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Trichloroethylene increases pulmonary endothelial
permeability: implication for pulmonary veno-occlusive disease
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Abstract

Trichloroethylene exposure is a major risk factor for pulmonary veno-occlusive disease. We demonstrated that trichloroethylene

alters the endothelial barrier integrity, at least in part, through vascular endothelial (VE)-Cadherin internalisation, and suggested

that this mechanism may play a role in the development of pulmonary veno-occlusive disease.
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To the Editor,
Pulmonary veno-occlusive disease (PVOD) is a rare but

severe form of pulmonary hypertension (PH) characterised
by a progressive pulmonary venular and arterial obstruction
associated with a pulmonary capillary proliferation.
Compared with pulmonary arterial hypertension (PAH),
the clinical course of PVOD is usually more aggressive
and is characterised by poor response to PAH therapy.
The use of pulmonary vasodilators can be associated with
the development of life-threatening pulmonary oedema, and
lung transplantation remains the preferred therapy for eli-
gible PVOD patients.1 PVOD can be idiopathic, heritable
(loss-of-function biallelic mutations in EIF2AK4 gene),
drugs and toxins induced (alkylating agents, organic solv-
ents) and associated to connective tissue disease (especially
systemic-sclerosis).2 PVOD is significantly associated with
occupational exposure to organic solvents and especially

trichloroethylene (TCE).3,4 A significant exposure to TCE
was found in 42% of patients with PVOD.4 In this study,
histological specimens were available for analysis in seven
PVOD patients, including one with a history of positive
exposure to TCE. This patient demonstrated venular, capil-
lary and arterial lesions that were typical of PVOD. Despite
the fact that TCE exposure is a major risk factor for PVOD,
nothing is known about mechanisms leading to the develop-
ment of the disease in this context.

Several pathophysiological mechanisms involving TCE
have been described in other field. In oncology, case-control
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studies have shown a positive association between exposure
to TCE and development of renal carcinomas.5 The geno-
toxic nature of TCE metabolites eliminated by the kidneys
could explain this increased risk of cancer. Exposure to TCE
is also a risk factor for systemic sclerosis. TCE was shown to
be responsible for dysimmunity with an increase in the
Th17/Treg ratio potentially associated with the development
of the autoimmune response.6 TCE is also a source of oxi-
dative stress at the cellular level with the production of react-
ive oxygenated species (ROS) and nitrogen. Mice exposed to
TCE by inhalation present lung lesions with Club cell vacu-
olation, thickening of pulmonary capillaries and increased
oxidised glutathione as a marker of oxidant stress.7 It has
also been shown a vascular toxicity of TCE responsible for
the production of ROS by endothelial cells.8

The aim of our study was to describe the effects of TCE
exposure on pulmonary vascular and endothelial function.
In vivo experiments were conducted on four-week-old
Wistar rats (100–200 g). Eight rats were administered a
single dose of TCE (2000mg/kg, i.p.) in olive oil (volume
of injection: 500 mL) as previously described.9 The control
group (eight rats) was treated with equivalent volumes of the
vehicle. They were followed for 35 days and haemodynamic
studies were conducted before sacrifice. Under these condi-
tions, no PH or right ventricular hypertrophy was observed
after exposure to TCE. However, it seems elusive to estab-
lish an animal model of PVOD because of the very
long TCE exposure duration in human (>10 years).
Nevertheless, histological analysis of the lungs revealed a
significant enlargement of the perivascular space of small
distal vessels (diameter �50 mm) (Fig. 1a and b) in the rats
exposed to TCE compared to the control group
(p¼ 0.0092). This prolonged vascular effect, 35 days after
a single exposure to TCE, may be due to the lipophilic
nature of the compound. It may remain in fat-rich tissues
with subsequent low-level chronic release, but we did not
address this point in our study.

To explain this perivascular enlargement after TCE
exposure, we hypothesised that TCE favours pulmonary
endothelial permeability as a step in the pathophysiology
of PVOD development.

In vitro studies were conducted on human pulmonary
micro-vascular endothelial cell (HMVEC) exposed to TCE
(1000 ppm), TNF-alpha (10 ng/mL) as positive control or
regular medium in control group. Similar dose of TCE
have already been used for experiment on endothelial
cells.8 Using calibration curves, we measured the concentra-
tions of TCE in the medium using gas-chromatography
linked mass-spectrometry. Due to TCE high volatility,
steady state was measured 15min after solubilisation of
1000 ppm in the medium, showing actual concentrations of
5 to 10 ppm.

We performed a permeability study using Transwell�

assay. Fluorescein isothiocyanate labelled bovine serum
albumin (BSA-FITC) was added in the media of confluent
HMVEC monolayer grown on the upper compartment

of Transwell� inserts (0.4 mm pore size). Endothelial perme-
ability was assessed by measuring the FITC fluorescence in
the lower compartment of the Transwell� after 4 h of TCE
or TNF-alpha exposure (Fig. 1c). A significant increase in
transendothelial passage of BSA-FITC was observed in the
wells containing TCE compared to those exposed to regular
medium (control p< 0.0001) or TNF-alpha (p¼ 0.0018).

To observe the effect of TCE at the cellular level, we
conducted immunofluorescent studies on HMVEC conflu-
ent cultures. We focussed on adherent junction of vascular
endothelial (VE)-Cadherin that can be regulated to control
endothelial barrier integrity. Cell cultures were exposed or
not to TCE as described above. VE-Cadherin-based inter-
cellular adherent junctions were visualised after immunos-
taining and imaging with epifluorescence microscopy (Fig.
1d). Unexposed control cells had a pavement pattern and
were linked together with VE-Cadherin-based adherent
junction. After exposure to TCE, adherent junctions were
lost and intercellular spaces became prominent.

The iCELLigenceTM real-time cell analyzer (RTCA)
allows the label-free real-time monitoring of cultured cell
behaviour. The RTCA system uses microelectrode biosensor
array that measures impedance when cells adhere to the
microelectrodes.10 When cells reach confluence, the imped-
ance curve show a plateau. Apoptosis, loss of adherence and
opening of endothelial barrier induce a decrease in imped-
ance. Exposure to TCE decreased impedance values of con-
fluent HMVEC from the first to the sixth hour (Fig. 1e).
This transitory decrease in electrical impedance is inter-
preted as a transient breakdown of the endothelial barrier
without cell viability compromise.

Immunostaining and confocal microscopy analyses
revealed that confluent control HMVEC express VE-
Cadherin at the cell membrane. After TCE exposure, this
pattern is lost and VE-Cadherin displays a cytoplasm loca-
tion (Fig. 1f). Soluble VE-Cadherin (sVE-Cadherin) reflects
membrane expression of the protein that is released into the
medium after cleavage by proteases at basal level. Hence, we
quantified sVE-Cadherin concentration in HMVEC super-
natant as a surrogate of VE-Cadherin membrane expression
using ELISA kit (Quantikine� ELISA, R&D Systems,
Minneapolis). Exposure to TCE was associated with a sig-
nificant decrease in sVE-Cadherin levels (p¼ 0.0125), as
compared to control cells (Fig. 1f). Interestingly, massive
endothelial disruption and damage in sepsis has already
been associated with decreased sVE-Cadherin level due
to VE-Cadherin internalisation.11 In this line, the loss of
membrane expression, the cytoplasmic relocation of
VE-Cadherin and the drop in sVE-Cadherin levels suggest
a regulation of the endothelial permeability by TCE through
VE-Cadherin internalisation.

We demonstrated in this work that TCE caused a break-
down of the endothelial barrier in vitro. Increase in endo-
thelial permeability may explain histological observations
made in vivo on the rat model exposed to TCE, where peri-
vascular oedema was found at the pulmonary level.
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Increase in endothelial permeability has been described as
a mechanism involved in the development of PH. Dasatinib
exposure is a cause of drug-induced PAH that induces
lung vascular dysfunction with an increase in vascular

permeability.12 Alteration of vascular permeability and
endothelial barrier function has also been described after
cigarette smoke exposure.13 In a case-control study compar-
ing PVOD patients with PAH, all patients with significant

Fig. 1. Trichloroethylene (TCE)-induced endothelial dysfunction with an increase of vascular permeability. (a) Lung histology 35 days after TCE

exposure in rats shows perivascular enlargement (arrows) of pulmonary small distal vessels (diameter �50 mm) (Hematoxylin and Eosin stains).

(b) Quantification of the perivascular enlargement in control and TCE-exposed lungs. Twenty consecutive fields at 20� magnification were

analysed per rat in a blinded fashion. We measured the external surface delimited by the outer edge of the adventitia, and the vascular surface

delimited by the external elastica (EE-delimited surface) and assessed the perivascular enlargement through the ratio external surface/EE-

delimited surface. (c) BSA-FITC leakage through confluent monolayers of pulmonary endothelial cells is increased after TCE exposure.

(d) Immunofluorescence analysis against VE-Cadherin (red) and nuclei (blue): cells exposed to TCE lose adherent junction of VE-Cadherin.

(e) Curve of electric impedance (iCELLigence) of confluent monolayers of pulmonary endothelial cells after complete medium change (T0) with

TCE (green) or without (blue): TCE induces a reversible decline of electric impedance. (f) Confocal microscopy analysis shows that endothelial

cells exposed to TCE lose membrane localisation of VE-Cadherin which is internalised into the cytoplasm. (g) ELISA quantification of soluble

VE-Cadherin (reflecting cell membrane expression) in cell culture supernatants of pulmonary endothelial cells with or without 2 h of TCE

exposure. A decrease of soluble VE-Cadherin is observed after TCE exposure. Data are presented as mean� SEM. *p< 0.05, **p< 0.01,

****p< 0.0001.
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exposure to TCE had concurrent tobacco exposure.4

Tobacco and solvent exposures may have a potentiator
effect for the development of PVOD, with similar patho-
genic mechanisms. In case of breakdown of the endothelial
barrier, connective tissue and underlying smooth muscle
cells are exposed to circulating growth factors leading to
uncontrolled proliferation and remodelling.14 Increase in
endothelial permeability is also associated with the recruit-
ment of inflammatory cells involved in the initial develop-
ment of vascular remodelling observed in PAH.15 Further
studies should focus on the molecular mechanisms involved
in endothelial permeability dysregulation induced by TCE.

In conclusion, this study indicates that TCE alters the
endothelial barrier integrity, at least in part, through VE-
Cadherin internalisation, and suggests that this mechanism
may play a role in the development of PVOD.
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