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We have shown that pulmonary nanoparticle exposure impairs
endothelium dependent dilation in systemic arterioles. However,
the mechanism(s) through which this effect occurs is/are unclear.
The purpose of this study was to identify alterations in the
production of reactive species and endogenous nitric oxide (NO)
after nanoparticle exposure, and determine the relative contribu-
tion of hemoproteins and oxidative enzymes in this process.
Sprague-Dawley rats were exposed to fine TiO, (primary particle
diameter ~1 pm) and TiO, nanoparticles (primary particle dia-
meter ~21 nm) via aerosol inhalation at depositions of 4-90 pg per
rat. As in previous intravital experiments in the spinotrapezius
muscle, dose-dependent arteriolar dilations were produced
by intraluminal infusions of the calcium ionophore A23187.
Nanoparticle exposure robustly attenuated these endothelium-
dependent responses. However, this attenuation was not due to
altered microvascular smooth muscle NO sensitivity because
nanoparticle exposure did not alter arteriolar dilations in response
to local sodium nitroprusside iontophoresis. Nanoparticle expo-
sure significantly increased microvascular oxidative stress by
~60%, and also elevated nitrosative stress fourfold. These reactive
stresses coincided with a decreased NO production in a particle
deposition dose-dependent manner. Radical scavenging, or
inhibition of either myeloperoxidase or nicotinamide adenine
dinucleotide phosphate oxidase (reduced) oxidase partially re-
stored NO production as well as normal microvascular function.
These results indicate that in conjunction with microvascular
dysfunction, nanoparticle exposure also decreases NO bioavail-
ability through at least two functionally distinct mechanisms that
may mutually increase local reactive species.
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The relationship between ambient particulate matter (PM)
exposure and cardiovascular morbidity and mortality has been
consistently reported by epidemiological studies for more
than a decade (Dockery et al., 1993). Adverse cardiovascular
outcomes were initially associated with general or ambient PM;
later an obvious need developed to identify specific compo-
nent(s) of particle pollution responsible for untoward health
effects. As a result of this, cardiovascular consequences of
pulmonary exposure to fine PM (ambient particles with a mean
aerodynamic diameter of 0.1-2.5 pm) or ultrafine PM (ambient
particles with a mean aerodynamic diameter less than 100 nm)
are now well known. Such consequences include (but are not
limited to): myocardial infarction (Peters et al., 2001),
augmented ischemia-reperfusion injury (Cozzi et al., 2006),
altered vascular reactivity (Nurkiewicz et al., 2004), arrhyth-
mias (Wellenius et al., 2002), and altered heart rate variability
(Godleski et al., 2000). Despite a fundamentally good under-
standing of the ramifications of PM exposure on cardiovascular
health, the underlying mechanisms responsible for such health
effects remain very poorly understood. Furthermore, during the
development of the PM-health effects knowledge base,
nanotechnology rapidly evolved to potentially impact most
every sector of modern society. Because of this rapid evolution
and the considerably diverse nature of nanoparticles (engi-
neered particles with one dimension less than 100 nm),
comparatively few studies have documented the potential
health effects of nanoparticle exposure, let alone characterize
its mechanistic pathways.

We have previously shown that pulmonary exposure to fine
PM produces systemic microvascular dysfunction (Nurkiewicz
et al., 2004, 2006). The relative intensity of this dysfunction
was not dependent upon the pulmonary toxicity of the PM
because combustion-derived particles (residual oil fly ash) and
similarly sized TiO, particles caused equivalent levels of
dysfunction. Therefore, TiO, particles are used as environ-
mental particle surrogates in experiments where specific
elemental toxicity is undesirable. Although the pulmonary
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toxicity of a given particle does not appear to dictate the
peripheral effect, we have recently shown that compared with
fine TiO,, inhalation of TiO, nanoparticles does result in
a profoundly greater level of microvascular dysfunction on an
equal mass burden basis (Nurkiewicz et al., 2008). Although
this dysfunction was shown to be localized almost entirely to
the endothelium, further elucidation of mechanism(s) mediat-
ing particle-induced microvascular dysfunction is necessary.
Nitric oxide (NO) is perhaps the body’s most ubiquitous
second messenger, and it plays a fundamental role in numerous
vascular functions such as endothelium-dependent dilation
(Persson et al., 1990), angiogenesis (Matsunaga et al., 2002),
and leukocyte adhesion (Nabah et al., 2005). Alterations in NO
bioavailability after PM exposure have been implicated in the
rat mesenteric vein (Knuckles et al., 2008), aorta (Sun et al.,
2008), and skeletal muscle arterioles (Nurkiewicz et al., 2004).
This alteration is thought to be due to the uncoupling of
endothelial nitric oxide synthase (eNOS). In this state, eNOS
produces reactive oxygen species (ROS) rather than NO. In the
studies by Knuckles er al. (2008) and Sun er al. (2008),
evidence of eNOS uncoupling included a lack of vascular
responsiveness to competitive eNOS inhibitors and decreased
endogenous tetrahydrobiopterin (BH4) levels after particle
exposure, respectively. Although not exclusively limited to
eNOS uncoupling, an increased production of ROS in various
vascular preparations has also been reported to follow particle
exposure. Similarly, the accumulation of reactive nitrogen
species (RNS) such as peroxynitrite in the systemic microvas-
culature may also follow particle exposure, but no study to date
has explored such a possibility. This increase in local reactive
species could potentially consume NO via redox reactions
(Wilcox, 2003). However, a direct relationship between ROS
or RNS and an NO deficit has not been established, largely
because of the considerable difficulty associated with making
direct NO measurements. Because NO bioavailability is not
identical in all tissues, it is important to appreciate that the
relative contribution of NO to a given biologic function in one
tissue is not implicitly the same in another. More specifically, it
is unlikely that the activity that NO contributes to in one tissue
will be the same in another; and it is reasonable to assume that
the amount of NO produced in these cases is not identical.
Because numerous reports have identified alterations in
human cardiovascular function after PM exposure, most
notably arterial pressure (Urch et al., 2005), vascular reactivity
(Peretz et al., 2008; Tornqvist et al., 2007) and flow
responsiveness (Rundell et al., 2007); it is critical to identify
the status of NO bioavailability in the microcirculation under
these conditions. This is largely because it is at this level of
the circulation that vascular resistance is actively generated
(Zweifach, 1991) and the influence of NO is most obvious
(Bohlen and Lash, 1996). Furthermore, the effect of pulmonary
nanoparticle exposure on endogenous NO production is
completely unknown. Therefore, the objectives of this study
were to (1) directly measure microvascular NO production, (2)
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determine the effect of nanoparticle exposure NO production,
and (3) elucidate mechanisms that may alter endogenous NO
bioavailability.

METHODS

Experimental animals. Specific pathogen free male Sprague-Dawley
[Hla:(SD)CVF] rats (67 weeks old) were purchased from Hilltop Laboratories
(Scottdale, PA) and housed in an Association for Assessment and Accreditation
of Laboratory Animal Care 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-h light/12-h 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 for 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 chamber, and assorted aerosol monitoring and control
devices that are collectively capable of generating fine or nanoparticle aerosols.
Fine and nano-TiO, powders were obtained from Sigma-Aldrich (titanium (IV)
oxide, 224227, St Louis, MO) and DeGussa (Aeroxide TiO,, P25, Parsippany,
NJ), respectively. The fine TiO, powder is reported by the vendor to be ~99%
rutile, with a primary particle size < 5 um. The nano-TiO, powder is reported
by the vendor to be 80% anatase, and 20% rutile, with a primary particle size of
21 nm. These proportions of anatase and rutile TiO, have been independently
verified (Hurum et al., 2003; Stone and Davis, 1998; Vasiliev et al., 2008).
Prior to aerosol generation, the dry, fine TiO, and nano-TiO, particles had BET
surface areas (Brunauer er al., 1938) of 2.34 and 48.08 m?/g, respectively
(Sager et al., 2008). The mass median aerodynamic diameter (MMAD) of the
aerosols were 402 nm for the fine TiO, (with a geometric standard deviation,
GSD of 2.4), and 138 nm for the nano-TiO, (Nurkiewicz et al., 2008). The use
of MMAD to characterize nanoparticle aerosols can be problematic in that
a relatively small number of large agglomerates can disproportionately skew
the sample; thus, rendering the measurement nonrepresentative of the total
particle size distribution. Therefore, the use of count mode diameter (CMD) is
better suited to characterize our aerosols; and in our studies, fine TiO, aerosols
had a CMD of 710 nm and the nano-TiO, aerosols had a CMD of 100 nm
(Nurkiewicz et al., 2008). Rats were housed in the exposure chamber for 240-
720 min at aerosol concentrations of 1.5-16 mg/m3 (Nurkiewicz et al., 2008).
Time and aerosol concentration were manipulated to produce five different
doses for each particle type, and produced actual lung burdens of 4-90 pg
which were previously measured in ashed lung tissue (Nurkiewicz et al., 2008).
The entire aerosol/exposure profile and particle depositions for each group can
be found in Nurkiewicz et al. (2008). For the purpose of consistency between
studies, these lung burdens were used again in the current series of experiments.
The ECs, for each particle type was defined as the lung burden that produced
~50% impairment of microvascular reactivity. For the fine TiO, group, the
ECso was 67 pg, and was produced by a 300-min exposure to an aerosol
concentration of 16 mg/m?>. For the nano-TiO, group, the ECsy was 10 pg, and
was produced by a 240-min exposure to an aerosol concentration of 6 mg/m>.

Intravital microscopy. At 24-h postexposure, rats were anesthetized with
sodium thiopental (Pentothal, 100 mg/kg, i.p.) and placed on a heating pad to
maintain a 37°C rectal temperature. The trachea was intubated to ensure
a patent airway, and the right carotid artery was cannulated to measure arterial
pressure. The right spinotrapezius muscle was then exteriorized for microscopic
observation, leaving its innervation and all feed vessels intact. After
exteriorization, the muscle was gently secured over an optical pedestal at its
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in situ length. The muscle was next enclosed in a tissue bath for
transillumination and observation. Throughout the surgery and subsequent
experimental period, the muscle was continuously superfused with an
electrolyte solution (119mM NaCl, 25mM NaHCO;, 6mM KCl, and 3.6mM
CaCl,), warmed to 35°C, and equilibrated with 95% N,—5% CO, (pH = 7.35—
7.40). Superfusate flow rate was maintained at 4-6 ml/min to minimize
equilibration with atmospheric oxygen (Boegehold and Bohlen, 1988).

The animal preparation was then transferred to the stage of an intravital
microscope coupled to a CCD video camera. Observations were made with
a 20X water immersion objective (final video image magnification = 1460X).
One to three microvessels were studied per rat. Video images were displayed on
a high-resolution color video monitor and videotaped for off-line analysis.
During videotape replay, arteriolar inner diameters were measured with a video
caliper (Cardiovascular Research Institute, Texas A&M University).

NO measurement. The left and right spinotrapezius muscles from the
same animal were excised and placed in Ca’*-free Dulbecco’s phosphate-
buffered saline (PBS). The excised muscles were pinned out on a Sylgard
coated Petri dish and microvessels were dissected from the tissue at 4°C. The
microvessels were lightly homogenized after collection and then briefly
centrifuged to form a loose pellet. The pellet was then placed into a four-port,
water jacketed (34°C), biosensing chamber (World Precision Instruments, Inc,
Sarasota, FL) that contained 2 ml of Dulbecco’s PBS with Ca*" (3.6mM),
L-arginine (0.2mM), and tetrahydrobiopterin (BHy4, 4uM). Two of the chamber
ports contained ISO-NOP NO sensors (World Precision Instruments, Inc.,
Sarasota, FL), the third contained a temperature probe, and the forth was left
open to add reagents to the chamber via digital micropipettor (Ranin, Woburn,
MA). The ISO-NOP sensors were connected to an Apollo 4000 Free Radical
Analyzer (World Precision Instruments) to make direct electrochemical NO
measurements in real time (Davies and Zhang, 2008; Zhang, 2004). Prior to
each use, electrodes were calibrated via S-nitroso-N-acetyl-D,L-penicillamine
(SNAP) decomposition to NO in a copper catalyst solution (cuprous chloride,
0.1M). Data were collected at a rate of 10 samples per second, and
measurements were made only during steady-state responses that were at least
30 s in duration. Because the amount of microvascular tissue that was dissected
varied between experiments, data were normalized to tissue mass (nM/mg).

Measurement of microvascular oxidative stress. In a separate group of
rats, ROS were quantified in the microvascular wall via hydroethidine (HE)
oxidation. HE was added to the muscle superfusate at a concentration of 1 X
107>M, and the spinotrapezius muscle was continuously exposed to this HE-
containing superfusate for 30 min in complete darkness to prevent HE photo-
destruction. HE has been extensively used for the detection of O, (Benov et al.,
1998; Bindokas et al., 1996; Morgan et al., 1979). HE easily permeates cell
membranes and, when oxidized by O3, is converted to fluorescent ethidium
bromide that intercalates into nuclear DNA (Benov et al., 1998; Morgan et al.,
1979). In theory, any differences among vessels in the extent of cellular HE
loading could also lead to differences in ethidium bromide fluorescence that
would be erroneously interpreted as differences in O, activity. To circumvent
this problem, we calculated the ratio of oxidized-to-unoxidized substrate in the
arteriolar wall from paired fluorescence intensity measurements at the peak
emission wavelengths for ethidium bromide and HE, respectively. Tissue
autofluorescence at each of these wavelengths was measured before HE
exposure, and then subtracted from signals measured after HE exposure to
determine specific ethidium bromide and HE fluorescence intensities. After the
30-min exposure period, the muscle was rinsed with normal superfusate for 15
min to remove extracellular HE, and then briefly (1-2 s) illuminated with
a mercury lamp, using appropriate excitation and emission filters for detection
of ethidium bromide fluorescence (480—550 nm bandpass, 590 nm barrier), and
HE fluorescence (330-385 nm bandpass, 420 nm barrier). Fluorescence images
were acquired, stored and analyzed with Metamorph 6.01 imaging software
(Universal Imaging, Dowington, PA).

Nitrotyrosine staining. In a separate group of rats, the lungs and
spinotrapezius muscle were harvested for nitrotyrosine (NT) measurements.
This was accomplished with dual-label immunofluorescence for NT and von
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Willebrand Factor (vWF). The lung was inflated with 2:1 OCT in 20% sucrose/
PBS solution and then cut along the mainstem bronchus, embedded in OCT,
and frozen in an isopentane slurry on dry ice. The spinotrapezius muscle was
embedded in OCT and then frozen in an isopentane slurry on dry ice. Frozen
sections of spinotrapezius muscle and lung from rats exposed to 10 pg nano-
TiO; or air were stained for NT, generally the product of peroxynitrite reactions
with cellular proteins. To further demonstrate the localization of NT relative to
the vasculature, vascular endothelium was demonstrated by staining for vWF.
Sections were cut with a cryostat, fixed in acetone, blocked with 10% donkey
serum and incubated overnight in the refrigerator with a primary antibody
mixture containing a 1:50 dilution of rabbit anti-NT (Upstate, Temecula, CA)
and a 1:200 dilution of sheep anti-vWF (Abcam, Cambridge, MA). The
secondaries were Alexa 594-labeled donkey anti-rabbit and Alexa 488-labeled
donkey anti-sheep (Invitrogen, Carlsbad, CA). Slides were coverslipped using
Prolong mounting media with DAPI (Invitrogen). Using this procedure, NT has
red fluorescence, the vascular endothelium has green fluorescence, and nuclei
fluoresce blue. The adjacent serial section was stained with Giemsa for
identification of inflammatory cells. The negative control sections used rabbit
and sheep IgG in place of the primary antibodies and were otherwise treated
identically to the sections for dual-label immunofluorescence.

Data and statistical analyses. Arteriolar diameter (D, pm) was sampled at
10-s intervals during all control and infusion periods. Resting vascular tone was
calculated for each vessel as follows: Tone (%) = [(Dpass — Dc)/Dpass] X 100,
where Dy, is passive diameter under adenosine (ADO) and D, is the diameter
measured during the control period (resting diameter). A tone of 100%
represents complete vessel closure, whereas 0% represents the passive state. In
order to evaluate arteriolar responsiveness between individual groups with subtle
differences in resting diameter, arteriolar diameter was normalized. In this case,
arteriolar diameter was expressed as the percent change from control and was
calculated for each vessel as follows: Diameter (% change from control) = [(Dss/
D.) — 1] X 100, where Dgg is the steady-state diameter achieved during A23187
infusion. All data are reported as means + SE, where “n” represents the number of
arterioles evaluated and “N” represents the number of rats studied. Statistical
analysis was performed by commercially available software (Sigmastat, Systat
Software, Inc., San Jose, CA). One-way repeated measures ANOVA was used to
determine the effect of a treatment within a group, or differences among groups.
Two-way repeated measures ANOVA was used to determine the effects of
group, treatment and group-treatment interactions on measured variables. For all
ANOVA procedures, the Student-Newman-Keuls method for post hoc analysis
was used to isolate pair wise differences among specific groups. Significance was
assessed at the 95% confidence level (p < 0.05) for all tests.

EXPERIMENTAL PROTOCOLS

Protocol 1

Arteriolar endothelium-dependent dilation was evaluated
during intravital microscopy experiments by assessing the
capacity for Ca®"-dependent endothelial NO formation in
response to intraluminal infusion of the calcium ionophore
A23187 as previously described (Nurkiewicz and Boegehold,
2004; Nurkiewicz et al., 2006, 2008). Briefly, glass micropipettes
were filled with a 10~’M solution of A23187, inserted into the
arteriolar lumen, and A23187 was then infused directly into the
flow stream for 2-min periods at ejection pressures of 5, 10,20, and
40 psi. A 2-min recovery period followed each ejection. In some
experiments, the following agents were added to the superfusate to
inhibit mechanisms that may be affecting NO bioavailability and/
or microvascular responsiveness: (1) superoxide and H,O, were
scavenged with the superoxide dismutase mimetic 2,2,6,
6-tetramethylpiperidine-N-oxyl (TEMPOL, 10~*M final bath
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concentration) and catalase (50 U/ml final bath concentration),
respectively; (2) MPO was inhibited by tissue superfusion with
4-aminobenzoic hydrazide (ABAH, 10uM final superfusate
concentration) for 20 min prior to repeating any experimental
procedures; (3) nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase was inhibited by tissue superfusion with
apocynin (10~*M final superfusate concentration) for 20 min prior
to repeating any experimental procedures. At the end of all
intravital experiments, ADO was added to the superfusate (10~*M
final concentration) to fully dilate the microvascular network and
determine the passive diameter of each arteriole studied.

Protocol 2

To evaluate arteriolar responsiveness to NO, the NO donor
sodium nitroprusside (SNP) was iontophoretically applied to
individual arterioles as previously described (Nurkiewicz et al.,
2004). Briefly, glass micropipettes were fabricated as described
for Protocol 1, but filled with a 0.05M solution of SNP in
distilled water. The pipette tip was placed in light contact with
the arteriolar wall, and a current programmer (model 260,
World Precision Instruments, Inc.) delivered continuous 2-min
ejection currents (5, 10, and 20 nA, randomly). A recovery
period of at least 2 min followed each application.

Protocol 3

Endogenous microvascular NO formation was directly
measured in suspensions of excised microvessels from each
of the exposure groups (and Sham-Controls). NO production
was stimulated by introducing a 20 pl of bolus dose of A23187
(107>M) into the chamber (10~°M final concentration). In these
exposure dose-response experiments, NOS activity was then
competitively inhibited by coincubation with N°-monomethyl-L-
arginine (L-NMMA, 10™*M final superfusate concentration),
and the microvessels were stimulated again with A23187. Time
course studies indicated that the microvessels produced reliable
NO signals for multiple stimulations, over 2-3 h. Despite this,
only two stimulations were performed per experiment, and each
experiment lasted less than 1 h.

RESULTS

At the time of experiments, animals were 41-43 days old,
and regardless of experimental group, no differences in body
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weight or blood pressure were observed (Table 1). Similarly,
no differences in resting arteriolar diameter, passive diameter
or calculated tone were observed among the groups (Table 2).
This suggests that regardless of the type of particle inhaled;
basal systemic microvascular tone is not perturbed.

Consistent with our previous report (Nurkiewicz et al.,
2008), inhalation of TiO, nanoparticles significantly impaired
endothelium-dependent arteriolar dilation in response to intra-
luminal infusion of A23187 (Fig. 1). This was most evident at
40 psi where arterioles in the Sham-Control group dilated up to
108 = 20% of their original diameter. The microvascular
responsiveness observed in the Sham-Control group was
virtually identical to responses previously noted in naive rats
or those intratracheally instilled with saline (Nurkiewicz and
Boegehold, 2004; Nurkiewicz et al., 2004). This indicates that
housing in the exposure chamber alone does not induce
untoward biologic effects. At the particle doses used in the
current study (67 pg fine TiO,, 10 pg nano-TiO,), equivalent
levels of arteriolar dysfunction were found in the two exposure
groups. This was most evident at 40 psi where arterioles dilated
to only 23 + 8% and 24 + 13% of their original diameters in the
fine and nano-TiO, exposure groups, respectively. These
exposure doses were chosen for the current study as they most
closely represented the dose (pulmonary deposition for each
particle size) at which endothelium-dependent arteriolar di-
lation was impaired by at least 50% (~ECsp) in our previous
work (Nurkiewicz et al., 2008). The 40 psi ejection stimulus is
highlighted here and used in following experiments because the
impact of particle exposure on microvascular function is most
evident at this ejection pressure.

After particle exposure, arteriolar dilation in response to
abluminal microiontophoretic application of SNP was not
different from Sham-Controls (Fig. 2). Arteriolar dilations
under these conditions were also not different among exposure
groups, and all groups were near their maximal diameters at
a current dose of 20 nAmp. These findings are consistent with
our previous findings in this microvascular bed after exposure
to environmental particles (Nurkiewicz et al., 2004). Collec-
tively, this indicates that vascular smooth muscle sensitivity to
NO is not altered after nanoparticle exposure.

Representative bright-field and fluorescent photomicro-
graphs of the spinotrapezius muscle microcirculation are
presented in Figures 3A-D. HE treatment of the spinotrapezius

TABLE 1
Profiles of Experimental Animals Used for Intravital Studies

Exposure parameters

Dose/group Aerosol concentration (mg/m3) Duration (min) Number of animals (V) Age (days) Weight (grams) Mean arterial pressure (mm Hg)
Sham-Control 0 240 10 43+ 1 220 + 14 97 +6
67 png Fine TiO, 16 300 17 42 + 1 214 + 4 98 +4
10 pg Nano-TiO, 6 240 16 41 + 1 212 +4 97 +5
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TABLE 2
Resting Variables for All Arterioles Studied in Intravital Studies

Resting  Passive
Number diameter  diameter Resting tone
Dose/group of vessels (n) (um) (um) (% of maximum)
Sham-Control 15 41 +2 99 + 4 58 + 1
67 ng Fine TiO, 48 44 + 2 100 + 3 56 =1
10 pg Nano-TiO, 45 41 £ 1 93+2 56+ 1

microcirculation revealed a significant increase in arteriolar
ethidium bromide fluorescence (normalized to HE fluores-
cence) in both particle exposure groups (Fig. 3, bottom). This
ratio, as compared with the Sham-Control group (1.03 = 0.01),
was significantly increased after exposure to fine (1.09 = 0.01)
and nano-TiO, (1.09 = 0.01). This increase in fluorescence
verifies that the amount of ROS in the microvascular wall is
elevated after particle exposure.

Exposure to 10 pg nano-TiO, significantly increased the area
(um?) of tissue containing NT in both the lung (Fig. 4) by
threefold and spinotrapezius microcirculation (Fig. 5) by
fourfold. In both tissues, indirect immunofluorescence for NT
was principally localized within discrete inflammatory cells.
Because NT is a product of peroxynitrite-induced tyrosine
nitration, the increased NT production that follows particle
exposure suggests nitrosative injury within the lung and in the
systemic microcirculation.

A bolus dose of A23187 stimulated isolated microvessels
from Sham-Control rats to robustly produce NO (33 + 5 nM/
mg, Fig. 6). During coincubation with L-NMMA, this response

140
[ Sham-Control c
[ 67 g Fine TiO,

120! mmm 10 g Nano-Tio, l

g

£ 100 -

o b
. O
Sg s0- l
© O
g &
= 9 60 -
° 5

%

£

O 40 * x ¥

X a

20
* -
0- L . .
5 10 20 40

A23187 Ejection Pressure (PSI)

FIG. 1. Intraluminal A23187 infusion produces dose-dependent endothelium-
dependent arteriolar dilation that is attenuated by particle inhalation. Sham-
control, n = 8; 67 pg fine TiO,, n = §; and 10 pg nano-TiO,, n = 10. (a) p < 0.05
versus 5 psi Sham-Control group. (b) p < 0.05 versus 10 psi Sham-Control group.
(c) p < 0.05 versus 20 psi Sham-Control group. *p < 0.05 versus Sham-Control
group at the same ejection pressure. Values are means + SE.
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FIG. 2. Arteriolar vascular smooth muscle NO sensitivity is not altered
after particle inhalation. SNP was locally applied to individual arterioles via
microiontophoresis and produced equivalent dose-dependent dilations in all
groups that were near maximal (vs. ADO). Sham-Control, n = 7; 67 pg fine
TiOp; n =9, and 10 pg nano-TiO,, n = 10. *p < 0.05 versus 0 nAmp for all
groups. tp < 0.05 versus 5 nAmp for all groups. £p < 0.05 versus 10 nAmp for
all groups. Values are means + SE.

was significantly inhibited by 65% (to 11 + 4 nM/mg). This
verifies that the majority of the signal produced by the probes
under these conditions was NO dependent. Stimulated NO
production in isolated microvessels from rats exposed to either
fine or nano-TiO, was significantly decreased. This impairment
was dose-dependent in that as pulmonary particle deposition
increased, the ability to produce NO was progressively
compromised by 40-85% in the fine TiO, groups and 30-
88% in the nano-TiO, groups. Similar to Sham-Controls, NO
production was sensitive to NOS inhibition in that a significant
portion of the NO produced under normal conditions was
decreased during coincubation with L-NMMA.

In further experiments, a single particle exposure dose was
focused upon for each group (fine TiO,, 67 pg; and nano-TiO,,
10 pg) to better characterize what oxidant-generating mecha-
nisms may be quenching endogenous NO (Fig. 7). At these
exposure doses, stimulated NO production was 8 + 2 and 10 +2
nM/mg for the fine TiO, and nano-TiO, groups, respectively.
Radical scavenging with TEMPOL and catalase similarly and
significantly increased stimulated NO production in both groups
to 34 = 5 and 39 + 12 nM/mg for the fine TiO, and nano-TiO,
groups, respectively. Inhibition of NADPH oxidase with
apocynin significantly increased NO production in both groups
to 44 + 11 and 24 = 7 nM/mg for the fine TiO, and nano-TiO,
groups, respectively. Although the NO response under apocynin
was larger in the fine TiO, group, the biological relevance of this
difference is unclear. Inhibition of MPO with ABAH signif-
icantly increased NO production in both groups to 46 + 12 and
24 + 6 nM/mg for the fine TiO, and nano-TiO, groups,
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FIG. 3. Particle inhalation increases oxidative stress in the microvascular
wall. Top, representative bright-field pictures for the Sham-Control (A) and 67
ng fine TiO, groups (B); and illumination at 480 nm for the Sham-Control (C)
and 67 pg fine TiO, groups (D). Similar images were produced for the 10 pg
nano-TiO, group (not shown). Bottom, ethidium bromide fluorescence
(normalized to background fluorescence, HE). Sham-control, n = 11; 67 pg
fine TiO,; n = 16, and 10 pg nano-TiO,, n = 15. *p < 0.05 versus Sham-
Control group. Values are means + SE.

respectively. Again, although the NO response under ABAH was
more potent in the fine TiO, group, the biological relevance
of this difference is unclear. These agents did not significantly
alter NO production in the Sham-Control group (data not
shown).

In Figure 8, the agents used to enhance stimulated NO
production were superfused over the spinotrapezius muscle in
order to evaluate their effectiveness on restoring endothelium-
dependent arteriolar dilation. Under control conditions with
the normal superfusate, A23187 infusion (40 psi) produced
significant arteriolar dilation in the Sham-Control group (108 +
19% increase from control diameter). After exposure to either
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fine or nano-TiO,, arteriolar dilation was limited to only 10 %
5% or 20 + 4% above control diameter, respectively. Radical
scavenging with TEMPOL and catalase partially restored
arteriolar dilation in both groups (increases from the control
diameter of 58 + 5% and 79 + 11% for the fine TiO,, and nano-
TiO, groups, respectively). NADPH oxidase inhibition with
apocynin also partially restored arteriolar dilation in both
groups (increases from the control diameter of 85 + 9% and
85 + 10% for the fine TiO,, and nano-TiO, groups, respectively).
MPO inhibition with ABAH was also capable of partially
restoring arteriolar dilation in both groups (increases from the
control diameter of 46 + 5% and 76 + 6% for the fine TiO,, and
nano-TiO, groups, respectively). These agents did not signifi-
cantly alter arteriolar dilation in the Sham-Control group (data
not shown).

DISCUSSION

The critical findings in the current study are threefold: first,
microvascular NO bioavailability is compromised after nano-
particle exposure; second, nanoparticle exposure increases
ROS and RNS production in the microvascular wall; and third,
the microvascular dysfunction and decrease in NO bioavail-
ability that follow nanoparticle exposure are directly linked
with discrete radical-generating mechanisms. These findings
are particularly relevant to humans in that numerous studies
have implicated the role of NO, as well as oxidative stress in
PM-dependent vascular dysfunction, but for obvious reasons,
are unable to make such direct measurements (Briet et al.,
2007; Brook et al., 2002; Mills et al., 2005; Schneider et al.,
2008; Tornqvist et al., 2007).

We have recently reported that compared with fine PM, at
a similar mass pulmonary deposition, nanoparticle inhalation
produces significantly greater microvascular dysfunction
(Nurkiewicz et al., 2008). This conclusion was reached by
comparing microvascular reactivity between multiple groups of
rats exposed to five doses of nano-TiO, (4-38 ng depositions)
or five doses of fine TiO, (8-90 pg depositions). Collectively,
these pulmonary doses/depositions and microvascular
responses were used to establish the ECsg of 67 ng fine TiO,
and 10 pg nano-TiO, doses used in the current study (i.e., these
doses impaired microvascular reactivity by ~50% in each
group). The issue of nanotoxicity is most evident among our
data in that it required a fine particle deposition that was more
than six times greater than the nanoparticle deposition to
produce equivalent levels of microvascular dysfunction (67 ng
fine TiO, vs. 10 pg nano-TiO,, Fig. 1), oxidative stress (Fig. 3)
and NO quenching (Fig. 6). Whether or not pulmonary mass
deposition is the most appropriate metric to use for comparing
such distinctly different particles remains to be determined
(Warheit et al., 2007). In the absence of a definitive answer to
this issue, and in order to establish relevance to human
exposures; it is important to define the aerosol concentrations



NANOPARTICLE EXPOSURE TARGETS NITRIC OXIDE

197

FIG. 4.

4000 o

(=]

3000 —

2000

1000 | T

Nitrotyrosine Expression
(wm2 / Section)

) Q\}Q&pw
DS

00 é,bO

Indirect immunofluorescent and DIC confocal microscopy images (representative) of the lung and intrapulmonary vasculature from a rat exposed to

10 pg nano-TiO,. (A) Red fluorescence demonstrates NT and is localized within individual cells morphologically consistent with inflammatory cells. (B) Blue
fluorescence is DAPI labeling of nuclei. (C) Differential Interference Contrast (DIC) confocal microscopy demonstrating lung structure with a large vessel
traversing the section. (D) Green fluorescence cells indicates vVWF, a marker of vascular endothelium. (E) Triple label immunofluorescence. Coexpression of green
and red gives a yellow color and indicates that these markers are within the same location. The majority of pulmonary NT expression is within discrete
inflammatory cells in alveoli or near but only occasionally within the vascular endothelium (bar is 20 micrometers). (F) NT expression in the lung was increased by
TiO, inhalation. Data are from Sham-Control, n = 4; and 10 pg nano-TiO,, n = 6; three fields per slide. Values are means + SE. *p < 0.05 versus sham/control.

and exposure times used in the current study to produce our
groups in a single exposure (5 h at 16 mg/m” and 4 h at 6 mg/m’
for fine TiO, and nano-TiO,, respectively). The current
occupational exposure limit to fine TiO, is 5 mg/m °. Therefore,
a worker exposed at this level would achieve a pulmonary
burden equivalent to 67 pg in the rat (normalized for alveolar
epithelial surface area, Stone et al., 1992, and taking human
pulmonary deposition of a 1 pm particle of 20%, Bates et al.,
1966) within 5 working days. Levels of nano-TiO, have been
measured in a production plant to be as high as 1.4 pg/m’
(NIOSH, personal communication). Therefore, workers exposed
at this level could achieve a pulmonary burden equivalent to 10
pg in the rat (normalized for alveolar epithelial surface area and
assuming a deposition fraction of 45%) within 5 years.
Without appropriate particle characterization, it is difficult to
compare findings between toxicological studies or generalize
implications in regards to environmental or occupational health
(Warheit, 2008). Indeed, we have characterized the particles
used in the current study, as well as documented the aerosol
profiles of all doses used (see Methods, “Inhalation Exposure”
as well as Nurkiewicz et al., 2008). The particles used herein

are of different phase compositions; fine TiO, was ~99% rutile,
whereas nano-TiO, was an 80/20 mixture of anatase and rutile,
respectively. The anatase phase of TiO, has been suggested to
be more cytotoxic than the rutile phase (Sayes et al., 2006).
Because we used differently sized particles, of different phase
compositions, it may seem difficult, if not impossible to
distinguish the effects of particle size on microvascular
function. However, it is important to note that increased
cytotoxicity of the anatase phase of TiO, (compared with
rutile) is directly related to UV illumination of the particles;
and this effect is largely a function of UV light wavelength (Cai
et al., 1991) as well as duration (Zhang and Sun, 2004). It is
perhaps more important to note that the biologic effects of UV
stimulated TiO, particles are highly dependent on the
concentration of active particles (Nakagawa et al., 1997; Sayes
et al., 2006). We did not UV stimulate any of the TiO, particles
used in the current study, and because our inhalation facility as
well as particle storage location are devoid of windows, the
likelihood for accidental UV illumination is very low, if
not non-existent. Moreover, the particle doses used herein
(even if we consider 100% particle migration to the systemic
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Indirect immunofluorescent confocal microscopy images (representative) of the spinotrapezius muscle from a rat exposed to 10 pg nano-TiO,. Red

fluorescence demonstrates NT and is localized within individual cells morphologically consistent with inflammatory cells. Green fluorescence cells indicates von
Willebrand Factor, a marker of vascular endothelium. Coexpression of green and red gives a yellow color and indicates that these markers are within the same
location. (A—C) From a Z-stack, indicating that NT is running longitudinally through the microvascular wall. Panel D is the top of the stack (bar is 20 um). (E) NT
expression in the spinotrapezius muscle microcirculation was increased after nano-TiO, inhalation. Data are from Sham-Control, n = 4; and 10 pg nano-TiO,, n = 6;

one field per slide. Values are means + SE. *p < 0.05 versus Sham/Control.

circulation) are well below the “no effect” doses noted by both
Nakagawa et al. (1997) and Sayes et al. (2006). Therefore, it
appears more likely that the microvascular dysfunction that
follows particle exposure is a function of particle size, rather
than particle phase.

The microvascular dysfunction associated with exposure to
either fine TiO, or nano-TiO, is not due to altered arteriolar
smooth muscle responsiveness to NO (Fig. 2). We have
previously shown this to also be the case after exposure to
residual oil fly ash (Nurkiewicz et al., 2004). Our finding of an
unaltered smooth muscle NO sensitivity after particle exposure
is in agreement with findings in the rabbit carotid artery
(Tamagawa et al., 2008), and mouse mesenteric artery and vein
(Knuckles et al., 2008), but not the mouse coronary septal
artery (Campen et al., 2005), rat aorta (Bagate et al., 2004), or
intrapulmonary artery (Courtois et al., 2008). Multiple
possibilities exist for this disparity in smooth muscle sensitivity
after particle exposure. First, the various tissues used possess
inherently different levels of function as well as vascular

reactivity that under certain artificial conditions prevent
meaningful comparisons. However, studies do exist that report
divergent sensitivities to different NO donors in the same
vascular segment (Courtois et al., 2008). Second, the NO
donors used across experiments can be different. In the current
study, we used SNP which donates NO via interaction with
a biological membrane at physiological pH (Butler and
Megson, 2002; Ignarro et al., 2002). Whereas, diazeniumdio-
lates such as diethylamino-NONOate spontaneously release
NO in a more controlled fashion (Ignarro et al., 2002; Miranda
et al., 2005). Despite different mechanisms of NO donation,
studies in the basilar and carotid arteries indicate that SNP is as
effective, if not one of the most potent NO donators (Salom
et al., 1998, 1999). Ultimately, it is the activity of cyclic
guanosine monophosphate (cGMP) in the VSM that is
important in this regard; and studies with ¢cGMP analogs
indicate that particle exposure does not alter this sensitivity
(Courtois et al., 2008). Third, the particles and conditions used
in these and other studies are very different. The potential for
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FIG. 6. Endogenous microvascular NO production is attenuated after
particle inhalation in a dose-dependent manner. Endothelial NO production was
stimulated by a bolus dose of A23187 and measured real time with an
electrochemical sensor. NOS inhibition was accomplished by coincubation
with L-NMMA during measurements. Top panel, fine TiO,: 8 pug, n = 9; 20 ng,
n=9;36 ug, n="7;67 pug,n=8;90 pg, n =9; Sham-Control, n = 34. Bottom
panel, nano-TiO,: 4 pug, n = 6; 6 pg, n = 8; 10 pg, n = 6; 19 pg, n = 6; 38 ng,
n = 6; Sham-Control, n = 34. a, p < 0.05 versus Sham-Control group. b, p <
0.05 versus 36 pg fine TiO, group. c, p < 0.05 versus 6 pg nano-TiO, group. d,
p < 0.05 versus 10 pg nano-TiO, group. *p < 0.05 versus normal PBS in the
same group. Values are means + SE.

one technique, particle or emission condition to affect smooth
muscle NO sensitivity, while another does not, is high because
numerous biological mechanisms have been identified and/or
advanced to help explain how a particle of pulmonary origin
can influence a systemic tissue (Brook et al., 2004; Donaldson
et al., 2005; Dreher et al., 1997; Godleski et al., 2000;
Oberdorster et al., 2004; Watkinson et al., 2001).
Microvascular oxidative stress is significantly increased after
particle exposure (Fig. 3). This finding is consistent with recent
findings in the aortic wall (Sun et al., 2008). An elevation of
local ROS may potentially consume endothelium derived NO
and result in peroxynitrite radical formation (Forstermann and
Munzel, 2006). A stable endpoint of peroxynitrite reactions is
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FIG. 7. Radical scavenging or enzyme inhibition restores endogenous NO
production after particle exposure. Endothelial NO production was stimulated
by a bolus dose of A23187 and measured real time with an electrochemical
sensor. Radical scavenging, NADPH oxidase and myeloperoxidase inhibition
were accomplished by coincubation with TEMPOL/catalase, apocynin or
ABAH, respectively, during measurements. Top panel: Sham-Control, n = 34;
67 pg fine TiO,, n = 32; TEMPOL /catalase, n = 18; apocynin, n = 10; ABAH,
n = 15. Bottom panel: Sham-Control, » = 34; 10 pg nano-TiO,, n = 38;
TEMPOL/catalase, n = 12; apocynin, n = 12; ABAH, n = 14. *p < 0.05
versus Sham-Control group. fp < 0.05 versus 67 pg fine TiO, or 10 pg nano-
TiO; in the same panel. Values are means + SE.

the formation of NT (Beckman, 1996; Beckman and Koppenol,
1996). In Figure 5, microvascular NT formation is significantly
increased in the microvascular wall after particle exposure.
Taken together, these findings suggest that following particle
exposure, oxidative and nitrosative stress in the microvascular
wall consumes endothelial NO.

The logical corollary of the above findings is that
endogenous NO production will be compromised after particle
exposure (due to radical quenching). Indeed, endogenous
microvascular NO production is compromised after particle
exposure in a dose-dependent relationship (Fig. 6). To our
knowledge, this is the first study to directly measure endo-
genous NO in real time and report that particle exposure
attenuates this measurement. Because our first report that
microvascular endothelium-dependent dilation is compromised
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FIG. 8. Radical scavenging or enzyme inhibition restores arteriolar
endothelium-dependent dilation after particle exposure. Responses were
stimulated by intraluminal infusion of A23187 at 40 psi. Radical scavenging,
NADPH oxidase, and myeloperoxidase inhibition were accomplished by
coincubation with TEMPOL /catalase, apocynin or ABAH respectively, during
measurements. Top panel: Sham-Control, n = 8; 67 ng fine TiO,, n = §;
TEMPOL /catalase, n = 8; apocynin, n = 9; ABAH, n = 7. Bottom panel:
Sham-Control, n = 8; 10 pg nano-TiO,, n = 10; TEMPOL /catalase, n = 10;
apocynin, n = 12; ABAH, n = 11, *p < 0.05 versus Sham-Control group. fp <
0.05 versus 67 ng fine TiO, or 10 pg nano-TiO, in the same panel. Values are
means + SE.

after particle exposure (Nurkiewicz et al., 2004), it has become
obvious that this effect is not limited to the microcirculation
(Campen et al., 2005; Hansen et al., 2007; Knuckles et al.,
2008; Mills et al., 2005; Rundell et al., 2007). Although the
vascular effect is clearly not targeting a singular level of the
vasculature, it is imperative to indicate that endothelial stimulation
produces numerous vasoactive agents other than NO, including
cycloxygenase products, bradykinin, endothelium-derived hyper-
polarizing factor, angiotensin, and endothelin. Moreover, the
relative contribution of NO versus that of other vasodilators to
endothelium-dependent dilation can be very different between
vascular beds and even species. Therefore, it is not only critical to
directly measure NO in the current studies, but also characterize
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how the influence of other vasoactive agents is altered after
particle exposure.

Making direct NO measurements are time consuming and
particularly demanding experiments that, as with all experi-
mental techniques, carry limitations (Davies and Zhang, 2008;
Zhang, 2004). Additionally, NO sensors can be unreliable and
sensitive to numerous artifacts. We have taken extreme caution
in designing our experiments to avoid such complications.
Specifically, the NO sensors used in the current study were
calibrated before each experiment and no less than two sensors
were simultaneously used in a single experiment (to verify that
readings were not erroneous). The probes were also randomly
calibrated throughout their lifespan (typically less than 2
weeks). Any probe that failed to consistently generate current
(in the presence of SNAP) comparable to the standard
produced by fresh probes was removed. Perhaps a more
important assumption we have made is that the NO measure-
ments should be considered in a nominal sense, rather than
attempting to precisely quantify the relationship between
pulmonary deposition and microvascular NO production. In
this regard, we caution the reader to interpret our findings only
in the regard that the exposure doses used herein produce a
significant decrease in endogenous microvascular NO pro-
duction. The presence of artifact may be apparent in Figure 6
where the probes still measured an NO signal in the presence of
L-NMMA. However, because this residual NO signal (in the
presence of L-NMMA) was variable across the particle types
and doses, it can be argued that NOS inhibition was incomplete
under these conditions (L-NMMA is not infinitely permeable).
Because we have shown that the L-NMMA concentration
(107*M) and incubation time (20 min) used in the current
studies maximally inhibits spinotrapezius muscle arteriolar
responsiveness to acetylcholine (Boegehold, 1995), incomplete
NOS inhibition is unlikely. Given that the NO probes operate
in the picoampere range, and the biosensing chamber contained
a stir bar that was required to be active for our measurements;
it appears more likely that background electrical noise con-
tributed to the residual NO signal that persisted during NOS
inhibition.

Given that particle exposure compromises endogenous NO
production (Fig. 6), it is essential to determine the fate of NO
under this condition. In Figure 3, an increase in microvascular
ROS is apparent after particle exposure. Because ROS are
capable of consuming NO (Forstermann and Munzel, 2006),
we chose to indiscriminately scavenge radicals with TEMPOL
and facilitate their ultimate conversion to H,O via catalase.
TEMPOL and catalase incubation partially restored endoge-
nous NO production after exposure to either fine TiO, or nano-
TiO, (Fig. 7). Because HE has been used a probe for
superoxide (Benov et al., 1998), it is reasonable to expect that
a significant portion of the local ROS that was scavenged by
TEMPOL was superoxide. The next logical step in this process
was to determine the source of elevated superoxide. Superox-
ide generation can originate from NADPH oxidase activity
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(Sumimoto, 2008), and apocynin has been shown to inhibit this
activity (Johnson et al., 2002). In our experiments, apocynin
incubation partially restored endogenous NO production after
exposure to either fine TiO, or nano-TiO, (Fig. 7). Myeloper-
oxidase is also capable of reducing bioavailable NO via
generation of reactive substrate radicals (Eiserich et al., 2002),
or chlorination of L-arginine (Zhang et al., 2001). Incubation
with the MPO inhibitor ABAH also partially restored
endogenous NO production after exposure to either fine TiO,
or nano-TiO, (Fig. 7). Simultaneous incubation with ABAH,
TEMPOL and catalase did not produce a greater restoration of
NO production (data not shown). This observation suggests
that the majority of MPO dependent microvascular dysfunction
that follows particle exposure is due to radical generation,
rather than decreasing the NOS substrate (L-arginine). The
ultimate test of physiological relevance in this regard is
whether these ROS scavengers/inhibitors are capable of
restoring normal microvascular function after particle expo-
sure. Indeed, incubation of the spinotrapezius muscle with each
agent (TEMPOL/catalase, apocynin, ABAH) partially restores
arteriolar endothelium-dilation in rats exposed to either fine
TiO, or nano-TiO, (Fig. 8). It is important to note for both NO
production and microvascular function that our description of
partial restoration (of either response) should be interpreted as
the given treatment failed to completely restore either NO
production or microvascular function. In this regard, the
remaining dysfunction under those conditions may be due to
some mechanism that has yet to be identified.

CONCLUSIONS

In the absence of the appropriate particle dose-metric, the
current study compared the biologic effects of pulmonary
exposure to fine particles and nanoparticles based upon their
documented ability to cause microvascular dysfunction in
a dose-dependent manner. This dose was essentially an ECsy,
and the fact that the fine particle dose was more than six times
greater than the nanoparticle dose in all experiments, highlights
the inherent toxic potential of nanoparticles. Because endog-
enous NO production, its mechanisms of susceptibility, and the
partial restoration of microvascular function after exposure are
similar after pulmonary exposure to either fine particles or
nanoparticles; it appears that these two particles exert their
biologic effects through similar mechanisms. However, it should
be considered that even the discrete mechanisms reported herein
arise from very complex backgrounds and further studies must
venture to this level of mechanistic detail. In regards to normal
physiology, blocking these mechanisms only partially restored
normal microvascular function in particle exposed animals.
Future investigations must bear in mind that it is unlikely that the
remaining mechanisms contributing to these effects are related to
oxidative or nitrosative stress, NO or even inflammatory
mechanisms.
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