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ABSTRACT

KEY WORDS: ischemia/reperfusion injury, lung physiology, pulmonary

function, lung transplantation
Objective: Several works highlight the role of CsA in the
prevention of IRI, but none focus on isolated lungs. Our objective
was to evaluate the effects of CsA on IRI on ex vivo reperfused pig
lungs.
Methods: Thirty-two pairs of pig lungs were collected and stored
for 30 minutes at 4°C. The study was performed in four groups.
First, a control group and then three groups receiving different
concentrations of CsA (1, 10, and 30 lM) at two different times:
once at the moment of lung procurement and another during the
reperfusion procedure. The ex vivo lung preparation was set up
using an extracorporeal perfusion circuit. Gas exchange parameters,
pulmonary hemodynamics, and biological markers of lung injury
were collected for the evaluation.
Results: CsA improved the PaO2/FiO2 ratio, but it also increased
PAP, Pcap, and pulmonary vascular resistances with dose-dependent
effects. Lungs treated with high doses of CsA displayed higher
capillary-alveolar permeability to proteins, lower AFC capacities,
and elevated concentrations of pro-inflammatory cytokines.
Conclusions: These data suggest a possible deleterious imbalance
between the beneficial cell properties of CsA in IRI and its
hemodynamic effects on microvascularization.

Abbreviation used: AFC, alveolar fluid clearance; ANOVA, analyse

of variances; ARDS, acute respiratory distress syndrome; BAL,
bronchoalveolar lavage; CsA, cyclosporine A; ETCO2, end tidal
carbon dioxide pressure; EVLP, ex vivo lung perfusion; f, frequency;
FiO2, inspired oxygen fraction; FITC-D70, fluorescein isothiocyanate labeled dextran; IL-1b, interleukin-1 beta; IRI, ischemia
reperfusion injuries; K, FITC-D70 transport rate coefficient; MPTP,
mitochondrial permeability transition pore; NHBD, non-heartbeating donors; PaCO2, arterial carbon dioxide pressure; PaO2/FiO2,
arterial oxygen pressure/inspired oxygen fraction; PAP, pulmonary
arterial pressure; Pcap, capillary pressure; PEEP, positive endexpiratory pressure; P, perfusate; PVRa and PVRv, arteriolar and
venular pulmonary vascular resistances; RAGE, receptor for
advanced glycation end-products; SEM, standard error of the mean;
TLR, toll-like receptor; TNFa, tumor necrosis factor alpha; VT, tidal
volume; W/D, wet to dry weight.
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INTRODUCTION
Lung transplantation is now commonly used for the treatment
of chronic pulmonary diseases. The number of patients
registered for the waiting list increases each year; thus, new
ways need to be discovered on how to enlarge the pool of lung
donors [21]. To reach this goal, utilization of lungs from
marginal donors or NHBD should be considered. Techniques
of EVLP have shown to be a promising solution [12,43], and
the prevention of IRI has become a major challenge [13].
In the past two decades, several publications have
highlighted the role of CsA in the prevention of IRI when
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administered during pre-conditioning (before ischemia)
and post-conditioning (during ischemia and before reperfusion) of organ transplantations in several animal
species [15,19,20,25,30,45,50]. Besides its graft antirejection activity, CsA inhibits MPTP opening. Many
studies focus on the prevention of IRI in the myocardial
tissue [19,20,33].
The study on the effects of CsA in the prevention of IRI
on lungs has been focused more on isolated cells and
rodents, but not on large mammals [15,25,30]. We aimed
change that stigma and evaluate the effects of CsA in EVLP
on pig lungs.
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MATERIALS AND METHODS
Animal Preparation
Animal care and procedures were made according to the
Helsinki convention for the use and care of animals.
Experiments were performed on 32 pigs weighing
19.9  1.6 kg. The pigs were anesthetized with an inhalation
of 5% Isoflurane (Belamont, Cournon d’Auvergne, France),
and mechanically ventilated with 2% Isoflurane. Tidal
volume (VT) was 7 mL/kg and respiratory frequency (f)
was twelve breaths per minute. A five-centimeter H2O PEEP
was maintained and 10,000 U of Heparin i.v. (SanofiAventis, Plo€ermel, France) was administered. The pigs were
killed using pentobarbital i.v. (Chemische Fabrik, Berg,
Germany) (25 mg/kg) and potassium chloride i.v. (5 g).
Pneumoplegia was performed by infusing 1 L of the
preservation fluid Perfadex (Vitrolife AB, Gothenburg,
Sweden) at 4°C in the right ventricule. Perfadex was
buffered with Trometamol (Addex-THAM, Kabi, Sweden).
Finally, the lungs were extracted and stored in a cold room at
4°C for 30 minutes.

Ex Vivo Preparation
The usefulness of EVLP is well known and described in
literature [7,12,17,43]. Many parameters of our ex vivo
preparation was performed in a “state of the art” EVLP
setting and published by research teams that are experts in
the field [36]. In our experiments, our purpose was not to
demonstrate or suggest an evolution of the EVLP technique,
but rather to use such experimental preparations to evaluate
the benefit of the CsA to reduce IRI.
The ex vivo lung function assessment system was primed
with 2.8 L of Perfadex added with 5% of bovine serum
albumin (Sigma-Aldrich, St. Louis, MO, USA), and 2 mg/L
of Trinitrine (Sanofi-Aventis). The pulmonary artery was
cannulated with a 20-F cannula (Turemo, Ann Arbor, MI,
USA) connected to the extracorporeal circuit. A pressure
probe (Baxter, Uden, Holland) was first placed into the
pulmonary artery, then a temperature probe (Sorin Group,
Arvada, CO, USA) was connected to the membrane
oxygenator; finally, a second temperature probe (Integral
Process, Conflans Sainte Honorine, France) was placed at the
pulmonary vein exit. During the rewarming phase, 2 L/min
of oxygen and 2 L/min of nitrogen (93%) mixed with carbon
dioxide (7%) were carried to the membrane oxygenator.
Isotonic trometamol was used to obtain a physiologic pH in
the mixed solution.

Rewarming Phase
The rewarming of the lung preparations was initiated by a
slow infusion (100 mL/min) at 25°C. The peristaltic pump
flow was gradually increased along with the temperature of
the perfusion fluid. At 32°C, ventilation was started
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(VT = 50 mL, f = 12/min, PEEP = 5 cmH2O, FiO2 = 50%)
and then gradually increased by increments of 20 mL up to a
maximal VT of 7 mL/kg. During this rewarming phase, the
pump flow was progressively increased up to 1.3 L/min
(normal cardiac output for a 20 kg pig). However, PAP was
never allowed to exceed 25 mmHg. The pump flow was fixed
with a lower pressure less than 25 mmHg in order to
preserve the integrity of the capillary-alveolar membrane.
The rewarming phase was considered complete when the
temperature of the solution from the pulmonary veins
reached 36°C, while full cardiac output and ventilation were
also obtained. Oxygen flow to the gas mixer was then
stopped and only the nitrogen and carbon dioxide supply to
the reperfusion circuit was maintained. This steady state was
maintained for 45 minutes before starting the evaluation
phase. The mean time of hot ischemia was 18  4 minutes
and the mean time of cold ischemia was 117  20 minutes.

Evaluation Phase
During the evaluation phase, gas exchange parameters
(PaO2/FiO2, PaCO2, ETCO2), pulmonary hemodynamics,
and several markers of lung injury were measured.

Pulmonary hemodynamics. PAP was continually monitored
through a computer-integrated data acquisition system
(Biopac, Santa Barbara, CA, USA). To estimate Pcap, the
peristaltic pump was paused for a few seconds. The Pcap was
then calculated using a model developed in our laboratory by
Baconnier et al. [3]. In this model, pulmonary vasculature is
considered three serial compliant compartments (arterial,
capillary, and venous) separated by two resistances (arterial
and venous). The Pcap was then estimated using zero time
extrapolation of the slow component of the arterial occlusion
profile. The respective PVRa and PVRv were then derived
from this Pcap evaluation.
Markers of lung injury. Concentrations from two proinflammatory cytokines, TNFa and IL-1b, were measured in
perfusion fluid and in BAL fluid. We found that the
ischemia-reperfusion of solid organs was responsible for
the quick release of pro-inflammatory cytokines
[13,14,18,27,39]. These pro-inflammatory cytokines were
mainly secreted by the alveolar and parenchymal macrophages and secondarily secreted by the alveolar epithelial
cells, which were in direct response to the oxidative stress
[30]. This phenomenon explains why we can find the
cytokines in both the alveolar space and the perfusate.
The concentrations of RAGE were also measured in
perfusion and BAL fluid. The marker RAGE is relatively
specific to the alveolar epithelial cell injury [7]. RAGE is
predominantly produced by alveolar type I cells which covers
95% of the pulmonary alveolar surface. During an alveolar
epithelial injury, RAGE is released in both the alveolar space
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and in the vascular compartment [46]. Some recent studies
have shown that an increase in the concentration of RAGE in
BAL was directly correlated with the severity of the lesion
[7,9,17]. RAGE concentration in the vascular compartment
was also of interest in order to evaluate lung injury. If
plasmatic RAGE was elevated in the ARDS [22], it could
result in early mortality, ventilator free days, and the length of
stay in an intensive care unit after lung transplantation [46].
We then calculated the rate of AFC, which estimates fluid
reabsorption capacities and functional status of the alveolar
epithelium. AFC was then measured as previously described
[7,17]. At the end of the experiment, a catheter (PE 240
tubing; BD, Le Pont de Claix, France) was passed through a
side port in the endobronchial tube into the lung and
advanced until gentle resistance was encountered. Then
100 mL of warm (36°C) normal saline containing 5% bovine
serum albumin was instilled through the catheter into the
airspaces of the lung. After five minutes (T = 0) and
35 minutes (T = 30 minutes), samples were removed
through the catheter by gentle aspirations. The change in
protein concentration at T = 30 minutes was used to
determine the volume of fluid cleared from the airspaces
by the following equation:
Distal alveolar fluid clearanceð%=hourÞ ¼ 2ð1  Ci =Cf Þ;
where Ci is the protein concentration at T = 0 minute and Cf
is the protein concentration at T = 30 minutes.
The BAL procedure performed at the end of the experiment also served as an estimate for the lung capillaryalveolar permeability to the macromolecules measured by a
technique previously described by our team [5]. FITC-D70
(Sigma, St. Quentin-Fallavier, France), which is a fluorescent
macromolecular indicator (same size as an albumin), was
added into the perfusion fluid 30 minutes before BAL
procedure (time for equilibration between perfusate and
alveoli). At the same time, FITC-D70 concentrations were
measured (fluorescence spectrophotometer NanoDrop ND3300; Labtech, Palaiseau, France) in both the perfusate and in
the alveolar fluid, which was sampled just after the initial
instillation of BAL fluid. The permeability of the capillaryalveolar membrane was expressed as the transport rate
coefficient (K) of FITC-D70 from the perfusion fluid to
alveoli. The following formula was used to calculate this
permeability coefficient:
Kðminute1 Þ ¼ð½FITC-D70 in BAL=½FITC-D70
in perfusion fluidÞ=30

Cyclosporine Administration
The study was performed in four separate groups with eight
animals each. First, a control group, and then three groups
receiving different concentrations of CsA (Novartis, Stein,
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Switzerland): 1, 10, and 30 lM (CsA1, CsA10, CsA30). CsA
was administered during the lung procurement surgery (CsA
added to the pneumoplegia solution) and during the EVLP
procedure (CsA added to the reperfusion solution).

Statistics
Values are given as median and 25th and 75th centiles. Due
to the data having abnormal distribution, non-parametric
methods had to be used. We used the Spearman correlation
coefficients to test the correlation between cyclosporine levels
and other continuous variables. The Mann–Whitney ranksum test was also used for two-group comparisons. The value
p < 0.05 was considered to be statistically significant.

RESULTS
Gas Exchange Function
The PaO2/FiO2 ratio was significantly improved by an
increased dose of CsA (Figure 1A), while the CO2 gradient
between perfusion fluid and exhaled air (PaCO2–ETCO2)
decreased non-significantly in a CsA dose-dependent manner
(p = 0.0676) (Figure 1B).

Hemodynamics
The PAP, the Pcap, and the PVR increased due to an
administration of CsA with a dose-dependent effect
(Figure 2A–C). The increase in PVR occurred predominantly
on the venular part of the pulmonary vascular bed and for
high doses of CsA (30 lM) (Table 1).

Markers of Lung Injury
Low (1 lM) and moderate (10 lM) doses of CsA showed
tendencies to prevent the alveolar epithelial lesion, even if
statistically insignificant, which was estimated by the rate of
AFC and the alveolar concentration of RAGE (Table 1).
Conversely, lungs treated with a high dose of CsA (30 lM)
had a worse permeability coefficient K and displayed higher
concentrations of pro-inflammatory cytokines (IL-1b and
TNFa) compared to the other groups (Figure 3A–D).

DISCUSSION
We performed the first evaluation of the effects of CsA on
isolated pig lungs. The effects had never been studied yet on a
lung model for large mammals. Our data showed dosedependent effects of CsA on gas exchanges, but also on
pulmonary hemodynamics, and possibly an aggravation of
the IRI due to high doses of CsA. These results constitute an
important step toward the use of CsA on humans to reduce
lung IRI and consequently, primary graft dysfunction.
Within a few years, the EVLP technique has become a
reference for the evaluation of lung grafts. Its interest has
been demonstrated on animal lung preparations, especially
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Figure 1. Gas exchange parameters. The horizontal line within the box
shows the median. The values between the lower and upper quartiles
(25th–75th centiles) are within the box. The whiskers represent the limits
of the 10th–90th centile values. Extreme values are shown as filled circles.
(A) PaO2/FiO2 ratio, p < 0.01 by Spearman correlation test. (B) Capillaryalveolar gradient of CO2, p = 0.0676 by Spearman correlation test.

on pig [43] and human lungs [12]. This technique can be
seen as bench test for lung function, allowing for the
assessment of new therapies suppose to limit IRI. Gas
exchange capacities and total pulmonary arterial resistance
are more commonly studied physiopathological parameters.
We also measured other hemodynamics (Pcap, longitudinal
pulmonary resistance) and markers (AFC, RAGE, cytokines,
lung permeability) that have showed their pertinence in the
evaluation of lung IRI [5,7].

Cyclosporine Rationale
It has been hypothesized that IRI is mostly related to
mitochondrial death as a consequence of MPTP opening.

ª 2013 John Wiley & Sons Ltd

Figure 2. Hemodynamic parameters. The horizontal line within the box
shows the median. The values between the lower and upper quartiles
(25th–75th centiles) are within the box. The whiskers represent the limits
of the 10th–90th centile values. Extreme values are shown as filled circles.
(A) PAP, p < 0.01 by Spearman correlation test. (B) Pcap, p < 0.01 by
Spearman correlation test. (C) Total pulmonary vascular resistances,
p < 0.01 by Spearman correlation test.
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Table 1. Lung function parameters after ischemia reperfusion

PVRa (mmHg/L/min)
PVRv (mmHg/L/min)
K (103 per minute)
AFC (% of the initial volume/hour)
RAGE in LBA (pg/mL)
RAGE in P (pg/mL)

Control (n = 8)

CsA 1 lM (n = 8)

CsA 10 lM (n = 8)

CsA 30 lM (n = 8)

p-value

4.3 [3.9;
4.4 [4.2;
5 [1; 7]
9.4 [0.0;
1.6 [1.4;
0.0 [0.0;

4.5 [3.8; 4.7]
4.7 [4.6; 5.0]
3 [1; 8]
56.4 [16.1; 59.0]
1.9 [1.7; 2.1]
1.5 [0.7; 1.7]

3.3 [2.9; 4.3]
6.6 [5.3; 7.7]
3 [1; 5]
59.2 [37.4; 70.0]
1.6 [1.5; 2.4]
1.4 [1.4; 1.5]

4.7 [4.3; 5.8]
6.7 [5.6; 7.4]
8 [3; 16]
14.8 [0.0; 34.8]
1.6 [1.5; 2.3]
1.3 [0.0; 1.5]

NS
0.0047
0.0378
NS
NS
NS

4.6]
4.8]
44.3]
10.8]
1.3]

†
‡

Values are median and interquartile range. p-values are calculated with nonparametric tests (two-group Mann–Whitney test or multi-group global
Kruskal–Wallis comparison).
†
Global comparison. ‡CsA 30 lM versus other three groups.

A
C

B

D

Figure 3. wPro-inflammatory cytokines in broncho-alveolar lavage and in perfusate. The horizontal line within the box shows the median. The values
between the lower and upper quartiles (25th–75th centiles) are within the box. The whiskers represent the limits of the 10th–90th centile values.
Extreme values are shown as filled circles. (A) Interleukin-1b in broncho-alveolar lavage fluid, p < 0.05 for Cyclo 30 lM versus all groups by Mann–
Whitney test. (B) Interleukin-1b in perfusate, p < 0.05 for Cyclo 30 lM versus all groups by Mann–Whitney test. (C) TNFa in broncho-alveolar lavage
fluid, p < 0.05 for Cyclo 30 lM versus all groups by Mann–Whitney test. (D) TNFa in perfusate, p < 0.05 for Cyclo 30 lM versus all groups by Mann–
Whitney test.
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Located in the inner mitochondrial membrane, the MPTP
remains unremarkable under normal physiological conditions. Stress can lead to its opening, resulting in the swelling
of the matrix due to osmotic forces. It then induces further
failure of the mitochondrial outer membrane and the release
of the cytosol pro-apoptotic factors [19]. The inhibition of
the opening of MPTP is thought to be the main pathway for
CsA action. Several in vitro and in vivo animal models
showed CsA interests in pre and post-conditioning for the
prevention of IRI on different organs such as heart, kidney,
and liver [19,20,45,50]. In humans, CsA administered just
before coronary reperfusion (post-conditioning) has been
proven to be an efficient way to reduce the size of
myocardial infarction [33]. However, few studies have been
published on CsA effects on lung IRI. In vitro studies on post
hypoxia-reoxygenation injuries showed that alveolar macrophages pretreated by CsA secreted less chemokines than
controls [30]. Moreover, endothelial cells incubated with
CsA selectively reduced pro-inflammatory mediator secretion of NFjB and EGR-1 [15]. Nevertheless, some of the
pathways involved in IRI can be activated by CsA, such as
the metalloproteinase and the TLR [1,28,41]. Such insights
can explain the increased levels of pro-inflammatory cytokines we measured in our experiments with high doses of
CsA (30 lM). In an in vivo ischemic lung model, Krishnadasan et al. showed that rats pre-conditioned with CsA
displayed less tissue myeloperoxidase content, leukocyte
accumulation, and vascular permeability [25]. Although
these studies mainly focused on isolated cells and small
animals, we chose to evaluate the role of CsA in the
prevention of lung IRI in a pre-clinical study conducted on
large animals, which allows for a more integrated evaluation
of the lung function.
The different concentrations we chose to test were derived
from previous publications on the subject. In in vitro studies,
the average concentration of CsA leading to observable
positive effects in cellular bath solution is 1 lM [15,20,30].
Higher concentrations (10 and 30 lM) were chosen from
previous in vivo publications reporting blood concentrations
of CsA between 1 and 5 lM in humans [8,47], and up to
90 lM in rats [26].

Microvascular Effects of IRI and CsA
In our data, CsA has shown to be deleterious on pressures
and resistances, with a dose-dependent effect. Although daily
administrations of CsA for three weeks seemed to prevent
pulmonary hypertension induced by chronic hypoxia [24],
several studies showed that CsA could be responsible for
hypertension in humans after lung, heart, kidney, or liver
transplantations [16,29,38,49]. Two stages were described,
the first, which was acute hypertension during initiation of
CsA treatment, and second, a chronic hypertension after
long-term administration. CsA binds to Cyclophilin-A (an

ª 2013 John Wiley & Sons Ltd

immunophilins cytoplasmic receptor) in smooth vascular
muscles and may directly affect blood pressure regulation by
reducing the endothelial production of nitric oxide by NO
synthase [37]. This mechanism could account for the
increase in PAP, Pcap, and PVR we observed in our lungs
treated with CsA, especially those receiving higher doses (10
and 30 lM).
It has been studied that IRI induces a hypoxic mediatorinduced active vasoconstriction, which results in a perivascular compression by edema, and an intravascular
obstruction by thromboembolism or endothelial swelling
[13]. The active reversible vasoconstriction accounts for
approximately fifty percent of the hypoxic pulmonary
hypertension. Endothelial cell exposure to CsA generates
reactive oxygen and nitrogen species [35] that may enhance
this pulmonary vasoconstriction. These early hemodynamic
effects may be synergic with intrinsic cellular properties of
CsA against IRI. However, beyond a certain level of CsA
(over 10 lM in our experiment), vasoconstriction and blood
flow redistribution may aggravate the injury by an overperfusion of mildly injured zones. Increasing blood flow and
PAP to lesser damaged and equally injured zones can allow
for major fluid filtration through the capillary-alveolar
membrane as described by the Starling equation [42].
Over-perfusion could have re-opened non-flowing leaky
capillaries in zone 1, called “blind capillaries” (i.e., open at
their arterial end and obstructed at their venous end) and
shifted the obstruction point downstream under zone 2
conditions toward the venous ends of the capillaries and
veinules. These microvascular mechanisms have been
described in other models of isolated lung injury [2,6],
which were consistent with an increase of the post-capillary
(i.e., veinular) part of the PVR observed in our experiments
with high doses of CsA. This may contribute to a possible
aggravation of IRI with the highest dose of CsA as seen by the
increased cytokines. Although blood gases temporarily
improved due to an immediate blood flow redistribution,
there is still a delayed capillary-alveolar fluid transfer and
pulmonary edema formation.

CsA Effects in Gas Exchanges
CsA increased PaO2/FiO2 ratio and decreased CO2 gradient in
a dose-dependent manner. Such gas exchange improvements
could be due to an enhancement of the hypoxic pulmonary
vasoconstriction mediated by CsA. Furthermore, lung IRI
observed during the primary graft dysfunction was similar to
those found in the ARDS [11,40]. The heterogeneous lesions
from the alveolar epithelial tissue and the pulmonary capillary
bed features microvascular obstructions accompanied by
cellular fragments and microthrombi. The heterogeneity of
these types of lesions has been shown through histological
analyses in ARDS [48], IRI [13], and also by clinical
surveys showing various radiologic infiltrations in a patient’s

89

S. Gennai et al.

pulmonary transplant [32]. IRI is a heterogeneous pulmonary vasoconstriction that leads to a redistribution of
pulmonary blood flow from injured lung zones to normal
lung areas. Many works highlight the importance of hypoxic
vasoconstriction in maintaining oxygenation during acute
lung injury [4,44]. This vascular reactivity limits the ventilation and perfusion mismatch, reduces the alveolar dead
space, and consequently improves oxygenation. We assumed
that a part of the gas exchange improvements observed
earlier in our CsA treated lungs were related to such blood
redistribution.

CsA Effects on Capillary-Alveolar Membrane
CsA could possibly restore the capillary-alveolar barrier
function. Indeed, several publications on IRI lung models
have shown that CsA was able to diminish the secretion of
pro-inflammatory mediators [15,30] and decrease lung
vascular permeability by more than 50% relative to the
animals in the control group [25]. Such effects may have
reduced edema formation and improved gas exchanges
throughout the capillary-alveolar membrane. With this
hypothesis, we consistently noted a trend in alveolar
epithelial function improvement with low (1 lM) and
moderate (10 lM) doses of CsA. In these groups, CsA
seemed to increase the rate of AFC and decreased RAGE level
in BAL fluid. These two parameters have been shown to
reflect lung status after ischemia-reperfusion [7].
However, cytokine concentrations were evidently worsened in lungs treated with 30 lM of CsA, which was similar
to their elevated lung vascular pressure and resistance,
although the PaO2/FiO2 ratio and CO2 gradient were high in
those lungs.
We conclude from these observations that CsA has a
preeminent vasoconstrictive effect on lung vasculature compared to its other actions. Low doses of CsA may have
beneficial anti-inflammatory and anti-apoptotic effects,
whereas high doses of CsA (30 lM) may display hemodynamic effects. Moreover, in our data, the venular resistances
(i.e., post-capillary bed) were enhanced by CsA administration. This phenomenon may increase capillary leakage and
edema formation and lead to a worsening of IRI. At the same
time, the globally sustained hypoxic pulmonary vasoconstriction allows for a limit on the shunt effect and maintains
gas exchanges. Such mechanisms may account for the
alterations of capillary-alveolar function coexisting with
normal blood gases that was observed in our lungs treated
with 30 lM of CsA.

Limits of the Study
A possible limit encountered in our study might be the short
ischemic time (135  21 minutes) to which our lungs have
been exposed. Indeed, a longer ischemia may provoke a more
severe IRI and perhaps give the opportunity for the CsA to
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emphasize its positive effects. Nevertheless, the duration of
ischemia in our model was similar to several other studies
performed with CsA [15,25,30].
A possible bias may also be related to the induction of
anesthesia with Isoflurane in live animals. Indeed, several
works show that halogen gases inhibit the MPTP
[10,23,31,34], which could interfere with the CsA action in
the prevention of IRI. This preventive action was expected
for Sevoflurane [10,31], while Isoflurane showed contrasting
results [23,34]. In our protocol, Isoflurane was only used for
the induction of general anesthesia before euthanasia and
lung procurement surgery. As observed in the exhaled gas
analysis we assumed that there was almost no gas left in the
alveoli at reperfusion time. Moreover, Isoflurane has been
used in every group, thus limiting the effects of possible drug
interference in the results analysis.

CONCLUSION
IRI prevention is a major challenge in lung transplantation.
In our pig EVLP model, CsA showed a dose-dependent
improvement in PaO2/FiO2 ratio that may be related to a
parallel enhancement of hypoxic pulmonary vasoconstriction. Low doses of CsA showed a non-significant trend
toward an improvement in capillary-alveolar membrane
injury. Lungs treated with high doses of CsA (30 lM)
presented an aggravation in lung permeability and cytokines
concentrations, suggesting a deleterious imbalance between
the possible beneficial properties of CsA on IRI cells and their
hemodynamic effects in microvascularization. Further studies should focus more on lungs subjected to longer ischemia
and treated with low or moderate doses of CsA.

PERSPECTIVE
We evaluated for the first time the effects of CsA on IRI in
ex vivo reperfused pig lungs. Our data suggests a possible
deleterious imbalance between the beneficial cell properties
of CsA and its hemodynamic effects on microvascularization.
For future experiments, it would be interesting to focus more
on smaller doses of CsA which might limit hemodynamic
drawbacks on lung microcirculation, while keeping their
beneficial cellular effect on IRI. Unlike our experiment, in
which the length of cold ischemia was limited, other
experiments should test CsA in various cold ischemic time
situations (i.e., broad spectrum of IRI severity) for highlighting the efficacy of CsA.
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