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ABSTRACT. The present study investigated the mechanisms mediating the actions of the immunosuppressive
drug cyclosporine A (CsA) on human pulmonary artery smooth muscle cell (PASMC) proliferation. The new
hydroxyethyl derivative of D-serine®-cyclosporine, SDZ IMM 125, was used for comparison. CsA-induced
proliferation was determined by incorporation of [PH]thymidine (PH]Thy). CsA in the concentration range
between 0.1 nM and 0.1 M induced a concentration-dependent increase in proliferation after 24, 48, and 72
hr of incubation. Higher CsA concentrations were cytotoxic. When proliferation experiments were performed
in the presence of a monoclonal antibody against endothelin-1 (ET-1), CsA-induced proliferation was totally
inhibited. No inhibition occurred in the presence of the same antibody when heat-inactivated or a non-specific
monoclonal antibody. In parallel, CsA increased the production of ET-1, as determined by radioimmunoassay.
Incubation of PASMCs with ET-1 at the concentration range at which the latter was released by CsA induced
cell proliferation. The somatostatin derivative Sandostatin (SDT; octreotide), which is an inhibitor of the
growth of smooth muscle cells as well as a potent inhibitor of ET-1 secretion, inhibited both the CsA-induced
ET-1 release and the increase in [3H]Thy incorporation by PASMCs. A similar effect was observed for the
calcium channel blocker verapamil (VP). SDZ IMM 125 induced weaker effects than CsA in terms of PASMC
proliferation and ET-1 secretion. In conclusion, CsA increased the rate of proliferation of PASMCs, while SDZ
IMM 125 induced a weaker effect. Anti-ET-1 antibody, VP, and SDT significantly inhibited CsA-induced
PASMC proliferation.  BIOCHEM PHARMACOL 59;11:1459-1466, 2000. © 2000 Elsevier Science Inc.
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The immunosuppressive drug CsAT can profoundly influ-
ence lymphocyte activation. Lymphocytes play a central
role in asthma, triggering the immunological reaction and
controlling the mobilisation and recruitment of eosinophils
and mast cells into lung tissue. Hence, it is appropriate to
consider CsA as a novel anti-asthma therapy [1, 2]. Some
clinical trials with CsA have already been carried out, with
promising results for the treatment of chronic severe
asthma [3, 4]. Likewise, CsA has shown efficacy in animal
models of allergic rhinitis [5] and of sensitised airways [6].
Finally, aerosolised cyclosporine has been reported to be a
safe and efficacious therapy for acute lung rejection [7], as
well as for refractory chronic lung rejection [8]. In contrast
to the oral or parenteral administration of CsA, the choice
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of the inhalative route presents the dual advantage of
reducing side-effects related to systemic distribution of the
drug (nephrotoxicity, hypertension) [9, 10], while attaining
the effective concentration of the drug in the airways at
lower doses. However, the high concentration of CsA
attained in the lungs after administration by inhalation
requires monitoring of potential local adverse effects, in
particular in the vascular system. Chronic treatment with
CsA has been occasionally associated with structural
changes in the vasculature, characterised histologically as
arterial myointimal hyperplasia occurring in the presence of
an intact endothelium [9-11]. However, it is not clear
whether these effects may be attributed to chronic graft
rejection taking place in the transplanted animals or
humans [12] or to an effect of the drug. The available data
regarding the effects of CsA on the growth of smooth
muscle cells are conflicting, with both stimulatory and
inhibitory activities having been described [13-16]. The
variations seem to be related to differences among species
and among tissular origin of the smooth muscle cells.

The present experiments were designed to investigate
the effects of CsA on human PASMC proliferation in witro.
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Special attention was devoted to the investigation both of
intra- and extracellular mechanisms mediating CsA actions
(calcium and ET-1, respectively) and of the different
possibilities of interfering with these mechanisms, with the
aim of antagonising CsA adverse effects. Finally, SDZ IMM
125, the hydroxyethyl derivative of D-serine®-cyclosporine
(Cg3N1;0,4H,15) which has been shown to be a promising
alternative to current immunosuppressants [17, 18], was
compared with CsA in the above-mentioned in vitro model.

MATERIALS AND METHODS
Materials

CsA was used as an orthorhombic microcrystalline form
prepared as a micronised powder (Novartis Pharma AG).
Normal human PASMC, culture medium SmGM (modi-
fied MCDB 131), supplements for the medium (human
epidermal growth factor [hnEGF], human hepatocyte growth
factor [hnHGF], fetal bovine serum [FBS], gentamicin, am-
photericin B, and dexamethasone), and passage reagents
(HEPES-buffered saline solution, trypsin~-EDTA, and tryp-
sin-neutralising solution) were purchased from Clonetics.
PH]Thy, ET-1 radioimmunoassay kits, and C-2 columns
were obtained from Amersham. Specific monoclonal anti-
body against ET-1 (no cross-reactivity with other members
of the endothelin family) was purchased from American
Qualex. Specific monoclonal antibody against human
desmin was obtained from Sigma. All other chemicals were
of the highest commercially available quality.

PASMC Culture

Commercially available PASMCs (third passage) were
cultured in the medium recommended by the supplier
(SmGM supplemented with 0.1 mg/mL of hEGF, 0.01
mg/mL of hHGF, 5% FBS, 3.9 mg/mL of dexamethasone,
0.5 mg/mL of gentamicin sulphate, and 0.5 mg/mL of
amphotericin B) and maintained at 37° in an atmosphere of
5% CO, and 95% O,. Media were changed every two days.
For all the experiments, cells in passages three to six were used.
The passages were always performed as described elsewhere
[19] using the reagents recommended by Clonetics.

PASMC Proliferation Assay

The PASMC proliferation rate was determined by measur-
ing the amount of [’H]Thy incorporated by the cells, as
follows: PASMCs were seeded in 24-well plates (2 X 10’
cells/well) with one mL of SmGM and maintained in
culture until 60-70% confluence was reached (approxi-
mately 7 days). At the time of the experiment, cells were
washed three times with serum-free SmGM and incubated
with the corresponding drugs for 24, 48, and/or 72 hr, using
4 replicates for each treatment. All drugs were initially
dissolved in dimethylsulphoxide and further diluted with
serum-free SmGM. The final dimethylsulphoxide concen-
tration was 0.01% in all cases. Four hours before the end of
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each experimental period, 1 mCi/mL of PH]Thy was added
to each well, and cells were maintained under normal
culture conditions. Afterwards, media were siphoned off,
cells were washed three times with cold phosphate-buffered
saline solution, 0.5 mL of 10% trichloroacetic acid (TCA)
was added to each well, and the plates were kept on ice for
5 min. This step was repeated three times. The TCA-
precipitable material was then dissolved with 0.5 mL of 1 N
NaOH at 37° for 1 hour. The supernatants were then
neutralised with 1 N HCI, transferred into scintillation
vials, mixed with scintillation liquid, and counted in a
B-counter.

ET-1 Determination

Levels of ET-1 released by PASMCs in response to the
corresponding drugs were assayed using a commercially
available radioimmunoassay kit. For all determinations,
cells were seeded in 6-well plates and at the time of the
experiments were approximately 80% confluent. Four wells
were set up for each treatment. Incubations were carried out
in serum-free SmGM. Cell supernatants were purified using
C-2 columns, which provided a recovery of 85 *= 6%,
before being assayed. Results were corrected by the amount
of protein in each well. A microassay procedure (Bio-Rad
Laboratory) similar to the Lowry method [20] was used to
determine the protein content.

Statistical Analysis

For the calculation of PASMC proliferation results, the
percentage of this proliferation was determined because the
variations in [PH]Thy incorporation in different experi-
ments invalidated their direct comparison. In every exper-
iment (each of which was performed at least in triplicate),
the mean value of the four control wells (serum-free
SmGM) was assumed to be the 100% PASMC proliferation
level. All proliferation values in each replicate of control
and experimental samples were converted into percentage
values by using the value described above as 100% prolif-
eration. Means and SEM values were calculated from the
obtained percentages.

The SAS software (SAS Institute Inc.) was used for the
computations. The following tests were used as appropriate
(see legends to the figures): two- or three-way analysis of
variance, Dunnett test, two-sample Student’s t-test, and
Tukey’s test.

RESULTS

Figure 1 (a—c) shows the concentration- and time- depen-
dent effect of CsA and SDZ IMM 125 on PASMC [PH|Thy
incorporation. The maximum effect was observed after 72
hr of incubation with 0.1 pM CsA, while at higher
concentrations a decrease in this parameter was observed.
This decrease was related to a direct toxic effect on cells, as
confirmed by an increase in the leakage of lactate dehydro-
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FIG. 1. Effect of cyclosporine A (closed circles) and SDZ IMM 125 (open circles) on [*H]Thy incorporation by cultured human
pulmonary artery smooth muscle cells after (a) 24 hr, (b) 48 hr, and (c) 72 hr of incubation. Results are expressed as a percentage of
[PH]Thy uptake as compared to control untreated cell uptake (100%). Values are means = SEM of 3 experiments with N = 6-8.
Concentration dependency of the effects: *P < 0.05 vs control; **P < 0.01 vs control; ***P < 0.001 vs control (Dunnett test).
Comparison of cyclosporine A vs SDZ IMM 125: *P < 0.001 between drugs (two-way ANOVA); *P < 0.05 vs corresponding CsA
concentration (t-test). Time dependency of the effects: %P < 0.001 vs 48 hr; P < 0.05 vs 72 hr; **P < 0.01 vs 72 hr (Tukey’s
test).

genase (data not shown). In all cases, SDZ IMM 125
induced a weaker proliferative effect than CsA, reaching
statistical significance at certain points, as shown in the
figures. Vehicle alone (0.01% DMSO) did not cause any
effect at any time on this parameter (data not shown).
The two concentrations of CsA which showed the
clearest effects were selected for the following experiments:

presence of a specific monoclonal antibody against ET-1
(dilution 1:10,000) partially blocked the proliferative effect
of the drug (Fig. 2, a—c), an effect which was not achieved
with the use of the same antibody when heat-inactivated
(80°, 10 min) or with a similar immunoglobulin G at the
same dilution (anti-desmin antibody). In the absence of
CsA, the antibodies had no effect on PASMC [PH|Thy

0.01 and 0.1 M. Incubation of PASMCs with CsA in the incorporation.
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FIG. 2. Effect of an active (open circles) and a heat-inactivated (open squares) monoclonal antibody against endothelin-1 (dilution
1:10,000) on the cyclosporine A-induced increase in [?’H]Thy incorporation (closed circles; historical control data) by cultured human
pulmonary artery smooth muscle cells after (a) 24 hr, (b) 48 hr, and (c) 72 hr of incubation. Results are expressed as a percentage of
[PH]Thy uptake as compared to control untreated cell uptake (100%). Values are means = SEM of 3 experiments with N = 6-8.
Concentration dependency of the effects: *P < 0.05 vs control; ***P < 0.001 vs control (Dunnett test). Comparison of cyclosporine
A + antibody vs cyclosporine A alone: *P < 0.05 vs corresponding concentration of cyclosporine A alone; ***P < 0.001 vs
corresponding concentration of cyclosporine A alone (t-test).
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FIG. 3. Effect of verapamil (1 pM) (open circles) on the cyclosporine A-induced increase in [’H]Thy incorporation (closed circles) by
cultured human pulmonary artery smooth muscle cells after (a) 48 hr and (b) 72 hr of incubation. Results are expressed as a percentage
of [*H]Thy uptake as compared to control untreated cell uptake (100%). Values are means = SEM of 3 experiments with N = 6-8.
Concentration dependency of the effects: *P < 0.05 vs control; **P < 0.01 vs control; ***P < 0.001 vs control (Dunnett test).
Comparison of cyclosporine A + verapamil vs cyclosporine A alone: *P < 0.05 vs corresponding concentration of cyclosporine A
alone; *P < 0.01 vs corresponding concentration of cyclosporine A alone (t-test).

Figure 3 (a and b) shows the partial inhibitory effect of
the calcium channel blocker verapamil (VP) (1 pM) on
CsA-induced PASMC [PH|Thy incorporation after 48 and
72 hr of incubation. Incubation of PASMCs with CsA in
the presence of the long-acting somatostatin derivative
octreotide (SDT) resulted in a lower increase in [PH]Thy
incorporation as compared with that induced by CsA alone
(Fig. 4, a and b). The partial blocking effect of SDT was

observed to be concentration-dependent in the range from
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0.01 to 1 pM (data not shown). Higher concentrations
induced a direct toxic effect on PASMCs (lactate dehydro-
genase test).

Next, the ability of PASMCs to release ET-1 into the
medium in response to the addition of the drugs was tested
through radioimmunoassay. Determinations were done af-
ter 8, 24, and 48 hr of incubation (Fig. 5, a—c). The
graphics show that CsA induced an increase in the release

of ET-1 by PASMCs as compared to the basal level, an
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FIG. 4. Effect of Sandostatin (1 pM) (open circles) on the cyclosporine A-induced increase in [*H]Thy incorporation (closed circles)
by cultured human pulmonary artery smooth muscle cells after (a) 48 hr and (b) 72 hr of incubation. Results are expressed as a
percentage of [’H]Thy uptake as compared to control untreated cell uptake (100%). Values are means = SEM of 3 experiments with
N = 6-8. Concentration dependency of the effects: *P < 0.05 vs control; ***P < 0.001 vs control (Dunnett test). Comparison of
cyclosporine A + Sandostatin vs cyclosporine A alone: *P < 0.05 vs corresponding concentration of cyclosporine A alone; **P < 0.01
vs corresponding concentration of cyclosporine A alone (t-test).
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FIG. 5. Effect of cyclosporine A (CsA), SDZ IMM 125 (IMM),
Sandostatin (SDT), and Sandostatin + cyclosporine A (SDT +
CsA) on endothelin-1 (ET-1) release by cultured human pul-
monary artery smooth muscle cells after (a) 8 hr, (b) 24 hr, and
(c) 48 hr of incubation. Drug concentrations were 0.01 pM
(white bars), 0.1 pM (grey bars), and 1 pM (black bars). The
amount of ET-1 in the supernatants was measured through
radioimmunoassay. Results are expressed as fmol ET-1/mg
cellular protein. Values are means = SEM of 3 experiments with
N = 4-6. Concentration dependency of the effects: *P < 0.05
vs control; **P < 0.01 vs control; ***P < 0.001 vs control
(Dunnett test). Comparison of cyclosporine A + Sandostatin vs
cyclosporine A alone: *P < 0.05 vs corresponding concentra-
tion of cyclosporine A alone; **P < 0.01 vs corresponding
concentration of cyclosporine A alone; ***P < 0.001 vs corre-
sponding concentration of cyclosporine A alone (t-test).

effect which was statistically significant after 48 hr with the
concentrations of 0.1 and 1 mM (at shorter times, only a
trend toward an increase was observed). On the other hand,
SDZ IMM 125 induced only a slight increase in ET-1
production by the cells after 48 hr at the concentration of
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FIG. 6. Effect of endothelin-1 on [H]Thy incorporation by
cultured human pulmonary artery smooth muscle cells after 24
hr (open circles), 48 hr (open squares), and 72 hr (closed
circles) of incubation. Results are expressed as a percentage of
[PH]Thy uptake as compared to control untreated cells uptake
(100%). Values are means + SEM of 3 experiments with N =
6—8. Concentration dependency of the effects: *P < 0.05 vs
control; ***P < 0.001 vs control (Dunnett test). Time depen-
dency of the effects: P < 0.05, 48 hr vs 24 hr; &P < 0.01,
48 hr vs 24 hr; P < 0.05, 72 hr vs 24 hr.

1 mM, and even in this case, the amount of ET-1 released
was significantly lower than that produced by CsA. Fur-
thermore, SDT (1 wM) was able to significantly reduce the
production of ET-1 by PASMC:s at all times tested, under
control conditions, and in the presence of CsA (Fig. 5,
A-C).

Finally, the ability of human recombinant ET-1 to
modify the proliferative state of PASMCs was tested. Figure
6 shows that ET-1 induced a marked concentration- and
time-dependent increase in the incorporation of [PH]Thy
by PASMCs which was statistically significant after 24 hr of
incubation with the concentration of 100 nM and after 48
hr with 10 pM ET-1.

DISCUSSION

CsA is one of the most efficacious immunosuppressant
drugs. However, since the vascular system represents a
potential target for adverse effects, care has to be taken to
monitor possible alterations. The renal dysfunction and
hypertension that have been associated with CsA admin-
istration are probably related to its effects on the regulation
mechanisms of vascular tone [9]. On the other hand,
prolonged administration leads to anatomical, rather than
functional, changes in the vascular structures. However, it
is still a matter of discussion whether the vasculopathies
related to CsA administration are the consequence of CsA
action or the result of a variety of factors, including chronic
graft rejection, vascular remodelling (in the case of asth-
ma), etc. [11, 21, 22]. Chronic administration of CsA by
inhalation as a novel therapy for asthma or lung transplan-
tation would require a special attention to the vascular
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effects, especially at the local site of administration. The
present study was designed to investigate the in vitro effects
of CsA on PASMC:s as well as the mechanisms involved, in
order to find alternatives to antagonise the potential
CsA-induced effects.

CsA induced a direct proliferative effect on human
PASMC. Although a proliferative effect of CsA is shown in
the present study, the precise effects on the PASMC cell
cycle are still not known. Further experiments aimed at
studying how CsA affects cell cycle parameters and regula-
tory checkpoints would certainly contribute to the under-
standing of the specific transduction pathways triggered by
CsA. SDZ IMM 125 induced PASMC proliferation to a
lesser extent than CsA. This suggests that the application
of this drug to humans might be better tolerated than CsA
in vivo at the vascular level. Similar conclusions supporting
this hypothesis have been previously reported [23].

There is controversy regarding the direct action of CsA
on the growth rate of cultured smooth muscle cells from
different origins: antiproliferative [14, 24], non-active [25],
and proliferative [13, 16]. Differences among species and
among tissular origin of the smooth muscle cells probably
account for these discrepancies. Some authors also propose
a different effect of CsA depending on the concentration
used in the experiments [15]. The vasoconstrictor peptide
ET-1 plays a central role in CsA-induced vascular effects. It
is released by smooth muscle cells [26] and induces prolif-
eration in some smooth muscle cell types [27]. Furthermore,
ET-1 is increased in response to CsA both in vivo and in
different in wvitro systems [25, 26, 28—-30]. The involvement
of ET-1 in the pathophysiology of a number of lung
pathologies, including asthma, has been demonstrated [31].

The partial inhibition of the CsA-induced effect by the
pretreatment of PASMCs with an anti-ET-1 monoclonal
antibody indicates that the secondary release of ET-1 may
be one of the possible mediating mechanisms. This action
was specific for this functional antibody, because neither
the heat-inactivated antibody nor the use of a similar
non-relevant immunoglobulin G had similar inhibitory
ability. Anti-ET-1 antibodies, as well as ET-1 receptor
antagonists, have previously been used to block CsA-
induced effects in vivo [32, 33], ex vivo [34], and in vitro [35].
However, to our knowledge, this is the first report showing
CsA-induced alterations in pulmonary vascular cells medi-
ated by ET-1.

Smooth muscle cells express and release ET-1 in response
to CsA [35]. As shown in Fig. 5, the increased release
caused by the drug was statistically significant after 48 hr at
0.1 and 1 mM. With such stimulus, PASMCs released
between 250 and 300 fmol ET-1/mg rotein (equivalent to
8-9.6 pM in the supernatant). These ET-1 concentrations
were considered to be sufficient to induce PASMC prolif-
eration, because in parallel experiments, synthetic human
ET-1 induced a marked increase in the proliferation of
PASMC:s which was significant after 48 hr at the dose of 10
pM. Taken together, these results indicate that ET-1 may
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be one of the possible mediators of the CsA-evoked
proliferative effect on PASMC:s.

Next, the involvement of calcium in the observed effects
of CsA was investigated. Calcium is needed for the binding
of CsA, cyclophilin, and calcineurin that takes place during
CsA immunosuppression [36]. CsA may also alter calcium
homeostasis at the cellular level, resulting in an impaired
cell function (this may be, at least in part, the mechanism
responsible for the marked vasoconstriction causing hyper-
tension and nephrotoxicity) [37, 38]. The use of calcium
channel blockers inhibits some of the in vitro effects of CsA
[39, 40], prevents some of the CsA adverse effects in treated
animals [41, 42], and might even improve initial graft
function, rejection frequency, and long-term graft survival
of treated patients [43—45].

Verapamil induced a partial inhibition of the CsA-
induced effects, thereby suggesting that the mechanism of
action of CsA involves an intracellular increase in cytosolic
calcium concentration. These findings are consistent with
our hypothesis that ET-1 mediates CsA effects, because
ET-1 induces many of its actions (contraction, mitogenesis,
etc.) through an increase in the concentration of intracy-
tosolic free calcium, which acts as a second messenger [46].
Although ET-1 is not a ligand of L-type calcium channels,
verapamil was able to block CsA action (which, as shown
above, is mediated by ET-1). The reason for this may be an
indirect opening of voltage-operated channels through an
unknown mechanism in response to ET-1 [47] or the
involvement of mediators other than ET-1 in the cell
response (platelet-activating factor, thromboxane A,, etc.)
The analysis of these possibilities requires further investi-
gation.

SDT is a long-acting derivative of somatostatin [48]. It
potently inhibits secretions, mainly in pancreas and gastro-
intestinal tract, but also in kidney, thyroid, parathyroid,
cerebral cortex, and peripheral nervous system [48, 49].
Furthermore, it inhibits the growth of different cell types,
including smooth muscle cells [50]. Interestingly, octreotide
and other somatostatin analogues protect arteries from
myointimal hyperplasia in several experimental models
[51-53]. Takahashi et al. [54] demonstrated that adminis-
tration of SDT to rats was able to inhibit the development
of monocrotaline-induced medial proliferation of pulmo-
nary arteries in rats. In our experiments, SDT partially
inhibited the effect of CsA (Fig. 4) and decreased signifi-
cantly, although not completely, the release of ET-1 by
PASMC:s under basal conditions and upon stimulation with
CsA (Fig. 5). This indicates that SDT might inhibit CsA
effects on PASMC through a mechanism involving, at least
in part, inhibition of the release of ET-1 by the cells
(although other mechanisms should not be discarded), and
therefore, preventing its secondary action.

The observations reported here provide evidence for two
of the possible mechanisms involved in the CsA-induced
proliferation of cultured normal human PASMCs: ET-1
and calcium. However, additional mediators might be
involved in the in vivo situation, where other cell types and
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regulatory mechanisms are present: for instance, adjacent
vascular endothelial cells, which can release antiprolifera-
tive mediators such as transforming growth factor beta,
nitric oxide, heparin, heparan sulfate, atrial natriuretic
peptide, etc.; and epithelial cells and fibroblasts, able to
release prostaglandins and cytokines [55]. Finally, PASMCs
themselves could release other active mediators (platelet-
derived growth factor, basic fibroblast growth factor, insu-
lin-like growth factor, heparin-binding epidermal growth
factor-like growth factor, transforming growth factor, inter-
feron-y, etc.) [56] which have not been evaluated in this
study and might be produced in response to CsA, and
which might indeed potentiate or counterbalance the
effects triggered by ET-1.

In conclusion, CsA increased the rate of proliferation of
PASMC:s, while SDZ IMM 125 induced a weaker effect.
The CsA-induced effect was blocked by an anti-ET-1
antibody, as well as by verapamil, thus indicating the
involvement of ET-1 and calcium in CsA-induced effects.
Preincubation of PASMCs with SDT partially blocked the
effect of CsA. The findings reported here point to the
possibility of using CsA in conjunction with other pharma-
cological modulators, such as anti-ET-1 antibodies, ET-1
receptor antagonists, calcium channel blockers, or SDT, to
increase the safety for the treatment of asthma or for lung
transplantation.
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