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1 As arginase by limiting nitric oxide (NO) synthesis may play a role in airway hyperresponsiveness
and glucocorticoids are known to induce the expression of arginase I in hepatic cells, glucocorticoid
effects on arginase in alveolar macrophages (AM®) were studied.

2 Rat AM® were cultured in absence or presence of test substances. Thereafter, nitrite
accumulation, arginase activity, and the expression pattern of inducible NO synthase, arginase I
and II mRNA (RT-PCR) and proteins (immunoblotting) were determined.

3 Lipopolyssacharides (LPS, 20 h) caused an about 2 fold increase in arginase activity, whereas
interferon-y (IFN-y), like LPS a strong inducer of NO synthesis, had no effect.

4 Dexamethasone decreased arginase activity by about 25% and prevented the LPS-induced
increase. Mifepristone (RU-486) as partial glucocorticoid receptor agonist inhibited LPS-induced
increase by 45% and antagonized the inhibitory effect of dexamethasone.

5 Two different inhibitors of the NF-«kB-pathway also prevented LPS-induced increase in arginase
activity.

6 Rat AM® expresssd mRNA and protein of arginase I and II, but arginase I expression was
stronger. Arginase | mRNA and protein was not affected by IFN-y, but increased by LPS and this
effect was prevented by dexamethasone. Both, LPS and IFN-y enhanced the levels of arginase II
mRNA and protein, effects also inhibited by dexamethasone. As IFN-y did not affect total arginase
activity, arginase II may represent only a minor fraction of total arginase activity.

7 In rat AM® glucocorticoids inhibit LPS-induced up-regulation of arginase activity, an effect
which may contribute to the beneficial effects of glucocorticoids in the treatment of inflammatory
airway diseases.
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Introduction

In macrophages (M®), the amino acid L-arginine, beyond being
precursor in protein synthesis, is the substrate of nitric oxide
synthase (NOS) and arginase. Both pathways play a particular
role in host defence mechanisms and the control of inflamma-
tory reactions (Xie & Nathan, 1994; Wu & Morris, 1998).
Arginase which catalyses the formation of L-ornithine and urea
appears to be expressed constitutively in M®, although its
activity and/or expression may be modulated by various stimuli
(Hey et al., 1995; Modolell et al., 1995; Wang et al., 1995;
Corraliza et al., 1997; Sonoki et al., 1997; Louis et al., 1998;
Morris et al., 1998). On the other hand, NOS in M® is not
expressed constitutively, but the inducible isoenzyme (iNOS) is
induced by bacterial toxins and/or pro-inflammatory cytokines
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(Jorens et al., 1991; Xie & Nathan, 1994; Hey et al., 1995; Wang
et al., 1995; Hammermann et al., 2000).

Between iNOS and arginase multiple interactions can
occur, suggesting counter-regulatory functions of these two
pathways. Thus, L-arginine metabolism by arginase can limit
L-arginine utilization by iNOS (Hey et al., 1997; Tenu et al.,
1999), but on the other hand, iNOS by liberating N6-OH-L-
arginine can exert inhibitory effects on arginase (Hecker et
al., 1995; Buga et al., 1996). Arginase may also limit L-
arginine availability for the constitutive isoforms of NOS,
and functional experiments indicate that arginase by limiting
NO synthesis may contribute to the development of airway
hyperreactivity (Meurs et al., 2000). In addition to these
interactions with the NOS pathway, arginase is a key
enzyme in the synthesis of polyamines, proline and
glutamate (Wu & Morris, 1998) indicating complex func-
tional roles of this pathway.
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Despite this great functional significance of arginase in
Mo, the present knowledge about the regulation of arginase
in MO is rather fragmentary. There are two arginase
isoenzymes, arginase I, first described as hepatic arginase
and arginase II, as the non-hepatic enzyme (Jenkinson et al.,
1996). Both enzymes have similar enzymatic properties, but
differ with regard to subcellular localization and regulation of
expression (Jenkinson et al., 1996). Whereas the rat and
human sequences of arginase I are known for quite a long
time (Dizikes et al., 1986; Kawamoto et al., 1987; Haraguchi
et al., 1987), human, rat and mouse arginase II has been
cloned and characterized only recently (Gotoh et al., 1996;
Vockley et al., 1996; Morris et al., 1997; Iyer et al., 1998).
Arginase 1 is, however, not restricted to the liver, but
expressed in various non-hepatic cells and both arginase
isoenzymes may be expressed even in the same cell (Gotoh et
al., 1997a; Louis et al., 1998).

As arginase in the airways may contribute to the
development of airway hyperreactivity and glucocorticoids,
which play an important role in the treatment of asthmatic
airway diseases (e.g. Barnes 1995; 1997), have been shown to
up-regulate arginase I in hepatocytes and hepatoma cells
(Haggerty et al., 1982; Dizikes et al., 1986; Nebes & Morris,
1988; Gotoh et al., 1997b), the present study aimed to
characterize the effect of glucocorticoids on arginase activity
and expression of arginase isoenzymes in rat alveolar
macrophages. Because of the close link of the arginase pathway
to the NOS pathway, the effects of the known iNOS inducers,
LPS and interferon-y (IFN-y) and their interactions with
glucocorticoids were also tested, and changes in the expression
and activity of iNOS were always monitored in parallel.

Methods
Cell preparation and culture

Sprague Dawley rats (own breeding) of either sex were used to
prepare AM® as described previously (Hey et al., 1995; 1997).
AMO® (5x 10° were cultured in 35 mm dishes in DME/F-12
medium supplemented with 5% foetal calf serum and
antibiotics. AM® were allowed to adhere for 2 h (37°C; 5%
CO,), before the medium was renewed to remove non-adherent
cells. Afterwards, AM® were cultured for different times in the
absence or presence of 1 ugml™' LPS or 500 uml™'
recombinant rat interferon-y (IFN-y) alone or in combination
with other test substances. In some experiments AM® were first
cultured for 20 h in the absence of test substance followed by a
second culture period in the absence or presence of LPS.

Arginase assay

For the determination of arginase activity cell lysates were
prepared after the culture period by incubating the cells in
750 ul 0.1% Triton X-100 containing additionally the
protease inhibitors phenylmethylsulfonyl fluoride (PMSF,
1 mM), leupeptin 0.5 ug ml~', pepstatin A 0.7 ug ml~' and
EDTA 2 mM. Thereafter 500 ul portions of the cell lysates
were mixed with 500 ul 25 mM Tris HCI (pH 7.4) containing
5 mM MnCl, and incubated for 10 min at 56°C. Then 50 ul
of a 0.5 M L-arginine solution (pH 9.7) were added to 50 ul
of the heat-activated lysates and incubated for 1 h at 37°C.

The amounts of urea were then determined by a spectro-
photometric assay based on a reaction with a-isonitrosopro-
piophenon (Corraliza et al., 1995). The arginase activity was
calculated from a standard curve (urea) and was expressed in
absolute terms (mu ug protein~'; one unit is the enzyme
activity which catalyzes the formation of 1 umol urea per
min) or as percentage of the mean value of the respective
controls of the individual cell preparation.

Nitrite assay

As a measure of NO synthesis during the culture period
nitrite  which accumulated in the culture media was
determined. Nitrite was quantified by a spectrophotometric
assay based on the Griess reaction as described previously
(Hey et al., 1995). Briefly, 400 ul Griess reagent (sulfanilic
acid 1%, N(1-naphthyl)ethylenediamine hydrochloride 0.1%
dissolved in 2.5% (w v~') H3PO4) were added to 400 ul
incubation medium. After 20 min of incubation at room
temperature absorbance was measured at 540 nm. The nitrite
contents given in the Results section were calculated from a
standard curve (NaNO,) and expressed in absolute terms
(nmol (10° cells)™").

Extraction of RNA and reverse transcription-polymerase
chain reaction (RT—PCR)

Total RNA was prepared and the first strand cDNA
synthesized as described previously (Hammermann et al.,
1998; Racké et al., 1998). Oligonucleotide primers were
constructed based on EMBL sequences: rat f-actin, 5'-TTC-
TACAATGAGCTGCGTGTGGC-3" and 5-AGAGGTCTT-
TACGGATGTCAACG-3'; rat iNOS, 5-CATGAACTCCA-
AGAGTTTGACCAG-3' and 5-GCCCAGGTCGATGCA-
CAACTGG-3'; rat arginase I, 5-~AAAGCCCATAGAGAT-
TATCGGAGCG-3 and 5-AGACAAGGTCAACGGCA-
CTGCC-3’; rat arginase II, S-TTAGTAGAGCTGTGTCA-
GGTGGC-3' and 5-ACTTGAAGCAATCACATCCACT-
GC-3. PCR amplification was performed using RedTaq
DNA polymerase and specific primers in a programmable
thermal reactor (RoboCycler®, Stratagene, Amsterdam, The
Netherlands) with initial heating for 3 min at 94°C, followed
by 25 (iNOS, arginase I and f-actin) or 35 (arginase II) cycles
of 45 s denaturation at 94°C, annealing at 56°C (30 s),
extension at 72°C (1 min), and a final extension for 10 min at
72°C. PCR products were separated by a 1.2% agarose gel
electrophoresis and documented by a video documentation
system and the optical density of the bands was quantified by
the RFLPscan 2.01 software (MWG, Ebersberg, Germany).
PCR products were sequenced by MWG (single strand
analysis).

Immunoblotting of iNOS, arginase I and 11

Cellular proteins were extracted and separated by SDS-—
PAGE (7.5% for iNOS, 12% for arginase I and II; 10 ug
protein per lane for iNOS and arginase I, 25 ug protein for
arginase II) and then transferred onto a PVDF membrane.
The immobilized proteins were visualized by subsequent
incubation with a polyclonal rabbit antibody against mouse
iNOS (Calbiochem, Bad Soden, Germany), and polyclonal
rabbit antibodies against rat arginase I and II. The anti-
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arginase antibodies had been generated against specific
peptide  sequences (arginase I: H,N-CEGNHKPET-
DYLKPPK-COOH; arginase II H,N-CHLPTPSSPHESE-
KEE-COOH). A polyclonal horseradish peroxidase-
conjugated goat anti-rabbit IgG (BioRad, Munich, Germany)
was used as secondary antibody and staining was performed
with the BM chemiluminescence blotting kit (Boehringer
Mannheim, Germany). The ‘housekeeping’ protein o-tubulin
was detected with a mouse monoclonal anti-human o-tubulin
antibody (Cedar Lane, Hornby, Canada) and a secondary
horseradish peroxidase-conjugated goat anti-mouse IgG
(BioRad). Finally, the blots were exposed to Hyperfilm
ECL (Amersham Buchler, Braunschweig, Germany). Optical
density of the bands was quantified by using a video
documentation system and the RFLPscan software.

Statistical analysis

All values are mean+s.e.mean of n experiments. Statistical
significance of differences was evaluated by Student’s z-test.
When multiple comparisons were performed the significance
of differences was evaluated by ANOVA or repeated
measures ANOVA followed Dunnett or Bonferroni test when
appropriate using the computer program GraphPad InStat
(GraphPad Software, San Diego, U.S.A.). P<0.05 was
accepted as significant.

Drugs and materials

Amphotericin B, L-arginine HCI, cycloheximide, desoxynu-
cleotide mixture, dexamethasone, Dulbecco’s modified Ea-
gle’s medium/nutrient mixture F-12 Ham (DME/F-12
medium), rat interferon-y, a-isonitrosopropiophenon, leupep-
tin; lipopolysaccharides from Escherichia coli 0127:B8,
mifepristone (RU-486), penicillin-streptomycin solution, pep-
statin A, phenylmethylsulfonyl fluoride (PMSF), pyrrolidine
dithiocarbamate (PDTC), RedTaq DNA-polymerase and N*-
p-tosyl-L-lysine chloromethyl ketone (TLCK) were all
purchased from Sigma (Deisenhofen, Germany); foetal calf
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serum (FCS) from Biochrom (Berlin, Germany), DC Protein
Assay from BioRad (Munich, Germany), Trizol® reagent for
RNA isolation from Life Technologies (Karlsruhe, Germany)
and AMYV reverse transcriptase from Promega (Mannheim,
Germany). All oligodesoxynucleotides for RT—PCR were
obtained from MWG Biotech (Ebersberg, Germany).

Results
Effects of LPS and IFN-y

The basal arginase activity determined in rat AM® after a
20 h culture period under control conditions varied between
0.20+0.02 (n=8) and 0.354+0.05 (»=9) mu ug protein~" in
different series of experiments. Generally, arginase activity
showed much smaller variations within one cell preparation
than between different cell preparations. Therefore, in the
following the data were expressed as per cent of the controls
within an individual cell preparation. In initial experiments
the effects of two potent iNOS inducers, LPS and IFN-y,
were studied. Presence of 1 ug ml~' LPS during the culture
period caused a clear up-regulation of the arginase activity as
well as an increase in nitrite accumulation (Figure 1). On the
other hand, IFN-y (100 or 500 u ml~'), which caused a
similar increase in nitrite accumulation had no effect on
arginase activity (Figure 1).

In rat AM®, cultured for 20 h under control conditions,
mRNA for arginase I and II could be detected by the use
of RT-PCR (Figure 2A). However, a clear signal for
arginase I was obtained already at 25 PCR cycles, whereas
a much weaker signal was obtained for arginase II even at
35 cycles (Figure 2A). Sequencing of the PCR products
demonstrated 99% homology to the published sequences of
rat arginase I and II, respectively. Presence of LPS
(1 ug ml™") during the 20 h culture period resulted in a
marked increase of the mRNA for both, arginase I and II.
When the quantities of the PCR products for arginase I
and Il were expressed as ratios over that of f-actin, the

o~

Nitrite accumulation
(nmol (108 cells)™)

Figure 1 Comparison of the effects of LPS and IFN-y on arginase activity and nitrite accumulation of AM®. Cells were cultured
for 20 h under control conditions or in the presence of 1 ug ml~' LPS or IFN-y (100 or 500 u ml~"). The cells were lysed and the
arginase activity was determined (A). The culture medium was collected and analysed for nitrite accumulation (B). Results are
expressed in absolute terms for nitrite accumulation or as per cent of the mean value of the controls of the respective cell
preparation for arginase activity. Given are means+s.e.mean of 6—12 experiments. **P <0.01 when compared with the respective

control value (Ctr.).
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Figure 2 RT-PCR performed with RNA isolated from indepen-
dent pools of rat AM® cultured for 20 h in the absence or presence
of LPS (1 ug ml~") or IFN-y (500 u ml~!) (lanes 1—6) or from rat
liver (L) and kidney (K) tissue using primer pairs specific for rat
arginase I and II, iNOS and f-actin. PCR products were separated
on a 1.2% agarose gel. (A) representative samples of PCRs. (B)
densitometric quantification of the PCR bands. Given are the ratios
of PCR products of arginase I and II, and iNOS x 100 over the
respective value of f-actin, mean values+s.e.mean of n=6-7.
*P<0.05; **P<0.01 compared with the respective control value
(absence of LPS and IFN-y).

signal for arginase I and II mRNA were increased 3—4
fold (Figure 2B). When IFN-y (500 u ml~') was present
during the culture period, the mRNA signal for arginase I
appeared unchanged, whereas that for arginase II was
enhanced by about 80% (Figure 2B). On the other hand,
both IFN-y as well as LPS caused the well known, marked
up-regulation of mRNA for iNOS also in the present cells
(Figure 2A,B).

The effects of IFN-y and LPS on the mRNA levels were
accompanied by corresponding changes at the protein levels
(Figure 3). Thus, iNOS protein was markedly increased by LPS
as well as by IFN-y. Arginase I levels were enhanced after
exposure to LPS, but not after exposure to IFN-y. Finally,
arginase II levels were enhanced after exposure to both, LPS
and IFN-y. However, whereas the increase in arginase II
mRNA caused by LPS appeared to be larger than that by IFN-
y (Figure 2), at the protein level the effects of IFN-y appeared to
be more pronounced than those of LPS (Figure 3B).

In order to characterize further the anti-arginase anti-
bodies, tissue samples of liver and kidney had been included,
as these tissues are known to express either arginase I or II
(Wu & Morris, 1998; Jenkinson et al., 1996). The arginase I
antibody detected a large protein band of the size of arginase
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Figure 3 Immunoblot analysis of homogenates from rat AM®
cultured for 20 h in the absence or presence of LPS (1 ug ml~") or
IFN-y (500 u ml~") (lanes 1-3) or from rat liver (L) and kidney (K)
tissues using antibodies against arginase I and II, iNOS and o-
tubulin. (A) representative samples of SDS—PAGE. (B) Densito-
metric quantification of the protein bands. Given are arbitrary units
of the optical density of the respective bands, means+s.e.mean of
n=6-11 for arginases and n=3 for iNOS. *P<0.05; **P<0.01
compared with the respective control value (absence of LPS and
IFN-y).

I in liver samples, but no band was seen in kidney samples
(Figure 3A). Moreover, the arginase I band in AM®
corresponded well to that in liver tissue (Figure 3A). On
the other hand, the arginase II antibody detected a clear band
corresponding to the size of arginase II, both in kidney and
liver samples. In agreement to these observations regarding
the protein level, RT—PCR demonstrated mRNA for
arginase I in liver, but not in kidney samples (Figure 2A),
and mRNA for arginase II was detected in both, kidney and
liver samples, although the signal for arginase II mRNA in
the liver samples was rather weak (Figure 2A).

In order to get some information about the expression of
the two arginase isoenzymes in AM® under in vivo
conditions, RT-PCR was also performed with RNA
prepared from freshly isolated AM®. Therefore, RNA was
extracted from the cells immediately after the lung lavage.
The purity of such a cell preparation is smaller (80—90%
AM®) than of a cell preparation in which the AM® were
enriched by the usually performed adherence and washing
protocol (>95% AM®). Both, in cells of the crude lavage as
well as in cells which underwent a 2 h adherence protocol,
mRNA for arginase I and II was clearly detected, whereas
mRNA for iNOS was absent (Figure 4), and this correlated

British Journal of Pharmacology vol 132 (6)
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Figure 4 Time-dependent effect of culture in the absence or
presence of 1 ug ml~' LPS on the expression of mRNA for arginase
I and II, and iNOS in rat AM®. Total RNA was prepared from
AM® freshly isolated (—2 h), after a 2 h adherence period (0 h) or
after additional 2, 5, 10 or 20 h in culture as indicated. RT—-PCR
was performed as described in Figure 2. Given is one out of three
similar experiments.

with observations showing the presence of arginase I and II
protein, but not iNOS protein in freshly prepared cells (data
not shown, n=2). It appears that in particular the mRNA for
arginase II declined markedly during the 20 h culture period.
Interestingly, presence of LPS opposed the decline of arginase
II mRNA, but did not enhance the mRNA above the initial
level (Figure 4). On the other hand, arginase I mRNA
declined less during 20 h culture, and presence of LPS caused
an increase clearly above the initial levels (Figure 4).
Noteworthy, an inductive effect of LPS on arginase I mRNA
was seen after 5 h, whereas the inductive effect of LPS on
iNOS mRNA levels was already evident after 2 h (Figure 4).

In order to see a possible inductive effect of LPS on
arginase I more clearly an additional set of experiments was
performed in which AM® were first cultured for 20 h under
control conditions, followed by additional 2, 5 or 10 h culture
in the absence or presence of LPS, i.e. LPS was added after
the decline of arginase Il mRNA. As shown in Figure 5, low
levels of mRNA for arginase II were detected at all time
points, independent of the presence or absence of LPS.
Arginase | mRNA was substantially higher, and presence of
LPS caused a clear increase which was first seen after 5 h.
LPS caused also an induction of iNOS mRNA, but again this
effect was already seen after 2 h (Figure 5).

Effects of dexamethasone

After culture in the presence of dexamethasone basal arginase
activity was reduced by about 25%, and the maximum effect
was seen at 1 uM (Figure 6). Moreover, 1 uM dexamethasone
prevented the LPS-induced up-regulation of arginase activity,
and 0.1 uM dexamethasone was almost as effective (Figure 6).
Mifepristone (RU-486, 1 and 10 uM) alone did not cause a
significant effect on arginase activity, but inhibited the
stimulatory effect of LPS by about 50% and 70%, respectively
(Figure 6 and data not shown). Furthermore, mifepristone and
dexamethasone together acted in a manner suggesting
competitive interaction at a common receptor. Thus, in the
presence of 1 uM mifepristone, 0.1 uM dexamethasone did not
cause a stronger inhibition of the LPS-activated arginase
activity than mifepristone alone (Figure 6), i.e. the full agonist
activity of dexamethasone was blocked. The antagonistic effect
of 1 uM mifepristone was partially surmounted by increasing
the concentration of dexamethasone to 1 uM (Figure 6).
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Figure 5 Time-dependence of the effect of LPS (1 ug ml~', added
after a 20 h culture period) on the expression of mRNA for arginase
I and II, and iNOS in rat AM®. Total RNA was isolated from AM®
at the time points indicated, and RT-PCR was performed as
described in Figure 2. Given is one out of three similar experiments.
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Figure 6 Effect of LPS, dexamethasone (Dexa.) and mifepristone
(Mif.) alone or in combination on arginase activity in rat AM®. Cells
were cultured for 20 h under control conditions or in the presence of
the test substances at the concentrations indicated. Thereafter cells
were lysed and arginase activity was determined. Results are
expressed as per cent of the mean value of the controls of the
respective cell preparation. Given are means-+s.e.mean of 6—12
experiments. *P<0.05; **P<0.01 when compared with controls
(absence of test substances.); + P<0.05; + + P<0.01 compared with
LPS alone; ¢ P<0.05 compared with respective experiments with
LPS plus dexamethasone.

These functional observations correlated with correspond-
ing findings on the expression of arginase mRNAs and
proteins. After 20 h exposure to dexamethasone mRNA and
protein level of arginase I tended to be reduced and the
LPS-induced increase in arginase I and II mRNA and
protein was prevented (Figure 7). As already mentioned
above, the LPS-induced increase in mRNA was almost
maximally after 5h of exposure (Figure 4). This initial
increase in arginase I mRNA was only partially inhibited by
dexamethasone, whereas cycloheximide abolished it (Figure
8). Cycloheximide alone had no effect on basal arginase I
mRNA (data not shown).

Effects of NF-xB inhibitors

After culture in the presence of the NF-xB inhibitors
pyrrolidine dithiocarbamate (PDTC, 60 uM) and N*-p-tosyl-
L-lysine chloromethyl ketone (TLCK, 100 uM) basal arginase
activity was reduced by about 35% (Figure 9). Moreover, the
LPS-induced up-regulation of arginase activity was prevented
by 60 um PCTC and largely attenuated by 100 um TLCK
(Figure 9).

British Journal of Pharmacology vol 132 (6)
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Figure 7 Effect of 20 h exposure to dexamethasone and/or LPS on
arginase I and II mRNA and protein expression in rat AM®. AM®
were cultured for 20 h in the absence or presence of LPS (1 ug ml~")
and/or dexamethasone (Dexa., 1 um). Thereafter total RNA was
isolated or proteins were extracted and RT—-PCRs and immunoblots
were performed as described in Figures 2 and 3, respectively. Height
of columns: (A) densitometric quantification of the PCR bands.
Given are the ratios of PCR products of arginase I and II x 100 over
the respective value of f-actin; (B) densitometric quantification of the
protein bands, expressed as per cent of the respective control. The
absolute values (arbitrary units) of the controls were 6.8 +1.3 (n=13)
for arginase I and 2.6+0.7 (n=12) for arginase II. Given are mean
values +s.e.mean of n=3-7. *P<0.05 compared with the respective
control value (absence of LPS and Dexa.).

Discussion
Rat AM® express arginase I and I1

The present study shows that rat AM® express simulta-
neously arginase I and II, and this was demonstrated at the
mRNA level by RT-PCR and at the protein expression level
by immunoblotting using isoform specific antibodies. In order
to characterize the arginase antibodies used in the present
study for the first time, control experiments with extracts of
rat liver and kidney were performed as these tissues are
known to express arginase I and II, respectively (Jenkinson et
al., 1996; Wu & Morris, 1998). The arginase I antibody
detected a band of the expected molecular size (~35 kD) in
extracts of the liver, but not of the kidney. The arginase II
antibody detected a band of the molecular size of arginase II
(~39 kD) in extracts of kidney and liver. The detection of
arginase II in liver tissue may not reflect an unspecific
reaction of the antibody, because a weak mRNA signal for
arginase II was also detected (Figure 2A). Arginase Il mRNA
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Figure 8 Effect of 5 h exposure to LPS in the absence or presence
of cycloheximide or dexamethasone on arginase I mRNA in rat
AM®. AM® were cultured for 5 h in the absence or presence of LPS
(1 uggml™") and cycloheximide (Cyc., 10 uM) or dexamethasone
(Dexa., 1 um). Thereafter total RNA was isolated and RT—-PCRs
were performed as described in Figure 2. Height of columns:
densitometric quantification of the PCR bands. Given are the ratios
of PCR products of arginase Ix 100 over the respective value of f3-
actin. Given are mean values+s.emean of n=3-7. *P<0.01
compared with the respective control value; +P<0.05 compared
with LPS alone.

LPS

Y
S
i

Arginase activity
(% of controls)
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PDTC TLCK

Figure 9 Effect of the NF-«kB inhibitors pyrrolidine dithiocarbamate
(PDTC, 60 um) and N*-p-tosyl-L-lysine chloromethyl ketone (TLCK,
100 uM) alone or in combination with LPS (1 ug ml~') on arginase
activity in rat AM®. Cells were cultured for 20 h under control
conditions or in the presence of the test substances. Thereafter cells
were lysed and arginase activity was determined. Results are
expressed as per cent of the mean value of the controls of the
respective cell preparation. Given are meansts.e.mean of 11-12
experiments. *P<0.05; **P<0.01 when compared with controls
(absence of test substances.); + P<0.001 compared with LPS alone.

was demonstrated recently also in human and mouse liver
(Gotoh et al., 1997a; Morris et al., 1997), and it was
suggested that arginase II in the liver might be expressed in
nonparenchymal cells (Morris et al., 1997).

Analysis of freshly prepared AM® indicated that arginase I
and II may be coexpressed under in vivo conditions. However,
during the course of 20 h culture mRNA for arginase II
substantially declined, indicating that the physiological in vivo
environment in the lung may provide factors stimulating the
expression or preventing the down-regulation of arginase II,
although at present the nature of such factors remains obscure.
Arginase | mRNA did not markedly decline during the 20 h
culture period suggesting a constitutive expression of arginase |
in rat AM®. These findings are in line with observations in rat
peritoneal M® in which mRNA for arginase I was detectable
by Northern blot or RT—PCR (Louis ez al., 1998; Waddington
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et al., 1998), whereas mRNA for arginase II was not detected
by Northern blot (Sonoki et al., 1997; Louis et al., 1998), or
only a weak arginase II mRNA signal was demonstrated by
RT-PCR (Waddington et al., 1998). The different sensitivity
of the techniques used to detect mRNA and also the way to
elicite the peritoneal M® may account for the different results
with regard to arginase II. Nevertheless, it appears that the
peritoneal environment, in contrast to the lung, does not
provide strong stimuli for the up-regulation of arginase II. The
situation seems to be somewhat different in murine cells, where
both isoforms of arginase were found to be expressed in
peritoneal M® (Louis et al., 1998). In the murine M® cell line
RAW 264.7, only arginase II was found to be expressed under
basal conditions, but arginase I was inducible by a stable cyclic
AMP analogue, most effectively in combination with LPS,
although LPS alone was ineffective (Morris et al., 1998).
Altogether, the expression of the two arginase isoforms in M®
appears to be quite variable, largely depending on the origin,
history and environment of the respective M®. This may be
taken as an indication that in M® the two arginase isoforms are
rigorously regulated according to the actual needs which
arginase [ and II obviously meet differently. Diverse functional
roles of the two arginase isoforms are also suggested by their
putative different subcellular distribution, arginase I in the
cytosol and arginase II in mitochondria; the latter is indicated
by the presence of a mitochondrial import signal at the N-
terminus (Vockley et al., 1996; lyer et al., 1998).

In rat alveolar macrophages the expression of arginase I
appears to be stronger than that of arginase II: (1) Although the
present RT—-PCR technique does not allow to measure
absolute levels of mRNA, the observation that a clear arginase
I signal was obtained with 25 PCR cycles, but 35 PCR cycles
were required for arginase I suggests that arginase | mRNA
levels might be higher than those of arginase II. (2) The fact that
in the immunoblots 2.5 fold more total protein had to be loaded
onto the gels for detection of arginase II than for detection of
arginase I points into the same direction. (3) Finally, selective
up-regulation of arginase II by IFN-y (seen at the mRNA and
protein level) did not result in an increased total arginase
activity suggesting that total arginase activity reflects essentially
arginase I.

Differential effects of LPS and IFN-y

In the present study on rat AM® it was observed that the
presence of LPS during the culture period opposed the
decline of arginase II mRNA and this correlated with
enhanced arginase II protein levels after 20 h culture in the
presence of LPS. However, LPS appears only to prolong the
persistence of already expresssd mRNA for arginase II,
rather than to stimulate its expression, a conclusion
supported by the following observations. LPS, present from
the onset of the in vitro culture period, did not cause an
elevation of the arginase II mRNA above the initial levels.
Likewise, LPS, given after a 20 h culture period, i.e. after
arginase II mRNA was declined, failed to provoke an
increase of the arginase II mRNA.

In contrast, the expression of arginase I mRNA was clearly
enhanced by LPS, independent of whether LPS was present
from the onset of culture (Figures 2 and 4) or whether it was
added after a 20 h culture period (Figure 5). The arginase I
protein was also found to be enhanced after culture in the

presence of LPS (Figure 3), although this increase was relatively
smaller than that of the respective mRNA signal (compare
Figures 2B and 3B). Interestingly, the inductive effect of LPS on
iNOS mRNA occurred significantly faster than that on
arginase I mRNA (Figures 4 and 5), which agrees with
observations on peritoneal M® (Sonoki et al., 1997). The
involvement of de novo synthesized transcription factors could
explain the slow onset of induction, a conclusion supported
also by the observation that cycloheximide blocked the LPS-
induced up-regulation of arginase I mRNA. As there is
evidence that the induction of iNOS may also involve de novo
synthesis of transcription factors (Ding et al., 1995; Hammer-
mann et al., 2000), the different kinetics suggest that different
factors up-regulate iNOS and arginase 1.

Furthermore it may be considered that after induction of
iNOS by LPS, L-arginine turnover by arginase is markedly
reduced (Hey et al., 1995; 1997; Hecker et al., 1995) and the
up-regulation of arginase I could just be a counter regulatory
response. However, the observations that IFN-y which also
caused a marked induction of iNOS, seen at the mRNA,
protein and enzyme activity level (Figures 1-3, Hammer-
mann et al., 2000) had no effect on the arginase activity
(Figure 1) and on the expression of arginase I (mRNA and
protein, Figures 2 and 3), argue against the significance of the
latter mechanism. Thus, a simple link between iNOS and
arginase I appears to be unlikely.

On the other hand, arginase Il mRNA and protein were
enhanced after culture in the presence of IFN-y. The
stimulatory effect of IFN-y on arginase II as observed in the
present experiments contrasts with observations on RAW 264.7
M®, where IFN-y alone had no effect on arginase I mRNA
(Morris et al., 1998) and protein (Wang et al., 1995), and even
opposed the stimulatory effect of cyclic AMP (Morris et al.,
1998) and LPS (Wang et al, 1995). These divergent
observations point again to the substantial differences which
may exist between primary and transformed M® and possibly
between different species (Louis ef al., 1998).

Effects of glucocorticoids

As outlined already in the introduction, arginase can limit L-
arginine availability for NO synthesis and an increase in
arginase activity in the airway tissue may cause airway
hyperresponsiveness by limiting NO synthesis. As glucocorti-
coids play an important role in the treatment of inflammatory
airway diseases and glucocorticoids have been shown to up-
regulate arginase I in hepatic cells, it is of interest to know the
effects of glucocorticoids on arginase in airway cells. M®,
which are present in all parts of the airways, represent a cellular
compartment with high arginase activity (Hey et al., 1995;
Hecker et al., 1995). In contrast to the known stimulatory effect
of glucocorticoids on arginase I in hepatic cells, dexamethasone
did not cause an up-regulation of arginase activity in rat AM®,
but rather caused a slight inhibition. Moreover, dexamethasone
prevented the LPS-induced increase in arginase activity and
this correlated with corresponding effects on the expression of
mRNA and protein of arginase I which appears to account for
most of the arginase activity in rat AM® (see above). Similarly,
very recently it has also been reported that arginase I in
vascular smooth muscle cells was up-regulated by 1L-4 and IL-
13 and that this effect was also inhibited by dexamethasone
(Wei et al., 2000). Thus, it appears that dexamethasone elicits
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opposite effects on the expression of arginase I in hepatic and
non-hepatic cells. Although the reason for this difference
remains unknown, the following points might be considered. A
glucocorticoid responsive element (GRE) appears not to be
present in the arginase I promoter and the up-regulation of
arginase I in hepatic cells appears to be mediated indirectly via
the induction of a CCAAT /enhancer binding protein (C/EBP)
(Gotoh et al., 1994; 1997b). C/EBP is enriched in the liver and
plays a role in the liver specific expression of several other genes
(van Ooij et al., 1992; Nishiyori et al., 1994). On the other hand,
glucocorticoids can exert their effects not only via induction of
gene transcription (‘transactivation’), but also by inhibiting the
action of transcription factors such as AP-1 or NF-xB
(‘transrepression’) (Adcock, 2000). The glucocorticoid-receptor
antagonist mifepristone lacks intrinsic activity with regard to
transactivation, but shows partial agonist properties with
regard to transrepression (Vayssiére et al., 1997; Hofmann et
al., 1998; Adcock et al., 1999). In the present experiments
mifepristone alone partially inhibited the LPS-induced increase
in arginase activity and in addition, antagonized the effect of
dexamethasone in a manner suggesting a competitive interac-
tion, i.e. mifepristone displayed the characteristics of a partial
agonist. Therefore, it may be concluded that transrepression
may be the mechanism by which glucocorticoids inhibit the up-
regulation of arginase I in rat AM®, similarly to many anti-
inflammatory effects of glucocorticoids. Experiments with
PDTC and TLCK, which inhibit NF-xB activation by acting
at different sites in the NF-xB signalling pathway (Sherman et
al., 1993; Kim et al., 1995), indicate that this transcription
factor plays an essential role in the up-regulation of arginase
activity in rat AM®. Therefore, it appears possible that
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