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Cyclosporine immunosuppression remains vital for
successful lung transplantation. Cyclosporine also
functions as a membrane active biological response
modifier and has been noted to have a variable effect on
ischemia-reperfusion (I/R) injury in various tissues.
Glutathione plays an important role in the endogenous
antioxidant defense system; plasma oxidized glatathi-
one (GSSG) levels are useful as a sensitive indicator of
in vivo oxidant stress and I/R injury. Lung transplanta-
tion results in ischemia, followed by a period of reper-
fusion, potentially producing functional imjury. This
study was designed to evaluate the effect of cyclospor-
ine on oxygen radical generation in a model of single-
lung transplantation. Single-lung transplantation was
performed in 12 mongrel puppies, with animals as-
signed to receive either intravenous or aerosolized cy-
closporine. Arterial blood and bronchoalveolar lavage
fluid (BALF) samples were cobtained to determine
GSSG levels via a spectrophotometric technique. Sam-
ples were obtained both prior to and following the re-
vascularization of the transplanted lung. Whole blood
and tissue cyclosporine levels were determined via an
high-performance liquid chromatography technique 3
hr following the completion of the transplant. Aeroso-
lized cyclosporine administration resulted in greatiy
decreased arterial plasma and BALF GSSG levels,
whole blood cyclosporine levels, and equivalent tissue
eyclosporine levels when eompared to intravenous cy-
closporine delivery. These findings support the hy-
pothesis that the transplanted lung is a source of GSSG
production and release into plasma. Additionally, these
findings suggest that eyclosporine may have a direct
antioxidant effect on pulmonary tissue, with this activ-
ity occuring at the epithelial surface, an area suscepti-
ble to oxidant injury, © 1993 Academic Press, Inc.

INTRODUCTION

Significant progress has been made in the field of lung
transplantation since the initial work resulting in the
first human lung transplant in 1963 by Hardy [1]. Indica-
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tions for lung transplant in the pediatric population now
include cystic fibrosis, lymphocytic interstitial pneun-
monitis, obliterative bronchiolitis, bronchopulmonary
dysplasia, and pulmonary hypoplasia (2, 3]. The intro-
duction of cyclosporine has allowed improved control of
rejection and prolonged graft survival, although cyclo-
sporine nephrotoxicity, hepatotoxicity, and central ner-
vous system side effects remain significant complica-
tions. Lung tissue has a high avidity for cyelosporine and
local aerosolized therapy with cyclosporine provides
high tissue levels of eyclosporine with low systemic deliv-
ery [4, 5]. Previous work with aerosolized delivery of cy-
closporine has demonstrated that the drug may also act
along other, nonimmunologic, pathways [4]. Cyclospor-
ine functions as a membrane active biological response
modifier, with an ability to disturb phospholipid mem-
branes [6]. Additionally, cyclosporine may also act as an
inhibitor of mitochondrial respiration [7]. The toxicity
of cyclosporine to the non-T cell and other nonimmuno-
suppressive functions remain unclear.

Lung tissue becomes ischemic during clinical trans-
plantation with hypoxia of alveolar and pulmonary endo-
thelial cells. Reperfusion injury follows reoxygenation
[8-10]. The tissue damage with reperfusion is rapid; free
oxygen radicals produce lipid peroxidation of cell mem-
branes with cytolysis and edema formation. When com-
pared with other solid organs, the lung appears particu-
larly sensitive to ischemia-reperfusion injury [11, 12].
The problem of whole organ preservation for transplan-
tation may be improved by modification of free radical
metabolism [13]. Glutathione, L-y-glutamyl-L.-cystein-
ylglycine, the most abundant low-molecular-mass intra-
cellular thiol, and the glutathione redox cycle play an
important role in the endogenous antioxidant defense
system [14, 15]. The turnover rate of glutathione in the
lung is high, and glutathione is required to maintain lung
mitochondrial integrity [16]. Oxidized glutathione,
GSSG, is toxic to cells and is extruded into plasma by
active transport via a membrane bound Ca/ATP mecha-
nism. The rate of this is dependent on intracellular
GSSG concentrations [17, 18]. With this system, small
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changes in intracellular GSSG and glutathione redox
state are amplified in the plasma [19]. Plasma GSSG
may therefore be utilized as a reliable, repeatable, and
sensitive indicator of in vivo oxidant stress and isch-
emic—reperfusion injury [20, 21, 22, 23].

This study was designed to evaluate the effect of cy-
closporine on oxygen radical generation, as measured by
oxidized glutathione production, in a canine model of
single-lung transplantation. The use of hoth aerosolized
and intravenous drug delivery systems allows differen-
tiation of the local effects from the systemic effects of
cyclosporine. The data presented suggest a direct, local
antioxidant effect of cyclosporine.

METHODS

Animal Model

Twelve 3- to 5-kg mongrel puppies were studied. Kx-
perimental protocols were approved by the University of
Michigan Committee on the Use and Care of Animals in
accordance with guidelines from the Federal Animal
Welfare Act and The Guide for the Care and Use of
Laboratory Animals. All animal experiments were con-
ducted using barbiturate anesthesia, with final organ
harvesting conducted following hyperkalemic euthana-
sia under level III pentobarbital anesthesia in compli-
ance with the Panel on Euthanasia of the American Vet-
erinary Medical Association.

The experimental animals were ventilated with a
Harvard volume-cycled ventilator at volumes of 15 ta 20
cc/kg at rates of 20 to 25 breaths/min titrated to an
arterial carbon dioxide tension of 30 to 40 mm Hg. Addi-
tionally, supplemental oxygen was blended into the cir-
cuit resulting in final inspired oxygen fractions of 0.30 to
0.70 to maintain arterial oxygen tensions between 60
and 120 mm Hg. All animals were maintained with a
central intravenous infusion of lactated Ringers, requir-
ing approximately 100 to 150 cc/kg of crystalloid
throughout the periods of anesthetic induction, surgery,
and postoperative resuscitation and study. Animals
were monitored with arterial pressure, central venous
pressure, pulmonary artery wedge pressure, and cardiac
output determinations. Arterial and venous blood gases
were monitored throughout the surgery and the study
period.

Surgical Methods

All experimental animals underwent a standard left
posterolateral thoracotomy with left pneumonectomy.
This was followed by implantation of the donor lung
with sequential atrial cuff, pulmonary artery, and bron-
chial anastomosis. The vascular anastomoses were com-
pleted with running 7-0 prolene suture using microvas-
cular technigue. The bronchial anastomosis was com-
pleted using interrupted 6-O vicryl suture; the left
mainstem bronchus was used for implantation, and as
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these were acute models, no further attempt was made to
protect this anastomosis with a pedicle of omentum or
pleura. The chest wall was loosely approximated by skin
closure to decrease evaporative losses during the re-
mainder of the study period.

The donor lung was prepared by immediate irrigation
with cold EurcCollins solution via the pulmonary artery,
each lung receiving approximately 150 cc of flush to
clear it of all remaining blood. The lung was maintained
in a deflated state in 4°C preservative sohition for & 2-hr
ischemic period prior to implantation.

Cyclosporine Administration

Animals were assigned to receive either intravenous
or aerosolized cyclosporine. Intravenous cyclosporine,
{Sandimmune; Sandoz, Fast Hanover, NJ) was obtained
from the hospital pharmacy. Animals assigned to receive
intravenous cyclosporine received a single dose of 7 mg/
kg following anesthetic induction and the placement of
monitoring lines. Cyclosporine for intravenous use was
diluted in 20 cc of normal saline and administered via a
central venous/fluid resuscitation line over 20 to 30 min.
All animals were monitored during this period of drug
administration and there were no episodes of hemody-
namic instability or respiratory distress.

For aerosol treatment, 5 mg/kg of pure cyclosporine
(Sandimmune) in powdered form was dissolved in 5 cc of
normal saline by continuous mixing for 24 hr at room
temperature. This solution was administered with the
use of a standard respiratory nebulizer connected in se-
ries with the ventilator c¢ircuit, with a continuous 2- to
3-liter flow of oxygen providing adequate pressure for
drug delivery. Twenty to 30 min were required to com-
plete drug administration via this route, with aerosolized
cyclosporine delivery started immediately upon comple-
tion of the bronchial anastomosis. Again, all animals
were monitored during the period of nebulizer therapy,
and no respiratory or hemodynamic complications were
observed; specifically, there was no disturbance of venti-
lation or oxygenation during this time period. The nebu-
lizer was removed from the ventilator circuit following
completion of the period of drug delivery.

Tissue Sampling

Cvyelosporine levels. Whole blood obtained from an
indwelling central venous monitoring line, separate
from the ¢yelosporine infusion line, was collected in hep-
arinized syringes 3 hr following completion of trans-
plantation in all animals. Blood was immediately trans-
ferred to EDTA-prepared tubes and stored at room tem-
perature prior to analysis.

The native and transplanted lungs from the recipient
animal were harvested immediately following hyperka-
lemic euthanasia under deep barbiturate anesthesia, 3 hr
foliowing completion of the lung transplant. Approxi-
mately 30 g of tissue was sharply excised from the infe-
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rior portion of the upper lobe from both the right (na-
tive) and left (transplanted) lungs. This tissue was
placed immediately on ice and stored frozen at —70°C
until tissue cyclosporine level analysis.

In preparation for analysis of tissue cyclosporine lev-
els, the frozen tissue was finely ground under liquid ni-
trogen. One gram of this prepared tissue was stored in
0.1 N HCI for 48 to 72 hr prior to sample analysis, to aid
in tissue homogenization.

Glutathione analysis. The donor lung underwent
bronchoalveolar lavage (BAL) at the following times:
harvest, after irrigation with EuroCollins solution, prior
to implantation, and after the completion of the vascular
anastomoses. Bronchoalveolar lavage was carried out
using a soft rubber catheter with instillation of 10 cc of
normal saline into a dependent bronchial segment, with
a consistent return of approximately 7 cc of lavage fluid.
This return was immediately centrifuged with the su-
pernatant kept iced in preparation for glutathione assay.

Central venous and aortic arterial blood samples were
obtained from the experimental animals following the
induction of anesthesia (T0), after pulmonary artery li-
gation {T'1), at the completion of recipient pneumonec-
tomy (T2), following reestablishment of blood flow to
the donor lung (T3}, at the completion of the transplant
(T4}, and 1 (T5), 2 (TG}, and 3 (T7) hr postoperatively.
All samples were prepared for ghutathione assay.

Cyclosporine level analysis, blood samples. Whole
blood cyclosporine levels were determined by high-per-
formance liquid chromatographic analysis utilizing a
microbore column. This allowed determination of cyclo-
sporine levels with minimal sample volume (0.5 ml} and
excellent limits of cyclosporine detection (to 20 ng/ml).

Specimens were acidified with HCI and then extracted
using methyl-t-butyl ether. Following centrifugation,
the ether portion was transferred to another extraction
tube and further purified by the addition of and mixing
with NaOH. The ether portion was transferred again
and evaporated to dryness under nitrogen. The dried ex-
tract was reconstituted with mobile phase and hexane,
vortexed, and centrifuged to separate the two phases,
and the lower mobile phase was injected onto the micro-
bore column. The amount of cyclosporine injected onto
the column was quantitated from the standard curve cre-
ated with a known working standard of cyclosporine cre-
ated with heparinized whole blood [24],

Cyclosporine level analysis, tissue sarmples.  Tissue cy-
closporine levels were prepared by homogenization in
0.1 N HCl to a fine suspension. An aliquot of this homog-
enate was then assayed in a manner similar to the blood
chromatographic procedure following tissue extraction
with methyl-¢-butyl ether. The amount of cyclosporine
was quantitated with the standard curve of the blood
cyclosporine assay and the tissue concentration was cal-
culated from the tissue weight and initial dilution of the
sample.
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Glutathione Assay

The method of Adams et al. [19] was modified as out-
lined. Whole blood was collected in heparin-coated sy-
ringes. For total glutathione (GSH), 200 ul of fresh
whole blood was added to 200 ul of a buffer containing 10
mM 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), 17.5
mM disodium EDTA, and 100 mM potassium phos-
phate, pH 7.5. Samples were mixed by tilting and then
centrifuged 6 min at 2000g. The supernatant was frozen
at —70°C until analysis.

To assay for GSSG, 200 ul of fresh whole blood was
added to a buffer containing 10 mM N-ethylmaleimide
(NEM), 17.5 mM disodium EDTA, and 1060 mM potas-
sium phosphate, pH 6.5. Mixing and centrifugation were
as previously detailed. NEM derivatizes all reduced
GSH, leaving only GSSG for measurement by the fluoro-
metric assay. The sample was then passed through a C18
Sep Pak cartridge {Waters Associates, Framingham,
MA) which was prewashed with 1 ml methanol followed
by 2 ml distilled water. Each sample was rinsed from the
cartridge with 1 ml phosphate-imidazole buffer (0.01 M
Na,HPO, and 0.017 M imidazole, pH 7.2). The elute was
frozen for analysis.

Plasma GSH undergoes rapid autooxidation to GSSG
in vitro and this can be prevented by the use of NEM in
sample preparation, with NEM removed on the Sep Pak
cartridge prior to final fluorometric assay [17, 19, 21].

A standard curve was generated using known amounts
of GSH (Sigma, St. Louis, MO). Determination of GSH
equivalents was made in plastic cuvettes containing 700
1l 0.3 mM DTNB, 700 ul 0.4 mM NADPH (Sigma), and
1.2 units/ml glutathione reductase {Sigma, Type III) to
which 700 pl of the experimental sample was added for
NEM-treated samples for GSSG determination. For to-
tal GSH determination, 50 ul of the supernatant was
used with the volume difference corrected with phos-
phate—imidazole buffer. The difference in optical den-
sity was determined at 412 nm on an LKB Ultraspec 11
spectrophotometer (Model 4050; Biochrom, Cambridge,
England). Concentrations of GSSG and total GSH were
then determined by reverse linear regression against the
standard curve.

BAL fluid was collected in prepared cuvettes contain-
ing the appropriate buffers with equivalent sample anal-
ysis.

RESULTS

Statistical evaluation of all specimen collections was
by an analysis of variance (ANOVA) with the assistance
of Stat View II computer software. Significance was de-
fined as P < 0.05 and individual comparisons are indi-
cated in the text.

This is a reproducible model of single-lung transplan-
tation in an immature animal model with a size approxi-
mating that of a human infant. Arterial plasma and



600

bronchoalveolar lavage fluid (BALF) GSSG levels were
chosen as end points because previous work with this
canine model demonstrated that changes in plasma or
tissute GSSG levels were more sensitive indicators of an
ischemia-reperfusion injury than changes in GSH. Ad-
ditionally, changes in arterial plasma GSSG levels pre-
ceeded changes in the venous compartment. We were
able to demonstrate significant differences in whole
blood cyclosporine levels between animals receiving in-
travenous vs aerosolized cyclosporine, and this is corre-
lated with a significant difference in GSSG production.

Arterial Plasma Oxidized Glutathione Levels

GSSG was barely detectable in baseline, anesthetized
canine plasma. Despite the significant surgical stresses
of thoracotomy and pneumonectomy, there was no sig-
nificant increase in arterial GSSG level until completion
of the vascular anastomoses (T3) and reestablishment of
blood flow to the ischemic transplanted lung. The arte-
rial GSSG level continued to rise throughout the study
period, despite completion of the bronchial anastomosis
and return of ventilation and oxygenation to the pulmo-
nary parenchyma. Following completion of the vascular
anastomoses there was a significant difference in GSSG
levels hetween the animals receiving aerosolized versus
intravenous cyclosporine. Animals which received aero-
solized cyclosporine had greatly decreased GSSG levels,
with a minimal, insignificant rise during the surgical and
postoperative observation period. These animals did not
demonstrate the significant increase in GSSG levels
seen in the animals which received intravenous cyclo-
sporine and had almost complete inhibition of the rise in
GSSG seen with pulmonary reperfusion (Fig. 1).

Bronchoalveolar Lavage Fluid Oxidized Glutathione
Levels

There was minimal detectable GSSG in the BALF
collected at the time of lung harvest and immediately
following EuroCollins perfusion. Again, when evaluat-
ing BALF GS8GQ, significant differences were noted be-
tween the animals which received aerosolized versus in-
travenous cyclosporine. Animals which received intrave-
nous cyclosporine demonstrated an increase in BALF
GSSG following the period of cold ischemia, with a sig-
nificant increase occurring with completion of the vascu-
lar anastomoses. Animals which received aerosolized cy-
closporine demonstrated no increase in BALF GSS8G
during the periods of cold ischemia and transplantation.
This response was significantly different from that of
the animals receiving intravenous cyclosporine, again
demonstrating inhibition of the rise in GSSG seen with
pulmonary reperfusion (Fig, 2).

Cyclosporine Levels, Tissue and Whole Blood

Animals receiving intravenous cyclosporine attained
a mean whole blood cyclosporine level of 410 ng/ml ap-
proximately 5 to 6 hr following drug administration,
with a therapeutic whole blood cyclosporine level
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FIG. 1. Arterial plasma GSSG levels: aerosolized vs intravenous
eyclosporine administration.

throughout the peritransplant period. The animals
which received aerosolized cyclosporine had a mean
whole blood cyclosporine level of only 52 ng/ml, with
several animals having whole blood levels too low to de-
tect with the chromatographic assay. In the absence of
data concerning tissue levels of cyclosporine, this would
be considered a subtherapeutic, nonimmunosuppressive
whole blood level. These differences are significant with
P < 0.001.

Lung tissue cyclosporine levels were not significantly
different in animals receiving intravenous vs aerosolized
therapy. The drug level in the transplanted lung in ani-
mals which received aerosolized cyclosporine was 2133
ng/g tissue (mean), while the corresponding level in the
intravenously treated group was 1890 ng/g tissue
{mean). These differences were not statistically signifi-
cant, with P > 0.05 (Fig. 3). '

DISCUSSION

Transplantation involves the reperfusion of an organ
rendered ischemic, usuaily in conjunction with an at-
tempt to prolong the acceptable period of ischemia hy
modifying the extent of cellular deterioration [9]. Stud-
ies in liver, kidney, and heart tissue have demonstrated a
loss of tissue glutathione in warm ischemia and tissue
ghatathione catabolism during cold storage. As depletion
of glutathione sensitizes cells to oxidative injury, this
loss of tissue glutathione, or the inability to regenerate
glutathione, may be a cause of the loss of organ viability
[25]. De novo glutathione biosynthesis and reduction
from its oxidized state may be inadequate in these con-
ditions and this loss of intracellular glutathione levels
may be critical determinants of the early cellular re-
sponse to injury [26]. The adequacy of antioxidant pro-
tection at the epithelial surface is of primary importance
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FIG. 2. Bronchoalveolar lavage fluid GSSG levels: aerosolized vs intravenous cyclosporine administration.

in the lung. Intracellular glutathione stores may be inad-
equate to protect this epithelial surface, which faces an
oxygen tension three times higher than that of other
tissues {27, 28]. Inadequate reduced glutathione stores
may lead to pulmonary parenchymal injury, with type 2
alveolar cell lamellar body damage and disintegration,
and a resultant decrease in surfactant production with
associated pulmonary dysfunction [28, 29]. Glutathione
is also active in the process of reductive and conjugative
detoxification of cyclosporine and its metabolites, with
active oxygen formed during drug metabolism [30, 31].

The data provided demonstrate significant reduction
in oxidized glutathione levels in both arterial plasma
and bronchoalveolar lavage fluid in a canine single-lung

B Whole Blood
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intravenous administation
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FIG. 3. Tissue and whole blood cyclosporine levels: aerosolized vs
intravenous administration.

transplant model treated with aerosolized cyclosporine.
The use of aerosolized cyclosporine, which resulted in
direct lung exposure to cyclosporine but minimal whole
blood levels of cyclosporine, aholished any increase in
BALF GSSG in response to cold ischemia or transplan-
tation. This was associated with an insignificant rise in
arterial plasma GSSG during the surgical and postopera-
tive study period. Intravenous cyclosporine administra-
tion resulted in therapeutic whole blood cyclosporine lev-
els, with equivalent tissue levels of cyclasporine as com-
pared to the aercsolized group. Animals which received
intravenous cyclosporine developed a significant rise in
BALF and arterial plasma GSSG despite tissue cyclo-
sporine levels equivalent to animals receiving aeroso-
lized drug. These findings support the hypothesis that
the transplanted lung is the source of oxidized glutathi-
one production and extrusion in this single-lung trans-
plant model. Additionally, these findings suggest that
cyclosporine may have a direct antioxidant effect on pul-
monary tissue, with this activity occuring at the epithe-
lial surface, an area susceptible to oxidant injury.
Cyclosporine has been noted to have a variable effect
on intracellular glutathione levels and ischemia-reper-
fusion injury in various tissues [32]. In a model of he-
patic ischemia, cyclosporine was noted to ameliorate re-
perfusion, although not isclated ischemic, liver injury
{33]. Others using models in which cyclosporine is ad-
ministered have correlated a decrease in intracellular
glutathione stores with increased systemic cyclosporine
levels [33, 34]. The inconsistencies among these studies
which suggest -that cyclosporine may be either an an-
tioxidant or a prooxidant may involve a variety of other
factors. Cyclosporine is a very lipophilic agent and dem-
onstrates a differential avidity for various tissues, which
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will alter its effect on each organ system obviously [30,
33]. Route and timing of drug administration also vary
the effect of cyclosporine on intracellular glutathione
stores [31). The data presented here suggest that aeroso-
lized cyclosporine may function as a direct antioxidant
at the epithelial surface in a single-lung transplant
model. Furthermore, these data suggest that the aeroso-
lized route may have important advantages, not only in
terms of diminished systemic toxicity, but in providing
enhanced antioxidant activity at the alveolar epithelial
surface during a time of reperfusion. As cyclosporine ad-
ministration remains a vital component of the lung
transplantation protocol, and ischemia-reperfusion in-
jury continues to be a gignificant factor in early graft
dysfunction, we feel that this potential honimmuncsup-
pressive function of cyclosporine deserves further inves-
tigation.
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