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Abstract: TNF-o (tumor necrosis factor-o.) is a potent pro-inflammatory cytokine that
regulates the permeability of blood and lymphatic vessels. The plasma concentration of TNF-ou
is elevated (> 1 pg/mL) in several pathologies, including rheumatoid arthritis, atherosclerosis,
cancer, pre-eclampsia; in obese individuals; and in trauma patients. To test whether circulating
TNF-a could induce similar alterations in different districts along the vascular system, three
endothelial cell lines, namely HUVEC, HPMEC, and HCAEC, were characterized in terms of
1) mechanical properties, employing atomic force microscopy; 2) cytoskeletal organization,
through fluorescence microscopy; and 3) membrane overexpression of adhesion molecules,
employing ELISA and immunostaining. Upon stimulation with TNF-o (10 ng/mL for 20 h),
for all three endothelial cells, the mechanical stiffness increased by about 50% with a mean
apparent elastic modulus of E ~5 £ 0.5 kPa (~3.3 £ 0.35 kPa for the control cells); the density
of F-actin filaments increased in the apical and median planes; and the ICAM-1 receptors were
overexpressed compared with controls. Collectively, these results demonstrate that sufficiently
high levels of circulating TNF-o have similar effects on different endothelial districts, and
provide additional information for unraveling the possible correlations between circulating
pro-inflammatory cytokines and systemic vascular dysfunction.

Keywords: endothelial cells, atomic force microscopy, cytokines, elastic modulus

Introduction

Along the circulatory system, endothelial cells (ECs) line the walls of blood and
lymphatic vessels and finely regulate the exchange of nutrients and waste products
between the vascular compartment and the surrounding tissue. The solute exchange
is accomplished through two pathways: transcellular and paracellular.! The first
pathway is associated with the active transport of macromolecules (plasma proteins)
and particulate agents across the endothelial layer, mediated by cellular vesicles fol-
lowing a process known as transcytotis. The second pathway is associated with the
convective and diffusive transport across the inter-endothelial gaps within adjacent
cells. Depending on the organ and vascular district, the proportion of paracellular
to transcellular transport varies. In organs of the reticulo-endothelial system (RES),
such as the liver, spleen, and bone marrow, the discontinuous and highly fenestrated
endothelium favors the paracellular transport across vascular openings, which can be
as large as several hundreds of nanometers.? Differently, the vasculature in non-RES
organs is characterized, under physiological conditions, by a continuous endothelium
which does not allow the extravasation of solute molecules larger than 3-5 nm.?
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The integrity of the vessel walls and the regulation of
the transvascular transport are of fundamental importance
in preserving tissue—fluid homeostasis. Several factors are
known to alter the paracellular and transcellular transport
and eventually lead to unbalance homeostasis and major
vascular dysfunctions. These include physical factors such as
the trans-endothelial hydrostatic fluid pressure;® biochemical
factors such as the pro-angiogenic cytokine vascular endothe-
lial growth factor (VEGF);* the pro-inflammatory cytokines
tumor necrosis factor-o (TNF-a),’ histamine,® and thrombin;’
and bacterial toxins such as lipopolysaccharide (LPS).? All
these circulating molecules and agents can recognize counter-
molecules (receptors) expressed on the ECs and trigger an
increase in vessel permeability favoring the paracellular
transport.

The continuum endothelium in healthy vessels can
become hyperpermeable during an inflammatory process.
This is a normal response to external injury and pathogens
in which TNF-a plays a major role being involved in the
activation and maturation of leukocytes and in the overex-
pression of specific adhesion molecules on the endothelium
(E-selectin, intracellular adhesion molecules-1 [ICAM-1],
vascular cell adhesion molecules-1 [VCAM-1]), which even-
tually favor the local recruitment of circulating leukocytes.
A large number of diseases, not associated with any external
stimuli or injury, are known to induce high plasma levels of
several cytokines including TNF-o. In healthy patients, the
plasma level of TNF-o. is generally smaller than 1 pg/mL, but
its concentration can be abnormally high in the presence of
atherosclerosis,” 2 during tumorigenesis and tumor growth,
in patients with rheumatoid arthritis,'* in women undergo-
ing pre-eclamptic pregnancies,'® and in obese individuals.'®
In incidences of acute trauma, elevated circulating levels of
TNF-a have also been reported, including, but not limited
to, traumatic brain injury'” and hemorrhagic shock.'®!° Also,
others have reported that soluble forms of membrane recep-
tors (TNFR) rather than TNF-o are initially released fol-
lowing trauma (based on serum levels one hour after arrival
at a trauma center) and may serve as an indirect indicator
that TNF-q, associates with trauma.?® Significantly elevated
TNF-a levels have also been linked to the onset of multiple
organ failure (MOF) in trauma patients, where elevated
cytokine levels, as early as one hour post admission to a
trauma center, are indicative of risk of developing MOF.!®

In this study, three ECs originating from different vascular
districts, namely coronary (human coronary artery ECs
[HCAECs]), pulmonary (human pulmonary microvascular
ECs [HPMECs]), and umbilical (human umbilical vascular

ECs [HUVECs]), were analyzed upon stimulation with
TNF-o in terms of mechanical properties and cytoskeletal
re-organization. In particular, the apparent elastic modulus,
the viscoelastic response and the nonspecific adhesion force
for the three ECs were estimated using atomic force micros-
copy (AFM). This technique has been successfully used in
characterizing the mechanical response of several cell types
in different species.?' > In addition, the biological response of
the three ECs to the pro-inflammatory stimulus was character-
ized by observing the re organization of the F-actin filaments
within the cytoskeleton, through fluorescence microscopy, and
by quantifying the level of membrane expression of adhesion
molecules, such as ICAM-1, through ELISA and immunostain-
ing. The main objective of the present analysis is understand-
ing how and if the response to TNF-a would depend on the
vascular district.

Materials and methods

Cell culture and TNF-o. treatment

Supplies were purchased from the following sources: human
coronary artery endothelial cells (HCAEC, CC-2585 Lot #
EN000307), endothelial cell basal medium-2 (EBM-2), and
the endothelial cell growth medium (EGM-2). BulletKits
(SingleQuots) were purchased from Lonza (Walkersville,
MD, USA). Human pulmonary microvascular endothelial
cells (HPMEC, C-12281 Lot # 9030501) were ordered
from PromoCell (Heidelberg, Germany). Human umbili-
cal vein endothelial cells (HUVEC, Lot # EN000307) were
purchased from GlycoTech (Gaithersburg, MD). TNF-c.
was purchased from Biosource (Camarillo, MD). Treated
cell culture dishes (60 x 15 mm) were provided by Corning
Incorporated (Corning, NY). Precleaned glass microscope
slides (3” x 1’ x 1.0 mm) were obtained from Fisher Scientific
(Pittsburgh, PA). Triton X-100 was ordered from ICN Bio-
medicals, Inc (Aurora, OH). Anti-ICAM antibody was pur-
chased from NeoMarkers (Fremont, CA). Anti-mouse IgG 2b
(y-2b)-peroxidase and 2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulphonic acid) (ABTS) were purchased from Roche (India-
napolis, IN). Tween 20 was purchased from Fisher Scientific.
Anti-ICAM-1 fluorescein isothiocynate (anti-ICAM-1-FITC)
was purchased from Biosource (Camarillo, MD). Alexa Fluor
488 Phalloidin was obtained from Molecular Probes Invitro-
gen (Detection Technologies (Carlsbad, CA)).

In order to investigate the influence of TNF-at on the cell
membrane elasticity, HCAEC, HUVEC, and HPMEC were
seeded in a 60 mm culture dish to 80% confluence, with
EBM-2 medium supplemented with an EGM-2 BulletKit
and incubated for 24 h at 37°C in a 5% CO, atmosphere.
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The cells were then treated with 3 mL of TNF-o. (10 ng/mL)
for 20 h to promote an inflammatory response.?* Culture
dishes were later rinsed with EBM-2 media to wash out the
TNF-o solution. Data were taken at room temperature in a
liquid atmosphere.

ELISA and immunofluorescence analysis
Cells (2.5 x 10* cells/well) were grown in EBM media
supplemented with an EGM-2 Bullet Kit (Cambrex) at
37°Cin 5% CO,. ICAM-1 was expressed on the surface of
the HCAEC, HUVEC, and HPMEC by activating the cells
with 10 ng/mL TNF-o for 20 h, and the extent of ICAM-1
expression was assessed by ELISA. For ELISA, the cells
were incubated with TNF-o (10 ng/mL) for 20 h at 37°C
and 5% CO, in a 96-well plate. The next day, the cells were
washed with PBS, fixed with Formalin for 20 minutes at
room temperature, incubated with 3% BSA and 0.1% Tween
20 for 1 h, and then incubated with anti-ICAM antibody
(1:1,000 dilution in PBS, v/v) for 2 h at 25°C. The unbound
anti-ICAM antibody was removed from the activated cells
by washing with PBS and then the cells were incubated
with anti-mouse IgG 2b (y-2b)-peroxidase (1:2,000 dilu-
tion in PBS, v/v) for 1 h at room temperature. The excess
of secondary antibody was washed away with PBS and then
ABTS substrate (100 uL) was added. After 30 minutes of
incubation, the absorbance at 405 nm was measured with a
Tecan plate reader. Nonactivated cells were also subjected
to ELISA as controls.

For fluorescence microscopy measurements, cells
(2.5 x 10* cells/chamber) were incubated in 8-chamber
tissue culture slides overnight at 37°C in 5% CO,. The
next day, the cells were activated with TNF-a (10 ng/mL
in EBM-2 media) for 20 h at 37°C in 5% CO,. Next,
the cells were washed with PBS and fixed with 4%
paraformaldehyde for 15 minutes at room temperature.
The cells were then washed two more times with PBS and
incubated with a solution of 0.1% Triton X-100 in PBS for
S minutes. The unreacted sites were blocked with 1% BSA
for 20 minutes. To stain actin filaments, the cells were then
incubated with Alexa Fluor 488 phalloidin (5 units/mL
[0.16 uM]) for 30 minutes at room temperature and washed
two times with PBS before the chamber partitions were
removed and the slides were dried in air. The cells’ nuclei
were labeled with DAPI and then the images were captured
with an Olympus IX71 inverted microscope equipped with
TRITC and DAPI filters for epifluorescence measurements.
Note that the same cell density was used for both ELISA
and fluorescence microscopy assays. The same exposure

time and acquisition settings were used for the images in
Figure 3.

Atomic force microscopy

A Bioscope II Atomic force microscope (Veeco, Santa
Barbara, CA) combined with a fluorescence microscope
(TE-2000; Nikon, Melville, NY) was used for testing and
imaging the cells. The AFM probe consisted of a 5 um
diameter silica particle (colloidal probe) attached at the
edge of silicon nitride V-shaped cantilevers (Novascan,
Ames, TA) (Figure 1). Data were acquired with NanoScope
software (version 7.30; Veeco). A schematic representation
of the cantilever tip interacting with a cell membrane and
the geometrical features of the colloidal probe are shown
in Figure 1. The relatively large particle size led to larger
contact areas and more evenly distributed contact pressures,
which limit the penetration depth upon contact and provide
average information.?! The cantilever spring constant was
calibrated using thermal tuning and resulted in values from
0.1 to 0.3 N/m with less than ~8% of error® in EBM-2 cell
culture media (nominal value of 0.32 N/m).

Analysis of the force-distance curve
The force F applied over the cell membrane by the colloidal
probe is expressed as

F=kd (1)

where k and d are, respectively, the spring constant and
deflection of the cantilever (Figure 1). Following the Hertzian
theory,*® the contact radius « at the interface between the cell
and the colloidal probe is expressed as

1
(3FR )3
a= =
AE

where E is the effective elastic modulus of the system (cell

3kdR, (1-7) ;
AE,

2)

membrane-colloidal probe) defined as
=14 2 (3)

depending on the elastic moduli and Poisson’s ratios of the
cell membrane (£, v,) and colloidal probe (£,, v,); R is the
effective radius of the system defined as
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R R R
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Figure | Atomic force microscopy for the mechanical characterization of live cells. a) Schematic of the colloidal probe (spherical particle attached at the tip of a cantilever
beam) interacting with the cell membrane adhering over a rigid substrate. b) A representative force-displacement curve with a measurable force of adhesion F and area ratio
A,. €) Microscopy image and geometrical data for the V-shaped cantilever beam with a colloidal probe of d =5 pim in diameter; d) AFM micrograph of a HCAEC scanned alive
to 120 um (X-Y) in EBM-2 media at room temperature. Contact mode in liquid (DNP-S f, = 12-24 kHz, k = 0.06 N/m).

Abbreviations: N, nucleus; C, contact area; E, edge.

depending on the radi R, and R, of the cell membrane and
colloidal probe, respectively. Introducing the penetration
depth ¢ (Figure 1), eq (2) is rephrased as a = \/@' , and
combining eq (1) and (2), the relationship between the
deflection of the cantilever d and the indentation depth & of

the probe is derived as
1

4ER)?
3k(1-v?)

3

d=782 with 7= (5)

The parameters directly measured by operating the AFM
are the cantilever beam deflection d (or equivalently the force
F = kd) and the relative vertical scanner position Z. Using

simple geometrical considerations (Figure 1), the parameter
Z is related to the penetration depth das

5=(Z-7)-(d-d) (6)

where Z is defined as the vertical scanner position where
the slope of the F-Z curves changes abruptly and d, is the
corresponding cantilever beam deflection.?” By using eq (1)
and (6), the force-displacement curves F-Z directly acquired
through the AFM was turned into displacement-penetration
depth curves (d-9), and through eq (5), the parameter 77 was
derived by fitting the (d-0) curves. Because the spring con-
stant k of the cantilever, the radius R, of the colloidal probe,
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and the Poisson’s ratio v, of the cell (v, =0.5) were fixed, the
elastic modulus £, was readily derived from 7.

For the measurement of the elastic modulus, three differ-
ent approaching/retracting velocities (0.25 um/s, 0.5 um/s,
and 1.0 wm/s) and three different forces (0.5 nN, 1.0 nN,
and 2.0 nN) were used. The approaching curves (solid line
in Figure 1b) were considered for calculating the elastic
modulus of the cell membrane. The maximum force applied
was determined by the trigger mode of the Bioscope-II.
The adhesion force at the interface between the cell mem-
brane and the colloidal probe was also measured using the
Bioscope-II, fixing the approaching velocity to v, = 1 um/s
and using two different retracting velocities (v, = 1 um/s and
40 um/s). The energy losses associated with the viscoelastic
deformation of the cell membrane were estimated by divid-
ing the area between the approaching and retracting curves
by the area associated with the approaching curve, giving
the area ratio 4.

For each group, no less than 50 measurements were taken
for determining the F-Z curves.

Statistical analysis

The Student’s #-test was used to compare two groups. One-
way ANOVA with repeated measures was used for multiple
comparisons. Significance was assumed for P < 0.01. The
data and errors are expressed as means + SD.

Results
Effects of TNF-o stimulation on the

apparent elastic modulus

The apparent compressive elastic moduli were calculated
by analyzing the force-displacement curves obtained
through AFM following the Hertzian contact theory, as
described in Materials and methods. The same procedures
were applied to all three ECs in both the unstimulated
(control) and stimulated conditions. A typical force-dis-
placement curve is shown in Figure 1b, where the dashed
line corresponds to the approaching curve and the solid
line to the retracting curve. The curves were measured
over relatively flat regions of the cell membrane (point C
in Figure 1d), always sufficiently far from the cell nucleus
(point N in Figure lc) and edge (point E in Figure Ic).
The force-displacement curves were recorded in the same
location of the cell, and the apparent elastic modulus were
very consistent, exhibiting small standard deviations over
multiple measurements. All the force-displacement curves
were obtained for an indentation force F, ,0f 0.5 nN and an
approaching/retracting probe velocity v, ,of 0.25 um/sec.

For such small values of F, ;and v, ,the assumptions of the

ind’
Hertzian theory are fully satisfied:> the indentation depth
was always smaller than 200 nm (sufficiently smaller than
the thickness of the cell) and the viscoelastic response of
the cell membrane was negligible. The presence of a cell
under the probe was monitored in situ through an optical
microscope.

The apparent elastic moduli for the three cell lines are
presented in the bar chart of Figure 2 (and in Supporting
information Table S1), for both unstimulated (white bars)
and stimulated (dark bars) conditions. £ = 3.44 £ 0.64 kPa
for the HUVECs, £ =3.07 £ 0.36 kPa for the HCAECs, and
E=3.42 £ 0.77 kPa were measured for the HPMEC:s in the
unstimulated condition. The apparent elastic modulus of the
three ECs were statistically identical (P > 0.1), giving an
average £ =3.3120.35 kPa. These results are in good agree-
ment with other analysis available in the literature, conducted
on human ECs following the same procedures used here 3242
Slightly larger values for £ were measured by Kang and col-
leagues.’® Also, these results confirm that cells performing
similar functions (endothelial cells) but located in different
organs do exhibit the same apparent elastic modulus and,
consequently, similar cytoskeletal organization.

About 20 h after stimulation with TNF-o, force-
displacement curves were recorded and analyzed to derive the
apparent elastic moduli £=5.39 £ 0.63 kPa for the HUVECs,
4.72 £1.15 kPa for the HCAECs, and 4.84 £ 0.89 kPa for the
HPMECs. Compared with the unstimulated cells a statisti-
cally significant increase (P < 0.01) in the apparent modulus
was observed for all cell lines with a ratio (£ /E ) between

8000
[ Control
[ TNF- o
6000 * * .
g
~ 4000 —
L
2000 -
0
HUVEC HCAEC HPMEC

Figure 2 Apparent elastic modulus for three different endothelial cell lines. Bar
chart presenting the apparent elastic modulus E for HUVEC, HCAEC, and HPMEC
under unstimulated (control) and stimulated (20 h with 10 ng/mL TNF-o) conditions.
(F,,=0.5nN;v, = 0.25 um/s; *P < 0.05; number of cells n = 3; repetitions per cell
N > 30).

International Journal of Nanomedicine 201 1:6

submit your manuscript

183

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Lee et al

Dove

stimulated (£ ) and unstimulated (£ ) cells of 1.54, 1.42, and
1.56, respectively, for HCAECs, HPMECs, and HUVECs. In
other words, an increase in cell stiffness of about 50% was
observed upon stimulation with 10 ng/mL of TNF-a over
20 h, leading to an average £ = 4.98 + 0.53 kPa.

The measurement of the apparent elastic modulus is
influenced by the force applied over the cell membrane,
the velocity of the probe, and, consequently, the depth of
penetration of the probe. Therefore, a sensitivity analysis
was performed on E by varying the indentation force F, ,
between 0.5 and 2 nN and the indentation velocity v, ,
between 0.25 and 0.1 pm/sec. The results of such analysis,
summarized in Supporting information (Figure S1), con-
firmed the importance of reducing F, ;and v, , for accurately
estimating the compressive modulus. The penetration depth
in all the experiments was smaller than 200 nm. Different
methods have been proposed, in addition to atomic force
microscopy, to extract the mechanical properties of cells,
such as magnetic®' and optical® tweezers, and micropi-
pettes.®® Generally, the methods and the procedures affect
the final measure, giving different values for the mechanical
stiffness for even the same cell. Nonetheless, it is important
to emphasize that the present work aims at a comparative
analysis rather than an absolute measurement of the cellular
mechanical properties.

The response to TNF-o stimulation was also docu-
mented by analyzing the reorganization of the actin fila-
ments within the cytoskeleton and the overexpression of
the adhesive molecules ICAM-1. The staining of the actin
filaments with Alexa Fluor 488 phalloidin was observed
over three different planes, namely apical, median, and
basal, using confocal fluorescent microscopy. For the
unstimulated HPMECs, dense and thick actin filaments
were observed on the basal and median plane transversing
the whole cell, whereas on the apical plane the filaments
were mostly located at the edge of the cell (Figure 3, left
column). Upon stimulation with TNF-a, the fluorescence
intensity associated with the actin filaments increased
over the median and mostly over the apical plane where
dense and thick filaments crossing the whole cells were
clearly visible (Figure 3, right column). Similar results
were observed in the case of the HCAEC and HUVEC,
as shown in Supporting information (Figure S2). The
actin filaments are known to form a network under the
cell membrane providing mechanical strength and to
undergo extensive remodeling and reorganization upon
TNF-o stimulation.?**° The observed increase in filament
density could explain the higher stiffness of the stimulated

cells as compared with the controls. Also, the level of
expression of ICAM-1 was measured through ELISA,
demonstrating a statistically significant increase in the
surface density for these adhesive molecules (Figure 4),
normally overexpressed on the inflamed endothelium.?
The increased expression of ICAM-1 molecules was also
shown through immunostaining (Supporting information,
Figure S3).

Effects of TNF-o stimulation on the force

of adhesion and viscoelastic response
In addition to the apparent elastic modulus, the adhesive
force at the interface between the colloidal probe and the
cell membrane and the viscoelastic response of the cell
were recorded.”” The force of adhesion F was estimated
as the maximum force measured along the retracting curve
(Figure 1b), whereas the viscoelastic response was quantified
as the ratio (4 ) between the energy dissipated due to vis-
coelastic losses (area between the approaching and retracting
curves — dashed area in Figure 1b) and the overall mechanical
work performed (area under the approaching curve).

Because the AFM probe was not decorated with any
ligand molecules, interfacial adhesion was only associated
with weak nonspecific interactions. This was reflected by
the negligibly small values of /, (<1 nN) measured with
low indentation forces F, , (= 0.5 nN) and velocities v, ,
(= 0.25 um/s). In all experiments, the retracting curves
appeared as continuous with no noticeable abrupt jumps,
generally associated with the breakage of specific molecu-
lar bonds, thus confirming the nonspecific nature of the
forces at the probe-cell interface. Therefore, in order to
generate appreciable adhesive forces and viscoelastic
losses, the indentation force and the retracting velocity
were increased up to F, ;= 5.0 nN and v _ = 40.0 um/s,
respectively.

Figure 5 shows the force of adhesion F and the area ratio
A, defined as above, for the three ECs under unstimulated
(white bars) and stimulated (black bars) conditions. For the
unstimulated HUVECs and HCAECs an adhesion force (area
ratio 4) of 1.32£0.30 nN (1.50 £ 0.14) and 1.26 £ 0.31 nN
(1.47 £ 0.37) was measured, respectively. These data were
statistically identical (P > 0.03) and significantly larger than
the adhesion force (area ratio) estimated for the unstimulated
HPMECs with a value 0f 0.24 £ 0.10 nN (0.74 £ 0.13). In the
Supporting information, the data are listed in Table S2. It is
interesting to observe that under physiological conditions, the
viscoelastic losses associated with the endothelial cells of the
pulmonary microvasculature are about 50% smaller than
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Controls

Inflamed (10 ng/mL TNF-c)

Apical plane

Median plane

Basal plane

Figure 3 Fluorescence microscopy analysis of F-actin organization. The left column shows the unstimulated HPMECs (control) and the right column the HPMECs stimulated
with 10 ng/mL TNF-c. for 20 h, over three different confocal planes, namely apical, median, and basal. In green are the actin filaments (Alexa Fluor 488 phallodin staining) and

in blue the cell nuclei (TO-PRO-3 staining). All scale bars are 50 um.

those associated with the umbilical and coronary endothe-
lial cells. Indeed, the lung microvasculature is continuously
subjected to compressions and expansions, following the
respiratory cycle, and a smaller area ratio 4, would imply
lower viscoelastic losses.

More interestingly, for the stimulated ECs, the force
of adhesion F (area ratio 4 ) was similar for all cell lines

(P > 0.01) being, respectively, 0.55 £0.22 nN (1.08 £ 0.22)
for the HUVECs, 0.54 = 0.17 nN (1.02 £ 0.13) for the
HCAECs, and 0.46 £ 0.09 nN (0.74 £ 0.13) for the HPMEC:s.
The force of adhesion and viscoaclastic losses for the
HUVECs and HCAECs decreased significantly (50%) upon
stimulation with TNF-o, whereas an opposite trend was
observed for the HPMECs. In the Supporting information
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1.0 4 Table | List of the most common pathologies presenting higher
[__]Control levels of circulating TNF-o. and corresponding concentration
I TNF- o
0.8 - Pathology Plasma level of Ref.
= * * TNF-o [pg/mL]
; Physiological conditions <I.0
S 064 * Rheumatoid arthritis 1000 [8]
§ Atherosclerosis 10002000 [40]
S Colorectal cancer 2 [18]
'g 0.4 Pancreatic adenocarcinoma 30 [42]
é Non-small cell lung cancer 10 [9]
Chronic lymphocytic leukemia 20 [12]
0.2 Prostate cancer 4 [29]
Metastatic prostate cancer 6 [29]
Breast cancer 5 [44]
0.0 Pre-eclampsia 200 [23]
HCAEC HPMEC HUVEC Obesity 10 [36]
Figure 4 Expression of adhesive molecules ICAM-1 measured through ELISA. Bar Hemorrhagic shock alone 60 (37]
Hemorrhagic shock with 160 [37]

chart presenting the expression of ICAM-| molecules in unstimulated cells (white
bar) and cells stimulated with 10 ng/mL TNF-o. for 20 h (grey bar). *P < 0.01.

(Figure S4), a sensitivity analysis is presented elucidating
the effect of the retracting velocity on the force of adhesion
and viscoelastic losses. It is confirmed that the viscoelastic
response of the cell membrane decreases as the retracting
velocity reduces.

Discussion

TNF-o is a pro-inflammatory cytokine secreted primarily by
macrophages and endothelial cells during an inflammatory
response.*® However, it is becoming clear that other cells can
also release in the tissue and eventually in the circulation
large amounts of TNF-c, including lymphoid cells, mast
cells, cardiac myocytes, adipose tissue, fibroblasts, and
neuronal tissue.*** The physiological plasma concentration
of TNF-a is smaller than 1 pg/mL. However under patho-
logical conditions, a substantial increase was documented
depending on the patient, and type and stage of the pathology.
In Table 1, the TNF-o plasma concentrations are listed for
several different pathologies. Indeed, high plasma levels of
TNF-o. are known to be toxic* and could lead to vascular
dysfunction.

Based on the presented AFM characterization and
cytokine response of three different ECs, it is tempt-
ing to speculate that relatively low, nonphysiological
concentrations of circulating TNF-ot (<1-10 ng/mL, much
lower than the maximum tolerable dose) over a sufficiently
long time (from months to years) could be responsible
for a progressive systemic alteration of the endothelium
with an increase in cell stiffness and vascular permeabil-
ity. Systemic vascular dysfunction could be the minimum

subsequent MOF

common denominator for several apparently unrelated dis-
eases, such as rheumatoid arthritis, atherosclerosis, tumor
progression and metastatization, pre-eclampsia, obesity, and
trauma, which are associated with high circulating levels of
TNF-o.

Additional studies are needed to better characterize the
response of the endothelial cells to TNF-a, including, in
particular, the contribution of continuous blood flow. ECs
exposed to continuous hydrodynamic shear stresses increase
their stiffness over time,*' and this has been associated with
an increase in actin fiber density primarily on the basal plane.
Differently, TNF-o stimulation was here observed to alter the
actin density mainly at the apical and median planes. These
observations would support a cooperative contribution of
hydrodynamic shear stresses and TNF-a. in cell stiffening.
However, specific experiments should be designed to better
analyze this issue.

Conclusions

The mechanical properties of three different cell lines
(HUVEC, HCAEC, and HPMEC) were analyzed before
and after stimulation with the pro-inflammatory cytokine
TNF-o.. The analysis revealed that (1) before stimulation
with TNF-a, no significant difference exists in terms of
apparent compressive modulus among the three vascular
districts tested with £ =3.30 £ 0.35 kPa; (2) upon stimula-
tion with TNF-q, the stiffness of the ECs increases by about
50%, reaching £ =5 £ 0.5 kPa; (3) before stimulation with
TNF-q, the viscoelastic losses in the pulmonary microvas-
culature are about 50% lower than in the other two districts
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Figure 5 Adhesion force and viscoelastic response of three different endothelial cell lines. The force of adhesion F_ a) and the area ratio A b) for three different cell lines

(HUVEC, HCAEC, and HPMEC) under unstimulated (control) and stimulated (20 h with 10 ng/mL TNF-or) conditions. (F,

n = 3; repetitions per cell N > 30).

considered, for which no significant statistical difference
was observed; and (4) upon stimulation with TNF-o., the
viscoelastic losses become statistically similar in all three
vascular districts.

To the author’s knowledge, this is the first work ana-
lyzing the effect of pro-inflammatory cytokines on three
different EC types and demonstrating that the response to

=5nN; v, =40 pm/s; *P < 0.05; number of cells

ind

TNF-o simulation is independent of the vascular district. The
observed increase in mechanical stiffness could be related to
the larger density and thickness of the actin fibers observed
mainly on the apical and median cell planes. These results
provide additional information for unraveling the possible
correlations between circulating pro-inflammatory cytokines,
such as TNF-a, and systemic vascular dysfunction.
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Supporting information

The measurement of the apparent cell elastic modulus £ is
influenced by the force applied over the cell membrane, the
velocity of the probe, and, consequently, the depth of pen-
etration of the probe. Therefore, a sensitivity analysis was
performed on £ by varying the indentation force F, ,between
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0 TNF-a
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©
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0
v=025um/s v=05um/s v=1.0um/s

HPMEC (F = 1.0 nN)

0.5 and 2 nN and the indentation velocity v, , between 0.25
and 0.1 pm/sec. The results of such analysis are summarized
in Figure S1 below and confirm the importance of reducing
F, ,andv, foraccurately estimating the compressive modu-
lus. The penetration depth in all the experiments was smaller
than 200 nm.
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Figure S| Effect of the indenting velocity and force on the apparent elastic modulus (F,, = 0.5 and 1.0 nN; v, =0.25, 0.5, 1.0 um/s).
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The staining of the actin filaments with Alexa Fluor 488
phalloidin was observed over three different planes, namely
apical, median, and basal, using confocal fluorescent micros-
copy. Figure S2a and b show the results for the HUVECs and
HCAECS, respectively, in the unstimulated (left columns)

Controls

and TNF-o stimulated (right columns) conditions. Upon
stimulation with TNF-o, the fluorescence intensity associ-
ated with the actin filaments increases over the median and
apical cell planes.

Inflamed (10 ng/mL TNF-¢)

Apical plane

Median plane

Basal plane

Figure S2a Actin staining for the HUVECs.
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Controls Inflamed (10 ng/mL TNF-¢)

Apical plane

Basal plane

Figure S2b Actin staining for the HCAECs.

192 submit your manuscript International Journal of Nanomedicine 201 1:6
Dove:


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove TNF-0, stimulated endothelial cell

The increased expression of ICAM-1 molecules immunostaining. Figure S3 below shows the immunostaining
upon stimulation with TNF-a is also observed through  for ICAM-1 for the three ECs considered.

Unstimulated HPMECs TNF-o stimulated HPMECs

Unstimulated HCAECs TNF-o stimulated HCAECs

Unstimulated HUVECs TNF-o stimulated HUVECs

Figure S3 Immunostaining for the ICAM-1 molecules.
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A sensitivity analysis is presented in Figure S4 below,
elucidating the effect of the retracting velocity v _ on the

ret

considered. It is confirmed that the viscoelastic response
of the cell membrane decreases as the retracting velocity

force of adhesion and viscoelastic losses for the three ECs  reduces.
2.0 2.0+
1 Control —1Control
== TNF-o @ TNF-o
1.5+ 154
= 1.0 < 1.0
<
0.5 0.5
0.0 — 0.0 +i
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Figure S4 Effect of the retracting velocity (v) on the force of adhesion (F, =5 nN; v = | um/s and 40 um/s).
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The apparent elastic modulus £ for the three ECs, Table S1 below. Results are presented as mean = SD and

presented in the bar chart of Figure 2, is explicitly listed in ~ the number of repetitions 7 is also listed.

Table S|

Cell type and condition Apparent elastic

modulus [kPa]

HUVEC Unstimulated n=42 3.44 + 0.64
TNF-o stimulated n=46 539+0.63
HCAEC Unstimulated n=20 3.07 £0.36
TNF-o stimulated n=2I 4.94+0.92
HPMEC Unstimulated n=38 342+ 0.77
TNF-o stimulated n=20 4.84+0.89

The force of adhesion /¥, and the arearatio 4 for the three  listed in Table S2 below. Results are presented as mean = SD

ECs, presented in the bar chart of Figure 5, are explicitly  and the number of repetitions 7 is also listed.

Table S2

Cell type and condition Force of adhesion F [nN] Arearatio A

HUVEC Unstimulated 1.32£0.30 nN n=146 1.50 £0.14
TNF-o stimulated 0.55+0.22 nN n=150 1.08 £0.22

HCAEC Unstimulated 1.26 £0.31 nN n=150 1.47 £0.37
TNF-o stimulated 0.54£0.17 nN n=150 1.02+0.13

HPMEC Unstimulated 0.24 £ 0.09 nN n=150 0.74+0.13
TNF-o stimulated 0.46 = 0.09 nN n=150 0.87 £0.10
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