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Respiratory exposure to single-walled carbon nanotubes induced
changes in vascular homeostasis and the expression of

peripheral blood related genes in a rat model

Jun Yan, Zhiqing Lin, Bencheng Lin, Honglian Yang, Wei Zhang, Lei Tian, Huanliang Liu,
Huashan Zhang, Xiaohua Liu*, Zhuge Xi"

Tianjin Institute of Health and Environmental Medicine, China

Abstract

Epidemiological studies have demonstrated that nanometre particles in polluted
air can increase the risk of CVD, which is dangerous to mankind. However, little is
known regarding indirect toxic effects on the cardiovascular system of respiratory
tract exposure to nanometre particles. As a typical nanomaterial, SWCNTs have
gained enormous popularity because of their unique properties. However, increasing
attention has been paid to the potential pulmonary toxic effects of respiratory tract
exposure to SWCNT than to the potential link of this exposure to cardiovascular
disease risk. In this study, a rat intratracheal instillation model was used to evaluate
the systemic and secondary effects of respiratory tract exposure to SWCNT,
specifically changes in lung tissues, the circulatory system and vascular function. We
found increased levels of inflammatory factors and interstitial inflammation in the
lungs in this rat model. Additionally, up-regulated levels of cytokines and increases in
white blood cells, platelets and fibrinogen were detected in the plasma. These changes
were followed by increased blood viscosity in the high dose SWCNT exposure group.
In addition, damage to the ultrastructure of the vascular intima in the rats were
observed. Changes in coagulation and fibrinolysis activating factors were detected in

the plasma. Lower expression of t-PA and higher expression of vWF were observed in
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the vascular intima of rats exposed to SWCNT at 10.5 and 17.5 mg/kg b.w for 30
days and 60 days. After exposure to SWCNT for 60 days at 17.5 mg/kg b.w,
decreased expression of t-PA gene and increased expression of TM, p38MAPK and
PAI-1 genes were observed in the peripheral blood of the rats. Based on these results,
we conclude that cardiovascular toxicity caused by respiratory tract exposure to
SWCNTs may be induced by indirect effects on vascular homeostasis, which is
different from previously reported direct cardiac effects of SWCNT. The present work
established a correlation between pulmonary changes and CVD following pulmonary
exposure to SWCNT. This study indicates a possible pathophysiological mechanism
for CVD caused by pulmonary exposure to SWCNT. More importantly, these results
supplement toxicological evaluation data for the risk of CVD caused by respiratory

tract exposure to SWCNT.

Keywords: SWCNT; coagulation and fibrinolysis activating factors; vascular ho
meostasis; pro-inflammatory factors; lung-mediated cardiotoxicity effects; indirect

toxicity; secondary effects

Background

Due to their special structure and physicochemical properties, nanomaterials
(NMs) are widely used in, for instance, the chemical, pharmaceutical, and
environmental protection fields and electronics.'® An emerging class of
environmental pollutants are NMs, and they pose a real threat to human health.”'* To
date, many countries have implemented a large number of projects and plans with the
aim of controlling the risks of nano-technologies. Biological safety research of NMs
and the establishment of key evaluation techniques for nano-technologies are
necessary to promote the rational use of NMs.''"'?

Cardiovascular disease (CVD) is a serious danger to mankind. Respiratory tract
exposure is one of the main avenues for NMs to enter the human body.
Epidemiological studies and experimental data have shown that particulates in

polluted air and pulmonary exposure to such particulates can increase the risk and
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mortality from CVD"*'® and that ultrafine particles (nanometre particles) may play a
major role in CVD risk.'”?* However, the systemic effects of pulmonary exposure to
nanometre particles and the possible mechanism of cardiovascular disease risk
following such exposure are still poorly understood.

Currently, the single-walled carbon nanotube (SWCNT) is one of the most e
xtensively applied NMs in nanotechnology. A large number of studies have foc
used on the pulmonary toxicity of SWCNT exposure and its mechanism of acti
on.*** In addition, some studies have reported cytotoxic effects and apoptosis

3436 Purthermore, several studi

in different cell types after exposure to SWCNT.
es regarding the extra-pulmonary effects and systemic effects of pulmonary exp
osure to carbon nanotubes have been reported.’’>’ Overall, most studies to date
have focused on direct damage to tissues, organs or cells after treatment with
SWCNT, and little is known about the indirect toxic effects on the cardiovasc
ular system of respiratory tract exposure to SWCNT.

Pro-inflammatory cytokines, such as interleukins and tumour necrosis factor-a
(TNF-a), are well-known risk factors for the development of atherosclerosis. Vascular
endothelial cells (VECs) are major targets of cytokine signals. Under normal
conditions, vascular endothelia is in an antithrombotic and anti-inflammatory state*,
which is key to vascular homeostasis. Endothelial damage is considered the first step
in atherogenesis.*'*** Our preliminary study showed that respiratory tract exposure to
NMs cause significant up-regulation of the expressions of inflammatory cytokines in
bronchoalveolar lavage fluid.*

In this study, a rat intratracheal instillation model was used to evaluate the systemic
and secondary effects of SWCNT respiratory tract exposure. In vivo animal
experiments were used to examine changes in lung tissues, the circulatory system and
vascular function to systematically assess the correlation between respiratory tract
immunity injury and the risk of thrombosis. This study provides toxicological

evaluation data for the risk of CVD after respiratory tract exposure to SWCNTs.

Methods
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Particle Preparation

SWCNTs were purchased from Sigma-Aldrich (St Louis. MO). The tubes w
ere 0.8—1.2 nm in diameter and 0.5-2.0 microns in length, as determined by a t
ransmission electron microscope (TEM) (JEM-2010FEF; JEOL, Tokyo, Japan)
(Fig.1A), and the Raman spectra of the functional groups (RM200; Renishaw,
Wotton-under-Edge, UK) are shown in Fi.1B. The chemical components were 9
3.64% C, 1.64% O, 1.60% Ca, 0.98% Fe, 0.62% Co, 0.50% Cr, 0.41% Si, 0.3
7% S, and 0.25% ClL.

ig0 400 1000
Fig.1. Particle characterisation. A: TEM of SWCNTs. B: Raman spectrum of
SWCNTs.

Carbon nanoparticle suspensions were prepared by vortexing carbon nanoparticles
in normal saline three times for 5 s and then sonicating them for 6 hours in an
ultrasonic bath (KQ2200DE, Shumei, Jiangsu, China) with a water temperature below
40 . Prior to use in the animal experiments, the nanoparticle suspensions were

sonicated again for 30 minutes.

Animals and intratracheal instillation treatment
The study protocol was approved by the Chinese Association for Laboratory
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Animal Science.

Forty-eight healthy Wistar rats (body weight, 215+8.63 g) were divided randomly
into four groups: 1) normal saline control group; 2) 3.5 mg/kg body weight (BW)
SWCNT group; 3) 10.5 mg/kg BW SWCNT group; and 4) 17.5 mg/kg BW SWCNT
group. Rats were anaesthetised with ether and exposed to the SWCNT suspensions
through intratracheal instillation every other day for sixty days. The experiment
contained two batches: 6 rats from each group (24 rats total) were randomly selected
for sample collection on the thirtieth day of the experiment; the remaining rats
continued to be exposed to the SWCNT suspensions every other day until the sixtieth

day of the experiment.

Cytokine assays

The levels of interleukin-la (IL-1a), interleukin-6 (IL-6) and tumour necrosis
factor alpha (TNF-a) in lung and blood tissues were detected using enzyme linked
immunosorbent assay (ELISA) kits (R &D Systems, Minneapolis, MN, USA), and the
results were read using an ELISA Reader (Thermo MK3, USA).

Histopathological evaluation
After the rats were euthanised, the left base of the lung and the aorta pectoralis
blood vessel were embedded in paraffin and thin-sectioned coronally. The sections

were then stained with hematoxylin-eosin for examination by light microscopy.

Detection of hemorheology index and blood constituents

Blood viscosity shear rate, high reduced viscosity, erythrocyte rigidity index, the
levels of fibrinogen (FIB) and haematocrit (HCT), and blood platelet (PLT) and white
blood cell (WBC) counts were detected using a hemorheology analyser and automatic

blood chemistry analyser.

Evaluation of vascular intima ultrastructure by TEM
To evaluate whether damage occurred to the vascular intima of the rats after
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exposure to SWCNT through intratracheal instillation, the thoracic aortas of the rats
were observed by TEM. Briefly, after exposure to SWCNT for 60 days, the thoracic
aortas of the rats were isolated and fixed overnight at 4 °C in 2.5 % glutaraldehyde.
Then, the samples were rinsed in 0.1 M phosphate buffer (pH 7.0) three times. Next,
the samples were fixed in 1 % osmium tetroxide solution for 2-3 hours and rinsed
with phosphate buffer. Then, the samples were dehydrated in gradient ethanol
solutions and embedded in Epon-Araldite. Thin sections were counterstained with
uranyl acetate and lead citrate for observation. Each experiment was repeated at least

three times.

Changes in levels of coagulation and fibrinolysis activating factors

Several molecular markers related to coagulation and the fibrinolysis system
in plasma were analysed using ELISA kits (R&D Systems, Minneapolis, MN,
USA). The markers included tissue plasminogen activator (t-PA), plasminogen
activator inhibitor 1 (PAI-I), D-dimer, antithrombin-III (AT-III), endothelin-1 (ET
-1), nitrogen oxide (NO) and von Willebrand factor (vWF). The results were r

ead using an ELISA Reader.

Immunohistochemical analyses

To evaluate the expression levels of several important factors in the vascular
endothelium, immunohistochemical staining of t-PA, vWF and AT-III antigen in
rat vascular intima were performed by the streptavidin-biotin complex (SABC)
method. In brief, samples were fixed in 4 % paraformaldehyde for 24 h. The
n, the samples were dewaxed, hydrated and PBS-washed. Then, antigen repairin
g, blocking, antibody incubation, instillment with the reagent SABC and DAB
colouring were performed. Finally, the samples were dehydrated, made transpar
ent and mounted. The samples were examined under a fluorescence microscope
(OLYMPUS CX41). The data were analysed using BJ43-PAS8000 software. A

1l reagents and antibodies were purchased from Abcam.
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Isolation of RNA and Real-time polymerase chain reaction (PCR)

Total RNA was extracted from arterious peripheral blood using TRI pure L
S Reagent (BioTeke Co.Ltd, Beijing, China). Total RNA amounts were measure
d spectrophotometrically. RNA was reverse-transcribed using the Prime Script R
T reagent kit (Takara Biotech., Co., Ltd, Dalian, China). RT-PCR was performe
d using the Applied Biosystems 7300 System (Life Technologies Co.Ltd, USA)
and the SYBR Premix Ex TagTM II (Tli RNaseH Plus) Kit (Takara Biotech.,
Co., Ltd, Dalian, China). The reaction mixtures were 20 ul in volume and co
ntained 0.4 pM primers. The primers for rat t-PA, PAI-1, thrombomodulin (T
M), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and p38MAPK were s
ynthesised, and the oligonucleotide primer sequences are shown in Table 1. Th
e PCR conditions were as follows: incubation at 95 [ for 30 s followed by 4
0 cycles of 95 [ for 5 s and 60 [ for 31 s. mRNA levels were normalised t

o GAPDH as a control
Tablel. The primers and amplification conditions for RT-PCR

) length of the spec .
Gene Primer Sequences . . . Annealing
ific amplification B
name (5°-3”) temperatures([])
products(bp)

tPA F.TCTTCTGTGGAAGAGGAAGAGG 95 60
R: CTGAACTGGATCCAAGACAACA

PALL F:.TCTCCGCCATCACCAACATT 99 60
R:GAGAGAACTTAGGCAGGATGAGG

™ F:GAAACCTTCCTGGCTCCTATG 20 60
R:GGGGTCACAGTCCTTGCTAAT

F:AGACCGTTTCAGTCCATCATTC
Pp38MAPK 100 60
R:ACACATCCAACAGACCAATCAC

F:GGCACAGTCAAGGCTGAGAATG
GAPDH 143 58
R:ATGGTGGTGAAGACGCCAGTA

F:Forward; R: Reverse.

Statistical analysis
Data are expressed as means =+ standard deviation. All experiments were repeated
at least three times. The statistical analyses were performed using SPSS software. The

results were examined by ANOVA, followed by the least post squares (post hoc test)
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(equal variances) or Dunnet’s T3 post hoc test (unequal variances). Values of p<<0.05

were considered to be statistically significant.

Results
Changes in cytokine levels in lung and blood tissues

Inflammatory cytokines IL-1a, IL-6 and TNF-a play important roles in regulating
immunity. After exposure to varying doses of SWCNT for 30 and 60 days, the levels
of IL-1a, IL-6 and TNF-a in lungs and blood of rats tended to increase as compared to
those in the control groups at those two time points (Fig.2). The level of IL-1a
increased significantly in the lungs of rats after exposure to SWCNT at 10.5 mg/kg
b.w for 60 days. At 30 days and 60 days after exposure to the SWCNT dose of 17.5
mg/kg b.w, the level of IL-1a in the lungs of rats increased significantly (»<<0.05)
(Fig.2A). At 60 days after exposure to the SWCNT dose of 17.5 mg/kg b.w, the level
of IL-6 increased significantly in the lungs of rats (»p<<0.05) (Fig.2B). Compared with
the control group, the level of TNF-a increased significantly in the lungs of rats after
exposure to SWCNT at 3.5, 10.5 and 17.5 mg/kg b.w for 30 days, and the level of
TNF-a showed similar increasing trends after exposure to SWCNT at 10.5 and 17.5
mg/kg b.w for 60 days (p<<0.05) (Fig.2C). Figure 3 shows the levels of cytokines in
the blood of rats after SWCNT exposure. After exposure to SWCNT at 17.5 mg/kg
b.w for 30 and 60 days, the levels of IL-1a and IL-6 in the blood were significantly
higher than those in the control group at those two time points (p<<0.05) (Fig.3A-B).
Additionally, the levels of TNF-a were significantly higher in the blood of rats after
exposure to SWCNT at 10.5 and 17.5 mg/kg b.w for 60 days (»p<<0.05) (Fig.3C).
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Fig.2. Several inflammatory markers in lung induced by SWCNTs. *p<0.05 compared

with control.
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Fig.3. Several inflammatory markers in plasma induced by SWCNTs. *p<0.05

compared with control.

Histopathological evaluation

Fig.4 shows the results of the pathological evaluation of the lung tissues an
d endangium of the rats. After exposure to SWCNT through intratracheal instill
ation for 30(Fig.4.1a-1d) and 60(Fig.4.2a-2d) days, the lungs of the rats in the
exposure groups showed pathological changes. The lung tissues showed brown
ish black particle deposition and mild to moderate alveolar and local interstitial
inflammation. Moreover, with increasing doses of SWCNT (from 3.5 to 10.5 t
o 17.5 mg/kg b.w) and the extension of the exposure time, the degree of path
ological injury increased in a dose/time-dependent manner. There were no signi
ficant pathological change in endangium of rats after exposed to SWCNT at 3.
5 and 10.5 mg/kg b.w for 60 days. But, the endangium of rats showed mild i
nfiltration of inflammatory cells after exposed to SWCNT at 17.5 mg/kg b.w f
or 60 days(Fig.4.3a-3d).
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Fig.4. Pathological changes in rats exposed to SWCNTs. la-1d and 2a-2d: Lung
tissue exposure for 30 days and 60 days, respectively. 3a-3d: Endangium of aorta
pectoralis exposure for 60 days. a: control; b, ¢ and d: 3.5, 10.5 and 17.5 mg/kg b.w,

respectively.

Detection of hemorheology index and blood constituents
The related hemorheology indexes were detected in the rats after exposure t
o SWCNT(Fig.5). Compared with the control group, blood viscosity shear rate,
high reduced viscosity and erythrocyte rigidity index in the high SWCNT dos
e group (17.5 mg/kg b.w) increased significantly after exposure to SWCNT for
60 days (P<0.05) (Fig.5A-C). The raised erythrocyte rigidity index indicated |
ess erythrocyte degeneration, which was a major factor in the increase in bloo
d viscosity under the high shear rate. The plasma fibrinogen level significantly
increased as compared to that of the control group after 30 days of exposure
to SWCNT at 17.5 mg/kg b.w. Exposure to SWCNT at all doses for 60 days

resulted in significant increases in plasma fibrinogen level (P<0.05) (Fig.5D).
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Fig.5 Seveal indices of hematology in the plasma of rats. *p<0.05 compared with

control.

Fig.6 shows changes in HCT, PLT and WBC levels in rat plasma after exp
osure to SWCNT. The levels of HCT in rat plasma tended to increase after ex
posure to SWCNT for 30 and 60 days. The HCT level in the 3.5 mg/kg b.w
SWCNT group after exposure for 60 days and that in the 17.5 mg/kg b.w SW
CNT group after exposure for 30 days were significantly higher than that in th
e control group (p<<0.05) (Fig.6A). After exposure for 30 days, the PLT levels

in the 3.5 and 10.5 mg/kg b.w SWCNT groups increased significantly compar
ed to that of the control group (p<<0.05) (Fig.6B). Compared with the control

group, the WBC levels increased significantly in all experimental groups after

exposure for 60 days (p<<0.05). After exposure for 30 days, a significant incre
ase in WBC level was only observed in the high dose group (17.5 mg/kg b.w)
(»<<0.05) (Fig.6C).
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Fig.6. Levels of HCT, PLT and WBC in the plasma of rats. *p<0.05 compared with

control.

Changes in levels of coagulation and fibrinolysis activating factors in rat plasma
Under physiologic conditions, VECs function mainly to prevent thrombosis t
o ensure smooth blood flow and the maintenance of the circulation pipeline.
When the vessel wall experiences damage or dysfunction, the levels of coagula
tion and fibrinolysis activating factors that are secreted, synthesised and release
d by VECs may also change. In this experiment, a variety of molecular marke
rs of the prethrombotic state were tested in rat plasma, and the results are sho
wn in Fig.7. In the 10.5 and 17.5 mg/kg b.w SWCNT groups at 30 and 60 d
ays, t-PA levels were significantly lower than that in the control group (P<0.05)
(Fig.7A). The PAI-1 level was significantly increased in the 10.5 mg/kg b.w
SWCNT group after 30 days and in the 17.5 mg/kg b.w groups after 30 and
60 days as compared to the control group (P<0.05) (Fig.7B). After 60 days of
exposure, the vVWF levels in the 10.5 and 17.5 mg/kg b.w SWCNT groups w
ere significantly higher than that in the control group (P<0.05) (Fig.7C), and th
e ET-1 levels in the 17.5 mg/kg b.w SWCNT group were significantly higher t
han that of the control group (P<0.05) (Fig.7D). The D-dimer levels were incr
eased significantly in the 10.5 mg/kg b.w SWCNT group after 60 days and in
the 17.5 mg/kg b.w SWCNT group after 30 and 60 days as compared with t
hose in control group at the same time points (P<0.05) (Fig.7E). AT-III levels
in the plasma were decreased after exposure to SWCNT. There were significant
differences between the exposure groups at all doses of SWCNT and the cont

12
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rol group, except for the 17.5 mg/kg b.w SWCNT group after 60 days (P<0.0
5) (Fig.7F). NO levels were decreased significantly in all SWCNT exposure gr
oups as compared to that of the control group at 60 days (P<0.05) (Fig.7G).
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Fig.7. Levels of coagulation and fibrinolysis activation factors in plasma. *p<0.05

compared with control.

Immunohistochemical analyses

Fig.8 shows the expressions of t-PA, vWF and AT-III in the vascular intima
of rats visualised under a microscope. The positive areas were analysed, and t
he results are shown in Fig.9. The expressions of t-PA in the vascular intima
of rats in all SWCNT exposure groups were significantly lower than that in th
e control group at 30 and 60 days (P<0.05) (Fig.9A). The level of AT-III incr
eased significantly after exposure to SWCNT at 3.5 mg/kg b.w for both 30 a
nd 60 days and after exposure to SWCNT at 10.5 mg/kg b.w for 30 days. Ho
wever, at the higher SWCNT dose of 17.5 mg/kg b.w, the levels of AT-III dec
reased significantly compared with those of the control group at both 30 and 6

13
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0 days (P<0.05) (Fig.9B). Thus, lower doses of SWCNT may stimulate the vas
cular intima to synthesis more AT-III than higher doses. However, the increase
d dose of SWCNT resulted in damage to the vascular intima, which led to a
decrease in the expression of AT-III. The levels of vWF were significantly hig
her in the plasma of rats exposed to SWCNT at 10.5 and 17.5 mg/kg b.w for
30 and 60 days as compared to those in the control group at 30 and 60 days
(P<0.05) (Fig.90C).

Fig.8. Immunohistochemical images. A1-DI1:t-PA; A2-D2:vWF; A3-D3:AT-[1.

-1: exposure for 30 days; -2: exposure for 60 days.
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Fig.9. Results of immunohistochemical analysis. *p<0.05 compared with control.

Ultrastructural changes to the vascular intima of rats
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Fig.10 shows the TEM results. After respiratory exposure to SWCNT for 60
days, nuclear malformation occurred in the vascular endothelial layer of rats e
xposed to SWCNT at 3.5 mg/kg b.w. The vascular endothelial layer of rats in
the 10.5 mg/kg b.w SWCNT group showed mitochondrial swelling and cytopl
asmic shrinkage. Additionally, mitochondrial vacuolisation was observed in the

17.5 mg/kg b.w SWCNT group.

X "*;fi g

Fig.10. TEM of aortic vascular intima of rats exposed to SWCNT for 60 days. A

(8000x): control; B (10000%): 3.5 mg/kg b.w; C (8000%): 10.5 mg/kg b.w; D (4000x):
17.5 mg/kg b.w.

Gene expression in peripheral blood of rats

Peripheral blood cells play an important role in the maintenance of the inte
rnal environment. In this experiment, several related genes in the peripheral blo
od were detected to determine possible markers of SWCNT toxicity. As shown
in Fig.11, t-PA gene expression was decreased and TM and p38MAPK gene e
xpressions were increased significantly after exposure to SWCNT for 60 days a
t 17.5 mg/kg b.w as compared to the expression of those genes in the control
group (P<0.05) (Fig.11A-C). PAI-1 gene expression increased after exposure t
o SWCNT as compared to that in the control group; however, this difference

was not significant (Fig.11D).
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Fig.11. Gene expression in peripheral blood of rats exposed to SWCNT for 60 days.

*p<0.05 compared with control.

Discussion

In this study, an animal model of rat intratracheal instillation was used to si
mulate respiratory tract exposure to SWCNT. After exposure to SWCNT, the e
xpression levels of inflammatory factors in the lung tissues of rats increased si
gnificantly as compared to those in the lung tissues of the control group, indic
ating an inflammatory immune response in the lung tissues of the rats exposed
to SWCNTs. These results were consistent with those of previous studies of t
he pulmonary toxicity of NMs.**** We also observed varying degrees of interst
itial inflammation and focal brown agglomerates in the lung tissues of the rats
exposed to SWCNTs. Macrophages that had engulfed SWCNTs were shown to
have gathered in the endotracheal tissues of the rats exposed to SWCNTs. Be
cause SWCNTs were not identified and effectively removed by the alveolar ma
crophages, they diffused from the agglomerates into alveolar cavities where the

y could persist. This could help the SWCNTs enter the systemic circulation thr
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ough the local pulmonary blood barrier,”*® however, Matthews et al.*’ reported

that no more than 0.05% of a dose of SWCNT instilled over 90 min transloc
ated from the airways across an intact pulmonary barrier into the systemic circ
ulation. Thus, the persistence of the local inflammatory injury caused by SWC
NTs is more important than the movement of SWCNTs into the systemic circu
lation, as it greatly increases the release of inflammatory mediators produced lo
cally in the lungs into the systemic circulation, resulting in an amplification of
the inflammatory reaction throughout the body.

Van et al. found that pulmonary inflammation caused by contact with particulate
matter air pollutants can up-regulate the levels of cytokines in the blood
circulation®>! In this study, after respiratory exposure to SWCNT for 30 and 60 days,
rats presented with systematic inflammation of varying degrees, which manifested as
elevated inflammatory factor plasma levels, increased white blood cell and platelet
levels in the blood and increased blood viscosity and fibrinogen content in the blood.
These results indicate that NMs, herein represented by SWCNTSs, have toxicities that
are not limited to lung injury in rats exposed to them through the respiratory tract. In
the current study, we focused on the changes in systemic inflammation and blood
viscosity after lung injury caused by NMs and whether this type of secondary toxicity
of NMs affects the vascular system and, thus, increases the risk of cardiovascular
disease.

Thus, in the current study, the ultrastructure of the vascular intima of rats was
observed. We found abnormal changes in the vascular endothelial layers, such as cell
nuclear malformation and cytoplasmic shrinkage after exposure to SWCNT for 60
days. Additionally, pathological examination revealed inflammatory cell infiltration
around the vascular intima after high dose exposure to SWCNT for 60 days. All these
results suggest that the vascular intima was stimulated by SWCNT resulting in
different degrees of damage.

Normal vascular intima has anticoagulant and antifibrinolytic physiological
functions through the synthesis, secretion and release of a variety of blood
coagulation and fibrinolysis activating factors, which serve to balance and regulate
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thrombosis and inflammation. When the vascular intima is stimulated by physical
factors, chemical factors and other factors, such as inflammatory factors, it may be
damaged or disordered resulting in changes in the levels of coagulation and
fibrinolysis activating factors. Coagulation and fibrinolysis activating factors are
synthesised and secreted by VECs and include t-PA, PAI-I, AT-III, vWF and ET-1.
t-PA is a serine protease that converts plasminogen to its active form, the proteinase
plasmin. PAI-I is a glycoprotein that is a major physiological inhibitor of plasminogen
activators.”> The regulation of fibrinolysis activity in the plasma mainly depends on
the relative proportion of t-PA/PAI-1 secreted by VECs. In this study, both the level of
t-PA in the plasma and the expression of t-PA antigen in the vascular intima were
significantly lower in the SWCNT exposure groups than those in the control group.
Furthermore, the level of PAI-1 in the plasma of the rats of the SWCNT exposure
groups was significantly higher than that in the control group. All these results
indicate that antithrombotic function of VECs was weakened by SWCNT exposure.
The D-dimer plasma level was significantly higher in the high dose SWCNT group
than in the control group. D-dimer is a fibrin degradation product and a specific
marker of fibrinolysis. Some pathological conditions, such as infection, intravascular
activated thrombosis and secondary fibrinolysis hyperfunction, could lead to an
increase in D-dimer in the plasma.

AT-II is a multifunctional serine protease inhibitor that can form complexes with
thrombin to inactivate it. Under physiological conditions, AT-III exerts its
anticoagulant effect on the surface of VECs by being secreted and bound by VECs
continuously; this allows AT-1II to inactivate coagulation factors that are activated and
presented on the surface of the vascular endothelium in a timely manner. When blood
vessels are subjected to external stimuli, such as the inflammatory factor effect, AT-111
synthesis by VECs is reduced. In our experiment, the level of AT-III in rat plasma
decreased significantly after exposure to SWCNT. However, the expression of AT-111
antigen in the vascular intima increased with the lower doses of SWCNT and
decreased with the highest dose of SWCNT. This may be because alterations in the
blood components after low dose exposure to SWCNT stimulated VECs to synthesise
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AT-III on their surfaces, while high dose exposure to SWCNT generated vascular
intima injury, resulting in a reduction of the synthesis of AT-III. VWF and ET-1 are
molecular markers of VEC injury. The expression of VWF in the vascular intima of
rats increased significantly after SWCNT exposure. Moreover, the plasma levels of
vWF and ET-1 in the high dosage SWCNT group were elevated significantly. All
these results further validated the injury of VECs in rats cause by SWCNT exposure.
Studies of gene expression in the peripheral blood can reflect whether the body is
in a state of health or disease, which has important significance for the prediction of
cardiovascular effects caused by NMs. In this study, the expression of several related
genes in the peripheral blood were examined. Among them, TM is a glycoprotein that
presents on the vascular inner surface, and it can activate protein C by combining with
thrombin and blocking the blood coagulation system. In the high dose SWCNT
exposure group, t-PA gene expression was lowered and TM gene expression was
increased significantly as compared to their expression in the control group. Thus,
t-PA and TM gene expression could be sensitive biomarkers for respiratory tract
exposure to SWCNT. Additionally, p38MAPK gene expression was obviously higher
in the high dose groups, suggesting that the p38MAPK signalling pathways are
involved in the mechanism of action of changes in coagulation and fibrinolysis
activating factor levels in the body. Further research regarding biological marker
genes and related signalling pathways are necessary.
Brook et al.'"*>* had reviewed that the release of pro-inflammatory mediator
s or vasculoactive molecules from lung based cells was one of pathways linkin
g Particulate Matter and CVD. In the present study, we systematically evaluate
d the correlation between pulmonary immune injury and damage to the vascula
r system. The biological pathways that were examined are shown in Fig.12. As
a target organ, the lung had experienced inflammatory immune injury after ex
posure to SWCNT through the respiratory tract. Pro-inflammatory factors were
generated in local pulmonary tissue and could be released into the systemic cir
culation, thus, raising circulating levels of cytokines and influencing platelet pr
oduction, blood coagulation, and other cardiovascular factors. The amplification
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of this local inflammation leads to effects on the vascular system, including v
ascular inflammation, endothelial dysfunction in regards to coagulation or antico
agulation and vascular intima injury. These effects on the vascular system even
tually disrupts vascular homeostasis, thus, indirectly mediating changes in coagu
lation and fibrinolysis in the body. This is an important pathogenic mechanism

that is different from the direct cardiac toxicity effects of SWCNT reported b
y previous studies. The vascular homeostasis imbalance could cause the increas
ed incidence and mortality of cardiovascular.

At present, oxidative stress and mitochondrial damage caused by ROS are
considered the main mechanisms of the toxic effects of NM on the cardiovascular
system. However, as initiating factors, inflammatory factors participate in vascular
injury and regulate changes in both the coagulation and fibrinolysis systems of
organisms. The results of our preliminary experiment suggest that there are other
related signalling pathways involved in the indirect effects on the cardiovascular
system of NM exposure to the lungs. In our subsequent research, we will use an in
vitro cell co-culture model to further examine the mechanism of these indirect toxic

effects of NMs on the cardiovascular system.

Conclusions

Our research indicated that after respiratory tract exposure to SWCNT, in addition
to inflammatory immune injury in the lung, systemic inflammation, vascular
endothelial dysfunction and vascular endothelial damage were observed in rats. The
rats entered a prethrombotic state, which increased their risk of CVD by increasing
their risk of thrombosis and atherosclerosis. SWCNT can induce cardiovascular
toxicity through indirect effects on vascular homeostasis. Moreover, the release of
pro-inflammatory factors from sites of pulmonary injury plays a key role in these
indirect effects of SWCNT and may be a major pathophysiological mechanism of the
lung-mediated cardiotoxicity effects of SWCNT.
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respiratory exp

Fig.12. The biological pathways linking SWCNT and CVD.

Conflict of interest

The authors declare that there are no conflicts of interest.
Acknowledgements
This work was supported by the National Natural Science Foundation of China (No.

81372948).

Reference

21



10

11

12

13

14

15

16

17

Toxicology Research

T. Chung, S. Y. Lee, E. Y. Song, H. Chun, B. Lee, Plasmonic nanostructures for nano-scale
bio-sensing, Sensors (Basel), 2011,11(11), 10907-10929.

I. Rubinstein, G. L. Weinberg, Nanomedicines for chronic non-infectious arthritis: The
clinician's perspective, Nanomedicine. 2012, 8(1), 577-582.

G. Das, N. Patra, A. A. Gopalakrishnan, R.P. Zaccaria, A. Toma, S. Thorat, E. D. Fabrizio, A.
Diaspro, M. Salerno, Fabrication of large-area ordered and reproducible nanostructures for
SERS biosensor application, Analyst, 2012, 137(8), 1785-1792.

I. Linkov, F. K. Satterstrom, L.M. Corey, Nanotoxicology and nanomedicine: making hard
decisions, Nanomedicine, 2008, 4(2), 167-71.

J. Drbohlavova, M. Vorozhtsova, R. Hrdy, et al, Self-ordered TiO2 quantum dot array
prepared via anodic oxidation, Nanoscale Res Lett, 2012,7(1), 123-132.

H. Ohta, T. Mizuno, S. Zheng, et al. Unusually large enhancement of thermopower in an
electric field induced two-dimensional electron gas. Adv Mater, 2012, 24(6), 740-744.
Fruijtier-Polloth C. The toxicological mode of action and the safety of synthetic amorphous
silica-A nanostructured material. Toxicology, 2012 Feb 13

S. Bakand, A. Hayes, F. Dechsakulthorn, Nanoparticles: a review of particle toxicology
following inhalation exposure, Inhal Toxicol, 2012, 24(2), 125-135.

A. Panas, C. Marquardt, O. Nalcaci, H. Bockhorn, W. Baumann, H.R Paur, S. Miilhopt, S.
Diabaté, C. Weiss, Screening of different metal oxide nanoparticles reveals selective toxicity
and inflammatory potential of silica nanoparticles in lung epithelial cells and macrophages,
Nanotoxicology, 2013, 7(3), 259-273.

Y. L. Hu, W. Qi, F. Han, et al, Toxicity evaluation of biodegradable chitosan nanoparticles
using a zebrafish embryo model, Int J Nanomedicine, 2011, 6, 3351-3359.

J. H. Lee, W. K. Kuk, M.Kwon, et al, Evaluation of Information in Nanomaterial Safety Data
Sheets and Development of International Standard for Guidance on Preparation of
Nanomaterial Safety Data Sheets, Nanotoxicology, 2013, 7(3), 338-345.

J. Du, S. T. Wang, H. You, X. S. Zhao, Understanding the toxicity of carbon nanotubes in the
environment is crucial to the control of nanomaterials in producing and processing and the
assessment of health risk for human: A review, Environmental toxicology and pharmacology,
2013, 36, 451-462.

Z. S. Boris, T. K. Michael, A. K.Robert, Air Pollution and Cardiovascular Injury. Journal of
the American College of Cardiology, 2008, 52(9), 719-726.

M. Nicola, O. Oliviero, G. Domenico, Air particulate matter and cardiovascular disease: A
narrative review, European Journal of Internal Medicine, 2013, 24, 295-302.

N.L. Mills, H. Tornqvist, M. Gonzalez, et al. Ischemic and thrombotic effects of dilute diesel
exhaust inhalation in men with coromary heart disease. The New England Journal of
Medicine, 2007, 357(11), 1075-1082.

A.T. Saber, J.S. Lamson, N.R. Jacobsen, G. Ravn-Haren, K.S. Hougaard, A.N. Nyendi, P.
Wahlberg, A.M. Madsen, P. Jackson, H. Wallin, U. Vogel, Particle-induced pulmonary acute
phase response correlates with neutrophil influx linking inhaled particles and cardiovascular
risk, PLoS One, 2013, 8(7), €69020-69050.

A.T. Saber, N.R. Jacobsen, P. Jackson, S.S. Poulsen, Z.0. Kyjovska, S. Halappanavar, C.L.
Yauk, H. Wallin, U. Vogel, Particle-induced pulmonary acute phase response may be the
causal link between particle inhalation and cardiovascular disease. Wiley Interdiscip, Rev.

22

Page 22 of 25



Page 23 of 25

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

Toxicology Research

Nanomed. Nanobiotechnol, 2014, 6, 517-531.

Q. Sun, A. Wang, X. Tan, et al, Long-term air pollution exposure and acceleration of

atherosis and vascular inflammation in an animal model, JAMA, 2005, 294(23), 3003-3010.

H. Yamawaki, N. Iwai, Mechanisms underlying nanosized air polution mediated progression

of atherosclerosis: carbon black causes cytotoxic injury/inflammation and inhibits cell growth

in vascular endothelial cells, Circulation, 2006, 70(1), 129-140.

J.A. Araujo, B. Barajas, M.T. Kleinman, et al, Ambient particulate pollutants in the ultrafine

range promote early atherosclerosis and systemic oxidative stress, Cir Res, 2008, 102, 589

-596.

J.J. Hartog, G. Hoek, A. Peters, et al, Effects of fine and ultrafine particles on cardiorepiratory

symptoms in elderly subjects with coronary heart disease: the ULTRA study, Am J Epidemiol,

2003, 157, 613-623.

S. Loft, L. Risom, P. Moller, Chemical composition and surface areas in relation to health

effects of ultrafine particles-reply to Ovrevik and Schwarze, Mutat Res, 2006, 594, 199-200.

S. Kaur, RDR. Clark, P.T. Walsh, et al, Exposure visualition of ultrafine particle counts in a

transport microenvironment, Atmos Environ, 2006, 40, 386-398.

K. Jitendra, G. Virendra, R. K. Tekade, K. J. Narendra, Pulmonary toxicity of carbon
nanotubes: a systematic report, Nanomedicine: Nanotechnology, Biology, and Medicin

e, 2011, 7, 40-49.

C. W. Lam, J. T. James, R. McCluskey, et al, Pulmonary toxicity of single-wall carbon

nanotubes in mice 7 and 90 days after intratracheal instillation, Toxicol Sci, 2004, 77,
126-134.

A. A. Shvedova, E. R. Kisin, R. Mercer, et al. Unusual inflammatory and fibrogenic

pulmonary responses to single-walled carbon nanotubes in mice, Am J Physiol Lung Cell

Mol Physiol, 2005, 289, 1698-1708.

D. B. warheit, B. R. Laurence, k. L. Reed, et al, Comparative pulmonary toxicity assessment

of single-wall carbon nanotubes in rats, Toxicol Sci, 2004,77, 117-125.

Y. Morimoto, M. Horie, N. Kobayashi, N. Shinohara, M. Shimada, Inhalation toxicity

assessment of carbon-based nanoparticles, Acc. Chem. Res, 2013, 46, 770-781.

L. Wang, R.R. Mercer, Y. Rojanasakul, A. Qiu, Y. Lu, J.F. Scabilloni, N. Wu, V. Castranova,

Direct fibrogenic effects of dispersed single-walled carbon nanotubes on human lung

fibroblasts, Toxicol Environ Health A, 2010,73(5), 410-422.

K. Bhattacharya, F. T. Andon, R. El-Sayed, B. Fadeel, Mechanisms of carbon nanotub

e-induced toxicity: Focus on pulmonary inflammation, Advanced Drug Delivery Revie

ws, 2013, 65, 2087-2097.

A.A. Shvedova, E.R. Kisin, A.R. Murray, V.J. Johnson, O. Gorelik, S. Arepalli, A.F. Hubbs,

R.R. Mercer, P. Keohavong, N. Sussman, J. Jin, J. Yin, S. Stone, B.T. Chen, G. Deye, A.

Maynard, V. Castranova, P.A. Baron, V.E. Kagan ,Inhalation vs. aspiration of single-walled

carbon nanotubes in C57BL/6 mice: inflammation, fibrosis, oxidative stress, and mutagenesis,

Am. J. Physiol. Lung Cell. Mol. Physiol, 2008, 295, 1552—-1565.

A.A. Shvedova, E.R. Kisin, A.R. Murray, C. Kommineni, V. Castranova, B. Fadeel, et al.

Increased accumulation of neutrophils and decreased fibrosis in the lung of NADPH

oxidase-deficient C57BL/6 mice exposed to carbon nanotubes, Toxicol Appl Pharmacol,

2008, 231, 235-240.

23



33

34

35

36

37

38

39

40

41

42

43

44

45

46

Toxicology Research

C.W. Lam, J.T. James, R. McCluskey, R.L. Hunter, Pulmonary toxicity of single-wall carbon

nanotubes in mice 7 and 90 days after intratracheal instillation, Toxicol Sci, 2004, 77,
126-134.

W. W. Cheng, Z. Q. Lin, B. F. Wei, Q. Zeng, B. Han, C. X. Wei, X. J. Fan, C. L. Hu, L. H.

Liu, J. H. Huang, X. Yang, Z.G. Xi, Single-walled carbon nanotube induction of rat aortic

endothelial cell apoptosis: Reactive oxygen species are involved in the mitochondrial

pathway, The International Journal of Biochemistry & Cell Biology, 2011, 43, 564-572.

P.X. Dong, B.Wan, Z.X. Wang, L.H. Guo, Y. Yang, L. Zhao, Exposure of single-walled

carbon nanotubes impairs the functions of primarily cultured murine peritoneal macrophages,

Nanotoxicology, 2013, 7(5), 1028-1042.

E. Herzog, H. J. Byrne, A. Casey, M. Davoren, A.-G. Lenz, K. L. Maier, A. Duschl, G. J.

Oostingh. SWCNT suppress inflammatory mediator responses in human lung epithelium in

vitro, Toxicology and Applied Pharmacology, 2009, 234, 378-390.

Z. Li, T. Hulderman, R. Salmen, R. Chapman, S.S. Leonard, S.H. Young, A. Shvedova, M.I.

Luster, P.P. Simeonova, Cardiovascular effects of pulmonary exposure to single-wall carbon

nanotubes, Environ. Health Perspect, 2007, 115, 377-382.

A. Erdely, A. Liston, R. Salmen-Muniz, T. Hulderman, S.H. Young, P.C. Zeidler-Erdely, V.

Castranova, P.P. Simeonova, Identification of systemic markers from a pulmonary carbon

nanotube exposure, J. Occup. Environ. Med, 2011b, 53, 580-586.

S. S. Poulsen, A.T. Saber, A. Mortensen, J. Szarek, D. M. Wu, A. Williams, O. Andersen, N.

R. Jacobsen, C. L. Yauk, H. Wallin, S. Halappanavar, U. Vogel, Changes in cholesterol

homeostasis and acute phase response link pulmonary exposure to multi-walled carbon

nanotubes to risk of cardiovascular disease, Toxicology and Applied Pharmacology,

2015,1-13.

L. Stoner, A. A. Lucero, B. R. Palmer, L. M. Jones, J. M. Young, J. Faulkner, Infla

mmatory biomarkers for predicting cardiovascular disease. Clinical Biochemistry, 2013,
46, 1353-1371.

A. H. Sprague, R. A. Khalil, Inflammatory Cytokines in Vascular Dysfunction and Vascular

Disease, Biochem Pharmacol, 2009, 78(6), 539-552.

G. Siasos, D. Tousoulis, C. Antoniades, E. Stefanadi, S. C. Arginine, the substrate for NO

synthesis: an alternative treatment for premature atherosclerosis? Int J Cardiol, 2008, 126(3),

394-397.

D. Tousoulis, I. Andreou, C. Antoniades, C. Tentolouris, C. Stefanadis, Role of inflammation

and oxidative stress in endothelial progenitor cell function and mobilization: Therapeutic

implications for cardiovascular diseases, Atherosclerosis, 2008, 201, 236-247.

H. L. Liu, D. F. Yang, H. L. Yang, H.S. Zhang, W. Zhang, Y.J. Fang, Z. Q. Lin, L. Tian, B. C.

Lin, J. Yan, Z.G. X, Comparative study of respiratory tract immune toxicity induced by three

sterilisation nanoparticles: silver, zinc oxide and titanium dioxide, J Hazard Mater, 2013,

248-249, 478-486.

A. A. Shvedova, E. R. Kisin, R. Mercer, et al, Unusual inflammatory and fibrogenic

pulmonary responses to single-walled carbon nanotubes in mice, Am J Physiol Lung Cell

Mol Physiol, 2005, 289, 1698-1708.

Z. Li, T. Hulderman, R. Salmen, R. Chapman, S.S. Leonard, S.H. Young, A. Shvedov

a, M.I. Luster, P.P. Simeonova, Cardiovascular effects of pulmonary exposure to single

24

Page 24 of 25



Page 25 of 25

47

48

49

50

51

52

53

Toxicology Research

-wall carbon nanotubes, Environ. Health Perspect, 2007, 115, 377-382.

P. 1. Matthews, C. J. Gregory, G. Aljayyoussi, C. J. Morris, I. Mcdonald, B. Hoogendoorn, M.

Gumbleton, Maximal extent of translocation of single-walled carbon nanotubes from lung

airways of the rat. Environmental toxicology and pharmacology, 2013, 35, 461-464.

A. G. Agusti, A. Noguera, J. Sauleda et al, Systemic effects of chronic obstructive pulmonary

disease, Eur Respir J, 2003, 21, 347-360.

S. F. V. Eeden, W. C. Tan, T. Suwa, et al, Cytokines involved in the systemic inflammatory

response induced by exposure to particulate matter air pollutants(PM(10)), Am J Respir Crit

Care Med, 2001, 164, 826-830.

S. Copeland, H. S. Warren, S. F. Lowry, et al, Acute inflammatory response to endotoxin in

mice and humans, Clin Diagn Lab Immunol, 2005, 12, 60-67.

V. Castranova, P. A. Schulte, R. D. Zumwalde, Occupational nanosafety consideration

s for carbon nanotubes and carbon nanofibers, Acc. Chem. Res, 2013, 46, 642-649.

K. J. Kwon, K. S. Cho, S. H. Lee, et al, Regulation of Tissue Plasminogen Activator

/Plasminogen Activator Inhibitor-1 by Hydrocortisone in Rat Primary Astrocytes, Journ

al of Neuroscience Research, 2011, 89, 1059-1069.

R.D. Brook, S. Rajagopalan, C.A Pope, J.R. Brook, A. Bhatnagar, A.V. Diez-Roux, et
al, Particulate Matter air pollution and cardiovascular disease, An update to the scie

ntific statement from the American Heart Association. Circulation, 2010, 121, 2331-23

78.

25



