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Summary

AIM: The aim of this study was to investigate whether an
aged systemic environment could impair young cartilage
tissue in mice.

METHODS: Mice differing in age were randomly divided
into three groups. Group 1 was the experimental group (Y/
O group) consisting of the heterochronic parabiosis mod-
el (2-month-old/12-month-old, young/old). Group 2 was
the surgical control group (Y/Y group) with the isochronic
parabiosis model (2-month-old/2-month-old, young/
young). Group 3 consisted of the ageing control mice
(2-month-old alone, Y group). Young knee cartilages col-
lected from all three groups at 4 months after surgery were
compared. Fluorescence molecular tomography (FMT)
was used to confirm whether the two mice in parabiosis
shared a common blood circulation at 2 weeks after
surgery. The knee joints of young mice were examined ra-
diologically at 4 months after surgery. Histological scoring
was assigned to grade the severity of osteoarthritis (OA).
Immunohistochemistry and quantitative reverse transcrip-
tion polymerase chain reaction were used to evaluate OA-
related protein expression and gene expression, and
chondrocyte proliferation was determined with EdU stain-
ing.

RESULTS: FMT imaging confirmed cross-circulation in the
parabiotic pairs. The percentage of EdU-positive chondro-
cytes in young mice from the Y/O group was significant-
ly lower compared with those of the Y/Y and Y groups (p
<0.05 for both). There was no statistically significant differ-
ence in the mRNA expression of collagen type II (Col2),
collagen type X (Col10), and matrix metalloproteinase 13
(MMP13) among the three groups (P>0.05), but expres-
sion of sex-determining region Y box 9 (Sox9) mRNA in
young cartilage from the Y/O group was markedly attenu-
ated compared to those in the Y/Y and Y groups (p <0.05
for both). In the Y/O group, mRNA expression of runt-re-

lated transcription factor 2 (Runx2) in young cartilage was
significantly increased compared to the Y/Y and Y groups
(p <0.05 for both). The changes in Col2, Col10, MMP13,
Runx2 and Sox9 at the protein level mimicked the alter-
ations found at the mRNA level. Loss of cartilage proteo-
glycan in young mice from the Y/O group was significant-
ly greater compared to the Y/Y and Y groups (p <0.05 for
both), despite the lack of significant difference among the
three groups in OARIS and osteophytosis scores.

CONCLUSION: Heterochronic parabiosis exerts a nega-
tive effect on chondrocyte proliferation in the knee carti-
lage of young mice.

Key words: osteoarthritis, aging, degeneration, cartilage,
heterochronic parabiosis

Introduction

Osteoarthritis (OA) is the leading cause of chronic infirmi-
ty in ageing individuals. Age-associated changes that af-
fect joint tissues promote the development of OA [1, 2].
An increase in age has a greater impact on the development
of primary OA than other risk factors, including obesity,
genetics, sex and anatomical factors [3, 4]. Chondrocytes
in the articular cartilage are instrumental for the produc-
tion and degradation of cartilaginous extracellular matrix.
Chondrocyte loss or a decline in chondrocyte proliferation
has been associated with the degeneration of aged carti-
lage [5–7]. Thus it is important to ascertain the factors that
promote ageing of the cartilage with the aim to prevent
or reduce cartilage dysfunction. Previous reports disclosed
that heterochronic parabiosis, which refers to the parabiot-
ic pairing of an older animal with a younger one, could in
part reduce the regenerative capacity of young organs and
tissues, such as the brain and muscle [8, 9].
Heterochronic parabiosis involves joining two animals of
dissimilar ages. The two animals subsequently develop
vascular anastomoses and share a single circulatory sys-
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tem. This experimental model provides a method to exper-
imentally evaluate both the systemic consequences on cell
and tissue ageing and the development of age-associated
ailments [10]. It allows exposure of young tissues to an old
systemic environment, which mimics sustained injury and
chronic diseases such as primary OA [11]. Nevertheless, it
is unknown whether heterochronic parabiosis damages ar-
ticular cartilage in the younger partner.
OA-like pathological features, although mild, have been
detected in the knees of 12-month-old C57/BL6 mice, im-
plying the presence of early OA [12]. More severe patho-
logical changes due to age-related degeneration were de-
tected in the knees of the majority of 16-month-old C57/
BL6 mice [13]. The occurrence of pathological changes re-
sembling OA in the knees of mice from 12 to 16 months
of age suggests the production of factors such as pro-age-
ing factors that are harmful to the knees of mice belong-
ing to this age group. In this study, a 2-month-old C57/BL6
mouse was linked with a 12-month-old C57/BL6 mouse
for 4 months. We hypothesised that the systemic environ-
ment specific to the aged (12-month-old) mouse would
damage the cartilage of the younger (2-month-old) mouse.
In order to test this hypothesis, we generated a hete-
rochronic parabiosis model in which the blood exchange
between the two mice was confirmed with fluorescence
molecular tomography (FMT). For the purpose of observ-
ing the potential damage of an old systemic environment to
young cartilage, we assessed the proliferation of chondro-
cytes in the young cartilage using 5-ethynyl-2′-deoxyuri-
dine (EdU). We also measured the cartilage content of pro-
teoglycan, as well as gene expression levels and protein
levels of cartilage catabolic factors.

Methods and materials

Animals
Male C57BL/6 mice, both aged (12-month-old, O) and
young (2-month-old, Y), were obtained from the Experi-
mental Animal Centre, Shanxi Medical University, China.
Mice were housed under specific pathogen-free conditions
with a 12-hour/12-hour light/dark cycle. All animals were
handled and used in accordance with the Guidelines for the
Use and Care of Laboratory Animals provided by Shanxi
Medical University. All animal experiments were ap-
proved by the Institutional Review Board at the Second
Hospital of Shanxi Medical University (identification code
for project approval: 2013025; project period: January
2013 to December 2018). Heterochronic parabiotic pairs
in which 2-month-old male C57BL/6 mice were surgically
joined to 12-month-old partners (Y/O, 8 pairs) were al-
located to group 1 (experimental group). Isochronic para-
biotic pairs with partners of identical age (2-month-old/
2-month-old, Y/Y, 5 pairs) were allocated to group 2
(surgery control group), and 2-month-old mice only were
allocated to group 3 (ageing control group, Y, 10 mice).

Parabiosis surgery
Parabiosis surgery was as detailed in published papers [9,
14]. Mice in pairs were anaesthetised and shaved, and mir-
ror-image incisions were made at the left and right flanks
from the elbow to the hip. The peritoneal openings of the
adjacent parabionts were seamed together. Elbow joints
of the parabionts were ligated and the skins of the para-

bionts were stapled together (3.0 prolene, Ethicon, Inc.,
USA). The knee joints were not joined together in order for
the mice to maintain their mobility. Each mouse received
subcutaneous injections of Baytril (enrofloxacin; antibiot-
ic) and Buprenex (buprenorphine, as recommended for an-
tinociception) and their subsequent recovery was moni-
tored. For overall health and maintenance behaviour, some
characteristics of recovery, including paired weights and
grooming behaviour, were determined at various time in-
tervals postoperatively.

Fluorescence molecular tomography
The heterochronic parabiosis model was established 2
weeks after surgery. FMT4000 (PerkinElmer, Boston, MA,
USA) was used to confirm that the partners in the model
had a common blood circulation. FMT is a noninvasive
technique utilising fluorescence, characterised by molecu-
lar specificity and sensitivity, and is used for tissue imag-
ing in live animals [15]. ProSense 750-fluorescence agents
(PerkinElmer, Boston, MA, USA) become fluorescent up-
on activation in the presence of cathepsins (cathepsins B,
L, S, and plasmin), but do not fluoresce without any acti-
vation. ProSense 750FAST was injected into the old mouse
in the heterochronic parabiosis model via the tail vein. The
young mouse was imaged using FMT4000 24 hours after
injection.

Radiography
The knee joints were studied using micro X-ray (Faxitron
Bioptics, Lincolnshire, IL, USA) to reveal morphological
alterations in the whole knee prior to the euthanasia of the
animals. Radiographic grading was accordance with nu-
merical rating scales reported in the literature [16]. The
presence and severity of osteophytosis (0–3 scale), os-
teopenia (not evident in this study) and sclerosis (not evi-
dent in this study) were recorded. Subjective grading of os-
teophytosis was carried out on a scale of 0 to 3 (0 normal,
1 mild, 2 moderate, 3 severe) as judged by severity at the
periphery of the knee joint.

Histology
Knee cartilages of young mice from all three groups at
4 months after surgery were collected and compared. On
the scheduled day of euthanasia, pentobarbital sodium was
administered intraperitoneally to anaesthetise the animals.
The right knees were collected for histological examina-
tion, EdU staining and immunohistochemical staining. The
microscopic scoring of mouse cartilage degeneration fol-
lowed previously described procedures [17]. Blocks were
trimmed to expose the cartilage. A series of frontal sections
(5 μm in thickness) across the entire joints were prepared.
Three 5-μm thick sections were placed on each slide. Fif-
teen slides were prepared, harvested at intervals of approx-
imately 80 μm and stained with safranin O / fast green for
histological assessment. Intervening sections were stored
for EdU and immunohistochemical staining. Degeneration
of cartilage at the joint was evaluated with the Osteoarthri-
tis Research Society International (OARSI) scoring sys-
tem, and proteoglycan depletion was quantified after
safranin-O staining with a semi-quantitative scoring sys-
tem [17]. The OARSI scoring system and the loss of pro-
teoglycan scoring system used in this paper are detailed
in table S1 and table S2 in appendix 1. OA severity was
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expressed as the sum of scores from the medial femoral
condyle and medial tibial plateau. A higher score indicates
greater impairment of the cartilage. Three blinded re-
searchers independently scored each section.

Immunohistochemistry
Immunohistochemical staining was used for detection of
collagen type II (Col2), collagen type X (Col10), matrix
metalloproteinase 13 (MMP13), sex-determining region Y
box 9 (Sox9) and runt-related transcription factor 2
(Runx2). Samples were incubated for 10 minutes in 3%
H2O2 (Sigma-Aldrich, MO, USA) to remove endogenous
peroxidase activity. Incubation with 10% diluted goat
serum (Solarbio, Beijing, China) was used to minimise
nonspecific protein binding. After antigen preparation us-
ing Multipurpose Digestive (Boster, Wuhan, China), sec-
tions were incubated with primary antibodies against
mouse Col2 (Abcam, ab34712, 1:100), Col10 (Abcam,
ab58632, 1:50), MMP13 (Abcam, ab39012, 1:100), Sox9
(Abcam, ab26414, 1:50) and Runx2 (Abcam, ab23981,
1:50) at 4°C overnight. The sections were then incubated
with a biotinylated secondary antibody (Abcam, ab6721,
1:200) followed by development using a 3,3′-diaminoben-
zidine chromogen. Images were taken using a Nikon E800
microscope (Nikon, Melville, NY, USA). Positive cells in
two different fields of view within a single section were
enumerated by a blinded experimenter. The percentage of
positive cells was calculated as the ratio of positive cells to
total chondrocytes present in the section.

Real-time qRT-PCR
The left knees in each group were collected for mRNA
analyses and cartilage samples were collected from the tib-
ia. The samples were ground using a mortar and pestle un-
der liquid nitrogen. Total RNA from the mouse knee joint
cartilage was isolated using an RNeasy isolation kit (Cat.
No. 74704, Qiagen, Valencia, CA, USA) as previously de-
tailed in the literature [18]. Cartilage samples from two
murine tibial plateaus were dissected with a scalpel under
a dissection microscope and pooled together. Four pooled
samples from each group were analysed. Total RNA (1 μg)
was reverse- transcribed to cDNA using the iScript™ cD-
NA synthesis kit (Bio-Rad, Hercules, CA, USA). The re-
sulting cDNA (40 ng/µl) served as the template for deter-
mining the relative content of mRNA with the QuantiTect
SYBR Green PCR kit (QIAGEN, Valencia, CA, USA) us-
ing a DNA Engine Opticon 2 Continuous Fluorescence
Detection System (MJ Research, Waltham, MA, USA).
The primers used are listed in table 1.

EdU incorporation
EdU (5 μg/g per day for 7 days) was injected intraperi-
toneally into the mice during the final week before sacri-
fice. EdU staining was performed using the protocol pro-
vided by the Cell-LightTM Apollo Stain Kit (RIBOBIO,
C10371-1, Guangzhou, China). Following deparaffination,
the sections were rinsed with a glycine solution for 10 min,
permeabilised in phosphate-buffered saline (PBS) contain-
ing 0.5% Triton X-100 for 10 min, washed with PBS (3
× 10 min), and incubated at room temperature in the pres-
ence of the Apollo reaction cocktail for 30 min. Next, the
sections on the slides were permeabilised with 0.5% Triton

X-100 in PBS for 10 min and then rinsed with methanol (2
× 5 min). Finally, the slides were incubated with Hoechst
at room temperature for 30 min. Nuclear counterstaining
was performed using DAPI, and samples were mounted
with 50% glycerine. Images were obtained by using flu-
orescence microscopy. The EdU- and DAPI-positive cells
were determined using ImageJ software, and the EdU la-
beling index (a ratio of the number of EdU-positive cells
to the number of DAPI-positive cells) was calculated. The
threshold of fluorescence intensity was set according to
the range in which these cells of interest can be detected.
Two fields of view for each slide were analysed, using two
slides from each knee and eight knees from each group.

Data and statistical analyses
Data were expressed as mean ± standard error of the mean
(SEM). Statistical analysis was conducted using Prism 5.0
software (GraphPad Software Inc., La Jolla, CA, USA).
Data from different groups were analysed using one-way
analysis of variance (ANOVA) followed by Tukey’s multi-
ple-comparisons test. Differences were considered statisti-
cally significant when the P value was < 0.05.

Results

Confirmation of common circulation in parabiosis
model with FMT
The heterochronic parabiotic pairs (Y/O) and isochronic
parabiotic pairs (Y/Y) were used to evaluate the effects of
an aged systemic environment on young cartilage. ProS-
ense 750 FAST (100 ng), which is optically silent in its
ground state and acquires intense fluorescence after acti-
vation by proteases, was injected through the tail vein in
one partner of the parabiotic model. A needle-stick injury
was created in the other partner of the parabiotic model 2
weeks after the operation. A strong positive signal of ProS-
ense 750 FAST around the site of needle injury was detect-
ed (fig. 1A), which indicated that cross-circulation of the
parabiotic pair was successfully established in this study.
Additionally, the body weight in both groups tended to de-
cline within 2 weeks after the operation, followed by a
steady normalisation of the body weight (fig. 1B). Parabi-
otic pairs were maintained for 16 weeks to ensure adequate
exchange of circulatory factors between the partners prior
to analysis. The pairs were euthanased 16 weeks after the
surgery.

Table 1: Sequences of the primers used in this study.

Gene Sequences (5′→3′)

Forward AAGGGACACCGAGGTTTCACTGGCol2

Reverse GGGCCTGTTTCTCCTGAGCGT

Forward GCCAGGAAAGCTGCCCCACGCol10

Reverse GAGGTCCGGTTGGGCCTGGT

Forward GGACCTTCTGGTCTTCTGGCMMP13

Reverse GGATGCTTAGGGTTGGGGTC

Forward CGTGGACATCGGTGAACTGASox9

Reverse GGTGGCAAGTATTGGTCAAACTC

Forward CCGCACGCAAACCGCACCATRunx2

Reverse CGCTCCGGCCCACAAATCTC

Forward GGCAAATTCAACGGCACAGapdh

Reverse GTTAGTGGGGTCTCGCTCCTG
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Reduction of proteoglycan in young articular cartilage
in an aged systemic environment
Examination of safranin O staining was conducted to
analyse the changes in chondrocyte-derived proteoglycan.
The loss of proteoglycan from cartilage in young mice
from the Y/O group was significantly greater than that
from the Y/Y and Y groups (fig. 2A, B) at 16 weeks post-
surgery, which indicated that the aged systemic environ-
ment triggered proteoglycan loss in young cartilage. Al-
though OARSI scores in young cartilage from the Y/O
group tended to increase compared with those of the Y/
Y and Y groups (fig. 2C), differences among the three
groups were not statistically significant (p >0.05). In ad-
dition, there were no radiographic changes in the knees of
young mice among the three groups (fig. 2D, E). These da-
ta suggest that an aged systemic environment can negative-
ly affect proteoglycan synthesis before gross damage and
radiological changes occur in young articular cartilage.

An aged systemic environment induced significant
changes in protein levels of Sox9 and Runx2
In order to confirm that chondrocytes in young cartilage
were impaired under the influence of an aged systemic
environment, OA-associated factors were detected by im-
munohistochemical staining. Although there were no sig-
nificant changes in the number of Col2/Col10/
MMP13-positive chondrocytes among the three groups
(fig. 3), there was a marked decrease of Sox9-positive
chondrocytes in the young cartilage from the Y/O group
compared with the Y/Y and Y groups (fig. 3). In contrast,
there was an increase in the number of Runx2-positive
chondrocytes following exposure to an aged systemic en-
vironment (fig. 3). Immunostaining was absent in the neg-
ative control sections (not shown). These results further
confirmed that an aged systemic environment adversely af-
fected young articular cartilage.

Aged systemic environment induced significant
changes in mRNA levels of Sox9 and Runx2
As mentioned above, an aged systemic environment pro-
foundly influenced the protein levels of Sox9 and Runx2.
Next, alterations in mRNA levels were examined, and
qRT-PCR was used to determine the expression levels of
the OA-associated genes. No significant changes were de-
tected in Col2/Col10/MMP13 mRNA levels in young car-
tilage from the Y/O group compared with those in young
cartilage from the Y/Y or Y group (fig. 4A, B, C). How-
ever, in an aged systemic environment, the Runx2 mRNA
level was significantly upregulated (fig. 4D). In contrast,
the Sox9 mRNA level was drastically downregulated in
young cartilage in the presence of an aged systemic envi-
ronment (fig. 4E). These results were in accordance with
the protein data described above.

Reduced number of EdU-positive chondrocytes in
young cartilage exposed to an aged systemic environ-
ment
It was hypothesised that the loss of proteoglycan in young
cartilage and the changes in Sox9 and Runx2 levels in
young chondrocytes might be attributed, at least in part,
to an age-related abatement in the proliferation of chon-
drocytes. Therefore, the contribution of an aged systemic
environment to chondrocyte proliferation was investigated
using EdU. Remarkably, the number of EdU-positive
chondrocytes was decreased in young cartilage from the Y/
O group compared with the Y/Y and Y groups (fig. 5A,
B), indicating that an aged systemic environment attenuat-
ed the proliferation of chondrocytes.

Discussion

This investigation has described, for the first time, the im-
pact of heterochronic parabiosis on the articular cartilage
in young mice. At 2 weeks after surgery, shared circula-

Figure 1: Common circulation between two mice in the heterochronic parabiosis model. (A) At 2 weeks after parabiosis surgery, the old
mouse of the parabiotic pair received an injection of ProSense 750FAST through the tail vein (position a) and ProSense 750FAST was activat-
ed around the needling wound in the young mouse of the parabiotic pair (position b), which was imaged with the FMT system 24 hours after
injection. ProSense 750FAST agent was activated in the young mouse, which indicated that the mice had developed a shared blood circula-
tion. (B) Absolute weights of the pairs (parabionts) measured at various times during recovery (8 Y/O pairs and 5 Y/Y pairs). Immediately fol-
lowing the surgery, both groups appeared to lose weight, which was followed by steady normalisation of the body weight. FMT = fluorescence
molecular tomography; O = old; Y = young
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tion was successfully established in the heterochronic para-
biosis model, which was in line with the literature [19–21]
and was confirmed using FMT examination (fig. 1). No-
ticeably, the proteoglycan content in cartilage of young
mice from the Y/O group was significantly reduced (fig.
2A, C), indicating that the synthetic ability of chondro-
cytes was repressed in young cartilage following exposure
to an aged systemic environment. Although the histologi-
cal scores tended to be higher in young mice from the Y/
O group, the difference in OARSI scores among the three

groups did not reach statistical significance (fig. 2A, D),
and the effect of aged circulation on the young articular
cartilage in heterochronic parabiosis was not apparent up-
on radiographic inspection at 16 weeks after surgery (fig.
2B, E). In view of the observation that the pathology of
cartilage degeneration tends to progress rapidly from a loss
of proteoglycan, to mild fibrillation, then focal, broader,
and full-thickness loss of noncalcified cartilage [17], we
speculate that articular cartilage in young mice from the
heterochronic parabiosis model at 16 weeks after surgery

Figure 2: Histological and radiographic changes in cartilage of young mice in the Y/O, Y/Y and Y groups. (A) PG decrease in young cartilage
from the Y/O group was greater than that from the two other groups and histological scores in the Y/O group were relatively higher. Represen-
tative images are shown (8 Y/O mice, 10 Y/Y mice and 10 Y mice were used) Scale bar = 500 μm. (B) Loss of cartilage (proteoglycan grade)
in young mice from the Y/O group was significantly greater compared to the Y/Y and Y groups. The area covered from the surface of the carti-
lage to the yellow dotted lines indicates the proteoglycan content. (C) There was no statistically significant difference in OARSI score among
the three groups (p >0.05). (D, E) No significant pathological changes were detected in the micro-X-ray. The presence and severity of osteope-
nia and sclerosis among the three groups were not evident in this study, and osteophytosis was detected at the margins of the knee joint in
young mice from the three groups. There was no statistically significant difference in osteophytosis scores among the three groups (p >0.05).
The differences of the proteoglycan content, the Osteoarthritis Research Society International (OARSI) score and the osteophytosis scores
among three groups were assessed by one-way ANOVA with Tukey’s post-hoc test.*** p <0.001. Values are presented as mean ± standard er-
ror of the mean. ns = not significant; O = old; Y = young
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begins to undergo pathological changes characteristic of
OA due to the loss of proteoglycan as an early sign of the
pathological process of OA.
There was a significant downregulation in the expression
of Sox9 mRNA and a significant enhancement of Runx2
mRNA in young cartilage from the Y/O group (fig. 4D, E),
similar to the immunohistochemical staining results (fig.
4). On the other hand, there were no significant differences
in the mRNA and protein expression of Col2, Col10 and
MMP13 in young cartilage from the Y-O group compared
with the two other groups (fig. 4A, B, C).
Sox9 is a key transcription factor in chondrogenesis and is
crucial for chondrocyte differentiation, cartilage formation
and maintenance of articular cartilage after birth [22–24].
The histological manifestation of proteoglycan decrease
and reduced Sox9 expression in the articular cartilage of
young mice from the Y/O group was in line with the study
showing that mice devoid of Sox9 did not have obvious

Figure 3: Protein expression of Col2, Col10, MMP13, Sox9 and
Runx2 in articular cartilage. Young cartilage samples from Y/O, Y/
Y and Y groups were analysed with immunohistochemistry for
Col2, Col10, MMP13, Sox9 and Runx2. Col2, Col10 and MMP13
levels in young cartilage showed no statistically significant differ-
ence among the Y/O, Y/Y and Y groups (p >0.05). However, the
level of Sox9 was reduced and the level of Runx2 was increased
in young cartilage from the Y/O group compared to the Y/Y and Y
groups. Scale bar = 200 μm. (8 Y/O mice, 10 Y/Y mice and 10 Y
mice were used). One-way ANOVA with Tukey’s post-hoc test was
used to assess the difference in the percentage of positive cells
with Col2, Col10, MMP13, Sox9 and Runx2 protein expression
among the three groups.*** p <0.001. Values are presented as
mean ± standard error of the mean. Col2 = collagen type II; Col10
= collagen type X; MMP13 = matrix metalloproteinase 13; O = old;
Runx2 = runt-related transcription factor 2; Sox9 = sex-determining
region Y box 9; Y = young

OA; however, loss of proteoglycan was histologically ev-
ident in cartilaginous tissues [22]. Runx2 induces chon-
drocyte hypertrophy and promotes the initiation and pro-
gression of OA [25]. An increase in Runx2 expression is
often associated with reduced Sox9 [26]. Col2 is an im-
portant component for maintaining the extracellular ma-
trix and cartilage integrity, and catabolic enzymes such as
MMP13 degrade the extracellular matrix during the devel-
opment of primary OA [2, 27, 28]. Structural damage to
cartilage is brought about by increased activity of catabolic
enzymes and reduced anabolic synthesis.
The results of Col2, Col10 and MMP13 expression analy-
sis revealed no obvious changes in young cartilage from
the Y/O group. This might explain why histological and ra-
diographic examination failed to show significant structur-
al deterioration. One possible explanation for this phenom-
enon is that young chondrocytes did not suffer extensive
damage from exposure to the aged systemic milieu because
the 12-month-old mice were not old enough, or the dura-
tion of circulatory exchange between the young mouse and
old mouse was not long enough. For future studies, older
mice will be selected for further investigations of the effect
of an aged systemic environment on young articular carti-
lage. The results presented above suggested that chondro-
cytes in young cartilage from the heterochronic parabiosis
model were indeed adversely affected. We speculate that

Figure 4: Messenger RNA expression of cartilage-associated
genes in articular cartilage. Expression of Col2, Col10, MMP13,
Sox9 and Runx2 was determined with qRT-PCR in the articular
cartilage samples and no significant differences in the expression
of the Col2, Col10 and MMP13 could be detected when the three
groups were compared (A, B, C). However, a significant increase
in the expression of Runx2 and a significant decrease of Sox9
were measured in young cartilages from the Y/O group (D, E) (8 Y/
O mice, 10 Y/Y mice and 10 Y mice were used). One-way ANOVA
with Tukey’s post-hoc test was used to assess the difference in
mRNA expression of Col2, Col10, MMP13, Sox9 and Runx2
among the three groups.* p <0.05; ** p < 0.01. Values are present-
ed as mean ± standard error of the mean. Col2 = collagen type II;
Col10 = collagen type X; MMP13 = matrix metalloproteinase 13;
ns = not significant; O = old; qRT-PCR = quantitative reverse tran-
scription polymerase chain reaction; Runx2 = runt-related tran-
scription factor 2; Sox9 = sex-determining region Y box 9; Y =
young
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the observed changes of PG, Sox9 and Runx2 in chondro-
cytes of young mice in the heterochronic parabiosis model
might be related to chondrocyte proliferation.
We further quantified chondrocyte proliferation using
EdU, which accurately reflects cell proliferation. The pres-
ence of more EdU-positive cells indicates increased cell
proliferation. Interestingly, we found that the percentage
of EdU-positive chondrocytes in young cartilage from the
Y/O group was significantly lower than in the Y/Y and
Y groups. The number of EdU-positive chondrocytes in
young cartilage from the Y/Y and Y groups showed no sta-
tistically significant difference, indicating that the change
was not due to surgery (fig. 3). This observation showed
that chondrocyte proliferation was reduced in young mice
from the heterochronic parabiosis model and suggested
that changes to chondrocyte proliferation occurred before
gross cartilage change during the process of OA.
In summary, our study demonstrated that an old systemic
environment exerts a negative effect on the articular carti-
lage of young mice, including suppression of chondrocyte
proliferation, a reduction in Sox9 expression and proteo-
glycan content. A limitation in our study is that parabio-
sis is only shown here as a pro-aging phenomenon, and a
proteomics analysis will be applied in our next study to ex-
plore the specific pro-aging factors in old mice that are re-
sponsible for the effects found on young cartilage. To in-
vestigate the possible involvement of soluble factors, para-
biosis alone would not be adequate, whereas plasma trans-

Figure 5: Young mice in the Y/O group displayed a lower percent-
age of EdU-positive chondrocytes. (A) Chondrocyte proliferation
decreased in the Y/O group. Pictures are shown with 400 × magni-
fication. Scale bar = 200 μm. (B) The young mice in the Y/O group
had significantly lower rates of chondrocyte proliferation compared
to the two other control groups (8 mice per group). One-way ANO-
VA with Tukey’s post-hoc test was used to assess the difference of
the percentage of EdU-positive chondrocytes among three
groups.* p <0.05, ** p <0.01. Values are presented as mean ±
standard error of the mean. EdU = 5-ethynyl-2′-deoxyuridine; O =
old; ns, = not significant; Y = young

fusions [29] could be used to study soluble factors due to
removal of the cellular components. Future studies will be
required to explore the use of various models (other than
parabiosis) to elucidate the pro-aging factors that cause the
observed effects on young cartilage.
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Appendix 1 Scoring systems

Table S1: OARSI scoring system.

Grade Osteoarthritic damage

0 Normal

0.5 Loss of safranin-O without structural changes

1 Small fibrillations without loss of cartilage

2 Vertical clefts down to the layer immediately below the superficial layer and some loss of surface lamina

3 Vertical clefts/erosion to the calcified cartilage extending to <25% of the articular surface

4 Vertical clefts/erosion to the calcified cartilage extending to 25-50% of the articular surface

5 Vertical clefts/erosion to the calcified cartilage extending to 50-75% of the articular surface

6 Vertical clefts/erosion to the calcified cartilage extending >75% of the articular surface

Table S2: Scoring system for loss of proteoglycan.

Grade Loss of cartilage proteoglycan

0 Normal staining of noncalcified cartilage

1 Decreased but not complete loss of safranin-O staining over 1-100 % of the articular surface

2 Complete loss of safranin-O staining in the non-calcified cartilage extending to <25% of the articular surface

3 Complete loss of safranin-O staining in the non-calcified cartilage extending to 25–50% of the articular surface

4 Complete loss of safranin-O staining in the non-calcified cartilage extending to 50–75% of the articular surface

5 Complete loss of safranin-O staining in the non-calcified cartilage extending to >75% of the articular surface
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