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Abstract

Objectives: Whether changes in the hyaluronan moiety of
synovial fluid are associated with osteoarthritis (OA) is un-
resolved experimentally, notwithstanding frequent state-
ments in the literature that the disease leads to degraded
hyaluronan. We evaluated this hypothesis by comparing the
molecular weight and concentration of hyaluronan in syno-
vial fluid from patients with and without OA. Methods: Sy-
novial fluid was obtained by needle aspiration from patients
with advanced OA (Kellgren-Lawrence Grade V) and from
patients with no radiological or arthroscopic evidence of OA.
The distribution of the molecular weight of hyaluronan was
measured using both gel electrophoresis and size-exclusion
chromatography, and hyaluronan concentration was deter-
mined by immunosorbent assay and differential refractom-
etry. Results: The distributions of molecular weight were
highly variable within each group of patients; the average
distributions, however, were identical in the 2 groups. The
average concentration of hyaluronan also did not differ sta-
tistically between the 2 groups. Conclusions: We found no
evidence of hyaluronan degradation in synovial fluid of pa-

tients with OA. Commonly expressed opinion in the litera-
ture to the contrary may have resulted from a failure to ad-
equately consider the limitations of previous experimental
studies. Copyright 2009 5, Karger AG, Basel

Introduction

Osteoarthritis (OA) is a degenerative joint disease
characterized by the breakdown of articular cartilage.
The prevalence of OA is increasing; for example, in the
United States, it will affect 67 million people by 2030 [1].
The development of OA has traditionally been thought to
be related to the deterioration of joint synovial fluid [2-7].
In this view, first proposed by Balazs et al. [8], a progres-
sive reduction in the concentration and average molecu-
lar weight of the hyaluronan moiety of synovial fluid ad-
versely alters its viscoelastic properties, thereby account-
ing for or at least contributing to the morbidity of the
disease. They recommended exogenous hyaluronan ther-
apy to restore normalcy [9-13], and the practice was ap-
proved by many national medical regulatory authorities
for treating knee pain in patients with OA [14].
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Hyaluronan, a linear glycosaminoglycan formed by a
repeating pair of saccharides, is an important biological
signaling molecule [15}; its major receptors are CD44 and
RHAMM [16]. We found that CD44 and RHAMM were
significantly upregulated in patients with advanced OA
(17], and that exogenous hyaluronan downregulated the
expression of matrix metalloproteinases, the catabolic
enzymes that degrade cartilage [18]. Taken together, these
observations suggested to us that dysregulation in hyal-
uronan signaling was involved in cartilage destruction,
and that the mechanism underlying the therapeutic ef-
ficacy of exogenous hyaluronan involved normalization
of biological signaling rather than restoration of the vis-
coelastic properties of synovial fluid.

Limitations in both the original study (8] and in many
subsequent reports led us to suspect the validity of the
view that hyaluronan in patients with OA was abnormal.
To facilitate evaluation of the competing theories of the
pathophysiology of OA, we directly inquired into wheth-
er the putative OA-associated changes in hyaluronan
would be observed when some of the limitations were
taken into consideration. Our objectives were to compare
the concentration and average molecular weight of hyal-
uronan in synovial fluids obtained from the knees of pa-
tients with advanced OA with the results obtained from
patients who had no radiological or arthroscopic evi-
dence of the disease.

Methods

Study Design

The number of disaccharides in a hyaluronan molecule in sy-
novial fluid varies from 1 to more than 25,000. The intersubject
variability in number of molecules of each molecular size (the fac-
tor that determines how many subjects are needed to demonstrate
a statistical difference between study groups) was unknown. We
initially designed this study with 5 subjects in each study group,
intending to add additional subjects, if justified.

To maximize the possibility of finding degraded hyaluronan
in association with OA, we studied patients who had severe dis-
ease necessitating total joint arthroplasty. To exclude the presence
of OA in the control group, we used X-rays and arthroscopy (the
best available methods) to rule out the presence of the disease. To
insure the reliability of the measurements of molecular weight
and concentration, each parameter was measured using 2 inde-
pendent methods.

Synovial Fluid

The study patients came from a single-site, knee-only ortho-
pedic practice (D.D.W.). Synovial fluid (0.5-1 ml) was obtained
by needle aspiration from 5 patients immediately before they un-
derwent total knee arthroplasties for advanced OA (grade IV,
Kellgren-Lawrence scale); the average age was 71 years (range 53~
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85). Control synovial fluid was obtained from 5 patients (average
29 years, range 19-47) undergoing meniscectomy or ligament re-
construction who had no radiological evidence of OA and no ar-
throscopic evidence of OA or inflammation of the synovium
(control patients). The fluid samples were centrifuged at 4,500 g
for 10 min at 4°C and stored at -80°C until analyzed. In prelimi-
nary experiments we established that freezing had no effect on the
parameters measured. All experimental procedures were ap-
proved by the review board for human research at the LSU Health
Sciences Center.

Molecular Weight

The weight distribution of hyaluronan molecules was mea-
sured by gel electrophoresis and by size-exclusion chromatogra-
phy coupled to multiangle laser light scattering (SEC-MALLS).
For electrophoresis, all samples of synovial fluid were initially
treated with pronase to remove proteins [19]. Treated samples
containing 7 g of hyaluronan (0.5 mg/ml in TAE buffer with
2 M sucrose) were electrophoresed (0.5% agarose) at room tem-
perature, Five gels were run, each of which contained duplicate
samples from 1| OA and | non-OA (control) patient, and hyaluro-
nan molecular-weight markers; the hyaluronan lanes were sepa-
rated by empty lanes to permit measurement of the gel back-
ground. The hyaluronan was detected by staining the gel over-
night (0.005% Stains-All in 50% ethanol). The stained material
was identified as hyaluronan by running additional gels that had
been treated with Streptomyces hyaluronate lyase; we found that
all the material ran off the gel, indicating that the molecular
weights of the digested fragments were <27 kDa.

The gels were photographed using a digital camera, after ver-
ifying in control experiments that the optical density (OD) re-
sponse of the camera was linear over the range of dye concentra-
tions used. The OD of each lane was measured (ImageQuant;
Molecular Dynamics, Amersham, Piscataway, N.J., USA) as a
function of the migration distance on the gel. For each OA and
each control lane, the distributions (OD versus migration dis-
tance) of the adjacent pair of empty lanes were averaged and then
subtracted from the distribution measured in the synovial-fluid
lane. The duplicate measurements of the synovial-fluid samples
were averaged and the ordinate for the hyaluronan distribution
curve was calibrated by measuring the area under the curve of OD
versus the migration distance and setting the area equal to 7 p.g
of hyaluronan (the amount of hyaluronan loaded on the gel). The
migration positions of the molecular-weight hyaluronan stan-
dards were plotted versus inverse log of hyaluronan weight and
fitted by linear regression analysis to produce the calibration
curve (separate curves for each gel), which was used to establish
and label the abscissa for the hyaluronan distribution curve. The
weight-average molecular weight of hyaluronan was calculated
directly from the distribution curve. The overall results of the
study were the same when the number-average molecular weight
was used.

For determination of molecular-weight distribution by SEC-
MALLS, the synovial-fluid samples were diluted by a factor of 20
(v/v) using elution buffer (50 mM NaPQ,, 150 mM NaCl, pH 7),
and incubated with pronase (30 U/ml) at 37°C for 2 h. After the
enzymes were heat inactivated (100°C for 4 min), the samples
were centrifuged, and the supernatant was transferred to an auto-
injector. Chromatographic separation of samples was performed
at a flow rate of 0.475 ml/min at 22°C using 2 or 3 Plagquagel-OH
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columns in series (Polymer Laboratories, Amherst, Mass., USA).
Multiangle laser light scattering analysis and interferometric re-
fractomnetry were performed continuously on the column eluate
(Dawn DSP, OPTILAB DSP; Wyatt Technologies Inc., Santa Bar-
bara, Calif., USA). The molecular mass of hyaluronan was calcu-
lated from the SEC-MALLS data using a commercial software
program (Astra; Wyatt Technology Corporation, Santa Barbara,
Calif,, USA). Further details are given elsewhere [20].

Concentration

Hyaluronan concentration in synovial fluid was determined
by immunoabsorbent assay (Corgenix, Denver, Colo., USA), and
by differential refractometry (Wyatt Technology).

Reagents

Select hyaluronan standards (27-6,100 kDa) were obtained
from Hyalose (Oklahoma City, Okla., USA). Pronase (Streptomy-
ces griseus, nuclease-free, specific activity, 183 PUK/mg) was ob-
tained from Calbiochem (San Diego, Calif, USA). All other re-
agents were obtained from Sigma-Aldrich (St. Louis, Mo., USA).

Statistics

The measurements from the 2 groups were compared using
thet test, The relation between hyaluronan concentration and the
age of the patient was evaluated using the Pearson correlation co-
efficient.

Results

Electrophoresis revealed the presence of a continuous
distribution of hyaluronan polymer size in each patient,
as expected (fig. 1). The distributions of molecular weight
were highly variable within both the OA and control
groups (fig. 2a, b, respectively); the averages of the dis-
tributions, however, were nearly identical (fig. 2c). The
computed average molecular weights were 7.7 £ 1.5 and
6.3 * 2.1 MDa for the OA and control groups, respec-
tively.

Small hyaluronan molecules are pro-inflammatory
but large molecules are anti-inflammatory [21], so we
compared average distributions in the tail region (fig. 2;
<1 MDa). The average concentrations in the tail (£SD)
were 0.83 £ 0.41 ng/ml and 0.77 £ 0.39 ng/ml for the
OA and control groups, respectively (p > 0.05).

When the distributions of hyaluronan molecular
weight insynovial fluid were determined by SEC-MALLS,
large variations were again seen with each group (fig. 3a,
b), and again the average curves were identical within
1 8D (fig. 3¢).

Hyaluronan concentration was 1.4 * 0.1 and 1.8 £
0.3 mg/ml in the OA and control groups, respectively, as
determined using immunoabsorbent assay (p > 0.05).
The corresponding values found by means of differential
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Fig. 1. Typical agarose gel of synovial fluid samples from 1 patient
with OA and 1 patient without the disease (C), each run in dupli-
cate; the patient pairing was arbitrary. Adjacent empty lanes were
used for determinations of local gel background. HA = Hyaluro-
nan molecular-weight standards.

refractometry were 1.3 * 0.1 and 1.9 £ 0.4 mg/m! (p >
0.05). Patient age was highly correlated with hyaluronan
concentration within each experimental group, as deter-
mined by both methods of measurement (fig. 4).

Discussion

Correct assessment of the pathophysiology of OA is
critical for the development of disease-modifying drugs.
Balazs et al. (8] studied synovial fluids from hundreds of
normal and osteoarthritic subjects and concluded that
the morbidity of the disease arose from compromised
viscoelastic properties of the synovial fluid caused by hy-
aluronan degradation. That viewpoint was repeatedly
emphasized and offered as the rationale for injecting syn-
thetic hyaluronan into the joints of patients suffering
from OA-related pain [9-13]. The clinical success of the
treatment in relieving pain [14] was taken as confirma-
tory evidence of the proposed pathoetiology [10-12], but
for several reasons we suspected that the theory was in-
correct and that the clinical results were only fortuitous.
First, in their seminal study, the investigators pooled the
synovial fluids, and did not obtain clinical evidence of
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Fig. 2. Distribution of the molecular weight of the hyaluronan in
the synovial fluid of patients with (a) and without (b) OA, deter-
mined by gel electrophoresis. n = 5 in each group. ¢ Average dis-
tribution in each group.

the presence or severity of the OA; the experimental con-
ditions therefore could not permit drawing a reliable in-
ference of association between synovial-fluid changes
and the presence of OA. Second, on balance, subsequent
studies by other investigators failed to support the puta-
tive association between OA and hyaluronan degrada-
tion. For example, although the average molecular weight
of hyaluronan in synovial fluid from normal joints varied
from 2.75 to 10.9 MDa, compared with 1.8 to 2.1 MDa in
synovial fluid from patients with OA [8, 22-25), each
study reported results from patients with or without OA,
but the 2 groups were not directly compared in the same
study. Similarly, although the average concentration of
hyaluronan in synovial fluid (weighted by number of pa-
tients) was 1.7 mg/ml in patients with OA [8, 23, 26-32],
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and 2.5 mg/ml in the controls, the variance in the data
was too great to permit accepting the difference as statis-
tically valid. Still worse, almost none of the studies con-
sidered the possible confounding effects of the age of the
subject. On the other hand, ample research established
that hyaluronan concentration decreased with age. For
example, the average concentration in 36 normal subjects
aged 70-79 was 74% of the corresponding value obtained
from 29 subjects aged 20-29 33]. The average concentra-
tion in 10 subjects aged 70-79 was 74% of the correspond-
ing value found in 22 subjects aged 20-29 [30]. Moreover,
the many different methods used to measure hyaluronan
concentration had varying degrees of sensitivity, and
none of the studies employed a second, independent
method to verify the original result. Finally, the visco-
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the synovial fluid of patients with (a) and without (b) OA, deter-
mined by size-exclusion chromatography and laser light scatter-
ing. n = 5 in each group. ¢ Average distribution in each group.
Insert shows variation in the SD of the average distributions.

elastic theory, which was first proposed prior to the de-
velopment of cellular and molecular biology [8], is not a
theory in the modern sense because it does not describe
a mechanism by which viscoelastic changes could be
transduced into a biological signal.

Our aim was to characterize and compare the molecu-
lar weight and concentration of hyaluronan in synovial
fluids from patients who did or did not have OA, while
taking into consideration some of the shortcomings we
perceived in the earlier studies. In particular, we stan-
dardized the severity of the disease in the patients from
whom synovial-fluid samples were obtained, ensured
that OA was not present in the controls, used optimal
measurement methods to characterize the study vari-
ables, employed 2 independent measurement methods
for each parameter, and analyzed the results statistically.
There were, however, 2 related but distinct limitations in
the previous studies that, for ethical reasons and because
ofanatural relation between OA and ageing, we could not
overcome in the present study (see below).
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The average distributions of hyaluronan varied widely
within each group of patients, as determined by each of 2
independent measurement methods (fig. 2, 3). The extent
of the variability within each group, which had not previ-
ously been reported, clearly indicated that hyaluronan
molecular weight was a poor parameter for evaluating the
causes of OA, because any specific value was as likely as
not to be associated with the presence of the disease. In-
cluding additional subjects in the study was unnecessary
because the likely result would have been to reinforce the
virtual identity of the average distributions (fig. 2c, 3c).

Using immunoabsorbent assays, the concentrations of
hyaluronan in the patients with OA was 1.4 * 0.1 mg/ml,
compared with 1.8 * 0.3 mg/ml in the controls; essen-
tially identical results (1.3 £ 0.1 and 1.9 * 0.4) were
found using refractometry. The patients with OA had an
average age of 71 years, compared with an average age of
29 years in the control subjects. Hyaluronan concentra-
tion in normal subjects is known to be inversely related
to patient age [30, 33]. Consequently, even assuming that
the difference between groups became statistically sig-
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Fig. 4. Relationship between patient age and hyaluronan concentration in synovial fluid as determined by im-
munoabsorbent assay (a) and differential refractometry (b). Solid (open) circles, OA (control) patients. r, Pear-

son correlation coefficient.

nificant if hyaluronan concentration were measured in
additional patients, the concentration differences could
be explained more parsimoniously on the basis of a con-
founding effect of age, rather than the presence of the
disease. This idea was supported by our finding that pa-
tient age was inversely correlated with hyaluronan con-
centration in both patient groups (fig. 4). Overall, our re-
sults were inconsistent with expressions of common wis-
dom to the effect that a link existed between degradative
changes in hyaluronan and the presence of OA [2-7]; we
found no evidence of a link.

Our conclusion should be understood in the light of 2
particular limitations. Ideally, the control group should
have been age-matched and clinically normal (rather
than simply free of OA, as was the case here). However, it
is not possible to employ such controls because patients
age-matched to those with grade IV disease invariably
have some degree of OA; further, even if normal age-
matched subjects could be found, there are serious ethical
problems associated with obtaining synovial fluid from
clinically normal subjects simply for experimental pur-
poses. For these reasons, the existence of a relationship
between OA and the concentration of hyaluronan in sy-
novial fluid probably cannot be addressed experimental-
ly. In retrospect, we can see that the original hypothesis
(8] was stillborn because it could never actually be tested
using appropriate controls.

Synovial fluid from patients with OA contains aggre-
gated and monomeric proteoglycans, as well as other
constituents including proteins and cells [34]. We did not
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address the issue of what role these substances might play
in relationship to OA.

Hyaluronan is a signaling molecule [21] and might
therefore influence the course of the disease via changes
in hyaluronan receptors. This theory is consistent with
our observations that CD44 and RHAMM, the 2 princi-
pal hyaluronan receptors, were overexpressed in patients
with OA [17].

We found no evidence of hyaluronan degradation in
synovial fluid of patients with OA. Commonly expressed
opinion in the literature to the contrary, it probably re-
sulted from a failure to adequately consider the limita-
tions of previous experimental studies.

Conclusions

We found no evidence of hyaluronan degradation in
synovial fluid of patients with OA. Commonly expressed
opinion in the literature to the contrary may have result-
ed from a failure to adequately consider the limitations of
previous experimental studies.
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