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2Understanding the Influence 
of Local Physical Stimuli 
on Chondrocyte Behavior

Byumsu Kim and Lawrence J. Bonassar

Abstract

Investigating the mechanobiology of chondro-
cytes is challenging due to the complex micro-
mechanical environment of cartilage tissue. 
The innate zonal differences and poroelastic 
properties of the tissue combined with its het-
erogeneous composition create spatial- and 
temporal-dependent cell behavior, which fur-
ther complicates the investigation. Despite the 
numerous challenges, understanding the 
mechanobiology of chondrocytes is crucial 
for developing strategies for treating cartilage 
related diseases as chondrocytes are the only 
cell type within the tissue. The effort to under-
stand chondrocyte behavior under various 
mechanical stimuli has been ongoing over the 
last 50  years. Early studies examined global 
biosynthetic behavior under unidirectional 
mechanical stimulus. With the technological 
development in high-speed confocal imaging 

techniques, recent studies have focused on 
investigating real-time individual and collec-
tive cell responses to multiple / combined 
modes of mechanical stimuli. Such efforts 
have led to tremendous advances in under-
standing the influence of local physical stimuli 
on chondrocyte behavior. In addition, we 
highlight the wide variety of experimental 
techniques, spanning from static to impact 
loading, and analysis techniques, from bio-
chemical assays to machine learning, that 
have been utilized to study chondrocyte 
behavior. Finally, we review the progression 
of hypotheses about chondrocyte mechanobi-
ology and provide a perspective on the future 
outlook of chondrocyte mechanobiology.
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2.1	� Introduction

The central physiological role of cartilage is 
purely mechanical. Cartilage cushions mechani-
cal joint loading to facilitate smooth movement. 
The composition and structure of cartilage tissue 
have evolved to accommodate the complex in 
vivo multiaxial loading that the tissue experi-
ences. Such composition and structure generate a 
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unique micromechanical environment for chon-
drocytes during mechanical loading. Over the 
last 50 years, researchers have been investigating 
the relationship between the unique structure and 
the mechanical response of cartilage at multiple 
scales. Understanding how chondrocytes respond 
to such complex micromechanical environment 
under load is crucial for describing the bulk 
mechanical behavior of the tissue. As such, the 
field of chondrocyte mechanobiology, which 
seeks to understand how mechanically driven 
physical stimuli influence cell behavior, emerged 
as an important area of biomedical engineering 
about 30 years ago.

Mechanobiology is particularly important 
for chondrocytes and cartilage because chon-
drocytes are the only cell type to generate car-
tilage without blood vessels or nerves. In 
addition, the sole purpose of the tissue is to 
bear in vivo mechanical loads. Therefore, 
mechanical damage to cartilage is detrimental 
as the tissue continuously degenerates, ulti-
mately leading to debilitating joint movements. 
Thus, investigating the influence of local phys-
ical stimuli on chondrocytes is crucial for 
understanding cartilage-related diseases, such 
as osteoarthritis, and for developing poten-
tial treatments to prevent or stop cartilage 
degeneration.

Studying cartilage mechanobiology is excep-
tionally challenging due to the three-dimensional 
chondrocyte-matrix interaction and the innate 
electrochemical-mechanical properties of the tis-
sue. Even a simple compressive boundary condi-
tion can generate interstitial fluid flow, change in 
fixed charge density, and heterogenous matrix 
deformation, which are all coupled. Such coupled 
local physical stimuli are sensed by chondrocytes 
and influence the cells’ behavior.

This chapter aims to review the history of 
mechanobiology studies in chondrocytes and 
describe experimental techniques that have been 
utilized. In addition, we describe the progress of 
hypotheses and important local physical factors 
that can influence chondrocyte behavior and pro-
vide an outlook for the future of chondrocyte 
mechanobiology.

2.2	� Static Stimulus

Initial studies on the effects of mechanical forces 
on the chondrocyte mechanism were performed 
under static loading conditions. Because cartilage 
is poroelastic, static loading must be applied by 
imposing weight or displacement on the sample 
and waiting for hydrostatic pressure and fluid flow 
to be dissipated [1–6]. Under constant load condi-
tions, cartilage experiences poroelastic creep or 
stress relaxation [7, 8]. Such poroelastic behavior 
is caused by interstitial fluid flow. In addition, con-
fined and unconfined boundary conditions can be 
imposed on the samples [9]. A confined boundary 
condition is accomplished by placing a cartilage 
sample in an impermeable and enclosed chamber 
with permeable porous platen compressing the tis-
sue, while an unconfined boundary condition is 
achieved using an open chamber with an imper-
meable platen. These boundary conditions affect 
the direction of interstitial fluid flow caused by the 
imposed static compression. Under confined com-
pression, fluid escapes against the loading direc-
tion through the permeable porous platen. 
Meanwhile, unconfined compression (Fig. 2.1a, d) 
forces the fluid to escape radially.

The effects of these static compressive 
loading methods and variable boundary condi-
tions on chondrocyte biosynthetic activities 
have been thoroughly studied for more than 
30  years [1–6, 10]. At the tissue level, carti-
lage biosynthetic activity, defined by proline 
and sulfate tissue intake, is suppressed mono-
tonically with increasing stress and strain [1] 
(Fig.  2.1 and Table  2.1). Notably, this is the 
first study to observe biosynthetic change in 
cartilage under load. Given the complexity of 
the mechanical response of cartilage, this 
topic has remained an important area of inves-
tigation for the past three decades. The first 
mechanism of compression-induced biosyn-
thetic change explored was changes in pH that 
occur under static compression. Compressing 
cartilage concentrates negative charges within 
the matrix, which requires increase in intersti-
tial counterions, including H+ and K+. An 
increase in H+ concentration reduces intersti-
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Table 2.1  Ranges of imposed strain, strain amplitude, 
frequency, and strain rate of static, dynamic and injurious 
loading regimes used in mechanical stimulation studies

Imposed strain, 
εi ± strain 
amplitude εa

Frequency 
f (Hz)

Strain rate 
?  (s−1)

Static [1–6, 
10–12, 14, 
15, 22, 65, 
66]

0–0.67 0 0

Dynamic 
[6, 10, 12, 
13, 22–27, 
36, 66–73]

0–0.5 ± 0.005–
0.17

0.0001–
2.6

2 × 10−6 – 
1.77

Injurious 
loading 
[43–48, 52, 
54–59, 74, 
75]

0.5–0.8 3.5*10−5 – 
3.2

7 × 10−5 – 
4

Compressiona b c

d e f

Shear Tension

Displacement
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Fig. 2.1  Modes of mechanical stimulation to study carti-
lage mechanobiology. (a) Compression. (b) Shear. (c) 
Tension. Regimes of loading rates. (d) Static, εi represents 
imposed strain. (e) Dynamic, εi represents imposed strain, 

εa represents strain amplitude, and f represents frequency. 
(f) Injurious loading. εi represents imposed strain, and 

?  
represents strain rate

tial pH, and the reduction of interstitial pH 
reduces the biosynthesis level. Remarkably, 
lowering the media’s pH produces the compa-
rable interstitial pH of compressed tissue and 
reduces biosynthetic levels. Overall, this high-
lights the important role of counterions in 
chondrocyte biosynthesis.

The second mechanism of compression-
induced regulation of chondrocyte biosynthesis 
is alteration of molecular transport. Compression 
with an impermeable boundary condition causes 
solute transport to occur radially and leads to a 
decrease in the pore size of the matrix. Further 
research [2, 10] has shown that biosynthetic 
activity under static compression is location-
dependent. In general, increased static compres-
sion decreases location-specific biosynthetic 
activities uniformly across the construct. Tissue 
at the radial edge consistently expresses a higher 
synthetic level, but static compression decreases 
the overall biosynthesis. The biosynthetic activ-
ity forms a radial gradient as the level decreases 
gradually towards the center. More interestingly, 
the synthesis level at the radial edge of the free 
swelling sample is slightly higher than in the rest 
of the sample. These phenomena were thought to 
be caused by the limitation of molecular trans-
port due to the compression-induced decrease in 
tissue diffusivity. The compaction of the matrix 
around chondrocytes reduces the characteristic 
pore size, hindering the delivery of macromole-
cules to the cells [11]. Therefore, at the center of 
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the sample, nutrients are not as readily available 
as at the radial edge, leading to a radial gradient 
of the biosynthetic level.

However, chondrocytes embedded in agarose 
respond differently to those present in native tissue 
[12]. Agarose-chondrocyte constructs held at 5% 
static strain do not display a statistically significant 
difference in biosynthetic levels compared to those 
of free-swelling constructs. This indicates that 
other factors might play a more important role than 
molecular transport in depression of biosynthesis. 
Notably, agarose gel is significantly more diffusive 
than the native cartilage matrix. Therefore, 5% 
static strain may not hinder the diffusivity of aga-
rose-chondrocyte constructs as much as that of 
native cartilage matrix. Collectively, these data 
highlight the unique nature of cartilage with respect 
to the consequences of static compression. In the 
absence of transport restriction and mechanochem-
ical effects, the primary effect of static compres-
sion on chondrocytes is due to deformation. 
Interestingly, biosynthetic activities seem to depend 
on the deformation of cells in agarose systems.

At the length scale of a single cell, chondrocyte 
biosynthesis is primarily concentrated in the peri-
cellular matrix [13]. Biosynthetic levels are 
approximately uniformly distributed around the 
cell in the absence of any physical stimuli [6]. 
Chondrocytes undergo morphological changes 
under static compression [3]. Cell volume and sur-
face area decrease as higher levels of compression 
are imposed. The cell radius decreases in the direc-
tion of compression, while the radius in the direc-
tion perpendicular to compression remains 
unchanged. This deformation creates directional 
strain within the chondrocyte, resulting in the 
highest levels of biosynthesis in directions perpen-
dicular to that of the applied compression. The 
directional dependence of biosynthesis becomes 
even more pronounced in the radial edge of the 
tissue compared to the center. On the other hand, 
the deformation pattern and magnitude of each 
cell remain relatively uniform across the 
construct.

Studies performed at the tissue and cell level 
suggest that alterations to chemical composition, 
diffusivity, and cell volume due to applied physi-

cal stimuli are the leading factors that influence 
chondrocyte behavior. Under static compression, 
cartilage tissue volume decreases due to compac-
tion of collagen matrix. Such decrease in volume 
forces co-ions such as sulfate and proline to 
escape, increasing the concentration of counter-
ions such as K+ and H+. Changes in electrochemi-
cal composition cause a decrease in interstitial 
pH, leading to a reduction in chondrocyte biosyn-
thesis. In addition, molecular transport into the 
tissue is slowed due to a compression-induced 
decrease in pore size [14, 15]. As pore size 
decreases, transport of nutrients needed for bio-
synthesis becomes limited at the center of the tis-
sue. Such limitation generates a spatially 
dependent biosynthetic pattern in which the 
radial edge displays a consistently higher biosyn-
thetic level than the center. Furthermore, changes 
in cell volume in response to applied stimuli cre-
ate directionally dependent cell biosynthetic 
activity. These phenomena explain observed 
changes in biosynthesis levels in cartilage tissue 
under static compression.

2.2.1	� Mechanical Anchoring 
and Substrate Stiffness

Even in the absence of external stimuli, chondro-
cytes are sensitive to the mechanics of the sur-
rounding extracellular matrix (ECM). Chondrocyte 
adhesion indicated by phenotype increases dra-
matically over substrate stiffness ranging from 
25 kPa to 150 kPa [16]. These effects are depen-
dent on interactions with integrins, suggesting that 
the cells are actively probing the matrix mechan-
ics. Active mechanical sensing is further reiterated 
by studies in which cell behavior is altered by 
mechanical anchoring of the substrate. Static com-
pression studies indicate that alterations to molec-
ular transport, chemical composition, and cell 
volume are the major factors that influence chon-
drogenic biosynthesis. However, a recent study 
[17] has shown that mechanical properties of 
ECM, such as stress relaxation time and stiffness, 
have a significant impact on chondrocyte behavior. 
Chondrocytes embedded in hydrogel with faster 
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stress relaxation can produce up to 3 times more 
interconnected cartilage matrix volume and prolif-
erate up to 6 times more than those in hydrogel 
with slower stress relaxation time. The effects of 
ECM stiffness on chondrocyte biosynthesis are 
not yet clear due to conflicting results [17, 18]. In 
addition, tissue-engineered menisci constructs that 
were mechanically anchored during the culture are 
3 times stiffer, and collagen fibers were 50% more 
aligned than those that were not anchored [19].

Passive physical stimuli, such as substrate 
stiffness, do not alter the physicochemical prop-
erties of the tissue or chondrocyte, yet they still 
influence the behavior of chondrocytes. These 
results indicate that the chondrocyte-matrix inter-
action is another significant factor that impacts 
chondrocyte behavior, complementing static 
compression studies that demonstrate the impor-
tance of molecular transport, interstitial pH level, 
and cell deformation.

2.3	� Dynamic Stimuli

2.3.1	� Dynamic Compression

Studies of static stimuli on cartilage provide 
insights into chondrocyte behavior, but dynamic 
stimulus is a more physiologically realistic repre-
sentation of in vivo loading. Superimposing 
cyclic loading on top of static load introduces dif-
ferent factors such as fluid flow, hydrostatic pres-
sure, and streaming potential. Previous in vivo 
joint loading studies have suggested that dynamic 
loading may play a critical role in proteoglycan 
synthesis and content [20, 21]. Dynamic loading 
experiments (Fig. 2.1a, e) can mimic the in vivo 
loading environment of the articular cartilage and 
better simulate chondrocyte behavior in vitro. 
These loading conditions inherently impose both 
static and cyclic components where the tissue 
would experience the magnitude of strain and 
frequency. Utilizing the base knowledge and 
hypotheses formed from static compression stud-
ies, the influence of frequency on chondrocyte 
biosynthesis can be differentiated from the static 
component of the dynamic physical stimuli.

During a single compression-release cycle, 
the interstitial fluid escapes during the compres-
sion and enters the tissue during the release [22]. 
On this short time scale, consistent with the static 
physical stimulus, the proline and sulfate content 
in chondrocytes decreases down to 50% during 
the compression. However, during the release, 
the uptake increases up to 100%, indicating that 
the biosynthesis rate exceeds the pre-compression 
level following applied stimulus. These phenom-
ena led to an interest in studying the effect of pro-
longed cyclic compression on cartilage 
metabolism.

Consistent and prolonged dynamic loading 
has different effects than single or couple com-
pression release cycles. Sub-physiologic 
(0.0001 Hz) to physiologic (1 Hz) frequencies 
are often used for prolonged experiments 
(Table 2.1). Cyclic compression studies suggest 
that stimulus-induced amplification of biosyn-
thesis displays a strain and frequency threshold. 
Frequencies of 0.01–1 Hz combined with strain 
amplitude of 1–5% stimulated biosynthesis lev-
els up to 40%. Furthermore, a spatially depen-
dent biosynthesis level is also present in 
dynamically stimulated tissues. At a lower fre-
quency of 0.01 Hz with 4–7% strain, the bio-
synthesis rate is uniformly distributed across 
the tissue [23]. However, at a higher frequency 
of 0.1 Hz, the cartilage tissue at the radial edge 
has a 50% higher biosynthetic level than at the 
center, consistent with the observation of stati-
cally compressed samples [10]. At frequencies 
lower than 0.1  Hz, the interstitial pressure is 
uniformly distributed across the construct, cre-
ating a uniform fluid flow from the center to the 
outer ring of the explant. As the frequency 
increases, the interstitial fluid does not have 
adequate time to escape, and the center of the 
tissue becomes incompressible, causing the 
fluid flow to concentrate in the outer ring. 
Spatially dependent fluid flow creates a spa-
tially dependent biosynthesis level. 
Concentration of fluid flow is further confirmed 
by an increase in the streaming potential in 
response to an increase in frequency [24]. 
Dynamic compression induces counterion sep-
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aration, and co-ions from the separation are 
transported out of the tissue leading to increase 
in streaming potential. Collectively, these 
results indicate that biosynthesis stimulation is 
highly correlated with local interstitial fluid 
flow.

At the cell level, the biosynthesis level 
increases with dynamic loading compared to cells 
under free swelling condition. Frequency and spa-
tially dependent chondrocyte biosynthesis levels 
are consistent with the tissue level data [6]. 
Chondrocytes under 0.01 Hz compression display 
a relatively uniform increase in biosynthesis level 
across constructs [10]. On the other hand, chon-
drocytes under 0.1 Hz display a 50% increase in 
biosynthesis at the radial edge, while no change is 
observed at the center. This trend in the biosyn-
thetic level matches the theoretical interstitial 
fluid velocity and is consistent with the findings 
from static compression cell-level data.

Dynamic compression data collected at both 
the tissue and cell level indicate that interstitial 
fluid flow might be the most important factor in 
stimulating the biosynthesis of cartilage tissue. In 
general, dynamic compression induces intersti-
tial fluid flow, resulting in increased streaming 
potential and ultimately accelerates the chondro-
cyte biosynthesis. There is evidence that dynamic 
compression helps molecular incorporation into 
constructs [25, 26]. In addition, biosynthesis 
stimulation through dynamic compression is 
temporally dependent [27]. Tissues under alter-
nate day loading display up to a 30% increase in 
proteoglycan synthesis and a suppression of pro-
line synthesis down to 40% compared to a con-
tinuous loading regime. This indicates that 
proteoglycan and proline synthesis are differ-
ently stimulated under dynamic compression. 
Such finding is extremely valuable as proteogly-
can provides compressive mechanical strength to 
cartilage while collagen provides shear strength. 
Furthermore, biosynthesis levels vary signifi-
cantly depending on the type of matrix in which 
chondrocytes are embedded, pointing toward the 
importance of chondrocyte-matrix interaction. 
Collectively, dynamic compression studies reveal 
that fluid flow is an important stimulus of chon-
drocyte biosynthesis.

2.3.2	� Oscillatory Shear and Tension

Static and dynamic compression studies suggest 
that interstitial fluid flow and matrix deformation 
are the prominent factors that influence chondro-
cyte biosynthesis. These two factors are coupled 
under dynamic compression, as the volume 
change that occurs under compression generates 
interstitial fluid flow. In contrast, dynamic shear 
generates high matrix deformation with minimal 
interstitial fluid flow [28]. As such, imposing 
dynamic simple shear (Fig. 2.1b, e) can be used 
to differentiate the effects of matrix deformation 
and interstitial fluid flow on the biosynthetic 
activity of chondrocytes. Indeed, dynamic shear 
influences the biosynthetic activity of chondro-
cytes differently than compression. Notably, 
dynamic shear strain stimulates collagen synthe-
sis two-fold more than proteoglycan synthesis. 
Further, tissue biosynthetic activity does not 
show spatial dependence [28–30], unlike the 
static and dynamic compressive stimuli. 
Importantly, dynamic shear does not promote 
molecular transport within the tissue, as observed 
under dynamic compression [30]. Collectively, 
these findings suggest that (1) the shear-induced 
ECM deformation stimulates collagen synthesis 
and (2) fluid flow induced by compression stimu-
lates proteoglycan synthesis and enhances 
molecular transport.

Studies of the effects of dynamic tension on 
chondrocyte behavior have utilized a hydrogel 
culture system, partly due to the challenges in 
imposing tension on intact cartilage. Based on 
findings from applications of compression and 
shear stimuli on intact tissue, chondrocytes 
exposed to oscillatory tension (Fig. 2.1c, e) are 
expected to express an increase in collagen and 
proteoglycan synthesis, as this type of loading 
generates both matrix deformation and interstitial 
fluid flow [31]. Surprisingly, chondrocytes 
embedded in fibrin hydrogels experience a stimu-
lation in proteoglycan synthesis with no change 
in collagen synthesis under dynamic tension [32]. 
In addition, chondrocytes harvested from differ-
ent regions (superficial, middle, and deep) dis-
play different levels of biosynthetic activity in 
response to the same physical stimulus. 
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Furthermore, recent studies have suggested that 
the mechanical properties of cartilage zones are 
depth-dependent [26–29]. The zone-specific 
mechanical properties generate a unique micro-
mechanical environment for chondrocytes in 
each zone. In fact, these differences in mechani-
cal properties lead to differences in  local strain 
[33], which are directly related to chondrocyte 
behavior [34, 35]. Differences in chondrocyte 
behavior, both in various cartilage zones and in 
native tissue versus fibrin hydrogels, confirm that 
chondrocytes sense matrix density and mechan-
ics. Collectively, these findings underscore the 
importance of the micromechanical environment 
on the response of chondrocytes to external 
mechanical stimuli.

Dynamic stimulation studies highlight the 
complexity of the micromechanical environment 
and chondrocyte biological responses to external 
stimuli. In general, chondrocyte biosynthesis 
depends heavily on the local physical environ-
ment (Fig. 2.2a). Tissue regions that experience 
high levels of compression and associated inter-
stitial fluid flow tend to show stimulated proteo-
glycan synthesis, while regions with high matrix 
deformation tend to display stimulated collagen 
synthesis. In fact, chondrocytes within the same 
construct have shown differential matrix synthe-
sis depending on the local physical stimulus 
(Fig.  2.2b) [36]. In these studies, chondrocytes 
under local tensile strain synthesize more colla-
gen with organized fibers. Those under the local 
compressive strain synthesize more proteogly-
cans than collagen, and the formed collagen does 
not contain organized fibers. Overall, oscillatory 
tension and shear data further confirm the critical 
influence of local physical environment on chon-
drocyte behavior.

2.3.3	� Impact/Injurious Loading

It is well known that the avascular nature of car-
tilage hinders the tissue’s natural repair capabili-
ties. Such innate limitation in natural repair 
results in continuous cartilage degeneration fol-
lowing injuries, ultimately leading to osteoarthri-
tis [37, 38]. Previous studies of dynamic 

compression reveal that compressive strain rate 
increases both hydrostatic pressure and matrix 
synthesis [10, 23, 24, 39]. In addition, chondro-
cytes contained within different zones react dif-
ferently to the same physical stimuli [32, 40]. 
These findings, coupled with the ability of chon-
drocytes to probe the micromechanical environ-
ment, suggest that impact loading (Fig. 2.1a, f) 
can offer a unique perspective on the role of 
chondrocytes in cartilage degeneration following 
injurious loading.

At the tissue level, chondrocyte survivability 
depends heavily on the strain rate. Physical stim-
uli resulting in a strain rate higher than the matrix 
diffusion rate causes chondrocytes death at the 
superficial zone [41, 42], while at a strain rate 
lower than the matrix diffusion rate, cell death is 
distributed throughout the tissue [43]. 
Interestingly, a higher relative strain rate 
decreases tissue biosynthesis by 33% compared 
to that of a lower strain rate [44]. In addition, a 
higher strain rate causes surface fissures and dis-
rupts the collagen network. Such damage results 
in GAG loss in tissue within 24 h following the 
impact [45]. During the impact, the superficial 
zone acts as a protective layer, where tissue with-
out superficial zone loses three times more GAG 
than that with superficial zone [46]. The relation-
ship between peak stress and total GAG loss is 
still unclear [45, 47]. Despite GAG loss within 
the tissue, impact does not affect proteoglycan 
synthesis. However, collagen synthesis is most 
likely stimulated by collagen network disruption 
[44]. Other factors such as insulin-like growth 
factor and synoviocyte co-culture can reduce 
GAG loss and collagen network disruption 
(Fig. 2.2c) [48, 49], while cytokines can accentu-
ate tissue damage [50]. Overall, the results sug-
gest that the injurious impact disrupts and 
damages the collagen network, resulting in GAG 
loss (Fig. 2.2d).

At the length scale of a single cell, strain 
imposed by impact loading is highly correlated 
with cell death [42]. In addition, chondrocyte 
death develops within 2 h after the impact and is 
concentrated at the superficial zone of the tissue. 
When the surface region is removed, chondrocyte 
death is distributed towards the deeper zone. This 
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Fig. 2.2  Bulk mechanical behavior and biosynthetic 
analyses for cartilage. (a) Physical stimuli are applied to 
whole cartilage samples, which induce many changes 
including: cell deformation; increase in hydrostatic pres-
sure; and interstitial fluid/coion flow. Changes in ECM 
content are determined through bulk biochemical assays 

and radio labeling (b), and changes in chondrocyte gene 
expression can be analyzed via Western Blot or in situ 
hybridization (c). Media contents of ECM components 
can be quantified by using biochemical assays or radio 
labeling (d)

data is consistent with tissue level data [43] and 
further confirms the protective role of the superfi-
cial zone [46]. Numerous studies demonstrate 
that such high-speed impact induces cell death 
over time, mostly through apoptosis [44, 51–55]. 
At 1  s−1 strain rate, 5–20% of the total cells 
undergo apoptosis depending on the age of the 
subject [56], and up to 97% of the dead cells 
undergo apoptosis [57], demonstrating that pre-
venting apoptosis can potentially stop the devel-
opment of post-traumatic osteoarthritis. Various 
factors can influence the apoptotic process. 
Following injury, the immune system produces 
pro-inflammatory cytokines, like tumor necrosis 
factor alpha (TNF-α), and such cytokines can 
induce further GAG loss [55]. On the contrary, 
the response to impact injury can also induce 
expression of several factors such as vascular 
endothelial growth factor, hypoxia-inducible fac-
tor, and matrix metalloproteinase [38, 52, 54, 58]. 

Additionally, anti-inflammatory cytokines like 
interleukin-10 can reduce GAG loss and apopto-
sis [59]. Furthermore, estrogen and antioxidants 
significantly reduce impact-induced cell death 
[46, 56], suggesting potential effects from gender 
and age. Despite numerous injury studies [38, 
58], the mechanisms by which impact induces 
apoptosis are not clear.

Recent technological developments in high-
speed confocal microscopy and soft tissue impact 
testing devices (Fig. 2.3a) enable further investi-
gation of phenomena upstream of apoptosis. 
Additionally, these techniques facilitate the 
assessment of spatially dependent behavior of 
single cells on physiologic time scales (Fig. 2.3b, 
c). With such advances, a recent study [60] dem-
onstrates that impact-induced chondrocyte apop-
tosis is caused by mitochondrial dysfunction, and 
mitoprotective therapy can prevent chondrocytes 
from undergoing apoptosis [61]. Further 
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Fig. 2.3  Microscale behavior and cellular responses for 
cartilage. Physical stimuli are imposed (a) and cellular 
responses (b) and local micromechanical environment (c) 
can be measured in real-time via microscopy. Comparing 

physical stimuli and cellular response (d) enables high 
throughput assessment of chondrocyte mechanobiol-
ogy (adapted from [42])

investigation reveals that calcium signaling, 
inter- and intra-cellular communication that acti-
vates mitochondrial dysfunction in response to 
physical stimuli, occurs within milliseconds after 
the impact [62]. The impact-induced chondrocyte 
death mechanism remains under active investiga-
tion and developing a greater understanding of 
this phenomenon could inform therapeutic 
options to prevent post-traumatic osteoarthritis.

2.4	� Future Direction

2.4.1	� Combined Loading

Cartilage experiences a complicated in vivo 
mechanical environment wherein mixed modes 
of loading are applied to the tissue. Unidirectional 
mechanical testing, such as compression, ten-
sion, and shear, grants only a limited understand-
ing of the influence of local physical stimuli on 
chondrocyte behavior. In addition, cartilage tis-
sue has shown that the consequence of a mode of 
loading can affect the tissue behavior under 
another mode of loading. For example, impact 

loading increases the surface roughness of carti-
lage tissue two-fold, causing the friction coeffi-
cient to increase [63], and dynamic shear can 
increase the secretion of lubricating molecules 
[35]. Understanding chondrocyte behavior under 
combined loading is particularly important to 
halt the development and progression of 
osteoarthritis.

Several studies have investigated the effect of 
combined loading on the tissue level [41, 44, 50, 
64]. In general, dynamic compression followed 
by an injurious impact slightly promotes biosyn-
thesis [44, 50], but only up to a threshold ampli-
tude of 20%. In addition, injured cartilage 
displays elevated shear strain [64], and dynamic 
shear after an injury exacerbates the apoptotic 
behavior [41]. Chondrocyte behavior under com-
bined loading is most likely spatially and tempo-
rarily dependent, as indicated by previous studies 
[3, 23, 62]. Understanding the temporally and 
spatially dependent chondrocyte response to 
combined loading could identify the mechanism 
of osteoarthritis progression and enable develop-
ment of therapeutic options to stop the progres-
sion of osteoarthritis.
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2.4.2	� Big Data/Machine Learning

Recent technological development in high-speed 
confocal imaging techniques has enabled the 
capture of individual and collective cell responses 
to multiple modes of physical stimuli at a higher 
frame rate. This development has led to an explo-
sion in the number of collectable data sets. In the 
late 1980s, a single cartilage explant could pro-
vide only two data points, sulfate and proline 
uptake [1, 22, 24]. With the advent of high-speed 
confocal imaging, a single sample can provide 
more than 2000 individual cell data points [42]. 
This exponential increase in collectable data sets 
makes individual data analysis inefficient. 
Utilizing machine learning would enable effi-
cient data analysis and the categorization of cel-
lular behavior under various types of loading. In 
fact, a recent study has shown the efficacy of 
machine learning in analyzing cell signaling and 
mitochondrial depolarization [62]. The combina-
tion of machine learning algorithms and mecha-
nobiology is an uncharted territory. The innate 
complexity of chondrocyte behavior makes 
machine learning an attractive candidate for data 
analysis.

2.5	� Conclusion

Five decades of research have led to a much 
greater understanding of the influence of local 
physical stimuli on chondrocyte behavior. The 
innate zonal differences and poroelastic proper-
ties of cartilage tissue create spatial- and 
temporal-dependent cell behavior under various 
types of loads. This chapter covered the progres-
sion of hypotheses for chondrocyte behavior 
under load and the development of associated 
experimental techniques. Early studies investi-
gated cartilage biosynthesis at the tissue level 
under static stimulus. Long-term biosynthesis 
was suppressed the most at the center and the 
least at the edge of the tissue, revealing a spa-
tially dependent response. Dynamic stimulus 
tends to increase the biosynthetic level. The spa-
tially dependent response still exists, but only 
when the stimulus is at a high frequency 

(>0.1 Hz). Findings from studies with static and 
dynamic stimuli generally indicate that the 
micromechanical environment plays a critical 
role in chondrocyte behavior. Along with the 
development of imaging and mechanical loading 
techniques for soft tissues, further understanding 
of chondrocyte behavior has been achieved. 
Impact loading, combined with advanced confo-
cal imaging techniques, indicates that chondro-
cyte behavior is not only spatially dependent, but 
also possesses temporal characteristics. Under 
impact loading, most of the chondrocyte death is 
concentrated at the superficial zone, and the 
apoptosis process starts within 2  h after the 
applied stimulus. Further research in combined 
loading accompanied by machine learning is 
required to understand chondrocyte behavior 
during the onset and progression of osteoarthritis. 
Such understanding will give insight into preven-
tion and treatment possibilities for post-injury 
cartilage degeneration.
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