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Abstract

Purpose

In patients with osteoarthritis (OA), intraarticular injection of hyaluronic acid (HA) frequently

results in reduced pain and improved function for prolonged periods of time, i.e. more than 6

months. However, the mechanisms underlying these effects are not fully understood. Our

underlying hypothesis is that HA modifies the enzymatic breakdown of joint tissues.

Methods

To test this hypothesis, we examined osteochondral cylinders from 12 OA patients. In a bio-

reactor, these samples were stimulated by interleukin 1β (Il1ß) (2 ng/ml) plus mechanical

load (2.0 Mpa at 0.5 Hz horizontal and 0.1 Hz vertical rotation), thus the experimental setup

recapitulated both catabolic and anabolic clues of the OA joint.

Results

Upon addition of HA at either 1 or 3 mg/ml, we observed a significant suppression of expres-

sion of metalloproteinase (MMP)-13. A more detailed analysis based on the Kellgren and

Lawrence (K&L) OA grade, showed a much greater degree of suppression of MMP-13

expression in grade IV as compared to grade II OA. In contrast to the observed MMP-13 sup-

pression, treatment with HA resulted in a suppression of MMP-1 expression only at 1 mg/ml

HA, while MMP-2 expression was not significantly affected by either HA concentration.

Conclusion

Together, these data suggest that under concurrent catabolic and anabolic stimulation, HA

exhibits a pronounced suppressive effect on MMP-13. In the long-run these findings may
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benefit the development of treatment strategies aimed at blocking tissue degradation in OA

patients.

Introduction
Osteoarthritis (OA) of large joints is a disabling condition with significant and rising inci-
dences due to the demographic development in industrial countries [1]. For symptomatic OA,
treatment with non-steroidal anti-inflammatory drugs (NSAIDs) remains the gold standard
and is intended to delay a surgical intervention especially in younger patients [2]. However,
data from patients with rheumatic diseases shows that treatment with NSAIDs can be associ-
ated with potentially severe side effects such as peptic ulcer, renal insufficiency or bleeding [3],
hence alternate treatment modalities are wanted for OA patients.

Intraarticular injection of hyaluronic acid (HA), a relatively large glucosaminoglycan and
important component of the extracellular matrix (ECM) of hyaline cartilage, represents an
alternative treatment for OA [4]. Importantly, HA treatment has few if any side effects, while
several randomized controlled clinical trials could confirm a positive effect regarding pain and
function [5–7]. It is believed that HA treatment provides instant viscosupplementation to the
joint. However, the beneficial effects of HA treatment have been observed for up to 8 months
despite a half-life of a few days [8, 9]. These results may indicate disease modifying properties
of HA besides sole viscosupplementation [10, 11].

A number of studies have set out to unravel mechanisms of disease modification of HA in
OA. Early work by Ishida et al. showed that chondrocytes utilize the HA receptor CD44 to
adhere to HA in the extracellular matrix and that this interaction induced signaling events and
proliferation [12]. Later, Brun et al. reported that administration of HA resulted in an increased
survival of chondrocytes exposed to free-radicals, an effect that was mediated by HA-CD44 sig-
naling [13]. More recent work has fostered the view that HA counteracts several different apo-
ptosis pathways and thus facilitates a chondroprotective effect [14, 15]. That administration of
HA directly alters intracellular signaling was shown by Andhare et al. They demonstrated that
loss of HA disrupts BMP-7-induced but not TGFβ-induced Smad signaling, and that adminis-
tration of HA restored the disrupted signaling pathway [16]. With respect to IL1β, which is one
of the principle cytokines triggering joint destruction in OA [17], Maneiro et al. reported that
HA reduced the IL1β-induced production of nitric oxide (NO) and prostaglandin E2 while not
exerting an effect on the basal production of these molecules [18]. The protective effect of HA
against the catabolic effect of IL1β is not limited to NO and prostaglandins. Experiments by
Ohno-Nakahara et al. and Julovi et al. on cultured articular chondrocytes indicated that HA
reduced induction of metalloproteinases 1, 3, and 13 [19–21]. It remains uncertain, however, if
HA prevents metalloproteinase expression in OA joints, because, as long as the patient is
mobile, these joints are mechanically loaded and hence experience a strong anabolic signal
from the load [22, 23]. Therefore, we hypothesized for this study, that under combined IL1β
and mechanical stimulation, HA exhibits a suppressive effect on the expression of metallopro-
teinases. We report here that under these conditions, HA exhibits a pronounced suppressive
effect particularly on MMP-13.

Materials and Methods

Materials
All reagents were from Sigma Aldrich (Sigma-Aldrich, St. Louis, MO, USA) if not stated other-
wise. Hyaluronic acid (Ostenil, 1.2–1.4 x106 Da) was from TRB Chemedica (TRB Chemedica,
Haar, Germany). Recombinant human IL1ß was also obtained from Sigma Aldrich.
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Patient Cohort
12 patients with osteoarthritis, 6 with grade 2 and 6 with grade 4 osteoarthritis according to
Kellgren and Lawrence (K&L), undergoing total knee arthroplasty were included in this study.
This study was approved by the local ethics committee (Ethikkommission der Fakultät für
Medizin der Technischen Universität München) and written consent was obtained from each
subject prior to inclusion.

Preparation and Culture of Osteochondral Cylinders from OA Patients
During routine arthroplasty distal femoral bone cuts were harvested from the lateral condyle in
knee joints with varus deformity and from the medial condyle in valgus knee joints due to the
less affected cartilage.

Explantation was followed by immediate sterile and standardized preparation of 4 osteo-
chondral cylinders with a diameter of 6 mm with an OATS harvesting device (Arthrex, Naples,
USA) according to a previously defined pattern. Cylinders were then transferred to 6 well plates
and cultivated in low glucose DMEM (Dulbecco’s Modified Eagle Medium) supplemented
with 1% vitamins, 1% glutamine, 0.2% dexamethasone, 1% ascorbic 2-phosphate, 1% sodium
pyruvate, 1% proline, 1% ITS+1 Liquid Media Supplement at 37°C and 5% C02. Prior to com-
bined catabolic and anabolic stimulation in the bioreactor, samples were cultivated for 4 days
to adapt to culture conditions.

Stimulation with IL1ß and mechanical load
After preculturing, the explants were divided into 3 experimental groups: (1) simulation with
IL1ß and mechanical load, (2) simulation with IL1ß and mechanical load plus low dose HA,
(3) simulation with IL1ß and mechanical load plus high dose HA. The control group received
neither mechanical stimulation nor HA. A concentration of 2 ng/ml of IL1ß was used. This
concentration has catabolic effects and was previously established [19]. For mechanical load-
ing, a load protocol based on previously published data of 2.0 Mpa was applied at 0.5 Hz hori-
zontal and 0.1 Hz vertical rotation for 2 hours daily and a total of 5 days was chosen [22–25].
Low and high doses of HA were 1 mg/ml and 3 mg/ml, respectively. The control group and
each of the 3 experimental groups constituted 12 samples. The bioreactor providing standard
cell culture conditions (5% CO2, 21% O2, 95% humidity and 37°C) and in addition an inte-
grated pin-on-ball system for mechanical loading was utilized for all experiments [26]. For the
entire stimulation period the cylinders were fixed in the center of a special sample chamber
holding the culture medium. Care was taken to place the subchondral bone entirely into the
sample holder leaving only the cartilage exposed to the medium. A total rotation of 15° around
its own axis was applied to the sample chamber. Axial force was applied by a ceramic ball with
a vertical rotational range of 30° (Fig 1A and 1B). Upon completion of an experiment, samples
were shock frosted in liquid nitrogen and stored at -80°C.

Gene Expression Analysis
Isolation of RNA from the samples was performed with “RNeasy Tissue Kit” (Qiagen, Hilden,
Germany) according to the manufacturer`s instructions. In brief, harvested cartilage samples
were shredded in a mortar and lysed. RNA from the lysate was isolated on a silica matrix fol-
lowed by elution with distilled water. Quantification of the harvested RNA was performed
photometrically.
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Due to the limited amount of harvested RNA a preamplification was performed by reverse
transcription using a “High Capacity Reverse Transcription Kit” (Applied Biosystems, Grand
Island, USA) according to the manufacturer’s instructions.

In a further step relative quantification of gene expression of MMP-1, -2, -13 was performed
by real time-PCR in a thermo cycler with a TaqMan Array and specific primers (MMP-1:
Hs00899658_m1; MMP-2: Hs01548727_m1; MMP-13: Hs00233992_m1; GAPDH:
NM_002046.3) (Applied Biosystems, Grand Island, USA). Glycerinphosphate-Dehydrogenase
(GAPDH) was used as internal control. Each of in total 40 cycles consisted of a 15 second dena-
turation period at 95°C followed by a combined annealing and extension phase at 60°C for 1
minute.

Histology
Serial frozen 9 microm sections from the cartilage samples were prepared using a cryotome
(Cryostat HM 560, Thermo Fisher Scientific, Waltham, Massachusetts, USA) and mounted.
Subsequently, staining with hematoxylin and eosin (H&E) was performed. Adjacent sections
were also stained with Fast Green and Safranin O as previously described [27, 28].

Statistics
Comparative analysis was performed with quantitative PCR data using SPSS software (IBM,
Armonk, USA) and the Mann-Whitney-Wilcoxon signed ranked test. The results are shown as
mean ± standard deviation. A p-value of� 0.05 was considered statistically significant.

Results
Osteochondral cylinders from patients with OA were stimulated with IL1ß and mechanical
load for 5 days. Subsequent tissue analysis for quantitative gene expression of metalloprotei-
nases demonstrated a significant approximately 100-fold increase in MMP-13 expression as
compared to the control (p = 0.003) (Fig 2). Upon administration of 1 mg/ml HA, the expres-
sion of MMP-13 was significantly decreased by about 67% (p = 0.01). The administration of 3

Fig 1. (a) Schematic illustration of a sample placed in the chamber and the multi-axial mechanical loading applied in the bioreactor; (b) samples in the
bioreactor during mechanical stimulation.

doi:10.1371/journal.pone.0150020.g001

Hyaluronic Acid Suppresses the Expression of Metalloproteinases in Osteoarthritic Cartilage

PLOS ONE | DOI:10.1371/journal.pone.0150020 March 2, 2016 4 / 12



mg/ml HA resulted in a significantly reduced expression of approximately 37% as compared to
the untreated sample (p = 0.015). There was no significant difference between the two HA
concentrations.

Additionally, separate analysis of MMP-13 gene expression based on the K&L grade was
performed. In K&L2 samples we observed a significant 57% increase of gene expression after
stimulation with Il-1ß and mechanical load compared to the control (p = 0.046) (Fig 3).
Administration of HA led to a reduction of MMP-13 gene expression by about 53% in the
lower dose (1 mg/ml) and about 32% in the higher dose HA group without statistical signifi-
cance (p = 0.075; p = 0.075). There was no significant difference between the two HA
concentrations.

Fig 2. Relative gene expression of MMP-13 in the 3 study groups: (1) 2ng/ml IL1ß + mechanical loading, (2) 2ng/ml IL1ß + mechanical loading + 1mg/ml HA,
(3) 2ng/ml IL1ß + mechanical loading + 3mg/ml HA and the control; * indicates statistical significance with p<0,05.

doi:10.1371/journal.pone.0150020.g002
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Analysis of K&L4 samples demonstrated a significant approximately 150-fold increase in
MMP-13 gene expression by stimulation with IL1ß as compared to the control (p = 0.028)
(Fig 3). Upon administration of 1 mg/ml HA a significant decrease in gene expression of about
73% (p = 0.046) was observed. The administration of 3 mg/ml HA showed a reduction of
MMP-13 expression by approximately 74% (p = 0.075). Similar to the analysis of the K&L2
group above, no significant difference between the two HA concentrations was found.

Because previous work in transgenic mice by Neuhold et al. has correlated MMP-13
expression to proteoglycan degradation, we performed histology to determine proteoglycan
presentation (Fig 4) [29]. In K&L2 samples, we observed a decrease in proteoglycan content

Fig 3. Separate analysis of relative gene expression of MMP-13 in all 3 study groups according to OA severity (K&L2 and K&L4): (1) 2ng/ml IL1ß
+ mechanical loading, (2) 2ng/ml IL1ß + mechanical loading + 1mg/ml HA, (3) 2ng/ml IL1ß + mechanical loading + 3mg/ml HA and the control; * indicates
statistical significance with p<0,05.

doi:10.1371/journal.pone.0150020.g003
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Fig 4. Photomicrographs of articular cartilage samples. (a and b) H&E stained sections of K&L2 and K&L4 cartilage samples upon stimulation with Il1ß
and mechanical loading. (c and d) Safranin O stained sections of K&L2 and K&L4 cartilage samples upon stimulation with Il1ß and mechanical loading. (e
and f) H&E stained sections of K&L2 and K&L4 cartilage samples upon additional administration of 1 mg/ml HA. (g and h) Safranin O sections of K&L2 and
K&L4 cartilage samples upon additional administration of 1 mg/ml HA. Scale bar = 500 μm.

doi:10.1371/journal.pone.0150020.g004
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(Fig 4C and 4G), while in K&L4 specimens a strong increase in proteoglycan content was
seen. (Fig 4D and 4H).

In addition to MMP-13 we also assessed gene expressions of MMP-1 and MMP-2. Analysis
of MMP-1 showed a significant 36-fold increased gene expression after stimulation with IL1ß
compared to the control group (p = 0.08) (Fig 5A). Subsequent administration of 1 mg/ml HA
led to a significant decrease of MMP-1 gene expression by approximately 67% (p = 0.05).
Upon application of HA in the higher concentration (3 mg/ml) no reduction of gene expres-
sion of MMP-1 could be observed (p = 0.43). Again, the difference between the HA groups was
statistically not significant (p = 0.06).

Analysis of MMP-2 gene expression demonstrated an increase upon stimulation with IL1ß
compared to the control group (p = 0.14) (Fig 5B). However, administration of 1 mg/ml or 3
mg/ml HA did not significantly influence gene expression of MMP-2.

Discussion
In this study, the effect of HA on metalloproteinase expression was assessed in an in vitro
model of OA tissue degradation exploring human cartilage specimens exposed simultaneously
to a catabolic IL1β and anabolic mechanical stimulus. It was observed that under these condi-
tions HA reduced the expression of MMP-13 and MMP-1.

To model the molecular events, such as MMP expression, of the OA joint in vitro is chal-
lenging. For example, the initial molecular alterations causing OA remain largely unknown.
Further, during disease progression a variety of cartilaginous and bony tissues acquire patho-
logical alterations. Moreover, disease progression is likely driven by a complex interplay of dif-
ferent catabolic and anabolic stimuli which exert negative and positive effects on the integrity
of the joint tissue, respectively. Previous studies have already identified some of the important
stimuli in OA. For instance, the cytokine Il1ß is an abundant catabolic driver in OA progres-
sion [30]. Increased levels of Il1ß are found in joint effusions of OA and also rheumatoid

Fig 5. (a)Relative gene expression of MMP-1 in the 3 study groups: (1) 2ng/ml IL1ß + mechanical loading, (2) 2ng/ml IL1ß + mechanical loading + 1mg/ml
HA, (3) 2ng/ml IL1ß + mechanical loading + 3mg/ml HA and the control; * indicates statistical significance with p<0,05; (b) Relative gene expression of MMP-
2 in the 3 study groups: (1) 2ng/ml IL1ß + mechanical loading, (2) 2ng/ml IL1ß + mechanical loading + 1mg/ml HA, (3) 2ng/ml IL1ß mechanical loading + 3mg/
ml HA and the control; * indicates statistical significance with p<0,05.

doi:10.1371/journal.pone.0150020.g005
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arthritis patients promoting an increase and decrease in ECM breakdown and formation,
respectively [31]. This can induce a catabolic-anabolic imbalance leading to progressive
breakdown of cartilage ECM [20, 31]. Among the anabolic stimuli in the OA joint is mechan-
ical loading. In OA patients, moderate activity can have a positive impact on pain level and
even more importantly progression of OA [32]. Consistently, studies mimicking the complex
multi-axial motion patterns demonstrated a significant up regulation of the expression of
ECM components in cartilage explants [23, 33, 34]. Furthermore, Jeon et al. observed an up
regulated gene expression of aggrecan and collagen II in osteoarthritic chondrocytes after
mechanical stimulation with dynamic compression for 2 weeks [35]. Therefore, for this study
we decided to investigate MMP expression not in a model of sole catabolic stimulation but
combined catabolic IL1β and anabolic mechanical stimulation. Compared to the unstimu-
lated controls we found increased expression of all examined MMPs under these conditions.
However, we have chosen both the Il1ß concentration and loading protocol based on previ-
ously reported data and have not further titrated them in our study. A titration of the stimuli
should be considered in further work because it may permit a model in which the balance
between catabolic and anabolic tissue response can be gradually adjusted and hence further
investigated.

In the above model, addition of HA resulted in a significant reduction of MMP-13 and
MMP-1 expression by over 60% upon administration of 1 mg/ml HA. These findings are com-
parable with the reported effect of HA on MMP expression under sole catabolic IL1β stimula-
tion [19, 32]. Thus, our experiments confirm our hypothesis that under combined IL1β and
mechanical stimulation HA exhibits a suppressive effect on the expression of metalloprotei-
nases. Our analysis of MMP-13 expression based on the K&L grade, demonstrated a statisti-
cally significant effect of HA only in the severe OA samples with grade K&L4. Histological
assessment of the proteoglycan content demonstrated a decrease and increase in K&L2 and
K&L4, respectively. With respect to K&L4, this finding suggests that the HA-mediated inhibi-
tion of MMP-13 expression leads to a decrease of proteoglycan degradation. A finding consis-
tent with the previous observation that forced overexpression of MMP-13 results in increased
proteoglycan degradation [29]. Interestingly, clinical studies suggest a greater effect after HA
administration in patients with moderate OA [5, 6].

The potential therapeutic value of HA suppression of MMP-13 expression has been demon-
strated by Little et al. [36]. Studying surgically induced OA in a murine MMP-13 knockout
model, they identified MMP-13 as one major contributor to OA progression. Importantly, they
could show inhibited cartilage erosion in the MMP-13 deficient mice compared to wild type
mice. With regard to higher concentrations of HA (3 mg/ml), we observed in our study less of
a suppressive effect on MMP-1 expression. With Collagen II as the main substrate for MMP-1
it is notable that HA can also have potentially harmful effects in higher doses on osteoarthritic
cartilage as suggested by Gonzales-Fuentes et al. [37]. In their study they observed increased
urinary levels of Collagen type II C-telepeptide, a marker of Collagen II breakdown, after intra-
articular injection of HA. Lastly, MMP-2 expression was not influenced significantly by the
administration HA. These results are comparable to previously published studies indicating an
only weak potential of external regulation of MMP-2 expression [38]. However, Jeon et al.
could demonstrate a discrepancy between the MMP-2 expression and the actual amount of
secreted, potentially limiting gene expression data with regard to MMP-2 [39].

Supporting Information
S1 Data. A minimal data set underlying our findings has been added as supplementary file.
(XLSX)

Hyaluronic Acid Suppresses the Expression of Metalloproteinases in Osteoarthritic Cartilage

PLOS ONE | DOI:10.1371/journal.pone.0150020 March 2, 2016 9 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0150020.s001


Acknowledgments
This study was funded by a study grant of AGA (European Society for Arthroscopy and Joint
Surgery). The authors would like to explicitly thank AGA for this generous grant and the possi-
bility to conduct this study.

Author Contributions
Conceived and designed the experiments: FP RvER GS RB UL. Performed the experiments: FG
FWL FP HM JS. Analyzed the data: FP FG UL HM AT JS FWL. Wrote the paper: FP PMK AT
RvER RB GS. Final approval: PMK RvER GS FP.

References
1. Wieland HA, Michaelis M, Kirschbaum BJ, Rudolphi KA. Osteoarthritis—an untreatable disease?

Nature reviews Drug discovery. 2005; 4(4):331–44. doi: 10.1038/nrd1693 PMID: 15803196.

2. Waddell DD, Bricker DC. Total knee replacement delayed with Hylan G-F 20 use in patients with grade
IV osteoarthritis. Journal of managed care pharmacy: JMCP. 2007; 13(2):113–21. PMID: 17330972.

3. Fries JF, Murtagh KN, Bennett M, Zatarain E, Lingala B, Bruce B. The rise and decline of nonsteroidal
antiinflammatory drug-associated gastropathy in rheumatoid arthritis. Arthritis and rheumatism. 2004;
50(8):2433–40. doi: 10.1002/art.20440 PMID: 15334455.

4. Divine JG, Zazulak BT, Hewett TE. Viscosupplementation for knee osteoarthritis: a systematic review.
Clinical orthopaedics and related research. 2007; 455:113–22. doi: 10.1097/BLO.0b013e31802f5421
PMID: 17159579.

5. Dahlberg L, Lohmander LS, Ryd L. Intraarticular injections of hyaluronan in patients with cartilage
abnormalities and knee pain. A one-year double-blind, placebo-controlled study. Arthritis and rheuma-
tism. 1994; 37(4):521–8. PMID: 8147929.

6. Henderson EB, Smith EC, Pegley F, Blake DR. Intra-articular injections of 750 kD hyaluronan in the
treatment of osteoarthritis: a randomised single centre double-blind placebo-controlled trial of 91
patients demonstrating lack of efficacy. Annals of the rheumatic diseases. 1994; 53(8):529–34. PMID:
7944639; PubMed Central PMCID: PMC1005394.

7. Huskisson EC, Donnelly S. Hyaluronic acid in the treatment of osteoarthritis of the knee. Rheumatol-
ogy. 1999; 38(7):602–7. PMID: 10461471.

8. Arrich J, Piribauer F, Mad P, Schmid D, Klaushofer K, Mullner M. Intra-articular hyaluronic acid for the
treatment of osteoarthritis of the knee: systematic review and meta-analysis. CMAJ: Canadian Medical
Association journal = journal de l'Association medicale canadienne. 2005; 172(8):1039–43. doi: 10.
1503/cmaj.1041203 PMID: 15824412; PubMed Central PMCID: PMC556045.

9. Aggarwal A, Sempowski IP. Hyaluronic acid injections for knee osteoarthritis. Systematic review of the
literature. Canadian family physician Medecin de famille canadien. 2004; 50:249–56. PMID: 15000336;
PubMed Central PMCID: PMC2214549.

10. Pelletier JP, Martel-Pelletier J. DMOAD developments: present and future. Bulletin of the NYU hospital
for joint diseases. 2007; 65(3):242–8. PMID: 17922676.

11. Moreland LW. Intra-articular hyaluronan (hyaluronic acid) and hylans for the treatment of osteoarthritis:
mechanisms of action. Arthritis research & therapy. 2003; 5(2):54–67. PMID: 12718745; PubMed Cen-
tral PMCID: PMC165033.

12. Ishida O, Tanaka Y, Morimoto I, TakigawaM, Eto S. Chondrocytes are regulated by cellular adhesion
through CD44 and hyaluronic acid pathway. Journal of bone and mineral research: the official journal of
the American Society for Bone and Mineral Research. 1997; 12(10):1657–63. doi: 10.1359/jbmr.1997.
12.10.1657 PMID: 9333126.

13. Brun P, Panfilo S, Daga Gordini D, Cortivo R, Abatangelo G. The effect of hyaluronan on CD44-medi-
ated survival of normal and hydroxyl radical-damaged chondrocytes. Osteoarthritis and cartilage /
OARS, Osteoarthritis Research Society. 2003; 11(3):208–16. PMID: 12623292.

14. Grishko V, Xu M, Ho R, Mates A, Watson S, Kim JT, et al. Effects of hyaluronic acid on mitochondrial
function and mitochondria-driven apoptosis following oxidative stress in human chondrocytes. The
Journal of biological chemistry. 2009; 284(14):9132–9. doi: 10.1074/jbc.M804178200 PMID:
19193642; PubMed Central PMCID: PMC2666563.

15. Lisignoli G, Grassi F, Zini N, Toneguzzi S, Piacentini A, Guidolin D, et al. Anti-Fas-induced apoptosis in
chondrocytes reduced by hyaluronan: evidence for CD44 and CD54 (intercellular adhesion molecule 1)

Hyaluronic Acid Suppresses the Expression of Metalloproteinases in Osteoarthritic Cartilage

PLOS ONE | DOI:10.1371/journal.pone.0150020 March 2, 2016 10 / 12

http://dx.doi.org/10.1038/nrd1693
http://www.ncbi.nlm.nih.gov/pubmed/15803196
http://www.ncbi.nlm.nih.gov/pubmed/17330972
http://dx.doi.org/10.1002/art.20440
http://www.ncbi.nlm.nih.gov/pubmed/15334455
http://dx.doi.org/10.1097/BLO.0b013e31802f5421
http://www.ncbi.nlm.nih.gov/pubmed/17159579
http://www.ncbi.nlm.nih.gov/pubmed/8147929
http://www.ncbi.nlm.nih.gov/pubmed/7944639
http://www.ncbi.nlm.nih.gov/pubmed/10461471
http://dx.doi.org/10.1503/cmaj.1041203
http://dx.doi.org/10.1503/cmaj.1041203
http://www.ncbi.nlm.nih.gov/pubmed/15824412
http://www.ncbi.nlm.nih.gov/pubmed/15000336
http://www.ncbi.nlm.nih.gov/pubmed/17922676
http://www.ncbi.nlm.nih.gov/pubmed/12718745
http://dx.doi.org/10.1359/jbmr.1997.12.10.1657
http://dx.doi.org/10.1359/jbmr.1997.12.10.1657
http://www.ncbi.nlm.nih.gov/pubmed/9333126
http://www.ncbi.nlm.nih.gov/pubmed/12623292
http://dx.doi.org/10.1074/jbc.M804178200
http://www.ncbi.nlm.nih.gov/pubmed/19193642


invovement. Arthritis and rheumatism. 2001; 44(8):1800–7. doi: 10.1002/1529-0131(200108)
44:8<1800::AID-ART317>3.0.CO;2–1 PMID: 11508432.

16. Andhare RA, Takahashi N, KnudsonW, Knudson CB. Hyaluronan promotes the chondrocyte response
to BMP-7. Osteoarthritis and cartilage / OARS, Osteoarthritis Research Society. 2009; 17(7):906–16.
doi: 10.1016/j.joca.2008.12.007 PMID: 19195913; PubMed Central PMCID: PMC2855217.

17. Daheshia M, Yao JQ. The interleukin 1beta pathway in the pathogenesis of osteoarthritis. The Journal
of rheumatology. 2008; 35(12):2306–12. PMID: 18925684.

18. Maneiro E, de Andres MC, Fernandez-Sueiro JL, Galdo F, Blanco FJ. The biological action of hyaluro-
nan on human osteoartritic articular chondrocytes: the importance of molecular weight. Clinical and
experimental rheumatology. 2004; 22(3):307–12. PMID: 15144124.

19. Julovi SM, Ito H, Nishitani K, Jackson CJ, Nakamura T. Hyaluronan inhibits matrix metalloproteinase-
13 in human arthritic chondrocytes via CD44 and P38. Journal of orthopaedic research: official publica-
tion of the Orthopaedic Research Society. 2011; 29(2):258–64. doi: 10.1002/jor.21216 PMID:
20706991.

20. Julovi SM, Yasuda T, Shimizu M, Hiramitsu T, Nakamura T. Inhibition of interleukin-1beta-stimulated
production of matrix metalloproteinases by hyaluronan via CD44 in human articular cartilage. Arthritis
and rheumatism. 2004; 50(2):516–25. doi: 10.1002/art.20004 PMID: 14872494.

21. Ohno-Nakahara M, Honda K, Tanimoto K, Tanaka N, Doi T, Suzuki A, et al. Induction of CD44 and
MMP expression by hyaluronidase treatment of articular chondrocytes. Journal of biochemistry. 2004;
135(5):567–75. doi: 10.1093/jb/mvh069 PMID: 15173194.

22. Waldman SD, Couto DC, Grynpas MD, Pilliar RM, Kandel RA. Multi-axial mechanical stimulation of tis-
sue engineered cartilage: review. European cells & materials. 2007; 13:66–73; discussion -4. PMID:
17429796.

23. Fitzgerald JB, Jin M, Grodzinsky AJ. Shear and compression differentially regulate clusters of function-
ally related temporal transcription patterns in cartilage tissue. The Journal of biological chemistry. 2006;
281(34):24095–103. doi: 10.1074/jbc.M510858200 PMID: 16782710.

24. Sauerland K, Raiss RX, Steinmeyer J. Proteoglycan metabolism and viability of articular cartilage
explants as modulated by the frequency of intermittent loading. Osteoarthritis and cartilage / OARS,
Osteoarthritis Research Society. 2003; 11(5):343–50. PMID: 12744940.

25. Grad S, Eglin D, Alini M, Stoddart MJ. Physical stimulation of chondrogenic cells in vitro: a review. Clini-
cal orthopaedics and related research. 2011; 469(10):2764–72. doi: 10.1007/s11999-011-1819-9
PMID: 21344272; PubMed Central PMCID: PMC3171534.

26. Wimmer MA, Grad S, Kaup T, Hanni M, Schneider E, Gogolewski S, et al. Tribology approach to the
engineering and study of articular cartilage. Tissue engineering. 2004; 10(9–10):1436–45. doi: 10.
1089/ten.2004.10.1436 PMID: 15588403.

27. Tran D, Golick M, Rabinovitz H, Rivlin D, Elgart G, Nordlow B. Hematoxylin and safranin O staining of
frozen sections. Dermatol Surg. 2000; 26(3):197–9. PMID: 10759792.

28. van der Kraan PM, Vitters EL, van Beuningen HM, van de Putte LB, van den BergWB. Degenerative
knee joint lesions in mice after a single intra-articular collagenase injection. A new model of osteoarthri-
tis. J Exp Pathol (Oxford). 1990; 71(1):19–31. PMID: 2155638; PubMed Central PMCID:
PMCPMC1998679.

29. Neuhold LA, Killar L, ZhaoW, Sung ML, Warner L, Kulik J, et al. Postnatal expression in hyaline carti-
lage of constitutively active human collagenase-3 (MMP-13) induces osteoarthritis in mice. J Clin
Invest. 2001; 107(1):35–44. doi: 10.1172/JCI10564 PMID: 11134178; PubMed Central PMCID:
PMCPMC198546.

30. Wojdasiewicz P, Poniatowski LA, Szukiewicz D. The role of inflammatory and anti-inflammatory cyto-
kines in the pathogenesis of osteoarthritis. Mediators of inflammation. 2014; 2014:561459. doi: 10.
1155/2014/561459 PMID: 24876674; PubMed Central PMCID: PMC4021678.

31. Tetlow LC, Adlam DJ, Woolley DE. Matrix metalloproteinase and proinflammatory cytokine production
by chondrocytes of human osteoarthritic cartilage: associations with degenerative changes. Arthritis
and rheumatism. 2001; 44(3):585–94. doi: 10.1002/1529-0131(200103)44:3<585::AID-ANR107>3.0.
CO;2-C PMID: 11263773.

32. Quicke JG, Foster NE, Thomas MJ, Holden MA. Is long-term physical activity safe for older adults with
knee pain?: A systematic review. Osteoarthritis and cartilage / OARS, Osteoarthritis Research Society.
2015. doi: 10.1016/j.joca.2015.05.002 PMID: 26003947.

33. Schatti O, Grad S, Goldhahn J, Salzmann G, Li Z, Alini M, et al. A combination of shear and dynamic
compression leads to mechanically induced chondrogenesis of human mesenchymal stem cells. Euro-
pean cells & materials. 2011; 22:214–25. PMID: 22048899.

Hyaluronic Acid Suppresses the Expression of Metalloproteinases in Osteoarthritic Cartilage

PLOS ONE | DOI:10.1371/journal.pone.0150020 March 2, 2016 11 / 12

http://dx.doi.org/10.1002/1529-0131(200108)44:8<1800::AID-ART317>3.0.CO;21
http://dx.doi.org/10.1002/1529-0131(200108)44:8<1800::AID-ART317>3.0.CO;21
http://www.ncbi.nlm.nih.gov/pubmed/11508432
http://dx.doi.org/10.1016/j.joca.2008.12.007
http://www.ncbi.nlm.nih.gov/pubmed/19195913
http://www.ncbi.nlm.nih.gov/pubmed/18925684
http://www.ncbi.nlm.nih.gov/pubmed/15144124
http://dx.doi.org/10.1002/jor.21216
http://www.ncbi.nlm.nih.gov/pubmed/20706991
http://dx.doi.org/10.1002/art.20004
http://www.ncbi.nlm.nih.gov/pubmed/14872494
http://dx.doi.org/10.1093/jb/mvh069
http://www.ncbi.nlm.nih.gov/pubmed/15173194
http://www.ncbi.nlm.nih.gov/pubmed/17429796
http://dx.doi.org/10.1074/jbc.M510858200
http://www.ncbi.nlm.nih.gov/pubmed/16782710
http://www.ncbi.nlm.nih.gov/pubmed/12744940
http://dx.doi.org/10.1007/s11999-011-1819-9
http://www.ncbi.nlm.nih.gov/pubmed/21344272
http://dx.doi.org/10.1089/ten.2004.10.1436
http://dx.doi.org/10.1089/ten.2004.10.1436
http://www.ncbi.nlm.nih.gov/pubmed/15588403
http://www.ncbi.nlm.nih.gov/pubmed/10759792
http://www.ncbi.nlm.nih.gov/pubmed/2155638
http://dx.doi.org/10.1172/JCI10564
http://www.ncbi.nlm.nih.gov/pubmed/11134178
http://dx.doi.org/10.1155/2014/561459
http://dx.doi.org/10.1155/2014/561459
http://www.ncbi.nlm.nih.gov/pubmed/24876674
http://dx.doi.org/10.1002/1529-0131(200103)44:3<585::AID-ANR107>3.0.CO;2-C
http://dx.doi.org/10.1002/1529-0131(200103)44:3<585::AID-ANR107>3.0.CO;2-C
http://www.ncbi.nlm.nih.gov/pubmed/11263773
http://dx.doi.org/10.1016/j.joca.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26003947
http://www.ncbi.nlm.nih.gov/pubmed/22048899


34. Gemmiti CV, Guldberg RE. Shear stress magnitude and duration modulates matrix composition and
tensile mechanical properties in engineered cartilaginous tissue. Biotechnology and bioengineering.
2009; 104(4):809–20. doi: 10.1002/bit.22440 PMID: 19591192; PubMed Central PMCID:
PMC2753758.

35. Jeon JE, Schrobback K, Hutmacher DW, Klein TJ. Dynamic compression improves biosynthesis of
human zonal chondrocytes from osteoarthritis patients. Osteoarthritis and cartilage / OARS, Osteoar-
thritis Research Society. 2012; 20(8):906–15. doi: 10.1016/j.joca.2012.04.019 PMID: 22548797.

36. Little CB, Barai A, Burkhardt D, Smith SM, Fosang AJ, Werb Z, et al. Matrix metalloproteinase 13-defi-
cient mice are resistant to osteoarthritic cartilage erosion but not chondrocyte hypertrophy or osteo-
phyte development. Arthritis and rheumatism. 2009; 60(12):3723–33. doi: 10.1002/art.25002 PMID:
19950295; PubMed Central PMCID: PMC2832925.

37. Gonzalez-Fuentes AM, Green DM, Rossen RD, Ng B. Intra-articular hyaluronic acid increases cartilage
breakdown biomarker in patients with knee osteoarthritis. Clinical rheumatology. 2010; 29(6):619–24.
doi: 10.1007/s10067-010-1376-8 PMID: 20101426.

38. Fan Z, Bau B, Yang H, Soeder S, Aigner T. Freshly isolated osteoarthritic chondrocytes are cataboli-
cally more active than normal chondrocytes, but less responsive to catabolic stimulation with interleu-
kin-1beta. Arthritis and rheumatism. 2005; 52(1):136–43. doi: 10.1002/art.20725 PMID: 15641077.

39. Jeon JE, Schrobback K, Meinert C, Sramek V, Hutmacher DW, Klein TJ. Effect of preculture and load-
ing on expression of matrix molecules, matrix metalloproteinases, and cytokines by expanded osteoar-
thritic chondrocytes. Arthritis and rheumatism. 2013; 65(9):2356–67. doi: 10.1002/art.38049 PMID:
23780780.

Hyaluronic Acid Suppresses the Expression of Metalloproteinases in Osteoarthritic Cartilage

PLOS ONE | DOI:10.1371/journal.pone.0150020 March 2, 2016 12 / 12

http://dx.doi.org/10.1002/bit.22440
http://www.ncbi.nlm.nih.gov/pubmed/19591192
http://dx.doi.org/10.1016/j.joca.2012.04.019
http://www.ncbi.nlm.nih.gov/pubmed/22548797
http://dx.doi.org/10.1002/art.25002
http://www.ncbi.nlm.nih.gov/pubmed/19950295
http://dx.doi.org/10.1007/s10067-010-1376-8
http://www.ncbi.nlm.nih.gov/pubmed/20101426
http://dx.doi.org/10.1002/art.20725
http://www.ncbi.nlm.nih.gov/pubmed/15641077
http://dx.doi.org/10.1002/art.38049
http://www.ncbi.nlm.nih.gov/pubmed/23780780

