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to 10-100 mM). The glucocorticoid concentration to which
tenocytes are exposed following local injection is difficult to
assess and will depend on the perfusibility of the tendon tissue
and the proximity of the tenocyte to the injection site.
Following systemic administration, circulating glucocorticoid
concentrations of approximately 1 uM have been observed.®

As an initial screen, we treated tenocytes with 1 uM dexametha-
sone. By 48 and 72 h post-treatment, a significant increase in the
percentage of SA-B-gal-positive cells was observed (figure 1A, see
online supplementary figure S2).

Figure 1 Glucocorticoids cause
morphological and functional changes
in tenocytes consistent with a
senescent phenotype. (A) The
percentage of SA-Bgal-positive cells
was significantly higher 48 and 72 h
post-treatment of primary human
tenocytes with 1 uM dexamethasone
compared with tenocytes treated with
ethanol (carrier) alone. There was no
evidence of a dose effect of
dexamethasone treatment on the
percentage of SA-Bgal-positive cells
following (B) 3 days or (C) 7 days of
treatment (n=3) compared with cells
treated with the corresponding amount
of ethanol carrier. (D) The percentage
of SA-Bgal-positive cells was
significantly lower in cells treated for
72 h with dexamethasone (50 nM or
1 uM) and the glucocorticoid receptor
(GR) antagonist RU486 (80 nM)
compared with cells treated with
dexamethasone alone, n=3.

(E) Western blot showing levels of
phosphorylated and total p70 S6
kinase, a substrate of the mTORC1
complex and an indicator of mTORC1
activity 24, 48 and 72 h
post-dexamethasone (dex) treatment
(1 uM) in primary human tenocytes.
Western blots were conducted on
protein lysates from cells obtained
from three different tissue donors. Blot
shown is representative of all
experiments. (F) No difference in RNA
levels of either of the two p70 S6
kinase subunits (p70S6KB1 and
p70S6KB2) was evident in tenocytes
treated with dexamethasone (1 uM)
compared with ethanol-treated
controls. (G) A significantly lower
percentage of SA-Bgal-positive cells
was evident in cells treated for 72 h
with dexamethasone (50 nM or 1 uM)
and the mammalian/mechanistic target
of rapamycin (mTOR) inhibitor
rapamycin (rapa) compared with cells
treated with dexamethasone alone,
n=3. Statistically significant differences
between ethanol (EtOH) and
dexamethasone (Dex) and between
dexamethasone with and without
either the GR inhibitor (RU486) or
mTOR inhibitor (rapamycin) are
indicated by * (p<0.05).

In order to determine the effect of lower glucocorticoid doses,
we treated tenocytes with 50nM, 150nM, 350 nM or 1 uM dex for
3 days. We found treatment with any of the concentrations tested
resulted in an increased percentage of SA-B-gal-positive cells (figure
1B). Prolonged treatment for 7 days did not result in a further
increase in the percentage of SA-B-gal-positive cells (figure 1C).
Co-treatment with the glucocorticoid receptor (GR) antagonist
RU486 (80 nM) for 72 h prevented the dex-induced increase in the
percentage of SA-B-gal-positive cells, albeit more effectively, follow-
ing 50 nM rather than 1 uM dexamethasone treatment (figure 1D).
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mTOR remains active in glucocorticoid-treated tenocytes

We found no difference in levels of phosphorylated p70 S6K
(figure 1E) or in RNA levels of either of the p70S6K subunits
(figure 1F) between dex-treated tenocytes and controls. To
confirm that mTOR was active following dex treatment, we
co-treated cells with dex and the mTOR inhibitor rapamycin
and found this led to a significant reduction in SA-B-gal-positive
cells (figure 1G).

Glucocorticoids activate the p53 pathway

There are two major pathways leading to induction of cellular sen-
escence: the p38 mitogen activated protein kinase (MAPK)/
p16™%4 pathway and the p53/p21°P pathway.>® We found no evi-
dence of an increase in levels of phosphorylated p38 MAPK or
p16™K4 in dexamethasone-treated tenocytes compared with con-
trols (figure 2A). In contrast, levels of acetylated p53 (figure 2B)
(but not phosphorylated p53) (see online supplementary figure
S3) were higher in glucocorticoid-treated tenocytes compared
with controls. While there were no significant differences in p53
RNA levels, RNA levels of p21<P"3! 3 pro-senescence modulator
of p53 activity, were markedly elevated post-glucocorticoid treat-
ment (figure 2C).

Figure 2 Glucocorticoids activate A
p53 signalling in tenocytes. Western
blots showing levels of (A)
phosphorylated and total p38 MAPK
and p16™%*? and (B) acetylated (K320) p38
and total p53 and p219P"af in |ysates
of primary human tenocytes following
treatment with 1 uM dexamethasone
or carrier (ethanol) for 48 h. Western
blots were conducted on protein
lysates from cells obtained from three
different tissue donors. Blots shown
are representative of all experiments. D
(C) No significant differences in RNA
levels of p53 were apparent in
tenocytes treated with 1 uM
dexamethasone compared with
ethanol-treated controls. However,
RNA levels of p21 were significantly
greater in tenocytes treated with
dexamethasone compared with
ethanol-treated controls. (D) The
percentage of SA-Bgal-positive cells &S L&
was significantly lower in cells treated =
with dexamethasone (50 nM or 1 uM) &
and the p53 inhibitor pifithrin-o:
(PFT-c, 100 nM) compared with cells F
treated with dexamethasone alone, 2
n=3. (E) Western blot demonstrating §
the effectiveness of p53 knockdown 2
obtained using RNAi in primary human =
tenocytes. (F) The percentage of &
SA-Bgal-positive cells was significantly {736
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lower in tenocytes in which p53
expression was knocked down (sip53)
compared with dexamethasone-treated
controls (siCntrl) (n=3). Statistically
significant differences between ethanol
(EtOH) and dexamethasone (Dex) and
between dexamethasone with and
without the p53 inhibitor (PFT-o) or
with and without p53 siRNA (sip53)
are indicated by * (p<0.05).

To confirm the involvement of p53 activity in glucocorticoid-
induced senescence, we co-treated tenocytes with dexamethasone
and the p33 inhibitor pifithrin-a (PFT-0, 100 nM) for 72 h. We
found the number of SA-B-gal-positive cells was significantly lower
in dexamethasone+inhibitor-treated cells compared with those
treated with dexamethasone alone (figure 2D). Similarly, we found
the number of SA-B-gal-positive cells was significantly lower in
dexamethasone-treated cells in which p53 expression was knocked
down using RNAi compared with dexamethasone-treated cells
transfected with a non-targeting siRNA control (figure 2E, F).

Glucocorticoids inhibit expression of sirtuin 1

Reduced levels of the p53 deacetylase sirtuin 1 (sirt1) are often
associated with pS53-mediated senescence.>® We found a small but
significant reduction in RNA levels of sirt1, but a marked reduc-
tion in protein levels in glucocorticoid-treated cells compared with
carrier-treated controls (figure 3A,B). To determine whether sirtl
is involved in glucocorticoid-induced senescence, we overex-
pressed sirt1 in tenocytes using adenoviral-mediated gene delivery.
We found the percentage of SA-B-gal-positive cells was significantly
lower in dexamethasone-treated tenocytes infected with a sirtl1-
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dexamethasone-treated tenocytes infected with a GFP-bearing
control adenoviral vector (adGFP) (figure 3C,D).

Prevention of the glucocorticoid-mediated inhibition of
sirtuin 1 expression protects against senescence induction
sirt1 is activated by caloric restriction and by the plant-derived
phenol resveratrol. To simulate caloric restriction in vitro, we
cultured cells in low (2 mM) glucose media. We found protein
levels of sirtl were higher, and levels of acetylated p53 lower,
in tenocytes co-treated with dexamethasone and resveratrol or
in dexamethasone-treated tenocytes grown in low glucose media
compared with cells treated with dexamethasone alone and

Figure 3  Glucocorticoids inhibit A

sirtuin 1 expression in tenocytes. Both
(A) RNA (as measured by real-time
gRT-PCR 7 h post-treatment, n=3) and
(B) protein (as determined by western
blotting) levels of sirtuin 1 were

g

grown in standard (17.5 mM glucose) culture media (figure 4A).
The number of SA-B-gal-positive cells was also significantly
lower in cells co-treated with dexamethasone and resveratrol or
treated with dexamethasone in low glucose media compared
with cells treated with dexamethasone alone indicating these
treatments can protect against glucocorticoid-induced senes-
cence in vitro (figure 4B, C). In order to confirm the involve-
ment of sirtl activity in the protective effect of these two
treatments against glucocorticoid-induced senescence, we used a
specific sirtl inhibitor (100 nM EXS527). The percentage of
SA-B-gal-positive  cells  was  significantly  higher in
dexamethasone-treated cells co-treated with the sirtl inhibitor

*
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reduced in dexamethasone-treated
cells compared with carrier
(ethanol)-treated controls. Western
blots were conducted on protein
lysates from cells obtained from three
different tissue donors. Blot shown is
representative of all experiments.
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(C) The percentage of SA-Bgal-positive
cells was significantly lower in
dexamethasone-treated tenocytes
infected with an adenoviral vector
containing a sirtuin 1 overexpression \
construct (adSirt1) compared with
dexamethasone-treated tenocytes
infected with a control adenoviral
vector expressing GFP (adGFP).

(D) Western blot demonstrating the
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effectiveness of the adSirt1 virus to
prevent dexamethasone-induced
inhibition of sirtuin 1 expression.
Statistically significant differences
between ethanol (EtOH) and
dexamethasone (Dex) and between
dexamethasone with and without sirt1
overexpression (adSirt1) are indicated
by * (p<0.05).
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and cultured in low glucose (2 mM) media (figure 4D) or
treated with resveratrol (30 uM) (figure 4E) compared with cells
grown under the same conditions without the sirt1 inhibitor.

Evidence of p53 pathway activation following local injection
of glucocorticoids in patients with rotator cuff disease
Tendon biopsies were taken from five patients with rotator cuff
disease immediately preceding and 7 weeks following gluco-
corticoid injection. Using immunohistochemistry, we found the
percentage of pS53-positive cells was significantly higher
(p=0.03) post-injection compared with pre-injection (figure 5A).

The percentage of p21-positive cells also tended to be higher
post-injection (p=0.06) (figure 5B). There was no significant dif-
ference in the degree of tendinopathy as assessed by Bonar score
between pre-injection and post-injection tissue biopsies (see
online supplementary figure S4).

Glucocorticoids also induce senescent-like changes in

primary human chondrocytes and osteoblasts

To determine whether other cell types also undergo senescence-
like changes following dexamethasone treatment, we treated
primary human chondrocytes and primary human osteoblasts

A B
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& |
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Figure 4  Protective effect of low glucose, low serum and resveratrol on glucocorticoid-induced senescence (A) Protein levels of sirtuin 1 were higher
in tenocytes treated with dexamethasone (1 uM) and cultured in low glucose (2 mM) media or co-treated with resveratrol (30 uM) compared with
tenocytes treated with dexamethasone and cultured in standard growth media (17.5 mM glucose). Levels of acetylated p53 (lys320) were lower in
dexamethasone-treated cells cultured in low glucose (2 mM) media or co-treated with resveratrol compared with tenocytes treated with
dexamethasone and cultured in standard growth media (17.5 mM glucose). Western blots were conducted on protein lysates from cells obtained from
three different tissue donors. Blots shown are representative of all three experiments. The percentage of SA-Bgal-positive cells was significantly lower
in dexamethasone-treated cells (B) co-treated with resveratrol (10 or 30 uM) or (C) cultured in low glucose (2 or 8 mM) media; however, no significant
difference in the percentage of SA-Bgal-positive cells was observed following addition of EX527, a sirtuin 1 inhibitor, in dexamethasone-treated cells
(1 uM) cultured in (D) 2 mM glucose or (E) co-treated with resveratrol (30 uM) compared with cells treated with dexamethasone alone and cultured in
standard (17.5 mM) growth media (n=3). Statistically significant differences between ethanol (EtOH) and dexamethasone (Dex) and between
dexamethasone with and without either resveratrol or 2 mM glucose are indicated by * (p<0.05).
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with dexamethasone (1 uM) for 72 h. We found the percentage
of SA-B-gal-positive cells was significantly higher in both cell
types following dexamethasone treatment (see online supple-
mentary figure S5).

DISCUSSION

In the present study, we have demonstrated that glucocorticoids
induce senescence in tenocytes in vitro by the p53/p21 pathway.
We have also shown that the p53/p21 pathway is upregulated in
tendon tissue 7 weeks after local injection of glucocorticoids
suggesting that glucocorticoids also induce senescence in vivo.
These findings represent a previously undescribed mechanism of
action of glucocorticoids likely to have important clinical
implications.

We, and others, have previously reported that glucocorticoid
treatment of tenocytes leads to inhibition of cell prolifer-
ation” ® 1% but whether this results in cell quiescence or senes-
cence was unknown. One of the critical features distinguishing a
senescent cell from a quiescent cell is that mTOR remains active
in the former. We found no change in levels of phosphorylated

Figure 5 The p53/p21 pathway is A
activated in vivo following local Vg
injection with glucocorticoids. Tendon W, P
biopsy samples were taken from five i ¥
patients with rotator cuff tendinopathy ;
immediately prior to subacromial
injection with the synthetic
glucocorticoid, Depo-Medrone, and
compared with subsequent biopsy
specimens taken from the same
patients 7 weeks following
glucocorticoid injection. Using
immunohistochemistry, (A) the
percentage of p53-positive cells was o
significantly greater in tissue samples
post-injection compared with
pre-injection. (B) A non-statistically
significant increase in the percentage
of p21-positive cells was observed in Y
the post-injection tissue samples £ £
compared with pre-injection tissue LS
samples. Representative b HABE
photomicrographs are shown for tissue

samples from two patients. B

p53-positive cells or p21-positive cells

were detected using horseradish

peroxidase-conjugated secondary '
antibodies and diaminobenzadine.
Positive cells appear brown. Tissue was
counterstained with haematoxylin
(blue) to allow quantification of total
cell numbers. Statistically significant
differences are indicated by *
(p<0.05).
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p70 Sékinase, a substrate of the mTORC1 enzyme, following
glucocorticoid treatment of tenocytes in situ suggesting mTOR
remained active in glucocorticoid-treated cells. Consistent with
this finding, SA-B-gal activity was greater in glucocorticoid-
treated tenocytes compared with controls. Inhibition of mTOR
with  rapamycin  markedly reduced the number of
SA-B-gal-positive cells following glucocorticoid treatment. Taken
together, these results confirm that glucocorticoids induce senes-
cence in primary human tenocytes.

Circulating endogenous glucocorticoids are mostly protein
bound and as such are inactive. Local injection of glucocorti-
coids results in a large influx of unbound and therefore active
glucocorticoid into the joint. Similarly, almost all of the gluco-
corticoids administered in our in vitro experiments would have
been ‘free’, that is, available for receptor binding. In the present
study, we saw no evidence of a dose effect of glucocorticoids on
senescence induction. It is likely that the large excess of
unbound glucocorticoid provided even by our lowest gluco-
corticoid dose fully occupied receptor sites, resulting in
maximal receptor activation.
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There are two major signalling pathways which can lead to
induction of cellular senescence: the p38 MAPK/pl6™K+e
pathway and the p53/p21°P pathway (reviewed in ref. 2°). We
found no evidence of activation of the p38 MAPK/p16™K*
pathway in glucocorticoid-treated tenocytes. In contrast, we
found levels of acetylated p53 were higher in glucocorticoid-
treated tenocytes compared with carrier-treated controls indicat-
ing glucocorticoids activate p53 signalling in tenocytes.
Consistent with our results, Crochemore et al°! found that GR
activation enhanced pS53 activity in neural cells. Acetylation of
p53 on K320 promotes the transcription of pro-survival (as
opposed to pro-apoptosis) pS3-regulated genes. It also stabilises
the p53 protein by preventing its nuclear export.>* This stabil-
isation of p53 may be responsible for the increase in total p53
protein levels also observed in glucocorticoid-treated cells in the
present study.

P53 activation can lead to either promotion of apoptosis or
induction of senescence. p21P is a cell cycle controller which is
critical for determining the outcome of pS3 activation. p21°P
induces cell cycle arrest and inhibits the pro-apoptotic activity
of p53 channelling p53 activity towards senescence induction.*?
Glucocorticoids have previously been shown to directly stimu-
late p21 transcription.>® In the present study, we observed
increased p21°P expression following glucocorticoid treatment
of tenocytes indicating the pro-senescence functionality of p53
was activated by glucocorticoid treatment. Confirming the
involvement of p353 signalling in glucocorticoid-induced senes-
cence, we found inhibiting p53 activity or knockdown of p53
expression in glucocorticoid-treated tenocytes resulted in signifi-
cantly fewer SA-B-gal-positive cells.

pS3 is deacetylated by sirt1.>’ 3¢ Reduced sirtl levels and/or
activity are frequently associated with increased p53 acetylation
and increased p53-mediated senescence.’” 3% We found gluco-
corticoid treatment resulted in a significant reduction in both
RNA and protein levels of sirt1 in vitro. To our knowledge, this
is the first report describing glucocorticoid-mediated regulation
of sirtl expression. Caloric restriction and the plant-derived
phenol resveratrol increase both the expression®” and the activ-
ity of sirt1.*>™* In the present study, we found lowering the
glucose content of the cell culture medium (to emulate caloric
restriction) or treatment with resveratrol protected against the
glucocorticoid-induced reduction in sirtl levels, partially ame-
liorated the increase in acetylated p53 levels and led to signifi-
cantly fewer SA-B-gal-positive cells. The inhibitory effect of low
glucose and resveratrol on glucocorticoid-induced senescence
was abolished by the addition of a sirt1 inhibitor demonstrating
that the activation of sirt1 was largely responsible for their pro-
tective effect. In concurrence with these results, we found over-
expression of sirtl in tenocytes using adenoviral-mediated gene
transduction also protected against glucocorticoid-induced
senescence.

To determine whether glucocorticoid treatment also induces
senescence in patients, we compared supraspinatus biopsies
taken before and after subacromial glucocorticoid injection in
five patients with rotator cuff tendinopathy. Using this set of
biopsy specimens, we have previously found that the percentage
of cells positive for the proliferation marker mib-1 was signifi-
cantly lower, but the percentage of apoptotic cells was not sig-
nificantly different in post-injection biopsies compared with
pre-injection biopsies (manuscript in preparation). In the
present study, we found the percentage of p53-positive cells was
significantly higher in post-injection biopsies compared with
pre-injection biopsies (p=0.03). The percentage of p21-positive
cells also tended to be higher post-injection compared with pre-

injection (p=0.06). These data provide compelling evidence
that the p53/p21 pathway is upregulated following glucocortic-
oid injection in patients suggesting that glucocorticoids also
induce senescence in vivo.

Synthetic glucocorticoids are extensively used to treat painful
and inflammatory conditions in a variety of tissues. In vitro, we
found the percentage of SA-B-gal-positive cells was also higher
following glucocorticoid treatment of primary human osteo-
blasts and chondrocytes suggesting glucocorticoids may induce
senescence in a range of different cell types.

The loss of normal functionality associated with senescence
has been implicated in age-related disease and degeneration.*® **
Given the apparent irreversible nature of senescence,
glucocorticoid-induced senescence is likely to have long-term
detrimental consequences for tissue. That we observed a marked
increase in p53 expression 7 weeks following glucocorticoid
injection supports the notion that the effects of local gluco-
corticoid injection on tendon tissue are not transient.
Glucocorticoid-induced senescence may exacerbate the under-
lying tissue pathology responsible for the pain for which the
glucocorticoids are prescribed to treat.
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