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ABSTRACT: Histological and molecular changes were examined to investigate the effects of long-term administration of glucosamine
(GlcN) and chondroitin sulfate (CS) in a model of spontaneous osteoarthritis (OA) in Hartley guinea pigs. Three groups of female 3-
week-old Hartley guinea pigs received GlcN, CS, and neither agent, respectively. Five animals in each group were sacrificed at 8, 12,
and 18 months of age. At 8 months of age, Hartley guinea pigs had severe degeneration of knee joint cartilage, chondrocyte apoptosis,
marked reduction of tissue total RNA, decreases of aggrecan and collagen type 2 mRNAs, and increases in MMP-3 and MMP-8 mRNAs.
Long-term administration of GlcN and CS reduced cartilage degeneration at 8 months of age. The marked loss of total RNA and the
increase in MMP-3 mRNA were also inhibited by GlcN and CS. Thus, long-term oral administration of GlcN or CS inhibits OA progres-
sion, maintains total RNA and down-regulates MMP-3 mRNA in a spontaneous OA model in Hartley guinea pigs. � 2011 Orthopaedic
Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 30:673–678, 2012
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Osteoarthritis (OA) is a common disease that develops
with aging. Oral drug therapy for OA is mainly based
on non-steroidal anti-inflammatory agents, but severe
gastrointestinal disorders due to long-term administra-
tion are problematic. In this context, drugs and health
supplements containing the joint cartilage components
glucosamine (GlcN) and chondroitin sulfate (CS) are
available. GlcN sulfate has been administered to
patients since the early 1980s in Europe1–3 and clinical
trials have shown that GlcN reduces pain, improves ar-
ticular symptoms, and inhibits joint space narrowing1.
In vitro studies have suggested that GlcN stimulates
chondrocytes to produce proteoglycans, resulting in
inhibition of OA.4 However, negative results for GlcN
have also been reported3,5 and no consensus has been
reached. The mechanism of action of GlcN is unclear,
since there have only been a few in vivo studies of GlcN
administration to model animals with traumatic
arthritis.6,7 Persiani et al. investigated the synovial and
plasma glucosamine concentrations in osteoarthritic
patients following oral administration of GlcN at the
therapeutic dose for 14 days, and found that they were
highly correlated and increased from baseline in all
patients.8 Oral treatment of the dog and rat with radio-
labeled CS resulted in absorption of more than 70% of
radioactivity by urine and tissues. The radioactivity was
higher in the intestine, liver, kidneys, synovial fluid and
cartilage than in other tissues after 24 h.9 Thus, GlcN
and CS are bioavailable at the joint after oral adminis-
tration. In our previous experiment, GlcN and CS

inhibited cartilage degeneration in a spontaneous OA
model, but the molecular mechanisms underlying inhibi-
tion of spontaneous OA by GlcN and CS are unknown.

In this study, we investigated the molecular effects
of long-term oral administration of GlcN and CS in a
spontaneous OA model in Hartley guinea pigs. The
animal model and long-term administration were
chosen to mimic the disease state in humans as closely
as possible. Hartley guinea pigs gradually develop pri-
mary degenerative changes of joint knee cartilage with
aging and almost all develop OA in adulthood, making
this a useful animal model of spontaneous OA. Jime-
nez et al.10 found OA changes in 100% of Hartley guin-
ea pigs at 22 months of age, and 93% had severe OA.
This model is similar to the pathology of human OA in
that it progresses slowly after onset.11,12 However,
there has been no report that drugs were administrat-
ed orally to the animals to mimic long-term adminis-
tration in humans. Using this experimental design, we
investigated the effects of long-term oral administra-
tion of GlcN and CS on development of OA. Especially
to seriously evaluate the drugs according to the pro-
cess of human treatment, we examined the degenera-
tion of joint cartilage in the late stage, from the
following points of view in this study: Is chondrocyte
apoptosis involved in the spontaneous OA in Hartley
guinea pig, and is it inhibited by the drugs? What are
the molecular events in cartilage degeneration of
the model and inhibition of this process? That is, we
examined changes in mRNA expression of molecules
involved in synthesis and degradation of cartilage
tissue components.

MATERIALS AND METHODS
Animals
Fifty female Hartley guinea pigs of 3 weeks of age were pur-
chased from Charles River Laboratories (Wilmington, MA).
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Forty-five of the guinea pigs were allocated into three groups
that received oral administration of D-GlcN hydrochloride
(Seikagaku Co., Tokyo, Japan) (n ¼ 15); CS Na (Seikagaku
Co.) (n ¼ 15); and neither D-GlcN nor CS as controls
(n ¼ 15). Animals in the GlcN and CS groups were fed diets
including 200 mg/kg of GlcN or CS per day that was estimat-
ed from the average consumption of the diets. Oral adminis-
tration was initiated at 3 weeks of age and five animals in
each group were sacrificed at 8, 12, and 18 months of age.
The remaining five of the 50 animals were sacrificed at
3 weeks of age and used as an unaffected group (before dis-
ease development). After sacrifice in all groups, the bilateral
hind legs were disarticulated at the hip joints. In the right
hind leg, the medial compartment of the knee joint was ex-
posed, and cartilage was atraumatically excised from the
medial condyle of the femur and tibia and immediately
stored at �808C. The lateral compartment was not badly
degenerated in controls, therefore, we focused on the exami-
nation of the medial compartment in this study. The left
hind leg was fixed in 20% neutral formalin for 48 h. The
study was performed in accordance with institutional animal
care guidelines of Nihon University School of Medicine.

Histological Examination and Evaluation of Apoptosis
The left knee joint was decalcified with 10% EDTA and em-
bedded in paraffin. Serial frontal tissue sections of 6-mm thick-
ness were stained with hematoxylin–eosin (H-E) and safranin-
O. Histological degeneration in tissue sections of the central
weight-bearing joint cartilage from the medial tibial plateau
was evaluated using a modified Mankin grading system.13

Apoptosis was evaluated by terminal deoxynucleotide trans-
ferase-mediated dUTP nick end labeling (TUNEL) staining.
Serial frontal tissue sections of 6-mm thickness were deparaffi-
nized and immersed in 0.3% hydrogen peroxide solution at
room temperature for 30 min, followed by treatment with pro-
teinase K (20 mg/ml) for 10 min. After incubation with a solu-
tion containing biotin-16-dUTP and terminal deoxynucleotide
transferase (Roche, Pleasanton, CA) at 378C for 60 min, the
sections were stained with peroxidase-conjugated streptoavi-
din (1:500) and diaminobenzidine (DAB) according to the
manufacturer’s instructions (Roche). Counter-staining was
performed with 1% methyl green. Apoptotic cells were exam-
ined in the medial tibial plateaus by counting at �200 magni-
fication in all layers of the cartilage of two random fields.
Apoptosis was expressed as the ratio of TUNEL-positive cells
to the total number of cells.

Quantification of mRNA
Joint cartilages excised from the medial compartment of
the tibia of the right hind leg were homogenized in Trizol (Invi-
trogen, Carlsbad, CA) and total RNA was extracted according
to the manufacturer’s instruction. The yield of total RNA
extracted from each animal cartilage was determined and com-
pared among the three groups. The quality of the extracted
RNA was confirmed using an Agilent Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA). The extracted RNA
was treated with DNase I and cDNA was synthesized using
random 6mer primers and PrimeScript reverse transcriptase
(Takara, Kyoto, Japan) at 308C for 10 min, 458C for 60 min,
and 708C for 15 min. In control animals at 12 months of age,
the amount of total RNA extracted was so small (1.0, 1.3, 1.1,
0.8, and 1.0 mg per medial tibial plateau of the right hind leg)
that the five samples of total RNA were pooled to synthesize
cDNA. The cDNA was added to a mixture containing SYBR

Green master mix (Applied Biosystems, Foster City, CA) and
primers of the target gene, and the final volume was adjusted
to 20 ml. The thermal cycle conditions were an initial step at
958C for 10 min, followed by 45 cycles at 958C for 15 s and
608C for 1 min using an ABI Prism 7000 Sequence detection
system (Applied Biosystems). Glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH) was measured as an endogenous
control gene for normalization. In the absolute quantitative
method, a highly expressed cDNA sample was regarded as the
standard for each gene and a calibration curve was prepared
with fivefold serial dilutions of the standard sample. The ex-
pression level of each gene was normalized by dividing by the
GAPDH expression level. In the relative quantitative method,
the cycle number at the threshold (Ct) was determined for
each gene and the difference in Ct (DCt) was calculated by sub-
tracting the Ct value for GAPDH and regarded as a normalized
value. All samples were run in duplicate, and the error bar
represents the SD value of five samples in each group.
The 13 measured genes and the primers used are shown in
Supplementary Table 1.

Statistical Analysis
A Mann–Whitney U-test was used for comparison of values
among the groups, with p < 0.05 regarded as significant.

RESULTS

Histological Features of Joint Cartilage Degeneration
The histology of the joint cartilage at 18 months of
age is shown in Figure 1. Non-treated controls showed

Figure 1. Histological features of OA. Histological features of
the medial tibial plateau of a left hindlimb from Hartley strain
guinea pigs from the control, GlcN and CS groups at 18 months
of age. The bar indicates 50 mm. Total modified Mankin scores
(mean � SD) at 8, 12, and 18 months are shown in a lower table.
A significant difference from the control group (p < 0.05) is indi-
cated by an asterisk.
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typical degeneration, with destruction of the cartilage
structure and loss of extracellular matrix. In contrast,
chondrocytes and cartilage structure were retained,
safranin-O staining was positive, and the matrix was
maintained in animals treated with GlcN and CS
(Fig. 1). The time-course of degeneration was charac-
terized by high scores of 11 out of 13 (the maximum)
at 8 months in controls. In contrast, the score was sig-
nificantly lower in the GlcN groups, showing inhibition
of OA changes. These changes were still significantly
inhibited at 12 and 18 months in animals treated with
and GlcN and CS, respectively (Fig. 1).

Apoptosis of Chondrocytes
An increase in the number of apoptotic cells in joint
cartilage with aging and progression of cartilage
degeneration has been found in several studies.14,15

However, apoptosis has not been examined in the OA
model in Hartley guinea pig. In the control group,
TUNEL-positive cells accounted for 15–25% of all cells
(Fig. 2). This percentage was lower in the GlcN and
CS groups, but the differences were not significant
(Fig. 2B). Apoptotic cells were found in all layers of
joint cartilage in all three groups, but the percentage
of these cells increased in the region close to the

calcified layer with progression of cartilage degenera-
tion. The TUNEL-positive rate was a little higher at
18 months than at 12 months, showing that apoptotic
cells still gradually increase in number even after
12 months of age (Fig. 2B).

Quantitative Analysis of mRNA Expression in
Cartilage Tissue
To examine cartilage degeneration and inhibition of
this process at the molecular level, we investigated
mRNA expression of molecules involved in synthesis
and degradation of cartilage tissue components. The
yield of total RNA extracted from cartilage differed
among the three groups (Fig. 3A). The total RNA con-
tent per cartilage weight was lowest in controls, and
significantly higher in the GlcN and CS groups. The
amount of total RNA extracted from the whole excised
cartilage (Fig. 3B) was also markedly lower in controls
than in 3-week-old animals without OA changes, and
the RNA level decreased with aging. At 12 months of
age, the amount of total RNA extracted from each of

Figure 2. Apoptosis of cartilage cells in the medial tibial pla-
teau in Hartley strain guinea pigs. (A) TUNEL staining in the
medial tibial plateau at 12 months of age in the right side.
TUNEL staining in the medial tibial plateau at 3 weeks of age in
the left side. The bar indicates 50 mm. (B) Apoptosis in the medi-
al tibial plateau at 12 months and 18 months shown as the ratio
of TUNEL-positive cells to total cartilage cells. C, control.

Figure 3. Yield of total RNA extracted from the medial tibial
plateau of guinea pigs. (A) Total RNA per mg of cartilage tissue
at 8 months of age. The error bar represents the SD value of five
samples from each group. C, control. (B) Total RNA per medial
tibial plateau of a guinea pig at 3 weeks (I), 8 and 12 months.
The amount of total RNA from each of five guinea pigs in the
control group at 12 months of age was too low to be examined
individually. Therefore, five control samples were pooled into a
single sample, and the SD value was not calculated. �p < 0.05.
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the five samples from the control group was too small
to quantify mRNAs individually. Therefore, the five
samples of total RNA were pooled to synthesize cDNA
and analyze mRNA levels in the controls at 12 months
of age (Fig. 4). In the GlcN and CS groups, the total
RNA level at 8 months of age was similar to that in
the unaffected 3-week-old animals, and then decreased
at 12 months of age. However, the reduction in total
RNA was inhibited compared to that in the control
group, and the inhibitory effect was stronger with CS
than with GlcN. These findings were consistent with
the histological findings showing that chondrocytes
markedly decreased in OA cartilage and that GlcN
and CS inhibited this loss. Subsequently, we investi-
gated changes in expression of various mRNAs in
cartilage tissue relative to that of the endogenous
control gene, GAPDH, which reflects the expression
level in surviving cells (Fig. 4).

First, we examined the mRNA levels of two major
cartilage matrix proteins, aggrecan and collagen type
2. mRNA for these genes was markedly decreased at
8 months of age in controls compared to unaffected
animals at 3 weeks of age. At 12 months of age, the
aggrecan mRNA expression level slightly recovered,
but the collagen type 2 mRNA level was still low.
These reductions in mRNA expression were not
inhibited by GlcN or CS (Fig. 4A). Second, we exam-
ined the mRNA levels for matrix protein-degrading
enzymes such as matrix metalloproteinases (MMPs)
and a disintegrin and metallopeptidase (ADAM).
MMP-3 is considered to be a key enzyme in cartilage
destruction in OA16 and MMP-8 and MMP-13 are
important collagenases in joint cartilage tissue, with

MMP-13 having a potent degradative activity for
collagen type 2.17 The MMP-3 mRNA level increased
in controls at both 8 and 12 months of age, but the
change was not significant. The increase was clearly
inhibited in the GlcN and CS groups at 12 months of
age, and the effect was significant even when the level
was compared with that in the control group at
8 months of age. The MMP-8 mRNA level was also
high in the control group, but this change was not
inhibited by GlcN or CS. In contrast, the MMP-13
mRNA level was markedly reduced in the control
group, but unchanged in the GlcN and CS groups
(Fig. 4B).

We also examined the mRNA levels for ADAM-TS5
(aggrecanase), the tissue inhibitor of metalloprotei-
nases (TIMPs) and other mediators related to degener-
ation and regeneration of cartilage. There were
no significant differences in the levels of these
mRNAs among the control, GlcN, and CS groups
(Supplementary Fig. 1).

DISCUSSION

Histological and Molecular Events in OA
We analyzed cartilage degeneration in this animal
model of spontaneous OA, at the molecular level in ad-
dition to performing a histological investigation. We
obtained the following findings in the degenerated tis-
sue: chondrocyte apoptosis, marked reduction of carti-
lage tissue total RNA, reduction of aggrecan mRNA
and collagen type 2 mRNA, and increases in MMP-3
and MMP-8 mRNAs.

Apoptosis is a major senescence-related mechanism
in the pathogenesis of human OA.18 The ratio of
apoptotic cells increases with aging and progression of
cartilage degeneration,14,15 and 22–51% of chondro-
cytes are apoptotic in human OA cartilage tissue.15

Our study showed that apoptosis is also involved in
OA of Hartley guinea pigs, since we found that 15–
25% of chondrocytes were apoptotic in the advanced
stage of degeneration (12–18 months of age). We refer
to this as the advanced stage since severe degenera-
tion was observed histologically at 8 months of age. It
is of interest that apoptosis is present in the Hartley
guinea pig OA model, and further analysis of apoptosis
during the early stage of OA in this model will be
useful for investigating the apoptosis in aging and OA
in humans.

A marked reduction in total RNA in cartilage was
found in the Hartley guinea pig OA model. This is
reasonable since cartilage tissue was destroyed, but
the calculated total RNA content per residual tissue
weight also showed a marked reduction. This finding
suggests that chondrocytes were lost or that the RNA
content per chondrocyte was markedly reduced. In
either case, destruction of or severe damage to chon-
drocytes may have occurred. In addition, the mRNA
levels for aggrecan and collagen type 2 per cell
(normalized against GAPDH mRNA) in animals with

Figure 4. mRNA levels for cartilage matrix components (A),
MMPs (B) in cartilage tissues. Except for MMP-3, the mRNA
levels are expressed in arbitrary units determined by absolute
quantification and normalization with GAPDH, as described in
the text. The MMP-3 mRNA level is expressed as relative quanti-
ties determined using DCt, as also described in the text. The
amount of total RNA from each of five guinea pigs in the
control group at 12 months of age was too low to be examined
individually, and these samples were pooled into a single sample.
C, control. �p < 0.05.
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OA were markedly lower than those at 3 weeks of age,
indicating that the residual chondrocytes were not
normal or other cells such as fibroblasts replaced
them, but that they had reduced capacity for synthesis
of extracellular matrix, thereby causing functional
failure.

We then examined the possible enzymes involved in
cartilage destruction in the OA model. MMP-3 is a key
enzyme in cartilage destruction since it is an activator
of other MMPs. MMP-3 expression is correlated with
the degree of degeneration in OA, and OA cartilage
produces significantly more MMP-3 ex vivo than in
control cartilage.16 In addition, MMP-8 and MMP-13
have important roles as collagenases in joint cartilage
tissue. In particular, the collagenase activity of MMP-
13 is higher than those of MMP-1 and MMP-8, and
MMP-13 is considered to play a central role in degra-
dation of collagen type 2.19 In our study, the mRNA
levels of both MMP-3 and MMP-8 increased in carti-
lage tissue with advanced OA, while that of MMP-13
was markedly decreased (Fig. 4B), suggesting that
MMP-3 and MMP-8 are the main enzymes involved in
the late stage of cartilage destruction. MMP-13 is
thought to be an important enzyme in development of
OA, but the expression level in the Hartley guinea pig
was higher before OA onset. The exact role of MMPs
may become clearer when examined in the early stage
after OA onset; for example, at 2 months of age. In
addition, a comparative study of OA-resistant strains
2 and 13 guinea pigs may be helpful to clarify the role
of MMPs in cartilage degradation in the OA model. In
a current study by Huebner et al.20 the mRNA level of
MMP-13 increased in the medial compartment of the
Hartley guinea pigs at 12 months of age but not at 10
and 18 months of age, and was significantly higher
than that of the strain 13 guinea pigs at 12 months of
age. The different results obtained in our study seem
to be due to more severe disease of OA at 12 months of
age in our experiment. Another possibility is that the
MMP-13 mRNA is up-regulated at the limited range of
age that was missed in our experiment.

Histological and Molecular Effects of Oral GLCN and
CS on OA
We also obtained the following findings in the effects
of oral GlcN and CS on cartilage degeneration:
recovery of the cartilage structure and extracellular
matrix, inhibition of reduction of cartilage total RNA
and down-regulation of MMP-3 mRNA.

In the GlcN and CS groups, there was marked
inhibition of structural degeneration and cellular
abnormalities, and the number of chondrocytes was
maintained. These histological findings were consis-
tent with the inhibitory effect of GlcN and CS on the
total RNA loss observed in OA cartilage. Significant
recovery of matrix staining was also observed in the
GlcN and CS groups. These findings show that GlcN
and CS support retention of chondrocytes, glycosami-
noglycans (GAG), and cartilage structure. However,

GlcN and CS did not completely inhibit OA progres-
sion as shown in Figure 1. The combination treatment
may be more effective than single treatment alone in
this OA model. Recently, remodeling of the subchon-
dral bone might play a role in the pathogenesis of
spontaneous OA in the Hartley guinea pigs.21 We
examined the subchondral bone lesions at 12 months
of age in our study. It is interesting that the Osteo-
arthritis Research Society International (OARSI)
histopathology score22 significantly decreased in the
GlcN group compared with that in the control group
(p < 0.01).

In humans and experimental animals, the number
of chondrocytes decreases with progression of OA,11,12

suggesting that inhibition of chondrocyte damage is
important in prevention of OA progression. In our
study, no significant inhibition of apoptosis was noted,
but this may have been due to the late timing of obser-
vation at 12 and 18 months, by which time destruction
may have progressed and TUNEL-positive residual
cells were observed. There have been two recent
contradictory reports on the effects of GlcN and CS
on chondrocyte apoptosis in vitro. Varghese et al.23

concluded that neither compound inhibits apoptosis,
whereas Huser and Davies24 found that apoptosis was
inhibited when cells were treated with a controlled in-
tracellular level of GlcN, with simultaneous depolari-
zation of the mitochondrial membrane. GlcN may act
directly on the mitochondrial membrane or on reactive
oxygen production and calcium signaling, resulting in
inhibition of mitochondrial membrane depolarization.
Nitric oxide synthesis and inducible nitric oxide syn-
thetase are also inhibited by GlcN and CS in vitro and
in vivo,25–28 which suggests that these compounds can
directly inhibit production of reactive oxygen. Further
analysis of the early stage of OA is necessary to deter-
mine the precise molecular events underlying the
inhibitory effect of GlcN and CS.

Maintenance of the extracellular matrix and GAGs
may be additional effects of GlcN and CS. Expression
of mRNAs related to synthesis and degradation of ex-
tracellular matrix suggests that the MMP-3 level may
be changed by GlcN and CS. The MMP-3 mRNA level
in the control group at 12 months could only be mea-
sured by pooling five samples of total RNA, but this
level was similar to or slightly higher than that in the
control group at 8 months. The MMP-3 mRNA levels
in the GlcN and CS groups at 12 months were lower
than those in the control group at 8 and 12 months,
and similar to the level in unaffected 3-week-old
animals. However, the ADAM-TS5 mRNA level was
not changed among the control, GlcN, and CS groups.
Thus, MMP-3, not ADAM-TS5, appears to be a key
molecule associated with destruction of the extracellu-
lar matrix and GAGs and preservation by the drugs,
but it is unclear how the MMP3 level is downregulated
by GlcN or CS.

In conclusion, down-regulation of MMP-3 mRNA is
a potential molecular event induced by long-term oral
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administration of GlcN and CS in a spontaneous OA
model in Hartley guinea pigs.
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