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Objective: To investigate if a difference exists between young and old mice in the response of articu-
lar cartilage to interleukin 1 (IL1) and transforming growth factor β (TGFβ) alone or in combination.
Methods: The interaction of IL1 and TGFβ was studied in cartilage of young (three months) and old
mice (18 months) both in vivo and in vitro. Therefore, IL1, TGFβ, or IL1 together with TGFβ was injected
into the knee joints of mice on days 1, 3, and 5 before harvest of the patellae on day 6. Alternatively,
isolated patellae were stimulated with IL1, TGFβ, or IL1 together with TGFβ in culture for 48 hours. Pro-
teoglycan (PG) synthesis and nitric oxide (NO) production were measured.
Results: IL1 inhibited PG synthesis and increased NO production in cartilage of both young and old
mice. On the other hand, TGFβ stimulated PG synthesis and reduced NO production in both age
groups. Importantly, TGFβ was able to counteract IL1 mediated effects on PG synthesis and NO pro-
duction in young but not in old mice.
Conclusions: Contrary to the findings in young mice, the cartilage of old animals does not antagonise
IL1 effects via TGFβ. This loss of responsiveness to the pivotal cytokine TGFβ on effects of IL1 can be
important in the initiation and progression of osteoarthritis (OA).

Osteoarthritis (OA) is a joint disease with a high preva-
lence in the adult population.1 2 Although the cause of
OA is still unknown, increased age is a major risk fac-

tor, with up to 68% of women and 58% of men aged 65 years
or older having radiological evidence of OA.3 Irrespective of the
initiating event, OA is caused by an imbalance between
anabolic and catabolic processes, which results in a slow but
progressive destruction of articular cartilage.

Interleukin 1 (IL1) is considered to be one of the most
important catabolic factors in joint diseases.4–6 In OA large
quantities of IL1 are produced by chondrocytes, leading to the
production of cartilage degrading matrix metalloproteinases
(MMPs).7–10 Earlier studies have established that IL1 can
inhibit cartilage proteoglycan (PG) synthesis and increase
cartilage matrix breakdown.11–13 In old mice, IL1 has been
shown to have a prolonged effect on articular cartilage
compared with young mice.14 An important second mediator
stimulated by IL1 is nitric oxide (NO),15 which is also a very
potent inhibitor of cartilage PG synthesis.16 Cartilage from
patients with OA produces significant amounts of NO.17

A crucial anabolic factor acting on chondrocytes is
transforming growth factor β (TGFβ). This is stored in large
amounts in articular cartilage and significant levels of active
TGFβ are found in the synovial fluid of patients with OA.7 18 19

TGFβ is thought to play an important part in articular
cartilage homoeostasis and during OA.20 21 We have previously
shown that TGFβ can enhance proteoglycan synthesis in vivo
in both young and old cartilage.13 22 23 Furthermore, cartilage
degradation mediated by MMPs can be inhibited by TGFβ via
up regulation of tissue inhibitors of MMPs (TIMPs 1 and
3).24 25 Recent studies show that abrogation of the TGFβ
signalling pathway in transgenic mice results in osteoarthritic
changes of the articular cartilage, further implying a
protective role for TGFβ on articular cartilage.26 27 An
important finding is that exogenous addition of TGFβ in knee
joints of young mice can counteract cartilage PG depletion and

breakdown induced by IL1.13 23 28 Moreover, PG synthesis was

increased by TGFβ in the presence of IL1.

Because OA is a slowly progressive disease, a subtle imbal-

ance between matrix breakdown (IL1, NO) and matrix repair

(TGFβ) may be sufficient to initiate the osteoarthritic process.

In this study, we compared IL1 and TGFβ responses between

the cartilage of young and old mice.

MATERIALS AND METHODS
Animals
Male C57Bl/6 mice aged between three and 21 months were

used. Mice were kept in filter top cages with a wood chip bed-

ding under standard pathogen free conditions. They were fed

a standard diet and tap water ad libitum. The local animal

committee approved this study.

In vivo PG synthesis
Right knee joints of mice aged three months or 18 months

were injected with IL1α (1 ng), TGFβ1 (0.1 µg, R and D

systems Europe Ltd, Abingdon, UK) or the combination, in

6 µl PBS supplemented with 0.1% bovine serum albumin.

Injections were given three times on alternate days (days 1, 3,

and 5). The left knee joint was injected with PBS + 0.1%

bovine serum albumin and served as an internal control.

Synthesis of PG was measured ex vivo, one day after the last

injection. Mice were killed and the patella with a standard

amount of surrounding tissue was dissected as described

earlier.29 Patellae were then pulse labelled with 35S-sulphate

(20 µCi, two hours, 37°C), which has previously been shown to

be a useful tool to specifically quantify chondrocyte PG

synthesis.29 30 This was followed by washing the patellae

extensively with physiological saline and fixing in 96%

ethanol for 24 hours at room temperature. Patellae were

decalcified in 5% formic acid for four hours at room tempera-

ture. Next, articular cartilage was stripped from the under-

lying bone and dissolved in Lumasolve at 60°C (Lumac, Gron-

ingen, The Netherlands). For every patella the incorporation of
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35S was measured separately using a liquid scintillation coun-

ter, which has been shown to be a reliable method for the

determination of PG synthesis in patellar cartilage.30

In vitro PG synthesis
Mice were killed between the ages of three and five months or

12 and 21 months. The patella with surrounding tissue was

dissected in standardised fashion and placed in RPMI 1640

medium (Dutch modification, Flow laboratories, Irvine, UK).

Patellae were divided into four treatment groups (minimum

six patellae in each group): no treatment, IL1α (10 ng/ml),

TGFβ1 (10 ng/ml), or a combination of IL1 and TGFβ1. The tis-

sue culture medium was changed every 24 hours. After 48

hours of treatment, patellae were labelled for two hours with

20 µCi radioactive sulphate in RPMI 1640 (Dutch modifica-

tion) supplemented with gentamicine (50 mg/l), 2 mM

L-glutamine at 37°C, and 5% CO2. The rest of the labelling pro-

cedure was carried out as described above.

In total 30 “old” patellae and 20 “young” patellae were used

in three independent experiments. All absorbances and 35S

incorporation levels were transformed to percentages com-

pared with control treatment (=100%). Results were statisti-

cally analysed by analysis of variance (ANOVA).

Measurement of NO concentrations
Nitric oxide levels in the culture media were measured on days

1 and 2. The medium concentration of NO2

− (a stable

breakdown product of NO) was determined by Griess reagent

using NaNO2 standards. Griess reagent: 0.1% N-(1-naphthyl)-

ethylenediamine dihydrochloride (Sigma Chemicals Co, St.

Louis, MO, USA), 1:1 diluted with 1.0% sulphanilamide

(p-aminobenzene sulphonamide; Sigma Chemical Co, St.

Louis, MO, USA) in 5% H3PO4. Briefly, 100 µl conditioned

medium was mixed with 100 µl Griess reagent in a flat bottom

microtitre plate and adsorbance read at 545 nm using an

ELISA plate reader (Titertek Multiscan MCC/340).

RESULTS
In vivo PG synthesis
We investigated whether increased age influences the re-

sponse of articular cartilage to anabolic and catabolic factors.

Therefore, IL1, TGFβ1, or IL1/TGFβ were intra-articularly

injected on days 1, 3, and 5 in young (three months) and old

(18 months) mice. One day later, the effect of these factors on

the PG synthesis in isolated patellae was determined.

The dose of TGFβ1 used (100 ng) has been shown to induce

maximal effects on PG synthesis in vivo as described

earlier.13–15 The dose for IL1 was based on earlier in vivo

experiments.14 15 In these in vivo studies, the used IL1 concen-

trations yielded maximal effects on inhibition of PG synthesis.

We found no influence of TGFβ or IL1 on the contralateral

joint (results not shown).

As figure 1 shows, IL1 induced a more severe suppression of

PG synthesis in old than in young animals (56% v 39%,

respectively) (p<0.05). TGFβ increased PG synthesis 2.5-fold

and two-fold in young and old animals respectively. Impor-

tantly, TGFβ in combination with IL1 reversed the inhibitory

effects of IL1 on PG synthesis to slighly higher than control

levels in young but not in old mice. So our results show that

TGFβ counteracts IL1 induced suppression of PG synthesis in

young mice only.

In vitro PG synthesis
To gain more insight into the mechanisms behind the differ-

ent responses of old and young cartilage to IL1 and TGFβ, we

turned to the in vitro situation. Isolated patellae from young

and old mice were cultured for 48 hours with IL1, TGFβ1, or

IL1/TGFβ and cartilage PG synthesis was studied.

The dose of TGFβ1 used for in vitro experiments has been

shown to induce an optimum effect in cultured

chondrocytes.13 Moreover, this dose seems physiologically rel-

evant as comparable concentrations of TGFβ have been found

in arthritic and osteoarthritic joints.19 31 The IL1 dosage used

induced maximal effects in vitro as described in earlier

studies.13 15

In both age groups, TGFβ only showed a slight increase in

PG synthesis compared with controls, a difference that was

not significant (fig 2). This loss of TGFβ response is probably

due to the short exposure of the cartilage to TGFβ in vitro

compared with the repeated exposure to high TGFβ concen-

trations via bolus injections in vivo. Despite the lack of

response after TGFβ addition alone, young mice showed a

relative increase of 44% in PG synthesis in the IL1/TGFβ com-

bination group compared with the IL1 group (fig 2, p<0.001).

By contrast, old mice did not show a significant increase in PG

synthesis in the IL1/TGFβ group compared with IL1 alone.

These results showed that TGFβ was able to significantly

reduce the IL1 induced inhibition on PG synthesis in young

mice, but that in old mice TGFβ could not counteract the IL1

induced suppression of PG synthesis.

Figure 1 Synthesis of PG in patellar cartilage in old and young
mice. Right knee joints of young mice (three months) and old mice
(18 months) were injected on days 1,3, and 5 with TGFβ (0.1 µg),
IL1α (1 ng), or IL1 + TGFβ. Left knee joints were injected with vehicle
and served as internal controls (=100%). On day 6, patellae were
isolated and PG synthesis was measured ex vivo by 35S-sulphate
incorporation (two hours, 37°C). Each value represents the mean PG
synthesis of five patellae. Results were statistically analysed by
ANOVA; ** p<0.001.

Figure 2 In vitro PG synthesis in patellar cartilage of young (three
to five months) and old mice (12–21 months). Patellae were isolated
and cultured in RPMI 1640 medium. Patellae were treated for 48
hours with IL1α (10 ng/ml), TGFβ1 (10 ng/ml), a combination of IL1
+ TGFβ1, or were not treated. The tissue culture medium was
changed every 24 hours. Synthesis of PG was measured via
35S-sulphate incorporation (two hours, 37°C). Incorporation levels of
35S were transformed to percentage compared with control treatment
(=100%). Results were statistically analysed by ANOVA;
**p<0.001.
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NO synthesis
Nitric oxide is the most important second mediator of IL1 in

the inhibition of PG synthesis. TGFβ is known to decrease NO

synthesis. Therefore, the NO production was measured in

media from control patellae and in patellae after stimulation

with IL1, TGFβ, and IL1/TGFβ. Patellae of young and old mice

produced NO spontaneously (table 1).

In young mice TGFβ treatment alone resulted in signifi-

cantly less NO production compared with no treatment, 50%

on day 1 and 40% on day 2 (fig 3). In old mice a small but sig-

nificant effect of TGFβ was found on day 2 (14.4%, p<0.05),

whereas no effect of TGFβ alone was seen on day 1. Young

mice displayed a considerably stronger effect of TGFβ on the

inhibition of NO production than old mice, 48% less NO on

day 1 and 26% on day 2.

In patellae of young mice, the combination treatment of

IL1/TGFβ showed a counteractive effect of TGFβ on NO

production induced by IL1 (table 1). TGFβ inhibited IL1

induced NO production by 28% on day 1 (p<0.05) and 21% on

day 2 (p<0.01). In old mice, TGFβ had no significant effect on

IL1 induced NO synthesis.

DISCUSSION
Osteoarthritis is a joint disease, which has age as its main risk

factor. The determinant that initiates the process is still

unknown but the general conception is that an inbalance

between catabolic factors and anabolic factors targeting the

articular cartilage plays a major part. Because the osteo-

arthritic process is slowly progressive, it is plausible that a

subtle shift in the anabolic/catabolic balance is sufficient to

start the process. The aim of this study was to identify differ-

ences between young and old cartilage in the influence of

anabolic and catabolic factors.
We have previously found that TGFβ increased PG synthesis

and content in cartilage when injected intra-articularly in
both young and old mice.13 Moreover, TGFβ supplementation
in young mice has been shown to antagonise IL1 mediated
inhibition of PG synthesis.23 However, these studies did not
provide any mechanistic information about how TGFβ
counteracts the effects of IL1. The underlying in vivo and in
vitro study shows that in young mice TGFβ can antagonise IL1
mediated effects on PG synthesis. By contrast, old animals
have lost the ability to counteract the effects of IL1 on PG syn-
thesis via TGFβ. We set out to further investigate how
increased age influences the response to these cytokines. We
hypothesised that the mechanisms behind the counteraction
is NO mediated, as NO is the most important second mediator
of IL1 and TGFβ is known to decrease NO synthesis.15 32 33 In
addition, we have previously shown that intra-articular injec-
tions of IL1 in NO deficient mice did not affect PG synthesis,
proving that NO is necessary in mediating IL1 effects.16 Here
we compared NO production of young and old mice after IL1,
TGFβ, and IL1+TGFβ stimulation. The results from the NO
data showed that old mice had lost the ability to block IL1
induced NO production via TGFβ, whereas young animals had
this ability. This was probably not due to loss of the TGFβ
response because old animals still showed a strong TGFβ effect
on PG synthesis in vivo. However, old mice showed a very
strong induction of NO production after IL1 stimulation com-
pared with young animals. The loss of IL1 counteraction by
one of the most potent anabolic factors on articular cartilage,
together with a hypersensitivity to IL1, could predispose
elderly people to OA and contribute to the progression of the
disease.

The manner in which TGFβ antagonises IL1 mediated PG
synthesis is still unknown but can be based on various
mechanisms. TGFβ could cause down regulation of IL1 recep-
tors or increase IL receptor antagonist, the natural inhibitor of
IL1. However, as both cytokines are added simultaneously, the
TGFβ induced synthesis of IL-Ra will lag considerably behind
the direct effect of IL1. On the other hand, IL1 could disturb
the TGFβ signalling pathway in old mice, resulting in the loss
of TGFβ mediated inhibition of NO synthesis. Consequently,
old mice will also be insensitive to endogenous TGFβ, which
otherwise would partly inhibit the IL1 effect, as is the case in
young animals. Loss of the response to endogenously
produced TGFβ could explain the high NO production after
IL1 stimulation, as seen in old but not in young mice. Abroga-
tion of the TGFβ pathway by IL1 could potentially be based on
upregulation of inhibitory molecules such as the recently
described Smad-6 and Smad-7.34–36 In addition, in old mice IL1

Table 1 Influence of IL1 and combination IL1/TGFβ on in vitro NO production
(mean (SD) µM) by patellar cartilage of young and old mice

Young mice Old mice

Day 1† Spontaneous 7.81 (0.293) 5.30 (0.175)
IL1 6.53 (0.463) 8.32 (0.496)
TGFβ/IL1 5.12 (0.556)* 7.82 (0.436)
∆ −28% −6%

Day 2† Spontaneous 12.71 (0.390) 10.82 (0.351)
IL1 18.10 (0.837) 20.82 (0.635)
TGFβ/IL1 15.0 (0.814)* 20.13 (0.699)
∆ −21% −4%

*Significantly different from IL1 alone; †significantly different from old mice.
∆=Difference in percentage between IL1 treatment alone and TGFβ/IL1 combination treatment.

Figure 3 In vitro NO production after TGFβ treatment by patellar
cartilage of young (three to five months) and old mice (12 to 21
months). Patellae were isolated, placed in RPMI 1640 medium, and
treated for 48 hours with TGFβ (10 ng/ml) or were not treated. The
tissue culture medium was changed every 24 hours. NO2− in the
medium was measured after 24 and 48 hours by the Griess
reaction. Production of NO by control treated patellae was stated as
100%. Results were statistically analysed by ANOVA; *p<0.01; **
p<0.001, significantly different from control treatment.
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might block essential secondary mediators in the TGFβ
signalling pathway such as receptor associated Smad-2,

Smad-3, or the common mediator Smad-4.34

The results show a discrepancy between the in vivo and in

vitro situation in the PG synthesis response to TGFβ. Whereas

in vivo TGFβ greatly enhances PG synthesis in both age

groups, no effect of TGFβ addition was found in the in vitro

situation. This difference is probably caused by the mode of

TGFβ administration: multiple high bolus concentrations in

vivo versus a continuous relatively low dose in vitro. As we

have previously shown, TGFβ has a slow response time in vivo;

therefore, 48 hours might be too early for the direct TGFβ
response on PG synthesis in the in vitro situation.

Our results indicate that in cartilage of young but not old

animals, TGFβ is able to counteract the deleterious effects of

IL1 on PG synthesis and NO production. By contrast,

chondrocytes from old animals seem to have lost the ability to

antagonise IL1 effects via TGFβ. Taken together, in old animals

the balance between anabolic and catabolic factors seems to

have shifted towards the catabolic side, a phenomenon that

might be related to the initiation and progression of OA.

. . . . . . . . . . . . . . . . . . . . .
Authors’ affiliations
A Scharstuhl, H M van Beuningen, E L Vitters, P M van der Kraan,
W B van den Berg, Rheumatology Research Laboratory, Department of
Rheumatology, University Medical Centre Nijmegen, Nijmegen, 6525
GA, The Netherlands

REFERENCES
1 Hamerman D. Aging and osteoarthritis: basic mechanisms. J Am

Geriatr Soc 1993;41:760–70.
2 Lawrence RC, Helmick CG, Arnett FC, Deyo RA, Felson DT, Giannini

EH, et al. Estimates of the prevalence of arthritis and selected
musculoskeletal disorders in the United States. Arthritis Rheum
1998;41:778–99.

3 Cicuttini FM, Spector TD. Osteoarthritis in the aged. Epidemiological
issues and optimal management. Drugs Aging 1995;6:409–20.

4 van den Berg WB. Anti-cytokine therapy in chronic destructive arthritis.
Arthritis Research 2001;3:18–26.

5 Goldring MB. The role of cytokines as inflammatory mediators in
osteoarthritis: lessons from animal models. Connect Tissue Res
1999;40:1–11.

6 Goldring MB. The role of the chondrocyte in osteoarthritis. Arthritis
Rheum 2000;43:1916–26.

7 Schlaak JF, Pfers I, Meyer zum Büschenfelde KH, Märker-Hermann E.
Different cytokine profiles in the synovial fluid of patients with
osteoarthritis, rheumatoid arthritis and seronegative spondylarthropathies.
Clin Exp Rheumatol 1996;14:155–62.

8 Moos V, Fickert S, Muller B, Weber U, Sieper J. Immunohistological
analysis of cytokine expression in human osteoarthritic and healthy
cartilage. J Rheumatol 1999;26:870–9.

9 Tetlow LC, Adlam DJ, Woolley DE. Matrix metalloproteinase and
proinflammatory cytokine production by chondrocytes of human
osteoarthritic cartilage: associations with degenerative changes. Arthritis
Rheum 2001;44:585–94.

10 DiBattista JA, Pelletier JP, Zafarullah M, Fujimoto N, Obata K,
Martel-Pelletier J. Coordinate regulation of matrix metalloproteases and
tissue inhibitor of metalloproteinase expression in human synovial
fibroblasts. J Rheumatol Suppl 1995;43;123–8.

11 van de Loo FA, Arntz OJ, Otterness IG, van den Berg WB. Protection
against cartilage proteoglycan synthesis inhibition by antiinterleukin 1
antibodies in experimental arthritis. J Rheumatol 1992;19:348–56.

12 van de Loo FA, Joosten LA, van Lent PL, Arntz OJ, van den Berg WB.
Role of interleukin-1, tumor necrosis factor α, and interleukin-6 in
cartilage proteoglycan metabolism and destruction. Effect of in situ
blocking in murine antigen- and zymosan-induced arthritis. Arthritis
Rheum 1995;38:164–72.

13 van Beuningen HM, van der Kraan PM, Arntz OJ, van den Berg WB.
Protection from interleukin 1 induced destruction of articular cartilage by
transforming growth factor β: studies in anatomically intact cartilage in
vitro and in vivo. Ann Rheum Dis 1993;52:185–91.

14 van Beuningen HM, Arntz OJ, van den Berg WB. In vivo effects of
interleukin-1 on articular cartilage. Prolongation of proteoglycan
metabolic disturbances in old mice. Arthritis Rheum 1991;34:606–15.

15 van de Loo FA, Arntz OJ, van den Berg WB. Effect of interleukin 1 and
leukaemia inhibitory factor on chondrocyte metabolism in articular
cartilage from normal and interleukin-6-deficient mice: role of nitric-oxide
and IL-6 in the suppression of proteoglycan synthesis. Cytokine
1997;9:453–62.

16 van de Loo FA, Arntz OJ, van Enckevort FH, van Lent PLEM, van den
Berg WB. Reduced cartilage proteoglycan loss during zymosan-induced
gonarthritis in NOS2-deficient mice and in anti-interleukin-1-treated
wild-type mice with unabated joint inflammation. Arthritis Rheum
1998;41:634–46.

17 Amin AR, Abramson SB. The role of nitric oxide in articular cartilage
breakdown in osteoarthritis. Curr Opin Rheumatol 1998;10:263–8.

18 Morales TI, Joyce ME, Sobel ME, Danielpour D, Roberts AB.
Transforming growth factor β in calf articular cartilage organ cultures:
synthesis and distribution. Arch Biochem Biophys 1991;288:397–405.

19 Lotz M, Kekow J, Carson DA. Transforming growth factor β and cellular
immune responses in synovial fluids. J Immunol 1990;144:4189–94.

20 Lafeber FP, van der Kraan PM, Huber BO, van den Berg WB, Bijlsma
JW. Osteoarthritic human cartilage is more sensitive to transforming
growth factor β than is normal cartilage. Br J Rheumatol
1993;32:281–6.

21 Lafeber FP, van Roy HL, van der Kraan PM, van den Berg WB, Bijlsma
JW. Transforming growth factor β predominantly stimulates
phenotypically changed chondrocytes in osteoarthritic human cartilage. J
Rheumatol 1997;24:536–42.

22 van Beuningen HM, van der Kraan PM, Arntz OJ, van den Berg WB.
Transforming growth factor β 1 stimulates articular chondrocyte
proteoglycan synthesis and induces osteophyte formation in the murine
knee joint. Lab Invest 1994;71:279–90.

23 van Beuningen HM, van der Kraan PM, Arntz OJ, van den Berg WB. In
vivo protection against interleukin 1 induced articular cartilage damage
by transforming growth factor β 1: age related differences. Ann Rheum
Dis 1994;53:593–600.

24 Su S, Grover J, Roughley PJ, DiBattista JA, Martel-Pelletier J, Pelletier JP,
et al. Expression of the tissue inhibitor of metalloproteinases (TIMP) gene
family in normal and osteoarthritic joints. Rheumatol Int
1999;18:183–91.

25 Cawston T, Billington C, Cleaver C, Elliott S, Hui W, Koshy P, et al. The
regulation of MMPs and TIMPs in cartilage turnover. Ann N Y Acad Sci
1999;878:120–9.

26 Serra R, Johnson M, Filvaroff EH, Laborde J, Sheehan DM, Derynck R, et
al. Expression of a truncated, kinase defective TGF β type II receptor in
mouse skeletal tissue promotes terminal chondrocyte differentiation and
osteoarthritis. J Cell Biol 1997;139:541–52.

27 Yang X, Chen L, Xu XL, Li CL, Huang CF, Deng CX. TGF β/Smad3
signals repress chondrocyte hypertrophic differentiation and are required
for maintaining articular cartilage. J Cell Biol 2001;153:35–46.

28 Chandrasekhar S, Harvey AK. Transforming growth factor β is a potent
inhibitor of IL1 induced protease activity and cartilage proteoglycan
degradation. Biochem Biophys Res Commun 1988;157:1352–9.

29 van den Berg WB, Kruysen MWM, van de Putte LBA. The mouse patella
assay. An easy method of quantitating articular cartilage chondrocyte
function in vivo and in vitro. Rheumatol Int 1982;1:165–9.

30 de Vries BJ, van den Berg WB, Vitters E, van de Putte LB. Quantitation
of glycosaminoglycan metabolism in anatomically intact articular
cartilage of the mouse patella: in vitro and in vivo studies with
35S-sulfate, 3H-glucosamine, and 3H-acetate. Rheumatol Int
1986;6:273–81.

31 Fava R, Olsen N, Keski Oja J, Moses H, Pincus T. Active and latent
forms of transforming growth factor β activity in synovial effusions. J Exp
Med 1989;169:291–6.

32 Stefanovic-Racic M, Stadler J, Georgescu HI, Evans CH. Nitric oxide
synthesis and its regulation by rabbit synoviocytes. J Rheumatol
1994;21:1892–8.

33 Vodovotz Y, Bogdan C, Paik J, Xie QW, Nathan C. Mechanisms of
suppression of macrophage nitric oxide release by transforming growth
factor β. J Exp Med 1993;178:605–13.

34 ten Dijke P, Miyazono K, Heldin CH. Signaling inputs converge on
nuclear effectors in TGF β signaling. Trends Biochem Sci
2000;25:64–70.

35 Imamura T, Takase M, Nishihara A, Oeda E, Hanai J, Kawabata M, et
al. Smad6 inhibits signalling by the TGFβ superfamily. Nature
1997;389:622–6.

36 Zhu HJ, Iaria J, Sizeland AM. Smad7 differentially regulates
transforming growth factor beta-mediated signaling pathways. J Biol
Chem 1999;274:32258–64.

1098 Scharstuhl, van Beuningen, Vitters, et al

www.annrheumdis.com

http://ard.bmj.com

