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Abstract

Pro-thrombotic and inflammatory changes play an important role in cardiovascular morbidity and mortality, resulting from short-
term exposure to fine particulate air-pollution. Part of those effects has been attributed to the ultra-fine particles (UFPs) that pass
through the lung and directly contact blood-exposed and circulating cells. Despite UFP-induced platelet activation, it is unclear
whether the penetrated particles exert any direct effect on endothelial cells. While exposure levels are boosting as a result of
world-wide increases in economic development and desertification, which create more air-polluted regions, as well as increase in
demands for synthetic UFPs in medicine and various industries, further studies on the health effects of these particles are required.
In this study, human pulmonary and cardiac microvascular endothelial cells (MECs) have been exposed to 0.1, 1, 10, and
100 pg/ml suspensions of either a natural (carbon black) or a synthetic (multi-walled carbon nano-tubes) type of UFPs,
in vitro. As a result, no changes in the levels of coagulation factor VIII, Von Willebrand factor, Interleukin 8, and P-selectin
measured in the cells’ supernatant were observed prior to and 6, 12, and 24 h after exposure. In parallel, the spatio-temporal effect
of UFPs on cardiac MECs was evaluated by Transmission Electron Microscopy. Despite phagocytic uptake of pure UFPs
observed on cellular sections of the treated cells, Weibel-Palade bodies remained intact in shape and similar in number when
compared with the untreated cells. Our work shows that carbon itself is a non-toxic carrier for endothelial cells.
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< 100 nm) microparticles. While numerous studies in the past
three decades have looked into the adverse health effects of
exposure to PM;q and PM, s, recent studies have shown that
PM, 5 is the most important fraction of PM, affecting the car-
diovascular system (Brook et al. 2010; Requia et al. 2018).

Exposure to ambient PM, 5 has been associated with short-
term increases in hospital admission rates for cerebrovascular,
peripheral, and cardiac ischemic disease; arrhythmia; and
heart failure (Dominici et al. 2006; Schwartz et al. 1996;
Shah et al. 2013; T. Burnett et al. 2000; Thurston et al.
2016). Upon inhalation, those particles penetrate deeply into
the alveoli where they induce nervous autonomic imbalance
and pulmonary inflammation (Brook et al. 2010; Niemann
et al. 2017). The release of pulmonary and vascular cell-
derived mediators such as histamine and microparticles sub-
sequently results in a systemic inflammation marked by in-
creases in C-reactive protein (Hertel et al. 2010), serum amy-
loid A (Meier et al. 2014), IL-6 (Kido et al. 2011), and oxida-
tive stress (Ghio and Devlin 2001; Gurgueira et al. 2002;
Huang et al. 2012; Meier et al. 2014; Seagrave 2008; Shrey
et al. 2011; Steinvil et al. 2008; van Eeden et al. 2001; Wang
et al. 2015).

A fraction of PM, s, i.e., the UFPs, pass through the lung
alveoli into the systemic circulation (Nemmar et al. 2002) and
come in direct contact with vascular endothelial cells (ECs),
peripheral blood mononuclear cells (PBMCs), and platelets.
UFPs account for a major portion of the actual number of
particles within the PM and have a higher surface area-to-
mass ratio, which potentially increases their biological toxicity
(Li et al. 2003; Oberdorster and Utell 2002). They may be
produced naturally, originating from volcanoes and dust
storms or by human activity, such as burning fossil fuels
(HEI 2013). In addition to natural UFPs, manufactured
Carbon Black (CB) and engineered carbon particles, such as
“carbon nanotubes” (CNTs) recapitulate some properties of
UFPs. These particles are currently used in manufacturing
electronics, tires, cloths, paints, cosmetics etc., as well as in
medicine for diagnosis, imaging and drug delivery (Abdalla
etal. 2015). This increase in exposure level requires continued
intensive studies on the health effects of UFPs, including CB
and CNTs.

UFPs contribute to the risk of thrombotic/atherothrombotic
injuries (Rodriguez-Yanez et al. 2015), mainly due to platelet
activation (Riickerl et al. 2007) and endothelial dysfunction
(Lawal et al. 2016). The 24-h exposure to diesel exhaust par-
ticles (DEPs), the main natural sources of ambient UFPs, has
been associated with the release of pro-inflammatory media-
tors, mainly cytokines (Devouassoux et al. 2002), which sub-
sequently result in an increased blood cell activation and ulti-
mately can cause myocardial ischemic disorders (Hadi et al.
2005; Libby et al. 2002; Nemmar et al. 2003). The observed
pro-thrombotic effect seems to be inflammation-dependent as
it could be quenched in the presence of anti-inflammatory

@ Springer

drugs or selective inhibitors of basophils, macrophages, and
neutrophils (Nemmar et al. 2004; Nemmar et al. 2005).
However, also direct and early inflammation-independent
pro-thrombotic effects have been reported, in which platelets
are activated by DEPs or DEP-associated components, as
soon as | h after exposure (Nemmar et al. 2003). This effect
is triggered by UFPs, passing the lung barrier and directly
contacting circulating cells. Similar inflammation-
independent platelet recruitment accompanied by deposition
of fibrin and VWF on sinusoidal ECs has also been reported,
during investigations in a mouse model of the effect of CB on
the hepatic micro-circulation (Khandoga et al. 2004).

Systemic extrapulmonary effects of UFPs (Oberddrster
et al. 2005), as a result of their distribution in other organs
such as the heart (Nemmar et al. 2001), liver, spleen (Kreyling
et al. 2002; Nemmar et al. 2001; Oberdorster et al. 2002), and
even the brain (Nemmar et al. 2001) have long been debated,
but is accepted today. Due to the possible accumulation and
aggregation of UFPs in the microvasculature, it is likely that
this specialized compartment of the circulation is the primary
target for circulating particles or particles accumulated in
extrapulmonary organs (Khandoga et al. 2004). In spite of
studies that have confirmed that UFPs directly activate plate-
lets and release pro-coagulation factors such as tissue factor
(TF) (Kilinc et al. 2011), it is less clear whether penetrated
UFPs exert any direct effect on the endothelium.

We have previously shown that endothelial storage pool of
FVIII and VWF is releasable in response to several endoge-
nous and/or exogenous stimuli including phorbol-myristate
acetate (PMA), adrenaline, histamine, and TNF-« (Shahani
et al. 2010). The acute release of FVIII from cardiac micro-
vascular endothelial cells (MECs), following exposure to
UFPs, potentially enhances thrombogenicity inside the myo-
cardium. This may contribute to cardiac complications such as
heart rate variability and arrhythmias, resulting from exposure
to UFPs; subsequently, sudden cardiac death may arise
(Franciosi et al. 2017). Those prevalent cardiac complications
are reported to occur following exposure to airborne UFPs, as
revealed by various epidemiological studies (Niemann et al.
2017; Silverman et al. 2010). Therefore, presently, we have
measured FVIII and VWF release as sensitive probes, to in-
vestigate potential toxicity to endothelial cells of industrial CB
and CNTs.

Methods
Cell activation

Human cardiac and pulmonary MECs at early passages (1 to
3) were purchased from ScienCell Research Laboratories
(USA) and PromoCell (Germany) and cultured as described
previously (Shahani et al. 2010). The cells were treated with a
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solution 0of 0.1, 1, 10, or 100 pg/ml in culture medium (ECM,
1001-ScienCell Research Laboratories) of either multi-walled
carbon nanotubes (MWCNTs) (Nanocyl SA, Belgium) or car-
bon clack (CB) (EVONIK, Germany) 48 h after reaching con-
fluence. Parallel cellular exposure to 100 nM PMA (Sigma-
Aldrich, Belgium), a potent stimulator of regulated exocytosis
from endothelial cells, was applied as a control. Nanocyl’s
irregular entangled MWCNTs with 10-20 walls, 30 nm diam-
eter and 5 um long, were kindly provided by Katrien Luyts
(Department of Public Health and Primary Care, Occupational
and Environmental Toxicology, KU Leuven, Leuven,
Belgium) and CB (Printex 90: average diameter, 14 nm: sur-
face area, 300 m?/g) was a kind gift from the manufacturer,
EVONIK. Atomic force microscopy (BioMAT™; JPK
Instruments, Germany) and Zetasizer Nano Range (Malvern
Instruments, UK) have confirmed the size and morphology of
nanomaterials in suspensions by more than 95% consistency.

A 1 mg/ml stock suspension from these materials was pre-
pared by dispersing the particles in a 2% bovine serum in
Milli-Q water followed by a continuous sonication for
16 min while the suspension was kept on ice/water. The stock
suspension was prepared freshly on the day of experimenta-
tion. The working dilutions (in cell culture medium) were
vortexed before use. The entire preparation time took less than
an hour.

Prior to, and 6, 12, and 24 h after treating the cells with
MWCNT/CB suspensions, supernatant samples were collect-
ed, aliquoted, and frozen at — 80 °C. FVIII activity (FVII: C)
and VWF antigen were measured in the supernatants, accord-
ing to previously described methods (Shahani et al. 2010).
Soluble IL-8 and P-selectin were assayed on ELISA using
an IL-8 ELISA kit (BMS204-3MST, eBioscience) and
CD62P ELISA Kit (DY 137, R&D), respectively, according
to the manufacturer’s instructions.

An MTT assay was used to study cellular toxicity of CB
and MWCNTs at the applied concentrations. To do so, con-
fluent endothelial cells were exposed to concentrations of 10
and 100 pg/ml CB and MWCNT solutions up to 24 h. Then,
the supernatant was removed and the cells were treated with
5 mg/ml MTT (3-[4, 5-dimethylthiazol-2-yl1]-2,5-diphenyltet-
razolium bromide, Sigma-Aldrich) solution and incubated for
4 h at 37 °C. To dissolve generated formazan crystals,
dimethylsulfoxide (DMSO) was added at an equal volume
for 15 min, on a shaker. The plate was then read at 570 nm
on a microplate reader (BioTek, USA). Values obtained from
the treated cells were calculated as a percentage of values
obtained from untreated cells.

Microscopy
Confluent endothelial cells were treated with a 100 pg/ml

suspension of MWCNTs or CB in culture medium for 24 h.
Then, the supernatant was removed and a solution of 2.5%

glutaraldehyde was gently added to the cells and incubated at
room temperature for 2 h. The cells were then scraped and
pelleted by centrifugation, further fixed in 1% osmium tetrox-
ide, and dehydrated with ethanol. The cell pellet was embed-
ded in resin, trimmed and sectioned. Transversal sections were
imaged on a transmission electron microscope (ZEISS
EM900, Germany).

Results

Direct exposure to UFPs does not affect the release
of FVIII:C, VWF, P-selectin, and IL-8 from endothelial
cells

Human cardiac and pulmonary microvascular endothelial
cells (HCMECs and HPMECs) were exposed to 0.1, 1, 10,
and 100 pg/ml of either MWCNTs or CB. The cell superna-
tant, collected either immediately or 6, 12, and 24 h after
exposure was assayed in a modified chromogenic assay to
measure FVIIL: C (Shahani et al. 2010) or on ELISAs to mea-
sure the rise of VWEF, P-selectin, or IL-8 antigen levels. As
expected, a natural increase in the supernatant was observed
for the secreted factors over the 24-h study. Secreted levels
were significantly increased when the cells were treated with
100 nM PMA (Fig. 1). However, no significant changes in
FVIIL: C, VWF: Ag, P-selectin, or IL-8 levels were observed
when CMECs were exposed to 0.1, 1, and 10 pg/ml of
MWCNTs or CB. Similar results were obtained with
HPMECs (data not shown).

Treatment of the cells with 100 pg/ml CB for 24 h resulted
in a slight increase in the levels of FVIII:C and VWF:Ag,
compared with untreated cells or treatment with 0.1, 1, and
10 pg/ml of CB, without changing the FVIII: VWF ratio (Fig.
1 A, B, data for 0.1 and 1 pg/ml are not shown). However,
those trends did not reach significance. Interestingly, the pat-
tern was different for MWCNTSs, as shown in Fig. 1. The cell
toxicity assay revealed that a 24-h treatment of ECs with
100 pg/ml MWCNTs reduced cell viability by 25%. The de-
creased number of cultured cells, therefore, was responsible
for the drop in detected FVIIL: C, VWEF, P-selectin, and 1L-8
after 24 h (Fig. 1). MWCNTs at doses lower than 10 pg/ml did
not affect endothelial cell viability (Supplementary Fig. 1).

Transmission electron microscopy confirms no effect
of UFPs on endothelial Weibel-Palade bodies

The absent release of FVIII, VWF, P-selectin, and IL-8 in
response to UFPs suggested that UFPs did not affect the en-
dothelial WPBs in the exposed cells. WPBs are known as the
main storage organelles for several important coagulation fac-
tors and inflammation mediators such FVIII, VWF, tissue
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Fig. 1 HCMEC response to increasing doses of MWCNTs and CB.
HCMECs were cultured on multiwell plates. Forty-eight hours after
reaching confluence, the cells were treated with 0.1, 1, 10, and
100 pg/ml of either MWCNTs or CB. The cells’ supernatant collected
either immediately (diamonds) or 6 (squares), 12 (circles), and 24
(triangle) hours after treatment were assayed to measure FVIIL: C (A),
VWEF (B), P-selectin (C), and IL-8 levels (D). Results are expressed as the

plasminogen activator (tPA), IL-8, and P-selectin in endothe-
lial cells (Valentijn et al. 2011).

We investigated the size, distribution, and morphology of
WPBs in HCMEC:s prior to, and after exposure to UFPs. As
shown in Fig. 2, WPBs are clearly visible in the cytoplasm of
untreated HCMECs in expected sizes (Valentijn et al. 2008),
reported as 0.1-0.3 pm diameter and 1-5 um length (Fig. 2A,
B, pointed).

Images of HCMECs treated with CB are presented in
Fig. 2C-E. Similar results were obtained for cells treated with
MWCNTs. Evaluating more than ten sections revealed no
change in WPBs, neither in number nor in shape, following
treatment with CB or MWCNTs, although a clear phagocytic
uptake of UFPs was observed. As illustrated in Fig. 2, most of
the cells contained one to four phagosomes with an average
size of 500 nm, each.

Or CB and MWCNTs, used as a model for manufactured
carbon nanomaterial does not seem to have any direct influ-
ence on WPBs and endothelial cell activation.

@ Springer

CB ug/ml CB MWCNT ug/ml
MWCNT

mean of at least three microculture wells in a single experiment. Four
times repeat of experiments with the cells isolated from four different
donors has reached the same outcome. Abbreviations are: CB (Carbon
Black), MWCNTs (Multi-walled Carbon Nano-Tubes), ECM
(Endothelial Cell Medium), PMA (Phorbol-Myrisatate Acetate). * P
value <0.05, ** P value <0.005. A 24h,e 12h,m6h,¢0h

Discussion

With the capability of producing several important coagula-
tion and inflammation mediators such as FVIII, VWF, tPA,
PAI-1, P-selectin, and Interleukins 6 and 8, endothelial cells
are a good model to study the direct effect of air pollutants and
its components. Whereas previous studies already showed that
environmental UFPs activate endothelium (Emmerechts and
Hoylaerts 2012; Vesterdal et al. 2012; Yamawaki and Iwai
20006) in the current study, we evaluated the effect of carbon
in UFPs on microvascular endothelial cells (MEC) of human
lung and heart, in vitro, in view of the omnipresence of carbon
nanomaterials in various manufacturing processes. Pulmonary
MEC:s are selected as the first EC types to which penetrated
UFPs come in contact upon passage of epithelial-endothelial
barriers in the lung alveoli. Cardiac MECs whose dysfunction
disrupts the mechanical performance of myocardium are stud-
ied as they manifest more cardiac-specific properties than cor-
onary or any other ECs in the heart (Brutsaert et al. 1988). In
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Fig. 2 TEM image of cardiac
MEC:s prior to and after exposure
to 100 pg/ml MWCNTs. A and B
illustrate untreated cells in which
Weibel-Palade Bodies are clearly
observed as rounded or cigar
shaped structures pointed with
arrow. B is a magnification of
indicated position on image A.
Images C, D, and E illustrate three
different magnifications of one
cell after 24 h treatment with a
suspension of 100 pg/ml CB.
WPBs are indicated with white
filled arrows while phagosomes
containing CB particles are
indicated with white empty
arrows. D, represents an almost
full of MWCNT-containing
exosomes. No intact WPB could
be observed. Images are
generated by a ZEISS EM900
transmission electron microscope

addition, pulmonary and cardiac MECs are among the main
cellular sources of coagulation FVIII and VWF, the key
players in blood coagulation and hemostasis (Jacquemin
et al. 2006; Shahani et al. 2010). Exposure of human
CMECs and PMECs to increasing doses of manufactured
CB and MWCNTs, even at supra-pathophysiologic concen-
trations, i.e., 100 pg/ml, did not trigger any extra FVIII, VWF,
P-selectin, and IL-8 release over baseline, after exposure for
24 h. Similar results were found when tPA and IL-6 were
measured (data not shown).

The actual amounts of translocated UFPs into the circula-
tion are still poorly known, despite extensive studies using
these particles (Gwinn and Vallyathan 2006). The environ-
mental PM level and composition, the health level of the lung
and its alveolar structure, and presence or absence of underly-
ing hypercoagulability diseases all determine the final impact
of translocated UFPs on the endothelial surface of various
vessels (Oberdorster et al. 2005). Taking all those parameters
into account, a range of 1 to 100 pg/ml under normal condi-
tions are estimated to largely cover the circulatory
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concentrations of translocated UFPs (Schmid et al. 2009;
Yamawaki and Iwai 2006). Therefore, we studied the effects
of CB and MWCNTs at 0.1, 1, 10, and 100 pg/ml.

Cell viability assays (MTT) further illustrated that EC ex-
posure to 10-100 pg/ml for MWCNTs but not for CBs was
toxic. In contrast, Walker et al., reported a dose-dependent
toxicity of small-walled and multi-walled CNTs (SWCNTs
and MWCNTSs) on human aortic endothelial cells (HAECs)
in the concentration range 1.5 to 4.5 pug/ml. They also ob-
served parallel cytoskeleton disruption and an increase in the
amount of released IL-8 upon 24 h treatment of HAECs with
SWCNTs and MWCNTS, but not CB. Other studies have an-
alyzed acute effects of UFPs on ECs, in vitro, using human
umbilical vein (Pan et al. 2018; Rodriguez-Yanez et al. 2015;
Yamawaki and Iwai 2006) and pulmonary artery endothelial
cells (Karoly et al. 2007). Thus, Yamawaki et al. reported that
a 24-h exposure of human umbilical vein endothelial cells
(HUVECs) to CB at doses ranging from 10 to 100 pg/ml
decreases cell viability in a dose-dependent manner. Cell
growth inhibition and significant increase in the expression
levels of monocyte chemoattractant proteinl (MCP-1), a
pro-inflammatory cytokine, was also observed when
HUVECs were exposed to 100 pg/ml CB. Based on that,
the impact of EC exposure to CB in progression of arterioscle-
rosis and heart ischemia was proposed (Yamawaki and Iwai
20006).

In case of EC dysfunction, hemostasis would also be af-
fected after direct contact with UFPs. In our study, the levels
of FVIIL, VWF, and tPA (data not shown) did not change
during exposure. However, Rodriquez-Yanez et al. have
shown that SWCNTs were able to alter the expression of
genes and proteins involved in fibrinolysis, which in turn,
may cause endothelial dysfunction and develop pro-
thrombotic effect (Rodriguez-Yanez et al. 2015). Studying
human pulmonary artery ECs, Karoly and colleagues reported
a significant increase in tissue factor expression after 16 h
exposure to 100 pg/ml ambient UFPs (Karoly et al. 2007).
Up-regulation and down-regulation of several other genes in-
volved in coagulation-inflammation pathways in that study
report contributions of UFPs to a pro-thrombotic tendency,
via ECs (Karoly et al. 2007). However, the ambient UFPs that
were used contained various metal ions including aluminum,
lead, iron, copper, silicon, and zinc at different concentrations,
capable of catalyzing oxidative processes, known to be in-
volved in inflammatory responses along with the increased
oxidative stress and EC activation. (He et al. 2018; Jiang
et al. 2000).

In this study, we intentionally used CB and MWCNTs as
pure as possible, protecting them from exposure to ambient
air, as much as possible. UFPs have a carbon core that
enables formation of several chemical reactions with gases
and other particles suspended in the air such as ions,
metals, organic compounds, and inorganic materials
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(Adams et al. 2015). That makes ambient UFPs and their
(adverse) effects, much more complex than the effect of
pure UFPs, processes only understood in part. Compared
with pure UFPs, ambient UFPs contain water soluble or-
ganic chemicals, pass through the epithelial-endothelial
barriers of the lung more easily and affect epithelial and
circulating cells (Kreyling et al. 2007; Schmid et al. 2009).
Via transmission electron microscopy, we and others have
observed phagocytosis of pure UFPs by ECs (Rodriguez-
Yanez et al. 2015; Vesterdal et al. 2012; Walker et al.
2009), yet without apparent effect on WPBs. Upon expo-
sure to pure UFPs, WPBs remained intact in shape and
similar in number compared to the untreated cells.
Phagocytic behavior of ECs, similar to the lung and intes-
tinal epithelial cells, alveolar macrophages and neuronal
cells (Hoet et al. 2004) seems to be a way to control the
harmful effect of UFPs. Our findings substantiate that the
pathophysiologic effect of UFPs in releasing inflammatory
markers and coagulation factors, is driven by the soluble
fraction of UFPs and is region-specific.

To our knowledge, in vitro, no other study has been
performed on ECs from microvasculature. However,
Khandoga and colleagues examined the effect of CB on
the mouse hepatic micro-circulation, in vivo (Khandoga
et al. 2004). Following intra-arterial infusion of CB in
mice, they observed inflammation-independent platelet re-
cruitment on ECs of sinusoids and post sinusoidal venules
but not of arterioles, accompanied by deposition of fibrin
and VWEF, as revealed by immunostaining. Nonetheless, P-
selectin remained inside the ECs. They also reported si-
multaneous fibrin deposition on cardiac microcirculation
without providing further information (Khandoga et al.
2004). With regard to the liver vasculature, ECs of sinu-
soids are the single endothelial cell types of the liver which
produce high amounts of FVIII, similar to cardiac MECs
(Shahani et al. 2014); however, VWF production is either
very low or absent in LSECs (unpublished observation).
Khandoga and colleagues hypothesized that the observed
prothrombotic changes on the endothelial surface of hepat-
ic microvessels are due to the increased production of fi-
brinogen and coagulation factors by hepatocytes, stimulat-
ed by the exposure to CB particles crossed through the
fenestrae of sinusoidal ECs. However, this hypothesis can-
not simply be extrapolated to the heart microvasculature
where a similar effect was observed for CB. The observed
pro-thrombotic effect of CB in that study using the same
material as the one we have used (CB, Printex 90, diameter
14 nm: surface area, 300 mz/g), however, could have re-
sulted from direct platelet activation by CB, in agreement
with previously reported platelet activation and subsequent
pro-thrombotic effects of DEPs (Nemmar et al. 2003).

The lack of an effect for pure UFPs on ECs in our
study does not reject possible pro-thrombotic effects,
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in vivo. Penetrated UFPs are in direct contact with plate-
lets and PBMCs in the circulation, in addition to ECs. As
stated above, direct interactions between UFPs, erythro-
cytes, and leukocytes enhancing thrombotic/
atherothrombotic injuries have been reported (Nemmar
et al. 2003; Rodriguez-Yanez et al. 2015). We and others
(Rondaij et al. 2006) have shown that endothelial cells
release their WPB contents in response to a series of in-
flammatory mediators such as TNF-« (Adams et al. 2013;
Yamagami et al. 2003; and unpublished data). Treatment
of THP-1, a monocyte cell line, with CB is resulted in a
significant increase in IL-8 secretion (Sahu et al. 2014).
Our future exposure studies, therefore, will benefit from
co-incubations with platelets and monocytes, respectively
other leukocytes and blood cells, to delineate a role for
these cells versus ECs in thrombogenicity induction.

In conclusion, the lack of endothelial cell response to
UFPs in this study does not reject the existence of pro-
thrombotic and pro-inflammatory effects during exposure
to ambient UFPs in man, but it shows that direct carbon-
EC interactions hardly contribute to this process.
Therefore, even when the widespread use of manufactured
CB and engineered carbon particles in various industrial
applications seems safe from a vascular point of view, our
findings do not eliminate the need for detailed
thrombogenicity studies during long-term occupational
exposure to carbon nanomaterials.
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