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We undertook the present study to determine
whether oxidation of extracellular matrix could alter
RGD (arginine-glycine-aspartic acid)-integrin interac-
tion in mesangial cells. Mesangial cells demonstrated
significantly less adhesion to matrix oxidized using a
metal-catalyzed oxidation system and lost their typical
spindle-shaped morphology. N-tert-butyl-a-phenylni-
trone reversed in part both oxidation and impaired
adhesion to matrix. Mesangial cells adhered to plates
coated with GRGDSP but demonstrated impaired ad-
hesion to oxidized GRGDSP. Oxidation of this peptide
was demonstrated using immunoblot analysis with an
antibody to dinitrophenylhydrazine bound to car-
bonyl groups on oxidized amino acid residues. This
represents the first report demonstrating that oxida-
tive modification of extracellular matrix impairs inte-
grin-mediated adhesion and suggests that the mecha-
nism may be oxidative modification of one or more
amino acids in the RGD sequence. These data suggest
a new mechanism by which cell-matrix interaction
may be altered in disease states characterized by en-
hanced oxidative stress. o 1997 Academic Press

Extracellular matrix (ECM) is an important regula-
tor of cellular function (1-7). While the physicochemical
interactions between normal ECM and integrins as
well as the signal transduction pathway through which
integrin-ECM interaction modulates cellular function
continue to be delineated in increasing detail (8-10),
little is known regarding how biochemical modification
of the ECM can modulate its interaction with cells.
Nonenzymatic glycation of matrix, for example has
been shown to alter proliferation and matrix synthesis
by mesangial cells (11-12) and adhesion of macro-
phages (13). However, oxidation may be an important
modification of ECM as well. It is known that with
aging there is an accumulation of oxidized proteins
which may play at least some role in the pathophysiol-

0006-291X/97 $25.00
Copyright © 1997 by Academic Press
All rights of reproduction in any form reserved.

ogy of aging itself (14). A number of disease states other
than aging are associated with enhanced oxidative
stress and a number of proteins have been shown to
be susceptible to oxidation (15-18). We have shown that
mesangial ECM is susceptible to metal catalyzed oxida-
tion (MCO) and that this augments adhesion of macro-
phages and nitric oxide generation (19,20). Mesangial
cell adhesion to ECM takes place principally through
integrin binding to ligand in the ECM (21). The best
described integrin ligand consists of the sequence argi-
nine-glycine-aspartic acid (RGD, 8-10). In the present
study we attempted to determine whether MCO of
RGD-containing proteins in the ECM could alter inte-
grin-mediated adhesion of glomerular mesangial cells.

METHODS

Oxidation of ECM using a MCO system and measurement of protein
carbonyl content. Matrigel (Collaborative Biomedical Products,
Becton-Dickinson, Bedford, MA), a murine ECM derived from the
Engelbreth-Holm-Swarm (EHS) tumor, was diluted in serum-free
RPMI 1640 at 4°C, added onto 24-well plastic tissue culture plates
and incubated at room temperature to produce an adherent coating
of ECM. Wells were washed with PBS, pH 7.4, and selected wells
were incubated with a MCO system consisting of 2 mM FeCl;, 2.4
mM EDTA and 25 mM ascorbate or EDTA alone at 37°C and then
washed as described (19). Carbonyl content as a measure of protein
oxidation was then determined spectrophotometrically using 2,4-di-
nitrophenylhydrazine (DNPH) as described elsewhere in detail (19).
Protein content was determined using the method of Bradford (22).

Incubation of mesangial cells with oxidized and unmodified EHS
ECM and measurement of adhesion. Mouse mesangial cells trans-
fected with non-capsid forming, nonreplicating SV-40 virus were gen-
erously provided by Dr. Eric Neilson (University of Pennsylvania,
Philadelphia, PA). Hence in all experiments both ECM and mesan-
gial cells were of murine origin. The cells were grown in tissue culture
flasks in Dulbecco’s MEM (DMEM) containing 10% heat-inactivated
fetal calf serum (FCS), 50 U/ml penicillin and 50 pg/ml streptomycin
in a humidified 95% air, 5% CO, environment at 37°C. For experi-
ments mesangial cells were washed 3 times with calcium-free PBS
and were detached by a brief exposure to 0.25% trypsin/EDTA solu-
tion. Cells were resuspended in DMEM containing 2.5% FCS, seeded
onto unmodified or oxidized ECM and incubated at 37°C for 24 h.
Wells were gently washed with PBS containing 1 mM CacCl, and
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adherent cells counted using phase contrast microscopy using an
inverted microscope fitted with an eyepiece grid as described (19).

Effect of the radical spin trap N-tert-butyl-a-phenylnitrone (PBN)
on carbonyl content of MCO-treated ECM and effect on mesangial
cell adhesion. It is plausible that adhesion to ECM treated with
the MCO system could be due to effects other than oxidative modifi-
cation. In an attempt to exclude this possibility the radical spin trap
PBN was used (16). In these experiments selected wells coated with
ECM were preincubated with PBN (100 ug/ml) before addition of the
MCO system (also containing PBN 100 pg/ml) as described above
and the agents incubated with ECM for 1 h. Other wells were treated
with EDTA alone or the MCO system alone. ECM was then washed,
mesangial cells were seeded onto the wells and adhesion measured
as above. ECM from selected wells on each culture plate was not
seeded with mesangial cells but was instead used for carbonyl assay.

Mesangial cell adhesion to oxidized and unmodified GRGDSP-
coated plates. If RGD-containing ECM proteins play a significant
role in mesangial cell adhesion to ECM then mesangial cells should
be able to adhere to GRGDSP-coated plates. To test this hypothesis
96-well plastic ELISA plates (non-tissue culture treated) were incu-
bated with 50 ug of GRGDSP (Peninsula Laboratories, Belmont, CA)
in dH,0 and evaporated to dryness overnight under a laminar flow
hood. One set of wells was then treated with EDTA alone while
another set was incubated with the MCO system described above.
After 1 h plates were washed with PBS and then all wells were
incubated in 3% BSA in PBS for 1 h at 37°C to block remaining sites
(23). Other investigators have shown that mesangial cells adhere
only minimally to BSA-coated plates (23). Wells were then washed
with PBS and were seeded with mesangial cells in 2.5% FCS as
described in the experiments above. After 1 h wells were washed
with PBS and adherent cells counted as above.

Immunoblot analysis of oxidized GRGDSP using antibodies to
DNPH. To determine whether GRGDSP is susceptible to oxidative
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FIG. 1. Time course relationship between duration of MCO sys-
tem treatment and EHS ECM carbonyl content. ECM was incubated
for varying time periods with a MCO system (FeCl;/EDTA/ascorbate)
and carbonyl content measured using 2,4-DNPH as described in
Methods. Results are from 3 experiments carried out in triplicate.
Statistical analysis carried out using ANOVA with Newman-Keuls
multiple range testing. *p <0.05 compared to control; **p <0.01
compared to control.
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FIG. 2. Effect of radical spin trapping on ECM carbonyl content.
ECM was incubated under control conditions, with FeCl;/EDTA/
ascorbate alone (MCO) or the MCO system plus 100 ug/ml N-tert-
butyl-a-phenylnitrone (PBN) for 60 min. Carbonyl content was then
measured as described in Methods. Results are from 4 experiments
carried out in triplicate. Statistical analysis carried out using
ANOVA with Newman-Keuls multiple range testing. *p <0.01 com-
pared to control; **p <0.01 compared to MCO without PBN.

modification we carried out immunoblotting using the OxyBlot oxi-
dized protein detection kit (Oncor, Gaithesburg, MD) which utilizes
a highly specific antibody to DNPH bound to oxidized proteins.
GRGDSP was incubated for 1 h with the MCO system or EDTA
alone at 37°C. At the end of the incubation period the samples were
incubated with 10 mM DNPH or derivitization control for 15 min
and were then incubated with neutralization solution according to
the manufacturer’s instructions. Samples were then dot-blotted onto
nitrocellulose membranes prewetted with PBS pH 7.2 using a Bio-
Rad dot-blot apparatus. Wells were washed with PBS and the mem-
brane was blocked in 1% BSA/PBS pH 7.2/0.05% Tween-20 for 1 h.
The membrane was then incubated with a 1:150 dilution of anti-
DNPH antibody for 1 h at 25°C rinsed twice with PBS/Tween, then
washed once for 15 minutes then twice for 5 minutes each. Mem-
branes were then incubated with secondary antibody (HRP-conju-
gated goat anti-rabbit 1gG) at 1:300 dilution for 1 h. Membranes
were then washed, incubated with chemiluminescent reagent and
autoradiographs produced using Kodak X-OMAT AR film.

RESULTS

Carbonyl content of oxidized EHS ECM. EHS ECM
which was incubated with a MCO system consisting of
FeCl;, EDTA and ascorbate demonstrated a significant
time-dependent increase in protein carbonyl content as
illustrated in Fig. 1. For ECM treated under control
conditions carbonyl content was 2.2 = 0.1 nmol/mg pro-
tein whereas for ECM oxidized for 1h carbonyl content
was 3.95 + 0.3 nmol/mg protein (p <0.01, n=3 experi-
ments carried out in triplicate). These results demon-
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FIG. 3. Phase contrast photomicrographs of mesangial cells on unmodified and oxidized ECM. Mouse mesangial cells were seeded onto
ECM that was either unmodified (control, A) or ECM oxidized with a MCO system (B) as described in Methods. After 24 h wells were

washed and cells examined via phase contrast microscopy.

strate that EHS ECM is susceptible to oxidation as is
mesangial ECM.

Effect of the radical spin trap PBN on carbonyl con-
tent of ECM. It is important to exclude the possibility
that changes in properties of ECM as a consequence of
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treatment with FeCl,/EDTA/ascorbate could be due to
modifications of ECM other than oxidation. This can
be determined by use of a radical spin trap such as
PBN. As illustrated in Fig. 2 coincubation with PBN
was able to significantly attenuate the increase in car-
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FIG. 4. Mesangial cell adhesion to unmodified and oxidized ECM
and specificity of oxidative modification of ECM. ECM was kept un-
der control conditions, was oxidized via a 1 h incubation with the
MCO system, or coincubated with the MCO system plus 100 pg/ml
PBN as described in Methods. Mouse mesangial cells were then
seeded onto these matrices and incubated at 37°C for 24 hours. Wells
were then washed with PBS containing 1 mM CacCl, and adherent
cells counted using phase contrast microscopy as described in Meth-
ods. Data represent means = SEM cells/field from 4 experiments
each carried out in triplicate. Statistical comparisons carried out
using ANOVA with Newman-Keuls multiple range testing. *p <0.01
compared to control; **p <0.01 compared to MCO treatment alone.

bonyl content with MCO treatment (control, 2.26 = 0.1
nmol/mg protein; MCO treatment, 3.90 = 0.2, p <0.01;
MCO/PBN treatment, 2.89 + 0.1, p <0.01 compared to
MCO treatment, n=4 experiments in triplicate). Hence
PBN appears to be able to significantly antagonize the
ability of the MCO system to oxidize ECM.

Mesangial cell adhesion to oxidized and unmodified
ECM and effect of PBN. As shown in Fig. 3A, mesan-
gial cells incubated on unmodified ECM-coated wells
adhered and acquired a spindle-like structure which
represents the typical morphology of mesangial cells
on EHS ECM (24). By contrast, mesangial cells on oxi-
dized ECM were largely rounded up and poorly adher-
ent (Fig 3B). Fig. 4 compares mesangial cell adhesion
between unmodified ECM, oxidized ECM and ECM
coincubated with the MCO system and PBN. As this
figure illustrates the decrease in mesangial cell adhe-
sion to oxidized ECM was attenuated when ECM was
coincubated with PBN plus the MCO system (control,
40 =+ 2 cells/field; MCO treated ECM, 21 = 1, p <0.01;
MCO/PBN treatment, 32 + 2 cells/field, p <0.01 com-
pared with MCO alone, n=4 experiments in triplicate).
These data demonstrate that mesangial cell adhesion
to oxidized ECM is diminished and that this is not due
to nonspecific effects of MCO treatment on the ECM.

53

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Adhesion of mesangial cells to oxidized and unmodi-
fied GRGDSP. Mesangial cells demonstrated signifi-
cantly less adhesion to plates coated with oxidized
GRGDSP compared to nonoxidized GRGDSP (nonoxi-
dized GRGDSP, 43 = 2 cells/field; oxidized GRGDSP,
15 + 2, p <0.01; BSA alone [control], 11 = 3, p NS
compared with oxidized GRGDSP, n=4 experiments
carried out in triplicate). These data, which are illus-
trated in Fig. 5, demonstrate that adhesion of mesan-
gial cells to the integrin ligand-containing peptide
GRGDSP which has been oxidized is significantly di-
minished.

Immunoblot analysis of GRGDSP treated with a
MCO system. Fig. 6 illustrates the results of immu-
noblot analysis of GRGDSP treated under control con-
ditions or with a MCO system using an antibody to
DNPH bound to carbonyl groups in oxidized proteins.
As this figure illustrates there is enhanced antibody
binding to the MCO system-treated peptide compared
to control in which comparatively very little antibody
binding can be seen. This increase is evident at both 1
and 4 pug of peptide. These results demonstrate that
GRGDSP is susceptible to oxidative modification when
incubated with a MCO system.

DISCUSSION

While once thought to provide little more than an
inert structural support for cells, the ECM is now recog-
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FIG.5. Mesangial cell adhesion to oxidized GRGDSP. Plastic 96-
well plates were coated with GRGDSP and then treated under control
conditions or oxidized using a MCO system as described in Methods.
After blocking with 3% BSA mesangial cells were seeded onto the
plates and adhesion was measured as described in Methods. Data are
from 4 experiments carried out in triplicate. Statistical comparisons
carried out using ANOVA and Newman-Keuls multiple range test-
ing. Control: BSA coating alone. *p <0.01 compared to control (BSA
alone); **p NS compared to control, p <0.01 compared to oxidized
GRGDSP.



Vol. 233, No. 1, 1997

nized to be an important regulator of cellular function
through interaction of cell surface receptors with li-
gands in the ECM. In recent years great progress has
been made in elucidating the signal transduction path-
way from integrin-ECM interaction to altered cellular
function as reviewed elsewhere (8,9). However, less is
known regarding how modification of ECM as may oc-
cur in inflammatory disorders and aging may alter the
interaction of the ECM with cells and alter their func-
tion.

Enhanced oxidative stress is believed to play an im-
portant role in a number of renal diseases (25-30) as
well as atherosclerosis (31) though most such studies
have evaluated lipid peroxidation. We have previously
reported that mesangial ECM protein is susceptible to
oxidation (19) and that oxidation increases adhesion
of macrophages, possibly through scavenger receptor
interaction with oxidized moieties in the ECM (19). We
have also recently reported that macrophage interac-
tion with oxidized ECM enhances nitric oxide genera-
tion (20). In the present study we have shown for the
first time that oxidation of ECM significantly impairs
the ability of mesangial cells to adhere to this substrate
and that this appears at least in part to be due to
modification of one or more amino acids of the integrin
ligand RGD. This was suggested by the observation
that while mesangial cells adhered to plates coated
with the integrin ligand-containing peptide GRGDSP,
adhesion to oxidized GRGDSP was impaired. Using im-
munoblot analysis, we demonstrated that GRGDSP un-
derwent oxidation as a result of exposure to the MCO
system. Hence it appears that oxidative modification
of this peptide impairs its ability to bind to mesangial
cell integrins though it is plausible that one or more
amino acids other than those of the RGD sequence it-
self might have been modified and that these changes
could result in altered integrin binding as well. While
in contrast we have reported that oxidation of ECM
enhances adhesion of macrophages, this appeared to
have been due to interaction of scavenger receptors,
which are expressed in relatively high density on mac-
rophages (32), with oxidized moieties in the ECM.
While mesangial cells do display scavenger receptor
functions such as uptake of oxidized LDL they adhere
principally through integrins. Hence modifications of
ECM which affect integrin ligands are likely to have a
significant impact upon mesangial cell adhesion.

It is unclear what the physiological consequences of
altered mesangial cell integrin-ECM interaction might
be. Other investigators have shown that the ECM plays
an important role in modulating mesangial cell mor-
phology to a spindle-type (23) characteristic of smooth
muscle cells. Indeed, the mesangial cell is regarded as
a modified smooth muscle cell but in disease states may
take on more of a fibroblast-like morphology which may
be important in the development of glomerulosclerosis
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FIG. 6. Immunoblot analysis of GRGDSP treated with a MCO
system. GRGDSP was incubated with EDTA alone or a MCO system
consisting of FeCl;/EDTA/ascorbate as detailed in Methods. After
labelling with DNPH samples were dot blotted onto nitrocellulose
membranes and then incubated with antibodies to DNPH bound
to carbonyl groups in oxidized protein as described in Methods. A
significant increase in binding can be seen for the oxidized GRGDSP
at 1 and 4 pg compared to control treated (unmodified) GRGDSP.
An oxidized protein standard is shown as well.

(33). Disruption of mesangial cell integrin-ECM inter-
action through oxidation of integrin ligand might allow
greater expression of a fibroblast-like phenotype (33)
with a resultant increase in ECM synthesis and even-
tual glomerulosclerosis (34), a mechanism which could
account for the development of glomerulosclerosis in
renal diseases characterized by oxidant injury. How-
ever, at present this is only speculative.

In summary, ECM-mesangial cell integrin interac-
tion appears to be disrupted by MCO of the ECM. This
may result from oxidation of one or more amino acids
in the sequence RGD or perhaps other amino acids
which contribute to integrin-ECM interaction. These
data suggest a new mechanism to account for altered
cell-matrix interaction in disorders characterized by
enhanced oxidative stress.
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