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Abstract: The TTR (transforming growth factor β1 (TGFβ1) injection with treadmill running) model of murine joint 
injury was used to examine effects of intra-articular Hyaluronan (IA HA) on the metabolism of subchondral bone. 
HA was injected 24 h after TGFβ1 injection and its effects on the mRNA of 80 genes in the Nfkb pathway, and bone 
remodeling genes, Acp5, Nos2 and Arg1, in femoral and tibial epiphyses/metaphyses of injected and contralateral 
legs was assessed. Structural bone parameters at those sites were determined by Micro-computed tomography 
(micro CT) and bone remodeling cells identified with histochemistry for tartrate-resistant acid phosphatase and 
immunohistochemistry for Nitric oxide synthase 2 (NOS2) and Arginase 1. Gene expression responses in femoral 
compartments were generally inhibitory and notably biphasic whereas the tibia was relatively non-responsive. Gene 
expression was also altered in the contralateral femoral compartment but were predominantly activated. IA TGFb 
did not alter bone structure in the injected leg, but resulted in a statistically significant reduction (25-40%) in tra-
becular bone of the contralateral limb. IA HA did not affect such changes. This bone loss was associated with an 
acute decrease in transcript abundance for Acp5, Nos2, Arg1 and this decrease persisted for Nos2 and Arg1. In 
conclusion, the data illustrate that in this model, IA TGFβ1 injection results in marked biphasic changes in NfKb-
regulated apoptosis, IL1 and IL12 pathways, which were transiently altered after IA HA therapy. The finding that all 
modulations are essentially restricted to the femoral compartment is consistent with the predominant localization 
and clearance of injected HA from this site.
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Introduction

Hyaluronan (HA) is increasingly used in a wide 
range of therapeutic applications, including 
musculoskeletal tissue regeneration and pain 
management [1]. Although some evidence has 
been published for pre-clinical clinical efficacy 
of local HA therapy for joint diseases with an 
inflammatory component, such as post-trau-
matic osteoarthritis [2-5], the dosage (single vs 
multiple), the timing and location of the injec-
tions have yet to be optimized. IA (Intra-
Articular) HA injections have also been used to 
treat cartilage lesions following surgical micro 

fracture [6] but the results have been inconclu-
sive [7, 8].

We and others have studied the effects of IA HA 
injections in rodent and rabbit models of OA. 
For example, a single dose of high molecular 
weight HA has a protective effect against local 
tissue changes and also against early pain sen-
sitization in the TTR (TGFβ1 injection with tread-
mill running) [9] and the DMM models of OA 
[10]. In addition, HA alone [11] or in combina-
tion with PRP [12] or dexamethasone [13] acti-
vates chondrogenic genes in the cartilage/sub-
chondral bone and represses fibrogenic genes 
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throughout the joint in murine OA, with similar 
findings reported in a lapine OA model [3]. In a 
recent study, Duane et al [14], using a mechani-
cal overload model of knee joint tissue degen-
eration, reported that IA injection of an HA 
derivative did not affect structural changes  
in cartilage or synovium, and produced only 
minor effects on femoral epiphyseal bone 
remodeling.

Because of its widespread biomedical usage it 
has become imperative to understand the vari-
ous biological activities of the molecule (in its 
multiple formulations) and a recent paper [15] 
has highlighted the well-documented role of HA 
in inflammatory environments. However, wheth-
er exogenously supplied HA acts as an anti- or 
pro-inflammatory in different phases of the 
inflammatory responses to tissue injury is 
unknown [16].

In the context of using IA HA formulations for 
therapeutic intervention in correcting remodel-
ing of various tissue in the OA joint, it should  
be noted that in addition to the soft tissues, 
this includes the epiphyseal/subchondral bone 
[17-20] and the marrow [21]. However, there  
is currently no information on the effect of  
HA on inflammatory pathways and remodeling 
of the epiphyseal bone that accompany OA 
progression.

Our current studies using the TTR model were 
motivated by the knowledge that the trans- 
forming growth factor (TGF)-β super family are 
important regulators in osteoclastogenesis 
with Smad-mediated signaling being crucial  
for inducing osteoclast differentiation. TGFβ1 
induced inflammation through activation of the 
Nfkb pathway [22] can lead to abnormal bone 
remodeling that results in long term bone-loss 
when this pathway is chronically modulated 
[23, 24]. Moreover, when injected into the knee 
joint of mature mice this growth factor initiates 
extensive intra-articular osteophyte formation 
[25, 26], and it has been suggested that via its 
induction of NGF production [27], it can be an 
important inducer of osteoarthritic pain.

We report here studies using the TTR model, on 
the effect of IA HA on TGFβ1 induced changes 
in expression levels of 73 genes in the Nfkb 
pathway, osteoclast/osteoblast specific genes, 
as well as macrophage specific markers, Nos2 
and Arg1, in the tibial and femoral epiphyses. 
Bone quality of epiphyseal, metaphyseal and 
cortical regions of the femur and tibia were 

evaluated and osteoclast/macrophage [28, 29] 
in these regions were identified using tartrate-
resistant acid phosphatase (TRAP) histochemi-
cal staining and IHC for NOS2 and Arginase 1.

Our data show that in the TTR model, IA HA 
acutely altered TGFβ1 induced changes in Nfkb 
pathway and bone metabolism gene expres-
sion, primarily in the femoral epiphyses of 
TGFβ1 injected knees. We also observed sig-
nificant activation of Nfkb pathway genes in 
contralateral joints, and this response was 
amplified after the HA injection. TGFβ also 
resulted in rapid trabecular bone loss in the 
femoral metaphyses, but only in the contralat-
eral knee, and this was not modified by IA HA. 
Together these data support the conclusion 
that a single IA HA injection can serve as a tran-
sient anti-inflammatory agent in soft tissues [9] 
through its modification of transcriptional regu-
lation of genes in the NfKb pathway, but that  
it has no detectable effects on  epiphyseal or 
metaphyseal bone structural parameters in 
either injected or contralateral knees.

Materials and methods

In vivo murine studies

The murine TTR model is described in detail 
elsewhere [9, 10]. Male mice (wild type 
C57BL/6 background, age 12 weeks) were 
bred in-house, and all animal protocols were 
approved by the Rush University Medical Center 
Animal Care and Use Committee. Therapeutic 
HA (Supartz FXTM, Seikagaku Corporation) or 
saline injections were given one day after the 
second TGFβ1 injection. Control groups includ-
ed mice subjected to treadmill running only for 
1 week or 3 weeks, as well as age-matched 
cage maintained mice. A summary of experi-
mental groups and mice used for each of the 
outcomes is given in Table S1.

QPCR gene expression assays

Femoral and tibial epiphyseal/metaphyseal 
samples were isolated after joint separation by 
removal of all fibrous tissues (menisci, ligament 
etc.) and sharp linear dissection at the metaph-
yseal interface with the growth plates before 
storage at -20°C in RNALater (Life Technologies, 
Carlsbad, CA). On inspection under the dissect-
ing microscope, these samples reproducibly 
contained the complete articular surfaces and 
epiphyseal bone along with the majority of the 
growth plate cartilages with attached spicules 
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of metaphyseal bone and the bone marrow. 
RNA was prepared either from a pool of three  
or individual epiphyseal samples as described 
in Table S1. Briefly, tissues in RNALater were 
thawed on ice, rinsed with fresh RNALater 
(Qiagen, Valencia, CA, USA), snap-frozen in  
liquid nitrogen and pulverized. RNA purifica- 
tion and cDNA synthesis was performed as  
previously described as described in [9]. RT2 
Profiler PCR Array (Qiagen) plates were used  
to quantify transcript abundance for Nfkb 
Pathway genes (PAMM-025Z, see Figure S1  
for gene listing and baseline ΔCt values). 
Transcript abundance of bone anabolic and 
catabolic genes was also determined using 
Taqman®-primers Alpl, Mm00475834_m1; 
Bglap, Bglap3, Bglap2, Mm03413826_mH; 
Acp5, Mm00475698_m1; Ctsk, Mm0048- 
4039_m1; Tnfsf11, Mm00441906_m1; Tn- 
frsf11b, Mm00435454_m1, Nos2, Mm00- 
440502_m1 and Arg1, Mm00475988_m1. 
The ΔCt = [Ct (gene of interest)-Ct (Gapdh)] and 
Ct>35 considered ‘non-detectable’ (ND) was 
used to compute treatment-induced fold-
change in expression as 2-ΔΔCt, where ΔΔCt = 
[ΔCt (post-injury time point) - ΔCt (naïve)], with 
only ≥1.9 fold increase or decrease considered 
biologically significant.

Bone micro CT analyses

Distal femurs and proximal tibias from all exper-
imental groups were imaged with a SCANCO 
μCT40 desktop scanner at an isotropic spatial 
resolution of 12 μm, an operating voltage of 55 
kVp, a current of 145 μA, and an integration 
time of 300 ms. Trabecular bone volumes of 
interest were semi-automatically segmented at 
the endocortical boundary in the metaphysis 
and diaphysis (Figure S3) with on-board soft-
ware, which was then used to estimate bone 
volume fraction (BV/TV), and trabecular bone 
parameters of number (Tb.N), thickness (Tb.
Th), and spacing (Tb.Sp). Cortical bone volumes 
of interest were similarly segmented for estima-
tion of cortical bone parameters. All data are 
expressed as fold changes relative to age-
matched cage control groups (Table S2).

Histology and immunohistochemistry

Knee joints (n=3 per experimental group) were 
processed as previously described. Briefly, 
joints were fixed in formaldehyde, decalcified in 
EDTA, processed, embedded in paraffin, and 5 
μm thin sagittal sections cut through the entire 

joint. Sections (n=36) from the mid-portion of 
each specimen, were used for immunohisto-
chemistry: Sections (n=6 per antibody) were 
de-paraffinized and incubated overnight at 4°C 
with the following probes: anti NOS2 (1 ug/mL 
[Thermo Scientific, PA3-030A]) or anti-Arginase 
1 (1 ug/mL, [Bioss, bs-8585R]), followed by bio-
tinylated anti-rabbit IgG as secondary antibody. 
All sections were counterstained with methyl 
green. Negative control staining is shown in 
Figure S2.

To identify osteoclast-like cells in sections of 
injected and contralateral knee joints, formalin-
fixed, EDTA-decalcified and paraffin embedded 
sections were stained using the SIGMA-Ald- 
rich Diagnostics Acid Phosphatase, Leukocyte 
(TRAP) kit. Staining was carried out as per man-
ufacture’s protocol and sections were counter-
stained with 0.05% Fast Green.

Statistical analysis

Statistical analysis was performed using SPSS 
(version 17, IBM). Data was first tested for nor-
mality using a Shapiro-Wilk test. All data was 
normally distributed and therefore group 
effects were assessed using a one-way analy-
sis of variance (ANOVA). If significant, specific 
between group comparisons were made using 
a Tukey post-hoc test.

Results

The TTR model has disparate effects on NFkb 
pathway gene expression in femoral and tibial 
epiphyses of injected legs

The effect of the TTR model on the expression 
of 73 genes in the Nfkb pathway, measured  
in epiphyses at different times post-injection, 
for both injured and contralateral legs, is  
shown in Figure 1 (heatmap) and Table S3 
(numerical data). Genes are listed in 8 func- 
tional groups (as per Qiagen) and data is  
presented as increased or decreased fold-
change relative to values obtained for UI (unin-
jured) age-matched tissue samples. The validi-
ty of the fold change data is based on the high 
reproducibility of expression (as ΔCt values)  
of individual genes in biological replicates. 
Assays of Pools 1, 2 and 3 (Figure S1) show  
that for naïve joints the three results for the 
femoral (FE) or tibial (TE) samples always varied 
by less than 1.0 ΔCt unit from the mean value 
which was used for the fold-activation calcula-
tion in Figure 1.
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The response to the TTR model (Figure 1) was 
distinctly different in the femoral vs the tibial 
epiphyses. In the femoral epiphysis of the 
injured knee, the apparent mRNA abundance of 
50/73 genes was significantly (P<0.05) altered 
from naïve levels at one or more time points 

and most strikingly, the injured femur respond-
ed biphasically with a generalized inhibition of 
expression (46/50 genes) on day 5, which was 
normalized by day 12 but re-established on 
days 19 and 26 for most genes. Relative to  
the generalized femoral response, very limited 

Figure 1. Heatmap illustration of fold changes vs UI in relative mRNA abundance for Nfkb pathway genes in femo-
ral and tibial epiphyses in the TTR model. Colored boxes are only shown for statistically significant (P<0.05) fold 
changes relative to naïve levels.
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changes were seen in the tibial epiphysis, with 
only 23/73 genes affected (11 inhibited and  
12 activated), and (perhaps more notably) 
where the same gene was altered in both 
epiphyses (18 genes) the change in expression 

was often (9 genes) a femoral inhibition and a 
tibial activation. When taken together, these 
results showed that, despite the intra-articular 
location of the injections and the similarities in  
tissue structure and anatomic location, the  

Figure 2. Heatmap illustration of IA HA-induced fold changes vs UI in relative mRNA abundance for Nfkb path-
way genes in femoral and tibial epiphyses in TTR model. Colored boxes are only shown for statistically significant 
(P<0.05) fold changes relative to naïve levels.
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Figure 3. Heatmap of the effect of therapeutic HA on fold changes in expres-
sion of Nfkb pathway genes in femoral and tibial epiphyses of injected and 
contralateral joints of TTR mice. Colored boxes are only shown for statistically 
significant (P<0.05) fold changes in therapeutic HA vs TTR. Numerical Fold 
Change values are given in Table S3.
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signaling response to joint injury was quite  
distinct on the femoral and tibial aspects of  
the joint. In fact only 6/73 genes (Ccl2, Bcl3, 
Nfkb1a, Ccl5, Agt and Bcl2l1) showed the same 
response in both tibia and femur, which was an 
inhibition.

The TTR model has opposite effects on NFkb 
pathway gene expression in femoral epiphyses 
of injured and contralateral legs

In addition to the focal nature of the response 
in the femur of the injected joint, there was also 
an unexpectedly robust response in the contra-
lateral femoral epiphyses (44/73 genes) sug-
gesting that femoral epiphyseal cells were more 
responsive than tibial cells in general (Figure 
1). However, in contrast to the injected side 
where expression was generally inhibited in the 
femur, the majority (33/44) of affected genes in 
the contralateral femur were activated, consis-
tent with secondary signaling via a circulating 
non-TGFβ1 factor. Further, consistent with only 
23/73 genes being affected in the tibia of the 
injected joint, only 16/73 were affected in the 
contralateral tibia.

Therapeutic HA markedly affects Nfkb1 path-
way gene expression in the femoral epiphysis 
of the injured joint in the TTR model

A single IA HA dose delayed the generalized 
inhibition of expression seen in contralateral 
femurs from day 5 (Figure 1; Table S2) to day 
12 (Figure 2). More remarkably perhaps, thera-
peutic HA essentially eliminated the late stage 
(days 19/26) inhibitions (Figure 1) and instead 

caused activation, particularly on day 19 (Fig- 
ure 2). These marked effects of HA were not 
the result of a joint “wash-out” effect by the HA 
solution since when saline was used instead of 
HA no significant changes occurred in gene 
expression as a result of the injection (Figure 
S2).

We next calculated the fold-change effects of 
HA injection (TTR+HA vs TTR) from ΔCt values, 
and this data is shown in Figure 3 and Table S3, 
where only genes exhibiting some sensitivity  
to HA are provided. Most apparent was the find-
ing on the femoral side that similar to TGFβ1, 
the HA effect was also phasic with a set of 25 
genes (Casp8, Bcl2l1, Bcl2a1a, Bcl10, Crebbp, 
Jun, Card10, Atf1, Fasl, Bcl3, Birc3, Atf2, Agt, 
Eif2ak2, Card11, Ifng, Irf1, Akt1, Ikbkb, Cd40, 
Ccl2, Ccl5, Hmox1, Fos, Cd27) which were acti-
vated by the HA at day 5, inhibited at day 12 
and re-activated at day 19. The other 49 genes 
were unaffected by HA on day 5 and subse-
quently were unaffected or inhibited on day 12 
and generally activated on day 19. A 14-gene 
subset (Cflar, Egfr, Elk1, F2r, Icam1, Ikbkg, 
Irak2, Lta, Ltbr, Map3k1, Mapk3, Rel, Rela, and 
Slc20a1) of the 49 genes responded in con-
cert, in that they were unaffected on day 5, 
inhibited on day 12, activated on day 19 and 
unaffected on day 26.

Effect of the TTR model on structural bone 
parameters

Micro CT analysis for four structural parame-
ters was done on injected and contralateral 
legs from four mice of each of the three treat-

Figure 4. Alterations in metaphyseal and epiphyseal BV/TV after TTR, TTR+HA and TM treatments. Injected and 
Contralateral legs were analyzed separately for the TTR or TTR+HA groups. *Statistical significance was calculated 
using 1-way Nova software and number of animals analyzed for each group is given in Table S1. NS=P>0.05. Data 
are expressed relative to UI (for TTR ± HA) or Cage (for TM) age matched controls.
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ment groups sacrificed on days 19 and 26. BV/
TV, Tb.N, Tb.Th and Tb.Sp were quantitated for 
the epiphyseal and metaphyseal regions of the 
femur and the tibia (Figure S3). Because essen-
tially identical data was obtained at the two 
time points, it was combined for statistical 
comparisons (Figure 4 and Tables 1, 2).

Relative to un-injured controls, the TTR model 
had no effect on any femoral or tibial bone 
parameters in the injected leg. However, it 
resulted in marked changes in the femurs of 
the contralateral leg. Thus, statistically signifi-
cant reductions (25-40%) in bone parameters 
(BV/TV, Tb.N, Tb.Th and Tb.Sp) were detected in 
the metaphyseal regions of the contralateral 
femur (Table 1). In addition, minor reductions in 
trabecular spacing in the femoral epiphyses of 
the contralateral leg (P=0.044) and the BV/TV 
of the femoral cortical bone of the injected leg 
were observed (Figure S4).

HA injections had no detectable effect on bone 
in the injected legs. HA injections also did not 
alter the marked reductions in all measured 
parameters in the metaphyseal regions of the 
femur in the contralateral legs.

Effect of treadmill running without TGFβ1 in-
jection

The decrease in contralateral metaphyseal 
bone parameters in the TTR model (Figure 4 
and Table 1) was not due to treadmill running 
alone, but required TGFβ1 injection before 
treadmill activity. However, the BV/TV of the 
femoral metaphyses was increased by tread-
mill alone at 1 and 3 weeks and that of the tibi-
al metaphysis at 3 weeks. Since no detectable 
changes in trabecular parameters relative to 
age-matched naïve controls were detected, the 
TM-induced increase in BV/TV was due to corti-
cal bone in the metaphysis.

Table 1. Changes in metaphyseal trabecular bone properties following TTR, TTR+HA and TM treat-
ments

Parameter TTRa

Inject
TTRa

Contralateral
TTR+HAa

Inject
TTR+HAa

Contralateral
TMa

1 week
TMa

3 weeks
Femur
    Tb.N 0.92 (0.07) 0.80 (0.06)b 0.94 (0.12) 0.84 (0.12)e 1.13 (0.08) 1.12 (0.02)
    Tb.Th (mm) 0.96 (0.04) 0.84 (0.05)c 0.90 (0.10) 0.91 (0.09) 1.04 (0.08) 1.03 (0.04)
    Tb.Sp (mm) 1.13 (0.09) 1.30 (0.11)d 1.09 (0.19) 1.26 (0.21) 0.87 (0.06) 0.87 (0.02)
Tibia
    Tb.N 0.92 (0.10) 0.76 (0.22) 0.89 (0.10) 0.89 (0.18) 1.09 (0.12) 1.15 (0.07)
    Tb.Th (mm) 0.98 (0.06) 0.80 (0.18) 1.00 (0.09) 1.00 (0.11) 1.00 (0.04) 1.03 (0.02)
    Tb.Sp (mm) 1.10 (0.14) 1.03 (0.19) 1.13 (0.17) 1.16 (0.30) 0.91 (0.11) 0.86 (0.07)
aData are expressed relative to UI (for TTR ± HA) or Cage (for TM) age matched controls. Injected and Contralateral legs were 
analyzed separately for the TTR or TTR+HA groups. b-dStatistical significance was calculated using 1-way ANova software and 
number of animals analyzed for each group is given in Table S1. P=b0.0045; c0.015; d0.0059; e0.042.

Table 2. Changes in epiphyseal trabecular bone properties following TTR, TTR+HA and TM treatments

Parameter TTRa

Inject
TTRa  

Contralateral
TTR+HAa  

Inject
TTR+HAa  

Contralateral
TMa

1 week
TMa

3 weeks
Femur
    Tb.N 1.01 (0.01) 0.97 (0.03) 0.94 (0.12) 0.96 (0.02) 1.02 (0.03) 1.03 (0.05)
    Tb.Th (mm) 0.91 (0.02) 0.89 (0.04)b 0.90 (0.10) 0.95 (0.06) 0.98 (0.04) 1.08 (0.11)
    Tb.Sp (mm) 1.06 (0.07) 1.09 (0.05) 1.09 (0.19) 1.06 (0.06) 1.04 (0.01) 0.95 (0.05)
Tibia
    Tb.N 1.01 (0.04) 0.92 (0.07) 0.89 (0.10) 1.05 (0.05) 0.89 (0.09) 0.92 (0.09)
    Tb.Th (mm) 0.96 (0.07) 1.04 (0.06) 1.00 (0.09) 0.96 (0.07) 1.18 (0.24) 1.18 (0.11)
    Tb.Sp (mm) 0.89 (0.05) 0.97 (0.05) 1.13 (0.17) 0.98 (0.05) 1.11 (0.18) 1.04 (0.13)
aData are expressed relative to UI (for TTR ± HA) or Cage (for TM) age matched controls, as mean (± SD) Injected and Contra-
lateral legs were analyzed separately for the TTR or TTR+HA groups. bStatistical significance was calculated using 1-way ANOVA 
software and number of animals analyzed for each group is given in Table S1. P=b0.043.
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Osteolytic bone changes in the contralateral 
leg of the TTR model and the effect of HA 
treatment on expression of bone-related genes

The lack of effect of HA treatment on bone 
structure was unexpected, since it had marked 
effects on inflammatory responses in both fem-
oral epiphyses (which includes the growth plate 
and metaphyseal calcified cartilage regions) via 
the Nfkb pathway (Figures 2 and 3). We there-
fore extended our study to examine how expres-
sion of genes related to inflammation-mediated 
bone osteolysis such as osteoclastic Acp5 [28, 
29], M1-macrophagic Nos 2 [30-32] and 
M2-macrophagic Arg1 [33, 34] might be affect-
ed by the TTR alone and/or with therapeutic 
HA. The fold changes in expression of these 
three genes, in injected and contralateral femo-

ral and tibial specimens are summarized in 
Figure 5.

In the femoral samples of the injected leg of the 
TTR model (no detectable bone loss), the tran-
script levels for Acp5 and Nos2 were signifi-
cantly elevated at the acute stage (d5) and 
Acp5 remained above uninjured levels (~7-10 
fold) up to 26 days. HA therapy abolished the 
increase in Acp5, but not Nos2, and whereas 
Arg1 expression was not significantly altered 
due to the TTR model alone, a ~2 fold decrease 
(P<0.05) was detected on days 12 and 26 fol-
lowing HA therapy.

By comparison, in the femoral samples of the 
contralateral leg (significant trabecular bone 
loss), a robust decrease in transcript abun-

Figure 5. Effect of TTR (●) and TTR+HA (○) on fold changes (vs naïve) in expression of Acp5, Nos2 and Arg1 in the 
femoral epiphyses of the injected and contralateral legs. (---) indicates unchanged expression. (*) and (#) indicate 
P<0.05 for TTR and TTR+HA, respectively, as determined by 1 way ANOVA test of data from n=3 biological replicates. 
Insets show data on expanded scales.



Therapeutic hyaluronan and bone remodeling in osteoarthritis

3289 Am J Transl Res 2019;11(6):3280-3300

dance for all 3 genes Acp5, Nos2, Arg1 was 
seen in the acute phase (d5), and this was 
maintained for Nos2 and Arg1 for up to 26 d 
(P<0.05 vs uninjured controls). Following HA 
therapy the decreases in Nos2 and Arg1 
expression were sustained (relative to unin-
jured controls) whereas Acp5 levels were 
variable.

In the tibial samples of the injected leg, only 
Nos2 transcript abundance was increased in 
the acute phase (d5), showing increases in the 
injected leg of ~ 170 and ~ 90 fold for TTR and 
TTR+HA, respectively. A minor (~3 fold) increase 
(P<0.05) in Nos2 expression in the contralater-
al tibia was also noted with TTR. While Acp5 
and Arg1 showed apparent decreases in tibial 
expression, none of these changes reached 

statistical significance. Further, there was no 
major effect of TTR or TM alone on the diaphy-
seal femoral cortical bone (Figure S3), however 
a minor (~3%), but statistically significant, 
reduction in the BV/TV of the femoral cortical 
bone with TTR (± HA) was observed. In keeping 
with the absence of major structural change  
we did not detect any effect of the treadmill 
only on expression of bone resorptive marker 
genes, Nos2, Arg1 or Acp5 in epiphyseal 
samples.

Protein levels and enzyme activity of bone re-
sorption markers in the TTR model

The finding that the osteolytic response to TTR 
of the contralateral femoral compartment was 
accompanied by a decreased expression of 

Figure 6. TRAP activity in the femoral epiphyseal and metaphyseal growth plate regions from injected and contralat-
eral joints. 5 um thin sections were stained for TRAP product using a SIGMA kit and counterstained with Fast-Green 
(see Methods). Regions containing TRAP-positive cells are indicated by black arrow heads. In naïve joints, these 
were abundant on epiphyseal and particularly metaphyseal aspects of the growth plate, but become less abundant 
in all injected joints by 26 days, with isolated active cell groups on the metaphyseal aspect only. ANT = Anterior, 
POST = Posterior; M = Metaphysis; E = Epiphyses; GP = Growth Plate.
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Acp5 (TRAP), and also Nos2 and Arg1 suggest-
ed that control of pro- and anti-inflammatory 
macrophage activity may play a critical role in 
resorption in this model. To investigate this  
further, we stained whole joint sections for  
tartrate-resistant acid phosphatase (TRAP) 
(Figures 6, 7), NOS2 (Figures 8, 10) and 
Arginase 1 (Figures 9, 11). TRAP staining in 
naive joints was predominantly in the metaphy-
seal regions (calcified cartilage) of both femoral 
and tibial growth plates (black arrowheads 
Figures 6, 7 UI panels) and no major changes 
were detected in TTR with time after induction. 
However, HA therapy decreased intensity of the 
TRAP staining from TTR levels in both injected 
and contralateral legs, at d12 and d26, but not 
in the acute phase (d5, data not shown). 
Notably, the significantly increased transcript 
abundance of Acp5 in the femoral compart-
ment of the TGFβ1 injected joints (Figure 4) 
was not accompanied by an increase in active 
TRAP in these joints.

NOS2 immunostaining in naive joints (Figures 
8, 9) was largely restricted to the perichondrial/
periosteal lining in both tibial and femoral com-
partments. However, with TTR, NOS2 immuno-
reactivity increased in both tibial and femoral 
growth plates (cell-associated and ECM, see 
high mag insert), as well in regions of the 
metaphyseal/epiphyseal bone marrow, adja-
cent to the trabeculae and within the trabecu-
lae. In this case, the increase in protein levels 
with TTR were entirely in keeping with the 
increased levels of Nos2 mRNA transcripts 
seen at d5 in injected joints (Figure 4). 
Furthermore, high NOS2 immunostaining was 
seen at all times up to d29, suggesting that the 
protein (or at the least the epitope recognized 
by the antibody) exhibits a prolonged half-life in 
the tissues. In the contralateral legs, NOS2 pro-
tein was barely detectable in either the growth 
plate or bone marrow compartments of the 
femur and tibia, although there was some 
increased staining in the trabecular bone itself. 

Figure 7. TRAP Staining of the tibial epiphyseal and metaphyseal growth plate regions from Injected and contra-
lateral joints. Regions containing TRAP positive cells are indicated by black arrow heads. In Naïve joints, these are 
abundant on the metaphyseal aspects of the growth plate, and can also be seen at the anterior aspects of the sub-
chondral bone region. In injected joints, by 26 days, the presence of such cells is greatly diminished. ANT = Anterior, 
POST = Posterior; M = Metaphysis; E = Epiphyses; GP = Growth Plate.
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Figure 8. NOS2 IHC staining of the femoral epihyseal and metaphyseal growth plate regions from injected and contralateral joints. Right hand panels in each column 
show a higher magnification of the growth plate and adjacent epiphyseal and metaphyseal regions. ANT = Anterior, POST = Posterior; M = Metaphysis; E = Epiphyses; 
GP = Growth Plate. (-) = 20 um in high magnification panels. Non-immune control staining is shown in Figure S5.
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Figure 9. Arginase 1 IHC staining of the femoral epiphyseal and metaphyseal growth plate regions from injected and contralateral joints. Right hand panels in each 
column show a higher magnification of the growth plate and adjacent epiphyseal and metaphyseal regions. ANT = Anterior, POST = Posterior; M = Metaphysis; E = 
Epiphyses; GP = Growth Plate. (-) = 20 um in high magnification panels. Non-immune control staining is shown in Figure S5.
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Figure 10. NOS2 IHC staining of the tibial epiphyseal and metaphyseal growth plate regions from injected and contralateral joints. Right hand panels in each column 
show a higher magnification of the growth plate and adjacent epiphyseal and metaphyseal regions. ANT = Anterior, POST = Posterior; M = Metaphysis; E = Epiphyses; 
GP = Growth Plate. (-) = 20 um in high magnification panels. Non-immune control staining is shown in Figure S5.
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Figure 11. Arginase 1 IHC staining of the tibial epiphyseal and metaphyseal growth plate regions from injected and contralateral joints. Right hand panels in each 
column show a higher magnification of the growth plate and adjacent epiphyseal and metaphyseal regions. ANT = Anterior, POST = Posterior; M = Metaphysis; E = 
Epiphyses; GP = Growth Plate. (-) = 20 um in high magnification panels. Non-immune control staining is shown in Figure S5.
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Again, this low abundance is entirely consistent 
with the expression data obtained (Figure 4).

Arginase 1 staining in naïve joints was restrict-
ed to the metaphyseal regions of both femoral 
and tibial growth plates, and thus was similar in 
distribution to NOS2 protein (Figure 6 vs Figure 
7; Figure 9 vs Figure 1). Following TTR induc-
tion, a robust increase in staining was detected 
in the growth plate regions, with strongest 
staining in the hypertrophic and calcified carti-
lage zones for both femur and tibia (Figures 7 
and 10). Whereas the TTR-induced increases in 
NOS2 protein decreased significantly at d12 
and further at d26, Arginase 1 protein remained 
increased throughout the experimental period. 
This, together with the lack of significant chang-
es in expression in either femur or tibia sug-
gests a possibly important role for post-transla-
tional control of Arginase 1 protein turnover in 
these locations.

In contralateral joints, at all experimental time 
points, Arginase 1 protein was barely detect-
able in the femoral and tibial epiphysis and 
metaphysis, and growth plate region. Notably, 

whereas TTR did not affect Arg1 gene expres-
sion in either femur or tibia of the injected legs, 
in the contralateral femur they were strongly 
inhibited (~15 fold) at the acute post-injection 
stage (d5) and remained significantly lower 
than naïve levels throughout the experimental 
period. Thus, it appears that a combination of 
suppressed levels of Arg1 mRNA in combina-
tion with lack of Arginase 1 protein bring about 
the increased trabecular osteolysis seen in the 
metaphyseal and epiphyseal compartments of 
the contralateral femur. This suggests that a 
lack of protective Arginase-1 positive M2 mac-
rophages leaves the associated bone vulnera-
ble to osteolysis.

In keeping with the lack of effect of therapeutic 
HA on the bone remodeling in either the inject-
ed or contralateral legs (Table 1), HA also did 
not influence the abundance of NOS2 or 
Arginase proteins, nor did it markedly modify 
their expression under any experimental condi-
tion or in any tissue compartment (Figure  
4, open circles, Figures 6, 7, 9, 10). However, 
since therapeutic HA strongly modified the 
expression levels of a large number of genes  

Figure 12. Schema illustrating the alterations in inflammatory pathway genes and bone remodeling in the femoral 
epiphyses and metaphyses of the TTR OA model and after of IA HA. Femoral compartments (epiphyses/growth 
plate/metaphyses), lined by joint capsule and synovial tissue (----) from both, TGFb1-Injected and Contralateral legs 
are shown. All three compartments were combined for gene expression and histological analyses (see Methods), 
whereas epiphyseal and metaphyseal trabecular bone parameters were quantitated separately. Increases or de-
creases in gene expression, bone structure or macrophage (MO)-like cell types in injected vs contralateral knees are 
shown in red or blue arrows and outlines, respectively. (AC = Articular Cartilage, #Gene expression; *Protein IHC).
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in the Nfkb pathway in the same tissue com-
partments (epiphyses, growth-plate and calci-
fied cartilage), the inflammatory signaling path-
ways resulting in the trabecular bone resorp-
tion of the contralateral leg seen in this model, 
are probably not primarily Nfkb-related but 
Arginase 1-related.

Discussion

When considered as a whole, the gene expres-
sion changes in the TTR model illustrate that 
for Nfkb signaling genes, the response to uni-
lateral TTR injury was very disparate in the two 
knees and also in the two knee compartments 
(Figure 12). The time-course profile was very 
typical of a phasic biological response in which 
the initial effector (in this case TGFβ1) gener-
ates short -term change and is predictably lost 
from the system by diffusion (change is normal-
ized) to be replaced by a second effector with a 
long-term effect. Since many of the genes 
exhibited inhibition in both phases (and the 
extent of inhibition was similar in each) the 
result is consistent with the first phase result-
ing from the exogenous TGFβ1 and the second 
phase being due to endogenous TGFβ1, per-
haps a product of resident tissue macro- 
phages.

The disparate set of responses illustrates the 
capacity for the expression of Nfkb pathway 
genes to be affected by both local environmen-
tal differences (cell populations, biomechanics) 
and also by systemic effects (circulating factors 
and hormonal responses). Indeed only 3/74 
genes (Ccl2, Bcl3, Nfkbia) could be considered 
as generalized markers in that they showed the 
same response, an inhibition, in all locations at 
one or more times. The finding that 21 genes 
(Cd27, Csf2, Egfr, Lta, Tnfsf10, Ikbkb, Ikbke, 
Ikbkg, Nfkb1, Casp1, Casp8, Cflar, Irf1, Csf3, 
Csf1, Akt1, Eif2ak2, Atf1, Atf2, Crebbp, Smad3) 
were inhibited in the injected femur but acti-
vated contemporaneously (day 5) in the contra-
lateral femur, suggests that the contralateral 
changes were not due to circulation of exoge-
nous TGFβ1, but rather a release into the circu-
lation from the injected joint of counteracting 
factor(s) with the capacity to activate (rather 
than inhibit) expression of the 21 genes. This 
interpretation is also supported by the delay to 
day 12 of the first activation of 16 genes in the 
contralateral tibia.

The functional (GO term) group analysis 
(Genemania, University of Toronto) of this 
21-gene group, on the biological basis selec-
tion, generated the following descending hier-
archy of affected processes: (positive regula-
tion of cytokine production; positive regula- 
tion of leukocyte differentiation; extrinsic apop-
totic signaling pathway; regulation of interleu-
kin-12 biosynthetic process; I-kappaB kinase/
NF-kappa signaling; regulation of cysteine-type 
endopeptidase activity; myeloid cell differentia-
tion; lymphocyte apoptotic process; regulation 
of leukocyte differentiation; transcription regu-
latory region sequence-specific DNA binding; 
myeloid leukocyte differentiation). The strong 
emphasis on cell differentiation processes in 
this listing suggests that a major early effect of 
the TTR model is to suppress myeloid differen-
tiation in the femur of the injected joint, but to 
promote this process in the contralateral femur. 
This is consistent with the starkly different 
effects on femoral bone structure in the two 
limbs.

To further delineate the IA HA effect, we also 
performed the functional (GO term) group anal-
ysis (Genemania, University of Toronto) of the 
25 genes phasically affected by HA (on the bio-
logical basis selection). This revealed that HA 
primarily affected Nfkb regulated apoptotic 
responses at the site of action in the injected 
limb. In addition to its apparent effects on 
apoptosis in the injected limb, HA injection pha-
sically modified pro-inflammatory Nfkb signal-
ing events, particularly those involving IL-1 and 
IL-12 in the same limb (Figure 12).

Unlike for the TGFβ1 effects, injection of HA did 
not result in extensive tibial or contralateral 
changes in expression levels. This is despite 
the fact that injection of HA on day 4 appeared 
to normalize the deficiencies in Tb.N in the fem-
oral sub-chondral bone of the contralateral leg, 
whereas it had no detectable effect on the low 
BV/TV in the contralateral metaphysis (Figure 
12).

The finding of bone resorption in the contralat-
eral leg in the TTR model appears to distinguish 
it from other models of OA [35, 36], although 
contralateral effects have not been commonly 
studied. Notably, the osteolytic response of the 
contralateral epiphyses is induced only after 
injection of TGFβ1, as the treadmill run controls 
show increased bone mass, which is consistent 
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with the previously published bone anabolism 
following treadmill running [37, 38].

Therefore, we speculate that the remodeling 
effect in the contralateral limb is likely due to 
the high concentration of TGFb1 injected into 
the other knee. Thus a suppression of TGFb1 
action at sites remote from the initial injury 
would be expected to provide a protective 
effect against ectopic bone formation, and 
therefore in the present model a re-activation 
of growth plate calcification and bone deposi-
tion in the contralateral limb. Indeed, Fetuin A 
could be a potential candidate for such a pro-
tective action against excessive TGFb1 action, 
as has been reported for a number of tissues 
and organs, including bone [39-41].

Based on both gene expression and IHC analy-
ses, the osteolytic activity in the femoral 
metaphysis (and partly epiphyses) of the con-
tralateral leg of the TTR model (with or without 
HA injection) appears to be linked to the sup-
pression of Arg1 gene expression and absence 
of Arginase 1 protein [42, 43] in cells at this 
site.

It is suggested that the lack of action of anti-
inflammatory macrophage activity [44] as indi-
cated by decreased transcript and protein 
abundance of Arginase 1 [29], could cause 
increases in NO production via NOS2 [42] and 
thus continued bone resorption via M2 (inflam-
matory) macrophage-type cells [32, 33, 45] 
rather than mature TRAP-positive osteoclasts). 
Indeed the role of fibroblasts and macrophages 
in osteolysis have been well described at sites 
of bone loss associated with aseptic or particle 
induced implant loosening [46-50]. This, to- 
gether with the finding that IA TGFβ1 alone or  
in combination with HA also results in depres-
sion of bone-cell specific genes such as Bglap 
(osteocalcin) and Tnfsf11 (RANKL) (Figures S6 
and S7) is consistent with it mediating an over-
all disruption of the trabecular structure in the 
femoral compartment of contralateral legs.

Regarding injected legs, the finding that the 
TGFβ1 and HA effects were primarily in the fem-
oral compartment might be related to the previ-
ous finding that injected HA primarily localizes 
to this compartment [10], and is also rapidly 
cleared from there. Indeed a more recent study 
employing IA injection of both single chain and 
crosslinked HA [51] confirmed the distribution 

of the injected HA primarily to the femora-patel-
la compartment. Thus injected TGFβ1 may simi-
larly distribute and predominantly affect cells 
at those tissue sites. Whether IA HA modifies 
the TGFb1 mediated changes in Nfkb signaling 
genes via direct effects on the TGFb/RII com-
plex or indirectly via signaling through one of 
more of its receptors (CD44, TLR2, TLR4) 
remains to be established. Similarly, whether 
such regulatory action occur on the same cell is 
mediated by a paracrine response between dif-
ferent cells types in the joint requires further 
investigation. In addition, since bone resorption 
in the contralateral leg is also restricted to  
the femoral compartment, the data supports 
the idea that mechanical inputs from treadmill 
running modulate cell responses in tibial and 
femora-patellar compartments differently [20, 
38]. 

In conclusion, the finding that IA causes a tem-
porary inhibition of NfKb-pathway gene expres-
sion in the femoral epiphyses/metaphyses , but 
has no effect on structural bone parameters in 
that compartment, might be related to the 
dwell-time of HA, which in this study was 
restricted to a single dosage, whereas in clini-
cal practice therapeutic HA is currently dosed 
multiple times. Thus such multiple dosages of 
crosslinked products might exert a more long 
lasting effect on the soft tissues in the joint 
itself [51-53] and thus influence systemic regu-
lators of macrophage-controlled inflammation 
at distant sites. Moreover, OA models, which 
display subchondral bone remodeling should 
also be employed in the future to elucidate 
potential therapeutic effects of intra-articular 
HA on bone metabolism.
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Table S1. Experimental groups of mice and biological 
replicates used for outcome assays 
Treatments Sample ID QPCRa Histology Micro CTa

Uninjured UI N=3 (3,1,1)b N=3 N=4
TTR 5 d N=3 (3,1,1) N=3 N=4

12 d N=3 (3,1,1) N=3 N=4
19 d N=3 (3,1,1) ND N=4
25 d N=3 (3,1,1) N=3 N=4

TTR+HA 5 d N=3 (3,1,1) N=3 N=4
12 d N=3 (3,1,1) N=3 N=4
19 d N=3 (3,1,1) ND N=4
25 d N=3 (3,1,1) N=3 N=4

Cage 19 d ND ND N=4
TM 7 d ND ND N=4

19 d ND ND N=4
aFemoral and Tibial Compartments were assayed separately; bIndi-
cates the number of individual femoral or tibial samples used for 
preparation of RNA and subsequent QPCR assays.
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Figure S1. A. List of Genes included on the Nfkb Pathway Array Plate. B. Gene Expression (ΔCt) in Naïve Femoral and Tibial Epiphyses showing reproducibility be-
tween pools.
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Figure S2. Heatmap Illustration of fold changes vs UI in relative mRNA abundance for Nfkb Pathway genes in femo-
ral and tibial epiphyses in the TTR model without and with IA Saline. Colored boxes are only shown for statistically 
significant (p<0.05) fold changes relative to naïve levels.
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Figure S3. ROIs for quantitation of bone structural parameters.

Table S2. Metaphyseal and Cortical Bone Properties of two dif-
ferent sets of UI 16 week old mice, maintained at cage activity

Compartment Parameter Set 1 (n=4)
Mean (S.D.)

Set 2 (n=4)
Mean (S.D.)

BV/TV 0.07 (0.014) 0.23 (0.044)
FEMUR Tb N 4.41 (0.239) 5.92 (0.366)
    Metaphyses Tb Th (mm) 0.04 (0.006) 0.05 (0.005)

Tb Sp (mm) 0.23 (0.024) 0.16 (0.012)
BV/TV 0.12 (0.003) 0.22 (0.050)

TIBIA Tb N 5.00 (0.209) 5.93 (0.671)
    Metaphyses Tb Th (mm) 0.04 (0.001) 0.05 (0.003)

Tb Sp (mm) 0.20 (0.009) 0.16 (0.023)
FEMUR
    Cortical Bone BV/TV 0.98 (0.01) 0.96 (0.016)
TIBIA
    Cortical Bone BV/TV 0.95 (0.085) 1.05 (0.021)
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Table S3. Fold Changes in Nfkb Pathways genes (p≤0.05) of IA HA vs TTR Only
FEMUR TIBIA

INJECTED CONTRA INJECTED CONTRA
GENE d 5 d 12 d 19 d 26 GENE d 5 d 12 d 19 d 26 GENE d 5 d 12 d 19 d 26 GENE d 5 d 12 d 19 d 26 d 5 d 12
Casp8
Bcl2l1
Bcl2a1a
Bcl10
Csf3
Crebbp
Jun
Card10
Atf1
Fasl
Bcl3
Birc3
Chuk
Atf2
Agt
Eif2ak2
Il1a
Card11
Ifng
Irf1
Akt1
Ikbkb
Cd40
Ccl2
Ccl5
Hmox1
Fos
Cd27
Casp1
Cflar
Csf1
Egfr
Egr1
Elk1
F2r
Fadd
Icam1
Ikbke
Ikbkg
Il1b
Il1r1
Irak1

11.3
7.80
6.62
6.11
5.81
5.09
4.94
4.71
4.63
4.55
4.55
4.42
3.71
3.59
3.52
3.30
2.77
2.58
2.56
2.45
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2.37
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2.24
2.08
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2.03
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Figure S4. Changes in Epiphyseal and cortical BV/TV after TTR, TTR+HA and TM treatments. Injected and Contra-
lateral legs were analysed separately for the TTR or TTR+HA groups. Data are expressed relative to UI (for TTR ± 
HA) or Cage (for TM) age matched controls. Injected and Contralateral legs were analysed separately for the TTR or 
TTR+HA groups.

Figure S5. Non-Immune Controls for NOS2 and Arginase 1 IHC.
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Figure S7. Effect of TTR (●) and TTR+HA (○) on fold changes (vs naïve) in expression of Bone Metabolism Genes in 
the Tibial Compartment.

Figure S6. Effect of TTR (●) and TTR+HA (○) on fold changes (vs naïve) in expression of Bone Metabolism Genes in 
the Femoral Compartment.


