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Abstract. Phosphocitrate (PC) and its analogue, PC-β ethyl 
ester, inhibit articular cartilage degeneration in Hartley guinea 
pigs. However, the underlying molecular mechanisms remain 
unclear. The present study aimed to investigate the hypothesis 
that PC exerted its disease-modifying effect on osteoarthritis 
(OA), in part, by inhibiting a molecular program similar to 
that in the endochondral pathway of ossification. The results 
demonstrated that severe proteoglycan loss occurred in the 
superficial and middle zones, as well as in the calcified zone 
of articular cartilage in the Hartley guinea pigs. Subchondral 
bone advance was greater in the control Hartley guinea pigs 
compared with PC- or PC analogue-treated guinea pigs. 
Resorption of cartilage bars or islands and vascular invasion 
in the growth plate were also greater in the control guinea 
pigs compared with the PC- or PC analogue-treated guinea 
pigs. The levels of matrix metalloproteinase-13 and type X 
collagen within the articular cartilage and growth plate were 
significantly increased in the control guinea pigs compared 
with PC-treated guinea pigs (P<0.05). These results indicated 
that articular chondrocytes in Hartley guinea pigs exhibited 
a hypertrophic phenotype and recapitulated a developmental 
molecular program similar to the endochondral pathway of 
ossification. Activation of this molecular program resulted 
in resorption of calcified articular cartilage and subchondral 
bone advance. This suggests that PC and PC analogues exerted 
their OA disease-modifying activity, in part, by inhibiting this 
molecular program.

Introduction

Osteoarthritis (OA) is a heterogeneous and multifactorial 
degenerative joint disease characterized by joint pain, cartilage 
degradation and osteophyte formation. Approximately 86% of 
the societal costs of arthritis are estimated to be attributable 
to OA (1) however, there are currently no therapeutic agents 
available that halt the progression of articular cartilage degen-
eration. Non-surgical treatments for OA, including non-steroid 
anti‑inflammatory drugs, oral steroid or knee steroid injection 
provide temporary symptomatic relief only (2). Therefore, 
the development of a structural OA disease-modifying drug 
that provides symptomatic relief and arrests the progression 
of cartilage degeneration is required. The lack of progress in 
the development of structural OA disease-modifying drugs is 
primarily due to limited understanding of the pathogenesis 
of OA and insufficient knowledge regarding the molecular 
targets for therapeutic intervention.

The biochemical events associated with the initiation 
or progression of OA are poorly understood. Extracellular 
matrix‑degrading enzymes and inflammatory cytokines, 
including matrix metollproteinase-13 (MMP-13), ADAM 
metallopeptidase with thrombospondin type 1 motif 5, 
interleukin‑1 and cyclooxygenase‑2 have been implicated 
in OA (3-5). The activation and abnormal phenotypic 
change of articular chondrocytes have also been implicated. 
Chondrocytes in OA articular cartilage exhibit an aberrant 
phenotype (6-8), although the exact mechanisms of chondro-
cyte activation and differentiation in OA articular cartilage 
remain unclear. Age-associated changes in extracellular 
matrix molecules or expression of inflammatory cytokines and 
growth factors may serve a role in the activation and differen-
tiation of articular chondrocytes (7-9). Alternatively, articular 
chondrocytes may obtain properties with similarities to those 
of terminal differentiating chondrocytes in the growth plate. 
Terminal differentiating OA articular chondrocytes are asso-
ciated with calcification, apoptosis, neovascularization and 
ossification (7-11) and may participate in articular cartilage 
degeneration by secreting large amounts of MMP-13 (12-14).

The number of tidemarks, the lines bordering the calci-
fied cartilage and non‑calcified cartilage, increases with age 
in human articular cartilage (14). The movement of tide-
marks toward the articular surface is expected to result in an 
increase in the thickness of calcified zone cartilage, however, 
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the calcified zone cartilage instead becomes thinner during 
aging (14). This phenomenon indicates replacement of the 
calcified cartilage by subchondral bone in the aging process. 
OA is also associated with articular cartilage thinning (15,16). 
This association suggests that the replacement of calcified 
cartilage by subchondral bone may serve a role in articular 
cartilage thinning or cartilage degeneration in OA (17).

Phosphocitrate (PC) is a powerful calcification inhib-
itor (18), which prevents soft tissue calcification (19). PC also 
inhibits calcium crystal-induced cell membrane damages, 
mitogenesis, expression of extracellular matrix-degrading 
enzymes and crystal‑induced cell death (20-23). Based on these 
results, a hypothesis that PC is a potentially disease-modifying 
drug for calcium crystal-associated primary OA was previ-
ously postulated (24). A subsequent study demonstrated that 
PC inhibited meniscal calcification in the Hartley guinea pigs 
and the reduction in meniscal calcification was accompanied 
with decreased articular cartilage degeneration (25).

It was previously demonstrated that, in cell cultures, PC 
inhibited the expression of numerous genes implicated in OA 
in the absence of calcium crystals (26-28). These previous 
results indicate that PC is a disease modifying drug for 
calcium crystal-associated primary OA and injury-induced 
secondary posttraumatic OA therapy. However, the molecular 
mechanisms underlying the OA disease-modifying activity 
of PC remain unclear. The present study aimed to investigate 
the hypothesis that PC exerts its OA disease-modifying effect, 
in part, by inhibiting a molecular program similar to the 
endochondral pathway of ossification.

Materials and methods

Reagents. Safranin O-fast green and hematoxylin and eosin 
(H&E) were obtained from Polysciences, Inc. (Warrington, 
PA, USA). Antibodies specific to MMP‑13 (cat. no. LS‑B3168) 
and type X collagen (COL-X; cat. no. ab49945) were obtained 
from LifeSpan BioSciences, Inc. (Seattle, WA, USA) and 
Abcam (Cambridge, MA, USA), respectively. Antibodies 
specific to runt-related transcription factor 2 (cat. no. bs-1134R) 
and sex determining region Y-box 9 (cat. no. TA335171) 
were obtained from Bioss Antibodies, Inc. (Woburn, MA, 
USA) and OriGene Technologies, Inc. (Rockville, MD, 
USA), respectively. Mouse immunoglobulin G was obtained 
from BioGenex (Fremont, CA, USA; cat. no. HK119-7M). 
Secondary reagent (ImmPRESS reagent kit) was obtained 
from Vector Laboratories, Inc. (Burlingame, CA, USA; cat. 
no. MP-7401-50 ml). PC and PC-β ethyl ester (PC-E) were 
synthesized according to previously detailed procedures (29). 
All other reagents, including normal horse serum, bovine 
serum albumin and 3,3'‑diaminobenzidine, were obtained 
from Sigma‑Aldrich (Merck KgaA, Darmstadt, Germany).

Animals. Hartley guinea pigs develop OA spontaneously 
3 months following birth and reach skeletal maturity at the age 
of ~6 months (30-32). The progressive degenerative changes 
in the articular cartilage closely resemble the degenerative 
changes in human OA articular cartilage; therefore, Hartley 
guinea pigs have been widely used to study the pathogenesis 
of OA and test disease modifying drugs (33-37). Treatment of 
Hartley guinea pigs with PC and PC-E has been previously 

described (38). Briefly, young male Hartley guinea pigs 
(mean body weight, 280 g; Charles River Laboratories, Inc., 
Wilmington, MA, USA) were housed individually in solid 
bottom cages and maintained in a temperature-controlled 
room (18‑20˚C) that was regulated on a 12‑h light‑dark cycle. 
Relative humidity of the room was maintained between 
45-55%. Guinea Pig Chow (cat. no. 5025; Ralston Purina 
Co., Chicago, IL, USA) and water were available ad libitum. 
Following acclimation, 15 guinea pigs (age, 5 weeks) were 
randomly divided into three groups. The first group (n=5) 
received intraperitoneal injection of PC (40 mg/kg) twice 
per week for a period of 2 months, the second group (n=5) 
received intraperitoneal injection of PC-E (40 mg/kg) twice 
per week for a period of 2 months, and the last group (n=5) 
received intraperitoneal injection of physiological saline twice 
per week for 2 months. Partial medial meniscectomy was then 
performed on the right knee of all guinea pigs. At 1 week 
following surgery, administration of treatment (twice per week 
at the same dose) was resumed in each group and continued 
for a further 5 months. Guinea pigs were then euthanized. 
Hind limbs were collected, fixed in 10% formalin for 24 h 
at room temperature and transferred to 70% ethanol prior to 
further use. The present study was performed according to 
the guidelines set forth by the Institutional Animal Care & 
Use Committee of Carolinas Medical Center (Charlotte, NC, 
USA), which also approved the animal protocol.

Histological examinations. The tibia plateaus of partial menis-
cectomied right knees were decalcified in a formic acid/sodium 
citrate solution (Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) and cut in the coronal plane to produce two equal parts. 
The posterior part was embedded in paraffin and sectioned 
with a Leica RM2025 microtome (Leica Microsystems 
GmbH, Wetzlar, Germany) to obtain 4‑µm‑thick sections. A 
total of 3 non-consecutive sets of sections obtained at 400-β m 
intervals from each tibia plateau (9 total sections covering the 
central most degenerated area of the medial tibial plateau) 
were stained with Safranin-O for 5 min and countered stained 
with fast green for 5 min at room temperature. A total of 2 
sections from each tibial plateau were also stained with H&E 
for 10 min at room temperature. Safranin-O-fast green-stained 
sections were graded according to criteria described previ-
ously (39) with modifications, as detailed in Table I.

Growth plate thickness measurement. Growth plate thick-
ness was determined using ImageJ photo analysis software 
(version 1.8.0_45; National Institutes of Health, Bethesda, 
MD, USA). Briefly, images of Safranin‑O‑fast green‑stained 
sections (3 sections from each tibial plateau) were captured at 
x4 magnification with a digital camera (Sony DXC‑S500; Sony 
Corporation, Tokyo, Japan) equipped with a light microscope 
(Nikon Optiphot‑2; Nikon Corporation, Tokyo, Japan). The 
growth plate and growth plate cartilage bars or islands (red 
colored) embedded within the subchondral bone were selected 
using the following image thresholding and LAB color space 
parameters (L: 0/255, A: 145/255, B: 0/255). Following selection, 
the areas of growth plate (particle size setting, ≥0.1 mm2) and 
growth plate cartilage bars (particle size setting, ≥0.0001 mm2 
and <0.1 mm2) were measured. Growth plate thickness was 
calculated by dividing the measured area of growth plate with 
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the length of the growth plate or by dividing the measured area 
of growth plate + the measured area of growth plate bars by 
the length of the growth plate. Normalized growth plate thick-
ness was used in all analyses, with the growth plate thickness 
in the untreated guinea pigs set as 1.

Immunostaining. A total of 2 sections from each tibial plateau 
were deparaffinized with xylene and rehydrated with graded 
ethanol. Endogenous peroxidase activity was blocked via incu-
bation of these sections with deionized water containing 3% 
H2O2 for 15 min at room temperature. Non‑specific binding 
was blocked via incubation with 100 l of 10% normal horse 
serum diluted in base solution (4% bovine serum albumin and 
5% non‑fat dry milk in phosphate buffered saline) for 20 min 
at room temperature. Sections were subsequently incubated 
with primary antibodies (1:100) for 1 h at room temperature, 
followed with secondary reagent (1:200) for 30 min at room 
temperature. A negative control was performed using mouse 
immunoglubulin G. Slides were rinsed with PBS three times, 
visualized with 3,3'‑diaminobenzidine for 5 min at room 
temperature and counterstained with light green for 5 min at 
room temperature. Slides were viewed under light microscopy 
and graded on a scale of 0-4 as described previously (38,40). 

Briefly, 0, very weak staining; 1, weak staining; 2, moderate 
staining; 3, strong staining; and 4, very strong staining.

Statistical analysis. All data, including histological scores of 
articular cartilages, growth plate thickness, articular cartilage 
thickness, total tissue volume, immunostaining scores of 
COL-X and MMP13 and the number of marrow spaces, were 
presented as the mean ± standard deviation. The differences 
between groups were analyzed using one‑way analysis of vari-
ance followed by a Tukey or Dunnett's test. Statistical analysis 
was performed using the statistical analysis tool in Sigma 
Plot software (version 12; Systat Software, Inc., San Jose, 
CA, USA). P<0.05 was considered to indicate a statistically 
significant difference.

Results

PC and PC‑E reduce the histological score of articular 
cartilage. Representative Safranin-O-fast green-stained 
sections are presented in Fig. 1A. Sections were previously 
examined and it was demonstrated that PC and PC-E inhibited 
articular cartilage degeneration in the guinea pig model of 
posttraumatic OA (38). Further examination of these sections 

Table I. Semi-quantitative histological grading scheme for medial tibia plateau of the guinea pig.

Parameter Grade Description

Cartilage structure 0 Normal, smooth, uninterrupted surface
 1 Mild surface irregularities, no clefts
 2 Irregular surface, 1‑3 superficial clefts
 3 >3 clefts and/or loss of cartilage to superficial zone
 4 1‑3 clefts extending into the middle zone
 5 >3 clefts and/or loss of cartilage extending into the middle zone
 6 1‑3 clefts extending into the deep zone
 7 >3 clefts extending into the deep zone and/or loss (5‑20%) of cartilage to deep zone
 8 Fissures or loss of cartilage extended to the zone of calcified cartilage
Safranin-O staining 0 Uniform staining throughout articular cartilage
 1 Loss of staining in superficial zone only and for less than half the length of the plateau
 2 Loss of staining in superficial zone for half the length or greater of the plateau 
 3 Loss of staining in superficial and middle zones for less than half the length of the plateau 
 4 Loss of staining in superficial and middle zones for half the length or greater
 5 Loss of staining in all three zones for less than half the length of the condyle or plateau
 6 Loss of staining in all three zones for half the length or greater of the plateau
Cellularity 0 Uniform dense chondrocytes in the superficial zone
 1 Cell density is reduced in the superficial zone
 2 Cell density is reduced in both superficial zone and middle zone
 3 Cell density is also reduced in deep zone
Tidemark 0 Faint tidemark
 1 Moderate visible tidemark
 2 Strong visible tidemark
Subchondral bone advance 0 Distance between subchondral bone front and tidemark is large (away more than 4 cells)
 1 Distance between subchondral bone front and tidemark is moderate (roughly 3‑4 cells)
 2 Distance between subchondral bone front and tidemark is small (2 cells)
 3 Distance between subchondral bone front and tidemark is extremely small (1 cell)
 4 Subchondral bone front reaches to tidemark.
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in the present study indicated further differences between the 
articular cartilage in the untreated and PC-treated guinea pigs. 
The tidemark in untreated guinea pigs was more visible and 
closer to the articular surface compared with the tidemark in 
PC-treated guinea pigs. In addition, severe proteoglycan loss 
occurred in the superficial and middle zones, as well as in 
the calcified zone in the untreated guinea pigs, but not in the 
PC-treated guinea pigs. There were also fewer articular carti-
lage bars or islands embedded within the subchondral bone in 
the untreated guinea pigs compared with PC-treated guinea 
pigs. These differences indicated that the advance of calcifi-
cation front and active replacement of the calcified cartilage 
by subchondral bone occurred in the Hartley guinea pigs and 
that PC inhibited this process. Therefore, subchondral bone 
advance toward articular cartilage surface or the tidemark 
may serve a role in articular cartilage thinning or destruction. 
Similar differences were also observed between the articular 
cartilage in untreated and PC-E-treated guinea pigs (data not 
shown).

Representative H&E stained sections are presented in 
Fig. 1B. The subchondral bone was stained dark pink and 
articular cartilage was stained pink or light pink. Similar to 
Safranin-O-fast green staining, H&E staining demonstrated 
that the tidemark in the untreated guinea pigs was more visible 
and closer to articular cartilage surface compared with the 
tidemark in PC‑treated guinea pigs. The superficial, middle, 
deep and calcified zones of articular cartilage in PC‑treated 
guinea pigs were stained light pink. By contrast, only the 
middle and deep zones in the untreated guinea pigs were 
stained light pink, whereas the superficial zone and the entire 
calcified zone were stained pink. These differences indicated 
that the extracellular matrices within the superficial and calci-
fied zones in the untreated guinea pigs differed from those 
in PC-treated guinea pigs, suggesting that articular cartilage 
degeneration or matrix loss occurred in the superficial and 
calcified zones in the untreated guinea pigs. Chondrocyte 
clusters were observed in the articular cartilage of untreated 
guinea pigs, but rarely in the articular cartilage of PC-treated 
guinea pigs. In addition, there were fewer chondrocytes within 
the articular cartilage in the untreated guinea pigs compared 
with PC-treated guinea pigs. These results are consistent with 
previous studies that have demonstrated that chondrocytes 
were activated and chondrocyte apoptosis was prominent in 
OA articular cartilage (6,41-43).

All safranin-O-fast green-stained sections were graded. 
PC treatment significantly reduced the histological score of 
the medial tibia plateau cartilage, resulting in a 46% reduc-
tion in the histological score, graded according to the criteria 
described previously (39) and a 50% reduction in the histolog-
ical score, graded according to the criteria described in Table I, 
compared with the untreated control (Fig. 2A). PC-E treatment 
also reduced the histological scores, graded according to the 
criteria described previously (39) and the criteria described 
in Table I, significantly compared with the untreated control, 
however, the reductions were less marked compared with PC 
in the inhibition of articular cartilage degeneration (Fig. 2A). 
Select sub-category histological scores in the untreated, 
PC- and PC-E-treated guinea pigs are presented in Fig. 2B. 
PC treatment resulted in a 37, 82 and 65% significant reduc-
tion in cellularity, tidemark and subchondral bone advance 

sub-scores, respectively. By contrast, PC-E treatment only 
resulted in a significant reduction in tidemark and subchondral 
sub-scores compared with the untreated control, whereas the 
difference in the sub-histological score for cellularity between 
the control and PC‑E treated groups was not significant, which 
indicated reduced disease-modifying activity compared with 
PC treatment.

PC and PC‑E inhibit growth plate thinning. In addition 
to cartilage degeneration, PC also inhibited growth plate 
thinning. The growth plate in PC-treated guinea pigs was 
markedly thicker than the growth plate in untreated guinea 
pigs (Fig. 3A). In addition, there were more growth plate carti-
lage bars or islands embedded within the metaphyseal bone in 
PC-treated guinea pigs compared with untreated guinea pigs. 
A similar phenomenon was observed in PC-E-treated guinea 
pigs (data not shown). The differences were quantified by 
measuring growth plate thickness using ImageJ software. The 
growth plates in PC- and PC-E-treated guinea pigs were 54 
and 36% thicker compared with the growth plate in untreated 
guinea pigs, respectively (Fig. 3B). If the area of growth plate 
cartilage bars was also included in the calculation the growth 
plate in the PC- and PC-E-treated guinea pigs was 97 and 41% 
thicker compared with the growth plate in untreated guinea 
pigs, respectively.

PC and PC-E appeared to inhibit the conversion of growth 
plate cartilage into bone, therefore, the effects of treatment 
on metaphyseal bone was investigated by measuring the 
areas of bone matrices under the growth plate using ImageJ 
software. The differences between the areas of bone matrices, 
an indirect indicator of bone volume, in the untreated and PC- 
or PC‑E‑treated guinea pigs were not significant (Fig. 3C). 
However, the total areas of matrices (areas of bone matrices 
+ areas of growth plate cartilage bars or islands) in the PC-or 
PC‑E‑treated guinea pigs was significantly greater than that in 
the untreated guinea pigs (Fig. 3C).

Analyses using ImageJ software were also performed to 
determine the thickness of articular cartilage. The articular 
cartilage in the central most degenerated area of the medial 
tibial plateau cartilage in the PC- and PC-E-treated guinea 
pigs was 40 and 29% thicker compared with that in untreated 
guinea pigs, respectively and the differences were significant 
(Fig. 3D). If the area of articular cartilage bars or islands was 
also included in the calculation the articular cartilage in the 
central most degenerated area of the medial tibial plateau 
cartilage in the PC- and PC-E-treated guinea pigs was 53 
and 38% thicker compared with the articular cartilage in the 
untreated guinea pigs, respectively.

PC and PC‑E inhibit vascular invasion into growth plate. 
Representative H&E-stained sections of growth plates are 
presented in Fig. 4. The growth plate in the untreated guinea 
pigs was markedly thinner and had fewer growth plate carti-
lage bars compared with that in the PC or PC-E treated guinea 
pigs (Fig. 4A). In addition, there was an increased number of 
marrow spaces or vascular channels at the junction between 
the growth plate and metaphysis in the untreated guinea pigs 
compared with PC- or PC-E-treated guinea pigs. The number 
of marrow spaces is an indirect indicator of vascular invasion 
into the growth plate. The PC or PC-E treatment resulted in 
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reduced vascular invasion into the growth plate compared 
with the untreated group (Fig. 4B). There were 39 and 18% 
fewer marrow spaces or vascular channels at the junction 
in the PC- and PC-E treated guinea pigs compared with the 
untreated guinea pigs, respectively and these differences were 
significant.

PC and PC‑E reduce the levels of COL‑X and MMP‑13 
protein. Representative immunostaining images of the expres-
sion of COL-X are presented in Fig. 5A. High levels of COL-X 
were detected in the nucleus and cytoplasm of articular chon-
drocytes in the untreated guinea pigs. These positively stained 
chondrocytes were primarily located in the deep and calcified 
zones. Moderate or low levels of COL‑X were detected in the 
extracellular matrices within the superficial and middle zones 
in the untreated guinea pigs. COL-X was also detected in the 
nucleus and cytoplasm of chondrocytes in the growth plate 
cartilage. The positively stained growth plate chondrocytes 
were primarily located in the maturation and hypertrophic 
zones. COL‑X was also detected in the cells located at the 
junction between the growth plate and metaphyseal bone in 
the untreated guinea pigs. PC treatment reduced the levels of 
COL-X in the articular chondrocytes located in the deep and 
calcified zones, however, it had little effect on the levels of 
COL‑X in the extracellular matrices within the superficial and 
middle zones. PC treatment reduced the levels of COL‑X in 
the growth plate chondrocytes located in the maturation zone, 
hypertrophic zone and at the junction between growth plate 
and metaphyseal bone, as well as the levels of COL-X in the 
extracellular matrices within the middle zone compared with 
untreated samples. PC-E displayed minor inhibitory effects on 
the levels of COL-X.

Representative immunostaining images of the expres-
sion of MMP-13 protein are presented in Fig. 5B. MMP-13 
protein was detected in the nucleus and cytoplasm of articular 

chondrocytes and pericellular and extracellular areas in the 
untreated guinea pigs. The highest levels of MMP-13 protein 
were detected in the superficial, middle and deep zones. By 
contrast, the highest levels of MMP-13 protein in the growth 
plate were detected in the maturation and hypertrophic zones. 
Consistent with its OA disease-modifying activities, PC treat-
ment reduced the levels of MMP-13 protein in the articular 
cartilage and growth plate compared with the untreated group. 
In addition, consistent with its reduced inhibitory effects on 
cartilage degeneration, PC-E exhibited reduced inhibitory 
effects on the levels of MMP-13 protein compared with 
PC. The levels of runt-related transcription factor 2 and sex 
determining region Y-box 9 were also investigated, however, 
the differences in the levels of these proteins between the 
untreated and PC-treated guinea pigs were not significant 
(data not shown).

Immunostaining scores of COL-X and MMP13 proteins 
are presented in Fig. 6. The immunostaining scores of 
COL-X in the articular chondrocytes and cells located 
at the junction between the growth plate and metaphyseal 
bone in the PC-treated guinea pigs were decreased by 32 
and 37% compared with the scores in untreated guinea 
pigs, respectively and the differences were significant. The 
immunostaining scores of COL-X in PC-E-treated guinea 
pigs were also decreased compared with the score of COL-X 
in untreated guinea pigs, however, the differences were not 
significant. Immunostaining scores of MMP-13 protein 
in the articular chondrocytes and cells located within the 
hypertrophic zone of growth plate in the PC‑treated guinea 
pigs were decreased by 49 and 37% compared with the score 
in the untreated guinea pigs, respectively and the differ-
ences were significant (Fig. 6B). The immunostaining scores 
of MMP-13 protein in PC-E-treated guinea pigs were also 
decreased compared with that in untreated guinea pigs, 
however, only the difference between the immunostaining 

Figure 1. Histological stained-sections of articular cartilage. (A) Representative Safranin-O-fast green stained-sections of the central most degenerated area of 
medial tibial plateau cartilage (magnification, x4). Solid black arrows indicate the tidemark. Open black arrows indicate the calcified zone articular cartilage. 
Line black arrows indicate articular cartilage bars or islands embedded within subchondral bone. Yellow arrows indicate locations where subchondral bone 
has reached the tidemark. (B) Representative hematoxylin and eosin stained‑sections of the central most degenerated area of medial tibial plateau cartilage 
(magnification, x4). Solid black arrows indicate the tidemark. Open black arrows indicate the calcified zone articular cartilage. Line black arrows indicate the 
articular cartilage bars or islands embedded within subchondral bone. Green arrows indicate the subchondral bone. Areas enclosed by a box are enlarged. Blue 
arrows indicate articular chondrocyte cluster (magnification, x10). PC, phosphocitrate.
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Figure 2. Histological scores of medial tibial plateaus cartilage. (A) I, Histologic scores, graded according to the criteria described previously (39), in untreated, 
PC-, and PC-E-treated guinea pigs were 11.95±1.05, 6.43±0.93 and 8.24±1.07, respectively. II, Histologic scores, graded according to the criteria listed in 
Table I, in untreated, PC- and PC-E-treated guinea pigs were 19.47±1.83, 9.68±1.47 and 13.60±1.37, respectively. (B) Sub-category histological scores for 
cellularity, tidemark and subchondral bone advance in untreated, PC‑, and PC‑E‑treated guinea pigs. *P<0.05 vs. control; ^P<0.05 vs. control and PC-E. PC, 
phosphocitrate; PC-E, PC-β ethyl ester. 

Figure 3. Thickness of GP and articular cartilages. (A) Representative Safranin‑O‑fast green stained‑sections (magnification, x4). Solid black arrows indicate 
the GP. The yellow arrow indicates GP cartilage bars or islands. The blue arrow indicates metaphyseal bone. The long black arrow indicates GP and GP 
cartilage bars or islands. (B) GP thickness. Black bars indicate normalized or relative GP thicknesses. Grey bars indicate normalized total or relative total 
GP thicknesses. (C) Areas of metaphyseal bone matrices and total metaphyseal matrix (areas of metaphyseal bone matrices + areas of GP cartilage bars). 
(D) Thickness of the central most degenerated area of articular cartilage. *P<0.05 vs. untreated; ^P<0.05 vs. untreated and PC-E. PC, phosphocitrate; PC-E, 
PC-β ethyl ester; GP, growth plate.

Figure 4. Effect of PC and PC-E on the growth plate and marrow space at the junction between the growth plate and metaphysis. (A) Representative hema-
toxylin and eosin stained‑sections (magnification, x4). The solid black arrow indicates the growth plate. The open black arrow indicates growth plate cartilage 
bars or islands. The line black arrow indicates the metaphyseal bone. The green arrow indicates the marrow space. Blue arrows indicate red blood cells within 
the marrow space in the enlarged image of the junction (magnification, x20). (B) Number of marrow spaces in the untreated, PC‑ and PC‑E‑treated guinea 
pigs. *P<0.05 vs. untreated; ^P<0.05 vs. untreated and PC-E. PC, phosphocitrate; PC-E, PC-β ethyl ester.
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score of MMP-13 protein in the articular chondrocyte was 
significant.

Discussion

The primary function of the calcified zone is to anchor 
articular cartilage to the subchondral bone (44). The current 
study demonstrated that severe proteoglycan loss occurred in 
the superficial and middle zones, as well as in the calcified 
zone. In addition, there were fewer articular cartilage bars and 
islands embedded within the subchondral bone in the untreated 
guinea pigs compared with the PC- or PC-E-treated guinea 
pigs. These results indicated that articular cartilage degenera-
tion progressed from the articular surface and calcified zone 
toward the inner zones in Hartley guinea pigs. Degenerative 
insults to articular cartilage came from the articular side and 
epiphyseal side. It is conceivable that degenerative insults from 

the epiphyseal side may not only result in articular cartilage 
thinning but may also weaken the connection between the 
calcified cartilage and the underlying subchondral bone. It 
appears that the advance of calcification front and subsequent 
ossification or subchondral bone advance towards articular 
cartilage surface serves a role in articular cartilage thinning 
or articular cartilage destruction. This mechanism was inves-
tigated further by determining the effects of PC and PC-E 
on the growth plate. The results indicated that PC and PC-E 
inhibited growth plate thinning. The differences in growth 
plate thickness between the treatment groups and the control 
group were larger in the PC group compared with the PC-E 
group, suggesting that PC has a larger effect in inhibiting 
growth plate thinning, which was consistent with the inhibi-
tory activities of PC or PC-E on articular cartilage thinning. 
This consistency suggests that a similar molecular mechanism 
may be associated with the inhibition of articular cartilage 

Figure 5. Levels of COL‑X and MMP13 proteins (magnification, x1 and x10). (A) COL‑X immunostaining. Areas enclosed by squares are enlarged in 
subsequent images. Black arrows indicate COL‑X staining in the articular chondrocytes located in the deep and calcified zones in the central most degenerated 
area of articular cartilage. The red arrow indicates COL‑X staining in the superficial and middle zone cartilaginous matrices. Blue arrows indicate COL‑X 
staining in chondrocytes located in the maturation and hypertrophic zones. Green arrows indicate COL‑X staining in cells located at the junction between the 
growth plate and metaphyseal bone. (B) MMP‑13 immunostaining. Areas enclosed by squares are enlarged in subsequent images. The black arrow indicates 
MMP‑13 staining in the superficial, middle and deep zones in the central most degenerated area of articular cartilage. The blue arrow indicates the growth 
plate. Green arrows indicate MMP‑13 staining in the hypertrophic zone of growth plate. COL‑X, type X collagen; MMP‑13, matrix metollproteinase‑13; 
PC, phosphocitrate; PC-E, PC-β ethyl ester.

Figure 6. Immunostaining scores of the levels of COL-X and MMP13 proteins. (A) Scores for COL-X in articular chondrocytes in the control, PC- and 
PC-E-treated guinea pigs were 2.25±0.26, 1.52±0.39 and 1.98±0.34, respectively. Scores for COL-X protein in the cells located at the junction between the 
growth plate and metaphyseal bone in the control, PC- and PC-E-treated guinea pigs were 2.58±0.42, 1.62±0.49 and 2.24±0.32, respectively. (B) Scores for 
MMP-13 protein in the articular chondrocytes in the control, PC- and PC-E-treated guinea pigs were 3.36±0.64, 1.73±0.55 and 2.46±0.41, respectively. Scores 
for MMP‑13 protein in the cells located in hypertrophic zone of the growth plate in the untreated, PC‑ and PC‑E‑treated guinea pigs were 2.89±0.56, 1.81±0.52 
and 2.50±0.39, respectively. *P<0.05 vs. control. COL-X, type X collagen; MMP-13, matrix metollproteinase-13; PC, phosphocitrate; PC-E, PC-β ethyl ester.
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thinning and growth plate thinning by PC and its analogue 
PC-E.

Hypertrophic differentiation of growth plate chondrocytes 
and vascular invasion into the growth plate are key processes 
in the endochondral pathway of ossification. The current study 
demonstrated that high levels of two specific hypertrophic 
markers COL‑X and MMP‑13 protein, were detected in the 
hypertrophic zone and at the junction between the growth 
plate and metaphyseal bone. Their levels were decreased in 
the PC- or PC-E-treated guinea pigs, which indicated that 
PC and its analogue may inhibit hypertrophic differentiation 
of growth plate chondrocytes. In addition, there were more 
marrow spaces or vascular invasions at the junction between 
the growth plate and metaphyseal bone in the untreated 
guinea pigs compared with PC- or PC-E-treated guinea pigs. 
Consistent with their inhibitory activities on vascular inva-
sion, PC had a greater effect on the inhibition of growth plate 
thinning compared with PC‑E. Taken together, these results 
indicate that PC and its analogue PC-E inhibit endochondral 
pathway of ossification.

COL-X and MMP-13 protein were also detected in 
articular cartilage. The highest levels of COL-X were present 
in the articular chondrocytes located in the deep and calci-
fied zones. These results, together with the findings that there 
were fewer articular cartilage bars or islands embedded within 
the subchondral bone in the untreated guinea pigs compared 
with the PC- or PC-E-treated guinea pigs, indicated that a 
molecular program similar to the endochondral pathway of 
ossification occurred in the articular cartilage. This molecular 
program is responsible for the degenerative insults to the artic-
ular cartilage from the epiphyseal side in the control guinea 
pigs. COL‑X was also detected in the superficial and middle 
zone matrices, which suggested that this molecular program 
is also associated with the degenerative insults to the articular 
cartilage from the articular side. Therefore, it may be deduced 
that PC and its analogue inhibited articular cartilage thinning 
or destruction, in part, by inhibiting the re-activated molecular 
program in the OA-prone Hartley guinea pigs.

The highest levels of MMP-13 protein were detected in the 
superficial, middle and deep zones of articular cartilage. OA 
synovial fluid contains high levels of MMP‑13 protein (45-47) 
and may be one of the sources for the superficial zone 
MMP-13 protein through diffusion. The strong inhibitory 
effect of PC on the levels of MMP‑13 protein in the superficial 
and middle zones may explain why PC had little effect on the 
levels of COL-X within the extracellular matrices in these 
zones. Decreased MMP‑13 activity in these zones due to PC 
treatment may result in reduced COL-X degradation (13) and 
therefore, preserved COL‑X content in these zones.

The larger volume of growth plate cartilage in the 
PC-treated guinea pigs compared with the control guinea 
pigs suggested that PC inhibited the conversion of growth 
plate cartilage into bone. It was expected that there would be 
fewer bone matrices in the PC-treated guinea pigs compared 
with the untreated guinea pigs. However, this was not what 
was observed. A possible explanation for this contradiction 
is that PC may have a strong stimulatory activity on the 
production of extracellular matrices by chondrocytes (27,28) 
and osteoblasts. If the stimulatory activity of PC is a domi-
nant activity over its inhibitory activity on the conversion of 

growth plate cartilage into bone, formation of a larger carti-
laginous template without bone loss in the PC-treated guinea 
pigs compared with untreated control guinea pigs would be 
expected.

The results presented in the present study provide further 
support for the hypothesis that PC or its analogue are potentially 
structural disease-modifying drugs for OA therapy. However, 
the use of PC as an orally administered OA disease modifying 
drug may be limited, as the small molecule PC contains a 
P‑O‑C bond and five negative charges. The P‑O‑C bond is 
vulnerable to degradation by alkaline phosphatases in vivo 
and the five negative charges may make PC less permeable 
to the intestinal membrane resulting in lower bioavailability 
in vivo (48). In order to overcome these limitations, two strat-
egies are being investigated. The first strategy is to develop 
PC analogues that are resistant to degradation by alkaline 
phosphatases and/or have fewer negative changes, which will 
be tested as orally administered drugs on Hartley guinea pigs. 
The second strategy is to develop a hydrogel that controls the 
release or extends the release of the small molecule drug PC. 
One‑time knee injections of the hydrogel for OA therapy will 
then be tested in Hartley guinea pigs prior to consideration for 
human clinical trials.

In conclusion, articular chondrocytes in the OA-prone 
Hartley guinea pigs exhibit a hypertrophic phenotype and may 
recapitulate a developmental molecular program similar to the 
endochondral pathway of ossification. This molecular program 
may serve a role in articular cartilage thinning and destruc-
tion. The present results indicated that PC or its analogue 
exerted OA disease-modifying activity, in part, by inhibiting 
this reactivated molecular program in OA knee joints.
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