
Nanoparticle Inhalation Impairs Coronary Microvascular
Reactivity via a Local Reactive Oxygen Species-Dependent
Mechanism

A. J. LeBlanc • A. M. Moseley • B. T. Chen •

D. Frazer • V. Castranova • T. R. Nurkiewicz

Published online: 22 December 2009

� Springer Science+Business Media, LLC 2009

Abstract We have shown that nanoparticle inhalation

impairs endothelium-dependent vasodilation in coronary

arterioles. It is unknown whether local reactive oxygen

species (ROS) contribute to this effect. Rats were exposed

to TiO2 nanoparticles via inhalation to produce a pul-

monary deposition of 10 lg. Coronary arterioles were

isolated from the left anterior descending artery distribu-

tion, and responses to acetylcholine, arachidonic acid, and

U46619 were assessed. Contributions of nitric oxide syn-

thase and prostaglandin were assessed via competitive

inhibition with NG-Monomethyl-L-Arginine (L-NMMA)

and indomethacin. Microvascular wall ROS were quanti-

fied via dihydroethidium (DHE) fluorescence. Coronary

arterioles from rats exposed to nano-TiO2 exhibited an

attenuated vasodilator response to ACh, and this coincided

with a 45% increase in DHE fluorescence. Coincubation

with 2,2,6,6-tetramethylpiperidine-N-oxyl and catalase

ameliorated impairments in ACh-induced vasodilation

from nanoparticle exposed rats. Incubation with either

L-NMMA or indomethacin significantly attenuated ACh-

induced vasodilation in sham-control rats, but had no effect

in rats exposed to nano-TiO2. Arachidonic acid induced

vasoconstriction in coronary arterioles from rats exposed to

nano-TiO2, but dilated arterioles from sham-control rats.

These results suggest that nanoparticle exposure signifi-

cantly impairs endothelium-dependent vasoreactivity in

coronary arterioles, and this may be due in large part to

increases in microvascular ROS. Furthermore, altered

prostanoid formation may also contribute to this dysfunc-

tion. Such disturbances in coronary microvascular function

may contribute to the cardiac events associated with

exposure to particles in this size range.
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Introduction

Pulmonary exposures to nanoparticle aerosols are currently

most notable in occupational and industrial settings.

However, given the rate at which nanotechnology is per-

meating modern society, it is reasonable to expect that the

likelihood of these exposures occurring in personal,

domestic, and environmental settings will increase in the

near future. Therefore, it is critical to identify such health

effects now, prior to the establishment of widespread,

public exposures as has happened for example with

asbestos [1].

We have previously shown that nanoparticle inhalation

impairs endothelium-dependent vasodilation in coronary

arterioles [2]. The titanium dioxide particles used in our
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experiments (Degussa P25, Aeroxide) are commercial

nanoparticles, and because dose-dependent pulmonary

effects have been well studied, they have also served as a

surrogate for the ultrafine particle component of aerosols.

Therefore, it is important to characterize the systemic

effects of such exposures in relation to the context of the

known morbidity and mortality associations with particles

of this size range [3]. Changes in the vasoreactivity of

coronary arterioles after pulmonary nanoparticle exposure

could potentially exacerbate acute coronary event risks.

Unfortunately, a limited amount of research investigating

how exposure to nanoparticles affects the coronary

microvascular network has been performed. One potential

route may be through perturbations in reactive oxygen

species (ROS), which have previously been shown to be

associated with myocardial ischemia [4, 5] and infarct [6].

Additionally, exposure to nanoparticles is thought to be

inherently more physiologically dire than their larger

counterparts due to their increased surface area and higher

pulmonary deposition [7–9]. Consistent with this, we have

also shown that pulmonary nanoparticle exposure produces

significantly greater systemic microvascular dysfunction

than pulmonary exposure to fine particles [8]. What

remains to be determined is whether these observations are

consistent with microvascular reactivity in critical organs

such as the heart.

Altered vasoreactivity in coronary arterioles could alter

cardiac activity from several perspectives, but the under-

lying theme is metabolism. Myocardial anaerobic tolerance

is very limited, and normal myocardial function is depen-

dent on a constant supply of oxygen from the coronary

circulation [10]. Local metabolic feedback, specifically the

production of relaxing and constricting factors, is the pri-

mary regulator of coronary blood flow. Due to the high

oxygen extraction at rest (*75%), increases in cardiac

metabolism must be met by an immediate increase in

coronary blood flow or myocardial ischemia can occur.

Because we have previously shown that nanoparticle

inhalation alters the vasoreactivity of coronary arterioles

[2], spatial distribution and volumetric blood supply to the

subendocardium may be compromised during periods of

increased metabolic demand. Vascular endothelial dys-

function has previously been shown to contribute to the

myocardial dysfunction that occurs in pathological states,

such as ischemia–reperfusion [11]. Specifically, an absent

or inadequate vasodilator response can result in the loss of

myocardial contractile efficacy [11]. Accordingly, particle

exposure can compound preexisting pathological states.

Cozzi et al. (2006) [12] found that exposure to ultrafine

(UF) particles doubled the size of myocardial infarction

compared to mice treated with vehicle. While ischemic

events are ultimately functions of the microcirculation, the

mechanisms through which particle exposure induces

changes in coronary microvascular reactivity have not been

elucidated. This is largely because these mechanisms have

not been properly identified in appropriate experimental

models.

Myocardial ischemia can arise from a variety of causes,

but endothelial dysfunction and heightened smooth muscle

cell reactivity are among the most prominent vascular

origins of ischemic events [13]. Bartoli et al. [14] recently

reported that particle inhalation exacerbates myocardial

ischemia. This effect was associated with increased coro-

nary vascular resistance and therefore decreased the myo-

cardial perfusion, but the mechanisms responsible for this

effect are not well identified. Therefore, the primary focus

of the current study is to identify cellular mechanisms that

impair endothelium-dependent vasodilation after nanopar-

ticle exposure. Reactive oxygen species, including hydro-

gen peroxide (H2O2) and superoxide (O2
-) are produced by

a variety of cellular oxidative processes such as NAD(P)H

oxidases and the metabolism of arachidonic acid by

cyclooxygenases and lipoxygenases [15]. Excess oxidative

stress results when the formation of ROS exceeds the

capacity of endogenous buffering components. Mice that

overexpress antioxidants such as superoxide dismutase

(SOD, which converts O2
- into H2O2) incur smaller infarct

size than their wild-type counterparts [16]. Endogenous

ROS formation can also occur through the arachidonic acid

pathway and subsequent cytochrome p-450 activity.

Cytochrome p-450-dependent mechanisms generate ROS

and therefore similarly influence vascular vasoreactivity

[17–19]. The most notable reaction in this regard is

O2
--dependent formation of H2O2, a potent vasoactive

compound in the coronary vasculature [20].

Numerous origins of ROS production exist, and it has

proven difficult to identify a singular point of origin in

regard to a specific biologic response. Given this inherent

complexity, we have focused on local mediators of reactive

species and shown in the skeletal muscle microcirculation

that nanoparticle inhalation stimulates local ROS genera-

tion via myeloperoxidase and NAD(P)H oxidase activity

[21]. Because local ROS generation (independent of its

source) can influence vascular reactivity, we hypothesized

that excessive coronary ROS production after nanoparticle

inhalation could impair endothelium-dependent arteriolar

reactivity. Such a microvascular consequence would be

consistent with ischemic events that render the greater

organ unable to effectively meet demands for alterations in

cardiac output.

Therefore, the purpose of this study was to quantify the

local oxidative stress in the coronary microvasculature

after pulmonary nanoparticle exposure and determine the

degree to which these local ROS changes influence arte-

riolar reactivity in this critical microvascular bed. Because

the arachidonic acid pathway is equally important in this
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regard, we also characterized alterations in arteriolar

reactivity associated with this pathway.

Materials and Methods

Experimental Animals

Specific pathogen-free male Sprague–Dawley [Hla:(SD)

CVF] rats (10–12 weeks old) were purchased from Hilltop

Laboratories (Scottdale, PA) and housed in an AAALAC

approved animal facility at the National Institute for Occu-

pational Safety and Health. Rats were housed in laminar flow

cages under controlled temperature and humidity conditions

and a 12-h light/12-h dark cycle. Food and water were pro-

vided 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

[8]. Briefly, the system contains a fluidized-bed powder

generator (TSI Inc, Shareview, MN), a whole-body animal

exposure chamber, and assorted aerosol monitoring and

control devices that are collectively capable of generating

and characterizing nanoparticle aerosols. Nano-TiO2 pow-

ders 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 pro-

portions of anatase and rutile TiO2 have been indepen-

dently verified [22, 23]. Prior to aerosol generation, the dry,

nano-TiO2 particles had BET surface areas [24] of

48.08 m2/g [25]. The count mode diameter (CMD) of the

aerosolized nano-TiO2 was 100 nm [8]. Up to 3 rats were

simultaneously housed in individual compartments of the

exposure chamber (food and bedding were absent) for

240 min at aerosol concentrations of 6 mg/m3. These

conditions produced actual lung burdens of 10 lg which

were previously measured in ashed lung tissue [8]. The

aerosol/exposure profile and particle depositions/burdens

for a complete nano-TiO2 dose–response can be found in

the study by Nurkiewicz et al. For the purpose of consis-

tency among ongoing studies, the lung burden of 10 lg

produces approximately a 50% impairment in endothe-

lium-dependent vasodilation (EC50) and has been used

throughout ongoing experimental series [8, 21].

Subepicardial Arteriole Isolation

After 24-h exposure, rats were anesthetized (thiopental,

100 mg/kg, i.p.), and the heart was removed from the chest.

The heart was flushed of excess blood, placed in a dis-

secting 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

cannulated as described previously [2]. Arterioles were

pressurized to 45 mm Hg [26] with PSS using a servo

controlled peristaltic pump (Living Systems Instrumenta-

tion, 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 (C20% less initial diameter).

The orders of the following experimental periods were

randomized in each vessel to ensure that responses were nei-

ther interactive nor time-dependent. Once a vessel had been

exposed to either antioxidant or inhibitor, no other vascular

responses were performed to prevent interactive effects.

Detection of Endothelial ROS Production by

Fluorescence Analysis

To evaluate intravascular ROS, a subsection of coronary

arterioles were cannulated as described above. In the

absence of light, dihydroethidium (DHE, 10-4 M) was

intraluminally infused for 20 min. The arterioles were then

flushed with PSS for 20 min to wash all dye from the

vessel lumen and pipettes. DHE easily permeates cell

membranes and, when oxidized by O2
-, is converted to

fluorescent ethidium bromide that intercalates into nuclear

DNA [27, 28]. After the washout period, the vessel

chamber was placed on an Olympus BX51WI upright

microscope and was briefly (2 s) illuminated with a mer-

cury lamp using appropriate excitation and emission filters

for detection of ethidium bromide fluorescence (480–

550 nm bandpass, 590 nm barrier) and hydroethidine

fluorescence (330–385 nm bandpass, 590 nm barrier).

To quantify ROS-associated fluorescence in the arteri-

olar wall, a user-defined region of interest (ROI) box

(10 9 100 lm) was placed vertically on the endothelial

cell layer of the brightfield image. As shown in Table 1, the

wall thickness of coronary arterioles from both groups were

approximately 16 lm in width; therefore, the ROI box

positively encompassed the entire endothelial cell layer and

most of the smooth muscle layer. This excluded any

adventitial tissue inclusion in mean fluorescence calcula-

tions. In theory, any differences among vessels in the

extent of cellular hydroethidine loading could also lead to

Cardiovasc Toxicol (2010) 10:27–36 29



differences in ethidium bromide fluorescence that would be

erroneously interpreted as differences in ROS. Therefore,

subtracting the ethidium bromide image from the hydro-

ethidine image represents the DHE that has been interca-

lated into the DNA. The ROI was then superimposed onto

the subtracted fluorescent image in order to acquire mean

fluorescence on the endothelial cell layer rather than the

smooth muscle cell layer of each vessel. Total fluorescence

intensity was calculated as average fluorescence intensity

per pixel x surface area using Microsuite software analysis

program (Olympus).

ACh-Induced Vasodilation

To determine the role of ROS, NO, and PG as a mechanism

for impaired vasodilation to ACh in coronary arterioles

after nano-TiO2 exposure, vascular responses to ACh

(1 9 10-9–1 9 10-4 M) were examined in the presence or

absence of 2,2,6,6-tetramethylpiperidine-N-oxyl (TEM-

POL, 1 9 10-4 M) and catalase (50 units/mL), NG-

monomethyl-L-arginine (L-NMMA, 1 9 10-4 M), or

indomethacin (1 9 10-5 M). We have previously shown

that the TEMPOL concentration used in the current study

diminishes DHE fluorescence [29].

Arachidonic Acid-Induced Vasoreactivity

To evaluate inflammatory-related vasoreactivity, vascular

responses to arachidonic acid (1 9 10-10–1 9 10-6 M)

were evaluated in coronary arterioles from sham-control

and rats exposed to nanoparticles. Metabolites of arachi-

donic acid, such as thromboxane, can influence the basal

tone and reactivity of coronary arterioles. In another set of

arterioles, vasoconstriction to U46619 (1 9 10-9 – 1 9

10-5 M), a thromboxane receptor (T 9 A2) analog, was

evaluated from both groups. At the conclusion of each

experiment, vessels were washed with Ca2?-free PSS for

thirty minutes to obtain maximal passive diameter and wall

thickness at 45 mm Hg.

Heart Weight Measurements

After dissection of coronary arterioles, atrias were trimmed

off and wet weights of right and left ventricles (heart

weight) and left ventricles including the septum (left ven-

tricle weight) were measured. The ventricles were then

placed in a desiccator for a minimum of 3 days to acquire

dry weights of the heart and left ventricle.

Formulas and Statistical Analysis

Data are expressed as means ± standard error. Spontane-

ous tone was calculated by the following equation:

Spontaneous tone %ð Þ ¼ DM � DIð Þ=DM½ � � 100

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 sponta-

neous tone C20% was achieved.

The experimental responses to ACh and arachidonic

acid are expressed using the following equation:

Relaxation % ¼ DSS � DConð Þ= DM � DConð Þ½ � � 100

where DSS is the steady-state arteriolar diameter during the

experimental period, and DCon is the control diameter

recorded immediately prior to experimental period. All

Table 1 Animal and vessel characteristics for sham-control and

nano-TiO2 rats

Sham-control Nano-TiO2

Animal characteristics

Number of rats (n) n = 33 n = 50

Age (weeks) 10.8 ± 2 11.1 ± 2

Body weight (g) 330 ± 6 359 ± 3*

Heart weight (mg) 1056 ± 17 1103 ± 13*

LV weight (mg) 798 ± 13 837 ± 10*

LV/HW ratio 0.758 ± 0.004 0.761 ± 0.006

Dry heart weight (mg) 207 ± 5 227 ± 1*

Dry LV weight (mg) 163 ± 3 176 ± 6*

Vessel characteristics

Normal superfusate

Number of vessels (n) n = 33 n = 46

Maximal diameter (lm) 161 ± 3 156 ± 3

Wall thickness (lm) 17 ± 0.5 16 ± 0.4

Initial steady-state diameter (lm) 113 ± 5 108 ± 5

Spontaneous tone (%) 28 ± 3 30 ± 3

Superfusate with L-NMMA

Number of vessels (n) n = 7 n = 6

Initial steady-state diameter (lm) 79 ± 12 98 ± 12

Spontaneous tone (%) 50 ± 6� 36 ± 6*�

Superfusate with indomethacin

Number of vessels (n) n = 10 n = 17

Initial steady-state diameter (lm) 83 ± 8 83 ± 9

Spontaneous tone (%) 46 ± 5� 47 ± 1�

Superfusate with tempo ? catalase

Number of vessels (n) n = 9 n = 8

Initial steady-state diameter (lm) 107 ± 7 102 ± 18

Spontaneous Tone (%) 38 ± 4 38 ± 9

Values are means ± S.E. * P B 0.05 sham-control versus nano-TiO2,
� P B 0.05 significant treatment effect within group
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experimental periods were at least 3 min in duration, and all

steady-state diameters were collected for at least a one-minute

period. Vasodilation is represented as ‘‘% relaxation’’ because

this equation normalizes for potential differences in baseline

diameter at the start of a response curve.

The experimental responses to U46619 are expressed

using the following equation:

Constriction % ¼ DCon � DSSð Þ= DConð Þ½ � � 100

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 mean fluorescence.

Significance was set at P B 0.05.

Results

Animal and Vessel Characteristics

Body weight, heart weight, and left ventricle weights (wet

and dry) were increased in rats exposed to nano-TiO2

compared to sham-control (Table 1). However, these latter

two effects appear to be largely due to differences in body

weight because the ratio of the left ventricle weights to

total heart weights was not different among the two groups.

Nano-TiO2 exposure did not alter maximum diameter, wall

thickness, or spontaneous arteriolar tone achieved prior to

interventions compared to sham-control (Table 1). In cor-

onary arterioles from sham-control rats, incubations with

both L-NMMA and indomethacin increased spontaneous

tone (Table 1). Whereas, in arterioles from rats exposed to
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Fig. 1 a Representative images of coronary arterioles loaded with

DHE from sham-control and nano-TiO2 exposed rats. b Mean

fluorescence calculated from ROI was significantly greater in

coronary arterioles from rats exposed to nano-TiO2 compared to

sham-controls, indicating greater basal ROS generation. Values are

means ± S.E. *, P B 0.05 sham-control versus nano-TiO2
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nano-TiO2, spontaneous tone was increased after incuba-

tion with indomethacin only (Table 1).

Intravascular ROS Fluorescence

Representative brightfield and fluorescent photographs of

coronary arterioles from sham-control, and nano-TiO2 rats

are presented in Fig. 1a. DHE treatment revealed a sig-

nificant increase in ethidium bromide fluorescence (nor-

malized to hydroethidine fluorescence) in the

microvascular wall of arterioles from nano-TiO2-exposed

rats compared to sham-control rats (Fig. 1b). This increase

in fluorescence is consistent with an elevation of ROS in

the microvascular wall after nano-TiO2 exposure.

Vasodilator Responses to ACh

Consistent with our previous report [2], ACh-induced

vasodilation was impaired in coronary arterioles from rats

exposed to nano-TiO2 compared to sham-control rats

(Fig. 2). Incubation with TEMPOL and catalase restored

ACh-induced vasodilation in coronary arterioles from

nano-TiO2 rats (Fig. 2). This indicates that ROS inhibition

can reverse the impairments in endothelium-dependent

vasodilation in rats exposed to nano-TiO2.

Contribution of NO and Prostaglandins to ACh-Induced

Vasodilation

To determine the contribution of NO to ACh-induced

vasodilation, vascular responses to ACh were performed

before and during incubation with the NOS inhibitor

L-NMMA. Incubation with indomethacin was performed

in a separate set of arterioles to determine the contribution

of prostaglandins (PG) to ACh-induced vasodilation. Fol-

lowing incubation with L-NMMA or indomethacin, ACh-

induced vasodilation was abolished in arterioles from

sham-control rats but neither altered vasodilation in coro-

nary arterioles from nano-TiO2 rats (Fig. 3). This indicates

that in sham-control rats, coronary arterioles are dependent

upon both NO and PG to mediate ACh-induced vasodila-

tion. Additionally, these data indicate that coronary

arterioles from rats exposed to nano-TiO2 display dys-

functional NO and PG-dependent dilator mechanisms.

Vasodilation to Arachidonic Acid

The metabolism of arachidonic acid can produce both

vasoconstrictors and vasodilators [19]. In order to deter-

mine the contribution of arachidonic acid metabolism on

vascular tone and reactivity, vasoreactivity in response to

arachidonic acid was evaluated in coronary arterioles from

both sham-control and nano-TiO2-exposed rats. Coronary

arterioles from rats exposed to nano-TiO2 exhibited a slight

vasoconstrictor response to arachidonic acid (Fig. 4a),

whereas arterioles from sham-control rats dilated. This

suggests that nano-TiO2 exposure may facilitate the over-

production of vasoconstrictor metabolites of arachidonic

acid and/or impair the production of vasodilatory

mediators.
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Fig. 2 ACh-induced vasodilation was impaired in coronary arterioles

from rats exposed to nano-TiO2 compared to sham-controls. After a

30-min preincubation with TEMPOL (1 9 10-4 M) and catalase

(50 units/mL), vasodilation in response to ACh was restored in

coronary arterioles from rats exposed to nano-TiO2. Values are

means ± S.E. * P B 0.05 sham-control vs. nano-TiO2. � P B 0.05

significant treatment effect within group
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Fig. 3 Maximal dilation in response to ACh in the presence of

normal superfusate, TEMPOL (1 9 10-4 M) and catalase (50 units/

mL), L-NMMA (1 9 10-4 M), or indomethacin (1 9 10-5 M) in

coronary arterioles from sham-control and nano-TiO2 exposed rats.

Incubation with L-NMMA or indomethacin decreased the ACh-

induced vasodilation in arterioles from sham-control rats, but did not

alter maximal dilation from nano-TiO2 rats. Values are means ± S.E.

* P B 0.05 sham-control vs. nano-TiO2. � P B 0.05 significant

treatment effect within group

32 Cardiovasc Toxicol (2010) 10:27–36



Thromboxane-Induced Vasoconstriction

To determine the contribution of a vasoconstrictor metab-

olite of arachidonic acid to the vasoreactivity of coronary

arterioles, constriction in response to U46619, a TxA2

analog, was assessed in arterioles from sham-control and

nano-TiO2 rats. There were no differences in vasocon-

strictor responses to U46619 in arterioles from either group

(Fig. 4b). This indicates that the microvascular respon-

siveness to thromboxane is not altered after nano-TiO2

inhalation.

Discussion

The major findings from this study are the following: (1)

nano-TiO2 exposure increases coronary arteriolar ROS, (2)

nano-TiO2 exposure impairs endothelium-dependent

vasodilation, and this impairment is restored by incubation

with ROS scavengers, (3) inhibition of NOS or COX

inhibits arteriolar vasodilation in response to ACh in

arterioles from sham-control rats, but not from nano-TiO2-

exposed rats, and (4) arachidonic acid causes slight vaso-

constriction in coronary arterioles from rats exposed to

nano-TiO2, but dilation of microvessels from sham-control

rats. These particle-dependent findings relate to human

studies in that they have similarly shown an increase in free

radical generation in coronary dysfunction during patho-

logical states such as ischemia and MI [4–6]. Considered

together, it is attractive to speculate that the net result

would be an augmentation of cardiac dysfunction.

The first critical finding in the current study is that

intravascular ROS, as visualized by DHE, is greater in

coronary arterioles from rats exposed to nano-TiO2

(Fig. 1). This is in agreement with previous reports from

our laboratory which showed that inhalation of either fine

or nano-TiO2 caused an enhanced ROS fluorescence in

arterioles from the spinotrapezius muscle [21]. As pro-

posed by Okayama et al. [30], one possible mechanism for

particle-induced cardiac functional changes is an altered

role of ROS. Specifically, these investigators showed that

exposure to diesel exhaust particles (DEP) led to increased

O2
- production in rat cardiac myocytes in a concentration

and time-dependent manner. Several other studies have

concluded that particle exposure can induce ROS genera-

tion, specifically O2
- and H2O2, causing significant dys-

function in aortic rings in vitro [31–33]. Therefore, it is

plausible that pharmacologically scavenging ROS with

TEMPOL and catalase would ameliorate the impairment of

endothelium-dependent arteriolar vasodilation associated

with nanoparticle inhalation.

The second major finding from this study was that

incubation of coronary arterioles with ROS scavengers,

TEMPOL and catalase, restored endothelium-dependent

dilation in rats exposed to nano-TiO2 (Fig. 2). Our labo-

ratory has previously shown that incubation with TEM-

POL, a membrane soluble SOD mimetic which converts

O2
- to H2O2; and catalase, which converts H2O2 to water

and oxygen, partially restores both arteriolar endothelium-

dependent dilation and NO production in the rat spinotra-

pezius muscle microcirculation after nanoparticle inhalation

[21]. It has been proposed that particle-induced oxidative

stress is imposed by unfettered NO/NOS production and

activity and subsequent conversion to O2
- and eventually

H2O2 [33, 34]. Indeed, Knuckles et al. [35] have suggested

that an uncoupling of eNOS is the most likely mechanism

for increased vasoconstriction after mesenteric arteries and

veins were exposed to whole diesel exhaust. H2O2 can be

generated as quickly as one minute after the treatment of

human pulmonary artery endothelial cells with particles

and can cause significant pulmonary artery vasoconstric-

tion [32]. However, Miller et al. [36] recently showed that

coincubation with SOD could completely reverse the inhibi-

tory effect of 10 lg/mL DEP on ACh-induced vasodilation

in aortic rings. Additionally, TEMPOL administration

during inhalation exposure to gasoline-exhaust emissions

attenuates increases in oxidative stress, as determined by

the thiobarbituric acid reactive substances (TBARS) assay

in the mouse aorta [37]. Likewise, SOD and catalase pre-

treatment can significantly decrease DEP-induced cell
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vasoconstriction in coronary

arterioles in response to

arachidonic acid compared to

vasodilation observed in sham-

control rats. b There were no

group differences in the

vasoconstriction of coronary

arterioles in response to the

TxA2 analog U46619. Values

are means ± S.E. * P B 0.05

sham-control versus nano-TiO2

Cardiovasc Toxicol (2010) 10:27–36 33



damage in cardiac myocytes compared to DEP-treatment in

the absence of these antioxidant enzymes [30]. Collec-

tively, these studies indicate that particle exposure induces

vascular dysfunction via ROS generation, and this can be

diminished by incubation with ROS scavengers.

The third major finding from the present study was that

ACh-induced vasodilation in coronary arterioles from

sham-control rats was significantly impaired in the pres-

ence of NOS or COX inhibitors, but this effect was not

present in rats exposed to nano-TiO2. This indicates that

nanoparticle exposure impairs both NO and PG-dependent

vasodilator mechanisms (Fig. 3). This is consistent with

previous studies from our laboratory and others which

report that particle exposure impairs NO-dependent vaso-

dilation in a variety of vascular locations, such as pul-

monary [38], coronary [39], and skeletal muscle [8, 21].

Cherng et al. [39] proposed that the impaired vasodilator

capacity in septal arteries after DE exposure was NO-

dependent, which was suggested to normally oppose potent

vasoconstriction by endothelin-1 in healthy vessels. How-

ever, the contribution of a COX-derived vasodilator was

not evaluated. The impairment of endogenous NO after

nanoparticle exposure is further corroborated in the present

study owing to the heightened spontaneous tone in arteri-

oles from sham-control after L-NMMA incubation com-

pared to rats exposed to nano-TiO2 (Table 1). This

indicates that NO contributes significantly not only to the

coronary microvascular reactivity, but also to the estab-

lishment of basal tone in these vessels. Moreover, these

contributions are compromised after nanoparticle inhala-

tion. Because indomethacin treatment increased spontane-

ous arteriolar tone in both groups (Table 1), but decreased

ACh-induced dilation only in arterioles from sham-control

rats (Fig. 3); it is important to reiterate that the mechanisms

that govern basal tone do not implicitly alter arteriolar

vasoactive function in response to a given stimuli.

The present results also indicate that compared to the

dilation observed in sham-control microvessels, nano-TiO2

exposure caused a slight vasoconstriction in coronary

arterioles in response to arachidonic acid (Fig. 4a).

Therefore, we suggest that inhalation of nano-sized parti-

cles also induces a loss of arachidonic acid metabolite

vasodilators. More precisely, it appears as though nano-

particle inhalation instigates a conversion to arachidonic

acid-dependent vasoconstriction, while also initiating ROS

generation in coronary arterioles. To better characterize the

former possibility, the arachidonic acid metabolite throm-

boxane was evaluated in the present study. Although pre-

vious research shows that chronic exposure to the

particulate phase of smoke induced elevates platelet

thromboxane formation [40], the present study found that

nanoparticle exposure does not alter arteriolar vasocon-

striction in response to the TxA2 analog U46619 (Fig. 4b).

Because TxA2 production was not evaluated, we cannot

currently conclude that TxA2 activity is not altered by

nanoparticle exposure. Ideally, a long-term inhalation

study would be necessary to perturb the thromboxane

pathway and subsequent vasoactive response. However,

other possible sources of arachidonic acid-mediated vaso-

constriction could contribute to nanoparticle-induced

alterations in vasoreactivity. For example, the cytochrome

p-450 pathway, specifically 20-HETE, and also certain

prostaglandins (PGF2alpha, PGH2) can function as vaso-

constrictors and are common products of arachidonic acid

metabolism [19]. Increases in coronary vascular resistance

and subsequent reduction in myocardial perfusion have

been shown to contribute to myocardial ischemia after

particle inhalation [14]. Therefore, the contributions of

these arachidonic acid-mediated vasoconstrictors to coro-

nary arteriolar function after nanoparticle exposure must be

defined by further investigation.

As previously reported, we estimate that in the occu-

pational setting, it would take a typical worker 5 years to

achieve a similar pulmonary burden equivalent to the

10 lg burdens used herein [2, 21]. This alone may in first

consideration appear unrealistic. However, given that:

aerosol concentrations encountered in the workplace can

easily exceed those used in the current study (6 mg/m3);

our calculation of 5 years was based upon sedentary

pulmonary function; the bioretention of inhaled particles

is quite variable; not all workers are young and/or

healthy; and typical occupational careers exceed 5 years,

the burdens used in this study may have not only occupa-

tional relevance, but also personal or environmental

relevance.

We first characterized the particle-dependent impair-

ments of endothelium-dependent arteriolar dilation in the

systemic microcirculation in 2004 [41]. These observations

were also coupled to a large increase in rolling and

adhering polymorphonuclear leukocytes in the venular

circuit [42]. While these initial observations were made

with exposures to larger, fine TiO2, and residual oil fly ash,

we later showed that exposure to nano-TiO2 at similar mass

depositions produced a far more robust impairment of

microvascular reactivity [8]. In all of these studies, pul-

monary status was evaluated by bronchoalveolar lavage

and histology. At lung burdens used in the present study,

the common pulmonary response was focalized alveolitis

with no change in lavage markers of gross inflammation or

damage. Taken together, this suggests that subsequent

systemic effects are not due to the inherent toxicity of a

given particle or pulmonary overload. Most recently, we

have identified mechanisms in the arteriolar wall that

compromise microvascular reactivity after nanoparticle

exposure. Specifically, endogenous NO bioavailability is

compromised, and this occurs in the presence of elevated
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ROS and reactive nitrogen species associated with NADPH

oxidase activity and/or myeloperoxidase activity [21]. The

logical extension of these serial studies is to determine

whether a similar toxicity results in critical organs such as

the heart (in effort to more directly link particle exposure

with cardiovascular morbidity and mortality). This was first

shown with subepicardial arterioles from rats exposed to

nano-TiO2 [2]. In these studies, we were able to make such

a link and verify that a similar level microvascular dys-

function occurs in the heart after pulmonary nanoparticle

exposure. The current study strengthens our initial findings

in the coronary microcirculation and offers potential

mechanisms by which this effect manifests itself.

Conclusions

Mechanistic studies evaluating the adverse cardiovascular

effects of nanoparticles remain limited. We and others have

focused on the functional and structural changes that occur

in the systemic and pulmonary vasculature, and we col-

lectively report that alterations in vasoreactivity occur in

humans [43] and animals alike [8, 21, 42, 44] following

particle exposure. The current study defines a mechanistic

link between nanoparticle inhalation and subsequent

endothelium-dependent dysfunction in the coronary

microcirculation. Specifically, an increase in microvascular

wall ROS appears to contribute to the impairment of ACh-

induced vasodilation in rats exposed to nano-TiO2, since

this dysfunction can be attenuated by local ROS scaveng-

ing. Such adverse cardiac functional changes (induced by

particle exposure) have been linked to altered cellular

mechanisms associated with NOS uncoupling and sub-

sequent ROS generation. The present findings mark a

critical step in identifying the negative effects of nano-

particle exposure in the heart. Additional nanoparticles

such as carbon nanotubes must be characterized in future

studies as nano-TiO2 has been herein. This is necessary

because no single nanoparticle is ideally representative of

the greater lot of tremendously diverse nanoparticles.

Similarly, additional tissues must be evaluated because

toxicity in one tissue does not implicitly define identical

toxicity (if any) in another tissue.
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