
Fibronectin is a large glycoprotein identified as one
of the principal components of the extracellular ma-
trix [1]. Several studies indicate that increased syn-
thesis of fibronectin by vascular endothelial cells
may play a key role in the initiation and progression
of thickened basement membrane, a characteristic
lesion of diabetic microangiopathy [2–4]. Excess

fibronectin has been shown to alter cell-cell interac-
tions [4] and cell-substratum interactions [5] with
consequences for cell spreading, migration, and pro-
liferation [4]. We have previously reported that cul-
tured human endothelial cells grown in high glucose
medium, and tissues from experimental diabetic rats,
exhibit increased expression of fibronectin [6, 7]. Re-
cently we have reported increased synthesis of fibro-
nectin in retinal microvessels of human diabetic pa-
tients [2], and in retinas of galactosaemic rats that de-
velop diabetic-like retinopathy [8]. Since antisense
oligonucleotides offer a potential means of inhibiting
expression of individual genes [9, 10], we hypothe-
sized that by reducing fibronectin synthesis using an-
tisense phosphorothioate modified oligonucleotides
(PS oligos), the proliferative effects of high glucose
may be modulated. Unmodified oligonucleotides
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Summary Increased synthesis of fibronectin is associ-
ated with the development of basement membrane
thickening – a characteristic lesion of diabetic micro-
angiopathy, and it may affect the function of vascular
cells. Because antisense technology offers the possi-
bility to modulate specific gene expression, we inves-
tigated the effect of antisense phosphorothioate oli-
gonucleotides directed against fibronectin mRNA
on fibronectin synthesis and cell proliferation in a
cell line derived from rat microvascular endothelium
and cultured under high (30 mmol/l) glucose condi-
tions. The rat endothelial cells grown in high glucose
medium for 5.6 ± 1.3 days exhibited increased cell
proliferation compared to control cells grown in
5 mmol/l glucose (149% of control, p = 0.006). Fibro-
nectin protein and mRNA levels (determined by
Western blotting and reverse transcription-polymer-
ase chain reaction) were also increased to 157%,

p = 0.012 and 178%, p = 0.034 of control, respective-
ly. However, when cells grown in high glucose medi-
um were transfected with 0.4 mmol/l fibronectin-anti-
sense phosphorothioate oligonucleotides in the pres-
ence of cationic liposomes, the cell number, fibronec-
tin protein, and mRNA levels decreased compared to
untransfected cells grown in high glucose medium to
102, 69, and 107 % of control, respectively. This study
shows that fibronectin antisense oligonucleotides tar-
geted to the translation initiation site of the fibronec-
tin transcript specifically reduce fibronectin synthesis
in rat endothelial cells and the proliferative effect of
high glucose concentrations. [Diabetologia (1997)
40: 1011–1017]
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have limited effect, and are rapidly degraded, there-
fore, we employed antisense oligonucleotides with
phosphorothioate modification that impart stability
to the oligonucleotides, and retard degradation by en-
donucleases. The modification constitutes the re-
placement of one oxygen of each internucleotide
linkage with a sulphur [9].

Antisense activity is dependent upon several crite-
ria, including selection of specific target sequence
and vehicles for cellular uptake of the oligonucleo-
tides. Although several target sites including 5′cap re-
gion [11], splice donor-acceptor site [12], and transla-
tion initiation site [11, 13] have been successfully uti-
lized to modulate specific gene expression, no consen-
sus exists as to which target site is most effective. In
this study we have selected oligonucleotides comple-
mentary to 17 nucleotides of the fibronectin sequence
[14] encompassing the AUG translation initiation co-
don since antisense oliogonucleotides targeted against
a similar site were most effective in inhibiting intercel-
lular adhesion molecules (ICAM-1) in cultured endo-
thelial cells [13]. As a vehicle for oligonucleotide
transfection, we used Lipofectin, a liposome formula-
tion, because of its high efficiency in transfecting oli-
gonucleotides into eukaryotic cells [15].

Materials and methods

Cells and reagents. A rat endothelial cell line derived from mi-
crovascular endothelium of epididymal fat pads and ascer-
tained positive for von Willebrand protein by immunofluores-
cence microscopy was used in this study [16]. Cells were main-
tained in M199 (Life Technologies, Gaithersburg, Md., USA)
containing 10 % fetal bovine serum (Sigma, St. Louis, Mo.,
USA), antibiotics, and supplemented with normal (5 mmol/l)
or high (30 mmol/l) D-glucose. Lipofectin, a cationic formula-
tion consisting of dioleoyl phosphatidylethanolamine
(DOPE) and N-[1-(2,3-dioleyloxy) propyl]-N,N,N-trimethy-
lammonium chloride (DOTMA) commercially available as
Lipofectin (Life Technologies) were used as carriers for trans-
fection of the PS oligos into cultured cells. At the semi-conflu-
ent stage, cells were washed twice with Opti-MEM (Gibco,
Grand Island, N. Y., USA) pre-warmed at 37 °C, and transfect-
ed with PS oligos at a concentration of 0.4 mmol/l for 4 h at
37 °C. At the end of the 4 h period, Opti-MEM containing PS
oligos was replaced with M199 and allowed to incubate for
48 h at 37 °C.

Cell count. Endothelial cells plated in six-well dishes and
grown in normal medium or high glucose medium were trans-
fected with fibronectin-antisense or fibronectin-sense PS oli-
gos. At semi-confluency cells were washed three times with
Ca-free phosphate buffered saline (PBS), trypsinized and
counted in a Coulter Counter in duplicate for each experiment.

Oligonucleotides. The sequence for the 17-mer antisense fibro-
nectin oligonucleotides 5 ′-CCT GAG CAT CTT GAG TG –
3 ′, used in this study, was selected from a published sequence
of the rat fibronectin mRNA (accession number X15 906 via
GCG) [14]. A 17-mer sense sequence similar to the translation
initiation region was used as control. The antisense and sense
oligonucleotides were prepared using amidite chemistry with

phosphorothioate modification, and obtained commercially
(Oligos Etc., Willsonville, Ore., USA).

Reverse transcription-polymerase chain reaction and Southern
analysis. In each experiment, RNA from cells grown in normal
medium or high glucose medium were processed in parallel
with the RNA from cells transfected with fibronectin-PS oligos
and grown in normal or high glucose medium. Reverse tran-
scription was performed [8] with random hexamers followed
by PCR with fibronectin and actin primers [8] and cycle condi-
tions as previously reported [8]. PCR was designed to measure
the level of fibronectin expression relative to the expression of
an endogenous internal standard gene (b-actin). Actin mRNA
level was used as an internal control because it has been previ-
ously shown not to be altered by either high glucose or the trans-
fection process [8, 17]. Fibronectin and b-actin cDNAs were
generated in the same RT reaction and amplified in separate
tubes containing 1 or 2 ml volumes of the RT reaction because
in pilot experiments densitometric values of PCR products gen-
erated from 1 and 2 ml samples of reverse transcribed material
showed amplification in the linear range for each cDNA.

Previous studies with retinal fibronectin mRNA level have
indicated that 1 and 2 ml samples of reverse transcribed materi-
al consistently represented amplification in the linear region
(8). PCR products from control and experimental samples
were resolved in the same gel, transferred onto nylon mem-
brane, hybridized with fibronectin cDNA [14] for Southern
blot analysis [18] and the densitometric values quantitated as
described [19].

Immunofluorescence microscopy. To study the distribution
pattern and relative amounts of fibronectin, immunofluores-
cence staining for fibronectin was performed on rat endotheli-
al cells grown in normal medium or high glucose medium, and
cells grown in high glucose medium transfected with fibronec-
tin-antisense PS oligos. Briefly, cells grown to semi-confluency
in two-chamber glass slides in medium M199 were transfected
with antisense PS oligos, rinsed in PBS, fixed in 1 % paraform-
aldehyde for 10 min, washed in PBS, and treated with 2 % bo-
vine serum albumin (BSA) in PBS for 10 min to block nonspe-
cific antibody binding. The cells were then incubated for 1 h at
room temperature with polyclonal mouse anti-rat fibronectin
antibody (Chemicon, Temecula, Calif., USA) diluted 1:500 in
PBS containing 2 % BSA. After three PBS washes, the cells
were exposed to 2 % BSA in PBS for 10 min. Fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse IgG (Sig-
ma) was diluted 1:200 and incubated for 1 h in a moist cham-
ber. After three PBS washes, coverslips were mounted in
Slow-Fade (Molecular Probes, Eugene, Ore., USA). Negative
control samples were processed in exactly the same way as
the experimental groups except that the primary antibody was
omitted. The cells were viewed and photographed using a Ni-
kon UFX II photomicroscope equipped for epifluorescence il-
lumination. Fibronectin-specific fluorescence was assessed by
investigators without knowledge of the different experimental
groups on a scale from 0 representing complete absence of flu-
orescence to 4 representing the highest intensity.

Immunoprecipitation. Rat microvascular endothelial cells
from semi-confluent dishes were washed with PBS and the cel-
lular proteins were extracted with lysis buffer containing
25 mmol/l Tris pH = 7.5 (Sigma), 1 mmol/l phenylmethylsulfo-
nyl fluoride (Sigma), 5 mmol/l EDTA, and 0.1 % Triton X-100
(Sigma). The extracts were pre-adsorbed with pre-immune rat
serum (Sigma) followed by protein G-Sepharose (1:3 slurry).
Companion cultures were trypsinized and counted to deter-
mine cell number. The samples were equalized on the basis of
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cell number ( ∼ 1.2 × 105 cells). Equal amounts of protein from
cells grown in normal medium, high glucose medium, or high
glucose medium transfected with antisense fibronectin PS oli-
gos were incubated for 90 min at ambient room temperature
with goat anti-rat fibronectin antiserum (Chemicon). The im-
mune complexes were precipitated with protein G-Sepharose
(Pierce, Rockford, Ill., USA). The immunoprecipitated fibro-
nectin samples and molecular weight standards (BioRad, Mel-
ville, N. Y., USA) were resuspended and denatured in Lae-
mmli buffer without reducing agents and electrophoresed on
a 10 % polyacrylamide gel containing 1 % sodium dodecyl sul-
phate (SDS).

Transfer. Following electrophoresis, protein was transferred
onto polyvinylidine difluoride (PVDF) membrane (BioRad)
according to Towbin’s procedure [20] using a semi-dry appara-
tus with a Towbin buffer system. Following transfer, the gel
was stained with Coomassie blue to verify transfer of proteins
to PVDF membrane. The molecular weight standard lane on
the PVDF membrane was cut away, prewetted with methanol,
and stained with amido black (BioRad). Presence of stain veri-
fied complete transfer of protein onto the membrane. The re-
maining portion of the membrane, with the separated proteins,
was subjected to Western blot analysis.

Western blot. Western analysis was performed to examine the
steady-state level of fibronectin expressed in these cells. The
proteins transferred to the PVDF membrane were detected
with the BioMax Chemiluminescent Detection System (Ko-
dak, Rochester, N. Y., USA) and the goat anti-rat fibronectin
antiserum. Briefly, the membrane was equilibrated with meth-
anol, followed by PBS, and blocked with 5 % nonfat milk. The
blocking solution was removed and replaced with fresh block-
ing solution containing anti-fibronectin antiserum. The blot
was washed with blocking buffer and then incubated with fresh
blocking buffer containing donkey anti-goat IgG antibody con-
jugated with horseradish peroxidase enzyme (Jackson Labora-
tories, Inc., West Grove, Pa., USA). The membrane was wa-
shed as above, equilibrated in Chemiluminescent Detection
System (CDS) buffer, and then applied to the Kodak chemilu-
minescence matrix. The membrane was exposed to XAR-5
Kodak film. Densitometric analysis of the luminescent signal
was performed at non-saturating exposures with a laser scan-
ning densitometer.

Statistical analysis. Data are expressed as mean ± SD. Compar-
isons between groups were performed with analysis of variance
(ANOVA), and Student’s t-test. Statistical comparisons be-
tween the different groups in the immunofluorescent studies
were performed by the Kruskal-Wallis test. A level of p less
than 0.05 was considered as statistically significant.

Results

Down regulation of fibronectin expression in trans-
fected cells. We determined that the fibronectin-anti-
sense PS oligos specifically reduce fibronectin expres-
sion in cells grown in normal medium or high glucose
medium (Fig. 1). Cells grown in high glucose medium
exhibited an increased fibronectin mRNA level
(178% of control, p = 0.034), and was significantly re-
duced (p = 0.015) by antisense PS oligos to near nor-
mal level (107% of control), without affecting the ac-
tin mRNA levels. Similarly, cells grown in normal

medium transfected with fibronectin antisense oli-
gonucleotides exhibited decreased fibronectin
mRNA level (77% of control). The actin mRNA lev-
els were very similar in the three groups: 98% of con-
trol in cells grown in high glucose medium, 95% of
control in cells grown in high glucose medium trans-
fected with antisense oligos, and 105% of control in
cells grown in normal medium transfected with anti-
sense oligos (Fig. 1). In each experiment, fibronectin
mRNA level in cells exposed to sense oligos was not
altered (98% of control). The densitometric readings
of signals of PCR-amplified products for fibronectin
and b-actin as detected on ethidium bromide-stained
agarose gel (Fig. 1A) and those of the corresponding
Southern blot (Fig. 1B) showed excellent correlation
(r = 0.96). Cells grown in normal medium and trans-
fected with antisense oligos were studied to compare
whether the extent of fibronectin down regulation
by antisense oligos was any different in cells grown
in high glucose medium compared to cells grown in
normal medium, and whether the titred concentra-
tion of antisense PS oligos was within a range that
was not lethal to the cells (Fig. 2). Interestingly, cells
grown in high glucose medium and transfected with
fibronectin-antisense PS oligos exhibited a significant
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Fig. 1A, B. Effect of fibronectin-antisense oligonucleotides on
mRNA level of fibronectin in rat endothelial cells. (A) PCR
amplification products for fibronectin and b-actin as detected
on ethidium bromide-stained agarose gel with 1 or 2 ml samples
of reverse-transcribed cDNA. PCR with fibronectin primer
pair encompassing alternatively spliced EIIIA exon produces
two bands: 582 bp and 852 bp; PCR with actin primer pair gen-
erates a single 458 bp band. (B) Corresponding Southern blot
analysis



reduction in fibronectin mRNA level (from 178 to
107% of control, p = 0.01). However, when cells
grown in normal medium are transfected with PS an-
tisense oligos, the downregulation of fibronectin
mRNA level is small (from 100 to 77 % of control)
(p = 0.4) (Fig. 2). This finding that fibronectin-anti-
sense PS oligos down regulates fibronectin mRNA
level more effectively in cells grown in high glucose
medium may have important implications regarding
its mode of action.

Immunofluorescence microscopy. Using immunofluo-
rescence microscopy we determined the distribution
and relative quantity of fibronectin in rat endothelial
cells. Fibronectin was detected in the cells from con-
trol and treated groups. In cells grown in high glucose
medium the fluorescence pattern suggested presence
of fibronectin as an organized scaffold on the cells
(Fig. 3). The fibronectin immunofluorescence was
more intense in the cells grown in high glucose medi-
um; however, the intensity of immunofluoresence
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Fig. 2. Selective reduction of fibronectin mRNA level by anti-
sense oligonucleotides. Ratio of fibronectin:actin mRNA lev-
els in cells grown in normal mediumA, high glucose medium
R, high glucose medium transfected with fibronectin-anti-
sense oligonucleotides , and normal medium transfected
with fibronectin-antisense oligonucleotides . Increased fi-
bronectin:actin mRNA ratio in cells grown in high glucose me-
dium (p < 0.04) compared to cells grown in normal medium.
Reduced fibronectin:actin mRNA ratio in cells grown in high
glucose medium transfected with fibronectin-antisense oligo-
nucleotides compared to cells grown in high glucose medi-
um(p < 0.02), (n = 3)

VFig. 3A–C. Fibronectin immunoreactivity in rat endothelial
cells. Representative photomicrographs of (A) cells grown in
normal glucose medium, (B) cells grown in high glucose medi-
um, and (C) cells grown in high glucose medium transfected
with fibronectin-antisense oligonucleotides. Magnification
× 580



decreased when the cells were transfected with fibro-
nectin-antisense PS oligos. The semiquantitative anal-
ysis of fibronectin from immunofluorescence yielded a
score of 0.8 ± 0.2 for cells in normal medium, 2.5 ± 0.5
for cells in high glucose medium, and 1.3 ± 0.4 for cells
transfected with fibronectin-antisense PS oligos, a sig-
nificant reduction (p = 0.01) (Fig. 3).

Western analysis of fibronectin level. The relative
amount of fibronectin protein was determined in the

cell extract of three groups of cells: cells grown in nor-
mal medium, high glucose medium, and cells grown in
high glucose medium transfected with fibronectin-an-
tisense PS oligos. Results from four experiments indi-
cated that cells grown in high glucose medium exhibit-
ed increased fibronectin (157% of control, p = 0.012),
that was significantly reduced when transfected with
antisense oligos (69% of control, p = 0.027) (Fig. 4).

Cell proliferation is modulated by antisense oligonu-
cleotide targeted to fibronectin. In seven experiments,
rat endothelial cell proliferation in high glucose was
compared to those grown in normal medium. Cells
grown in high glucose medium for 5.6 ± 1.3 days ex-
hibited increased cell numbers compared to cells
grown in normal medium (1.4 ± 0.34 × 106 vs
0.94 ± 0.18 × 106, p = 0.006,) (Fig. 5). However, when
cells grown in high glucose medium were transfected
with 0.4 mmol/l antisense PS oligos, the cell number
decreased significantly to near normal level: cells
grown in high glucose medium 1.4 ± 0.34 × 106 vs
high glucose medium transfected with fibronectin-an-
tisense oligos 0.96 ± 0.42 × 106, p = 0.04) (Fig. 5). In
four cell proliferation experiments in which cells
were grown for a fixed duration of 5 days, antisense
fibronectin oligos exhibited an inhibitory effect on
cell proliferation: cells grown in high glucose medium
exhibited increased proliferation compared to cells
grown in normal medium (1.39 ± 0.21 × 106 vs
0.83 ± 0.15 × 106, p = 0.018) and the cell number was
significantly reduced to (0.9 ± 0.17 × 106, p = 0.035)
when transfected with fibronectin antisense oligonu-
cleotides. The results indicate that irrespective of
whether the cells were grown for a fixed 5-day dura-
tion or 4–6 days, the proliferative behaviour of these
cells was reduced by the antisense oligonucleotides
directed at the fibronectin transcript. Control experi-
ments were performed to study the effects of lipofec-
tin, the carrier molecule. Cells grown in normal medi-
um, compared to cells grown in normal medium in
the presence of lipofectin showed no difference
(98% of control) indicating that the carrier had no ef-
fect on rat endothelial cell proliferation (Fig. 6). As
control, a second group of experiments were per-
formed to determine whether the reduction in cell
number by fibronectin-antisense PS oligos was due
to the specificity of the antisense sequence. When
cells grown in high glucose medium were transfected
with sense-fibronectin PS oligos and compared to
cells grown in high glucose medium, no difference in
cell number was observed (94% of control) (Fig. 6).

Discussion

As in earlier studies with human endothelial cells [6,
18], we observed high glucose-induced fibronectin
overexpression in rat microvascular endothelial cells.
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Fig. 4. Effect of fibronectin-antisense oligonucleotides on fi-
bronectin protein level. Relative amount of fibronectin protein
in cells grown in normal mediumA, high glucose mediumR,
and high glucose medium transfected with fibronectin-anti-
sense oligonucleotides . In cells grown in high glucose medi-
um fibronectin was significantly increased (p < 0.02) compared
to cells grown in normal medium, and significantly reduced in
cells transfected with fibronectin-antisense oligonucleotides
(p < 0.03)

Fig. 5. Effect of fibronectin-antisense oligonucleotides on pro-
liferation of rat endothelial cells. Cell number from cells grown
in normal glucose medium A, high glucose medium R, and
high glucose medium transfected with fibronectin-antisense ol-
igonucleotides . Cells grown in high glucose medium exhibit
increased cell number (p < 0.01) compared to cells grown in
normal medium. Cells transfected with fibronectin-antisense
oligonucleotides exhibit significant reduction in cell number
compared to cells grown in high glucose medium (p < 0.05)



This study indicates specific reduction of excess fibro-
nectin synthesis by antisense phosphorothioate oligo-
nucleotides targeted against fibronectin mRNA re-
sults in decreased cell proliferation. Although trans-
lational arrest may contribute to the down regulation
of fibronectin synthesis, reduced levels of fibronectin
mRNA observed in RT-PCR data suggests RNAse
H activity and/or transcriptional arrest play a major
role in down regulation of fibronectin synthesis.

As mentioned earlier, the choice of an optimal tar-
get for antisense application includes several sites – 5′
cap [21], AUG translation initiation codon [22], in-
tron-exon boundary [12], and the 3′-untranslated re-
gion [13] – all of which have been successfully applied
by different investigators with varying levels of effi-
ciency. In this study we determined that the area en-
compassing the translation initiation codon of fibro-
nectin transcript is an effective target site for down
regulation of fibronectin synthesis by fibronectin-anti-
sense PS oligos. Interestingly, the fibronectin-anti-
sense PS oligos not only reduced fibronectin mRNA
levels as anticipated, but that the reduction was selec-
tively greater in cells grown in high glucose medium
than in cells grown in normal medium. Although it is
difficult to explain this phenomenon, a possible expla-
nation is that the presence of excess fibronectin tran-
scripts in cells grown in high glucose medium may pro-
vide more targets and increase the likelihood for fibro-
nectin-antisense oligonucleotides to bind to its target
sequence. When fibronectin mRNA is bound to fibro-
nectin-antisense PS oligos, an RNA-DNA hybrid

molecule is formed. Such a duplex structure would in-
hibit the translational process or lead to the destruc-
tion of fibronectin mRNA by RNaseH activity, and re-
sult in reduction of overall fibronectin synthesis.

In this study one of our goals was to test whether
the selected sequence for the fibronectin-antisense
oligonucleotides was specific and effective in down
regulating fibronectin synthesis in rat endothelial
cells because these antisense oligonucleotides may
be useful in attempting down regulation of fibronec-
tin expression in animal models of diabetic retinopa-
thy such as the galactosaemic rat that exhibits in-
creased fibronectin mRNA level [8]. Since these cells
grown in high glucose medium exhibit increased fi-
bronectin synthesis they offered an adequate model
to test the antisense effect of the PS oligos on fibro-
nectin synthesis. Our data indicate that the selected
fibronectin-antisense oligonucleotide sequence is
specific and effective in reducing fibronectin synthe-
sis in rat endothelial cells.

This study demonstrates the usefulness of fibro-
nectin-antisense oligonucleotides in reversing the ef-
fect of high glucose-induced cell proliferation and
provides direct evidence that altered fibronectin ex-
pression modulates endothelial cell proliferation.
Moreover, the findings serve as a basis for future
studies on down regulation of gene expression, and
underscores the antisense approach as a potential
means of investigating the role of basement mem-
brane components in the development of lesions of
diabetic microangiopathy.
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