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ABSTRACT 

 

 

All cells are subjected to and respond to mechanical forces, but the underlying 

processes linking the mechanical stimuli to biological responses are poorly understood.  

In the joints of the body (e.g. the knee, hip, etc…) articular cartilage serves as a low 

friction, load bearing material and is subjected to near-constant mechanical loading.  

Through excessive loading of the joint, usually caused by obesity or injury, the protective 

articular cartilage begins to diminish, leading to the progression of osteoarthritis (OA).  

Osteoarthritis is the most common joint disorder in the world and is characterized by the 

deterioration of articular cartilage.  Determining the link between cartilage deterioration 

and mechanical loading is one motivation that drove this research.  Articular cartilage is 

composed of a dense extracellular matrix (ECM), a less-stiff pericelluar matrix (PCM), 

and highly specialized cells called chondrocytes.  As the sole cell type in cartilage, 

chondrocytes are responsible for the healthy turnover of the ECM by creating, 

maintaining, and repairing the matrix. Multiple lines of evidence suggest chondrocytes 

can transduce mechanical stimuli into biological signals.  The hypothesis for this research 

is that physiologically pertinent loading of chondrocytes results in a specific set of bio-

signals resulting in matrix synthesis.  To test this hypothesis, two unbiased, large-scale 

metabolomic and phosphoproteomic datasets were generated by modeling physiological 

compressive loading on 3D-embedded chondrocytes.  To assess loading-induced changes 

in metabolites (e.g. small molecules representing the functional state of the cell) and 

proteome-wide patterns of post-translational modifications (i.e. phosphorylation), 

chondrocytes were encapsulated in physiologically stiff agarose, compressively loaded in 

tissue culture, and analyzed via liquid chromatography – mass spectrometry (LC-MS).  

The results helped identify global and local biological patterns in the chondrocytes which 

are a direct result from mechanical loading.  In addition, a novel mouse model that 

expresses cartilage specific bioluminescence was used to assess loading induced changes 

in vivo.  The results from the mouse model allowed for in vivo validation and integration 

of the in vitro results from the metabolomic and phosphoproteomic results.  To my 

knowledge, such research has never been done, and considerably expands the scientific 

knowledge of chondrocyte mechanotransduction.   
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INTRODUCTION 

 

 

Background 

 

 

Osteoarthritis (OA) is the most common joint disorder, affecting over 200 million 

individuals worldwide, ~40 million of them in the United States [1-7].  By the age of 65, 

approximately 50% of individuals may develop OA.  OA is most commonly associated 

with excessive loading of the aging joint (e.g. caused by obesity or injury), leading to 

deterioration of articular cartilage and joint inflammation (Figure 1).  With aging and 

wear, OA incidence rates increase substantially.  In most cases, after the age of 18, 

humans lose the ability to repair or replace damaged articular cartilage [3].  As the 

cartilage begins to deteriorate, bone-to-bone contact is imminent, leading to joint 

stiffness, swelling, and pain.  At these articulating regions of the body (e.g. the knee), the 

articular cartilage, and thus articular chondrocytes, are subjected to almost-constant 

mechanical loading (e.g. walking, running, etc…).  Repetitive action has been shown to 

be crucial for joint health, yet excessive loading can lead to OA [8].  Individuals with a 

history of heavy mechanical work (heavy lifting, bending, etc.) are ~7-fold less likely to 

have OA at the age of 90 [9], suggesting that long-duration, but sub-injurious, mechanical 

loading may induce protective biological responses.  Therefore, the biological responses 

of chondrocytes to mechanical loading are extremely important to understanding and 

improving joint health.  Currently, the only treatments for OA, are only partially-

effective, and include joint replacement surgery and weight loss.  The caveats for these 
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treatment strategies are (1) they fail to restore healthy cartilage and (2) they are often 

infeasible or impossible for many patients due to the extreme costs of a joint replacement. 

 

 

 

Figure 1.  Schematic (top left and bottom left) and actual scoped (top right and bottom 

right) depictions of both a healthy knee joint (top) and a diseased or arthritic knee joint 

(bottom). 

 

 

The overall goal of this research is to develop a comprehensive understanding of 

the cellular response of the chondrocyte to applied, dynamic compression.  Well-

controlled data are needed to define the complex, intracellular responses.  The objective 

of these experiments is to determine changes in metabolite and protein phosphorylation 

profiles for late OA chondrocytes as a function of applied dynamic compression.  These 

studies will test the hypothesis that dynamic compression alters both the metabolite levels 
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and protein phosphorylation in chondrocytes to promote matrix synthesis.  My approach 

will start by encapsulating chondrocytes in physiologically-stiff agarose, and applying 

dynamic compression to simulate physiological loading conditions (i.e. walking).  

Immediately following dynamic loading, samples will be flash-frozen in liquid nitrogen 

and pulverized.  Metabolites will be extracted, and identified via liquid chromatography-

mass spectrometry (LC-MS) at the MSU Cobre Mass Spectrometry Core Facility.  

Similarly, proteins will be extracted, digested, and enriched for phosphopeptides prior to 

quantification via liquid chromatography-mass spectrometry/mass spectrometry (LC-

MS/MS).  This research generated a well-controlled dataset of the intracellular response 

to mechanical loading, and helped confirm our hypothesis that dynamic compression 

induces matrix synthesis in the context of OA.   

To my knowledge, such research has never been performed, and considerably 

advances the scientific knowledge of chondrocyte mechanobiology.  Most existing 

studies focus on individual signaling pathways which have the potential to exclude 

important data [2].   This research is advantageous since it is unbiased, by not excluding 

pathways a priori.  By collecting data on multiple stages (protein phosphorylation and 

metabolite levels) of the central dogma, this research provides a valuable contribution to 

basic science in addition to the potential to discover new, therapeutic strategies to combat 

OA.  This research lays a strong foundation for future work in this field, specifically 

understanding how mechanotransduction plays a role in OA.  The results from this study 

dramatically expands the knowledge and understanding of chondrocyte 
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mechanotransduction, and may be implemented in treatment strategies and preventative 

measures for OA.   

 

Arthritis  

 

The term arthritis is derived from the Greek words arthro, meaning joint, and itis, 

meaning inflammation.  Arthritis is defined as any type of joint disorder that involves 

inflammation of one or multiple joints in the body.  Joint locations include any area of the 

body were articulation is present, such as the knee, hip, spine, fingers, etc...  At these 

articulating locations, cartilage covers the joints to allow for fluid movement and to 

prevent bone on bone contact.  In the human body, there are six different types of joints 

that can be affected by arthritis (Figure 2):  A pivot joint (the neck between the C1 and 

C2 vertebrae), a ball-and-socket joint (hip, shoulder), hinge joint (knee, elbow), saddle 

joint (between the trapezium carpal bone and 1st metacarpal bone), condyloid joint 

(between radius and carpal bone of the wrist), and a planar joint (between the tarsal bones 

in the foot).          

There are over 100 different types of arthritis, including the most common, 

osteoarthritis, rheumatoid arthritis, osteoporosis or fibromyalgia, and gout.  Each of the 

specific forms of arthritis attacks the joints differently.  Rheumatoid arthritis is an 

autoimmune disease, or inflammatory disease, in which the individual’s immune system 

actually attacks the tissue in the joints.  Rheumatoid arthritis most commonly occurs in 

the fingers, wrists, and knees and the symptoms normally include deformed and painful 

joints.  Gout, another form of inflammatory arthritis, is characterized by the deposition of 

uric acid crystals in the joints, and is also characterized by a swollen and tender joint.   
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Figure 2.  Schematic illustrating the six unique joint types in the human body [10]. 

 

 

The most common form of arthritis is osteoarthritis (OA).  OA is not an inflammatory 

form of the disease, but rather a disease resulting from mechanical “wear and tear.”  

 

Osteoarthritis 

 

The word osteoarthritis comes from the Greek words osteo meaning bone, arthro, 

meaning joint, and itis, meaning inflammation.  OA can occur in all of the joints of the 

body, but most commonly affects the knee, hip, and hands.  The disease is characterized 

by the breakdown of the protective, load-bearing tissue that covers the joint surface, and 

is usually caused from “abnormal” joint loading (i.e. obesity or injury).  When the 

protective cartilage begins to deteriorate, the bones begin to rub on one another.  The loss 

of cartilage significantly hinders joint mobility and the bone on bone contact results in 
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intense pain, stiffness, and joint inflammation.  OA is primarily diagnosed through a 

medical examination and radiographic images.  Radiographic images can be taken of the 

joint, and the severity of the disease can be assessed to determine if surgical intervention 

is necessary.  The most common form of radiographic characterization to assess the 

severity of OA is the Kellgren-Lawrence (K/L) grading scheme [11].  The K/L scale 

scores patients on a scale from 0 – 4 depending on the progression of the disease [12] 

(Table 1).   

 

Table 1.  Kellgren-Lawrence (K/L) grading scheme for scoring OA [13]. 

 
 

 

Osteoarthritis Prevalence.  Osteoarthritis is the most common joint disease in the 

world, and mainly affects individuals over the age of 50.  In the United States alone, OA 

affects 13.9% of the adults over the age of 25, and 33.6% of those over 65 years of age 

accounting for approximately 40 million of the population [14].  This value has risen 

from 21 million Americans in 1990, meaning that better understanding this disease is 

extremely crucial to curtail the rising OA incidence rates.  It is quite hard to estimate the 

exact number of individuals with OA (prevalence), since the symptoms and severity of 

Grade OA Description

0 None - No radiographic features of OA

1
Doubtful - Possible joint space narrowing 

(JSN) and osteophyte formation

2
Minimal - Definite osteophyte formation 

with possible JSN

3
Moderate - Multiple osteophytes, definite 

JSN, sclerosis and possible bony deformity

4
Severe - Large osteophytes, marked JSN, 

severe sclerosis and definite bony deformity
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the disease can differ greatly, and a true quantitative measure of OA has yet to be 

determined.  There are essentially three ways to assess the prevalence of OA; self-

diagnosed OA, clinically defined OA, and radiographically defined OA.  Most of the 

statistical data on OA prevalence in the U.S. are based on radiographically and clinically 

defined OA.  These values are usually considered an underestimate.  A recent study done 

by Lawrence et al., summarized the prevalence data from three US population-based 

studies: The National Health and Nutrition Examination Survey III (NHANES III), the 

Framingham Osteoarthritis Study, and the Johnston County Osteoarthritis Project [14].  

The NHANES III study assessed the prevalence of knee OA in U.S. adults over the age 

of 60 years [15].  The Framingham OA Study surveyed ~2600 adults ≥ 26 years of age 

with knee and hand OA from suburban Boston, Massachusetts [16].  Finally, the Johnston 

County OA Project surveyed ~3000 African Americans and white adults ≥ 45 years of 

age with hip and knee OA in a rural county in North Carolina [17].  All individuals in 

these studies underwent radiographic OA testing.  The prevalence rates from these three 

studies can be seen in Table 2.  As aforementioned, prevalence of OA is an extremely 

difficult measure to quantify.  However, from these data on OA incidence rates, risk 

factors of OA can be determined, such as sex, age, race, etc…         

      

Osteoarthritis Risk Factors.   Osteoarthritis is a disease that can manifest from a 

number of different factors, both endogenous and exogenous.  The endogenous risk 

factors that can predispose an individual to OA include age, gender, race, genetics, and 

bone density.  Exogenous factors that can lead to OA include obesity, injury or trauma, 
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surgery, and even professional occupation [18].  The most important risk factors of OA 

include age, gender, genetics, obesity, trauma, and physical exercise (Figure 3). 

 

Table 2.  Prevalence data from radiographic OA from three US population-based studies 

in the hands, knees, and hips [14]. 

Diseased 

area, age 
Source [ref.] 

% with symptomatic OA 

Male Female Total 

Hands, ≥ 26 Framingham OA Study [16] 3.8 9.2 6.8 

Knees 

    ≥ 26 Framingham OA Study [16] 4.6 4.9 4.9 

≥ 45 Framingham OA Study [16] 5.9 7.2 6.7 

≥ 45 Johnston County OA Project [17] 13.5 18.7 16.7 

≥ 60 NHANES III [15] 10.0 13.6 12.1 

Hips, ≥ 45 Johnston County OA Project [17] 8.7 9.3 9.2 

 

 

 

 

Figure 3.  Principal risk factors for OA. 

 

 

Age.  Age is one of the strongest risk factors correlated with OA for all of the 

joints [14].  The reason being that age is a combination of both biological (aging) and 

mechanical (excessive loading) factors.  Through aging, a number of biological changes 

take effect:  the muscles in the body begin to weaken, along with the bones, cartilage, and 
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everything holding the joint together.  These weakening components create a destabilized 

joint, which usually results in “abnormal” loading of the joint.  This abnormal loading 

creates heightened and localized states of stress within the joint, which in turn wears out 

the cartilage more rapidly.   

 

Gender.  Gender is also a major risk factor of OA.  It is has been shown that 

women are more likely to have OA than men [11].  Also, women are not just more likely 

to have OA, but they tend to have a more severe form of OA when compared to men 

[19].  The higher prevalence of women with OA is thought to be associated with 

increased hormone levels.  Articular chondrocytes have a number of estrogen receptors, 

and the higher abundances of estrogen in women have been thought to effect the 

operation of these cells.  A recent study has linked estrogen replacement therapy with a 

decreased risk of developing OA in post-menopausal women [7, 20].     

 

Genetics.  Several studies have showed that genetic factors play an important role 

in the development of OA, including a number of twin and family studies that have 

revealed a genetic component of OA [21-23].  Growth and differentiation factor 5 

(GDF5) is a ligand of the transforming growth factor (TGF-β) family, and encodes for a 

bone morphogenetic protein (BMP).  These BMP’s play a critical role in the development 

of synovial joints, and have been associated with both hip and knee OA [24].  A recent 

study has also shown a number of genes that play a role in the development of knee OA, 

including HPB1, COG5, BCAP29, DUS4L, GPR22, and PRKAR2B [25].  These 6 genes 

play an important role in the development of cartilage as well as regulating chondrocyte 
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metabolism.  If the joint is improperly formed in the development stages, loads cannot be 

distributed evenly resulting in “abnormal” joint loading, and eventually OA.  

 

Obesity.  Obesity has long been linked as the most potent exogenous risk factor of 

OA, especially of the knee [7].  It has been shown that weight loss in obesity patients, 

even as little as 10 pounds, can reduce an individual’s risk of knee OA up to 50% [26].  

Another study showed that weight loss combined with exercise in elders reduced the risk 

of symptomatic knee OA [27].  In this same study, neither exercise or weight loss alone 

reduced the risk of knee OA, but rather both were needed to minimize the risk.  This 

emphasizes the potential regenerative effects that exercise has on cartilage and 

chondrocyte metabolism.  Exercise could potentially promote restorative mechanisms in 

the chondrocytes increase matrix protein synthesis to help rebuild or repair the damaged 

cartilage.  The increased risk of OA in obese individuals is fairly clear.  The excessive 

weight creates a more severe loading scenario for the joint.  The joint is easily overloaded 

which breaks down the protective cartilage covering the bones.  If the overloading 

continues, the cartilage completely deteriorates until ultimately the pain and 

inflammation of the joint causes the individual to seek medical intervention (usually 

through a total joint replacement).     

 

Trauma.  Analogous to the endogenous risk factor of age, trauma or injury has 

been linked as one of the strongest exogenous risk factors of OA.  Joint injuries that 

increase an individual’s risk of OA include: trans-articular fracture, meniscal tearing 

requiring meniscectomy (surgical removal of all or part of a torn meniscus), or anterior or 
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medial cruciate ligament (ACL or MCL) injury [7].  In fact, previous trauma to the knee 

can increase a man’s risk of knee OA up to 5-6 times, and ~3 times for women [16].  The 

trauma to the joint usually creates a destabilized joint, which results in “abnormal” 

loading of the joint.  As aforementioned, this “abnormal” loading of the joint creates 

extremely localized stress states to develop, which wears down the cartilage more rapidly 

when compared to a normal joint.  

  

Physical Exercise.  Physical exercise in high-intensity sports has been linked as a 

risk factor of OA, due to the continual, extreme loading of the joint.  Recent studies 

suggest evidence that elite long distance runners [28] and professional soccer players [29] 

are at a higher risk of developing knee and hip OA when compared to non-athletes.  On 

the contrary, individuals with a history of heavy mechanical work are ~7-fold less likely 

to have OA at the age of 90 [3].  Also, in the absence of injury, recreational running or 

jogging did not increase the risk of OA [30].  This suggests that overloading the joint 

through excessive exercise can result in the development of OA, but moderate or 

recreational exercise can improve the health of the joint and can even protect against the 

development of OA.    

        

Osteoarthritis Related Costs.  There is currently no cure for OA, and once the 

disease progresses (i.e. the articular cartilage begins to deteriorate) it usually worsens due 

to the limited regenerative ability of cartilage.  Because OA has no permanent cure, OA 

is usually treated through weight loss, rest, drugs, and if the disease has progressed too 

far, joint replacement.  The limitations for these treatments are that they are usually 
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infeasible for most patients due to the extreme costs of a total joint replacement.  In the 

United States, a typical total knee joint replacement costs on average ~$50,000 [31].  

Most insurance companies will cover a total knee joint replacement, but for individuals 

without health insurance, surgical intervention is impossible.  In fact, in 2003, total 

osteoarthritis related costs were estimated to be 128 billion dollars (not including time 

spent away from work), with direct medical expenditures totaling ~81 billion dollars [32].  

Due to the extreme costs and trauma for joint replacement surgery, another treatment plan 

for OA is essential.   

As suggested from a number of studies [3, 9, 30, 33, 34], moderate exercise can 

actually induce protective mechanisms in cartilage against OA.  With that being said, 

what if exercise could be used as a treatment plan?  If early diagnosis of OA was more 

effective, what if a doctor could prescribe 30 minutes of daily exercise as a treatment 

option for the patient.  Not only would the exercise increase the patient’s overall health, it 

could potentially reduce the patient’s risk of developing OA.  These are the main 

questions driving the motivation for this research.  Determining the link between 

mechanical loading and chondrocyte metabolism is extremely important in understanding 

how these highly specialized cells sense and respond to their mechanical environment.  

Because OA is considered a whole joint disease, it is important to look at the overall 

composition of cartilage to observe the interactions between the chondrocytes and their 

micro-environment and how mechanical loading can alter the functions of these cells.  

 

 

 



13 

 

Biological Structure of Cartilage 

 

Cartilage is a non-vascular, flexible, connective tissue that is found primarily in 

the joints throughout the human body (e.g. the knee, hip, elbow, etc…).  Cartilage serves 

as a protective, low-friction material (cartilage on cartilage coefficient of friction, 

µ~0.001) at these load bearing surfaces and allows bones to articulate smoothly.  In OA 

instances, when cartilage has deteriorated, the bones begin to rub on each other (bone on 

bone coefficient of friction, µ>0.3), which is usually accompanied with extreme pain and 

inflammation (Figure 1). Cartilage can be classified into three groups: hyaline cartilage, 

fibrocartilage, and elastic cartilage.  The cartilage found primarily in human joints is 

hyaline cartilage [35].  Articular cartilage can be broken up into four different zones: the 

superficial zone, the middle zone, the deep zone, and a region of calcified cartilage 

(Figure 4) [36].  

 

 

 

Figure 4.  Cross sectional diagram showing the cellular (A) and collagen fiber (B) 

organization in the four zones of articular cartilage [37]. 
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The outermost surface of the cartilage, the superficial or tangential zone, accounts 

for approximately 10 to 20 percent of the cartilage thickness.  The superficial zone 

contains the highest concentration of type II collagen fibers, which are oriented parallel to 

the surface of the joint.  As we move further from the surface, the amount of type II 

collagen fibers decreases in each zone.  The next zone is the middle zone (~60% of the 

cartilage thickness).  In the middle zone, the collagen fibers are more randomly oriented 

most of them at a 45° angle with respect to the articular surface.  Following the middle 

zone is the deep zone.  The deep zone accounts for approximately 20-30 percent of the 

cartilage thickness, with collagen fibers oriented perpendicularly to the articular surface.  

The final zone contains calcified cartilage, which is in direct contact with subchondral 

bone.  Calcium salts begin to develop in the matrix and this region provides the needed 

bone to cartilage interface [36].  If we compare the constitution and orientation of type II 

collagen fibers in cartilage to a standard carbon fiber composite material, we see many 

similarities.  The collagen fibers in the superficial zone are oriented parallel to the 

articular surface (0° layup in a composite), which provide cartilage the ability to resist 

various tensile and shear loads.  Next, we see the collagen fibers oriented at a 45° angle 

with respect to the articular surface, providing the cartilage with the ability to resist shear 

and compressive loading that the joint might encounter.  Finally, we have the deep zone, 

where the fibers are oriented perpendicular to the articular surface (90° layup), and 

provide the joint the ability to resist compressive loading.   This unique layered structure 

provides the cartilage with its exceptional mechanical properties and the ability to handle 

a wide array of loading scenarios.   



15 

 

When looking at the composition (micro-scale level) of cartilage, there are three 

main components:  The extra cellular matrix (ECM), the pericelluar matrix (PCM) and 

the sole cell type in cartilage, articular chondrocytes (Figure 5).   

 

 

 

Figure 5.  The three main components of articular cartilage: The extracellular matrix 

(ECM), the pericelluar matrix (PCM), and the chondrocyte. 

 

 

 

Figure 6.  Young's Modulus values for the ECM (red) and PCM (blue), respectively. 

 

 

Extracellular Matrix.  The ECM is a relatively stiff, matrix material (elastic 

modulus, EECM = 306 ± 133 kPa) that surrounds the less stiff PCM (EPCM = 104 ± 51 kPa) 
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(Figure 6).  The ECM provides a physical microenvironment for the chondrocytes to exist 

in.  The ECM is composed primarily of water, collagen, and proteoglycans, and is 

responsible for the transmission of various biological signals to the chondrocytes which 

affects cell proliferation (growth), cell differentiation (less specialized cell becoming 

more specialized), and cell apoptosis (death).  The ECM accounts for approximately 80% 

of the total wet weight of cartilage [37].  Within the ECM, collagen accounts for 60% of 

the dry weight making it the most abundant macromolecule.  Collagen is classified into 

“types” (i.e. type I, II, III, IV, etc…).  Type II collagen represents ~95% of the collagen 

found in the ECM and provides the ECM with exceptional strength and resistance to a 

variety of mechanical loads (i.e. tensile, shear, etc…).  The second most abundant 

molecules found in articular cartilage are proteoglycans.  Proteoglycans are heavily 

glycosylated protein monomers and the most significant proteoglycan is aggrecan.  

Aggrecan interacts with hyaluronan to form long polymer chains that interlace with the 

collagen fibers.  Both aggrecan and hyaluronan are extremely hydrophilic molecules, 

which allow them to easily bind with water molecules.  From a mechanical standpoint, 

the aggrecan, hyaluronan and water molecules help fill the voids between collagen fibers 

(similar to epoxy in a composite material) allowing the cartilage the ability to resist high 

compressive loads.  In direct contact with the ECM are the PCM and articular 

chondrocytes.    

 

Articular Chondrocyte and the PCM.  The sole cell type found in articular 

cartilage is the chondrocyte.  These cells play an extremely important, metabolically 

active role in synthesizing, maintaining, and repairing the ECM.  Chondrocytes only 
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constitute to about 2-5% of the total volume in articular cartilage [38].  Similarly to the 

ECM collagen fibers, chondrocytes vary in shape and size depending on where they are 

located throughout the cartilage (Figure 4A).  Chondrocytes in the superficial zone (the 

outermost zone) tend to be flatter and smaller in size than cells in the deeper regions of 

cartilage. Chondrocytes are an extremely slow proliferating cell type, and in some cases 

may not proliferate at all [34].  This low or even non-existent proliferation rate is one of 

the reasons cartilage has such a narrow capacity for healing in response to injury. The 

limited ability of cartilage to repair itself indicates that chondrocyte metabolism plays a 

functional role in maintaining the overall health of the articular cartilage.   

Metabolism is defined as the management of material and energy resources 

utilized by a cell that allow organisms to grow, reproduce, maintain their structures, and 

respond to their environments [39].  In articular cartilage, chondrocyte metabolism 

involves both anabolic and catabolic processes.  For chondrocytes, the anabolic process 

usually involves the synthesis and production of ECM and PCM molecules through 

secretions of various enzymes such as growth factors, cytokines, and protease inhibitors 

[40-42].  In cartilage, the most common growth factors are fibroblast growth factor 

family (FGF), insulin-like growth factor family (IGF), transforming growth factor family 

(TGF-β), and bone morphogenetic proteins (BMPs).  The most common anti-

inflammatory cytokines in cartilage include interleukin 4, 10, 13, and 1Ra (IL-4, IL-10, 

IL-13, and IL-1Ra).  These cytokines and protease inhibitors are enzymes that are 

secreted by the cells that help block proteolysis in the cells.  Proteolysis is defined as the 

breakdown of proteins into peptides or amino acids, and in chondrocytes, specific 
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proteases (e.g. MMPs) breakdown the proteins that make the ECM and PCM, and have 

been associated with OA [43].  These degradative processes are known as catabolic 

processes.   

The most common proteases found in cartilage that are responsible for the 

breakdown of ECM and PCM molecules (such as collagen, proteoglycans, and 

fibronectin [44]), are matrix metalloproteinase (MMPs).  MMPs have not only been 

found to degrade collagen, but have also been known to degrade aggrecan by cleaving the 

Asn341~Phe342 bond in aggrecan [45] .  MMPs include MMP-1, -2, -3, -7, -9, and -13.  

Another family of catabolic enzymes that have been known to degrade ECM molecules 

are the Adamalysin with Thrombospondin Motifs (ADAMTS) family (also known as 

aggrecanase [45]).  ADAMTS include ADAMTS-1, -4, -5, and -11.         

Because chondrocytes are the sole cell type in cartilage, they must maintain a 

delicate balance both the anabolic and catabolic processes (Figure 7).  A number of 

molecules involved in both the anabolic and catabolic processes of cartilage can be seen 

in Figure 7 (note this list is not comprehensive). When in balance, the chondrocytes can 

secrete catabolic enzymes to degrade old matrix molecules, and then replace them with 

new molecules by initiating an anabolic response.  This harmonic balance allows for 

healthy turnover rates of the ECM and PCM, and keeps the cartilage functioning 

properly.  However, during aging or in diseased (OA) conditions, the equilibrium is 

disrupted, and the catabolic (degradative) process dominates.   
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Figure 7.  Anabolic and Catabolic Enzymes in Cartilage.  The delicate balance between 

the anabolic and catabolic processes in cartilage.  The molecules on the left (green) are 

involved in the anabolic process or synthesis of matrix (ECM and PCM molecules).  The 

molecules on the right (red) are involved in the catabolic or degradative processes of the 

matrix in cartilage.  Note, this list does not include all of the molecules known to be 

involved in the anabolic or catabolic processes of cartilage.     

 

 

As aforementioned, articular cartilage is avascular, meaning chondrocyte 

metabolism is heavily dependent on glycolysis [46].  In light, ATP is created in either the 

TCA (citric acid cycle) or in glycolysis, and energy is released when ATP (adenosine 

triphosphate) is broken down into ADP (adenosine diphosphate).  In the presence of 

oxygen, the TCA cycle is the primary metabolic pathway used by cells to create ATP.  

On the contrary, in the absence of oxygen or in low levels of oxygen, glycolysis is the 

dominating pathway.  Due to the low oxygen levels found in cartilage (ranging from 10% 

at the surface to <1% in the deep layers), the majority of the chondrocyte’s energy 

utilization come almost exclusively from glycolysis [46].  Glycolysis is a metabolic 

pathway where extracellular glucose (C6H12O6) is broken down into pyruvate 

(CH3COCOO- + H+) through a number of metabolic reactions.  Throughout glycolysis, 
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ATP is broken into ADP, which gives the cells the energy they need to maintain and 

repair their own individual microenvironment.  Due to the low density of chondrocytes in 

cartilage, each chondrocyte is responsible for its immediate surroundings and very rarely 

do chondrocytes form cell-to-cell contacts for signal transduction and intercellular 

communications [37].  

Surrounding each chondrocyte is a thin membrane known as the pericelluar 

matrix (PCM).   The PCM plays an important role in that it provides an interface between 

the stiff ECM and the more compliant chondrocytes [47].  As seen in Figure 5, the PCM 

is in direct contact with both the ECM and chondrocyte as seen by the darker black ring 

surrounding the cell.  It is believed that the PCM serves as a transducer of physical 

signals within the chondrocyte’s microenvironment, therefore playing a very important 

role in chondrocyte mechanotransduction and thus the overall metabolism of cartilage 

[48]. 

 

Mechanotransduction   

 

Mechanotransduction describes the processes by which cells convert mechanical 

stimuli into biochemical responses [49].  It is well known that cells can convert a 

mechanical input into a biological signal, but the underlying processes remain unclear 

[50].  An example of mechanotransduction, one in which we have all experienced, is 

touching a hot plate.  When we touch the hot plate (heat is the mechanical stimuli), our 

cells on the surface of our hand translate the stimuli into a biochemical signal (we 

recognize this as pain).  This signal informs us to quickly remove our hand to prevent 

injury.  The process of mechanotransduction provides cells the unique ability to adapt to 
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their physical environment [51].  As one could imagine, the heavily-loaded joint surfaces 

of our bodies (i.e. knees, hips, etc...) provide a very specialized physical environment for 

chondrocytes to live in.  At these locations, the articular cartilage, and thus the 

chondrocytes, are exposed to near-constant mechanical loading including compressive, 

tensile, and shear loads (Figure 8).  In fact, during normal, sub-injurious human activities 

(i.e. walking, jumping, running, etc.) cartilage is subjected to millions of loading cycles 

with in vivo compressions as large as 20% [52-54].   

 

 

 

Figure 8.  Schematic of tensile, compressive, and shear loads on cells.  The process in 

which cells convert mechanical stimuli into biological signals is known as 

mechanotransduction. 

 

 

The average human gait has been measured to be at approximately 1 Hz, meaning 

during a 1 hour walk, each knee joint is loaded 1800 times with contact pressures as high 

as 5-6 MPa from forces up to 10 times the individual’s body weight [55].  Physiological 

loading conditions such as running or jumping can produce substantially increased 

loading rates (as high as 140 Hz) with contact pressures up to 18 MPa [56].  Joint motion 
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and variable loads are important to maintain normal articular cartilage function and 

health, yet excessive loading can result in OA [8, 57].  

  The threshold between healthy joint loading and unhealthy loading is an 

extremely fine line, and remains to be highly controversial.  Joint loading under 

physiologic conditions (i.e. healthy joint loading) has been shown to have no adverse 

effects on cartilage or other joint tissues, and clinical studies even suggest exercise in 

osteoarthritic patients [58].  In fact, a study in the Netherlands showed that people with a 

history of heavy mechanical loading had a 7.2 less likely of a chance to get OA than 

people without a history of heavy mechanical work [3].  This study suggests that joint 

loading can potentially promote protective mechanisms against OA.  Unhealthy joint 

loading, also classified as “abnormal” joint loading, is most commonly a direct result 

from obesity, trauma, overuse, immobilization, and joint instability [55].  Obesity is 

strongly linked with OA, and studies have shown that a decrease of ~10 lbs. of body 

weight in obesity patients can decrease the risk of OA up to 50% [26, 59].  Joint stability 

issues are also a common precursor to OA, and a number of models have been developed 

and validated to show how joint destabilization promotes OA [60, 61].  A number of 

other studies have shown how these abnormal loading conditions play an important role 

in the onset of OA, yet the underlying biomechanical processes that cause this still 

remains unclear.  In order to determine whether or not joint loading can be used as an 

effective therapeutic strategy in combating or preventing OA, chondrocyte 

mechanotransduction needs to be heavily explored in the scientific community.    

 



23 

 

Scientific Studies   

 

Cartilage experiences a variety of in vivo loading mechanisms.  Due to the 

difficulty of studying human articular cartilage in vivo, scientists have developed a 

number of in vitro studies to explore cartilage mechanics and chondrocyte 

mechanotransduction.  Plus, who really wants to give up their healthy knee in the name 

of science?  Two approaches are commonly used in the scientific community in studying 

these topics.  The first method is removing cartilage samples surgically from animals (i.e. 

mice, rats, bovine, etc…) or human donors (i.e. joint replacement), and then mechanically 

stimulating the entire tissue.  This approach is most commonly used in studying cartilage 

mechanics/behavior as well as characterizing ECM and PCM material properties on 

macro-scale, micro-scale, and nano-scale levels [47, 62-66].  The second approach 

involves studying the chondrocytes themselves.  Chondrocytes are most commonly 

obtained by harvesting cartilage from an animal or human donor joint, and then digesting 

the cartilage (usually in in collagenase, an enzyme that breaks down the peptide bonds in 

collagen).  After digestion, the cells can be removed, cultured, mechanically stimulated, 

and their biological outputs observed.  Most chondrocyte mechanotransduction studies 

generally involve encapsulating the cells in some sort of hydrogel, creating a 3D 

microenvironment in which they may be studied.  A variety of hydrogels are utilized in 

creating these 3D cell suspensions, such as photo cross-linked polyethylene glycol [43], 

self-assembling peptides [67], alginate [68], and agarose [69, 70].  Agarose hydrogels are 

of particular interest because the stiffness can be manipulated to match the stiffness of 

cartilage PCM [71] without potential complications of UV photo-crosslinking (e.g. 
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induction of the DNA damage response [72]).  Currently, most existing studies utilize 3D 

microenvironments (e.g. agarose or alginate) for cell encapsulation with a much lower 

stiffness (< 5 kPa) than the cartilage pericelluar matrix (25-200 kPa) [47, 73].  These 

lower stiffness gels don’t appropriately emulate the microenvironment that the actual in 

vivo chondrocytes reside in.  By utilizing higher stiffness gels that match the mechanical 

properties of the PCM, the chondrocyte mechanotransduction studies will more 

effectively simulate the physiological environment of the in vivo chondrocyte.   

To emulate physiological loading conditions for in vitro mechanotransduction 

studies, dynamic stimulation is often applied with matched load amplitudes and 

frequencies similar to the human gait (both walking and running).  To simulate walking 

in vitro, cartilage explants or 3D cell cultures can be subjected to low levels of oscillatory 

strain with frequencies less than 5 Hz.  Higher frequencies and strains can be used to 

emulate running or jumping.  It has been shown that dynamic, mechanical stimulation has 

both an anabolic and catabolic effects on articular cartilage [43].   As aforementioned, an 

anabolic process is defined as the synthesis of larger molecules from smaller units, which 

requires energy.  In eukaryotic cells, this energy is usually harvested by the hydrolysis of 

ATP.  On the contrary, a catabolic process is defined as breakdown of larger molecules 

into smaller units, which often releases energy.  In regards to chondrocytes, an anabolic 

process can be characterized by the synthesis of PCM and ECM molecules, and a 

catabolic process would be the breakdown of these molecules.  In healthy tissue, resident 

chondrocytes maintain the cartilage by remodeling the tissue with a good balance 
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between these two processes, which lead to a healthy turnover rates for the PCM and 

ECM [43, 74].   

Exogenous dynamic compression has been shown to substantially alter 

chondrocyte metabolism in both an anabolic and catabolic manner, but the balance 

between matrix synthesis and matrix degradation is not yet fully understood [75, 76].  

Dynamic loading performed directly on cartilage samples has been shown to increase 

[
35

S] sulfate and [
3
H] proline uptake which is a strong indication of proteoglycan and 

protein biosynthesis [77].  Proline is of significance, since it has been found to be a 

marker in the synthesis of the ECM.  Proline is a non-essential amino acid, and is 

incorporated with the synthesis of collagen inside the cells cytoplasm.  Note that a non-

essential amino acid can by synthesized within the body, whereas an essential amino acid 

cannot be synthesized within the body and must be supplied externally.  Changes in 

proline levels could potentially be associated with the synthesis or breakdown of 

collagen. 

Short duration dynamic compression (as little as 5 minutes) as shown to induce 

phosphorylation of multiple enzymes, such as MAPK and SEK [78, 79], Akt [80], ERK -

1 and -2 [81-83], and Rho kinase [84].  MAPK (mitogen-activated protein kinases) and 

ERK (extracellular signal-regulated kinases) pathways are heavily involved in 

extracellular stimulation, and have been hypothesized to regulate anabolic and catabolic 

changes of chondrocytes [76].  Dynamic compression has also been shown to promote 

Smad2 phosphorylation [85], gene expression of  MMP-13 [86], which is the marker for 
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catabolic changes in the ECM, alter Superficial Zone Protein expression [87], induce 

transcription of ECM genes [9], and activate Rho kinase and RhoA [84].   

Rho kinase (ROCK) and RhoA (Ras homolog gene family, member A) are 

proteins which are heavily involved in regulating the shape and movement of cells 

through the actin cytoskeleton [84].  Cell shape and size is extremely important when 

dealing with chondrocytes.  As aforementioned, chondrocytes vary with shape and size 

throughout the layers of cartilage (from the superficial tangential zone to the deep zones).  

Chondrocytes in to the outer zones tend to be flatter and smaller and generally have 

greater density than that of the cells in the deeper zones of the matrix [37] (Figure 4B).  

These flatter, denser cells are better for handling the intensive loads seen at the joint 

surface and are designed to protect the deeper zones.  As we move deeper into the matrix, 

the cells become more rounded in shape and less dense.  The cells in the deeper zones 

(more rounded cells) have been associated with an increase in cartilage matrix production 

[88].  Cell shape has been shown to be dependent on the cytoskeleton as well as 

interactions with the extracellular matrix [89].  Where ROCK and RhoA come into play 

is that they both play a central role in actin cytoskeleton dynamics, which as mentioned 

above, affects the shape and size of the cell.  Studies show that by inhibiting ROCK cells 

become more rounded, which increases in cartilage matrix synthesis [84].  

Many experimental studies have also been performed on OA tissues.  The 

material properties of articular cartilage, mainly Young’s modulus, are derived almost 

extensively from the ECM [62].  The ECM has a much greater stiffness than that of the 

PCM (~3X), and dominates the overall stiffness of cartilage.  It has been shown that the 
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PCM and ECM in OA cartilage is significantly less when compared with healthy 

cartilage [62, 90].  In fact, decreases in both ECM and PCM moduli have been reported 

as large as 45% and 30% respectively [62].  The catabolic activity of chondrocytes 

increases significantly in OA joints, which results in a decrease in cartilage matrix 

production [91].  A recent study was performed to compare changes in gene expression 

of chondrocytes in OA cartilage to normal cartilage [92].  Significant gene expression 

changes occurred in the OA cartilage.  OA cartilage explants have also been found to 

express p53R2, a tumor suppressor protein.   When this protein was inhibited, an increase 

in Akt phosphorylation was observed [93].  Akt is a protein of the kinase family, whose 

role is primarily involved in cell proliferation.  This may suggest that if the p53R2 protein 

is suppressed, then cell proliferation may increase. 

These studies demonstrate the sensitivity of chondrocytes to mechanical loading 

and indicate that a complete understanding chondrocyte mechanotransduction remains to 

be determined.  Many of current scientific studies primarily focus on individual signaling 

pathways, which have the potential to exclude important data or findings. Also, many of 

these studies utilize 3D cell constructs with a much lower stiffness than the cartilage 

PCM, which does not accurately emulate the physiological environment of the 

chondrocytes.   Because the exact mechanisms of how chondrocytes sense and respond to 

mechanical deformation is not yet fully understood, it is important to study chondrocyte 

mechanotransduction in an unbiased manner, meaning looking at the entire picture and 

not excluding pathways a priori.   
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Metabolomics 

 

Metabolomics, as the name suggests, is the comprehensive analysis of metabolites 

or small molecules in a biological system [94].  Metabolomics is the study of metabolite 

profiling, and has been adapted into many fields such as pharmaceutics, clinical 

diagnostics, etc…  The metabolome (analogous to the proteome for proteins, and the 

genome for genetics), is defined as the set of small-molecules found within a biological 

sample including substrates, co-factors, and many other molecules [95].  The metabolome 

can be viewed as a collection of state variables describing the cellular phenotype [96].  

Metabolomics studies the metabolites of a biological system which are direct products of 

cellular metabolism.  Metabolites give insight on functional readout of the cellular state, 

essentially a snapshot of the physiology of the cell.  Unlike genes and proteins, 

metabolites serve as direct signatures of biochemical activity which are easier to correlate 

with phenotype [96]. 

Metabolomics can be used for metabolite profiling in two basic approaches: 

targeted metabolomics, and untargeted metabolomics.  Targeted metabolomics refers to 

the method of looking at a predefined, specified list of metabolites after a sample is run.  

Targeted metabolomics typically focus on one or more related pathways of interest and 

are usually driven by a specific biochemical question or hypothesis [96].  For example, in 

chondrocytes, metabolism is heavily driven by glycolysis. So, by studying the specific 

metabolites in the glycolytic cycle, one could gain a wealth of knowledge regarding the 

energy re-localization of the chondrocytes.   Untargeted metabolomics is just the 

opposite.  An untargeted approach aims to study global metabolite levels under various 
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conditions, with the potential to discover new cellular pathways to biological mechanisms 

[96].       

With the increasing advances in technology, metabolomics is now becoming a 

widely used and powerful method for studying many of nature’s biological foundations.  

Mass spectrometry (MS) and liquid chromatography (LC) are the most common 

engineering tools used in metabolomics, and are often coupled together (LC-MS) to give 

an abundance of information about the sample.  Recent developments in LC-MS have 

enabled scientists to rapidly measure thousands of metabolites simultaneously from only 

minimal amounts of samples [97].  Mass spectrometry has been described as the smallest 

scale in the world since it measures the masses of individual molecules.  A mass 

spectrometer actually measures a mass-to-charge ratio (denoted m/z), but masses are 

easily backed out since the charge state is usually known. 

 

Mass Spectrometry.  A mass spectrometer can be broken down into four basic 

components (Figure 9): a sample inlet, an ionization source, a mass analyzer, and an ion 

detector [98].  All mass spectrometers incorporate these four components, even though 

the processes can vary from instrument to instrument.   

The sample is introduced through the sample inlet (Figure 9A), which can be done 

so in a couple of different ways; direct insertion and direct infusion.  Direct insertion 

methods involve the physical insertion of the sample into the mass spectrometer, usually 

via a slide or sample plate.  The most common type of instrument that utilizes direct 

insertion methods is a matrix assisted laser desorption ionization (MALDI) mass 

spectrometer.  One main advantage of direct insertion over direct infusion, is that it can 
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Figure 9.  Simplified schematic of a mass spectrometer.  Usually the liquid sample going 

to the ionization source comes from the output of some sort of chromatographer.  

Usually, mass spectrometers are coupled to a liquid chromatographer (i.e. LC-MS). 

 

 

be used to analyze whole tissue samples (i.e. sample does not need to be in solution).    

Direct infusion methods require samples to be in solution, and utilize capillary columns 

to introduce small amounts of sample into the mass spectrometer.  These columns 

(typically liquid chromatography (LC) columns) are used to separate the solution into its 

different components prior to sending it through the mass spectrometer.  Quite often mass 

spectrometry and liquid chromatography are coupled together, as denoted by LC-MS.   

Once the sample is in the MS, it is ionized using a high powered ionization source 

(Figure 9B).  There are many different ionization methods (MALDI, electrospray 

ionization (ESI), etc…), but the purpose of each is the same; adding a charge to a neutral 

molecule (i.e. ionizing the molecule).  ESI is often the ionization source when coupling 

LC-MS since it can handle the continuous flow of sample from the LC.   Once ionized or 

charged, the molecules are electrically propelled through the mass analyzer (Figure 9C).  

Mass analyzers also vary across the board, but their main purpose is to separate the ions 

according to their specific m/z values.  Mass analyzers include quadrupoles, quadrupole 

ion traps, time-of-flight (TOF), and quad time-of-flight (Q-TOF), and each varies in 
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performance with respect to speed, accuracy, and resolution.  Once the ions are analyzed 

through the mass analyzer, they ultimately reach an ion detector (Figure 9D), where the 

ion energies are converted into electrical signals.  Note this is simply an extremely brief 

overview on mass spectrometers, and merely scratches the surface of their descriptions.  

 

Liquid Chromatography.  Liquid chromatography (LC) is an analytical chemistry 

technique that is used to separates the various components of a mixture [99].  Liquid 

chromatography first came about in the early 1900s, and the word chromatography comes 

from the Greek words chroma, meaning color, and graph, meaning writing [100].  The 

most common and most powerful form of liquid chromatography involves passing the 

sample through a column which is filled with tiny particles, or packing material.  This is 

known as the “stationary phase”.   On the contrary,  the solvent that passes through the 

column is known as the “mobile phase.”  A liquid chromatographer can be broken down 

into a few main components (Figure 10).  

First, the column is usually conditioned or washed using the mobile phase.  This 

preps the column to receive the sample.  Depending on the type of sample, different types 

of columns can be used along with different solvents (mobile phase).  The sample is then 

injected or loaded onto the column, where it binds to the stationary phase.  The column is 

then washed by pumping the mobile phase through it.  Then, depending on the sample, 

the mobile phase is adjusted causing the molecules to elute (come off the column).  

Normally, the mobile phase is composed of two or more solvents, and the amount of each 

solvent can be adjusted depending on the sample type.  For example, if the sample is  
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Figure 10.  Schematic of  a typical liquid chromatography (LC) system [100]. 

 

 

extremely hydrophobic (water-hating/non-polar), then a typical mobile phase will include 

water and some type of organic solvent (usually acetonitrile or methanol).  In this 

scenario, the water attracts the hydrophilic molecules, or the molecules that bind weakly 

to the stationary phase, and they will elute first.  The amount of acetonitrile in the mobile 

phase is then increased using a solution gradient (adjusting the amount of water and 

acetonitrile with respect to time), which out-competes the hydrophobic molecules, or 

molecules that were strongly bound to the stationary phase, causing them to elute later.  

As a result of the different hydrophobic and hydrophilic interactions of the molecules, the 

sample components separate out into discrete fractions, allowing them to be analyzed 

separately.  These discrete fractions elute from the column and pass through a detector 

which records the chromatogram.   

With the rise in technology and the advances in instrumentation, chromatographic 

methods have increased dramatically.  These advances allow samples to be pumped with 
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greater pressures through columns with much higher stationary phase densities, which 

significantly increases the resolution, speed, and sensitivity of the system.  These liquid 

chromatography systems are called high-performance liquid chromatography (HPLC) 

and ultra-performance liquid chromatography (UPLC).  Most LC systems in today’s 

research society are either HPLC or UPLC systems. 

 The most widely used chromatographic methods in metabolomics and proteomics 

are normal-phase chromatography (NPC), reverse-phase chromatography (RPC), 

hydrophilic-interaction chromatography (HILIC), and hydrophobic-interaction 

chromatography (HIC). 

 

Normal-Phase Chromatography.  In normal-phase chromatography the stationary 

phase of the column is extremely polar and the mobile phase is non-polar (Figure 11).  

Typical stationary phase media of NPC includes silica or other organic molecules and 

mobile phases include solvents such as hexane or other nonpolar solvents.   

 

 

 

Figure 11.  Normal-phase chromatography [99]. 

 

 

 In Figure 11, the sample is injected into the column.  The polar stationary phase 

binds the more polar molecules (yellow band) much stronger than the more nonpolar 

molecules (red and blue bands).  When the nonpolar mobile phase is pumped through the 
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column, it attracts the more nonpolar molecules (blue band), which makes them move 

faster through the column and elute quicker.  Based on the polarity of each of the 

molecules, they will elute at their own specific time allowing them to be resolved 

independently.   

 

Reverse-Phase Chromatography.  Just the opposite of normal-phase 

chromatography is reverse-phase chromatography.   In reverse-phase chromatography the 

stationary phase of the column is extremely nonpolar and the mobile phase is polar 

(Figure 12).  Typical stationary phase media of RPC includes octadecyl carbon chain 

(C18)-bonded silica and mobile phases include mixtures of water and other organic 

solvents, such as acetonitrile.   

 

 

 

Figure 12.  Reverse-phase chromatography [99]. 

 

 

 To better describe RPC, the same sample as in Figure 11 is injected into the 

column.  In this case, the most strongly retained molecules are the nonpolar molecules 

(blue band), and the more polar molecules (yellow band) move quicker through the 

column, and elute much sooner.  The stationary, nonpolar phase retains the nonpolar 

molecules and the polar mobile phase attracts the more polar molecules (like polarities 

attract).  RPC is more commonly used than NPC, because it is more reproducible and can 
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be applied to a broader range of applications.  RPC accounts for approximately 75% of 

all HPLC methods [100].    

  

Hydrophilic-Interaction Chromatography.  Hydrophilic-interaction 

chromatography or HILIC is a type of normal-phase chromatography since it uses a polar 

stationary phase and a nonpolar mobile phase.  Typically, with HILIC, the mobile phase 

is adjusted throughout the run.  First, a very nonpolar solvent (100% organic) is used to 

elute the nonpolar molecules from the column.  Then, water (an extremely polar solvent) 

is mixed in with the mobile phase, starting at low concentrations, and increasing until the 

mobile phase is 100% water.  By increasing the amount of water in the mobile phase, the 

polar molecules that are bound to the stationary phase are out –competed by the water, 

and thus are eluted.  The process of adjusting the ratio of the mobile phase throughout the 

course of the run is called a gradient separation.   

 

Hydrophobic-Interaction Chromatography.  Hydrophobic -interaction 

chromatography, or HIC, is a type of reverse-phase chromatography.  HIC uses a 

nonpolar stationary phase and a polar mobile phase, and is usually used to separate larger 

molecules, such as proteins.  Proteins by nature are extremely hydrophobic molecules, 

meaning they are not attracted to water.  When the samples are injected into the column, 

the hydrophobic stationary phase binds the hydrophobic molecules.  The column is then 

washed with a hydrophilic or aqueous mobile phase.  The amount of hydrophobic or 

organic solvent in the mobile phase is then increased, which out-competes the 
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hydrophobic molecules that are bound to the stationary phase.  The molecules are then 

eluted in order of increasing hydrophobicity.     

 

Metabolomic Analysis.  An output from an LC-MS run gives an abundance of 

information.  Directly from the LC, a total ion chromatogram (TIC) is produced when the 

sample reaches the detector, which displays relative abundance, or intensity values on the 

vertical axis and elution time (usually in minutes) on the horizontal axis (Figure 13A).  A 

TIC displays the abundance of sample at any time throughout the LC-MS run.  The 

elution time is defined as the time when the samples elute off of the column and then 

enter the into the ionization source of the MS.  Each elution time point in the TIC 

corresponds with a specific mass spectrum for the compounds eluting at that specific 

time, hence why LC-MS runs generate so much data.  The mass spectra give the intensity 

of the signal (unit less) on the vertical axis, and the mass to charge (m/z) ratios along the 

horizontal axis (Figure 13B).  
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Figure 13.  (A) Total ion chromatogram (TIC), and the (B) corresponding mass spectra 

for the sample that is eluted at ~3.25 minutes.  For this figure, the sample is processed 

through the liquid chromatographer (LC) from ~2 minutes until ~15 minutes.  For the 

TIC, the x-axis represents elution time and the y-axis the intensity of the signal.  As the 

sample elutes from the LC, it goes directly into the ionization source (ESI) of the mass 

spectrometer (MS).  For each elution time, we get a corresponding mass spectra, which 

gives us the individual mass to charge (m/z) ratios (x-axis) and their representative 

intensity (y-axis).  

 

 

Proteomics 

 

Proteomics is defined as the large-scale study of proteins.  Again, analogous to 

the genome (the study of genetics) and the metabolome (the study of metabolomics), the 

proteome is defined as the entire set of proteins that are expressed by the genome, cell, 

tissue or organism at a certain time [101].  In mammalian cells, proteins are created from 

DNA (through many complicated processes), which is commonly referred to as the 

central dogma of modern biology Figure 14.  DNA (deoxyribonucleic acid), is a molecule 

that encodes the genetic instructions used in the development and functioning of all living 
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organisms, and in eukaryotic organisms most of the DNA is stored within the cell nucleus 

(Figure 14A) [102].  According to the central dogma of modern biology, DNA is 

transcribed into messenger ribonucleic acid (mRNA) (Figure 14B), which is a single 

stranded copy of the gene.  This process is commonly known as transcription.  mRNA is 

then translated into long strings of amino acids in the cell’s cytoplasm by ribosomes, and 

eventually become proteins, in a process called translation (Figure 14C).  Each protein 

serves a unique purpose, and are considered the building blocks and workers of our cells.  

After translation (post-translation), proteins can be subjected to an array of chemical 

alterations, which can affect the protein’s function.  These changes are called post-

translational modifications.  An important post-translation modification in studying 

proteomics, in which a phosphate group is added to an amino acid (most commonly 

serine and threonine) is known as protein phosphorylation [103].  Protein 

phosphorylation gives insight of specific signaling pathways that could potentially reflect 

changes in protein activity.  Phosphoproteomics is aimed at determining these specific 

phosphorylated proteins in a cell under some response. 

The field of proteomics is awakening more interest in the scientific community, 

mainly in part to the Human Genome Project (HGP).  In the 2003, the National Human 

Genome Research Institute (NHGRI) announced the successful sequencing of the human 

genome [104].  After the human genome was successfully sequenced, it was important to 

understand the relationships between gene expression and the biological functions of the 

cells.  Understanding this important relationship is only possible through the study of the 

proteins.  In most organisms, the genome is more or less static in all of their cells.   
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Figure 14.  Central dogma of modern biology.  

 

 

However, the proteome of the cells is highly dynamic, and the functions of the individual 

proteins can change dramatically in response to their environment, stress, physiological 

conditions, etc…  These factors significantly increase the complexity in studying 

proteomics; however studying these dynamic characteristics of proteins has an advantage 

over studying genomics in that it gives more insight into the physiology of the cell.  

Proteomics is similar to metabolomics (but on a slightly longer time scale), in that it 

paints a picture of what a cell is doing at a given instant in time.   
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The breakthrough in proteomics has risen in part to important technological 

advancements in the past few decades.  The first major breakthrough came about in 1975, 

which was two-dimensional gel electrophoresis (2D-GE) [105].  2D-GE is used to 

analyze proteins by first separating them in one-dimension (1D-GE) by their mass.  The 

proteins are then further separated in a second-dimension according to their isoelectric 

point.  A typical 2D-GE gel can be seen in Figure 15.  

 

 

Figure 15.  2D-GE showing the proteome mapping of all of the proteins altered in OA 

[106].  Each black dot represents in an individual protein.  Proteins are separated by 

increasing mass (kDa) in one-dimension, and by increasing isoelectric point (pH) in the 

second-dimension.  

 

 

 The second major breakthrough in the study of proteomics was mass 

spectrometry.  Initially, and even currently, both techniques (2D-GE and mass 

spectrometry) are combined in the study of proteomics.  First, the proteins are separated 
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in the 2D-GE, and then are analyzed and identified using mass spectrometry.  The 

downside to this type of analysis is it is very labor and time extensive.  However, with 

rise of technology, the sensitivity and speed for identifying and sequencing the proteins 

has improved dramatically.  Usually, in mass spectrometry based proteomics analysis, 

sample preparation requires the proteins to be enzymatically digested using a 

proteolyzing enzyme, such as trypsin.  Trypsin is a serine protease whose main function 

is in the hydrolyzing of proteins (breakdown of proteins in to smaller fragments called 

peptides).  Trypsin hydrolyzes or cleaves the peptide bonds typically at the carboxyl sites 

of either the amino acids, lysine (Lys) or arginine (Arg) [107].  This digestion process is 

usually part of the sample preparation steps, and usually takes around 12 to 16 hours to 

completely digest the protein samples.  Once the sample has been digested it can be 

analyzed using liquid chromatography and mass spectrometry (with fragmentation). 

Liquid chromatography and mass spectrometry (with fragmentation) is typically 

denoted as LC-MS/MS.  LC-MS/MS is typically used in proteomics analysis, and protein 

identification is only made possible through the information gained from the fragmented 

peptides.  Fragmentation is usually performed by injecting an inert, collision gas (usually 

nitrogen) into the flight path of the charged, precursor ions, which is known as collision 

induced dissociation (CID) (Figure 16) [108].   
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Figure 16.  Schematic of collision induced dissociation (CID) used in an LC-MS/MS.  

 

 

After fragmentation, the fragmented peptides reach the detector and the signal is 

recorded.  Each of the fragmented peptides give important information regarding the 

amino acid sequence of the particular peptide.  Since trypsin (or another proteolyzing 

enzyme) always cleaves proteins at specific amino acid sites, this information can be used 

to reconstruct the peptides and assist in identification.  To identify the peptides, the m/z 

fragmentation data is compared with in silico fragmentation spectra databases.  This 

process is known as peptide mass fingerprinting [109].  Finally, protein identification is 

accomplished by comparing the peptide mass fingerprinting data to in silico digestion 

data from proteomic databases [110-112].       
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Dissertation Outline 

 

 

The over-arching goal of the research described in this dissertation is to better 

understand the chondrocyte response to applied, mechanical compression, and whether or 

not mechanical loading can be used as a potential therapeutic for treating or preventing 

osteoarthritis.  To determine the effects of mechanical loading on chondrocytes, the 

biological outputs were analyzed utilizing novel in vitro and in vivo models.  To my 

knowledge, such approaches have never been used to study chondrocyte 

mechanotransduction, and this research lays a strong foundation for future work in this 

field.  The research in this dissertation is partitioned into four unique parts (Figure 17). 

 

 

 

Figure 17.  Dissertation workflow.  (1) Methods development for the in vitro models used 

for the (2) metabolomics and (3) phosphoproteomics studies.  Finally, the (4) in vivo 

model allows for integration and interpretation of the in vitro results.  All of Chapters 

combined will help answer will provide a systems understanding of chondrocyte 

mechanotransduction.   
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Because chondrocytes are a very specific cell type, and the environment they 

reside in is highly specialized, controlling the environmental factors for the experiments 

were extremely important.  The second chapter of this dissertation (Figure 17), builds off 

of previous work [113], and expands the characterization and development of the 

experimental methodology for the in vitro studies (metabolomics and 

phosphoproteomics).  To emulate the physiological loads and environment seen by 

chondrocytes, a bioreactor (mechanical loading device) was needed, capable of applying 

well defined static and dynamic loads, as well characterizing the material properties of 

agarose for physiological, 3D cell constructs [114].   Once completed, it was necessary to 

characterize the strain homogeneity in the agarose constructs (hydrogels) under applied 

loading [115].  To ensure the biological outputs of the chondrocytes in response to 

loading were valid, the deformation, or strain, seen by each cell needed to be the same.  

After validating the strain homogeneity in the gels, the next step was to determine the 

viability of chondrocytes in the high-stiffness agarose hydrogels.  Following viability 

assessment, it was necessary to validate that the chondrocytes were capable of being 

deformed in the hydrogels.  The final step of the experimental methodology, was to 

perform initial metabolomic studies using human SW1353 chondrosarcoma cells 

embedded physiologically stiff agarose at time intervals of 0, 15, or 30 minutes [116].  

Once completed, this in vitro model could be applied to explore the mechanosensitive 

mechanisms in primary human OA chondrocytes.   

Following the development of the in vitro methodology, the mechanistic data sets 

(both metabolomics and phosphoproteomics) were developed and generated.  The third 
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chapter of this dissertation delves into the metabolomics studies on mechanically 

stimulated chondrocytes that were harvested from 5 patients with grade IV OA.  The 

objective of Chapter 3 is to quantify changes in the metabolome for primary human 

chondrocytes in response to physiological dynamic compression.  In this objective, 

primary human chondrocytes were encapsulated in physiologically stiff agarose, 

dynamically stimulated with physiological loading values, immediately flash-frozen in 

liquid nitrogen post-loading and pulverized.  Metabolites were extracted and quantified 

via liquid chromatography-mass spectrometry (HPLC-MS) at the MSU Cobre Mass 

Spectrometry Core Facility.  The objective was to analyze metabolite changes in 

chondrocytes in direct response to short-duration mechanical compression (0, 15, and 30 

minute stimulation).  Both untargeted and targeted approaches were used to quantify 

changes in metabolite levels.  The results from this study provided both a global 

(untargeted) and a more focused (targeted) understanding of the metabolic changes in 

chondrocytes under mechanical compression.      

Similarly, Chapter 4 looks at the same grade IV OA patients but in a 

phosphoproteomics approach.  The objective of this chapter was to quantify protein 

phosphorylation profiles of primary chondrocytes in response to physiological dynamic 

compression.  Using methods from Chapter 2, and an experimental design similar to 

Chapter 3, I assessed proteome-wide phosphorylation patterns in chondrocytes as a 

function of dynamic loading.  However, once samples were finished being loaded and 

flash frozen, proteins were extracted, digested, enriched for phosphopeptides, and then 

quantified via tandem liquid chromatography-mass spectrometry/mass spectrometry 
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(HPLC-MS/MS).  The results from this study provided a quantification of protein 

phosphorylation patterns in response to a time course of physiological dynamic 

compression. 

The objective for the final Chapter of this dissertation was to develop novel 

methods for quantifying changes in cartilage in response to in vivo dynamic, mechanical 

loading on cartilage reporter mice.  This Chapter helped validate the in vitro results in 

Chapters 3 and 4 by comparing metabolites with macro-scale imaging obtained in the 

context of an exercise-induced mouse loading model.  This objective was aimed to 

develop novel methods for studying in vivo chondrocyte mechanobiology.  Utilizing 

these novel transgenic mice that express cartilage specific bioluminescence, in vivo 

cartilage quantification was made without mouse euthanization.  Two sets of mice were 

compared in these study; un-exercised, control mice and exercised mice.  A custom-built 

mouse treadmill was used to exercise mice once a day for 30 minutes over a 2 week time 

span.  Un-exercised mice were used as controls to compare cartilage amount against the 

exercised mice.  Following the experimental time course, all of the mice were imaged and 

then euthanized prior to full-joint, metabolomic analysis.  The results allowed for in vivo 

validation and integration of the in vitro results from Chapters 3 and 4.  

 

Intellectual Merit 

 

 

This research substantially expanded the scientific knowledge of chondrocyte 

mechanobiology (the science of how cartilage cells sense and respond to mechanical 

loads).  To my knowledge, metabolomics, phosphoproteomics, and our in vivo mouse 
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model have not been previously used to study chondrocyte mechanotransduction.   This 

unique approach laid a solid foundation of data for a systems understanding of 

chondrocyte responses to compressive, mechanical loading.  Currently, the only effective 

OA treatments are surgical, and there are no pharmacological interventions with proven 

efficacy.  This dissertation laid the groundwork to explore specific signaling pathways 

that could potentially promote loading-induced matrix synthesis.  This knowledge could 

lead to the discovery of new therapeutics to help repair damaged or degenerated cartilage 

based on mechanical loading.  These therapeutic strategies could lead to ground breaking 

clinical progress in combating the most prevalent joint disorder, osteoarthritis. 

 

Broader Impacts 

 

 

The successful completion of this dissertation considerably advanced our 

knowledge of cellular mechanobiology.  Currently, most studies focus on individual 

signaling pathways which have the potential to exclude important data [9].   This research 

was novel and advantageous since it removes bias, by not excluding pathways a priori.  

By using an unbiased approach, I was able to identify compression-induced changes in 

levels of metabolites and proteins which were not known.  Since the number of 

mechanosensitive pathways remains unknown, a conservative estimate is that this project 

increased the known number by a substantial amount.  This research provided a valuable 

contribution to basic science in addition to the potential to discover new, therapeutic 

strategies to combat OA.     
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DEVELOPMENT OF EXPERIMENTAL METHODOLOGY 

 

  

 As aforementioned, the research performed in this dissertation is extremely novel.  

Due to the fact that minimal work has been done in this field, a lot of the experimental 

methodologies needed to be developed, validated, and optimized.  The main objective of 

Chapter 2 was to develop and optimize the in vitro methods used for Chapters 3 and 4.  

These objectives included (1) characterizing the stiffness properties (Young’s Modulus) 

for various concentrations of agarose hydrogels, (2) evaluate the spatial homogeneity in 

physiologically stiff agarose under applied compression, (3) determine the feasibility of 

encapsulating primary human chondrocytes in physiologically stiff agarose, and assess 

viability of the cells after 24 and 72 hour time points, and (4) quantify metabolite changes 

in SW1353 chondrocytes in response to physiological, dynamic compression.   

 

Physiological Characterization of Agarose Hydrogels 

 

 

Introduction 

 

The biological responses of chondrocytes in response to mechanical loading are 

crucial in understanding how chondrocytes sense and respond to various mechanical 

cues.  To model in vivo mechanotransduction studies on chondrocytes, the first goal was 

to create a physiologically stiff microenvironment for in vitro testing.  The first milestone 

was to characterize the material properties for agarose with matched stiffness values to 

human PCM.  A majority of the material characterization was performed by Aaron Jutila 

for his Master’s dissertation [113], but an equal contribution was made by the author and 

Aaron in developing our 3D, agarose model.  The results from this work laid the initial 
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building blocks for this entire project.  It was determined that the agarose concentrations 

that best matched the human PCM ranged between 3% and 5% (w/v).  This is a 

significant finding because current studies utilize a much lower stiffness for chondrocyte 

encapsulation (1.5-3% w/v agarose concentration) which could greatly affect chondrocyte 

mechanotransduction experiments [117-119].  By using a more representative stiffness 

(3-5% w/v agarose concentration) for chondrocyte mechanotransduction studies, we can 

more accurately model physiological loading scenarios.    

 

Methods 

 

Agarose hydrogels were prepared by dissolving low-gelling-temperature agarose 

(Sigma: Type VII-A A0701), in PBS at 1.1X of desired hydrogel concentration.  For 

example, for 4% (w/v) final concentration, agarose was initially mixed at 4.4% (w/v).  

Concentrations tested were 3, 3.5, 4, 4.5, and 5 (%w/v).  After approximately 5 minutes, 

the dissolved agarose was diluted to 1X with PBS (40°C).  Note that this procedure is 

readily applied to encapsulating cells [120, 121].  Once the entire agarose solution was 

equilibrated to ~40°C, the agarose was cast in an anodized aluminum mold (Figure 18).  

The mold produced cylindrical samples with heights of 12.7 ± 0.1mm and diameters of 

7.0 ± 0.1mm (aspect ratio, h/r = 3.6).  This specific sample geometry was selected to 

provide spatially homogeneous strain fields under uniaxial deformations [122].  When 

gels solidified (after ~5 min.), gels were removed and stored in PBS at 4C for 1-2 days 

prior to testing consistent with standard mechanotransduction protocols [123, 124]. 
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Figure 18.  Agarose hydrogel mold.  Gel dimensions were approximately 12.7 mm tall by 

6.5 mm wide. 

 

Samples were removed from the fridge, equilibrated in PBS at 37C for 30 

minutes, and tested on a custom-built bioreactor [113] (Figure 19A).  The bioreactor was 

designed to allow for testing in an incubator under tissue culture conditions (humidified 

5% CO2 atmosphere and operating temperature of 37C).  Samples were loaded 

vertically in polysulfone cups and completely covered in PBS to prevent dehydration of 

the samples during testing.  The polysulfone cups were loaded into the trays of the 

bioreactor, which sat on top of a load cell (Futek) to give force feedback during testing.  

The forcing platens of the bioreactor were loaded until sample contact was made, as 

visualized from a measured load change (~0.089 N).  The sample was allowed to relax 

for approximately 10 minutes before mechanical stimulation.  For all tests, both 
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displacement and load data was measured.  Displacement data was measured using a 

laser displacement sensor (Acuity AR200-6), and load was measured using a 10lb. 

capacity load cell (Futek).     

For the stepwise stress-relaxation tests, the samples were subjected to 4 steps of 

4% compressive, Lagrangian strain [113].  Each strain step was held for 90 minutes.  

Both dynamic and equilibrium moduli values were calculated by performing linear 

regression on their appropriate stress and strain values over the 4 deformation steps.  This 

was performed for the entire range of agarose concentrations with n = 5 samples for each. 

To test the hydrogels, our custom-built bioreactor with sub-micron precision was used 

[113] (Figure 19A).  Stepwise stress-relaxation tests were used to characterize the 

dynamic and equilibrium moduli of a visco-elastic material by applying a prescribed 

strain level and holding it constant over a period of time.  The strain is then increased, 

held constant and repeated “n” number of times (Figure 19B).  When the strain is applied, 

the resulting stress in the material has an initial response (dynamic), and relaxes 

exponentially over time to an equilibrium position (Figure 19C).  The dynamic modulus 

is characterized from the initial dynamic response (peak stress value divided by 

associated strain value), and the equilibrium modulus is characterized by the material’s 

equilibrium stress value divided by associated equilibrium strain value. 
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Figure 19.  (A) Custom built bioreactor with sub-micron precision [113].  This bioreactor 

is capable of applying static and dynamic compression to up to 9 samples simultaneously.  

For agarose stiffness characterization, (B) step relaxation tests were performed by 

incrementally compressing the samples and (C) computing stress and strain values from 

experimentally determined displacement and load values.    

 

 

For all tests, a low-gelling temperature (Sigma: Type VII-A A0701) was used.  A 

low-gelling temperature agarose was selected to allow for encapsulation of chondrocytes 

without killing the cells (encapsulation had to be performed <37°C).  The gelling 

temperature of the agarose refers to the temperature at which the agarose changes from an 

aqueous solution into a gelatin state upon cooling.  For the agarose hydrogels, a range of 

concentrations were tested (3-5% w/v), and their appropriate moduli determined.  

 

Results & Conclusion    

 

Stepwise stress-relaxation results show an increasing trend of agarose stiffness 

with respect to agarose concentration (Figure 20).  Equilibrium moduli were 18.9  0.77 
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kPa, 26.0  1.58 kPa, 34.3  1.65 kPa, 35.7  0.95 kPa, and 42.0  2.88 kPa for agarose 

concentrations of 3, 3.5, 4, 4.5, and 5% (w/v), respectively.  Dynamic moduli were 

determined to be of 39.4  4.5 kPa, 52.3  1.9 kPa, 64.4  3.1 kPa, 55.5  3.5 kPa, and 

78.4  3.2 kPa for the range of agarose gels, respectively.  A significant relationship 

between the calculated stiffness values and the gel concentration (dynamic, r = 0.78, p < 

0.001, and equilibrium r = 0.91, p < 0.001) was determined. 

 

 

Figure 20. Equilibrium (red) and dynamic (gray) moduli values for 3-5% [w/v] agarose.  

Modulus value (kPa) is given on the vertical axis and increase gel concentration on the 

horizontal axis [113].   

 

 

The dynamic modulus can be thought of as the materials initial, elastic 

response/stiffness to a rapidly induced mechanical deformation.  The equilibrium 

modulus is the materials stiffness in response to a more relaxed, slower induced 

deformation.  Recalling our goal of creating a physiologically stiff environment for 
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chondrocyte encapsulation, we find that 3-4% agarose provides a stiffness perfect for 

modeling OA PCM (~25 kPa), and 4.5-5% agarose provides a stiffness matched to 

healthy PCM (~40 kPa).  This is a significant finding because current studies utilize a 

much lower stiffness for chondrocyte encapsulation (1.5-3% w/v agarose concentration) 

which could greatly affect chondrocyte mechanotransduction experiments [117-119].  By 

using a more representative stiffness (3-5% w/v agarose concentration) for chondrocyte 

mechanotransduction studies, we can more accurately model real life loading scenarios.  

This research was published in the Annals of Biomedical Engineering in November, 2014 

[114].  The work in this publication was a joint effort between the author and Aaron 

Jutila, and can be seen in APPENDIX A. 

Following the material property characterization for the agarose hydrogels, the 

next goal was to assess the strain homogeneity of the hydrogels under applied 

deformation.  It was necessary to validate the homogeneity of the mechanical 

deformations in the agarose hydrogels for the chondrocyte mechanotransduction studies 

(Chapters 3 and 4).  Because these two in vitro studies are looking into the metabolomic 

and phosphoproteomic profiles of the chondrocytes in response to mechanical loading, 

the deformations applied to each of the individual, encapsulated cells needed to be 

similar.  If the applied deformations were not similar, then the biological outputs of the 

chondrocytes could be a result of the inhomogeneous mechanical loading.  However, if 

the deformations were similar, then the differences in results could signify loading 

induced changes within the cells.     
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Abstract 

 

Cartilage and chondrocytes experience loading that causes alterations in 

chondrocyte biological activity.  In vivo chondrocytes are surrounded by a pericellular 

matrix with a stiffness of ~25-200 kPa.  Understanding the mechanical loading 

environment of the chondrocyte is of substantial interest for understanding chondrocyte 

mechanotransduction.  The first objective of this study was to analyze the spatial 

variability of applied mechanical deformations in physiologically stiff agarose on cellular 

and sub-cellular length scales.  Fluorescent microspheres were embedded in 

physiologically stiff agarose hydrogels.  Microsphere positions were measured via 

confocal microscopy and used to calculate displacement and strain fields as a function of 

spatial position.  The second objective was to assess the feasibility of encapsulating 

primary human chondrocytes in physiologically stiff agarose.  The third objective was to 

determine if primary human chondrocytes could deform in high-stiffness agarose gels.  

Primary human chondrocyte viability was assessed using live-dead imaging following 24 

and 72 hours in tissue culture.  Chondrocyte shape was measured before and after 

application of 10% compression.  These data indicate that (1) displacement and strain 

precision are  ~1% and 6.5% respectively, (2) high-stiffness agarose gels can maintain 

primary human chondrocyte viability of  >95%, and (3) compression of chondrocytes in 

4.5% agarose can induce shape changes indicative of cellular compression.  Overall, 

these results demonstrate the feasibility of using high-concentration agarose for applying 

in vitro compression to chondrocytes as a model for understanding how chondrocytes 

respond to in vivo loading.  
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Introduction 

 

Osteoarthritis (OA) is the most common joint disorder, affecting over 100 million 

individuals [6].  OA is most commonly associated with excessive loading of aging joints 

(e.g. caused by obesity or injury), leading to deterioration of articular cartilage and joint 

inflammation.  Articular cartilage is located at the surfaces of joints, and serves as a low-

friction material between bones.  Articular cartilage is composed of articular 

chondrocytes (cartilage cells), the pericelluar matrix (PCM), and the extracellular matrix 

(ECM) [125].  In these regions of the body (e.g. the knee), the articular cartilage, and thus 

articular chondrocytes, are subjected to almost-constant mechanical loading (e.g. 

walking, running, etc…).  Repetitive action is crucial for joint health, yet excessive 

loading can lead to OA [8].  Individuals with a history of heavy mechanical work (e.g. 

heavy lifting) are ~7-fold less likely to have OA at the age of 90 [3], suggesting that long-

duration, but sub-injurious, mechanical loading may induce protective biological 

responses.  Therefore, understanding the biological responses of chondrocytes to 

mechanical loading are extremely important to improving joint health.  These data 

emphasize the need for development of fundamental knowledge regarding how 

chondrocytes and other joint cells sense and respond to mechanical loads, a process 

defined as mechanotransduction [49].  This paper characterizes the deformational 

environment of a stiff 3D hydrogel for use in cartilage mechanotransduction studies.   

Exogenous dynamic compression can substantially alter chondrocyte metabolism 

in both an anabolic and catabolic manner, but the balance between matrix synthesis and 

matrix degradation is not yet fully understood [75, 76].  Dynamic compression can 
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induce phosphorylation of multiple enzymes, including MAPK and SEK [78, 79], Akt 

[80], Erk -1 and -2 [81-83], and Rho kinase [84].  Additionally, exogenous loading can 

alter Superficial Zone Protein expression [87], induce transcription of ECM genes [9], 

and activate RhoA [84].  Cyclic dynamic compression can promote Smad2 

phosphorylation [85], gene expression of  MMP-13 [86], which is the marker for 

catabolic changes in the ECM, and increases in ATP release [126].  These studies 

demonstrate the sensitivity of chondrocytes to mechanical loading and indicate that a 

complete understanding chondrocyte mechanotransduction remains to be determined. 

A variety of hydrogels have been utilized including photo cross-linked 

polyethylene glycol [43], self-assembling peptides [67], alginate [68], and agarose [69, 

70].  Most existing studies utilize 3D microenvironments (e.g. agarose or alginate) for 

cell encapsulation with a much lower stiffness (< 5 kPa) than the cartilage pericelluar 

matrix (25-200 kPa) [47, 73].  Agarose hydrogels are of particular interest because the 

stiffness can be selected to match the stiffness of cartilage PCM [71] without potential 

complications of UV photo crosslinking (e.g. induction of the DNA damage response 

[72]).  This study characterizes the deformational environment of high-stiffness (~35 

kPa) agarose gels.  To our knowledge, chondrocyte mechanotransduction studies have 

never been performed using agarose with PCM stiffness.   

Cartilage experiences a variety of in vivo loading.  The motivation for this study is 

to characterize the micro-level deformation fields in a physiologically stiff, 3D culture 

environment, to study how chondrocytes sense and respond to mechanical loading.  

Using a bioreactor capable of applying sub-micron precision, displacement-controlled 
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loading to agarose hydrogels during confocal microscopy, this study describes (1) the 

cellular-level deformation fields in agarose hydrogels under mechanical compression, (2) 

the encapsulation of primary human chondrocytes in agarose hydrogels with stiffness 

matched to human PCM (25-200 kPa) [47, 114, 127], and (3) the ability to apply uniform 

compression to embedded cells. 

To minimize experimental variability when applying in vitro loads to 3D 

chondrocyte cultures, applied deformations must be spatially homogeneous throughout 

the hydrogels to avoid spatially-distinct mechanical stimuli.  The first objective of this 

study was to analyze the spatial variability of applied mechanical deformations in 

physiologically stiff agarose on cellular and sub-cellular length scales.  Fluorescent 

microspheres were used as fiducial markers within agarose hydrogels, which were 

compressed uniaxially during confocal imaging.  Microsphere positions were tracked 

with 2D-Cartesian coordinates over a range of ~250 μm.  These data were used to 

calculate the displacement and strain fields at multiple locations with spatial resolution of 

~5 μm.   

The second objective was to assess the feasibility of encapsulating primary human 

chondrocytes in physiologically stiff agarose, and the third objective was to determine if 

primary human chondrocytes could deform in high-stiffness gels.  Primary chondrocytes 

were isolated from discarded joint replacement tissue and encapsulated in agarose, and 

viability was assayed via live-dead staining.  The results of this study indicate that (1) 

applied deformations have minimal spatial variability and strain bias, (2) primary 

chondrocytes can maintain high viability through 72 hours, and (3) human chondrocytes 
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can be deformed in physiologically stiff agarose.  Future studies may use this system to 

elucidate cellular mechanisms of chondrocyte mechanotransduction. 

 

Methods 

 

Encapsulation of Fluorescent Microspheres in Physiologically Stiff Agarose.   

Agarose hydrogels were prepared by dissolving low-gelling-temperature agarose (Sigma: 

Type VII-A A0701), in PBS at 1.25X of desired hydrogel concentration.  For example, 

for 4% (w/v) final concentration, agarose was initially mixed at 5% (w/v).  Fluorescent 

microspheres (Molecular Probes: Constellation Microspheres, diameter 1-5μm) were 

added to the agarose (~40C and 25% w/v) to reduce to the final, desired agarose 

concentration.   Microspheres were vigorously vortexed to distribute them evenly 

throughout the liquid hydrogel.  Gels were then cast in an anodized aluminum mold at 

23C, which produced cylindrical hydrogels with a height of 12.7  0.1 mm and diameter 

of 7.0  0.1mm (aspect ratio 3.62).  The sample geometry was selected to provide 

uniaxial deformations consistent with spatially homogeneous strain fields [122].  Agarose 

concentrations were 3, 3.5, 4, 4.5, and 5% (w/v) based on previous stiffness data with 

n=3 replicates for each concentration [128].  Gels were removed from the mold after 5 

minutes and stored in PBS at 4C until testing. 

 

Mechanical Loading and Confocal Imaging.  Samples were bisected 

longitudinally and placed into the loading tray of a custom-built loading device (Figure 

21A & B) mounted to an upright confocal microscope (Leica SP5).  The device delivers 

high-precision compression via displacement control to the hydrogel samples and is 
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capable of applying displacements from 12.7 µm to 12.7 mm.  These displacements can 

be delivered over a range of speeds as low as 12.7 µm / s and as fast as 12.7 mm / s.  The 

loading platen was moved until contact with the gel was achieved as defined visually 

through the microscope.  50 mL of 0.15 M PBS was then added to the tray to maintain 

gel hydration.  This preloading process required ~5 minutes to complete.  The objective 

(0.9 NA water objective with x-y resolution of 200 nanometers and z resolution of 600 

nanometers) was lowered into the PBS and the fluorescent beads were viewed using 

TRITC fluorescence (excitation: 547nm, emission: 572nm).  Samples were compressed 

serially for a total of 20 steps at 25.4µm increments followed by a 3 minute relaxation 

period to accommodate agarose stress-relaxation.  Six unique locations (Figure 21C) 

were tested in each gel to evaluate the spatial homogeneity in the hydrogels.    

Particle Tracking and Finite Deformation Evaluation.  Following confocal 

imaging, datasets were input into imaging software (Imaris, Bitplane, South Windsor, 

CT) for image processing and particle tracking.  Each dataset included a 3-dimensional 

image of the gel for every loading step (20 images total) which was projected onto 2D for 

further analysis (Figure 22).  Images were thresholded and particles (fluorescent 

microsphere) were tracked over 20 time steps giving a unique x, y, and z location for 

>90% of particles at each time step using Imaris software.  About 600 particles (range 

400-800) were tracked in each gel over the course of the applied compressive 

deformations.  
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Figure 21.  Approach for measuring micron-level deformations within agarose gels. (A) 

Custom-built loading machine for applying controlled displacements to soft biological 

samples.  (B) This device was designed to be mounted on the platform of an upright 

confocal microscope and be capable of viewing bisected hydrogel samples using 

fluorescence imaging techniques.  Actuation is provided by a linear stepper motor 

(Haydon Kerk K57H43-3.25-081ENG, Waterbury, CT).  (C) Spatial sampling protocol.  

Six images (1-6) were taken of each gel during compression to evaluate the spatial 

homogeneity of the induced deformations.  These sampling locations are based on the 

symmetry of the boundary conditions assuming frictionless contact.  Compression was 

applied in the positive y-direction. 

    

 

Particle displacements were calculated directly from the position data.  

Displacements were then input into Matlab to calculate finite deformations and strains 

using previously-validated techniques [129, 130].  Displacement field smoothing was 

performed on all displacement data according to common methods [131].  In order to 
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minimize the amplification of errors we incorporated a Gaussian smoothing filter into our 

data processing.   

 

 

Figure 22.  Two-dimensional displacement measurement.  Bead displacements, δ, were 

measured by automated tracking of ~500 beads in each field of view.  Displacements 

were calculated from particle (bead) positions after each displacement step.  Final 

displacement steps were used to evaluate the spatial homogeneity for each gel location.  

A total displacement of 508 m was applied to each gel in increments of 25.4 µm 

followed by 3 minutes of stress-relaxation prior to imaging.  Gels were excited using 

TRITC fluorescence and images recorded after each loading step.  Scale bar is 30 m. 

 

 

We applied a 5 x 5 box-sized Gaussian filter to the displacement data with 100 iterative 

smoothing cycles prior to evaluation of the strain fields.  To assess the potential for 

displacement measurement error to propagate, we added random noise to our 

displacement measurements prior to strain calculation.   Green-Lagrangian finite strain 

values were derived directly from displacement data as follows:  

𝐸 =  
1

2
∙ (𝐹𝑇𝐹 − 𝐼) 
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Where I is the identity matrix and the deformation tensor F is defined as: 

𝐹 =  
𝜕𝑥𝑡

𝜕𝑥0
 

At a fixed time t the deformation gradient is a function of the actual position 

vector xt and the initial position vector x0. 

The calculated deformation variables were: displacements in the direction of 

loading (Uy), displacements perpendicular to loading (Ux), finite strains in the direction 

of loading (Eyy), finite strains perpendicular to loading (Exx), and finite shear strains 

(Exy).  Note that z-displacements were not measured in this study.  Due to the high 

density of particles in each image required for the high spatial resolution, the particle 

tracking software occasionally identified incorrect particles for tracking (e.g. in a 

particular displacement step, particle A was obscured by particle B resulting in missing 

displacement data for particle A in this step.)  These errors presented themselves as 

abnormally large or small displacements when comparing against the entire displacement 

dataset.  An 85% confidence interval for bead displacement was used to mitigate these 

random errors.  The average displacement value at the final loading step was calculated, 

and displacements that were outside of 1.44 standard deviations were discarded.  This 

process was selected based on a pilot study which determined the coefficient of 

determination (R2) as a function of the confidence interval for displacement processing.  

This study found that a confidence interval of 85% achieved the R2 value to be expected 

for calculation of finite Lagrangian strain based on the observed deformation gradients 

(Supplemental Figure 7).   
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Chondrocyte Encapsulation.  Primary human chondrocytes were embedded in 

agarose of varying concentrations.  Chondrocytes were harvested from discarded joint 

replacement cartilage from human donors (Informed consent obtained under an IRB-

approved human subjects exemption), digested in Type IV collagenase (2 mg/mL for 12-

14 hrs. at 37C), and then cultured in DMEM with 10% fetal bovine serum and 

antibiotics (10,000 I.U./mL penicillin and 10000 µg/mL streptomycin) in 5% atmospheric 

CO2.  For encapsulation, cells were trypsinized, counted, and re-suspended in media at 

11X.  Agarose was autoclaved and prepared as described above.  The cell-suspension was 

added to the agarose with gentle vortexing to distribute the cells throughout the liquid 

hydrogel.  Gels were subsequently cast for 5 minutes at 23C.  Cell-seeded agarose 

constructs were removed from the molds and placed in tissue culture for 24 and 72 hours 

prior to viability analysis. 

 

Viability Analysis and Induced Deformations on Primary Chondrocytes.  To 

assess the feasibility of the encapsulation process, we assessed viability using standard 

methods [132].  Cells were incubated in 8 M calcein-AM and 75 M propidium iodide 

for 30 min. at 37 C.  Following incubation, constructs were examined by confocal 

microscopy for calcein-AM fluorescence (excitation: 496 nm, emission: 516 nm) 

indicating live cells via intracellular thioesterase activity and propidium iodide 

fluorescence (excitation: 536 nm, emission: 617 nm) indicating dead cells via DNA 

binding indicative of compromised plasma membranes.  Confocal images were acquired 

from 6 positions (Figure 21C) within each hydrogel to assess potential spatial variability 

in cell viability.  To determine if deformations could be induced on embedded primary 
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chondrocytes, hydrogels were compressed uniaxially using the loading device described 

above.  Constructs were compressed to 10% strain over 1 minute.  Stress-relaxation was 

allowed to proceed for 10 minutes prior to confocal imaging.  Uncompressed control 

images (aspect ratio width/height = 1) were used to compare against compressed images 

(10% axial compression). 

 

Results 

 

The spatial homogeneity of each gel concentration was evaluated by comparing 

the final loading step displacement and strain values at six unique locations in each gel.  

For each gel concentration we found displacement and strain fields with minimal 

variability from all six gel locations (Figure 23,  

Figure 24, & Supplemental Figure 8).  Axial finite strains, (Eyy) were 2.01  

0.08, 1.65  0.11, 1.33  0.10, 1.11  0.08, and 0.98  0.07 for 3, 3.5, 4, 4.5, and 5% 

agarose, respectively (Figure 23A,  

Figure 24B, & Supplemental Table 5).  Transverse finite strains (Exx) and shear 

strains (Exy) were minimal for all agarose concentrations (Figure 23B and C, 

Supplemental Table 5).  Error analysis indicated that the observed displacement precision 

resulted in errors in Eyy strain of ~1% (Supplemental Figure 9).  We found high viability 

which was independent of spatial position, indicating a homogeneous distribution of 

viable cells (Figure 25, Supplemental Table 6).  All average viability measures were ≥ 

96.2%.  Deformations were applied to agarose constructs containing embedded primary 

chondrocytes.  Cellular geometry was identified with Calcein AM fluorescence, and 

compressed images showed the cross sections of uncompressed cells to be circular 
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(width/height of 1.00  0.00) and the compressed cells to be ellipsoidal (Figure 26).  

Cells in 4.5% agarose exhibited greater deformation than cells in 4.5% agarose as 

quantified by the aspect ratio of chondrocyte width to height (p < 0.001.  2%: 1.07  0.06.  

4.5%: 1.28  0.04.  ).  For chondrocytes in 4.5% agarose, the coefficient of variation of 

the aspect ratio was 3.1% indicating the uniformity of applied compression to the 

embedded cells. 

 

Discussion 

 

The objectives of this study were to (1) assess the spatial variability of mechanical 

deformations in physiologically stiff agarose on a sub-cellular length scale, and (2) 

determine if it is possible to encapsulate live primary human chondrocytes in 

physiologically-stiff agarose, maintain viability, and induce deformations on the 

embedded cells.  We determined the spatial homogeneity in each gel by assessing 

displacements and strains at six spatial locations in each gel over an array of pre-

determined  agarose concentrations (3-5% w/v) which result in stiffness values in the 

range of the human PCM [47, 114, 127]. 

When computing strain fields from experimental data, noise is capable of skewing 

results and requires preliminary filtering of the displacement data [129].  In this study, 

displacements were calculated directly from individual particle locations within the 

hydrogels during the twenty steps of applied compression.  Displacements at each step 

were calculated with respect to the undeformed particle locations of the first loading step.  

A 5x5 box-sized Gaussian filter was applied to the displacement data in order to increase 

the precision of the calculated strain fields [131].   
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Figure 23.  Finite deformation Lagrangian strain fields within 4.5% agarose hydrogel. 

Strains were calculated using a finite deformation code in Matlab [129]. The axial (Eyy), 

transverse (Exx), and shear (Exy) strain fields for 4.5% agarose are plotted. Axial strains 

were calculated to be 1.11±0.08 [mm/mm]. Transverse strains were calculated to be 

0.01±0.00 [mm/mm]. Shear strains were calculated to be 0.18±0.02 [mm/mm]. (A) 

Representative axial strain image Eyy. (B) Axial strain Eyy as a function of agarose 

concentration. (C) Representative transverse strain Exx. (D) Transverse strain Exx as a 

function of concentration. (E) Representative shear strain Exy. (F) Shear strain Exy as a  

function of concentration. 
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Figure 24.  Axial displacement (A) and strain (B) as functions of gel position and agarose 

concentration. We found a significant relationship for Uy (r=−0.8466 and p<0.001) 

and Eyy (r=−0.71 and p<0.001) between agarose gel concentration and bead 

deformations, and indicating that the stiffer, higher-concentration gels resulted in smaller 

bead displacements and strains, as expected. Locations as defined in Figure 21C. 

 

 

Once the data was filtered, it was input into a finite deformation code in Matlab 

for strain field calculation [129].  The finite deformation code utilizes a 2D-continuum 

mechanics approach where Green-Lagrange strain fields are calculated from discretely 

sampled displacement fields.  The code calculates the finite deformation tensor, F, and 

the Green-Lagrange strain tensor, E, from experimental particle position data.  The 

random spacing of the beads may induce error into the in the strain calculation because 

larger distances between neighboring particles, will result in larger discretization error.  

While this may affect the magnitude of the strain values, the objective of this study was 

to evaluate the homogeneity of the displacement and strain fields, and this error was 

mitigated by the displacement field smoothing prior to strain calculation.   
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Figure 25.  Viability of primary human chondrocytes in high concentration agarose gels 

after 24 and 72 h. Primary human chondrocytes were harvested from joint replacement 

tissue (Bridger Orthopedic, Bozeman, MT), digested in Type IV collagenase (2 mg/mL 

for 12–14 h. at 37 °C), cultured, encapsulated in physiologically-stiff agarose (3–5% 

w/v), and assessed for viability after 24 and 72 h using confocal microscopy. Live cells 

were identified with Calcein AM fluorescence (ex. 497 em. 516) and dead cells with 

propidium iodide fluorescence (ex. 537 em. 617). All six gel locations were imaged 

showing minimal variability in cell viability throughout the gel. Average viability was 

>97% and >95% for 24 and 72 h time periods, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



72 

 

 

Figure 26.  Deformation of primary human chondrocytes in 2.0% and 4.5% agarose. To 

examine deformations to chondrocytes in typical stiffness (2.0%) and high stiffness 

(4.5%) agarose, primary human chondrocytes were cast into agarose hydrogels, 

equilibrated in culture for 72 h, and imaged before and after a 10% nominal compression. 

Deformations were quantified via the aspect ratio (width/height). Aspect ratios were 

significantly greater following 10% compression in 4.5% agarose compared with 2.0% 

(p<0.001). Left panels (A and C) show representative uncompressed images. Right panels 

(B and D) show images following 10% nominal compression. Top row (A and B) shows 

data for 4.5% agarose. Bottom row (C and D) shows data for 2.0% agarose. A total 

of n~150 cells were measured for aspect ratio in each condition. 
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Conclusions 

 

These data demonstrate the ability to apply compressions to physiologically stiff 

agarose hydrogels with absolute displacement precision of ~1% and absolute strain 

precision of ~6.5% (e.g. application of nominal 10% strain would result in strains 

between 9.35 and 10.65%).  This minimal variability in displacement and strain fields 

between different spatial locations in each gel implies spatial homogeneity and 

demonstrates the utility of using this system to apply well-defined strains to primary 

human chondrocytes and other cells to study cellular mechanotransduction.  This study 

also demonstrated the feasibility of encapsulating primary human chondrocytes in 

physiologically stiff agarose gels while maintaining high viability.  Finally, this study 

found that 4.5% agarose was capable of physically deforming primary human 

chondrocytes.  These results provide a robust methodological foundation for future 

studies investigating how chondrocytes respond to mechanical cues:  using this system, 

we can now apply a uniform mechanical stimulus which is necessary to minimize 

biological variability when dissecting mechanisms of mechanotransduction. 
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After successfully validating the homogeneity of the mechanical deformations in 

the agarose hydrogels, the next step was to validate the feasibility of measuring 

differences in the chondrocyte metabolome in response to applied, dynamic loading.  To 

perform these studies, SW1353 chondrosarcoma chondrocytes were encapsulated in 

physiologically stiff agarose, and were subjected to various lengths of cyclical, 

mechanical compression.  Then following compression, metabolites were extracted and 

analyzed via LC-MS.  The reason for using SW1353 cells is that they are an extremely 

fast proliferating chondrocyte cell line, and they are extremely hardy.  If the metabolite 

profiles were not observed in the SW1353 cells, then measurements on a primary 

chondrocytes (cells harvested from human tissue) would be extremely difficult.   
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Abstract 

 

Chondrocyte mechanotransduction is the process by which cartilage cells 

transduce mechanical loads into biochemical and biological signals.  Previous studies 

have identified several pathways by which chondrocytes transduce mechanical loads, yet 

a general understanding of which signals are activated and in what order remains elusive.  

This study was performed to identify candidate mediators of chondrocyte 

mechanotransduction using SW1353 chondrocytes embedded in physiologically stiff 

agarose.  Dynamic compression was applied to cell-seeded constructs for 0-30 minutes, 

followed immediately by whole-cell metabolite extraction.  Metabolites were detected via 

LC-MS, and compounds of interest were identified via database searches.  We found 

several metabolites which were statistically different between the experimental groups, 

and we report the detection of 5 molecules which are not found in metabolite databases of 

known compounds indicating potential novel molecules.  Targeted studies to quantify the 

response of central energy metabolites to compression found a transient increase in the 

ratio of NADP+ to NADPH and a continual decrease in the ratio of GDP to GTP, 

suggesting a flux of energy into the TCA cycle.  These data are consistent with the 

remodeling of cytoskeletal components by mechanically induced signaling, and add 

substantial new data to a complex picture of how chondrocytes transduce mechanical 

loads.  
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Introduction 

 

The field of cellular mechanotransduction seeks to identify mechanisms by which 

cells respond to their mechanical loading environments.  Mammalian cells have the 

ability to respond to a variety of loads by altering signaling pathways in a diverse set of 

cells and tissues [87, 133-135]. These and other studies demonstrate the ability of 

mammalian cells to respond to exogenous mechanical loading.  However, knowledge of 

the mechanisms by which cells sense and respond to loading remains incomplete. 

Articular cartilage is the smooth tissue lining the surfaces of articulating joints 

(e.g. knee) which deforms during physiological activity [136, 137].  Articular 

chondrocytes, the cells of articular cartilage, respond to applied loading via multiple 

pathways, including activation of GTPase signaling via Rho-A and ROCK [123, 138].  

Osteoarthritis (OA) is a major medical problem that involves deterioration of articular 

cartilage [139], and osteoarthritic chondrocytes demonstrate differences in 

mechanotransduction compared with healthy chondrocytes.  For example, cyclical strain 

reduces AKT phosphorylation in OA chondrocytes [93], and OA chondrocytes fail to 

produce sulfated glycosaminoglycans (sGAG) in response to load whereas normal 

chondrocytes exhibit loading-induced increases in sGAG production [140].  In the 

present study, we provide high-dimensional data regarding changes in expression levels 

and flux of thousands of metabolites (i.e. cytosolic molecules smaller than ~1000 Da) in 

response to highly controlled compression of SW1353 chondrocytes [141].   

Chondrocytes within articular cartilage are surrounded by a pericellular matrix 

(PCM) which is composed primarily of Type VI collagen and other proteins [142-144].  
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The chondrocyte PCM has a stiffness of ~25-200 kPa [47] which is diminished in OA 

[62].  Previous studies of chondrocyte mechanotransduction have utilized various three 

dimensional culture methods [43, 67, 68, 70, 145] most with stiffness values of 5-10 kPa 

or less, which are markedly lower than those present in the human pericellular matrix [47, 

62].  The present study sought to build on previous methodology [146, 147] by using 

high concentrations of agarose to support the chondrocytes and form a high-stiffness gel 

capable of applying physiological deformation to chondrocytes. 

Previous research indicates that central energy metabolism is altered both in 

inflammation and OA, including the balance between glycolysis and oxidative 

phosphorylation [148, 149].  Energy metabolism may be affected by loading because 

activation of AMP-activated protein kinase can prevent catabolism induced by 

mechanical injury [150].  Based on these and other data, we hypothesized that dynamic 

compression within the physiological range will increase glycolytic metabolism to 

maintain the environment of the PCM.  As a first step in evaluating this hypothesis, we 

conducted the present study to develop and demonstrate methods for targeted 

quantification of metabolites associated with the central metabolism of SW1353 

chondrosarcoma chondrocytes in response to applied dynamic compression in the 

physiological range.  To our knowledge, this is the first application of either targeted or 

untargeted metabolomics studying chondrocyte mechanotransduction.  

The objective of this study was to use targeted and untargeted metabolomics to 

identify candidate mediators of chondrocyte mechanotransduction.  We identified 

loading-induce changes in ~4000 metabolites in untargeted studies and measured 
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quantitative changes in 36 targeted metabolites relevant to central metabolism and protein 

production.  From this untargeted metabolomics detection, 54 novel mediators of 

chondrocyte mechanotransduction were identified.  These data define the functional 

response of chondrocytes to applied loading.  Future studies to build on these results will 

aim to develop a more detailed systems understanding of chondrocyte 

mechanotransduction. 

 

Materials and Methods 

 

Chondrocyte Culture and Encapsulation.  Human SW1353 chondrosarcoma cells 

were cultured in 5% CO2 in DMEM with 10% fetal bovine serum and antibiotics (10,000 

I.U. / mL penicillin and 10,000 g / mL streptomycin).  For encapsulation, cells were 

trypsinized, counted, and resuspended in media at 11X. Agarose/PBS solution was 

prepared using low-gelling-temperature agarose (Sigma: Type VII-A  A0701) at 1.1X of 

desired final concentration and placed into a water bath at 40C.  The cell-suspension was 

added to the agarose with vortexing to distribute the cells throughout the liquid hydrogel.  

Gels were subsequently cast in an anodized aluminum mold for 5 minutes at 23C with 

diameter of 7mm and height of 12.7 mm [113].  Cell-seeded agarose constructs were 

removed from the molds and cultured in antibiotic free media for 72 hours at 37°C under 

5% CO2.  These methods have been shown to provide uniform compressive deformations 

[151] to chondrocytes by modeling the stiffness of the pericellular matrix [62].  The 

stiffness of the pericellular matrix provides in vivo deformations to the relatively less-stiff 

chondrocytes [152], and the advantage of this approach is that it provides observable 
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cellular deformations while providing homogeneous, uniaxial unconfined compression as 

the defined mechanical stimulus[151].   

 

Mechanical Stimulation.  Cell-seeded agarose gels were subjected to cyclic 

compression via a custom made bioreactor for 0, 15, and 30 minutes (Figure 27A).   

Dynamic unconfined compression was applied between impermeable platens in culture 

media at a frequency of 1.1 Hz [153] with an average compressive strain of 5% and an 

amplitude of 1.9% based on the initially measured height of 12.7  0.1 mm.  This 

sampling interval is based on previous observations of changes in central energy 

metabolism within a 30 minute timescale [154].  Physiological conditions (culture media 

at 37˚C, 5% CO2) were maintained through the duration of the tests.  To assess 

specificity of the mechanobiological response, unloaded control samples were placed in 

the bioreactor without deformational loading and analyzed for each time point. 

 

Metabolite Extraction.  After each time point samples were removed from the 

bioreactor, immediately wrapped in sterile foil and frozen in liquid nitrogen.  Samples 

were then placed inside individual wells of a custom-made frozen aluminum mold for 

pulverization (Figure 18) [113].  From here each sample was crushed using a sterilized 

stainless steel platen and a ballpeen hammer.  Crushed gel particulate was then collected 

into 2 mL micro-centrifuge tubes.  Metabolites were extracted by adding 1 mL of a 70:30 

solution of Methanol:Acetone and vortexing every 4-5 minutes for twenty minutes.  

Samples were extracted further at -20C overnight.  Solid content was pelleted by 

centrifugation at 13,000 rpm for 10 minutes at 4C.  The supernatant was placed into new 
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1.6 mL micro-centrifuge tubes where solvent was removed via speed-vac for six hours.  

The dried samples were then resuspended in 100 µL of a 50:50 Water:Acetonitrile 

solution for metabolomics analysis. 

 

Untargeted and Targeted LC-MS.  Detection of metabolites was performed via 

HPLC separation with ESI-MS (electrospray mass spectrometry) detection in the 

Montana State University Mass Spectrometry Core Facility [155-157].  HPLC was 

performed with an aqueous normal-phase, hydrophilic interaction chromatography 

(ANP/HILIC) HPLC column.  A Cogent Diamond Hydride Type-C column with 4 m 

particles and dimensions of 150 mm length and 2.1 mm diameter was used with an 

Agilent 1290 HPLC system.  The column was maintained at 50 C with a flow rate of 

600 L/min.  Chromatography was as follows: solvent consisted of H2O with 0.1% (v/v) 

formic acid for channel "A" and acetonitrile with 0.1% formic acid for channel "B".  

Following column equilibration at 95% B, the sample was injected via auto-sampler, and 

the column was flushed for 2.0 min to waste.  From 2.0 min to the end of the run, the 

column eluent was directed to the MS source.  From 2.0 min to 12.5 min, the gradient 

was linearly ramped from 95% to 25% B.  From 12.5 to 13.5 min the column was held 

isocratically at 25% B, and from 13.5 to 15 minutes the column was re-equilibrated with 

95% B.  Blank solvent samples were run following each sample. 

The mass spectrometer used was an Agilent 6538 Q-TOF with dual-ESI source.  

Resolution is ~20,000 and accuracy is ~5 ppm.  Source parameters were: drying gas 12 

L/min, nebulizer 60 psi, capillary voltage 3500 V, capillary exit 120 V.  Spectra were 

collected in positive mode from 50 to 1000 m/z at a rate of 1 Hz.  Quality control testing 
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including mass accuracy calibration of all instruments is performed regularly and 

documented by the Mass Spectrometry Core Facility staff as part of routine operation. 

Metabolites known to be involved in central metabolism [102, 154] were targeted 

for LC-MS analysis.  Using the isotopic distributions of these targeted masses (Agilent 

Technologies), a list of H+ and Na+ adducts was used to create 20 ppm mass windows 

for each ion, and pilot data was scanned to determine the range of retention times for 

each ion based on data from analytical standards (Biolog, Hayward, CA) run by the mass 

spectrometry core facility for 15 of the 36 targeted metabolites.  These standard 

metabolites were run by Core staff under controlled conditions, and target validation 

ensured retention times within 0.1 min of core values for samples run on identical 

instruments under identical conditions.  Targeted metabolite intensity was defined as the 

sum of the intensities of the isotopes of the ions and adducts associated with each 

metabolite as determined by the Quantitative Analysis package within MassHunter 

Workstation B.04.00 (Agilent Technologies).   

 

Data Processing.  Data analysis involved multiple software packages used to 

process the raw LC-MS data for feature identification, quantification, and metabolite 

identification (Supplemental Figure 10).  Raw LC-MS scans were converted to mzXML 

files using Agilent MassHunter and processed in MZmine2 [158] for the untargeted 

analysis.  Unrefined lists of detected metabolites (i.e. detected mass values) with 

corresponding intensities were generated by aligning all LC-MS scans.  These unrefined 

lists resulted in the identification of approximately 25K independent m/z values for 

positive mode and 18K m/z values for negative mode scans. 
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Using established methods [159], filtered datasets were generated as follows.  

Chromatograms were built using centroidal mass detection with a minimum signal level 

of 1000, minimum timespan of 0.02 seconds, minimum peak height of 1000, and an m/z 

tolerance of 0.05.  Peak deconvolution was performed with a chromatographic threshold 

of 85%, search minimum in retention time of 0.03 seconds, minimum relative height of 

5%, minimum absolute height of 10000, and minimum ratio of top/edge of 1.0.  The 

chromatograms were then normalized by retention times with a retention time tolerance 

of 0.25 min and a minimum standard intensity of 1000.  Chromatograms were aligned 

and a duplicate peak filter was applied with an m/z tolerance of 0.1 and a retention time 

difference maximum of 1 minute.  These refined lists were used for statistical analysis 

and candidate metabolite identification.  Intensity was quantified via peak height in the 

total ion intensity chromatogram. 

 

Data Analysis and Candidate Selection.  The experimental procedures were 

repeated for n = 5 independent samples.  To assess the biological effects of physiological 

loading, compressed samples were compared to unloaded controls. The cell-seeded 

agarose gels that received no mechanical stimulation (0 minute time point extraction) 

acted as the unloaded controls (UC), while cell-seeded agarose gels that received either 

15 or 30 minutes of mechanical stimulation made up the dynamically compressed groups, 

DC15 and DC30 respectively.  Data analysis started with the unrefined lists generated in 

MZmine2.  We defined detected masses as those present in the majority of samples (i.e. ≥ 

3 samples).  To minimize false positives associated with multiple comparisons, 

conservative statistical methods were used to make comparisons between groups.  



87 

 

Comparisons were performed using t-tests [160] and p-value corrections using a standard 

false discovery rate (FDR) calculation [160].  For metabolites detected in one group (e.g. 

DC15) but not in another, statistical comparisons were enabled by the use of small 

random values for the non-detected intensities.  These small values were < 2% of the 

minimally detected value and <0.04% of the median value, and were required to calculate 

the appropriate FDR.  Two comparisons were performed: UC vs. DC15 and UC vs. 

DC30.   

Ordination techniques were subsequently used to help identify candidate 

metabolites from the untargeted data for which statistical significance was not achieved. 

The point of this analysis was to generate a list of potentially important metabolites for 

future studies.  Data matrices were generated with data binned according to masses and 

time points. Only masses that were detected in at least three of five time point replicates 

were analyzed. Principal components analysis was performed using the rda function of 

the Vegan package in R statistical software [161].  All masses were standardized to unit 

variance and displayed using the biplot function (scaling=-1).  This approach allowed us 

to visually identify candidate mediators with relatively large magnitudes that were 

responsible for differentiating between 0, 15, and 30 minutes of loading. 

In order to assess metabolite flux over the 30 minute experimental time course, 

Pearson’s correlation coefficients were determined using loading time (0, 15, or 30 

minutes) as the independent variable and the intensity of each detected metabolite as the 

dependent variable.  Significant positive correlations indicated metabolite accumulation, 

and negative correlations indicated metabolite consumption.  Candidate mediators were 
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defined as the twenty largest (i.e. accumulated) and twenty smallest (i.e. depleted) 

statistically significant correlations.  Targeted metabolite profiles were analyzed by 

cluster and correlation analyses.  Additionally, the median ratios of ATP:ADP, 

NADP+:NADPH, NAD+:NADH, and GDP:GTP were calculated as a function of time to 

assess relative changes in energy metabolism. 

 

 

 

Figure 27.  (A) Schematic of Experimental Methods.  SW1353 Chondrocytes were 

encapsulated in 4.5% agarose (stiffness ~35 kPa), cultured for 72 hours, and exposed to 

0, 15, or 30 minutes of dynamic compression.  Metabolites were extracted and analyzed 

via LC-MS.  Inset shows loading apparatus for applying unconfined compression.  (B) 59 

metabolites were identified as candidate mediators of chondrocyte mechanotransduction 

in the untargeted studies.  These were detected by either significant correlation with time 

of loading or ordination based on principal components analysis.  Underlined values were 

not detected in database searches and may indicate novel metabolites.  (C) List of 

targeted metabolites.   
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Compound Identification.  Putative compound identifications were made by 

comparing the metabolite mass to charge (m/z) ratio to previous results using the 

METLIN and HMDB databases, which contain over 80,000 identifiable metabolites [162, 

163] using a mass tolerance of 20 ppm.  METLIN parameters were charged masses and 

adducts of either +1H+ or +1Na+.  Compounds with LipidMAPS identifications [164] 

were designated as human unless detected in a non-human species at the time of database 

search. 

 

Results 

 

These data provide an initial systems-level view of the cytosolic metabolite 

profile of human chondrocytes in response to applied compression.  We defined 54 novel 

compounds as candidate mediators (Figure 27B) of chondrocyte mechanotransduction, 40 

from correlation analysis of untargeted metabolites and 14 from ordination analysis of 

targeted metabolites.  No identification was possible for 5 of the 54 (11%) mediator 

masses based on database searches, indicating that these may be novel compounds.   The 

remaining 49 (89%) masses map to a total of 180 metabolites due to isobaric redundancy 

and structural isomers. 

 

Untargeted Metabolomics.  Untargeted studies detected 2438 to 3211 individual 

metabolites per sample.  1481 metabolites were detected in unloaded samples that were 

not detected following 15 minutes of loading, whereas 1528 unique metabolites were 

detected following 15 minutes of loading that were not present in unloaded control 

samples (Figure 28A).  1574 unique metabolites were detected in unloaded samples that 
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were not detected following 30 minutes of loading, whereas 1623 metabolites were 

detected in samples subjected to 30 minutes of dynamic compression that were not 

detected in unloaded samples (Figure 28B). 

Many of the metabolites were significantly regulated in response to dynamic 

compression.  Fifteen minutes of dynamic compression resulted in significant changes in 

255 metabolites with 223 metabolites having increased intensity and 32 metabolites 

having decreased intensity compared with unloaded control samples.  Thirty minutes of 

dynamic compression resulted in significant changes in 787 metabolites with 689 

metabolites having increased intensity and 98 metabolites having decreased intensity 

compared with unloaded control samples.  LC-MS analysis of naïve agarose control 

samples without chondrocytes found <15 metabolites (data not shown), which also 

served as solvent, reagent, and process controls. 

Untargeted metabolite intensity was significantly correlated with time of loading 

for 254 metabolites (Figure 29).  Of the significantly correlated metabolites, 157 were 

negatively correlated with time indicating cellular consumption and 97 were positively 

correlated with time indicating accumulation.  Identification of these metabolites found 

peptides, lipids, substrates, and products.   
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Figure 28.  Loading-specific differences in untargeted metabolite expression.  Mechanical 

loading resulted in statistically significant changes in expression of targeted and 

untargeted metabolites.  Left shows Venn diagrams of unique metabolites detected in 

each group.  Right shows quantitative comparisons for metabolites detected in both 

groups.  (A) Unloaded controls versus 15 minutes of dynamic compression (DC).  (B) 

Unloaded controls versus 30 minutes of DC.  (C) Principal Components Analysis used 

for ordination analysis.  The first two principal components contained 37.8% of the 

overall variance for this dataset (3-3-5).  The time points are represented as follows: 

unloaded control: T1-3, DC15: T4-6, and DC30: T7-11.  Ellipses represent unloaded 

controls (T1, T2, and T3) and dynamically compressed samples (≥T4).  Principal 

Component 1 and Principal Component 2 were associated with 22.3% and 15.5% of the 

total variance among masses. 
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Figure 29.  Dynamic compression results in both accumulation and depletion of 

untargeted metabolites.  (A) The cumulative distribution of correlation coefficients of 

untargeted metabolites were used to identify accumulating (blue) and consumed (red) 

metabolites.  The top and bottom twenty correlations were identified as candidate 

mediators of chondrocyte mechanotransduction.  (B) Accumulation of selected candidate 

mediators of mechanotransduction.  Metabolites were database-matched as gulonic acid 

(left) and harderoporphyrin (right).  (C) Depletion of selected candidate mediators of 

mechanotransduction, which were database-matched as kynurenine and 4-methylene-L-

glutamine.   

 

 

Targeted Metabolomics.  Targeted metabolites related to central energy 

metabolism exhibited distinct expression patterns with loading time (Figure 30A).  

Clustering of targeted data resulted in groups of metabolites with increasing intensities 

with respect to time, intensities peaking at 15 minutes of compression, and decreasing 

intensities with respect to time.  Guanosine tri-phosphate (GTP) was positively correlated 

with time (Figure 30B, p = 0.042).  The ratio of NADP+ to NADPH peaked at 15 

minutes of loading, as did the ratio of ATP to ADP to a lesser extent (Figure 30C).  There 

were small changes in the ratio of NAD+ to NADH, and the ratio of GDP to GTP 
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declined substantially with respect to loading time, consistent with the accumulation of 

GTP (Figure 30B).   

 

 

 

Figure 30.  Changes in expression of targeted central-energy-related metabolites over 

from 0-30 minutes of applied compression.  Metabolites associated with central energy 

metabolism and protein production (e.g. amino acids) were targeted for detailed analysis 

via detection of multiple ionized adducts and ions.  (A) Clustered heatmap of co-

expressed metabolites.  (B) Significant accumulation (correlation) of GTP and 

marginally-significant depletion of GDP in response to applied compression.  (C) Ratios 

of upstream to downstream mediators of central energy metabolism.  The peak in 

NADP+ to NADPH indicates decreased energy flow toward the pentose phosphate 

pathway, and the continual decrease in GDP to GPT indicates increased flux through the 

TCA cycle. 
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Discussion 

 

The objective of this study was to identify mediators of chondrocyte 

mechanotransduction using targeted and untargeted metabolomics.  SW1353 

chondrocytes were embedded in agarose with stiffness in the physiologic range of the 

human PCM.  By providing quantitative measures of presence, absence, and relative 

abundance of cytosolic metabolites (i.e. reactant and product levels for biochemical 

reactions involved in multiple pathways) these data provide a systems-level view of how 

the functional chondrocyte fingerprint changes in response to mechanical compression.  

The significance of this study is that to our knowledge this is the first report of 

mechanically induced changes in the cellular metabolome.  Furthermore, by 

encapsulating chondrocytes in physiologically-stiff agarose capable of inducing cellular 

deformations, we were able to identify 54 metabolites mediating chondrocyte 

mechanotransduction. 

  The untargeted metabolome is a high-dimensional measure of the functional state 

of the cell as defined by the individual metabolite levels.  The targeted metabolome of 

central-energy-related metabolites can be used for rigorous hypothesis testing via systems 

biology.  Future studies can utilize these data to map the full mechanisms of chondrocyte 

mechanotransduction.  Below we discuss specific pathways motivated by this initial 

analysis. 

Untargeted experiments found hundreds of metabolites that were statistically 

different between loading time points (Figure 28).  Among these molecules were 54 

mediators that have not been previously associated with chondrocyte 
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mechanotransduction.  Database searching of these candidates resulted in the 

identification of 180 compounds from 49 of the masses: such a non-unique expansion of 

targets is inevitable due to structural isomers with identical formulae and masses.  

Molecular mass is a linear Diophantine function of elemental composition, and multiple 

different molecular formulas can produce the same overall mass [165].  Future work will 

employ MS / MS analyses to examine these candidate molecules.   

These data suggest several specific signaling pathways, many of which have not 

previously been associated with mechanotransduction.   Accumulated molecules of m / z 

values ~219 and ~631 may include gulonic acid and harderoporphyrin, respectively.  The 

accumulation of gulonic acid may indicate decreased pentose phosphate pathway-related 

energy metabolism [166].  The accumulation of harderoporphyrin, an intermediate in 

heme biosynthesis [167], may indicate compression-induced expression of oxidative 

phosphorylation consistent with the targeted results (see below), although chondrocytes 

likely reside in a hypoxic environment and have not been demonstrated to produce 

hemoglobin [168].  Compounds identified from depleted metabolites include kynurenine 

and 4-methylene-L-glutamine (Figure 29C).  Consistent with the presently observed 

changes in GDP to GTP ratio (Figure 30C) and the known metabolism of pyruvate [166, 

169], the depletion of kynurenine and 4-methylene-L-glutamine may represent 

mechanically-induced re-direction of cellular energy via increased TCA cycle flux.   

Human central energy metabolism of glucose involves the pentose phosphate 

pathway, glycolysis, and the tri-carboxylic acid cycle [102].  The ratio of upstream to 

downstream metabolites for a particular pathway (e.g. glycolysis) can be used as a 
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surrogate measure of energy flux, under the assumptions of constant enzyme 

concentration and activity which are reasonable for the short timeframe employed by 

these experiments.  For example, energy flow to the pentose phosphate pathway can be 

inferred by the ratio of NADP to NADPH with larger ratios indicating decreased flux.  

Our data show a transient increase in NADP:NADPH at 15 minutes (Figure 30C) which 

suggests decreased energy flow to the pentose phosphate pathway, which is typically 

used for nucleic acid production [154].  The ratio of GDP to GTP may represent energy 

flow to the tri-carboxylic acid cycle.  We found a continual decrease in the ratio of 

GDP:GTP suggesting increased flux through the tri-carboxylic acid cycle, which may 

represent a re-direction of cellular energy in response to mechanical loading. 

GTP, guanosine tri-phosphate, is a substrate required for activation of GTPase 

signaling pathways.  In this study, GTP was significantly upregulated following 30 

minutes of dynamic compression (Results and Figure 30B).  Previous studies have found 

early-time (i.e. 15 minutes and shorter) activation of the GTPase RhoA [123] which is 

involved in activation of ROCK to stimulate cytoskeletal remodeling [123] and can also 

activate the master chondrogenic transcription factor of Sox9 [170].  These data add to a 

complex picture of chondrocyte mechanotransduction involving directed changes in 

energy metabolism to maintain and remodel the cytoskeleton.  Future studies will build 

on this work to elucidate both mechanisms and consequences of modifying energy 

metabolism in response to mechanical loading.   

While this study found several candidate mediators of chondrocyte 

mechanotransduction using targeted and untargeted metabolomics some limitations 
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apply.  First, the temporal resolution of the metabolome was limited to sampling at 15 

minute intervals in these initial experiments, and flux inferences assume constant enzyme 

concentration and activity.  Future studies may build on these results by using shorter 

time intervals, measuring enzyme concentrations and activities, and extending the loading 

duration.  Second, this study quantified and compared the levels of thousands of 

metabolites.  Although we used previously published LC-MS data analysis procedures, 

the possibility of both false positive and false negative results remains.  We controlled the 

risk of false positive comparisons using a false discovery rate of 0.05 [160].  Third, these 

studies were performed using SW1353 chondrocytes encapsulated in 4.5% agarose.  

While the high concentration of agarose modeled the stiffness of the human chondrocyte 

pericellular environment [47, 62], the in vivo chondrocyte pericellular matrix likely 

contains substantial additional signals for regulating cellular behavior.  Additionally, 

dynamic loading of cartilage can result in a diverse set of mechanical signals including 

streaming potentials and fluid flow [171, 172] which have been observed previously for 

lower concentrations of agarose, but have not been measured in the high stiffness in vitro 

system used in this study.  Therefore, the pathways and mechanisms reported herein 

likely represent a subset of mechanically-activated pathways, which represent cell-

intrinsic mechanisms of mechanotransduction.  Finally, although putative compound 

identifications were made, a general limitation of metabolomics is the challenge of 

unique identification, which future studies may address using NMR and MS / MS.  

Despite these limitations, to our knowledge, this is the first report of the mechanically-
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induced metabolome for human chondrocytes, which provides substantial new data 

describing how chondrocytes respond to mechanical loads. 

 

Conclusions 

 

This study demonstrates the power and challenges associated with high-

dimensional data for systems biology and provides both a methodological and data-based 

foundation for future studies.  In untargeted experiments, we found hundreds of 

statistically-significant changes in metabolites induced by mechanical loading and using 

advanced statistical methods identified 54 candidate mediators of chondrocyte 

mechanotransduction.  In targeted experiments, we found that mechanical loading 

induces significant changes in metabolites associated with cellular energy usage.  Future 

studies will identify the mechanisms of these changes and address the cell-type 

specificity of these responses. 
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METABOLOMICS 

 

  

 Following the development of the experimental methodology in Chapter 2, the 

next step in this research was to characterize the metabolite profiles for primary human 

chondrocytes as a function of dynamic compression.  This chapter builds of the 

foundational groundwork laid in Chapter 2 by using the high-stiffness agarose model to 

study the in vitro response of primary human OA chondrocytes in response to applied, 

mechanical compression.  To my knowledge, this study is the first of its kind in using a 

systems biology approach along with our novel in vitro agarose model for 3D cell 

encapsulation to study chondrocyte mechanotransduction.  This study focuses on 

studying the metabolomic response of primary human OA chondrocytes in response to 

short term (<30 minutes) of dynamic compression.  By studying the chondrocyte 

metabolome we can observe significant biological changes in as little as 15 minutes of 

compression.  Metabolomics studies are extremely useful in these short response time 

studies because the metabolites give insight on functional readout of the cellular state, 

essentially a snapshot of the physiology of the cell.   

The overall objective of this study was to evaluate and define the metabolite 

profiles for primary human OA chondrocytes as a function of dynamic compression by 

comparing samples loaded at either 0 minutes (control), 15 minutes, or 30 minutes.  

Briefly, the methods involve encapsulating primary human OA chondrocytes in 

physiologically stiff agarose, dynamically stimulating the agarose constructs with 

physiological loading values, flash-freezing the samples in liquid nitrogen post-loading, 

and pulverizing them.  The metabolites are then extracted and quantified via liquid 
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chromatography-mass spectrometry (LC-MS) at the MSU Cobre Mass Spectrometry 

Core Facility.  Both untargeted and targeted approaches were used to quantify changes in 

metabolite levels.  To my knowledge, such a study has never been done before and the 

results from this study provided both a global (untargeted) and a more focused (targeted) 

understanding of chondrocyte mechanotransduction.  Future work may build on this 

research to use metabolomics as a tool for elucidating potential biomarkers of OA.   
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Abstract 

Objective.  Chondrocytes are the sole cell type found in articular cartilage and are 

constantly subjected to mechanical loading in vivo.  We hypothesized that physiological 

dynamic compression results in changes in energy metabolism to produce proteins for 

maintenance of the pericellular and extracellular matrices.  The objective of this study 

was to develop an in-depth understanding for the short term (<30 min.) chondrocyte 

response to sub-injurious, physiological compression by analyzing metabolomic profiles 

for human chondrocytes harvested from femoral heads of osteoarthritic donors. 

 

Design.  Cell-seeded agarose constructs were randomly assigned to experimental 

groups, and dynamic compression was applied for 0, 15, or 30 minutes.  Following 

dynamic compression, metabolites were extracted and detected by HPLC-MS.  

Untargeted analyses examined changes in global metabolomics profiles and targeted 

analysis examined the expression of specific metabolites related to central energy 

metabolism.   

 

Results.  We identified hundreds of metabolites that were regulated by applied 

compression, and we report the detection of 16 molecules not found in existing 

metabolite databases.  We observed patient-specific mechanotransduction with aging 

dependence.  Targeted studies found a transient increase in the ratio of NADP+ to 

NADPH and an initial decrease in the ratio of GDP to GTP, suggesting a flux of energy 

into the TCA cycle.   
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Conclusions.  To our knowledge, this is the first study to characterize 

metabolomics profiles of primary chondrocytes in response to applied dynamic 

compression.  These results are consistent with increases in glycolytic energy utilization 

by mechanically induced signaling, and add substantial new data to a complex picture of 

how chondrocytes transduce mechanical loads. 
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Introduction 

 

Osteoarthritis (OA) is the most common joint disorder, affecting more than 40 

million individuals in the United States [1, 5].  OA is characterized by the deterioration of 

the protective, low-friction, load-bearing cartilage that surrounds the joint.  The highly 

specialized chondrocyte plays an important metabolic role in synthesizing, maintaining, 

and repairing the tissue and is the sole cell type in articular cartilage [37].  At these load-

bearing joint surfaces (e.g. the femoral head), the articular cartilage, and thus the articular 

chondrocyte, is subjected to near constant mechanical loading (e.g. standing, walking, 

running, etc.).  Chondrocytes and other mammalian cells sense and respond to these 

mechanical stimuli through biochemical and biological outputs, but the intracellular 

pathways behind chondrocyte mechanotransduction remain unclear [51, 84, 135]. 

Mechanical stimulation has both anabolic and catabolic effects on articular 

chondrocytes [43, 173].  In chondrocytes, anabolic responses promote the synthesis and 

production of the extracellular matrix (ECM) and the pericellular matrix (PCM) through 

the secretion of cytokines and protease inhibitors [173].  Catabolic responses involve 

secretion of proteases (e.g. MMP-13) which results in the breakdown of ECM molecules.  

Dynamic loading has been shown to promote these anabolic responses in chondrocytes 

whereas static loading has been shown to inhibit them [174, 175].  Dynamic compression 

has been shown to alter signal transduction including activation of GTPase signaling via 

the Rho-A and ROCK pathways, Erk-1 and -2, MAPK and SEK, and Smad2  [81, 174, 

176, 177]. 
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In addition to signal transduction, chondrocytes can alter their energy metabolism 

in response to mechanical loading.  The enzyme AKT is important in regulating FoxO 

signaling for energy homeostasis [178], and cyclic loading has been shown to reduce 

phosphorylation of AKT in OA chondrocytes [93] whereas mechanical stimulation 

induced AKT phosphorylation in healthy cells [80].  These energy-related signaling 

responses may affect matrix synthesis because healthy chondrocytes show increases in 

sulfated glycosaminoglycans (sGAG) in response to mechanical loading in contrast to 

OA chondrocytes [140].  However, changes in chondrocyte metabolite levels which can 

mark changes in biosynthetic activity remain to be determined in response to loading. 

Previous research suggests that both inflammation and OA alter central energy 

metabolism, including the balance between glycolysis and oxidative phosphorylation 

[148].  One potential mechanism of energy-related mechanotransduction involves 

regulation of AMP-activated protein kinase which can prevent catabolism induced by 

mechanical injury [150].  Based on these and other data, we hypothesized that 

physiological dynamic compression increases chondrocyte glycolytic energy flux to 

promote the anabolic response to maintain the environment of the ECM and PCM.  The 

objective of this study was to use both untargeted (global) and targeted metabolomics to 

identify candidate mediators of chondrocyte mechanotransduction in primary human OA 

chondrocytes.  This study evaluates our hypothesis using primary human OA 

chondrocytes subjected to applied dynamic compression following encapsulation in 

physiologically stiff agarose. 
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Chondrocyte mechanotransduction happens on both short- and long- timescales.  

Because early responses have the potential to set the trajectory for longer-term behavior, 

in this study, we focus on short term (<30 min), loading-induced changes in small 

molecules (i.e. cellular metabolites smaller than ~1000 Da).  Building upon previous 

methodology to encapsulate chondrocytes in agarose similar in stiffness to the human 

PCM, we profiled the metabolomic responses of primary human OA chondrocytes in 

response to applied compression at physiological levels [114, 115]. 

This study identified changes in 1421 untargeted metabolites and 48 metabolites 

pertinent to central energy metabolites and protein production.  Metabolites were 

identified via database searches (METLIN, and HMDB), and 16 of the 1421 metabolites 

were not found in database searches, potentially representing novel mediators of 

chondrocyte mechanotransduction.  Future research may build on these results to 

potentially utilize mechanical loading as a therapeutic strategy for OA. 

 

Materials and Methods 

 

Chondrocyte Culture and Encapsulation.  Primary human chondrocytes were 

harvested from hip cartilage of five Grade IV OA patients undergoing joint replacement 

surgery (mean age: 63 years, age range: 54-80, mean weight: 80.4 kg, weight range: 56.9-

99 kg).  The cartilage was digested in Type IV collagenase (2 mg/mL for 12-14 hrs. at 

37C), and then cultured in DMEM with 10% fetal bovine serum and antibiotics (10,000 

I.U./mL penicillin and 10000 µg/mL streptomycin) in 5% atmospheric CO2.  Cells were 

encapsulated using previously optimized methods [116], at a concentration of ~500,000 

cells/gel (gel diameter = 7mm, gel height = 12.7mm).   
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Mechanical Stimulation.  From each donor (N = 5), cell-seeded agarose gels were 

randomly assigned to a loading group (n = 5 biological replicates for each loading group).  

Loading groups consisted of unloaded controls (i.e. 0 minutes of loading), 15, or 30 

minutes of dynamic, cyclic compression (Supplemental Figure 13).  The rationale for the 

short loading timescale is that initial early-time responses can set the trajectory for 

longer-term behavior.  The loading protocol followed previously optimized methods 

[116], in which homogeneous deformations [115] were applied to the cell-seeded gels 

using a custom built bioreactor emulating physiological loading conditions: frequency of 

1.1 Hz [153] and average sinusoidal compressive strains of 5% with an amplitude of 

1.9% based on initial gel height. 

 

Metabolite Extraction.  Metabolite extraction was performed using identical 

methods from our previous study [116].  Gels were flash frozen, pulverized, and 

metabolites were extracted by adding 1 mL of a 70:30 Methanol:Acetone solution and 

vigorously vortexing the mixture every 5 minutes for 20 minutes.  Samples were kept at -

20C overnight for further metabolite extraction.  Proteins were removed by 

centrifugation, the supernatant extracted, and the solvent removed via centrifugation 

under a vacuum for 6.5 hours.  The dried samples were then resuspended in 100 µL of 

mass spectrometry grade water and acetonitrile (50:50 v/v). 

 

Untargeted and Targeted Metabolomic Profiling.  Metabolomics is an 

experimental technique for characterizing large numbers of small molecules (<1000 Da) 

in biological samples [96].  Recent studies of joint tissues and fluids have used 
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metabolomic analysis to examine OA phenotypes, identify candidate biomarkers, and 

explore the inflammatory responses [179-182].  In this study, metabolites were extracted 

following dynamic compression and analyzed by nano-liquid chromatography and mass 

spectrometry (Supplemental Methods, [116]).  Untargeted metabolites were detected in 

positive mode on an Agilent 6538 Q-TOF spectrometer with a resolution of ~20,000 and 

accuracy of ~5 ppm.  For the targeted approach, ~50 metabolites known to be involved in 

central energy metabolism were analyzed using the Quantitative Analysis package within 

the Agilent MassHunter Workstation B.04.00 (Agilent Technologies) and a database of 

the calculated isotopic distributions (including H+ and Na+ adducts) of these targeted 

masses (Isotope Distribution Calculator, Agilent Technologies).   

To assess the effects of physiological loading on chondrocyte biology, three 

experimental groups were used: unloaded control samples (UC) and samples that 

received either 15 (DL15) or 30 (DL30) minutes of dynamic compression.  Principal 

components analysis (PCA) was utilized to assess metabolome-scale changes caused by 

mechanical loading.  Pearson’s correlation coefficients were used to estimate the flux of 

metabolite intensities over the timecourse of loading.  To assess the differences in 

intensity distributions (m/z spectra plots for the various loading groups), two-sample 

Kolmogorov-Smirnov tests were implemented.  Targeted metabolite profiles were 

analyzed by PCA, hierarchical agglomerative cluster analysis and correlation analyses.  

Additionally, the median ratios of NADP+:NADPH, NAD+:NADH, ATP:ADP,  and 

GDP:GTP were calculated as a function of time to assess relative changes in energy 

metabolism. 
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Compound Identification and Enrichment Analysis.  To putatively identify 

compounds, a batch search of all of the untargeted metabolite mass to charge (m/z) 

values was performed in METLIN and HMDB.  Both databases contain over 80,000 

identifiable metabolites [162, 163].  Search parameters included using a mass tolerance of 

20 ppm, and positively charged molecules with potential +1H
+
 or +1Na

+
 adducts.  

Compounds with LipidMAPS identifications [164] were designated as human and not 

considered further if detected in a non-human species at the time of database search.  

Untargeted metabolites were then examined by unsupervised clustering to identify groups 

of co-regulated metabolites.  Clusters of co-regulated metabolites were analyzed for 

pathway enrichment using IMPaLA [183].  

 

Results 

 

The objective of this study was to characterize the cellular response to applied 

compression for primary human OA chondrocytes by examining changes in metabolomic 

profiles.  Chondrocytes were harvested from donor joint tissue, grown in tissue culture, 

embedded in agarose with stiffness similar to the human PCM, and dynamically loaded in 

tissue culture.  Samples were then flash frozen, pulverized, and the metabolites were 

extracted and analyzed using HPLC-MS.  We analyzed untargeted metabolomics profiles 

to minimize bias from a priori selection of relevant pathways which inherently excludes 

potentially important data.  To evaluate our hypothesis, we also analyzed metabolomics 

profiles of targeted metabolites related to energy metabolism and protein production. 

To our knowledge, the present study is the first application of metabolomics to 

analyze mechanotransduction in primary OA chondrocytes, and these data demonstrate 
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that applied dynamic compression alters both untargeted and targeted metabolomic 

responses of primary human OA chondrocytes in vitro.  Using a systems biology 

approach, we find key difference between loaded and unloaded OA chondrocytes and 

identified 70 metabolites as potential mediators for chondrocyte mechanotransduction. 

 

Untargeted Analysis.  We detected 4955 metabolites present in at least one of the 

datasets.  We refined the 4955 metabolite list to 1421 metabolites by focusing on 

metabolites that were present in over half of the samples for each loading group.  To 

determine the effects of dynamic compression on chondrocyte metabolism, unloaded 

control samples were compared to samples subjected to either 15 or 30 minutes of 

dynamic compression.  Statistical analyses found loading-associated differences that were 

both shared between human donors (n = 5) and specific to individual donors (examined 

with 5 replicates per donor).   

Unsupervised clustering identified four clusters of interest in the untargeted 

metabolomic profiles (Figure 31A).  These clusters suggest that pathways related to 

calcium signaling, energy metabolism, redox regulation, amino acid and lipid metabolism 

are regulated by mechanical loading (Supplemental Information).  Comparisons between 

unloaded control (UC) and DL15 samples revealed changes in 456 metabolites (Figure 

31B-C).  Of these 456 metabolites, 334 were increased (↑) with dynamic loading and 122 

were decreased (↓) in response to loading (Figure 31B-C).  Comparisons between UC and 

DL30 found changes in 705 metabolites, of which 348 increased and 357 decreased, in 

response to dynamic compression (Figure 31B-C).  Finally, we found differences in 512 

metabolites between DL15 and DL30 groups.  145 metabolites increased and 367 
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decreased for 15 minutes of compression compared with 30 minutes of compression 

(Figure 31B-C).   

These differences in mechanically-induced metabolomic profiles are supported by 

both principal component analysis (PCA) and comparisons of the distributions of 

metabolites between experimental groups.  The log-transformed and normalized 

metabolite intensity data showed distinct separation in the first 3 principal components 

between the experimental groups (UC, DL15, and DL30, Figure 31D).   The first three 

principal components contained 99.7% of the overall variance.  The first principal 

component contained 49.4% of the variance, and the second and third principal 

components contained 31.8% and 18.5% of the total variance, respectively.  

Kolmogorov-Smirnov two-sample distribution tests revealed significant differences 

between the distributions of the median metabolite expression levels for the various 

loading groups (Supplemental Figure 14).  

Correlation analysis examined the effects of the duration of dynamic compression 

(0, 15, or 30 minutes) on metabolite expression levels (Figure 32).  There were 249 

statistically significant metabolites that correlated with loading time.  119 metabolites 

were positively correlated (i.e. accumulated) and 130 were negatively correlated (i.e. 

depleted) with loading time (Figure 32A).  The strongest positively and negatively 

correlated metabolites were defined as candidate mediators of chondrocyte 

mechanotransduction. 
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Figure 31.  Applied compression resulted in distinct untargeted metabolomic profiles for 

primary OA chondrocytes. (A) Patterns of metabolite expression displayed via heatmap 

following hierarchical clustering.  Clusters of interest denoted on the right-hand side (see 

Table 3).  for enrichment analysis).Cluster 1: increasing with loading.  Cluster 2: on after 

30 min.  Cluster 3: off with loading.  Cluster 4: on at 15 min.  (B) Loading-induced up-

down regulation plots for UC vs. DL15, UC vs. DL30, and DL15 vs. DL30, respectively.  

Up regulated metabolites represent molecules that accumulate with respect to mechanical 

loading, and down regulated metabolites are being depleted with respect to mechanical 

loading.  (C)  Of the 1421 metabolites in common to all groups, 334 were upregulated 

and 122 were downregulated after 15 minutes of compression.  348 were upregulated and 

357 were downregulated after 30 minutes of compression.  (D)  Principal Components 

Analysis for the untargeted data to assess differences between sample groups.  The first 

three principal components contained 99.7% of the overall variance.  For each of the 

sample groups, UC (  ), DL15 (  ), and DL30 (  ), there are n = 5 donors each sampled 

with 5 replicates.  
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Table 3.  Pathways and metabolites altered by mechanical loading.  Clusters refer to 

untargeted clusters identified in Figure 31A. 

 
 

 

 

 

Figure 32.  Dynamic compression results in both accumulation and depletion of 

untargeted metabolites.  (A) The cumulative distribution of correlation coefficients of 

untargeted metabolites was used to identify metabolites that were either accumulating 

(blue) or being depleted (red).  The strongest correlated metabolites were identified as 

candidate mediators of chondrocyte mechanotransduction.  (B and C) Metabolite 

expression levels versus loading time used for correlation analysis.  (B) Accumulation of 

selected candidate mediators of mechanotransduction which were database-matched as L-

homoserine (left) and glutamic acid (right).  (C) Depletion of selected candidate 

mediators of mechanotransduction.  Deoxyuridine triphosphate as matched in the 

METLIN database (left) and a metabolite with m/z = 141.9573 which did not match any 

database molecules (unknown, right). 
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  The number of significant mechanosensitive metabolites correlated with patient 

age (Figure 33-4, Table 4, and Supplemental Figure 15).  Different donors displayed 

heterogeneity in their responses to applied compression.  For each of the donors, (1-5), 

both 15 and 30 minutes of dynamic compression resulted in hundreds of statistically 

significant changes in metabolite expression (Table 4 and Figure 34).  These results 

indicate that there are both shared and patient-specific responses to applied compression 

that are affected by aging. 

 

Targeted Analysis.  By focusing on metabolites common to central energy 

metabolism and protein production, we examined our hypothesis that that physiological 

dynamic compression increases chondrocyte glycolytic energy flux to promote the 

anabolic response to maintain the environment of the ECM and PCM.  In this analysis, 

central energy metabolism focused on glucose metabolism including the pentose 

phosphate pathway (PPP), glycolysis (Glyc), and the tricarboxylic acid (TCA) cycle.  

Cluster analysis identified groups of metabolites with similar responses to applied 

dynamic compression (Figure 35A).  PCA on targeted metabolites revealed that central 

energy metabolites are strongly regulated by applied compression (Figure 35B).  

Targeted metabolomics profiles from mechanically loaded groups clustered separately 

from unloaded controls, and the first three principal components contained 94.1% of the 

overall variance (1
st
 component: 89.1%, 2

nd
 component: 3.5%, and 3

rd
 component: 1.5%). 
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Figure 33.  Aging-related chondrocyte mechanotransduction.  We observed a significant 

correlation (r = 0.996, p < 0.01) when comparing the number of significant 

mechanosensitive metabolites with the age of the femoral head donor.  (A) Age-

correlated increases in the number of significant metabolites.  (B) Characteristics of 

femoral head articular cartilage used in the correlation analysis.  Note that Donor 1 was 

male and is included in  

Supplemental Figure 15.   

 

 

 

Table 4.  Statistically significant changes in metabolites for all five donors.  Hundreds of 

metabolites were both up and down regulated for each of the donors. 

 

 Donor 

Number 

(age) 

0 vs. 15 0 vs. 30 

Up -

regulated 

Down -

regulated 

Up -

regulated 

Down -

regulated 

1 (54) 220 171 156 232 

2 (80) 152 161 712 706 

3 (60) 245 291 185 193 

4 (59) 237 167 283 315 

5 (64) 256 404 431 167 
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Figure 34.  Patient-specific heterogeneity in chondrocyte mechanotransduction 

Upon compression chondrocytes from each donor resulted in different numbers of 

significant mechanically up- (A) or down- (B) regulated metabolites.  These differences 

may stem from variations in both type of end-stage osteoarthritis and patient-specific 

differences in the cellular response to mechanical loading.   
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To estimate changes in energy flux through the PPP, Glyc, and the TCA cycle, the 

median ratios of upstream to downstream expression levels for specific targeted 

metabolites were analyzed (Figure 35C).  The ratio of NADP+ to NADPH decreased 

after 15 minutes of loading prior to increasing after 30 minutes of loading indicating an 

initial cessation in energy flow which then increases for the PPP.  We observed continual 

increases in the ratio of ADP to ATP indicating increased glycolytic energy flux 

consistent with our hypothesis.  Finally, we found a substantial decrease in the ratio of 

GDP to GTP after 15 minutes that was restored after 30 minutes of loading, indicating an 

initial cessation of TCA-based energy flux that recovers with additional mechanical 

loading.  Both pyruvate and 3-phosphoglycerate were positively correlated with dynamic 

loading time (Figure 35D, p < 0.01).  Taken together, these results demonstrate that 

mechanical loading strongly regulates chondrocyte energy metabolism with upregulation 

of glycolytic energy flux and transient decreases in energy flow to both the PPP and the 

TCA cycle that are restored following 30 minutes of loading. 

 

Discussion 

 

Previous studies have found altered mechanotransduction between normal and 

OA chondrocytes.  Kawakita et al. found a significant reduction of Akt phosphorylation 

in diseased (OA) chondrocytes in response to cyclic loading, whereas Niehoff et al. 

found that cyclic loading induced Akt phosphorylation in healthy chondrocytes.  Akt is 

serine/threonine kinase that has been shown to play an important role in a variety of 

chondrocyte cellular mechanisms, including cell apoptosis [184], cell proliferation and 

growth [185], and proteoglycan synthesis [186].  Holledge et al. found that increased 
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sulfated glycosaminoglycan production was significantly larger for normal than OA 

chondrocytes in response to 0.33 Hz oscillatory fluid flow in monolayer.  These studies 

emphasize the differences in cellular phenotypes between normal and OA chondrocytes 

in response to mechanical stimulation. 

We applied dynamic compression to primary chondrocytes and observed both 

increases and decreases in hundreds of untargeted metabolites.  These metabolomic 

changes represent an altered cellular phenotype resulting from exogenous, dynamic 

loading.  The ability of metabolomic characterization to capture chondrocyte responses to 

compression is highlighted by our observation that, when comparing between 0, 15, and 

30 minutes of loading, 99.7% of the variance is contained in the first 3 principal 

components (Figure 31D).  The importance of compression in regulating chondrocyte 

behavior is further emphasized by the numerous differences between unloaded and 

loaded samples (Figure 31-2, and Supplemental Figure 14).  These significant differences 

demonstrate both the importance of mechanical loading to chondrocyte biology and the 

ability of metabolomics to describe large-scale changes in chondrocyte physiology. 

The metabolome is defined as the set of small-molecules found within a 

biological sample including substrates, co-factors, and other cytosolic molecules that 

comprise the physiology of cellular biochemistry [95].  The metabolome can be viewed 

as a collection of state variables describing the cellular phenotype [96].  These 

measurements provide valuable insight into how chondrocytes sense and respond to 

applied loading.  Future studies may build on this untargeted dataset by creating 

mathematical models (e.g. Hidden Markov Models) between normal and OA cells to  
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Figure 35.  Loading-induced changes in expression of targeted metabolites specific to 

central-energy-metabolism.  Metabolites associated with central energy metabolism and 

protein production (e.g. amino acids) were targeted for detailed analysis via detection of 

multiple ionized adducts and ions.  (A) Hierarchical agglomerative cluster analysis 

reveals changes in metabolite intensities with respect to increased dynamic loading.  (B) 

Principal Components Analysis for the targeted data was used for comparing 

differences/separations among sample groups.  The first three principal components 

contained 94.1% of the overall variance.  For each of the sample groups,                       

UC(  ), DL15(  ), and DL30(  ), there were n = 5 donors sampled 5 times. (C) Ratios of 

upstream to downstream mediators of central energy metabolism.  Note error bars are 

smaller than the symbols and do not display on this plot.  PPP = pentose phosphate 

pathway.  Glyc = Glycolysis.  TCA = Tricarboxylic Acid Cycle.  (D)  Significant 

accumulation of pyruvate and 3-phosphoglycerate in response to applied dynamic 

compression.   
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identify candidate pathways for therapeutic intervention.  For example, if specific 

mechanosensitive pathways are found that enable anabolic processes in chondrocytes, 

mechanical loading (i.e. exercise) could potentially be administered as an effective 

therapeutic method for healing damaged cartilage.  Many of the therapeutic strategies 

available for OA patients today (e.g. joint replacement) are extremely expensive, and 

inaccessible to certain patient populations.  Extending these results to determine optimal 

daily loading of cartilage (e.g. exercise) as a therapeutic treatment for OA would be 

extremely valuable to combat OA and other associated comorbidities simultaneously.   

In this study, we identify mechanosensitive pathways using enrichment analysis 

of clusters of co-regulated metabolites (Figure 31A, Table 3, Supplemental Tables).  

Dynamic compression notably decreased expression of several metabolites compared 

with unloaded controls (Figure 31A, Cluster 3), including valine, leucine, and isoleucine 

biosynthesis.  Several other metabolites increase dynamic loading.  These metabolites 

were enriched for ion-channel signaling and glutathione synthesis, which are consistent 

with prior chondrocyte data [187, 188] and support physiological compression as a 

mechanism to produce cartilage matrix.  Riboflavin metabolism and glycogenoloysis also 

gradually increased with loading suggesting that cellular energy utilization can be altered 

by the mechanical environment [189, 190].   

Additionally, there was increased expression of metabolites specific to either 15 

or 30 minutes of dynamic compression.  Fifteen minutes of dynamic compression 

resulted in glycine, serine, and threonine metabolism (Figure 31A, Cluster 4).  Thirty 

minutes of dynamic compression resulted in upregulation of metabolites enriched for 
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amino acid and lipid metabolism (Figure 31A, Cluster 2).  Metabolites relating to 

phenylalanine, tyrosine, and tryptophan synthesis were upregulated, in addition to those 

for arginine and proline metabolism, consistent with the biosynthetic effects of dynamic 

compression. 

Certain pathways were represented in multiple clusters (Table 3).  This result may 

represent differential regulation of distinct pathway components (e.g. upstream vs. 

downstream) or technical limitations.  Technical limitations include the inability of the 

mass spectrometry to distinguish between isomers (e.g. changes in phospholipid 

structure) or between identified masses within 20 ppm database search tolerances.  

Dynamic compression appeared to increase remodeling of chondroitin sulfate and 

increase glycine, serine, and threonine metabolism emphasizing the importance of 

loading to matrix remodeling.  Several metabolites related to lipid synthesis, transport, 

and metabolism were affected suggesting alterations of the cell membrane in response to 

dynamic compression [191].  Finally, galactose metabolism was upregulated by loading, 

further suggesting the importance of energy metabolism in defining the chondrocyte 

response to loading. 

Because cartilage is a viscoelastic material, cyclical loading results in internal 

energy dissipation within the tissue [171, 172].  To date, it is unknown whether or not 

applied mechanical deformation can alter cellular energy utilization.  We hypothesized 

that physiological dynamic compression will increase glycolytic energy flux to promote 

the anabolic response in chondrocytes to maintain the environment of the ECM and 

PCM.  This project provides fundamental data for understanding potential mechanical-to-
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cellular energy conversion by quantifying relative levels of metabolites targeted to central 

energy metabolism (Figure 35).   

Hierarchical clustering clearly demonstrated that dynamic compression regulates 

energy-related metabolites, and we found accumulation of key amino acid precursors 

including pyruvate and 3-phosphoglycerate which may indicate increased glycolytic flux 

(Figure 35).  These glycolytic changes were also marked by the consumption of fructose-

1,6-bisphosphate and 1,3-bisphosphoglycerate which may serve to increase pyruvate flux 

for maximizing protein synthesis.  The future application of a stoichiometric matrix 

model for flux balance analysis will enable full evaluation of our hypothesis by 

simultaneous analysis of the complete dataset to infer whether observed consumption and 

accumulation indicate increased or decreased metabolic flux [192].  The significant 

changes in expression of these specific metabolites in response to dynamic loading may 

indicate energy utilization towards matrix protein production.   

In this study, chondrocytes were harvested from hip replacement patients with 

Grade IV osteoarthritis.  In our analysis, we found a strong correlation between the 

number of mechanically sensitive metabolites and patient age (p < 0.01, r = 0.996).    

These data suggest a relationship between aging and mechanotransduction as measured 

by the chondrocyte metabolome in response to applied physiological compression.  

Future studies may build on this work to identify differences in clinical patient 

populations, by utilizing untargeted LC-MS-based metabolomics as potential mechanism 

to identify biomarkers in osteoarthritis [193].  The candidate mediators identified in this 

study (Supplemental Tables) may prove useful as indicators of normal and OA 
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mechanotransduction.  To our knowledge, this is the first time that metabolomics has 

been used to assess the loading induced differences for primary human OA chondrocytes.  

 

Conclusions 

 

This study demonstrates the power of utilizing high-dimensional metabolomics as 

a tool for understanding chondrocyte mechanotransduction.  In our targeted analysis, we 

discovered significant correlations with increased mechanical loading and central energy 

reorganization.  Similarly, our untargeted analysis revealed hundreds of significant 

metabolites, including potential novel mediators for chondrocyte mechanotransduction 

via energy, lipid, and amino acid metabolism.  Finally, we found a positive correlation 

between the number of mechanically-induced metabolites and patient age, suggesting that 

metabolomics can characterize aging-dependent changes in chondrocyte 

mechanotransduction.  Metabolomics may yield important biomarker candidates for 

tracking the progression of OA in clinical populations.  Future work will expand on these 

data to elucidate the mechanosensitive differences between OA and normal human 

chondrocytes.  
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PHOSPHOPROTEOMICS 

 

 

 To further explore the biological outputs of chondrocytes under applied 

deformation, this chapter is aimed at evaluating the phosphoproteomic response of 

primary human OA chondrocytes in response to applied dynamic compression.  This 

chapter builds off of Chapter 3 by using the same in vitro model that was developed in 

Chapter 2, to understand what proteins are phosphorylated when the chondrocytes are 

exposed to dynamic loading.  Again, to my knowledge, this study is the first of its kind, 

and has yet to be reported to date.    

Proteomics is defined as the large-scale study of proteins.  In mammalian cells, 

proteins are coded by genomic DNA sequences (through many complex processes), 

which is commonly referred to as the central dogma of modern biology.  DNA 

(deoxyribonucleic acid), is a molecule that encodes the genetic instructions used in the 

development and functioning of all living organisms, and in eukaryotic organisms most 

of the DNA is stored within the cell nucleus [102].  For production of protein, DNA is 

transcribed into mRNA (messenger ribonucleic acid), which is a single stranded message 

containing the genetic code.  mRNA is then translated into long strings of amino acids 

(polypeptides) in the cell’s cytoplasm by ribosomes, and eventually fold into complex 

structures which are known as proteins.  Proteins are considered the building blocks and 

workers of our cells, and each protein serves a unique purpose.  After translation (post-

translation), proteins can be subjected to an array of chemical alterations, which can 

affect the protein’s function, including the ability to process metabolites.  These changes 

are called post-translational modifications.  An important post-translation modification 
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occurs when a phosphate group is added to an amino acid (most commonly serine and 

threonine) and is known as protein phosphorylation [103].  Protein phosphorylation 

modifies the functional activity of a protein and gives insight of specific signaling 

pathways affected by environmental stimuli, including mechanical loading.  

Phosphoproteomics is aimed at determining these specific phosphorylated proteins in a 

cell under some external stimulus.   

This Chapter builds off of the methods developed in Chapter 3 to analyze the 

global phosphoproteomic profiles of chondrocytes in response to mechanical stimulation.  

This chapter uses identical encapsulation and mechanical stimulation methods as in 

Chapter 3; however, instead of extracting metabolites, proteins are extracted.  Following 

extraction, proteins are proteolyzed (i.e. enzymatically digested), and then the digested 

proteins (or peptides) are enriched for phosphopeptides using TiO2 enrichment.  Samples 

are then analyzed using liquid chromatography (LC) and mass spectrometry with 

fragmentation (MS/MS).  The objective of this study is to assess phosphoproteomic 

changes for primary human OA chondrocytes as a function of dynamic compression from 

0-30 minutes.  The rationale for this objective is to provide mechanistic insight into the 

metabolomic data from Chapter 3. 
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Abstract 

Objective.  Articular cartilage is comprised of dense extra cellular matrix (ECM), 

less dense pericelluar matrix (PCM), water, ions, and the sole cell type found in cartilage, 

chondrocytes.  Chondrocytes are directly responsible for maintaining cartilage 

homeostasis through a variety of catabolic and anabolic processes.  Articular cartilage, 

and thus chondrocytes, are constantly subjected to mechanical loading in vivo.  Prior 

research has shown that chondrocytes have the ability to transduce these mechanical 

stimuli into biochemical signals; however, many mechanosensitive signaling pathways 

and processes by which this mechanotransduction occurs remain elusive.  In this study 

we hypothesize that physiological, dynamic compression results specific 

phosphoproteomic changes that promote matrix synthesis.  The objective of this study 

was to use shotgun proteomics to identify changes in protein phosphorylation to 

understand mechanotransduction in primary human OA chondrocytes.  

 

Design.  Primary human chondrocytes were harvested from the femoral heads of 

osteoarthritic (OA) donors undergoing total hip replacement (n=5).  Physiologically stiff, 

cell-seeded agarose constructs were randomly assigned to one of three experimental 

groups: (1) unloaded control samples, and samples loaded for either (2) 15 minutes or (3) 

30 minutes of dynamic compression (n=5 samples per experimental group with 5 

replicates for each donor).  Following dynamic compression, proteins were extracted, 

digested, peptides enriched for phosphorylation, and detected by HPLC-MS/MS.  

Untargeted, shotgun analyses examined changes in global phosphoproteomic profiles in 

response to applied compression.   



131 

 

Results.  This study identified over 2000 phosphoproteins in each of loading 

groups, with 514 phosphoproteins unique to dynamically stimulated samples.  We 

identify novel signaling pathways for each of the loading groups.  For loaded samples we 

identified statistically significant pathways regulated as a result of dynamic compression, 

including Rho GTPase signaling, hyaluronan synthesis, MAPK signaling, and hedgehog 

signaling.  

 

Conclusions.  To our knowledge, this is the first study to characterize 

phosphoproteomic profiles of primary human chondrocytes in response to applied 

dynamic compression.  These results complement previous data regarding chondrocyte 

mechanotransduction, and add significant new data to a developing model of how 

chondrocytes transduce mechanical loads. 
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Introduction 

 

Osteoarthritis (OA) is the most common joint disorder worldwide [1-7], and is 

characterized by the breakdown of the protective articular cartilage the covers the joint 

surfaces.  Articular cartilage is composed primarily of a dense extra cellular matrix 

(ECM), a less dense pericellular matrix (PCM), and highly specialized cells termed 

chondrocytes [37].  At these joint surfaces of the body (e.g. the hip and knee), the 

chondrocytes are subjected to repetitive mechanical loading which has been shown to 

reach magnitudes as high as 10 times an individual’s body weight [55].  Cellular 

mechanotransduction is the process by which cells sense and respond to mechanical 

stimulation through an array of biological and biochemical outputs [49].  It is well 

established that chondrocytes [49, 84, 87, 93], and other mammalian cells [133-135, 141] 

have transduce mechanical inputs into biological signals, but the link between these two 

processes remains unclear [51]. 

Chondrocytes are the sole cell type in articular cartilage, and play a critical role in 

maintaining the homeostasis of the tissue.  Cartilage homeostasis is maintained through 

both anabolic and catabolic chondrocyte metabolism, and it has been shown that the 

delicate balance between these two processes can be altered with mechanical stimulation 

[43, 173].  The role of healthy chondrocytes is primarily anabolic in nature.  The anabolic 

program includes protecting, maintaining, and repairing the joint tissue by synthesizing 

collagen (mostly type II collagen), and proteoglycans [194] through the secretion of 

cytokines , growth factors, and protease inhibitors [173].  However, in diseased cartilage 

(e.g. OA), the catabolic program dominates, and usually involves the breakdown of ECM 
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and PCM molecules through the secretion of proteases (e.g. matrix metalloproteinase 

(MMPs)).  It has been shown that dynamic loading can promote anabolic responses in 

chondrocytes, whereas static loading inhibits chondrocyte matrix anabolism [174, 175, 

195, 196]. 

Signaling in chondrocytes has been previously studied, specifically the 

intercellular pathways involving proliferation [197], cell differentiation and 

dedifferentiation [198], matrix catabolism (via MMPs and ADAM/ADAM-TS gene 

expression) [199], and programmed cell death [200].  Proteomics has also been used as a 

tool for revealing potential biomarkers of OA through analysis of cartilage secreted 

proteins [201], synovial fluid [202, 203], and serum [204, 205]   These studies provide a 

detailed understanding of various processes in chondrocyte mechanically induced 

signaling; however many signaling mechanisms remain unclear, including many 

pathways in which protein phosphorylation is thought to mediate signaling.  Previous 

phosphoproteomic analysis of primary human chondrocytes provided high-dimensional 

insight into the pathophysiology of degradative diseases in cartilage [194]. However, to 

our knowledge, few, if any, studies have utilized phosphoproteomics as a tool for 

elucidating signaling mechanisms of chondrocyte mechanotransduction.  In this paper, 

we seek to expand understanding of chondrocyte mechanotransduction via protein 

phosphorylation.  The objective of this study was to use shotgun proteomics to identify 

phosphorylated proteins as candidate mediators of chondrocyte mechanotransduction in 

primary human OA chondrocytes.  We hypothesize that physiological dynamic 

compression results in a phosphoproteomic signature consistent with matrix anabolism.   
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In the study presented here, we analyze the short term (<30 min) 

phosphoproteomic changes of primary human OA chondrocytes in response to 

physiological compression.  We have previously demonstrated large-scale metabolomic 

changes in primary human OA chondrocytes as a result of dynamic compression [206] 

utilizing cell-seeded agarose hydrogels with stiffness similar to the human PCM [114, 

115, 207].  In this study we perform phosphoproteomic profiling of primary chondrocytes 

following applied compression.  Using shotgun proteomics, we identified over 2000 

phosphoproteins in each of the loading groups, with 514 phosphoproteins unique to 

samples subjected to dynamic compression.  To our knowledge, such a study has not 

been reported previously.  Future work may build on these results to explore the 

therapeutic potential of mechanical loading in OA and to identify drug targets for 

modulating protein phosphorylation to improve cartilage repair strategies. 

 

Materials and Methods 

 

Chondrocyte Culture and Encapsulation.  Primary human chondrocytes were 

harvested, isolated, and encapsulated using previously optimized methods [116, 206].  

Briefly, chondrocytes were harvested from five Grade IV OA patients undergoing total 

hip joint replacement surgery (mean age: 63 years (range: 54-80), and mean mass: 80.4 

kg (range: 56.9-99 kg)).  Cartilage shavings were digested in Type IV collagenase (2 

mg/mL for 12-14 hrs. at 37C), and cultured in DMEM with 10% fetal bovine serum and 

1% antibiotics (10,000 I.U. /mL penicillin and 10000 µg/mL streptomycin) in 5% 

atmospheric CO2.  Cells were encapsulated at a concentration of ~500,000 cells/gel, and 

equilibrated in tissue culture conditions for 72 hours.   
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Mechanical Stimulation.  Mechanical stimulation was performed using identical 

methods from Zignego, et al. [116, 206].  Briefly, for each donor (N=5, female), cell-

seeded agarose gels were randomly assigned to one of three loading groups:  unloaded 

controls (i.e. 0 minutes of loading), 15, or 30 minutes of dynamic, cyclic compression (n 

= 5 biological replicates for each loading group).  Homogenous deformations [115] were 

applied to cell-seeded gels using previously optimized methods [116, 206], using a 

custom-built bioreactor emulating physiological loading conditions (3.1-6.9% strain, 

calculated from initial gel height and a frequency = 1.1 Hz [153]).    

 

Protein Preparation and Extraction.  Using methods described previously [116, 

206], gels were flash frozen in liquid N2, pulverized, and stored at -80C prior to cell 

lysis.  Gels were lysed by sonication and vigorous vortexing in RIPA buffer (50mM Tris-

HCL (pH 8.0), 50mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and 0.1% SDS 

[208]).  Samples were then centrifuged at 21,000 x g at 4C for 10 minutes.  The 

supernatant was extracted, and the proteins were precipitated using ice-cold acetone 

overnight at -20C.  Samples were centrifuged the next day at 21,000 x g at 4C for 10 

min, and the acetone supernatant was removed.  The purified protein pellet was then re-

suspended in 0.5M triethylammonium bicarbonate (TEAB), and all replicates for each 

loading group from the individual donors were combined (i.e. n=5 replicates for the 

unloaded control samples for donor 1 were combined into one vial, etc…).  The 

combined samples now consisted of one unloaded control sample, one sample at 15 

minutes of dynamic compression, and one sample at 30 minutes of dynamic compression 

for each donor (N=5 donors, n=5 replicates for each loading group).    
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Proteolysis, TiO2 Phosphopeptide Enrichment, and Graphite Cleanup.  Protein 

concentration was quantified using absorbance at 280 nm (NandDrop 2000c, Thermo 

Scientific).  400 µg of protein was then reduced for 1 hour at 60C with 10mM tris (2-

carboxyethy) phosphine (TCEP) and cysteine-blocked with 8mM iodoacetamide at room 

temperature in the dark for 30 minutes prior to proteolysis.  Samples were then digested 

with mass-spectrometry grade trypsin (1:20, Trypsin :Substrate, Promega Gold Trypsin, 

San Luis Obispo, CA) overnight at 37C [201].   After digestion, samples were acidified, 

and solvent was removed using a Speed-Vac concentrator.  Digested peptides were 

resuspended in sample buffer (MS-grade H20, acetonitrile and TFA, 20:80:0.4 (v/v)), 

enriched for phosphopeptides, and purified using graphite columns according to the 

manufacturer’s instructions (Pierce TiO2 Phosphopeptide Enrichment and Clean-up Kit 

#88301).  Enriched samples were then dried a second time using a Speed-Vac 

concentrator. 

 

Shotgun Phosphoproteomics LC-MS/MS.  MS data collection for the prepared 

peptide samples was performed with nanospray UHPLC-MS in the Montana State 

University Mass Spectrometry Core Facility [155-157].  The dried peptides were 

resuspended in 50 µL of mass spectrometry grade water, acetonitrile, and formic acid 

(98:2:0.1v/v/v) with shaking for 15 minutes, and transferred to auto sampler vials.  

Aliquots of 5 µL each were sampled via Dionex Ultimate 3000 nano UHPLC, with an 

Acclaim PepMap100 C18 column used for trapping (100 [MICRO]m x 2cm) and an 

Acclaim PepMap RSLC C18 (75 µm x 50 cm, C18 2 um 100A) for final peptide 

separation.  The loading pump used 97% H2O, 3% acetonitrile, with 0.1% formic (v/v).  
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The analytical/elution pump solvent consisted of H2O with 0.1% (v/v) formic acid for 

channel "A" and acetonitrile for channel "B".  Chromatography was as follows: for 10 

minutes, the sample was loaded onto the trapping column at a flow rate of 10 µL/min.  

From 10 to 11 minutes, the loading pump flow rate was ramped down to 5 µL/min.  At 

12 minutes, the loading valve was switched to place the trapping column in-line with the 

analytical column, and from 12 to 17 minutes the loading pump flow rate was ramped 

from 5 to 40 µL/min.  From 106 to 108 minutes the loading pump was ramped back from 

40 to 5 µL/min.  The analytical/elution pump was maintained at 500 nL/min for the entire 

run.  From 12 to 90 minutes the analytical pump solvents were ramped from 5% to 30% 

B.  From 90 to 105 minutes the analytical pump solvents were ramped from 30% to 95% 

B.  At 110 minutes, the loading valve was switched to divert the trapping column to 

waste.  From 119 to 120 minutes the analytical pump solvents were ramped from 95% to 

5% B, and at 120 minutes each run was completed. 

The mass spectrometer was a Bruker maXis Impact with CaptiveSpray ESI 

source: resolution is ~40,000 and accuracy is better than 1 ppm.  Spectra were collected 

in positive mode from 150 to 2200 m/z at a minimum rate of 2 Hz for both precursor and 

fragment spectra, and with adaptive acquisition time for highly-abundant ions (16 Hz for 

>= 25000 counts to 4 Hz for < 2500 counts).   

 

Data Processing.  The resulting data files converted with MSConvert 

(ProteoWizard [209]) to 32-bit .mzML format.  These files were then processed with a 

variety of bioinformatics tools.  OpenMS TOPPAS [210] was used to create XTandem 

workflows to search all of SwissProt and TrEMBL to evaluate all possible matches.  Both 
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fixed (f) and variable (v) modifications were considered in the database search 

(carbamidomethyl modification of cysteine (f), oxidation of methionine (v), 

phosphorylation of serine (v), phosphorylation of threonine (v), and phosphorylation of  

tyrosine (v)), allowing for up to two missed cleavage sites.  Precursor tolerance was set to 

50 ppm and MS/MS fragmentation tolerance was 0.05 Da [173].  Instrument type was set 

to ESI-quad-TOF, and peptide charges up to 3+ were permitted.  The search database 

included the reviewed, Homo sapiens database (Uniprot/Swissprot) which was modified 

to contain both targets and “reversed” decoys for FDR (false discovery rate) analysis 

[211, 212].  The processed data files were then exported into Excel (Microsoft, Redmond, 

WA), and used for statistical and pathway-over representation analysis using Integrated 

Molecular Pathway Level Analysis (IMPaLA, http://impala.molgen.mpg.de [213]). 

 

Data Analysis and Candidate Selection.  To assess the effects of mechanical 

loading on chondrocyte protein phosphorylation, three randomly assigned groups of cell-

seeded agarose hydrogels were established: unloaded control samples (UC), samples 

undergoing 15 minutes of dynamic compression (DL15), and samples undergoing 30 

minutes of dynamic compression (DL30).  Statistical analysis was performed using the 

combined samples for each loading group, from each donor (n=5 replicates/loading 

group).  We defined detected phosphoproteins as those present in the majority of the 

replicates.  To determine loading induced differences between samples, each dataset was 

compared against the others to determine (1) unique phosphoproteins to that loading 

group, and (2) overlapped or shared phosphoproteins between loading groups.  Four 

separate comparisons were made: (1) UC vs. DL15, (2) UC vs. DL30, (3) DL15 vs. 
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DL30, and (4) UC vs. DL15 vs. DL30.  For phosphoproteins identified in all three groups 

(i.e. UC, DL15, and DL30), statistical comparisons were made using Wilcoxon signed 

rank tests and Kruskal-Wallis one-way analysis of variance.  

 

Results 

 

The objective of this study was to characterize the phosphoproteomic response of 

primary human OA chondrocytes in response to applied, dynamic compression.  In short, 

chondrocytes were harvested from donor joint tissue (n=5 donors with Grade IV OA), 

grown in tissue culture, embedded in physiologically stiff agarose (matched to human 

PCM), and dynamically compressed in tissue culture.  Samples were flash frozen, 

pulverized, and lysed.  Proteins were concentrated, purified, and proteolyzed.  Digested 

peptides were then TiO2 enriched for phosphopeptides, and finally analyzed via shotgun 

proteomics using HPLC-MS/MS (Figure 36).  We analyzed the untargeted (global) 

phosphoproteomic profiles to minimize bias by the exclusion of important, but 

unexpected, data (i.e. if only a single specific signaling pathway was selected a priori).  

To our knowledge, the present study is the first application of phosphoproteomics to 

analyze mechanotransduction in primary OA chondrocytes.  These data demonstrate that 

applied dynamic compression alters the phosphoproteomic response of primary human 

OA chondrocytes in vitro.  
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Figure 36.  Experimental Design.  (A) Schematic for both untargeted experimental 

methods.  (i) Primary human OA chondrocytes are encapsulated in physiologically stiff 

agarose (4.5% agarose, stiffness ~35 kPa), cultured for 72 hours, and then dynamically 

compressed in tissue culture for 0, 15, or 30 minutes (Control, DL15, or DL30) at 1.1 Hz.  

(ii) Proteins are extracted by flash freezing the samples, pulverizing, and lysing the cells 

followed by overnight enzymatic digestion.  (iii) Samples are enriched for 

phosphopeptides using TiO2 enrichment, (iv) phosphoproteomic profiles identified via 

HPLC-MS/MS, and (v) the untargeted data analyzed. 

For data processing, each of the individual samples (n=5 replicates per loading 

group) for each of the loading groups (UC, DL15, and DL30) were processed 

individually through the TOPPAS pipeline.  For UC samples, 13,838 ± 249 (mean ± 
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SEM) phosphoproteins were identified, which included decoy protein hits.  13,650 ± 525 

and 13,088 ± 287 phosphoproteins were identified for DL15 and DL30 samples, 

respectively.  Following false discovery rate (FDR) filtering using the decoy protein hits 

and combining all replicates from each loading group, we identified 2858, 2246, and 

2570 phosphoproteins for UC, DL15, and DL30, respectively.  We then further refined 

these data by focusing only on phosphoproteins that were present in more than half of the 

samples for each loading group.  The final list consisted of 767, 359, and 623 

phosphoproteins for UC, DL15, and DL30, respectively.  To analyze the effects of 

dynamic compression on chondrocyte metabolism, we made individual comparisons 

between unloaded control samples and samples loaded for either 15 or 30 minutes of 

dynamic compression.   

The first comparison between unloaded controls (UC) and DL15 samples revealed 

685 phosphoproteins unique to UC, 277 unique to DL15, and 82 phosphoproteins 

common between the two samples.  Of the 82 shared phosphoproteins, 3 of them were 

significantly (p<0.05) up-regulated as a result of mechanical loading, one being proline-

rich basic protein 1.  For the second comparison, UC was compared against DL30 

samples.  658 phosphoproteins were unique to UC, 514 unique to DL30, and 109 

common between both samples.  Of the 109, 4 were statistically (p<0.05) up-regulated 

and 2 of them statistically down-regulated.  For the third comparison (DL15 vs. DL30), 

287 phosphoproteins were unique to DL15, 551 unique to DL30, and 72 common 

between them.  Of the 72, one phosphoprotein was down-regulated with increased 

loading.  The final comparison compared UC, DL15, and DL30 together (Figure 37).  
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612 phosphoproteins were unique to UC, 241 unique to DL15, 273 unique to DL30, and 

36 common between all three of them.   

 

 

 
 

Figure 37.  Dynamic compression alters phosphoprotein expression in primary OA 

chondrocytes.  To further explore the effects of dynamic compression on the chondrocyte 

phosphoproteome, we determined the number of phosphoproteins which were unique to 

each of the experimental comparisons (UC vs. DL15, UC vs. DL30, DL15 vs. DL30, and 

UC vs. DL15 vs. DL30).  685 phosphoproteins were identified in control samples (UC) 

that were not detected in samples subjected to 15 minutes of dynamic compression 

(DL15), 277 phosphoproteins were identified in DL15 samples that were not detected in 

UC, and 82 phosphoproteins were common to both samples.  658 phosphoproteins were 

identified in UC that were not detected in DL30, 514 phosphoproteins were detected in 

DL30 that were not in UC, and 109 phosphoproteins were common to both samples.  287 

phosphoproteins were identified in DL15 that were not detected in DL30, 551 

phosphoproteins were detected in DL30 that were not in DL15, and 72 phosphoproteins 

were common to both samples.  36 phosphoproteins were common to all three samples.      

Unsupervised, agglomerative cluster analysis revealed three unique groups of 

phosphoprotein profiles which were regulated as a result of dynamic compression (Figure 

3).  Cluster group 1 reveled phosphoproteins which were up-regulated with only 15 

minutes of dynamic compression, cluster group 2 revealed phosphoproteins which were 
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down-regulated as a result of dynamic compression, and cluster group 3 revealed 

phosphoproteins which were up-regulated only after 30 minutes of dynamic compression.  

Specific phosphorylated proteins to cluster group 1 included microtubule cross-linking 

factor 1, unconventional myosin-Va, ankyrin-2, and obscurin.  Specific phosphorylated 

proteins to cluster group 2 included cofilin-1, microtubule-actin crosslinking-factor 1, E3 

ubiquitin-protein ligase UBR4, and calreticulin.  Phosphorylated proteins from cluster 

group 3 included vimentin, unconventional myosin-IXb, Titin, Protein AF-9, mediator of 

RNA polymerase II transcription subunit 13, Zinc-finger protein 592, and Vam6/Vps39-

like protein. 

The phosphoproteins from each of the comparisons (UC vs. DL15, UC vs. DL30, 

and DL15 vs. DL30) were used to identify key signaling pathways using the pathway 

over-representation analysis.  We observed hundreds of significant (p<0.05) pathways 

which were identified through the IMPaLA database (Table 5). Significant pathways 

were determined by comparing the number of overlapping phosphoproteins between 

specific signaling pathways and phosphoproteins identified in each sample group.  For 

UC vs. DL15, we observed 201 significant (p<0.05) signaling pathways which were 

determined from phosphoproteins unique to UC samples.  Specific pathways included 

collagen formation and biosynthesis (p<0.01.  92 significant pathways were identified 

from phosphoproteins unique to DL15 samples, including Acetyl-CoA biosynthesis 

(p=0.0157) and Hedgehog signaling (p=0.0386).  Phosphoproteins common to both UC 

and DL15 resulted in 61 significant signaling pathways, including RhoA activity 

(p<0.01), and Rho GTPase signaling (p<0.01).   
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For the UC vs. DL30 comparison, 215 significant (p<0.05) signaling pathways 

were identified which were unique to UC, 119 unique to DL30, and 71 shared by both 

UC and DL30.  Specific pathways for UC included collagen formation and biosynthesis 

(p<0.01), and extracellular matrix organization (p=0.0134).  Pathways for DL30 samples 

included MAPK signaling (p<0.01), Rho GTPase signaling (p<0.01), hyaluronan 

biosynthesis (p=0.0252), and glucose-6-phosphate dehydrogenase deficiency (p=0.0473). 

Overlapping pathways between UC and DL30 included ECM proteoglycan synthesis 

(p=0.0374), and Erk2 activation (p=0.0489).   

For DL15 vs. DL30, 80 significant (p<0.05) signaling pathways were identified 

via database searches which were unique to DL15, 100 unique to DL30, and 90 were 

shared by both DL15 and DL30.  Specific pathways to DL15 samples included Hedgehog 

signaling (p<0.01), and calcium signaling (p=0.0453).  Specific pathways to DL30 

samples included MAPK signaling (p<0.01), fatty acid activation (p<0.01), and Rho 

GTPase signaling (p<0.01).  Common pathways between both DL15 and DL30 samples 

included RhoA activity (p=0.0168) and nucleotide sugars metabolism (p=0.342).   
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Table 5.  Key signaling pathways determined from pathway over-representation analysis.  

Comparisons made were UC vs. DL15, UC vs. DL30, and DL15 vs. DL30.  The first 

column of the table represents the comparison being made, and the specific sample group 

is shown in parenthesis.    

 

 

 

Sample 

Comparison 

(Exp. Group)

Pathway Name
Pathway 

Source

# 

Overlapping 

Genes

# Genes in 

Pathway
p-value

UC vs. DL15 

(UC)
Collagen formation Reactome 10 88 (91) 1.45E-03

UC vs. DL15 

(UC)

Collagen biosynthesis 

and modifying enzymes
Reactome 8 65 (68) 2.57E-03

UC vs. DL15 

(DL15)
Vitamin B12 Metabolism Wikipathways 4 50 (51) 7.75E-03

UC vs. DL15 

(DL15)

acetyl-CoA biosynthesis 

from citrate
HumanCyc 1 1 (1) 1.57E-02

UC vs. DL15 

(DL15)
Signaling by Hedgehog Reactome 4 81 (87) 3.86E-02

UC vs. DL15           

(UC & DL15)

Regulation of RhoA 

activity
PID 3 46 (47) 9.51E-04

UC vs. DL15           

(UC & DL15)

Signaling by Rho 

GTPases
Reactome 4 122 (129) 1.72E-03

UC vs. DL30 

(UC)
Collagen formation Reactome 10 88 (91) 1.10E-03

UC vs. DL30 

(UC)

Collagen biosynthesis 

and modifying enzymes
Reactome 8 65 (68) 2.05E-03

UC vs. DL30 

(DL30)

p130Cas linkage to 

MAPK signaling for 

integrins

Reactome 4 15 (15) 4.35E-04

UC vs. DL30 

(DL30)
Rho GTPase cycle Reactome 10 122 (129) 1.02E-03

UC vs. DL30 

(DL30)

Signaling by Rho 

GTPases
Reactome 10 122 (129) 1.02E-03

UC vs. DL30 

(DL30)

Hyaluronan biosynthesis 

and export
Reactome 1 1 (1) 2.52E-02

UC vs. DL30 

(DL30)
MAPK Cascade Wikipathways 3 29 (29) 3.58E-02

UC vs. DL15           

(UC & DL30)
ECM proteoglycans Reactome 2 55 (56) 3.74E-02

DL15 vs. DL30 

(DL15)
Signaling by Hedgehog Reactome 5 81 (87) 8.68E-03

DL15 vs. DL30 

(DL30)
fatty acid activation HumanCyc 3 8 (9) 9.31E-04

DL15 vs. DL30 

(DL30)
Rho GTPase cycle Reactome 10 122 (129) 1.46E-03

DL15 vs. DL30 

(DL30)

Signaling by Rho 

GTPases
Reactome 10 122 (129) 1.46E-03

DL15 vs. DL30 

(DL15 & DL30)

Nucleotide Sugars 

Metabolism
SMPDB 1 8 (8) 3.42E-02
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Discussion 

 

In this study, we demonstrate the ability to successfully extract and analyze 

phosphoproteins from primary human OA chondrocytes embedded and dynamically 

stimulated in physiologically stiff agarose.  We analyzed the short term (<30 min) 

phosphoproteomic changes of primary human OA chondrocytes by comparing unloaded 

control samples (0 min. of loading), to samples subjected to either 15 (DL15) or 30 

(DL30) minutes of dynamic compression.  These data compliment previous metabolic 

findings [206], and expand the basic knowledge of chondrocyte signaling pathways as a 

result of mechanical stimulation.  Previous chondrocyte mechanotransduction studies 

have found proteomic changes as a result of dynamic compression, but little work has 

been done in analyzing phosphoproteomic alterations. 

In mammalian cells, proteins are created from DNA through a number of 

processes known as the central dogma of molecular biology.  Accordingly, DNA is 

transcribed into mRNA, then mRNA is then translated into proteins in the cytoplasm by 

ribosomes [102].  Proteins are macromolecules, and considered the building blocks and 

machines of cells.  Following translation, post-translational modifications (i.e. 

phosphorylation) can occur, which have the potential to regulate the function of a specific 

protein.  Protein phosphorylation is a post-translational modification in which a 

phosphate group is added to a specific protein.  To evaluate the effects of dynamic 

compression on protein phosphorylation profiles, we analyzed 36 phosphoproteins that 

were shared between all samples (UC, DL15, and DL30) using unsupervised, 

agglomerative cluster analysis (Figure 38). 
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Figure 38.  Applied compression resulted in distinct untargeted phosphoproteomic 

profiles for primary OA chondrocytes. Clustering identified three groups of 

mechanically-regulated protein phosphorylation.  Patterns of overlapped phosphoprotein 

expression displayed via heatmap following unsupervised, hierarchical clustering on 

differentially phosphorylated proteins common to the dynamic compression (15 and 30 

minutes) and unloaded control groups.   

 

 

Three unique groups were evident in the cluster analysis. Cluster group 1 reveled 

phosphoproteins which were up-regulated with 15 minutes of dynamic compression 

(Figure 3).  These phosphorylated proteins were highly phosphorylated after 15 minutes 

of dynamic compression, and then were dephosphorylated at 30 minutes.  Specific 

phosphorylated proteins to this group included 4 proteins which regulate cytoskeletal 

dynamics, including ankyrin-2.  Ankyrins are adaptor proteins that help mediate 

attachment of membrane proteins to the cytoskeleton [214].  Ankyrin not only affects 

chondrocyte cytoskeletal dynamics, but important for maintaining cartilage homeostasis 

through the single-pass transmembrane protein CD44 which can bind extracellular 
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hyaluronan providing a potential mechanism for ECM deformation to be transmitted 

intracellularly[215].  Cluster group 3 also contained phosphorylated proteins that play a 

role in the arrangement of actin cytoskeletal structures.  The actin cytoskeleton is a key 

component of chondrocyte shape, which has been linked with the matrix synthesis 

chondrocyte phenotype [216, 217].  Under mechanical deformation in 3D suspension, the 

actin cytoskeleton is actively remodeled [84, 217, 218], which suggests increased matrix 

synthesis as a result of as little as 15 minutes of dynamic compression.   

Cluster group 2 includes phosphoproteins down-regulated (i.e. de-

phosphorylated) as a result of mechanical loading, and includes E3 ubiquitin-protein 

ligase UBR4, and calreticulin.  E3 ubiquitin-protein ligase UBR4 is a phosphorylated 

protein in the ubiquitin-ligase pathway, which may be associated with protein 

degradation [219].  Given that these data demonstrate de-phosphorylation in response to 

dynamic loading; this provides a potential protective mechanism for mechanical 

stimulation which may also increase matrix synthesis.  Calreticulin is de-phosphorylated 

in response to applied compression.  Calreticulin is lectin-independent chaperone, which 

binds and deactivates Ca2+ ions, and ADAMTS.  The ADAMTS (a disintegrin and 

metalloproteinase with thrombospondin motifs) family of peptidases has been shown to 

inhibit chondrocyte differentiation [220] and promote aggrecan degradation [45].  

ADAMTS enzymes are upregulated in OA [221, 222].  Therefore, the observation that 

Calreticulin is de-phosphorylated in DL15 and DL30 samples, suggests another potential 

protective mechanism by which mechanical loading may reduce matrix degradation. 

http://en.wikipedia.org/wiki/Disintegrin
http://en.wikipedia.org/wiki/Metalloproteinase
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Cluster group 3 identified proteins which were highly phosphorylated in response 

to 30 minutes of mechanical stimulation.  This group included a number of actin-

associated proteins that were phosphorylated in response to loading, including vimentin.  

Vimentin is an intermediate filament which is integral to the chondrocyte cytoskeleton.  

Disruption of vimentin networks in chondrocytes leads to decreased matrix synthesis and 

cell stiffness [223], as well as OA progression [68].  In this study, vimentin was highly 

phosphorylated in response to mechanical loading, which may result in increased matrix 

synthesis as well as other protective mechanisms against OA.   

In Cluster group 3, transcriptional regulating proteins (DNAmRNA) including 

AF-9, mediator of RNA polymerase II transcription subunit 13, and zinc finger protein 

582 were highly phosphorylated in response to mechanical loading.  Cam6/Cps39-like 

protein was also highly phosphorylated in DL30 samples, which is a regulator of TGF-

beta activity through activation of SMAD2-dependent gene expression.  SMAD2 

expression [224]  and increased TGF-beta signaling [225] have been shown to affect 

chondrocyte differentiation and play critical roles in inducing gene expression of 

cartilage-specific molecules (i.e. collagen II).  Protein phosphorylation leading to up-

regulation of TGF-beta signaling and SMAD expression further strengthen the potential 

protective mechanisms of mechanical loading against the progression of OA.    

To further examine mechanically induced changes in chondrocyte protein 

phosphorylation, pathway enrichment analysis examined pathway-specific differences 

between loading groups.  In comparisons for UC samples (UC vs. DL15 and UC vs. 

DL30), collagen biosynthesis and formation were identified as signaling pathways 
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present in UC samples, and were either in low levels or not detected in loaded samples, 

and support the 3D agarose culture system used in these experiments.  This complements 

previous [206], where proline levels were down-regulated in response to increased time 

of dynamic compression.  Collagen is synthesized in the chondrocyte’s cytoplasm, which 

incorporates proline and hydroxyproline into the formation of the triple-helix [226], and 

proline has been shown to be a marker of ECM synthesis [77].  Down-regulation (i.e. 

consumption) of proline in response to mechanical loading, suggests loading-induced 

collagen synthesis. 

Signaling pathways specific to dynamically stimulated samples were identified as 

those unique to either DL15 or DL30 samples.  DL15 samples contained phosphorylated 

proteins specific to the Hedgehog signaling pathway (p<0.05).  The hedgehog signaling 

pathway regulates many fundamental processes in embryonic development, including cell 

proliferation and differentiation [227], and has also been shown to play an important role 

in chondrocyte differentiation [228].  Lin et. al [228], demonstrated that the hedgehog 

pathway was upregulated in dedifferentiated in rat chondrocytes, and this phenotype is 

similar to diseased (OA) chondrocytes [229].  By redifferentiating the dedifferentiated 

chondrocyte phenotype through activation of the hedgehog signaling pathway, loading 

may enable OA chondrocytes to recapitulate the normal chondrocyte phenotype, further 

demonstrating the potential for loading to promote cartilage repair.  These data suggest 

that the hedgehog signaling pathway is activated in as short as 15 minutes.  If the 

hedgehog pathway initiates a healing response of diseased chondrocytes, short duration, 

mechanical loading may be used as a potential clinical therapy for OA. 
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DL30 samples contained phosphorylated proteins associated with Rho GTPase 

signaling, mitogen activated protein kinase (MAPK) signaling, and hyaluronan synthesis.  

Rho-associated protein kinases (ROCK), from the serine-threonine kinase family, have 

been previously studied in the chondrocyte mechanotransduction field [84, 123, 170], and 

rho kinase activation occurs after less than 10 minutes of dynamic compression [123].  

Rho kinase plays an important role in actin dynamics which regulate cell shape and size 

[230].  Cell shape defines the in vivo chondrocyte phenotype[37], and reorganization of 

the actin cytoskeleton is a result of Rho GTPase signaling.  In this study, we dynamically 

stimulated primary human OA chondrocytes in high-stiffness agarose [114], and have 

previously observed homogenous ellipsoidal deformations induced on the cells which are 

spherical in the undeformed case [115].  These deformations promote remodeling of the 

cytoskeleton via the Rho GTPase signaling pathway, which has been linked with increase 

cartilage matrix production [170].  Increased matrix production is consistent with 

hyaluronan synthesis, which was identified as a significant (p<0.05) pathway in DL30 

samples.  Hyaluronan has been found to be responsible for organization of proteoglycans 

in cartilage, and hyaluronan-chondrocyte interactions are important for the production 

and maintenance of cartilage matrix [231].   

The MAPK signaling pathway was also significantly enriched (p<0.05) in DL30 

samples.  The MAPK pathway is present in most eukaryotic cells and controls functions 

such as cell proliferation, differentiation, survival, and apoptosis [83, 232], and includes 

protein kinases such as ERK1 and ERK2.  Previous studies have found that mechanical 

compression of articular cartilage induces cell proliferation through activation of the 
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ERK1/2 pathways [83].  Therefore, if the present data represent MAPK signaling 

activation for cell proliferation, future studies may explore using applied dynamic 

compression to expand chondrocytes for cartilage repair.  

 

Conclusions 

 

In summary, this study demonstrates the power of using phosphoproteomics as a 

tool for understanding the chondrocyte response to short duration (<30 min), dynamic 

compression.  By expanding upon prior metabolomic analysis of primary human OA 

chondrocytes in response to dynamic compression [206], in this study we were able to 

identify 514 phosphoproteins unique to dynamically stimulated samples.  To our 

knowledge, this was the first study to successfully identify phosphoproteomic profiles for 

OA human chondrocytes in response to mechanical loading.  This work identified the 

potential to use mechanical stimulation (i.e. short-duration, low-impact exercise) as a 

therapeutic to promote cartilage repair in OA clinical populations.  Future work will 

expand on this work to elucidate latent biomarkers for OA by comparing 

phosphoproteomic differences between OA and normal human chondrocytes.  
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IN VIVO MODEL  

 

  

 The final chapter of this dissertation is aimed to provide in vivo validation and 

interpretation of the in vitro results obtained in Chapters 3 and 4.  This study will use a 

novel in vivo mouse model that allows for in vivo quantification of cartilage abundance.  

Again, this is a novel study, and has never been reported to date.   

Mouse models have been used for decades in the scientific community as tools for 

understanding and treating OA.  Current studies utilize a number of different techniques 

to induce OA in mice, including surgical destabilization of the knee joint [60, 233], 

injection of proteolytic enzymes [234], and naturally via aging [235].  The caveat for 

these studies is all of the mice are euthanized for joint dissection and sectioning, and then 

stained so the deteriorated cartilage can be graded.  These grading scales (usually from 0-

6) are subject to bias and don’t actually quantify the amount of cartilage in the joint [233, 

235-237].  This study is unique in that it provides the first ever non-invasive, in vivo 

quantification of the cartilage amount in a mouse model by a genetically encoded 

reporter.  It also carries the benefit of being able to longitudinally monitor each mouse, 

and their relative amounts of cartilage quantified without having to sacrifice the mouse.   

Our working mouse model is defined as follows:  A novel transgenic mouse has 

been generated that expresses firefly luciferase in aggrecan, the most abundant 

proteoglycan found in cartilage.  This bioluminescent signal is identical to how a firefly 

lights up, hence the name firefly luciferase.  These mice have been genetically modified 

to express Cre-ERT2 in the presence of tamoxifen.  When tamoxifen is present, Cre is 

activated in aggrecan-producing cells (e.g. chondrocytes), which excises a stop codon in 
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the genetic code to initiate transcription of luciferase.  When luciferase comes in contact 

with the substrate luciferin (i.e. through an external injection), a bioluminescent signal of 

light is omitted.  The amount of aggrecan in chondrocytes is directly proportionally to the 

amount of cartilage in the joint.  Therefore, the amount of emitted light is directly 

proportional to the amount of cartilage. 

This is an extremely novel study in that it not only validated the in vitro results 

from the metabolomics and phosphoproteomics data sets generated in Chapters 3 and 4, 

but it also laid the foundational building blocks to allow in vivo monitoring of 

chondrocyte mechanotransduction.  
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Abstract 

The structure and inaccessibility of synovial joints hinders studies on the dynamic 

pathophysiology of osteoarthritis (OA).  Here we developed advanced methods for 

quantifying changes in cartilage in a novel post-traumatic model of OA.  Using a recently 

developed mouse model that expresses luciferase in chondrocytes [238], cartilage-

specific bioluminescence was quantified by non-invasive in vivo imaging.  To evaluate 

the effects of exercise and injury, we established two independent groups of mice 

(female, 8 weeks old, n=5 per group).  Mice that were unexercised and subjected to a 

sham procedure served as the control group.  Mice subjected to intensive forced treadmill 

exercise and surgical destabilization of the left knee (Ex-des mice) was used to assess 

osteoarthritic changes.  In vivo cartilage abundance was quantified bioluminescently over 

15 days, after which mice were sacrificed and full-joint metabolomic profiles were 

determined.  Ex-des mice, but not controls, showed progressive cartilage loss over time 

as determined by decreasing cartilage-specific bioluminescence.  Metabolomic profiling 

detected 496 molecules whose levels differed significantly between groups and 391 of 

these were identified.  These data showed that aliphatic amino acids, arachidonic acid 

metabolism, and mineral absorption were increased in response to both exercise and 

injury; the creatine-phosphate biosynthesis pathway was induced by exercise but 

repressed by injury; and either exercise or injury repressed levels of sugar transport, 

amino-sugar metabolism, and proline catabolism.  The results from this study show the 

effects of exercise and injury on both cartilage and whole-joint metabolic activity. Future 
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studies will use these techniques for longitudinal evaluation of murine OA in applications 

such as disease progression, biomarker development, and candidate drug evaluation.  
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Introduction 

Osteoarthritis (OA) is considered the most prevalent joint disorder in the world 

and involves the breakdown of the protective, load bearing articular cartilage that covers 

the joint surface [1-7].  The predominant view is that excessive joint loading causes OA.   

Articular cartilage is subjected to repetitious mechanical loading, and contact 

forces through the joints can be up to 10 times an individual’s body weight [55].  Studies 

indicate there is a delicate balance between healthy and unhealthy joint loading, which 

can either establish protective mechanisms against OA or result in cartilage deterioration 

leading to OA [8, 9].  It has been shown that chondrocytes, the sole cell type in articular 

cartilage, sense and respond to mechanical deformations, but the biological processes 

describing these mechanisms remain elusive [49, 84, 87, 93, 116].  This study utilized 

forced exercise via treadmill running after surgical destabilization to model excessive 

loading in OA.   

OA is challenging to study in humans because of (1) the timescale of slow disease 

progression, and (2) availability of healthy control samples for age-matched comparison.  

However, mouse models of OA provide the opportunity to study the disease under 

controlled conditions.  While mouse disease may not recapitulate all components of 

human OA, these models provide a means to study the pathological evolution of OA 

under controlled conditions [239-241].   

Mouse models of OA have been used extensively in predicting the efficacy of 

pharmacological intervention for OA [242-244], as well as in determining the role 

mechanical loading on cartilage physiology in vivo [60, 222, 245-248].  Experimental OA 
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in mice can be induced by a variety of methods including surgical destabilization [60, 

233], intra-articular chemical injections [241, 249, 250], and applied external loading 

[251].  Surgical destabilization is the most common, and induces a progression of 

experimental OA that mimics the pathology of human OA.   

The most common methods for quantifying cartilage deterioration in murine OA 

models include histopathological grading scales [237, 252] and micro-CT imaging [253-

255].  One challenge to these studies is longitudinal evaluation to measure progression of 

the disease over time in the same animal.  Current methods for studying the progression 

of OA require euthanizing animals at specific time points throughout the study, and 

therefore render longitudinal observations in the same animal impossible.  In this study 

we address this issue by using a transgenic reporter mouse and quantitative non-invasive 

bioluminescent imaging.    

Recently we developed a novel transgenic mouse for non-invasive in vivo 

cartilage quantification [256].  This model includes a tamoxifen-inducible Cre 

recombinase driven by an IRES (internal ribosomal entry site) within the 3’-untranslated 

region of the endogenous chondrocyte-specific aggrecan mRNA.  In tamoxifen-exposed 

chondrocytes, Cre removes a “floxed-STOP” cassette from a ROSA26-targeted luciferase 

reporter, resulting in chondrocyte-restricted luciferase expression (Figure 1).  In vivo 

imagining is then used to quantify the bioluminescent signal produced in aggrecan-

expressing tissues of the mouse (i.e. knee, tail, hip, and toes).  The objective of this study 

was to analyze the effects of intensive physical exercise and surgical destabilization (via 

MCL transection and medial meniscectomy) utilizing both longitudinal in vivo 
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bioluminescence imaging of cartilage in transgenic reporter mice and terminal 

metabolomic profiling of joint tissues.   

We observed significant decreases in the bioluminescent signal in the exercised 

and destabilized mouse joint when compared to the contralateral sham controls, reflecting 

changes in cartilage and joint health.  Furthermore we observed significant differences in 

metabolite profiles between mouse groups.  This study establishes an important model 

that will be useful for studies of (1) the progression of OA in murine models, (2) specific 

metabolites as OA biomarkers, and (3) longitudinal studies of therapeutic strategies for 

OA.   

 

Materials and Methods 

 

Animals.  This study was approved by the Montana State University Institutional 

Animal Care and Use Committee (IACUC).  Two separate cages of mice were used as 

controls or as experimental animals for this study (female, n = 5 mice for each group) 

(Figure 39A).  Mice were housed with ad libitum access to food and water in 12 hour 

light-day cycles.  The transgenic reporter mouse has been described previously [238].  

Briefly, this line expresses chondrocyte-specific bioluminescence following Cre 

induction via tamoxifen. 

Luciferase Induction, Imaging and Image Processing.  Cre-ERT2 activity was 

induced via subcutaneous scruff injections of tamoxifen (10mg/mL in vegetable oil) 

serially for 3 days (2 mg/day) (Figure 39B).  Following a 5-day rest period, mice were 

imaged. D-luciferin potassium salt, a substrate required for bioluminescence, was 

administered via subcutaneous scruff injection (1.5 ml/mouse at 15 mg/mL).   
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Figure 39.  Experimental design and transgenic strategy for mouse with aggrecan-specific 

bioluminescence.  (A)  Schematic of the experimental methods for both the exercised and 

destabilized and unexercised and intact (ctrl) mouse groups.  The experimental group 

consisted of mice subjected to exercise with one knee surgically destabilized (Ex-ctrl, Ex-

des).  Control mice were not subjected to exercise (ctrl-L, ctrl-R).  (i) The transgenic 

reporter mice are randomly assigned into two experimental groups.  (ii) n = 5 female 

mice are assigned to each experimental group (ctrl or exercised/destabilized), and (iii) are 

given 3 consecutive days of tamoxifen injections.  (iv) Both groups are then imaged to 

establish baseline intensity values for each mouse, and (v) then exercised/destabilized 

mice are trained on the treadmill.  (vi) Exercised/destabilized mice are then subjected to a 

destabilization surgery on each of their left hind legs, whereas ctrl mice are used as 

contralateral sham controls.  (vii) Following 96 hours of rest, exercised/destabilized mice 

are then exposed to vigorous treadmill exercise for 15 consecutive days.  (viii) All mice 

are then euthanized and their joints dissected followed by (ix) either histology (n=1 

mouse per group) or full joint LC-MS (n=4 mice per group).  Throughout the running 

protocol ctrl mice resumed routine activity (v-vii).  (B)  In this mouse model, luciferase 

expression is induced specifically in aggrecan producing cells (i.e. chondrocytes).  These 

mice contain an inducible Cre-recombinase which was inserted into the 5’ untranslated 

region of the endogenous mouse aggrecan transcript.  The insert contains an internal 

ribosomal entry site followed by the tamoxifen-inducible CRE-ERT2 injection.  (C)  

Stereographic images of ctrl Ex-ctrl and Ex-des mouse joints showing the successful 

destabilization surgery of the left medial (M) side of an Ex-des mouse joint.  
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After 15 minutes, for luciferin distribution, mice were anesthetized via isoflurane 

inhalation (2-3% v/v at 2.5 ml/min in oxygen), and imaged using an anterior view with 

15 min exposures in no-light conditions (Kodak ImageStation 2000MM).  16-bit TIFF 

images were analyzed with Matlab.  Images were contrasted, inverted, and thresholded 

before smoothing with a 50 pixel median ball filter [256].  A region of interest (ROI) was 

selected around each knee, and total pixel intensity was calculated by summing the pixel 

values in each specific ROI.  All mice were imaged serially for 3 days to establish 

baseline values for bioluminescent intensity.  

 

Treadmill Running and Surgical Destabilization.  In order to detect 

bioluminescent changes in response to exercise, mice were randomized into two groups; 

unexercised and non-destabilized control mice (n = 5 female), and exercised/destabilized 

mice (n = 5 female).  The exercised/destabilized mice were subjected to extensive 

treadmill training for 10 consecutive days (maximum speed of 30 cm/s for 20 min at 15° 

incline) [257].  Following training, these mice had each of their left knees surgically 

destabilized by MCL transection and medial meniscectomy [233], which we will denote 

as the “Ex-des” joint (Figure 39C).  For surgery, mice were anesthetized via isoflurane 

inhalation (~3% isoflurane).  Following surgery, incisions were sutured, and mice 

administered analgesics per IACUC protocol (subcutaneous Buprenex at 0.5 mg/kg).  

Mice were monitored for 7 consecutive days for post-surgical complications.  Following 

96 hours of recovery, the Ex-des group were run for 15 consecutive days (30 cm/s, 15° 

incline, 25 min daily).  Control mice were handled daily without running as a control.  

All mice were imaged every other day for 14 days.  
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Joint Harvest and Metabolite Extraction.  Both groups of mice were euthanized by 

cervical dislocation.  To obtain joint-related metabolites, the tibiofemoral joints (n=4, 

each group) were harvested as follows.  Skin was removed from mouse limbs, and 

muscle was removed from the proximal femur using scissors.  Periosteum and other soft 

tissues were scraped away from the shaft of the femur, and an incision was made along 

the trochlear groove to access the joint.  The patella and associated soft tissue (synovium, 

fat pad) were removed with scissors, and remaining soft tissue was scraped away from 

the tibia to the extent possible.  The joint was harvested using scissors with a tibial cut 

immediately below the articular cartilage and a femoral cut which included both condyles 

and the distal ~80% of the trochlear groove.  Joints were flash-frozen in liquid N2 for 5 

minutes and pulverized using a stainless steel platen and a ball peen hammer.  

Metabolites were then extracted using previously optimized protocols [116, 206].  1 ml of 

a 70:30 methanol:acetone solution was added to each pulverized joint in a vial.  Vials 

were vigorously vortexed every 5 min for 20 min, and then stored at -20C for further 

metabolite extraction and precipitation of macromolecules.  Samples were centrifuged 

(20,000 x g, 10 min, 4
o
C), the supernatant was transferred to an Eppendorf tube, and the 

solvent evaporated using a centrifugal vacuum concentrator for 6 hours.  Dried samples 

were resuspended in 100 µL of 50:50 mass spectrometry grade H2O:Acetonitrile.  

Metabolite detection was performed in the Montana State University Mass Spectrometry 

Core Facility [155-157].  A HILIC HPLC column (Cogent Diamond Hydride Type-C) 

was used with an Agilent 1290 HPLC system.  The column was coupled to an Agilent 

6538 Q-TOF dual-ESI source mass spectrometer (~20,000 resolution, and ~5 ppm 
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accuracy).  Mass spectra were collected in positive mode with a mass range of 50-1000 

m/z.  

 

Histology.  To confirm histological joint changes, knee joints were dissected from 

the exercised right and left of representative mouse (n=1).  The joints were frozen in 

gelatin and stored at -20
○
 C. Transparent tape (Cryofilm Type 2C, Section-Lab, 

Hiroshima, Japan [256, 258]) was placed on the front face of the sample and a 20 micron 

section of tape and sample was cut on a microtome.  The samples were stained with 1% 

Safarin O for 1 min, washed in tap water, stained with 1% Fast Green FCF for 1 min, and 

washed in tap water.  The samples were imaged at 4x and 10x objective magnification 

(Figure 43).  

 

LC-MS Data Processing.  Liquid chromatography-mass spectrometry (LC-MS) 

data analysis involved an untargeted and targeted strategies.  Untargeted analysis was 

used to examine global changes in the metabolome, whereas the targeted analysis focused 

on changes in ~40 metabolites involved in central energy metabolism [102, 154].  

For the untargeted analysis, data processing followed previously optimized 

protocols [116, 206].  Briefly, raw HPLC-MS data was converted into .mzXML files 

(MS-Convert, ProteoWizard), and processed with MZmine2.0 [158].  Datasets were 

analyzed by filtering chromatograms based on a maximum signal level (1000 m/z with a 

15 ppm tolerance), normalized (0.25 min retention time (RT) tolerance), and aligned 

(mass and RT tolerance of 15ppm).  This generated list of metabolites was then used for 
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statistical analysis and metabolite identification via METLIN (ref -Smith et al., 2005, 

METLIN: a metabolite mass spectral database).   

For the targeted approach, a database of calculated isotopic distributions 

(including +H and +Na adducts) for the ~40 targeted masses was created using the 

Quantitative Analysis package within MassHunter Workstation B.04.00 (Agilent 

Technologies).  Retention times were matched to those from standard analytical samples 

(MSU Mass Spectrometry Core), and a 20 ppm m/z tolerance was used to evaluate the 

targeted metabolites.   

 

Data Analysis.  For the analysis, four analytical groups were established for 

comparative purposes.  Control mice were not subjected to exercise or injury and joints 

were categorized as control left knees (“ctrl-L”) or control right knees (“ctrl-R”) to assess 

differences between stifle joints of the same mouse.  Joints from mice that were exposed 

to exercise and injury were grouped as exercised left knees (“Ex-des”) and exercised 

right knees (“Ex-ctrl”).  Ex-des knees were surgically destabilized after training and 

rested prior to the exercise protocol.  To determine the effects of exercise and injury on 

our murine OA model, we compared both the bioluminescent signal intensities and 

metabolomic profiles obtained by LC-MS between the experimental groups. 

To analyze the bioluminescent data, first, the total pixel intensity was calculated 

for each ROI for each mouse.  Next, the total pixel intensity was normalized to the 

baseline intensity data for each mouse.  Normalized total pixel intensities were then 

compared among knee joint groups using a non-parametric Kruskal-Wallis one-way 
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analysis of variance (n=5 knees/group).  To determine if the bioluminescent signal 

decreased with respect to time (increased exercise), correlation analyses were performed.     

For the LC-MS data analysis, we defined metabolites as detected masses present 

in at least half of the samples for each group.  To assess differences in metabolite 

intensities between groups, comparisons were made using Wilcoxon signed rank tests and 

two-factor Kruskal-Wallis analysis of variance, with multiple-testing corrections using a 

false discovery rate (FDR) of 0.05 [259].  Four comparisons were made: (1) ctrl-L vs. 

ctrl-R, (2) Ex-des vs. Ex-ctrl, (3) ctrl-L vs. Ex-des, and (4) ctrl-R vs. Ex-ctrl.  Principal 

components analysis (PCA) was utilized to assess global changes caused by both exercise 

and injury.  To assess differences in metabolite intensity distributions, two-sample 

Kolmogorov-Smirnov tests were used with a null hypothesis that sample groups result 

from a population with identical distributions. For all statistical analysis, the significance 

was set at p < 0.05, a priori. 

To assess the role of injury and exercise on joint health, unsupervised hierarchical 

agglomerative cluster analysis assessed the patterns of co-regulated metabolites for each 

sample group.  To putatively identify compounds of interest, metabolite m/z values from 

each group were compared to the METLIN database of known metabolites [163].  Search 

parameters included m/z values with potential +1H
+
 or +1Na

+
 adducts and a 20 ppm mass 

tolerance.  The METLIN database contains over 240,000 identifiable metabolites 

developed over the past decade [162, 163].  The most significant metabolites from the 

database searches were searched for pathway-specific over representation, using 

Integrated Molecular Pathway Level Analysis (IMPaLA, http://impala.molgen.mpg.de 
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[213]).  For the targeted analysis, hierarchical agglomerative cluster analysis was used to 

identify patterns of energy metabolism between the experimental groups.   

Results 

 

The objective of this study was to characterize the effects of forced treadmill 

running and injury on a novel mouse model by examining changes in metabolomic 

profiles and bioluminescent intensity.  Transgenic mice (n = 5 female mice per group), 

with cartilage specific bioluminescence, were randomly assigned to one of two groups: 

the unexercised/non-destabilized control group and the exercised/destabilized group.  All 

mice were imaged over the course of 15 days to evaluate changes in bioluminescence, 

followed by euthanization, joint dissection, and full joint LC-MS analysis.  To evaluate 

our hypothesis, we analyzed changes in cartilage specific bioluminescence for each 

mouse and assessed changes in metabolomic profiles between experimental groups. 

 

Bioluminescent Analysis.  Bioluminescent signal was evaluated between the four 

knee groups (ctrl-L, ctrl-R, Ex-des, and Ex-ctrl) by comparing the normalized total pixel 

intensities.  Following day 10 of the exercise protocol, there were significant differences 

between the control group and the Ex-des joints (Figure 40A,**p<0.01, *p<0.05).  

Significant differences were also observed between Ex-des and Ex-ctrl knee groups 

(p<0.05) at days 10 and 12.  Analysis of the bioluminescent signal for Ex-des joints 

showed a significant, negative correlation with time (p = 0.046, r = -0.954) after one 

week of exercise, suggesting the onset of cartilage deterioration (Figure 40B&C).   
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Figure 40.  The combination of exercise and joint destabilization resulted in decreased 

bioluminescence compared with controls.    (A) Normalized total signal intensity vs. 

running day for each of the mouse knee joints (average ± sem).  A two-factor Kruskal-

Wallis found significant differences on days 12 and 15 comparing Ex-des joints to ctrl-L, 

ctrl-R, and Ex-ctrl joints (*p < 0.05, **p < 0.01).  (B) Significant decreases (r = -0.954, p 

= 0.046) in bioluminescent signal with time were observed in Ex-des joints following day 

8 of the running protocol.  This decrease indicates a decrease in cartilage health due to 

either chondrocyte death or loss during the experimental protocol.  No differences (r = 

0.856, p = 0.144) were observed for the contralateral sham control joints (ctrl-L).  (C) 

Control mice (top) exhibited stable bioluminescence whereas experimental mice 

exhibited changes in bioluminescence over the experimental time course.  Representative 

bioluminescence heat maps overlaid with photographs obtained prior to bioluminescence 

imaging.            
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Contralateral sham controls showed no significant changes in bioluminescent 

signal over the course of the experiment (p = 0.144, r = 0.856, Figure 40B&C). 

 

LC-MS Analysis.  Untargeted LC-MS analysis revealed metabolomic differences 

between the joints of control and experimental mice.  Two-sample Kolmogorov-Smirnov 

distribution tests revealed significant differences between Ex-des and Ex-ctrl spectra 

distributions (p < 0.05), whereas no difference was found between the right and left knees 

for the control mice (p = 0.626, Figure 41A).  To identify metabolites differentially 

regulated by injury and exercise, jointly detected molecule were compared using a false 

discovery rate of 0.05 and plotted in two-dimensional space (Figure 41B).  Right and left 

joints exhibited similar metabolomic profiles:  only 1 metabolite was significantly present 

in ctrl-R joints that was not found in ctrl-L joints, and 16 metabolites were found in ctrl-L 

joints that were not found ctrl-R joints (Figure 41B).  However, exercise and injury 

induced changes in hundreds of metabolites: 176 metabolites were present in Ex-ctrl 

samples that were not found in Ex-des samples, and 280 metabolites were found in Ex-

des samples that were not in Ex-ctrl samples (Figure 41B).  After resolving the 

metabolomic profiles onto their principal component axes, we observed differential 

clustering between sample groups with the Ex-des samples being the most distinct 

(Figure 41C, Supplementary Figure 2, Supplemental Figure 18).  The first three principal 

components contained 87% of the variance. 
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Figure 41.  Metabolomic profiling captured joint-wide changes induced by the 

combination of vigorous treadmill running and joint destabilization.  (A)  Two-sample 

Kolmogorov-Smirnov tests reveal statistically significant changes between the 

distributions of median metabolites for Ex-des vs. Ex-ctrl (p < 0.05), ctrl-L vs. Ex-des (p 

< 0.001), and ctrl-R vs. Ex-ctrl (p < 0.001) m/z spectra distributions.  No differences 

were observed for ctrl-L vs. ctrl-R (p = 0.626) m/z spectra distributions.  (B) Exercise and 

injury induce changes in individual metabolite profiles.  Up-down regulation plots for 

ctrl-L vs. ctrl-R, Ex-des vs. Ex-ctrl, ctrl-L vs. Ex-des, and ctrl-R vs. Ex-ctrl.  (C) 

Principal Components Analysis for the untargeted metabolomic data was used to assess 

global differences between sample groups.  The first three principal components 

contained 87% of the overall variance, and the first principal component contained 71.2% 

of the experimental variance indicating that exercise and joint destabilization 

dramatically alter whole-joint metabolomics.  For each of the sample groups ctrl-L (  ), 

ctrl-R (  ), Ex-des (  ), and Ex-ctrl (  ), there are n=4 replicates.   
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In addition to changes in untargeted metabolomic profiles, there were changes in 

energy-related metabolites as a result of exercise and injury.  Expression patterns of 

metabolites targeted to central energy metabolism were first analyzed through 

hierarchical agglomerative cluster analysis (Supplemental Figure 17).  Cluster analysis 

identified ctrl-L and ctrl-R samples to have the most similar metabolite distributions, and 

Ex-des samples were the most distinct. 

Untargeted hierarchical agglomerative clustering found distinct groups of 

metabolites (Figure 42A, Cluster Groups 1-4).  Of the 496 metabolites in this group, there 

were 391 metabolites found in the METLIN database and 105 metabolites that were not 

identified.  Cluster group 1 (Figure 42A & B) revealed metabolites that were up-regulated 

in exercise joints (Ex-ctrl) and down-regulated in the destabilized joints (Ex-des).  

Cluster group 2 (Figure 42A &C) revealed metabolites which were highly regulated as a 

result of injury only (Ex-des only).  Cluster group 3 (Figure 42A & D) revealed 

metabolites that were down-regulated as a result of exercise or injury, and finally cluster 

group 4 (Figure 42A & E) revealed metabolites which were down-regulated as a result of 

exercise and injury. 

The metabolites from each of the cluster groups were then used to identify key 

metabolic pathways affected by intensive exercise and injury by using established 

pathway over-representation analysis [213].  Hundreds of significant (p < 0.05) pathways 

were identified by determining the number of overlapping metabolites between a specific 

metabolic pathway and metabolites from each of the cluster groups.  Cluster group 1 (up 

in exercise, down in injury) contained metabolites which were significantly overlapped 
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with the creatine-phosphate biosynthesis pathway (p = 0.022).  Cluster group 2 (up in 

exercise and injury) contained metabolites which were significantly overlapped with 

valine, leucine, and isoleucine biosynthesis (p<<0.01), arachidonic acid metabolism (p 

<< 0.01), and mineral absorption (p < 0.01).  Cluster group 3 (down with exercise and/or 

injury) contained metabolites which were significantly overlapped with the transport of 

glucose and other sugars (p << 0.01) and mineral absorption (p=0.026).  Finally, the 

metabolites contained in cluster group 4 (down with exercise and injury) were 

significantly overlapped amino acid synthesis and interconversion (p < 0.01), proline 

catabolism (p < 0.01), and amino sugar metabolism (p < 0.01).     

 

Discussion 

 

In the present study, we demonstrate the utility of a novel mouse model to 

monitor in vivo changes in cartilage as a result of an OA model comprising both injury 

and forced exercise.  To observe these changes, bioluminescent imaging was used to 

quantify cartilage-specific luminescence between two independent groups of mice.  

Furthermore, whole joint LC-MS-based metabolomics revealed global differences in 

small molecule abundance between the two mouse groups using established methods 

[116, 206].  This novel murine model has the potential to advance osteoarthritis research 

using longitudinal monitoring of OA for repeated measures in the same mouse. 

In this study we observed significant changes in bioluminescent signal between 

mice exposed to exercise and injury compared with control mice.  Examining the 

differences in bioluminescent intensity between the two independent groups of mice, we 
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observe the development of significant differences beginning on day 12 after surgical 

destabilization and exercise (Figure 40A, *p<0.05, and **p<0.01).   

 

 

 

Figure 42.  Unsupervised clustering identifies patterns of metabolites differentially 

regulated by exercise and joint destabilization.  (A) Unsupervised clustering revealed 4 

distinct clusters (1-4, right hand side) within the experimental groups of ctrl-L, ctrl-R, 

Ex-des, and Ex-ctrl. (B) Cluster 1 represents metabolites that increase expression in 

injured joints relative to both negative controls and exercise and destabilized joints.  

Enriched pathway analysis for cluster 1 included the creatine-phosphate biosynthesis 

pathway.  (C) Cluster 2 involved metabolites with increased expression in joints exposed 

to both exercise and destabilization.  This cluster includes metabolites enriched in valine, 

leucine, and isoleucine biosynthesis and mineral absorption pathways.  (D) Cluster 3 

contains metabolites that are down-regulated in both exercised and exercised/destabilized 

joints.  Enriched pathways include glucose/sugar transport and mineral absorption 

pathways.   (E) Cluster 4 represents metabolites that are down-regulated solely in joints 

subjected to both exercise and destabilization.  Enriched pathways include proline and 

amino sugar metabolism.   
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The bioluminescent signal represents chondrocyte-specific luciferase expression 

and changes in this signal have been shown to correlate with histological cartilage 

changes [238].  In this study, we observed a significant decrease in bioluminescent signal 

intensity in the joints which were surgically destabilized and subjected to injury (Ex-des, 

Figure 40B).  This decreasing signal results from less chondrocyte-specific 

bioluminescence and likely represents the progression of OA-like cartilage deterioration 

(Figure 40A & B).  These in vivo results were obtained using non-invasive imaging and 

demonstrate the importance of measuring longitudinal changes in cartilage during the 

course of experimental OA development.  Similar studies in this transgenic mouse line 

may be used to evaluate candidate therapeutic intervention strategies for OA. 

To acquire the luminescence data, all mice were imaged every two days 

throughout the duration of the running protocol (14 days).  The images were then 

processed in Matlab to quantify the bioluminescent signal.  We observed a consistently 

lower signal in the experimental group when compared to the control group.  The lower 

intensity values are likely a result of ATP depletion following the vigorous treadmill 

exercise, and terminal metabolomics analyses found the lowest ATP level in the Ex-ctrl 

group.   

There are two chemical reactions required to create a bioluminescent signal using 

firefly luciferase [260]:  in the first reaction, luciferase catalyzes the substrate luciferin in 

the presence of ATP to produce luciferyl-AMP.  In the second reaction, luciferyl-AMP is 

oxidized, resulting  in the production of CO2, oxyluciferin, AMP, and light [260].  Prior 

research has shown that the quantity of emitted light is directly proportional to the  
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Figure 43.  Representative histological images for one mouse from the 

exercised/destabilized group.  (A) Histological images for the left knee (destabilized, Ex-

des) highlighting the (B) lateral and (C) medial menisci.  (B)  The lateral side of the joint 

contains relatively uniform cartilage thickness and the presence of the lateral meniscus.  

(C)  The medial side of the joint shows a lack of medial meniscus and thinned articular 

cartilage where the meniscus is removed.  Scale bar in (A) is 200 µm; scale bar in (B) and 

(C) is 50 µm. 
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quantity of ATP present in the reaction [261].  Therefore, decreased joint ATP levels 

following exercise may explain the decreased signal in the experimental mice compared 

to the control mice.  Following the treadmill exercise, the experimental mice were given 

10 minutes of rest prior to imaging.  These data suggest that 10 minutes may be 

insufficient to restore ATP reserves in the mouse joint.   

To further examine joint-related molecular changes following forced exercise and 

destabilization, metabolomic profiles for each mouse joint were analyzed using LC-MS, 

following whole-joint dissection at the conclusion of the experiment.  We observed 

significant differences in global metabolite expression between control and experimental 

mice (Figure 41).  The distinct metabolomic profiles represent biological changes 

between groups as a direct result of forced treadmill running and injury.  As expected, we 

found few differences between ctrl-L and ctrl-R joints (Figure 41A & B).  However, we 

observe substantive and significant differences when comparing destabilized and 

exercised joints to controls (e.g. Ex-des vs. Ex-ctrl, ctrl-L vs. Ex-des, and ctrl-R vs. Ex-

ctrl).  The differences in metabolomic profiles for the Ex-des and Ex-ctrl joints are a 

direct result of the destabilization surgery.  Ex-des-specific metabolomic changes are 

therefore the results of the combination of mechanical joint destabilization and surgical 

incision. 

Prior results have demonstrated that the destabilization surgery results in OA-like 

changes in both the destabilized and contralateral joints [60, 233].  These differences are 

clearly described by untargeted metabolomic profiling (e.g. Figure 41A & B).  In this 

study, the observed differences in metabolomic profiles between ctrl-L and Ex-des are a 
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result of the combination of treadmill exercise and the destabilization surgery.  Using the 

ctrl-L joint to compare between an intact joint and our induced OA joint, we found 

changes induced by exercise alone (ctrl-R vs. Ex-ctrl, Figure 41A & B).   

Mechanical stimulation has been shown to alter chondrocyte metabolism [43, 84, 

116, 173-175, 195, 206, 262, 263], and these data provide additional insight into 

mechanotransduction at the whole-joint level.  We identified metabolites of interest using 

hierarchical agglomerative cluster analysis.  Clusters were used to define metabolites of 

interest (Figure 42).  The first cluster (Figure 42) identifies metabolites which were 

highly expressed in exercise (Ex-ctrl) and down-regulated in the remaining groups (ctrl-

L, ctrl-R, and Ex-des).  These metabolites represent mediators of exercise in joint 

physiology.  Pathway analysis revealed enrichment of metabolites in the creatine-

phosphate biosynthesis pathway, which is stimulated during periods of high energy 

demands in the cells.  This observation is consistent with the high levels of energy 

requirements were needed as a result of forced treadmill running. 

Additional clusters (2 and 4, Figure 42) identify key metabolites that are either 

highly expressed or depleted only in joints subjected to both surgical injury and exercise 

(Ex-des).  These metabolites are unique to the destabilized joint, demonstrating 

substantial alterations in metabolic pathways likely due to the progression of OA in the 

joint.  The pathway analysis for cluster group 2 revealed enrichment in the biosynthesis 

of the amino acids valine, leucine and isoleucine, which shares common metabolites with 

pyruvate metabolism.  In order for valine, leucine, and isoleucine to be synthesized, 

pyruvate flux must be elevated, suggesting increased glycolytic metabolism.  This 
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observation suggests a shift of energy utilization toward matrix synthesis OA joint of the 

mouse (Ex-des) which may be an attempt at repair. 

Similarly, the cluster of metabolites depleted in exercise and destabilized joints 

(Ex-des, 4, Figure 42) contained metabolites enriched in proline catabolism, suggesting 

the consumption of proline by the chondrocytes to synthesize matrix proteins.  Proline 

contributes more than 20% of the total amino acid residues in type II collagen [264].  

These results agree with previous findings using low-strain stimulation of primary human 

OA chondrocytes [206], and future studies will examine injury and low-dose loading 

separately to deconvolute this important in vivo observation.   

The 3
rd

 cluster identifies metabolites that were depleted as a result of injury and/or 

exercise.  These metabolites may represent metabolites that are consumed due to either 

vigorous exercise or injury, and pathway enrichment analysis identified decreases in 

glucose transport and mineral absorption.  Future studies may elucidate the role of this 

consumption in the progression of experimental OA which may yield novel targets for 

therapeutic intervention. 

 

Conclusions 

 

In summary, non-invasive cartilage quantification methods in a novel transgenic 

reporter mouse found a decrease in in vivo bioluminescent signal for mice exposed to 

injury and forced treadmill running, indicating changes in cartilage and the likely onset of 

experimental post-traumatic OA.  These results were further confirmed through whole 

joint metabolomic profiling, where injury and exercise caused many metabolomic 

changes.  Extension of these methods may link molecular changes with macroscale 
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pathology and help identify candidate metabolomic biomarkers in the mouse.  The 

combination of this unique mouse model and high dimensional metabolomics analysis 

provides an important tool for in vivo and longitudinal monitoring of disease progression 

in murine OA models.  
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CONCLUSION 

 

 

The overall goal of this research was to develop a comprehensive understanding 

of the cellular response of the chondrocyte to applied, dynamic compression.  To my 

knowledge, the experiments performed in the various chapters of this dissertation had 

never been previously done, and considerably advanced the scientific knowledge of 

chondrocyte mechanobiology.  This research generated well-controlled datasets of the 

intracellular response to mechanical loading and tested our hypothesis that dynamic 

compression induces matrix synthesis in the context of OA using a number of novel 

techniques.  To test our hypothesis and meet our objectives, this research was portioned 

into three parts:  (1) the methods development, (2) mechanistic data sets, and (3) in vivo 

validation. 

The objective of Chapter 2, or the methods development section, was to develop 

novel in vitro methods for studying chondrocyte mechanotransduction.  Most of the 

current research in the chondrocyte mechanotransduction field utilizes agarose gels for 

cellular encapsulation with much lower stiffness than the physiological environment that 

chondrocytes reside in our cartilage.  This Chapter focused on developing methods for 

encapsulating chondrocytes in a more effective, philological environment.  By better 

representing the physiological environment of the chondrocytes, biological studies will 

more effectively represent in vivo conditions.  In this Chapter we developed and 

optimized methods for encapsulating chondrocytes in high stiffness agarose (agarose 

stiffness was matched to the human PCM stiffness).  To validate our method we 

confirmed (1) the spatial homogeneity in physiologically stiff agarose under applied 
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compression, (2) viability of the cells following 72 hours of encapsulation, and (3) 

capability of extracting and analyzing inter/extracellular metabolites.  These methods 

were the first of their kind, and not only laid the essential building blocks for my 

research, but potentially changed the way chondrocyte mechanotransduction studies will 

be performed in the future.        

Following the in vitro methods development in Chapter 2, Chapters 3 and 4 were 

designed to generate well-defined, mechanistic data sets of the chondrocytes response to 

applied, dynamic compression.  Both chapters utilized mechanically stimulated 

chondrocytes, encapsulated in physiologically stiff agarose, which were harvested from 5 

patients with grade IV OA.  The objective for these chapters were to analyze 

metabolomic and phosphoproteomic changes in chondrocytes in direct response to short-

duration mechanical compression (0, 15, and 30 minute stimulation), respectively. 

Chapter 3 was designed to quantify changes in the metabolome for primary human 

chondrocytes in response to physiological, dynamic compression utilizing both 

global/untargeted and targeted approaches.  Chapter 4 was designed nearly identical to 

Chapter 3, however, phosphoproteins were analyzed. 

The results from Chapter 3 demonstrate the power of utilizing high-dimensional 

metabolomics as a tool for understanding chondrocyte mechanotransduction.  In our 

targeted analysis (analysis of metabolites associated with central energy metabolism), we 

discovered significant correlations with increased mechanical loading and central energy 

reorganization, including key amino acid precursors for protein synthesis.  Similarly, our 

untargeted analysis revealed hundreds of significant metabolites, which were putatively 
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identified through database searches.  We also observed many metabolites which were 

not found in database searches, which have the potential to be novel mediators for 

chondrocyte mechanotransduction.  Finally, we found a significant, positive correlation 

between the number of mechanically-induced metabolites and patient age.  This was an 

accidental finding, but none the less suggests the potential of using metabolomics as a 

tool to characterize aging-dependent changes in chondrocyte mechanotransduction.  

Metabolomics has huge potential to reveal important biomarker candidates for tracking 

the progression of OA in clinical populations.  This was the first ever application of 

metabolomics to study mechanotransduction of chondrocytes encapsulated in 

physiologically stiff agarose.  Future work may build off of this work to elucidate the 

mechanosensitive differences between OA and normal human chondrocytes.   

The results from Chapter 4 compliment the results from Chapter 3 and 

demonstrates the power of using phosphoproteomics as a tool for understanding the 

chondrocyte response to short duration (<30 min), dynamic compression.  We expanded 

off of previous work, where we analyzed the metabolomic changes of primary human OA 

chondrocytes as a result of dynamic compression, and were able to identify 514 

phosphoproteins unique to dynamically stimulated samples.  To our knowledge, this was 

the first ever chondrocyte mechanotransduction study to successfully identify 

phosphoproteomic profiles for late OA human chondrocytes.  This work identified the 

potential to use mechanical stimulation (i.e. short-duration, low-impact exercise) as a 

potential therapeutic to promote cartilage repair in OA clinical populations.  Future work 
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will expand on this work to elucidate latent biomarkers for OA by comparing 

phosphoproteomic differences between OA and normal human chondrocytes.  

The final Chapter of this dissertation was designed to validate the in vitro results 

in Chapters 3 and 4 using a novel, in vivo model.  The objective of this chapter was to 

quantify changes in cartilage in response to in vivo dynamic, mechanical loading on 

cartilage reporter mice.  This Chapter was highly crucial in that it helped validate the in 

vitro results by comparing metabolites with macro-scale imaging obtained in the context 

of an exercise-induced mouse loading model.  This study was unique in that we utilized 

novel, transgenic mice that express cartilage specific bioluminescence to quantify 

cartilage in vivo without mouse euthanization.  Currently, cartilage quantification changes 

in mouse models of OA are studied utilizing histopathological grading scales or micro-

CT imaging.  While these techniques have aided in important findings, they lack the 

ability to monitor longitudinal cartilage changes in vivo.  On the contrary, our murine 

model allows for longitudinal monitoring of cartilage and the progression of OA using 

the same mouse.  In this Chapter we developed methods for quantifying in vivo changes 

in cartilage utilizing a novel, post traumatic model of OA involving surgical 

destabilization and forced exercise via treadmill running.  Using these novel methods we 

analyzed the effects of forced treadmill running (FTR) and injury by comparing an 

unexercised/uninjured control group of mice to mice that were exposed to both exercise 

and injury.  Our results suggest that our non-invasive cartilage quantification methods in 

a novel transgenic reporter mouse found a decrease in in vivo bioluminescent signal for 

mice exposed to injury and FTR.  The decreased bioluminescent signal correlated well 



186 

 

with histological scoring for decreasing cartilage thickness, suggesting that the changes in 

cartilage are most likely due to the onset of experimental, post-traumatic OA.  These 

results were further confirmed through whole joint LC-MS analysis, where injury and 

exercise caused many significant, metabolomic changes.  Future work may build on these 

methods to link molecular changes with macroscale pathology and help identify potential 

metabolomic biomarkers in the mouse.  The results from this Chapter also suggest the 

extension of using this unique mouse model as a promising tool in the scientific field for 

in vivo, longitudinal monitoring in murine OA progression.  

All of the studies performed in this dissertation were extremely novel, and to our 

knowledge, had not been previously reported.  This research considerably advanced the 

scientific knowledge of chondrocyte mechanobiology and laid many fundamental 

building blocks for future work in this field, specifically in understanding how 

mechanotransduction plays a role in OA.  This work dramatically expanded the 

fundamental knowledge and understanding of chondrocyte mechanotransduction 

identified the potential to utilize mechanical loading as a therapeutic in preventing or 

treating OA.     
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Abstract 

 

In articular cartilage, chondrocytes reside within a gel-like pericellular matrix 

(PCM).  This matrix provides a mechanical link through which joint loads are transmitted 

to chondrocytes.  The stiffness of the PCM decreases in the most common degenerative 

joint disease, osteoarthritis.  To develop a system for modeling the stiffness of both the 

healthy and osteoarthritic PCM, we determined the concentration-stiffness relationships 

for agarose.  We extended these results to encapsulate chondrocytes in agarose of 

physiological stiffness.  Finally, we assessed the relevance of stiffness for chondrocyte 

mechanotransduction by examining the biological response to mechanical loading for 

cells encapsulated in low- and high- stiffness gels.  We achieved agarose equilibrium 

stiffness values as large as 51.3 kPa.  At 4.0% agarose, we found equilibrium moduli of 

34.3  1.65 kPa, and at 4.5% agarose, we found equilibrium moduli of 35.7  0.95 kPa. 

Cyclical tests found complex moduli of ~100-300 kPa.  Viability was >96% for all 

studies.  We observed distinct metabolomic responses in >500 functional small molecules 

describing changes in cell physiology, between primary human chondrocytes 

encapsulated in 2.0% and 4.5% agarose indicating that the gel stiffness affects cellular 

mechanotransduction.  These data demonstrate both the feasibility of modeling the 

chondrocyte pericellular matrix stiffness and the importance of the physiological 

pericellular stiffness for understanding chondrocyte mechanotransduction. 

Key Terms:  Osteoarthritis; Mechanotransduction; Biomechanics; 3D cell 

culture; Biomaterials, Substrate Stiffness 
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Introduction 

 

Articular cartilage is the smooth, load-bearing tissue which lines the surfaces of 

bones in joints such as the knee and the hip.  As a result of normal human activity (e.g. 

walking), cartilage experiences mechanical loading which varies with both time and 

spatial position in the joint.[265]  The hierarchy of cartilage structure includes a dense 

hydrated extracellular matrix (ECM) which encapsulates a pericellular matrix (PCM) that 

directly surrounds articular chondrocytes.[125]  The PCM transmits tissue-level 

deformations to the cells of cartilage termed chondrocytes. 

The stiffness of the PCM is a relevant environmental input since it applies 

external loads to chondrocytes and can direct their biological behavior via cellular 

mechanotransduction.  For example, exogenous loading has been shown to change 

Superficial Zone Protein expression,[87] RhoA activation,[123] and induce transcription 

of ECM genes.[76]  Dynamic compression of cell seeded agarose constructs can promote 

Smad2 phosphorylation as an early response to mechanical stimuli.[119]  To obtain a 

deeper understanding of chondrocyte mechanotransduction, which is necessary for 

designing improved therapeutic strategies for joint disease, advanced in vitro models are 

needed which simulate the varying stiffness of the chondrocyte PCM during osteoarthritis 

progression. 

While several studies have examined in vitro chondrocyte responses to applied 

loading, the stiffness of the hydrogel responsible for applying these loads has received 

little emphasis.  In vitro model stiffness is important because in vivo chondrocytes are 

linked to their extracellular environment by the PCM which provides information 
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regarding the extracellular biomechanical and biochemical microenvironment.  Previous 

studies have found the stiffness of the PCM for human chondrocytes to be in the range of 

25-200 kPa.[47, 127, 266]  Importantly, the PCM stiffness appears to decline in 

osteoarthritic tissue,[266] which may be a patho-mechanical signaling mechanism in the 

most common degenerative joint disease osteoarthritis (OA).[267] 

Furthermore, several studies demonstrate the importance of substrate stiffness as a 

relevant environmental variable for cellular mechanotransduction in other cell types.[268-

272]  Thus in vitro models which mimic the stiffness of the chondrocyte PCM modeling 

may provide an improved understanding of how chondrocytes sense and respond to 

mechanical loads.  Here we defined the concentration-stiffness relationships for agarose 

as an in vitro substrate for chondrocyte mechanotransduction studies.  We extended these 

results to determine if chondrocytes can be encapsulated within agarose of physiological 

stiffness.  Finally, we assessed the relevance of stiffness for chondrocyte 

mechanotransduction by examining the biological response to mechanical loading for 

cells encapsulated in low- and high- stiffness gels. 

We found concentration-dependent agarose stiffness (equilibrium, dynamic, and 

complex) of ~20-300 kPa for agarose ranging between 3 and 5% (weight / volume, w/v).  

Building upon previous methods,[121, 124] we were able to encapsulate chondrocytes in 

high-stiffness agarose with high viability (>96%).  Agarose stiffness affected 

chondrocyte biology as demonstrated by distinct metabolomics differences between 

chondrocytes encapsulated in 2.0% and 4.5% agarose.  These data show that agarose can 

be used as a 3D culture medium for mimicking the stiffness of the cartilage PCM.  
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Furthermore, by changing the concentration of agarose, it is possible to model disease-

dependent changes in  the in vitro stiffness as seen in human osteoarthritis.[266]  To our 

knowledge, this is the first successful demonstration of chondrocyte encapsulation in 

agarose >3%. 

 

Materials and Methods 

 

Agarose Constructs.  Agarose constructs were prepared using low-gelling-

temperature agarose (Sigma: Type VII-A A0701) which was selected because of previous 

success for mechanotransduction studies.[120, 121]  Concentrations of 2-5% (w / v) 

agarose were dissolved in PBS at 1.1X strength at 40C.  After ~5 minutes, dissolved 

agarose was diluted to 1X with 40C PBS.  This procedure is readily applied to 

encapsulating cells based on the methods of Lee et al and Bougalt et al.[120, 121]  The 

final agarose solution was cast in anodized aluminum molds at 23C.  These molds 

produced cylindrical samples with heights of 12.7  0.1 mm and diameters of 7.0  0.1 

mm as measured using digital calipers on >20 independent samples.  This sample 

geometry was selected to provide uniaxial deformations consistent with spatially 

homogeneous mechanical strain fields[122] for applying well-defined mechanical stimuli 

to embedded cells. 

 

Mechanical Testing.  Samples were tested on a custom-built bioreactor capable of 

applying displacement-controlled loading with sub-micron precision (Supplementary 

Figures 1-3).  Because most previous studies have characterized the response for gels of 

concentration ≤3% for this study, the agarose concentration was 3-5%.[147, 273]  Prior to 
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testing, samples were equilibrated in PBS at 37C for 30 minutes.  Samples were placed 

in polysulfone loading cups, and the compression platens were lowered until sample 

contact was achieved as demonstrated by a load change of 0.089 N, the smallest possible 

preload and consistent with previous methodology.[274]  The sample was then allowed to 

relax to an equilibrium state.  Based on pilot studies (n = 3), complete preload relaxation 

was achieved in < 10 minutes.  Therefore, we used a preload time of 10 minutes in this 

study.  Two mechanical tests were performed in unconfined compression: stepwise 

stress-relaxation and cyclical loading with n = 5 samples for each experiment from 

multiple agarose castings.   

Stepwise stress-relaxation tests were performed to measure dynamic and 

equilibrium stiffness values for agarose gels at various concentrations.  For these tests, 

samples were subjected to four consecutive steps of 4% nominal compressive Lagrangian 

strain.  Each strain step was maintained for 90 minutes at 37C in tissue culture 

conditions (humidified 5% CO2 atmosphere).  Load data was sampled at 1000 Hz for the 

duration of the test.  Average stress was calculated by normalizing the load data by the 

sample cross sectional area. 

Dynamic stiffness was calculated by performing linear regression on the strain 

versus peak stress data for each sample, and equilibrium stiffness was calculated 

similarly for the equilibrium stress data.  The transient response for each strain step of 

each sample was analyzed using three measures.[275]  First, a model-independent 

parameter termed 𝐷̂ was used to quantify the dynamics of stress-relaxation for each strain 

step. 𝐷̂ was calculated by quantifying the area under normalized stress-relaxation curves.  



226 

 

Second, the stretched exponential model (𝑦 = exp (− (
𝑡

𝜏𝑆𝐸
)

𝛽

) [276, 277] was fit to the 

normalized stress-relaxation data to determine the parameters SE and .  This model has 

been linked mechanistically to fundamental polymer physics[278] and successfully used 

to model cartilage viscoelastic behavior.[279, 280] 

Cyclical loading tests were performed to assess the complex stiffness and phase 

lag of agarose gels.  In these experiments, samples were subjected to a 5% prestrain for 2 

hours followed by 100 cycles of sinusoidal compression from 3.1 to 6.9% based on the 

initially measured height.  Samples were tested at 0.55, 1.1, and 5.5 Hz.  These 

frequencies were selected to bound the preferred stride rates for humans.[153]  Load and 

displacement values were sampled simultaneously at 100 Hz to ensure sampling above 

the Nyquist limit.[281]  Average stresses were calculated as described above.  Cyclical 

loading data were analyzed to determine the complex modulus (i.e. stiffness) defined as 

the amplitude of the stress divided by the amplitude of the strain and the phase lag of the 

stress relative to the strain. 

 

Chondrocyte Encapsulation.  To assess the potential for using agarose of varying 

stiffness to model the chondrocyte pericellular matrix, cells were embedded in agarose of 

varying concentrations.  Human SW1353 chondrosarcoma cells were cultured at 5% CO2 

in DMEM with 10% fetal bovine serum and antibiotics (10,000 I.U. / mL penicillin and 

10000 ug / mL streptomycin).  For encapsulation, cells were trypsinized, counted, and 

resuspended in media at 11X.  Agarose was prepared as described above.  The cell-

suspension was added to the agarose during vortexing to distribute the cells throughout 
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the liquid hydrogel.  Gels were subsequently cast as described above for 5 minutes at 

23C.  Cell-seeded agarose constructs were removed from the molds and placed in tissue 

culture for 24 and 72 hours prior to viability analysis to examine a relevant timeframe for 

molecular biology experiments. 

 

Viability Assays.  To assess feasibility of the encapsulation process, we assessed 

chondrocyte viability using standard methods.[132]  Cells were incubated in 8 M 

calcein-AM and 75 M propidium iodide.  Following incubation, constructs were 

examined by confocal microscopy for calcein-AM fluorescence (excitation: 496 nm 

emission: 516 nm) indicating live cells via intracellular thioesterase activity and 

propidium iodide fluorescence (excitation: 536 nm emission: 617 nm) defining dead cells 

via DNA binding indicative of compromised plasma membranes.  Confocal images were 

acquired from 6 positions within each hydrogel to assess potential spatial variability in 

cell viability.[282]  Images were thresholded, and the number of viable and dead cells 

were quantified. 

 

Chondrocyte Mechanotransduction and Metabolomics.  Following successful 

encapsulation of SW1353 chondrocytes in high-concentration agarose, we expanded to 

study primary human osteoarthritic chondrocytes.  Discarded joint replacement tissue 

(Bridger Orthopedics, informed consent obtained under IRB-approved human subjects 

exemption) was used to harvest primary human chondrocytes from a single donor via 

collagenase digestion.  Primary chondrocytes were passaged once and embedded in high-

stiffness agarose (4.5% w/v) and low-stiffness agarose (2% w/v) using previously 
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optimized methods.[282]  The rationale for these gel concentrations is that 4.5% provides 

stiffness that approaches physiological.  The concentration of the low-stiffness samples 

was based on a literature survey which found 2% to be commonly used. [283-285]  

Cell-seeded agarose gels were then randomly assigned to a loading group (n = 5 

replicates.  0 minutes, 15 minutes or 30 minutes of dynamic loading) and dynamically 

stimulated in tissue culture with applied compression from 4.5-5.5% nominal strain.  

Metabolites were extracted, and detection of metabolites was performed via HPLC-MS 

(Mass Spectrometry Core Facility, Montana State University) using previously validated 

methods.[116]  Immediately following mechanical stimulation, samples were flash-

frozen, pulverized, and immersed in 1 mL of 70:30 Methanol:Acetone.  Samples were 

vortexed every 4-5 minutes for 20 minutes and further extracted overnight at -20˚C.  

Solids were pelleted at 13,000xg for 10 min at 4˚C.  Supernatant was placed in a new 

tube, and solvent was evaporated by speedvac.  After 6 hours, metabolites were 

resuspended in 50:50 water:acetonitrile.  Metabolomic characterization was performed 

using hydrophilic interaction chromatography coupled to an Agilent 6538 Q-TOF mass 

spectrometer with electrospray ionization and positive mode spectral collection.  The 

rationale for performing metabolomics characterization is that metabolites represent a 

high-dimensional fingerprint describing the actual state of the cell at a given instant in 

time.  Prior studies have found substantial changes in chondrocyte metabolomics in 

response to loading and OA.[116, 286]  

 

Statistical Analysis.  Mechanical testing data was analyzed using Multivariate 

Analysis of Variance (MANOVA).  The first MANOVA model examined the effects of 
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agarose concentration on both the dynamic and equilibrium stiffness.  The second 

MANOVA model utilized repeated measures to examine the effects of gel concentration, 

compression level, and stress-relaxation model on the peak stress, equilibrium stress, 𝐷̂, 

stress-relaxation model parameters, and fit quality measures.  The third MANOVA 

examined the effects of loading frequency and gel concentration on the complex modulus 

and phase lag.  The final MANOVA examined the effects of gel concentration and spatial 

position on cell viability.  Bonferroni post hoc tests were used to ascertain specific 

differences with an a priori significance level of α = 0.05. 

For an aggregate comparison between experimental groups, distributions of 

metabolites were compared using the Kolmogorov-Smirnov test.  Expression of 

individual metabolites was compared using T-tests to assess differences between low and 

high-stiffness agarose gels with corrections for multiple comparisons.  Comparisons were 

performed using a false discovery rate (FDR) of p = 0.05.[259]  For each of the two 

concentrations of agarose gels, two comparisons were made: unloaded control (UC) vs. 

15 minutes of dynamic loading 15 (DL15) and unloaded controls vs. 30 minutes of 

dynamic loading (DL30).  For both 15 and 30 minutes of loading, chondrocyte 

metabolomics responses in 2.0% and 4.5% were compared to assess using the 

Kolmogorov-Smirnov test the effect of gel stiffness on chondrocyte 

mechanotransduction.  Statistical models and tests were performed in both MiniTab 

(MANOVA) and MATLAB (metabolomics data).  Metabolites of interest were searched 

against available databases to identify putative molecules associated with metabolomic 

features.[163, 287] 
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Results 

 

Stepwise Stress-Relaxation.  Agarose stiffness as measured by the dynamic and 

equilibrium moduli from stepwise stress-relaxation tests was a function of agarose 

concentration from 3-5%.  Agarose samples demonstrated viscoelasticity via time-

dependent stress relaxation while held at a constant strain (Supplemental Figure 1A).  5% 

agarose reached higher peak and equilibrium loads than 3% agarose under the same 

strain.  Increasing gel concentration increased mechanical stiffness (Dynamic: p < 0.0001 

Equilibrium: p < 0.0001, n = 25).   

We achieved agarose equilibrium stiffness as large as 51.3 kPa and dynamic 

stiffness as large as 90.7 kPa with 5% agarose gels, and as expected lower agarose 

concentrations resulted in lower stiffness (Supplemental Figure 1B-C, Supplemental 

Table 1).  At 4.5% agarose, we found equilibrium stiffness of 35.7  0.95 kPa (mean  

standard error of the mean).  Dynamic stiffness was approximately twice as large as 

corresponding equilibrium stiffness (Supplemental Figure 1C, Supplemental Table 1), 

with 3.0% dynamic stiffness of 39.4  4.5 kPa 5.0% yielding 78.4  3.2 kPa.  

The stretched exponential fit the stepwise stress-relaxation data (R
2 

= 0.90  

0.03).  Stretched Exponential parameter SE decreased with agarose gel concentration (p < 

0.0001), while β remained relatively constant with gel concentration (Supplemental 

Figure 2A-B).  Model independent parameter 𝐷̂ was not affected by concentration (p = 

0.442) with an overall average of 8.24  .05 sec. 
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Supplemental Figure 1.  Agarose stiffness was concentration dependent as determined in 

stress-relaxation experiments.  (A). Representative stress-relaxation load curves for 3 and 

5% (w / v) agarose.  (B). Equilibrium modulus as a function of agarose 

concentration.  (C). Dynamic modulus as a function of agarose concentration.  * Indicates 

significant planned comparison (p < 0.05).  Both Equilibrium and Dynamic Stiffness 

expressed strong dependence on concentration (both p<0.0001 for main effects).   

 

 

Supplemental Table 1.  Stiffness values from mechanical testing experiments.  Repeated 

stress-relaxation (SR) tests were used to measure stiffness as defined by the equilibrium 

and dynamic moduli.  Complex stiffnesses were defined from the complex modulus 

determined at 1.1 Hz which mimics the preferred stride rate of human walking 

[Umberger et al 2007].  Data are mean ± standard error in kPa. 
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Supplemental Figure 2.  Concentration-dependent dynamics of agarose stress-relaxation.  

The dynamics of agarose stress-relaxation were modeled using the stretched exponential 

model.  (A) The relaxation time constant, 𝜏𝑆𝐸 increased with agarose concentration 

expressing a strong dependence on gel concentration (main effect: p<0.0001).  (B) There 

were no significant effects of gel concentration on the stretching parameter Beta (p 

=0.834).   

 

 

Cyclical Loading.  Sinusoidal applied strain induced sinusoidal stress profiles for 

all gel concentrations at all frequencies suggesting linear elastic material behavior 

(Supplemental Figure 3A).  Cyclical tests found complex moduli of ~100-300 kPa 

(Supplemental Figure 3B, Supplemental Table 1).  Low-concentration gels had similar 

complex stiffness between 3-4% agarose, while the complex stiffness of 4-5% agarose 

was larger.  For a normal walking rate (~1.1 Hz), 4.5% agarose gels yielded complex 

moduli values of 216.5  26.6 kPa. 

The phase lag between stress and strain is a measure of the energy absorption 

within a viscoelastic material.  Phase lag decreased with increasing frequency 

(Supplemental Figure 3C).  Loading frequency significantly impacted phase lag (p < 
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0.0001), but agarose concentration had no effects (p = 0.934).  The concentration-

averaged phase lag at 1.1 Hz was 0.11  0.002 s. 

 

 

Supplemental Figure 3.  Complex agarose stiffness as high as ~225 kPa from cyclical 

loading experiments.  (A) Representative stress and strain profiles as a function of time 

for applied compression frequencies of 0.55, 1.0, and 5.5 Hz.  (B) Complex modulus 

values were a function of agarose concentration (Main Effect: p<0.0001).  (C)  Phase lag 

data, indicating energy dissipation within the agarose, were determined to be function of 

frequency (p<0.0001) and not a function of agarose concentration (p=0.934).       

 

 

Chondrocyte Viability in 3D Constructs.  To assess the relevance of using high-

concentration agarose as an in vitro model to mimic the stiffness of the human 

pericellular matrix, viability was assessed using confocal microscopy for 3-5% agarose.  
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We found high viability both 24 and 72 hours following encapsulation (Supplemental 

Figure 4A).  Imaging revealed high viability which was not location-specific (p = 0.496) 

indicating that the methods resulted in an even spatial distribution of cells.  Viability rates 

for all agarose gel concentrations were >96% both 24 and 72 h following encapsulation. 

 

 

Supplemental Figure 4.  Encapsulation of SW1353 chondrocytes in high-stiffness agarose 

gels resulted in high viability.  Gels were incubated with Calcein-AM and propidium 

iodide to assess viability via fluorescent microscopy (A) Representative images.  (B) 

Viability >96% was observed in all gel concentrations both 24 and 72 hours after 

encapsulation.  There were no significant differences in viability rates between agarose 

concentration, spatial position within the gel, or time point.   

 

 

Metabolomics.  Changes in agarose concentration, and therefore gel stiffness, 

resulted in metabolomics changes following mechanical loading.  After both 15 and 30 
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minutes of dynamic compression, distributions of metabolites harvested from low 

stiffness 2%- and high stiffness 4.5%-agarose were distinct as determined by a non-

parametric, two-sample Kolmogorov-Smirnov (15 minutes: p = 0.032 and 30 minutes: p 

= 0.021, Supplemental Figure 5A-B). 

Agarose concentration differentially regulated the profiles of mechanosensitive 

metabolites.  For 15 minutes of dynamic compression, 204 metabolites (FDR corrected p-

value < 0.05) were significantly upregulated and 101 metabolites were significantly 

down-regulated in 4.5% agarose compared with 2.0% agarose (Supplemental Figure 5C).  

For 30 minutes of dynamic compression, 212 metabolites were significantly upregulated 

and 99 were significantly down-regulated in 4.5% compared with 2.0% agarose 

(Supplemental Figure 5D). 

Individual metabolite expression in response to applied dynamic compression was 

also affected by agarose stiffness.  Loading of primary human chondrocytes in both 2% 

and 4.5% agarose gels resulted in both up- and down- regulation of several metabolites 

(Supplemental Figure 5E-F).  In the 2% low-stiffness gels 15 minutes of dynamic 

compression resulted in up-regulation of 47 unique metabolites and down-regulation of 

56 unique metabolites.  In contrast, for the 4.5% high-stiffness gels, 15 minutes of 

dynamic compression resulted in up-regulation of 108 unique metabolites and down-

regulation of 97 unique metabolites.  Similar results were seen in response to 30 minutes 

of dynamic compression (Supplemental Figure 5F).  Metabolites targeted to central 

energy metabolism were differentially regulated by mechanical loading in 4.5% and 2% 

agarose (Supplemental Table 2).  We found 97 metabolites of interest, as defined by 
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differential response to loading between 4.5% and 2% agarose gels (Supplemental Table 

3) which resulted in database identification of many putative compounds relevant to 

chondrocyte mechanotransduction. 

 

 

Supplemental Figure 5.  Primary human chondrocyte mechanotransduction is affected by 

agarose concentration.  Primary human chondrocytes were harvested from joint 

replacement tissue, passaged once in culture, and encapsulated in either 2% or 4.5% 

agarose prior to applied dynamic compression and metabolomics analysis.  Summary 

results comparing unloaded and 15 minutes of loading for (A) 2% agarose and (B) 4.5% 

agarose.  (C) Representative mass spectra after 15 minutes of loading for 2% (bottom) 

agarose and 4.5% (top) agarose gels.  A two-sample Kolmogorov-Smirnov test revels a 

statically significant difference between the two mass spectra distributions (p = 0.032).  
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(D) Representative mass spectra after 30 minutes of loading for 2% (bottom) agarose and 

4.5% (top) agarose gels, with statistically significant mass spectra distributions (two-

sample Kolmogorov-Smirnov test, p = 0.021).  (E) After 15 minutes of loading, 204 

metabolites were significantly upregulated (FDR corrected, p <0.05) in high-stiffness 

4.5% gels, and 101 metabolites were upregulated in low-stiffness gels (F) After 30 

minutes of loading 212 and 99 metabolites were upregulated in the high and low-stiffness 

gels, respectively.  (G)  4.5% agarose resulted in increased numbers of unique 

mechanosensitive metabolites after 15 minutes of loading and (H) 30 minutes of loading. 

 

 

Supplemental Table 2.  Mechanically-induced changes in metabolites targeted to central 

energy metabolism depended on agarose concentration.  We observed more changes in 

central energy metabolites in 4.5% gels than 2% gels.  In each agarose concentration, 

distinct metabolites accumulated and were depleted following 15 minutes of dynamic 

compression.  Phosphoglucanolactone decreased and pyruvate accumulated in both gel 

concentrations. m/z represents detected mass, and RT represents the retention time in 

minutes.   

 
  

m/z RT [min] Metabolite Name Observation

277.0319 6.11 6-P-gluconate ↑ in 4.5%

111.0053 8.46 pyruvate ↑ in 4.5%

291.0476 6.06 sedoheptulose-7-phosphate ↑ in 4.5%

444.0321 5.84 GDP ↑ in 4.5%

523.9985 6.92 GTP ↓ in 4.5%

119.0343 5.50 succinate ↓ in 4.5%

154.9951 7.45 oxaloacetate ↓ in 4.5%

215.0148 2.71 citrate ↓ in 4.5%

259.0213 6.37 p-glucanoalactone ↓ in 4.5%

135.0273 3.47 L-malate ↓ in 4.5%

136.9845 6.27 fumarate ↓ in 4.5%

111.0053 8.45 pyruvate ↑ in 2%

91.0388 2.58 lactic acid ↑ in 2%

786.1644 6.04 FAD ↓ in 2%

259.0213 6.37 p-glucanoalactone ↓ in 2%

215.0148 2.67 citrate ↓ in 2%

↑ in 4.5% ↑ in 2%

↓ in 4.5% ↓ in 2%
KEY
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Supplemental Table 3.  Untargeted metabolites of interest following 15 minutes of 

dynamic compression in either 4.5% or 2% agarose.  Several metabolites were 

differentially regulated between agarose concentrations following compression.  m/z 

represents detected mass, and RT represents the retention time in minutes.  These 

detected masses were used to identify putative molecules using database searches.   

 
 

 

 

 

 

m/z RT [min] Observation m/z RT [min] Observation

137.08084 8.09 ↑ in 4.5% 186.0346 6.48 ↑ in 2%

141.07072 8.36 ↑ in 4.5% 227.1094 8.79 ↑ in 2%

163.05245 5.78 ↑ in 4.5% 254.1334 3.52 ↑ in 2%

211.10299 8.47 ↑ in 4.5% 255.1326 8.48 ↑ in 2%

256.12723 7.94 ↑ in 4.5% 257.0735 2.78 ↑ in 2%

263.14452 10.48 ↑ in 4.5% 264.0744 2.64 ↑ in 2%

283.09727 2.71 ↑ in 4.5% 276.9984 2.92 ↑ in 2%

289.08812 2.75 ↑ in 4.5% 281.0945 8.46 ↑ in 2%

291.06743 2.71 ↑ in 4.5% 283.1003 2.66 ↑ in 2%

316.18734 8.34 ↑ in 4.5% 291.0676 2.64 ↑ in 2%

332.11198 6.59 ↑ in 4.5% 293.0819 2.67 ↑ in 2%

350.06474 5.61 ↑ in 4.5% 307.0982 2.50 ↑ in 2%

365.27303 11.47 ↑ in 4.5% 316.1876 8.37 ↑ in 2%

367.12609 2.51 ↑ in 4.5% 325.1586 8.80 ↑ in 2%

483.26462 8.35 ↑ in 4.5% 327.1247 5.51 ↑ in 2%

496.33422 6.39 ↑ in 4.5% 349.0567 2.55 ↑ in 2%

671.21398 5.60 ↑ in 4.5% 350.2307 8.16 ↑ in 2%

754.52638 5.65 ↑ in 4.5% 351.2324 8.16 ↑ in 2%

154.08382 5.59 ↓ in 4.5% 359.0387 6.05 ↑ in 2%

206.05397 8.88 ↓ in 4.5% 384.1130 2.62 ↑ in 2%

250.09049 6.19 ↓ in 4.5% 397.1263 5.64 ↑ in 2%

258.10844 8.45 ↓ in 4.5% 404.0614 6.10 ↑ in 2%

263.14460 9.10 ↓ in 4.5% 406.1677 2.55 ↑ in 2%

269.08677 2.96 ↓ in 4.5% 429.0746 5.63 ↑ in 2%

276.04639 6.54 ↓ in 4.5% 479.2364 8.42 ↑ in 2%

283.10171 2.71 ↓ in 4.5% 483.2663 8.39 ↑ in 2%

306.10092 2.57 ↓ in 4.5% 505.2536 8.31 ↑ in 2%

311.12921 2.64 ↓ in 4.5% 521.2117 8.39 ↑ in 2%

312.17139 8.48 ↓ in 4.5% 585.1268 3.32 ↑ in 2%

314.08337 2.74 ↓ in 4.5% 138.09062 8.52 ↓ in 2%

314.10655 2.49 ↓ in 4.5% 159.09076 3.34 ↓ in 2%

319.11918 3.27 ↓ in 4.5% 165.07411 3.01 ↓ in 2%

319.14839 8.03 ↓ in 4.5% 202.06991 6.65 ↓ in 2%

353.11473 2.57 ↓ in 4.5% 258.10851 8.46 ↓ in 2%

355.11317 2.54 ↓ in 4.5% 260.07247 6.51 ↓ in 2%

361.10664 3.08 ↓ in 4.5% 261.10929 4.08 ↓ in 2%

369.06443 6.61 ↓ in 4.5% 270.14686 3.46 ↓ in 2%

378.14547 2.48 ↓ in 4.5% 303.12273 5.83 ↓ in 2%

379.11824 3.49 ↓ in 4.5% 312.17153 8.52 ↓ in 2%

393.20667 3.26 ↓ in 4.5% 351.15742 8.40 ↓ in 2%

427.09147 7.42 ↓ in 4.5% 361.10828 3.09 ↓ in 2%

428.09458 7.43 ↓ in 4.5% 362.30227 3.41 ↓ in 2%

449.07337 7.41 ↓ in 4.5% 379.11859 3.49 ↓ in 2%

464.12472 3.51 ↓ in 4.5% 383.11378 2.75 ↓ in 2%

537.18981 8.46 ↓ in 4.5% 427.09152 7.43 ↓ in 2%

673.23737 8.48 ↓ in 4.5% 428.09424 7.45 ↓ in 2%

959.31243 3.96 ↓ in 4.5% 449.07386 7.42 ↓ in 2%

451.12837 2.68 ↓ in 2%

↑ in 4.5% ↑ in 2% 455.05226 3.02 ↓ in 2%

↓ in 4.5% ↓ in 2% 673.23789 8.50 ↓ in 2%
KEY
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Discussion 

 

The objectives of this study were to (1) determine the a range of agarose gel 

concentrations necessary to mimic the physiological stiffness of both OA pericellular 

matrix (PCM) and healthy PCM, (2) assess the feasibility of encapsulating human 

chondrocytes in physiologically stiff agarose, and (3) determine the effect of gel stiffness 

on chondrocyte mechanotransduction.  We measured various viscoelastic properties as a 

function of agarose gel concentration which can aid in designing future studies of 

chondrocyte mechanotransduction.  We assessed viability for all gel concentrations at 24 

and 72 hours following encapsulation.  Chondrocytes encapsulated in high-stiffness 4.5% 

agarose gels demonstrated metabolomic responses to mechanical compression that were 

markedly different than compression-induced changes observed for chondrocytes in 

lower-stiffness 2.0% agarose, which demonstrates the importance of using high-stiffness 

substrates to model healthy human pericellular matrix in mechanotransduction studies. 

In articular cartilage, chondrocytes reside within a pericellular matrix defining 

their immediate surroundings and providing biochemical and mechanical signals.  One 

biomechanical cue for chondrocytes is PCM stiffness.  Previous studies have found the 

range of PCM stiffness for human PCM to be 17-200 kPa.[47, 127, 266]  Osteoarthritic 

PCM appears to have a lower stiffness than healthy PCM.[73]  In this study, viscoelastic 

stiffness measures tended to increase with agarose concentration, and we found dynamic, 

equilibrium, and complex moduli of 55.5, 35.7, and 216.5 kPa, respectively for 4.5% 

agarose (Supplemental Table 4).  These data suggest that modeling osteoarthritis-induced 

changes in chondrocyte PCM stiffness is feasible using variable-concentration agarose.  
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Agarose of ≤3% w/v may simulate osteoarthritic PCM, and agarose of ≥4.5% may 

simulate the mechanical microenvironment of the healthy chondrocyte. 

 

Supplemental Table 4.  PCM and agarose stiffness measurements.  Darling et al 2010 

used AFM at low- and high- force to characterize the stiffness of 3 μm fresh-frozen 

sections of human PCM.  Alexopolous et al used micropipetting to characterize the 

stiffness of extracted human normal and OA chondrons.  This study performed 

macroscale tests on cylinders of agarose.  4.5% was selected as the most-stiff 

concentration feasible for cell encapsulation. 

 
 

 

These viscoelastic data provide insight into the macroscale mechanics of agarose.  

We observed differences in in dynamic, equilibrium, and complex stiffness at 4.5% 

agarose (Supplemental Figure 1B-C and Supplemental Figure 3B).  These data may 

indicate an overlap concentration at 4.5% w/v defining distinct physical regimes of 

polymeric behavior.[288]  Furthermore, the stretched exponential time constant was 

strongly dependent on gel concentration (p < 0.0001, n = 100) while we saw no changes 

in the stretching factor β (p = 0.834), which suggests that the distribution of relaxation 

dynamics is similar between gel concentrations as expected for a monodisperse 

preparation of agarose.[278]  Finally, for this range of loading frequencies, there were no 

effects on complex modulus.  These data suggest that the complex modulus of agarose is 

an intrinsic material property, dependent on gel concentration, but independent of loading 

Measurement Stiffness [kPa]

17 +/- 14 (low force)

104 +/- 51 (high force)

66.5 +/- 23.3 (normal)

41.3 +/- 21.1 (OA)

216.5 +/- 26.6 (complex)

55.5 +/- 3.5 (dynamic)

35.7 +/- 1.0 (equilibrium)

Darling et al 2010 (AFM on 

PCM)

Alexopoulos et al 

(Micropipette on PCM)

This study 4.5% agarose 

(Macroscale)
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frequency.  Future studies may evaluate the role of viscoelastic properties in chondrocyte 

mechanotransduction. 

For studies encapsulating chondrocytes and other cells, in vitro models must 

maintain cellular viability.  Agarose is a linear polysaccharide with a monomeric unit of 

agarobiose which is a dissacharide linked by both α- and β- glycosidic bonds with similar 

structure to cartilage glycosaminoglycans chondroitin- and keratin- sulfate [289].  

Consistent with previous studies,[290-292] we found viability greater than 96% for all 

gel concentrations tested in this study.  This indicates that chondrocytes can be 

successfully encapsulated in agarose gels of variable stiffness.  Importantly, we are 

interested in cytosolic mechanisms of chondrocyte mechanotransduction independent of 

potential biochemical cues provided by the PCM.  As such, these studies were conducted 

3 days after encapsulation prior to the observation of substantial pericellular matrix 

formation.  Stiffness is only one mechanical measure of the pericellular matrix.  In vivo 

mechanotransduction is likely guided by a combination of mechanical and biochemical 

cues, and this approach represents an experimental model of a single variable (i.e. 

stiffness) in a complex system.  Future studies should combine mechanical and 

biochemical cues to further our understanding of chondrocyte mechanotransduction. 

The metabolome defines a functional fingerprint of cellular physiology via 

quantification of the abundance of large numbers of small biological molecules (e.g. 

peptides, oligonucleic acids, substrates, etc.).[163]  In this study, we successfully 

detected thousands of metabolites in both low- and high- stiffness gels seeded with 

primary human osteoarthritic chondrocytes.  We found differences in the distributions of 
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compression-induced metabolites between the 4.5% high stiffness and the 2.0% lower 

stiffness agarose gels (Supplemental Figure 5A-B).  Furthermore, we found several 

compression-induced metabolites that were unique to either the high- or the low-stiffness 

gels (Supplemental Figure 5C-F).  In conjunction with the stiffness results (Supplemental 

Figure 1), these metabolomic data demonstrate the ability of dynamic compression to 

regulate chondrocyte mechanobiology in a manner dependent on substrate stiffness.  

These stiffness-dependent changes may result from chondrocyte compression in the 4.5% 

agarose gels that is not observed in the 2.0% agarose gels.[282]  These data demonstrate 

the feasibility of modeling mechanical changes in the chondrocyte pericellular matrix 

stiffness which occur in osteoarthritis (Supplemental Figure 6).[73] 

 

 

 

Supplemental Figure 6.  Model for studying mechanotransduction in joint disease.  

Previous studies have found differences in pericellular matrix stiffness between 

osteoarthritic (OA) and normal studies [37].  The data and methods presented herein 

suggest that agarose can be used to model both the normal and the OA pericellular 

matrix.  Agarose concentrations of 4.5% and higher would model the stiffness of healthy 

pericellular matrix (PCM) and agarose concentrations of 3% and lower would model the 

decreased stiffness of the OA PCM. 
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The metabolomic responses induced by 15 minutes of dynamic compression were 

distinct between 4.5% and 2% agarose gels.  For metabolites targeted to central energy 

metabolism, only phosphoglucanoalactone and pyruvate were similarly regulated.  The 

observed accumulation of pyruvate may indicate direction of energy metabolism toward 

matrix synthesis, as pyruvate is a precursor to the synthesis of many proteins.  In general, 

4.5% gels exhibited greater regulation of energy-related metabolites than 2% gels (11 

changed in 4.5% vs. 4 changed in 2%).  Several untargeted metabolites were 

differentially regulated by 4.5% and 2% gels following compression (Supplemental Table 

3).  

 

Conclusions 

 

These data demonstrate the feasibility of encapsulating chondrocytes in agarose of 

both physiological and pathological stiffness.  Because the stiffness of the pericellular 

matrix is affected by osteoarthritis, these results provide a foundation for both improving 

the physiological relevance of in vitro culture systems and applying relevant mechanical 

stimulation to chondrocytes.  The advantage of the agarose system is that cells can be 

manipulated with modern tools of molecular biology (e.g. viral transduction) prior to 

encapsulation within a microenvironment of physiological stiffness.  These results 

establish the basis for future studies should encapsulate healthy and OA chondrocytes in 

low- and high- stiffness agarose using these methods.  Continuation of this work may 

yield insight into how healthy and OA chondrocytes respond to mechanical loads which 

may inform therapeutic strategies for cartilage repair in OA. 
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Supplemental Figure 7.  Pilot study to determine confidence interval for bead 

displacements.  To determine the largest confidence interval of bead displacements 

required to mitigate errors in displacement tracking (e.g. missed observations due to 

obstruction by a neighboring bead), the coefficient of determination (R2) was determined 

for the linear regression between the analytical relationship between finite strain and 

deformation gradient (
𝑑𝑢

𝑑𝑌
) (panel A).  The 85% confidence interval was selected to utilize 

the largest confidence interval for experimentally-measured bead displacements that 

provide the theoretically predicted R2 value. 
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Supplemental Figure 8.  Concentration-dependent displacement fields within 4.5% 

agarose hydrogels.  Uy Displacements were calculated from bead positions within the 

hydrogels following application of a validated 2D filter [Chan et al 2012].  Average axial 

(Uy) displacement values (A and B) were 89.89  1.05 µm, 88.20  0.78 µm, 79.89  

1.06 µm, 74.99  0.94 µm, and 73.98  0.90 µm for 3, 3.5, 4, 4.5, and 5% agarose (w/v), 

respectively.  Across all agarose concentrations, the precision in axial displacement was 

1.17%.  Average transverse (Ux) displacement values (C and D) were below the 5 μm 

pixel size (i.e. ~1.00 µm) for all agarose concentrations.   Results are shown as mean ± 

SEM.  The precision of displacement measurements between all locations was 5.3% of 

the mean value for 4.5% gels.  Blue dots in Figures B & D represent the average 

displacement values.  Red dots are data points from all positions and concentrations.  

Compression applied in the positive y-direction. 
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Supplemental Figure 9.  Propagation of displacement errors for axial strain (Eyy) 

calculation.  Random noise of varying amplitude from 0-3000 nm was added to the raw 

displacement data.  Without the filtering, error propagation was substantial (A).  The 

addition of a validated filter [131] resulted in minimal error propagation (B).  The 

precision of the displacement measurements was ~700-1000 nm (Supplemental Table 5) 

indicating ~1% propagated error for calculating Eyy.  Note the vertical scale has been 

magnified in panel B to visualize the data. 

 

 

Supplemental Table 5.  Average Exx, Eyy, and Exy strains ± SEM for each gel 

concentration.  Note that the average strains were taken from 6 unique locations in 3 

separate gels (total of 18 total data points). 

Gel Conc. 

[%w/v] 

Exx Strain 

(mm/mm) 

Eyy Strain 

(mm/mm) 

Exy Strain 

(mm/mm) 

3 0.01 ± 0.00 2.01 ± 0.08 0.20 ± 0.02 

3.5 0.00 ± 0.00 1.65 ± 0.11 0.21 ± 0.03 

4 0.01 ± 0.00 1.33 ± 0.10 0.19 ± 0.03 

4.5 0.01 ± 0.00 1.11 ± 0.08 0.18 ± 0.02 

5 0.00 ± 0.00 0.98 ± 0.07 0.14 ± 0.02 
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Supplemental Table 6.  Cell viability after 24 and 72 hours for primary human 

chondrocytes.  Results are shown as mean ± sem.   

Gel Conc. 

[%w/v] 
% Live cells 

(24 hour) 

% Dead cells 

(24 hour) 

% Live cells 

(72 hour) 

% Dead cells 

(72 hour) 

3 98.5 ± 0.5 1.5 ± 0.5 97.6 ± 0.8 2.4 ± 0.8 

3.5 97.8 ± 0.5 2.2 ± 0.5 97.3 ± 0.7 2.7 ± 0.7 

4 98.7 ± 0.4 1.3 ± 0.4 96.9 ± 0.8 3.1 ± 0.8 

4.5 98.2 ± 0.6 1.8 ± 0.6 96.2 ± 0.9 3.8 ± 0.9 

5 97.5 ± 0.8 2.5 ± 0.8 97.8 ± 0.8 2.2 ± 0.8 

 

 

Supplemental Figure 10.  Analysis workflow for quantifying metabolite intensities 

following LC-MS analysis. 
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Supplemental Figure 11.  Scatter plots of untargeted metabolites.  Comparing unloaded 

controls to both 15 minutes of loading (A) and 30 minutes of loading (B), we observe 

clusters of metabolites that are either induced or suppressed by mechanical loading.   
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Supplemental Figure 12.  Representative chromatograms of targeted metabolites.  

Representative chromatograms are shown for the extracted ion intensity of targeted 

metabolites of median intensity.  Intensity is summed over all ions and adducts.  (A) ADP 

(B) Citrate (C) NADPH (D) Oxaloacetate (E) Pyruvate.   
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Supplemental Materials and Methods 

 

Untargeted and Targeted Metabolomic Profiling.  Metabolomics is an 

experimental technique for characterizing large numbers of small molecules (<1000 Da) 

in biological samples [96].  Recent studies of joint tissues and fluids have used 

metabolomic analysis to examine OA phenotypes, identify candidate biomarkers, and 

explore the inflammatory responses [179-182].  Metabolite detection was performed in 

the Montana State University Mass Spectrometry Core Facility [155-157] via HPLC-MS.  

An aqueous normal-phase, hydrophilic interaction chromatography (ANP/HILIC) HPLC 

column was used (Cogent Diamond Hydride Type-C) with 4 m particles, 150 mm 

length, and 2.1 mm diameter.  The column was used with an Agilent 1290 HPLC system.  

Chromatography was performed using previously developed methods [116].  Buffer A 

consisted of H2O with 0.1% (v/v) formic acid and buffer B consisted of acetonitrile with 

0.1% formic acid.  The sample was injected (4 µL per injection) via an autosampler 

following column equilibration at 95% B.  The column as flushed for 2.0 min, and then 

from 2.0 min until the end of the run, the eluant was directed to the mass spectrometer 

(MS).  For each run, the gradient was linearly ramped from 95% B at 2 minutes to 25% B 

at 12.5 minutes.  .  The column was then held isocratically at 25% B from 12.5 min to 

13.5 min prior to re-equilibration at 95% B from 13.5 min to 15 min.  Following each 

run, blank solvent samples were run to ensure complete washing of the column and 

fluidics.  Metabolites were detected using an Agilent 6538 Q-TOF dual-ESI source mass 

spectrometer with a resolution of ~20,000 and accuracy of ~5 ppm.  The spectra were 

collected in positive mode for a mass range of 50 m/z to 1000 m/z at a frequency of 1 Hz.   
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Data Processing.  Data analysis involved both an untargeted and targeted 

approach (Supplemental Figure 13).  For the untargeted approach, raw HPLC-MS data 

was converted into .mzXML files using MS Convert (ProteoWizard), and then processed 

using MZmine2.0 [158].  In MZmine2.0 the datasets were then filtered using established 

methods [116, 158] as follows:  the chromatograms were generated using a minimum 

signal level of 1000 m/z with m/z tolerance of 15 ppm, and a minimum time span of 0.1 

minutes.  Chromatograms were then normalized using a retention time tolerance of 0.25 

min and a minimum standard intensity of 1000 m /z, with a tolerance of 15 ppm.  

Following chromatogram normalization, chromatograms were then aligned using the 

retention time tolerance, and a mass tolerance of 15 ppm.  The generated lists were then 

used for statistical analysis and metabolite identification. 

For the targeted approach, ~50 metabolites known to be involved in central 

energy metabolism [102, 154] were analyzed.  Using the Quantitative Analysis package 

within MassHunter Workstation B.04.00 (Agilent Technologies), a database of the 

calculated isotopic distributions (including H+ and Na+ adducts) of these targeted masses 

(Isotope Distribution Calculator, Agilent Technologies) was created.  To identify these 

targeted metabolites, retention times were used with matched values to those from 

standard analytical samples determined and maintained by the MSU Mass Spectrometry 

Core.   A 20 ppm window for each m/z value was used to evaluate each of the targeted 

metabolites. 

 

Data Analysis and Candidate Selection.  To assess the effects of physiological 

loading on chondrocyte biology, unloaded control samples were compared against 
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dynamically compressed samples.  Three groups of cell-seeded agarose hydrogels were 

established for comparative purposes.  Samples that did not undergo dynamic 

compression served as the unloaded control samples (UC), and then samples that 

received either 15 (DL15) or 30 (DL30) minutes of dynamic compression comprised the 

loaded samples.  Statistical analysis was performed both on individual donors and 

pooling the data from all the donors together.  We defined detected masses as those 

present in the majority of samples and replicates.  To determine statistically significant 

differences between unloaded samples and loaded samples comparisons were made using 

t-tests [160] with p-value corrections using standard false discovery rate (FDR) 

calculations [259] to minimize false positives associated with multiple comparison 

testing.  Three comparisons were made: (1) between individual donors and (2) between 

groups within the pooled data:  UC vs. DL15, UC vs. DL30, and DL15 vs. DL30. 

Principal components analysis (PCA) was utilized to assess metabolome-scale 

changes caused by mechanical loading.  HPLC-MS data were normalized using both 

variance-stabilizing logarithmic transformation [293] and median fold change 

normalization [294, 295].  Median fold change normalization has been shown to be a 

robust method in normalizing HPLC-MS data with dilution and concentration-induced 

variations [295].  This technique normalizes each of the intensities by the median of the 

fold changes of peak intensities (Equation 1). 

𝑀𝐹𝐶𝑗 = 𝑚𝑒𝑑𝑖𝑎𝑛(
𝑥𝑖𝑗

𝑥𝑟𝑣
)    (1) 

where xij are the individual intensity values and xrv is the reference variable for 

normalizing the intensity values.  The choice of the reference variable (i.e. median) is not 
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critical for this normalization technique and is usually chosen to be the median profile 

value [295].  To account for heteroscedastic noise in the data, a logarithmic-based 

transformation was used to help stabilize the variance by transforming the peak intensity 

variance from a multiplicative error into an additive error. 

Pearson’s correlation coefficients were used to estimate the flux of metabolite 

intensities over the time course of loading.  For the correlation analysis, the duration of 

dynamic loading (0, 15, or 30 minutes) was chosen as the independent variable and the 

dependent variable was chosen to be the intensity values for each detected metabolite.  

Metabolite accumulations with increased loading were identified by positive correlations 

values, and negative correlations were indicative of metabolite depletion.  Candidate 

mediators were defined as the top 25 (i.e. accumulated) and bottom 25 (i.e. depleted) 

statistically significant correlations.  Data are presented as mean +/- standard error of the 

mean. 

To assess the differences in intensity distributions (m/z spectra plots for the 

various loading groups), two-sample Kolmogorov-Smirnov tests were implemented.  

Kolmogorov-Smirnov tests are a non-parametric test for the equality of distributions 

between two samples.  Mass values were the independent variables and detected 

metabolite intensities were the dependent variables for distribution analysis.  Three 

sample distribution comparisons were made: UC vs. DL15, UC vs. DL30, and DL15 vs. 

DL30.   
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Targeted metabolite profiles were analyzed by PCA, hierarchical agglomerative 

cluster analysis and correlation analyses.  Additionally, the median ratios of 

NADP+:NADPH, NAD+:NADH, ATP:ADP,  and GDP:GTP were calculated as a 

function of time to assess relative changes in energy metabolism. 

 

 

 

Supplemental Figure 13.  Experimental design.  (A) Schematic for both targeted and 

untargeted experimental methods.  (i) Primary human OA chondrocytes are encapsulated 

in physiologically stiff agarose (4.5% agarose, stiffness ~35 kPa), cultured for 72 hours, 

and then compressed in tissue culture for 0, 15, or 30 minutes (Control, DL15, or DL30).  

(ii) Metabolites are extracted following freezing and pulverization.  (iii) Metabolite 

profiles are identified using HPLC-MS, and (iv) the data is processed using Agilent 

software prior to (v) untargeted and targeted analyses.   
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Supplemental Figure 14.  Statistically significant differences (two-sample Kolmogorov-

Smirnov tests) in m/z spectra distributions for UC vs. DL15 (pks < 0.01), UC vs. DL30 

(pks << 0.01), and DL15 vs. DL30 (pks << 0.01), respectively.  

 

 

 

 

 

Supplemental Figure 15.  (A) Age-correlated increases in the number of significant 

metabolites for donors 1 - 5.  (B)  Characteristics of femoral head articular cartilage for 

all donors used in this study.  All patients had Grade IV osteoarthritis at the time of joint 

replacement. 
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Supplemental Figure 16.  To further explore the effects of dynamic compression on the 

chondrocyte metabolome, we determined the number of metabolites unique to each 

experimental group (UC, DL15, and DL30).  107 metabolites were detected in the 

unloaded control samples (UC) that were not detected in the samples subjected to 15 

minutes of dynamic loading (DL15), and 155 metabolites were detected in DL15 that 

were not detected in UC.  287 metabolites were detected in UC that were not detected in 

samples subjected to 30 minutes of dynamic loading (DL30), whereas 148 metabolites 

were detected in DL30 that were not in UC.  291 metabolites were detected in DL15 that 

were not detected in DL30, whereas 104 metabolites were detected in DL30 that were not 

in DL15 samples. 
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Supplemental Table 7.  Candidate mediators of chondrocyte mechanotransduction from 

the targeted metabolite analysis.    

m/z RT Metabolite Name Observation 

664.1164 5.6318 NAD+  ↑ w/ loading 

147.0764 6.4786 Glutamine  ↑ w/ loading 

810.1620 5.5304 FADH2 ↑ w/ loading 

810.1330 5.5775 Acetyl CoA  ↑ w/ loading 

277.0319 6.0896 6-P-Gluconate  ↑ w/ loading 

119.0343 5.5587 Succinate  ↑ w/ loading 

291.0476 6.0405 Sedoheptulose-7-Phosophate  ↑ w/ loading 

170.0913 8.7273 Glutamate  ↑ w/ loading 

283.0189 5.4653 Hexose-P  ↑ w/ loading 

111.0053 8.9530 Pyruvate ↑ w/ loading 

208.9821 7.3474 3-phosphoglycerate ↑ w/ loading 

768.0803 5.5285 NADPH  ↑ w/ loading 

790.1044 5.6345 HS-CoA  ↓ w/ loading 

529.9850 5.9012 ATP  ↓ w/ loading 

259.0213 6.3640 p-glucanolactone  ↓ w/ loading 

203.0508 2.7622 Glucose ↓ w/ loading 

444.0321 5.8544 GDP  ↓ w/ loading 

167.9818 6.0890 Phosphoenolpyruvate  ↓ w/ loading 

112.0369 8.4078 Alanine  ↓ w/ loading 

156.0751 8.1884 Aspartate  ↓ w/ loading 

215.0148 2.5620 Citrate ↓ w/ loading 

116.0700 8.3419 Proline ↓ w/ loading 

 

 

 

 

  



261 

 

Supplemental Table 8.  Up-regulated candidate mediators of chondrocyte 

mechanotransduction from the untargeted metabolite analysis. 

 

 

 

 

  

m/z RT Condition Compound 

84.9592 8.9222 ↑ w/ loading Unknown 

111.0433 3.0974 ↑ w/ loading 3R-Hydroxybutan-2-one 

120.0788 5.5073 ↑ w/ loading Unknown 

129.0541 3.0800 ↑ w/ loading Ascorbic acid 

138.0713 3.5688 ↑ w/ loading Unknown 

143.0746 3.3049 ↑ w/ loading Unknown 

147.1252 6.4780 ↑ w/ loading Unknown 

156.1286 8.0259 ↑ w/ loading Unknown 

163.0577 5.7755 ↑ w/ loading 2-Dehydro-3-deoxy-L-rhamnonate 

164.9203 5.7195 ↑ w/ loading Unknown 

176.0903 10.3790 ↑ w/ loading N-Guanylhistamine 

182.1348 3.4106 ↑ w/ loading Unknown 

186.0340 6.4681 ↑ w/ loading Syringic acid 

208.0134 5.6282 ↑ w/ loading Quinoclamin 

218.1365 6.0933 ↑ w/ loading O-propanoyl-carnitine 

257.1117 3.4792 ↑ w/ loading Dihydrothymine 

328.1359 5.4860 ↑ w/ loading 3-Methyladipic acid 

350.0643 5.6207 ↑ w/ loading O-Desmethyloxotolrestat 

382.0866 5.5249 ↑ w/ loading Mesosulfuran-Methyl 

404.1211 7.9940 ↑ w/ loading Tryptamine 

426.0650 7.3623 ↑ w/ loading Unknown 

639.2869 8.4505 ↑ w/ loading 1,1-Dimethoxyethane 

650.0662 5.9640 ↑ w/ loading Unknown 

911.1567 6.4476 ↑ w/ loading Unknown 
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Supplemental Table 9.  Down-regulated candidate mediators of chondrocyte 

mechanotransduction from the untargeted metabolite analysis.   

 

m/z RT Condition Compound 

113.0651 8.2841 ↓ w/ loading Unknown 

122.0699 9.3803 ↓ w/ loading Unknown 

125.9847 9.1663 ↓ w/ loading Taurine 

133.0587 9.3807 ↓ w/ loading Unknown 

141.9573 3.1275 ↓ w/ loading Unknown 

143.0569 8.1949 ↓ w/ loading 2-Methyl-5-vinylpyrazine 

144.0463 9.3821 ↓ w/ loading 2-Propionyl-2-thiazoline 

162.0889 2.4060 ↓ w/ loading 1-Indolizidinone 

177.0410 2.8854 ↓ w/ loading 5-Dehydro-4-deoxy-D-glucuronate 

184.0590 2.7111 ↓ w/ loading 5-Methoxy-3-hydroxyanthranilate 

204.0545 5.5727 ↓ w/ loading Unknown 

259.0252 6.3637 ↓ w/ loading 2-Keto-3-deoxy-6-phosphogluconic acid 

319.1379 8.1488 ↓ w/ loading 12S-HHT 

326.1550 8.2630 ↓ w/ loading alpha-Ethyl-alpha,beta-diphenyl-2-pyridineethanol 

369.0816 2.7279 ↓ w/ loading Methyl 6-O-galloyl-beta-D-glucopyranoside 

400.9953 3.2679 ↓ w/ loading Unknown 

408.0922 3.4148 ↓ w/ loading Zeanoside C 

438.1920 2.5692 ↓ w/ loading Fluphenazine 

468.9914 3.0655 ↓ w/ loading Cromoglicic acid 

505.9194 6.0645 ↓ w/ loading dCTP 

535.1237 6.4521 ↓ w/ loading (R)-Isobyakangelicin 3'-glucoside 

542.1715 5.0268 ↓ w/ loading Unknown 

564.2168 9.2873 ↓ w/ loading Unknown 

663.1087 6.3861 ↓ w/ loading Nelumboside 
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Supplemental Figure 17.  Patterns of distinct metabolite distribution for 37 targeted 

metabolites common to central energy metabolism.  Unsupervised agglomerative 

clustering reveals changes in metabolite intensities for each of the sample groups (ctrl-L, 

ctrl-R, Ex-des, and Ex-ctrl).   
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Supplemental Figure 18.  Untargeted Principal Components Analysis.  The first three 

principal components contained 87% of the overall variance.  For each of the sample 

groups ctrl-L (  ), ctrl-R (  ), Ex-des (  ), and Ex-ctrl (  ), there are n=4 replicates.   

 


