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8Mechanical Articular Cartilage 
Injury Models and Their Relevance 
in Advancing Therapeutic 
Strategies

Bodo Kurz, Melanie L. Hart, and Bernd Rolauffs

Abstract

This chapter details how Alan Grodzinsky and 
his team unraveled the complex electromecha-
nobiological structure-function relationships 
of articular cartilage and used these insights to 
develop an impressively versatile shear and 
compression model. In this context, this chap-
ter focuses (i) on the effects of mechanical 
compressive injury on multiple articular carti-
lage properties for (ii) better understanding 
the molecular concept of mechanical injury, 
by studying gene expression, signal transduc-
tion and the release of potential injury bio-
markers. Furthermore, we detail how (iii) this 
was used to combine mechanical injury with 
cytokine exposure or co-culture systems for 
generating a more realistic trauma model to 

(iv) investigate the therapeutic modulation of 
the injurious response of articular cartilage. 
Impressively, Alan Grodzinsky’s research has 
been and will remain to be instrumental in 
understanding the proinflammatory response 
to injury and in developing effective therapies 
that are based on an in-depth understanding of 
complex structure-function relationships that 
underlay articular cartilage function and 
degeneration.
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8.1	� Introduction

As a tribute to the tremendously important work 
of Grodzinsky and colleagues in the context of 
mechanical articular cartilage injury models, the 
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following text sections detail how Grodzinsky 
and colleagues have set out to unravel the com-
plex and, at that time, unknown electrokinetic, 
biomechanical and biosynthetic characteristics of 
articular cartilage, implementing the cartilage 
injury machine as the go-to model to develop 
structure-function relationships. Over time, this 
led to model-based insights and an in-depth 
understanding of mechanical injury mechanisms 
and therapeutic strategies with fundamental clini-
cal relevance.

8.2	� From 
Electromechanobiological 
Structure-Function 
Relationships to Developing 
a Versatile Shear 
and Compression Model 
for Understanding 
the Injurious Response 
of Articular Cartilage

8.2.1	� Unraveling Central 
Electrokinetic 
and Biomechanical Properties 
of Articular Cartilage – 
The Basis for Understanding 
Tissue Failure Under Injurious 
Compressive Loads

In earlier works, which began in the 1980s and 
preceded the arrival of the worldwide famous 
cartilage “injury machine”, Grodzinsky and col-
leagues examined the compressive stiffness of 
articular cartilage in oscillatory (sinusoidal) con-
fined compression over a wide frequency range 
including high frequencies relevant to impact 
loading. Interestingly, the currently well-
established non-linear behavior of cartilage under 
load was initially found in this early study, which 
related this non-linear behavior of cartilage to a 
compression amplitude that exceeds a threshold 
value, which, in turn, is frequency-dependent. 
For linear viscoelastic behavior, stiffness defined 
in the usual sense was shown to depend on ionic 
strength and proteoglycan content, as well as the 
electrostatic forces between matrix charge groups 

over a frequency range of 0.001 to 20  Hz. 
Extending these findings, Grodzinsky and col-
leagues used the observed sinusoidal streaming 
potentials generated by oscillatory compression 
to relate the streaming potential field to the fluid 
velocity field [1]. These studies showed that 
interstitial fluid flow is significant to cartilage 
behavior over this entire frequency range.

Based on the knowledge that oscillatory com-
pression of cartilage using physiological loads 
produces electrical potentials resulting from an 
electrokinetic streaming transduction mecha-
nism, Grodzinsky and Frank reported in two par-
allel studies two electromechanical phenomena, 
namely, ‘streaming current’ and ‘current-
generated stress’ [2], and subsequently formu-
lated a continuum model for linear electrokinetic 
transduction in cartilage [3]. In another study, 
Grodzinsky and colleagues developed an electro-
mechanical model that focused on ionic transport 
as the rate limiting step in chemically modulating 
electrical interactions between the charged mac-
romolecules of the extracellular matrix (ECM). 
This aided in predicting the kinetics of changes in 
swelling and isometric compressive stress that 
occur in charged, hydrated tissues, including 
articular cartilage and corneal stroma, due to 
changes in salt concentration [4]. Not surpris-
ingly, Grodzinsky and colleagues further 
advanced this topic and revealed that the modula-
tion of 3H-proline (collagen synthesis marker) 
incorporation by both loading and load release is 
faster than that of 35S-sulfate (sulfated glycosami-
noglycans (sGAG) synthesis marker) incorpora-
tion, and that the response to dynamic loading is 
not determined simply by the time average com-
ponent of the dynamic load, as the response to 
unloading is not just the inverse of the response 
to loading and is characterized by an overshoot-
ing response [5]. Subsequently, this team devel-
oped an organ culture system to study the effects 
of static compression and physico-chemical 
changes [6]. Subjecting cartilage explants from 
the epiphyseal plate of 1 to 2-week-old calves to 
static compressive stresses of 0–3 MPa in uncon-
fined compression, the Grodzinsky team demon-
strated, as it is well-known today, that the 
3H-proline and 35S-sulfate incorporation 
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decreases monotonically with increasing stress, 
which suggested in conjunction with later studies 
the beneficial, regenerative effects of dynamic 
compression over static compression. Perhaps 
less known today is that this study also demon-
strated that 3H-proline and 35S-sulfate incorpora-
tion independently of mechanical compression 
strongly depended on pH, but was independent of 
SO42− and K+ in the range studied, suggesting 
that compression-induced changes in local, inter-
stitial pH may contribute to the biosynthetic 
response to static compression.

Using atomic force microscopy (AFM), 
Grodzinsky and colleagues in 2015 investigated 
the dynamic nanomechanical properties of 
murine cartilage over a wide frequency range of 
1 Hz to 10 kHz [7]. Specifically, they studied the 
role of GAGs on the dynamic modulus and poro-
elastic properties of murine femoral cartilage by 
inducing GAG deletion. Interestingly, this study 
showed that poroelastic (i.e., fluid-flow-
dependent) properties such as the hydraulic per-
meability, which is related to the resistance of the 
ECM matrix to fluid flow, and the high frequency 
modulus, which is related to fluid pressurization 
and the fibrillar network of the ECM, are more 
sensitive indicators of GAG loss induced by loss 
of mechanical function, compared to the equilib-
rium properties in which fluid flow is negligible. 
From this work, a fibril-reinforced finite element 
model was developed to estimate the poroelastic 
properties of mouse cartilage over a wide range 
of loading rates, which may be useful for under-
standing early cartilage aggrecan degradation rel-
evant to mouse models of OA.

8.2.2	� The Invention of a Successful 
In Vitro Cartilage Injury Model

In 1989, Grodzinsky, Robert Sah and colleagues 
designed two culture chambers for the uniaxial 
radially unconfined compression and mechanical 
testing of live cartilage explants [8]. They used 
one chamber inside a standard incubator and 
equipped the other chamber with a mechanical 
spectrometer to record load and displacement 
during compression. To the best of the knowl-

edge of the authors, this design represents the ini-
tial prototype of Alan Grodzinsky’s so-called 
cartilage “injury machine”, which contributed to, 
and to no small extent, the overall understanding 
of tissue and cellular responses to compressive 
injury.

In the beginning, the focus was not injury per 
se. The authors used dynamic stiffness measure-
ments of cartilage explants cut into standardized 
3-mm diameter explants and identified a charac-
teristic frequency of 0.001  Hz (cycles/s) that 
separated low- and high-frequency regimes [8]. 
At 0.0001–0.001 Hz, significant fluid was exuded 
from the explants, but at a frequency range of 
0.01–1  Hz, the hydrostatic fluid pressure 
increased within explants, illustrating a 
frequency-dependent flow and deformation phe-
nomena. Although the authors reported deforma-
tion of chondrocytes and matrix at all frequencies, 
this important early study demonstrated differen-
tial effects on dynamic compression on chondro-
cyte biosynthesis. Interestingly, the currently 
well-known effects of dynamic compression of 
stimulating cellular biosynthesis were shown to 
be present at the higher frequencies even at rela-
tively low amplitudes of 1–5% with 3H-proline 
and 35S-sulfate incorporation increasing by ∼20% 
and ∼40%, respectively, with tissue volume 
remaining almost constant. In contrast, at lower 
frequencies of <0.001  Hz, low amplitudes of 
1–5% had negligible effects and higher ampli-
tudes were needed to induce increased biosynthe-
sis with collagen (3H-proline) exceeding sGAG 
(35S-sulfate) incorporation. These insights are 
today perhaps even more relevant than they were 
at publication in 1989, as a rapidly growing body 
of literature documents the fundamental impor-
tance of biomechanical forces from the nanome-
ter to the macroscopic scales. From today’s 
perspective, another exciting point is that the 
authors noted that the reported in vitro findings 
were in general agreement with the in vivo stud-
ies on joint loading and motion of that time, 
which helped establish that in vitro studies on 
cartilage compression might aid in testing and 
optimizing therapeutic strategies to combat dis-
eases of cartilage [8]. In a subsequent study, 
Grodzinsky and colleagues reported on the 
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effects of compression on the loss of newly syn-
thesized proteoglycans and proteins from carti-
lage explants [9]. Interestingly, they demonstrated, 
to the best of our knowledge for the first time, 
that high amplitude dynamic cyclic compression 
(20%, 40%, and 60%) at a slow frequency (2 h of 
compression and 2 h of release for 24 h) induced 
convective fluid flow, which thereby enhanced 
the loss of 35S- and 3H-labeled macromolecules 
(sGAG and collagen) from the tissue into 
medium. In contrast, prolonged static compres-
sion induced matrix consolidation, which hin-
dered the diffusional transport and loss of sGAG 
and collagen macromolecules. Thus, both early 
studies [8, 9] together demonstrated that the 
effects of dynamic compression on induced bio-
synthesis vs. ECM component loss from the tis-
sue are subject to complex time-, frequency, and 
amplitude-dependent effects, and, importantly, 
that higher frequencies of 0.01–1 Hz even at low 
amplitudes of 1–5% induce anabolic, biosyn-
thetic effects in articular cartilage tissue.

In the late 1990s, Grodzinsky and colleagues 
focused on the metabolic effects of mechanical 
injury, as those were and continue to be relevant 
to the development of strategies for cartilage 
repair [10, 11]. In healthy tissue, matrix deposi-
tion and turnover were spatially dependent, with 
the highest rates of proteoglycan deposition, 
turnover and the lowest rates of collagen deposi-
tion (3H-proline autoradiography) occurring in 
the pericellular matrix. Interestingly, many of the 
well-known effects of injurious compression 
today were already reported in these studies. 
Hence mechanical injury of calf explants resulted 
in macroscopic tissue damage, led to mechanical 
failure, a subtotal decrease in cell viability with 
the emergence of an apparently inactive cell pop-
ulation but also containing catabolically active, 
abnormally large cells, and sustained, elevated 
rates of proteoglycan turnover in the cell-
associated matrices of viable cells. The authors 
also formulated the idea of using the mechanical 
injury model as an in vitro model for understand-
ing the responses of chondrocytes and the carti-
lage extracellular matrix to mechanical injury, 
which led to a range of studies using the well-
known cartilage “injury machine”, which was 

further developed and described by EH Frank  
et al. [12], as described below.

8.2.3	� The Effects of Mechanical 
Compressive Injury 
on Articular Cartilage 
Biomechanics, Metabolic 
Behavior and Cell Viability 
and Their Strain-, Strain 
Rate- and Peak 
Stress-Dependency

Based on the initial studies by Sah et al. [8, 9] and 
Quinn et al. [10, 11], the impact of injurious com-
pression on relevant parameters of articular carti-
lage integrity were studied in more detail by 
Grodzinsky and colleagues, using the injury 
machine, a specially designed computer-
controlled and incubator-housed shear- and 
compression-device, described in [12]. In the 
original setup, cartilage disks of 3 mm diameter 
and approximately 1  mm thickness (obtained 
from the femoropatellar groove of 1–2 week old 
calves) were held between impermeable platens 
in an unconfined culture medium-filled chamber 
(Fig. 8.1). Uniaxial movement or rotation of the 
upper platen induced either compression or shear 
forces to the tissue, with displacement and load 
being monitored and controlled by the software.

The nature of injury-related cell death was of 
interest since programmed cell death might be a 
target for therapeutic approaches and repair 
mechanisms. Grodzinsky’s group used an injuri-
ous compression protocol that consisted of six 
repetitive on/off cycles of displacement-
controlled strain, ranging from 30–50%, applied 
at a strain rate of 1000 mm/s (=1/s). They reported 
that injury-induced apoptosis is maximal by 
24 hours after injury and occurs at peak stresses 
as low as 4.5 MPa and increases dose-dependently 
with injurious peak stress. Moreover, a peak 
stress-dependent increase in tissue swelling, 
which was significant at 13  MPa, and GAG 
release, which was significant from 6 to 13 MPa 
peak stress, together with a decreased equilib-
rium and dynamic tissue stiffness, which was sig-
nificant at 12 and 7 MPa peak stress, suggested 
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Fig. 8.1  A versatile shear and compression apparatus 
design by Grodzinsky and colleagues. Frank et  al. 
described in 2000 [12], in detail, the setup of the shear/
compression apparatus, which was used for the majority 
of the injury studies described in this chapter. Fig. a (left): 
Image of the incubator-housed loading device. An axial 
linear stepper motor (A) in a bearing/carriage assembly 
(B) applies axial compression to tissue explants located in 
a sample chamber (C), which is positioned on a rotary 
position table (R; driven by stepper motor behind the 
table) for application of shear forces. Load and shear 
stress are measured by a load (L) and torque cell (T). The 
adjustable plate may be moved to accommodate other fix-

tures. The “Linear Variable Differential Transformer” 
(LVDT), an electromechanical transducer that converts its 
displacement into a corresponding electrical signal, is 
placed on the left of the sample chamber (C). Fig. b 
(right): Design of the autoclavable polysulphone sample 
chamber with a lid and base. Cartilage explants are placed 
in medium-filled wells in the chamber base. The platens 
of the nonrotating lid compress the cartilage and rotation 
of the base induces shear stress to the cartilage disks/
explants. The design of the sample chamber allows stimu-
lation of up to 12 explants and single explant chambers 
were also designed (not shown). (Figs. a and b are 
reprinted from [12] with permission from Elsevier)

damage to or degradation of the collagen fibril 
network as well as GAG release in this range of 
peak stresses [13]. Thus, the peak stresses caus-
ing matrix damage and degradation were higher 
than those that induced apoptosis. Cell death was 
further investigated using a single impact of com-
pression. While TUNEL-positive cell rates 
increased from 7% in unloaded controls to 33% 
after injury, in electron microscopy (EM) data the 
apoptosis rate increased from 5% in unloaded 
controls to 62% in injured cartilage and proved 
that the dead cells in injured tissue were 97% 
apoptotic based on cellular morphology [14].

Kurz et  al. [15] investigated the effects of 
strain rate on cell viability, cartilage matrix bio-
synthesis and mechanical properties after 50% 
strain using a single injurious compression. A 
strain rate of 0.01/s resulted in no measured effect 
on the cells or on the ECM, although peak stresses 
reached levels of about 12 MPa, whereas faster 
strain rates of 0.1 and 1/s induced peak stresses of 

∼18 and ∼24 MPa, increased cell death, and sig-
nificantly decreased both proteoglycan and total 
protein biosynthesis. Comparably, increasing 
strain rate was associated with impaired mechan-
ical properties and the remaining viable cells had 
lost their ability to have their biosynthesis stimu-
lated by low-amplitude sinusoidal compression, 
suggesting an impaired reparative capability of 
the surviving population, in agreement with the 
emergence of an apparently inactive cell 
population in Quinn et al. [10], discussed above. 
This clinically relevant inability to exhibit a 
reparative response to dynamic compressive 
stimulation was most extensive after injury was 
applied with the highest strain rates suggesting 
that strain rate as well as peak stress, or strain are 
important parameters that define the post-
injurious fate of injured cartilage.

Grodzinsky and colleagues then investigated 
the relationship between injurious peak stress 
and post-injurious proteoglycan loss in bovine 
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cartilage, and also in human knee and ankle car-
tilage. In bovine cartilage, the injury-related 
GAG release was highest during the first 4 h after 
injury, but remained higher than that in controls 
during the first 24  hours post-injury [16]. For 
experiments on human knee and ankle cartilage 
with no history of OA, the team applied a uniax-
ial unconfined injurious compression of 65% 
strain at 2/s, which was quicker than the bovine 
injurious compression model. Increased injurious 
peak stress (at a constant final strain and com-
pression rate) was associated with less proteogly-
can loss after injury [17], corroborating studies 
on bovine articular cartilage [13, 16]. When 
injured, fewer human ankle vs. knee cartilage 
explants suffered macroscopic damage and nei-
ther a post-injurious increase in proteoglycan 
loss from injured ankle cartilage relative to con-
trols nor a relationship between peak stress and 
proteoglycan loss was observed as opposed to 
knee cartilage explants. Besides uncovering dif-
ferences in the response of human knee and ankle 
cartilage to injury, this study suggested that peak 
stress itself did not appear to be an important 
cause of proteoglycan loss from human 
cartilage.

8.2.4	� Understanding the Molecular 
Concept of Mechanical Injury 
by Studying Gene Expression, 
Signal Transduction 
and the Release of Potential 
Injury Biomarkers

Several studies of Grodzinsky and colleagues 
have used the injury model to investigate signal-
ing pathways and gene expression patterns after 
mechanical overload. The first demonstrated that 
the angiogenesis factor VEGF (vascular endothe-
lial growth factor) might play an important auto-
crine or paracrine role in the progression of 
post-traumatic OA (PTOA) [18]. Mechanical 
injury induced the expression of the transcription 
factor hypoxia-inducible factor-1 (HIF-1), a 
known promoter of VEGF expression. The sub-
sequent expression of VEGF activated autocrine 
production of MMPs (MMP-1, -3 and -13) in 

chondrocytes, whereas tissue inhibitor of metal-
loproteinases-1 and -2 (TIMP-1 and -2), the 
inhibitors of MMPs, were reduced. Motivated by 
these interesting results, a more detailed study of 
injury-related gene expression followed [19]. 
mRNA levels in non-injured, free swelling 
bovine cartilage varied over five orders of magni-
tude with matrix molecules being the most highly 
expressed, while cytokines, MMPs (except 
MMP-3), aggrecanases (ADAMTS-5), and tran-
scription factors showed lower expression levels. 
Specifically, the matrix molecules fibronectin 
and type I collagen, as well as TNF, GAPDH, and 
β-actin and finally IGF-1, IGF-2, and ADAMTS-4 
as well as type II collagen, aggrecan, fibromodu-
lin, link protein, and IL-1 showed little change in 
expression after injury vs. non-injured cartilage, 
whereas MMP-3 increased 250-fold, ADAMTS-5 
increased 40-fold, and TIMP-1 increased 12-fold. 
The MMP-activating transcription factors c-fos 
and c-jun showed an immediate transient up-
regulation followed by a rapid decline within 
hours and a slowly increasing expression pattern 
was seen for most other MMPs and their inhibi-
tors [19].

Two other studies on bovine cartilage charac-
terized proteins lost to the medium from cartilage 
explant cultures after either injurious mechanical 
compression or treatment with IL-1β or TNFα, 
using mass spectrometry [20, 21]. While cyto-
kines predominantly promoted the release of pro-
teins that are involved in inflammation and a 
stress response including acute-phase and com-
plement proteins, injury caused the release of 
intracellular proteins, including Grp58, Grp78, 
4-actinin, pyruvate kinase, and vimentin and also 
caused increased release and evidence of 
proteolysis of type VI collagen subunits, cartilage 
oligomeric matrix protein, and fibronectin. These 
data suggested loss of cartilage integrity such as 
matrix damage primarily of the pericellular 
matrix (PCM), supporting the idea of a high turn-
over in the PCM or increased damage to the PCM 
with injury. The data also suggested cell mem-
brane disruption, which could be responsible for 
reported decreases in tissue compression and 
shear stiffness or cell apoptosis, changes in gene 
expression, or for the decrease in the ability of 
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the remaining viable cells to up-regulate biosyn-
thesis in response to anabolic loading as described 
in the above section. Although MMP-2 appeared 
to decrease overall in that study, mechanical 
injury but not cytokines increased the release of 
MMP-14 (MT1-MMP) and TIMP-2, which are 
known to interact together to activate pro-
MMP-2, and many of the proteins identified as 
being increased in the medium in that study are in 
fact substrates of MMP-2 including osteopontin, 
galectin 1, HSP-90, and CTGF, all of which are 
shown to be elevated with injury or cytokine 
treatment. Therefore, the authors suggest a pos-
sible role for MMP-2 in overall regulation of cell 
surface-associated molecules in cartilage. Of the 
aggrecanases, only a single ADAMTS-4 peptide 
was identified likely because of the enzymes 
ADAMTS-4 and -5 being present at a very low 
concentration. An observed decrease in the 
release of C-terminal telopeptides of several col-
lagen types following both cytokine- and injury-
treatment was interpreted as decreased collagen 
synthesis. Another study used a targeted pro-
teomics approach to follow the progression of 
matrix degradation in response to mechanical 
damage and cytokine treatment of human knee 
cartilage explants in order to study the kinetics of 
cartilage degradation (IL-6 and TNFα). They 
identified candidate proteases, including MMP-
1, MMP-3, MMP-10 and MMP-13, and the 
absence of collagen pro-peptides and elevated 
levels of specific cartilage oligomeric matrix pro-
tein (COMP) and COL3A1 neo-epitopes as 
potential biomarkers for the earliest events in 
PTOA [22]. Together these studies show the dif-
ferential effects of cytokines vs mechanical dam-
age on pro-inflammatory and stress-related vs. 
damage-associated protein release.

8.2.5	� Elucidating the Zonal, Age 
and Species-Dependency 
of Injurious Compression

Next to the impact of strain, strain rate and peak 
stress as described above, Grodzinsky and our 
two groups investigated the zonal dependence of 
biomechanical, biochemical, and matrix-

associated changes caused by compressive injury 
[23]. Our teams biomechanically characterized, 
injured (strain: 50%, strain rate 1/s) and re-
characterized cartilage explants from the superfi-
cial and deeper zones of bovine calves. Having 
added histology, diffraction-enhanced x-ray 
imaging, and texture analysis to biochemical and 
biomechanical methods, the study elucidated that 
injured superficial zone explants showed surface 
disruption, compaction, and importantly, imme-
diate biomechanical impairment after injury, 
whereas injured deeper zone explants showed 
collagen crimping but remained undamaged and 
biomechanically intact. Moreover, superficial 
zone explants that appeared intact on histology 
exhibited textural alterations, whereas deeper 
zone explants showed collagen crimping but 
were otherwise histologically and biomechani-
cally intact. Overall this showed that the softer 
superficial zone was more vulnerable to com-
pressive injury than the deeper zones, which, in 
conjunction with delayed superficial proteogly-
can loss, may predispose the injured articular sur-
face to further softening and tissue damage, thus 
increasing the risk of development of PTOA.

In another study our groups injured bovine 
cartilage explants with or without the superficial 
zone being present. Neither the peak stresses dur-
ing compression nor the rate of apoptotic cell 
death specifically in deeper zones were signifi-
cantly different in the two groups. It was specu-
lated that the superficial zone might be too thin 
and soft, and that its relative contribution to the 
effects measured on the total tissue in a full area-
loaded and unconfined 50% compression model 
are negligible. However, explants with an intact 
superficial zone showed a different macroscopic 
appearance, with the lower ends showing larger 
swelling laterally than the upper end of the 
explants, probably due to the fact that superfi-
cially the fibrils are oriented parallel to the platen 
which may stabilize the integrity of that particu-
lar side of the explant. However, the overall 
release of GAG was up to five-fold lower in 
explants containing the superficial zone [24]. On 
a side note, the superficial zone harbors the 
majority of chondrocytes, which suggests a sig-
nificant role of the superficial zone in mediating 
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post-injurious effects related to the tissue’s cells. 
Another study by Grodzinsky and colleagues 
investigated injured superficial zone tissue alone 
in comparison to tissue from deeper cartilage lay-
ers and found increased lubricin biosynthesis to 
be an early transient response of the superficial 
layer of cartilage, whereas the deeper layers 
exhibited reduced expression after injury. 
Histologic and immunohistochemical analyses 
revealed that superficial zone explants exhibited 
marked cellular depletion and displayed an amor-
phous/swollen surface architecture with dimin-
ished GAG and collagen content after injury, 
whereas deeper zone explants, injured without 
the superficial layer, displayed some loss in GAG 
and collagen content, but the effect was not as 
prominent as for the superficial tissue alone [25]. 
Together these studies demonstrate a significant 
role of the superficial zone in mediating the 
effects of injury.

Together with our groups Grodzinsky also 
investigated age and maturation of the articular 
cartilage as a factor of the injurious response by 
using tissue from newborn calves compared to 
cartilage from more mature animals [26, 27]. 
Injurious compression induced significantly 
more apoptosis in newborn calves (22% of cells) 
than in cartilage from adult cows (2–6%), and 
there was less GAG loss and no significant reduc-
tion in 3H-proline and 35S-sulfate incorporation in 
cartilage from 2-year-old animals in contrast to 
the data from Kurz et  al. [15], where a single 
compression induced significant GAG loss and 
reduction in biosynthetic activity in tissue from 
2-week-old animals suggesting that immature 
cartilage tissue might be more vulnerable to 
matrix destruction after cartilage injury, which 
could be of clinical importance, since joint inju-
ries in the younger, more active population are 
increasing. Since load stresses during compres-
sion increase with maturation of the tissue (a 
single axial compression of strain of 50% with a 
strain rate of 1 s induces mean peak stresses of 
17–23  MPa in newborn tissue vs. 25  MPa in 
younger (6–16-month-old) tissue vs. approxi-
mately 29 MPa in 22–23-month-old tissue [26]), 
peak stresses do not seem to be responsible for 
the maturation-dependent differences in tissue 

response to injury, since most parameters of tis-
sue damage increase with increasing peak stress 
in general.

Grodzinsky and colleagues also demonstrated 
a species dependency of the effects of injury by 
transferring the bovine in vitro model, whose 
parameters were at that time well established, to 
tissues of human [28] or horses [29]. The team 
screened specimens cultured for 28  days with 
subsequent histological analysis [29]. At a strain 
rate of 1/s the threshold strain necessary for 
inducing morphological and biochemical ECM 
changes was 60% and, thus, higher than in bovine 
cartilage. Patwari et  al. [28] needed a uniaxial 
unconfined injurious compression of 65% strain 
at 4/s in human knee and ankle cartilage in order 
to induce comparable tissue damage. Both stud-
ies demonstrate that the established injury model 
is applicable to different species but that the 
strain, strain rate and peak stress leading to 
“injured” cartilage is species-dependent.

8.2.6	� Combining Mechanical Injury 
with Cytokine Exposure or 
Co-culture Systems 
for Generating a More 
Realistic Trauma Model

A further study of Grodzinsky and colleagues 
investigated the effects of injury alone vs. in 
combination with IL-1α or TNFα on the amount 
of proteoglycan loss using newborn bovine as 
well as matched knee and ankle tissues from 
adult healthy human donors. The team demon-
strated that in bovine cartilage MMP-3 but not 
MMP-13 mRNA levels increased. The proteogly-
can loss, which was at that time well-known to 
occur after injury, was significantly increased, 
although its extent of only 2% of the total content 
and loss only over the first 3  days following 
injury was surely surprising. Importantly, the 
combination of injury with either IL-1α (1 ng/ml) 
or TNFα (100  ng/ml) caused, during the same 
time frame, substantial increases of 35% and 
54% in proteoglycan loss. In human knee carti-
lage, comparable interactions between cytokine 
and injury effects were observed after injury but 
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with lower magnitude than in bovine cartilage. 
Consistent with current knowledge, there was no 
significant interaction between injury and IL-1α 
in human ankle cartilage [28]. Overall, incorpo-
rating cytokines into the in vitro mechanical 
injury model was successful and helpful for 
studying the interactions between mechanical 
forces and pro-inflammatory cytokines that may 
be persistently present after joint trauma, adding 
insight into subsequent degradative pathways of 
PTOA progression.

A further study demonstrated that interactions 
between injured cartilage and other joint tissues 
are important in matrix catabolism and gain more 
complexity into the system [30]. The authors 
found that mechanically injured cartilage co-
cultured with the joint capsule tissue alters chon-
drocyte expression patterns and increases 
ADAMTS-5 production and subsequent GAG 
loss. In a related study Swärd et  al. [31] found 
additional aggrecan fragment types released at an 
earlier time after injury when synovial joint tis-
sue was present, indicative of different proteo-
lytic pathways for aggrecan degradation under 
co-culture conditions, with increased aggrecan-
ase and MMP activity toward aggrecan. On the 
other hand, Lee et al. [29] demonstrated that syn-
oviocytes protect cartilage from the effects of 
injury in vitro under certain circumstances. Thus, 
synoviocytes extracted from normal equine 
synovium exerted both positive and negative 
effects on injured equine cartilage, but ultimately 
protected injured cartilage from progressing 
toward an OA phenotype. Co-culture of synovio-
cytes and injured cartilage significantly reduced 
the expression of ADAMTS-4 and -5, but also 
increased the expression of MMP-1 and reduced 
the expression of TIMP-1  in synoviocytes. In 
contrast, injured cartilage cultured with synovio-
cytes increased the expression of both collagen 
type 2 and ADAMTS-5. Moreover, an additional 
protective effect of synoviocytes on injured carti-
lage was the reduction of both focal cell loss and 
chondrocyte cluster formation, two major hall-
marks of OA. This is supported by an early study 
by Kurz et al. [32] showing that articular chon-
drocytes are protected against the negative effects 
of reactive oxygen species-induced cytotoxicity 

and lipid peroxidation under co-culture condi-
tions with synoviocytes indicating that more 
research is needed to understand the interaction 
between different joint cell types.

8.2.7	� Predicting Articular Cartilage 
Properties and Injurious 
Damage on the Structural, 
Biochemical 
and Biomechanical Level

Throughout the years Grodzinsky and colleagues 
have developed several models for predicting the 
properties and injurious damage of articular car-
tilage on the structural, biochemical as well as 
biomechanical level. This began as early as 1987, 
as briefly discussed above, when Grodzinsky and 
colleagues developed an electromechanical 
model for predicting the kinetics of changes in 
swelling and isometric compressive stress that 
can be induced by changes in salt concentration 
in charged, hydrated tissues [4]. In 2015, 
Grodzinsky and colleagues developed a fibril-
reinforced finite element model to estimate the 
poroelastic properties of mouse cartilage over a 
wide range of loading rates [7]. In 2013, 
Grodzinsky and our two groups demonstrated 
that biomechanical stress, which occurs during 
compressive injury, predetermines the biome-
chanical, biochemical, and structural conse-
quences of articular cartilage as well as the 
structural and functional damage that occurs 
when the tissue fractures [33]. Interestingly, 
damage prediction in a blinded experiment using 
stress-vs-time grades was 100% correct and also 
sensitive enough to differentiate the complexity 
of cartilage matrix disruptions. Moreover, the 
injuriously dissipated energy and the maximum 
stress rise during injury correlated with the extent 
of biomechanical and biochemical damage in 
zonal analyses. Thus, we introduced a novel 
method based on the interpretation of compres-
sive yielding for accurately predicting the extent 
of structural damage during injury [33].

In 2018, Orozco et  al. [34] investigated the 
fixed charge density of proteoglycans in injured 
immature cartilage and subsequently dynami-
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cally compressed cartilage for up to 12 days to 
induce biosynthesis. Based on these data they 
introduced a novel model that implemented devi-
atoric and maximum shear strain and also fluid 
velocity-controlled algorithms with the goal of 
simulating the loss of the fixed charge density of 
proteoglycans over time. Interestingly, the homo-
geneity and localization of the predicted loss of 
the fixed charge density depended on the degen-
eration algorithm being driven by fluid velocity 
vs. shear strain. Using a novel finite element 
model that incorporates (1) diffusion of the pro-
inflammatory cytokine IL-1 into tissue, and (2) 
the effect of excessive levels of shear strain near 
chondral defects during physiologically relevant 
loading, Grodzinsky and colleagues developed 
this further to a computational model which sim-
ulates spatial and temporal changes of fixed 
charge densities in injured cartilage in order to 
predict the simultaneous effect of tissue inflam-
mation and abnormal biomechanical loading on 
loss of cartilage proteoglycans [35]. Their data 
suggests that the presence of lesions plays a role 
in cytokine diffusion-driven degradation and also 
predisposes cartilage for further biomechanical 
degradation. These models are promising in 
silico tools for predicting disease progression, 
recognizing lesions at high risk, simulating treat-
ments, and ultimately optimizing treatments to 
postpone the development of PTOA.

8.3	� Therapeutic Modulation 
of the Injurious Response

Throughout the years, Grodzinsky and colleagues 
extended the mechanical articular cartilage injury 
model to test a spectrum of disease-modifying 
agents, which will be discussed in detail below, 
and have proven that an array of therapeutics can 
protect against injury-related responses (dexa-
methasone, IL-10, IGF-1, MnTMPyP anti-
oxidant MnTMPyP, E2 estrogen, and 10–20% 
dynamic compressive loading) and sometimes 
even promote a pro-regenerative response to 
injury or inflammatory insult of healthy cartilage 
(dexamethasone, IL-10), OA-injured cartilage 
(IL-10) and chondrocyte-containing collagen 

ACI grafts (IL-10, BMP-2). Moreover, 
Grodzinsky and associates developed charged-
nanoscale sized carrier systems to efficiently 
transport therapeutics (dexamethasone or IGF-1) 
into the cartilage, offering cartilage-targeting 
therapies. Some of the therapeutics advanced to 
clinical testing such as dexamethasone in preven-
tion of PTOA (ClinicalTrials.gov Identifier: 
NCT02318433). These promising targets remain 
at the horizon of advancing cartilage injury-
related therapeutic strategies and could pave the 
way forward for the development of clinical ther-
apies that will enhance the repair of cartilage 
after injury (Fig. 8.2).

8.3.1	� Dexamethasone 
and 17b-Estradiol – Steroid 
Hormone Treatment 
of Mechanically-Injured 
Articular Cartilage 
and in an In Vivo PTOA Model 
Lead to Clinical Assessment

A large body of work by Grodzinksy and col-
leagues has focused on use of dexamethasone, a 
corticosteroid used to treat a wide-spectrum of 
conditions, in preventing degenerative responses 
in cartilage and the onset of PTOA after injury 
[36–45]. In both healthy human and bovine carti-
lage explant mechanical injury models of injury 
alone or in combination with subsequent 
inflammatory (TNF-α alone or in combination 
with IL-6 and sIL-6R) insult, continuous dexa-
methasone treatment inhibited the production of 
pro-inflammatory cytokines, MMPs and nitric 
oxide (NO), prevented GAG loss, reduced the 
release of aggrecan and COMP fragments, and 
promoted proteoglycan synthesis [36, 38, 39, 44] 
demonstrating that dexamethasone protects 
against injury-related changes. Moreover, in non-
injured IL-α stimulated bovine cartilage, dexa-
methasone significantly increased the mRNA 
expression of ACAN and COL2A1 and decreased 
IL-6, caspase-3, ADAMTS-4, MMP-3 and -13, 
and COX2 4 days after treatment [37]. These 
studies show that dexamethasone provides pro-
tection against not only injury-related effects but 

B. Kurz et al.

http://clinicaltrials.gov


117

Fig. 8.2  Summary of 
the potential treatment 
strategies investigated 
by Grodzinsky and 
colleagues in cartilage 
injury models with 
cartilage-protective 
effects

also pro-inflammatory cytokines that may be per-
sistently present after joint trauma.

While these studies clearly show that dexa-
methasone is protective against injury-related 
trauma and that dexamethasone could be a poten-
tial treatment to regulate many early cartilage 
degradative changes associated with joint injury, 
as reviewed by Grodzinsky and Black [46], some 
studies suggest that dexamethasone may have 
catabolic effects on the cartilage tissue by pro-
moting apoptosis and reducing proliferation of 
healthy chondrocytes. However, these effects 
have been attributed to high doses or non-
localized long-term treatment. Adverse effects 
have also associated with long-term systemic 
dexamethasone use, including stunting the 
growth of developing cartilage and bone and 
causing bone density loss thereby decreasing 
load potential. Therefore, Grodzinsky and other 
groups started to engineer biomaterial-based 
strategies to improve and extend the residence 
time of dexamethasone by preventing its joint 

clearance and allowing penetration of the carti-
lage as a means of delivering a low dose and 
more localized treatment strategy [43]. One such 
strategy developed by Grodzinsky and colleagues 
involved covalently linking a low dose of dexa-
methasone to the small, highly cationic molecule 
avidin. Due to avidin’s net charge (+20), electro-
static interactions between the cationic avidin 
and anionic cartilage allow dexamethasone-
nanosized carriers [45] to penetrate the full depth 
of the cartilage within 24  hours of application. 
Moreover, within thicker cartilage explants such 
as rabbits, as opposed to thinner rat cartilage, 
which better resembles the human cartilage 
thickness, the dexamethasone-carriers were 
retained within the cartilage tissue for up to 
3  weeks offering a prolonged intra-articular 
localized treatment strategy [39–42]. Compared 
to a single bolus treatment, prolonged dexameth-
asone treatment was more effective in reducing 
synovial joint inflammation in rabbits by half 
and, whereas prolonged treatment did not prevent 
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MMP-3 and -13 mRNA expression and GAG 
loss, it was capable of significantly decreasing 
the mRNA expression of IL-1β, MMP-1, and 
ADAMTS-5 and it restored ACAN to normal 
expression levels 3 weeks after anterior cruciate 
ligament transection (ACLT) injury [39, 42].

Another study investigated the effects the E2 
estrogen hormone 17b-estradiol, which is the 
most widely clinically used estrogen in oral con-
traceptive pills and in hormone replacement ther-
apy in the treatment of symptoms related to 
menopause, in mechanically-injured mature 
bovine articular cartilage. Physiological concen-
trations of E2 prevented mechanical injury-
related cell death (nuclear blebbing and TUNEL 
staining; effect reversable by addition of fulves-
trant, an E2 antagonist) and reduced GAG release 
[24] suggesting that therapeutic compounds con-
taining the E2 estrogen may regulate and protect 
against joint-related trauma. Since dexametha-
sone and E2 both are steroid hormones, it might 
be speculated that higher concentrations of one 
or the other might trigger effects through cross-
binding to different subtypes of steroid 
hormones.

Collectively, these studies and the work of 
others as summarized [46], show that dexametha-
sone inhibits the early processes involved in 
PTOA development. In view of all of this data, a 
pilot clinical study at the Mayo Clinic 
(ClinicalTrials.gov Identifier: NCT02318433) 
was initiated to test whether a single, intra-
articular injection (4  mg) of dexamethasone 
given soon after intra-articular fracture of the dis-
tal radius reduces the incidence or severity of 
PTOA.

8.3.2	� Interleukin 10 (IL-10) 
Treatment of Mechanically-
Injured Articular Cartilage 
and Cell-Laden ACI Grafts

Together with our two groups, Grodzinsky inves-
tigated the therapeutic effects of the anti-
inflammatory IL-10 cytokine on injured cartilage 
using a pre-injury [47] and post-injury [48, 49] 
treatment approach. In the pre-injurious treat-

ment study, a single (10 ng/ml) dose of IL-10 sig-
nificantly decreased injury-related cell death, 
release of GAG and NO and the mRNA expres-
sion of NOS2, MMP-3 and -13 and ADAMT-S4 4 
days after injury of mature bovine articular carti-
lage [47]. In the post-injurious treatment study, 
continuous low doses of IL-10 were applied to 
mature bovine cartilage directly after injury and 
post-injurious effects were assessed up to 3 weeks 
after injury. In both non-injured and injured carti-
lage, IL-10 was capable of inducing the mRNA 
expression of COL2A1, ACAN, and SOX9 3 days 
after treatment. In injured cartilage, IL-10 treat-
ment additionally significantly inhibited the 
expression of mechanical injury-induced 
COL1A1 and COL10A1. Moreover, continuous 
post-injurious IL-10 treatment inhibited injury-
related apoptosis, restored type 2 collagen in the 
ECM, and inhibited the loss of aggrecan, hyal-
uronic acid, and GAG 1 to 3 weeks after injury. 
These studies show that pre- and post-treatment 
of articular cartilage with low doses of IL-10 
(e.g., 100  pg/ml) is highly protective against 
injury-related damage [48].

The effects of continuous low-dose (100 pg/
ml) IL-10 treatment alone or in combination with 
the growth factor bone morphogenetic protein 2 
(BMP-2) of post-operative material containing 
human chondrocytes seeded in type I/III collagen 
was also measured to assess the potential of 
IL-10 to support graft maturation in this clini-
cally applied autologous chondrocyte 
implantation (ACI) transplant material (Novocart 
3D®). Three weeks after injury, IL-10 signifi-
cantly increased the GAG content within the 
grafts vs. non-treated grafts. The combination of 
continuous IL-10 + BMP-2 also significantly up-
regulated COL2A1, ACAN, and SOX9 and 
reduced injury-related COL1A1 mRNA expres-
sion and the COL1A1/COL2A1 ratio compared to 
IL-10 or BMP-2 treatment alone 3  days post-
injury [48] suggesting that the combination of 
IL-10 and BMP-2 may enhance the repair of 
autologous transplanted chondrocytes after carti-
lage injury.

The chondro-regenerative effects of post-
injurious application of IL-10 alone or in combi-
nation with lysed platelet concentrate (PC) was 
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additionally assessed in the treatment of 
mechanically-injured human OA articular carti-
lage and chondrocyte-containing ACI grafts from 
patients undergoing ACI treatment. In OA injured 
explants, IL-10 and PC similarly reduced apopto-
sis 4 days after injury. Whereas IL-10 treatment 
did not modulate the gene expression in OA 
injured cartilage explants, PC significantly 
increased COL2A1 and ACAN expression and 
decreased COL10A1 expression 3  days after 
injury. However, continuous IL-10 treatment had 
better ECM preserving effects in sGAG retention 
and reduction of type 1 collagen in the ECM after 
cartilage injury compared to PC treatment, which 
was less protective. Moreover, PC did not recover 
the loss of type 2 collagen in the superficial zone 
of the cartilage explants, and in fact, treatment 
increased type 1 collagen deposition, indicative 
of fibro-cartilage [49]. In the ACI samples, the 
combination of continuous PC and IL-10 was 
most effective in enhancing COL2A1 mRNA 
expression but had no effect on ACAN expres-
sion. The combination treatment also enhanced 
sGAG and collagen 2 neosynthesis in the 
ECM. However, similar to the injured OA carti-
lage, PC induced COL1A1 and COL10A1 mRNA 
expression, which was reduced by co-treatment 
with IL-10 [49]. Thus, IL-10 was more potent in 
preserving ECM integrity and mitigating the 
potentially negative effects of PC suggesting that 
IL-10 is better in controlling injury-induced 
degenerative pathways.

Together these studies show that IL-10 treat-
ment can control the post-traumatic environment 
when applied pre- or post-injury and that IL-10 
can additionally support neo-cartilage formation, 
graft integration and maturation thereby enhanc-
ing cartilage repair following ACI treatment.

8.3.3	� IGF-1 in Treatment 
of Mechanically-Injured 
Articular Cartilage 
and in an In Vivo PTOA Model

Several studies by Grodzinsky and colleagues 
have shown that the growth factor insulin-like 
growth factor 1 (IGF-1) is another potential ther-

apeutic that protects against cartilage injury-
related effects [37, 43, 50, 51]. As interleukins, 
such as IL-1α are typically present in the joint 
following joint trauma, one study investigated 
whether IGF-1 alone or in combination with 
dexamethasone could modulate moderately 
aggressive (high dose) cytokine IL-1α effects in 
young healthy bovine cartilage explants and an 
adult human healthy articular cartilage sample. In 
young bovine non-injured cartilage, continuous 
dexamethasone treatment more favorably 
reversed IL-1α-mediated effects on the mRNA 
level of ACAN, COL2A1, IL-6, caspase-3, 
ADAMTS4, MMP-3 and -13, and COX2 4 days 
after treatment. However, the combination of 
IGF-1 and dexamethasone significantly inhibited 
the loss of sGAG and type II collagen, rescued 
the suppression of matrix (proteoglycan) biosyn-
thesis, and inhibited the loss of chondrocyte via-
bility caused by IL-1α treatment 1–2 weeks after 
continuous treatment. In adult healthy human 
cartilage, only IGF-1 rescued matrix biosynthe-
sis, while dexamethasone alone inhibited sGAG 
loss and improved cell viability within the carti-
lage explants [37].

To improve the pharmacokinetics of IGF-1, 
nanoscale-sized cartilage-penetrating nanocarri-
ers were developed by Grodzinsky and the 
Hammond group that enable the encapsulation 
and delivery of IGF-1 throughout the full depth 
of cartilage tissue [43, 50, 51]. These nanocarri-
ers allow ionic complexation of cationic IGF-1 
with anionic poly (L-glutamic acid), which has 
clinically been used in other FDA-approved 
polymer-drug conjugate systems. The surface is 
further modified with an excess of positive charge 
using cationic poly (L-arginine) that allows trans-
port of the therapeutic growth factor across cell 
membranes and transport through the negatively 
charged cartilage ECM and full depth of cartilage 
[50]. Their groups further developed the nanocar-
riers by covalently conjugating some of the cat-
ionic side groups with polyethylene glycol (PEG) 
oligomers, creating a small library of nanoscale 
molecules with varying surface charge. With 
increasing surface charge and a corresponding 
decreasing PEGylation, increased cartilage bind-
ing was observed. Compared to free IGF-1, 
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which was cleared within 7 days, a single dose of 
the IGF-1 via the nanoscale carrier enhanced the 
joint residence time to 4 weeks in an in vivo rat 
knee PTOA model of cartilage injury (anterior 
cruciate ligament (ACL) transection and medial 
meniscus resection (ACLT1MMx)) when admin-
istered within 48  hours of injury. Moreover, a 
single injection of PEG-containing-IGF-1 carri-
ers reduced synovial inflammation, the width of 
cartilage degeneration by 60% and volumetric 
osteophyte burden by 80% vs. untreated rats at 
4 weeks post-surgery and was far better than free 
IGF-1 [51].

The results indicate the potential of a charged 
cartilage-targeting approach that enables delivery 
of IGF-1 to target cells within cartilage and over 
an extended period of time. Moreover, these stud-
ies show that IGF-1 is another potential early 
interventional therapy that could delay or prevent 
the onset of PTOA following joint injury.

8.3.4	� Anti-IL-6 Fab-Fragment 
in Treatment of Mechanically-
Injured Articular Cartilage

IL-6 is highly present after joint trauma, making 
it a relevant target for controlling injury-related 
responses. Since full-sized antibodies are too 
large to penetrate beyond the cartilage surface 
due to steric hindrance of the dense matrix, 
Grodzinsky’s group investigated the transport of 
smaller (48 kDa) anti-IL-6 antigen Fab-fragments 
in healthy human and bovine cartilage [52, 53]. 
Uptake of the anti-IL-6 Fab significantly 
increased following mechanical injury, and an 
additional increase in uptake was observed in 
response to combined mechanical injury and 
inflammatory insult with TNFα. This may be due 
to a combined increase in injury-related tissue 
swelling which causes an increase in tissue 
hydration and water content and a decrease in 
GAG density following injury allowing the Fab-
fragment to move with less hindrance within the 
cartilage, resulting in an increased uptake ratio 
[52]. While pre-treatment with the anti-IL-6 Fab-
fragment had no effect on sGAG loss after injury 
alone or by TNFα treatment alone, the anti–IL-6 

Fab-fragment partially (by approximately 20%) 
reduced sGAG loss due to the combination of 
injury plus TNFα treatment in bovine and human 
explants [53]. This may be attributed to the 
incomplete non-uniform penetration and slow 
diffusion of the anti–IL-6 Fab into the cartilage 
tissue [52]. However, this data nonetheless sup-
ports that joint trauma and the inflammatory 
response following joint injury play a critical role 
in altering the transport properties of damaged 
cartilage, especially if the molecules or therapeu-
tics are smaller than 42 kDa.

8.3.5	� Antioxidant Treatment 
of Mechanically-Injured 
Articular Cartilage

Inhibition of reactive oxygen species has also 
been explored. Apoptotic cell death due to 
mechanical injury was almost completely inhib-
ited when mature bovine cartilage was either pre-
treated or treated immediately after injury with a 
compound (manganese(III)tetrakis (1-methyl-4-
pyridyl) porphyrin pentachloride; MnTMPyP) 
that mimics native superoxide dismutase (SOD) 
and acts as a peroxynitrite and hydrogen peroxide 
scavenger [26]. Vitamin E (α-tocopherol) was 
also tested but had no effect on reducing the num-
ber of post-injury apoptotic cells. This data sug-
gests that therapies having an antioxidant 
component or diets enriched in antioxidants may 
help decrease mechanically-induced cell death in 
articular cartilage.

8.3.6	� MMP Inhibitors and a VEGFR-2 
Kinase Inhibitor in Treatment 
of Mechanically-Injured 
Articular Cartilage

Several MMP inhibitors have also been tested. 
Injury-related GAG release from bovine tissue 1 
to 7 days post-injury was reduced by the MMP 
inhibitor CGS 27023A whereas the biosynthesis 
inhibitor cycloheximide, MMP inhibitor GM 
6001 and aggrecanase activity inhibitor SB 
703704 had no effect [16]. A VEGF receptor 2 
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(VEGFR-2) kinase inhibitor was able to reduce 
the injury-dependent expression of the MMPs 
(MMP-1, -3, and -13), whereas TIMP-1 and -2, 
the inhibitors of MMPs, were reduced, which 
might make the HIF-1α/VEGF pathway a poten-
tial target for therapeutic approaches of PTOA 
[18].

8.3.7	� Moderate vs. High Dynamic 
Compressive Loading 
of Mechanically-Injured 
Articular Cartilage

Grodzinksy’s research also indirectly showed 
that dynamic loading of the joint following a 
joint trauma may be a beneficial physical therapy 
regime to promote healing of cartilage tissue 
since moderate (10% and 20% strain) but not 
high (30%) dynamic compression inhibited the 
pro-catabolic response of combined mechanical 
injury and subsequent persistent inflammation 
(TNF-α, IL-6, sIL-6R). Thus, 10% and 20% 
strain prevented GAG loss, diminished aggreca-
nase activity and decreased apoptosis in injured 
bovine cartilage explants. Moreover, in the pres-
ence of cytokines alone, 10% and 20% strain sig-
nificantly upregulated COL2A1 expression 
levels. Importantly, this study also showed that, 
compared to 10% and 20% strain, loading carti-
lage with 30% strain amplitudes significantly 
increased apoptosis and induced the upregulation 
of inflammatory (COX-2) and ADAMTS-5, the 
main aggrecanase involved in articular cartilage 
breakdown and the loss of ECM [54]. Together, 
this suggests that appropriate moderate loading 
of the joint in post-injury rehabilitation may 
improve cell and tissue function and generate 
stronger hyaline cartilage and that higher loads 
may be detrimental to cartilage.

8.4	� Final Remarks

Alan Grodzinsky’s research on the electromecha-
nobiology of articular cartilage began more than 
40 years ago with a groundbreaking publication 
on the compression-induced electrical potential 

differences between the surface and deepest 
regions of cartilage [55]. This important publica-
tion related the magnitude-, sign- and time-
dependence of the induced electrical potentials to 
the, at that time, known features of cartilage 
mechanics and fluid flow and, effectively, 
‘explained’ how mechanically induced electric 
fields in vivo may help regulate the transport of 
ions and interstitial fluid in charged, hydrated tis-
sues. In the opinion of the authors of this book 
chapter, two additional key points among the 
many relevant contributions during 40  years of 
research are not only outstanding but truly rele-
vant. Grodzinsky and colleagues have trans-
formed our understanding of how complex 
structure-function relationships govern the tis-
sue’s behavior, define the tissue’s response to 
injury, and can be utilized to overcome injury to 
the tissue by dynamic stimulatory loading. 
Moreover, his research has been instrumental in 
understanding the proinflammatory response to 
injury and in developing treatment strategies that 
are based on an in-depth understanding of the 
structure and function of articular cartilage.

Collectively, Alan Grodzinsky’s work is not 
just highly impressive in content, quality, and 
significance, it also went full circle from uncov-
ering groundbreaking electromechanobiological 
characteristics of articular cartilage to ‘translat-
ing’ them into a therapeutic strategy. As a prime 
example, the use of dexamethasone for prevent-
ing PTOA (ClinicalTrials.gov Identifier: 
NCT02318433) and linking dexamethasone to 
the small, highly cationic molecule avidin for 
full-thickness penetration and increased duration 
of stay. On a personal note, Alan’s work ethics, 
quality of science, and motivational nature were 
instrumental in achieving these accomplishments 
and the authors are grateful for having played a 
small part in Alan’s scientific success.

References

1.	Lee RC, Frank EH, Grodzinsky AJ, Roylance DK 
(1981) Oscillatory compressional behavior of articu-
lar cartilage and its associated electromechanical 
properties. J Biomech Eng 103(4):280–292

8  Mechanical Articular Cartilage Injury Models and Their Relevance in Advancing Therapeutic Strategies

http://clinicaltrials.gov


122

2.	Frank EH, Grodzinsky AJ (1987) Cartilage electro-
mechanics–I.  Electrokinetic transduction and the 
effects of electrolyte pH and ionic strength. J Biomech 
20(6):615–627

3.	Frank EH, Grodzinsky AJ (1987) Cartilage elec-
tromechanics—II.  A continuum model of cartilage 
electrokinetics and correlation with experiments. J 
Biomech 20(6):629–639

4.	Eisenberg SR, Grodzinsky AJ (1987) The kinetics 
of chemically induced nonequilibrium swelling of 
articular cartilage and corneal stroma. J Biomech Eng 
109(1):79–89

5.	Gray ML, Pizzanelli AM, Lee RC, Grodzinsky AJ, 
Swann DA (1989) Kinetics of the chondrocyte bio-
synthetic response to compressive load and release. 
Biochim Biophys Acta 991(3):415–425

6.	Gray ML, Pizzanelli AM, Grodzinsky AJ, Lee RC 
(1988) Mechanical and physiochemical determinants 
of the chondrocyte biosynthetic response. J Orthop 
Res 6(6):777–792

7.	Nia HT, Gauci SJ, Azadi M, Hung HH, Frank E, 
Fosang AJ, Ortiz C, Grodzinsky AJ (2015) High-
bandwidth AFM-based rheology is a sensitive 
indicator of early cartilage aggrecan degradation rel-
evant to mouse models of osteoarthritis. J Biomech 
48(1):162–165

8.	Sah RL, Kim YJ, Doong JY, Grodzinsky AJ, Plaas 
AH, Sandy JD (1989) Biosynthetic response of carti-
lage explants to dynamic compression. J Orthop Res 
7(5):619–636

9.	Sah RL, Doong JY, Grodzinsky AJ, Plaas AH, Sandy 
JD (1991) Effects of compression on the loss of newly 
synthesized proteoglycans and proteins from cartilage 
explants. Arch Biochem Biophys 286(1):20–29

10.	Quinn TM, Grodzinsky AJ, Hunziker EB, Sandy JD 
(1998) Effects of injurious compression on matrix 
turnover around individual cells in calf articular carti-
lage explants. J Orthop Res 16(4):490–499

11.	Quinn TM, Maung AA, Grodzinsky AJ, Hunziker EB, 
Sandy JD (1999) Physical and biological regulation of 
proteoglycan turnover around chondrocytes in carti-
lage explants. Implications for tissue degradation and 
repair. Ann N Y Acad Sci 878:420–441

12.	Frank EH, Jin M, Loening AM, Levenston ME, 
Grodzinsky AJ (2000) A versatile shear and compres-
sion apparatus for mechanical stimulation of tissue 
culture explants. J Biomech 33(11):1523–1527

13.	Loening AM, James IE, Levenston ME, Badger AM, 
Frank EH, Kurz B, Nuttall ME, Hung HH, Blake SM, 
Grodzinsky AJ, Lark MW (2000) Injurious mechani-
cal compression of bovine articular cartilage induces 
chondrocyte apoptosis. Arch Biochem Biophys 
381(2):205–212

14.	Patwari P, Gaschen V, James IE, Berger E, Blake 
SM, Lark MW, Grodzinsky AJ, Hunziker EB (2004) 
Ultrastructural quantification of cell death after inju-
rious compression of bovine calf articular cartilage. 
Osteoarthr Cartil 12(3):245–252

15.	Kurz B, Jin M, Patwari P, Cheng DM, Lark MW, 
Grodzinsky AJ (2001) Biosynthetic response and 

mechanical properties of articular cartilage after inju-
rious compression. J Orthop Res 19(6):1140–1146

16.	DiMicco MA, Patwari P, Siparsky PN, Kumar S, 
Pratta MA, Lark MW, Kim YJ, Grodzinsky AJ (2004) 
Mechanisms and kinetics of glycosaminoglycan 
release following in  vitro cartilage injury. Arthritis 
Rheum 50(3):840–848

17.	Patwari P, Cheng DM, Cole AA, Kuettner KE, 
Grodzinsky AJ (2007) Analysis of the relationship 
between peak stress and proteoglycan loss following 
injurious compression of human post-mortem knee 
and ankle cartilage. Biomech Model Mechanobiol 
6(1–2):83–89

18.	Pufe T, Lemke A, Kurz B, Petersen W, Tillmann B, 
Grodzinsky AJ, Mentlein R (2004) Mechanical over-
load induces VEGF in cartilage discs via hypoxia-
inducible factor. Am J Pathol 164(1):185–192

19.	Lee JH, Fitzgerald JB, Dimicco MA, Grodzinsky AJ 
(2005) Mechanical injury of cartilage explants causes 
specific time-dependent changes in chondrocyte gene 
expression. Arthritis Rheum 52(8):2386–2395

20.	Stevens AL, Wishnok JS, Chai DH, Grodzinsky AJ, 
Tannenbaum SR (2008) A sodium dodecyl sulfate-
polyacrylamide gel electrophoresis-liquid chromatog-
raphy tandem mass spectrometry analysis of bovine 
cartilage tissue response to mechanical compression 
injury and the inflammatory cytokines tumor necrosis 
factor alpha and interleukin-1beta. Arthritis Rheum 
58(2):489–500

21.	Stevens AL, Wishnok JS, White FM, Grodzinsky 
AJ, Tannenbaum SR (2009) Mechanical injury and 
cytokines cause loss of cartilage integrity and upreg-
ulate proteins associated with catabolism, immu-
nity, inflammation, and repair. Mol Cell Proteomics 
8(7):1475–1489

22.	Wang Y, Li Y, Khabut A, Chubinskaya S, Grodzinsky 
AJ, Onnerfjord P (2017) Quantitative proteomics 
analysis of cartilage response to mechanical injury 
and cytokine treatment. Matrix Biol 63:11–22

23.	Rolauffs B, Muehleman C, Li J, Kurz B, Kuettner KE, 
Frank E, Grodzinsky AJ (2010) Vulnerability of the 
superficial zone of immature articular cartilage to com-
pressive injury. Arthritis Rheum 62(10):3016–3027

24.	 Imgenberg J, Rolauffs B, Grodzinsky AJ, Schunke M, 
Kurz B (2013) Estrogen reduces mechanical injury-
related cell death and proteoglycan degradation in 
mature articular cartilage independent of the pres-
ence of the superficial zone tissue. Osteoarthr Cartil 
21(11):1738–1745

25.	Jones AR, Chen S, Chai DH, Stevens AL, Gleghorn 
JP, Bonassar LJ, Grodzinsky AJ, Flannery CR (2009) 
Modulation of lubricin biosynthesis and tissue sur-
face properties following cartilage mechanical injury. 
Arthritis Rheum 60(1):133–142

26.	Kurz B, Lemke A, Kehn M, Domm C, Patwari 
P, Frank EH, Grodzinsky AJ, Schunke M (2004) 
Influence of tissue maturation and antioxidants on the 
apoptotic response of articular cartilage after injuri-
ous compression. Arthritis Rheum 50(1):123–130

B. Kurz et al.



123

27.	Kurz B, Lemke AK, Fay J, Pufe T, Grodzinsky 
AJ, Schunke M (2005) Pathomechanisms of car-
tilage destruction by mechanical injury. Ann Anat 
187(5–6):473–485

28.	Patwari P, Cook MN, DiMicco MA, Blake SM, 
James IE, Kumar S, Cole AA, Lark MW, Grodzinsky 
AJ (2003) Proteoglycan degradation after injurious 
compression of bovine and human articular carti-
lage in  vitro: interaction with exogenous cytokines. 
Arthritis Rheum 48(5):1292–1301

29.	Lee CM, Kisiday JD, McIlwraith CW, Grodzinsky 
AJ, Frisbie DD (2013) Development of an in  vitro 
model of injury-induced osteoarthritis in cartilage 
explants from adult horses through application of 
single-impact compressive overload. Am J Vet Res 
74(1):40–47

30.	Lee JH, Fitzgerald JB, DiMicco MA, Cheng DM, 
Flannery CR, Sandy JD, Plaas AH, Grodzinsky AJ 
(2009) Co-culture of mechanically injured cartilage 
with joint capsule tissue alters chondrocyte expres-
sion patterns and increases ADAMTS5 production. 
Arch Biochem Biophys 489(1–2):118–126

31.	Swärd P, Wang Y, Hansson M, Lohmander LS, 
Grodzinsky AJ, Struglics A (2017) Coculture of 
bovine cartilage with synovium and fibrous joint cap-
sule increases aggrecanase and matrix metalloprotein-
ase activity. Arthritis Res Ther 19(1):157

32.	Kurz B, Steinhagen J, Schünke M (1999) Articular 
chondrocytes and synoviocytes in a co-culture sys-
tem: influence on reactive oxygen species-induced 
cytotoxicity and lipid peroxidation. Cell Tissue Res 
296(3):555–563

33.	Rolauffs B, Kurz B, Felka T, Rothdiener M, Uynuk-
Ool T, Aurich M, Frank E, Bahrs C, Badke A, Stockle 
U, Aicher WK, Grodzinsky AJ (2013) Stress-vs-
time signals allow the prediction of structurally 
catastrophic events during fracturing of immature 
cartilage and predetermine the biomechanical, bio-
chemical, and structural impairment. J Struct Biol 
183(3):501–511

34.	Orozco GA, Tanska P, Florea C, Grodzinsky AJ, 
Korhonen RK (2018) A novel mechanobiologi-
cal model can predict how physiologically relevant 
dynamic loading causes proteoglycan loss in mechan-
ically injured articular cartilage. Sci Rep 8(1):15599

35.	Eskelinen ASA, Tanska P, Florea C, Orozco GA, 
Julkunen P, Grodzinsky AJ, Korhonen RK (2020) 
Mechanobiological model for simulation of injured 
cartilage degradation via pro-inflammatory cyto-
kines and mechanical stimulus. PLoS Comput Biol 
16(6):e1007998

36.	Grodzinsky AJ, Wang Y, Kakar S, Vrahas MS, Evans 
CH (2017) Intra-articular dexamethasone to inhibit 
the development of post-traumatic osteoarthritis. J 
Orthop Res 35(3):406–411

37.	Li Y, Wang Y, Chubinskaya S, Schoeberl B, Florine E, 
Kopesky P, Grodzinsky AJ (2015) Effects of insulin-
like growth factor-1 and dexamethasone on cytokine-
challenged cartilage: relevance to post-traumatic 
osteoarthritis. Osteoarthr Cartil 23(2):266–274

38.	Lu YC, Evans CH, Grodzinsky AJ (2011) Effects of 
short-term glucocorticoid treatment on changes in 
cartilage matrix degradation and chondrocyte gene 
expression induced by mechanical injury and inflam-
matory cytokines. Arthritis Res Ther 13(5):R142

39.	Bajpayee AG, Quadir MA, Hammond PT, Grodzinsky 
AJ (2016) Charge based intra-cartilage delivery 
of single dose dexamethasone using Avidin nano-
carriers suppresses cytokine-induced catabolism long 
term. Osteoarthr Cartil 24(1):71–81

40.	Bajpayee AG, Scheu M, Grodzinsky AJ, Porter RM 
(2014) Electrostatic interactions enable rapid penetra-
tion, enhanced uptake and retention of intra-articular 
injected avidin in rat knee joints. J Orthop Res 
32(8):1044–1051

41.	Bajpayee AG, Scheu M, Grodzinsky AJ, Porter RM 
(2015) A rabbit model demonstrates the influence 
of cartilage thickness on intra-articular drug deliv-
ery and retention within cartilage. J Orthop Res 
33(5):660–667

42.	Bajpayee AG, De la Vega RE, Scheu M, Varady NH, 
Yannatos IA, Brown LA, Krishnan Y, Fitzsimons TJ, 
Bhattacharya P, Frank EH, Grodzinsky AJ, Porter 
RM (2017) Sustained intra-cartilage delivery of low 
dose dexamethasone using a cationic carrier for treat-
ment of post traumatic osteoarthritis. Eur Cell Mater 
34:341–364

43.	Geiger BC, Grodzinsky AJ, Hammond P (2018) 
Designing drug delivery systems for articular joints. 
Chem Eng Prog (5):46–51

44.	Black RM, Wang Y, Struglics A, Lorenzo P, Tillgren 
V, Ryden M, Grodzinsky AJ, Onnerfjord P (2020) 
Proteomic analysis reveals dexamethasone rescues 
matrix breakdown but not anabolic dysregulation 
in a cartilage injury model. Osteoarthr Cartil Open 
2(4):100099

45.	Bajpayee AG, Grodzinsky AJ (2017) Cartilage-
targeting drug delivery: can electrostatic interactions 
help? Nat Rev Rheumatol 13(3):183–193

46.	Black R, Grodzinsky AJ (2019) Dexamethasone: 
chondroprotective corticosteroid or catabolic killer? 
Eur Cell Mater 38:246–263

47.	Behrendt P, Preusse-Prange A, Kluter T, Haake M, 
Rolauffs B, Grodzinsky AJ, Lippross S, Kurz B (2016) 
IL-10 reduces apoptosis and extracellular matrix deg-
radation after injurious compression of mature articu-
lar cartilage. Osteoarthr Cartil 24(11):1981–1988

48.	Behrendt P, Feldheim M, Preusse-Prange A, Weitkamp 
JT, Haake M, Eglin D, Rolauffs B, Fay J, Seekamp A, 
Grodzinsky AJ, Kurz B (2018) Chondrogenic poten-
tial of IL-10  in mechanically injured cartilage and 
cellularized collagen ACI grafts. Osteoarthr Cartil 
26(2):264–275

49.	Weitkamp JT, Rolauffs B, Feldheim M, Bayer 
A, Lippross S, Weuster M, Smeets R, Naujokat 
H, Grodzinsky AJ, Kurz B, Behrendt P (2021) 
Regenerative potential of platelet concentrate lysate in 
mechanically injured cartilage and matrix-associated 
chondrocyte implantation in  vitro. Int J Mol Sci 
22(24):13179

8  Mechanical Articular Cartilage Injury Models and Their Relevance in Advancing Therapeutic Strategies



124

50.	Shah NJ, Geiger BC, Quadir MA, Hyder MN, 
Krishnan Y, Grodzinsky AJ, Hammond PT (2016) 
Synthetic nanoscale electrostatic particles as growth 
factor carriers for cartilage repair. Bioeng Transl Med 
1(3):347–356

51.	Geiger BC, Wang S, Padera RF Jr, Grodzinsky AJ, 
Hammond PT (2018) Cartilage-penetrating nano-
carriers improve delivery and efficacy of growth 
factor treatment of osteoarthritis. Sci Transl Med 
10(469):eaat8800

52.	Byun S, Sinskey YL, Lu YC, Ort T, Kavalkovich K, 
Sivakumar P, Hunziker EB, Frank EH, Grodzinsky AJ 
(2013) Transport of anti-IL-6 antigen binding frag-
ments into cartilage and the effects of injury. Arch 
Biochem Biophys 532(1):15–22

53.	Sui Y, Lee JH, DiMicco MA, Vanderploeg EJ, 
Blake SM, Hung HH, Plaas AH, James IE, Song 

XY, Lark MW, Grodzinsky AJ (2009) Mechanical 
injury potentiates proteoglycan catabolism induced 
by interleukin-6 with soluble interleukin-6 receptor 
and tumor necrosis factor alpha in immature bovine 
and adult human articular cartilage. Arthritis Rheum 
60(10):2985–2996

54.	Li Y, Frank EH, Wang Y, Chubinskaya S, Huang HH, 
Grodzinsky AJ (2013) Moderate dynamic compres-
sion inhibits pro-catabolic response of cartilage to 
mechanical injury, tumor necrosis factor-alpha and 
interleukin-6, but accentuates degradation above a 
strain threshold. Osteoarthr Cartil 21(12):1933–1941

55.	Grodzinsky AJ, Lipshitz H, Glimcher MJ (1978) 
Electromechanical properties of articular cartilage 
during compression and stress relaxation. Nature 
275(5679):448–450

Open Access  This chapter is licensed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, adaptation, distribution and reproduction in 
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to 
the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative Commons license, 
unless indicated otherwise in a credit line to the material. If material is not included in the chapter’s Creative Commons 
license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder.

B. Kurz et al.

http://creativecommons.org/licenses/by/4.0/

	8: Mechanical Articular Cartilage Injury Models and Their Relevance in Advancing Therapeutic Strategies
	8.1	 Introduction
	8.2	 From Electromechanobiological Structure-Function Relationships to Developing a Versatile Shear and Compression Model for Understanding the Injurious Response of Articular Cartilage
	8.2.1	 Unraveling Central Electrokinetic and Biomechanical Properties of Articular Cartilage – The Basis for Understanding Tissue Failure Under Injurious Compressive Loads
	8.2.2	 The Invention of a Successful In Vitro Cartilage Injury Model
	8.2.3	 The Effects of Mechanical Compressive Injury on Articular Cartilage Biomechanics, Metabolic Behavior and Cell Viability and Their Strain-, Strain Rate- and Peak Stress-Dependency
	8.2.4	 Understanding the Molecular Concept of Mechanical Injury by Studying Gene Expression, Signal Transduction and the Release of Potential Injury Biomarkers
	8.2.5	 Elucidating the Zonal, Age and Species-Dependency of Injurious Compression
	8.2.6	 Combining Mechanical Injury with Cytokine Exposure or Co-culture Systems for Generating a More Realistic Trauma Model
	8.2.7	 Predicting Articular Cartilage Properties and Injurious Damage on the Structural, Biochemical and Biomechanical Level

	8.3	 Therapeutic Modulation of the Injurious Response
	8.3.1	 Dexamethasone and 17b-Estradiol – Steroid Hormone Treatment of Mechanically-Injured Articular Cartilage and in an In Vivo PTOA Model Lead to Clinical Assessment
	8.3.2	 Interleukin 10 (IL-10) Treatment of Mechanically-Injured Articular Cartilage and Cell-Laden ACI Grafts
	8.3.3	 IGF-1 in Treatment of Mechanically-Injured Articular Cartilage and in an In Vivo PTOA Model
	8.3.4	 Anti-IL-6 Fab-Fragment in Treatment of Mechanically-Injured Articular Cartilage
	8.3.5	 Antioxidant Treatment of Mechanically-Injured Articular Cartilage
	8.3.6	 MMP Inhibitors and a VEGFR-2 Kinase Inhibitor in Treatment of Mechanically-Injured Articular Cartilage
	8.3.7	 Moderate vs. High Dynamic Compressive Loading of Mechanically-Injured Articular Cartilage

	8.4	 Final Remarks
	References




