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ORIGINAL RESEARCH

Contrast Ultrasound Imaging Does Not
Affect Heat Shock Protein 70 Expression
in Cholesterol-Fed Rabbit Aorta
Brendon W. Smith, PhD, Douglas G. Simpson, PhD, Rita J. Miller, DVM, John W. Erdman Jr, PhD,
William D. O’Brien Jr, PhD
Objectives—Diagnostic ultrasound imaging is enhanced by the use of circulating
microbubble contrast agents (UCAs), but the interactions between ultrasound, UCAs,
and vascular tissue are not fully understood. We hypothesized that ultrasound with a UCA
would stress the vascular tissue and increase levels of heat shock protein 70 (Hsp70),
a cellular stress protein.
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Methods—Male New Zealand White rabbits (n = 32) were fed a standard chow diet
(n = 4) or a 1% cholesterol, 10% fat, and 0.11% magnesium diet (n = 28). At 21 days,
24 rabbits on the cholesterol diet were either exposed to ultrasound (3.2-MHz f/3 transducer; 2.1 MPa; mechanical index, 1.17; 10 Hz pulse repetition frequency; 1.6 microseconds pulse duration; 2 minutes exposure duration at 4 sites along the aorta) with the
UCA Definity (1× concentration, 1 mL/min; Lantheus Medical Imaging, North Billerica,
MA) or sham exposed with a saline vehicle injection (n = 12 per group). Four rabbits on
the cholesterol diet and 4 on the chow diet served as cage controls and were not exposed
to ultrasound or restrained for blood sample collection. Animals were euthanized 24
hours after exposure, and aortas were quickly isolated and frozen in liquid nitrogen.
Aorta lysates from the area of ultrasound exposure were analyzed for Hsp70 level by
Western blot. Blood plasma was analyzed for cholesterol, Hsp70, and von Willebrand
factor, a marker of endothelial function.
Results—Plasma total cholesterol levels increased to an average of 705 mg/dL. Ultrasound
did not affect plasma von Willebrand factor, plasma Hsp70, or aorta Hsp70. Restraint
increased Hsp70 (P < .001, analysis of variance).
Conclusions—Restraint, but not ultrasound with the UCA or cholesterol feeding,
significantly increased Hsp70.
Key Words—atherosclerosis; cardiovascular disease; contrast agents; endothelium;
heat shock protein 70; microbubbles; ultrasound

C

ardiovascular disease remains the leading cause of death in
the United States and worldwide.1 Atherosclerosis, the deposition and development of lipid-rich arterial plaques, is the
pathogenic process underlying most cardiovascular events.2,3
Evidence suggests atherosclerosis is reversible in its early stages,4
but it develops asymptomatically and is frequently undetected until
it results in heart attacks and strokes. Early detection is thus a critical
frontier in reducing deaths from cardiovascular disease. Ultrasound
imaging is a flexible, inexpensive, widely used, and real-time imaging
modality that can be used for early detection and diagnosis of

©2015 by the American Institute of Ultrasound in Medicine | J Ultrasound Med 2015; 34:1209–1216 | 0278-4297 | www.aium.org

3407jum1163-1318online_Layout 1 6/22/15 9:04 AM Page 1210

Smith et al—Contrast Ultrasound Imaging and Hsp70

cardiovascular disease.5–8 Diagnostic ultrasound imaging
is improved by the use of microbubble ultrasound contrast agents (UCAs), which are injected intravenously
before imaging. The interaction of ultrasound with UCAs
in the circulation causes them to oscillate or collapse and
aids in delineation of tissue. In some cardiac imaging situations, ultrasound alone is unable to provide a clear
image, but the addition of UCAs can improve images to
diagnostic quality.9
Although the clinical benefits of UCAs are established,
the effects of the ultrasound-UCA interaction on cardiac
and arterial tissue are not well understood. Contrast ultrasound imaging of the cardiovascular system is not typically
performed in asymptomatic patients without risk factors.
Rather, most patients will have some degree of disease
present.10 Rabbits were fed a cholesterol diet to reflect this
scenario, increasing the translational relevance of the model.
We performed contrast ultrasound imaging of the
aorta on cholesterol-fed rabbits and hypothesized that
the interaction of ultrasound with UCAs in the blood
would stress the vascular tissue and increase levels of heat
shock protein 70 (Hsp70), a cellular stress protein.

Materials and Methods
Animals and Experimental Design
The University of Illinois Institutional Animal Care and
Use Committee approved all live animal procedures.
Twenty-eight male New Zealand White rabbits (Myrtle’s
Rabbitry, Thompson’s Station, TN; and Covance,
Princeton, NJ) consumed a 1% cholesterol, 10% fat, and
0.11% magnesium diet (5TZB; TestDiet, Richmond, IN)
for 3 weeks as previously described11 (Figure 1). An additional 4 rabbits consumed a chow diet (2031 Global HighFiber Rabbit Diet; Harlan Teklad, Madison, WI) throughout
the study. Animals were provided 140 g/d of feed. After 3
weeks, 24 animals on the cholesterol diet were randomized to receive either an ultrasound exposure at 2.1 MPa
with the UCA Definity (Lantheus Medical Imaging, North
Billerica, MA; n = 12) or a sham exposure with the saline
UCA vehicle (n = 12). Blood samples were obtained from
the lateral saphenous vein weekly, as well as 1 hour before,
1 hour after, and 24 hours after ultrasound exposure.
Animals were then euthanized 24 hours after ultrasound
exposure to allow adequate time for induction of Hsp70.12,13
Aorta tissue from the site of ultrasound exposure (5 mm
length, 10–20 mg) was rapidly isolated, rinsed with cold
phosphate-buffered saline to remove blood, frozen in liquid nitrogen, and stored at –50°C.
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Exposimetry
The ultrasound procedures have been previously described
in considerable detail using a calibrated polyvinylidene
fluoride membrane hydrophone (Y-34–3598 EW295;
GEC Marconi, Chelmsford, England) with a 0.5-mmdiameter active element.11,14 Ultrasound exposures were
performed using a 3.2-MHz f/3, 19-mm-diameter lithium
niobate single-element transducer (4 exposure sites, 2
minutes per exposure as previously described11) with
intravenous infusion of Definity (2.6% Definity in saline,
1 mL/min, 15–20 minutes total infusion time). A separate ultrasound system was used to guide and position the
single-element transducer for exposures (Ultrasonix
Medical Corporation, Richmond, British Columbia,
Canada). The transducer was regularly calibrated in
degassed water. To account for in vivo attenuation of the
ultrasound signal, we also calculated the attenuation slope
and in situ derated peak rarefactional pressure amplitude
using the radiofrequency data set. The in situ peak rarefactional pressure amplitude in this study was 2.1 MPa,
corresponding to a mechanical index of 1.17, with a 10 Hz
pulse repetition frequency, 1.6 microsecond pulse duration, and 2 minute exposure duration at each of 4 sites
along the abdominal aorta (exposure 1, 2 mm cranial to
the cranial edge of the renal artery; exposure 2, 2 mm caudal to exposure 1; exposure 3, 2 mm caudal to exposure
2; exposure 4, 2 mm caudal to exposure 3).

Figure 1. Study design with 32 New Zealand White (NZW) rabbits. After
3 weeks on either the chow diet or the 1% cholesterol, 10% fat, and
0.11% magnesium diet, rabbits (n = 24) underwent ultrasound (US)
imaging at 2.1 MPa with intravenous administration of the Definity UCA
or a sham procedure. Serial saphenous vein blood samples were collected from these animals under restraint. An additional 4 rabbits on the
cholesterol diet and the 4 on chow served as cage controls. Rabbits
were euthanized 24 hours after the ultrasound procedure (day 22), and
aorta tissue was collected for analysis.
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Western Blotting
Aorta tissue was homogenized in 4°C radioimmunoprecipitation assay buffer with a protease inhibitor mixture
(Sigma-Aldrich, St Louis, MO) using a glass tissue grinder
(Pyrex; Corning, Tewksbury, MA) followed by a handheld
motorized homogenizer (Polytron PT1200E; Kinematica,
Inc, Bohemia, NY). Lysates were kept on ice with agitation
for 30 minutes, centrifuged for 10 minutes at 10,000g and
4°C, aliquoted, and frozen at –50°C. Protein concentrations were determined in triplicate with a Bradford assay
(Bio-Rad, Hercules, CA). Lysates were then diluted 1:1 in
Laemmli sample buffer with 5% β-mercaptoethanol
(Bio-Rad), heated at 95°C for 5 minutes, and centrifuged
at 3000g for 1 minute. Equal amounts of total protein (20
μg per sample) were loaded onto 10% Tris-glycine gels
(Mini-Protean TGX; Bio-Rad), and electrophoresis was
performed for 35 minutes at 200 V (Mini-Protean Tetra
Cell with PowerPac HC power supply; Bio-Rad). Proteins
were then transferred onto nitrocellulose membranes with
a semidry transfer cell (Bio-Rad) for 30 minutes at 15 V.
Total protein transfer was verified by staining with 0.1%
Ponceau S (Sigma-Aldrich) for 5 minutes, and the stain was
then removed by washing membranes in 0.1 M sodium
hydroxide for 30 seconds, followed by a brief rinse in
deionized water. Western blotting was performed with the
Fast Western kit (Pierce Biotechnology, Rockford, IL)
according to the manufacturer’s instructions, using a mouse
monoclonal anti-Hsp70 antibody (clone C92F3A-5;
Enzo Life Sciences, Inc, Farmingdale, NY) with mouse
monoclonal anti-β-actin (clone AC-15; Novus Biologicals,
Littleton, CO) as a loading control. Purified Hsp70 and
heat shock cognate protein 70 (Enzo) were included as
positive and negative controls, respectively. Membranes
were imaged using a ChemiDoc XRS system with Quantity
One software (Bio-Rad). Data are expressed as density of
the Hsp70 band divided by density of the β-actin band
after local background subtraction.
Blood Analysis
Plasma total cholesterol, low-density lipoprotein (LDL),
high-density lipoprotein (HDL), and triglyceride levels
were determined in triplicate using enzymatic colorimetric
kits (Wako Chemicals, Richmond, VA) with human control
sera (Wako) included in each assay to evaluate precision.
A coefficient of variation (CV) was used as a measure of
precision. The intra-assay CVs for control sera were 5.0%
for total cholesterol, 8.1% for LDL, 5.3% for HDL, and
6.6% for triglycerides. The inter-assay CVs for control sera
were 8.2% for total cholesterol, 8.0% for LDL, 23%
for HDL, and 16% for triglycerides. The intra-assay CVs
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for rabbit plasma samples were 4.1% for total cholesterol,
5.7% for LDL, 3.7% for HDL, and 4.5% for triglycerides.
Measurement of plasma von Willebrand factor (vWF) was
performed by an enzyme-linked immunosorbent assay
(ELISA) as previously described.15 The intra-assay CV for
rabbit plasma vWF was 2.3%. Plasma Hsp70 was measured
in duplicate by ELISA (Enzo) according to the manufacturer’s instructions. The average intra-assay CV for the
Hsp70 ELISA was 2.7%, and the average inter-assay CV
was 42%.
Statistical Analysis
Feed intakes, body weights, blood cholesterol, and Hsp70
data were evaluated with an analysis of variance or analysis
of covariance approach in the general linear mixed models
procedure of SAS 9.3 (SAS Institute Inc, Cary, NC) as
previously described.16 Plasma and aorta Hsp70 were
also evaluated for correlation using simple linear regression in SAS. von Willebrand factor were analyzed in R
(www.r-project.org) as previously described.11 Repeated
measures analyses incorporated baseline values as a covariate random effect when the term contributed significantly
to the statistical model. Data sets that did not meet the
assumption of normality (Shapiro-Wilk W < 0.9 or
Spearman rank order correlation P < .05) were log transformed. Bonferroni adjustments for multiple comparisons
were made when necessary, and statistical significance was
declared at P < .05.

Results
Feed Intake and Body Weights
Chow-fed animals consumed all 140 g/d they were provided throughout the study. Feed intake decreased significantly over time in cholesterol diet groups. By week 3, feed
intake decreased significantly in cholesterol-fed animals
to 88 g/d compared with 140 g/day for those fed chow
(P < .05). Body weights averaged 3.0 kg at baseline and
3.3 kg after 3 weeks and did not differ among diet groups
(P = .16, adjusted for baseline body weight). Ultrasound
did not affect feed intake (P = .35) or body weight (P = .97).
Contrast Ultrasound Does Not Affect Circulating
Cholesterol or vWF
Plasma total cholesterol initially averaged 25 mg/dL and
quickly escalated after introduction of the cholesterol diet,
reaching an average of 705 mg/dL by the end of the study
(P < .0001; Figure 2A). No difference in plasma cholesterol levels was observed between animals receiving ultrasound with the UCA and animals receiving the sham
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treatment (P = .57). Plasma LDL increased in parallel
with total cholesterol, reaching 468 mg/dL after 3 weeks.
Low-density lipoprotein decreased after the experimental
procedure at 3 weeks in both sham and ultrasoundexposed animals (P < .001), and returned to pretreatment
levels 24 hours later. High-density lipoprotein levels
remained unchanged throughout the study, and averaged
41 mg/dL. Plasma triglyceride levels increased from 37.2
to 130 mg/dL after consumption of the cholesterol diet
(P < .0001), but were not altered by the ultrasound procedure. Plasma vWF levels also increased from 166 to
2840 mg/dL during cholesterol feeding, but did not
change significantly 1 hour (P = .72) or 24 hours (P = .27)
after ultrasound compared with animals receiving the sham
treatment (Figure 2B).
Contrast Ultrasound Does Not Affect Aorta or Plasma
Hsp70 Levels
Rabbits that had been restrained for serial blood sample
collection had significantly higher aorta Hsp70 than control rabbits that had not been restrained, regardless of diet
(P < .001; Figure 3). Ultrasound with the UCA did not
significantly affect aorta Hsp70 levels. Plasma Hsp70
was significantly lower at 22 days than before experimental procedures on day 21, regardless of ultrasound
treatment group (P < .01; Figure 4A), but was otherwise
not significantly altered throughout the study. No correlation was observed between tissue and plasma Hsp70
levels 24 hours after ultrasound exposure (F(1, 9) = 0.9;
r 2 = 0.083; P = .36 for sham + saline; F(1, 9) = 0.04; r 2 =
0.005; P = .84 for ultrasound + UCA; Figure 4B). One
animal had plasma Hsp70 levels an average of 10 SDs

above the mean throughout the study (including at
baseline), and was therefore excluded from the data set
during analysis.

Discussion
When exposed to ultrasound, microbubbles dynamically
expand and contract17 in response to the temporal varying
acoustic pressure amplitude. Ultrasound induces oscillation of UCAs at lower pressure levels and collapse at higher
pressures. The biophysical interaction of ultrasound with
circulating microbubbles increases the echogenicity of
blood and results in improved contrast between blood and
tissue. For this reason, UCAs have proven useful in enhancement of clinical ultrasound images. The ultrasound-UCA
interaction is useful for imaging, but may cause other biological effects. Although clinical trials and meta-analyses
have recently dispelled concerns over the safety of UCAs
in human patients,18–23 there is a large body of experimental research literature that has not been controverted.
Ultrasound and UCAs have induced capillary rupture and
hemorrhage,24–26 cardiac damage,27 and arrhythmias28 and
impaired vascular endothelial function29 in animal studies.
Ultrasound has been shown to mechanically disturb cell
membranes, inducing temporary permeability in a phenomenon known as sonoporation.30–35 Microbubble
UCAs are used in cardiovascular imaging, so it is important to evaluate their effects on the heart and blood vessels.
We hypothesized that the interaction of ultrasound with
UCAs would stress the vasculature at the site of ultrasound
exposure, resulting in increased levels of the stress protein
Hsp70.

Figure 2. Plasma cholesterol and vWF. A, Plasma total cholesterol (TC) was measured by an enzymatic colorimetric kit. B, Plasma vWF was measured by ELISA. TG indicates triglycerides.
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Fundamentally, proteins are chains of amino acids
joined by peptide bonds. These amino acid chains (primary
structures) must fold into specific 3-dimensional conformations (tertiary structures) to achieve their catalytic activity.
A protein’s tertiary structure is determined by its primary
amino acid sequence in vitro,36 but in the complex in vivo
cellular environment, proteins require assistance from a
quality control system of molecular chaperones to ensure
proper folding.37 These chaperones mediate not only

Figure 3. Aorta tissue Hsp70 analysis on day 22. Aorta tissue from the
site of exposure was carefully dissected from the surrounding tissue and
frozen in liquid nitrogen. Tissue lysates were analyzed for Hsp70 by
Western blot, with β-actin as a loading control. Western blot bands
shown are representative of the mean of each group. Bars indicate SEM;
+ and – indicate presence and absence of the treatment.

proper initial folding of proteins but also refolding during
times of cellular stress, including oxidative stress, exposure
to ethanol and other toxins, pH or osmotic changes, ultraviolet radiation, and elevated temperatures.37,38 All living
organisms respond to elevated temperatures and other
forms of cellular stress by producing a class of chaperones
known as heat shock proteins,39 with Hsp70 being one
of the most robustly produced in times of cellular stress.
The induction of heat shock proteins is primarily controlled at the translational level.40–42 For this reason, we
chose to measure protein levels of Hsp70 instead of messenger RNA. Translated heat shock protein products
appear within minutes of heat shock in cultured cells.43 The
reported half-life of Hsp70 varies by model system and
experimental conditions,44–49 but was recently estimated
to be 18 hours by quantitative proteomic profiling of U937
cells after heat shock.50 Although Hsp70 has been detected
within minutes in cell culture studies, measurable induction
of the heat shock response takes longer in a physiologic
context. We selected our euthanasia time point of 24 hours
after ultrasound to allow for induction of Hsp70 expression in rabbit aorta.12,13
Hsp70, and several other heat shock proteins, are
involved in the cardiovascular system and cardiovascular
disease.51 Cells in the heart and blood vessels respond to
stress by increasing production of Hsp70. Intracellular
Hsp27, 70, and 90 protect against the stresses of atherosclerosis, but circulating soluble Hsp60 can activate both
the innate and adaptive immune systems.52,53 Heat shock
increases the ability to withstand subsequent heat shock and
environmental stress. As evidence of this thermotolerance,
prior heat shock reduces myocardial infarct size in animal

Figure 4. Plasma Hsp70. A, Plasma Hsp70 was measured by ELISA. B, There was no correlation between plasma and tissue Hsp70 levels. Bars
indicate SEM.
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models.12,54,55 Thermotolerance is most effectively induced
when the animals are heat shocked 24 hours before infarction, providing further support for our selection of euthanasia time. Mechanical stress is another activator of the heat
shock response, and the studies of sonoporation referenced
above have demonstrated ultrasound-induced mechanical
effects on cell membranes, providing an additional rationale for the inclusion of Hsp70 as a cellular stress marker.
Several other studies have evaluated the effects of
ultrasound on heat shock proteins. Hsp70 and other heat
shock proteins have been used as biomarkers in studies of
high-intensity focused ultrasound, an application that is
emerging as a potential treatment for cancer. High-intensity
focused ultrasound technology delivers concentrated
ultrasonic energy to tumors, causing an elevation in temperature sufficient to kill the tumor cells while leaving surrounding tissue intact. Studies of cultured cancer cells,56
mice,57,58 and human patients with breast cancer59 have
demonstrated increases in Hsp60 and Hsp70 after highintensity focused ultrasound. It is important to note that
high-intensity focused ultrasound uses ultrasound exposure conditions that are more intense than clinical contrast ultrasound exposures. It is important to investigate
ultrasound parameters beyond those used in the clinic to
set safety thresholds. However, they are not clinically
relevant in the sense that a patient would not experience
this amount of ultrasonic energy deposition during cardiovascular contrast ultrasound imaging. Although our
mechanical index of 1.17 is above the manufacturer’s
recommendation of 0.8 for use with Definity, it is closer
to a realistic scenario. The ultrasound exposure conditions
used in this study, and those used in clinical contrast ultrasound imaging, do not induce appreciable heating of tissue,60 but may result in other nonthermal biological effects
as described above. Another study used contrast ultrasound to monitor radiofrequency thermal ablation of
rabbit liver tissue.61 The authors noted a qualitative
increase in Hsp70 expression after radiofrequency ablation and, interestingly, also a modest increase in Hsp70
with contrast ultrasound alone. This study used a different UCA, Sonazoid (GE Healthcare, Princeton, NJ),
with a similar phospholipid shell composition as Definity,
at an unknown concentration in a bolus infusion. The
authors posited that this biological effect was due to the
interaction of ultrasound with UCAs. There is not currently strong evidence that biological effects will vary as a
function of UCA type, but the potential does exist, as lipidshelled microbubbles exhibit different biophysical properties than albumin-shelled microbubbles when interacting
with ultrasound.62,63

1214

The effect of ultrasound on Hsp70 has also been
investigated in rat muscle. Although acute ultrasound
exposure did not induce Hsp70,64 a series of 4 exposures
did result in increased production of Hsp70.65 These two
studies used a 1-MHz transducer without a UCA and
measured Hsp70 by Western blot using an antibody similar to the one used in our study. The rabbit and rat studies
described above also chose a 24-hour postexposure time
point for collection of tissue samples. Importantly, none of
these studies have focused on the cardiovascular system,
the primary target of contrast ultrasound imaging, using
clinically relevant contrast ultrasound exposure conditions.
The biological effects of contrast ultrasound may vary by
tissue. For example, the lungs are particularly susceptible to
damage by ultrasound and UCAs.66,67 The vasculature is
also susceptible to damage, but it is not yet clear whether
it is more or less susceptible than other tissues. The lack of
an effect seen in this work suggests that the ultrasound
pressure levels and UCA concentrations used clinically are
below the threshold for tissue damage and induction of
Hsp70.
Blood collection from the lateral saphenous vein
requires restraint of the animals. We included unrestrained
control groups of cholesterol- and chow-fed animals to
account for the effect of restraint and found that restrained
animals had significantly higher aorta Hsp70 levels, regardless of diet (Figure 3). Previous work has shown that
restraint stress can induce aorta Hsp70 expression in rats,68
and we have now demonstrated this effect in rabbits. However, we cannot rule out the possibility that anesthetics may
have contributed to the elevated Hsp70 levels seen in these
rabbits. Anesthesia has been shown to increase Hsp70
levels in rats.69 We also observed a decrease in LDL after
the experimental procedure at 3 weeks, independent of
ultrasound treatment. Anesthetics have been shown to
affect blood cholesterol levels,70,71 and it is possible that the
LDL fraction was particularly affected. In addition to
plasma lipids and Hsp70, we also measured plasma vWF
(Figure 2B). von Willebrand factor is a clotting protein
produced and secreted by endothelial cells, and it serves as
a marker of endothelial function.72,73 We included vWF to
identify any acute effects of contrast ultrasound on the
vascular endothelium. The lack of an effect of imaging on
vWF suggests that the endothelium was not disturbed by
the procedure.
In conclusion, we have conducted an assessment of
contrast ultrasound imaging focused on vascular stress,
with aorta Hsp70 levels as the key indicator. Hsp70 was
expressed in vascular tissue, but no additional vascular
stress was observed as a result of the imaging procedures.
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