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Abstract
Objectives—To investigate the regulatory
roles of interleukin 1â (IL1â), tumour
necrosis factor á (TNFá), interferon ã
(IFNã) or transforming growth factor â1
(TGFâ1) on hyaluronan (HA) synthesis by
human fibroblastic synovial lining cells.
Methods—Concentrations of HA in cul-
ture supernatants of fibroblastic synovial
lining cell line (RAMAK-1 cell line) with
or without stimulation by IL1â, TNFá,
IFNã or TGFâ1 were measured by sand-
wich binding protein assay. Levels of HA
synthase mRNA of the cells with or
without stimulation were detected by
reverse transcribed polymerase chain re-
action. Molecular weights of HA in the
culture supernatants of the cells with or
without stimulation were measured using
high performance gel permeation liquid
chromatography.
Results—HA synthesis by the cells was not
significantly augmented by TNFá or by
IFNã. It was significantly stimulated by
IL1â but inhibited by TGFâ1. Molecular
weights of HA in the culture supernatants
of the cells were unchanged by stimulation
with TNFá. They were remarkably in-
creased by stimulation with IL1â and
IFNã, but reduced with TGFâ1.
Conclusion—IL1â is an up regulator of HA
synthesis, while TGFâ1 is a down regula-
tor. HA production in the synovial lining
cells of inflamed joints (for example,
rheumatoid arthritis) might be regulated
by the balance of these cytokines.
(Ann Rheum Dis 1998;57:602–605)

Hyaluronan (HA) is a linear glycosaminogly-
can consisting of repeating units in which the
sugars glucuronic acid and N-acetyl glu-
cosamine alternate. It exists as the tertiary
structure of a random coil with a high molecu-
lar weight. Concentrations of HA are highest in
musculoskeletal tissues, skin, embryological
tissues, and synovial fluid.1 HA plays an impor-
tant part in wound healing,2 embryonic
development,3 tumour growth,4 and synovial
fluid viscosity.5

Cultured synovial fibroblasts produce HA.6

Immunohistochemical studies of normal syn-
ovium show that HA surrounds the lining layer
cells but it is minimal in deeper layers.7 These

results indicate that one of the fundamental
functions of fibroblastic synovial lining cells is
to produce HA and release it into synovial
fluid, and to maintain constitutive HA concen-
trations in synovial fluid.

The mechanism regulating the production of
HA in synovial lining cells has not yet been
fully elucidated, perhaps because the prepara-
tion of a pure synovial lining cell population
from whole synovial tissues requires tedious
and demanding procedures. Recently, we
derived a fibroblastic synovial lining cell line
(RAMAK-1 cell line) from a patient with
RA.8 9 The cells form a cystic tumour contain-
ing lubricating fluid enclosed by a lining layer
when injected subcutaneously into severe com-
bined immunodeficient mice, which suggests
that these cells produce HA in this synovial
fluid-like liquid.

The purposes of this study are to determine
the regulatory roles of interleukin 1â (IL1â),
tumour necrosis factor á (TNFá), interferon ã
(IFNã) or transforming growth factor â1
(TGFâ1) on HA production by the fibroblastic
synovial lining cells.

Methods
CELL CULTURE

The fibroblastic lining cell line (RAMAK-1 cell
line) was established as previously described.8

Cells were passaged every week in the ratio of
1:20. We used the cells at passages 20–25 in the
subsequent studies.

MEASUREMENT OF HA CONCENTRATION IN THE

CULTURE SUPERNATANTS

RAMAK-1 cells in subconfluent populations
(5 × 104 cell/cm2) on culture dishes (Cluster
3512, Costar, Cambridge, MA) were washed
with RPMI-1640 medium (Nipro, Tokyo) and
further cultured with RPMI-1640 medium
containing 10% fetal bovine serum (FBS;
Intergen, Purchase, NY) for either 24, 48, 78 or
96 hours with or without stimulation by IL1â
(1 ng/ml; Otsuka, Tokushima, Japan), TNFá
(300 units/ml; Teijin, Tokyo), IFNã (1000
units/ml; Boehringer Mannheim Biochemica,
Mannheim, Germany) or TGFâ1 (1 ng/ml;
King Brewing, Kakogawa, Japan). Concentra-
tions of HA in the supernatants of the cell cul-
ture were measured by a sandwich binding
protein assay kit (Hyaluronan Plate Chugai,
Chugai Pharmaceutica, Tokyo). Samples were
incubated with HA binding protein coated on
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microplates for one hour at room temperature.
After incubation, the microplates were washed
three times with wash buVer, and further incu-
bated with 100 µl of peroxidase labelled liquid
phase HA binding protein for 30 minutes at
room temperature. After incubation, the mi-
croplates were washed three times with wash
buVer, and further incubated with 100 µl of
peroxidase reactant substrate for 30 minutes at
room temperature in a darkroom. The reaction
was stopped by the addition of 0.18 M sulphu-
ric acid. The development of the colour was
monitored at 450 nm with an Easy Reader
ELISA analyser (SLT-Lab Instruments,
Vienna, Austria). The HA level in each sample
was calculated using the standard curve
obtained with the purified HA solutions, which
were included in the kit as references. Accord-
ing to the manufacturer’s instructions, detec-
tion range of HA by the kit was 10–800 ng/ml.
If a sample contained more than upper limit of
the measurable range, it was diluted with reac-
tion buVer of the kit and measured again.

EXPRESSION OF HA SYNTHASE MRNA

Total cellular RNA from 1 × 106 cells with or
without stimulation for six hours by IL1â (1
ng/ml), TNFá (300 units/ml), IFNã (1,000
units/ml) or TGFâ1 (1 ng/ml), respectively,
was isolated by a modified acid guanidinium
thiocyanate/phenol/chloroform extraction
method, using RNAzol B (Cinna/Biotecx
Laboratories, Houston, TX). The RNA was
reverse transcribed and the cDNA amplified by
a polymerase chain reaction (RT-PCR), using a
GeneAmp RNA PCR kit (Perkin-Elmer Cetus,
Norwalk, CT). The primers of HA synthase
(HA synthase 1), 5’-TGG GGC GGC AAG
CGC GAG GTC ATG TAC ACA GC-3’
(sense) and 5’-CAC CAG AGC GCG TTG
TAC AGC CAC TCA CGG AAG TA-3’
(antisense) were used.10–12 The primers of
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 5’-GTC TTC ACC ACC ATG

GAG AAG GCT-3’ (sense) and 5’-CAT GCC
AGT GAG CTT CCC GTT CA-3’ (anti-
sense), were used for detecting the positive
control cDNA. Each reaction contained 2 µl of
cDNA, 8 µl of dNTP mixture, 10 µl of 10 × Taq
DNA polymerase buVer, 8 µl of 25 mM
MgCl2, 0.5 µl AmpliTaq DNA polymerase
(Perkin-Elmer Cetus), 1 µl of each primer, and
water to 100 µl. The samples were overlaid with
mineral oil (Sigma, St Louis, MO) and cycled
through 30 cycles of denaturation (95°C for
one minute), annealing (50°C for two min-
utes), and extension (72°C for three minutes)
in a programmable thermal controller (Mini-
Cycler, MJ Research, MA). The PCR products
were subjected to electrophoresis on 2% agar-
ose gels (Agarose MP, Boehringer Mannheim
Biochemica, Mannheim, Germany) and
stained with ethidium bromide. The primer set
of HA synthase amplifies a 548-bp sequence
from cDNA transcribed from HA synthase
mRNA.

MEASUREMENT OF HA MOLECULAR WEIGHT

The culture supernatants of the cells cultured
for 96 hours with or without stimulation by
IL1â, TNFá, IFNã or TGFâ1 were collected.
The molecular weight of HA in each superna-
tant was measured at Seikagaku Kogyo Co
(Tokyo) using high performance gel- permea-
tion liquid chromatography (HPLC-GPC).
Briefly, supernatants were separated on a
TSKgel G6000PWXL column equipped with
an HLC-8020 system (Toso, Tokyo), with 0.2
M NaCl as the elution buVer. The molecular
weight of HA in the samples was determined by
the duration times through the column,
reflected by those of HA standards. For
calibration, purified HA standards (molecular
weight 2130 kDa, 460 kDa or 104 kDa) were
used.

STATISTICAL ANALYSIS

Data are expressed as mean (SD) values.
DiVerences were analysed by the least signifi-
cant diVerence test using a statistical program,
StatMate II (Nankodo, Tokyo). DiVerences
were regarded as statistically significant if
p<0.05.

Results
HA PRODUCTION BY RAMAK-1 CELLS

HA concentrations in the supernatants of
RAMAK-1 cells without stimulation were
1210 (385) ng/ml (24 hours) and 1964 (317)
ng/ml (48 hours) (fig 1). Although HA synthe-
sis was not significantly augmented by TNFá
(966 (152) ng/ml, 24 hours; 1418 (288) ng/ml,
48 hours) or by IFNã (1260 (136) ng/ml, 24
hours; 2214 (322) ng/ml, 48 hours) it was sig-
nificantly stimulated by IL1â (2183 (541)
ng/ml, 24 hours, p<0.05; 4488 (328) ng/ml, 48
hours, p<0.01) (fig 1). In contrast, TGFâ1 sig-
nificantly (p<0.01) inhibited HA production
(300 (171) ng/ml, 24 hours; 357 (54) ng/ml, 48
hours) (fig 1).

The time and dose dependent inhibition of
HA production by TGFâ1 was studied in
another series of experiments. TGFâ1 (at
concentrations of 0.1, 1, 5 or 10 ng/ml)

Figure 1 HA production by RAMAK-1 cells. RAMAK-1 cells were incubated for 24 or
48 hours in culture dishes with RPMI-1640 medium containing 10% FBS with or without
stimulation by IL1â (1 ng/ml), TNFá (300 units/ml), IFNã (1000 units/ml) or TGFâ1
(1 ng/ml). At the end of culture, the concentration of HA in the supernatants was measured
by sandwich binding protein assay.
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significantly (p<0.05) inhibited the production
of HA in this cell line compared with that of
cells without stimulation (fig 2).

EXPRESSION OF HA SYNTHASE MRNA

RAMAK-1 cells expressed HA synthase
mRNA in the absence of stimulation or when
stimulated by IL1â, TNFá or IFNã. In
contrast, HA synthase mRNA was not detected
in TGFâ1 stimulated cells (fig 3).

MOLECULAR WEIGHT OF HA BY RAMAK-1 CELLS

The molecular wieght of HA in the culture
supernatants of RAMAK-1 cells in the absence
of stimulation was 770 (160) kDa, whereas it
was significantly (p<0.05) increased to 1270
(270) kDa or to 1220 (280) kDa with stimula-
tion by IL1â (1 ng/ml) or IFNã (1000
units/ml), respectively. In contrast, it was
significantly (p<0.01) reduced to 170 (20) kDa
with stimulation by TGFâ1 (1 ng/ml) (table 1).

Discussion
HA, isolated initially from the vitreous body of
the eye, is an ubiquitous component of the
extracellular matrix.13 It has been used for the
clinical benefit of patients undergoing ocular
operations14 or with arthritic joint diseases.15–18

In joints, HA at the synovial lining layer or in
synovial fluid retains water though the synovial
vessels by its high water binding capacity and

plays rheological or viscoelastic parts.1 5 19 HA
concentrations are lower in rheumatoid syn-
ovium than in non-inflamed synovium.20 HA
synthesis by RAMAK-1 cell line is up regulated
when stimulated by IL1â but is inhibited by
TGFâ1 stimulation (figs 1, 2). Inhibition of
HA production by TGFâ1 was also confirmed
by the disappearance of its synthase mRNA—
that is, HA production was inhibited by
TGFâ1 at the transcriptional level (fig 3).

With respect to the concentrations of
TGFâ1, TGFâ1 at concentrations of 1 ng/ml
and higher, served to increase prolyl
4-hydroxylase production by dermal
fibroblasts.21 For the stimulation of rheumatoid
synovial cells, 1–5 ng/ml of TGFâ1 were often
used as optimal dose.22 23 In this study, this
cytokine at concentrations of 1–10 ng/ml
remarkably inhibited HA production by
RAMAK-1 cells.

Haubeck et al22 reported that IL1â and
TGFâ1 were major stimulators of HA synthe-
sis by synovial lining cells while TNFá and
IFNã were not. The findings in this study with
respect to TGFâ1 are in direct contrast to
those of Haubeck et al.22 A diVerence in the
degree of cell diVerentiation or that in the
behaviour of “normal” and “rheumatoid”
synovial cells might be behind the contrasting
observations. Haubeck et al 22 used cells derived
from normal synovial tissue, while we only used
a cell line derived from synovial tissue of a
patient with rheumatoid arthritis. Further-
more, they used Opti-MEM1 medium without
the addition of serum to culture their synovial
lining cells. Opti-MEM1 was developed to
reduce the amount of added serum by more
than 50%, but it still requires a serum supple-
ment. Finally, in their paper it is not clear
whether or not cell viability was sustained for
60 hours without the addition of serum. In our
culture system, a 10% addition of FBS
maintained good viability of the cells. In
fibroblast cultures, the addition of 10% FBS in
culture medium augments basal HA
synthesis.24 DiVerences in culture conditions
might also have caused the discrepancy be-
tween our data with respect to TGFâ1 and
those of Haubeck et al. 22

With respect to culture condition, we used a
10% addition of FBS throughout the study.
Other culture conditions, such as no serum or
reduced serum concentrations, were not exam-
ined. If cells were cultured under such
conditions, basal production of HA might have
decreased, so that the inhibitory eVect of
TGFâ1 might have been less observed.

TGFâ1 is a potent inducer/modulator of a
wide range of biological processes in many
diVerent systems, such as inhibition of growth,
diVerentiation of several kinds of cells,25 26 and
suppression of inflammation.27 This cytokine is
also referred to as a bifunctional regulator of cell
function to emphasise its qualitatively heteroge-
neous eVects. Intra-articular injection of TGFâ1
into normal rabbit joints induces synovial
inflammation and hyperplasia with a predomi-
nantly mononuclear phagocyte infiltrate that
contributes locally to joint inflammation.28 29 In
contrast, when administered systemically,

Figure 2 Time and dose dependent inhibition of HA production by RAMAK-1 cells
cultured with RPMI-1640 medium containing 10% FBS with or without stimulation by
TGFâ1. Cells were incubated for up to 96 hours in the presence of TGFâ1. Supernatants
were removed for HA determinations by sandwich binding protein assay at 24, 48, 78 or 96
hours. TGFâ1 concentrations indicated were used.
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Figure 3 HA synthase
mRNA of RAMAK-1 cells
when stimulated for six
hours by IL1â, TNFá,
IFNã or TGFâ1 using
RT-PCR. Lane 1, without
stimulation; lane 2, with
stimulation by IL1â; lane
3, with stimulation by
TNFá; lane 4, with
stimulation by IFNã; lane
5, with stimulation by
TGFâ1. The primer set
amplifies a 548-bp sequence
from cDNA transcribed
from HA synthase mRNA.

Table 1 Molecular weight of HA secreted by RAMAK-1
cells with or without stimulation by IL1â, TNFá, IFNã or
TGFâ1

Mean (SD) molecular weight
(kDa)

Control 770 (160)
IL1â (1 ng/ml) 1270 (270)*
TNFá (300 units/ml) 470 (90)
IFNã (1000 units/ml) 1220 (280)*
TGFâ1 (1 ng/ml) 170 (20)**

*p<0.05, **p<0.01, n=3.
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TGFâ1 significantly ameliorates collagen type II
induced arthritis or inhibits the development of
streptococcal cell wall induced polyarthritis that
is immunosuppressive and consistently shows
therapeutically desirable eVects.30 31 According
to the results of this study, TGFâ1 might reduce
the oedema of the soft connective tissues at the
joints by inhibiting HA production. Inhibition of
HA synthesis by TGFâ1 might improve the
swelling of the inflamed joints, while the
anti-inflammatory or analgesic eVects32 of HA
might lessen as HA production is reduced. The
molecular weight of HA synthesised by
RAMAK-1 cells with stimulation by IL1â or
IFNã is strikingly augmented compared with
that in the absence of stimulation (table 1).
Interestingly, IFNã did not augment HA pro-
duction in the light of total amount but
significantly aVected the molecular weight of
HA. Although the precise mechanism for
formation of high molecular weight of HA with
stimulation by IL1â or IFNã was not elucidated,
it is suggested that HA with a higher molecular
weight produced by synovial lining cells in vivo
could play a part as an anti-inflammatory and an
analgesic eVector32 by an interaction with HA
receptor(s).33

Results of this study show that RAMAK-1
cells readily produce HA and that the produc-
tion of HA is stimulated by IL1â and inhibited
by TGFâ1. Therefore, overall HA production
in the synovial lining cells of RA inflamed joints
is likely to be regulated by a balance of these
cytokines.
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