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Background and purpose: Corticosteroids such as triamcinolone acetonide (TAA) are

potent drugs administered intra-articularly as an anti-inflammatory therapy to relieve

pain associated with osteoarthritis (OA). However, the ability of early TAA interven-

tion to mitigate OA progression and modulate immune cell subsets remains unclear.

Here, we sought to understand the effect of early intra-articular injection of TAA on

OA progression, local macrophages, and peripheral blood monocytes.

Experimental approach: Degenerative joint disease was induced by intra-articular injec-

tion of collagenase into the knee joint of male C57BL/6 mice. After 1 week, TAA or

saline was injected intra-articularly. Blood was taken throughout the study to analyse

monocyte subsets. Mice were killed at days 14 and 56 post-induction of collagenase-

induced OA (CiOA) to examine synovial macrophages and structural OA features.

Key results: The percentage of macrophages relative to total live cells present within

knee joints was increased in collagenase- compared with saline-injected knees at day

14 and was not altered by TAA treatment. However, at day 56, post-induction of

CiOA, TAA-treated knees had increased levels of macrophages compared with the

knees of untreated CiOA-mice. The distribution of monocyte subsets present in

peripheral blood was not altered by TAA treatment during the development of CiOA.

Osteophyte maturation was increased in TAA-injected knees at day 56.

Conclusion and implications: Intra-articular injection of TAA increases long-term

synovial macrophage numbers and osteophytosis. Our findings suggest that TAA

accentuates the progression of osteoarthritis-associated features when applied to an

acutely inflamed knee.
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Received: 5 August 2021 Revised: 3 November 2021 Accepted: 27 November 2021

DOI: 10.1111/bph.15780

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2022 The Authors. British Journal of Pharmacology published by John Wiley & Sons Ltd on behalf of British Pharmacological Society.

Br J Pharmacol. 2022;179:2771–2784. wileyonlinelibrary.com/journal/bph 2771

https://orcid.org/0000-0003-2639-0724
mailto:g.vanosch@erasmusmc.nl
https://doi.org/10.1111/bph.15780
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/bph


1 | INTRODUCTION

Joint instability as caused by ligament injury is a risk factor for the

development of osteoarthritis (OA) (Akhtar et al., 2016; Driban

et al., 2014; Wilder et al., 2002). OA is the most common form of

arthritis affecting the entire joint, including the articular cartilage, sub-

chondral bone, ligaments, capsule, synovium, and peri-articular mus-

cles (Bijlsma, 2001). Intra-articular injection of glucocorticoids, such as

triamcinolone acetonide (TAA), is frequently applied clinically as an

anti-inflammatory therapy to alleviate knee pain associated with OA

(Bellamy et al., 2006; McAlindon et al., 2014; Miller et al., 1958; van

Middelkoop et al., 2016) and is strongly recommended by the Ameri-

can College of Rheumatology/Arthritis Foundation (Kolasinski

et al., 2020a). However, evidence on the long-term benefit of TAA

treatment is conflicting, with reports highlighting a potential associa-

tion of intra-articular glucocorticoid treatment with accelerated struc-

tural progression of OA (Kompel et al., 2019; McAlindon et al., 2017;

Zeng et al., 2019). Interestingly, early intervention with intra-articular

TAA treatment following anterior cruciate ligament (ACL) injury has

been reported to reduce the levels of cartilage degeneration bio-

markers in the synovial fluid of patients (Lattermann et al., 2017).

However, the long-term outcome of early TAA treatment following

injury and its ability to alleviate OA progression in the knee requires

further elucidation.

Low-grade inflammation in OA is associated with progression of

structural changes characteristic of knee OA (Robinson et al., 2016).

Macrophages residing within the synovial membrane are considered

primary mediators of the inflammatory response and have been

recognised as crucial regulators of OA progression (Zhang

et al., 2020). Macrophages are highly plastic cells that exist as diverse

phenotypes which dynamically respond to changing environmental

stimuli and can be classified as pro-inflammatory (M1), anti-inflamma-

tory, or tissue repair-associated (M2) subsets (Murray et al., 2014).

TAA is postulated to mediate its therapeutic effect in OA due to its

capacity to modulate inflammatory gene transcription and potential to

alter macrophage activation (Nixon et al., 2013; Siebelt et al., 2015).

However, local intra-articular injection of TAA also leads to systemic

absorption, with detectable serum plasma concentrations observed in

the blood of patients up to 6 weeks post-injection (Kraus et al., 2018).

Interestingly, glucocorticoid treatment has been previously reported

to alter the functional profile of peripheral blood monocytes in vitro

and in vivo, inducing an anti-inflammatory, migratory phenotype

(Ehrchen et al., 2007; Varga et al., 2008; Varga et al., 2014). Blood

monocytes which originate in the bone marrow may migrate from the

circulation into tissues under inflammatory conditions and differenti-

ate into macrophages (Geissmann et al., 2003; Sunderkötter

et al., 2004). Like macrophages, monocytes can also be categorised

according to their cell surface receptor expression and function, com-

prising classical and non-classical/intermediate monocyte subsets

(Ziegler-Heitbrock, 2014). Interestingly, circulating non-classical

monocytes were shown to be recruited to the joint upon injury, driv-

ing the development and progression of inflammation in a murine

model of rheumatoid arthritis (Misharin et al., 2014). Intra-articular

glucocorticoid injection has been shown to alter blood monocyte phe-

notype as well as leucocyte trafficking in patients with rheumatoid

arthritis (Steer et al., 1998). However, the responsiveness of systemic

as well as local immune cell subsets to local administration of TAA

during OA progression remains unclear.

Knowledge on the impact of an early intervention with short-term

TAA treatment on local and systemic inflammatory processes, as well

as the progression of structural damage following joint injury, could

provide important insights for OA therapy. Intra-articular injection of

collagenase is a well-known model to study instability-induced OA,

characterised by a high synovial inflammatory component (van Osch,

van der Kraan, Blankevoort, et al., 1996; van Osch, van der Kraan, van

Valburg, & van den Berg, 1996). Therefore, the aims of this study

were to examine the effect of early intra-articular injection of TAA on

local macrophages and peripheral blood monocytes, as well as carti-

lage degeneration, subchondral bone changes, and osteophyte forma-

tion during OA progression in the collagenase-induced OA (CiOA)

mouse model.

2 | METHODS

2.1 | Animal model

Animal studies are reported in compliance with the ARRIVE guidelines

(Percie du Sert et al., 2020) and with the recommendations made by

the British Journal of Pharmacology (Lilley et al., 2020). All animal

experimentation procedures were conducted with approval by the

What is already known

• Intra-articular injection of TAA is applied as an anti-

inflammatory therapy for the management of

osteoarthritis.

• Evidence on the long-term benefit of TAA treatment on

disease progression is conflicting.

What this study adds

• Early intervention with short-term TAA treatment leads

to long-term synovial macrophage numbers and aggra-

vates osteophytosis.

What is the clinical significance

• Intra-articular TAA treatment may not be used in an

acutely inflamed joint following injury
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Animal Ethical Committee of Erasmus University Medical Center

(Licence number AVD101002015114, protocol number 16-691-03).

The 11- and 12-week-old male C57BL/6 mice (C57BL/6J0laHsd,

27.66 g ± 1.91 g; Envigo, Cambridgeshire, UK) were housed in groups

of 4 in individually ventilated cages and maintained on a 12-h light/

dark cycle with ad libitum access to standard diet and water at the

Experimental Animal Facility of the Erasmus MC. Mice were randomly

divided into three experimental groups (N = 12 per time point): con-

trol, untreated CiOA, and TAA-treated CiOA. For all procedures, mice

were anaesthetised using 3% isoflurane/0.8 L O2/min (Pharmachemie

BV, Haarlem, the Netherlands), and a 3- to 4-mm dermal incision was

made to the right knee at the height of the patellar tendon. OA was

induced unilaterally by two intra-articular injections of 3 U of highly

purified collagenase type VII from Clostridium histolyticum (Sigma-

Aldrich, St. Louis, USA) in 6 μl of saline (0.9% NaCl; Sigma-Aldrich) at

days 0 and 2. Control mice received intra-articular injections of 6 μl of

saline only. All intra-articular injections were administered using a

50-μl syringe (Hamilton, Bonaduz, Switzerland) and 30G needle

(BD Medical, New Jersey, USA). TAA (Kenacort; Bristol-Myers Squibb,

Woerden, The Netherlands) was diluted to a concentration of

4.16 mg�ml�1 with saline. TAA-treated OA mice received an intra-

articular injection of 6 μl (containing 25 μg of TAA) to the right knee

at day 7 post-induction of CiOA. This dose was based on previous

rodent studies and the dose applied in humans considering the

volume of the synovial fluid (Kroin et al., 2016; Siebelt et al., 2015).

Untreated CiOA and control mice received an intra-articular injection

of 6 μl of saline as a vehicle control. The order of intra-articular injec-

tion administration was performed randomly at each time-point. Mice

were killed in agreement with the Directive 2010/63/EU by cervical

dislocation under isoflurane anaesthesia 14 or 56 days following

induction of CiOA. A schematic representation of the study is

summarised in Figure 1.

2.2 | Flow cytometric analysis of peripheral blood
monocytes, synovial tissue and bone marrow

Peripheral blood was harvested from the facial vein of mice 7 days

prior to and 9, 14, 28, 42, 49, and 56 days post-induction of

OA. Blood sampling order was performed randomly at each time-

point. Fifty microlitres of whole blood were pre-incubated with puri-

fied rat anti-mouse CD16/CD32 (BD Biosciences Cat# 553140, RRID:

AB_394655, New Jersey, USA) for 5 min on ice. Blood was stained for

the expression of CD11b (BioLegend Cat# 101228, RRID:

AB_893232), CD115 (BioLegend Cat# 135505, RRID:AB_1937254),

Ly-6C (BioLegend Cat# 128005, RRID:AB_1186134), and CD62L

(BioLegend Cat# 104412, RRID:AB_313099) to identify myeloid cells

and specific monocyte subsets, as well as CD3 (BioLegend Cat#

F IGURE 1 Experimental set-
up of the in vivo experiment. The
table on the right outlines the
intra-articular injection scheme
applied to the right knee of mice
for each experimental group
(n = 12). On the left, a timeline
showing the outcome
measurements. At day 14, a group
of 36 mice were killed (n = 12 per
group) to assess the early effects
of TAA. Another group of 36 mice
was used to assess the long-term
effects of TAA at the end point,
day 56. CiOA, collagenase-
induced osteoarthritis; FC, flow
cytometry; TAA, triamcinolone
acetonide. Created with
BioRender.com
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100220, RRID:AB_1732057), NK1.1 (BioLegend Cat# 108713, RRID:

AB_389363), CD19 (BioLegend Cat# 115520, RRID:AB_313655), and

Ly-6G (BioLegend Cat# 127618, RRID:AB_1877261) to eliminate T-

cells, natural killer cells, B cells, and neutrophils (all antibodies from

BioLegend, San Diego, USA; Table S1). Cells were stained for 30 min

at 4�C in the dark, followed by incubation with 2 ml of 1� FACS lysing

solution (BD Biosciences) for 10 min to lyse red blood cells. Following

centrifugation at 400 � g for 10 min, supernatant was removed, and

cells washed and resuspended in FACSFlow buffer (BD Biosciences).

To evaluate macrophage subsets within knee joints at days

14 and 56 post-induction of OA, the patella with surrounding synovial

tissue was dissected from the right knee and enzymatically digested.

Tissue was incubated with 2 mg�ml�1 collagenase type IV (Life Tech-

nologies, California, USA), 2.4 mg�ml�1 dispase II (Roche, Penzberg,

Germany), and 0.2 mg�ml�1 DNase I (Sigma-Aldrich) in Hanks' buff-

ered salt solution (Thermo Fisher Scientific, Massachusetts, USA) at

37�C for 60 min. The resulting cell suspension was filtered through a

100-μm cell strainer, and cells were washed and resuspended in

FACSFlow buffer. Cells were stained for the expression of CD11b

(BioLegend Cat# 101228, RRID:AB_893232), F4/80 (BioLegend Cat#

123108, RRID:AB_893502), CD86 (BioLegend Cat# 105013, RRID:

AB_439782), CD206 (BioLegend Cat# 141707, RRID:AB_10896057)

(all BioLegend; Table S1), and CD163 (Thermo Fisher Scientific Cat#

12-1631-82, RRID:AB_2716924) to identify macrophage subsets and

a LIVE/DEAD™ fixable dead cell stain (1:1000 dilution; Life Technolo-

gies) to exclude dead cells. Cells were stained for 30 min at 4�C in the

dark, washed, and resuspended in FACSFlow.

Bone marrow was isolated from the contralateral femur at days

14 and 56 post-induction of OA. The femur was cut at both ends, and

bone marrow was flushed out over a 100-μm cell strainer using a 25G

needle attached to a 5-ml syringe (All BD Medical) filled with Roswell

Park Memorial Institute 1640 (RPMI) media (Thermo Fisher Scientific).

The resulting cell suspension was spun at 500 � g for 5 min, and cells

were resuspended in FACSFlow and stained for the expression of Ly-

6C (BioLegend Cat# 128005, RRID:AB_1186134) and CD31 (Bio-

Legend Cat# 102410, RRID:AB_312905) (all BioLegend; Table S1) to

assess bone marrow composition as previously described (de Bruijn

et al., 1998) and with a LIVE/DEAD™ fixable dead cell stain (1:1000

dilution; Life Technologies). Cells were incubated with antibodies for

30 min at 4�C in the dark, washed, and resuspended in FACSFlow.

All samples were analysed using a FACSJazz cytometer

(BD Biosciences) and FlowJo software version 10.0.7 (FlowJo LLC,

Oregon, USA). The gating strategies applied for blood monocytes,

macrophages, and bone marrow composition analysis are presented in

Figures S1 and S2.

2.3 | Histological analysis

Knees were fixed in 4% formalin (v/v) for 1 week and scanned for

μCT analysis. Afterwards, knees were decalcified in 10% EDTA for

2 weeks and embedded in paraffin. Coronal sections of 6 μm were cut

for analysis and sections were stained with Safranin O and Fast

Green. Images were acquired using the NanoZoomer Digital Pathol-

ogy program (Hamamatsu Photonics, Ammersee, Germany).

Cartilage damage was evaluated by two observers blinded to the

treatment groups using the Osteoarthritis Research Society Interna-

tional (OARSI) scoring system described by Glasson et al. (2010).

Briefly, this score ranges from 0, for normal cartilage, to 6, for carti-

lage with clefts and erosion to the calcified cartilage in >75% of the

articular surface. For each knee, cartilage quality in the lateral and

medial compartment—both femur and tibia—of the knee was scored

and averaged with three sections at standardised locations in the knee

with 180 μm between sections. For each knee, the average score

assigned by two blinded observers (MFB and NK) was averaged.

Osteophyte maturation was scored in the lateral and medial

compartment of femur and tibiae, from 0 where no osteophyte

was observed, 1 for a cartilaginous osteophyte, and 2 for an ossi-

fied osteophyte and averaged with three sections at standardised

locations in the knee with 180 μm between the sections. For each

knee, the average score assigned by two blinded observers (MFB

and NK) was averaged. Osteophyte size was assessed using the

NanoZoomer Digital Pathology program (Hamamatsu Photonics) by

measuring the area of the osteophyte in three sections and calcu-

lating the average per joint, similarly to the osteophyte maturation

score. We selected osteophytes at the medial side of the tibiae

plateau, the location where the incidence of osteophytes was

highest in CiOA knees.

2.4 | Micro CT scans and analysis

Knees were imaged using a Quantum GX micro-computed tomogra-

phy (μCT) scanner (PerkinElmer, Waltham, MA) with the following set-

tings: time = 5 min, voxel size = 7 μm, tube voltage of 90 kV, and

tube current = 180 μA. Three-dimensional reconstructed images were

obtained using software AccuCT 1.0 (PerkinElmer), and the proximal

tibia was selected for further analysis. Subchondral bone plate thick-

ness was measured in frontal plane cross sections of the weight-

bearing region of the medial tibia plateau.

2.5 | Data and statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology (Curtis et al., 2018) and are in

accordance with the ARRIVE guidelines (Kilkenny et al., 2010). The

study was designed to generate groups of equal size, using randomisa-

tion and blinded analysis. Statistical analysis was undertaken only for

studies where each group size was at least n = 5. No values were

excluded for the data analysis and presentation, except for the micro

CT analysis of the knees at day 56 where a low resolution during

acquisition led to inability of image reconstruction. In this case, we still

had n = 8–10 left. The declared group size is the number of indepen-

dent values, and statistical analysis was done using these independent

values.
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Sample size was determined considering a change in peripheral

blood monocyte subsets of 30% resulting from treatment to be rele-

vant in our study. As per power calculation (using a standard deviation

of 25%) with a statistical power level of 0.8 and significance level (α)

of 0.05, our sample size per group for a two-tailed hypothesis test

was 11 mice. One additional mouse per group was included to allow

for unforeseen loss, yielding n = 12 mice per treatment group for

each time-point, resulting in 72 mice in total. Statistical evaluation

was performed using GraphPad Prism 9.0 and IBM SPSS 24 (IBM).

Normality testing of data was performed using the Shapiro–Wilk test.

For parametric data, a one-way ANOVA with Bonferroni post hoc test

was conducted. For nonparametric data, a Kruskal–Wallis test with

Bonferroni or Dunn's post-test correction for multiple comparisons

was used, depending on the nature of the data. Statistically significant

differences of all post hoc tests were found at P < 0.05. All post hoc

tests were performed only if the F value for the ANOVA achieved sta-

tistical significance and there was no significant variance

inhomogeneity.

2.6 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, and

are permanently archived in the Concise Guide to PHARMACOLOGY

2021/22 (Alexander et al., 2021).

3 | RESULTS

3.1 | Macrophage-mediated inflammation is
sustained in knee joints following TAA treatment

To identify whether TAA affects macrophages after joint injury

in vivo, the patella with surrounding synovial tissue was isolated from

the knee joints of mice and macrophage composition was examined.

At day 14, synovitis was present in this model as observed by a signifi-

cant increase in macrophages within CiOA-induced knees (Figure 2a).

Intra-articular injection of TAA 1 week prior to harvesting the knees,

however, did not significantly affect the proportion of macrophages

present at this time point. At day 56 post-induction of CiOA, macro-

phage levels in untreated-CiOA knees did not significantly differ com-

pared with control knees. However, TAA-treated CiOA knees

contained significantly higher levels of macrophages compared with

both control and untreated CiOA mice at this later time point

(Figure 2b), suggesting that inflammatory processes in CiOA knees

were sustained following TAA treatment. To further investigate the

disruption of inflammatory responses by TAA, the expression of acti-

vation markers by macrophages in the knee joint was examined at

each time-point (Figure 2c). At day 14, flow cytometric analysis identi-

fied a significant increase in the expression of the activation marker

CD86, associated with a pro-inflammatory phenotype, by macro-

phages in the knees of CiOA mice compared with control animals,

irrespective of TAA treatment. Expression of the marker CD206,

indicative of a tissue-repair phenotype, also did not differ between

groups at this timepoint. However, expression of the marker CD163,

which is associated with an anti-inflammatory phenotype, was signifi-

cantly decreased by macrophages of untreated-CiOA knees compared

with control knees. Interestingly, expression of CD163 was signifi-

cantly higher in TAA-treated compared with untreated CiOA mice and

did not significantly differ from control animals at this time point. At

day 56, macrophages isolated from TAA-treated CiOA joints were

associated with higher expression of CD86 compared with untreated-

CiOA knees, though it was not different compared with control. The

expression of CD206 and CD163 did not differ between experimental

groups at this time point. These data suggest that a single intra-

articular injection of TAA early in the pathogenic process has long-

term effects in the joint, sustaining increased levels of macrophages

with slightly elevated activation marker profile during OA

development.

3.2 | TAA aggravates osteophyte formation during
OA progression

We next interrogated whether TAA injection modulates

osteophytosis and cartilage damage in the joint. Cartilage damage

was significantly increased at both days 14 and 56 in CiOA knees

compared with control knees and was not altered by TAA injection

(Figure 3c,h). After 2 weeks of CiOA, osteophytes were present

particularly at the margins of the medial tibia plateau but no differ-

ences were observed between untreated and TAA-treated CiOA

knees (Figure 3d,e). Interestingly, osteophyte maturation was signif-

icantly increased in TAA-injected knees at day 56, compared with

control and untreated-CiOA joints, though no changes were

observed with respect to size (Figure 3i–k). Together these results

show that injection of TAA increased osteophyte maturation in

CiOA joints.

3.3 | Subchondral bone plate thickness is not
modulated by TAA

To assess subchondral bone plate (SBP) changes, we performed μCT

scans of the knees ex vivo at days 14 and 56 and analysed bone

morphometry in the medial tibial plateau (Figure 4a). At day 14, the

thickness of the subchondral bone plate was decreased in untreated

CiOA knees compared with the knees of control animals, confirming

previous studies in this model (Botter et al., 2011). Also in TAA-

treated CiOA knees, the mean subchondral bone plate thickness

was diminished compared with the knees of control mice, but this

did not reach statistical difference (Figure 4b). At day 56, sub-

chondral bone plate thickness was similar between all experimental

groups (Figure 4c). These results suggest that intra-articular TAA

injection does not interfere with OA subchondral bone plate

changes in vivo.
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F IGURE 2 TAA sustained macrophage-mediated inflammation in the knee joint and altered the expression of macrophage activation markers
following induction of collagenase-induced osteoarthritis (CiOA). Analysis of flow cytometry data showing the percentage of CD11b+F4/80+
macrophages present within digested patellar/synovial tissue isolated from the right knee joint of mice at day 14 (a) and day 56 (b) post-induction

of CiOA. Data represent the mean ± SD. (c) Expression of the macrophage activation markers CD86, CD206, and CD163 by macrophages
present in the knee joint at days 14 and 56 post-induction of CiOA, as determined by flow cytometry. Values represent the mean ± SD for
median fluorescence intensity (MFI) for each marker. Each dot represents data of an individual mouse (n = 12 per timepoint). Non-parametric
data were evaluated using a Kruskal–Wallis test with Bonferroni post hoc test. For parametric data, a one-way ANOVA with Bonferroni post hoc
test was conducted. * P<0.05
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F IGURE 3 TAA exacerbated osteophyte formation in CiOA knees. Histological analyses of cartilage damage and osteophyte formation at day
14 and day 56 after induction of CiOA. (a, f) Safranin O/Fast Green staining of control, untreated CiOA, and TAA-treated CiOA knees with
magnification of the medial side (b, g), showing osteophyte formation adjacent to the medial tibiae plateau (d, i). Arrows indicate osteophytes.
Graphs for cartilage damage (c, h) and osteophyte scores (e, j) are box-and-whiskers plots, with line indicating the median and error bars spanning
maximum to minimum values. (k) Osteophyte area adjacent to the medial tibiae plateau is represented by the mean ± SD. Each dot represents
data of an individual mouse (n = 12 per timepoint). Kruskal–Wallis test with Dunn's post-test correction for multiple comparisons was used for
OARSI and osteophyte score. For osteophyte area, a one-way ANOVA with Bonferroni post hoc test was conducted. * P<0.05
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3.4 | Intra-articular injection of TAA does not exert
systemic effects on monocytes in peripheral blood and
bone marrow

Having observed an effect of intra-articular injection of TAA on local

macrophage-mediated inflammation in the joint, we also sought to

examine potential systemic effects of TAA treatment. Therefore, we

longitudinally assessed the responsiveness of peripheral blood mono-

cyte subsets to intra-articular injection of TAA during the develop-

ment of CiOA. The distribution of monocyte subsets was not altered

in the blood of mice following induction of CiOA compared with con-

trol mice, with the exception of day 28 where a significant relative

increase in classical monocytes, consequently resulting in a decrease

of non-classical/intermediate monocytes, was observed (Figure S3).

Intra-articular injection of TAA did not significantly change monocyte

subsets in the peripheral blood at an early time point of 2 days post-

injection, or at days 14 and 56 (Figure 5a,b). Finally, the percentage of

monocytes and myeloid progenitors, granulocytes and lymphocytes in

the bone marrow of the contralateral femur of TAA-treated mice, did

not significantly differ compared with untreated-CiOA mice or control

animals at days 14 and 56 (Figure S4), further indicating that short-

term local delivery of TAA does not exert systemic effects at the level

of monocyte and bone marrow precursor composition.

4 | DISCUSSION

Despite the long-standing use of intra-articular glucocorticoid injec-

tions, there is ongoing debate about their benefits on structural OA

features (Juni et al., 2015). The dampening activity of TAA on

F IGURE 4 TAA treatment did not alter subchondral bone plate thickness during CiOA development. (a) Bone morphometric analysis in
medial tibiae plateau of the right knee of mice, showing the region of interest (ROI). Cortical thickness (Ct. Th.) in subchondral bone plate at day
14 (b) and day 56 (c). Each dot represents data of an individual mouse, with n = 12 mice per group at day 14 and n = 8–10 per group at day 56.
Some samples were excluded at day 56 due to low resolution during acquisition that led to inability of image reconstruction. A one-way ANOVA
with Bonferroni post hoc test was conducted. * P<0.05. ns, non-significant
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inflamed synovium following joint injury and progression of OA has

been postulated to mediate its therapeutic effect (Nixon et al., 2013;

Paik et al., 2019). However, the biological mechanisms underlying the

potential impact of TAA on OA progression are currently not well

understood. Additionally, the potential of early TAA treatment follow-

ing injury to alter OA progression is not clear. The findings of this

study identify the presence of sustained macrophage-mediated

inflammation as well as increased osteophytosis in the knee joint fol-

lowing short-term local TAA treatment (Figure 6). These data suggest

a negative effect of TAA administration in acutely inflamed joints fol-

lowing trauma, and provide further insight into cellular mechanisms

which may govern the balance between therapeutic benefit and

potential harm of TAA treatment during OA progression.

Previous studies have highlighted the potential of TAA to alter

macrophage activation in the knee joint (Siebelt et al., 2015). Our find-

ings that TAA increased synovial macrophage numbers are in accor-

dance with the data of Siebelt and colleagues, which showed that

TAA increased macrophage activation in a rat papain-induced OA

model (Siebelt et al., 2015). Rudnik-Jansen et al. observed that TAA

did not modulate synovitis in an anterior cruciate ligament and medial

transection rat model, when administered at 4 weeks post-OA induc-

tion (Rudnik-Jansen et al., 2019). Additionally, intra-articular injection

of TAA to the knees of patients with rheumatoid arthritis does not

reduce the level of macrophages present within synovial tissue (van

der Goes et al., 2012). Therefore, the modulation of synovial inflam-

mation by TAA might be dependent on the pathological environment

in the joint and time of administration.

In the present study, we also investigated whether TAA modu-

lated the phenotype of macrophages present within the joint follow-

ing induction of CiOA. In this regard, macrophage expression of

activation markers CD86, CD206, and CD163, which are known

markers associated with pro-inflammatory, tissue repair, and anti-

inflammatory macrophage phenotypes (Fischer-Riepe et al., 2020;

Johnston et al., 2012; Lech & Anders, 2013), respectively, were

analysed by flow cytometry. In line with previous reports, macrophage

CD163 expression was decreased following induction of CiOA and

F IGURE 5 Intra-articular injection of TAA did not exert systemic effects on peripheral blood monocyte subsets. (a) Representative dotplots of
flow cytometric analysis of peripheral blood monocyte subsets 48 h following intra-articular injection of TAA (day 9 post-induction of CiOA).
(b) Percentage of classical (Ly6ChiCD62L+) and non-classical and intermediate (Ly6CloCD62L�) monocyte subsets present in the peripheral blood
of mice at days 9, 14, and 56 post-induction of CiOA. Data represent the mean ± SD, with n = 24 mice per group at days 9 and 14, and n = 12
mice per group at day 56. ns, non-significant. Differences in the percentage of monocyte subsets between experimental groups were evaluated
per timepoint using a one-way ANOVA with Bonferroni post hoc test
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significantly increased in response to TAA treatment (Khatab

et al., 2018; Siebelt et al., 2015). Furthermore, macrophages present

within the joints of TAA-treated CiOA mice had increased expression

of CD86 at the later time-point compared with untreated-CiOA

knees, indicating a potential shift towards a pro-inflammatory pheno-

type. Glucocorticoids are known to induce expression of CD163 and

CD206 by human and rodent macrophages in vitro (Buechler

et al., 2000; Shepherd et al., 1985; Siebelt et al., 2015). However, dis-

crepancies in the expression of markers associated with polarised

macrophage phenotypes between in vitro-generated and in vivo

populations has been previously described (Orecchioni et al., 2019).

Moreover, expression of M2-associated markers does not indicate

anti-inflammatory activity by definition. A human study showed adi-

pose tissue macrophages expressing CD163 and CD206 are capable

of high level proinflammatory cytokine production when triggered

(Zeyda et al., 2007). Future studies may be required evaluating the

functionality of the macrophage populations present in vivo, including

their capacity to produce mediators influencing inflammation and

osteogenesis, to fully determine their response to TAA treatment and

subsequent impact on OA progression.

Current clinical reports on the benefit of TAA treatment are con-

flicting, with previous studies describing accelerated disease progres-

sion following repeated intra-articular TAA injections in patients with

mild to moderate OA (McAlindon et al., 2017; Zeng et al., 2019). In

line with our findings, Rudnik-Jansen et al. have observed that a single

intra-articular bolus injection of TAA did not reduce cartilage damage

in an anterior cruciate ligament and medial transection rat model,

when administered at 4 weeks post-OA induction (Rudnik-Jansen

et al., 2019). Furthermore, here, we have observed increased

osteophytosis in TAA-treated CiOA joints. In contrast to our observa-

tions, Siebelt et al. (2015) found reduced osteophyte formation in rats

in response to TAA-treatment. This divergence in outcomes may be

due to differences between the models, considering that the use of

papain results in cartilage matrix degradation, whereas collagenase ini-

tiates joint instability by degrading the ligaments. Furthermore, Siebelt

et al. (2015) applied a weekly TAA intra-articular injection regime

which began at the time of OA induction and continued throughout

the duration of the experiment, in contrast to TAA administration at a

single early time point post-joint injury in the present study. The for-

mation of osteophytes is known to be linked to growth factors which

are secreted by macrophages. The increase of osteophyte formation

in TAA-treated mice in our study might be associated with the

increase of macrophages in the joint, since these cells have been

shown to promote osteophytosis in CiOA knees (Blom et al., 2004;

van Lent et al., 2004). Additionally, Rudnik-Jansen and colleagues

have previously reported increased dystrophic calcification in unstable

OA rat knees that were treated with TAA utilising an extended release

delivery system (Rudnik-Jansen et al., 2019). Osteophytes and the

abnormal bone formation in the ligaments and tendons are caused by

endochondral ossification of skeletal stem cells (Roelofs et al., 2020;

van der Kraan & van den Berg, 2007). Therefore, TAA might accentu-

ate this process on progenitor cells leading to osteophytosis either via

a direct effect or via synovial macrophages (Ferrao Blanco

et al., 2021). In this regard, further studies are needed to investigate

the relationship between the increase of osteophytosis and macro-

phages due to TAA.

Glucocorticoids are known to modulate bone loss due to

increased osteoclastogenesis or induced apoptosis of osteoblasts and

osteocytes (Ahmad et al., 2019; Chotiyarnwong & McCloskey, 2020).

However, we found that locally delivered TAA did not alter sub-

chondral bone thickness during CiOA development. Interestingly,

non-classical peripheral blood monocytes have been identified as cru-

cial cells for osteoclast differentiation in an experimental model of

rheumatoid arthritis (Puchner et al., 2018). In addition to modulating

macrophage behaviour, glucocorticoid treatment has also been

reported to alter the functionality of peripheral blood monocytes. Glu-

cocorticoid treatment of human monocytes in vitro has been shown

to induce an intermediate subset phenotype (Liu et al., 2015), and

ex vivo stimulation of monocytes with glucocorticoids reported to

induce a distinct monocyte phenotype associated with anti-

inflammatory properties (Ehrchen et al., 2007; Varga et al., 2008).

High-dose treatment with glucocorticoids induces selective apoptosis

F IGURE 6 Graphical representation
of main conclusions. Created with
BioRender.com
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of intermediate and non-classical monocytes (Dayyani et al., 2003).

Furthermore, intra-articular glucocorticoid injection to patients with

rheumatoid arthritis was shown to alter monocyte trafficking (Steer

et al., 1998). Our findings on the distribution of monocyte subsets in

peripheral blood, as well as the abundance of monocytes in the bone

marrow, indicate that local short-term intra-articular delivery of TAA

at the examined concentration does not induce systemic immune

responses in vivo during the development of CiOA.

Intra-articular injection of glucocorticoids such as TAA is rec-

ommended and routinely applied clinically for the management of OA

pain of the knee (Kolasinski et al., 2020b; McAlindon et al., 2014). A

limitation of our study is that we did not perform pain measurements,

and therefore, further investigation is required to determine the effect

of early intervention with TAA on pain relief during OA progression.

Additionally, we did not evaluate the impact of intra-articular TAA

administration on a healthy joint. Given that our primary focus was on

the modulatory effect of TAA on an injured joint and TAA will not

likely be injected in a healthy joint, this was not a primary aim of our

study. Rudnik-Jansen et al., however, previously reported that intra-

articular injection of a microsphere-based extended TAA release sys-

tem to healthy rat knees did not have any deleterious effects within

the joint (Rudnik-Jansen et al., 2019). Interestingly, intramuscular TAA

injection into the gluteus muscle has been previously reported to

reduce pain compared with placebo injection in patients with hip OA

(Dorleijn et al., 2018). Furthermore, a clinical trial evaluating the

potential of intramuscular TAA injection as an alternative to intra-

articular administration for the treatment of knee OA is underway

(Mol et al., 2020). In light of the study of Dorleijn et al. indicating a

systemic effect of TAA on joint pain (Dorleijn et al., 2018), intramus-

cular injection of TAA may potentially serve as a beneficial therapeutic

strategy to avoid the negative local effects of TAA within the injured

knee joint observed in our study.

In conclusion, the findings of our study suggest that short-term

intra-articular TAA treatment may sustain OA-associated local inflam-

matory processes in the knee mediated by macrophages, which may

further contribute to a loss of homeostasis within the joint and exac-

erbate disease progression. In the context of clinical translation of

these findings, caution should be taken when locally applying TAA

treatment to an acutely inflamed joint following injury. Further inves-

tigation of the impact of TAA on the behaviour of local immune cell

populations during active inflammation in the knee may enhance ther-

apeutic outcomes for the treatment of OA.

ACKNOWLEDGEMENTS

The authors would like to thank Sita Bierma-Zeinstra, Koen Bos, and

Jos Runhaar for discussion on clinical background and Yanto Ridwan,

for his technical assistance with μCT imaging. This work was per-

formed within the framework of the Erasmus Postgraduate School

Molecular Medicine.

This study was financially supported by Reumafonds

ReumaNederland (grant no. 18-1-202) and the European Union's

Horizon 2020 Research and Innovation Programme under the Marie

Skłodowska-Curie grant agreement no. 721432 CarBon.

AUTHOR CONTRIBUTIONS

MNFB designed the study, performed experiments, analysed and

interpreted the data, and wrote the manuscript. NK and AC per-

formed experiments, analysed the data, and edited the manuscript.

RN, PJML, and SMB interpreted the data and edited the manuscript.

YMBJ and GJVMvO designed the study, interpreted the data, and

edited the manuscript. NF designed the study, performed the experi-

ments, analysed and interpreted the data, and wrote the manuscript.

All authors approved the final version of the manuscript.

CONFLICT OF INTEREST

S.M. Botter has a consultancy agreement with Octapharma AG,

Lachen, Switzerland. Other co-authors have nothing to disclose.

DECLARATION OF TRANSPARENCY AND SCIENTIFIC

RIGOUR

This Declaration acknowledges that this paper adheres to the princi-

ples for transparent reporting and scientific rigour of preclinical

research as stated in the BJP guidelines for Design and Analysis and

Animal Experimentation, and as recommended by funding agencies,

publishers and other organisations engaged with supporting research.

DATA AVAILABILITY STATEMENT

Raw data are available upon request from the corresponding author.

ORCID

Mauricio N. Ferrao Blanco https://orcid.org/0000-0003-2639-0724

REFERENCES

Ahmad, M., Hachemi, Y., Paxian, K., Mengele, F., Koenen, M., &

Tuckermann, J. (2019). A jack of all trades: Impact of glucocorticoids

on cellular cross-talk in osteoimmunology. Frontiers in Immunology, 10,

2460. https://doi.org/10.3389/fimmu.2019.02460

Akhtar, M. A., Bhattacharya, R., & Keating, J. F. (2016). Generalised liga-

mentous laxity and revision ACL surgery: Is there a relation? The Knee,

23, 1148–1153. https://doi.org/10.1016/j.knee.2015.11.006
Alexander, S. P., Kelly, E., Mathie, A., Peters, J. A., Veale, E. L.,

Armstrong, J. F., Faccenda, E., Harding, S. D., Pawson, A. J.,

Southan, C., Buneman, O. P., Cidlowski, J. A., Christopoulos, A.,

Davenport, A. P., CGTP Collaborators, Fabbro, D., Spedding, M.,

Striessnig, J., Davies, J. A., … Zolghadri, Y. (2021). THE CONCISE

GUIDE TO PHARMACOLOGY 2021/22: Introduction and Other Pro-

tein Targets. British Journal of Pharmacology, 178(S1), S1–S26. https://
doi.org/10.1111/bph.15537

Bellamy, N., Campbell, J., Robinson, V., Gee, T., Bourne, R., & Wells, G.

(2006). Intraarticular corticosteroid for treatment of osteoarthritis of

the knee. Cochrane Database of Systematic Reviews, CD005328.

https://doi.org/10.1002/14651858.CD005328.pub2

Bijlsma, J. W. (2001). Diagnosis and nonsurgical management of osteoar-

thritis. Annals of the Rheumatic Diseases, 60, 6. https://doi.org/10.

1136/ard.60.1.6

Blom, A. B., van Lent, P. L., Holthuysen, A. E., van der Kraan, P. M.,

Roth, J., van Rooijen, N., & van den Berg, W. B. (2004). Synovial lining

macrophages mediate osteophyte formation during experimental oste-

oarthritis. Osteoarthritis and Cartilage, 12, 627–635. https://doi.org/
10.1016/j.joca.2004.03.003

Botter, S. M., van Osch, G. J., Clockaerts, S., Waarsing, J. H., Weinans, H.,

& van Leeuwen, J. P. (2011). Osteoarthritis induction leads to early

FERRAO BLANCO ET AL. 2781

https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/bph.14207
https://bpspubs.onlinelibrary.wiley.com/doi/10.1111/bph.15232
https://orcid.org/0000-0003-2639-0724
https://orcid.org/0000-0003-2639-0724
https://doi.org/10.3389/fimmu.2019.02460
https://doi.org/10.1016/j.knee.2015.11.006
https://doi.org/10.1111/bph.15537
https://doi.org/10.1111/bph.15537
https://doi.org/10.1002/14651858.CD005328.pub2
https://doi.org/10.1136/ard.60.1.6
https://doi.org/10.1136/ard.60.1.6
https://doi.org/10.1016/j.joca.2004.03.003
https://doi.org/10.1016/j.joca.2004.03.003


and temporal subchondral plate porosity in the tibial plateau of mice:

An in vivo microfocal computed tomography study. Arthritis and Rheu-

matism, 63, 2690–2699. https://doi.org/10.1002/art.30307
Buechler, C., Ritter, M., Orso, E., Langmann, T., Klucken, J., & Schmitz, G.

(2000). Regulation of scavenger receptor CD163 expression in human

monocytes and macrophages by pro- and antiinflammatory stimuli.

Journal of Leukocyte Biology, 67, 97–103. https://doi.org/10.1002/jlb.
67.1.97

Chotiyarnwong, P., & McCloskey, E. V. (2020). Pathogenesis of

glucocorticoid-induced osteoporosis and options for treatment. Nature

Reviews. Endocrinology, 16, 437–447. https://doi.org/10.1038/

s41574-020-0341-0

Curtis, M. J., Alexander, S., Cirino, G., Docherty, J. R., George, C. H.,

Giembycz, M. A., Hoyer, D., Insel, P. A., Izzo, A. A., Ji, Y.,

MacEwan, D. J., Sobey, C. G., Stanford, S. C., Teixeira, M. M.,

Wonnacott, S., & Ahluwalia, A. (2018). Experimental design and analy-

sis and their reporting II: Updated and simplified guidance for authors

and peer reviewers. British Journal of Pharmacology, 175, 987–993.
https://doi.org/10.1111/bph.14153

Dayyani, F., Belge, K. U., Frankenberger, M., Mack, M., Berki, T., & Ziegler-

Heitbrock, L. (2003). Mechanism of glucocorticoid-induced depletion

of human CD14+CD16+ monocytes. Journal of Leukocyte Biology, 74,

33–39. https://doi.org/10.1189/jlb.1202612
de Bruijn, M. F., van Vianen, W., Ploemacher, R. E., Bakker-

Woudenberg, I. A., Campbell, P. A., van Ewijk, W., & Leenen, P. J.

(1998). Bone marrow cellular composition in listeria monocytogenes

infected mice detected using ER-MP12 and ER-MP20 antibodies: A

flow cytometric alternative to differential counting. Journal of Immuno-

logical Methods, 217, 27–39. https://doi.org/10.1016/S0022-1759

(98)00080-5

Dorleijn, D. M. J., Luijsterburg, P. A. J., Reijman, M., Kloppenburg, M.,

Verhaar, J. A. N., Bindels, P. J. E., Bos, P. K., & Bierma-

Zeinstra, S. M. A. (2018). Intramuscular glucocorticoid injection versus

placebo injection in hip osteoarthritis: A 12-week blinded randomised

controlled trial. Annals of the Rheumatic Diseases, 77, 875–882.
https://doi.org/10.1136/annrheumdis-2017-212628

Driban, J. B., Eaton, C. B., Lo, G. H., Ward, R. J., Lu, B., & McAlindon, T. E.

(2014). Association of knee injuries with accelerated knee osteoarthri-

tis progression: Data from the osteoarthritis initiative. Arthritis Care &

Research (Hoboken), 66, 1673–1679. https://doi.org/10.1002/acr.

22359

Ehrchen, J., Steinmuller, L., Barczyk, K., Tenbrock, K., Nacken, W.,

Eisenacher, M., Nordhues, U., Sorg, C., Sunderkötter, C., & Roth, J.

(2007). Glucocorticoids induce differentiation of a specifically

activated, anti-inflammatory subtype of human monocytes.

Blood, 109, 1265–1274. https://doi.org/10.1182/blood-2006-02-

001115

Ferrao Blanco, M. N., Bastiaansen-Jenniskens, Y. M., Chambers, M. G.,

Pitsillides, A. A., Narcisi, R., & van Osch, G. J. V. M. (2021). Effect of

inflammatory signaling on human articular chondrocyte hypertrophy:

Potential involvement of tissue repair macrophages. Cartilage,

19476035211021907.

Fischer-Riepe, L., Daber, N., Schulte-Schrepping, J., De Carvalho, B. C. V.,

Russo, A., Pohlen, M., Fischer, J., Chasan, A. I., Wolf, M., Ulas, T., &

Glander, S. (2020). CD163 expression defines specific,

IRF8-dependent, immune-modulatory macrophages in the bone mar-

row. Journal of Allergy and Clinical Immunology, 146, 1137–1151.
https://doi.org/10.1016/j.jaci.2020.02.034

Geissmann, F., Jung, S., & Littman, D. R. (2003). Blood monocytes con-

sist of two principal subsets with distinct migratory properties.

Immunity, 19, 71–82. https://doi.org/10.1016/S1074-7613(03)

00174-2

Glasson, S. S., Chambers, M. G., Van Den Berg, W. B., & Little, C. B. (2010).

The OARSI histopathology initiative—Recommendations for histologi-

cal assessments of osteoarthritis in the mouse. Osteoarthritis and

Cartilage, 18(Suppl 3), S17–S23. https://doi.org/10.1016/j.joca.2010.
05.025

Johnston, L. K., Rims, C. R., Gill, S. E., McGuire, J. K., & Manicone, A. M.

(2012). Pulmonary macrophage subpopulations in the induction and

resolution of acute lung injury. American Journal of Respiratory Cell and

Molecular Biology, 47, 417–426. https://doi.org/10.1165/rcmb.2012-

0090OC

Juni, P., Hari, R., Rutjes, A. W., Fischer, R., Silletta, M. G., Reichenbach, S.,

& da Costa, B. R. (2015). Intra-articular corticosteroid for knee osteo-

arthritis. Cochrane Database of Systematic Reviews, (10), CD005328.

https://doi.org/10.1002/14651858.CD005328.pub3

Khatab, S., van Buul, G. M., Kops, N., Bastiaansen-Jenniskens, Y. M.,

Bos, P. K., Verhaar, J. A., & van Osch, G. J. (2018). Intra-articular injec-

tions of platelet-rich plasma Releasate reduce pain and synovial

inflammation in a mouse model of osteoarthritis. The American Journal

of Sports Medicine, 46, 977–986. https://doi.org/10.1177/

0363546517750635

Kilkenny, C., Browne, W., Cuthill, I. C., Emerson, M., Altman, D. G., &

Group NCRRGW. (2010). Animal research: Reporting in vivo experi-

ments: The ARRIVE guidelines. British Journal of Pharmacology, 160,

1577–1579.
Kolasinski, S. L., Neogi, T., Hochberg, M. C., Oatis, C., Guyatt, G., Block, J.,

Callahan, L., Copenhaver, C., Dodge, C., Felson, D., Gellar, K.,

Harvey, W. F., Hawker, G., Herzig, E., Kwoh, C. K., Nelson, A. E.,

Samuels, J., Scanzello, C., White, D., … Reston, J. (2020a). 2019 Ameri-

can College of Rheumatology/Arthritis Foundation guideline for the

Management of Osteoarthritis of the hand, hip, and knee. Arthritis

Care & Research (Hoboken), 72, 149–162. https://doi.org/10.1002/acr.
24131

Kolasinski, S. L., Neogi, T., Hochberg, M. C., Oatis, C., Guyatt, G., Block, J.,

Callahan, L., Copenhaver, C., Dodge, C., Felson, D., Gellar, K.,

Harvey, W. F., Hawker, G., Herzig, E., Kwoh, C. K., Nelson, A. E.,

Samuels, J., Scanzello, C., White, D., … Reston, J. (2020b). 2019 Ameri-

can College of Rheumatology/Arthritis Foundation guideline for the

Management of Osteoarthritis of the hand, hip, and knee. Arthritis

Care and Research, 72, 149–162. https://doi.org/10.1002/acr.24131
Kompel, A. J., Roemer, F. W., Murakami, A. M., Diaz, L. E., Crema, M. D., &

Guermazi, A. (2019). Intra-articular corticosteroid injections in the hip

and knee: Perhaps not as safe as we thought? Radiology, 293, 656–
663. https://doi.org/10.1148/radiol.2019190341

Kraus, V. B., Conaghan, P. G., Aazami, H. A., Mehra, P., Kivitz, A. J.,

Lufkin, J., Hauben, J., Johnson, J. R., & Bodick, N. (2018). Synovial and

systemic pharmacokinetics (PK) of triamcinolone acetonide

(TA) following intra-articular (IA) injection of an extended-release

microsphere-based formulation (FX006) or standard crystalline sus-

pension in patients with knee osteoarthritis (OA). Osteoarthritis and

Cartilage, 26, 34–42. https://doi.org/10.1016/j.joca.2017.10.003
Kroin, J. S., Kc, R., Li, X., Hamilton, J. L., Das, V., van Wijnen, A. J.,

Dall, O. M., Shelly, D. A., Kenworth, T., & Im, H. J. (2016). Intraarticular

slow-release triamcinolone acetate reduces allodynia in an experimen-

tal mouse knee osteoarthritis model. Gene, 591, 1–5. https://doi.org/
10.1016/j.gene.2016.06.049

Lattermann, C., Jacobs, C. A., Proffitt Bunnell, M., Huston, L. J.,

Gammon, L. G., Johnson, D. L., Reinke, E. K., Huebner, J. L.,

Kraus, V. B., & Spindler, K. P. (2017). A multicenter study of early anti-

inflammatory treatment in patients with acute anterior cruciate liga-

ment tear. The American Journal of Sports Medicine, 45, 325–333.
https://doi.org/10.1177/0363546516666818

Lech, M., & Anders, H. J. (2013). Macrophages and fibrosis: How resident

and infiltrating mononuclear phagocytes orchestrate all phases of tis-

sue injury and repair. Biochimica et Biophysica Acta-Molecular Basis of

Disease, 1832, 989–997. https://doi.org/10.1016/j.bbadis.2012.

12.001

Lilley, E., Stanford, S. C., Kendall, D. E., Alexander, S. P., Cirino, G.,

Docherty, J. R., George, C. H., Insel, P. A., Izzo, A. A., Ji, Y.,

2782 FERRAO BLANCO ET AL.

https://doi.org/10.1002/art.30307
https://doi.org/10.1002/jlb.67.1.97
https://doi.org/10.1002/jlb.67.1.97
https://doi.org/10.1038/s41574-020-0341-0
https://doi.org/10.1038/s41574-020-0341-0
https://doi.org/10.1111/bph.14153
https://doi.org/10.1189/jlb.1202612
https://doi.org/10.1016/S0022-1759(98)00080-5
https://doi.org/10.1016/S0022-1759(98)00080-5
https://doi.org/10.1136/annrheumdis-2017-212628
https://doi.org/10.1002/acr.22359
https://doi.org/10.1002/acr.22359
https://doi.org/10.1182/blood-2006-02-001115
https://doi.org/10.1182/blood-2006-02-001115
https://doi.org/10.1016/j.jaci.2020.02.034
https://doi.org/10.1016/S1074-7613(03)00174-2
https://doi.org/10.1016/S1074-7613(03)00174-2
https://doi.org/10.1016/j.joca.2010.05.025
https://doi.org/10.1016/j.joca.2010.05.025
https://doi.org/10.1165/rcmb.2012-0090OC
https://doi.org/10.1165/rcmb.2012-0090OC
https://doi.org/10.1002/14651858.CD005328.pub3
https://doi.org/10.1177/0363546517750635
https://doi.org/10.1177/0363546517750635
https://doi.org/10.1002/acr.24131
https://doi.org/10.1002/acr.24131
https://doi.org/10.1002/acr.24131
https://doi.org/10.1148/radiol.2019190341
https://doi.org/10.1016/j.joca.2017.10.003
https://doi.org/10.1016/j.gene.2016.06.049
https://doi.org/10.1016/j.gene.2016.06.049
https://doi.org/10.1177/0363546516666818
https://doi.org/10.1016/j.bbadis.2012.12.001
https://doi.org/10.1016/j.bbadis.2012.12.001


Panettieri, R. A., Sobey, C. G., Stefanska, B., Stephens, G., Teixeira, M.,

& Ahluwalia, A. (2020). ARRIVE 2.0 and the British Journal of Pharma-

cology: Updated guidance for 2020. British Journal of Pharmacology,

177(16), 3611–3616. https://doi.org/10.1111/bph.15178
Liu, B. Y., Dhanda, A., Hirani, S., Williams, E. L., Sen, H. N., Estrada, F. M.,

Ling, D., Thompson, I., Casady, M., Li, Z., & Si, H. (2015). CD14(++)

CD16(+) monocytes are enriched by glucocorticoid treatment and are

functionally attenuated in driving effector T cell responses. Journal of

Immunology, 194, 5150–5160. https://doi.org/10.4049/jimmunol.

1402409

McAlindon, T. E., Bannuru, R. R., Sullivan, M. C., Arden, N. K.,

Berenbaum, F., Bierma-Zeinstra, S. M., Hawker, G. A., Henrotin, Y.,

Hunter, D. J., Kawaguchi, H., & Kwoh, K. (2014). OARSI guidelines for

the non-surgical management of knee osteoarthritis. Osteoarthritis and

Cartilage, 22, 363–388. https://doi.org/10.1016/j.joca.2014.01.003
McAlindon, T. E., LaValley, M. P., Harvey, W. F., Price, L. L., Driban, J. B.,

Zhang, M., & Ward, R. J. (2017). Effect of intra-articular triamcinolone

vs saline on knee cartilage volume and pain in patients with knee oste-

oarthritis: A randomized clinical trial. Jama, 317, 1967–1975. https://
doi.org/10.1001/jama.2017.5283

Miller, J. H., White, J., & Norton, T. H. (1958). The value of intra-articular

injections in osteoarthritis of the knee. Journal of Bone and Joint Sur-

gery. British Volume (London), 40-B, 636–643. https://doi.org/10.1302/
0301-620X.40B4.636

Misharin, A. V., Cuda, C. M., Saber, R., Turner, J. D., Gierut, A. K.,

Haines, G. K. 3rd, Berdnikovs, S., Filer, A., Clark, A. R., Buckley, C. D., &

Mutlu, G. M. (2014). Nonclassical Ly6C(�) monocytes drive the devel-

opment of inflammatory arthritis in mice. Cell Reports, 9, 591–604.
https://doi.org/10.1016/j.celrep.2014.09.032

Mol, M. F., Runhaar, J., Bos, P. K., Dorleijn, D. M. J., Vis, M., Gussekloo, J.,

Bindels, P. J. E., & Bierma-Zeinstra, S. M. A. (2020). Effectiveness of

intramuscular gluteal glucocorticoid injection versus intra-articular glu-

cocorticoid injection in knee osteoarthritis: Design of a multicenter

randomized, 24 weeks comparative parallel-group trial. BMC Musculo-

skeletal Disorders, 21, 225. https://doi.org/10.1186/s12891-020-

03255-9

Murray, P. J., Allen, J. E., Biswas, S. K., Fisher, E. A., Gilroy, D. W.,

Goerdt, S., Gordon, S., Hamilton, J. A., Ivashkiv, L. B., Lawrence, T.,

Locati, M., Mantovani, A., Martinez, F. O., Mege, J. L., Mosser, D. M.,

Natoli, G., Saeij, J. P., Schultze, J. L., Shirey, K. A., … Wynn, T. A.

(2014). Macrophage activation and polarization: Nomenclature and

experimental guidelines. Immunity, 41, 14–20. https://doi.org/10.

1016/j.immuni.2014.06.008

Nixon, M., Andrew, R., & Chapman, K. E. (2013). It takes two to tango:

Dimerisation of glucocorticoid receptor and its anti-inflammatory

functions. Steroids, 78, 59–68. https://doi.org/10.1016/j.steroids.

2012.09.013

Orecchioni, M., Ghosheh, Y., Pramod, A. B., & Ley, K. (2019). Macrophage

polarization: Different gene signatures in M1(LPS+) vs. classically and

M2(LPS-) vs. alternatively activated macrophages. Frontiers in Immunol-

ogy, 10(10), 1–14. https://doi.org/10.3389/fimmu.2019.01084

Paik, J., Duggan, S. T., & Keam, S. J. (2019). Triamcinolone acetonide

extended-release: A review in osteoarthritis pain of the knee. Drugs,

79, 455–462. https://doi.org/10.1007/s40265-019-01083-3
Percie du Sert, N., Hurst, V., Ahluwalia, A., Alam, S., Avey, M. T., Baker, M.,

Browne, W. J., Clark, A., Cuthill, I. C., Dirnagl, U., Emerson, M.,

Garner, P., Holgate, S. T., Howells, D. W., Karp, N. A., Lazic, S. E.,

Lidster, K., MacCallum, C. J., Macleod, M., … Würbel, H. (2020). The

ARRIVE guidelines 2.0: Updated guidelines for reporting animal

research. PLoS Biology, 18(7), e3000410. https://doi.org/10.1371/

journal.pbio.3000410

Puchner, A., Saferding, V., Bonelli, M., Mikami, Y., Hofmann, M.,

Brunner, J. S., Caldera, M., Goncalves-Alves, E., Binder, N. B.,

Fischer, A., Simader, E., Steiner, C. W., Leiss, H., Hayer, S.,

Niederreiter, B., Karonitsch, T., Koenders, M. I., Podesser, B. K.,

O'Shea, J. J., … Blüml, S. (2018). Non-classical monocytes as mediators

of tissue destruction in arthritis. Annals of the Rheumatic Diseases, 77,

1490–1497. https://doi.org/10.1136/annrheumdis-2018-213250

Robinson, W. H., Lepus, C. M., Wang, Q., Raghu, H., Mao, R.,

Lindstrom, T. M., & Sokolove, J. (2016). Low-grade inflammation as a

key mediator of the pathogenesis of osteoarthritis. Nature Reviews

Rheumatology, 12, 580–592. https://doi.org/10.1038/nrrheum.

2016.136

Roelofs, A. J., Kania, K., Rafipay, A. J., Sambale, M., Kuwahara, S. T.,

Collins, F. L., Smeeton, J., Serowoky, M. A., Rowley, L., Wang, H.,

Gronewold, R., Kapeni, C., Méndez-Ferrer, S., Little, C. B.,

Bateman, J. F., Pap, T., Mariani, F. V., Sherwood, J., Crump, J. G., & de

Bari, C. (2020). Identification of the skeletal progenitor cells forming

osteophytes in osteoarthritis. Annals of the Rheumatic Diseases, 79,

1625–1634. https://doi.org/10.1136/annrheumdis-2020-218350

Rudnik-Jansen, I., Tellegen, A. R., Pouran, B., Schrijver, K., Meij, B. P.,

Emans, P. J., Gendt, E., Thomas, R. E., Kik, M. J. L., Visser, H. M.,

Weinans, H., Egas, A., Maarseveen, E., Woike, N., Mihov, G., Thies, J.,

Tryfonidou, M. A., & Creemers, L. B. (2019). Local controlled release of

corticosteroids extends surgically induced joint instability by inhibiting

tissue healing. British Journal of Pharmacology, 176, 4050–4064.
https://doi.org/10.1111/bph.14817

Shepherd, V. L., Konish, M. G., & Stahl, P. (1985). Dexamethasone

increases expression of mannose receptors and decreases extracellular

lysosomal-enzyme accumulation in macrophages. The Journal of Biolog-

ical Chemistry, 260, 160–164. https://doi.org/10.1016/S0021-9258

(18)89708-3

Siebelt, M., Korthagen, N., Wei, W., Groen, H., Bastiaansen-Jenniskens, Y.,

Müller, C., Waarsing, J. H., De Jong, M., & Weinans, H. (2015). Triam-

cinolone acetonide activates an anti-inflammatory and folate receptor-

positive macrophage that prevents osteophytosis in vivo. Arthritis

Research & Therapy, 17, 352. https://doi.org/10.1186/s13075-015-

0865-1

Steer, J. H., Ma, D. T., Dusci, L., Garas, G., Pedersen, K. E., & Joyce, D. A.

(1998). Altered leucocyte trafficking and suppressed tumour necrosis

factor alpha release from peripheral blood monocytes after intra-

articular glucocorticoid treatment. Annals of the Rheumatic Diseases,

57, 732–737. https://doi.org/10.1136/ard.57.12.732
Sunderkötter, C., Nikolic, T., Dillon, M. J., Van Rooijen, N., Stehling, M.,

Drevets, D. A., & Leenen, P. J. (2004). Subpopulations of mouse blood

monocytes differ in maturation stage and inflammatory response. Jour-

nal of Immunology, 172, 4410–4417. https://doi.org/10.4049/

jimmunol.172.7.4410

van der Goes, M. C., Straub, R. H., Wenting, M. J., Capellino, S.,

Jacobs, J. W., Jahangier, Z. N., Rauch, L., Bijlsma, J. W., &

Lafeber, F. P. (2012). Intra-articular glucocorticoid injections decrease

the number of steroid hormone receptor positive cells in synovial tis-

sue of patients with persistent knee arthritis. Annals of the Rheumatic

Diseases, 71, 1552–1558. https://doi.org/10.1136/annrheumdis-

2011-201019

van der Kraan, P. M., & van den Berg, W. B. (2007). Osteophytes: Rele-

vance and biology. Osteoarthritis and Cartilage, 15, 237–244. https://
doi.org/10.1016/j.joca.2006.11.006

van Lent, P. L., Blom, A. B., van der Kraan, P., Holthuysen, A. E., Vitters, E.,

van Rooijen, N., Smeets, R. L., Nabbe, K. C., & Van den Berg, W. B.

(2004). Crucial role of synovial lining macrophages in the promotion of

transforming growth factor beta-mediated osteophyte formation.

Arthritis and Rheumatism, 50, 103–111. https://doi.org/10.1002/art.
11422

van Middelkoop, M., Arden, N. K., Atchia, I., Birrell, F., Chao, J.,

Rezende, M. U., Lambert, R. G. W., Ravaud, P., Bijlsma, J. W.,

Doherty, M., Dziedzic, K. S., Lohmander, L. S., McAlindon, T. E.,

Zhang, W., & Bierma-Zeinstra, S. M. A. (2016). The OA trial Bank:

Meta-analysis of individual patient data from knee and hip osteoarthri-

tis trials show that patients with severe pain exhibit greater benefit

FERRAO BLANCO ET AL. 2783

https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/bph.15178
https://doi.org/10.4049/jimmunol.1402409
https://doi.org/10.4049/jimmunol.1402409
https://doi.org/10.1016/j.joca.2014.01.003
https://doi.org/10.1001/jama.2017.5283
https://doi.org/10.1001/jama.2017.5283
https://doi.org/10.1302/0301-620X.40B4.636
https://doi.org/10.1302/0301-620X.40B4.636
https://doi.org/10.1016/j.celrep.2014.09.032
https://doi.org/10.1186/s12891-020-03255-9
https://doi.org/10.1186/s12891-020-03255-9
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1016/j.steroids.2012.09.013
https://doi.org/10.1016/j.steroids.2012.09.013
https://doi.org/10.3389/fimmu.2019.01084
https://doi.org/10.1007/s40265-019-01083-3
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1136/annrheumdis-2018-213250
https://doi.org/10.1038/nrrheum.2016.136
https://doi.org/10.1038/nrrheum.2016.136
https://doi.org/10.1136/annrheumdis-2020-218350
https://doi.org/10.1111/bph.14817
https://doi.org/10.1016/S0021-9258(18)89708-3
https://doi.org/10.1016/S0021-9258(18)89708-3
https://doi.org/10.1186/s13075-015-0865-1
https://doi.org/10.1186/s13075-015-0865-1
https://doi.org/10.1136/ard.57.12.732
https://doi.org/10.4049/jimmunol.172.7.4410
https://doi.org/10.4049/jimmunol.172.7.4410
https://doi.org/10.1136/annrheumdis-2011-201019
https://doi.org/10.1136/annrheumdis-2011-201019
https://doi.org/10.1016/j.joca.2006.11.006
https://doi.org/10.1016/j.joca.2006.11.006
https://doi.org/10.1002/art.11422
https://doi.org/10.1002/art.11422


from intra-articular glucocorticoids. Osteoarthritis and Cartilage, 24,

1143–1152. https://doi.org/10.1016/j.joca.2016.01.983
van Osch, G. J., van der Kraan, P. M., Blankevoort, L., Huiskes, R., & van

den Berg, W. B. (1996). Relation of ligament damage with site specific

cartilage loss and osteophyte formation in collagenase induced osteo-

arthritis in mice. The Journal of Rheumatology, 23, 1227–1232.
van Osch, G. J., van der Kraan, P. M., van Valburg, A. A., & van den

Berg, W. B. (1996). The relation between cartilage damage and osteo-

phyte size in a murine model for osteoarthritis in the knee. Rheumatol-

ogy International, 16, 115–119. https://doi.org/10.1007/BF01409983
Varga, G., Ehrchen, J., Brockhausen, A., Weinhage, T., Nippe, N., Belz, M.,

Tsianakas, A., Ross, M., Bettenworth, D., Spieker, T., Wolf, M.,

Lippe, R., Tenbrock, K., Leenen, P. J. M., Roth, J., & Sunderkötter, C.

(2014). Immune suppression via glucocorticoid-stimulated monocytes:

A novel mechanism to cope with inflammation. Journal of Immunology,

193, 1090–1099. https://doi.org/10.4049/jimmunol.1300891

Varga, G., Ehrchen, J., Tsianakas, A., Tenbrock, K., Rattenholl, A.,

Seeliger, S., Mack, M., Roth, J., & Sunderkoetter, C. (2008). Glucocorti-

coids induce an activated, anti-inflammatory monocyte subset in mice

that resembles myeloid-derived suppressor cells. Journal of Leukocyte

Biology, 84, 644–650. https://doi.org/10.1189/jlb.1107768
Wilder, F. V., Hall, B. J., Barrett, J. P. Jr., & Lemrow, N. B. (2002). History

of acute knee injury and osteoarthritis of the knee: A prospective epi-

demiological assessment. The Clearwater osteoarthritis study. Osteoar-

thritis and Cartilage, 10, 611–616. https://doi.org/10.1053/joca.2002.
0795

Zeng, C., Lane, N. E., Hunter, D. J., Wei, J., Choi, H. K., McAlindon, T. E.,

Li, H., Lu, N., Lei, G., & Zhang, Y. (2019). Intra-articular corticosteroids

and the risk of knee osteoarthritis progression: Results from the osteo-

arthritis initiative. Osteoarthritis and Cartilage, 27, 855–862. https://
doi.org/10.1016/j.joca.2019.01.007

Zeyda, M., Farmer, D., Todoric, J., Aszmann, O., Speiser, M., Györi, G.,

Zlabinger, G. J., & Stulnig, T. M. (2007). Human adipose tissue

macrophages are of an anti-inflammatory phenotype but capable of

excessive pro-inflammatory mediator production. International Journal

of Obesity, 31, 1420–1428. https://doi.org/10.1038/sj.ijo.0803632
Zhang, H., Cai, D., & Bai, X. (2020). Macrophages regulate the progression

of osteoarthritis. Osteoarthritis and Cartilage, 28, 555–561. https://doi.
org/10.1016/j.joca.2020.01.007

Ziegler-Heitbrock, L. (2014). Monocyte subsets in man and other species.

Cellular Immunology, 289, 135–139. https://doi.org/10.1016/j.cellimm.

2014.03.019

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher's website.

How to cite this article: Ferrao Blanco, M. N., Bastiaansen

Jenniskens, Y. M., Kops, N., Chavli, A., Narcisi, R., Botter, S. M.,

Leenen, P. J. M., van Osch, G. J. V. M., & Fahy, N. (2022).

Intra-articular injection of triamcinolone acetonide sustains

macrophage levels and aggravates osteophytosis during

degenerative joint disease in mice. British Journal of

Pharmacology, 179(11), 2771–2784. https://doi.org/10.1111/

bph.15780

2784 FERRAO BLANCO ET AL.

https://doi.org/10.1016/j.joca.2016.01.983
https://doi.org/10.1007/BF01409983
https://doi.org/10.4049/jimmunol.1300891
https://doi.org/10.1189/jlb.1107768
https://doi.org/10.1053/joca.2002.0795
https://doi.org/10.1053/joca.2002.0795
https://doi.org/10.1016/j.joca.2019.01.007
https://doi.org/10.1016/j.joca.2019.01.007
https://doi.org/10.1038/sj.ijo.0803632
https://doi.org/10.1016/j.joca.2020.01.007
https://doi.org/10.1016/j.joca.2020.01.007
https://doi.org/10.1016/j.cellimm.2014.03.019
https://doi.org/10.1016/j.cellimm.2014.03.019
https://doi.org/10.1111/bph.15780
https://doi.org/10.1111/bph.15780

	Intra-articular injection of triamcinolone acetonide sustains macrophage levels and aggravates osteophytosis during degener...
	1  INTRODUCTION
	2  METHODS
	2.1  Animal model

	  What is already known
	  What this study adds
	  What is the clinical significance
	2.2  Flow cytometric analysis of peripheral blood monocytes, synovial tissue and bone marrow
	2.3  Histological analysis
	2.4  Micro CT scans and analysis
	2.5  Data and statistical analysis
	2.6  Nomenclature of targets and ligands

	3  RESULTS
	3.1  Macrophage-mediated inflammation is sustained in knee joints following TAA treatment
	3.2  TAA aggravates osteophyte formation during OA progression
	3.3  Subchondral bone plate thickness is not modulated by TAA
	3.4  Intra-articular injection of TAA does not exert systemic effects on monocytes in peripheral blood and bone marrow

	4  DISCUSSION
	ACKNOWLEDGEMENTS
	  AUTHOR CONTRIBUTIONS
	  CONFLICT OF INTEREST
	  DECLARATION OF TRANSPARENCY AND SCIENTIFIC RIGOUR
	  DATA AVAILABILITY STATEMENT

	REFERENCES


