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1 The e�ects of the immunosuppressant drugs cyclosporin A and tacrolimus (FK506) on nitric
oxide synthesis were examined in a murine macrophage cell line (J774) and rat vascular smooth
muscle cells (VSMC) in culture for 24 and 48 h, respectively.

2 Cyclosporin A (0.01 ± 10 mM) inhibited by up to 90% accumulation of nitrite induced by
lipopolysaccharide (LPS) in both cell lines, but FK506 (0.01 ± 10 mM) had a weaker e�ect on nitrite
accumulation in these cells. Cyclosporin A and FK506 (at 1 mM) also signi®cantly inhibited nitrite
production induced by recombinant murine interferon-g (rIFNg) and recombinant murine
interleukin-1b (rIL-1b) in J774 and VSMC, respectively.

3 In J774 cells, cyclosporin A (but not FK506) at 1 mM was inhibitory when co-incubated with the
inducing agents but not when the cells were treated with the immunosuppressant before or after the
inducer. In VSMC, nitrite production was inhibited by co-incubation of cyclosporin A or FK506
with the inducer, or when the immunosuppressants were pre-incubated with cells. In contrast, N-
monomethyl L-arginine (NMMA) abolished nitrite production when incubated with either cell type
during or after addition of inducing agent, but not if cells were preincubated with NMMA.

4 RNA extracted from treated J774 and VSMC was subjected to reverse transcription ± polymerase
chain reaction (RT±PCR). Cyclosporin A, but not FK506, suppressed expression of mRNA for
NOS2 in a concentration-dependent manner when co-incubated with LPS.

5 The fact that the potency di�erence between cyclosporin A and FK506 for NO suppression is the
opposite to that for inhibition of interleukin-2 generation suggests that the immunosuppressants act
in J774 macrophages and VSMC through intracellular mechanisms that di�er from those elucidated
in T-cells. Cyclosporin A suppresses NOS2 gene transcription, but FK506 acts post-transcriptionally
to suppress NO generation in VSMC.

6 Taken together the present data suggest that therapeutic concentrations of cyclosporin A, but
not FK506, might well suppress NO production, but FK506 would not have this e�ect. Suppression
of NO might contribute to the side e�ects of hypertension and nephrotoxicity associated with long-
term use of cyclosporin A to prevent transplant rejection.
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Introduction

The use of powerful immunosuppressants such as cyclosporin
A and tacrolimus (FK506) has permitted organ transplanta-
tion to become widely practiced (Anonymous, 1994; Oellerich,

1998). It has been speculated that nitric oxide (NO), in
particular that generated via the induction of the NOS2
enzyme isoform, is an important cytotoxic contributor to the
process of allograft rejection (Langrehr et al., 1992; Winlaw et

al., 1994). For example, in the transplanted heart it has been
demonstrated that the NOS2 isoform of NO synthase is
induced following increased cytokine activation, both in

myocytes and in immunocompetent cells in®ltrating the graft
(Yang et al., 1994), whilst serum nitrite and nitrate levels rise in
the acute phase of rejection of vascularized allografts

(Langrehr et al., 1992; Winlaw et al., 1994). Moreover, FK506
and cyclosporin A inhibit graft rejection and the latter has
been shown to prevent the elevation of serum nitrite and
nitrate, and this has been attributed to inhibition by this

immunosuppressant of cytokine production by T-cells (Win-

law et al., 1994). Thus the therapeutic application of
cyclosporin appears to suppress NO production in allografts,
but the mechanisms involved have not been well de®ned.

Lastly, well known side e�ects associated with chronic
treatment with cyclosporin include nephrotoxicity and
hypertension, and any e�ects of such immunosuppressants on
NO production in vivo could conceivably contribute to these

adverse consequences (Mason, 1989). In this paper we con®rm
our previous ®nding that cyclosporin A inhibits NO
production and NO synthase transcription in a murine

macrophage cell line (J774) as well as in rat cultured VSMC
(Akita et al., 1994), but we also show that FK 506 is less potent
and does not suppress NOS2 transcription.

Methods

Drugs, cytokines and materials

Dulbecco's Modi®ed Eagle's Medium (DMEM) and Fetal

Bovine Serum (FBS) were from ICN Biomedicals Inc. (Costa
Mesa, CA, U.S.A.). 94 mm petri dishes, 96-well ¯at-bottom
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plates and tissue culture ¯asks were from Greiner Labortech-
nik (Frickenhausen, Germany). Recombinant murine IFNg
was purchased from Boehringer (Mannheim, Germany).

Recombinant human IL-1b was kindly provided by Dr Ian
Campbell (Royal Melbourne Hospital, Melbourne). NG-
monomethyl-L-Arginine (NMMA) was from the Institute of
Drug Technology (Boronia, Victoria, Australia). Lipopoly-

saccharide (E. coli. serotype 0111 : B4) and L-glutamine were
from Sigma Chemicals (St. Louis, MO, U.S.A.). Cyclosporin
A (Sandoz Australia Pty Ltd) was a kind gift from Dr Tom

Mandel (Walter and Eliza Hall Institute, Melbourne). FK506
was generously provided by Fujisawa Pharmaceutical (Osaka,
Japan). Both cyclosporin A and FK506 were made as stock

solutions with absolute ethanol at 10 mM. Stock solutions were
diluted with media at appropriate concentrations each day
before use.

Cell culture

Both cell types were incubated in DMEM supplemented with

10% FBS, 100 mg ml71 streptomycin, 100 m ml71 penicillin
and 2 mM L-glutamine at 378C in a humidi®ed incubator
containing 5% CO2. Endotoxin levels were measured by a

Spectrozyme Limulus amebocyte lysate assay (American
Diagnostica) and media were found to be free of endotoxin
(less than 100 pg ml71).

Rat vascular smooth muscle cells (VSMC) VSMC were
isolated from the thoracic aortas of six male Sprague-Dawley

rats by enzymic digestion. They were identi®ed as smooth
muscle cells by their typical growth pattern of `hills and
valleys' and by immunohistochemistry with monoclonal
antibody to a-smooth muscle actin (from Sigma, St. Louis,

MO, U.S.A.) and alkaline phosphatase conjugated secondary
antibody. This was further con®rmed by ¯uoresceine im-
munolocalization. Cultures at passages 3 ± 10 were used for the

experiments.
Cells were incubated in DMEM supplemented with 10%

FBS, 100 mg ml71 streptomycin, 100 m ml71 penicillin and

2 mM L-glutamine into 25 or 75 cm2 culture ¯asks. After
con¯uence, VSMC were harvested by trypsinization, and
plated into 96-well ¯at bottom culture plates at a density of
16104 cells per well with 200 ml of media. After culturing for

4 ± 6 days, VSMC reached con¯uence. For experiments,
VSMC were washed with fresh media once and replaced with
100 ml of fresh media with appropriate concentrations of

inducers (LPS or IL-1b) with or without cyclosporin A or
FK506 (see results section). After 24 or 48 h incubation, the
supernatants were collected for nitrite assay. When adding

di�erent compounds at di�erent times, the ®rst compounds
were washed out with fresh media at least three times. More
than 95% of the cells were viable as determined by trypan blue

exclusion test after incubation with all reagents, including
concentrations of cyclosporin A and FK506 up to 1.0 mM.
Higher concentrations of cyclosporin A and FK506 compro-
mised cell viability in some cultures, and these were excluded

from further analysis in the study. Respiratory activity of all
cells at the end of each study was measured by incubation with
the tetrazolium salt XTT. This XTT assay gives a measure of

cell viability for XTT is cleaved by dehydrogenase enzymes of
metabolically active cells, yielding a highly coloured formazan
product which is water soluble and assayed spectrophotome-

trically (Roehm et al., 1991; Jost et al., 1992). As measured by
this assay, proliferation and respiratory activity of all cells
included in the study after incubation with these reagents were
the same as controls.

Murine macrophage cell line-J774 J774 murine macrophage
cell line (American Tissue Culture Catalogue T1B) were
cultured in 94 mm petri dishes. After reaching con¯uence,

J774 were resuspended by pipetting and passaged at
1/10*1/20 twice a week. J774 were collected by pipetting and
plated into 96-well ¯at bottom culture plates at density of
16105 cells per well with 100 ml of media. After allowing 2 ±

3 h to attach to the bottom, media was replaced with 200 ml of
fresh media and appropriate concentrations of various
compounds were added. The supernatants were collected for

assay 24 or 48 h later. When adding di�erent compounds at
di�erent times, the ®rst compounds were washed out with fresh
media at least three times. More than 90% of the cells were

viable as determined by the trypan blue exclusion test after
incubation with all reagents, including concentrations of
cyclosporin A and FK506 up to 10 mM. Proliferation and

respiratory activity of cells after incubation with all reagents
were the same as control as determined by XTT assay (Roehm
et al., 1991; Jost et al., 1992).

Nitrite assay

The induction of NO synthesis was evaluated by quantifying

the accumulation of nitrite in the culture media (Ding et al.,
1990; Gross & Levi, 1992). Nitrite concentrations were
determined by a microplate assay. Cell-free supernatant

aliquots (50- or 100-ml) were mixed with an equal volume of
Griess reagent (1% sulphanilamide/0.1% naphthylethylene
diamine dihydrochloride/2.5% H3PO4) and incubated at room

temperature for 10 min. The optical density (OD) of the wells
was determined using a kinetic microplate reader (Molecular
Devices) at a test wavelength of 550 nm and a reference
wavelength of 650 nm. Nitrite was determined using NaNO2 as

a standard. Background nitrite values of media were
determined in each case and subtracted from the experimental
values. The nitrite concentration was calculated from a

standard curve and expressed as nmol per 105 cells for J774
or nmol per well for VSMC.

RNA extractions and RT ±PCR

Total RNA was extracted from samples using an updated
version of the single-step method of RNA isolation by acid

guanidine thiocyanate-phenol-chloroform extraction method
described by Chomczynski & Sacchi (1987). J774 and VSMC
were treated with the relevant drugs LPS, cyclosporin A and

FK506 at varying concentrations (see Results) and were
incubated for 8 and 16 h for J774 and VSMC, respectively.
RT ±PCR was performed using the RNA PCR Core Kit

(Perkin Elmer Cetus). First strand cDNA was synthesized
using random hexamers and MuLV reverse transcriptase. PCR
ampli®cation was performed using speci®c synthesized primers

for the inducible NO synthase 2 (NOS2) and b-actin. The
intron spanning primers were: NOS2 forward, 5'-AGA AGC
ACA AAG TCA CAG ACA TGG CTT GCC-3', NOS2
reverse, 5'-TTG GAC CAC TGG ATC CTG CCG ATG CAG

CGA-3' and b-actin forward, 5'-GGG AAT TCA TGG GTC
AGA AGG ACT CCT A-3' and b-actin reverse 5'-GGG ATC
CGG GTT CAG GGG GGC CTC GGT-3'. PCR was

performed using 330 ng of total RNA per reaction. The PCR
ampli®cation reaction consisted of 948C for 30 s, 638C for 30 s
and 728C for 60 s for 24 ± 30 cycles, followed by 10 min at

728C performed in the GeneAmp PCR System 9600 (Perkin
Elmer Cetus). PCR was performed in the linear range of the
ampli®cation reaction. PCR of b-actin and NOS2 were
assessed in the same tube so that equal amounts of cDNA
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were used for the two sets of primers, to enable a comparison
of the intensities of the PCR products. The PCR products were
electrophoresed on a 1.5% agarose gel, then visualized and

photographed using UV ¯uorescence. The relative density of
bands was quanti®ed with a scanner attached to a computer
using MCID image analysis software.

Southern analysis

After electrophoresis of the PCR products on the 1.5%

agarose gel, the gel was rinsed in 0.4 M NaOH solution for
20 min. DNA was transferred onto Hybond N+ membrane
(Amersham, Sydney, Australia) by capillary transfer and ®xed

by alkali solution (0.4 M NaOH). The membrane was
prehybridized for 10 min at 428C in Amersham Rapid
Hybridization Bu�er and then hybridized for 2 h at 428C with

rat NOS2 5'-ATT TGG ACT TGC AAG AGA TAT CCG
AGG TGG CCT-3' and b-actin 5'-TGT GGT GCC AAA
TCT TCT CCA TAT CGT CCC AGT-3' internal oligonucleo-
tides that had been labelled with g32P-ATP (Amersham). Blots

were washed in 26SSC 0.1% SDS at 558C four times, exposed
to X-ray ®lm and developed.

Data analysis

Each individual experiment was conducted with three or six

replicates, and experiments were repeated four to ®ve times
with di�erent cell cultures. Arithmetic means are given with
s.e.mean. Statistical comparisons with the controls were made

by the Student's unpaired t-test followed by a Student ±
Newman ±Keul's post-test. Di�erences were considered sig-
ni®cant when P values of 50.05 were obtained.

Results

Accumulation of nitrite in J774 with stimulation by LPS
and rIFNg

Nitrite levels in control wells without stimulation remained
below the level of detection (0.1 nmol per 105 cells) up to 48 h.
Nitrite production was not detectable up to 6 h after
stimulation with LPS or rIFNg, but it increased up to 24 h

with LPS, and up to 48 h with rIFNg (Table 1). Nitrite
accumulation was not detectable with less than 0.001 mg ml71

of LPS or 10 u ml71 of rIFNg after 24 h incubation. With 48 h

incubations in the presence of LPS, some cultures showed
reduced respiratory activity by XTT assay, and hence nitrite
data were not included in the Table.

Accumulation of nitrite in VSMC with stimulation by
LPS and rIL-1b

The number of VSMC in each well varied between 1 and
26105 at the end of the assays as determined by the Trypan
blue exclusion test. Nitrite accumulation in control cells

without stimulation was not detectable up to 48 h. Production
of nitrite remained undetectable up to 12 h but increased
thereafter for up to 48 h with stimulation by LPS (Table 2).

rIL-1b also induced a concentration-dependent, but much
slower accumulation of nitrite to a maximum of 1.4 nmol per
well per 48 h at 10 nM (Table 2).

E�ect of cyclosporin A or FK506 co-incubated with
inducing agents in J774 cells

Co-incubation of cyclosporin A (1 mM) with LPS (1.0 mg ml71)
or IFNg (100 u ml71) reduced nitrite accumulation to about
60% of that with LPS alone and to about 50% of that with

IFNg alone, respectively (Figure 1). A higher concentration of
cyclosporin A (10 mM) reduced nitrite accumulation further (to
10% of LPS alone) but this also reduced cell viability below

95% in some cultures that were excluded from analysis. In
contrast, FK506 (up to 1 mM) did not signi®cantly alter (less
than 10% reduction) nitrite accumulation in LPS- and IFN-

treated cells, despite its higher potency as an immunosuppres-
sant. High concentrations of FK506 (10 mM) also reduced cell
viability below 95%, suggesting the inhibition of nitrite
production at this concentration was related to toxicity. In

all cultures analysed, cyclosporin A and FK506 had no
signi®cant e�ect on cell respiration, as measured by XTT
(Jost et al., 1992).

E�ect of cyclosporin A and FK506 co-incubated with
inducing agents in VSMC

Co-incubation of cyclosporin A (1 mM) with LPS (50 mg ml71)
or IL-1b (0.001 mM) reduced nitrite accumulation to about
40% of LPS alone and 55% of that with IL-1b alone (Figure

2). A higher concentration (10 mM) reduced nitrite to 9% of
LPS alone, but again in some cultures (excluded) this

Table 1 Time- and concentration-dependent nitrite
accumulation in J774 cells stimulated with LPS or rIFNg

Stimulation/ Nitrite accumulation (nmol per 105 cells)
incubation time 24 h 48 h

None
LPS
0.1 (mg ml71)
1.0
10.0

rIFNg
25 (u ml71)
50
100

N.D.

1.29+0.07
3.46+0.04
4.41+0.12

2.20+0.06
2.93+0.01
3.69+0.24

N.D.

N.T.
4.37+0.29

N.T.

7.02+0.09
8.00+0.08
9.21+0.19

Cells were incubated with the indicated concentrations of
inducer for 24 or 48 h. Nitrite was assayed in medium by the
Griess reaction. Data are expressed as means+s.e.mean for
six replicates in ®ve individual experiments. N.D. means not
detectable in some wells. Limit of detection is 0.1 nmol per
105 cells. N.T. means not tested.

Table 2 Time- and concentration-dependent nitrite
accumulation in VSMC stimulated with LPS or rIL-1b

Stimulation/ Nitrite accumulation (nmol per well)
incubation time 24 h 48 h

None
LPS

25 (mg ml71)
50
100

rIL-1b
0.1 (nM)
1.0
10

N.D.

N.T.
1.03+0.13
1.22+0.16

N.D.
N.D.
N.D.

N.D.

2.96+0.49
4.41+0.46
5.09+0.45

0.65+0.04
1.20+0.05
1.39+0.05

Cells were incubated with the indicated concentrations of
inducer for 24 or 48 h. Nitrite was assayed in medium by the
Griess reaction. Data are expressed as means+s.e.mean
from triplicates in four individual experiments with LPS, six
replicates in two individual experiments with rIL-1b. N.D.
means not detectable in some wells. Limit of detection is
0.1 nmol per well. N.T. means not tested.
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compromised cell viability. FK506 (up to 1 mM) had no e�ect
on LPS-induced cells, but reduced nitrite accumulation slightly
in IL-1b treated cells, without a�ecting cell respiration (by

XTT).

E�ect of cyclosporin A and FK506 exposure period on
nitrite production in J774 cells

To further analyse the mechanisms responsible for suppres-
sion of nitrite production the actions of cyclosporin and

FK506 were examined at a concentration of 1 mM which did
not compromise cell viability in any cultures. J774 cells were
incubated with LPS (1.0 mg ml71) (Figure 3) or IFNg
(100 u ml71) (Figure 4) for 12 h, washed, and nitrite
accumulation measured over a subsequent 24 h period.
Whereas exposure to cyclosporin A (1 mM) after incubation

with the stimulant had no e�ect on subsequent nitrite

accumulation, co-incubation of cyclosporin A or co-incuba-
tion followed by a further period of exposure to cyclosporin
A, reduced nitrite accumulation (to 60% and 33% with LPS

and IFNg, respectively). FK506 (1 mM) had no e�ect on
nitrite accumulation with any period of exposure. In contrast,
exposure to NMMA (300 mM) after incubation with the
stimulant greatly reduced subsequent nitrite accumulation,

but co-incubation of NMMA and stimulant did not reduce
subsequent nitrite accumulation following washout of both
compounds from the cells (Figures 3 and 4). However, in cells

stimulated with IFNg, it was observed that co-incubation
with NMMA potentiated subsequent nitrite accumulation
following washout of both compounds (Figure 4). This

unexpected increase in nitrite after NMMA did not occur
following co-incubation of NMMA with LPS as the
stimulant. Cell respiration was not a�ected by these

incubations.

Figure 1 In¯uence of cyclosporin A (CsA, ®lled columns) and
FK506 (stippled columns) at various concentrations on (A) LPS
(1.0 mg ml71) or (B) IFNg (100 u ml71)-stimulated nitrite accumula-
tion in J774 cells. The data shown are means+s.e.mean of six
replicates in ®ve di�erent experiments for (A) and four di�erent
experiments for (B). ***P50.001, *P50.05 compared with respective
controls.

Figure 2 In¯uence of cyclosporin A (CsA, ®lled columns) and
FK506 (stippled columns) at various concentrations on (A) LPS
(50 mg ml71) or (B) IL-1b (0.001 mM) stimulated nitrite accumulation
in VSMC. The data shown are means+s.e.mean of triplicates in four
di�erent experiments for (A) and six replicates in three di�erent
experiments for (B). ***P50.001, *P50.05 compared with respective
controls.

Immunosuppressants and nitric oxide synthase340 G.J. Dusting et al



E�ect of cyclosporin A and FK506 exposure period on
nitrite production in VSMC

Using protocols similar to those above, VSMC were
incubated with LPS (50 mg ml71) for 24 h, washed, and
nitrite accumulation measured over a subsequent 48 h
period (Figure 5). Exposure to cyclosporin A (1 mM) after

incubation with LPS reduced subsequent nitrite accumula-
tion to 46%, whereas co-incubation with cyclosporin A or
co-incubation followed by a further period of exposure to

cyclosporin A, reduced nitrite accumulation to 26 or 14%,
respectively. Similarly, exposure to FK506 (1 mM) after
incubation with LPS did not reduce subsequent nitrite

accumulation, but co-incubation of FK506 or co-incuba-
tion followed by a further period of exposure to FK506,
did reduce nitrite accumulation to 38 or 35%, respectively.

In contrast, exposure to NMMA (300 mM) after incubation
with the stimulant greatly reduced subsequent nitrite
accumulation, but co-incubation of NMMA and stimulant
did not alter subsequent nitrite accumulation following

their washout from the cells (Figure 5). Cell respiration
was not a�ected by these incubations.

E�ect of cyclosporin A and FK506 on NOS2 mRNA
expression

In J774 the e�ects of co-incubation of increasing amounts
of cyclosporin A (0.1 ± 10 mM) with LPS (1.0 mg ml71) on
the mRNA for NOS2 was investigated using RT±PCR in
three experiments. In non-induced, control cells no NOS2

mRNA was detected. Following stimulation with LPS, an
intense PCR product of NOS2 was observed after 8 h, and
with increasing amounts of cyclosporin A the expression

of NOS2 message was reduced in a concentration
dependent fashion. b-Actin products were equivalent in
all incubations, including the highest concentration of

cyclosporin.
Rat VSMC that had been treated with LPS (50 mg ml71),

cyclosporin A alone (1 mM) or LPS co-incubated with

cyclosporin A (0.1 ± 10 mM) were studied in three experiments.
RT ±PCR showed no PCR product in control or cyclosporin
A-treated cells, whilst LPS induced the expression of NOS2
mRNA. Co-incubation of LPS with cyclosporin A reduced the

expression of NOS2 mRNA (Figure 6), but did not a�ect b-
actin transcript. The ratio of NOS2 and b-actin bands were

Figure 3 In¯uence of cyclosporin A (CsA, 1.0 mM), FK506 (1.0 mM)
or NMMA (300 mM) on nitrite accumulation (nmol per 105 cells per
24 h) in J774 cells using various incubation regimes, as indicated by
the bars in the lower panel. J774 cells were exposed to LPS
(1.0 mg ml71) in the presence or absence of the indicated drugs for
12 h. Cells were washed at least three times with fresh culture
medium and incubated for a further 24 h in the presence or absence
of the drugs. The data shown are the mean+s.e.mean of triplicates in
four di�erent experiments. ***P50.001, **P50.05, compared with
LPS control.

Figure 4 In¯uence of cyclosporin A (CsA, 1.0 mM), FK506 (1.0 mM)
of NMMA (300 mM) on nitrite accumulation (nmol per 105 cells per
24 h) in J774 cells using various incubation regimes, as indicated by
the bars in the lower panel. J774 cells were exposed to IFNg
(100 u ml71) in the presence or absence of the indicated drugs for
12 h. Cells were washed at least three times with fresh culture
medium and incubated for a further 24 h in the presence or absence
of the drugs. The data shown are the mean+s.e.mean of triplicates in
four di�erent experiments. ***P50.001, **P50.01 compared with
IFNg control.
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quantitated by scanning densitometry, and these data are also
indicated in Figure 6. In contrast, co-incubation of LPS with

FK506 (0.1 to 10 mM) did not a�ect the PCR product. The
results from the PCR with cyclosporin A were con®rmed by
performing Southern blot analysis on the gel. Internally

labelled 32P-NOS2 and b-actin oligonucleotides bound cleanly
to the NOS2 and b-actin products.

Discussion

The present ®ndings extend our preliminary observations

(Akita et al., 1994) that the immunosuppressant drug
cyclosporin A blocks the production of NO, which is induced
by many cytokines including interleukin-2 (Moncada et al.,

1991). We have now demonstrated using both time course
experiments on nitrite production and RT±PCR that
cyclosporin A blocks the transcription of mRNA for NOS2
in J774 and VSMC. In contrast, FK506, a related

immunosuppressant drug considered like cyclosporin A to act
upon T-cell function through suppression of calcineurin (Liu,
1993), is a weaker suppressor of NO production, although it is

a more potent suppressor of interleukin-2 gene expression.

This indicates that these two compounds act through di�erent
mechanisms to suppress NO production.

NO induction plays an important role in host immune
defence mechanisms. NO is an e�ector of the tumoricidal

(Hibbs et al., 1987; Stuehr & Nathan, 1989) and the
microbiocidal (Langermans et al., 1992; Green et al., 1993;
Summersgill et al., 1992; Bermudez, 1993) activities of murine

macrophages. Several cytokines and growth factors have been
reported to block the induction of NOS2, including IL-4 (Liew
et al., 1991; Oswald et al., 1992), IL-10 (Gazzinelli et al., 1992),

TGF-b family (Ding et al., 1990; Junquero et al., 1992), EGF
(Heck et al., 1992), macrophage-deactivating factor (Ding et
al., 1990) and platelet-derived growth factor (Scott-Burden et
al., 1992). NOS2 expression is also suppressed by glucocorti-

coids and lipocortin-1 (Di Rosa et al., 1990; Wu et al., 1995),
as well as anti-in¯ammatory drugs such as antagonists of
platelet-activating factor (Szabo et al., 1993; Arthur et al.,

1995; Yin et al., 1998). The mechanisms by which these

Figure 5 In¯uence of cyclosporin A (CsA, 1.0 mM), FK506 (1.0 mM)
or NMMA (300 mM) on nitrite accumulation (nmol per well per 48 h)
in VSMC using various incubation regimes, as indicated by the bars
in the lower panel. VSMC were exposed to LPS (50 mg ml17) in the
presence or absence of the indicated drugs for 24 h. Cells were
washed at least three times with fresh culture medium and incubated
for a further 48 h in the presence or absence of the drugs. The data
shown are mean+s.e.mean of triplicates in four di�erent experi-
ments. ***P50.001, **P50.01 compared with LPS control.

Figure 6 Reverse Transcription Polymerase Chain Reaction (RT±
PCR) of mRNA isolated from VSMC after 16 h incubation. All
samples containing PCR products were incubated in triplicate. (A)
Photograph of an agarose gel in which lanes 1 ± 3 are Controls, lanes
4 ± 6 are samples treated with media containing 50 mg ml-1 LPS, lanes
7 ± 9 samples treated with cyclosporin A (CsA, 1 mM) alone, lanes
10 ± 12 samples co-incubated with LPS and 10 mM CsA, lanes 13 ± 15
LPS and 1 mM CsA and lanes 16 ± 18 LPS and 0.1 mM CsA. Expected
PCR product sizes are 636 bp for NOS2 and 212 bp for b-actin. (B)
The relative density of bands of PCR products shown as ratios of
NOS2 and b-actin products. Results are means+s.e.mean of three
experiments.
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cytokines and drugs suppress NOS2 expression are multiple,
but these have not been studied systematically. We report here
that induction of NOS2 by LPS or cytokines is inhibited by

therapeutic levels of cyclosporin A (up to 1.0 mM) in J774 cells
and VSMC. Despite its higher potency as an immunosup-
pressant (Kino et al., 1987; Tocci et al., 1989; Yoshimura et al.,
1989), FK506 was weaker than cyclosporin A in suppressing

NO synthesis and did not a�ect NOS2 transcription. It is
therefore clear that the inhibitory e�ects of the immunosup-
pressants on NO production result not only from suppression

of LPS-induced cytokine induction, but are also exerted at the
level of NOS2 gene expression for cyclosporin, and post-
transcriptionally in the case of FK506.

Neither compound appeared to a�ect NOS2 catalytic
activity, as shown by the contrasting e�ects of exposing the
cells to cyclosporin A or FK506 with those of NMMA given

together or given after incubation with the inducing agents.
Cyclosporin A inhibits the expression of NOS2, indicated by
the RT±PCR and the inhibition of nitrite accumulation when
co-incubated with the inducing agent and washed from the

medium, but not (at least for J774 cells) when incubated after
enzyme induction has begun. In contrast, NMMA, which
blocks NOS enzyme catalytic activity competitively and

reversibly, does not inhibit nitrite accumulation when co-
incubated with the inducer then washed from the medium, but
it virtually abolishes nitrite accumulation when incubated after

inducer has been removed but enzyme induction has occurred.
The unexpected increase in nitrite production that occurred
following incubation with IFN-g and NMMA raises the

possibility that NO produced during the induction phase in
some way acts in a negative feedback manner to suppress the
expression of NOS2 or other genes involved in NO production
(e.g. those replenishing essential cofactors, Gross & Levi,

1992). Once NMMA is removed from the medium these
`super-induced' enzymes may be allowed to express full
activity.

Notwithstanding these observations, it has been found in
neural tissues that FK506 is capable of blocking NOS-1
catalytic activity, albeit indirectly (Dawson et al., 1993). These

authors reported that FK506 blocks dephosphorylation of the

NOS1 isoform, this being a post-translational modi®cation of
the protein that is necessary for full expression of its activity. If
such an e�ect also occurs with NOS2 activity, this post-

translational event might contribute to the suppression of
nitrite production by FK506 and cyclosporin A seen in VSMC
when post-incubated after LPS is removed from the cells.

NO has anti-proliferative e�ects on VSMC (Garg &

Hassid, 1989) and T cells (Isobe & Nakashima, 1992), and
reported side e�ects of these immunosuppressants include
hypertension and nephrotoxicity (Mason, 1989). The weaker

e�ect of FK506 on NO production in J774 and VSMC
might confer an advantage over cyclosporin A in clinical
immunosuppression, considering that NO production is

`antihypertensive' and that NOS2 might help support the
renal circulation after transplantation. On the other hand, it
has been proposed by Burkat et al. (1992) that this action of

cyclosporin could be used to advantage, since cyclosporin A
suppresses cytotoxicity of rat peritoneal macrophages in
pancreatic islet cells by inhibiting the release of NO. They
suggested cyclosporin A could be useful for managing acute-

onset type 1 diabetes by inhibiting NO production by
macrophages.

In summary, the results reported here indicate that

cyclosporin A acts to inhibit transcription of NOS2 in J774
and VSMC. In contrast, FK506 is a much weaker suppressor
of NO production, and it acts post-transcriptionally. Suppres-

sion of NO production by cyclosporin A may contribute to the
vascular and renal e�ects associated with cyclosporin A
therapy, or help preserve cellular function in allografts.
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