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Abstract

Diagnostic cardiac ultrasound are commonly assumed to pose no hazard to the patient—but this is not synonymous with being
biologically inert. The production of intracellular reactive oxygen species (ROS) on endothelial cells is a key modulator of
atheroprotective (at low level) and atherogenic (at high levels) actions. The aim of the study was to evaluate in vitro the effects on
intracellular ROS of endothelial cells after ultrasound exposure of variable duration with commercially available cardiac imaging systems.
Endothelial cells fluorescence was evaluated in vitro after sham (transducer off) exposure to ultrasound and after 5’, 15’ and 30’ of
ultrasound irradiation with second harmonic 1.3/2.6 MHz cardiac ultrasound scan (mechanical index 1.5). Intracellular ROS were 83 at
baseline, and rose to 86, 112 and 122 fluorescence intensity at 1 h incubation after 5’, 15’ and 30’ of ultrasound exposure respectively
(P,0.01 for 30’ versus baseline and 5’ comparison). There were microscopic signs of endothelial damage only following 30’ stage.
Ultrasound exposure induced significant DNA laddering and LDH leakage after 15’ of ultrasound exposure. Effects on endothelial cells
could be reproduced by adding exposed extracellular medium to unexposed cells, and could be prevented removing exposed medium from
cell culture or pretreating the medium with catalase. Cardiac ultrasound of current clinical diagnostic use increases intracellular oxidative
stress on endothelial cells in vitro. This increase is accompanied by morphological evidence of endothelial damage only after longer
exposure times, persists 1 h after withdrawal of ultrasound, and can be modulated over a wide range according to the duration of
ultrasound exposure. Free radical production in the extracellular medium is the likely mediator of ultrasound effect.
  2003 European Society of Cardiology. Published by Elsevier Science B.V. All rights reserved.
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1 . Introduction which are not readily evident, may be retained within the
system and go clinically undetected. Therefore, it is

One of the principal reasons for the popularity of necessary to explore more subtle cellular functions of key
echocardiography is that the examination is presumed to biological relevance. Among these cellular functions,
pose no hazard to the patient [1]. The question of the intracellular reactive oxygen species (ROS) generation of
safety of this external energy source, however, must still endothelial cells is obviously important, since it may have
be constantly reviewed since there are obvious biological athero-protective (at low level) and atherogenic (at high
effects of ultrasound and large gaps exist in the knowledge levels) actions [2], because large amounts of ROS are
base concerning the effects of ultrasound and living cells known to induce apoptotic endothelial cell death [3], and
[1]. The effects that occur on a gross scale are easily may contribute to the initial endothelial injury which
identified and, hence, appreciated, but more subtle effects, promotes atherosclerotic lesion formation [4,5].

Free radical formation by ultrasound is due to inertial
cavitation and is strongly dependent on its threshold*Corresponding author. Tel.:139-50-315-2661; fax:139-50-315-
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acoustic pressure at specific frequencies [6]. When cavita-2 .3. Detection of intracellular ROS generation
tion occurs in response to the passage of ultrasonic waves

? ?through water, H and OH are produced initially by water Generation of ROS in endothelial cells was measured
? ?pyrolysis inside cavitation bubbles. H and OH either with the fluorescent dye 6-carboxy-29,79-dichlorodihydrofl-

combine to form H H O and H O or attack solute uorescein diacetate bis(acetoxymethyl)-ester (C-DCDHF-2, 2 2 2

molecules that are reduced or oxidized [7]. DA) (Molecular Probes), which is a carboxy derivative of
Our study hypothesis was that diagnostic cardiac ultra- 29,79-diclorofluorescein diacetate (DCF-DA) that exhibits

sound can modulate intracellular oxidative stress of endo- much better retention in living cells than DCF-DA [10].
thelial cells in vitro. C-DCDHF-DA, being nonpolar, diffuses passively into

Aim of this study was to evaluate in vitro the effects of cells, where its acetate groups are cleaved by intracellular
ultrasound exposure of variable duration (from 5 up to 30’) esterases and forms carboxydichlorofluorescein, which is
with commercially available imaging systems commonly polar and thereby trapped within the cell. In this status,
used for transthoracic cardiac imaging (second harmonic, C-DCDHF-DA, provides a substrate for oxidation by ROS,
1.3/2.6 MHz, mechanical index51.5) on intracellular free resulting in the production of a highly fluorescent intracel-
radical production of endothelial cells monolayer. DNA lular product emitting fluorescence with an intensity
laddering and LDH leakage were used to investigate the proportional to the level of intracellular oxidative stress.
presence of apoptosis and cell membrane damage respec- The assay is especially sensitive to the increased pro-
tively, in cell cultures following ultrasound exposure. duction of hydrogen peroxide or some of its downstream

[11]. Generation of ROS was measured in unstimulated
cells and in cells exposed to ultrasound, after 60 min of
incubation on ice.

2 . Methods Briefly, endothelial cell monolayers, grown in 6-well
plates, were washed with Hanks’ buffered saline phenol

2 .1. Ultrasound irradiation red-free and loaded with C-DCDHF-DA (10mmol / l) in
Hanks’ buffer and incubated for 30 min at 378C. After this

Ultrasound irradiation was performed in the second step, cells were washed once and exposed to ultrasound for
harmonic mode with an HP Sonos 5500 System (Philips, 5, 15 and 30 min. In a separate experimental set, endotheli-
Andover, Mass) equipped with an S3 transducer emitting al cells was cotreated with ultrasound and catalase (Sigma)
at 1.6 MHz and receiving at 3.2 MHz (mechanical index (500–1000 U/ml). The fluorescence microscopy was
1.5). The tip of the transducer was carefully positioned at 5 performed to qualitatively assess the formation of intracel-
cm from cell surface, a distance corresponding to the focal lular ROS. Using an inverted microscope (310 objective)
distance of the transducer in thez axis. The mechanical the samples were epi-illuminated with 100 W Hg lamp and
index indicates the potential for mechanical bioeffects and photographed using 490 nm excitation and 520 nm emis-
is the default display with 2D/B-mode imaging. The sion filters, respectively. Since illumination causes in-
mechanical index is calculated using two variables:MI5 creased fluorescence emission because of the oxidation of
Peak rarefactional pressure (derated) /œFc. The de- the fluorescent dye, each field was exposed to light for
nominator Fc is the center frequency of the transmitted exactly the same time (20 s). Images were processed with a
field. custom-made software to measure the fluorescence of each

cell in the field. Fluorescence intensity was expressed in
arbitrary units.

2 .2. Endothelial cell culture
2 .4. DNA laddering

Human umbilical vein endothelial cells were harvested
and isolated by enzymatic digestion in the presence of type DNA fragmentation was measured by agarose gel
II collagenase (0.1%) as previously described [8]. Isolated electrophoresis using previously reported procedures [12].

6cells were maintained in Medium 199 (Life Sciences, Briefly, 1310 cells were exposed to ultrasound at 378C
Grand Island, NY) containing fetal bovine serum (5%) and for 5, 15 and 30 min in Hanks’ buffer.
growth factors (heparin, 50 U/ml; and endothelial cell DNA was extracted according to nucleon extraction kit
growth factor, 50mg/ml). Once grown to confluence, cells (Amersham Biosciences, Uppsala, Sweden). The amount of
were replated onto gelatin-coated flasks (1.5%) at a density DNA was measured by the absorbance at 260 nm, using a

2of 20 000 cells /cm . Cultured endothelial cells were spectrophotometer. Samples showing a 260:280 absor-
characterized as endothelium as previously described [9]. bance ratio of$1.8, which ascertained the purity of the
Assessment of cell number was performed by direct cell isolated DNA, were analyzed by gel electrophoresis.
counting of adherent cells after detachment by trypsin Equal amounts of DNA (2mg) of each sample were
using a hemocytometer. Cell viability was assessed by loaded on a 1% agarose gel containing 0.5 mg/ml
exclusion of trypan blue. ethidium bromide, and run at 100 V for 45 min in 13Tris–
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to lactate accompanied with the oxidation of NADH. The
reduction of absorbance due to the NADH oxidation has
been spectrophotometrically read at 340 nm. The reaction
was performed at 258C and each value obtained indicated
the LDH activity, expressed as U/ l.

2 .6. Experimental protocol

In a first set of experiments, detection of intracellular
ROS production, DNA laddering, LDH leakage was
evaluated in vitro after sham (transducer off) and after 5’,
15’ and 30’ of ultrasound irradiation (Fig. 1, upper panel).

In a second set of experiments, endothelial cells were
exposed to ultrasound for 30’ and the medium was
removed, and transferred to a second cell culture and
intracellular ROS production was evaluated.

2 .7. Statistical analysisFig. 1. Time course of ROS production in endothelial cells after
ultrasound exposure. Upper panel. Schematic representation of the
experimental design, with (from left to right) sham and ultrasound All values were expressed as mean6SD. Differences
irradiation of 5’, 15’ and 30’. Middle panel. Representative photo- between different groups were evaluated by analysis of
micrographs of intracellular ROS production (proportional to the intracel- variance and intergroup testing by Bonferroni test. Statisti-
lular fluorescence) and endothelial cells damage (detectable as confluent

cal significance was established at a value ofP,0.05.dark zone in the endothelial cells monolayer) at baseline and following
ultrasound irradiation for the indicated time periods. Lower panel.
Kinetics of quantitated ROS production induced by ultrasound; results are
mean6SD of 3 separate experiments, with each experimental field 3 . Results
comprising 150 to 200 cells. *P,0.001, compared with corresponding
baseline values.

Intracellular radical activation after sham (transducer
off), 5’, 15’ and 30’ of ultrasound exposure is displayed in

acetate/EDTA electrophoresis buffer. The DNA laddering Fig. 1 (lower panel), at 60’ after the end of the ultrasound
pattern was visualized by UV transillumination and photo- exposure. A representative example of intracellular fluores-
graphed. cence for each of the time points of the study is shown in

Fig. 1 (upper panel). There is an obvious, time-dependent
2 .5. LDH leakage analysis increase in intracellular radical production, which increases

of 35% after 15’ and 47% after 30’ irradiation (Fig. 1,
Lactate dehydrogenase (LDH) leakage, as an indicator lower panel).

of cytotoxicity, from endothelial cells exposed to ultra- The temperature of the medium exposed to ultrasound,
sound for 5, 15 and 30 min in Hanks’ buffer at 378C, was monitored during the treatment, was maintained at 378C
measured in the culture supernatants, according to the and no increase grater than 0.58C was recorded. Endotheli-
method described by Wroblewski and La Due [13] and al monolayer appeared markedly damaged after 30’ of
optimized to the present conditions. ultrasound exposure at focal region and all around (Fig. 2).

The principle of this procedure is the pyruvate reduction As showed by DNA agarose gel electrophoresis, sham

Fig. 2. Microscopic appearance of endothelial monolayers before and after ultrasound exposure. (Left panel) Confluent monolayer with normal
morphology of the cells before ultrasound irradiation. (Middle panel) Monolayer following 30 min of ultrasound irradiation; in the focal region of
exposure, formation of a central hole essentially without cells and around this region the monolayer appeared markedly fissured (magnification of detail
area in right panel).
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(transducer off), 5 min of ultrasound exposure did not
produce DNA ladders (Fig. 3, lane 1–2), whereas 15 and
30 min of ultrasound exposure did produce DNA ladders
(Fig. 3, lane 3–4).

In the same conditions, LDH release increased of 85%
after 15’ and 107% after 30’ irradiation (Fig. 4).

The exposed cells with immediately replacement of
medium did not show significant damage or increase of
ROS production (Fig. 5A). Cells that were not exposed to
ultrasound, but only to the exposed medium which had
been insonated for 30’, showed signs of ROS production
and endothelial cells damage fairly comparable to cells

Fig. 3. DNA laddering pattern in endothelial cells as a function of the exposed to ultrasounds for 30’ directly (Fig. 5). Further,
time of ultrasound exposure. Unexposed cells (lane 1) did not show fluorescence induced by medium insonated for 30’ in
measurable DNA fragmentation, whereas the cells exposed to ultrasound

unexposed cells, was reduced in a dose dependent mannershowed detectable DNA laddering after 15 and 30 min of exposure (lane
when catalase was added (Fig. 6).3 and 4 respectively). Lane 5: 100 bp molecular weight marker, from 100

to 2000 bp.

4 . Discussion

Cardiac ultrasound of current diagnostic use increases
intracellular oxidative stress in endothelial cells mono-
layers in vitro. This increase is time-dependent, persists up
to 1 h following withdrawal of ultrasound energy, and can
be very pronounced—up to 47% the baseline values for
30’ ultrasound exposure.

4 .1. Ultrasound-induced endothelial damage

Fig. 4. Time course of LDH leakage from endothelial cells after It has long been recognized that sound waves may
ultrasound exposure. Kinetics of LDH release induced by ultrasound; contain sufficient mechanical energy to damage or to
results are the means6SD of triplicate assay from 3 separate experiments. destroy biological tissue [14]. It is now well established
*P ,0.01, compared with corresponding baseline values.

that in organs containing air or in the presence of strong
cavitation nuclei, such as contrast agents, ultrasound
exposure may induce significant tissue damage, particu-
larly to the microvasculature [15–18]. Endothelial cell
damage occurs after ultrasound exposure to cultured cells
and organs containing air, such as the lungs [19] or the
intestine, or the heart after contrast injection [20]. In
particular, simultaneous exposure of isolated rabbit hearts
to ultrasound and contrast agents results in limited capil-
lary ruptures dependent of mechanical index, with a mean
of 3.6% of capillaries ruptured at a mechanical index of
1.5. Ultrasound alone, at a mechanical index of 1.5,
induced virtually no damage of capillaries; however, the
exposure time was only of 5’—which also in our ex-
perimental setting was unable to induce signs of mor-
phological damage of endothelial cells. Our study extend
these previous observations, showing that ultrasound alone,
with high mechanical index, may modulate the productionFig. 5. Upper panel. Schematic representation of the experimental design,

with 30’ ultrasound irradiation followed by removal of the medium and of reactive oxygen species in the endothelial cell and may
transfer of exposed medium to unexposed cells. Lower panel. The effectseventually determine a damage of endothelial cells. The
of the medium removal ablates the effect of 30’ of ultrasound exposure to ultrasound energy that we employed fall fully in the range
the endothelial cells (A); the transfer of exposed medium to unexposed

of diagnostic energy used for cardiac ultrasound. However,cells fully reproduces the effects of 30’ of ultrasound exposure (B). The
in cross-sectional cardiac imaging, the actual exposure atentry of extracellular H O into the cells occur mostly during postexpo-2 2

sure incubation. any point within the heart is further affected by the
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Fig. 6. ROS production was markedly attenuated when catalase was added. Upper panel. Qualitative photomicrographs of ROS production in endothelial
cells induced by medium exposed for 30’ of ultrasounds in the absence and presence of catalase (500–1000 U/ml). Lower panel. Bar histogram showing
ROS values; results are mean6SD of 4 separate experiments, with each experimental field comprising 150 to 200 cells.8P,0.001 versus control
counterpart, **P,0.001 versus ultrasound counterpart.

attenuating properties of the tissues that the sound energies at a biochemically sensitive site. In addition, the potential
must pass through to reach the heart. for inertial cavitation to occur in vivo greatly increases

with the use of stabilized microbubbles, now widely used
for diagnostic ultrasound [21,30].

4 .2. Mechanisms of ultrasound-endothelium interaction

The ultrasound effects can be either thermal and non- 4 .3. Study limitations
thermal; and the latter may involve cavitation or non-
cavitation phenomena [21,22]. Our study design was Our results obtained in vitro cannot be directly trans-
unable to describe the underlying mechanisms. However, a ferred to the in vivo setting for a number of reasons. In the
thermal effect was unlikely, since experiments were con- real world clinical practice, one can hardly imagine that the
ducted in a thermostatic setting with constant temperature, cardiac echo probe is fixed in the same position for more
and the thermal effect are negligible with the employed than 5 min. It is true however that a ‘difficult’ echo study
frequency [14]. The biological effects were transferred by and a dynamic stress echo study may require up to 30 min
exporting, and prevented by removing, the extracellular of continuous echocardiographic irradiation [31], although
medium, suggesting that the extracellular formation of through different transducer positions.
H O might have played a major role. Since catalase The results of our experiments suggest that the critical2 2

remains extracellularly, these results suggest that H O place for ultrasound-evoked reactive oxygen species gene-2 2

production, induced by ultrasound, occur essentially out- ration is the supernatant. Human plasma or full blood
side the cells. contains several systems for maintaining antioxidant status

Production of free radicals after ultrasound exposure has (gluthatione, ascorbate, catalase). It is still possible that
been previously observed [22,23]. Free radical formation is ultrasound-evoked reactive oxygen species production may
due to inertial cavitation and has been observed in vitro in be physiologically negligible in-vivo due to the rapid

? ?aqueous solutions and biological fluids following exposure inactivation of H and OH radicals antioxidant defence
of ultrasound at acoustic pressures similar to those that systems of blood [32]. Another factor that may limit the in
may be encountered during medical applications [6,24,25]. vivo role of ultrasound-derived reactive oxygen species is
Free radicals are associated with cell killing in vitro, and rapid dissolution of reactive intermediates in blood flow. In
can cause intracellular DNA damage in vitro [26,27]—a this respect, it seems less probable that in vessels with
reasonable molecular basis for cell damage up to death rapid blood flow like arteries ultrasound-derived ROS
[28,29]. Also in vivo, local concentration of ultrasound- hardly affect endothelial function. Conversely, some ef-
induced free radicals production may be comparable to the fects may be seen in capillary network, where blood flow
concentrations that can be biologically significant, if found is slow.
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