
Nanoparticle inhalation impairs endothelium-dependent
vasodilation in subepicardial arterioles

AJ LeBlanc*,†, JL Cumpston§, BT Chen§, D Frazer†,§, V Castranova§, and TR
Nurkiewicz*,†,‡
* Center for Cardiovascular and Respiratory Sciences, West Virginia University School of Medicine,
Morgantown, WV, 26506 USA
† Department of Physiology and Pharmacology, West Virginia University School of Medicine,
Morgantown, WV, 26506 USA
‡ Department of Neurobiology and Anatomy, West Virginia University School of Medicine,
Morgantown, WV, 26506 USA
§ Pathology and Physiology Research Branch, Health Effects Laboratory Division, National Institute
for Occupational Safety and Health, Morgantown, WV, 26506 USA

Abstract
Exposure to fine particulate matter (PM, mean aerodynamic diameter ≤ 2.5 μm) has been shown to
be a risk factor for cardiovascular disease mortality and may contribute to acute coronary events such
as myocardial infarction (MI). There is sufficient reason to believe that smaller particles, such as
nanoparticles, might be even more detrimental than larger-sized particles due to their increased
surface area and higher pulmonary deposition. Our lab showed that nanoparticle inhalation impairs
endothelium-dependent arteriolar vasodilation in skeletal muscle. However, it is not known if
coronary microvascular endothelial function is affected in a similar manner. Rats were exposed to
filtered air (control) or TiO2 nanoparticles (primary particle diameter, ~21 nm) via inhalation at
concentrations that produced measured depositions (10 μg) relevant to ambient air pollution.
Subepicardial arterioles (~150 μm in diameter) were isolated and responses to transmural pressure,
flow-induced dilation (FID), acetylcholine, the Ca2+ ionophore A23187, and sodium nitroprusside
(SNP) assessed. Myogenic responsiveness was preserved between groups. In addition, there was no
difference in the vasodilation to SNP, signifying that smooth muscle sensitivity to nitric oxide (NO)
is unaffected by nano-TiO2 exposure. However, inhalation of nano-TiO2 produced an increase in
spontaneous tone in coronary arterioles and also impaired endothelium-dependent FID. In addition,
ACh- and A23187-induced vasodilation was also blunted in arterioles after inhalation of nano-
TiO2. Data showed that nanoparticle exposure significantly impairs endothelium-dependent
vasodilation in subepicardial arterioles. Such disturbances in coronary microvascular function are
consistent with the cardiac events associated with particle pollution exposure.
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INTRODUCTION
The association between exposure to ambient particulate matter (PM) and cardiovascular
disease is well known ( Dominici et al, 2005; Kodavanti et al, 2002). PM exposure affects
tissues and organs outside the respiratory tract, as evidenced by the elevated occurrence of
cardiovascular dysfunction on high pollution days (Pope et al. 2004; Samet et al. 2000).
Exposure to airborne pollutants, such as PM, significantly increased all-cause morbidity and
mortality (Dockery 2001; Goldberg et al. 2001; Dominici et al. 2005), and led to myocardial
ischemia, malignant ventricular arrythmias, or coronary thrombosis (Brook et al. 2004). .
Pulmonary inflammation, bradycardia, and cardiac arrythmias were proposed as mechanisms
for PM-dependent cardiovascular mortality (Godleski et al. 2000; Watkinson et al. 2001;
Kodavanti et al, 2002), but detrimental changes in coronary microvascular reactivity may
contribute to compromised cardiac function and may also be a vital indicator of impending
risk in this regard.

While the pulmonary effects of PM exposure are well-studied, the effect(s) of exposure to
specific components of such particles on the systemic circulation are poorly understood.
Exposure to fine PM (mean aerodynamic diameter ≤ 2.5 μm) was found to be a risk factor for
cardiovascular disease mortality, (Pope et al. 2004) and contributed to acute coronary events,
such as unstable angina and MI (Pope et al. 2006). However, there is sufficient reason to believe
that the smallest particles, such as ultrafine (UF) PM and nanoparticles, are important in
morbidity and mortality associations (Araujo et al. 2008) otherwise attributed to larger-sized
particles due to their increased surface area and higher pulmonary deposition (Dreher 2004).
Nano-sized titanium dioxide (TiO2) particles, for example, fall within the definition of a
nanoparticle (a particle with a mean aerodynamic diameter ≤ 100 nm ) and are most commonly
used as photocatalysts to clean air and water (Sun et al. 2004) and as antibacterial agents (Shieh
et al. 2006). Once in the lung, nanoparticles and their chemical constituents may initiate a
variety of inflammatory responses similar to those reported after exposure to environmental
particles (Chen et al. 2006; de Haar et al. 2006; Grassian et al. 2007; Sager et al. 2008) and
may translocate to systemic sites within 24 hr of deposition (Oberdorster et al. 2004;
Wallenborn et al. 2007).

Currently, there are limited studies investigating the potential adverse health and systemic
vascular effects of exposure to nano-sized particles. Our lab previously showed that pulmonary
exposure to PM impaired vasodilator capacity in the microcirculation of the spinotrapezius
muscle (Nurkiewicz et al. 2006), and this microvascular dysfunction was augmented after
nanoparticle inhalation (Nurkiewicz et al. 2008). However, far less is known regarding the
effects of nanoparticle inhalation on the microvessels which constitute the majority of vascular
resistance in the coronary circulation [i.e., arterioles < 200 μm in luminal diameter (Chilian et
al. 1986)].

Coronary microvessels differ from skeletal muscle arterioles in that local metabolic feedback,
specifically the production of relaxing and constricting factors, is the primary regulator of
coronary blood flow. Due to the high oxygen extraction at rest (approximately 75%), increases
in cardiac metabolism must be met by an immediate increase in coronary blood flow. Under
normal physiological conditions, the majority of coronary resistance (up to 75%) resides in
arterioles (Chilian et al. 1986). Subsequently, it is the role of coronary resistance arteries and
arterioles to accurately respond to local metabolic stimuli and continuously deliver oxygen-
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rich blood. When the responsiveness of these vessels becomes dysfunctional, increased oxygen
demands can not be met and ischemia results. Potential alterations in coronary microvessel
reactivity after nanoparticle exposure have not been investigated. Furthermore, given the
importance of the coronary resistance arterioles in the distribution and regulation of blood flow
in the heart, it is critical to investigate possible alterations in their reactivity after nanoparticle
exposure. In the current study, it was postulated that nanoparticle inhalation impairs
endothelium-dependent responses in the coronary microcirculation. Therefore, the purpose of
this study was to determine if nanoparticle exposure alters the vasoreactivity of coronary
arterioles to myogenic, flow-dependent and pharmacological stimuli.

MATERIALS AND METHODS
Experimental animals

Specific pathogen free male Sprague Dawley [Hla:(SD)CVF] rats (10-12 wk old) were
purchased from Hilltop Laboratories (Scottsdale, PA) and housed in an AAALAC approved
animal facility at the National Institute for Occupational Safety and Health. Rats were housed
in laminar flow cages under controlled temperature and humidity conditions and a 12 hr light/
dark cycle. Food and water were provided ad libitum. Rats were acclimated for 5 days before
use and certified free of endogenous viral pathogens, parasites, mycoplasms, Helicobacter and
CAR bacillus. To ensure that all methods were performed humanely and with regard to
alleviation of suffering, all experimental procedures were approved by the Animal Care and
Use Committees of the National Institute for Occupational Safety and Health, and West
Virginia University.

Inhalation exposure
The inhalation exposure system used for particle exposures in the current experiments has been
previously described (Nurkiewicz et al. 2008). Briefly, the system contains a fluidized-bed
powder generator, an animal exposure chamber, and assorted aerosol monitoring and control
devices that are collectively capable of generating and characterizing nanoparticle aerosols.
Nano-TiO2 powders were obtained from DeGussa (Aeroxide TiO2, P25, Parsippany, NJ). This
powder is 80% anatase, and 20% rutile, with a primary particle size of 21 nm. These proportions
of anatase and rutile TiO2 have been independently verified (Hurum et al. 2005; Vasiliev et
al. 2008). Prior to aerosol generation, the dry, nano-TiO2 particles had BET surface areas
(Brunauer 1938) of 48.08 m2/g (Sager et al. 2008). The count mode diameter (CMD) of the
aerosolized nano-TiO2 was 100 nm (Nurkiewicz et al. 2008). Rats were housed in the exposure
chamber for 240 min at aerosol concentrations of 6 mg/m3. These conditions produced actual
lung burdens of 10 μg which were previously measured in ashed lung tissue. The complete
aerosol/exposure profile and particle depositions/burdens for the nano-TiO2 group were
reported by Nurkiewicz et al ( 2008). The 10 μg dose was the EC50 for nanoparticles and was
defined as the lung burden that produced ~50% impairment of microvascular reactivity in
previous experiments with the rat spinotrapezius muscle. For the purpose of consistency among
ongoing studies, this lung burden has been used throughout multiple experimental series
(Nurkiewicz et al. 2008; 2009).

Subepicardial arteriole isolation
Twenty-four hr after exposure, rats were anesthetized (thiopental, 100 mg/kg, i.p.), and heart
removed from the chest. The heart was flushed of excess blood and placed in a dissecting dish
with physiological salt solution [PSS (in mmol/l): 129.8 NaCl, 5.4 KCl, 0.5 NaH2PO4, 0.83
MgSO4, 19 NaHCO3, 1.8 CaCl2, and 5.5 glucose] and chilled to 4° C. Coronary resistance
arterioles from the left anterior descending (LAD) artery distribution were isolated and
transferred to a vessel chamber (Living Systems Instrumentation, Burlington, VT) containing
fresh PSS oxygenated with normoxic gas (21% O2-5% CO2-74% N2), cannulated with glass
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micropipettes, and secured with nylon suture (10-0 ophthalmic, Alcon, U.K.). Coronary
arterioles were not chosen based on a specific branch order of the LAD, but rather that they
met the requirements of passive diameters ≤ 150 μm (which corresponded to 3rd - 4th order
arterioles). Arterioles were pressurized to 45 mm Hg (Chilian et al. 1986) with PSS using a
servo controlled peristaltic pump (Living Systems Instrumentation, Burlington, VT) and
superfused with oxygenated 37° C PSS at a rate of 10 mL/min. Vessel diameter was measured
with a video caliper (Colorado Video, Boulder, CO). Vessels without leaks were allowed to
develop spontaneous tone (≥ 20% less initial diameter).

The orders of the following experimental periods were randomized in each vessel to ensure
that responses were neither interactive nor time-dependent.

Active pressure response
After steady-state spontaneous tone was achieved, pressure was decreased to 0 mm Hg.
Myogenic responsiveness was measured by increasing luminal pressure, and arteriolar
diameter was subsequently measured. Pressure was increased from 0 to 90 mm Hg in
increments of 15 mm Hg, and then decreased in 15 mm Hg increments back down to 0 mm
Hg.

Response to flow
Arterioles were exposed to graded increases in intraluminal flow at constant intraluminal
pressure (45 mm Hg). Diameter measurements were determined by increasing perfusate flow
by increments of 5 up to 25 μL/min (Huang et al. 2000) using a dual pump servo null pressure
indicator (Flow Indicator and FC pump, Living Systems Instrumentation, Burlington, VT),
which maintains the intraluminal pressure constant by simultaneously increasing pressure on
one side of the vessel while decreasing pressure on the other side.

Pharmacological evaluation of the endothelium
Endothelium-dependent arteriolar dilation was evaluated by exposing vessels to increasing
concentrations of ACh (1×10−9 – 1×10−4 M) or A23187, a calcium ionophore (1×10−9 –
1×10−6 M) in the superfusate. Response curves to A23187 were not elevated above 1×10−6 M
because previous in vivo reports from our lab indicated that greater concentrations of A23187
render the vessel unable to achieve steady-state diameter following vasodilation in a timely
manner.

Response to SNP
To evaluate vascular smooth muscle responsiveness to NO, the concentration-response to SNP
(1×10−9 – 1×10−3 M), a NO donor, was determined. At the conclusion of each experiment, the
vessels were washed with Ca2+-free PSS every 15 min for one hr to obtain maximal passive
diameter and wall thickness at 45 mm Hg.

Formulas and statistical analysis
Data are expressed as means ± standard error. Spontaneous tone was calculated by the
following equation:

where DM is the maximal diameter recorded at 45 mm Hg under Ca2+-free PSS as described
above, and DI is the initial steady-state diameter achieved prior to experimental period. Vessels
were used for experiments only if spontaneous tone ≥ 20% was achieved.
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Active responses to pressure changes were normalized to the maximal diameter according to
the following formula (Murphy 1980; Shipley and Muller-Delp 2005)

where DSS is the steady-state arteriolar diameter during each pressure step. Normalized
diameter is a unit-less variable.

The experimental responses to flow, ACh, A23187, and SNP are expressed using the following
equation:

where DSS is the steady-state arteriolar diameter during the experimental period, DCon is the
control diameter recorded immediately prior to experimental period. All experimental periods
were at least 2 min in duration, and all steady-state diameters were collected for at least a one-
min period. Vasodilation is represented as “% relaxation” because this equation normalizes for
potential differences in baseline diameter at the start of a response curve.

Shear stress was calculated from volumetric flow (Q) according to the following equation:

where η is viscosity (0.8 cp), Q is volumetric flow rate (measured with a calibrated flow
indicator, Living Systems Instrumentation, Burlington, VT), and r is vessel radius.

Wall thickness (WT) was calculated from measurements of both inner (ID) and outer (OD)
steady-state vessel diameters during Ca2+-free wash by the equation

Wall-to-lumen ratio (WLR) was calculated by dividing the wall thickness (WT) by the inner
vessel diameter (ID) as

Flow-diameter and concentration-diameter curves were evaluated by two-way repeated
measures ANOVA in order to detect differences within and between factors. Pairwise
comparisons were made by post-hoc analysis (Bonferroni) when a significant main effect was
found. T-tests were used for comparisons of animal and vessel characteristics, and sensitivity
(EC50) to ACh, A23187, and SNP. Significance was set at p<0.05.

RESULTS
Animal and Vessel Characteristics

Heart weight and left ventricle weight were increased after nano-TiO2 exposure (Table 1).
Body weight or heart weight-to-body weight ratio was not altered after exposure (Table 1).
Nano-TiO2 exposure increased spontaneous arteriolar tone achieved prior to interventions, but
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did not alter other vessel characteristics when compared to sham-control rats, such as maximal
diameter, wall thickness, and WLR ratio (Table 1).

Active Pressure Response
Figure 1 displays the pressure response from 0 – 90 mm Hg, which represents the physiological
pressure range that normal coronary microvessels typically experience (Chilian et al. 1986).
Myogenic responsiveness of coronary arterioles was not different between sham-control and
nano-TiO2 rats (Figure 1). Further, the individual pressure-response at each stage was not
different between groups (Figure 1). This suggests that the ability of these arterioles to sense
and transduce changes in transmural pressure is unaffected by pulmonary nanoparticle
exposure. Similarly, the ability to respond to changes in arteriolar wall tension is unaffected
by nanoparticle exposure (data not shown).

Vasodilation to shear stress
Coronary arterioles from sham-control rats displayed greater vasodilation at the highest flow
rate (25 μl/min) when compared to those from nano-TiO2-exposed rats (Figure 2A). The shear
stress that the vascular endothelium is exposed to is largely a function of vessel radius;
therefore, shear stress was calculated in coronary arterioles from sham-control and nano-
TiO2 rats at each level of volumetric flow. Figure 2B shows identical positive linear
relationships between volumetric flow and shear stress in coronary arterioles from both groups
(first-order regression line slope: sham-control = 0.38, nano-TiO2 = 0.38). Shear stress in
arterioles from sham-control and nano-TiO2 rats was comparable throughout step-wise
increases in intraluminal flow (Figure 2B). Figure 2C shows the relationship between %
relaxation and increases in shear stress. The slope of the first-order regression line fit to the
nano-TiO2 data was significantly less than the slope from sham-control animals (Fig 2C). This
indicates that arterioles from rats exposed to nano-TiO2 are either less responsive to changes
in shear stress, or their inherent ability to sense changes in shear stress is impaired (or both).

Vasodilator responses to ACh, A23187
ACh-induced vasodilation was impaired in coronary arterioles from rats exposed to nano-
TiO2 (Figure 3). Similarly, nanoparticle exposure produced a decrease in maximal vasodilation
to A23187 (1×10−6 M), a Ca2+ ionophore (Figure 4), but this was only at the highest
concentration of A23187. Data indicate that arterioles from nano-TiO2 rats are less responsive
to endothelium-dependent agonists such as ACh and A23187. Higher concentrations of
A23187 were not used in the current study because arterioles exposed to such doses tend not
to fully redevelop vascular tone after such a stimulus (Personal communication).

Smooth muscle responsiveness
To determine whether the nanoparticle-dependent impairment of vasodilation in coronary
arterioles was due to a decrease in smooth muscle responsiveness to NO, vasoreactivity to SNP
was measured. SNP elicited similar vasodilatory response-curves in coronary arterioles from
sham-control and nano-TiO2 (Figure 5). This suggests that nanoparticle exposure does not alter
vascular smooth muscle NO sensitivity in coronary arterioles.

DISCUSSION
Alterations in coronary microvessel reactivity after pulmonary nanoparticle exposure have not
been previously identified. When the reactivity of these resistance vessels become
dysfunctional, increased oxygen demands can not be met and overall cardiac metabolic activity
is limited and/or decreased. Such alterations in cardiac physiology are consistent with ischemic
events (ACSM 2005). Events such as these were found to be increased after PM exposure
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(Goldberg et al. 2000; Schwartz and Morris 1995). Because coronary dysfunction in healthy
people is unlikely to lead to observation or realization of clinical symptoms, it is more likely
that PM-induced dysfunction contributes to ongoing disease or exacerbates events by
diminishing collateral reserve. The present study showed that coronary arterioles from rats
exposed to nano-TiO2 demonstrated reduced vasoreactivity to shear stress, ACh, and A23187,
while smooth muscle responsiveness to NO remained unaltered. All of these changes are
consistent with endothelial dysfunction. However, it is important to indicate that each of these
stimuli operates through distinctly different cellular mechanisms. Because this is the first study
to examine the relationship between nanoparticle exposure and coronary microvessel
reactivity; a thorough investigation of these mechanisms need to be performed in subsequent
studies.

While certain inhaled particles may be capable of exiting the lung in a limited context, there
is currently not a large body of evidence that supports the translocation of particles en masse
into the systemic circulation. Further, the likelihood of direct interaction of particles and
endothelial cells is not high due to a relatively low pulmonary deposition (10 μg) in relation
to the overall size of the rats used in the study (approximately 300 g). Despite this
disproportionate relationship, the current study did not identify if nanoparticles are on or in the
endothelial cells of the preparation. As such, it is not possible to distinguish between direct
effects of nanoparticles and more global systemic response. However, if this possibility is
entertained in the hypothetical context of an immediate, 100% particle migration; dilution in
the systemic circulation would be marked, and subsequent tissue-particle interaction would be
further opposed by the vast endothelial surface area of the collective vascular endothelium,
thus rendering a direct effect between migrated particles and the systemic endothelium
unlikely. Because this is an in vitro preparation, the influence of nerves on microvascular
function has most likely been removed. While it is not possible to discount the possibility that
the nerves have primed cells in the microvascular wall and altered arteriolar function that
persists in vitro, there is currently no evidence to support this possibility after particle exposure.
Therefore, it appears an inflammatory effect is likely mediating the resultant dysfunction in
coronary arterioles that follows pulmonary nanoparticle exposure.

Increases in intraluminal flow produce profound changes in the caliber of coronary resistance
arterioles via endothelial transduction of shear stress (Kuo et al. 1990); thus, flow-induced
dilation is critically important in regulating coronary vascular resistance. This is the first study
to show that under similar levels of longitudinal shear stress (Figure 2B), coronary arterioles
from nanoparticle-exposed animals exhibited impaired vasodilation as compared to those from
sham-control rats (Figure 2A). Coronary microvessels of similar size to those used in the
present study were found to actively respond to a range of shear stress (0-10 dyn/cm2) (Kuo
et al. 1995), indicating that the flow rates correspond to physiologically significant levels of
shear stress. In studies with humans, it was shown that air pollution exposure diminished
brachial blood flow in response to endothelium-dependent agonists (O'Neill et al. 2005;
Tornqvist et al. 2007). Further, endothelial cell dysfunction was suspected to be the primary
cause of reduced dilation to flow (as defined by ischemic responses) after exposure to urban
air pollution in humans (Briet et al. 2007). Similarly, occupational exposure to PM carries the
same risk as environmental exposure, but perhaps at higher deposition rates. Since occlusion-
based studies in conduit vessels correlate poorly with myocardial microvascular perfusion
(Bottcher et al. 2001), it is difficult to extrapolate findings with conduits in the arm to direct
coronary microvascular effects. Flow-mediated arteriolar dilation is heavily dependent upon
endothelial cell integrity in the coronary microcirculation (Kuo et al. 1990); therefore, the
current results support the link between nanoparticle exposure and endothelial cell dysfunction
via direct experiments with the target tissue in question.

LeBlanc et al. Page 7

J Toxicol Environ Health A. Author manuscript; available in PMC 2010 January 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In the present study, endothelium-dependent dilations to ACh and A23187 were decreased in
coronary arterioles from nano-TiO2 exposed rats. This is in accordance with previous reports
from our lab which showed an impaired dilation to A23187 in the spinotrapezius
microcirculation after exposure to fine combustion particles (Nurkiewicz et al. 2006) or nano-
TiO2 (Nurkiewicz et al. 2008; 2009). This is also consistent with other reports that indicate
endothelium-dependent vasoreactivity is impaired after exposure to PM. Cozzi et al. (2006)
showed a reduction in ACh-induced vasodilation in aortas after intratracheal (IT) instillation
with UF PM. Similarly, IT instillation of larger particles (PM10) produced an impairment in
ACh-induced dilation in rabbit carotid arteries (Tamagawa et al. 2008). Other pollutants such
as diesel exhaust or its related gaseous components exert comparable deleterious effects as
evidenced by decreased ACh-induced vasodilation (Hansen et al. 2007) or enhanced
vasoconstriction (Campen et al. 2005). However, this is the first investigation to show that
exposure to relatively non-inflammatory levels of a nanoparticle (TiO2) negatively impacted
endothelium-dependent vasodilation in the coronary microcirculation. Because overt
pulmonary inflammation was not present at the 10 μg deposition dose used herein or with
higher doses used in other studies (Nurkiewicz et al. 2006, 2008; Sager et al. 2008), yet
considerable coronary dysfunction was, it was postulated that inflammatory mechanisms reside
in the microvascular wall and continue to exert their effects in vitro. Therefore, future studies
need to characterize this inflammation in the microvascular wall and assess its intensity relative
to the pulmonary exposure. Given the association between the function of this critical level of
circulation and cardiac function, the potential link between pulmonary exposure and ischemic
events is apparent.

Under conditions of reduced perfusion pressure in the heart, autoregulatory adjustments
through vasodilation contribute to maintenance of blood flow to the myocardium.
Autoregulatory adjustments are crucial in helping to prevent edema and microvascular damage
by preserving capillary hydrostatic pressure when coronary perfusion pressure swells by
shielding capillaries from excessive systemic pressures during diastole. Besides vasodilation
to metabolic stimuli, another autoregulatory mechanism that participates in controlling
coronary blood flow is the myogenic response, or the rapid and maintained constriction of a
blood vessel in response to pressure elevation. Consistent with a previous study in mesenteric
arteries (Knuckles et al. 2008), the present results showed no differences in myogenic
responsiveness after nanoparticle exposure. Since a functional endothelium was reported to
influence arteriolar myogenic responsiveness (Kuo et al. 1988; Nurkiewicz and Boegehold
1999), and resting spontaneous tone was increased after exposure (Table 1), it was anticipated
that arterioles from rats exposed to nanoparticles exhibit heightened myogenic responsiveness.
However, myogenic responsiveness was not altered after nanoparticle exposure (Figure 1).
Because the isolated vessel technique removes the influence of nerves and circulating
vasoactive agents, it can not be concluded that myogenic responsiveness is not altered by
nanoparticle exposure. Therefore, continued investigation at a more mechanistic level is
indicated.

Even though smooth muscle contractile function (assessed via myogenic responsiveness) was
unaffected by nano-TiO2 exposure, coronary arterioles from nano-TiO2 rats displayed an
enhanced spontaneous tone prior to the start of experiments. This is in contrast to previous
reports from our lab evaluating microvessels of the spinotrapezius muscle, which showed
similar spontaneous tone after exposure to either fine or nano-TiO2 (Nurkiewicz et al. 2006;
2008; 2009). Obvious points of disparity between our previous findings and the present study
include a different microvascular bed (spinotrapezius muscle), younger rats (by 3-4 weeks),
and use of an in vivo experimental setup.

An unexpected result from the present study was the observed increase in left ventricular and
heart weight in rats exposed to nano-TiO2 (Table 1).. The acute rise in heart and left ventricle
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weight after particle exposure may be due to altered balance of fluids in the heart (i.e. an
increase in inter- or intracellular fluid volume). Clearly, hydration status effects the weight of
any tissue in the body (Wallace et al. 1970). However, alterations in microvascular permeability
are consistent with the functional changes in reactivity reported herein (He et al. 2006).
Nurkiewicz et al (2008) observed potential breaches in endothelial integrity after nanoparticle
exposure. In these experiments, luminal infusion of A23187 in animals exposed to nano-
TiO2 produced arteriolar constriction (rather than dilation); which is highly consistent with the
Ca2+ ionophore interacting with vascular smooth muscle (rather than the endothelium alone).
It is important to note that the current findings in the heart are preliminary. This specific
hypothesis requires continued, more rigorous experiments in order to confirm the present
results.

In regards to the question of relevant human exposures, it is important to relate the current
exposure paradigm to those encountered in an occupational setting. NIOSH has recently
proposed recommended exposure limits (REL) of 0.1 mg/m3 for nano-TiO2 (NIOSH 2009).
Unreported levels of nanoparticles have been measured to be as high as 1.4 mg/m3 in the
occupational workplace (NIOSH Field Team, personal communication). Therefore, a worker
exposed at this level could achieve a pulmonary burden equivalent to 10 μg in the rat, as used
in the present study, within 5 years [normalized for alveolar epithelial surface area (Stone et
al. 1992) and taking human pulmonary deposition of a 100 nm particle to be 45% (Kreyling
2003)].

CONCLUSIONS
Although the results of the present study are compelling, experimental limitations exist. The
isolated arteriole technique offers the benefit of studying the reactivity of microvessels in the
absence of extravascular influences, such as nerves and circulating factors. This allows us to
manipulate and record responses to local autoregulatory and metabolic influences, such as the
myogenic response and shear stress. The inability of the coronary vasculature to provide and
distribute adequate blood flow in response to increased myocardial demand likely contributes
to compromised cardiac function after PM exposure. The current results show that nanoparticle
inhalation significantly increases spontaneous tone while impairing endothelium-dependent
vasodilation in subepicardial arterioles. Altered microvascular permeability may also result
from such exposures. Collectively, these findings are consistent with the notion that
nanoparticle exposure induces microvascular dysfunction that may contribute to ischemic
cardiac events.
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Abbreviations

ACh acetylcholine

A23187 calcium ionophore

FID flow-induced dilation

LAD left anterior descending artery

MAP mean arterial pressure
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MI myocardial infarction

N number of rats

n number of vessels

NIOSH National Institute for Occupational Safety and Health

NO nitric oxide

OSHA Occupational Safety and Health Administration

PEL permissible exposure limit

PM particulate matter

REL recommended exposure limits

SNP sodium nitroprusside

TiO2 titanium dioxide

UF ultrafine

WLR wall-to-lumen ratio

WT wall thickness
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Figure 1.
Active pressure responses of coronary arterioles of sham-control rats (n = 10) and nano-
TiO2 exposed rats (n = 11). Values are means ± S.E.
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Figure 2.
A) Vasodilatory responses to increases in intraluminal flow in sham-control rats (n = 10) and
rats exposed to nano-TiO2 (n = 10). Values are means ± S.E. *p<0.05 sham-control versus
nano-TiO2 at 25 μL/min
B) Linear relationship between calculated shear stress and increases in intraluminal flow in
coronary arterioles. C) Vasodilation as a function of shear stress. Equations of 1st-order
regression lines are sham-control: y = 2.86× + 53.01, r2 = 0.98 and nano-TiO2, y = −0.85× +
68.49, r2 = 0.80. Vasodilation is characterized as % Relaxation. Values are means ± S.E.
*p<0.05 sham-control regression line versus nano-TiO2 regression line.
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Figure 3.
Endothelium-dependent vasodilation to ACh was decreased in rats exposed to nano-TiO2 (n
= 8) compared to arterioles from sham-control rats (n = 18). Vasodilation is characterized as
% Relaxation. Values are means ± S.E. *p<0.05 sham-control versus nano-TiO2.
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Figure 4.
Coronary arterioles from rats exposed to nano-TiO2 (n = 6) display a blunted vasodilation to
the highest concentration of A23187 (1×10−6 M) as compared to sham-control (n = 10).
Vasodilation is characterized as % Relaxation. Values are means ± S.E. *p<0.05 sham-control
versus nano-TiO2.
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Figure 5.
Vasodilation to SNP, an NO donor, was similar between coronary arterioles from rats exposed
to nano-TiO2 (n = 8) and those from sham-control rats (n = 8). Vasodilation is characterized
as % Relaxation. Values are means ± S.E.

LeBlanc et al. Page 18

J Toxicol Environ Health A. Author manuscript; available in PMC 2010 January 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

LeBlanc et al. Page 19

Table 1

Animal and arteriolar characteristics of sham-control and nano-TiO2 exposed rats.

Sham-control Nano-TiO2

Animal Characteristics

    N 22 26

    Age (wks) 10.9 ± 0.3 11.2 ± 0.3

    Body weight (g) 300 ± 11 304 ± 9

    Heart muscle weight (mg) 1016 ± 22 1106 ± 25*

    Left ventricle weight (mg) 799 ± 19 858 ± 21*

    Heart wt / Body wt (mg/g) 3.06 ± 0.05 3.18 ± 0.06

Vessel Characteristics

    n 27 31

    Maximal diameter (DM, μm) 152 ± 4 151 ± 5

    Steady-state diameter (DI, μm) 124 ± 4 112 ± 6*

    Wall thickness (WT, μm) 20.0 ± 1.2 18.6 ± 1.9

    WLR 0.13 ± 0.00 0.13 ± 0.00

    Spontaneous tone (%) 23 ± 1 30 ± 3*

N, number of rats; n, number of vessels. Values are means ± SE.

*
P≤0.05 sham-control versus nano-TiO2.
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