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In Vivo at Sites of Complex Hemodynamic Shear Stress
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Abstract

Endothelial phenotype heterogeneity plays an important role in the susceptibility of arteries to atherosclerosis.
Regions of blood flow disturbance correlate with the development of disease. Here, we briefly outline the
association of endoplasmic reticulum stress with endothelium in regions of athero-susceptibility in vivo. It is an
important example of susceptible cell phenotype that is likely linked to proinflammatory and oxidative stress
pathways. The endothelium in such regions is chronically exposed to complex hemodynamic shear stresses that
may be considered as a risk factor for atherosclerosis via these mechanisms. Antioxid. Redox Signal. 15, 1427-1432.

Introduction

ATHEROSCLEROSIS is not a diffuse disease; it has been no-
ted for centuries that lesion development is associated
with arterial curvatures, asymmetries, and branches where
the nonuniform arterial geometry generates patterns of blood
flow that are considerably more complex than elsewhere. It is
well established that endothelial cells are highly sensitive to
flow /shear stress; therefore, a biomechanical contribution to
localized susceptibility is likely. Athero-susceptible endothe-
lium in vivo expresses a different repertoire of cell phenotypes
than that in nearby protected locations [reviewed in (5)].
Identification of important differences in gene and protein
expression and the mechanisms responsible requires both
global profiling and classic cell and molecular approaches.
Recently, the chronic activation of a common signature of
cellular endoplasmic reticulum (ER) stress in endothelium has
emerged as a potential underlying contributor to athero-sus-
ceptibility (1).

ER Stress and the Unfolded Protein Response

ER stress is an adaptive protective mechanism that arises
because of excessive protein biosynthesis or interference with
normal protein folding mechanisms in the ER lumen in re-
sponse to multiple kinds of cellular stress (10). Excessive
newly synthesized and/or misfolded polypeptides in the ER
lumen exceed its protein folding capacity. It results in the
activation of the unfolded protein response (UPR), an ubiq-

uitous adaptive cell response that assists cell survival in an
adverse environment by activating a set of intracellular sig-
naling pathways. The UPR signals a coordinated transcrip-
tional upregulation of ER chaperones and folding enzymes to
promote the correct assembly of unfolded polypeptides and
prevent incompletely folded proteins from aggregating.

In the unstressed state, the ER chaperone binding protein
(BiP; also known as heat-shock protein A5 [HSPA5] and
glucose-related protein 78 [GRP78]) binds to each of three ER
stress transducers. These are ER transmembrane proteins each
having an ER luminal domain for the sensing of unfolded
proteins and a cytosolic domain for signaling. While bound,
BiP maintains the inactive state of the transducers; however,
the UPR is activated when an imbalance occurs in the luminal
flux of newly synthesized unfolded or misfolded peptides as a
result of cell stress. To bind unfolded /misfolded polypeptides
in the ER lumen, BiP dissociates from the chaperones causing
their phosphorylation or translocation. Activation of activat-
ing transcription factor 6o, (ATF6a), inositol requiring kinase
1o (IRE1a), and protein kinase-like ER kinase (PERK) and the
downstream consequences of their activation constitute the
UPR (Fig. 1).

In the first branch of UPR, BiP dissociation results in the
dimerization and autophosphorylation of IREla, which gains
endoribonuclease activity. It excises a 26 base-pair fragment
from X-box binding protein 1 (XBP1) mRNA and forms the
spliced XBP1 (sXBP1), which is translated into the active
transcription factor XBP1 that translocates to the nucleus,
where it binds the UPR element. This leads to the transcription
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FIG. 1. Endoplasmic reticulum (ER) stress and unfolded
protein response (UPR). UPR is activated to restore the ER
homeostasis in response to the accumulation of unfolded
proteins. The UPR canonical pathway is signaled through the
three ER transmembrane sensors: protein kinase-like ER ki-
nase (PERK), inositol requiring kinase 1o (IREla), and acti-
vating transcription factor 6o (ATF6a).

of protein folding chaperones as well as ER-associated deg-
radation genes that include ubiquitination and the protea-
some. In the second branch of UPR, BiP dissociation exposes a
sequence within the 90kDa protein ATF6c. that triggers its
localization to the Golgi, where the protein is cleaved. The
active 50kDa form of ATF6o translocates to the nucleus,
where it binds to the ATF/cAMP response element and ER
stress element to induce the transcription of protein folding
chaperones and XBP1. In the third branch of UPR, similar to
IRE1a, BiP dissociation results in the dimerization and au-
tophosphorylation of PERK. Active PERK phosphorylates the
serine 51 residue of eukaryotic translation initiation factor 2o
(eIF2a), causing translation attenuation of most proteins with
the exception of ATF4. ATF4 protein binds to the UPR element
that leads to the transcription of several UPR genes, including
C/ERB homologous protein (CHOP). Additional control
mechanisms of UPR activation are also thought to exist (18).

The products of these activated UPR transducers converge
as transcriptional regulators in the nucleus to reduce protein
synthesis, to upregulate ER chaperones and UPR transducer
synthesis, and to ubiquitinate unfolded proteins for degra-
dation through the proteosome, processes that relieve ER
stress accumulation of unfolded proteins and restore ho-
meostasis. Failure to restore ER protein equilibrium to a
normal range leads to apoptosis through transcriptional in-
duction of CHOP, inflammation through activation of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF«B),
and generation of reactive oxygen species (ROS) through ex-
cessive protein oxidation in the ER.

The links between site-specific endothelial ER stress in vivo,
hemodynamics, and athero-susceptibility have converged in
three recent studies.

Unbiased global genomics

In a multisite study in 45 normal adult swine, endothelium
in susceptible regions of the aortic arch (AA), proximal bra-
chiocephalic artery, aorto-renal branch region, and abdominal
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aorta were analyzed relative to protected sites of the common
carotid artery, descending thoracic aorta, and the distal renal
artery (1). All athero-susceptible regions are associated with
complex disturbed blood flow. From this multisite study the
most abundant common feature of the endothelium of all
athero-susceptible regions was the upregulation of genes as-
sociated with ER processing of proteins, ER stress, and the
UPR. Differential gene expression analysis identified 133
genes, 73% of which are involved in ER protein processing
and folding and which form a highly connected and coordi-
nated network of genes upregulated in the susceptible re-
gions. Three independent and unbiased pathway mining
approaches—Gene Ontology using the program database for
annotation, visualization, and integrated discovery (DAVID),
gene set enrichment analysis (GSEA), and ingenuity pathway
analysis—identified ER stress and the UPR to be over-
represented functional categories in athero-susceptible endo-
thelium, including genes that function in protein folding,
synthesis, and post-translational protein modification.

To validate the global genomics analyses, endothelial cell
proteins were isolated from AA and descending thoracic aorta
and also from the athero-susceptible aorto-renal branch and
the protected distal renal artery. At each athero-susceptible
disturbed flow site, BiP transcript and/or protein expression
was significantly upregulated (Fig. 2). Western blot demon-
strated significantly elevated levels of cleaved ATF6a,
phospho-IREla, and its target, sXBP1. However, the third
transducer pathway PERK was not activated. Additional ev-
idence for chronic ER stress and UPR activation in endothe-
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FIG. 2. Binding protein (BiP) expression in athero-
susceptible arterial endothelium. Heat-shock protein A5
(HSPAS) (BiP/glucose-related protein 78 [GRP78]) gene and
protein (78 kDa) expression in aortic arch (AA) normalized to
descending thoracic aorta (DT) for each paired sample based
on their animal origin. Gene (n =6 paired samples) and
protein (n = 12 paired samples) expression was normalized
to GAPDH and B-actin, respectively. Dashed line at 1.0 in-
dicates equal expression of AA and DT. Values > or < 1.0
indicate higher or lower expression in AA, respectively. Data
represent mean £ SEM. *p < 0.05 one-sample, one-sided,
paired Wilcoxon test. Adapted from Civelek ef al. (1).
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lium at an aorto-renal site of athero-susceptibility (referenced
to protected renal endothelium) revealed higher expressions
of BiP, ATF4, and XBP1. Overall, this study, which ap-
proached without preconceived expectations of differential
expression of genes and proteins associated with ER stress/
UPR, strongly suggests that stresses associated with flow
disturbance in vivo elicit partial activation of the UPR, an ER
response common to other forms of stress, and that chronic
stress is a signature for athero-susceptible endothelial phe-
notype in vivo.

Flow characteristics in vitro induce BiP activation

Using an in vitro model to simulate human arterial shear
stress waveforms, athero-susceptible or atheroprotective flow
was applied to human endothelial cells (7). BiP (GRP78) was
found to be significantly upregulated in a sustained manner
under athero-susceptible, but not atheroprotective flow up to
24 h. This response was dependent on both sustained activa-
tion of p38, as well as integrin a2B1. Increased BiP expression
correlated with the activation of the ER stress-sensing element
promoter by athero-susceptible flow as a marker of the UPR.
Shear stress regulation of BiP was through increased protein
stability when compared to other flow regulated proteins,
such as connexin-43 and vascular cell adhesion molecule
(VCAM)-1. Increased endothelial expression of BiP was also
observed in athero-susceptible versus atheroprotective re-
gions of C57BL6-strain mice. The study supports a role for
the hemodynamic environment in preferentially inducing BiP
and the UPR in athero-susceptible regions before lesion
development.

SXBP1 chaperone pathway of UPR

sXBP1 encodes the XBP1 transcription factor that translo-
cates to the nucleus to activate ER chaperones and selective
proapoptotic target genes as one of the three transduction
arms of the UPR (23). Following the observation of endothelial
expression of the XBP1 pathway of UPR in branching regions
of apolipoprotein E knock out (apoE ™/ ~) mice arteries and in
atherosclerotic lesions that developed there, this study re-
ported that athero-susceptible flow waveforms induced XBP1
splicing in cultured endothelial cells. Overexpression of (ac-
tivated) sXBP1 induced apoptosis in cultured human endo-
thelial cells. To extend the findings to an in vivo assay for
atherogenesis, adenoviral-mediated overexpression of sXBP1
was induced in an apoE~/~ murine aortic isograft model. In
these animals, enhanced intimal hyperplasia and atheroscle-
rosis developed in normally protected regions of the aorta,
suggesting that when the XBP1 UPR pathway is greatly
overstimulated, the adaptive protective function of UPR re-
verts to a pathological imbalance. While overexpression was
not entirely limited to the endothelium in the isograft model,
the data are supportive for a prominent role for endothelial
sXBP1.

These three different but complementary approaches to
endothelial ER stress provide compelling evidence for
the association of hemodynamics with site-specific chronic
adaptive UPR in endothelial cells i1 vivo. The biomechanical
mechanisms, including shear stress characteristics associated
with athero-susceptibility, are accessible through the appli-
cation of arterial flow profiles to cultured endothelial cells
(20, 23).
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ER Stress and Oxidative Mechanisms

An association between ER stress and oxidative stress ex-
ists through the accumulation of ROS during increased pro-
tein folding through the formation of intramolecular and
intermolecular disulfide bonds (21); molecular oxygen is the
terminal electron recipient during disulfide bond formation
(22). ROS scavenger molecules such as reduced glutathione
that neutralize ROS are depleted in the UPR, further adding
oxidative stress (23). However, UPR includes an antioxidant
defense mechanism via PERK signaling. The antioxidant
transcription factor NF-E2-related factor 2 (Nrf2) is a substrate
for active PERK and its nuclear translocation occurs in a
PERK-dependent manner under ER stress conditions (4).
Nrf2 ™/~ cells are sensitive to ER stress inducing reagents, and
overexpression of Nrf2 enhances survival during ER stress (3).
Moreover, antioxidants reduce ER stress in vivo and in vitro
(16). Although ER stress leads to ROS generation, it is prob-
able that ROS in turn induce ER stress (15). For example,
disulfide bonds between the two conserved cysteine residues
in the luminal domain of ATF6 are reduced, which lead to the
translocation of ATF6 to the Golgi body, suggesting a role of
cellular redox status in regulating the UPR activation (17).
Further, hydrogen peroxide, the end product of multiple
protective responses, is a potent ER stress inducer, and oxi-
dized phospholipids induce ATF4 protein levels, XBP1
splicing, and ATF6 cleavage in cultured human arterial cells
(8). In endothelium, BiP (GRP78; HSPAS) sensitivity to per-
oxynitrite and its colocalization with 3-nitrotyrosine in ath-
erosclerotic lesions of apo E~/~ mice has been demonstrated
(8). En face confocal imaging of swine artery endothelium
ex vivo to measure ROS accumulation as nuclear accumula-
tion of dihydroethidium demonstrated that many more cells
(16-fold) in the athero-susceptible AA accumulate ROS than
cells in a nearby (protected) descending thoracic aorta (Fig.
3A, B). The ability of endothelial cells to cope with accu-
mulated ROS is crucial for homeostasis of the arterial wall.
Although ER stress is present in the athero-susceptible en-
dothelium, upregulation of protective antioxidant genes was
also noted in the same cells (19). Oxidative stress is buffered
by intracellular glutathione, with the reduced form in a 30:1
excess over the oxidized form in the cytosol (19). A decrease
in glutathione levels correlates with increased oxidative
stress in cells. Consistent with the presence of antioxidative
mechanisms in athero-susceptible endothelium, neither re-
duced nor oxidized glutathione levels were different be-
tween AA and descending thoracic aorta (Fig. 3C). However,
ROS accumulation may activate inflammation in these
regions.

ER Stress and Inflammation Through NFxB Activation

In addition to ROS, events in the ER are linked to inflam-
mation through multiple mechanisms (24). They include ER
calcium regulation, activation of the NF«B pathway, mitogen-
activated protein kinases, and acute immunological reactions
(11). In the context of endothelial athero-susceptibility, com-
ponents of the NFkB pathway have been implicated in athero-
susceptibility for more than a decade, initially through the
activation of NFkB and transcription factor activator protein 1
(AP1) by flow in vitro (13, 14), subsequently by direct mea-
surement of nuclear translocation of NFkB in mouse AA (9),
and the strong association between NFkB pathway genes and
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FIG. 3. Reactive oxygen species
(ROS) detection in aorta. (A) Freshly
harvested arteries were incubated with
dihydroethidium (red) and isolectin B,
(green). They were imaged en face us-
ing confocal microscopy under identi-
cal conditions (n = 8 paired samples).
(B) Percentages of ROS-positive endo-
thelial cell nuclei were used to calcu-
late a ratio for each pair of samples. (C)
Fresh cell lysates were analyzed for
glutathione and oxidized glutathione
using an enzymatic assay utilizing
glutathione reductase and 5,5"-dithiobis
(2-nitrobenzoic acid) from Cayman
[ Chemicals. Ratios of glutathione in AA

were normalized to DT (n = 11 paired
- samples). Dashed line at 1.0 indicates
equal amounts at AA and DT. Data
represent mean + SEM. Scale bar = 25
pm. N.S., not significant. **p < 0.01,
one-sample, one-sided, paired Wilcox-
on test. (To see this illustration in
color the reader is referred to the
web version of this article at www
. — Jliebertonline.com/ars).

athero-susceptible endothelium in swine aorta (19). NF«kB is
normally held inactive in the cytosol as a complex with in-
hibitor of nuclear factor kappa-B (IkB), a family of inhibitors
of NFkB. Upon phosphorylation, IkB is degraded, releasing
NF«B for translocation to the nucleus, where it regulates
proinflammatory genes. An increased ER processing load
and oxidative stress have been proposed as a link between
ER stress and NFkB activation. The UPR transduction
pathway through PERK-elF2o inhibits translation and has
been proposed to favor activation of NF«kB by causing an
increase in the NF«B:IkB ratio because of the longer half-life
of NFkB compared to IxkBa (6, 12). However, a more direct
mechanism linking UPR to NFxB may occur through
IREla which as noted above is one of the two chronically
activated transducer pathways in swine athero-susceptible
endothelium (12).

When IREla is activated by autophosphorylation in the
UPR, a conformational shift allows it to bind tumor necrosis
factor-alpha receptor-associated factor 2 (TRAF2) (12). The
IRE10-TRAF2 complex binds IxB kinase (IKK), which phos-
phorylates IxBa, leading to its degradation, releasing NFxB
for translocation to the nucleus. The IRE1o-TRAF2 complex
also binds the kinase c-Jun N-terminal kinase (JNK), which
in turn phosphorylates transcription factor AP1. In the nu-
cleus, both NF«kB and AP1 induce transcription of inflam-
matory genes.

In summary, the endothelial phenotypes in undiseased but
patho-susceptible regions of arteries share some fundamental
characteristics that distinguish them from patho-protected
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sites. Spatially sensitive differential expression of intracellular
pathways may represent a chronic adapted state; in other
words, the dynamic states of many individual steps in inter-
connected pathways are regionally different and the cells are
in a different equilibrium state overall but still within a tol-
erable range of normal function. The presence of disturbed
blood flow may sensitize or prime these regions through
biomechanical forces and transport imbalances (e.g., the re-
tention of locally generated ROS). Whatever the primary
mechanism(s), the endothelium in these regions in arteries is
experiencing a local environment that increases the protein
biosynthetic load and promotes ER stress and the UPR. These
are linked to classic pathways of ROS, inflammation, cell
proliferation, and apoptosis, which are not fully activated
unless additional risk factors are introduced. A recent
review of Redox regulation of ER function can be found in
reference (2).
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Abbreviations Used

AA =aortic arch
AP1 = transcription factor activator protein-1
apoE™/~ =apolipoprotein E knock out
ATF4 = activating transcription factor 4
ATF60 = activating transcription factor 6o
BiP = binding protein
cAMP = cyclic adenosine monophosphate
CHOP = C/ERB homologous protein
DAVID = database for annotation, visualization
and integrated discovery (NIH)
elF20 = eukaryotic translation initiation factor 2a.
ER = endoplasmic reticulum
GRP78 = glucose-related protein 78
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Abbreviations Used (Cont.)

GSEA = gene set enrichment analysis
HSPAS5 = heat-shock protein A5
IxB = inhibitor of nuclear factor kappa-B
IKK = inhibitor of nuclear factor
kappa-B kinase
IRElo. = inositol requiring kinase 1o
JNK = c-Jun N-terminal kinase
kDa = kilo daltons
mRNA = messenger ribonucleic acid

NF«B = nuclear factor kappa-light-chain-enhancer
of activated B cells
Nrf2 = nuclear factor-E2 related factor 2
PERK = protein kinase-like ER kinase
Redox = oxidation-reduction (reactants)
ROS = reactive oxygen species
(s)XBP1 = (spliced) X-box binding protein
TRAF2 = tumor necrosis factor-alpha
receptor-associated factor 2
UPR = unfolded protein response
VCAM-1 = vascular cell adhesion molecule-1
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