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Abstract
We previously showed that an elevated content of fibrinogen (Fg) increased formation of filamentous
actin and enhanced endothelial layer permeability. In the present work we tested the hypothesis that
Fg binding to endothelial cells (ECs) alters expression of actin-associated endothelial tight junction
proteins (TJP). Rat cardiac microvascular ECs were grown in gold plated chambers of an electrical
cell-substrate impedance system, 8-well chambered, or in 12-well plates. Confluent ECs were treated
with Fg (2 or 4 mg/ml), Fg (4 mg/ml) with mitogen-activated protein kinase (MEK) kinase inhibitors
(PD98059 or U0126), Fg (4 mg/ml) with anti-ICAM-1 antibody or BQ788 (endothelin type B
receptor blocker), endothelin-1, endothelin-1 with BQ788, or medium alone for 24 h. Fg induced a
dose-dependent decrease in EC junction integrity as determined by transendothelial electrical
resistance (TEER). Western blot analysis and RT-PCR data showed that the higher dose of Fg
decreased the contents of TJPs, occludin, zona occluden-1 (ZO-1), and zona occluden-2 (ZO-2) in
ECs. Fg-induced decreases in contents of the TJPs were blocked by PD98059, U0126, or anti-
ICAM-1 antibody. While BQ788 inhibited endothelin-1-induced decrease in TEER, it did not affect
Fg-induced decrease in TEER. These data suggest that Fg increases EC layer permeability via the
MEK kinase signaling pathway by affecting occludin, ZO-1, and ZO-2, TJPs, which are bound to
actin filaments. Therefore, increased binding of Fg to its major EC receptor, ICAM-1, during
cardiovascular diseases may increase microvascular permeability by altering the content and possibly
subcellular localization of endothelial TJPs.

Fibrinogen (Fg) is a blood plasma adhesion glycoprotein that is normally synthesized and
assembled in hepatocytes and fibroblasts. Its synthesis involves inflammatory cytokines such
as interleukin-1 and interleukin-6 (Humphries, 1995; Vasse et al., 1996). An elevated blood
content of Fg is considered to be a high risk factor for cardiovascular diseases (Chae et al.,
2001; Danesh et al., 2005) and typically accompanies development of diseases such as
hypertension (Letcher et al., 1981; Lominadze et al., 1998), diabetes (Lee et al., 2007), and
stroke (D'Erasmo et al., 1993), which involve inflammatory processes. Hperfibrinogenemia
may be an independent factor, or it may interact to modulate the severity and/or progression
of vascular disorders (Kerlin et al., 2004). In addition, it is associated with increased formation
of fibrin (Lord, 2007), which itself is a high vascular risk factor. We previously found that Fg
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can induce vasoconstriction through production of endothelin-1 (ET-1) (Lominadze et al.,
2005). All these findings suggest a significant detrimental role of elevated blood Fg content in
the cardiovascular system.

Increased microvascular permeability is a marker of inflammation. Impairment of endothelial
cell (EC) integrity leading to significant tissue damage and inflammatory responses (Mehta
and Malik, 2006), typically occurs during diseases such as hypertension (Letcher et al.,
1981; Lominadze et al., 1998), diabetes (Lee et al., 2007), and stroke (D'Erasmo et al., 1993).
Blood plasma components may pass through the endothelial barrier via two major transport
mechanisms, transcellular and paracellular (Mehta and Malik, 2006). The present study focuses
on the paracellular mechanism, which directly involves formation of filamentous actin (F-
actin) in ECs (Mehta and Malik, 2006).

A pathologically high (4 mg/ml) content of Fg, which typically occurs during hypertension
development (Lominadze et al., 1998), increases EC layer permeability to albumin (Tyagi et
al., 2008). An increased Fg content leads to increased Fg binding to its endothelial receptors,
intercellular adhesion molecule-1 (ICAM-1) (D'Souza et al., 1996; Plow et al., 2000) and
α5β1 integrin (Luscinskas and Lawler, 1994; Plow et al., 2000), and increased formation of F-
actin (Tyagi et al., 2008). Enhanced formation of F-actin may cause stiffening of the cells, actin
filament retraction, and widening of inter-endothelial junctions (IEJs) (Qiao et al., 1995;
Ehringer et al., 1999; Lominadze et al., 2004; Trepat et al., 2005; Mehta and Malik, 2006).
Since most of the endothelial tight junction proteins (TJPs) are connected to actin filaments
(Mehta and Malik, 2006), they could be involved in Fg-induced, increased albumin leakage
through a paracellular transport mechanism (Tyagi et al., 2008).

ET-1 affects vascular integrity (Filep et al., 1991; Lopez-Belmonte and Whittle, 1994). Our
previous studies showing that an increased Fg content enhances EC layer permeability (Tyagi
et al., 2008), did not determine if permeability was altered by the higher content of Fg (Tyagi
et al., 2008), or by ET-1 produced in response to Fg binding to ECs (Sen et al., 2009). The
present study addresses the hypothesis that an increased content of Fg affects IEJs and alters
TJPs connected to actin filaments. We show for the first time that Fg-induced impairment of
EC integrity can be mediated by TJPs bound to actin filaments, and that this mechanism may
involve extracellular signal-regulated kinase (ERK) signaling. Role of ET-1 in Fg-induced
alterations of EC layer integrity and expression of TJPs has also being defined.

Materials and Methods
Reagents and antibodies

Human Fg (FIB-3, depleted of plasminogen, von-Willebrand factor, and fibronectin) was
purchased from Enzyme Research Laboratories (South Bend, IN). Bovine serum albumin
(BSA), 1-palmitoyl-sn-glycero-3-phosphocholine (LPC), fibronectin, and ET-1 were
purchased from Sigma (St. Louis, MO). RIPA buffer was from Boston Bioproducts (Worcester,
MA). Specific inhibitors of the mitogen-activated protein kinase (MEK) known as ERK kinase,
PD98059 (2′-amino-3′-methoxyflavone) and U0126 (1,4-diamino-2,3-dicyano-1,4-bis[2-
aminophenylthio] butadiene), were purchased from Calbiochem (La Jolla, CA). A function-
blocking monoclonal antibody to rat ICAM-1 was purchased from Chemicon (Temecula, CA).
BSA conjugated with Alexa Flour-488 dye (BSA-488), and secondary antibodies, conjugated
with Alexa 555 dye or with Alexa 488 were purchased from Invitrogen (Carlsbad, CA). A
specific blocker of endothelin type B (ETB) receptor, BQ-788, was purchased from Bachem
Bioscience (King of Prussia, PA). Antibodies against rat zona occluden-1 (ZO-1) and zona
occluden-2 (ZO-2) were purchased from Invitrogen (Carlsbad, CA) and an antibody against
occludin was from BD Biosciences (Franklin Lakes, NJ).
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Endothelial cell culture
Rat heart microvascular endothelial cells (RHMEC) were purchased from Vec Technologies
(Rensselaer, NY). The endothelial nature of the cells was verified by uptake of acylated low-
density lipoprotein and positive staining for CD-31 (Lincoln et al., 2003). The RHMECs were
grown in MCDB-131 Complete medium (Vec Technologies, NY) at 37°C with 5% CO2 in air
in a humidified environment and were used at the 5th or 6th passage for the experiments.

Endothelial cell integrity assays
Transendothelial electrical resistance (TEER) measurement was done according to the method
described earlier (Tyagi et al., 2007). RHMECs were seeded onto evaporated gold microplates
of an electrical cell-substrate impedance system (ECIS, Applied Biophysics, Troy, NY) and
grown to a confluent monolayer that covered the microelectrodes of the system's 8-well
chamber (Tiruppathi et al., 1992). Cells were treated with one of the following for 24 h: Fg (2,
3, or 4 mg/ml), Fg (4 mg/ml) with PD98059 (20 μM), U0126 (20 μM), or BQ788 (5 μM). To
compare the effect of Fg with that of ET-1, cells were treated with ET-1 (10 nM) in the presence
or absence of BQ788 (5 μM). To determine the effect of BQ788 or MEK inhibitors on TEER
of the cells, the following substances were added to wells without Fg or ET-1: BQ788 (5 μM),
PD98059 (20 μM), or U0126 (20 μM). Cells incubated with media alone, were used as a control
group. In preliminary experiments we determined if the presence of albumin affected TEER
results. Resistance baseline values for each microelectrode (i.e., each well) were taken as an
average resistance for the last 30 min observation prior to the treatments. Resistance values
after the treatments were plotted as changes from baseline vs. time. Differences between the
experimental groups for TEER measurements were assessed at 6, 12, 18, and 24 h.

Fg-induced albumin leakage through the EC monolayer was assessed according to the method
described earlier (Tyagi et al., 2007, 2008). Transwell permeable supports (Corning Inc.,
Corning, NJ) with polycarbonate membranes (Nuclepore Track-Etch, 6.5 mm in diameter, 0.4
μm pore size and pore density of 108/cm2) were coated with fibronectin for 1 h. The membranes
were seeded with MHECs and the cells were grown to confluence. To confirm cell confluence
and the presence of an intact monolayer on the membranes, cells in a separate test well (not
membrane) were monitored by light microscopy. Cells in the test membranes were labeled
with BCECF-AM (2′,7′-bis (2-carboxyethyl)-5-(and-6)-carboxyfluorescein, acetoxymethyl
ester)(Molecular Probes, Eugene, OR) and observed under a fluorescence microscope
(Olympus IX51, objective 20×) with 488 nm excitation and 516 nm emission for absence of
visible gaps in the cell monolayer. The permeability assays were done after confirming that
the cells in the test wells and Transwell membranes were fully confluent and formed an intact
monolayer. Unlabeled BSA was added to each well to maintain its concentration similar to a
normal plasma concentration of albumin (440 μM) and maintain the activity coefficient of Fg
close to that in blood (Rivas et al., 1999). Although, in our preliminary experiments, we did
not observe a difference in EC layer permeability to albumin between the groups with or
without 440 μM of BSA, all the experiments in these series were done in the presence of 440
μM of BSA. The surface levels of solutions in the luminal (200 μl) and abluminal (700 μl)
compartments of the Transwells were the same. The experimental set-up was similar to that
used by Cooper et al. (1987), but the presence of albumin-mediated osmotic pressure in the
present study makes it closer to in vivo conditions (Tyagi et al., 2007). In addition, we
previously showed that albumin leakage through the membrane alone was about 9 times greater
than that in the presence of the cells (Tyagi et al., 2007), demonstrating the validity of the
experimental set-up.

For the permeability assay, cells were washed with PBS and incubated with medium alone
(control) or various doses of Fg (2, 3, and 4 mg/ml) for 1 h. To test for a role of ET-1 produced
as a result of Fg interaction with ECs (Sen et al., 2009), prior to adding 4 mg/ml of Fg, cells
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were treated with the ET-B receptor blocker BQ788 (5 μM) for 30 min. BQ788 was present
in the wells when Fg was added. Another group of cells was treated with 10 nM ET-1 with or
without BQ788 (5 μM) for 1 h. The dose of ET-1 was chosen based on results of a study
demonstrating that 10 nM ET-1 caused constriction of third-order arterioles (Zhao et al.,
2000). BSA-488 (3 mg/ml) was added to each of the wells described above and experiments
were done three times in duplicate for each treatment. The cells were incubated in humidified
conditions at 37°C. After incubation, media samples were collected from lower and upper
wells. Fluorescence intensity of the samples was measured with a microplate reader
(SpectraMax M2, Molecular Devices Corporation, Sunnyvale, CA) with excitation at 494 nm
and emission at 518 nm. Results are expressed as fluorescence intensity units (FIU). To
differentiate the effect of Fg on EC layer permeability from that of ET-1, the ratio of the
florescence intensity of media samples from the group treated with Fg and BQ788 to that treated
with Fg alone was compared to the ratio of the florescence intensity of media samples from
the group treated with ET-1 and BQ788, to that treated with ET-1 alone.

Fibrinogen-induced alterations of occludin, ZO-1, and ZO-2
Expression of occludin, ZO-1, and ZO-2 messages was determined using the reverse
transcription polymerase chain reaction assay (RT-PCR). Total RNA was isolated from
confluent RHMECs using TRIzol® Reagent (Invitrogen, Carlsbad, CA). RNA was precipitated
with ethanol overnight and then quantified at 260 nm. The expression of messenger RNAs
(mRNAs) for occludin, ZO-1, and ZO-2 was examined using two-step RT-PCR. ImProm-III™
Reverse Transcription System obtained from Promega and used according to the
manufacturer's specifications (Tyagi et al., 2009). cDNA samples were incubated for 2 min at
94°C, cycled 35 times (1 min at 94°C, 1 min at 54°C, and 1 min at 72°C), and extended for 5
min at 72°C. Products were visualized in a 1%TAE agarose gel, stained with ethidium bromide.
Primers were: ZO-1 (forward) 5′-aaggcaattccgtatcgttg-3′ and (reverse) 5′-
ccacagctgaaggactcaca-3′; ZO-2 (forward) 5′-aggcaacagacagctcgaat-3′ and (reverse) 5′-
ctcccaagataatgccctga-3′; occludin (forward) 5′-gagggtacacagaccccaga-3′ and reverse 5′-
caggattgcgctgactatga-3′ and GAPDH (forward) 5′-tatgtcgtggagtctactggcgtc-3′ and (reverse) 5′-
gaatgggagttgctgttgaag-3′. Reactions were carried out in a MJ Research MiniCycler model
PTC-150. Gels were photographed using the Kodak Bioimaging system (Gel Logic 200,
Eastman Kodak, Rochester, NY).

Changes in protein content of occludin, ZO-1, and ZO-2 induced by Fg in RHMECs were
assessed by western blot analysis. The cells were grown in 12-well plates (Corning, Corning,
NY) until confluent. Cells were incubated with one of the following: Fg (2 or 4 mg/ml), Fg (4
mg/ml) with MEK inhibitors PD98059 or U0126 (50 μM each), or Fg (4 mg/ml) with anti-rat
ICAM-1 (50 μg/ml) at 37°C for 24 h. Other cells were incubated with PD98059 or U0126 (50
μM each), or anti-ICAM-1 (50 μg/ml) at 37°C for 24 h. Cells incubated with serum-free media
were used as a control. After incubation, cells were washed twice with ice-cold PBS and lysed
with ice-cold RIPA buffer (containing 5 mM of EDTA), which was supplemented with
phenylmethylsulfonyl fluoride (1 mM) and protease inhibitor cocktail (1 μl/ml of lysis buffer).
Protein content of the lysate was determined using the Bicinchronic Acid (BCA) protein assay
kit (Pierce, Rockford, IL). Equal amounts of protein (10 μg) were resolved on 10% SDS-PAGE
and transferred onto a polyvinylidene difluoride membrane as described (Sen et al., 2009). The
blots were incubated with monoclonal anti-rat occludin (1:400 dilution), anti-rat ZO-1 (1:500
dilution), or anti-rat ZO-2 (1:500 dilution) antibodies for 1 h at room temperature with gentle
agitation. After incubation, the proteins on blots were detected as described (Sen et al.,
2009). Membranes were stripped and reprobed for β-actin as a loading control. The blots were
analyzed with Gel-Pro Analyzer software (Media Cybernetics, Silver Spring, MD) as described
earlier (Lominadze et al., 2002). The protein expression intensity was assessed by the integrated
optical density (IOD) of the area of the band in the lane profile. To account for possible
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differences in the protein load, the measurements presented are the IOD of each band under
study (protein of interest) divided by the IOD of the respective β-actin band.

Immunohistochemistry and laser-scanning confocal microscopy were used to detect Fg-
induced changes in occludin, ZO-1, and ZO-2 expression and subcellular distribution in ECs.
RHMECs were grown until confluent in an 8-well chamber coated with fibronectin. The cells
were washed and treated with low (2 mg/ml) or high (4 mg/ml) doses of Fg or Fg (4 mg/ml)
with anti-ICAM-1 (50 μg/ml) antibody for 24 h. Since Fg binding affinity to ICAM-1 is higher
than to its other endothelial receptor, α5β1 integrin (D'souza et al., 1996), we tested binding of
Fg to endothelial ICAM-1. Cells incubated with media alone, were used as a control group.
After incubation, cells were washed twice with PBS and incubated with LPC (100 μg/ml
lysophosphatidylcholine, dissolved in 3.7% formaldehyde) for 30 min at 4°C in the dark
(Lominadze et al., 2006). Then, cells were washed and incubated with anti-occludin (1:500),
anti-ZO-1 (1:250), or anti-ZO-2 (1:250) antibodies for 24 h. After incubation, cells were
washed twice with PBS and incubated with the appropriate fluorescence-conjugated secondary
antibodies (dilution 1: 500) for 1 h at 4°C in dark. Cell nuclei were labeled with DAPI (1:1,000),
which was added to the wells for 15 min. Cells were washed with PBS and digital images of
the cells were taken with a confocal microscope (Olympus FV1000, objective 100×). Cell
nuclei were visualized using a HeNe-G laser (596 nm) to excite the dye, while emission was
observed above 620 nm. Occludin and ZO-2 (Alexa-488) were visualized using a HeNe-G
laser (495 nm) to excite the dye, while emission was observed above 519 nm. ZO-1 (Alexa
555) was visualized using a HeNe-G laser (578 nm) to excite the dye, while emission was
observed above 603 nm.

In three experiments that were done in duplicate (two wells per experimental group), Fg-
induced changes in content (total fluorescence intensity) and location of occludin, ZO-1, or
ZO-2 were assessed for each experimental group by analyzing the total fluorescence intensity
in four random fields (in each well) with image analysis software (Image-Pro Plus, Media
Cybernetics). Fluorescence intensity values for each experimental group were averaged and
presented as a percent of control (cells treated with media alone).

Statistical analysis
All data are expressed as mean ±SEM. The experimental groups were compared by one-way
ANOVA. If ANOVA indicated a significant difference (P < 0.05), Tukey's multiple
comparison test was used to compare group means. Differences were considered significant if
P < 0.05.

Results
Fg induced a dose-dependent decrease in EC layer integrity as indicated by the decrease in
TEER (Fig. 1). The decrease in EC integrity caused by the highest dose of Fg (4 mg/ml) was
prevented by the presence of MEK inhibitors, PD98059 or U0126 (Fig. 2A). Since we showed
that Fg may increase production of ET-1 (Lominadze et al., 2005), and that ET-1 decreases
EC layer integrity (Filep et al., 1991;Lopez-Belmonte and Whittle, 1994), we tested whether
endothelial layer integrity is altered by Fg, or if it is affected by ET-1 produced by Fg binding
to ECs. Decreased EC integrity induced by Fg (4 mg/ml) was not altered by the ET-B receptor
blocker BQ788 (Fig. 2A). In another series of experiments, EC integrity was drastically
impaired by ET-1, but the ET-B receptor blocker, BQ788 prevented this drastic effect of ET-1
(Fig. 2B). However, BQ788, at the dose used in the present study, did not change EC layer
integrity (Fig. 2B) or ameliorate ET-1-induced changes in EC integrity (Fig. 2B).

Fg also induced a dose-dependent increase in albumin leakage through the EC layer (Fig. 3).
Treatment with BQ788 significantly inhibited the increased albumin leakage induced by 4 mg/
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ml of Fg (Fig. 3). ET-1 also increased albumin leakage (Fig. 3), which was significantly
inhibited by BQ788 (Fig. 3). The ratio of the florescence intensity of media samples from the
group treated with of Fg (4 mg/ml) and BQ788 to that treated with Fg (4 mg/ml) alone (0.67
±0.03) was greater than the ratio of the florescence intensity of samples from the group treated
with ET-1 and BQ788 to that treated with ET-1 alone (0.47±0.03). In the groups of ECs treated
with 5 μM of BQ788 alone fluorescence intensity of BSA-488 measured in the lower chambers
of Transwells was a 129±9 FIU.

Expression of mRNAs for occludin, ZO-1, and ZO-2 was significantly less after treatment of
the cells with a high concentration of Fg (4 mg/ml) for 24 h (Fig. 4). Although BQ788 slightly
reversed the decreased expression of mRNAs for occludin, ZO-1, and ZO-2, they were still
significantly less than in control (Fig. 5A,B). ET-1 also induced a significant decrease in
expression of mRNAs for occludin, ZO-1, and ZO-2 (Fig. 5A,B). However, this ET-1-induced
decreased expression of mRNAs of occludin, ZO-1, and ZO-2 was restored to control values
by BQ788 (Fig. 5A,B). BQ788 did not affect expression of mRNAs of occludin, ZO-1, and
ZO-2 (Fig. 5A,B).

Treatment of ECs with Fg (4 mg/ml) also caused a significant decrease in the protein contents
of occludin, ZO-1, and ZO-2 (Fig. 6A,B). This decrease was prevented by the presence of
PD98059, U0126, or anti-ICAM-1 (Fig. 6C,D). Treatment of ECs with PD98059, U0126, or
anti-ICAM-1antibody did not affect the content of occludin, ZO-1, and ZO-2 proteins in the
ECs (Fig. 6C,D). Although BQ788 slightly reversed Fg-induced decreased expressions of
occludin, ZO-1, and ZO-2, they were still significantly less than in control (Fig. 7A,B).
However, BQ788 restored the expressions of occludin, ZO-1, and ZO-2, which were decreased
by ET-1 (Fig. 7A,B). BQ788 had no effect on protein expression of occludin, ZO-1, and ZO-2
(Fig. 7A,B).

Confocal microscopy showed that Fg caused dose-dependent alterations of occludin, ZO-1,
and ZO-2 expression and localization in ECs, which were prevented by the presence of anti-
ICAM-1 antibody (Fig. 8A–F, respectively). Treatment of RHMECs with a high dose of Fg
(4 mg/ml) for 24 h, induced a decrease in contents and translocation of ZO-1 and ZO-2 proteins
into the cellular cytosol (Fig. 8C–F, respectively). Translocation of ZO-2 into the cytosol (Fig.
8E) was more pronounced than that of ZO-1 (Fig. 8C).

Discussion
A pathologically high concentration of Fg impaired EC layer integrity by affecting endothelial
tight junction proteins. Inhibition of this Fg-induced impairment of IEJ integrity with MEK
inhibitors (PD98059 and U0126) suggests that Fg binding to its endothelial receptors (e.g.,
ICAM-1) may activate ERK signaling. This signaling triggers alterations in a paracellular
transport mechanism, such as that described in a previous study (Tyagi et al., 2008). Fg binding
to its endothelial receptor, ICAM-1 (Altieri et al., 1995; D'souza et al., 1996), causes
vasoconstriction (Lominadze et al., 2005) and leads to ICAM-1-induced activation of ERK
(Lawson et al., 1999; Hubbard and Rothlein, 2000) and formation of F-actin (Tyagi et al.,
2008). Formation of F-actin may cause stiffening of the cells and opening of IEJs, therefore
facilitating an increase in EC layer permeability (Ehringer et al., 1999; Lominadze et al.,
2004; Gordon et al., 2005; Lominadze et al., 2006).

Since ET-1 affects vascular integrity (Filep et al., 1991; Lopez-Belmonte and Whittle, 1994),
we tested if endothelial monolayer permeability and tight junctional integrity were altered by
a high content of Fg (Tyagi et al., 2008), or by ET-1 released in response to Fg binding to ECs
(Sen et al., 2009). The role of Fg in alteration of rat cardiac IEJs was clearly shown by TEER
measurements and suggest that Fg can be involved in impairment of paracellular transport seen
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previously (Tyagi et al., 2008). In the present study, Fg decreased TEER in the EC layer in a
dose-dependent fashion and was not affected by the presence of an endothelial ET-1 receptor
(ETB receptor) blocker, BQ788. In contrast, the decrease of EC integrity caused by ET-1 was
inhibited by BQ788. Although Fg and ET-1 are capable of affecting EC layer integrity, this
result suggests that Fg has an effect independent of ET-1. Therefore, it is plausible that an
effect of Fg on EC integrity can be augmented by the effect of ET-1, when the concentration
of Fg is elevated, and more ET-1 is produced (Sen et al., 2009).

The results of Fg-induced alterations of IEJs were confirmed by functional studies of the Fg
effect on EC layer permeability to albumin. Albumin leakage induced by Fg (4 mg/ml) or by
ET-1 (10 nM) was significantly decreased by the presence of BQ788. However, the effect of
BQ788 was greater in the cells treated with ET-1 than in those treated with Fg. These results
suggest that Fg itself may induce macromolecular leakage through the EC layer and that this
leakage can be exacerbated by ET-1 produced in response to increased content of Fg (Sen et
al., 2009).

We did not observe a difference in EC layer permeability to albumin between the groups with
or without 440 μM of BSA (data not shown). This finding agrees with a study where exposure
of EC to high shear stress (4 Pa) for 35 h resulted in increased albumin leakage through the
EC layer (Kudo et al., 2005), suggesting that albumin may induce leakage through EC layer
only after prolonged exposure of the cells to a high shear stress. Therefore, the use of albumin
in our study is consistent with another in vitro model that has been used to study rheological
properties of blood. In the present study we used cultured ECs and experiments were done with
static conditions. Therefore, an effect of shear stress imposed by the blood flow in vasculature
was not addressed. Separate studies using animals overexpressing occludin, ZO-1, or ZO-2
genes are needed to further define the correlation between the Fg-induced permeability and a
role of these TJPs.

The present results support our previous finding that Fg increases paracellular transport (Tyagi
et al., 2008). Others showed that ET-1 did not affect transendothelial [125I]-human serum
albumin flux in EC monolayers (Horgan et al., 1991; Rodman et al., 1992). However, ET-1
enhances microvascular permeability (Filep et al., 1991; Lopez-Belmonte and Whittle, 1994).
Since Fg may be involved in regulating production of ET-1 (Lominadze et al., 2005), the effect
of Fg on EC paracellular transport may be enhanced by the presence of ET-1. The present
experiments suggest a mechanism of increased EC layer permeability to albumin caused by a
pathologically high content of Fg (Tyagi et al., 2008). However, the possible involvement of
transendothelial transport is not ruled out.

It is well known that thrombin converts Fg to fibrin. We previously used a thrombin activity
blocker, huridin, to eliminate a possible effect of fibrin formation, or of thrombin itself, during
Fg-induced EC permeability experiments (Tyagi et al., 2008). Results from cells treated with
Fg in the presence or absence of huridin (0.1 U/ml) were not different, suggesting an absence
of functionally active thrombin, and therefore, fibrin formation in the Fg-treated groups (Tyagi
et al., 2008). In addition, the purity of Fg before and after the experiments, was not
compromised as demonstrated by Western blot analyses (Lominadze et al., 2005; Tyagi et al.,
2008). Therefore, it is reasonable to conclude that the effects observed in the present study
were due to undegraded Fg.

Our observation of decreased expression of occludin suggests that an elevated content of Fg
may first affect an EC junction protein closest to the blood stream. Occludin, a tight junction
protein located at the apical side of a cell (Mehta and Malik, 2006) is bound to the main
cytoskeletal protein, actin, through proteins of the ZO family (Mehta and Malik, 2006).
Decreased mRNA expression was accompanied by decreased protein content for occludin,
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ZO-1, and ZO-2 induced by elevated Fg. Association of a decreased content of occludin with
formation of gaps between the ECs has clearly been shown by others (Reijerkerk et al.,
2006). In the present study, the decreased expression of protein and mRNA for occludin, ZO-1,
and ZO-2 were confirmed by confocal microscopy. Contents of occludin, ZO-1, and ZO-2
were significantly lower in the presence of 4 mg/ml of Fg. In addition, they (mainly ZO-1)
were also translocated into the cell cytosol. These results suggest that Fg-induced formation
of F-actin, which leads to stiffening of the cells and pulling of the cell edges inward, may be
linked to decreased ZO protein expression and translocation of the ZO proteins from the actin
cytoskeleton to the cytosol (Ehringer et al., 1999; Gordon et al., 2005; Lominadze et al.,
2004, 2006). Decreased expression of ZO-1 and ZO-2 in response to increased Fg concentration
helps to clarify the mechanism of Fg-induced enhanced formation of F-actin (Tyagi et al.,
2008).

Although the endothelial ET-1 receptor (ETB receptor) blocker, BQ788, did not significantly
affect Fg-induced decreases in protein and mRNA expression of occludin, ZO-1, or ZO-2, it
inhibited their downregulation by ET-1. Enhanced production of ET-1 during an increase in
Fg content (Sen et al., 2009) may exacerbate the effect of Fg. We were previously unable to
show a role of the endothelin type A (ETA) receptor in Fg-induced production of ET-1 from
ECs (Sen et al., 2009). Therefore, it appears that ETA receptor is not involved in Fg-mediated
processes in microvascular ECs (Sen et al., 2009).

In the present study, a pathologically high content of Fg (4 mg/ml) compromised EC layer
integrity, as indicated by changes in TEER. We also showed that the higher content of Fg led
to downregulation of occludin, ZO-1, and ZO-2 proteins. These results clearly suggest that Fg-
induced alterations in EC layer integrity can be a result of Fg-induced downregulation of
occludin, ZO-1, and ZO-2 protein expression. Since these TJPs are associated with EC actin
filaments, it is possible that their downregulation by a high content of Fg (4 mg/ml) could be
involved in Fg-induced increased EC layer permeability, which has been reported (Tyagi et
al., 2008). However, the results of the present study do not allow a direct conclusion that TJPs
such as occludin, ZO-1, or ZO-2 can have a role in Fg-induced increased EC layer permeability.
It is important to determine if an increased content of Fg can affect the integrity of the ECs
that over-express occludin or ZO proteins. However, this goes beyond of the scope of the
present study and requires separate investigation devoted to this specific question.

Mitogen-activated protein kinase kinase (MEK) is phosphorylated and activated by Raf. Once
activated, MEK phosphorylates and activates ERK (Kolch, 2000). PD9805 and U0126 used
in the present study are chemically unrelated MEK/ERK inhibitors and have different
mechanisms of action (Alessi et al., 1995; Favata et al., 1998). While PD98059 binds to the
inactive forms of MEK and prevents its activation by upstream activators such as Raf (Alessi
et al., 1995), U0126 binds to the activated form of MEK (Favata et al., 1998). Formation of F-
actin can occur through ERK signaling (Chandrasekar et al., 2003; Bourguignon et al., 2005).
In addition, occludin binds to extracellular signal-regulated kinase (ERK) (Basuroy et al.,
2006). Our data show that Fg-induced alterations in EC integrity and in the content of TJPs
may be regulated by ERK signaling. These results, in combination with our previous data
showing increased albumin leakage through the EC layer in the presence of 4 mg/ml of Fg
(Tyagi et al., 2008), suggest that binding of Fg to its endothelial receptor, ICAM-1, activates
MEK/ERK signaling. However, the possible effect of Fg interaction with another of its
endothelial receptors, α5β1 integrin, should not be ruled out. The latter is involved in
vasoconstriction (Mogford et al., 1997) and in Fg-induced increased EC layer permeability
(Tyagi et al., 2008).

We found that MEK/ERK inhibitors, PD9805 or U0126, decreased Fg-induced downregulation
of occludin, ZO-1 and ZO-2 expression. These results indicate that the mechanism for changes
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in expression of these TJPs, their subcellular localization, and decreased EC layer integrity
induced by Fg binding to endothelial ICAM-1 involve ERK signaling. This agrees with our
previous finding that an increased content of Fg activates ERK signaling, which is activated
further by enhanced production of ET-1 as a result of the increased Fg concentration (Sen et
al., 2009). Together, these findings indicate that Fg binding to its endothelial receptor, ICAM-1,
activates MEK/ERK signaling and induces downregulation of occludin, ZO-1, and ZO-2
proteins. These events compromise IEJ integrity, and enhance production of ET-1. ET-1 further
activates MEK/ERK signaling and exacerbates downregulation of the TJPs, causing an even
greater impairment in EC layer integrity.

Increased blood Fg concentration is typical of many cardiovascular and cerebrovascular
diseases (Ernst and Resch, 1993; Danesh et al., 1998; Chae et al., 2001; Danesh et al., 2005),
which are accompanied by increased EC permeability (Parving et al., 1977; Laine, 1988).
Increased EC layer permeability through formation of F-actin can be induced by an elevated
level of Fg (Tyagi et al., 2008). The present investigation extends these observations by
showing that increased Fg content compromises EC layer integrity by downregulating
endothelial TJPs through MEK/ERK signaling.
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Fig. 1.
Changes in relative resistance of confluent rat heart microvascular endothelial cell monolayers
after treatment with fibrinogen (Fg): 2 mg/ml (•), 3 mg/ml (▲), or 4 mg/ml (◆) for 24 h. Cells
in the control group (○) were in media alone. Relative resistance was determined by comparing
the resistance at the indicated times to the average resistance determined during 30 min prior
to experiment. *P < 0.05 versus control. #P < 0.05 versus 3 mg/ml of Fg. Each point represents
an average of three measurements in each group (n = 3).
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Fig. 2.
Changes in relative resistance of confluent rat heart microvascular endothelial cell monolayers.
A: Confluent cells were treated with 4 mg/ml of fibrinogen (Fg) (◆), 4 mg/ml Fg and 20 μM
U0126 (Fg + U0126, △), 4 mg/ml Fg and 20 μM PD98059 (Fg + PD98059, ▽), or 4 mg/ml
Fg and 5 μM BQ788 (Fg + BQ788, ▲). Cells in the control group (○) were in media alone. B:
Confluent cells were treated with endothelin-1 (ET-1, 10 nM) (•), ET-1 and 5 μM of BQ788
(■), or 5 μM BQ788 alone (□). Relative resistance was determined by comparing the resistance
at the indicated times to the average resistance determined during 30 min prior to experiment.
*P < 0.05 versus control. #P < 0.05 versus ET-1 + BQ788. n = 3 for all groups.
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Fig. 3.
Fg-induced albumin leakage through the endothelial cell monolayer. Fluorescence intensity of
bovine serum albumin conjugated with FITC (BSA-488) in lower chambers of Transwells was
measured by fluorimetry and presented as fluorescence intensity units (FIU). The following
treatment groups were compared: media only (control), 2 mg/ml of Fg (Fg 2), 3 mg/ml of Fg
(Fg 3), 4 mg/ml of Fg (Fg 4), 4 mg/ml of Fg and 5 μM BQ788 (Fg + BQ788), 10 nM ET-1,
and 10 nM ET-1 with 5 μM BQ788 (ET-1 + BQ788). The cells were treated for 24 h. *P <
0.05 versus control. †P < 0.05 versus lower dose of Fg. ‡P < 0.05 versus 4 mg/ml of Fg. #P <
0.05 versus ET-1. n = 4 for all groups.
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Fig. 4.
Expression of occludin, zona occluden-1 (ZO-1), and zona occluden-2 (ZO-2) mRNA in
endothelial cells (ECs) after tretament with 2 and 4 mg/ml of Fg for 24 h. A: RT-PCR shows
changes in mRNA expression of occludin, ZO-1, and ZO-2 after tretament with 2 or 4 mg/ml
of Fg. B: Relative mRNA expression of occludin, ZO-1, and ZO-2. Relative mRNA expression
of each band is reported as a ratio of integrated optical density (IOD) of each band to the IOD
of the respective GAPDH band. *P < 0.05 versus respective control. #P < 0.05 versus respective
2 mg/ml of Fg. n = 3 for all groups. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Fig. 5.
Effect of endothelin-1 (ET-1) in 4 mg/ml of Fg-induced changes in expression of mRNA of
occludin, zona occluden-1 (ZO-1), and zona occluden-2 (ZO-2) in endothelial cells. A: RT-
PCR shows changes in mRNA expression of occludin, ZO-1, and ZO-2 after tretament with 4
mg/ml of Fg (Fg), 4 mg/ml of Fg and 5 μM BQ788 (Fg + BQ788), 10 nM ET-1, 10 nM ET-1
with 5 μM BQ788 (ET-1 + BQ788), and 5 μM BQ788. B: Relative mRNA expression of
occludin, ZO-1, and ZO-2. Relative mRNA expression of each band is reported as a ratio of
integrated optical density (IOD) of each band to the IOD of the respective GAPDH band. *P
< 0.05 versus respective control. #P < 0.05 versus respective Fg. †P < 0.05 versus respective
ET-1. n = 3 for all groups.

PATIBANDLA et al. Page 17

J Cell Physiol. Author manuscript; available in PMC 2010 January 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Changes in occludin, zona occluden-1 (ZO-1), and zona occluden-2 (ZO-2) protein contents
in endothelial cells (EC) after tretament with fibrinogen (Fg). A: Changes in content of
occludin, ZO-1, and ZO-2 in ECs after tretament with 2 or 4 mg/ml of Fg shown by Western
blot analysis. B: Relative protein expression of occludin, ZO-1, and ZO-2. C: Changes in
protein expression of occludin, ZO-1, and ZO-2 in ECs were determined by Western blot
analysis after treatment with medium alone (control), U0126, PD98059 (20 μM each), anti-
ICAM-1 antibody (50 μg/ml), 4 mg/ml of Fg (Fg), or 4 mg/ml of Fg in the presence of 20 μM
of U0126 (Fg + U0126), 20 μM of PD98059 (Fg + PD98059), or 50 μg/ml of anti-ICAM-1
antibody (Fg + anti-ICAM-1) for 24 h. D: Relative protein expression of occludin, ZO-1, and
ZO-2 for the tretament groups shown in C. Relative protrein expression is reported as a ratio
of integrated optical density (IOD) of each band to the IOD of the respective β-actin band.
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*P < 0.05 versus respective control. n = 3 for all groups. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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Fig. 7.
Effect of endothelin-1 (ET-1) in 4 mg/ml of Fg-induced changes in expression of occludin,
zona occluden-1 (ZO-1), and zona occluden-2 (ZO-2) in endothelial cells. A: Expression of
occludin, ZO-1, and ZO-2 after tretament with 4 mg/ml of Fg (Fg), 4 mg/ml of Fg and 50 μg/
ml BQ788 (Fg + BQ788), 10 nM of ET-1, ET-1 (10 nM) with 50 μg/ml of BQ788 (ET-1 +
BQ788), and 50 μg/ml BQ788 shown by Wetsrn blot analysis. B: Relative protein expression
of occludin, ZO-1, and ZO-2. Relative protrein expression is reported as a ratio of integrated
optical density (IOD) of each band to the IOD of the respective β-actin band. *P < 0.05 versus
respective control. #P < 0.05 versus respective Fg. †P < 0.05 versus respective ET-1. n = 3 for
all groups. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Fig. 8.
Fibrinogen (Fg)-induced changes in occludin, zona occluden-1 (ZO-1), and ZO-2 content and
their locations in endothelial cells (ECs). A,C,E: Confocal images show a visible decrease of
occludin (green, A), ZO-1 (red, C), and ZO-2 (green, E) (indicated by arrows) in ECs after
treatment with 4 mg/ml of Fg, which were restored to normal in the presence of anti-ICAM-1
antibody (50 μg/ml). EC nuclei are indicated by blue color. B,D,F: Comparison of fluorescence
(green for occludin, red for ZO-1, and green for ZO-2) intensity changes in ECs are presented
by the histogram. *P < 0.05 versus control, †P < 0.05 versus 2 mg/ml Fg; #P < 0.05 versus 4
mg/ml Fg. n = 3 for all groups.
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