNase protection assay

A multiprobe DNA template including a set of different chemo-

kines was used for in vitro transcription of a32P-UTP (Amersham

Pharmacia Biotech, Aylesbury, UK)-labelled riboprobes with T7

polymerase (RiboQuant; PharMingen, San Diego, CA). Ribop-

robes for chemokines lymphotactin (Ltn), regulated upon activa-

tion normal T cell-expressed and secreted (RANTES), interferon-

gamma (IFN-g)-inducible protein (IP-10), macrophage inflam-

matory protein-1a (MIP-1a ), MIP-1b , monocyte chemoattractant

protein-1 (MCP-1), IL-8, I-309, and for the housekeeping genes

L32 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as

internal controls, were included.

Total RNA (15 mg) obtained from fibroblasts was hybridized

overnight with a32P-UTP-labelled riboprobes and eventually

digested with RNase A 1 T1. Protected riboprobes were run on

PAGE, and autoradiographed.

MCP-1 protein determination

To quantify secreted MCP-1 protein in fibroblast culture super-

natants, we used a specific solid-phase ELISA following the

manufacturer's protocol (Quantikine Human MCP-1 Immuno-

assay, cat. no. DCP00; R&D Systems, Minneapolis, MN).

Chemotaxis assay

We performed a chemotaxis assay with the monocytic cell line,

MonoMac1 (DSM ACC252; German Micro-organism and Cell

Culture Collection, Braunschweig, Germany), that has been

previously shown to migrate in response to MCP-1 via CCR2

receptor activation [22]. Conditioned media from normoxic or

hypoxic fibroblasts were diluted 1:1 with 0´1% FCS DMEM

and placed in the bottom chamber of 6´5-mm Transwell tissue

culture inserts with polyester membranes of 5 mm pore diameter

(Corning-Costar Corp., Cambridge, MA). MonoMac1 monocytic

cells were diluted at 5 � 106/ml in RPMI (BioWhittaker) media

and 100-m l aliquots were added to the top chamber. Plates were

incubated for 2 h at 378C to allow transmigration. Cells that had

transmigrated to the lower chamber were counted by flow cyto-

metry. As a negative control, 0´1% FCS DMEM was used.

Migration index was calculated as the x-fold increase in migration

observed over the negative control. Chemotaxis inhibition studies

were performed by preincubating fibroblast supernatants with

1 mg/ml neutralizing anti-MCP-1 MoAb (R&D Systems) or

mouse isotype-matched IgG1 control (Sigma).

NF-kB electromobility shift assay

Activation of NF-kB on fibroblasts exposed to hypoxia and

reoxygenation was studied by analysing the DNA-binding activity

of fibroblast nuclear protein extracts in an electromobility shift assay

(EMSA) as previously described [23]. Briefly, fibroblasts were

collected by centrifugation and lysed in 1 ml of lysis buffer (10 mm

HEPES pH 8, 50 mm NaCl, 0´5 m sucrose, 1 mm EDTA, 0´5 mm

espermidine, 0´15 mm espermine, 0´5% Triton X-100, 1 mm

phenylmethylsulphonyl fluoride (PMSF), 0´5 mg/ml leupeptin,

0´5 mg/ml pepstatin, 0´2 U/ml aprotinin and 7 mm b-mercapto-

ethanol (b-ME)) for 5 min. After removal of the supernatant, nuclear

pellets were resuspended and washed in lysis buffer without Triton X-

100 and centrifuged at 4000 g for 3 min. After careful removal of the

supernatant, nuclear pellets were resuspended and maintained in

permanent agitation for 30 min at 48C in 100 m l of 10 mm HEPES

pH 8´0, 350 mm NaCl, 0´1 mm EDTA, 0´5 mm espermidine,

0´15 mm espermine, 1 mm PMSF, 0´5 mg/ml leupeptin, 0´5 mg/ml

pepstatin, 0´2 U/ml aprotinin and 7 mm b -ME. Nuclear fractions

were recovered after centrifugation at 4000 g for 15 min.

Nuclear protein extracts (3 mg) were analysed as described [23]

using a a32P-dCTP-labelled double-stranded synthetic wild-type

HIV enhancer oligonucleotide 5 0-AGCTTACAAGGGACTTTC-

CGCTGGGGACTTTCCAGGGA-3 0 for NF-kB. Binding competi-

tion was performed by preincubating extracts with a 40-fold excess

of unlabelled oligonucleotide and specific antibodies against p50 (a

kind gift from Dr R. T. Hay, Southampton, UK), c-Rel (a kind gift

from Dr N. Rice, Frederick, MD), and p65 (C-20; Santa Cruz

Biotechnology, Santa Cruz, CA).

Statistical analysis

To compare levels of MCP-1 protein and migration indices in

different samples we analysed means by Student's t-test for paired

samples. To evaluate the correlation between MCP-1 protein

concentration and migration index, Pearson's test was used.

RESULTS

Hypoxia induces MCP-1 and IL-8 expression in dermal fibroblasts

We first studied the pattern of expression of chemokines in

cultured dermal fibroblasts under basal conditions or exposed to
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human TNF-a , which has been demonstrated to be a potent

inducer of chemokine gene expression in different cell types,

including fibroblasts [2,3]. Cells were maintained under low FCS

concentrations (0´1%) to avoid the influence of growth factors

present in FCS on chemokine gene expression. In most fibroblasts

lines, a low constitutive expression level of MCP-1 and IL-8

mRNA was detected. Exposure of fibroblasts to TNF-a at doses

of 10, 25 or 50 U/ml induced a dose-dependent increase in the

levels of RANTES, IP-10, MCP-1, and IL-8 mRNA (Fig. 1a). In

contrast, Ltn, MIP-1a , MIP-1b , and I-309 were not detectable

after TNF-a treatment.

Exposure of dermal fibroblasts to hypoxia for 6 h induced a

strong increase in the level of MCP-1 mRNA and, to a lesser

extent, that of IL-8 (Fig. 1a,b). The maximal response was

observed after hypoxia. After 1 h of reoxygenation, MCP-1 and

IL-8 levels did not further increase and, after 2 h, MCP-1 and IL-8

levels returned to basal levels. Pretreatment with NAC reduced the

response of MCP-1 and IL-8 mRNA to hypoxia (Fig. 1c).

Pretreatment with 10 mg/ml CHX superinduced MCP-1 and

IL-8 mRNA in hypoxic fibroblasts (Fig. 1c).

Hypoxia and reoxygenation induce activation of NF-kB in

dermal fibroblasts

To study the activation of transcription factor NF-kB in parallel to

the observed increase in MCP-1 and IL-8 expression, we studied

the DNA-binding activity of nuclear protein extracts from cultured

fibroblasts exposed to hypoxia and hypoxia reoxygenation

(Fig. 2a). Shifted bands migrating mainly as p65/p50 complexes

were detected in fibroblasts exposed to hypoxia and reoxygena-

tion. Reoxygenated fibroblasts displayed higher shifting activity

than hypoxia-exposed fibroblasts.

To confirm the identity of the activated NF-kB complexes,

competition with antibodies against p50, p65, and cRel was

performed. Supershifted bands and a decrease in the intensity of

original bands were only observed with anti-p50 and anti-p65

antibodies (Fig. 2b).

Hypoxia induces MCP-1 protein secretion by dermal fibroblasts

To confirm whether the observed increase in MCP-1 mRNA was

followed by an increase in secreted protein, MCP-1 protein was

quantified in the supernatants of six fibroblast lines by ELISA.

The different cell lines were highly heterogeneous in both the

basal and hypoxia-induced levels of MCP-1 (Fig. 3a). In the

different lines, the level of secreted protein was increased between

Fig. 1. Chemokine mRNA expression in cultured dermal fibroblasts exposed to tumour necrosis factor-alpha (TNF-a) or to hypoxia. (a)

Riboprobes for multiple chemokine genes (left column) were hybridized to dermal fibroblasts mRNA pretreated (1) or not (±) with TNF-a ,

or under basal normoxic (B) or hypoxic (H) conditions. (b) Protected bands for chemokines MCP-1, IL-8, and glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) in dermal fibroblast lines DF1±DF4, under basal conditions (B), exposed to hypoxia for 6 h (H), or reoxygenated

for 1 h (R1) or 2 h (R2). (c) Effect of preincubating cells with cycloheximide (CHX) or N-acetyl-L-cysteine (NAC) prior to hypoxia.

Fig. 2. NF-kB activation by electromobility shift assay (EMSA) in

nuclear protein extracts from fibroblasts exposed to hypoxia and

reoxygenation. (a) p50/p65 complex in nuclear protein extracts from

fibroblasts under basal (B), hypoxic (H) and reoxygenated (R) conditions.

(b) Identification of NF-kB complexes in hypoxic fibroblast nuclear

protein extracts by competition with unlabelled oligonucleotides (Com)

and antibodies to p50, p65 and c-Rel. SS, Supershifted complexes.

Autoradiographs were exposed longer in (b) to detect all complexes better.
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1´4- and 4´2-fold by exposure to hypoxia. The mean level of

MCP-1 was significantly increased in hypoxic (P � 0´006) but

not in reoxygenated (P � 0´753) fibroblasts compared with

normoxic fibroblasts (Fig. 3b). Pretreatment with NAC reduced

by 46% (P � 0´005) the mean level of MCP-1 protein in response

to hypoxia but did not modify the basal levels (Fig. 3b).

MCP-1 secreted by fibroblasts is chemotactic for monocytic cells

To evaluate the potential biological relevance of MCP-1 secreted

by fibroblasts on leucocyte migration, we studied the chemotactic

response of monocytic cells to the supernatants of normoxic and

hypoxic fibroblasts in a Transwell chemotaxis assay. Fibroblast-

conditioned media under both normoxic and hypoxic conditions

displayed chemotactic activity for MonoMac1 cells. The mean

migration index of MonoMac1 cells to fibroblast-conditioned

media was significantly increased in hypoxic compared with

normoxic cells (P � 0´015) (Fig. 4). Preincubation of fibroblast-

conditioned media with neutralizing anti-human MCP-1 MoAb

significantly reduced the migration indices of both normoxic

(P � 0´004) and hypoxic cells (P � 0´004). Preincubation with

mouse isotype-matched IgG1 did not significantly modify

migration indices (Fig. 4).

Fibroblast-conditioned media under basal (normoxic) condi-

tions displayed chemotactic activity for MonoMac1 cells. The

mean migration index of MonoMac1 cells to fibroblast super-

natants was significantly increased in hypoxic compared with

normoxic cells (P � 0´015). Preincubation of fibroblast super-

natants with neutralizing anti-human MCP-1 MoAb significantly

reduced the migration indices of both normoxic (P � 0´004) and

hypoxic cells (P � 0´004). Preincubation with mouse isotype-

matched IgG1 did not significantly modify migration indices

(Fig. 4).

To analyse further the relevance of secreted MCP-1 protein in

the migratory responses of monocytic cells we analysed the

correlation between migration index and MCP-1 concentration in

fibroblast-conditioned media. We found a positive correlation

between migration index and MCP-1 concentration (Pearson

correlation index: 0´70, P � 0´01) (Fig. 5).

DISCUSSION

The potential of resident fibroblasts to initiate or amplify

inflammatory responses by releasing multiple proinflammatory

factors, including chemokines, has recently received experimental

support. Studies of human and animal tissues have demonstrated

the presence of chemokines in fibroblasts of a variety of

neoplastic, vascular and inflammatory diseases [10,24,25].

Bacterial products such as lipopolysaccharide (LPS) or Borrelia

burgdorferi lipoprotein A, inflammatory cytokines such as IL-1 or

TNF-a , and growth factors have been demonstrated to induce

synthesis of chemokines in cultured fibroblasts [2, 3]. One factor

common to a large and heterogeneous group of lesions with a

vascular and inflammatory component such as wound healing,

cardiovascular diseases or connective tissue autoimmune diseases,

is the presence of a hypoxic milieu and the generation of ROI. Our

data demonstrate that human dermal fibroblasts exposed to

hypoxic conditions express a restricted subgroup of chemokines

that promote leucocyte migration.
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Fig. 3. MCP-1 protein levels in fibroblast media as analysed by ELISA.

Analysis was performed in conditioned media from fibroblasts under basal

conditions (B), exposed to hypoxia (H), or reoxygenated 1 h after hypoxia

(R). The mean ^ s.d. levels of MCP-1 protein secreted by normoxic,

hypoxic and reoxygenated cells in six different cells lines are represented

(a). The mean values with (A) or without (B) pretreatment with N-acetyl-

L-cysteine (NAC) are represented (b). ELISA determinations were

performed in three different samples from each cell line. Mean values

were compared by Student's t-test for paired samples.

Fig. 4. Migration of MonoMac1 monocytic cells in response to fibroblast-

conditioned media. Migration index was calculated as the x-fold increase

in migration observed over the negative control. Conditioned media were

collected from fibroblasts under basal conditions (A) or exposed to

hypoxia (B) (6 h). The mean migration indices from six different

fibroblast lines in normoxia and hypoxia are represented. The effect of

preincubating media with anti-MCP-1 MoAb or isotype-matched mouse

IgG1 is also shown. Error bars indicate the s.d. of the mean from six

different fibroblast lines. Mean values were compared by Student's t-test.

Statistically significant differences are indicated in Results.
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Fig. 5. Correlation between MCP-1 levels in fibroblast-conditioned media

and MonoMac1 migration index. Analysis was performed by Pearson's

test in all determinations from six cell lines under both normal and hypoxic

conditions. Pearson's correlation index � 0´7, P � 0´01.
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NF-kB is a transcriptional activator for many proinflamma-

tory factor genes, including chemokines [2,12,13]. Redox changes

represent a general pathway in the activation of NF-kB by

different stimuli [19]. One of the early signalling events induced

by hypoxia is an increase in IkBa tyrosine phosphorylation that

enhances NF-kB binding to DNA [26]. Our data indicate that, in

fibroblasts, activation of NF-kB p65/p50 by redox changes is

involved in the induction of chemokine gene expression by

hypoxia. We observed the maximal MCP-1 and IL-8 mRNA

increase during the hypoxia phase and MCP-1 expression was

reduced by pretreatment with the thiol anti-oxidant NAC that

antagonizes NF-kB activation by ROI. Since small amounts of

ROI may be generated even under a very low oxygen

concentration [27,28], they may induce the NF-kB activation

and the increase in MCP-1 and IL-8 mRNA transcription observed

during hypoxia. However, during reoxygenation, when maximal

ROI generation is expected and we observed the strongest NF-kB

activation, no further increase in the expression of MCP-1 or IL-8

was detected. A maximal response in the NF-kB-mediated

transcription of different proinflammatory genes has also been

observed during hypoxia in many other in vitro studies [28±30].

Furthermore, a similar response has been observed in ischaemic

myocardium, with maximal MCP-1 mRNA levels achieved during

the hypoxia phase and a rapid decline after reperfusion, although

the particular myocardial cell type involved was not identified

[30]. The reasons why the higher ROI levels and stronger p65/p50

activation observed during reoxygenation do not lead to higher

MCP-1 expression levels are not clear from these studies. A

possible explanation may relate to the eventual presence of

inhibitory factors of NF-kB-induced transcriptional activation.

The superinduction of MCP-1 and IL-8 mRNA observed after

protein synthesis blockade with CHX is consistent with this

hypothesis. Besides the role of NF-kB factors, transcriptional

regulation of MCP-1 expression is dependent on multiple

transcription factors, including activating protein-1 (AP-1), Sp-1

and a p90 phosphoprotein, and exhibits a cell type-specific pattern

[31±33]. Thus, a different balance in the activation of multiple

transcription factors could account for the observed differences in

chemokine gene transcription during hypoxia and reoxygenation.

MCP-1 belongs to the CC chemokine supergene family and it

is a specific and potent chemoattractant for monocytes and

activated memory T lymphocytes [34,35]. In addition to its

chemotactic effects, MCP-1 triggers firm adhesion of monocytes

to vascular endothelium [36]. Our data demonstrate that

fibroblast-derived MCP-1 is chemotactic for monocytic cells,

and that this activity increases after exposure to hypoxia. The

chemotactic activity of fibroblasts correlated well with MCP-1

levels and was inhibited by neutralizing anti-MCP-1 MoAb,

confirming the role of MCP-1 in this response. A previous study

has demonstrated the ability of serum-stimulated fibroblasts to

promote transendothelial migration of lymphocytic and monocytic

cells which was also inhibited by anti-MCP-1 antibody [37].

MCP-1 is an important factor in the pathogenesis of myocardial

ischaemia reperfusion injury, atherosclerosis, and a variety of

inflammatory diseases, whose pathogenesis is known to involve

infiltration and activation of monocytes and lymphocytes [8±10,

30,38,39]. Either blocking NF-kB activation or MCP-1 activity in

hypoxic myocardium similarly prevents inflammatory infiltration

and tissue injury, which suggests that MCP-1 is a major effector of

NF-kB activation in that model [30,40].

Dermal fibroblast activation plays an important role in wound

healing and chronic inflammatory diseases characterized by an

excessive fibrotic response. Among them, SSc is characterized by

early and severe vascular lesions and Raynaud's phenomenon,

which lead to repeated cycles of hypoxia/reperfusion of skin and

affected organs [20,21]. Although the causes of vascular

alterations are not known, ischaemia and ROI generation are

thought to play a central pathogenic role. Our data suggest that

MCP-1 released by dermal fibroblasts might be a mediator of

inflammatory cell infiltration in response to vascular damage.

MCP-1 has also been associated with an excessive fibrotic

response in different inflammatory diseases [8±10]. Besides its

proinflammatory effects, MCP-1 has been shown to induce

transforming growth factor-beta (TGF-b ) and procollagen gene

expression in fibroblasts by specific stimulation of CCR2 receptor

[6]. Interestingly, both TGF-b and procollagen expression have

been found to increase in dermal fibroblasts after exposure to

hypoxia [41,42], with a temporal sequence compatible with an

autocrine role for MCP-1 according to the present findings. Thus,

hypoxia-induced MCP-1 gene expression by dermal fibroblasts

may be a potential target for the therapy of chronic inflammatory

diseases, particularly those in which excessive fibrosis is a

deleterious consequence.
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