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Objective: Metabolic dysregulation has recently been identified as a key feature of osteoarthritis. Me-
chanical overloading has been postulated as a primary cause of this metabolic response. Current methods
of real-time metabolic activity analysis in cartilage are limited and challenging. However, optical redox
imaging leverages the autofluorescence of co-enzymes NAD(P)H and FAD to provide dye-free real-time
analysis of metabolic activity. This technique has not yet been applied to cartilage. This study aimed to
assess the effects of a compressive load on cartilage using optical redox imaging.
Method: Cartilage samples were excised from porcine femoral condyles. To validate this imaging mo-
dality in cartilage, glycolysis was inhibited via 2-deoxy-D-glucose (2DG) and oxidative phosphorylation
was inhibited by rotenone. Optical redox images were collected pre- and post-inhibition. To assess the
effects of mechanical loading, samples were subjected to a compressive load and imaged for approxi-
mately 30 min. Load and strain parameters were determined using high-speed camera images in Matlab.
A range of loading magnitudes and rates were applied across samples.
Results: 2DG and rotenone demonstrated the expected inhibitory effects on fluorescence intensity in the
channels corresponding to NAD(P)H and FAD, respectively. Mechanical loading induced an increase in
NAD(P)H channel fluorescence which subsided by 30 min post-loading. Magnitude of loading parameters
had mixed effects on metabolites.
Conclusions: Optical redox imaging provides an opportunity to assess real-time metabolic activity in
cartilage. This approach revealed a metabolic response to a single load and can be used to provide insight
into the role of metabolism in mechanically-mediated cartilage degradation.

© 2019 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.

Introduction

balance between energetic reliance on glycolysis and oxidative
phosphorylation, respectively, can occur in disease states as a

Metabolic dysregulation occurs in many diseases and has
recently been implicated as a feature of mechanically-mediated
articular cartilage damage. Broadly, metabolism serves to
generate energy in the form of adenosine triphosphate (ATP) via
glycolysis, which occurs in the cytosol, and oxidative phosphory-
lation, which occurs in the mitochondria'. A shift in metabolic
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maladaptive response, or as a return to a more embryonic pheno-
type. For example, the Warburg effect is a well-established marker
of cancer phenotype?. The resulting upregulation of glycolysis re-
sults either from mitochondrial dysfunction or from demand for
secondary products required for cellular proliferation and extra-
cellular matrix formation®. Compared to healthy articular cartilage,
growth plate cartilage exhibits a Warburg-like metabolic pheno-
type, with greater relative reliance on glycolysis"*. Osteoarthritic
cartilage has been shown to revert to a metabolic phenotype
similar to that of the growth plate, demonstrating greater relative
glycolytic activity and lower oxidative phosphorylation activity
than healthy articular cartilage">®. Recent evidence suggests
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articular cartilage metabolism is also altered in response to me-
chanical load, with extreme cases leading to tissue damage via
multiple mechanisms. Superphysiological loading alters basal and
maximal respiration, repetitive cyclic loading exacerbates stress-
dependent metabolic dysfunction, and mitochondrial damage
precedes osteoarthritis-like macroscopic cartilage damage’ .
Additionally, non-pathway-specific metabolic activity has shown
sensitivity to mechanical loading, including changes over less than
1 h after superphysiological loading'®~'°. Despite this body of
associative evidence, the role of short term mechanically-mediated
metabolic flux, defined here as a detectable increase or decrease in
metabolic activity, in long term metabolic dysregulation and
cartilage degradation remain unclear. This is in part due to limited
methods established for nondestructively evaluating short-term
metabolic flux in cartilage.

There are several established techniques for evaluating meta-
bolism in cartilage. Metabolic biomarkers and regulatory factors
associated with cartilage damage have been identified by qPCR,
mass spectrometry, and RNA sequencing'® '8, Computational
modeling has been combined with experimental metabolomic data
to predict metabolic response to dynamic loading on the cellular
level'®. Commercially available kits have allowed for functional
analysis of mitochondria, including respiration, depolarization, and
ROS release®%?%2!, Intracellular calcium flux has been imaged in
real-time under axial compression to indicate immediate metabolic
response to mechanotransduction'®!>?, Though informative, these
techniques are limited to single time points, exogenous dyes, non-
specific evaluation, or sample-destructive methods. Thus, non-
destructive methods capable of longitudinally analyzing specific
metabolic activity in cartilage tissue have not been established.

Conversely, a real-time imaging technique for evaluation of
relative oxidative phosphorylation and glycolysis activity has been
established for other tissues>>~2°. Optical redox imaging leverages
the autofluorescence of flavin adenine dinucleotide (FAD) and
nicotinamide adenine dinucleotide (NADH), which are electron
acceptors and donors, respectively, in an array of metabolic re-
actions. Fluorescence intensity of each metabolite is correlated with
its concentration. Intensity changes in the fluorescence channels
corresponding to these respective metabolites can be interpreted as
congruous changes in the accumulation of these metabolites, and,
thus, altered activity of the metabolic processes that created
them?>?®. Additionally, optical redox ratio, a measure of the
oxidative-reduction status of the mitochondrial matrix, can be
calculated from the fluorescence intensities of FAD and NADH, and
changes in optical redox ratio can be interpreted as changes in
relative activity levels of mitochondrial and nonmitochondrial
metabolic activity, respectively. It should be noted that fluorescence
properties of NADH are identical to nicotinamide adenine dinu-
cleotide phosphate (NADPH), so the fluorescence in this channel
includes a contribution from both metabolites. The combined
fluorescence is denoted as NAD(P)H.

Optical redox imaging has been employed in cancer and stem cell
research, and is sensitive to relative changes in glycolysis and
oxidative phosphorylation, but has not yet been applied to
cartilage?>?#?73% However, previous studies have directly and
indirectly measured activity of glycolysis and oxidative phosphory-
lation in cartilage via alternative techniques, reporting metabolic flux
as a notable feature of disease and mechanotransduction'>>! >4, This
line of research would benefit substantially from development of a
label-free, nondestructive technique capable of detecting time- and
mechanical load-dependent shifts in metabolic activity of whole
tissue explants. Therefore, the objectives of this study were to vali-
date real-time optical redox imaging in articular cartilage, then to use
this method to detect metabolic flux in response to a single
compressive load.

Methods
Sample collection & preparation

Cartilage samples were collected from femoral condyles of 5-6-
month-old pigs at a local abattoir within 6 h of sacrifice. Full-
thickness cylindrical plugs were excised using a 4 mm diameter
biopsy punch and scalpel. Samples were stored in chondrocyte
media containing Ham's F-12 media (Mediatech, Inc., Manassas,
VA), 10% fetal bovine serum (Hyclone, GE Healthcare Bio-Sciences,
Pittsburgh, PA), 50 ug/ml ascorbic acid (Amresco, LLC., Solon, OH),
30 ug/ml alpha-ketoglutaric acid (Thermo Fisher Scientific Chem-
icals, Inc., Waltham, MA), 300 ug/ml L-glutamine, 100 IU/ml peni-
cillin G, 100 ug/ml streptomycin, and 6 mg/ml HEPES buffer
(Corning, Inc., Corning, NY) at room temperature for same-day use,
or otherwise incubated at 37 °C and 5% CO-, for up to 6 days. Days
spent in culture did not affect baseline metabolic values. Sub-
chondral bone was removed with a razor blade to create a deep
surface parallel to the articular surface. Cylindrical plugs were then
bisected into hemicylinders for imaging.

Metabolic imaging

Metabolic imaging was performed on an inverted epifluorescent
microscope (Olympus IX-71, Tokyo, Japan) with a metal halide
fluorescent lamp (X-Cite 120 Fluorescence Illumination System,
Exfo Inc., Quebec, Canada). A DAPI filter cube (excitation
361—389 nm, emission 435—485 nm) was used to measure fluo-
rescence in channel 1, in which NAD(P)H fluoresces (160—250 ms
exposure time) [Fig. 1(D)], and a green filter cube (excitation
470—490 nm, emission 500—550 nm) was used to measure fluo-
rescence in channel 2, in which FAD fluoresces (1.5—6 s exposure
time) [Fig. 1(E)]. All images were captured at 40x using a 1.6x
extender. Fluorescence intensities of channel 1 and channel 2 im-
ages were measured with a monochrome camera (DP80, Olympus,
Tokyo, Japan), and Image] software was used to calculate the optical
redox ratio, defined here as ORR = [FAD channel]/[NAD(P)H
channel + FAD channel]?43>36,

Imaging validation

To validate the sensitivity and specificity of this metabolic im-
aging method, samples were imaged before and after exposure to
established metabolic inhibitors of oxidative phosphorylation and
glycolysis [Fig. 1(A)]. 2-deoxy-D-glucose (2-DG) (Alfa Aesar,
Haverhill, MA) is a glucose analog and inhibits glycolysis, while
rotenone (Sigma—Aldrich, St. Louis, MO) is an inhibitor of mito-
chondrial complex I electron transport and downregulates oxida-
tive phosphorylation®*>4. Samples were imaged on a coverslip
along the articular edge of the cross section. Preliminary cell
viability imaging was performed on the cut surface of cartilage
samples and revealed minimal cell death due to sample sectioning
(data not shown). Control images were first taken in chondrocyte
media at room temperature, and samples were then incubated for
either 24 h in 10 mM 2-DG (n = 8 samples from 3 animals, 4 lo-
cations per sample) or for 30 min in 20 pM rotenone (n = 9 samples
from 3 animals, 4 locations per sample) in chondrocyte media at
37°C prior to re-imaging baseline-paired locations at room tem-
perature [Fig. 1(A)].

To confirm that the observed metabolic effects were caused by
mechanical loading, a series of control experiments were per-
formed. Unloaded samples were imaged 30 min apart with the
intermediate imaging protocol applied to loaded samples to ensure
time and fluorescent exposure were not causing the metabolic ef-
fects observed in loaded samples. Mechanical loading control data
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Fig. 1. Schematic overview of imaging setup. Imaging locations for chemical inhibitor validation (A) and mechanical loading (B). Imaging fields are distributed across the sample to
avoid photobleaching effect. ‘B’ indicates the locations of baseline images, ‘C1" and ‘C2’ indicate two clusters used for time-course analysis, and numbers indicate time post-loading
bin (1 =0-5 min, 2 = 5-10 min, 3 = 10—15 min, 4 = 15—20 min, 5 = 30—35 min). Mechanical loading tissue well (C) in which sample was submerged in PBS throughout loading and
imaging. Representative metabolic images in NAD(P)H-capturing channel 1 (D) and FAD-capturing channel 2 (E). Images were captured at 40x.

showed minimal metabolic changes over time compared to loaded
samples (Supplementary Fig. S1). Additionally, optical redox im-
aging was performed every 5 min up to 30 min on a thermal probe
in place of a sample to detect temperature increase as a function of
light exposure. Thermal monitoring revealed a total increase of
0.2°C from the 30 min imaging protocol applied to mechanically
loaded samples (Supplementary Fig. S1).

Mechanical loading

Samples were mechanically loaded on a custom-built micro-
scope-top loading apparatus [Fig. 1(C)]. The loading apparatus
consists of a custom well and backplate that sits on top of an
inverted microscope, with a custom loading platen that interfaces
with an actuator (Aerotech ACT165D, Aerotech, Pittsburgh, PA).
Twenty-eight samples from 10 animals were bisected into hemi-
cylinders and adhered to a backplate on the subchondral side via
cyanoacrylate with the tissue cross section flush with the imaging
coverslip. While chemical inhibitor studies required submersion in
chondrocyte media due to prolonged incubation, mechanical
loading and subsequent imaging took place in under an hour. Thus,
mechanical loading samples were submerged in PBS throughout
testing and were given sufficient time to equilibrate to room tem-
perature prior to loading and imaging. Normalization of fluores-
cence data to baseline intensity within each sample was assumed to
account for any baseline differences in metabolism attributable to
varied media between these two studies. Further, a subset of
samples was subjected to the adhesion process and imaged without
mechanical loading to ensure that cyanoacrylate had no significant
effect on metabolism. Samples underwent a single compression
using a metal platen spanning the entire articular surface; a variety
of displacements and rates were applied using the actuator to
achieve a range of peak strain, strain rate, force, and force rate.
Mechanical loading was imaged using a high-speed camera at 100
frames per second (Phantom v1211, Vision Research, Wayne, NJ),
which was sufficient to capture the displacement rates achieved.
Metabolic imaging was completed pre- and post-loading. Pre-
loading images were collected at the center of the sample
[Fig. 1(B)]. In order to account for variation in thickness of uneven
samples and resulting variation in experienced deformation, post-
loading time series images were collected at randomly selected

locations in two imaging clusters, one on either side of the centered
baseline image cluster, up to 30 min following loading.

Metabolic image intensities were determined. For time series
analysis, post-loading image intensities were normalized to
average baseline fluorescence per sample. Achieved mechanical
loading parameters were then determined. High-speed camera
images were downsampled to 10 frames per second in Matlab
(Mathworks, version R2015a). Full-thickness, 1 mm wide segments
were cropped at the center location of each imaging cluster in
Image], and bulk compressive strain was calculated in each of these
cropped sections. Custom Matlab code tracked the displacement of
the platen and backplate based on image intensity’’. Strain was
calculated based on the length of the sample at each time point
(distance between backplate and platen) in comparison to the
length before loading began. Force was calculated based on the
behavior of the backplate as a leaf spring, with a calibration con-
stant determined by fitting an experimentally-obtained force vs
displacement curve. Peak compressive strain (¢) and peak force (F)
were obtained. Strain rate (¢) and force rate (F) were determined by
fitting the segment of 30 data points immediately preceding
maximum values on the strain vs time and force vs time curves,
respectively, and applying a Savitzky—Golay noise-smoothing filter
using open-access Matlab code®?. In order to visualize mechanical
loading time-course metabolic data comprehensively, three-
dimensional plots were created in Matlab (Fig. 2, Supplementary
Fig. S2 and corresponding mp4 files)*”.

Statistical analysis

Validation and mechanical loading data were not normally
distributed and were therefore analyzed nonparametrically in R
software (version 3.2.5). Pre- and post-inhibitor validation data
were compared via paired Wilcoxon rank-sum tests.

Post-loading time and mechanical loading parameters were
binned to statistically test for interactions between these covariates
beyond individual regressions. Time post-loading was binned into
five groups, and mechanical loading parameters (peak strain, peak
force, peak strain rate, and peak force rate) were each binned into
three groups: low, medium, and high loading magnitude. Me-
chanical bin intervals were chosen to yield comparable n-values
between bins. A two-way aligned rank transformation analysis of
variance (ART ANOVA) was used to assess the effects of loading
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Fig. 2. Optical redox ratio as a function of time and mechanical load. Qualitative trends with time and loading are visible. Full three-dimensional results are available in the

supplementary data.

parameter magnitudes and time post-loading, both main effects
and the interaction, on each respective metabolic output (channel
1, channel 2, and redox ratio). Significant factors from each ANOVA
were analyzed post-hoc via Tukey Honest Significant Difference
(HSD) pairwise comparisons for detection of differences between
binned groups.

Results

Inhibitors caused the expected changes in channels 1 and 2,
validating the use of this imaging method for cartilage (Fig. 3). 2-
DG, a glucose analog intended to inhibit glycolysis, decreased
channel 1 (NAD(P)H) fluorescence (—13.0%) as expected, and
increased channel 2 (FAD) fluorescence (+31.8%) and optical redox
ratio ([FAD]/[FAD + NAD(P)H]) (+51.2%). Rotenone, an oxidative
phosphorylation complex I inhibitor, caused the expected decrease
of channel 2 fluorescence (—16.0%) as well as optical redox ratio
(—5.4%), and also decreased channel 1 fluorescence (—5.4%). Wil-
coxon rank-sum tests revealed statistically significant changes in all
three metabolic outputs by both chemical inhibitors at P < 0.05.

A range of peak strain, force, strain rate and force rate was
achieved. Peak strain ranged from 006 to 0.36
(average = 0.19 + 0.07). Peak force ranged from 3.6 to 22.0N
(average = 11.9 + 5.0N). Peak strain rate ranged from 0.01 to 0.21
s~ (average = 0.05 + 0.03 s~1). Peak force rate ranged from 0.90 to
3.56 N-s~! (average = 1.75 + 0.48 N-s~1).

Post-loading time and loading magnitude had significant inde-
pendent effects on all three metabolic measurements (Figs. 4 and
5). However, none of the interactions between mechanical
loading and post-loading time point were significant in the two-
way ANOVAs. Channel 1 (NAD(P)H) fluorescence was consistently
affected by time in all models, with an initial increase in fluores-
cence post-loading (+10.0% maximum) that subsided by 30 min
post-loading, while channel 2 (FAD) fluorescence was unaffected by
time point (Fig. 4). Peak force magnitude had significant bearing on
channel 1 fluorescence, with greater force showing greater in-
tensity (+11.2% difference maximum) (Fig. 5). Applied strain rate

showed the opposite pattern, as samples subjected to high strain
rate showed significantly lower channel 1 fluorescence (—5.5%)
than those subjected to low strain rate (Fig. 5). However, peak strain
and force rate had similar effects on channel 2 activity as on
channel 1, with greater peak strain and force rate associating with
greater channel 2 intensity (+6.3% and +3.7% maximum differ-
ences, respectively) (Fig. 5). Redox ratio was affected by both time
and loading magnitude (Figs. 2, 4 and 5). Redox ratio was higher at
later time points than earlier time points (+6.2%) (Fig. 4). Higher
peak force resulted in lower redox ratio (—6.9% maximum differ-
ence), and higher strain rate resulted in higher redox ratio (+3.3%
maximum difference) (Fig. 5). Statistical redox ratio trends were
primarily governed by changes in channel 1 (NAD(P)H) fluores-
cence (Figs. 4 and 5).

Discussion

Inhibition of glycolysis and oxidative phosphorylation demon-
strated the validity of using optical redox imaging to evaluate
metabolic activity in articular cartilage. Although slight in magni-
tude, rotenone caused a decrease in channel 2 fluorescence in-
tensity as well as redox ratio, and 2-DG caused a decrease in
channel 1 fluorescence intensity and increased redox ratio. Previ-
ous studies have demonstrated similarly mild effects of these in-
hibitors?>*>*. The pleiotropic actions of these compounds on both
metabolites of interest, though seemingly off-target, are unsur-
prising given the inevitable interplay between metabolic processes.
For example, rotenone has demonstrated an inhibitory effect on
NAD(P)H production similar to that of 2-DG>*. Conversely, short-
term NADH photobleaching has been shown to cause an immedi-
ate sharp increase in FAD fluorescence intensity, perhaps as a
compensatory mechanism to maintain ATP production®’. In carti-
lage, glycolysis and mitochondrial respiration have demonstrated
unique coupling such that glycolytic activity relies upon reactive
oxygen species generated by oxidative phosphorylation®*4!, It is
possible that the higher concentration of glycolytic inhibitor 2-DG
applied in the present study than previous studies (10 mM vs 3
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Fig. 3. Imaging results of 2-DG (n = 32 imaging regions from 8 samples representing 3 animals) and rotenone metabolic inhibition (n = 36 imaging regions from 9 samples
representing 3 animals). Data are expressed as median values (lines), interquartile range (box hinges), and data range constrained to total data range multiplied by interquartile
range or less (whiskers) with outliers (circles). Fluorescence intensities were normalized to average baseline values within each sample. Pre- and post-inhibitor data were compared

nonparametrically via Wilcoxon rank-sum tests. Significance bars = P < 0.05.

mM) stimulated a compensatory mechanism responsible for the
apparent increase in oxidative phosphorylation activity following
24-h incubation. Though the underlying mechanisms are not fully
understood, the perturbation of both fluorescence channels
observed from sustained chemical inhibition in the present study is
ultimately not unexpected.

Metabolic imaging revealed a time-dependent response
immediately following a single physiological load. The loading
applied in this study was maintained below the superphysiological
range, with maximum peak strain values akin to estimated strains
in vivo during dynamic loading activities, and loading rates were
several orders of magnitude below the suggested criteria for impact
loading®*“3, Increased force, strain, and force rate corresponded
with increased metabolic activity. Specifically, channel 1 fluores-
cence was significantly increased by greater force, and channel 2
fluorescence was increased by greater strain and force rate. This is
consistent with previous research showing that moderate
compressive loading of healthy chondrocytes stimulates an
anabolic response that increases the cells’ energy requirement and

necessitates an increase in metabolic activity***°. Conversely,
increased strain rate corresponded with significantly decreased
channel 1 fluorescence and a trend of decreased channel 2 fluo-
rescence. While these mechanical loading effects may seem con-
tradictory, they likely arise due to rate-dependent cartilage
behavior that result from poroelasticity“®4’. Compressive strain
rate is often associated with fluid flow in cartilage, which subjects
chondrocytes to shear, thus inducing metabolic flux*®*°. Though
bulk strain rates in the present study were physiological, resulting
in minimal fluid flow across the whole tissue, metabolic imaging
evaluated a local region of cartilage just beneath a cut sample edge
where fluid flow may have played a nontrivial role in the observed
metabolic changes®’. Further, additional research could clarify
whether the loads applied in this study, which were highly unlikely
to be injurious, could induce a healthy inhibitory effect on anabolic
activity as a physiological process by which metabolic homeostasis
is maintained>"*2,

Time had a significant effect on channel 1 fluorescence in all
two-way ANOVAs, consistently showing greatest intensity at early
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time. This result provides additional confidence that the metabolic
changes observed resulted from mechanical loading, as metabolic
activity induced simply by time in non-physiological conditions
alone would be expected to be minimal in the early time points. The
same reasoning applied to the effect of mechanical loading
magnitude, wherein compression stimulates anabolism, may
pertain to time effect as well, as the stimulatory response observed
early after loading appears to dissipate within 30 min. The decrease
in channel 1 fluorescence by 30 min provides further evidence of
the mild nature of the compression and in this study and confirms
that the chosen time points capture the early effects of a single load.
Indeed, it is prudent that the present study results are not over-
interpreted on a mechanistic level given the limitations of the
metabolic analysis method employed and as well as the simplicity
of the applied loading regime. Rather, the present study reveals
short-term variation in metabolic response to mechanical loading,
leaving future studies with additional questions and a useful tool to
tease out the mechanical thresholds that result in healthy and
unhealthy cartilage response.

It is worth noting that the statistical model employed was
chosen to allow for two-way ANOVA using nonparametric data.
This model is unable to accommodate inclusion of individual ani-
mal source as a third covariate in addition to timepoint and me-
chanical input. However, animal-dependent variations were of
interest, as samples from the same animal are not truly indepen-
dent. Therefore, using the current statistical model, two-way
ANOVAs were conducted with timepoint and animal as covariates
against all three metabolic outputs (channel 1, channel 2, redox
ratio) with post-hoc Tukey-corrected pairwise comparisons.
Channel 1 and redox ratio showed no statistically significant pair-
wise comparisons between animal sources and very few
approaching significance, and channel 2 output showed relatively
few significant differences between animal sources (at P < 0.05).
Given the random distribution of mechanical bins, sample numbers
did not allow for further two-way ANOVAs testing animal source
against mechanical input as the two covariates. However, in light of
the results of timepoint by animal interaction analyses and the
known consistency of animal source with respect to age, breed,
approximate weight, housing conditions, and macroscopic tissue
health, interpreting statistical analyses in which individual animal
factor is omitted was considered to be appropriate for the current
study.

Given that channel 2 (FAD) showed minimal changes compared
to channel 1 (NAD(P)H), it is unsurprising that redox ratio appeared
to be largely governed by channel 1 trends, mirroring all findings of
statistical significance of this channel. It is well known that
glycolysis is a faster method of ATP production than oxidative
phosphorylation®>. As such, it follows that these pathways would
exhibit differential sensitivity to environmental perturbations with
glycolysis likely showing earlier and possibly more robust effects,
and that the byproducts of these processes would reflect this
discrepancy. It is also unsurprising that channel 1 and channel 2
intensities were affected in largely the same direction by all me-
chanical parameters. A shift in metabolic preference indicated by a
lasting increase or decrease in redox ratio, as observed in osteoar-
thritic chondrocytes, would signal a meaningful change in biolog-
ical phenotype unlikely to be incited by a single load well below
suggested thresholds for mechanical injury induction®543, It
should be noted that it is possible that mechanical loading such as

Fig. 4. Metabolic outputs as a function of time. NAD(P)H fluorescence intensity is
captured by channel 1 (A), FAD intensity is captured by channel 2 (B), and redox ratio
(C) is calculated as [FAD]/[NAD(P)H + FAD]. Fluorescence intensities were normalized
to baseline values averaged within each sample (per time bin: n = 49—58 images from
25 to 27 samples representing 10 animals). Significance bars = P < 0.05.
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Fig. 5. Metabolic response to mechanical loading. NAD(P)H fluorescence intensity is captured by channel 1 (A—D), FAD fluorescence intensity is captured by channel 2 (E—H) and
redox ratio (I-L) is calculated as [FAD]/[NAD(P)H + FAD]. Metabolic output is displayed as a function of force (A, E, F), force rate (B, F, ]), strain (C, G, K) and strain rate (D, H, L).
Fluorescence intensities were normalized to baseline values averaged within each sample (per mechanical bin: n = 75—107 images from 12 to 21 samples representing 10 animals).

Significance bars = P < 0.05.

that applied in the current study could have functional conse-
quences on cell signaling and gene expression without necessarily
demonstrating a shift in biological phenotype®*. Such downstream
effects have not yet been studied using the current imaging tech-
nique in cartilage.

Though optical redox imaging overcomes many challenges
associated with current metabolic analyses, this technique does not
come without limitations. Testing conditions differed from physi-
ological joint conditions such that we cannot completely rule out
differential metabolic activity driven by ambient temperature, ox-
ygen concentration, and biochemical environment in the present
study. This further motivates conservative interpretation of results,
as additional studies controlling for such environmental factors are
warranted in order to derive mechanistic insights into truly phys-
iological chondrocyte function. Furthermore, in addition to NAD(P)
H and FAD, collagen cross-links are autofluorescent, with excitation
and emission spectra that overlap with those of NAD(P)H’°. The
present study assumed consistent collagen fluorescence within and
between samples because all samples were taken from animals of
the same age and all metabolic images were collected when
cartilage was in an unloaded state. Temperature was deemed to
have no effect on collagen fluorescence in the present study, as the
imaging protocol employed induced a thermal increase well below
the threshold at which temperature-dependent change in collagen
fluorescence becomes a concern (Supplementary Fig. S1)°°. Future
studies including more variable tissue sources, particularly those of
varied maturity, or significant temperature variation should seek to
account for the contribution of collagen fluorescence in the NAD(P)
H channel. Similarly, while the present study assumed equal cell
counts across samples, future studies including samples of varying
ages and/or depth-wise analysis should account for variance in
cellularity across these parameters. Additionally, preliminary data
demonstrated the presence of a photobleaching effect on NAD(P)H
when samples were imaged multiple times at the same location.

This finding tailored the design of the present study, which imaged
regionally-grouped locations without re-imaging tissue that had
already been exposed to fluorescent light. Previous studies have
confirmed that NADH is subject to photobleaching and have
elucidated the possibility of redox flux as a biological consequence
of this process®®*’. Lastly, cartilage imaging in the present study
was confined to the superficial zone due to restricted light pene-
tration through the middle and deep zones, while mechanical an-
alyses determined bulk properties. Imaging across the sample cross
section and coupling fluorescence results with local mechanics
would likely yield new insights into cartilage metabolism as
chondrocyte response to mechanical loading varies between tissue
zones>S. The present study opted to image 4 mm diameter hemi-
cylinders for the sake of mechanical loading; imaging thinly sliced
cartilage cross sections could likely circumnavigate this limitation.

The present study demonstrated metabolic consequences of a
single compressive load at varying physiological magnitudes in
cartilage. The ability of optical redox imaging to detect
mechanically-induced metabolic flux below the threshold of injury
motivates the future application of this technique to various
pathological models. Although multiphoton and confocal imaging,
the modalities previously used for optical redox imaging, could
reduce issues of imaging penetration and collagen fluorescence
interference to some degree, the use of an epifluorescent micro-
scope in the present study was motivated by access and mechanical
adaptability. Indeed, these findings can be built upon by deter-
mining the immediate and long-term metabolic effects of alterna-
tive loading regimes such as cyclic loading or crack nucleation, and
comparing load-induced metabolic flux between healthy and
degrading cartilage can provide new insight into the mechanisms
of OA progression. Furthermore, this is the first study, to the au-
thors’ knowledge, to describe adaptation of an epifluorescent mi-
croscope for optical redox imaging of FAD and NAD(P)H. The
accessibility and simplicity of this technique is anticipated to attract
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a variety of research groups as it provides a more cost effective and
easier method to assess metabolic changes relative to existing
techniques.

Cartilage redox imaging provides a solution to several funda-
mental limitations of previous methods of metabolic analysis. This
novel application of an existing technique opens a host of oppor-
tunities for studying the intermediate cellular activity between
external perturbation and altered gene expression in cartilage, a
time frame which has historically been difficult to capture. Ulti-
mately, optical redox imaging provides a simple yet powerful
metric of chondrocyte metabolic phenotype, a benchmark with
promising applications in OA research.
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