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ABSTRACT

Both continuous- and pulsed-wave ultrasound have been shown to
increase endothelial permeability to echogenic liposomes (ELIP) and
stem cells associated with them in vitro and /n vivo. We have been able
to model this phenomenon /n vitro with human umbilical vein endothelial
cell (HUVEC) monolayers grown on transwell inserts. The ultrasound
effect is not dependent on ELIP echogenicity, indicating that it is induced
by radiation pressure, rather than by cavitation forces, and is blocked by
NS-nitro-L-arginine methyl ester, an inhibitor of endothelial nitric oxide
synthase, establishing that it is mediated by nitric oxide signaling.
Western blots of ultrasound-treated cultured HUVEC lysates and
untreated controls indicated that nitric oxide activates the Akt pathway,
implicating the intracellular transduction mechanism mediating shear
stress effects on endothelial cells, but that other mechanoreceptor-
triggered pathways may also be involved.
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Introduction

When nitric oxide (NO) biochemical signaling was
first discovered, it was shown to cause vascular
dilation due to cyclic GMP-mediated relaxation of
vascular smooth muscle cells’?. Since then, NO has
been shown to be a central mediator of normal
vascular homeostasis, including several mechanisms
of increased endothelial permeability®>. One such
mechanism is that mediating the atheroprotective
effects of normal shear stress in arteries. It has
been found that stimulation of mechanoreceptors
on endothelial cell plasma membranes results in
activation of Akt, eNOS and extracellular-regulated
kinase 1/2 (ERK 1/2), leading to hyperpermeability*>,
possibly mediated by phosphorylation of VE-
cadherin and/or S-nitrosylation of B-catenin®®.
Intracellular NO generation is central to inhibition
of atherogenesis, including antihypertensive, other
cyclic guanosine monophosphate (cGMP)-mediated,
antioxidative, anti-immune cell recruitment and
anticytotoxic mechanisms 4720,

Investigating diagnostic and therapeutic approaches
to clinical atherosclerosis management, we have
repeatedly shown that both NO-loaded echogenic
liposomes (NO-ELIP) and ultrasound (US; continuous
wave and pulsed Doppler) facilitate penetration of
ELIP and even stem cells into vascular walls /n vivo
and transit across endothelial cell (EC) monolayers
in vitro?"?*, Simultaneous administration of intravascular
ultrasound (IVUS) and an atheroma-targeted,
pioglitazone-loaded ELIP formulation through an
EKOS catheter immediately after stenting of
atherosclerotic peripheral arteries in a miniswine
model was significantly more efficacious in preventing
reatherogenesis than administration of the same
agent without ultrasound®. A study to confirm delivery
of a fluorescently labeled analogous preparation
to injured arterial endothelium in the same model
showed that, in the absence of US, the agent
adhered to the endothelial surface, while application
of US forced it into the subsurface medial layer,
indicating an increase in vascular wall permeability®.

Ultrasound effects fall into two general categories,
cavitation effects and radiation pressure. Cavitation
describes the effects of US on gas bubbles; inertial
cavitation involves bubble collapse that generates
shock waves and stable cavitation creates bubble
oscillations that result in microstreaming effects.
While cavitation effects produce nanoscale pores
in cell membranes that facilitate intracellular drug

delivery, radiation pressure is more likely to mimic
the permeability enhancement triggered by shear
stress?. Hypothesizing that US-enhanced endothelial
permeability is mediated by NO generation and
signaling, in-part or completely involving shear
stress-induced mechanisms, we conducted preliminary
in vitro studies of cultured human umbilical cord
endothelial cells (HUVEC) to answer these questions.

Materials and Methods

Preparation of Rhodamine-labeled Intercellular
Adhesion Molecule-1 (ICAM-1)-targeted Echogenic
Ljposomes (Rho-AICAM1-ELIP) and Nitric Oxide-
Loaded ELIP (NO-ELIP)

Intercellular adhesion molecule-1 (ICAM-1)-targeted
ELIP were prepared as previously described %
using ELIP containing 0.25 mole% Rhodamine B-
phosphatidylethanolamine (PE). Thiolated antibody
(anti-human ICAM-1) was conjugated to maleimide-
derivatized ELIP (MPB-phosphatidylethanolamine)
via a thioether linkage. For a control preparation,
nonspecific murine immunoglobulin G (IgG) was
conjugated to rhodamine-labeled ELIP (IgG-ELIP)
instead of specific antibody. Nitric oxide-loaded
ELIP (NO-ELIP) were also prepared as previously
described?. The size distribution of IgG-ELIP and
Ab-ELIP > 400 nm was determined with a Beckman
Coulter Multisizer 3 instrument.

Assessment of Endothelial Permeability by Transwell
Culture Methods

Human umbilical vein endothelial cells (HUVEC;
PCS-100-013, American Type Culture Collection,
Manassas, VA) were grown to confluence in 24-
well transwell insert plates (8.0 um pores, Corning,
Inc., Kennebunk, ME). The cells were then treated
with tumor necrosis factor-alpha (TNF-a; 20 ng/mL)
to induce cell-surface expression of ICAM-1 and
incubated overnight at 37°C in an atmosphere of
5% carbon dioxide (CO,)/95% air. The insert plates
and lower wells were washed with Dulbecco’s
phosphate-buffered saline (DPBS). The lower wells
were refilled with 750 pL of endothelial cell
medium (ECM), while the insert plates were
treated with 120 pL (containing 120 pg lipid) of
sterile Rho-AICAM1-ELIP or IgG-ELIP (negative
control). For testing of cavitation effects, ELIP
preparations were rendered non-echogenic by
application of a 50% vacuum with a syringe for 1
minute (illustrated in Fig. 1). For inhibition studies,
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10.0 pM NES-nitro-L-arginine methyl ester (L-
NAME), an inhibitor of endothelial nitric oxide
synthase (eNOS)?, or 1H-[1 ,2,4]Oxadiazolo[4,3-
alquinoxalin-1-one (ODQ; 0.1 and 1.0 pyM), an
inhibitor of soluble guanylyl cyclase (sGC) 2%, was
included in ECM at the time of ELIP incubation. For
US treatment, 30 minutes after addition of ELIP,
insert wells were treated with continuous-wave
ultrasound (Sonitron 2000, RICH-MAR Co., Inola,
OK) at 1 MHz, 2 W/cm?, and 50% duty cycle for 1
minute. The insert plates were incubated for an
additional 30 minutes at 37°C in the CO;
incubator. The insert plates were then washed with
DPBS, filled with 200 pL fresh ECM, and incubated
for 24 hours. Aliquots (150 pl) of lower well media
were transferred to opaque 96-well plates for

measurement of fluorescence intensity (Ex 544 nm,
Em 590 nm) with a SpectraMax M5 (Molecular
Devices, San Jose, CA) microplate reader. To
confirm confluency of the HUVEC monolayers, we
added 2 pg of FITC-dextran 70 (Sigma-Aldrich, St.
Louis, MO) to transwell inserts and measured the
fluorescence intensity (Ex 485, Em 538) in the
bottom wells at 0, 15, 30, 45, 60 and 120 minutes,
using the microplate reader. Permeability values
were calculated as described by Lal et al. #. To
verify that intact liposomes passed through the
monolayers, media in lower wells were examined
by fluorescence microscopy (40X objective).
Enumeration and size analysis of liposomes in
insert and well media was performed with a
Beckman Coulter Multisizer 4 instrument.

Figure 1. lllustration of air pockets in rhodamine-labeled ELIP being removed by 50% vacuum suction
applied by a syringe, rendering the liposomes non-echogenic and unable to exhibit cavitation effects.

Quantitation of Intracellular Transduction Factors
by Western Blot Analysis.

Confluent HUVEC in 6-well culture plates (Corning
Inc., Corning, NY) were insonated as described for
transwell cultures for various times ranging from 0
to 50 seconds. The cells were then incubated at
37°C with 5% CO, for 30 minutes and washed with
DPBS twice; 100 pl of lysis buffer was added to
each well, followed by gentle shaking for 10
minutes at room temperature. The lysates were
transferred to Eppendorf tubes and placed on a

tube rotator (Cole-Parmer, Vernon-Hills, IL) for 20
minutes at 4°C. Lysates were centrifuged (MIRKO
200R, Hettich, Tuttlingen, Germany) at 15,000
RPM for 10 minutes at 4°C. The supernatant was
carefully pipetted into new Eppendorf tubes and
the pellets were discarded. Lysates (normalized for
protein content, determined by BioRad Dye
Reagent) were denatured in water at 95°C for 5
minutes before loading onto 7.5% polyacrylamide
gels (Bio-Rad Laboratories, Hercules, CA) for
sodium dodecyl sulfate-polyacrylamide gel
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electrophoresis (SDS-PAGE) before blotting onto
polyvinylidene fluoride (PVDF) transfer membrane
sheets (Thermo Fisher Scientific, Rockford, IL).
Upon completion of the transfer, the PVDF
membrane was blocked with blocking buffer
(Odyssey-PBS, LI-COR, Lincoln, NE). Each section
of the membrane was blotted with a different
primary rabbit antibody overnight on a cell shaker
(ProBlot Rocker 25, Labnet, Corning, Inc.) at 4°C:
phospho-AKT (9271S, 1:500, Cell Signaling
Technology) and AKT (9272S, 1:500, Cell Signaling
Technology); phospho-ERK 1/2 (9101S, 1:500, Cell
Signaling Technology) and ERK 1/2 (9102S, 1:500,
Cell Signaling Technology); phospho-eNOS (PA5-
104858, 1:200, Invitrogen) and eNOS (PA1-037,
1:500, Invitrogen); and beta-tubulin (ab6046,
1:2500, abcam). The integrity of the phospho-
eNOS antibody was verified by fluorescent IHC
staining of normal human lung sections (Fig. S1;
see next section). For each primary antibody, a
donkey-anti-rabbit secondary antibody that was
coupled to infrared (IR) dyes (926-32213, 1:2500,
LI-COR) was used. The blots were visualized with
the LI-COR Odyssey Imaging System and then
quantitated by densitometric analysis with NIH
ImageJ software.

Immunohistochemical Validation of Phospho-eNOS
Antibodly.

Formalin-fixed, paraffin-embedded normal human
lung sections were incubated with 1:500 diluted
rabbit phospho-eNOS antibody in PBS at 4°C
overnight, followed by 1:2000 goat anti-rabbit IgG
conjugated to AlexaFluor 488 (Life technologies,
Grand Island, NY, USA) at room temperature for 2
hours. Nuclei were stained with Antifade mounting
medium with DAPI (VECTASHIELD Vibrance,
Vector Laboratories Inc., Burlingame, CA, USA).
Stained slides were examined and images
collected with a fluorescent microscope (Nikon,
eclipse Ti, Dusseldorf, Germany). Procurement of
human tissues was approved by the UTHealth
Committee for Protection of Human Subjects
(HSC-MS-08-0354).

Statistics.

Replicate data were evaluated by normal variance
analysis. Differences among populations were
assessed by Student’s t-test. A p-value < 0.05 was
considered significant.

Results

Ultrasound Application Facilitates Rho-AICAM1-ELIP
(Ab-ELIP) Passage Through a HUVEC Monolayer.

Application of continuous wave ultrasound to
HUVEC monolayers on transwell membranes
significantly increased penetration of Ab-ELIP
through the HUVEC monolayer compared to Ab-
ELIP that did not undergo US treatment (Fig. 2; p
= 0.0002). There was no significant difference in
the US-enhanced penetration of non-echogenic
Ab-ELIP relative to echogenic ELIP (p = 0.57;
Fig.2), indicating that the effect is induced by
radiation pressure, rather than cavitation
processes. Four lots of IgG-ELIP measured with a
Beckman Coulter Multisizer 3 instrument exhibited
a mean spherical diameter of 780.5 = 70.2 nm,
while 5 lots of rhodamine-labeled anti-ICAM-1
conjugated ELIP had a mean spherical diameter of
781.8 = 61.6 nm, which is also consistent with a
radiation pressure-induced increase of paracellular
transit, rather than intracellular passage. HUVEC
monolayer confluence was confirmed by
measurement of monolayer permeability to FITC-
dextran 70. From the FITC-dextran flux across the
transwell membrane between 30 and 120 minutes,
we calculated a permeability of 4.1 + 0.3 x 10*
cm/sec (4 DOF), compared to 3.9 + 0.7 x 10°¢
cm/sec reported by Lal et al. # Fluorescence
microscopy of media in the lower wells showed
that liposomes as large as 3 um in diameter passed
through  HUVEC TNFa
pretreatment (Fig. S2). In a separate experiment,
Multisizer 4 analysis of media in both the inserts
and the wells indicated that 67% of rhodamine-
labeled ELIP with a median diameter of 481 pm
passed into the wells with ultrasound treatment.

monolayers  after
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Figure 2. Evaluation of endothelial penetration and echogenicity of antibody-conjugated ELIP (Ab-ELIP)
with ultrasound (US) treatment. * p < 0.0001 vs. IgG-ELIP; 1+ p< 0.005 vs. Ab-ELIP; £ not significant vs. non-
echo Ab-ELIP + US; 14 degrees of freedom (DOF; n = 8 per group) for each comparison.

Ultrasound-enhanced HUVEC Permeability is
Medliated by Nitric Oxide (NO) Production.

Penetration of Ab-ELIP through US-treated
HUVEC monolayers in the presence of 10 uM L-
NAME showed that the endothelial NO synthase

inhibitor L-NAME significantly suppressed the
enhanced penetrative effect of ultrasound-treated
Ab-ELIP (p = 6.2 x 10°), similar to that of Ab-ELIP
that did not receive ultrasound treatment (p =
0.137) (Fig. 3).
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Figure 3. Dependence of ultrasound-enhanced endothelial penetration of Ab-ELIP on NO generation (n =
8-12). * p < 0.0001 vs. Ab-ELIP and Ab-ELIP + L-NAME + US; T NS vs. Ab-ELIP.

Ultrasound Enhancement of Vascular Permeability
is Not Dependent on Cyclic GMP Activity.

Garthwaite showed that both 0.1 uM and 1.0 pM
ODQ markedly inhibited cGMP production?®. In
preliminary experiments (data not shown), we
found that 0.1 uM ODQ appeared to inhibit US

enhancement of Ab-ELIP penetration more than
1.0 pM ODQ. However, repetition of the
procedure showed that treatment of Ab-ELIP + US
with 0.01-1.0 pM ODQ had no effect on the
endothelial penetration of the fluorescent
liposomes relative to Ab-ELIP + US (Fig. 4).
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Figure 4. Evaluation of cGMP dependence of ultrasound enhancement of endothelial penetration (n = 8).

*p < 0.001 vs. Ab-ELIP.

Ultrasound treatment greater than 50 seconds was
toxic to HUVEC, as indicated by protein yields and
microscopic examination. Ultrasound treatment of
HUVEC caused phosphorylation of Akt and ERK
1/2 (normalized for total Akt and ERK 1/2, and B-
tubulin levels), reaching maximum levels at 30
seconds of treatment (Fig. S3). Nine replicate 30-
second US treatments of HUVEC cultures resulted

in highly reproducible stimulation of Akt relative to
7 untreated controls (Fig. 5). Extracellular-
regulated kinase 1/2 (ERK 1/2) stimulation under
the same conditions was more marginal (Fig. 6),
reflecting previous observations of equivocal
effects on NO-dependent HUVEC monolayer
permeability by ODQ, an inhibitor of the cyclic
GMP pathway.
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Figure 5. Quantitation of Western blots of phospho-Akt from replicate ultrasound treatment of HUVEC
cultures for 30 seconds, demonstrating the reproducibility of the effect. Bars = mean + SE.
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Figure 6 Quantitation of Western blots of phospho-ERK 1/2 from replicate ultrasound treatment of HUVEC

cultures for 30 seconds. Bars = mean = SE.

Ultrasound-Dependent Akt Activation Requires
NO Production.

Treatment of HUVEC cultures with 10 uM L-NAME
completely abolished the US-induced phosphorylation
of Akt (Fig. 7A), indicating that NO production is
necessary for Akt activation. NS-nitro-L-arginine
methyl ester (L-NAME) also inhibited the more
marginal US-enhanced ERK 1/2 stimulation (Fig.
7B). We found that nitric oxide-loaded ELIP

treatment of HUVEC cultures caused Akt
phosphorylation (Fig. S4), confirming that NO
production occurred before Akt activation. Western
blotting of HUVEC lysates with antibodies specific
for eNOS and phosphorylated eNOS indicated that
eNOS phosphorylation did not occur in control or
US-treated cells, but that US caused a significant
increase of eNOS levels, suggesting constitutive
stimulation of eNOS activity (Fig. 8).
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Figure 7. A. Effect of L-NAME on ultrasound-induced Akt phosphorylation, relative to total Akt and tubulin (n = 3).
B. Effect of L-NAME on ultrasound-induced ERK 1/2 phosphorylation, relative to total ERK 1/2 and tubulin (n = 3).
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Figure 8. Ultrasound (US)-induced Increase in HUVEC eNOS Levels.

Discussion

Vascular permeability has become a subject of
increasing interest. Once thought to be a
derivative function of vasodilation, vascular
permeability is now recognized as an integral
aspect of inflammatory and atherogenic processes,
mediated by distinct intracellular mechanisms.
One of the best-studied mechanisms of enhanced
endothelial permeability is shear stress produced
by normal laminar flow. The pathway is initiated by
the mechanical transduction receptor PIEZO 1,
which causes a Go/G11-mediated Ca?* influx, resulting
in Akt phosphorylation mediated by Kruppel-like
factors KLF2/KLF4 and Yes-associated protein/PDZ-
binding motif (YAP/TAZ) 103934 Activated Akt
phosphorylates endothelial nitric oxide synthase
(eNOS), causing production of NO from L-
arginine®>?'21> which directly increases endothelial
permeability, at least partly by causing phosphorylation
of VE cadherin, and indirectly by activating ERK 1/2
through potentiation of soluble guanylyl cyclase
(sGC) and the cyclic GMP pathway*>*.

Although PIEZO 1 is recognized as the primary
mechanotransduction receptor mediating wall shear
stress (WSS) effects in vascular endothelium?®,
several other molecules, such as platelet endothelial
cell adhesion molecule-1 (PECAM-1) and various
integrins (e.g., afs) could perform a similar
function®*. In addition, the integrity of the
cytoskeleton has been found to be necessary for
WSS effects’, suggesting that further investigation
of the actomyosin network may elucidate other
mechanotransduction receptors if PIEZO 1 is not
found to mediate ultrasound effects. Our /n vitro
study of vascular permeability enhancement
induced by continuous wave ultrasound appeared

to involve transduction pathways mediating shear
stress effects, but several important differences
were noted. While we found that the effect,
triggered by radiation forces, was mediated by NO
production and resulted in Akt phosphorylation,
the latter effect was dependent on NO
production, indicating that, unlike shear stress
effects, Akt did not stimulate eNOS activity. In this
case, eNOS was constitutively induced by another
mechanism. Others have reported that eNOS
phosphorylation and NO production can be
uncoupled. While adenosine triphosphate (ATP)
and histamine caused both eNOS phosphorylation
at Ser 1177 and NO production, vascular endothelial
growth factor (VEGF), insulin, hydrogen peroxide
and adenosine monophosphate kinase (AMPK)
caused eNOS phosphorylation without NO
production®. It is reasonable to expect that NO
production can be elicited without eNOS
phosphorylation. We also found that ERK 1/2 was
marginally activated by phosphorylation, reflecting
NO activation of soluble guanylyl cyclase (sGC),
which catalyzes cyclic GMP (cGMP) production
from GTP, resulting in downstream activation of
mitogen-activated protein kinase 1/2 (MEK 1/2)
and ERK 1/2%, which increases endothelial
permeability>. The muted ERK 1/2 response,
compared to a more robust Akt stimulation, may
be due to the relatively low abundance of sGC in
endothelial cells®.

Many recent studies have elucidated numerous
cases of NO-induced activation of intra-cellular
transduction factors by protein S-nitrosylation
mechanisms, including those involved in regulation
of endothelial permeability>’. More than 3,000
peptides and proteins have been characterized
and studied as S-nitrosylation targets®. These

© 2025 European Society of Medicine 8



mechanisms may mediate post-eNOS activation of
Akt and permeability enhancement via S-
nitrosylation of B-catenin variants®’, implicating
the Wnt-canonical pathway as a modular network
of alternative connections between cell-surface
mechanoreceptors and intercellular junctions®.
We did not observe phosphorylation of VE-
cadherin (data not shown), suggesting that the
permeability increase may be mediated by B-
catenin activation or that a more definitive study of
VE-cadherin activation over time is needed. It has
been shown that nitric oxide can activate Src
kinase, which in turn activates c-Src*'. Src kinase
phosphorylates eNOS in endothelial cells*, yet we
did not observe eNOS phosphorylation. Implications

of this study for intracellular transduction pathways
mediating ultrasound enhancement of endothelial
permeability are summarized in Figure 9. It is most
important at this point to 1) elucidate the afferent
pathway by identifying the mechanotransducer
impacted by ultrasound and the means by which
eNOS is induced, 2) confirm that Src kinase is
activated and determine why it does not initiate a
feedback loop of eNOS activation, and 3)
elucidate the efferent pathway by determining
whether permeability enhancement is effected
directly by NO through B-catenin S-nitrosylation.
Once the major aspects of the pathway are known,
ultrasound parameters can be optimized for
maximum effectiveness.

us

¢ BMEK
Tem}s —b ND

l pERK /3
Tsre kmaze

_ Intercellular Flow

Ca®

GTP ¥ cGMP
e

? sGC v

pAkt SMG?

1 Permeability

Figure 9. Schematic of prospective transduction pathways linking ultrasound (US) impaction of the
endothelial cell surface and mechanisms of enhanced intercellular permeability. Abbreviations: cGMP,
cyclic guanosine monophosphate; eNOS, endothelial nitric oxide synthase; GTP, guanosine triphosphate;

NO, nitric oxide;

pPERK 1/2, phosphorylated extracellular signal-regulated kinase 1/2; pMEK,

phosphorylated MAP2 kinase genes; sGC, soluble guanylyl cyclase; SNO, S-nitrosylate; US, ultrasound.

While the gap junctions between endothelial cells
are normally only several nanometers wide, the
phenomenon of whole cell passage through
endothelial cell layers, known as extravasation, is

well-established, both /n vivo and in vitro. As
reviewed by Salminen et al *, capture of
leukocytes by integrins such as ICAM-1 precedes
transendothelial migration paracellularly (in 70-
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90% of cases) through channels controlled by VE-
cadherin and B-catenin®. As noted, we have
previously demonstrated enhanced passage of
CD34+ monocytes through confluent HCAEC
monolayers in the transwell system by complexation
of the monocytes with bifunctionally targeted ELIP
and NO-ELIP?%. In that case, we confirmed the
mononuclear cell morphology of cells migrating
through the membrane by microscopy. In this
study, we demonstrated that intact liposomes
traversed the HUVEC monolayer. Tumor Necrosis
Factor a exposure of endothelial cells triggers a
process including ICAM-1 expression and binding
that reconfigures adherens junctions to allow
passage of cells and particles through gaps of

several hundred nanometers to 2 microns***>.

The results of this study indicate that the acoustic
radiation pressure produced in a controlled manner
by a clinical ultrasound probe should be proportional
to measures of vascular permeability and levels of
intracellular transduction factors mediating the
effect. Once the precise nature of the quantitative
relation between the ultrasound input and various
outcome parameters is known, reproducible
approaches to ultrasound-enhanced delivery of
therapeutics, including drugs, genes, oligonucleotides,
bioactive peptides and gases, stem cells, and
nanoparticulate formulations of these entities to the
vascular wall can be designed. A detailed knowledge
of the intracellular pathways mediating ultrasound-
enhanced vascular permeability is important, since
it is becoming increasingly evident that any kind of
mechanical perturbation of cell membranes has a
complex variety of output effects, including cell
proliferation, migration, motility, changes in
intercellular permeability, and cell transformations
resulting in inflammation, fibrosis, neovascularization,
vascular dysfunction, and various pathological
processes.

These mechanical perturbations fall into four major
types that can be classified as hydrostatic pressure,
fluid shear stress (FSS), tensile force and extracellular
matrix (ECM) stiffness®. Factors mediating the
effects of FSS have been summarized here, but the
other mechanical impacts can be communicated
by PECAM-, actomyocin- and integrin-mediated
mechanisms, linked to various transduction factors
and result in diverse outcomes. Ultrasound impacts
on endothelial cell membranes are different in
quality from FFR and have features in common

with other types of mechanical stimuli. Elucidation
of pathways mediating ultrasound-enhanced vascular
permeability will thus provide additional insights
into the complex and interesting network of
intracellular effectors linking mechanical impacts
with their physiological and pathological outcomes.

Conclusions

An in vitro study of ultrasound-enhanced vascular
permeability utilizing human umbilical vein endothelial
cell (HUVEC) transwell cultures demonstrated that
US permeability enhancement is due to radiation
pressure and is mediated by nitric oxide (NO)
signaling. Western blot analysis of HUVEC cultures
subjected to continuous wave US established that
Akt and, to a lesser extent, ERK 1/2 phosphorylation
were involved in the effect. Unexpectedly, Akt
phosphorylation was found to be a consequence,
rather than a precursor of NO generation, indicating
that critical steps in the transduction pathway may
involve protein nitrosylations. While phosphorylation
of VE-cadherin could not be demonstrated in this
study, more studies will be required to determine
whether VE-cadherin and/or B-catenin are involved
in direct mediation of paracellular permeability.
While certain aspects of US-enhanced endothelial
permeability are similar to those mediating shear
stress-induced permeability effects, other aspects
differ, underscoring the complexity of intracellular
mechanotransduction pathways.

Supplementary Materials:

Figure S1: Normal human lung stained with
phospho-eNOS antibody as described in Methods,
Figure S2: Passage of rhodamine-labeled ELIP
(Rho-ELIP) through HUVEC monolayers on
transwell membranes after TNFa pretreatment,
Figure S3: Composite quantitation of Western
blots of HUVEC lysates after treatment with
continuous wave ultrasound (US) for various
durations, stained for phospho-Akt, relative to
total Akt and B-tubulin, and phospho-ERK 1/2,
relative to total ERK 1/2 and B-tubulin, Figure S4:
Phospho-Akt response to treatment of HUVEC cell
cultures with 0.5 mg NO-ELIP lipid/ml.
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