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Abstract
Background: Heart rate variability (HRV) as a marker reflects the activity of the autonomic nervous system. The
prognostic significance of HRV for cardiovascular disease has been reported in clinical and epidemiological studies. Our
laboratory has reported alterations in rat heart rate variability (HRV) due to increasing activity of both sympathetic and
parasympathetic nervous system after pulmonary exposure to multi-walled carbon nanotubes (MWCNTs). This suggests
that pulmonary inhalation of engineered nanoparticles (ENs) may lead to functional changes in the cardiovascular
system. The present study further investigated the effects of inhaled MWCNTs on the cardiovascular system and
evaluated the correlation between the alterations in HRV and changes in cardiovascular function.
Methods: Male Sprague-Dawley rats were pre-implanted with a telemetry device and exposed by inhalation to
MWCNTs for 5 h at a concentration of 5 mg/m3. The electrocardiogram (EKG) and blood pressure were recorded in
real time by the telemetry system at pre-exposure, during exposure, and 1 and 7 days post-exposure. In vivo cardiac
functional performance in response to dobutamine was determined by a computerized pressure-volume loop system.
Results: Inhalation of MWCNTs significantly increased both systolic and diastolic blood pressure and decreased heart
rate in awake freely moving rat. Additionally, inhalation of MWCNTs also reduced cardiac stroke work, stroke volume,
and output in response to dobutamine in anesthetized rats.
Conclusions: Inhalation of MWCNTs altered cardiovascular performance, which was associated with MWCNT
exposure-induced alterations in the sympathetic and parasympathetic nervous system. These findings suggest the
need to further investigate the cardiovascular effects of inhaled MWCNTs.
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Background
With potential wide industrial application and increasing
production, the chance of exposure to nanomaterials has
increased in many industry sectors. Therefore, the
adverse health effects of exposure to nanomaterials have
received great attention. Animal studies indicated that
short-term pulmonary exposure to engineered nanoparticles can cause a severe or minor inflammatory reaction
in the lung depending on the physical and chemical
properties of nanomaterial tested. In addition,
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pulmonary exposure to carbon nanotubes (CNTs) has
been linked to lung fibrosis and cancer promotion [1–5].
Although the recent emphasis on occupational exposure
to nanomaterials has focused more on lung disease and
carcinogenesis and less on the cardiovascular system,
evidence from epidemiological and recent animal studies
strongly indicate that pulmonary exposure to nanomaterials can affect the cardiovascular system by
nanoparticle-induced inflammation, translocation, and/
or neuron regulation [6–9]. Our studies have found that
nanoparticles from ultrafine titanium dioxide (UFTiO2)
and multi-walled carbon nanotubes (MWCNTs), at
doses that cause a minor acute inflammatory reaction in
the lung, can transiently increase neurotransmitter synthesis in the peripheral neurons [8] and lead to the
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alterations in the activity of the autonomic nervous system (ANS) [10]. In addition, we also reported previously
that direct exposure of isolated cardiomyocytes to
UFTiO2 did not alter biological activity of cardiomyocytes [11]. Taken together, our studies strongly suggested
that some nanomaterials, at doses which exhibit a minor
acute effect in the lung, affect the cardiovascular system
by influencing the neuronal system rather than by the
direct translocation of nanoparticles to the heart.
The ANS plays a critical role in maintaining normal
cardiovascular function. ANS disturbance can result in
functional disorders in the cardiovascular system, which
may result in hypertension, stroke, or cardiac arrhythmia
[12–15]. Epidemiological studies have supported the
potential for inhaled nanoparticles to induce cardiovascular sequela. For example, particulate air pollution
inhalation for just a few hours has increased cardiovascular disease-related mortality and morbidity by altering
the ANS balance in people, particularly those with
pre-existing cardiovascular conditions [16]. Epidemiological studies also indicate that ultrafine particles (UFP)
may contribute significantly to the cardiovascular effects
of particulate air pollution, partly because of the
relatively more efficient alveolar deposition of UFP vs
fine particles [17]. Larger airborne particles that
deposit in the conducting airway can be removed rapidly by the mucociliary escalator, a major mechanism
for pulmonary clearance. However, nano-sized particles may bypass this first defense system, penetrate
deeply in the trachea and the lung to stimulate
sensory neuronal endings persistently. We demonstrated
previously that inhaled MWCNTs significantly altered
heart rate variability (HRV) [10]. The present study used a
rat model to further elucidate the influence of pulmonary
exposure to MWCNTs on the function of the cardiovascular system and correlate these alterations to the activity
of the ANS.

Methods
Animal

Male Sprague-Dawley (Hla: (SD) CVF) rats from Hilltop
Lab Animals (Scottdale, PA, USA), weighing 275–300 g
and free of viral pathogens, parasites, and mycoplasmas,
Helicobacter and cilia-associated respiratory (CAR) bacillus were used for all experiments. The rats were acclimated for 1 week after arrival and housed in filter top
cages under controlled temperature and humidity conditions and a 12-h light/12-h dark cycle. Food (Teklad
7913) and tap water were provided ad libitum. The animal facilities are specific pathogen-free, environmentally
controlled, and accredited by the Association for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC). All animal procedures used
during the study have been reviewed and approved by
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the National Institute for Occupational Safety and
Health Animal Care and Use Committee.
Pulmonary MWCNT Inhalation Exposure

MWCNTs were obtained from Hodogaya Chemical
Company (MWCNT-7, lot no. 061220-31). Male
Sprague-Dawley rats (250–300 g) were exposed to a
MWCNT aerosol (5 mg/m3) for 5 h. Rats were placed
individually in sealed cages which were connected to the
main exposure chamber (used as a mixing chamber for
this study) through anti-static flexible tubing. Gilian
gilair-5 R basic air sampling pumps (Sensidyne, St. Petersburg, FL 33716 USA) were attached to the sealed
cages to pull either aerosol of MWCNTs from the main
exposure/mixing chamber or filtered air (control group)
into the sealed cage at a flow rate of 1.25 l/min. Particle
mass size distribution of MWCNT aerosol in the sealed
cage was determined by a cascade impactor (MOUDI,
Models 110 and 115, MSP Co., Shoreview, MN). The
MWCNT mass concentration was determined by a
physical gravimetric analysis with Teflon filters. The
aerosol generation system, exposure chamber, and
physical characterization of the MWCNT aerosol have
been described elsewhere [10, 18, 19]. Using a deposition
fraction of 1.5 or 2.7% and an average minute ventilation
of 186 ml/min [5], the total lung burden with our
exposure scheme is calculated as 5 mg/m3 (exposure concentration) × 186 ml/min (minute ventilation) × 10− 6 m3/
ml (volume conversion) × 300 min (exposure duration) ×
1.5 or 2.7% (alveolar deposition fraction), which is approximately equal to 4.2 or 7.5 μg MWCNTs in rats. It
only takes 14–25 days of exposure to reach the same
lung burden if a worker exposed to MWCNTs at a
level of 40 μg/m3, which is a feasible human occupational exposures [19, 20].
Telemetry Transmitter Implantation

Before the surgery, rats were kept separately, quiet, and
handled gently to avoid distress. Surgical instruments
and supplies were autoclaved, and aseptic technique was
used throughout the surgical procedure. Anesthesia was
induced with 3% isoflurane and 1 l per minute of oxygen
in an induction chamber and maintained at 2% isoflurane and ½ liter per minute of oxygen during the surgery.
A temperature-controlled heating pad was used to maintain normal body temperature of the rats which was
monitored via an anal probe during the entire procedure. Cardiopulmonary responses were examined as an
intraoperative monitoring technique along with the
spinal reflexes to determine the proper depth of
anesthesia. The incision sites were clipped and then
aseptically prepared with povidone-iodine, followed by
70% alcohol. A midline abdominal incision was made,
and the abdominal aorta was exposed by using sterile
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cotton swabs. The pressure catheter of the telemetry
transmitter (HD-S21, Data Sciences International, St.
Paul, MN) was inserted into the abdominal aorta and
guided upstream. Tissue adhesive (Vetbond, 3M Animal
Care Products, St Paul, MN) was used to secure the
catheter and obtain hemostasis. The body of the telemetric device was positioned underneath the abdominal wall
on the left lateral side of the incision and was secured in
place by suturing to the abdominal muscle using 4–0
non-absorbable suture (Surgical Specialties Corporation,
Wyomissing, PA). Post-operative care included 5 mg/kg
of meloxicam (Metacam, Boehringer Ingelheim Vetmedica, Inc. St. Joseph, MO) administered subcutaneously
for pain relief, once a day for 4 days. The general condition, body weight, and food and water consumption of
the rats were closely monitored. Rats had a period of
3 weeks convalescence before data acquisition and inhalation exposure.
In Vivo Hemodynamic Measurements

Left ventricular function in response to dobutamine after
exposure to MWCNTs was evaluated by a
pressure-volume loop catheter placed in the left ventricle
in the anesthetized rat. At 1 and 7 days post-exposure,
the rat was anesthetized with 3% isoflurane with 2 l per
minute of oxygen in an induction chamber and maintained at 1–2% isoflurane with 1 l per minute of oxygen
during the surgery. Cardiopulmonary response (heart
rate, breath rate, and depth) and toe pinched spinal reflex were examined as intraoperative monitoring techniques. The normal body temperature was maintained
by a temperature-controlled heating pad and was monitored via an anal probe during the entire procedure. The
rat was placed in dorsal recumbent position, and the incision sites were clipped and then aseptically prepared
with povidone-iodine, followed by 70% alcohol. Millar’s
Mikro-Tip® ultra-miniature PV loop catheter (SPR-901,
Millar, Inc. Houston, TX) was inserted into the left ventricle through the carotid artery. The correct position of
the catheter tip in the left ventricle was confirmed by
the waveform of pressure-volume loop visualized on a
computer monitor. After stabilization for 20 min, the
signals of left ventricular function were continuously
recorded at a sampling rate of 1000 samples/s using a
PV conductance system (MPVS-Ultra, Millar Instruments, Houston, TX, USA) connected to the PowerLab 4/30 data acquisition system (AD Instruments,
Colorado Springs, CO, USA). Dobutamine, USP grade
(Hospira, Inc., Lake Forest, IL), was prepared in
pharmaceutical sterile saline solution (1.25, 2.5, 5,
10 μg/kg/50 μl) and applied through jugular vein by a
Pump 11 Elite Programmable Syringe Pump (Harvard
Apparatus, Holliston, MA, USA) for 30 s for each
dose.
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Data Acquisition and Analysis

Blood pressure of awake freely moving rats was recorded
continuously for 24 h before exposure, during the
MWCNT exposure, 1 and 7 days post-exposure. On the
exposure day, rats were allowed to acclimate to the
chamber for 30 min, then 5-h (9 am–2 pm) continuous
recordings were made during exposure. Blood pressure
data from each animal were collected and then exported
(Dataquest ART analysis software; Data Sciences International) to an Excel spreadsheet program (Excel 2010,
Microsoft Corporation, Seattle, WA). Systolic blood
pressure (SBP), diastolic blood pressure (DBP), and
mean blood pressure were averaged over the course of
5 h exposure (9 am–2 pm) for comparisons between
control and MWCNT exposure groups.
Statistical Analysis

Data were compared using two-way (treatment by day)
repeated measures analysis of variance. Subsequent pairwise comparisons were tested using Fishers LSD. All
data were analyzed using SAS software (Version 9.3),
and differences were considered statistically significant
at the level of p < 0.05. The values in the figures were
expressed as the mean ± SE.

Results
In this study, the particle mass size distribution and
mass concentration of MWCNT aerosol in the sealed
exposure cage were determined. The results indicate a
mass median aerodynamic diameter of 1.4 μm (Fig. 1)
and the MWCNT mass concentration of 5 mg/m3 (data
not shown).
The blood pressure was measured in freely moving
rats instrumented with the telemetry and compared as
percentage change from pre-exposure. Our results indicated that systolic, diastolic, and mean blood pressure
were all significantly increased during the 5-h exposure
period in the MWCNT-exposed group when compared
with control group (Fig. 2a–c). At 1 day post-exposure,
although the percent change in systolic, diastolic, and
mean blood pressure in MWCNT-exposed group still
remained higher than in the control group, the difference was not significant (Fig. 2a–c). At 7 days
post-exposure, there was no difference in blood pressure
observed between the two groups (Fig. 2a–c).
Cardiac function after exposure to MWCNTs was
evaluated by measuring left ventricular performance in
response to increased doses of dobutamine in anesthetized rats at 1 and 7 days post-exposure. The results indicated that exposure to MWCNTs slightly depressed
basal cardiac stroke volume(SV), cardiac stroke work
(SW), and cardiac output (CO), but significantly reduced
the responsiveness of stroke volume, stroke work, and
cardiac output to increased dose of dobutamine at 1 day
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Fig. 1 A typical size distribution of the MWCNT aerosol in the sealed exposure cage which indicates a mass median aerodynamic diameter
of 1.4 μm

post-exposure (Figs. 3, 4, and 5). There was no difference observed between the two groups at 7 days
post-exposure (Figs. 3, 4, and 5). The blood pressure in
the presence of increased doses of dobutamine was also
measured, and there was no difference between control
and MWCNT-exposed groups (Fig. 6).

Discussion
The role of autonomic nervous system (ANS) in regulation of cardiovascular function has been well studied
[21]. We reported previously that pulmonary inhalation
of MWCNTs alters heart rate variability (HRV) and

reduced heart rate (HR) via increasing the activity of
both the sympathetic and parasympathetic nervous system in the rats [10]. In workers, pulmonary exposure to
TiO2 particles < 300 nm in diameter was associated with
altered HRV, a change consistent with particle effects on
the autonomic nervous system [22]. Accordingly, an epidemiological study confirmed that the ultrafine component of particulate matter in ambient air plays a key role
in regulation of cardiovascular autonomic nervous activity [23]. However, the mechanisms by which the alterations in autonomic nervous system resulting from
pulmonary exposure to ENs affect the cardiovascular

Fig. 2 a Bar graph depicting a percentage change of systolic blood pressure (SBP) during the exposure period and at 1 and 7 days after
exposure from the basal level before exposure (pre-exposure control vs MWCNTs: 127.0 ± 3.0 vs 127.6 ± 1.7 mmHg). b Bar graph depicting a
percentage change of diastolic blood pressure (DBP) during the exposure period and at 1 and 7 days after exposure from the basal level before
exposure (pre-exposure control vs MWCNTs: 85.1 ± 2.0 vs 86.9 ± 1.2 mmHg). c Bar graph depicting a percentage change of mean blood pressure
(MAP) during the exposure period and at 1 and 7 days after exposure from the basal level before exposure (pre-exposure control vs MWCNTs:
99.1 ± 2.3 vs 100.4 ± 1.4 mmHg). Each value represents the mean ± SE of eight rats. P < 0.01 compared with control group (*)
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Fig. 3 Line graph depicting a percentage change of stroke volume (SV) from the basal level before exposure (pre-exposure control vs MWCNTs
at 1 day post: 109.3 ± 7.0 vs 106.7 ± 10.4 μl, control vs MWCNTs at 7 days post: 118.8 ± 5.7 vs 127.5 ± 3.7 μl). Each value represents the mean ± SE
of eight rats. P < 0.01 exposed compared with control group at 1 day post-exposure (*)

function remain unclear. The sympathetic and parasympathetic nervous system tends to act in a reciprocal
manner to regulate cardiovascular function. However,
our findings indicate that the activity of both sympathetic and parasympathetic nerves was increased
simultaneously following exposure to MWCNTs [10]. In
order to elucidate the consequence of altered ANS
activity following exposure to ENs in cardiovascular
performance, blood pressure was recorded and analyzed
from the same awake freely moving rats used for
studying HRV as we reported previously [10]. Our results indicated that systolic, diastolic, and mean blood
pressure all were elevated significantly during MWCNT
exposure when compared with the control group

(Fig. 2a–c) and remained somewhat higher (although
not significantly) at 1 day post-exposure. The significantly higher blood pressure following pulmonary
exposure to MWCNTs was not likely due to a stress reaction since the response was maintained throughout
the 5-h exposure and differed from that of filtered air
controls. A stress reaction usually results in a
fight-or-flight response, a physiological reaction with
increased blood pressure and accelerated heart rate and
stronger cardiac contraction due to inhibitory effect on
parasympathetic neuronal system. In our previous study,
the activity of sympathetic nervous system was directly
stimulated by MWCNT inhalation suggesting that a
MWCNT-stimulated increase in the activity of

Fig. 4 Line graph depicting a percentage change of stroke work (SW) from the basal level before exposure (pre-exposure control vs MWCNTs at
1 day post: 11276 ± 1165 vs 11,151.7 ± 727.9 mmHg × μl, control vs MWCNTs at 7 days post: 13245 ± 893.4 vs 13,644.2 ± 536.5 mmHg × μl). Each
value represents the mean ± SE of eight rats. P < 0.01 exposed compared with control group at 1 day post-exposure (*)
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Fig. 5 Line graph depicting a percentage change of cardiac output (CO) from the basal level before exposure (pre-exposure control vs MWCNTs
at 1 day post: 42243.3 ± 4500.1 vs 40,556.6 ± 2308.8 μl/min, control vs MWCNTs at 7 days post: 44903.3 ± 2906.0 vs 46,210 ± 1624.8 μl/min). Each
value represents the mean ± SE of eight rats. P < 0.01 exposed compared with control group at 1 day post-exposure (*)

sympathetic nervous system was responsible for the
higher blood pressure following exposure to MWCNTs
in the present study.
In the present study, our results suggest that the increased blood pressure during the exposure to
MWCNTs was associated with reduced heart rate in
awake freely moving rats compared with the control
group (bordering on statistical significance (p = 0.054))
(data not shown)). The reduced heart rate observed during the exposure was consistent with our previous report
that there was an increased parasympathetic nerve
activity during the exposure to MWCNTs [10]. The evidence of a correlation between increased parasympathetic nervous activity and the effect on the cardiac
performance following exposure to MWCNTs was
supported by studying the basal cardiac performance
and the cardiac responsiveness to dobutamine, a

β-adrenergic receptor agonist, in anesthetized rats. At
1 day post-exposure, the basal cardiac activities of heart
rate, cardiac output, and left ventricular end-systolic
pressure were all lower in MWCNT-exposed rats,
although the differences did not reach statistical difference (data not shown). The influence of increased
parasympathetic nervous activity on the heart was further indicated as reduced responsiveness of stroke
volume, cardiac work, and cardiac output to dobutamine
(Figs. 3, 4, and 5). Dobutamine is a β-receptor agonist.
Activation of β-receptors in the heart mimics a sympathetic effect. Therefore, the reduced responsiveness of
cardiac performance to dobutamine could be due to a
decrease of sympathetic nervous activity. However, in
the present study, the reduced cardiac performance in
the presence of dobutamine more likely resulted from
an increased parasympathetic activity during MWCNT

Fig. 6 Line graph depicting a percentage change of mean blood pressure (MBP) from the basal level before exposure (control vs MWCNTs at
1 day post: 97.7 ± 2.8 vs 98.1 ± 2.6, control vs MWCNTs at 7 days post: 102.5 ± 4.2 vs 100.9 ± 5.5). Each value represents the mean ± SE of eight rats
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exposure since our previous study indicated that the
sympathetic nervous activity remained high following
MWCNT exposure in awake freely moving rats [10]. Although there was a timing difference for measurement
of blood pressure and cardiac function from conscious,
freely moving rats and anesthetized rats, reduced heart
rate in conscious rats together with decreased responsiveness of cardiac function to dobutamine (Figs. 3, 4,
and 5) implies an elevated parasympathetic activity and
its effects on the heart after exposure to MWCNTs.
There are two mechanisms that may contribute to decreased heart rate and cardiac performance along with
an increased blood pressure that occurred in this study.
One is a baroreceptor reflex response which is well
established. The second is a direct increase of the parasympathetic neuronal output in the cardiovascular
center after inhalation of MWCNTs as we reported previously [10]. Both mechanisms involve the parasympathetic nervous system but with different pathways. It is
well known that increased blood pressure can excite the
baroreceptor by increasing its basal rate of action potential generation and send the signal to the nucleus of the
tractus solitarius (NTS), which in turn inhibits the vasomotor center and stimulates the vagal nuclei [24, 25].
The end-result is to reduce the heart rate and cardiac
contractility, which keeps the blood pressure in a narrow
fluctuation range. In our study, reduced heart rate and
cardiac performance were associated with significantly
higher blood pressure following MWCNT exposure in
conscious rats, which could be due to high blood pressure triggering the baroreceptor reflex. However, in
anesthetized rats, we found no difference in the basal
blood pressure between the control and exposure groups
(control vs MWCNTs: mean blood pressure 98.6 vs
97.9 mmHg), most likely due to the impact of anesthesia
[26]. The cardiac performance in MWCNT exposure
group was relatively weak at the basal level comparing
with control group (see the legends of Figs. 3, 4, and 5).
Interestingly, the responsiveness of stroke volume,
cardiac work, and cardiac output to increased dose of
dobutamine was significantly weaker in rats exposed to
MWCNTs, while there was no difference in the blood
pressure measured simultaneously with the cardiac function in response to dobutamine between the control and
MWCNT groups (Fig. 6). These observations excluded
the role of baroreceptor reflex and strongly suggested
that pulmonary exposure to MWCNTs can increase the
activity of parasympathetic nervous system through a
mechanism other than the baroreceptor reflex. The
evidence of direct stimulation of parasympathetic nervous activity by carbon nanotubes was also observed in
another animal study [27]. This study found that intratracheally instilled single-walled carbon nanotubes reduced heart rate without an increase in blood pressure
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in rats [27]. Considering the rapid onset during the exposure and the transient effects on the ANS, blood
pressure, and cardiac performance, our study also excludes the possible role of nanoparticle-induced inflammation and nanoparticle translocation in regulation of
cardiovascular function and supports the hypothesis that
pulmonary exposure to nanoparticles may directly affect
cerebral areas that are responsible for autonomic control, which in turn affects cardiovascular function.
Our study indicates that the effect of MWCNTinduced alterations in ANS on the cardiovascular system
is apparently based on the distribution of autonomic
nerves. In the vasculature system, the blood vessels
mainly are innervated by sympathetic nerves, the majority of these sympathetic nerves release norepinephrine
(NE) that binds to α1-adrenergical receptors to cause
vessel constriction. In the body, there are only few types
of blood vessels that are innervated by parasympathetic
cholinergic or sympathetic cholinergic nerves, both of
which release acetylcholine (ACh) that binds to muscarinic receptors to cause vessel dilation. Therefore, the
overall effect of an increase in both sympathetic and
parasympathetic nervous activity is to increase blood
pressure by vessel constriction. The heart is innervated
by both parasympathetic and sympathetic fibers which
work in a reciprocal fashion to modulate heart rate
(chronotropy), force of contraction (inotropy), and relaxation (lusitropy) [28, 29]. Exposure to MWCNTs induced slower heart rate and reduced stroke volume,
stroke work, and cardiac output in response to dobutamine (Figs. 3, 4, and 5), suggesting that increased activity
of parasympathetic nervous system was dominant in
controlling heart rate and cardiac performance following
pulmonary exposure to MWCNTs, even in the face of
increased sympathetic activity.
The present study was the first to report that exposure
to MWCNTs induced alterations in ANS, which can significantly affect cardiovascular function. Although the
effects of inhaled MWCNTs on the blood pressure, heart
rate, and cardiac function were observed predominantly
during the exposure period, and the transient increase in
blood pressure and a depressed cardiac performance
adapt quickly in healthy animals, such transient changes
in the cardiovascular function could be a risk factor in
triggering a cardiovascular event in those with
pre-existing cardiovascular conditions such as heart
failure and hypertension. A recent in vivo ischemia/reperfusion (I/R) study indicated that pulmonary exposure
to MWCNTs significantly increases I/R injury even in
the absence of a significant circulatory inflammation response [30]. It has been well studied that a disturbance
in autonomic nervous system can increase I/R injury
that results in more cardiac tissue damage during cardiac ischemia [31]. During heart failure, the heart does
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not pump sufficient blood to the lung for oxygen exchange and to the rest of body to maintain proper organ
function due to weakness of the cardiac muscle. In that
compromised state, further increasing blood pressure
and reducing cardiac contractility by MWCNTs exposure could result in worsening an already disrupted cardiovascular function and organ perfusion. Our study
clearly indicates that MWCNT exposure can stimulate
ANS activity that is associated with an alteration in
cardiovascular function. The observation from our study
may be relevant to the conclusion from the American
Heart Association that exposure to particulate matter <
2.5 μm in ambient air for only a few hours or weeks can
trigger cardiovascular disease-related mortality and
morbidity in people with pre-existing cardiovascular
conditions [16].

Conclusions
The observations in the present study provide fundamental evidence to support our previous findings and
the hypothesis that pulmonary exposure to nanoparticles
can affect cardiovascular function due to the alterations
in ANS activity. In conclusion, our study indicates that
exposure to MWCNT-induced alterations in the ANS
can significantly affect cardiovascular function. Further
studies are warranted to investigate whether the transient alterations in cardiovascular function can cause
more severe adverse impact on those with pre-existing
cardiovascular conditions.
Abbreviations
CNTs: Carbon nanotubes; CO: Cardiac output; DBP: Diastolic blood pressure;
EKG: Electrocardiogram; ENs: Engineered nanoparticles; HR: Heart rate; HRV: Heart
rate variability; MAP: Mean blood pressure; MWCNTs: Multi-walled carbon
nanotubes; SBP: Systolic blood pressure; SV: Stroke volume; SW: Stroke work
Acknowledgements
We appreciate Amy Cumpston and Jared L Cumpston for their assistance
with MWCNT inhalation exposure.
Funding
This study was supported by the Intramural Program of National Institute for
Occupational Safety and Health.
Availability of Data and Materials
The datasets generated during and/or analyzed during the current study are
available from the corresponding author on reasonable request.
Disclaimer
The findings and conclusions in this report are those of the authors and do
not necessarily represent the official position of the National Institute for
Occupational Safety and Health, Centers for Disease Control and Prevention.
Authors’ Contributions
WZ and DP performed experiments, collected and processed data, and
wrote the manuscript. WM designed and developed the MWCNT aerosol
exposure system. MK analyzed the data. VC and HK contributed to the
experiment design, acquisition of funding, and writing of the manuscript. All
authors discussed the results and commented on the manuscript. All authors
read and approved the final manuscript.

Page 8 of 9

Competing Interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1
Health Effects Laboratory Division, National Institute for Occupational Safety
and Health, Morgantown, WV 26505, USA. 2Department of Pharmaceutical
Sciences, School of Pharmacy, West Virginia University, Morgantown, WV
26506, USA. 3Health Effects Laboratory Division, Pathology and Physiology
Research Branch, National Institute for Occupational Safety and Health, 1095
Willowdale Road, Morgantown, WV 26505, USA.
Received: 2 February 2018 Accepted: 14 June 2018

References
1. Snyder-Talkington BN, Dong C, Porter DW, Ducatman B, Wolfarth MG,
Andrew M, Battelli L, Raese R, Castranova V, Guo NL, Qian Y (2016)
Multiwalled carbon nanotube-induced pulmonary inflammatory and fibrotic
responses and genomic changes following aspiration exposure in mice:
a 1-year postexposure study. J Toxicol Environ Health A 79:352–366
2. Kolling A, Ernst H, Rittinghausen S, Heinrich U (2011) Relationship of
pulmonary toxicity and carcinogenicity of fine and ultrafine granular dusts
in a rat bioassay. Inhal Toxicol 23:544–554
3. Poulsen SS, Saber AT, Williams A, Andersen O, Kobler C, Atluri R, Pozzebon
ME, Mucelli SP, Simion M, Rickerby D et al (2015) MWCNTs of different
physicochemical properties cause similar inflammatory responses, but
differences in transcriptional and histological markers of fibrosis in mouse
lungs. Toxicol Appl Pharmacol 284:16–32
4. Grosse Y, Loomis D, Guyton KZ, Lauby-Secretan B, El Ghissassi F, Bouvard V,
Benbrahim-Tallaa L, Guha N, Scoccianti C, Mattock H et al (2014)
Carcinogenicity of fluoro-edenite, silicon carbide fibres and whiskers, and
carbon nanotubes. Lancet Oncol 15:1427–1428
5. Kasai T, Umeda Y, Ohnishi M, Mine T, Kondo H, Takeuchi T, Matsumoto M,
Fukushima S (2016) Lung carcinogenicity of inhaled multi-walled carbon
nanotube in rats. Part Fibre Toxicol 13:53
6. Han SG, Newsome B, Hennig B (2013) Titanium dioxide nanoparticles
increase inflammatory responses in vascular endothelial cells. Toxicology
306:1–8
7. Husain M, Wu D, Saber AT, Decan N, Jacobsen NR, Williams A, Yauk CL,
Wallin H, Vogel U, Halappanavar S (2015) Intratracheally instilled titanium
dioxide nanoparticles translocate to heart and liver and activate
complement cascade in the heart of C57BL/6 mice. Nanotoxicology. 9(8):
1013–22.
8. Kan H, Wu Z, Lin YC, Chen TH, Cumpston JL, Kashon ML, Leonard S,
Munson AE, Castranova V (2014) The role of nodose ganglia in the
regulation of cardiovascular function following pulmonary exposure to
ultrafine titanium dioxide. Nanotoxicology 8:447–454
9. Mercer RR, Scabilloni JF, Hubbs AF, Battelli LA, McKinney W, Friend S,
Wolfarth MG, Andrew M, Castranova V, Porter DW (2013) Distribution and
fibrotic response following inhalation exposure to multi-walled carbon
nanotubes. Part Fibre Toxicol 10:33
10. Zheng W, McKinney W, Kashon M, Salmen R, Castranova V, Kan H (2016)
The influence of inhaled multi-walled carbon nanotubes on the autonomic
nervous system. Part Fibre Toxicol 13:8
11. Kan H, Wu Z, Young SH, Chen TH, Cumpston JL, Chen F, Kashon ML,
Castranova V (2012) Pulmonary exposure of rats to ultrafine titanium
dioxide enhances cardiac protein phosphorylation and substance P
synthesis in nodose ganglia. Nanotoxicology 6:736–745
12. Silvani A, Calandra-Buonaura G, Dampney RA, Cortelli P (2016) Brain-heart
interactions: physiology and clinical implications. Philos Trans A Math Phys
Eng Sci 374
13. Gardner RT, Ripplinger CM, Myles RC, Habecker BA (2016) Molecular
mechanisms of sympathetic remodeling and arrhythmias. Circ Arrhythm
Electrophysiol 9:e001359
14. Grassi G, Ram VS (2016) Evidence for a critical role of the sympathetic
nervous system in hypertension. J Am Soc Hypertens 10:457–466

Zheng et al. Nanoscale Research Letters (2018) 13:189

15. Fyfe-Johnson AL, Muller CJ, Alonso A, Folsom AR, Gottesman RF, Rosamond
WD, Whitsel EA, Agarwal SK, MacLehose RF (2016) Heart rate variability and
incident stroke: the atherosclerosis risk in communities study. Stroke 47:
1452–1458
16. Brook RD, Rajagopalan S, Pope CA 3rd, Brook JR, Bhatnagar A, Diez-Roux AV,
Holguin F, Hong Y, Luepker RV, Mittleman MA et al (2010) Particulate matter
air pollution and cardiovascular disease: an update to the scientific
statement from the American Heart Association. Circulation 121:2331–2378
17. Pieters N, Koppen G, Van Poppel M, De Prins S, Cox B, Dons E, Nelen V,
Panis LI, Plusquin M, Schoeters G, Nawrot TS (2015) Blood pressure and
same-day exposure to air pollution at school: associations with nano-sized
to coarse PM in children. Environ Health Perspect 123:737–742
18. McKinney W, Chen B, Frazer D (2009) Computer controlled multi-walled
carbon nanotube inhalation exposure system. Inhal Toxicol 21:1053–1061
19. Porter DW, Hubbs AF, Chen BT, McKinney W, Mercer RR, Wolfarth MG, Battelli
L, Wu N, Sriram K, Leonard S et al (2013) Acute pulmonary dose-responses to
inhaled multi-walled carbon nanotubes. Nanotoxicology 7:1179–1194
20. Han JH, Lee EJ, Lee JH, So KP, Lee YH, Bae GN, Lee SB, Ji JH, Cho MH, Yu IJ
(2008) Monitoring multiwalled carbon nanotube exposure in carbon
nanotube research facility. Inhal Toxicol 20:741–749
21. Gordan R, Gwathmey JK, Xie LH (2015) Autonomic and endocrine control of
cardiovascular function. World J Cardiol 7:204–214
22. Sahoko Ichihara WL, Omura S, Fujitani Y, Liu Y, Wang Q, Hiraku Y, Hisanaga
N, Wakai K, Ding X, Kobayashi T, Ichihara G (2016) Exposure assessment and
heart rate variability monitoring in workers handling titanium dioxide
particles: a pilot study. J Nanopart Res 18:14
23. Timonen KL, Vanninen E, de Hartog J, Ibald-Mulli A, Brunekreef B, Gold DR,
Heinrich J, Hoek G, Lanki T, Peters A et al (2006) Effects of ultrafine and fine
particulate and gaseous air pollution on cardiac autonomic control in
subjects with coronary artery disease: the ULTRA study. J Expo Sci Environ
Epidemiol 16:332–341
24. Saha S (2005) Role of the central nucleus of the amygdala in the control of
blood pressure: descending pathways to medullary cardiovascular nuclei.
Clin Exp Pharmacol Physiol 32:450–456
25. Pilowsky PM, Goodchild AK (2002) Baroreceptor reflex pathways and
neurotransmitters: 10 years on. J Hypertens 20:1675–1688
26. Constantinides C, Mean R, Janssen BJ (2011) Effects of isoflurane anesthesia
on the cardiovascular function of the C57BL/6 mouse. ILAR J 52:e21–e31
27. Legramante JM, Valentini F, Magrini A, Palleschi G, Sacco S, Iavicoli I,
Pallante M, Moscone D, Galante A, Bergamaschi E et al (2009) Cardiac
autonomic regulation after lung exposure to carbon nanotubes. Hum Exp
Toxicol 28:369–375
28. Beaumont E, Salavatian S, Southerland EM, Vinet A, Jacquemet V, Armour
JA, Ardell JL (2013) Network interactions within the canine intrinsic cardiac
nervous system: implications for reflex control of regional cardiac function.
J Physiol 591:19
29. Armour JA (2004) Cardiac neuronal hierarchy in health and disease. Am J
Physiol Regul Integr Comp Physiol 287:R262–R271
30. Urankar RN, Lust RM, Mann E, Katwa P, Wang X, Podila R, Hilderbrand SC,
Harrison BS, Chen P, Ke PC et al (2012) Expansion of cardiac ischemia/
reperfusion injury after instillation of three forms of multi-walled carbon
nanotubes. Part Fibre Toxicol 9:38
31. Loukogeorgakis SP, Panagiotidou AT, Broadhead MW, Donald A, Deanfield JE,
MacAllister RJ (2005) Remote ischemic preconditioning provides early and late
protection against endothelial ischemia-reperfusion injury in humans: role of
the autonomic nervous system. J Am Coll Cardiol 46:450–456

Page 9 of 9

