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Background and Purpose: Corticosteroids are intra‐articularly injected to relieve

pain in joints with osteoarthritis (OA) or acute tissue damage such as ligament or ten-

don tears, despite its unverified contraindication in unstable joints. Biomaterial‐based

sustained delivery may prolong reduction of inflammatory pain, while avoiding harm-

ful peak drug concentrations.

Experimental Approach: The applicability of prolonged corticosteroid exposure was

examined in a rat model of anterior cruciate ligament and medial meniscus transection

(ACLT + pMMx) with ensuing degenerative changes.

Key Results: Intra‐articular injection of a bolus of the corticosteroid triamcinolone

acetonide (TAA) resulted in enhanced joint instability in 50% of the joints, but neither

instability‐induced OA cartilage degeneration, synovitis, nor the OA‐related bone

phenotype was affected. However, biomaterial microsphere‐based extended TAA

release enhanced instability in 94% of the animals and induced dystrophic calcifica-

tion and exacerbation of cartilage degeneration. In healthy joints, injection with TAA

releasing microspheres had no effect at all. In vitro, TAA inhibited cell migration out

of joint tissue explants, suggesting inhibited tissue healing in vivo as mechanisms

for enhanced instability and subsequent cartilage degeneration.

Conclusions and Implications: We conclude that short‐term TAA exposure has

minor effects on surgically induced unstable joints, but its extended presence is det-

rimental by extending instability and associated joint degeneration through compro-

mised healing. This supports a contraindication of prolonged corticosteroid

exposure in tissue damage‐associated joint instability, but not of brief exposure.
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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What is already known

• Corticosteroids are administered intra‐articularly in

osteoarthritic joints and joints with acute inflammation‐

associated tissue trauma.

• Extended drug delivery formulations are promising

approaches to prolong anti‐inflammatory and analgesic

effects of corticosteroids.

What this study adds

• Extended corticosteroid presence in tissue‐trauma‐

induced instability may aggravate joint disease, while

brief exposure has minor effects.

• The mechanism behind these effects is enhanced

instability through corticosteroid‐induced compromised

tissue healing.

What is the clinical significance

• Extended corticosteroid release formulations may not be

used in joints instable through acute tissue damage.
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1 | INTRODUCTION

The musculoskeletal joint disease osteoarthritis (OA) is considered to

be a leading cause of musculoskeletal disability in the elderly population

worldwide (March et al., 2014; Vos et al., 2012). Its prevalence is rising

as risk factors for OA such as high age and obesity are also increasing.

Other risk factors for OA include female gender, joint injury, and abnor-

mal loading of the joint (Palazzo, Nguyen, Lefevre‐Colau, Rannou, &

Poiraudeau, 2016). Clinical symptoms such as joint pain, aching, and

stiffness result in physical disability and functional impairment of OA

patients, leading to a large socio‐economic burden (Bartley, Palit, &

Staud, 2017; Litwic, Edwards, Dennison, & Cooper, 2013). Because

OA is a whole joint disease affecting many different tissues of the joint,

characterized by damaged articular cartilage, osteophytes, subchondral

bone changes, synovitis, and thickening of the joint capsule, treatment

should focus on all of these factors (Dieppe & Lohmander, 2005).

A clear predisposing factor for OA is joint instability (Onur et al.,

2014), usually caused by ligament injury (Akhtar, Bhattacharya, &

Keating, 2016; Christian, Anderson, Workman, Conway, & Pope,

2006) and subsequent cartilage degeneration. Intra‐articular (IA) injec-

tion of corticosteroids is performed to inhibit acute inflammation asso-

ciated with ligament trauma, such as rotator cuff tears (Grant, Arthur,

& Pichora, 2004). Also, for treatment of OA‐associated inflammation

and pain, IA corticosteroid injection is frequently applied, in most cases

triamcinolone acetonide (TAA; Kenalog®/Kenacort®). Even though

corticosteroids provide excellent pain relief, their use can lead tomuscle

weakness and hormone imbalance, particularly when given at higher

doses (Goldzweig, Carrasco, & Hashkes, 2013; Kumar, Singh, Reed, &

Lteif, 2004). Also, bone loss due to increased osteoclastogenesis or

induced apoptosis of osteoblasts and osteocytes is a well‐known effect

of corticosteroids (Brennan‐Speranza et al., 2012; O'Brien et al., 2004).

To decrease systemic and IA peak levels of corticosteroids, drug

delivery systems for local application, in particular microspheres (MSs),

are promising alternatives. These provide prolonged low‐level drug

exposure with a lower risk of IA and systemic side effects (Janssen,

Mihov, Welting, Thies, & Emans, 2014). The MSs are injected into the

joint and, given their size, cannot leave this location. Where exactly

theMSs reside is unclear, but at early time points, spheroid shapes have

been detected in the synovial lining (Janssen et al., 2016).

Various biodegradable polymers are being investigated for this pur-

pose, of which in particular the FDA‐approved poly(lactic‐co glycolic

acid) (PLGA) is used most frequently (Bodick et al., 2015; Zhang &

Huang, 2012). However, degradation of PLGA is relatively fast, limiting

thereby the sustained drug release period. In a recent clinical trial com-

paring TAA‐loaded PLGA microparticles with bolus TAA injection, the

primary end point of improvement in pain intensity over 12 weeks

was not met (Bodick et al., 2015).

Despite the frequent use of IA application in clinical practice, IA use

of TAA is contraindicated in the treatment of unstable joints. However,

no scientific background or clinical evidence for this contraindication

is provided in literature (McAlindon et al., 2017; McCormack,

Lamontagne, Vannabouathong, Deakon, & Belzile, 2017), with even

some opposing results (de la Harpe & Brighton, 1989; Geborek,
Mansson, Wollheim, & Moritz, 1990; Guma et al., 2002; Kraus et al.,

2018). This is in contrast to the acute tissue injury occurring in ligament

tears leading to instability‐induced OA in human patients (Buckwalter

& Brown, 2004), which may be affected differently by prolonged expo-

sure to corticosteroids. In the current study, the effects of extended

release of TAA by polyesteramide (PEA) MSs were studied in joints

destabilized by full anterior cruciate ligament transection (ACLT) with

partial medial meniscectomy (pMMx), leading to OA changes. In addi-

tion, given findings in the diseased joints treated with extended release

of TAA, the role of TAA in tissue healing was studied in in vitro wound

healing assays with cultured ligament and joint capsule tissue explants.

We demonstrated that local extended release of TAA aggravated the

surgically induced instability with concurrent incongruity and subse-

quent cartilage degeneration. We also showed that TAA inhibits

wound healing processes as fibroblasts did not grow out of joint tissue

explants in its presence. Hence, extended IA corticosteroid exposure in

joints with instability due to acute IA tissue damage should be avoided

at all times, as it might aggravate the ensuing joint degeneration. How-

ever, only minor effects are likely to occur after single bolus injection.
2 | METHODS

2.1 | Microspheres

PEA MSs were prepared as described before (Rudnik‐Jansen et al.,

2017); 20‐, 30‐, and 45‐wt% TAA was dispersed in polymer/solvent

solution, and particles were formed at 8,000 rpm with an Ultra‐Turrax

homogenizer and poured into a hardening bath afterwards. Particles

were stirred over night at ambient temperature, cooled prior to

http://creativecommons.org/licenses/by-nc/4.0/
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washing, and snap frozen with liquid nitrogen prior to freeze‐drying.

Particles were sterilized using γ sterilization. Dry particles were resus-

pended with saline to obtain three different drug concentrations per

25‐μl injection volume, namely, 0.7‐, 1.0‐, and 1.6‐mg TAA; 0.7 mg in

25‐μl TAA bolus was obtained by diluting Kenacort® (40 mg·ml−1,

Bristol‐Myers Squibb, Woerden, the Netherlands) in sterile saline.

TAA (T6501‐250MG, Sigma‐Aldrich) used in culture experiments was

dissolved in 100% ethanol and further diluted in culture medium to

obtain working concentrations.
2.2 | Animal procedures

Animal care and experimental procedures were performed in agree-

ment with the Dutch Law of Animal Experimentation and approved

by the Animal Ethics Committee in Utrecht, the Netherlands (project

# AVD108002015282). Animal studies are reported in compliance with

the ARRIVE guidelines (Kilkenny, Browne, Cuthill, Emerson, and Altman,

2010) and with the recommendations made by the British Journal of

Pharmacology. Primary outcomes were synovial inflammation, cartilage

degeneration, and bone changes, with power analysis based on previ-

ous data on the effects of TAA on synovial inflammation. Secondary

outcomes were body weight, plasma TAA levels, and calcifications. To

reduce animal use, first studies in which animals with OA joints receiv-

ing unloaded or loaded TAAMSs were conducted to determine the best

TAA bolus dosage to use as control in the healthy animals. The effects

of TAA bolus and of extended TAA release of the sameTAA dosage in

OA animals, in healthy joints, were evaluated in follow‐up studies. Also,

the six rats injected with emptyMS served as control (OA) for this and a

similar study on another low MW drug. Thirty‐four female, 10 weeks

old, Sprague–Dawley rats (RRID:RGD_70508; Charles River Laborato-

ries International, Inc.; RRID:SCR_003792) were housed in groups

under standard laboratory conditions (open cage, ad libitum food and

water). Preoperatively and post‐operatively, rats received 0.05 mg·kg−1

of buprenofine (buprecare®) and 4 mg·kg−1 of carporal® (AST farma B.

V., Oudewater) subcutaneous as prophylactic analgesia. OA was

induced by transecting the anterior cruciate ligament (ACL) and partial

removal of the medial meniscus, referred to as the ACLT + pMMx

model, in the experimental joint of all rats under isoflurane anaesthesia

(4.5% induction, 1–2% for maintenance). After 4 weeks, animals were

randomly divided into groups (each n = 6): control OA (unloaded MS),

TAA bolus, MS‐TAA (MSs loaded with TAA) 0.7 mg, MS‐TAA 1.0 mg,

MS‐TAA 1.6 mg, and healthy joint MS‐TAA 0.7 mg. Injections and fol-

low‐up measurements were done blinded. Two rats receiving MS‐TAA

in OA joints were killed before the end of the study, one due to renal

infection (MS‐TAA 1.0 mg) and the other due to severe weight loss after

being exposed to high doseTAA release (MS‐TAA 1.6 mg), leading to a

reduction of n = 5 in the experimental group MS‐TAA 1.0 mg and MS‐

TAA 1.6 mg.

2.3 | Plasma TAA retrieval and measurement

At 0, 2, 4, 6, and 8 hr after IA‐MS injection, venous blood samples

were taken and collected in K2‐EDTA blood capillary tubes (T‐MQK
Capiject, Terumo Medical Corporation), daily on the following week

and after that once a week. TAA concentrations were determined from

plasma by LC–MS/MS, using a Thermo Fisher Scientific triple quadru-

pole Quantum Acces LC–MS/MS system (Waltham, MA) as previously

described (Rudnik‐Jansen et al., 2017).
2.4 | Static weight‐bearing asymmetry assessment

During follow‐up, body weights and difference in weight borne by

experimental compared to contralateral hind limb were obtained

weekly using a Linton Incapacitance Tester (Linton Instrumentation).

Rats were placed in a plastic chamber with each hind paw resting on

transducer pads, to record weight distribution over 3 s for five trials.

Percent ipsilateral weight bearing was calculated as weight on the

experimental hind limb divided by weight on both hind limbs.
2.5 | Bone changes and calcifications determined
using μCT images

All rats were imaged directly after CO2/O2 asphyxiation, using a Quan-

tum FX μCT scanner (PerkinElmer, Waltham, MA) with parameters

time = 3 min, isotropic voxel size = 30 μm3, tube voltage of 90 kV,

and tube current = 180 μA. 3D reconstructed images were obtained,

and serial 2D images were reconstructed using software Analyze

11.0 (PerkinElmer; RRID:SCR_009120). ImageJ software (ImageJ;

RRID:SCR_003070) was used for all analyses. Serial 2D scans were

evaluated for subchondral sclerosis, osteophytes, bone cysts, and

loose bodies according to a multi‐modality scoring system evaluated

previously (Panahifar et al., 2014). Joint alignment was evaluated using

sagittal serial 2D scans. Periarticular dystrophic calcifications were

quantified by the mean average of each pixel value above soft tissue

pixel value of each μCT scan, based on histograms representing air,

soft tissue, and calcified tissue values. To obtain comparable region

of interests, the same distance from growth plate to the lower end

of tibia on the scan was measured.
2.6 | Macroscopic and histopathological analysis

All hind limbs were collected for histological analysis and were fixed in

4% formaldehyde solution (Klinipath BV, the Netherlands) for 1 week.

Thereafter, joints were decalcified in 0.5‐M EDTA (VWR international

BV) solution for a total of 8 weeks, refixating for 3 days in 4% formal-

dehyde solution every 2 weeks, and embedded in paraffin. Five μm

thick transversal knee joint sections were cut and stained either with

Safranin‐O/Fast green or haematoxylin/eosin to evaluate cartilage

degeneration using the Mankin score (0 complete healthy–14 total

joint destruction) or synovitis using the Krenn score (0 healthy–9

severe synovitis) respectively. Scoring was done blinded by two

observers (A.T./I.R.). All rat cadavers were blinded macroscopically

and microscopically assessed for systemic side effects of TAA, by vet-

erinary pathologists (M.J.L.K./R.E.T.).
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2.7 | Primary ligament explants and fibroblast
outgrowth

From 10 healthy surplus rats, patella, collateral, and cruciate ligament

explants (n = 5 per ligament type) were isolated, washed with

PBS + 1% penicillin/streptomycin (Gibco), weighted, and cultured in

flasks (25 cm2, cellstar®) in DMEM (high glucose, GlutaMAX™, pyru-

vate, Gibco, Life Technologies, Carlsbad, CA) supplemented with 10%

heat inactivated FBS (HyClone, Life Technologies), 1% ascorbic acid

2‐phosphate (Sigma‐Aldrich), and 1% penicillin/streptomycin (Gibco)

for 10 days in the presence of 10−6‐M TAA or ethanol control or

4 days in the presence of 10−6‐M TAA, then washed with PBS and

subsequently exposed to medium containing ethanol as vehicle con-

trol for the remaining days, mimicking bolus TAA injection. Then,

cells were trypsinized and counted in Bürker‐Türk counting cham-

bers. Cell number was corrected for mg tissue. At Day 1, medium

was collected and LDH content as indicator for cytotoxicity was

measured, using a Cytotoxicity Detection Kit (Roche) according to

the manufacturer's protocol. The colorimetric signals were measured

in duplicates on a Versamax microplate reader (Molecular Devices

LLC, Sunnyvale, CA) at 490 nm subtracted by a background

reference.
2.8 | Wound closure assay

Patella ligament cells of four healthy surplus rats were isolated via the

fibroblast outgrowth method described above. Cells were expanded in

DMEM supplemented with 10% heat inactivated FBS, 1% ascorbic

acid 2‐phosphate and 1% penicillin/streptomycin and passage 2 cells

were used for the scratch assay. Cells were seeded in 96‐well plate

(1,000 per well), and 24 hr later, a scratch was made in the monolayer

with a 20‐μl pipette tip across the centre of each well. Subsequently,

wells were washed and replenished with fresh medium containing

10−6‐M (=1 μM) TAA or ethanol control. The concentration was cho-

sen based on previously shown relationships of synovial fluid–serum

concentration ratios (Hunder & Gleich, 1974; Wallis, Simkin, & Nelp,

1987), with plasma level of 2 μM corresponding to synovial fluid con-

centrations of approximately 4 μM or higher, and on a study showing

that injection with PLGA MSs loaded with half the amount of TAA

used here in human OA joints, that resulted in a concentration of

0.7 μM in aspirated synovial fluid after 1 week (Kraus et al., 2018).

Images were obtained at time point 0, 24, and 48 hr after scratch.

Gap distance was quantified using ImageJ, and end point 48 hr was

used to calculate migration rates.
2.9 | Data and statistical analysis

The data and statistical analysis comply with the recommendations

of the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2018). Data were analysed

using IBM® SPSS® Statistics version 21. For each animal experiment

carried out at least six different animals were included in each group,
based on an a priori power analysis with 85% power, α‐error level of

confidence (α = .008) corrected for the number of relevant compar-

isons between the groups set at 0.85% and assuming SDs are as

observed as in previous studies (Rudnik‐Jansen et al., 2017). Power

analysis was done to detect differences between TAA as bolus and

TAA released by MSs. Our previous results demonstrated that an n

of 6 allows for detection of differences in synovial inflammation, car-

tilage degeneration, and bone changes of given intervention

(Tellegen et al., 2018). However, in treatment groups “MS‐TAA

1.0 mg” and “MS‐TAA 1.6 mg,” one rat was killed before the end

of the study, leading to a reduction in n value of 5. Distribution of

plasma TAA was analysed by non‐parametric Kruskal–Wallis test

with post hoc pairwise comparisons using the Dunn–Bonferroni

approach. Body weight curves and weight‐bearing asymmetry over

time were analysed using linear mixed model, followed by pairwise

comparisons with Sidak post hoc tests. As dose was not a significant

predictor for weight‐bearing asymmetry, all extended TAA release

groups were taken together and compared to control (OA) and

TAA bolus weight bearing. Model selection was based on the lowest

Akaike information criterion. Donor and time served as random

effect factors, and treatment served as fixed effect factor in both

models. Regression coefficients were estimated by the maximum

likelihood method. Differences in dystrophic calcium amounts were

evaluated by one‐way ANOVA with Tukey's post hoc test after Ln

transformation. All post hoc tests were performed only if the F

value for the ANOVA achieved statistical significance. All bone

changes were assessed for femur, tibia, and patella, medial and

lateral sides. Subchondral sclerosis and osteophytes were analysed

using one‐way ANOVA with post hoc Tukey's test. Bone cysts

and loose bodies data were assessed using the nonparametric

Kruskal–Wallis test with post hoc pairwise Dunn–Bonferroni com-

parisons. No significant differences in scores of contralateral joints

were observed between groups and thus included as one control

group. Cartilage degeneration and synovitis scores were analysed

with one‐way ANOVA with Tukey's post hoc test after Ln transfor-

mation. Statistically significant differences of all post hoc tests were

found at *P < .05. Ligament cell number outgrowth was analysed

with one‐way ANOVA with Tukey's post hoc test for each ligament

type separately. Non‐parametric Kruskal–Wallis test with post

hoc pairwise comparisons using the Dunn–Bonferroni approach was

used for capsule outgrowth data. Cell migration of TAA was com-

pared to ethanol control treated explants using independent

Student t‐test.
2.10 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked

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

the common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY (Harding et al., 2018), and are permanently

archived in the Concise Guide to PHARMACOLOGY 2017/18

(Alexander et al., 2017).

http://www.guidetopharmacology.org/
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3 | RESULTS

3.1 | Local extended release of TAA resulted in body
weight loss without recovery

Extended TAA release from MSs showed lower peak plasma TAA

levels compared to TAA bolus release. In none of the conditions,

TAA was not detected in the systemic circulation at 120 hr post‐injec-

tion (Figure 1a). To determine possible adverse effects of the systemic

load, body weight was monitored. Local extended release of TAA in

healthy joints and joints destabilized by ACL transection and

meniscectomy significantly decreased body weight, irrespective of

the dose (Figure 1b). Body weight increased again 3 weeks post IA

injection but was not regained to the level of untreated animals in

the remaining study period. Animals receiving 0.7‐mg TAA bolus, the

same dose as the lowest dose of TAA released by MSs, also lost body

weight after IA injection but regained body weight to similar levels as

untreated animals. Macroscopical and microscopical examination of

several body tissues post‐mortem otherwise showed no abnormalities

related to TAA administration.
3.2 | Local TAA delivery increased asymmetrical
weight bearing in surgically induced OA joints

Static weight‐bearing measurements were performed to monitor

asymmetry in hind limb weight bearing as indication of pain. How-

ever, apart from a temporary weight‐bearing asymmetry 28 days
FIGURE 1 Systemic effects of local TAA
delivery. (a) Bolus TAA gives a significantly
different serum profile than all other burst
releases in OA joints. (b) Local extended
release of TAA results in body weight loss
compared to control (OA). All data shown as
mean ± SD with control (OA) n = 6, TAA bolus
0.7 mg n = 6, MS‐TAA (TAA loaded in
microsphere), 0.7 mg n = 6, MS‐TAA 1.0 mg
n = 5, MS‐TAA 1.6 mg n = 5, healthy joint MS‐
TAA 0.7 mg n = 6. MS, microsphere; *P < .05,
significantly different as indicated
after induction, the destabilizing surgery and associated OA did not

change static weight bearing on the long term. In contrast, animals

with OA injected with TAA (either as bolus or by extended release)

in general unloaded their experimental joint, suggesting a painful

limb and/or postural instability due to the extended joint instability

(Figure 2).
3.3 | Extended TAA release in surgically instability‐
induced OA joints caused dystrophic calcification

The 3D reconstructions showed a clear image of calcium deposition

surrounding the OA joints subjected to extended TAA release. By his-

tology, these were verified to be cell‐free masses indicative of patho-

logical processes (Riley, Harrall, Constant, Cawston, & Hazleman,

1996), rather than ectopic bone formation. Dystrophic calcifications

were not encountered in unstable OA joints injected with TAA bolus

(Figure 3), nor in healthy joints injected with TAA‐loaded MSs. As a

chance finding, joint malalignment was observed in the sagittal plane

on μCT images made immediately post‐mortem (Figure 4) and

recorded as possible parameter of joint instability. In 94% of OA joints

with extended TAA delivery, joint subluxation with concurrent incon-

gruity and subsequent contracture of the joint was observed and in

50% of OA joints injected with bolus TAA (Table 1). In OA joints with

unloaded MS, healthy joints treated with MS‐TAA, and all contralateral

joints, no joint subluxation was observed. However, the number of

observations did not allow for statistical analysis.
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3.4 | TAA extended delivery decreased bone cyst
number

To look into the effect of TAA on bone at the in vivo level,

subchondral sclerosis, osteophyte formation, bone cyst number, and

loose bodies were scored (Figure 5). TAA bolus did not affect any

of these parameters in the instability‐induced OA joints (Figure 5).

The extent of joint degeneration, as characterized by histological

evaluation using the Mankin score (Mankin & Lippiello, 1970),

together with the calcifications, made it impossible to score bone

changes in MS‐TAA‐treated induced OA joints, except for bone cyst

number. The number of bone cysts in joints exposed to 0.7‐ and

1.0‐mg MS‐TAA was significantly lower compared to non‐treated

controls and were reduced to levels comparable to the healthy joints

either contralateral or treated with 0.7‐mg TAA in MSs (Figure 5c).

TAA bolus and 1.6‐mg MS‐TAA were not able to reduce bone

cyst numbers substantially, suggesting that there is an optimal

MS‐delivered TAA dose that provides a protective role in bone

cyst occurrence.
FIGURE 2 Weight‐bearing asymmetry after local TAA delivery. MS‐
TAA loaded with a dose range of 0.7‐ to 1.6‐mg TAA and bolus TAA
(0.7 mg) in OA joints induced less weight bearing of the experimental
joint, as indicator for pain. Dotted line represents time of MS/bolus
injection. All data shown as mean ± SD with control (OA) n = 6, TAA
bolus n = 6, MS‐TAA n = 16. MS‐TAA dose groups were taken
together since dose was not a significant fixed effect in this statistical
model. MS, microsphere; *P < .05, significantly different as indicated
3.5 | Extended TAA release leads to substantial
cartilage degeneration

Cartilage integrity was evaluated using the Mankin score,

representing the sum score of the structure, cell morphology,

matrix content, and tidemark integrity of the cartilage (Mankin &

Lippiello, 1970). The medial tibia plateau region in the joint was

shown to develop more severe and reproducible OA changes than

the lateral side in surgical OA models (Hayami et al., 2006) and

was therefore analysed. While IA injection of bolus TAA did not

affect cartilage degeneration, extended TAA release effectuated by

the MSs in the surgically induced joints lead to a substantial increase

of cartilage destruction with even bone‐on‐bone contact in most

joints (Figure 6a,b). However, in healthy joints exposed to extended

TAA release by the MSs, tissue structure, cell morphology, and

tidemark integrity were unaffected. Still, the separate sub‐categories

of the Mankin score did not present a different pattern between all

conditions, as is also shown for the total cartilage degeneration

score (Figure 6b). No hypertrophy of the remaining cartilage in any

of the joints was found, as evaluated by collagen type X IHC

(Figure S1).

The extent of joint degeneration together with calcifications

made it impossible to properly score synovitis in OA joints exposed

to extended TAA release. Hence, the effect of extended TAA release

on inflammation in OA joints could not be established and could not

be graphically depicted. The OA joints treated with TAA bolus injec-

tions showed no effect on synovitis (Figure 7). However, in a few

surgically induced joints, the synovial capsule appeared rich in carti-

lage‐like cells, which was not seen in the contralateral joints

(Figure S2; OA control 3/6, TAA bolus 3/6, MS‐TAA [all dosages]

5/16, and healthy MS‐TAA 2/6).
3.6 | TAA inhibits migration of ligament and synovial
capsule cells

We investigated to what extent healing processes such as cell out-

growth andmigrationwere affected by TAA. Fibroblasts did not migrate

out of rat ligament or capsule explants when exposed to 10−6‐M TAA

during the culture period of 10 days (Figure 8a). Temporary exposure

toTAA, mimicking the bolusTAA injection, did show a reduction in num-

bers of fibroblasts migrating out of the explants in all tissues, which was

statistically significant for the collateral ligaments compared to vehicle

control. No cytotoxicity was found in any of the conditions. Since cell

migration was completely inhibited in the presence of 10−4‐M TAA

(data not shown), we further focussed on migration as crucial part of

the healing process by performing scratch assays with primary patella

ligament cells in the presence or absence of 10−6‐M TAA. Consistent

with the results of the tissue outgrowth assay, we found that in vitro

wound closure by primary patella ligament cells was significantly

impaired by long‐termTAA exposure (Figure 8b).
4 | DISCUSSION

The aim of the current study was to evaluate the effects of biomate-

rial‐based sustained delivery of the corticosteroid TAA, compared to

TAA bolus delivery, in joint degeneration associated with acute tissue

damage‐induced instability.

Although plasma TAA was detectable only until 120 hr post‐

injection, in all animals injected with TAA, considerable weight loss

was induced during the 2 weeks after injection. While the weight of

the animals receiving TAA bolus caught up with the weight of non‐

treated animals 3 weeks post‐injection, extended release of TAA

prevented this recovery, suggesting an extended systemic, though



FIGURE 3 Extended TAA release in OA
joints lead to large amount of dystrophic
calcification. (a) 3D reconstruction of μCT
scans. MS‐TAA 0.7 mg is employed as a typical
example of all three loading doses. (b)
Quantification of dystrophic calcification in
experimental joint (L), corrected for the
contralateral joint (R). Individual data shown
for control (OA) n = 6, TAA bolus n = 6,
MS‐TAA 0.7 mg n = 6, MS‐TAA 1.0 mg n = 5,
MS‐TAA 1.6 mg n = 5, healthy joints MS‐TAA
0.7 mg n = 6, as well as mean ± SD. MS,
microsphere; *P < .05, significantly different as
indicated
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not detectable, presence of TAA. Weight loss in rats upon systemic

oral exposure (Caparroz‐Assef, Bersani‐Amado, Kelmer‐Bracht,

Bracht, & Ishii‐Iwamoto, 2007) and after weekly IA injections with a

cumulative dose of 1.1‐mg TAA (Siebelt et al., 2015) was described

before. This is in contrast to the weight gain through enhanced fluid

retention and increased appetite found in human patients (Tataranni

et al., 1996). The mechanism behind this discrepancy is difficult to pin-

point but may be explained by species differences in receptor binding

(Su et al., 2007) and/or signalling (Young, Yoxall, & Wagner, 1978) or
FIGURE 4 Local TAA delivery in OA joints
retain instability, leading to joint subluxation.
2D sagittal μCT image example used to
evaluate joint alignment throughout the whole
joint. (a) Normal joint alignment of control
(OA) joint. (b) Representative example of a
MS‐TAA 0.7 mg treated OA joint with cranio‐
proximal subluxation of the tibia and evident
calcification of the periarticular tissues,
indicated by white arrows. These chronic
changes most probably represent joint
contracture
differences in balance between mineralocorticoid and glucocorticoid

activities of the drug (Nakabayashi et al., 2001; Tanigawa et al.,

2002; Zhu et al., 2000). Glucocorticoids can induce muscle atrophy

in rodents at relatively low concentrations (Sato et al., 2017) and

hence might elicit weight loss at undetectable systemic concentra-

tions. However, although no systemic side effects were found macro-

scopically and microscopically 12 weeks after treatment, we cannot

exclude a possible toxic effect causing the weight loss in TAA‐treated

animals. In general, rodent models have their limitations in evaluation



TABLE 1 Local TAA in OA joints retain instability, regardless of
delivery system

Condition Joint subluxation

Yes No %

Control (OA) 0 6 0

TAA bolus 3 3 50

MS‐TAA 0.7 mg 6 0 100

MS‐TAA 1.0 mg 5 0 100

MS‐TAA 1.6 mg 4 1 80

Healthy MS‐TAA 0 6 0

Contralateral joints 0 34 0

Abbreviation: MS, microsphere.
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of effectivity of drugs for clinical practice and do not completely

reflect human disease. Still, novel treatments are commonly developed

and tested initially in rodent models. A large animal model would be

the next step in the testing of the current drug delivery system before

going to the human patient.

In addition to inducing irreversible weight loss, extended exposure

to TAA also enhanced cartilage degeneration and dystrophic calcifica-

tion. Why this pathological accumulation of calcium salts in necrotic or

degenerated tissue was found is as yet unclear. Possibly the prolonged

instability caused tissue and cell death, the debris of which could sub-

sequently not be cleared by the innate phagocytic system under the

immunosuppressive action of TAA. The observed effects of extended
FIGURE 5 TAA extended delivery decreases bone cyst number, while bolu
tibia plateau were scored for (a) subchondral sclerosis, (b) osteophytes, (c) b
n = 6, TAA bolus n = 6, MS‐TAA 0.7 mg n = 6, MS‐TAA 1.0 mg n = 5, MS‐TA
joints n = 18, as well as mean ± SD. The extent of joint destruction togeth
changes in MS‐TAA treated OA joints. MS, microsphere; *P < .05, significa
TAA exposure on cartilage integrity and the induction of dystrophic

calcification in the current model were not likely to be merely due to

overdosing. Based on joint space volume, the 0.7‐mg dose (the lowest

dosage used here) corresponds to 56‐mg TAA in a human knee joint,

which is only 1.4 times higher the 40‐mg TAA bolus generally admin-

istered in patients. Even the 80 mg of bolus TAA administered in

arthritic knees in several clinical studies did not result in adverse

effects (C. E. Chavez‐Chiang et al., 2011; N. R. Chavez‐Chiang et al.,

2012; Kumar, Dhir, Sharma, Sharma, & Singh, 2017; Popma et al.,

2015). Moreover, the IA release of a dose of 60‐mg TAA from a PLGA

MS platform, equivalent to the lowest dosage used in the current

study, was shown to be safe in knee OA patients (Bodick et al.,

2013). Also in a different, collagenase‐induced, rat model of OA, the

extended release of TAA by PEA MSs did not show any effects on car-

tilage integrity nor induced tissue calcification (Rudnik‐Jansen et al.,

2017). Given the absence of effects in previous studies of unloaded

PEA MSs in OA animals, the MS platform per se is not likely to

have contributed to the effects found either (Janssen et al., 2016;

Rudnik‐Jansen et al., 2017), nor would have their combination with

TAA bolus, given the absence of effects of either when administered

separately. Together with the lack of effect of the bolus in OA animals

and of TAA‐releasing PEA MSs in non‐operated healthy animals, our

observations rather point towards an interaction of extended release

of TAA with the pathological processes occurring in the ACLT + pMMx

OA model.

Extension of tissue trauma‐induced instability may have incited the

effects of extended exposure found here. Although the differences in
s TAA does not alter boney changes in OA joints. μCT scans of medial
one cysts, and (d) loose bodies. Individual data shown for control (OA)
A 1.6 mg n = 5, healthy joint MS‐TAA 0.7 mg n = 6, and all contralateral
er with calcifications made it impossible to score OA associated bone
ntly different as indicated



FIGURE 6 Extended TAA release in OA
joints causes cartilage destruction. (a)
Histological overview of best and worst
outcomes (medial tibia plateau), stained with
Safranin‐O/Fast green. Arrow indicates the
denuded bone surface. Scale bars: 100 μm. (b)
Quantification of cartilage degeneration using
Mankin score (1–14). Individual data shown for
control (OA) n = 6, TAA bolus n = 6, MS‐TAA
0.7 mg n = 6, MS‐TAA 1.0 mg n = 5, MS‐TAA
1.6 mg n = 5, healthy joint MS‐TAA 0.7 mg
n = 6, and all contralateral joint n = 32, as well
as mean ± SD. MS, microsphere; *P < .05,
significantly different as indicated
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joint subluxation as change finding could not be statistically substanti-

ated and would require additional studies with larger sample sizes to

be proven, a role of extension of instability was supported by inhibi-

tion of cell outgrowth from tissue explants in culture: To address the

possible mechanisms responsible for the effects of extended exposure

to TAA, we studied its effect on wound healing in vitro, using a TAA

concentration based on the range expected to be present in the syno-

vial fluid (Hunder & Gleich, 1974; Kraus et al., 2018; Wallis et al.,

1987). The continuous presence of TAA resulted in a complete block

of migration of ligament or synovial capsule cells out of tissue explants

in culture. Temporary exposure to TAA resulted in an intermediate

effect, with a mere reduction of outgrowth of cells, that was signifi-

cant for medial collateral, cruciate ligament, and synovial capsule

tissue. This indicated that temporal TAA exposure diminished
FIGURE 7 TAA bolus release in OA joints does not reduce synovitis. (a) H
Quantification of synovitis, using Krenn score (0–9). Individual data shown
n = 6, and all contralateral joints n = 18, as well as mean ± SD. MS‐TAA c
impossible to distinguish representable synovial tissue. MS, microsphere; *
migration, but cells were able to resume the wound healing processes.

This notion is in line with the suggested lower frequency of joint sub-

luxation as determined post‐mortem we found in the OA joints

treated with bolus injections, compared to the apparent increase of

instability in the joints exposed to MS‐delivered TAA. The effect of

TAA on tissue outgrowth was at least partly due to the inhibition of

cell migration, as shown in the cell migration assay, in accordance with

previous data on the effects of dexamethasone and TAA on tenocytes

(Tempfer et al., 2009; Tsai, Tang, Wong, & Pang, 2003). TAA was

also shown to inhibit human tenocyte collagen synthesis (Wong, Tang,

Fu, Lee, & Chan, 2004), suggesting that tissue healing is impaired in

many aspects. Hence, the extended exposure to TAA in the current

study may have inhibited the general and naturally occurring

arthrofibrosis in OA, a normal process leading to stabilization and
istological overview of best and worst outcomes. Scale bars: 50 μm. (b)
for control (OA) n = 6, TAA bolus n = 6, healthy joint MS‐TAA 0.7 mg
onditions are not scored or displayed, since the calcifications made it
P < .05, significantly different as indicated

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2768


FIGURE 8 Continuous TAA exposure abolished outgrowth; temporary TAA exposure inhibited cell outgrowth. (a) Patella n = 5, collateral n = 5
and cruciate ligament n = 5 and capsule n = 3 rat explants exposed to vehicle control (EtOH), TAA (10‐day exposure), or bolus TAA (4‐day
exposure). Individual data shown with mean ± SD, $ P = .054 and *P < .05. (b) Quantified migration rates of primary rat patella ligament cells of four
rats when exposed to vehicle control (EtOH) and TAA over 48 hr. n = 5 per rat, per condition. Individual data shown with mean ± SD, *P < .05,
significantly different as indicated
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stiffness of the joint (Shelbourne, Patel, & Martini, 1996). It has to be

noted that the in vitro models used may have been suboptimal in

reflecting the dynamic changes in synovial fluid concentrations over

time, as only one dosage was used at a concentration well over the

anticipated receptor saturation concentration (Mayer, Kaiser,

Milholland, & Rosen, 1974), and exposure was limited to 10 days,

whereas TAA released from MSs in vivo was detected up until

12 weeks after IA injection (Kraus et al., 2018). However, this is more

likely to have caused an underestimation rather than overestimation

of the effects found in vivo.
Although this was not a major aim and this study was underpow-

ered to demonstrate the absence of differences, effects of TAA bolus

injections in OA joints compared to non‐treated joints, in contrast to

the effects of the extended presence of TAA, are supported by various

in vivo and clinical studies. Post‐surgical injection of the corticosteroid

dexamethasone for inhibition of acute inflammation in a rabbit model

of surgically induced OA showed no side effects (Heard et al., 2015;

Huebner, Shrive, & Frank, 2014). In patients, corticosteroids have

been intravenously administered perioperatively and post‐operatively

during ACL repair surgery and orally afterwards to reduce
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inflammation and pain, without complications (Dahl, Spreng, Waage, &

Raeder, 2012; Vargas & Ross, 1989). A recent clinical trial showed that

bolus TAA injections in patients with ACL injury, with the aim to delay

or prevent post‐traumatic OA, had no adverse events after 5 weeks of

follow‐up and even transiently exposure reduced some biomarkers

indicative of joint degeneration and inflammation after injury

(Lattermann et al., 2017). Hence, it is most likely that acute tissue

trauma may be treated safely by a short acting dose of corticosteroids.

However, it should be noted that small calcified depots have been

described upon IA injections of patients with corticosteroids

(Boulman, Slobodin, Rozenbaum, & Rosner, 2005; Harigane et al.,

2011), possibly similar to the dystrophic calcifications found in the

current study. In addition, corticosteroids can increase the elasticity

of the ligament, thereby increasing knee joint laxity and the suscepti-

bility for ligament ruptures (Khowailed, Petrofsky, Lohman, Daher, &

Mohamed, 2015; Stijak et al., 2015), so even short‐term IA exposure

is not entirely without risks.

In general, controversy on the effect of corticosteroids on joint

cartilage is still considerable. Negative effects of corticosteroids on

cartilage integrity have been mainly described in vitro, in monocultures

of chondrocytes or cartilage tissue explants (Euppayo et al., 2016;

Suntiparpluacha, Tammachote, & Tammachote, 2016), although loss

of safranin‐O positivity was found upon IA injection of TAA‐delivering

MSs in healthy joints (Bodick et al., 2018). However, we showed

that while TAA indeed inhibited proteoglycan content of cartilage

explants in monoculture, in co‐cultures of cartilage explants with syno-

vial tissue, the same concentration of TAA enhanced proteoglycan

synthesis (Beekhuizen et al., 2011). Also, in several clinical studies,

no deleterious effects of IA corticosteroid use on tissue integrity were

found (Bellamy et al., 2006; Raynauld et al., 2003; van Middelkoop

et al., 2016), altogether suggesting that in the more complex context

of the pathological joint, corticosteroids per se are not harmful.

Despite the increase of cartilage degeneration and dystrophic

calcification, MS‐delivered TAA did result in a decrease in number

of bone cysts in the tibia. Other aspects of the boney phenotype of

OA, such as osteophyte formation, could not be evaluated due to

the disorganization of the joints and the dystrophic calcification

found. Notwithstanding, the reduction in bone cysts by extended

TAA release may point towards its potency for application in

stable OA joints, as bone cysts have been suggested to be associated

with pain, although not unequivocally demonstrated (Barr et al.,

2015). Unfortunately, we discovered that pain could not be measured

reliably in the current model using static weight‐bearing analysis, in

contrast to the applicability of this assay in detection of OA

pain in mice models (Khatab et al., 2018; van Buul et al., 2014).

Possibly, the weight changes between the hind paws were too

subtle to detect with a static weight‐bearing measurement device in

rats. Other types of analyses previously used for detecting pain

in rat studies, such as the von Frey or dynamic weight‐bearing

analysis, may be more suitable for measuring pain in future studies

(Rudnik‐Jansen, Schrijver, et al., 2019).

A factor complicating optimal development of IA drug delivery

systems is the limited tools for analysis of local drug concentrations
over time. Serum concentrations are inherently low as, after diffusion

of the drug from the synovial space to the blood, the drug is diluted

and cleared by the liver, easily falling below the limit of detection by

HPLC (Derendorf, Mollmann, Gruner, Haack, & Gyselby, 1986). In

rodent models commonly used in the first stage of preclinical devel-

opment of novel therapies, synovial fluid sampling over time is

impossible and very small quantities of plasma are available for anal-

ysis. In the current study, plasma TAA levels in the first 2 days

reflected the initial burst release of TAA‐loaded PEA occurring

in vitro (Rudnik‐Jansen et al., 2017). The area under the curve

(AUC) of the plasma levels, indirectly showing loss from the synovial

cavity and hence delivery by the MSs, was approximately 10 times

smaller for the MS‐based versus the bolus formulation of 0.7‐mg

TAA. However, whether the drug was released for the full period

of 16 weeks after injection, as was demonstrated before in vitro

(Rudnik‐Jansen, Woike, et al., 2019), cannot be stated with certainty.

PEA MSs loaded with a hydrophobic near IR dye were shown to still

contain dye up until 70 days after injection in a rat OA model

(Rudnik‐Jansen et al., 2017), suggesting that release continued until

at least the first 10 weeks. Moreover, in knee OA patients treated

with a PLGA‐based platform releasing TAA (Kraus et al., 2018),

TAA was detected in the synovial fluid of knee OA patients up to

12 weeks after IA injection, but not in bolus injected joints. As we

have shown in an acute arthritis model that PEA MS‐based TAA

release inhibited inflammation for a longer time period than PLGA‐

based TAA release (Rudnik‐Jansen, Woike, et al., 2019), it is very

likely that in the current study, release spanned even more than

these 12 weeks. Nevertheless, more insight of the IA delivery kinet-

ics, possibly using drug labelling, will be required for optimal develop-

ment and prevention of the side effects found here.

In conclusion, extended TAA release in the joint has the potential

to reduce systemic exposure to TAA and treat OA‐associated pain

and inflammation. However, we show that in a joint destabilized

through ligament and meniscus transection, increased instability,

dystrophic calcification, enhanced cartilage degeneration, and pain

are induced. Most likely, extended TAA release, but not temporal

exposure, in traumatic unstable joints leads to impaired wound

healing and thereby extended instability leading to more tissue

damage. Hence, in clinical practice, OA patients with (traumatic)

unstable joints should not be treated with IA extended release

formulations of TAA. To evaluate the efficacy of the used MS plat-

form releasing TAA in the inhibition of pain, another animal model

focused on inflammation and pain, without acute joint tissue damage

is recommended.
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