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Mechanoregulation of p38 activity enhances
endoplasmic reticulum stress–mediated inflammation
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ABSTRACT:Endothelialup-regulationofVCAM-1at susceptible sites inarteriesmodulates the recruitment efficiency
of inflammatory monocytes that initiates atherosclerotic lesion formation. We reported that hydrodynamic shear
stress (SS) mechanoregulates inflammation in human aortic endothelial cells through endoplasmic reticulum (ER)
stressviaactivationof the transcription factor x-boxbindingprotein 1 (XBP1).Here, amicrofluidic flow channel that
produces a linear gradient of SS along a continuous monolayer of endotheliumwas used to delve the mechanisms
underlying transcriptional regulation of TNF-a–stimulated VCAM-1 expression. High-resolution immunofluo-
rescence imaging enabled continuous detection of platelet endothelial cell adhesion molecule 1 (PECAM-1)–
dependent, outside-in signalingas a functionofSSmagnitude.Differential expressionofVCAM-1and intercellular
adhesion molecule 1 (ICAM-1) was regulated by the spatiotemporal activation of MAPKs, ER stress markers, and
transcription factors,whichwasdependenton themechanosensingofSS throughPECAM-1andPI3K. Inhibitionof
p38 specifically abrogated the rise to peakVCAM-1 at lowSS (2 dyn/cm2),whereas inhibition of ERK1/2 attenuated
peak ICAM-1 at high SS (12 dyn/cm2). A shear stress–regulated temporal rise in p38 phosphorylation activated the
nuclear translocation of XBP1, which together with the transcription factor IFN regulatory factor 1, promoted
maximum VCAM-1 expression. These data reveal a mechanism by which SS sensitizes the endothelium to a
cytokine-induced ER stress response to spatially regulate inflammation promoting atherosclerosis.—Bailey, K. A.,
Moreno, E., Haj, F. G., Simon, S. I., Passerini, A. G. Mechanoregulation of p38 activity enhances endoplasmic
reticulum stress–mediated inflammation by arterial endothelium. FASEB J. 33, 12888–12899 (2019).
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Atherosclerotic cardiovascular disease is the leading cause
of death and disability globally (1). Atherosclerosis mani-
fests as a focal inflammation of the artery wall that spa-
tially correlateswithsites exposed todisturbedblood flow,
notably low magnitude, and oscillatory wall shear stress
(SS). Among the earliest changes that functionally pro-
mote lesion formation at these susceptible sites is endo-
thelial cell (EC) membrane up-regulation of VCAM-1,
which serves as a counter-receptor for very late antigen-
4–dependent monocyte recruitment from the circulation.

Mouse models of atherosclerosis and human postmortem
studies confirm that ECs at atherosusceptible sites corre-
sponding to low SS express high levels of VCAM-1 and
capture monocytes more efficiently compared with arte-
rial regions that experience unidirectional flow and high
SS (2–6). Likewise, differential regulation of VCAM-1
transcription and expression is exhibited by TNF-a–
activated human aortic ECs (HAECs) exposed to high vs.
low or flow-reversing SS, and this directly influences the
extent of inflammatory monocyte recruitment ex vivo
(7–9). In contrast, intercellular adhesion molecule 1
(ICAM-1) expression, enhanced by high SS, promotes
lymphocyte function–associated antigen 1–mediated
neutrophil recruitment and plays a less prominent role in
atherogenesis. Key to understanding atherogenic suscep-
tibility at focal regions inarteries is revealinghowtheshear
forces of blood flow sensed at the cell membrane are
transduced intobiochemical signals that precisely regulate
the endothelial inflammatory phenotype.

The endoplasmic reticulum (ER) functions in the pro-
cessing, packaging, and transportation of lipids and
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proteinswithin the cell.Metabolic overload induces a state
of ER stress and downstream responses that link dysre-
gulated metabolism with endothelial dysfunction and in-
flammation promoting atherosclerosis (7, 10–12). The ER
stress response constitutes a set of conserved signaling
pathways to maintain proteostasis, termed the unfolded
protein response (UPR). The signaling that characterizes
the UPR includes activation of inositol-requiring enzyme
1a, leading to the splicing of x-box binding protein 1
(XBP1) to produce the active form of this transcription
factor [spliced XBP1 (XBP1s)], and phosphorylation of
protein kinase-like ERK, which subsequently leads to ac-
tivation of eukaryotic initiation factor 2a (eIF2a) (13). Ca-
nonically, theUPR signals a range of responses to alleviate
ER stress and restore equilibrium.

Studies in swine and apolipoprotein E–null mice fed
a high-fat diet have revealed a chronic state of ER stress
and activation of the UPR at atherosusceptible sites and
within atherosclerotic lesions (10, 13). A study in cul-
tured ECs confirmed a role for atherosusceptible-fluid
SS in modulating an ER stress response (11). Although
the mechanisms that link mechanotransduction of SS
with the ER-mediated inflammatory responses that
promote atherosclerosis are unknown, we have estab-
lished that low-magnitude SS is a potent inducer of the
ER stress response in TNF-a–inflamed HAEC that is
dependent on the transmembrane glycoprotein platelet
endothelial cell adhesion molecule 1 (PECAM-1) (7).
Specifically, low SS signals through the UPR tran-
scription factors XBP1 and eIF2a to potentiate the TNF-
a response by eliciting maximal IFN regulatory factor 1
(IRF-1)–dependent VCAM-1 expression and monocyte
adhesion to HAEC (7). In contrast, the expression of
ICAM-1 by high SS is independent of both IRF-1 and ER
stress (7, 14). These findings motivated the current
study to elucidate how the magnitude of SS sensed by
PECAM-1 is mechanotransduced to modulate the ER
stress response in regulating the level of VCAM-1 ex-
pression, which is distinct from a mechanism that in-
fluences spatial regulation of ICAM-1 expression.

Mechanotransduction in ECs involves adhesion recep-
tors that are integral to the sensing of the magnitude of
hemodynamic stress and converting it into biochemical
signals that regulate cellular responses. These receptors
include PECAM-1 at cell junctions and integrins that an-
chor ECs to the extracellular matrix. PECAM-1 is estab-
lished as a force transducer that complexes with the
adaptor protein vascular endothelial cadherin to trigger
activationof the Src family kinase thatphosphorylates and
activates VEGF receptor 2, independent of receptor liga-
tion (15, 16). ActivatedVEGF receptor 2 signals viaPI3K to
activate downstream pathways including the conversion
of integrins to a high-affinity state. Integrin activation, in
turn, signalsviamultiplepathways to regulateEC function
(15–17). Inhibition of PECAM-1 expression was shown to
abrogate the SS-dependent regulation of both VCAM-1
and ICAM-1 expression in TNF-a–inflamed HAECs (7).
Elusive are the downstream pathways that regulate the
differential expressionpatternsof theseadhesion receptors
on arterial ECs as a function of themagnitude of SS. This is
directly relevant to elucidating the mechanobiology of

plaque formation at hemodynamically susceptible regions
in arteries.

MAPKs are a set of evolutionarily conserved
serine-threonine kinases including p38, JNK, and
ERK1/2, which signal extracellular stimuli to control
a host of cellular responses, including the activation
of transcription factors. MAPK activation is tightly
controlled by kinase phosphorylation and phospha-
tase dephosphorylation, and the dynamics of this
process are known to influence transcription of in-
flammatory mediators (18). The MAPKs p38 and
ERK1/2 are transiently phosphorylated in response to
high-magnitude SS, beginning 2 min after the onset of
flow, peaking at 5–15 min, and returning to baseline
(19–22). The SS regulation of MAPKs has been linked
to modulation of EC functions including prostaglan-
din I2 secretion, cell alignment, and cell adhesion
molecule (CAM) expression (17, 19, 23, 24). It was
recently demonstrated that laminar SS elicited en-
hanced cyclooxygenase-2 expression in ECs, which
was dependent on p38 activation via a5b1 integrin–
mediated signaling downstream of PECAM-1 (17).
However, the spatial and temporal control viaMAPKs
that are differentially activated by SS and their
downstream targets that regulate the transcription of
VCAM-1 vs. ICAM-1, especially as they link to ER
stress–mediated signaling, are largely unknown.

The objective of the current study was to delve the
signaling mechanism linking mechanosensing at the
plasma membrane to an ER stress response that specifi-
cally modulates cytokine-induced VCAM-1 expression.
Because p38 activity is known to play a role in mechano-
signalingdownstreamofPECAM-1,wehypothesized that
p38 activation controls the ER stress response to regulate
TNF-a–stimulated up-regulation of VCAM-1 that is
dependent upon the magnitude of SS. By examining
flow-mediated signaling along a continuousmonolayer of
HAECswithina sheargradient,we revealed thatPECAM-
1–mediated mechanosignaling promotes sustained TNF-
a–induced p38 phosphorylation under low SS, which
facilitates nuclear translocation of XBP1s and, together
with IRF-1, spatiotemporally regulates the expression of
VCAM-1.

MATERIALS AND METHODS

The protocols for cell culture and characterization, exposure to
SS, immunofluorescence imaging, and analysis are similar to
those we have previously reported in Bailey et al. (7).

Cell culture and treatment protocol

HAEC (lot 2228, derived from a 21-yr-old female, and lot
7F4409 froma 34-yr-oldmale; Genlantis, SanDiego,CA,USA)
were expanded separately on culture flasks in Endothelial
Growth Medium 2 (Lonza, Basel, Switerland) with a 1-time
antibiotic-antimycotic solution (Thermo Fisher Scientific,
Waltham, MA, USA) and used for experiments between
passages 5 and 7. Because unstimulated HAECs express very
low levels of VCAM-1 that are not significantly up-regulated
by SS, cells were stimulated with TNF-a to observe the
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modulatory effect of SS on inflammation. Each lot was char-
acterized for a consistent dose response to TNF-a (R&D Sys-
tems,Minneapolis,MN,USA) stimulation by flow cytometry.
HAECswere treatedwith 0.3 ng/ml TNF-a, corresponding to
the EC50 for up-regulation of VCAM-1 or ICAM-1, in growth
medium with 10% fetal bovine serum. Small molecule inhib-
itors were introduced to the medium for 1 h pretreatment
before stimulating with TNF-a and SS for the following time
periods indicated: p38 (SB203580; 10 mM; Cell Signaling
Technology, Danvers, MA, USA), ERK1/2 (PD98059; 10 mM;
Cell Signaling Technology), PI3K (LY294002; 30 mM; Cell
Signaling Technology), or MAPK phosphatase 1 (MKP-1)
(NSC 95397; 100 mM; Santa Cruz Biotechnology, Dallas, TX,
USA).

Shear flow experiments

HAECswere exposed to fluid shear flowwithin amicrofluidic
chamber inspired by Hele-Shaw 2-dimensional stagnation
flow theory and fabricated from polydimethylsiloxane using
soft photolithography as previously described in refs. 8, 9, and
25. The channel width increases from the inlet to the outlet,
generating a linearly decreasingmagnitude of SS as a function
of distance from the inlet and resulting in a stagnation point
just proximal to the outlet. For a constant flow rate, thewall SS
(tw) along the centerline of the channel changes linearly with
axial distance (x) as follows:

tw ¼ 6m3Q
h2 3w1

�
12

x
L

�
;

where m is the viscosity of the flow medium, Q is the volu-
metric flow rate, h is the channel height, w1 is the channel
width at the inlet, and L is the length of the channel. HAECs
were seeded on collagen type 1–coated (100 mg/ml; Thermo
Fisher Scientific) glass coverslips and grown to 90–95% con-
fluency. Polydimethylsiloxane microfluidic chambers were
reversibly vacuum adhered to the HAEC monolayers.
Leibovitz-15 medium (Thermo Fisher Scientific) supple-
mented with 10% fetal bovine serum, endothelial BulletKit
(Lonza), and 13antibiotic-antimycotic was used as flow me-
dium to maintain pH in the absence of CO2 regulation. A
closed-loop flow system was powered by a Masterflex L/S
Peristaltic Pump (Cole-Parmer, Vernon Hills, IL, USA) in a
humidified chamber maintained at 37°C. To observe changes
in CAM expression, HAECs were stimulated at a TNF-a
concentration corresponding to the EC50 for CAM up-
regulation (0.3 ng/ml) in the presence and absence of SS for
4 h. MAPKs, ER stress markers, and transcription factor acti-
vation were measured over 2 h of exposure.

Cell transfection

Lentivirus transduction particles (MilliporeSigma, Burling-
ton, MA, USA) containing short hairpin RNAs (shRNAs)
against PECAM-1 (TRCN0000057801) were introduced to
HAECs at a multiplicity of infection of 2.5 for 12 h in medium
and then diluted to a multiplicity of infection of 1.25 for an-
other 36 h. Puromycin (MilliporeSigma) was added to the
growth medium at 1 mg/ml for 48 h to select for transfected
cells. The efficiency of knockdownwas confirmed viaWestern
blot to be .75%.

Immunofluorescence microscopy

Treated cells were rinsed in PBS and fixed in 4% para-
formaldehyde (Electron Microscopy Sciences, Hatfield, PA,

USA) for 10 min. Nonspecific binding was inhibited with 2%
TruStain FcX (BioLegend, San Diego, CA, USA) in PBS be-
fore labeling with the following primary antibodies for 2 h:
anticalreticulin (6468; 1:200; Santa Cruz Biotechnology),
anti–VCAM-1 (555647; 1:10; BD Biosciences, San Jose, CA,
USA), anti–ICAM-1 (322714; 1:20; BioLegend), anti-XBP1s
(7160; 1:25; Santa Cruz Biotechnology), anti–phosphorylated
(p)-p38 (9215; 1:100; Cell Signaling Technology), anti–IRF-1
(657602; 1:100; BioLegend), or anti–MKP-1 (271684 or 373841;
1:50; Santa Cruz Biotechnology). Fluorescently conjugated
secondary antibodies applied in blocking buffer were chosen
for their reactivity and emission properties. Primary mouse
antibodies were stained with Alexa Fluor 555 goat anti-mouse
(A21425; Thermo Fisher Scientific), primary goat antibodies
were stained with Alexa Fluor 546 rabbit anti-goat (A21085;
Thermo Fisher Scientific), and primary rabbit antibodies were
stained with Alexa Fluor 647 goat anti-rabbit (A21245; Thermo
Fisher Scientific), each diluted to 1:500 in blocking buffer.
To detect intercellular proteins, 0.1% Triton X-100 (Milli-
poreSigma)was added toblockingbuffers and stainingbuffers.
Immunolabeled samples were mounted using Vectashield
with DAPI (Vector Laboratories, Burlingame, CA, USA) or
ProLong Gold with DAPI (Thermo Fisher Scientific). Cell sur-
face proteins (VCAM-1 and ICAM-1) were imaged using a
Nikon inverted microscope (Nikon, Tokyo, Japan) equipped
with a 16-bit Zyla sCMOS camera (Oxford Instrumentals,
Abingdon, United Kingdom) and a 360 objective (numerical
aperture, 1.49; Nikon). Images were captured using 43 4 bin-
ning (2.33 pixels/mm resolution). Intracellular protein targets
(p38, XBP1, IRF-1, andMKP-1) were captured using a confocal
laser scanning microscope (FV1000; Olympus, Tokyo, Japan).
For each flow experiment, 5 representative images were
captured at each SS magnitude corresponding to a fixed axial
position within the flow chamber, such that they deviated
from the expected SS by ,0.2 dyn/cm2. These images were
quantified using ImageJ (National Institutes of Health,
Bethesda,MD,USA). From the images, DAPI nuclear staining
was used to identify .60 individual cells in total. Quantifi-
cation of nuclear vs. cytoplasmic staining varied by protein
target as reported in the text. A mean fluorescence intensity
for the ;60 individual cells yielded a single value per SS
magnitude per flow run. Typically, 3–5 experiments were
used to report the variance observed in these studies. A pre-
vious study using calibration beads demonstrated a direct
correlation between fluorescence intensity measured on chips
in this manner and receptor numbers per cell by flow
cytometry (26).

ER morphology

HAECs were exposed to TNF-a and SS for 2 h, immunolabeled
for the ER resident protein calreticulin, and imaged by confocal
laser scanning microscopy (FV1000; Olympus). To block p38
activation, cellswere preincubatedwith SB203580 for 1 h prior to
costimulationwith SS andTNF-a. ER expansion (associatedwith
a state of ERstress)wasmeasuredby calculating thecoefficientof
variation of cytoplasmic calreticulin pixel intensity, which in-
creases with increasing spatial heterogeneity (7, 27).

Statistical analysis

Data were analyzed using Prism software v.5.02 (GraphPad, La
Jolla, CA, USA). A Student’s t test was used to compare 2 ex-
perimental groups at a given SS or time point or to assess the
effect of treatment comparinghighand lowSS.Two-tailedvalues
of P , 0.05 were considered statistically significant unless oth-
erwise indicated.
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RESULTS

VCAM-1 and ICAM-1 expression on inflamed
HAECs is regulated by SS

To investigate how the magnitude of SS is sensed to
affect the spatial regulation of VCAM-1 and ICAM-1
expression by inflamed endothelium, a vascular mi-
metic microfluidic chamber was employed that applies
a linear gradient of fluid SS across a monolayer of
HAECs (7–9). To stimulate transcriptional up-regulation
of adhesion receptors, a low dose of TNF-a (0.3 ng/ml,
the EC50 for CAM up-regulation) was added to the flow

media that elicited a robust inflammatory response
characterized by a reproducible pattern of CAM ex-
pression (7, 8). VCAM-1 and ICAM-1were quantified via
immunofluorescence microscopy along the monolayer
(Fig. 1A). Antibody detection of CAMs in the absence of
cytokine stimulation was indistinguishable from the la-
beling of unstimulated HAECs with nonspecific isotype
control antibodies (Fig. 1B, C, dashed lines). Stimulation
with TNF-a for 4 h increased VCAM-1 expression by 2-
fold in HAECs at the near 0–flow rate stagnation point,
which provides an internal control for calibrating ex-
pression changes within a monolayer that closely align
with observationsmade in static culture (7). At a position

Figure 1. VCAM-1 and ICAM-1 expression on inflamed HAECs is regulated by SS. HAEC monolayers were exposed to TNF-a
(0.3 ng/ml) and a fluid SS gradient (0–16 dyn/cm2 over 20 mm) for 4 h in a Hele-Shaw microfluidic device. Cells were
immunolabeled for VCAM-1 and ICAM-1 protein and images were captured by fluorescence microscopy. A) Representative
imaging series for VCAM-1 and ICAM-1 captured at discrete SS levels within a single monolayer. Fold changes for each SS level in
this image series expressed relative to 0 dyn/cm2 (static point). Scale bars, 50 mm. B, C) VCAM-1 (B) and ICAM-1 (C) were
quantified over multiple experiments and expression was compared at representative low- (2 dyn/cm2) and high- (12 dyn/cm2)
SS levels corresponding to the maximum reproducible change in TNF-a–stimulated VCAM-1 expression. Dashed lines represent
initial (static, untreated) intensities. A role for PECAM-1–mediated mechanotransduction was assessed using PECAM-1–deficient
cells generated by stable lentiviral transfection of shRNA. PI3K was blocked with the small molecule inhibitor LY294002. D)
Summary schematic illustrating common PECAM-1–dependent mechanosignaling to both VCAM-1 and ICAM-1. E, F) VCAM-1
(E) and ICAM-1 (F) were quantified as above using a small molecule inhibitor to p38 (SB203580) or ERK1/2 (PD98059). G)
Schematic highlighting unique MAPK-signaling dependence of CAM expression. Values are means 6 SE; n = 3–5 experiments.
*P , 0.05.
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along the gradient of SS corresponding to 2 dyn/cm2,
VCAM-1 expression rose to its peak level, increasing by
an additional 2.5–3-fold from the stagnation point. Fur-
ther along the gradient, VCAM-1 expression dropped
continuously back to static levels at the high SS of 12
dyn/cm2 (Fig. 1B). In contrast, ICAM-1 expression con-
tinuously rose to its peak level, more than doubling ex-
pression from the static baseline at 12 dyn/cm2 (Fig. 1C).
VCAM-1 expression continued to trend downward,
whereas ICAM-1 expression plateaued at peak levels
beyond 12 dyn/cm2. However, the narrowest part of
the chamber nearest the entrance does not routinely
contain sufficient cells to be quantifiable, particularly
with more poorly expressed intracellular targets. Sig-
nificant changes in CAM expression were consistently
observed when comparing 2 and 12 dyn/cm2 as they
changed relative to the static condition. These low- and
high-SS magnitudes, respectively, correspond to ap-
proximate time average values associated with sites of
susceptibility and resistance to atherosclerosis in ar-
teries. These SS levels thus constitute an important ref-
erence for significant changes in inflammatory CAM
expression and motivate our focus on this comparison
throughout the manuscript.

We next examined the signal pathways responsible for
SS-mediated differential expression between VCAM-1
and ICAM-1. PECAM-1 is known tomechanotransduce
signals derived from fluid SS via the downstream
kinase PI3K (17). Employing shRNA-loaded lentivi-
rus to knock down PECAM-1, transfected HAECs
were confirmed to be 75–80% deficient in PECAM-1
protein byWestern blot as previously reported in Bailey
et al. (7). PECAM-1–deficient HAECs lost the capacity
to significantly increase expression of VCAM-1 and
ICAM-1 from cytokine-stimulated levels with expo-
sure to SS, indicating a loss of mechanosensing.
Employing a small molecule inhibitor to PI3K also
abrogated up-regulation in CAM expression with SS
(Fig. 1B, C). These data confirmed the importance of
SS-mediated mechanotransduction, sensed by PECAM-
1 and signaled via PI3K, in the regulation of TNF-a–
induced CAM expression, but did not provide insight
into the differential regulation observed at high vs. low
SS (Fig. 1D).

Because ERK1/2 and p38 expression are up-
regulated by TNF-a and their activity is elevated
downstream of PECAM-1-PI3K mechanosensing (17,
23), we examined their role in the differential regulation
of VCAM-1 and ICAM-1 expression by pretreating
HAECs with small molecule inhibitors of these MAPKs
(Fig. 1E, F). The p38 inhibitor SB203580 had a potent
(70%) inhibitory effect on the SS-dependent rise to
maximum VCAM-1 expression at 2 dyn/cm2 but no
effect at high SS (Fig. 1E). In contrast, p38 inhibition did
not significantly decrease the SS-dependent rise to
maximum ICAM-1 expression at 12 dyn/cm2 (Fig.
1F). Conversely, the ERK1/2 inhibitor PD98059 had no
significant effect on maximum VCAM-1 expression at
low SS but significantly reduced the peak in ICAM-1 at
high SS by 59%. These data reveal distinct roles for the 2
arms of MAPK regulation of CAM expression at the

high vs. low SS for ICAM-1 and VCAM-1, respectively
(Fig. 1G).

Phosphorylation of p38 is enhanced by low SS
to activate nuclear transport of XBP1 and IRF-1

To investigate themechanismbywhich signaling through
PECAM-1 superposes with the ER stress response in
transcriptional regulation of VCAM-1 production, we
measured the activation kinetics of p38 along with the
transcription factors XBP1 and IRF-1 as a function of po-
sition in the flow channel andover the time course of TNF-
a stimulation. Because these intracellular targets provided
weaker signals for immunofluorescence detection relative
to the highly expressed CAMs, we applied confocal im-
aging to quantify nuclear expression of p-p38, XBP1s, and
IRF-1 proteins. On average this resulted in small albeit
consistent changes in signal as a function of SS (e.g., Fig.
2A),whichwere significantwhencomparing expressionat
2 and 12 dyn/cm2 that registered the largest changes in
VCAM-1 expression. In terms of expression modulation
with timealong the channel, under static conditions, p-p38
rose steadily over the initial 30 min of TNF-a stimulation,
peaking atmore thandouble that of unstimulated samples
before dropping back toward the baseline level at 1 h (Fig.
2B). In the presence of shear flow, p-p38 peaked at com-
parable levels to the TNF-a static condition and rose
similarly under low or high SS. A significant difference
was observed in the level of nuclear p-p38 at 2 h, which
dropped more steeply under high SS (to ;20% below
baseline unstimulated) compared with low SS (which
remained elevated by 56%).

The rise in nuclear XBP1s in TNF-a-stimulated HAECs
was slower than that of p-p38 over the initial 60 min (Fig.
2C). Under static and high-SS conditions, XBP1s rose
;24%, whereas XBP1s signal in low-SS samples rose by
48%above untreated at 60min and remained significantly
elevatedat this level, coincidingwithpeakp-p38.Over this
time, XBP1s expression in static and high-SS samples
tracked within 20% of unstimulated. To determine if the
ER stress response mediated by the rise in XBP1 affected
IRF-1, which promotes VCAM-1 transcription, we mea-
sured the kinetics of IRF-1 expression in the nucleus (Fig.
2D). In TNF-a–stimulated HAECs, IRF-1 expression rose
commensurate with XBP1 and at a higher rate in the
presence of SS. At low SS, expression increased to a peak
by60minandremainedelevatedup to2h,coincidingwith
the period of elevated p38 and XBP1 activity. Over this
duration, the high-SS and static samples tracked together
significantly lower at levels equivalent to unstimulated.
Taken together, the kinetics reveal that sustained p-p38
activity under lowSSmayprovide a signalingmechanism
for amplification of VCAM-1 through promoting the in-
creased nuclear transport of XBP1 and IRF-1.

SS sustains phosphorylation of p38 following
TNF-a stimulation

To delve into the role of PECAM-1 mechanotransduction
in activation of p38, we quantified nuclear localization of
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p-p38 across the gradient of SS at time points corre-
sponding to its peak (30min) and sustained (2h) activity in
control and PECAM-1–deficientHAECs. In the absence of
TNF-a, sheared HAECs exhibited no increase in p-p38
translocation fromstatic, unstimulated levels at either time
point (corresponds to dashed line in Fig. 3A). At 30 min,
PECAM-1–deficient cells exhibited a comparable peak in
p-p38 to the TNF-a-stimulated control HAECs, neither of
which differed with SS magnitude. In contrast, a signifi-
cant drop in p38 activation was observed comparing low
and high SS–treated HAECs at 2 h (Fig. 3A, B). This
differential p-p38 activity was not observed in PECAM-
1–deficient HAECs. Thus, blocking PECAM-1 mechano-
transduction abrogated the sustained activation of p38 at
2 dyn/cm2. Together, these data confirm that although the
early peak in p38 activation was attributable mainly to
TNF-a stimulation, sustained and differential activation
was regulated by the magnitude of SS.

MKP-1 regulates the SS-mediated
phosphorylation of p38

The kinetics of p38activation and its nuclear transport that
is up-regulatedbyatherosusceptible low levels of SS ledus
to investigate the role of phosphatases in its regulation.
HAECs were pretreated with either a small molecule in-
hibitor or activator of p38 introduced to the flowmedium
after 30 min of SS, which coincided with the peak in TNF-
a–stimulated activity. SB203580, a steric inhibitor of p38
phosphorylation, did not alter the level of nuclear p-p38
following 2 h of low SS but nominally increased activity at
the high SS (Fig. 4A). In contrast, activation of p38 by
pretreatment with anisomycin significantly increased nu-
clear p-p38 at both 2 and 12 dyn/cm2. Alternatively, in-
hibition ofMKP-1 that acts on p38withNSC 95397 led to a
significant increase in nuclear p-p38at high SS and exerted
an insignificant increase at low SS.

Figure 2. Sustained p38 activation under low SS is accompanied by delayed activation of XBP1 and IRF-1. HAEC monolayers were
exposed to TNF-a (0.3 ng/ml) and a fluid SS gradient (0–16 dyn/cm2 over 20 mm) for 5–120 min in a Hele-Shaw microfluidic
device. Cells were immunolabeled for p-p38, XBP1s, or IRF-1, and images were captured by confocal microscopy. A)
Representative imaging series for each target captured at discrete SS levels within a monolayer at 120 min. Fold changes for each
SS level in this image series expressed relative to 0 dyn/cm2 (static point). Scale bars, 50 mm. B–D) Nuclear p-p38 (B), XBP1s (C),
and IRF-1 (D) expression over time were quantified over multiple experiments and expression was compared at representative
low- (2 dyn/cm2) and high- (12 dyn/cm2) SS levels corresponding to the maximum reproducible change in TNF-a–stimulated
VCAM-1 expression. MFI, mean fluorescence intensity. Values are means 6 SE; n = 3–6 experiments. *P , 0.05.
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For MKP-1 to abrogate the mechanoregulation of
p-p38, we hypothesized that its expression could also
be regulated by SS. We next quantified changes in its
expression in TNF-a–stimulated HAECs along the SS
gradient at 45 min, a time point corresponding to the
peak in p38 dephosphorylation (e.g., Fig. 4B). Cyto-
plasmic MKP-1 expression was significantly higher
(26%) along the HAEC monolayer at the position of
high SS compared with the low-SS region (Fig. 4C, D).
This differential regulation of MKP-1 activity was
normalized to static levels in PECAM-1–deficient
HAECs. These data suggest that the MKP-1 phospha-
tase activity is suppressed at low SS and promoted at
high SS, resulting in sustained p38 activation during
inflammatory stimulation (Fig. 4E).

p-p38 promotes nuclear localization of IRF-1
that promotes VCAM-1 transcription

To determine the target of p38 activation in ER stress–
mediated regulation of VCAM-1 expression, we assessed
ER morphologic expansion and XBP1 expression that is a
product of the UPR. Low SS elicited ER expansion, con-
sistent with its ability to enhance ER stress in TNF-a–
stimulated HAECs (Fig. 5A). Treatment with the p38
inhibitor SB203580 did not significantly affect ER mor-
phology in comparing the low- vs. high-SS regions, sug-
gesting that the effects of p-p38 on VCAM-1 expression
occur downstream of the ER stress response and moti-
vating examination at the level of the UPR effectors.

We next investigated a role for p-p38 in stabilizing
XBP1s for its nuclear translocation by quantifying nuclear
XBP1s levels while manipulating the level of p-p38 acti-
vation in TNF-a–stimulated HAECs. Nuclear XBP1s
mirrored themechanoregulation pattern of p-p38 in that it

wasunchangedby inhibitionwithSB203580but enhanced
by the agonist anisomycin at both 2 and 12 dyn/cm2, re-
spectively (Fig. 5B). Notably, the MKP-1 inhibitor NSC
95397 elicited a 41% increase in XBP1s, which coincided
with the increase in p-p38 at high SS. These results are
consistent with enhanced MKP-1 activity under high SS
suppressingp38 andXBP1 activity comparedwith lowSS.
Todetermine if the greater level of p-p38activity elicited at
low SS functioned to enhance XBP1s activity in this region
of the flow channel, we measured its rise in HAEC
monolayers treated with the p38 inhibitor during TNF-a
stimulation. In the presence of p38 inhibition with
SB203580, nuclear transport of XBP1s was reduced to
baseline static levels that were equivalent at low and high
SS (Fig. 5C, D).We conclude that the nuclear translocation
ofXBP1s isdependentupon the availabilityof p-p38 that is
mechanoregulated and located downstream of TNF-a–
stimulated ER stress.

The potent induction of the ER stress response at athe-
rosusceptible regions of low SS results in elevated pro-
duction of XBP1s that culminates in enhanced IRF-1
expression that promotes VCAM-1 transcription and
elevated expression. We next confirmed that p-p38–
dependent nuclear transport of XBP1s is amechanism that
linksmechanoregulationwithan increase innuclear IRF-1.
HAECswerepretreatedwith thep38 inhibitorSB203580 in
the presence of shear flow and TNF-a stimulation and the
effect of low SS on enhancing IRF-1 nuclear translocation
was reduced to static levels (Fig. 5E, F). Furthermore, nu-
clear IRF-1 was not significantly altered within the region
of high SS by p38 inhibition. We conclude that the acti-
vation of p38 exerts its effects on IRF-1–mediated increase
in VCAM-1 because of its capacity to increase nuclear
transport of XBP1s as a function of the magnitude of SS
sensed via PECAM-1.

B

A
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p-p38 (120 min)

12 dynes/cm²2 dynes/cm²
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Figure 3. SS sustains phosphorylation of p38
following TNF-a stimulation. HAEC monolayers
were exposed to TNF-a (0.3 ng/ml) and a fluid
SS gradient in a Hele-Shaw microfluidic device.
A) A role for PECAM-1–mediated mechanotrans-
duction was assessed at time points correspond-
ing to peak (30 min) and sustained (120 min)
nuclear p38 activity in control and PECAM-
1–deficient (shRNA) HAECs. Dashed line repre-
sents initial (static, untreated) intensity. Values
are means 6 SE; n = 3–6 experiments. *P , 0.05.
B) Representative confocal images captured at
discrete SS levels coinciding with the SS-dependent
difference in p-p38 expression observed at 120 min.
Scale bars, 30 mm. MFI, mean fluorescence
intensity.
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DISCUSSION

The arterial endothelium senses mechanical forces
imparted by the flow of blood and transduces these into
biochemical signals todrivepathways that locally regulate
inflammation. Notable in regard to focal atherosclerosis is
the spatial regulation of VCAM-1 expression,whichmaps
to arterial regions of low SS that exhibit a propensity for
plaque formation in humans and mice (2–6). The current
study appliedmicrofluidic artery-on-a-chip technology to
produce a physiologically relevant gradient in fluid SS
with magnitudes ranging from those considered athero-
susceptible to atheroprotective over a single monolayer of
HAECs. This enabled the spatial assessment of PECAM-
1–regulatedpathways thatmechanotransducedifferential
CAM expression in response to low-dose TNF-a

stimulation. We report that at relatively low-magnitude
SS, PECAM-1–mediated mechanosignaling promoted
sustained p38 phosphorylation, which was dependent
on a reduction inMKP-1. Enhanced p38 activity, in turn,
potentiated a cytokine-induced ER stress response by
promoting stabilization and nuclear translocation of
XBP1s where, together with enhanced IRF-1 activity, it
promoted maximal VCAM-1 expression that supports
efficient monocyte recruitment (Fig. 6).

Inflammatorystimuli thatpromoteatherosclerosis such
as the cytokine TNF-a, dietary lipoproteins, and patho-
gens induce EC up-regulation of CAMs (2). HAECs are
normally relatively resistant to inflammation in that they
express CAMs at low levels in the absence of stimulation
that are not significantly up-regulated by SS alone. In
contrast, stimulation with TNF-a elicits a predictable

Figure 4. MKP-1 regulates the SS-mediated phosphorylation of p38. HAEC monolayers were exposed to TNF-a (0.3 ng/ml) and a
fluid SS gradient in a Hele-Shaw microfluidic device for 2 h. After 30 min of treatment, p38 agonist (anisomycin), p38 inhibitor
(SB203580), or MKP-1 inhibitor (NSC 95397) was added to the flow medium. A) Nuclear p-p38 was quantified from confocal
images. B) MKP-1 expression was quantified from confocal images in HEACs treated with TNF-a and exposed to the SS gradient.
Representative imaging series for MKP-1 captured at discrete SS levels within a monolayer at 45 min. Fold changes for each SS
level in this image series expressed relative to 0 dyn/cm2 (static point). Scale bars, 50 mm. C) Cytoplasmic MKP-1 expression was
quantified over multiple experiments and expression was compared at discrete SS levels coinciding with the SS-dependent
difference in p-p38 expression. Representative images: scale bars, 35 mm. D) A role for PECAM-1–mediated mechanotransduction
was assessed in control and PECAM-1–deficient (shRNA) HAECs. E) Schematic illustrating the regulation of p38 by MKP-1 to
control VCAM-1 expression. MFI, mean fluorescence intensity. Values are means 6 SE; n = 3–6 experiments. *P , 0.05.
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inflammatory response, characterized by up-regulation of
multiple CAMs, which are significantly and differentially
modulated by the magnitude of SS (9). In particular, the
level of VCAM-1 expression elicited by TNF-a is sup-
pressed by high SS but is greatly enhanced by low athe-
rosusceptible levels of SS. In this manner, HAECs within
our flow channel exhibit spatial mechanoregulation of an
inflammatory stimulus on a scale of millimeters, which is
similar to the sort of abrupt transitions in wall SS that can
occur at atherosusceptible sites such as the aortic arch.We
showed that enhanced expression of VCAM-1 is de-
pendent upon the increased nuclear expression and ac-
tivity of IRF-1 that promotes its transcription (7, 8).
Moreover, lowSSwas synergisticwithTNF-a in eliciting a
potent ER stress response that promoted maximal IRF-

1–dependent VCAM-1 expression. In contrast, during in-
flammation, the expression of ICAM-1 increases in direct
proportion to the magnitude of SS, and its transcriptional
regulation is independent of ER stress (7, 9). Because SS
alonedid not up-regulatemarkers ofUPR (7), the question
remained as to how signaling via mechanotransduction
commensuratewith themagnitude of SS superposedwith
that induced by TNF-a to modulate VCAM-1 activity.

The mechanosignaling mechanisms that govern the
precise spatial regulation of acute inflammatory responses
by endothelium that underlie focal atherosusceptibility
are not completely understood. Mechanotransduction of
SS potentially involves an integrated response sensed
through a host ofmembrane-spanningmolecules. Among
these, PECAM-1 is recognizedas aprimary force transducer
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Figure 5. p-p38 promotes nuclear localization of IRF-1 that promotes VCAM-1 transcription. HAEC monolayers were exposed to
TNF-a (0.3 ng/ml) and a fluid SS gradient in the presence or absence of p38 inhibitor (SB203580). A) Expression of the ER
resident protein calreticulin was imaged by confocal immunofluorescence microscopy and used to calculate a metric of ER
expansion. B) After 30 min of SS and TNF-a exposure, p38 inducer (anisomycin), p38 inhibitor (SB203580), or MKP-1 inhibitor
(NSC 95397) was added to the flow medium and nuclear XBP1s was quantified from confocal images at 120 min. C) A role for
mechanoregulation of XBP1s activity by p38 was assessed in the presence or absence of p38 inhibition over the entire 120 min of
treatment. Representative confocal images captured at discrete SS levels coincide with the SS-dependent difference in p-p38
expression. Scale bars, 30 mm. D) Nuclear XBP1s quantified over multiple experiments. E) IRF-1 activity was assessed in the
presence or absence of p38 inhibition over the entire 120 min of treatment. Representative confocal images captured at discrete
SS levels coinciding with the SS-dependent difference in p-p38 expression. Scale bars, 30 mm. F) Nuclear IRF-1 quantified over
multiple experiments. CV, coefficient of variation; MFI, mean fluorescence intensity. Values are means6 SE; n = 3–6 experiments.
*P , 0.05, **P , 0.005.

12896 Vol. 33 November 2019 BAILEY ET AL.The FASEB Journal x www.fasebj.org

Downloaded from www.fasebj.org by Univ of California - Davis (169.237.169.62) on February 06, 2020. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, pp. 12888-12899.

http://www.fasebj.org


that plays a central role in initiating flow-induced sig-
naling (15–17).We reported that the shearmodulation of
both VCAM-1 and ICAM-1 in TNF-a-stimulated HAEC
was dependent upon a PECAM-1-mediatedmechanism
(7). However, these adhesion receptors display very
different patterns of expression within a shear gradient.
In the case of VCAM-1 specifically, we showed that an
ER stress response involving XBP1 and eIF2a was in-
creased by low SS in TNF-a–stimulated HAECs down-
stream of PECAM-1 activation (7). Here, we aimed to
delve into the mechanism by which SS can affect sig-
naling that converges on the ER to modulate the speci-
ficity of this response. We first showed that inhibition
of PI3K downstream of PECAM-1 abrogated mecha-
noregulation of both TNF-a–stimulated VCAM-1 and
ICAM-1 expression. This broad inhibition is consistent
with our previous study and others reporting that either
knockdown of PECAM-1 or PI3K significantly inhibited
other shear-modulated functions mediated by integrins
and MAPKs (7, 15–17). We conclude that the specificity
in mechanoregulation of VCAM-1 lies downstream of
the PECAM-1 transduction complex and involves ki-
nase phosphorylation to modulate the dynamics of this
inflammatory response.

We investigated signaling at the level of MAPKs to
explain the differential patterns of VCAM-1 and ICAM-1
expression as a function of SSmagnitude. Previous studies
have typically focused on the response to laminar flow
producing relatively high-magnitude SS (19, 20). For ex-
ample, Berk et al. and others have reported on the oppos-
ing roles for SS-activated MAPKs ERK1/2 and p38, with
the former characterized as progrowth and antiapoptotic
and the latter as proinflammatory and proapoptotic
(18, 28). Here, we demonstrate that the pattern of
SS-modulated VCAM-1 expression in inflamed HAECs
was uniquely dependent upon p38 activity, whereas
ICAM-1 was dependent on ERK1/2. The association of

ERK1/2 in signaling elevated ICAM-1 expression at high
SS is a novel finding that warrants further investigation
because it may further activate known or heretofore un-
defined transcription factors that confer atheroprotective
responses. Because p38 activity specifically mapped to
enhanced VCAM-1 at low-SS magnitude associated with
sites of atherosusceptibility,we investigated its spatial and
temporal regulation under shear flow.

Previous studies demonstrated that p38 is rapidly and
transiently activated by the onset of laminar flow or cy-
tokine stimulation (19, 20, 22). Here, we observed that p38
activationpeakedwithin 30minof TNF-a stimulation and
this activation was not a function of SS magnitude. In
contrast, deactivation of p38 occurred more rapidly in
HAECs exposed to high SS, leading to differential activity
levels at 2 h. This response was attributable to enhanced
early expression of MKP-1 under high SS. Although there
is evidence in the literature supporting p38 activation by
SSandTNF-a, less is knownregardinghowSS-modulated
p38 signaling affects downstream targets to modulate
VCAM-1 transcription (17, 19, 23, 24). Several reports in
animal models link SS modulation of p38 to regulation of
VCAM-1.Yamawaki et al. (24) demonstrated that blocking
p38 in a rabbit artery perfusion model inhibited TNF-a–
induced VCAM-1 expression. Zakkar et al. (29) demon-
strated that the dephosphorylation of p-p38 via the
phosphataseMKP-1was associatedwith atheroprotective
regions of the mouse aorta. Upon deleting MKP-1 with
RNA interference, they demonstrated a significant in-
crease in VCAM-1. Moreover, in these protected regions,
activity of the transcription factor nuclear factor erythroid
2-related factor 2 negatively regulated p38-dependent
VCAM-1 expression, and this suppressionwas attributed,
in part, to enhanced activity of MKP-1 (30). These studies
support the in vivo relevance of our findings, revealing the
dynamic MKP-1–dependent regulation of p38 phosphor-
ylation that isactivatedbyPECAM-1mechanotransduction

Figure 6. Summary schematic illustrating the
mechanoregulation of p38 activity to enhance
cytokine-induced, ER stress–mediated VCAM-1
expression by atherosusceptible low SS. Back-
ground shading corresponds to timeline for
events leading to the maximum activation of
cytokine and SS-induced inflammation. VLA-4,
very late antigen-4.
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and regulates transcriptional activity as a function of the
magnitude of SS in human cells.

We investigated how enhanced activation of p38 could
act to modulate an ER stress response that promotes
VCAM-1 expression. Inhibition of p38 did not elicit mea-
surablemorphologic changes in the ER induced by TNF-a
or SS. This suggested that SS-modulated p38 could be
acting downstream to enhance an ER stress response
through 1 or more elements of the UPR. Active p38 was
recently shown to phosphorylate XBP1s at Thr48 and
Ser61, dramatically increasing its localization to the nu-
cleus in livers of diabetic mice (31). We proposed that a
similar mechanism could explain the enhancement of ER
stress–induced VCAM-1 by low SS. We demonstrate that
nuclear XBP1s follows the peak in p38 activation and that
p38 inhibition further prevented XBP1s nuclear localiza-
tion. Finally, by blocking the peak in p38 activity, we ob-
served that nuclear IRF-1 necessary formaximal VCAM-1
transcription at low SS was normalized to static levels.
Consistent with previous findings, we conclude that
XBP1s plays a central role in promoting VCAM-1 through
regulation of the stability of nuclear IRF-1 (7).

Absent of the ability to directly access human arteries,
the Hele-Shaw microfluidic chamber applied here consti-
tutes an artery-on-a-chip approach that enables the study
of the earliest changes in EC andmonocytes that promote
atherosclerosis. The chambermimics essential attributes of
sites susceptible to atherosclerosis in arteries, including a
physiologic range of SS that changes over a gradient that
correlates closelywith atherogenesis.We have established
using this ex vivo model that the level of VCAM-1 ex-
pression by inflamed HAECs correlates strongly with
enhanced recruitment of intermediate or inflammatory
monocytes (CD14+/CD16+) from the blood, outcomes of
functional relevance to the disease process (26). However,
any rigid chamber geometry is limited in its capacity to
fully reproduce the complexity of disturbed flow in ar-
teries. Notably, flow reversal or oscillation may be an im-
portant contributor to atherosusceptibility in vivo. In
previous studies,wedemonstrated thatSSmagnitudewas
themost important flow attribute driving themechanisms
leading to the acute regulation of VCAM-1 studied here,
which were relatively insensitive to oscillation or steep-
ness of the gradient (7–9). A second limitation of the cur-
rent study is the use of pharmacological inhibitors or
shRNAs to inhibitpathways,whichcouldpotentiallyhave
nonspecific effects. Although we cannot rule out these ef-
fects, we applied inhibitors used effectively in previous
studies and included the controls in our study to verify
protein knockdown (17). Additional studies will be
needed to verify the mechanism elucidated here in vivo.

In summary, this study elucidates a mechanism by
which SS sensitizes the endothelium to a cytokine-induced
ER stress response to spatially modulate inflammation.
Divergence in signaling at the level of MAPK activation
governed differential CAM expression along a gradient of
fluid SS in a continuous monolayer of ECs. Dynamic reg-
ulation of p38 activity through differential activation of
MKP-1 provided the first mechanistic link between
PECAM-1–mediated mechanotransduction of SS and ER
stress–mediated VCAM-1 expression. These data may in

part explain the regulation of the atherosusceptible endo-
thelial phenotype. In light of growing interest in the re-
lationship between chronic ER stress and metabolic
dysregulation in atherogenesis, these novel mechanistic
insights may help identify targets for therapeutic in-
tervention of atherosclerosis.
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