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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.

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 [1,2,3,4]. 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 [5,6]. Articular chondrocytes, the cells of
articular cartilage, respond to applied loading via multiple pathways, including activation of
GTPase signaling via Rho-A and ROCK [7,8]. Osteoarthritis (OA) is a major medical
problem that involves deterioration of articular cartilage [9], and osteoarthritic chondrocytes
demonstrate differences in mechanotransduction compared with healthy chondrocytes. For
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example, cyclical strain reduces AKT phosphorylation in OA chondrocytes [10], and OA
chondrocytes fail to produce sulfated glycosaminoglycans (sGAG) in response to load
whereas normal chondrocytes exhibit loading-induced increases in sGAG production [11].
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 [12].

Chondrocytes within articular cartilage are surrounded by a pericellular matrix (PCM) which
is composed primarily of Type VI collagen and other proteins [13,14,15]. The chondrocyte
PCM has a stiffness of ~25–200 kPa [16] which is diminished in OA [17]. Previous studies
of chondrocyte mechanotransduction have utilized various three dimensional culture
methods [18,19,20,21,22] most with stiffness values of 5–10 kPa or less, which are
markedly lower than those present in the human pericellular matrix [16,17]. The present
study sought to build on previous methodology [23,24] 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 [25,26].
Energy metabolism may be affected by loading because activation of AMP-activated protein
kinase can prevent catabolism induced by mechanical injury [27]. 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 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 μg/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 [28]. 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 [29] to chondrocytes by modeling the stiffness of the pericellular
matrix [17]. The stiffness of the pericellular matrix provides in vivo deformations to the
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relatively less-stiff chondrocytes [30], and the advantage of this approach is that it provides
observable cellular deformations while providing homogeneous, uniaxial unconfined
compression as the defined mechanical stimulus[29].

Mechanical Stimulation
Cell-seeded agarose gels were subjected to cyclic compression via a custom made bioreactor
for 0, 15, and 30 minutes. Dynamic unconfined compression was applied between
impermeable platens in culture media at a frequency of 1.1 Hz [31] 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 [32]. 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 timepoint.

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 [28]. 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 microcentrifuge 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 1.6 mL microcentrifuge tubes where solvent was removed via speedvac 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 [33,34,35]. HPLC was performed with an aqueous normal-phase, hydrophilic
interaction chromatography (ANP/HILIC) HPLC column. A Cogent Diamond Hydride
Type-C column with 4 μm 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 μL/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 autosampler,
and the column was flushed for 2.0 min to waste. From 2.0 min to the end of the run, the
column eluant 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 including mass accuracy
calibration of all instruments is performed regularly and documented by the Mass
Spectrometry Core Facility staff as part of routine operation.
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Metabolites known to be involved in central metabolism [32,36] 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 (Figure S1). Raw LC-MS
scans were converted to mzXML files using Agilent MassHunter and processed in
MZmine2 [37] 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.

Using established methods [38], 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. Comparisons were performed using t-tests [39] and p-value corrections using a
standard false discovery rate (FDR) calculation [39]. 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
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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 [40]. 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 timecourse, 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 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.

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 [41,42] using a mass tolerance of 20 ppm. METLIN
parameters were charged masses and adducts of either +1H+ or +1Na+. Compounds with
LipidMAPS identifications [43] 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 1B, Table S1) 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
(Table S1).

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 2A). 1574 unique metabolites
were detected in unloaded samples that 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 2B).

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 (Table S2). Thirty minutes of dynamic

Jutila et al. Page 5

Arch Biochem Biophys. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



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 (Table S2). 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 3 and Table S3). 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.

Targeted Metabolomics
Targeted metabolites related to central energy metabolism exhibited distinct expression
patterns with loading time (Figure 4A). 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 4B, 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 4C). There were small changes in the ratio of NAD+ to NADH, and the ratio of
GDP to GTP declined substantially with respect to loading time, consistent with the
accumulation of GTP (Figure 4B).

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 2, Table S2). Among these molecules were 54
mediators that have not been previously associated with chondrocyte 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 [44]. Future work will employ MS/MS analyses to examine these
candidate molecules.

Jutila et al. Page 6

Arch Biochem Biophys. Author manuscript; available in PMC 2015 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



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 (Table S2). The
accumulation of gulonic acid may indicate decreased pentose phosphate pathway-related
energy metabolism [45]. The accumulation of harderoporphyrin, an intermediate in heme
biosynthesis [46], 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 [47]. Compounds identified from depleted metabolites include kynurenine and
4-methylene-L-glutamine (Figure 3C). Consistent with the presently observed changes in
GDP to GTP ratio (Figure 4C) and the known metabolism of pyruvate [45,48], 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 [36]. The ratio of upstream to downstream
metabolites for a particular pathway (e.g. glycolysis) can be used as a 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 4C) which suggests decreased energy flow to the
pentose phosphate pathway, which is typically used for nucleic acid production [32]. 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 4B). Previous studies have found early-time (i.e.
15 minutes and shorter) activation of the GTPase RhoA [8] which is involved in activation
of ROCK to stimulate cytoskeletal remodeling [8] and can also activate the master
chondrogenic transcription factor of Sox9 [49]. 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 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 [39]. 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 [16,17], 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
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mechanical signals including streaming potentials and fluid flow [50,51] 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-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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• SW1353 chondrocytes were mechanically compressed in a physiologically stiff
3D environment.

• Following compression, untargeted and targeted metabolomics studies were
performed.

• This study identified candidate mediators of cellular mechanostransduction.

• This research implicates central metabolism as a mechanosensitive pathway.
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Figure 1.
(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. Note compound identifications available in Table S1.
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Figure 2.
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 timepoints 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 3.
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.
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Figure 4.
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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