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When the monocyte infiltrates a tissue, adhesion to
the extracellular matrix provides structural anchors,
and the cell may be deformed through these attach-
ments. To test the hypothesis that human monocytes/
macrophages are mechanically responsive, we studied
the effects of small cyclic mechanical deformations
on cultured human monocytes/macrophages. When
monocytes/macrophages were subjected to 4% strain
at 1 Hz for 24 hours, neither matrix metalloprotein-
ase (MMP)-1 nor MMP-3 was induced; however, in the
presence of phorbol myristate acetate, strain aug-
mented MMP-1 expression by 5.1 6 0.7-fold (P < 0.05)
and MMP-3 expression by 1.6 6 0.1-fold (P < 0.05). In
contrast, MMP-9 expression was not changed by me-
chanical strain in the presence or absence of phorbol
myristate acetate. Deformation rapidly induced the
immediate early response genes c-fos and c-jun. In
addition, mechanical deformation induced the tran-
scription factor PU.1 , an ets family member that is
essential in monocyte differentiation, as well as
mRNA for the M-CSF receptor. These studies demon-
strate that human monocytes/macrophages respond
to mechanical deformation with selective augmenta-
tion of MMPs, induction of immediate early genes,
and induction of the M-CSF receptor. In addition to
enhancing the proteolytic activity of macrophages
within repairing tissues, cellular deformation within
tissues may play a role in monocyte differentiation.
(Am J Pathol 2000, 156:1797–1804)

Degradation and subsequent remodeling of the extracel-
lular matrix is critical to maintaining a biomechanically
functional structure; remodeling of the matrix is also im-
portant in embryological development, tumor invasion,
ovulation, and many pathobiological processes such as
arthritis and wound healing.1 Monocytes/macrophages
participate directly in extracellular matrix degradation. In
1980, Werb et al2–4 demonstrated that macrophages
degraded glycoprotein and elastin components of the
matrix. Recent studies have demonstrated that macro-

phages modulate the turnover of extracellular matrix di-
rectly through secretion of matrix metalloproteinases
(MMPs) and proteinase inhibitors and indirectly through
secretion of cytokines.5,6 The battery of MMPs secreted
from monocytes/macrophages includes MMP-1, MMP-2,
MMP-3, MMP-7, and MMP-9, as well as TIMP-1 and
TIMP-2. In addition, the differentiation state of monocytes/
macrophages strongly influences the MMP profile of
these cells.7

Many MMPs share similar promoter structures and are
co-regulated in vitro and in vivo.8–10 However, MMP ex-
pression may also be selective; for example, tumor ne-
crosis factor (TNF) and interleukin (IL)-1 selectively in-
duce MMP-9 in human macrophages.11,12 In fibroblasts,
transcription of MMP-1 is dependent on an upstream 272
AP-1 site; neighboring this is a PEA-3 site that is also
implicated in control of MMP-1 gene expression.13 Pro-
moter deletion studies in monocytic cell lines indicate that
regulation of MMP-1 requires the 272 AP-1 site but this
site is not sufficient for MMP-1 expression.14

Almost all cells are subjected to mechanical stresses
in their environment. Most studies of mechanotransduc-
tion at the cellular level have focused on differentiated
cells with clear mechanical roles, such as osteoblasts,
vascular smooth muscle cells, and cardiac myocytes.
These studies indicate that multiple transduction path-
ways may participate in converting mechanical signals
into biochemical signals, including stretch-activated ion
channels, paracrine growth factors, G proteins, mitogen-
activated protein (MAP) kinases, integrins, tyrosine ki-
nases, and phospholipid metabolism.15–17 Rapid mech-
anotransduction signals such as tyrosine kinase
activation are followed by other events over the ensuing
minutes, including immediate-early gene induction. Tran-
scription of c-fos, c-jun, and egr-1 is rapidly induced in
many cell types. These events are followed by cell-spe-
cific responses that may include cell migration, changes
in cell proliferation rate, and changes in extracellular
matrix metabolism.18–20

Once a monocyte infiltrates a tissue, it establishes
extracellular matrix contacts and may be subjected to
deformation through those contacts. Although the mono-
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cyte/macrophage participates in the wound response,
remarkably little is known about how these cells respond
to mechanical stimuli. Martin et al21 hypothesized that
changes in morphology are a common feature of macro-
phage activation and that stretch-activated ion channels
may play a role. They identified an outwardly rectifying
potassium channel that is inactive at rest but activated by
adhesion of cells or stretch of the membrane. Thus, mac-
rophages, like smooth muscle cells,22 have stretch-acti-
vated channels which can transduce mechanical signals.
Mastsumoto et al23 studied morphology of the monocyte-
like cell line U-937 and rat peritoneal macrophages and
suggested that cyclic stretch inhibits the differentiation to
vacuolized cells and facilitates the differentiation to spin-
dle cells.

These studies support the hypothesis that monocytes/
macrophages are indeed mechanoresponsive. However,
little is known about specific gene expression changes in
monocytes/macrophages subject to deformation, partic-
ularly genes relevant to extracellular matrix degradation.
Therefore, we tested the hypothesis that human mono-
cytes/macrophages respond to controlled deformation
with relevant molecular responses by studying MMP
regulation.

Materials and Methods

Materials

RPMI 1640 was obtained from BioWhittaker (Walkers-
ville, MD). Human serum was from ICN Pharmaceuti-
cals, Costa Mesa, CA. Dulbecco’s phosphate-buffered
saline (PBS) solution, Hanks’ balanced salt solution,
fibronectin, laminin, trypsin, phorbol 12-myristate 13-
acetate (PMA), recombinant human IL-1a, TNF-a, and
other materials required for tissue culture were pur-
chased from Life Technologies, Inc. (Gaithersburg,
MD). Lipopolysaccharide (LPS), N-acetyl-L-cysteine,
Tris, glycine, sodium chloride, and sodium dodecyl
sulfate were obtained from Sigma Chemical Co. (St.
Louis, MO). Prestained low molecular weight markers
and acrylamide gel buffer were purchased from Bio-
Rad. [a -32P]dCTP (3000 Ci/mmol) was purchased
from Dupont-NEN (Boston, MA).

Monocyte Isolation

Monocytes were isolated from human peripheral blood
mononuclear cells by the Histopaque-Ficoll gradient
method.24 White cell packs from platelet donors were
obtained from Brigham and Women’s Hospital Blood Do-
nor bank. Aliquots of 15 ml of human peripheral blood
mononuclear cells were gently layered on 15 ml of His-
topaque solution (Sigma Co.). RPMI 1640 (10 ml) with 1%
penicillin and streptomycin sulfate was supplemented
with 10% human serum and added. After centrifugation
for 20 minutes at 25°C, the cell layer was harvested and
mixed with fresh RPMI 1640 medium and centrifuged at
400 g for 5 minutes. Precipitated pellets were resus-
pended with RPMI 1640 medium containing 10% human
serum and plated in a T-150 flask for 2 hours. Lympho-

cytes were removed after extrinsic washing three times
with Hanks’ Ca21, Mg21 solution and adhered mono-
cytes were maintained with RPMI- 1640 medium supple-
mented with 10% human serum at 37°C, 5% CO2. The
isolated monocytes have undergone adhesion during
isolation and we refer to these cells as monocytes/mac-
rophages.

Mechanical Strain

Mechanical deformation was applied to a thin and trans-
parent membrane on which cells were cultured, an ap-
proach which produces controlled cellular strain as well
as visualization of cells. This device provides a nearly
homogeneous biaxial strain profile; that is, strains that are
equal at all locations on the membrane and in all direc-
tions.25 An advantage of this device over some com-
monly used systems is that it eliminates locations on the
substrate which have very high strains (20 to 30%) in one
direction. In our device, at the extreme perimeter of the
dish, strains in the circumferential direction are re-
duced.26 However, very few cells grow at the extreme
periphery of the well, as commonly found in all culture
dishes. We have previously measured membrane strains
with a high-resolution video device;26 the cams used for
this study gave strains of 1.0 6 0.1%, 4.2 6 0.1%, and
9.5 6 0.1% (n 5 18 different locations for each). For the
preparation of monocytes/macrophages to be subjected
to mechanical strain, autoclaved membrane dishes were
coated with 2 mg/ml of fibronectin in 13 ml of Hanks’
Ca21, Mg21solution for 6 to 12 hours at 4°C and then
washed twice with 10 ml of PBS. Monocytes/macro-
phages were plated on the coated membrane at a den-
sity of 1,000,000 cells/dish in 13 ml of RPMI 1640 con-
taining 10% human serum and incubated for 4 to 5 days.
For culturing monocytes/macrophages on laminin, 1
mg/ml of laminin was used. Before mechanical strain or
mitogen stimulation, media was replaced with 10 ml of
fresh medium. Mechanical strain was then applied at 1
Hz and control dishes were treated identically but re-
ceived no mechanical strain. In some experiments, LPS
(1 mg/ml) or phorbol myristate acetate (162 mmol/L) was
used.

Northern Analysis and Gel-Shift Assay

Total RNA was isolated by the guanidinium isothiocya-
nate and phenol chloroform method.27 The full-length
1.47-kb MMP-1 (interstitial collagenase-1), full-length
1.5-kb MMP-3 (stromelysin), and 652 bp of TIMP-1
cDNAs were used as probes (gift of Merck Research
Laboratories, West Point, PA). The full-length c-jun probe
was obtained from Dr. Peter Libby and the cDNA for
c-fms was obtained from Dr. D. Tenen (both of Harvard
Medical School). For the preparation of the c-fos probe,
human vascular smooth muscle cells were stimulated
with PMA (162 mmol/L) for 1 hour after 48 hours serum
deprivation. Purified RNA (2 mg) was used for the syn-
thesis of cDNA by Moloney murine leukemia virus reverse
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transcriptase with a reverse transcriptase-polymerase
chain reaction (PCR) system (Stratagene, La Jolla, CA).
Synthesis of the c-fos cDNA was performed by PCR
reaction with Taq polymerase (Perkin Elmer, Foster City,
CA). The primer set for the synthesis of c-fos was 59-CTA-
CGA-GGC-GTC-ATC-CTC-CCG-39-sense and 59-TAC-
GGC-GTT-GGC-CTC-CTC-CCT-CGA-39-antisense oligo-
nucleotides, yielding a 431-bp cDNA. We used a 438-bp
59-coding region probe for human PU.1 (gift of Dr. Fran-
coise Moreau-Gachelin, Institut Curie, Paris, France)
which lacks the 39 ets binding sequence to avoid hybrid-
ization to other ets families.28 The cDNA probe for MMP-9
(92-kd gelatinase) was synthesized by PCR with the
primer set: sense 59-GGC-GCT-CAT-GTA-CCC-TAT-
GT-39 and antisense 59-TCA-AAG-ACC-GAG-TCC-AGC-
TT-39 to generate a 468-bp PCR product. The probes
were radiolabeled by the random priming method with
[a-32P]dCTP and the Klenow fragment of DNA polymer-
ase (Stratagene). For Northern blotting, 15 mg of RNA
was loaded on a 1.0% agarose-formaldehyde gel (2.0
mol/L), transferred to a nylon membrane (Amersham Life
Science, Arlington Heights, IL) and UV crosslinked with a
UV Stratalinker (Stratagene). The probe was hybridized
with ExpressHyb solution (Clontech, Palo Alto, CA) at
68°C for 1 hour. The membrane was washed with a 23
SSC, 0.05% sodium dodecyl sulfate (SDS) solution for 30
to 40 minutes, three times at the room temperature and
0.13 SSC, 0.1% SDS solution with continuous shaking at
50°C for 40 minutes. The membrane was exposed to
X-ray film at 280°C. Quantitation of western analyses was
performed by scanning densitometry using the Optimas
5.2 software package (Optimas Corp., Bothell, Washing-
ton). Electrophoretic mobility shift assays were performed
as previously described by Pierce et al,14 using the iden-
tical oligonucleotide with the MMP-1 AP-1 site.

Western Analysis

Conditioned media were concentrated by Centricon 10
miniconcentrators (Millipore, Bedford, MA). Samples
were loaded on a 10% SDS-polyacrylamide gel and
transferred to a nitrocellulose membrane in 25 mmol/L
Tris base (pH 8.5), 0.2 mol/L glycine, 20% methanol. The
nitrocellulose membrane was blocked by 5% nonfat-
dried milk in Tris-buffered saline (TBS) washing buffer
containing 20 mmol/L Tris base (pH 7.6), 137 mmol/L
NaCl, 0.1% Tween 20 for 2 hours. For the detection of
MMP-1, the membrane was incubated with 1:2000 di-
luted rabbit anti-human MMP-1 polyclonal antibody (gift
of Merck Research Laboratories) for 1 hour at 37°C and
washed with TBS washing buffer for 30 minutes. The
secondary antibody, goat anti-rabbit IgG coupled to per-
oxidase, was diluted 1:4000 and incubated with mem-
brane for 30 minutes. After washing with TBS washing
buffer for 30 minutes, the membrane was developed with
the enhanced chemiluminescent method (Amersham Life
Science).

Gelatin Zymography

Conditioned media were loaded on a 10% SDS-poly-
acrylamide gel containing 1 mg/ml of gelatin. Electro-
phoresis was performed in Tris-glycine buffer for 4 hours
and the gel was then incubated in 2.5% Triton X-100
solution for 15 minutes twice to remove SDS. To detect
gelatinase activity, the gel was incubated in reaction
buffer containing 50 mmol/L Tris-HCl (pH 7.4), 10 mmol/L
CaCl2, and 0.05% Brij 35 overnight at 37°C. The gelatino-
lytic activity was shown by staining with 0.1% (w/v) Coo-
massie brilliant blue R-250, 10% (v/v) glacial acetic acid,
and 30% (v/v) methanol and destained with 10% (v/v)
acetic acid and 30% (v/v) methanol.

All experiments presented were performed at least
twice with representative data shown. Quantitative data
are presented as the mean 6 SD from at least three
independent experiments, and comparisons were made
by a two-sided Student’s t-test.

Results

Strain Regulates MMP-1 Expression by Human
Monocytes/Macrophages

To study the effect of deformation on the regulation of
MMP-1 expression, human monocytes/macrophages
were subjected to 4% mechanical strain at 1 Hz for 24
hours. Total RNA was isolated and analyzed by Northern
blotting (Figure 1). Mechanical strain alone did not in-
duce MMP-1 expression by human monocytes/macro-
phages. PMA induced MMP-1 expression, and strain
augmented MMP-1 expression induced by PMA by
(5.1 6 0.7-fold, n 5 4, P , 0.05). No apparent morpho-
logical changes were caused by strain at applied 4%
amplitude at 1 Hz; we have observed evidence of mono-
cyte cellular injury or detachment only at strains of at least

Figure 1. Strain regulates MMP-1 expression by human monocytes/macro-
phages. Monocytes/macrophages were cultured on fibronectin-coated mem-
branes for 4 to 5 days, fresh medium was exchanged, and cells were
subjected to 4% mechanical strain at 1 Hz for 24 hours. Total RNA was
isolated and analyzed by Northern blotting for MMP-1, MMP-3, and TIMP-1.
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14% (data not shown). We then studied the effect of
deformation on the regulation of MMP-3 expression. Co-
expression of MMP-1 with MMP-3 level has been ob-
served in vivo10 and the promoters of MMP-1 and MMP-3
have similar structures.8 Mechanical strain alone did not
induce MMP-3 expression by human monocytes/macro-
phages, similar to the findings with MMP-1. PMA induced
MMP-3 expression, and strain augmented MMP-3 ex-
pression induced by PMA by (1.6 6 0.1-fold, n 5 4, P ,
0.05). TIMP-1 was induced by PMA, and this was mini-
mally augmented by strain by (1.3 6 0.1-fold, n 5 4, P ,
0.05).

To study the amplitude dependence of this effect, cells
were subjected to magnitudes of strain of 0%, 1%, 4%, or
9% at 1 Hz for 24 hours in the presence of PMA. Total
mRNA was isolated and analyzed by Northern analysis
(Figure 2A). Strain of 4% or greater induced MMP-1 gene
expression in monocytes/macrophages. Time course ex-
periments showed that the enhanced MMP-1 gene ex-
pression occurred at 24 hours (and not at 6 hours or
earlier), and cycloheximide (10 mmol/L) inhibited the en-
hanced expression of MMP-1 by strain (see Figure 4B).

We then studied regulation of MMP-1 synthesis at the
protein level by Western analysis (Figure 3). As observed

at the steady-state mRNA level, strain augmented MMP-1
synthesis in the media induced by PMA. No MMP-1 pro-
tein was detectable in lysates of the cell monolayer (data
not shown). We have previously reported that strain (ap-
plied in an identical manner as used in this study) sup-
pressed MMP-1 expression by human vascular smooth
muscle cells.29 Thus, deformation may have dramatic
cell-specific effects on MMP-1 expression.

Effect of Strain on MMP-9

We then studied the effect of strain on MMP-9 (92-kd
gelatinase) expression. Although many MMPs have sim-
ilar promoter structures, expression of gelatinases may
diverge from MMP-1 and MMP-3 and also can be tissue
specific.30,31 Northern analysis demonstrated that
MMP-9 expression was constitutive and not influenced by
PMA or LPS, even in the presence of strain (data not
shown). We also analyzed MMP-9 and MMP-2 by gelatin
zymography. MMP-9 (92-kd gelatinase) was the major
gelatinolytic activity in monocytes/macrophages and was
not changed by mechanical strain. MMP-2 (72-kd gelati-
nase) activity was trivial compared with MMP-9 activity
and unchanged by strain (data not shown). These results
demonstrated that the strain effect on MMPs in mono-
cytes is specific for MMP-1 and MMP-3 expression.

Strain Regulates Immediate Early Gene
Expression

Transcriptional regulation of MMP-1 requires a 272 AP-1
site in the 59-flanking region; this site is necessary, but not
sufficient, for PMA induction of the MMP-1 gene.13,14 It is
likely that the induction of MMP-1 by strain is regulated by
transcription factors that interact with these sites. We
studied regulation of c-fos and ets-1 expression in mono-
cytes/macrophages by mechanical deformation. Induc-
tion of c-fos was observed at 30 minutes after strain
(Figure 4A) and was not observed in controls with simple
media exchange. We have previously reported that me-
chanical deformation down-regulates ets-1, a transcrip-
tion factor that interacts with PEA-3 sites, in vascular
smooth muscle cells; we did not detect ets-1 expression
in monocytes/macrophages in the presence or absence
of mechanical deformation (data not shown).

We also studied regulation of PU.1, a transcriptional
factor of the ets family, and c-jun by mechanical defor-
mation, because a negative regulatory role of PU.1 inter-
acting with c-jun on MMP-1 expression has been re-
ported in fibroblasts.32 In monocytes/macrophages, we
observed PU.1 expression in unstrained cells, but both
PU.1 and c-jun expression increased at 30 minutes after
strain (Figure 4B). Induction of these immediate early
genes in monocytes by strain demonstrates mechanore-
sponsiveness of monocytes/macrophages; these tran-
scriptional factors may participate in not only MMP-1
regulation but also possibly in differentiation of mono-
cytes/macrophages.

Although mechanical induction of c-fos and c-jun was
observed in the absence of PMA, MMP-1 induction was

Figure 2. A: Amplitude dependence of monocyte/macrophage augmenta-
tion of PMA-induced MMP-1. Human monocytes/macrophages cultured on
fibronectin-coated membranes were subjected to 0%, 1%, 4%, and 9% strain
for 24 hours. Deformation of 4% and above augmented MMP-1 expression. B:
Time course of monocyte/macrophage augmentation of PMA-induced
MMP-1 mRNA. All cells were treated with PMA in this experiment. Cyclohex-
amide blocked induction of MMP-1 mRNA.

Figure 3. Strain promotes MMP-1 expression. Human monocytes/macro-
phages were cultured on fibronectin-coated membranes. After culturing 4 to
5 days, medium was exchanged and cells were subjected to 4% mechanical
strain at 1 Hz for 24 hours. Media were analyzed with anti-human MMP-1
polyclonal antibody. Strain augments MMP-1 secretion by monocytes/mac-
rophages.
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only observed in the presence of PMA. This observation
suggests that induction of MMP-1 in the presence of PMA
is not simply due to c-fos and c-jun increases. To explore
this, monocytes/macrophages were cultured in the pres-
ence of PMA and subjected to strain (Figure 5A). When
PMA was added at the same time as strain, dramatic
increases of c-fos and c-jun were observed. A similar
induction of jun-B was observed, although induction of
fos-B was not observed (data not shown). However, when
PMA was added 2 hours before initiation of strain, c-fos
and c-jun were noted to be increased in the absence of
strain, such that further induction by strain was barely
apparent. Because MMP-1 expression was measured
over 24 hours, it is therefore possible that induction of
c-fos and c-jun by strain is unrelated to induction of
MMP-1 by strain in the presence of PMA, as PMA itself
induces these factors. We also performed electrophoretic
mobility shift assays using an oligonucleotide that con-
tained the MMP-1 272 AP-1 site.14 Although PMA in-
duced binding of nuclear extract to the AP-1 site, strain
alone did not induce this activity. Strain only modestly
induced further binding, suggesting that enhanced acti-
vation of the 272 AP-1 site alone does not explain the
augmentation of MMP-1 synthesis by strain (Figure 5B).

The increases in PU.1 in the presence of strain raised
the hypothesis that the receptor for M-CSF (cfms) is in-
duced by strain. In the absence of PMA, strain rapidly
induced mRNA for cfms (.10-fold, n 5 3, Figure 6). This
induction was rapid (within 30 minutes), occurring at the
same time as induction of PU.1.

Cytokines and Antioxidant

To study potential factors mediating MMP-1 induction by
strain, we measured the concentration of IL-1b released
in conditioned medium by enzyme-linked immunosorbent
assay assay. Strain at 4% did not induce IL-1b release;
we have detected IL-1b release by deformed monocytes/
macrophages, but only at strains of at least 14% (data not
shown). We also studied MMP-1 regulation in direct re-
sponse to exogenous recombinant human IL-1a and
TNF-a (both 10 ng/ml added at the initiation of strain),
because TNF-a is induced by PMA.33 Northern analysis
showed that neither IL-1a nor TNF-a at high concentra-
tions (10 ng/ml) induced MMP-1 expression in the pres-
ence or absence of strain, whereas parallel experiments
with the same cytokines demonstrated induction of
MMP-1 in cultured human aortic smooth muscle cells
(data not shown). Thus, these findings indicate that the
effect of strain on the regulation of MMP-1 is not mediated
by paracrine IL-1 or TNF-a release.

Several recent studies indicate that reactive oxygen
species may participate in mechanotransduction.34–36 In
addition, Galis et al37 showed that LPS and PMA induced
MMP-9 expression via a reactive oxygen species mech-
anism. To test the hypothesis that MMP-1 induction by
mechanical strain is mediated by reactive oxygen spe-
cies, human monocytes/macrophages were pretreated
with 10 mmol/L N-acetyl cysteine for 30 minutes. Northern
analysis indicated that the effect of strain on the regula-
tion of MMP-1 is not mediated by reactive oxygen spe-
cies (Figure 7).

Effect of Extracellular Matrix

The extracellular matrix can strongly influence both
mechanoresponsiveness and MMP-1 regulation.38,39 We
studied mechanoresponsiveness of MMP-1 regulation by
monocytes/macrophages cultured on laminin (1 mg/ml)
compared to fibronectin (we have been unable to attach
monocytes/macrophages to the membrane by type I col-
lagen). We observed the same efficiency of cellular ad-
herence of human monocytes/macrophages to laminin
compared to fibronectin, and morphological differences
were not observed. After deformation, total mRNA was
isolated and analyzed by Northern blotting (Figure 8).
Similar to monocytes/macrophages on fibronectin, mono-
cytes/macrophages deformed on laminin augmented
MMP-1 expression with negligible changes in TIMP-1
expression. However, on laminin, LPS alone did not in-
duce MMP-1, but strain in the presence of LPS induced
MMP-1 expression. This result shows that MMP-1 regu-
lation by mechanical deformation is matrix dependent.

Discussion

Once a monocyte/macrophage has established resi-
dence in a tissue, it may be subjected to mechanical
stimuli. A central goal of this study was to establish that
the monocyte/macrophage is a mechanically sensitive
cell. This study demonstrates that the monocyte/macro-

Figure 4. Strain regulates immediate early gene expression. Human mono-
cytes/macrophages were cultured on fibronectin (2 mg/ml)-coated mem-
branes in RPMI-medium containing 10% human serum for 4 to 5 days.
Deformation was applied with 4% strain at 1 Hz. Total RNA was isolated at
each time point and analyzed with Northern blotting for c-fos (A) and PU.1
and c-jun (B).
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phage is highly sensitive to small biomechanical stimuli
and rapidly induces immediate-early gene expression.
Some—but not all—of the effects of strain were seen only
in the presence of PMA; PMA may act through protein
kinase C to promote macrophage differentiation.40 Fur-
thermore, the deformation in our experiments was im-
posed several days after adhesion of cells to a substrate.
Therefore, this study suggests that deformation could
provide a differentiation signal that is independent of
other signals such as adhesion or protein kinase C acti-

vation, and that these signals may act in a stepwise
manner or interactively to regulate phenotype.

Several lines of evidence indicate that mechanical
events modulate MMP expression. Werb and col-
leagues41,42 showed that expression of interstitial colla-
genase (MMP-1) and stromelysin (MMP-3) by rabbit sy-
novial fibroblasts depended on alteration of cellular
morphology through the cytoskeleton. In addition, MMP-1

Figure 5. A: Immediate early gene expression in the presence of PMA.
Human monocytes/macrophages were cultured on fibronectin (2 mg/ml)-
coated membranes in RPMI medium containing 10% human serum for 4 to 5
days. Deformation was applied with 4% strain at 1 Hz; PMA was added at the
time strain was initiated or 2 hours before strain. Total RNA was isolated at
each time point and analyzed with Northern blotting for c-fos (left) and c-jun
(right). B: Electrophoretic mobility shift assay using oligonucleotides that
contain the human MMP-1 AP-1 site;14 conditions were C (control), P (PMA),
S (strain), and PS (strain 1 PMA). A cold oligonucleotide excess of 53 was
used to compete for labeled oligonucleotide in conditions designated by *,
and supershift assays with antibodies to AP-1 confirmed specificity of the
assay (not shown). Strain itself did not activate the AP-1 site, although it
modestly augmented the effects of PMA.

Figure 6. Strain regulates c-fms expression by human monocytes/macro-
phages. Monocytes/macrophages were cultured on fibronectin-coated mem-
branes for 4 to 5 days, fresh medium was exchanged, and cells were
subjected to 4% mechanical strain at 1 Hz. Total RNA was isolated and
analyzed by Northern blotting for c-fms.

Figure 7. Effect of reactive oxygen species on MMP-1 regulation. Human
monocytes/macrophages were cultured on fibronectin-coated membranes
for 4 to 5 days. Before applying strain, cells were pretreated with 10 mmol/L
of N-acetyl cysteine N-acetyl-L-cysteine for 30 minutes or 100 mmol of hy-
drogen peroxide (H2O2) and subjected to 4% mechanical strain at 1 Hz for 24
hours. Total RNA was isolated and analyzed with Northern blotting. N-acetyl-
L-cysteine did not inhibit strain-augmentation of MMP-1.
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can be induced in a monolayer culture of vascular
smooth muscle cells by mechanical injury of the mono-
layer.43 We recently reported that highly controlled de-
formation of vascular smooth muscle cells can, in fact,
suppress MMP-1 expression.29

We hypothesized that mechanical strain may regulate
expression of MMPs by monocytes/macrophages. In this
study, we found that mechanical strain induced MMP-1,
MMP-3, and TIMP-1 expression in the presence of PMA,
whereas MMP-9 expression was not changed. These
data show that the effect of deformation on the regulation
of MMPs is selective. Cytokines secreted by macro-
phages are known to play an important role in expression
of MMPs.44,45 In our study, exogenous TNF-a and IL-1a
did not induce MMPs in the same manner that strain and
PMA did, suggesting that these cytokines were not re-
sponsible. However, we cannot exclude the possibility
that other cytokines are involved. In addition, PMA can
cause changes in cell shape and spreading; in this study,
after cells were cultured and spread for 4 to 5 days, we
noted no changes in cell morphology after treatment with
PMA.

Induction of c-fos and c-jun could potentially activate
AP-1 sites and promote MMP-1 expression. In contrast,
PU.1 may function as a negative regulator of MMP-1
expression. In this study, both PU.1 and MMP-1 were
induced by deformation, suggesting that PU.1 was not
functioning as a suppressor of MMP-1 expression. PU.1
is an essential gene for monocyte differentiation.46–48

Interaction between PU.1 and c-jun in the activation of the
promoter of macrosialin, a murine transmembrane pro-
tein associated with macrophage differentiation, has
been reported.49 We have also shown the induction of the
gene for the MCSF receptor. This raises the intriguing
possibility that mechanical deformation may promote
monocyte to macrophage differentiation.

Contact with specific extracellular matrix components
potently regulates mechanotransduction.38 To test the
hypothesis that MMP-1 regulation by mechanical defor-
mation depends on matrix composition, we cultured
monocytes/macrophages on laminin. We found that me-
chanical strain induced MMP-1 expression treated with
PMA in the same manner as fibronectin. Interestingly, we
also observed induction of MMP-1 by mechanical strain

in cells treated with LPS on laminin, an effect not seen on
fibronectin. It is possible that interactions with specific
integrin subunits matrix may explain the differences be-
tween fibronectin and laminin in LPS-treated monocytes/
macrophages. Because membranes coated with poly-L-
lysine did not support adhesion of the cells, we were
unable to determine whether adhesion without integrins
changed the mechanostimulation effect.

It is important to note that all cell monolayer deforma-
tion devices will have shear forces caused by movement
of fluid over the membrane, and we cannot exclude an
effect of shear stress. In fact, in our device shear stresses
are not uniform because the device has been designed
to provide uniform strains rather than uniform shear
stress. Preliminary results using computational fluid me-
chanic methods indicate that these shear stresses are
extremely low and dependent on depth of media and
frequency (Thomas Brown, personal communication).
Furthermore, increases in expression of MMP-1 with
strain were paralleled by increases in TIMP-1. In re-
peated experiments we found using a fluorescent MMP-1
substrate that the net activity of MMP-1 remained zero in
the culture supernatants, possibly due to concomitant
expression of TIMP-1, expression of other TIMPs, or in-
adequate activation of pro-MMP-1 (data not shown).
Thus, our in vitro observations should not be extrapolated
directly to the assumption that strain of a tissue with
macrophages will increase collagen degradation.

Mechanical activation of monocytes/macrophages
could have implications for wound repair. One particular
circumstance where this effect could participate in hu-
man pathophysiology is the atherosclerotic lesion. In un-
stable atherosclerotic lesions, regions of high mechanical
stress are frequently infiltrated with monocytes/macro-
phages overexpressing MMP-1. Degradation of collagen
fibrils in this location may be an important factor in de-
stabilizing the lesion. Our data suggest that mechanical
factors may participate in promoting MMP synthesis in
these locations.
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32. Westermarck J, Seth A, Kähäri VM: Differential regulation of interstitial
collagenase (MMP-1) gene expression by ETS transcription factors.
Oncogene 1997, 14:2651–2660

33. Xie B, Laouar A, Huberman F: Autocrine regulation of macrophage
differentiation and 92-kDa gelatinase production by tumor necrosis
factor-alpha via alpha5 beta1 integrin in HL-60 cells. J Biol Chem
1998, 272:11583–11588

34. Cheng JJ, Chao YJ, Wung BS, Wang DL: Cyclic strain-induced
plasminogen activator inhibitor-1 (PAI-1) release from endothelial
cells involves reactive oxygen species. Biochem Biophys Res Com-
mun 1996, 225:100–105

35. Wung BS, Cheng JJ, Hsieh HJ, Shyy YJ, Wang DL: Cyclic strain-
induced monocyte chemotactic protein-1 gene expression in endo-
thelial cells involves reactive oxygen species activation of activator
protein 1. Circ Res 1997, 81:1–7

36. Chin JJ, Wung BS, Jhon YJ, Shyy YJ, Hsieh HJ, Wang DL: Reactive
oxygen species are involved in shear stress-induced intercellular
adhesion molecule-1 expression in endothelial cells. Arterioscler
Thromb Vasc Biol 1997, 17:3570–3577

37. Galis ZS, Asanuma C, Godin D, Meng X: N-acetyl-cysteine decreases
the matrix-degrading capacity of macrophage-derived foam cells:
new target for antioxidant therapy? Circulation 1998, 97:2445–2453

38. Wilson E, Sudhir K, Ives HE: Mechanical strain of rat vascular smooth
muscle cells is sensed by specific extracellular matrix/integrin inter-
actions. J Clin Invest 1995, 96:2364–2372

39. Tremble P, Chiquet-Ehrisman R, Werb Z: The extracellular matrix
ligands fibronectin and tenascin collaborate in regulating collage-
nase gene expression in fibroblasts. Mol Biol Cell 1994, 5:439–453

40. Monick MM, Carter AB, Gudmundsson G, Geist LJ, Hunnighake GW:
Changes in PKC isoforms in human alveolar macrophages compared
with blood monocytes. Am J Physiol 1998, 275:L389–L397

41. Werb Z, Hembry RM, Murphy G, Aggeler J: Commitment to expres-
sion of the metalloendopeptidases, collagenase and stromelysin:
relationship of inducing events to changes in cytoskeletal architec-
ture. J Cell Biol 1986, 102:697–702

42. Kheradmand F, Werner E, Tremble P, Symons M, Werb Z: Role of
Rac1 and oxygen radicals in collagenase-1 expression induced by
cell shape change. Science 1998, 280:898–902

43. James TW, Wagner R, White LA, Zwolak RM, Brickerhoff C: Induction
of collagenase and stromelysin gene expression by mechanical injury
in a vascular smooth muscle-derived cell line. J Cell Physiol 1993,
157:427–437

44. La Fleur M, Underwood JL, Rappolee DA, Werb Z: Basement mem-
brane and repair of injury to peripheral nerve: defining a potential role
for macrophages, matrix metalloproteinases, and tissue inhibitor of
metalloproteinases-1. J Exp Med 1996, 184:2311–2326

45. Di Girolamo N, Lioyd A, McCluskey P, Filipic M, Wakefield D: In-
creased expression of matrix metalloproteinases in vivo in scleritis
tissue and in vitro in cultured human scleral fibroblasts. Am J Pathol
1997, 150:653–666

46. Chen HM, Zhang P, Voso MT, Hohaus S, Gonzalez DA, Glass CK,
Zhang DE, Tenen DG: Neutrophils and monocytes express high
levels of PU.1 (Spi-1) but not Spi-B. Blood 1995, 85:2918–2928

47. Henkel GW, Mckerchen SR, Yamamoto H, Anderson KL, Oshima RG,
Maki RA: PU.1 but not ets-2 is essential for macrophage development
from embryonic stem cells. Blood 1996, 88:2917–2926

48. Olweus J, Thompson PA, Lund-Johansen F: Granulocytic and mono-
cytic differentiation of CD34hi cells is associated with distinct changes in
the expression of the PU.1-regulated molecules, CD64 and macrophage
colony-stimulating factor receptor. Blood 1996, 88:3741–3754

49. Li AC, Guidez FBR, Collier JG, Glass CK: The macrosialin promoter
directs high levels of transcriptional activity in macrophages depen-
dent on combinatorial interactions between PU.1 and c-Jun. J Biol
Chem 1998, 273:5389–5399

1804 Yang et al
AJP May 2000, Vol. 156, No. 5


