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Persistent nitric oxide (NO) production by the cytokine
inducible NO synthase (iNOS) has been suggested as one of
the contributing factors for the development of inflamma-
tory lesions and joint destruction/deformations seen in
rheumatoid arthritis (RA)1,2 and several animal models of
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ABSTRACT. Objective. Transgenic mice that express human tumor necrosis factor-α (Tg197 h-TNF-α) develop
polyarthritis at 3 to 4 weeks of age leading to severe joint destruction at 8 to 10 weeks of age. Studies
have suggested that inducible nitric oxide synthase (iNOS) activity can modulate the progression of
arthritis. We investigated the induction of iNOS together with argininosuccinate synthase (AS) and
GTP cyclohydrolase I (GTPCH), 2 of the rate-limiting enzymes for high output NO generation, in
the Tg197 h-TNF-α transgenic model of arthritis.
Methods. We used 4 and 8-week-old Tg197 h-TNF-α transgenic mice and wild-type CBA ×
C57B1/6 control mice to investigate the expression of iNOS with respect to that of AS, GTPCH, and
3-nitrotyrosine by quantitative RT-PCR and immunocytochemistry. Urinary NO metabolites were
analyzed using a chemiluminescence assay.
Results. Inducible NOS, AS, and GTPCH mRNA was found in all study groups; however, only
iNOS mRNA showed a clear increase in 4-week-old Tg197 h-TNF-α transgenics in comparison to
age matched wild-type controls. Abundant iNOS protein expression was found in macrophages and
vascular smooth muscle cells in hyperplastic synovium and pannus. AS expression was found in
vascular endothelium and fibroblasts of the inflammatory synovium and pannus. GTPCH
immunoreactivity was mostly restricted to macrophages in inflammatory synovium. Localization of
3-nitrotyrosine overlapped with that of iNOS, indicating formation of reactive nitrogen species.
Consistent with the high output NO generation, there was a 5-fold increase in urinary NO metabo-
lites in 8-week-old Tg197 h-TNF-α transgenic mice.
Conclusion. We characterized the Tg197 h-TNF-α transgenic model of inflammatory arthritis in
terms of high output NO-generating pathway, and showed that both AS and GTPCH are intimately
associated with inflammatory arthritis. The concomitant induction of AS and GTPCH with that of
iNOS suggests that they may be important modulators of arthritis, and that they may represent novel
targets for modulation of disease activity. (J Rheumatol 2003;30:652–9)
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the disease. In most model systems, induction of iNOS
synthesis and high output NO production precede the onset
of the clinical hallmarks of the disease such as erythema and
joint swelling. NO production has been shown to persist
through the chronic phase of the disease, suggesting that NO
may be involved not only in the initiation but also in the
maintenance of inflammatory arthritides3. The animal
models that have been characterized in terms of iNOS-
driven high output NO production include the streptococcal
cell-wall fragment model4, MRL/lpr mice5, adjuvant
induced arthritis6, and collagen II induced arthritis7. Many
reports agree that inhibition of NOS activity can be prophy-
lactic against polyarthritis. However, the use of various
animal models of RA and the availability of an array of
pharmacological compounds that inhibit NOS enzyme
activity have raised much controversy. In these rodent
models, the increase in NO typically precedes the onset of
the symptoms of inflammatory arthritis. Prophylactic
administration of L-NMA or L-NAME (nonselective
inhibitors of NOS activity) have been shown to suppress the
disease onset4-6, whereas aminoguanidine (which exhibits
selectivity towards iNOS activity) has been shown to have
little effect in preventing the development of arthritis8,9. L-
NIL (a selective inhibitor of iNOS activity) has indeed been
shown to aggravate the inflammation associated with the
streptococcal cell-wall fragment model10. Further, a recent
report shows that in homozygous iNOS gene-deficient mice
with antigen induced arthritis, the clinical scores of joint
inflammation were higher in iNOS mutants compared with
their wild-type counterparts11.

Despite these conflicting reports on the various inhibitors
of NOS activity and models of arthritis, NO metabolite
concentrations in serum and synovial fluid have been shown
to correlate well with the acute flares of the disease12-14.
Prednisolone, glucosamine, methotrexate, and anti-tumor
necrosis factor (TNF-α) therapy have all been reported to
reduce endogenous NO synthesis in correlation with amelio-
ration of the disease13,15-17. These studies together with those
of Sakurai, et al and McInnes, et al1,2 have suggested that
intraarticular NO production may be a contributory factor
for the induction and maintenance of RA.

NO reacts with superoxide at near diffusion-limited rate
to form peroxynitrite, a potent oxidant capable of damaging
cellular proteins, lipids, and DNA bases18-21. NO and perox-
ynitrite have well documented effects on induction of
cyclooxygenase-2 synthesis and activity22-23. It follows that
interest should also be directed to other complementary
pathways that are required for the maintenance of high
output NO generation by the activity of iNOS. All 3 recog-
nized NOS isoforms require continuous de novo production
of L-arginine as a substrate and 5,6,7,8-tetrahydrobiopterin
(BH4) as a cofactor for NO generation24,25. One of the
synthetic pathways for the endogenous L-arginine produc-
tion is its recycling from L-citrulline. This reaction requires

the activity of 2 urea cycle enzymes, namely, argininosucci-
nate synthase (AS) and argininosuccinate lyase (AL). The
synthesis of iNOS and AS mRNA follow a similar time
course after immunostimulation with lipopolysaccharide or
cytokines such as TNF-α, interleukin 1 (IL-1), and/or inter-
feron-γ (IFN-γ)26,27. Additionally, NOS enzyme activity is
dependent on the synthesis and availability of BH4 that
involves GTP cyclohydrolase I (GTPCH), the first and rate-
limiting enzyme in the GTP–biopterin pathway. GTPCH has
been shown to be induced in several cell types in parallel
with iNOS and AS mRNA as a result of TNF-α, IL-1, and/or
IFN-γ stimulation27,28.

We hypothesized that spontaneous overexpression of
TNF-α, as seen in Tg197 h-TNF-α transgenic mice, who
characteristically develop chronic polyarthritis with 100%
phenotypic penetrance of the disease, leads to increased
synthesis and coinduction of iNOS, AS, and GTPCH,
together with peroxynitrite induced oxidative damage
evidenced by 3-nitrotyrosine (3-NT). For the study, we used
4 and 8-week-old Tg197 h-TNF-α transgenic mice and age
matched nontransgenic CBA × C57B1/6 wild-type controls.

MATERIALS AND METHODS
Tg197 human-TNF-α transgenic mice. Transgenic mice carrying and
expressing human-TNF-α gene constructs with modified 3’ region were
developed29. The 3’ region of the human TNF-α gene containing its 3’
untranslated and 3’ flanking sequences was replaced with that of the human
ß-globin gene29. Microinjection of the construct into mouse zygotes
resulted in founder transgenic mice, some of which (designated Tg197)
developed swelling of the ankle joints and exhibited impaired movement.
A male Tg197 (treated with an anti-h-TNF-α antibody) was mated with an
F1 female and the litter was grown in a specific pathogen-free environment.
The transgenic line of arthritic Tg197 h-TNF-α mice was maintained by
breeding into F1 female (CBA × C57B1/6) mice. These Tg197 h-TNF-α
mice develop 100% phenotypic penetrance of disease progeny with
progressive polyarthritis and impairment of hind leg movement. Human
TNF-α expression has been described in the arthritic joints of Tg197
mice30. For this study, Tg197 h-TNF-α transgenics were bred and killed at
4 and 8 weeks of age to represent the acute and advanced/chronic stages of
inflammatory arthritis.

Quantitative reverse transcriptase-polymerase chain reaction (RT-PCR).
Total RNA was isolated using TRIzol reagent (GibcoBRL, Life
Technologies, Paisley, Scotland) from frozen ankle joints of 4 and 8-week-
old CBA × C57B1/6 wild-type controls and Tg 197 h-TNF-α mice (n = 6
for all 4 groups). The amount of the RNA was measured spectrophotomet-
rically and the quality was determined with ethidium bromide stained 1%
agarose gel under ultraviolet light. Five micrograms of the RNA was
DNase treated (Promega, Madison, WI, USA), and 2.5 µg of that was trans-
ferred to cDNA with SuperScript Preamplification System using
oligo(dT)12-18 for priming and RNase H for removal of mRNA according to
the manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). cDNA
synthesis without enzyme and without sample were used for negative
controls.

Quantitative PCR amplification was performed from 0.25 µg cDNA in
LightCyclerTM SYBR Green I PCR mix by LightCyclerTM PCR machine
(Roche Molecular Biochemicals, Mannheim, Germany). PCR amplifica-
tion was performed using 0.25 µM of target-specific primers for ß-actin
(accession X03672): sense 5’-CTTCTTTGCAGCTCCTTCGT-3’ and anti-
sense 5’-GTGCCAGATCTTCTCCATGT-3’, producing a 310 bp band; for
iNOS (accession U43428): sense 5’-TCCCAAGTACGAGTGGTTCC-3’

Hukkanen, et al: NO pathway in transgenic mice 653

Personal, non-commercial use only.  The Journal of Rheumatology  Copyright © 2003. All rights reserved.

 www.jrheum.orgDownloaded on May 26, 2023 from 

http://www.jrheum.org/


and antisense 5’-TGGTCACATTCTGCTTCTGG-3’, producing a 299 bp
band; for AS (accession XM-123777): sense 5’-TGGAATGAAGTCCC-
GAGGTA-3’ and antisense 5’-ACGTTCATGCTCACCAGCTC-3’,
producing a 315 bp band; and for GTPCH (accession L09737): sense 5’-
GGCTGCTTACTCGTCCATTC-3’ and antisense 5’-AGCCAATATG-
GACCCTTCCT-3’, producing a 251 bp band. For primers, corresponding
sequences were searched from NCBI Entrez search system and sequence-
similarity search was done using the NCBI blastn program. The identity of
the PCR product was verified by a melting curve analysis. Serial dilutions
of cloned PCR fragments in plasmid DNA were used to determine the copy
number of the amplicon per 1000 ß-actin mRNA copies. The amplified
PCR fragments were cloned with a TOPO TA cloning kit (Invitrogen) into
a pCRII-TOPO vector. Plasmid DNA was isolated with a High Pure
Plasmid Isolation Kit (Roche). The concentration of the plasmids was
analyzed spectrophotometrically. The plasmid used for quantitative PCR
was sequenced using fluorescein labeled dye terminator kits supplied by
ABI (Applied Biosystems, Foster City, CA, USA) and analyzed on an auto-
matic 373A sequencer (Applied Biosystems). The acquired sequence was
verified with NCBI blastn program. Each individual sample was amplified
at least 2 times in all genes. Statistical significance was evaluated by 2
tailed unpaired Student t test between the age matched wild-type and Tg
197 h-TNF-α transgenic groups. A p value < 0.05 was regarded as statisti-
cally significant and the data are expressed as mean ± SEM.

Immunocytochemistry and antisera. The hind limbs from 4 and 8-week-old
CBA × C57B1/6 wild-type controls (n = 7 for both groups) and Tg 197 h-
TNF-α transgenics (n = 9 for both groups) were dissected from the pelvis
and immersion fixed in 10% (v/v) formalin in 0.1 M phosphate buffered
0.9% saline overnight (PBS, pH 7.4), and thoroughly washed in PBS prior
to decalcification and embedding in Paraplast (BDH Laboratory Supplies,
Dagenham, UK). Limbs were oriented so that longitudinal sagittal sections
could be cut through the ankle joints. Paraffin sections of 3 µm were cut,
captured onto 3,3’aminopropyltriethoxy-silane coated slides, and dewaxed.
Endogenous peroxidase activity was exhausted by incubation in methanol
with 0.3% hydrogen peroxide for 20 min at room temperature. The sections
were washed in PBS for 3 × 5 min and incubated with normal sera as appro-
priate for the specific primary antibody for 30 min. Sections were then
incubated with primary antibodies (details below) overnight at 4°C, washed
and incubated with biotinylated goat anti-rabbit or rat anti-mouse anti-
bodies as necessary for 30 min, washed and incubated with a peroxidase
labeled avidin-biotin complex (ABC) for 1 h (ABC Elite kit, Vector
Laboratories, Peterborough, UK). The immunoreactivity was visualized
using a solution of 3,3’diaminobenzidine (DAB) as chromogen with 0.2%
hydrogen peroxide in PBS, to provide a brown reaction product, counter-
stained, dehydrated, cleared, and mounted. Polyclonal antibodies raised
against amino acid residues 961–1144 of mouse macrophage iNOS were
obtained from Transduction Laboratories (Lexington, KY, USA).
Polyclonal antibodies raised against bacterially expressed and enzymati-
cally competent AS and GTPCH were raised by Prof. S.S. Gross, Cornell
University, Ithaca, NY, USA31,32. Polyclonal antibodies raised against 3-NT
were kindly provided by Prof. J.S. Beckman33. Rat anti-mouse macrophage
(Pharmingen, San Diego, CA, USA) and rat anti-mouse granulocyte (clone
7/4, Serotec, Oxford, UK) antibodies were used in some cases to confirm
immunoreactive cell types expressing iNOS, 3-NT, AS, or GTPCH in the
arthritic joints of Tg197 h-TNF-α transgenics.

Measurement of NO metabolites NO2–/NO3– by chemiluminescence assay.
Overnight urine samples were collected from 8-week-old CBA × C57B1/6
wild-type controls (n = 5) and Tg197 h-TNF-α transgenics (n = 5) and
stored at 70°C until analysed for the NO metabolites NO2–/NO3–.
Triplicate 50 µl samples were injected into the purge vessel and urinary
NO2–/NO3– was converted to NO in a reducing mixture of 0.1 M VCl3 in
1.0 M HCl at 87°C. NO was detected by the chemiluminescence reaction
with ozone generated from pure oxygen using a Sievers NOA 270B NO
analyzer (Sievers Instruments, Boulder, CO, USA). Comparisons were
made against standard curves generated by known concentrations of
sodium nitrate. Statistical significance was evaluated by 2 tailed unpaired

Student t test. A p value < 0.05 was regarded as statistically significant and
the data are expressed as mean ± SEM.

RESULTS
Nontransgenic CBA × C57B1/6 wild-type control mice
showed intact synovial intima and normal articular structure
with no evidence of inflammation (Figure 1A). In contrast,
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Figure 1. Photomicrographs of 4-week-old CBA × C57B1/6 wild-type
control and 4 and 8-week-old Tg197 h-TNF-α transgenic mice showing
progressive articular destruction. (A) Histology of normal noninflamma-
tory 4-week-old wild-type ankle joint for comparative purposes. (B) In 4-
week-old Tg197 h-TNF-α transgenics there was evidence of cartilage
surface erosion, synovial hyperplasia and pannus growth, narrowing of
joint cavity, and infiltration of subchondral trabeculae by inflammatory
cells and fibrotic tissue growth with reactive bone formation. (C) In more
severely affected 8-week-old Tg197 h-TNF-α transgenics, the articular
cartilage was almost completely eroded, with extensive invasion and inte-
gration by pannus tissue leading to almost complete loss of the articular
architecture. b: subchondral bone; c: cartilage; s: synovium. Original
magnification ×50.
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4 and 8-week-old Tg197 h-TNF-α transgenics had a
progressive arthritis characterized by synovial hyperplasia,
granulomatous lesions, and extensive erosions of cartilage
and subchondral bone (Figures 1B, 1C). In 4-week-old
Tg197 h-TNF-α transgenics, the distal tibial epiphysis and
associated calcaneous bone were affected with discrete
erosions of cartilage and underlying bone, even in the
absence of pannus tissue overlying the cartilage (Figure 1B).
In contrast, 8-week-old Tg197 h-TNF-α transgenics had
massive joint destruction. Synovium was intensely hyper-
plastic and infiltrated by numerous macrophages and poly-
morphonuclear cells with lymphocytes dispersed among
areas of granulomatous lesions. An extensive pannus forma-
tion was evident, with destruction of the underlying carti-
lage and subchondral bone (Figure 1C).

The copy numbers of iNOS, AS, and GTPCH mRNA
from 4 and 8-week-old Tg197 h-TNF-α transgenics are
shown in Table 1. Although the copy numbers of all the 3
enzyme mRNA studied seemed to increase in accord with
disease progression, only iNOS mRNA showed a statisti-
cally significant difference between 4-week-old Tg197 h-
TNF-α transgenics and age matched CBA × C57B1/6
wild-type controls (2.00 ± 0.894 vs 18.00 ± 3.759 iNOS
mRNA copies/1000 ß-actin mRNA copies; p = 0.0020).
However, it was of interest that both AS and GTPCH
mRNA copy numbers were substantially higher than those
of iNOS in all wild-type and transgenic groups studied
(Table 1).

The cellular distribution of the molecules investigated
was similar in 4 and 8-week-old Tg197 h-TNF-α trans-
genics, despite clear differences in the degree of tissue
damage. Therefore, the results are discussed as Tg197 h-
TNF-α transgenics compared with CBA × C57B1/6 wild-
type controls. In wild-type controls, iNOS expression was
limited to a few bone marrow cells. In Tg197 h-TNF-α
transgenics, many of the infiltrating macrophage-like and
some of the polymorphonuclear cells in hyperplastic
synovium and pannus were heavily immunoreactive for
iNOS (Figures 2A, 2B). Most of these cells were identified
as macrophages and granulocytes using mouse-specific anti-
bodies. Many of the macrophages, granulocytes, and
lymphocytes infiltrated into the synovial fluid were
immunoreactive for iNOS (Figure 2A). Inducible NOS was
also found in vascular smooth muscle of the subintimal
synovial stroma, together with 3-NT immunoreactivity.

Many of the articular chondrocytes and macrophages within
both subchondral and deep bone erosions showed intense
immunoreactivity for iNOS (Figure 3A). Localization of 3-
NT mostly overlapped with that of iNOS, but was also
observed in the extracellular matrix, especially in granulo-
matous lesions surrounded and sometimes infiltrated by
macrophages expressing iNOS (Figures 2B, 2C). No
immunoreactivity for any of the antigens investigated was
seen in control sections, where the primary antibody had
been omitted or replaced with an irrelevant antibody of the
same IgG class (Figure 3B).

In the CBA × C57B1/6 wild-type controls, AS
immunoreactivity was observed in the vascular endothe-
lium, but not in the synovial intima/subintima or cells in the
deeper stroma. There was widespread induction of AS in
Tg197 h-TNF-α transgenics with arthritis, most notably in
fibroblast-like cells in hyperplastic synovium and pannus
and macrophage-like cells at sites of subchondral bone
erosions (Figures 4A, 4B), with only a partial overlapping
with that of iNOS. Intense GTPCH immunoreactivity was
evident in macrophages in the intima/subintima and deeper
stroma in Tg197 h-TNF-α transgenics, but could not be
found in the synovium from the CBA × C57B1/6 wild-type
controls (Figures 5A, 5B, 5C).

As the severity of arthritis was seen to progress with age,
NO metabolite NO2–/NO3– levels were analyzed (as a
confirmation of iNOS enzyme activity and NO generation)
from overnight urine samples. A significant increase in
urinary NO2–/NO3– was found in 8-week-old Tg197 h-
TNF-α transgenics compared with CBA × C57B1/6 wild-
type controls (588.0 ± 194.9 and 114.2 ± 12.6 µM,
respectively; p = 0.0415).

DISCUSSION
The development of the Tg197 h-TNF-α transgenic mouse
line, which constitutively overexpress intact human-TNF-α
protein, has provided a predictive genetic animal model of
spontaneous RA28. Thus the Tg197 h-TNF-α transgenic line
provides a model for investigations of modulators or copro-
moters of RA. In the Tg197 h-TNF-α transgenic model,
TNF-α upregulates IL-1 synthesis with subsequent exacer-
bation of synovial inflammation, cartilage, and bone
erosion, together with IL-1 mediated maintenance of
inflammation. Administration of neutralizing antibodies to
either TNF-α or IL-1 receptors has been shown to have

Table 1. Results of quantitative reverse transcriptase-polymerase chain reaction analyses.

Group iNOS AS GTPCH

Wild-type, 4 weeks 2.00 (0.894) 128.5 (43.37) 518.8 (148.0)
Tg 197, 4 weeks 18.00 (3.759)* 190.3 (27.51) 514.8 (103.1)
Wild-type, 8 weeks 2.17 (0.401) 59.0 (8.521) 578.8 (194.1)
Tg 197, 8 weeks 25.33 (15.21) 309.2 (135.5) 899.3 (283.0)

Results are normalized and given per 1000 ß-actin copies (mean ± SEM). * p = 0.002.
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prophylactic effects on the development of the clinical and
histopathological hallmarks of RA29,34,35.

Our study provides evidence that the L-arginine/NO
pathway, including AS and GTPCH, the 2 rate-limiting

enzymes for high output NO generation, is induced in the
inflamed joints of Tg197 h-TNF-α transgenics. We
observed that iNOS is found most abundantly in situ in
macrophages that are involved in destruction of the articular
architecture. These cells produced such quantities of NO
that peroxynitrite was formed, as shown by the widespread
localization of 3-NT. The high urinary NO2–/NO3– concen-
trations provided further evidence of activation of the L-
arginine/NO pathway. In 8-week-old Tg197 h-TNF-α
transgenics urinary NO metabolites NO2–/NO3– were
increased 5-fold compared with the nontransgenic wild-type
controls. This was further substantiated by the fact that
iNOS mRNA increased significantly during the acute phase
of the disease. We did not detect clear differences in iNOS,
AS, or GTPCH expression and/or their distribution between
4 and 8-week-old Tg197 h-TNF-α transgenics, despite the
progressive nature of the disease. Although iNOS is often
only transiently induced during the acute flares of inflam-
mation, the constitutive overexpression of h-TNF-α in
Tg197 h-TNF-α transgenic joints seems to be sufficient to
maintain the activation of iNOS protein for prolonged
periods of time and throughout the pathogenesis of joint
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Figure 2. Localization of iNOS and 3-NT in 8-week-old Tg197 h-TNF-α
transgenic mice. (A) Many infiltrating macrophages in hyperplastic
synovium (arrows) and macrophages, granulocytes, and lymphocytes
within the synovial fluid/exudate (arrowheads) were heavily immunoreac-
tive for iNOS (A and B). (B) Fibrin deposition was evident within granu-
lomatous synovial stroma infiltrated predominantly with macrophages that
were also immunoreactive for iNOS (arrows). (C) Peroxynitrite induced
oxidative damage and nitrosylation of tyrosine groups was detected with
antibodies to 3-NT. 3-NT immunoreactivity was extensively localized to
the granulomatous extracellular matrix surrounded and infiltrated by
iNOS-expressing macrophage-like cells. 3-NT was also localized to some
inflammatory cells that appeared to have a similar distribution to those that
were characterized by iNOS immunoreactivity (arrows). Original magnifi-
cation ×100.

Figure 3. Inducible NOS localization in 8-week-old Tg197 h-TNF-α trans-
genic bone erosions. (A) Immunoreactivity for iNOS was localized to
macrophage-like cells (arrows) within the calcaneous bone erosions. (B)
The immunoreactivity was absent when antiserum for iNOS had been
replaced with an irrelevant antibody with the same IgG class. Original
magnification ×100.
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destruction. Perhaps more important, coinduction of AS and
GTPCH protein was also maintained from acute (4 weeks)
to chronic phase (8 weeks) of the disease. This implies that
the increased synthesis of L-arginine and BH4 were both
maintained and able to provide the essential substrate (L-
arginine) and cofactor (BH4) for prolonged activity of iNOS
with subsequent high output NO generation, as evidenced
by 3-NT and urinary NO metabolites.

We observed widespread iNOS expression in the
inflamed joints of Tg197 h-TNF-α transgenics with sponta-
neous arthritis. Immunoreactivity for 3-NT was shown to
overlap and in part exceed that of iNOS. Previous studies
have described 3-NT in serum and synovial fluid in RA,
whereas none was detected in healthy controls or
osteoarthritis19. In a recent study by Mapp and co-workers,
3-NT was immunolocalized to vascular smooth muscle cells
and CD 68+ macrophages in human RA synovium21.
Detection of 3-NT has commonly been taken as evidence of
NO mediated peroxynitrite generation18-20,33. Peroxynitrite
is a potent and highly reactive oxidant species that can
suppress cellular respiration and cause damage to cell
membrane lipids and DNA bases, contributing to cell injury

and death. Peroxynitrite forms in a reaction between NO and
superoxide and its decomposition produces the hydroxyl
and nitronium ions that contribute to nitration of aromatic
amino acids including tyrosine18. Peroxynitrite may have
other proinflammatory actions as well. One of the proin-
flammatory actions of TNF-α is through NO mediated
induction of cyclooxygenase-2 transcription and transla-

Figure 4. AS immunoreactivity in 4 and 8-week-old Tg197 h-TNF-α trans-
genics. (A) In 4-week-old Tg197 h-TNF-α transgenics, AS-immunoreac-
tive fibroblast-like cells were evident in the inflammatory synovium and
macrophage-like cells in pannus and at sites of subchondral bone erosions
(arrows). (B) In 8-week-old Tg197 h-TNF-α transgenics, AS expression
was evident in numerous stromal fibroblast-like cells in synovium and
pannus. Original magnification (A) ×100 and (B) ×75.

Figure 5. GTP cyclohydrolase immunoreactivity in 4-week-old CBA ×
C57B1/6 wild-type control and 4 and 8-week-old Tg197 h-TNF-α trans-
genic synovium. (A) Immunoreactivity for GTP cyclohydrolase was not
found in the wild-type control synovium. In contrast, GTP cyclohydrolase
immunoreactivity was widespread within the macrophage-like cells
(arrows) in the subintimal and deeper stroma and pannus from 4-week-old
(B) and 8-week-old (C) Tg197 h-TNF-α transgenic mice. Original magni-
fication ×100.
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tion22. Peroxynitrite can mediate induction of cyclooxy-
genase activity by serving as a substrate for the peroxidase
activity of the enzyme36. Taken together, the colocalization
of 3-NT in the inflammatory joints of Tg197 h-TNF-α trans-
genics with iNOS positive macrophages provides a strong
indication that peroxynitrite mediated oxidation and nitra-
tion occurs as a result of h-TNF-α mediated iNOS synthesis
and NO generation.

In the arthritic joints of Tg197 h-TNF-α transgenics, AS
and GTPCH protein were coinduced together with iNOS.
AS and GTPCH mRNA copy numbers seemed to increase in
accord with disease progression, although they did not reach
significance concentrations due to high intraassay vari-
ability. This may have been due to the severity of inflam-
mation with subsequent mRNA cleavage and degradation.
However, the results of the quantitative RT-PCR assay
showed that both AS and GTPCH mRNA were much higher
than iNOS mRNA copy numbers in all groups studied. This
may imply that the synthesis of AS and GTPCH, 2 of the
rate-limiting enzymes for high output NO generation, is
more strictly regulated at the posttranscriptional than the
transcriptional level in vivo. AS and GTPCH have not been
previously studied in inflammatory arthritides. AS and
argininosuccinate lyase (AL) together confer the ability of
cells to regenerate the NOS substrate L-arginine from L-
citrulline (a coproduct of NOS activity)31,37. In inflammation
and during periods of high output NO generation, the avail-
ability of free L-arginine is rate-limiting to NO synthesis.
While AL mRNA and protein synthesis are constitutive or
only weakly regulated, AS mRNA and protein synthesis, at
least in vitro, are thought to be highly regulated and induced
by immunostimulants such as TNF-α, IL-1, and IFN-γ31,37.
In this study, AS was localized in CBA × C57B1/6 wild-type
controls in the vascular endothelium. In contrast, in Tg197
h-TNF-α transgenic arthritic joints AS was induced in
fibroblasts in hyperplastic synovium and pannus and some
macrophage-like cells at sites of subchondral bone erosions.
An interesting finding was that iNOS was mostly localized
to macrophage-like cells, while AS expression was most
common in fibroblasts, with only discrete macrophage-like
cells being positive. Therefore, there was only partial over-
lapping of iNOS and AS, implying possible paracrine inter-
actions between macrophages that synthesize iNOS and
their neighboring fibroblasts that synthesize AS.
Nevertheless, these findings imply that the arginine-
citrulline cycle is strongly induced in the Tg197 h-TNF-α
transgenics with spontaneous arthritis, and suggest that the
induced AS synthesis and its activity may provide the source
of L-arginine for high output NO generation. We also found
that GTPCH is induced concurrently with iNOS and AS in
Tg197 h-TNF-α transgenics, and predominantly in
macrophage-like cells scattered throughout the synovial
intima/subintima and stroma. GTPCH is the first and rate-
limiting enzyme in the de novo 3 step sequential synthesis of

BH4 from GTP. The other enzymes in the GTP-biopterin
pathway are less regulated 6-pyruvoyl tetrahydrobiopterin
synthase and sepiapterin reductase that catalyze the reaction
from dihydroneopterin triphosphate to BH4, an essential
cofactor for NOS activity and NO generation25. The hyper-
phenylalaninemic hph-1 mutant mouse displays 90% defi-
ciency in GTPCH activity that results in a concomitant loss
of the activity of the endothelial isoform of NOS, which
under physiological conditions usually produces only small
amounts of NO in comparison to iNOS38,39. It follows that
GTPCH must be upregulated in parallel with iNOS for high
output iNOS activity, and studies have indeed shown an
identical time-course for GTPCH and iNOS mRNA,
protein, and activity after immunostimulation with TNF-α,
IL-1, and/or IFN-γ28. In addition, increased urinary and
synovial fluid neopterin concentrations have been reported
by many authors, and several studies suggest that neopterin
levels may reflect the clinical severity of RA40. These find-
ings strongly suggest that coinduction of GTPCH with
iNOS and AS is essential for high output NO generation and
that the GTP-biopterin pathway is induced in arthritis, at
least in the Tg197 h-TNF-α transgenic model of RA.

We characterized the Tg197 h-TNF-α transgenic mouse
model of RA in terms of the high output NO-generating
pathway including AS and GTPCH, the 2 rate-limiting
enzymes necessary for maximal NO production. The
concomitant induction of AS and GTPCH with iNOS
suggests that they are important modulators or copromoters
of inflammatory arthritis, and that they may represent novel
targets for modulation of disease activity.
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