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Abstract
Cyclophosphamide (CPA) is one of the most successful anticancer prodrugs that becomes
effective after biotransformation in the liver resulting in the toxic metabolite acrolein. Cancer
is often accompanied by thromboembolic events, which might be a result of dysfunctional
endothelial cells due to CPA treatment.
Here, the effect of 1 mM CPA or acrolein (10/50/100/500 µM) on human umbilical vein
endothelial cells (HUVEC) was analyzed after two days of treatment.
The addition of CPA or 10 µM acrolein did not affect HUVEC. However, concentrations of
100 µM and 500 µM acrolein significantly reduced the number of adherent cells by 86±13%
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and 99±1% and cell viability by 51±29% and 93±8% compared to the control. Moreover,
pronounced stress fibers as well as multiple nuclei were observed and von Willebrand Factor
(vWF) was completely released. Lactate dehydrogenase was 8.5±7.0-fold and 252.9±42.9-fold
increased showing a loss of cell membrane integrity. The prostacyclin and thromboxane
secretion was significantly increased by the addition of 500 µM acrolein (43.1±17.6-fold and
246.4±106.3-fold) indicating cell activation/pertubation.
High doses of acrolein led to HUVEC death and loss of vWF production. This effect might be
associated with the increased incidence of thromboembolic events in cancer patients treated
with high doses of CPA.

Key words: human umbilical venous endothelial cells – acrolein – aneuploidy – von
Willebrand factor – in vitro study

Introduction
Anticancer drugs comprise a large spectrum of agents which mediate their mechanism of action
via different routes depending on their target and the application strategy [1]. Whereas some
of these drugs are effective per se, others only become active after conversion into metabolites
produced in the liver (first pass effect). These drugs are called prodrugs. Cyclophosphamide
(CPA) is a well-known prodrug with alkylating and antineoplastic activity [2, 3, 4].
After hydroxylation of CPA via cytochrome-P450 oxidases into 4-hydroxy-cyclophosphamide
(4-OH-CPA), 4-OH-CPA is able to pass through cellular membranes and thus rapidly enters
cells [5, 6]. Within the cell, 4-OH-CPA decomposes to the toxic metabolites; phosphoramide
mustard and acrolein, [5, 6].
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CPA is one of the most successful anticancer agents [3]. Two of the resulting metabolites
(phosphoramide mustard and acrolein) have an alkylating effect and are described as toxic to
different cell types [3, 7, 8, 9, 10, 11]. In addition, nor-nitrogen mustard – caused by
spontaneous decay of CPA - shows an alkylating activity at pH 4.6. However, it is inactive in
vitro at pH 7.4 and therefore may not have a cytotoxic effect in vivo [7, 12].
The maximum dose of CPA clinically used is 60 mg/kg daily administered over two days or
50 mg/kg daily administered over four days. At higher dosages toxic reactions occur [13, 14,
15]. The dose-limiting toxic effect of CPA, observed after administration of high-doses, is
cardiotoxicity [4, 16, 17, 18]. CPA can be orally or intravenously administrated. During
intravenous administration in particular, locally high concentrations in the vasculature can be
achieved, possibly inducing damage – not only to cardiomyocytes – but also to endothelial
cells (EC), in particular in the infusion area. A first pilot in vitro study revealed that the addition
of CPA to the cell culture medium (5 or 10 mM, respectively) showed a clear cytostatic effect
on human umbilical vein endothelial cells (HUVEC) [19]: HUVEC density decreased in a
concentration-dependent manner compared to the untreated control, whereby the viability of
adherent HUVEC was not affected. After administration of CPA in cancer patients, cardiac
toxicity was described as depending on toxic endothelial damage [15]. Kurauchi et al. found
acrolein as the main toxic metabolite playing a major role in CPA cardiotoxicity [20].
The average concentration of CPA at 3 hours after administration of high-dose CPA (60 mg/kg)
therapy in cancer patients was 257 ± 46 μM [4]. According to an earlier clinical study this
would lead to a concentration of 3.83 µM of phosphoramide mustard or acrolein [21]. The
concentrations of acrolein used in our study were chosen based on results from
pharmacokinetic studies of high-dose cyclophosphamide in patients and from other in vitro
studies [4, 20] between 10 and 500 µM. In addition, it is known that not only hepatocytes but
also endothelial cells endogenously express cytochrome P450 enzymes, which theoretically
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enable them to convert CPA into acrolein. Thus, local acrolein concentrations in endothelial
cells could be higher than in their environment (serum or urine) where they are typically
measured. Since metabolites of CPA were shown to be present at low levels after 50 hours after
intravenous injection [22], an exposure time of 2 days was chosen.
A recent study corroborated the cytotoxic potency of acrolein and described acrolein to be the
main toxic metabolite for cardiomyocytes [4]. Therefore, in the study presented here, the effect
of acrolein on endothelial cells in comparison to CPA was evaluated.

Material and Methods
Cultivation and treatment of HUVEC
Human umbilical vein endothelial cells (HUVEC, Lonza, Cologne, Germany) were cultivated
in endothelial cell culture medium supplemented with 5% (v/v) fetal bovine serum (Upcyte
technologies GmbH, Hamburg, Germany). Cells were used at passage 4 for experiments [23].
HUVEC were seeded on glass coverslips (Th. Geyer GmbH, Hamburg, Germany) in 24-well
plates (TPP, Techno Plastic Products AG, Trasadingen, Switzerland) with a cell density of
20,000 cells/well to keep cells in growing phase throughout the experimental setup. After 24
h, the cell culture medium was replaced by fresh medium containing 1 mM CPA (Alfa Aesar,
Kandel, Germany, CAS-number: 6055-19-2, >97% purity) or acrolein in concentrations of 10
µM, 50 µM, 100 µM or 500 µM (Sigma-Aldrich, Taufkirchen, Germany, CAS-number: 10702-8, analytical standard grade). The structural formulas of CPA and acrolein are shown in
figure 1. As a (negative) control, cells were cultivated in pure cell culture medium. Analyses
regarding cell viability, expression of von Willebrand factor and actin filaments, cell membrane
integrity and secretion of prostacyclin were performed after 2 d of treatment. The study design
is presented in Figure 2.
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Figure 1: Structural formulas of cyclophosphamide (A) and its toxic metabolite acrolein (B).

Figure 2: Study design. Human umbilical vein endothelial cells (HUVEC) were seeded in 24well plates at a density of 20,000 cells/well. After 24 h, cell culture medium was replaced with
fresh medium containing 1 mM cyclophosphamide (CPA) or acrolein (10 µM, 50 µM, 100µM
or 500 µM). Control cells were cultivated in pure cell culture medium. Two days after treatment
cells were analyzed regarding viability, density, morphology, membrane integrity and secretion
of prostacyclin and thromboxane B2.

For calculating the density of adherent endothelial cells per mm2, three pictures per sample
were analysed and the cell numbers averaged (sample size n = 6 (3 wells in 2 experiments)).
Images were taken in 20-fold magnification (LSM Axiovert 200M, Zeiss, Oberkochen,
Germany).
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Cell Viability
The analysis of the cell viability was performed using fluorescein diacetate (FDA, 12.5 µgꞏmL1

, Invitrogen, Carlsbad, CA, USA) to stain vital cells in green and propidium iodide (PI, 1

µgꞏmL-1, Sigma-Aldrich, Taufkirchen, Germany) to stain dead cells in red. For this, FDA and
PI were added to the cell culture medium and images of HUVEC were immediately taken in a
20-fold magnification (Laser scanning microscope Axiovert 200M, Zeiss, Oberkochen,
Germany). The number of live and dead cells were counted using ImageJ (U. S. National
Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/) and expressed as a
percentage of the total cell number. The number of vital adherent cells was calculated relative
to the growth area in mm2.

Fluorescence staining
To assess the cell morphology, cells were stained with phalloidin to visualize actin filaments
and antibodies to detect von Willebrand factor. Briefly, cells were fixed with 4% (w/v)
paraformaldehyde (Sigma-Aldrich, Taufkirchen, Germany) for 30 min, permeabilized using
0.5% (v/v) Triton-X-100 for 10 min (Sigma-Aldrich, Taufkirchen, Germany) and unspecific
binding sites were blocked with 5% (w/v) bovine serum albumin (Roth, Karlsruhe, Germany)
for 20 min at room temperature. Phalloidin conjugated to Alexa Fluor 555 (Invitrogen,
Carlsbad, CA, USA, 1:40) and the primary rabbit anti-human von Willebrand factor-directed
antibody (Sigma-Aldrich, Taufkirchen, Germany, F3520, 1:200) were incubated for 1 h at
room temperature in the dark. After three washing steps with phosphate buffered saline
(Invitrogen, Carlsbad, CA, USA) cells were incubated with the secondary donkey anti-rabbit
antibody conjugated to Alexa Fluor 488 (Invitrogen, Carlsbad, CA, USA, A21206, 1:400) for
1 h at room temperature in the dark. Finally, cells were washed again and covered with
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mounting medium containing 4′,6-diamidino-2-phenylindole (Roth, Karlsruhe, Germany) to
counterstain cell nuclei in blue.

Measurement of cell membrane integrity
Cell membrane integrity was measured using the LDH Cytotoxicity Assay Kit II (LDH, Roche,
Grenzach, Germany) according to the manufacturer’s instructions. Briefly, cells were seeded
in 96-well plates (Greiner Bio One, Leipzig, Germany) with 5,000 cells/well and treated with
CPA and acrolein as described above. Three days after seeding, 10 µL of cell culture
supernatant was added to 100 µL of LDH reaction mix. After 30 min incubation at room
temperature in the dark, the absorbance at 450 nm (reference wavelength: 650 nm) was
measured using a photometer (Tecan infinite M200 pro, Crailsheim, Germany) and the LDH
release was normalized to the number of adherent cells.

Quantification of prostacyclin and thromboxane B2
Prostacyclin and thromboxane B2 secretion was quantified using a competitive enzyme
immunoassay (6-keto Prostaglandin F1α ELISA Kit and Thromboxane B2 ELISA Kit, Cayman
Chemical, Hamburg, Germany) according to the manufacturer’s instructions. Briefly, 50 µL
cell culture supernatant were used per well and measurements were performed in triplicates.
Absorbance was recorded at 410 nm using a photometer (Tecan infinite M200 pro, Crailsheim,
Germany). Prostacyclin and thromboxane B2 concentrations were calculated based on a
standard curve and normalized to the number of adherent cells per well.
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Statistics and error consideration
Statistical analyses were performed using Graphpad Prism 6 (Graphpad Software, San Diego,
California). Normal distribution of the data was tested using the d’Agostino & Pearson
omnibus normality test. Data are reported as arithmetic mean ± standard deviation for
continuous variables. Multiple comparisons between groups were performed by two-way
ANOVA and Dunnett’s post hoc test for normally distributed data and Kruskal-Wallis test with
Dunn’s post hoc test for non-parametric data. Differences were considered significant at
p<0.05.

Results
Density of adherent HUVEC
Figure 3 shows HUVEC densities as cell numbers/mm2 at the third day after seeding. The
seeding experiments up to three days confirmed that HUVEC were able to adhere and
proliferate to confluence on glass coverslips in tissue culture plates.
Supplementation of the cell culture medium with 1 mM CPA or with 10 µM acrolein had no
influence on the number of adherent HUVEC. However, already at an acrolein concentration
of 50 µM, the number of adherent HUVEC decreased by 26±50% according to tendency.
Treatment with 100 µM and 500 µM acrolein reduced the number of adherent cells
significantly by 86±13% (100 µM, p<0.0001) and 99±1% (500 µM, p=0.0003) compared to
the control (Fig. 3).
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Figure 3: Human umbilical vein endothelial cells (HUVEC) densities [cells/mm2] at the third
day after seeding. HUVEC were cultivated for one day before they were treated with
cyclophosphamide (1 mM CPA) or acrolein (10 µM, 50 µM, 100 µM or 500 µM) for two days.
Control cells were cultivated with pure cell culture medium (arithmetic mean ± standard
deviation; n=6).

Viability of adherent HUVEC
Representative images of HUVEC monolayers are shown in figure 4 (phase microscopy upper row; live/dead staining - lower row). Both phase contrast images and live/dead staining
show that cells treated with 1 mM CPA and 10 µM acrolein look similar to control cells.
Treatment with 50 µM acrolein induced some cell detachment and few dead cells. Dramatic
changes in cell viability were observed after adding 100 µM and 500 µM acrolein. Under these
conditions most of the cells detached from the substrate and remained as round and dying cells
in the cell culture medium. Quantification of the number of viable and dead cells showed that
9

with increasing acrolein concentration not only the number of adherent HUVEC decreased, but
also the number of dead adherent HUVEC.

Figure 4: Representative images of the human umbilical vein endothelial cell (HUVEC)
monolayers after adding cyclophosphamide (CPA) or acrolein. After one day of cultivation,
HUVEC were treated with CPA or increasing amounts of acrolein. Control cells were
cultivated in pure cell culture medium. Upper row: phase contrast microscopy (10-fold
magnification); lower row: live (green)/dead (red) staining imaged by confocal laser scanning
microscopy (20-fold magnification).

Figure 5 shows that at an acrolein concentration of 50 µM 5±13% of the adherent HUVEC
were dead, at 100 µM nearly half of the adherent HUVEC were dead (p<0.0001) and at the
concentration of 500 µM already 93±8% (p<0.0001) of the adherent HUVEC were dead.
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Figure 5: Viable adherent human umbilical vein endothelial cells (HUVEC) in [%] at the third
day after seeding. After one day of cultivation, HUVEC were treated with cyclophosphamide
(1 mM) or acrolein (10 µM, 50 µM, 100 µM or 500 µM) for two days. Control cells were
cultivated in pure cell culture medium (arithmetic mean ± standard deviation; n=6).

Morphology of the adherent HUVEC
After three days of seeding, most untreated HUVEC exhibited a large, spindle-shape and were
randomly organized. Confluence was not yet reached. However, HUVEC started to decrease
their stress fibers in central parts of the cells and there was a tendency of marginal filament
band broadening. Most adherent cells contained von Willebrand factor, so that the cells could
be unambiguously characterized as endothelial cells (Fig. S1).
After adding 1 mM CPA or 10 µM acrolein slightly more stress fibers were found compared
to the control cells (data not shown).
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The addition of 50 µM acrolein to the cell culture medium revealed a disturbation of the
microfilament structure. A disconnection of cell-cell contacts and the appearance of minute
intercellular fenestrations was visible.
Dramatic changes occurred after adding 100 µM acrolein to the culture medium. Far fewer,
and smaller HUVEC, with completely changed morphology adhered and more than half of the
adherent cells showed an increased number of nuclei. In contrast to the control, stress fibers in
central parts of the cells were not located towards the outer rim of the cells indicating no
development of a functionally-confluent monolayer. In addition, vWF could not be detected in
HUVEC anymore. Treatment with 500 µM acrolein led to few cellular fragments or shrunken
HUVEC containing a high number of nuclei. Also, here, no vWF was visible (Fig. 6).

Figure 6: Actin and von Willebrand (vWF) expression in adherent human umbilical vein
endothelial cells (HUVEC) treated with acrolein (50 µM-left, 100 µM-mid, 500 µM-right) for
two days. Actin is stained in red, vWF in green, nuclei in blue. Images were acquired by
confocal laser scanning microscopy (20-fold magnification).

Investigation of the integrity of the membrane of adherent HUVEC
CPA or acrolein in concentrations between 10 µM to 50 µM did not affect the concentration of
lactate dehydrogenase (LDH) in the HUVECs` cell culture medium of compared to controls
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after two days of treatment (Fig. 7). However, treatment with 100 µM acrolein significantly
increased the amount of free LDH in the supernatant (8.5±7.0-fold, p=0.0023). At the highest
concentration of acrolein of 500 µM the increase of LDH was even more pronounced
(252.9±42.9-fold, p<0.0001).

Figure 7: Integrity of the membrane of adherent human umbilical vein endothelial cells
(HUVEC) normalized to the cell number per well at the third day after seeding. After one day
of cultivation, HUVEC were treated with 1 mM cyclophosphamide (CPA) or increasing
concentrations of acrolein (10 µM, 50 µM, 100 µM or 500 µM) for two days. Control cells
were cultivated in pure cell culture medium (arithmetic mean ± standard deviation; n=6).

Prostacyclin and thromboxane B2 production of adherent HUVEC
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The addition of 1 mM CPA and acrolein in concentrations of 10 µM to 100 µM had no
significant effect on the prostacyclin secretion by adherent HUVEC. A slight increase (1.7±1.1fold and 6.7±2.5-fold) in the prostacyclin secretion was evident after treatment with 50 µM and
100 µM of acrolein, however, this increase was not statistically relevant. In contrast, treatment
with 500 µM acrolein induced a 43.1±17.6-fold increase in the prostacyclin concentration
(p<0.0001; Fig. 8).

Figure 8: Prostacyclin secretion normalized to the number of adherent human umbilical vein
endothelial cells (HUVEC). HUVEC were cultivated for one day before they were treated with
1 mM cyclophosphamide (CPA) or acrolein (10 µM, 50 µM, 100 µM or 500 µM) for two days.
Control cells were cultivated with pure cell culture medium (arithmetic mean ± standard
deviation; n=6).

A similar effect of CPA and acrolein was observed regarding the secretion of thromboxane B2.
CPA and acrolein in concentrations of 10 µM to 50 µM had no significant effect on the
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thromboxane B2 secretion. Addition of 100 µM acrolein slightly increased the concentration
of thromboxane B2 in the supernatant (8.0±3.1-fold) but not in a statistically relevant manner.
However, treatment with 500 µM acrolein induced a 246.4±106.3-fold increase in the secretion
of thromboxane B2 (p=0.0347; Fig. 9).

Figure 9: Thromboxane B2 secretion normalized to the number of adherent human umbilical
vein endothelial cells (HUVEC). HUVEC were cultivated for one day before they were treated
with 1 mM cyclophosphamide (CPA) or acrolein (10 µM, 50 µM, 100 µM or 500 µM) for two
days. Control cells were cultivated with pure cell culture medium (arithmetic mean ± standard
deviation; n=6 for control and CPA, n=5 for 10 µM and 100 µM acrolein, n=3 for 500 µM
acrolein and n=1 for 50 µM acrolein).
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Discussion
The study revealed a toxic effect of acrolein on endothelial cells in a dose-dependent manner.
With increasing acrolein concentration (between 10 µM up to 500 µM) the number of adherent
HUVEC decreased significantly. At the highest acrolein concentration (500 µM) only 5±7
HUVEC/mm2 adhered (compared to 466±143 in the control cultures). It has been shown that
acrolein induces cell death via apoptosis or necrosis depending on the cell type. Human lung
macrophages [24] and lung epithelial cells [25] as well as human keratinocytes [26] undergo
apoptosis whereas murine proB lymphoid progenitor cells [27] become necrotic in response to
acrolein. A study by Misonou et al. suggested that HUVEC exposed to acrolein underwent cell
death via apoptotic pathways as shown by staining of highly condensed DNA as a marker for
apoptosis [28]. However, markers for necrosis were not investigated in this study. Tanel and
Averill-Bates demonstrated a concentration-dependent effect of acrolein on the mechanism of
cell death [29]. At lower concentrations (up to 50 fmol/cell) cells underwent apoptosis. At
higher concentrations (100 fmol/cell) necrosis was induced e.g. in chinese hamster ovary cells.
From a mechanistic point of view, acrolein-induced apoptosis was mediated through the
mitochondrial pathway involving the release of cytochrome c from mitochondria and the
activation of caspases [29]. In addition, apoptosis can also be initiated by the endoplasmatic
reticulum as shown in lung epithelial cells [25]. However, alternative or complementary
mechanisms might also contribute to acrolein-mediated apoptosis. Regardless of the
underlying molecular mechanism, these studies demonstrated that the presence of acrolein led
to cell death, which is well in line with our findings. Initial morphological responses were
found at a concentration of 50 µM acrolein. At this concentration 5±13% of HUVEC were
dead, at 100 µM more than half of cells and at a concentration of 500 µM nearly all (93±8%)
HUVEC. In addition, particularly pronounced stress fibers in central parts of the HUVEC were
found and the amount of vWF in the cells started to decrease. Particularly noticeable was the
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absence of vWF at concentrations of 100 µM or 500 µM acrolein. vWF is synthesized in
endothelial cells and stored in specific cell organelles, the Weibel Palade bodies (WPBs), as
can be seen in the control HUVEC or in cultures supplemented with the low dosage of acrolein.
From there it can be released by exocytosis after stimulation by different mediators and after
cell damage to support platelet adhesion and subsequent thrombus formation [30]. A deficiency
of vWF, however, is associated with severe bleeding disorders. Thus, the complete absence of
vWF in cells treated with the two highest doses of acrolein indicates a dramatic damage of the
cellular function.
Also, the shape of the HUVEC changed dramatically; at 500 µM only very few fragments or
shrunken HUVEC were visible. At the same time almost only aneuploid cells were
recognizable with some cells containing up to 6 nuclei (see Fig. 6). It has been shown by Bahl
et al. [31] that 24 hours of treatment with acrolein decreased the expression of transcription
factor Dp-1, a factor needed for the G1 to S transition in the cell cycle [32]. Obviously,
duplication of DNA and nuclei take place but not cell division. The significance of multiple
nuclei remains still obscure. In the present case, it can be interpreted as pathological condition
[33].
The LDH concentration, which is significantly elevated in the supernatant after treatment with
100 µM or 500 µM acrolein, shows that the integrity of the cell membrane is no longer intact.
This is a reflection of the cell viability (Fig. 5), which was significantly reduced at these
concentrations. Cell death is accompanied by decreased membrane integrity leading to the
secretion of intracellular fluids involving LDH. The cell membrane damaging effect of acrolein
was shown for a number of other cells types, however, with varying sensitivities to acrolein.
Whereas murine pro B lymphoid progenitor cells showed a significant LDH release in response
to 20 µM acrolein for 30 min [27], porcine pulmonary artery endothelial cells secreted a
significant amount of LDH after treatment with 4.5 µM acrolein for 30 min [34]. In the present
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study, HUVEC released LDH in a statistically relevant amount after stimulation with extremely
high concentrations of 100 µM and 500 µM acrolein for 48 hours. This indicates that HUVEC
are much more resistant to acrolein than murine hemopoietic cells or porcine endothelial cells.
Prostacyclin (PGI2) was quantified in the HUVEC supernatant to assess the activation state of
the HUVEC. Physiologically, endothelial cells show an anti-thrombotic phenotype
characterized by the hydrolyzation of adenosine triphosphate (ATP) and adenosine diphosphate
(ADP) preventing platelet activation, adhesion and aggregation by expressing 13hydroxyoctadecadienoic acid and releasing prostacyclin among other molecules [35].
Endothelial cells respond to changes in their environment within minutes [36]. This acute
response follows receptor-mediated cell signaling accompanied by influx of calcium ions and
induction of various types of phosphorylations which result in i.) the activation of enzymes that
generate PGI2, and ii.) the recruitment of vesicles with pre-formed proteins to the plasma
membrane reinforcing endothelial cell activation [37]. The increase of released prostacyclin
indicates a state described as perturbation of endothelial cells [38-42]. In this study, treatment
of HUVEC with 100 µM and 500 µM acrolein increased the PGI2 secretion 6.7±2.5-fold and
43.1±17.6-fold, respectively, compared to the control. These findings clearly show that the
HUVEC were in a highly activated or perturbated state depending on the acrolein
concentration: with increasing acrolein concentration, PGI2 increased exponentially which
underlines the toxic effect of high doses of acrolein. Moreover, the secretion of thromboxane
B2 was 246.4±106.3-fold increased after treatment with 500 µM acrolein compared to the
control. Thromboxane B2 is a more stable metabolite of thromboxane A2, which is released by
endothelial cells at events of tissue injury and inflammation [43]. Thromboxane A2 induces
platelet activation and aggregation in vitro as well as in vivo [44]. In addition, it acts as a potent
vasoconstrictor resulting in narrowed vessel diameters reducing the blood flow. The platelet
activating potency of thromboxane is four orders of magnitude higher than the inhibiting
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potency of prostacyclin [44] leading to a very high risk of platelet activation and aggregation
in an in vivo setting. Thus, the increased release of thromboxane after treatment with 500 µM
acrolein indicates that HUVEC were exposed to a severe pathological setting and thus reacted
with pro-thrombotic actions.

Clinical Impact
The perturbation/activation of the endothelium accompanied by the acrolein-induced dosagedependent detachment and death of adherent endothelial cells would in vivo lead to the
formation of intercellular gaps and subsequently to the formation of denuded subendothelial
matrix areas triggering thrombocyte adherence and thrombus growth [45-47].
The thrombogenicity of acrolein is amplified by the release of von Willebrand factor,
especially at very high dosages. Weibel‐Palade bodies (WPBs) harbor multiple pro‐
inflammatory and pro‐hemostatic proteins [48], including the leukocyte receptor P‐selectin,
the pro‐hemostatic glycoprotein von Willebrand factor (vWF), pro‐inflammatory cytokines,
and agents that control tonicity [49]. Within minutes of secretagogue stimulation, WPBs
undergo exocytosis [48], releasing their content into the blood, which initiates hemostasis. On
denuded vascular wall areas, the interaction between the membrane receptor GPIbα with the
subendothelial-bound vWF will initiate the tethering of circulating platelets to the vessel
wall. Tethering platelets to vWF is rapidly followed by platelet binding to collagen through
specific receptors (GPVI and α2β1) leading to firm adhesion, activation, and additional stable
bonds mediated by the αΙΙbβ3 integrin complex [50, 51]. Upon exocytosis, the tubules unfurl
into long protein strings, which recruit neighbored platelets even at non‐pathological shear
[52] leading from initially bound singular platelets to thrombus formation - interactions that
can result in pathological thrombosis formation.
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Furthermore, vWF carries coagulation factor VIII, which is involved in thrombin formation
that, in addition to activating platelets, mediates – beneath several other actions - fibrin
formation and thus the stabilization of the growing thrombus [53].
This pro-thrombotic scenario is further reinforced by the release of thromboxane, a strong
stimulator of platelet activation [54], which dramatically increases at very high doses of
acrolein.
The results of the in vitro study presented here coincide well with clinical findings. On the
basis of postmortem examinations, the pathophysiology of high-dose CPA-associated cardiac
toxicity is thought to depend on toxic endothelial damage [19] followed by extravasation of
toxic metabolites, resulting in myocyte damage, interstitial hemorrhage, and edema [15, 18].
In addition, approximately 15% of cancer patients suffer from thromboembolic events, in
patients with bronchial carcinoma up to 28% [55, 56]. The exact cause is mostly unknown. In
fact, the percentage of thromboembolic events in cancer patients is significantly higher;
postmortem examinations in 1505 autopsies with malignant disease showed either venous
thrombosis, pulmonary embolism, or both (40.3%) in 607 of the included patients [56].
It can be hypothesized that possibly a certain percentage of the thrombotic events might be
caused by the antineoplastic agents.

Conclusion
The study revealed that acrolein led to an activation, to the detachment and death of endothelial
cells and at high or very high dosages to aneuploidy and the complete loss of von Willebrand
factor. This would in vivo lead to denuded, subendothelial areas and together with the release
of von Willebrand factor and thromboxane to a situation with a high risk for thrombotic events.
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Supplements

Figure S1: Actin and von Willebrand (vWF) expression in adherent untreated human umbilical
vein endothelial cells (HUVEC) three days after seeding. Actin is stained in red, vWF in green,
nuclei in blue. Images were acquired by confocal laser scanning microscopy (20-fold
magnification).
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