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Abstract
Steady laminar blood flow protects vessels from atherosclerosis. We showed that flow decreased
tumor necrosis factor-α (TNF)-mediated VCAM1 expression in endothelial cells (EC) by inhibiting
JNK. Here we determined the relative roles of MEK1, MEK5 and their downstream kinases ERK1/2
and BMK1 (ERK5) in flow-mediated inhibition of JNK activation. Steady laminar flow (shear stress
= 12 dynes/cm2) increased BMK1 and ERK1/2 activity in EC. Pre-exposing EC for 10 min to flow
inhibited TNF activation of JNK by 58%. A key role for BMK1, but not ERK1/2 was shown. 1)
Incubation of EC with PD184352, at concentrations that blocked ERK1/2, but not BMK1, had no
effect on flow inhibition of TNF-mediated JNK activation. 2) BIX02188, a MEK5-selective inhibitor,
completely reversed the inhibitory effects of flow. These findings indicate that flow inhibits TNF-
mediated signaling events in EC by a mechanism dependent on activation of MEK5-BMK1, but not
MEK1-ERK1/2. These results support a key role for the MEK5-BMK1 signaling pathway in the
atheroprotective effects of blood flow.
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Introduction
Substantial evidence exists that physiologic fluid shear stress (flow) exerts atheroprotective
effects in vivo, because atherosclerosis preferentially occurs in areas of disturbed flow or low
shear stress, whereas regions with steady laminar flow and physiological shear stress are
protected [1,2]. Pathogenic features of atherosclerosis are oxidative stress and inflammation
characterized by endothelial expression of VCAM1 [3]. We have proposed that flow inhibits
VCAM1 expression by increasing anti-oxidant mechanisms and blocking inflammatory
signaling events. Specifically, using in vitro cultured endothelial cells (EC) [4,5] and ex vivo
intact vessels [6,7], we have demonstrated that inhibiting TNF-mediated activation of the
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apoptosis signal-regulating kinase (ASK1)-JNK pathway is one mechanism by which steady
laminar flow is atheroprotective.

Conceptually there are four ways that flow could inhibit activation of ASK1-JNK. First, flow
could inhibit an upstream activator such as the MAP kinase that activates ASK1. To date we
have not identified this kinase in EC. Second, flow could inhibit ASK1 directly. We have
previously shown that flow inhibits the ASK1-JNK pathway by a redox pathway that involves
activation of glutathione reductase[8] and thioredoxin (via increasing reducing equivalents and
by downregulating the thioredoxin inhibitor, TXNIP[7]) and inhibition of a phosphatase that
dephosphorylates ASK1 (thereby maintaining 14-3-3 binding)[5]. Third, flow could activate
phosphatases that dephosphorylate ASK1 and JNK. Likely candidates would be the MAP
kinase phosphatases such as MKP-1. Finally, flow could activate kinases that inhibit activation
of the ASK1-JNK pathway. Previously we showed that activating MEK5 by transfection with
constitutively active MEK5 (CA-MEK5) reproduced the inhibitory effects of flow on TNF-
mediated activation of JNK[9]. More recently we showed that flow blocked apoptosis of EC
via a pathway that required activation of MEK5-BMK1[10] and inhibition of protein kinase
C-ζ activation[11]. Previously we found that the MEK1 and MEK5 inhibitor PD98059 reversed
many of the inhibitory effects of flow on TNF signaling[4]. Here we used several specific
pharmacologic inhibitors to assay the relative roles of ERK1/2 and BMK1 in flow-mediated
inhibition of TNF signaling.

Materials and Methods
Cell Culture and Flow Experiments

Bovine aortic endothelial cells (BAECs) or bovine lung microvascular endothelial cells
(BLMECs) were isolated according to previous published protocols[10], and maintained in
medium199 (M-199) supplemented with 100 U/mL of penicillin and 100 mg/mL of
streptomycin, 1% MEM amino acids, 1% MEM vitamins, 10% fetal clone III (bovine serum
incubator at 37°C. Cells at passages 5 to product, HyClone), in a 5% CO2/95% O2 10 were
used for experiments. Flow experiments were performed with confluent cells grown in 60-mm
dishes after growth-arrest for 6 hr in 0% serum. Cells were exposed to laminar flow (shear
stress = 12 dyn/cm2) in a cone and plate viscometer.

Antibodies and Reagents
Antibodies: BMK1, ERK1/2, and JNK (Santa Cruz); phospho (p)-ERK1/2, p-JNK1/2, and p-
BMK1 (Cell Signaling). Reagent Sources: TNF-α (Roche); U0126, PD98059 and PD184352
(Calbiochem); BIX02188 Boehringer Ingelheim).

Western Analysis
Cells were rinsed with ice-cold phosphate-buffered saline (PBS; 150 mmol/L NaCl, 20 mmol/
L Na2PO4, pH 7.4) on ice and harvested in lysis buffer (50 mmol/L Tirs-HCl pH7.5, 150 mmol/
L NaCl, 10 mmol/L Hepes pH7.4, 10 mmol/L EDTA, 1% Triton X-100, 0.5% deoxycholate,
5 mmol/L NaF, 1 mmol/L Na3VO4 plus 1:1000 protein inhibitor cocktail (PIC, Sigma) and
clarified by centrifugation. The protein concentration was determined by Bradford assay (Bio-
Rad). Total cell lysates were separated by SDS-PAGE and transferred to nitrocellulose
membranes, and the membranes were incubated with appropriate primary antibodies. After
washing and incubating with secondary antibodies, immunoreactive proteins were visualized
by the Odyssey infrared imaging system (LI-COR Biotechnology). Densitometric analyses of
immunoblots were performed with ImageJ software.
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Statistical analysis
All data are reported as mean±S.E. The IC50 values were calculated by using a computer
algorithm that assumes a linear curve between two points around 50% of the maximum
response[12]. Comparison for two groups was performed using Student t-test. Differences
between 3 or more groups were analyzed by repeated-measures one-way ANOVA and Fisher’s
PSLD. Statistical significance was accepted at p<0.05.

Results
Flow activates ERK1/2 and BMK1 with differing time courses

To understand the role of crosstalk between MAP kinase family members in flow-mediated
inhibition of TNF signaling we compared the time course for activation. While both ERK1/2
and BMK1 were activated by flow in EC, the time course for ERK1/2 was more rapid with
onset at 2 min and peak at 10 min (Fig. 1)[13–15]. Since the ability of flow to inhibit JNK
activation by TNF required only 10 min of flow pretreatment[4], the time course data suggested
that ERK1/2 was more likely than BMK1 to mediate crosstalk.

Effect of MEK1 inhibitors on flow-mediated activation of ERK1/2 and BMK1
To determine the relative contributions of ERK1/2 and BMK1 to flow-mediated inhibition of
TNF, we first characterized the concentration responses for pharmacologic inhibition of
ERK1/2 and BMK1 using two well-known MEK1 inhibitors (that also have been reported to
inhibit MEK5[16–18]): PD98059 and U0126. Flow alone (10 min, 12 dyn/cm2) activated
ERK1/2 by 7.8 ± 0.8-fold. The IC50 for inhibition of ERK1/2 by PD98059 was 2.8 ± 0.4 μM,
while for U0126 it was 2.2 ± 0.3 μM (Fig. 1B). Flow alone (20 min, 12 dyn/cm2) activated
BMK1 by 4.8 ± 0.6-fold. The IC50 for inhibition of BMK1 by PD98059 was 3.2 ± 0.5 μM,
while for U0126 it was 2.2 ± 0.3 μM (Fig. 1C) indicating that these two inhibitors were not
specific for MEK1 in EC stimulated by flow.

Therefore, we studied PD184352, a more specific MEK1 inhibitor[19–21]. As shown in Fig.
1D, PD184352 inhibited ERK1/2 activity by 50% at 0.1 μM, with complete inhibition at
concentrations ≥10 μM, and an IC50 = 0.7 ± 0.4 μM. In contrast, the IC50 for BMK1 inhibition
was 14.4 ± 2.4 μM. This 20-fold difference in IC50 suggested that differential inhibition was
possible.

Next, we compared the effects of 0.1–40 μM PD184352 on flow-mediated inhibition of TNF
signaling (Fig. 2A). TNF activation of ERK1/2 and JNK served as an internal control. There
was no inhibition of JNK activation at 0.1 μM PD184352, but there was a ~50% decrease at
40 μM PD184352 (compare p-JNK in lanes 3&4) indicating likely nonspecific effects on
upstream kinases (e.g., MKK4 or MKK7). In contrast there was ~ 90% inhibition of ERK1/2
activation at 0.1 μM (compare p-ERK1/2 in lanes 2&3) suggesting that this concentration of
PD184352 was optimal to block ERK1/2 activation specifically without affecting JNK or
BMK1. Flow pretreatment blocked TNF activation of JNK by 70% (compare p-JNK in lanes
2&5) without significant effect on ERK1/2 (compare p-ERK1/2 in lanes 2&5). At low
concentrations of PD184352 (0.1 μM, lane 6 and 1.0 μM, lane 7), flow still significantly
inhibited JNK activation (68± 17% at 0.1 μM, n = 4). At these concentrations there was no
significant ERK1/2 activation by flow and TNF. At higher concentrations of PD184352 (10
and 40 μM, lanes 8–9), TNF activated JNK even though there was some inhibition by
PD184352 of JNK activation (Fig. 2). The EC lysates exposed to flow and PD184352 were
then assayed for activation of BMK1. As shown in Fig. 2B, there was still a significant bandshift
representing activated BMK1 (p-BMK1 in Fig. 2B) at 10 μM PD184352 showing that this
compound is specific for MEK1-ERK1/2 in EC at the concentrations used. These data indicate
that the ability of flow to inhibit JNK activation was not significantly reduced at concentrations
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of PD184352 that strongly inhibit MEK1 and ERK1/2 (0.1–1 μM). These results suggest that
MEK-ERK1/2 do not mediate flow inhibition of TNF signaling.

A novel MEK5 inhibitor, BIX02188, selectively inhibits BMK1 phosphorylation
To investigate whether selective inhibition of MEK5-BMK1 would block flow effects on TNF
signaling we tested a novel MEK5 inhibitor, BIX02188. It is a potent inhibitor of catalytic
function of purified, active MEK5 enzyme. In activated HeLa cells, the inhibitor blocked
phosphorylation of ERK5, without affecting phosphorylation of ERK1/2, JNK and p38 MAP
kinases (Tetake, manuscript in preparation). To characterize the effects of this inhibitor in
cultured EC, we used H2O2 to activate BMK1 as described previously[22]. BLMECs were
pretreated with 0.1 – 10 μM BIX02188 for 30 min, and then stimulated with 300 μM H2O2.
We previously found that this concentration yielded maximal BMK1 activation in EC[22].
BMK1 was dramatically activated by H2O2, with peak at 20 min (not shown). Phosphorylated
BMK1 was inhibited by BIX02188 in a dose-dependent manner, with an IC50 = 0.8 ± 1.0
μM, and maximal inhibition at concentrations > 3 μM (Fig. 3A–B).

To examine the specificity of BIX02188, we measured the effect of 0.1–10 μM BIX02188 on
the activity of ERK1/2 and JNK. There was no significant inhibition of ERK1/2 (Fig. 3A–B)
and JNK (Fig. 4A–B, lanes 5&6) at these concentrations. These observations confirmed the
selectivity of BIX02188 for MEK5-induced BMK1 phosphorylation.

Effect of the MEK5 inhibitor BIX02188 on flow-mediated inhibition of TNF signaling
To determine the effect of selectively inhibiting MEK5-BMK1 on TNF-induced JNK
signaling, we pretreated BAEC with 1 μM BIX02188 for 30 min, exposed cells to flow for 15
min, and then stimulated with 10 ng/ml TNF for 15 min (Fig. 4A–B). Neither flow nor
BIX02188 alone (or together) activated JNK (lanes 2–4). TNF alone activated JNK (1.0-fold,
arbitrary units, lane 6), which was not inhibited by BIX02188 (lane 5). In this series of
experiments, flow decreased TNF-mediated JNK activation by 58 ± 15% (lane 7, p <0.01).
This effect was completely reversed by pre-incubation with BIX02188 (Fig. 4A, lane 8; Fig.
4B, p = NS). To show that the concentration dependence of BIX02188 on TNF-mediated JNK
activation paralleled the effect on BMK1 inhibition we performed a dose-response experiment
(Fig. 4C–D). At 1 μM BIX02188 the ability of flow to inhibit TNF activation was maximal
(Fig. 4C–D), similar to the BIX02188 concentration that maximally inhibited BMK1 (Fig. 3B).
These findings demonstrate that flow inhibits TNF signaling through activation of the MEK5-
BMK1 signaling pathway.

We attempted to confirm these results by using siRNA to knockdown MEK5 and BMK1.
However, the transfection and serum starvation protocols resulted in unacceptable levels of
cell death and activation of JNK. This is not surprising given the known role for the MEK5-
BMK1 pathway in preventing EC apoptosis induced by serum deprivation[10], and the newly
demonstrated role in this paper in limiting JNK activation.

Discussion
The major findings of the present study are that the MEK5-BMK1 pathway mediates flow-
dependent inhibition of TNF signaling in EC as shown by a novel MEK5-selective inhibitor
BMK1, the MAP kinase downstream of MEK5, was shown previously to play a critical role
in EC function since both mek5 and bmk1 knockout mice rapidly die due to disruption of
vascular integrity[10,23,24]. Our previous studies have demonstrated that BMK1 plays an
essential role in the ability of shear stress to prevent EC apoptosis[10]. The present study further
supports the key role of BMK1 in flow mediated anti-inflammatory effects. In particular, our
data show a significant and specific role of BMK1 in inhibiting TNF-induced JNK activation.
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Steady laminar flow inhibits inflammatory responses in EC by both short-term and long-term
mechanisms. Flow regulates the activity of several transcription factors including NF-κB,
Kruppel-like factor-2 (KLF2) and PPARγ. KLF2 and PPARγ are particularly relevant, since
recent reports show these factors are regulated by a MEK5-ERK5 pathway. KLF2 is induced
by laminar shear stress in cultured EC[25–27], inhibits induction of VCAM-1, and a MEK5-
BMK1-MEF2C pathway is required for up regulation of KLF2 [28]. In EC, laminar flow
activates PPARγ activity and activation of PPARγ exerts anti-inflammatory effects since
PPARγ ligands reduce TNF induced VCAM-1 expression [29]. We have shown previously
that flow-induced PPARγ activation is dependent upon ERK5, and is functionally important
because expression of dominant negative PPARγ decreased the ability of ERK5 to decrease
VCAM-1 expression [30].

The mechanisms by which MEK5-BMK1 inhibit TNF signaling remain to be elucidated fully.
Intriguingly, both MEK5 and PKC-ζ are PB1 domain containing proteins. Thus it is possible
that competition between MEK5 and PKC-ζ influences the relative activation of these
pathways. Future studies of PB1 domain interacting proteins and MEK5-BMK1 kinase
substrates would appear indicated.

The data in this study confirm the selectivity of the novel MEK5 inhibitor, BIX02188 in EC.
We also confirmed the selectivity of PD183452 for MEK1 in EC. BIX02188 may be a useful
reagent to investigate the role of MEK5-BMK1 signaling in the cardiovascular system,
bypassing the mortality associated with MEK5 and BMK1 deficiency. This reagent should
enable long term studies of the role of MEK5-BMK1 in cardiovascular diseases such as heart
failure, aortic aneurysm and atherosclerosis.
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Fig. 1. ERK1/2 and BMK1 regulation by flow and inhibitors
(A) Time course for flow activation of ERK1/2 and BMK1. BAEC and BLMEC were exposed
to flow for varying times and cell lysates were prepared for SDS-PAGE. ERK1/2 activation
was measured by phospho-specific ERK1/2 antibodies, while BMK1 activity was measured
by both band shift and phosphorylation of MEF2C. Results represent mean ± S.E. from three
to five independent experiments. Values were normalized by setting the densitometry value of
serum-starved static cells to 1.0 in each experiment. (B–D) Effect of U0126 (B), PD98059 (C)
and PD184352 (D) on ERK1/2 and BMK1 activity. BAEC and BLMEC were incubated with
the indicated concentrations of inhibitors for 30 min, exposed to flow (12 dyn/cm2) for 10 and
20 min to activate ERK1/2 and BMK1 (respectively), and cell lysates were prepared for SDS-
PAGE.
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Fig. 2.
Effect of PD184352 on flow-mediated inhibition of TNF signaling. A. BLMEC were incubated
with indicated concentrations of PD184352 for 30 min, exposed to flow (12 dyn/cm2) or left
static for 10 min, and then stimulated with10 ng/ml TNF for 15 min. Cell lysates were prepared
and SDS-PGE performed followed by western blotting. MAP kinase activation was determined
by immunoblotting using phospho-specific antibodies. Equal loading was confirmed with total
MAP kinase antibodies. Representative blots from 3 independent experiments are shown. B.
Using a similar experimental design as in (A), BMK1 activation was determined after exposure
to flow for 15 min and the indicated concentrations of PD184352 for 30 min. Activation was
measured by the ratio of the upper band (band shift) to the total BMK1 content by densitometry.
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Fig. 3.
BIX02188 inhibits MEK5-BMK1 signaling induced by H2O2. A. BLMEC were serum
deprived for 6 hr, incubated with the indicated concentrations of BIX02188 for 30 min, and
stimulated with 300 μMH2O2 for 20 min. Cell lysates were prepared and SDS-PAGE
performed followed by western blotting for phospho-BMK1 or total BMK1, phospho-ERK1/2
or total ERK1/2. B. Results represent mean ± S.E. from three to five independent experiments.
Values were normalized by setting the densitometry value of serum-starved cells to 1.0 in each
experiment.
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Fig. 4.
BIX02188 reverses flow inhibition of TNF-induced signaling. A. BLMEC were exposed to 1
μM BIX02188 for 30 min, flow for 10 min, 10 ng/ml TNF for 15 min (or both). Cell lysates
were prepared and SDS-PAGE performed followed by western blotting for p-JNK or total
JNK. B. Results represent mean ± S.E. from four independent experiments. Values were
normalized by setting the densitometry value of serum-starved cells treated with TNF alone to
1.0 in each experiment. C. Dose-dependent restoration of flow-inhibited TNF-induced JNK
activation by BIX02188. Using the experimental protocol described in (A), cells were treated
with the indicated concentrations of BIX02188 prior to exposure to flow and TNF. D. The
results were quantified after setting the densitometry value of serum-starved cells treated with
TNF alone to 1.0 in each experiment. *p < 0.01, compared with cells treated with TNF alone,
n=4.
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