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Influence of a Single Systemic Corticosteroid Injection
on mRNA Levels for a Subset of Genes in Connective
Tissues of the Rabbit Knee: A Comparison of Steroid
Types and Effect of Skeletal Maturity
ALISON S. KYDD, CAROL RENO, JOVINA M. SORBETTI, and DAVID A. HART

ABSTRACT. Objective. To determine the effect of glucocorticoid treatment on mRNA levels for matrix molecules
and enzymes in knee connective tissues from skeletally mature and skeletally immature rabbits.
Methods. Intraarticular and extraarticular connective tissues of the knee were collected from skele-
tally mature or immature rabbits at 72 and/or 24 h postinjection of a single intramuscular inocula-
tion of 10 mg/kg methylprednisolone or dexamethasone (skeletally mature rabbits) or 1 mg/kg
(skeletally immature rabbits). Total RNA was isolated and mRNA levels for matrix molecules,
matrix metalloproteinases (MMP) and their inhibitors, cyclooxygenase-2, transforming growth fac-
tor-ß, glucocorticoid receptor, and heat shock protein 90 alpha and beta were assessed by RT-PCR.
Results. Glucocorticoid treatment resulted in significant alterations in mRNA levels for a specific
subset of genes in a tissue-specific and time-dependent manner in both maturity groups. Most
notably, glucocorticoid treatment resulted in significant suppression of mRNA levels for collagens I
and III, and MMP-3 and MMP-13.
Conclusion. mRNA levels for both anabolic genes (collagens) and catabolic genes (MMP) in con-
nective tissues are rapidly affected by systemic glucocorticoid treatment irrespective of skeletal
maturity. This glucocorticoid sensitivity of normal tissues may lead to unwanted bystander effects
when corticosteroids are used therapeutically, effects that could contribute to a negative influence on
the functioning of such tissues. (J Rheumatol 2005;32:307–19)

Key Indexing Terms:
GLUCOCORTICOIDS                              MOLECULAR BIOLOGY mRNA
REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION       CONNECTIVE TISSUE

MATRIX METALLOPROTEINASES

From the McCaig Centre for Joint Injury and Arthritis Research, Faculty
of Medicine, University of Calgary, Calgary, Alberta, Canada.

Supported by The Arthritis Society, National Institutes of Health (USA),
Canadian Institutes for Health Research, and the National Science and
Engineering Research Council (Canada). Ms Kydd was supported by a
Canadian Institutes of Health Research MD/PhD Studentship. Ms Sorbetti
was supported by a National Science and Engineering Research Council
Summer Studentship.

A.S. Kydd, BSc; C. Reno; J.M. Sorbetti, BSc; D.A. Hart, PhD, Calgary
Foundation—Grace Glaum Professor in Arthritis Research, University of
Calgary.

Address reprint requests to Dr. D.A. Hart, McCaig Centre for Joint Injury
and Arthritis Research, Faculty of Medicine, University of Calgary, 3330
Hospital Dr. NW, Calgary, Alberta T2N 4N1. E-mail: hartd@ucalgary.ca

Submitted December 3, 2003; revision accepted September 29, 2004.

Since their discovery in 19491, corticosteroids have been
widely used to treat inflammatory and presumed inflamma-
tory conditions. Synthetic glucocorticoids are used in treat-
ment of inflammatory and autoimmune conditions such as
rheumatoid arthritis (RA) and lupus, and are used exten-
sively to control pain in joints associated with injury or
osteoarthritis (OA). Nevertheless, details regarding the
mechanism(s) of action responsible for efficacy in many of
these situations remain undefined.

Depending on the condition to be treated, corticosteroids
are usually administered systemically (oral, intravenous, or
intramuscular) or locally (intraarticular). A number of dif-
ferent synthetic glucocorticoids with varying potency or
duration of action are used, again depending in part on
whether an acute or chronic condition is to be addressed. For
example, the commonly used methylprednisolone acetate
(Depo-Medrol®) is formulated in a slow-release form, while
dexamethasone is a much more potent steroid with a longer
half-life compared to other forms. Doses administered to
patients are highly variable and dependent on the condition
being treated, and also vary with the type and route of
administration. Doses range widely: intraarticular (knee)
injections of methylprednisolone acetate for patients with
OA can be given as a bolus 120 mg dose2 or in weekly doses
of 40 mg (3 weeks)3, while some patients with juvenile
arthritis can be given doses of 3.8 mg/kg prednisone on
alternate days as prolonged treatment for over a year4.
Historically, glucocorticoids have been used with little
understanding of the subtleties of the temporal, spatial, and
gender differences associated with different disease courses.
The challenge for contemporary researchers has been to elu-
cidate the specific mechanisms by which glucocorticoids act
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on their many effector molecules and how these processes
differ between different tissues.

Natural glucocorticoids are endogenously produced hor-
mones that counteract stress and maintain homeostasis, and
are thus required for life. Glucocorticoids are produced in
the adrenal cortex and are controlled under the auspices of
the hypothalamic-pituitary-adrenal axis; this axis is in turn
modulated by the negative feedback of glucocorticoids and
thus endogenous steroid levels can be controlled. It has been
proposed that one of the main functions of glucocorticoids
is to prevent the body’s natural defense mechanisms from
“overshooting” by acting in an endocrine fashion to restrain
their actions via suppression5,6.

The use of exogenous corticosteroids as antiinflammato-
ry agents is limited by the serious adverse effects associated
with chronic corticosteroid use, such as osteoporosis, abnor-
mal fat deposition, thinning of the skin, myopathy, and
immune suppression7. Many of these adverse effects, which
occur most often with high dose or longterm therapy, are
thought to be a result of the metabolic actions of corticos-
teroids. For many years it was believed that the antiinflam-
matory actions of corticosteroids were limited to their action
on inflammatory cells. However, with newer molecular
techniques it has been found that receptors for corticos-
teroids are expressed in numerous tissues previously
thought to be unaffected by corticosteroid action7.

The main transcriptional mechanism of glucocorticoid
action is via the intracellular glucocorticoid receptor, a
member of the nuclear receptor family. The unbound gluco-
corticoid receptor is maintained in the cytoplasm of the cell
bound to a complex of chaperone proteins called the foldo-
some complex8. This complex, which includes heat shock
protein 90 (HSP90), is released upon glucocorticoid-binding
to the receptor, allowing the steroid-receptor complex to
enter the nucleus to elicit its transcriptional effects. 

The classical mechanism of glucocorticoid action,
termed transactivation, occurs when glucocorticoid-receptor
complexes homodimerize and initiate transcription of a
number of genes by binding to a consensus glucocorticoid
response element within their promoter. In contrast, gluco-
corticoid can also suppress gene transcription by mutual
inhibition of the transcription factors such as AP-1 and
nuclear factor-κB (NF-κB). This suppression, called trans-
repression, occurs when a steroid-bound receptor binds to
part of the AP-1 or NF-κB complexes, preventing the com-
plex from binding to their respective promoter elements, and
thus suppressing gene transcription. It has been proposed
that transrepression is largely responsible for the antiinflam-
matory effects of glucocorticoids, while transactivation is
responsible for many of the metabolic effects of glucocorti-
coids, which are associated with a variety of the reported
side effects of glucocorticoid treatment7.

Recently, researchers have also examined potential non-
transcriptional mechanisms of glucocorticoid action. Also

termed nongenomic effects, these actions occur very rapid-
ly after glucocorticoid treatment and cannot be accounted
for by the slower transcriptional regulation via glucocorti-
coids and their nuclear-acting receptors. A number of mech-
anisms for these nongenomic effects have been proposed
(reviewed in9-11). First, Src kinase has been shown to be
bound in the foldosome complex and released upon gluco-
corticoid binding (reviewed in9). The rise in Src can activate
a signal transduction pathway leading to the inhibition of the
release of arachidonic acid by phospholipase A2

12.
Glucocorticoids are also thought to modulate cell membrane
properties and membrane-associated proteins. In particular,
the presence of a membrane-bound steroid receptor has been
proposed, providing another alternative route of glucocorti-
coid action (reviewed in9). Interestingly, it is thought that
nongenomic effects are more prevalent at higher clinical
glucocorticoid doses and that different synthetic glucocorti-
coids differ in their relative drug potencies when it comes to
these nongenomic effects. For example, while dexametha-
sone is 5 times more potent than methylprednisolone in its
transcriptional effects, it is thought to be only 1.2 times
more potent with regard to its nongenomic effects13.

We evaluated the effect of a single corticosteroid injec-
tion on mRNA levels in connective tissues of the knee (syn-
ovium, anterior cruciate ligament, medial collateral liga-
ment, and patellar tendon). In order to isolate the primary
transcriptional effect of corticosteroids from potentially
more indirect effects, the tissues were examined at 24 and
72 hours after a single corticosteroid injection. Injections
were given intramuscularly to simulate systemic treatment
and the doses were in the range of those administered to
patients on a mg/kg level. Two types of corticosteroid prepa-
rations were used, methylprednisolone acetate (Depo-
Medrol®) and dexamethasone, and these were chosen
because of their potential sustained effects on tissues via a
single injection. The findings indicate that these corticos-
teroids were rapidly effective in modulating mRNA levels
for a subset of molecules in these connective tissues.

MATERIALS AND METHODS
Drugs. Depo-Medrol® (Upjohn) is a sterile aqueous suspension of com-
mercial methylprednisolone acetate purchased in the 40 mg/ml formula-
tion. Dexamethasone (Sigma, St. Louis, MO, USA) USP grade powder was
dissolved in ethanol and diluted with phosphate buffered saline (PBS) to a
final concentration of 2.5 mg/ml in 5% ethanol.

Animals. Twenty-two skeletally mature 1-year-old female rabbits and 6
skeletally immature 7-month-old female NZW rabbits were obtained from
Riemans Furriers (St. Agatha, ON, Canada). Skeletal maturity occurs in
rabbits from this source at 10–11 months of age based on radiographic
assessment. The animals were housed locally in the Medical Vivarium in
accord with Canadian Council on Animal Care guidelines and with the
approval of the Faculty of Medicine Animal Care Committee. Animals
were housed for 2 weeks prior to initiation of treatment to allow them to
acclimate.

Glucocorticoid treatment. Steroid injection experiments were carried out as
follows.
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A. 24 hour Depo-Medrol experiments. Four skeletally mature animals were
given intramuscular (IM) injections of methylprednisolone acetate (Depo-
Medrol) into the upper musculature of both hind limbs at a cumulative dose
of 10 mg/kg. This dose was optimal based on a preliminary pilot study
where doses of methylprednisolone acetate were titrated between 1 and 20
mg/kg. Using reverse transcription-polymerase chain reaction (RT-PCR) to
assess mRNA levels for genes such as the matrix metalloproteinases
(MMP; as described below), 10 mg/kg was shown to have maximal effects
on mRNA levels without overt side effects (i.e., systemic vasodilation) in
the animals. Four additional skeletally mature animals were administered
saline injections of equivalent volume. Twenty-four hours after injection,
all the animals were sacrificed with an overdose of Euthanyl (sodium pen-
tobarbital) and connective tissues of the knee were harvested and stored at
–70°C until processing.

B. Comparison of glucocorticoid types and 24 and 72 hour timepoints. An
additional set of experiments was carried out to determine the response to
glucocorticoid treatment over a longer period of time and to compare the
efficacy of Depo-Medrol with dexamethasone, a more potent agonist14. Six
skeletally mature animals were given IM injection of methylprednisolone
acetate (Depo-Medrol) into both hind limbs at a cumulative dose of 10
mg/kg. Three of these animals were sacrificed after 24 hours, while the
other 3 were sacrificed at 72 hours. Five skeletally mature animals were
given IM injection of dexamethasone in both hind limbs at a cumulative
dose of 1 mg/kg, with 3 animals being sacrificed after 24 hours and the
other 2 after 72 hours. A lower dose of dexamethasone was used to allow
for the greater potency of this compound in many systems14. The remain-
ing 3 skeletally mature animals were given saline injections of equivalent
volume to serve as controls. Connective tissues of the knee were harvested
and stored at –70°C until processing.

C. Treatment of skeletally immature animals. Concurrently, 3 skeletally
immature but sexually mature animals (7 months old) were given IM
methylprednisolone acetate injections at a cumulative dose of 1 mg/kg.
Three age-matched control animals were given saline injections of an
equivalent volume. Twenty-four hours after injection, the animals were sac-
rificed with an overdose of sodium pentobarbital and connective tissues of
the knee were harvested and stored at –70°C until processing.

Tissue acquisition. The tissues collected from each knee included synovi-
um (Syn), anterior cruciate ligament (ACL), medial collateral ligament
(MCL), and the midsubstance of the patellar tendon (PT). All tissues were
rinsed in RNAse-free PBS, blotted on filter paper, weighed, frozen in liq-
uid nitrogen, and stored at –70°C until processing.

RNA isolation and quantification. Total RNA was isolated by the TRIspin
method15-20. Briefly, the samples were frozen in liquid nitrogen and pow-
dered in a Mikro-dismembrator (B. Braun Biotech International) and 1 ml
of TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was added to each sam-
ple. Total RNA was isolated using a Qiagen RNeasy Mini Kit (Qiagen,
Valencia, CA, USA). During the isolation, samples were DNase treated
(Qiagen) to ensure no DNA contamination in the RNA preparations. Total
RNA was quantified using SYBR Green II fluorescent RNA dye
(Molecular Probes, Eugene, OR, USA) on a LS-5 fluorescence spectroflu-
orometer (Perkin-Elmer) with excitation and emission wavelengths of 468
nm and 525 nm, respectively. The total RNA was quantified by interpola-
tion from a standard rRNA curve (Sigma).

RT-PCR. Primer sets designed and validated for the rabbit were used for
RT-PCR analysis as described15-17,19-21. The primers used are summarized
in Table 1, and were designed from either known rabbit sequences or from
cross-species homologous sequences. All primers were verified by cloning
and sequencing of the PCR product, and the buffer conditions, annealing
temperature, and number of PCR cycles were optimized. No amplifications
were carried out beyond 40 PCR cycles to avoid artifact generation, and a
no-RT control reaction was performed for all samples to ensure there was
no DNA contamination of the samples. Agarose gel electrophoresis fol-
lowed by staining with ethidium bromide was used for separation and
detection of the PCR-generated cDNA products. The gels were pho-

tographed and analysis was performed using the Scanalytics image analy-
sis system (CSPI, Billerica, MA, USA). For all experiments, conditions
were determined to be in the linear range for both PCR amplification and
the image analysis system. The results were normalized by dividing values
for each individual gene by the corresponding ß-actin values for the same
sample. The results are presented as mean percentage of control values or
percentage of values (± SEM) for the untreated animals. As a check on the
reliability of the RT-PCR methodology, a second aliquot of RNA from each
experiment was again subjected to RT and PCR analysis for a subset of
specific molecules. Results from such confirmatory analyses were indistin-
guishable from the reported values.

Statistical analysis. Statistical analysis of differences between groups
(saline treated controls vs glucocorticoid treated for skeletally mature and
skeletally immature groups) was performed with analysis of variance and
the statistical package in Microsoft Excel 7.0 software. Differences with p
< 0.05 were considered significant.

RESULTS
RNA yield. Total RNA/mg wet weight was measured to
obtain the RNA yields for the various tissues, at either 24 or
72 hours postinjection (Depo-Medrol or dexamethasone;
Figure 1). Values obtained 24 hours after Depo-Medrol
injection showed no significant differences in the amount of
total RNA extracted from the MCL, ACL, or synovial tis-
sues compared to the saline treated control, although all
showed a trend toward a depression in RNA levels. The PT
tissue showed a significant decrease in the amount of total
RNA yield following Depo-Medrol treatment compared to
the saline treated control. Seventy-two hours after Depo-
Medrol injection, there was a significant decrease in total
RNA levels in the MCL, ACL, and PT tissues, but not in the
synovium tissue (data not shown).

The dexamethasone treated animals showed similar
results, with the exception of the synovium and ACL tissues,
which appeared to respond to dexamethasone treatment
more readily than to Depo-Medrol treatment. The synovium
had a significantly decreased amount of total RNA at 24
hours and the ACL showed a similar trend, but the decline
was not significant. At 72 hours post-dexamethasone injec-
tion, the total RNA extracted from the synovial tissue
decreased further, while the total RNA in the ACL began to
rebound (data not shown). The extraarticular MCL and PT
tissues both responded to dexamethasone treatment in the
same manner as their Depo-Medrol treated counterparts, as
might be expected based on the nearly equal prednisone-
equivalent doses that were injected. As total RNA is pre-
dominantly rRNA (> 90%), these declines in RNA yield
may reflect more generalized effects on cells in these tis-
sues.

In the skeletally immature animals, there was also no sig-
nificant change in RNA yield between saline treated and
glucocorticoid treated animals 24 hours post-Depo-Medrol
injection for any of the tissues assessed (data not shown).

Effect of methylprednisolone acetate (Depo-Medrol) treat-
ment on mRNA levels from tissues of skeletally mature ani-
mals. All tissues examined (synovium, ACL, MCL, PT)
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showed significant decreases in mRNA levels for collagen I
and collagen III 24 hours after glucocorticoid treatment
compared to their saline treated controls (Figure 2). This is
in contrast to mRNA levels for biglycan and decorin, small
leucine-rich proteoglycans that were much less sensitive to
glucocorticoid modulation: biglycan mRNA levels
remained unchanged in all tissues following glucocorticoid

treatment, while decorin mRNA levels were significantly
depressed only in the synovium 24 hours after treatment.
The mRNA levels for versican were only affected in the
ACL tissue, where they were depressed by glucocorticoid
treatment. Osteopontin mRNA levels were unresponsive in
the ACL tissue, but were suppressed in the more vascular
synovium after glucocorticoid treatment. Osteopontin
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Table 1. Primer sequences and respective sources for the molecules examined.
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mRNA was consistently not detectable in either the control
or experimental PT tissue under the conditions of assess-
ment (40 PCR cycles; Figure 2).

mRNA levels for bone morphogenetic protein-1 (BMP-
1), a proteolytic regulator of collagen processing22, were
relatively unresponsive to Depo-Medrol treatment and
showed a significant decrease only in the highly vascular-
ized synovium (Figure 3). On the other hand, mRNA levels
for MMP-1, MMP-3, and MMP-13 appeared highly respon-
sive to glucocorticoid exposure. MMP-1 mRNA levels were
significantly depressed in ACL tissue following Depo-
Medrol treatment and were suppressed sufficiently in the
MCL tissue as to make them undetectable within a reason-
able range of PCR cycles (40 cycles). Interestingly, MMP-1
mRNA levels were not as responsive in the synovial tissue,
where the changes were not significantly different from con-
trol values. MMP-3 mRNA levels were significantly
depressed in synovium, ACL, and MCL tissue following
glucocorticoid treatment (Figure 3). MMP-13 mRNA levels
were significantly decreased in the synovium and the MCL
tissues, but not in the adjacent ACL tissue, where the
changes were more modest and not significant. Both MMP-
3 and MMP-13 mRNA were not detectable after 40 PCR
cycles in PT tissue (either control, Depo-Medrol, or dexam-
ethasone treated samples), and therefore could not be includ-
ed in this analysis.

The mRNA levels for the tissue inhibitors of matrix met-
alloproteinases (TIMP) –1, -2, and –3 exhibited a different
pattern of responsiveness than levels for the proteinases
after Depo-Medrol treatment. TIMP-1 mRNA levels were
significantly depressed in the synovium and the PT tissue

after Depo-Medrol treatment. However, TIMP-2 mRNA lev-
els were unchanged after Depo-Medrol treatment in all the
tissues examined, while levels for TIMP-3 were significant-
ly elevated in the highly vascular synovial tissue but not
elsewhere.

Examination of mRNA levels for COX-2 and transform-
ing growth factor-ß1 (TGF-ß1), which are potent regulators
of inflammation23,24, revealed that levels for these mole-
cules were relatively unchanged in most of the tissues ana-
lyzed, with the exception of the ACL, where COX-2 levels
were significantly depressed following Depo-Medrol treat-
ment in the skeletally mature animals (Figure 4).
Interestingly, TGF-ß mRNA levels were observed to be ele-
vated in the MCL and PT tissues after glucocorticoid treat-
ment.
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Figure 2. Effect on matrix protein mRNA levels in 8 skeletally mature rab-
bits 24 hours after Depo-Medrol treatment. Semiquantitative RT-PCR
analysis of RNA from the synovium, anterior cruciate ligament (ACL),
medial collateral ligament (MCL), and patellar tendon for expression of
transcripts for matrix molecules including collagens and proteoglycans.
Data are mean ± SEM of normalized (ß-actin) integrated density values,
and are expressed as percentage of their respective saline treated controls (n
= 8). ANOVA for statistical analysis. *p < 0.05. ND-C/E: not detectable in
controls or experimentals.

Figure 1. RNA yields (mean ± SEM) from the synovium, anterior cruciate
ligament (ACL), medial collateral ligament (MCL), and patellar tendon tis-
sues after 24 hours’ treatment with saline (“untreated”) or Depo-Medrol in
skeletally mature rabbits. Statistical analysis of differences between groups
by ANOVA. *p < 0.05.
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mRNA levels for the glucocorticoid receptor itself were
suppressed in the highly vascularized synovium and mod-
estly elevated in the corresponding MCL. Similarly, mRNA
levels for HSP90α, a component of the glucocorticoid
receptor foldosome complex8,25, were significantly sup-
pressed in the synovium and elevated in the MCL tissue
after glucocorticoid treatment. In contrast, mRNA levels for
HSP90ß, which is thought to chaperone the glucocorticoid
receptor but may also play a role in glucocorticoid resist-
ance26-28, were significantly elevated in the extraarticular
MCL and PT after glucocorticoid treatment in the skeletally
mature animals.

Comparisons of the response of connective tissue mRNA
levels to glucocorticoid treatment at 24 and 72 hours postin-

jection. To examine whether the changes in gene expression
persisted or resolved by 72 hours postinjection, and to com-
pare the efficacies of methylprednisolone acetate (Depo-
Medrol) with dexamethasone, a reportedly more potent ago-
nist14, a second set of experiments was performed. Figure 5
shows the results for synovial tissue treated with either
Depo-Medrol or dexamethasone as an example of these
findings, and Figures 6 and 7 are similar composites of the
results for the other tissues analyzed (Depo-Medrol and dex-
amethasone, respectively). The p values for changes in
mRNA levels depicted in Figures 5, 6, and 7 are summa-
rized in Table 2. From these data, it appears that there are
subsets of genes with respect to their response to glucocor-
ticoid treatment. The most responsive genes were MMP-3
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Figure 3. Effect on matrix protease and inhibitor mRNA levels in 8 skele-
tally mature rabbits after Depo-Medrol treatment. Semiquantitative RT-
PCR analysis of RNA from the synovium, anterior cruciate ligament
(ACL), medial collateral ligament (MCL), and patellar tendon for expres-
sion of transcripts for bone morphogenetic protein-1 (BMP-1), MMP-1,
MMP-3 and MMP-13, and tissue inhibitors of MMP (TIMP-1, -2, -3).
Values are mean ± SEM of normalized (ß-actin) integrated density values,
expressed as percentage of their respective saline treated controls (n = 8).
ANOVA for statistical analysis. *p < 0.05. ND-C/E: not detectable in con-
trols or experimentals; ND-E: not detectable in experimentals.

Figure 4. Effect on mRNA levels of mediators in 8 skeletally mature rab-
bits after Depo-Medrol treatment. Semiquantitative RT-PCR analysis of
RNA from the synovium, anterior cruciate ligament (ACL), medial collat-
eral ligament (MCL), and patellar tendon for expression of transcripts for
cyclooxygenase-2 (COX-2), transforming growth factor-ß (TGF-ß), gluco-
corticoid receptor (GR), and heat shock protein 90 (HSP90α, HSP90ß).
Values are mean ± SEM of normalized (ß-actin) integrated density values,
expressed as percentage of their respective saline treated controls (n = 8).
ANOVA for statistical analysis. *p < 0.05.
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and MMP-13, whose mRNA levels were significantly sup-
pressed at 24 hours and remain suppressed at 72 hours. In
contrast, mRNA levels for MMP-1 and BMP-1, also pro-
teinases, were less responsive to the glucocorticoid treat-
ment. MMP-1 mRNA levels were also suppressed (mostly
in ACL, MCL, and PT tissues) by glucocorticoid treatment,
but to a lesser extent than the other 2 MMP examined. BMP-
1 mRNA levels were quite unresponsive to the glucocorti-
coid treatment and remained statistically unchanged, but
modestly elevated, in these tissues. This is with the excep-
tion of the dexamethasone treated PT, which showed a sig-
nificant decline in the amount of BMP-1 mRNA at 72 hours,
but this same trend was not observed in the Depo-Medrol
treated PT.

The mRNA levels for collagen I and collagen III were
consistently suppressed after glucocorticoid treatment in all
tissues examined. mRNA levels for these genes continued to

decline from 24 to 72 hours postinjection after both Depo-
Medrol and dexamethasone treatment.

TIMP mRNA levels were unaffected or were elevated
following Depo-Medrol treatment. The vascular synovium
(Figure 5) showed a significant elevation of TIMP-3 mRNA
levels at 24 hours after Depo-Medrol injection, with a simi-
lar trend seen for TIMP-2. These mRNA levels returned to
control levels after 72 hours. In contrast, the dexamethasone
treated synovium did not exhibit this same elevation in
mRNA for TIMP-2 and TIMP-3 at 24 hours following dex-
amethasone injection, but the levels were relatively
unchanged. TIMP-1 mRNA levels were relatively
unchanged in synovial tissue after treatment with both
Depo-Medrol and dexamethasone.

The MCL and ACL tissues exhibited similar response
patterns, but in the case of these tissues, the response
appeared to depend on the type of corticosteroid injected. In
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Figure 5. Results of RT-PCR analysis of specific mRNA levels in knee synovial tissue of
skeletally mature rabbits 24 and 72 hours after injection of Depo-Medrol and dexamethasone
(n = 6 for each experimental group). Values are mean ± SEM of normalized (ß-actin) inte-
grated density values, expressed as percentage of their respective saline treated skeletally
mature controls (n = 6).

Personal non-commercial use only.  The Journal of Rheumatology Copyright © 2005.  All rights reserved.

 www.jrheum.orgDownloaded on April 10, 2024 from 

http://www.jrheum.org/


the dexamethasone treated animals, TIMP-2 and TIMP-3
were elevated at 24 hours postinjection, while in the Depo-
Medrol treated animals, the ACL tissue showed no signifi-
cant changes in TIMP-2 and –3 mRNA levels, and the ele-
vation in TIMP-2 and –3 mRNA levels seen in the MCL was
delayed until 72 hours postinjection. Further, TIMP-1
mRNA levels were again unchanged or slightly decreased in
all tissues 24 hours after injection with either steroid. In the
PT tissue, there was little change in mRNA level for the
TIMP-2 and -3 genes over the course of this experiment
using either corticosteroid, but there was a significant
decrease in TIMP-1 mRNA levels at 72 hours after Depo-

Medrol injection and 24 and 72 hours after dexamethasone
injection.

Effect of glucocorticoid treatment on mRNA levels in tissues
from skeletally immature animals. Previous results dealt
with glucocorticoid treatment of skeletally mature animals;
however, glucocorticoids are also used in the treatment of
skeletally immature individuals with conditions such as
juvenile rheumatoid arthritis4,29. Therefore, to determine
whether skeletal maturity affected the response to steroids,
experiments were performed using a lower dose of Depo-
Medrol in skeletally immature but sexually mature animals
(likely mimicking the adolescent state). It was observed that
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Figure 6. Influence on mRNA levels in ACL, MCL, and patellar tendon (PT) tissue of the knee
24 and 72 hours after injection of Depo-Medrol (n = 6 for each experimental group). Values
from semiquantitative RT-PCR analysis are mean ± SEM of normalized (ß-actin) integrated
density values, expressed as percentage of the respective saline treated skeletally mature con-
trols (n = 6).
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even at a lower dose of Depo-Medrol (1 mg/kg methylpred-
nisolone acetate) than was used in the mature adults, many
of the genes responded in a manner or pattern similar to
those in their skeletally mature adult counterparts (Table 3).

Collagen I and III mRNA levels were significantly sup-
pressed in the intraarticular synovial and ACL tissues, while
they were not significantly changed in the extraarticular
MCL and PT tissues. This is in contrast to mRNA levels for
the small leucine-rich proteoglycan biglycan, which were
unchanged by glucocorticoid treatment in both the skeletal-
ly immature and skeletally mature animals.

The mRNA levels for MMP-3 were significantly sup-
pressed in the highly vascular synovium, while mRNA lev-
els for MMP-13 were significantly suppressed in the syn-
ovium and MCL tissues. Again, MMP-13 mRNA levels
were undetectable in the PT tissue under the conditions of
assessment.

Similar to findings in adult tissue, TIMP-1 mRNA levels
were relatively unaffected by glucocorticoid treatment in the
skeletally immature animals; TIMP-1 mRNA was only sig-
nificantly suppressed in the PT tissue, while it remained
unchanged in the other tissues. TGF-ß mRNA levels, also

315Kydd, et al: Glucocorticoids and gene expansion

Figure 7. Influence of dexamethasone injection on mRNA levels in ACL, MCL, and patellar
tendon (PT) tissue of skeletally mature rabbits 24 and 72 hours after injection of dexametha-
sone (n = 6 for each experimental group). Values from semiquantitative RT-PCR analysis are
mean ± SEM of normalized (ß-actin) integrated density values, expressed as percentage of
their respective saline treated skeletally mature controls (n = 6).
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like the adult counterparts, were elevated in the MCL tissue.
Interestingly, COX-2 was elevated in the synovium and
MCL, while COX-2 mRNA levels were observed to
decrease in the ACL tissue of the skeletally mature animals.

Glucocorticoid receptor mRNA levels were unchanged
by glucocorticoid treatment in the immature animals, while
mRNA levels for the HSP90 molecules α and ß were vari-
ably increased in the tissues after glucocorticoid treatment.
HSP90α was elevated in the ACL, and HSP90ß was elevat-
ed in all tissues except the PT tissue.

DISCUSSION
Several interesting points are raised by these results. First,

glucocorticoid treatment, whether dexamethasone or Depo-
Medrol, had a significant influence on transcript levels for a
number of genes, not only those inflammatory genes tradi-
tionally implicated when examining glucocorticoid effects,
but also a number of what could be considered anabolic
genes such as collagens. Second, both adult and juvenile tis-
sues were sensitive to corticosteroid treatment, a finding that
is relevant considering the important role that a number of
these genes play in tissue maturation. Third, although the
steroid doses were chosen to account for the different rela-
tive potencies of Depo-Medrol and dexamethasone, the 2
different glucocorticoid formulations differed in their effect
on mRNA levels for a number of the genes assessed. These
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Table 3. Effect of glucocorticoid treatment on mRNA levels in immature animals.

Mean mRNA Level (Percentage of Control)
Intraarticular Extraarticular

Gene Synovium ACL MCL Patellar Tendon

Collagen I 50.5 ± 5.6* 69.8 ± 12.2* 85.6 ± 11.0 57.5 ± 11.9
Collagen III 62.0 ± 5.2* 86.4 ± 7.7* 70.3 ± 8.3 49.6 ± 8.6
Biglycan 100.0 ± 11.3 114.5 ± 6.7 124.4 ± 11.7 93.7 ± 12.2
MMP-3 37.2 ± 3.0* 88.5 ± 18.1 32.4 ± 15.4 130.7 ± 15.0
MMP-13 23.2 ± 11.7* 64.5 ± 20.2 25.8 ± 10.1* ND-C/E
TIMP-1 100.2 ± 10.0 130.8 ± 15.6 92.7 ± 14.0 61.7 ± 4.8*
COX-2 189.8 ± 36.2* 128.5 ± 38.0 189.6 ± 25.1* ND-C/E
TGF-ß 106.1 ± 8.0 98.0 ± 4.3 151.1 ± 10.5* 130.0 ± 11.0
GR 89.4 ± 5.8 112.9 ± 5.1 96.2 ± 8.2 93.8 ±18.3
HSP90α 111.6 ± 13.9 120.7 ± 4.8* 96.9 ± 5.5 82.6 ± 7.9
HSP90ß 130.4 ± 6.5* 131.2 ± 5.1* 230.5 ± 43.8* 137.2 ± 21.5

Summary of the results of RT-PCR analysis of RNA from methylprednisolone acetate (Depo-Medrol) treated 
(n = 6) skeletally immature (7-month-old) animals for the expression of transcripts for a number of genes. Values
are mean ± SEM of normalized (ß-actin) integrated density values and are expressed as percentage of their
respective saline treated (n = 6) skeletally immature controls. Analysis of variance was used for statistical analy-
sis. * p < 0.05. ND-C/E: not detectable in controls or experimentals. GR: glucocorticoid receptor.

Table 2. Summary of p values for Figures 5, 6, and 7.
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differences were most readily observed when examining the
changes in different subgroups of genes over 24 and 72
hours. Finally, although corticosteroids were administered
as a single systemic dose, different tissues responded differ-
ently to glucocorticoid treatment both in temporal aspects of
the response and in the magnitude of the response.

Glucocorticoid treatment resulted in an overall decline in
the total RNA extracted from the different tissues, although
in most cases this was not manifested in a statistically sig-
nificant manner until 72 hours postinjection. This general
decline, however, was not representative of the specific
changes observed in the transcriptional activity of particular
genes examined individually. Glucocorticoid treatment
resulted in a very significant depression in mRNA levels for
the matrix metalloproteinases (MMP-1, -3, -13), molecules
that act to cleave collagen molecules30. This same suppres-
sion, however, was not observed for levels of BMP-1
mRNA, another enzyme that also acts to cleave matrix com-
ponents such as collagens and biglycan22. Similarly, gluco-
corticoid treatment, whether Depo-Medrol or dexametha-
sone, led to depressed mRNA levels for collagen I and III,
the 2 primary collagens present in the extracellular matrix of
ligamentous tissues, while there was no corresponding
change observed for biglycan and decorin, proteoglycans
also found in the extracellular matrix. Other regulatory
genes, the TIMP (particularly TIMP-2 and –3), and TGF-ß
were observed to be elevated in a number of tissues after
glucocorticoid treatment.

Of interest in the results were the findings that in most of
the tissues examined, COX-2 mRNA levels were relatively
unresponsive to corticosteroid treatment. In other studies
using cell lines31, exposure to corticosteroids led to decreas-
es in COX-2 mRNA. While we do not yet have an explana-
tion for the differences between this study and previous
reports, some possible reasons include differences between
normal and inflamed tissues in sensitivity, cell-type differ-
ences, and concentration effects. Many of the tissues exam-
ined are hypocellular compared to other normal tissues or
inflamed tissues, a factor that may influence effectiveness.
Finally, the issue of species differences in responsiveness to
the drugs is a factor that could be addressed in the future.

In textbook presentations regarding transcriptional mech-
anisms of gene regulation by glucocorticoids14,32, genes are
divided into those with glucocorticoid response elements
(GRE), which are upregulated by glucocorticoids, and genes
with promoter elements such as AP-1 and NF-κB that are
downregulated by glucocorticoids. However, this model is
not sufficient to explain changes in the mRNA levels
observed in our in vivo experiments. For example, although
MMP genes have well characterized AP-1 sites (some also
contain NF-κB promoter elements) that could be responsi-
ble for the downregulation of the mRNA following gluco-
corticoid treatment, the TIMP are also known to have AP-1
sites in their promoters. Concurrently, the downregulation of

collagen I and III mRNA could possibly be modulated by
the AP-1 promoter elements, but this would not explain why
biglycan and decorin, genes also known to have NF-κB and
AP-1 sites, respectively, in their promoter regions33,34, were
relatively unaffected after glucocorticoid treatment. Thus,
although the downregulation of genes via inhibition of AP-
1 and NF-κB is an apparently well characterized mechanism
of glucocorticoid action, this cannot be the only mechanism
functioning in this in vivo model based on the available evi-
dence. Further, the textbook explanations have also recently
been challenged regarding other potential mechanisms of
glucocorticoids on cell behavior that have compounded the
complexity9-11. However, the possibility that some of the
observed effects are indirect, even at the 24 hour timepoint,
cannot be completely eliminated for these fairly hypovascu-
larized tissues. Therefore, perhaps even shorter times post-
steroid exposure should be investigated.

Similar changes in mRNA levels were observed in skele-
tally immature animals even after receiving only a single 1
mg/kg injection of Depo-Medrol. As in their adult counter-
parts, the mRNA levels for the MMP (MMP-3 and MMP-
13) and the collagens (I and III) were readily depressed 24
hours postinjection. For matrix genes, as well as those
involved in matrix turnover, such alterations could have
lasting effects on connective tissue composition and integri-
ty in juvenile patients. Patients with juvenile arthritis, for
example, are often treated with high dose corticosteroids
over an extended period4. Thus, if such treatments influence
connective tissue maturation, their effect could have
longterm implications on joint function.

Depo-Medrol and dexamethasone appear to differ in their
regulation of gene transcription, a factor unexplained by
their relative potencies and our attempt to standardize the
dose based on these relative potencies. Although most of the
responses observed after Depo-Medrol and dexamethasone
injection were similar, there appeared to be differences in
the intensity and timing of mRNA responses comparing the
outcome after administration of the 2 corticosteroids.
Dexamethasone more rapidly downregulated the total RNA
yield in the intraarticular tissues (synovium and ACL) com-
pared to the Depo-Medrol treated counterparts. This effect
was not observed in the extraarticular MCL and PT tissues
that exhibited similar responses in total RNA decreases after
treatment with either corticosteroid. mRNA levels for both
TIMP-2 and TIMP-3 were observed to increase in the ACL
and MCL after glucocorticoid treatment; however, these
mRNA levels peaked much sooner (24 hours) in the dexam-
ethasone treated animals compared to the Depo-Medrol
treated animals, where the peak was seen to occur later (72
hours). The observed differences between the steroids may
be due to the differing formulations of the 2 corticosteroids.
Depo-Medrol is a slow-release form, while dexamethasone
has more immediate action, but a prolonged period of bio-
logical activity compared to other corticosteroids14.
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Glucocorticoid treatment in these experiments showed
distinct tissue-specific differences of responsiveness follow-
ing glucocorticoid treatment. Synovium was, in general,
highly responsive to glucocorticoid treatment and rapidly
showed alterations 24 hours after injection, whereas other
tissues were less likely to be influenced at this timepoint.
The PT showed less sensitivity to glucocorticoid treatment,
and indeed the TIMP-2 and –3 levels in this tissue appeared
to peak at 72 hours in the dexamethasone treated animals,
much later than in the adjacent ACL and MCL tissues,
where values peaked at 24 hours.

There are a number of possible explanations for the dif-
ferences in tissue responsiveness to glucocorticoids. First,
different connective tissues of the knee have a quantitative-
ly different blood supply35: synovium is highly vascular-
ized, while PT is much more avascular. Higher vascularity
in the synovium could result in a higher initial corticosteroid
concentration reaching the tissue. Alternatively, there may
be differences in the sensitivity of different cell types to glu-
cocorticoid treatment. For example, synoviocytes and
fibroblasts may differ in the amount of glucocorticoid recep-
tor available for ligand binding or the presence of sufficient
cofactors required for transcriptional regulation. Further
investigation will be required to distinguish between such
alternatives.

It should be pointed out that the use of semiquantitative
RT-PCR methodology does not yield determinations of
RNA levels as accurately as quantitative RT-PCR (although
real-time PCR and competitive quantitative RT-PCR are
also not equivalent, as reviewed36,37), particularly for low-
abundance transcripts. However, the methodology we used
has shown good correlations between changes in mRNA and
protein levels in studies for the assessment of MMP-1338

and the collagens16,39, and more recently connective tissue
growth factor40. Therefore, detection of significant changes
in mRNA levels by semiquantitative RT-PCR performed
under rigorous conditions can still yield valid approxima-
tions of changes in mRNA levels for many molecules.

In summary, exogenous glucocorticoids were found to
readily modulate mRNA levels for a number of molecules
important in connective tissue structure, turnover, and sig-
nalling. These transcriptional effects, however, cannot be
solely explained by the classic definitions of glucocorticoid
transactivation and transrepression. Juvenile, skeletally
immature tissues were also responsive to glucocorticoid
induced transcriptional regulation, which may have a more
significant influence on growing tissues. The different corti-
costeroid formulations examined, Depo-Medrol and dexam-
ethasone, modulate gene transcription differently, with dex-
amethasone manifesting an earlier effect on gene transcrip-
tion than Depo-Medrol. The different connective tissues of
the knee exhibited differences in tissue responsiveness to
glucocorticoid treatment, differences that could be
explained by factors such as blood flow to the tissue, or

more intrinsic factors such as tissue-specific differences in
endogenous cells.

In addition, we examined the effect of corticosteroid
treatment on uninjured, normal joint tissues. This is likely
relevant from a “bystander” perspective, as in clinical prac-
tice corticosteroids are usually administered to patients with
inflammatory (RA or lupus) or destructive (OA) conditions.
Non-normal tissues may respond to corticosteroids differ-
ently than normal tissues for a variety of reasons. Further,
while some patients with inflammatory arthritis may be
treated with systemic corticosteroids41, many receive the
drugs via intraarticular injection42,43, a route that should
deliver a fairly high dose of drug to a confined area, which
could affect both involved and bystander tissues differently
from systemic administration. Current and future experi-
ments are designed to examine the molecular effects of glu-
cocorticoids on inflamed, injured, and bystander tissues to
determine how such conditions may modify the tissue
responses to glucocorticoids following administration of the
drugs by different routes. However, our study does shed
light on these potential “bystander” effects of corticosteroid
treatment on normal connective tissues when administered
to address inflammation or pain associated with one joint or
injured tissue.
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