
journal of the mechanical behavior of biomedical materials 115 (2021) 104252

A
1

a

b

c

C
d

e

c
e

Contents lists available at ScienceDirect

Journal of theMechanical Behavior of Biomedical Materials

journal homepage: www.elsevier.com/locate/jmbbm

Research paper

Chondrocytes respond both anabolically and catabolically to impact loading
generally considered non-injurious
Stephany Santos a, Kelsey Richard b, Melanie C. Fisher c, Caroline N. Dealy c,d, David M. Pierce a,e,∗
Department of Biomedical Engineering, University of Connecticut, Storrs, CT, United States of America
Department of Global Health, University of Connecticut, Storrs, CT, United States of America
Center for Regenerative Medicine and Skeletal Development, Department of Reconstructive Services, University of Connecticut Health
enter, Farmington, CT, United States of America
Department of Orthopaedic Surgery, University of Connecticut Health Center, Farmington, CT, United States of America
Department of Mechanical Engineering, University of Connecticut, Storrs, CT, United States of America

A R T I C L E I N F O

Keywords:
Articular cartilage
Mechanical impact
Metabolism
Progenitor
Ki67
Sox9
EGFR

A B S T R A C T

We aimed to determine the longitudinal effects of low-energy (generally considered non-injurious) impact
loading on (1) chondrocyte proliferation, (2) chondroprogenitor cell activity, and (3) EGFR signaling. In an
in vitro study, we assessed 127 full-thickness, cylindrical osteochondral plugs of bovine cartilage undergoing
either single, uniaxial unconfined impact loads with energy densities in the range of 1.5–3.2mJ/mm3 or no
impact (controls). We quantified cell responses at two, 24, 48, and 72 h via immunohistochemical labeling
of Ki67, Sox9, and pEGFR antibodies. We compared strain, stress, and impact energy density as predictors
for mechanotransductive responses from cells, and fit significant correlations using linear regressions. Our
study demonstrates that low-energy mechanical impacts (1.5–3.2mJ/mm3) generally stimulate time-dependent
anabolic responses in the superficial zone of articular cartilage and catabolic responses in the middle and deep
zones. We also found that impact energy density is the most consistent predictor of cell responses to low-energy
impact loading. These spatial and temporal changes in chondrocyte behavior result directly from low-energy
mechanical impacts, revealing a new level of mechanotransductive sensitivity in chondrocytes not previously
appreciated.
1. Introduction

Acute joint trauma, often incurred during accidents or sports in-
juries, may trigger a cascade of degenerative events that lead to
post-traumatic osteoarthritis (OA). OA, the most common chronic
joint disease in the world, afflicts over 30 million people in the US
alone (Jia et al., 2016). In-vitro studies link post-traumatic OA to
catabolic changes in articular cartilage following joint injury including
increased degradation of collagen and proteoglycan (Setton et al.,
1995), decreased synthesis of proteoglycan, switched synthesis from
collagen type II to type I (Lahm et al., 2010), and apoptosis of chondro-
cytes (Chen et al., 2001), among other mechanotransductive responses.
Such catabolic changes lead to articular cartilage degeneration and loss
of joint function that greatly reduces quality of life, and is a significant
cause of morbidity in aging populations (Ryan et al., 2009).

Mechanical loading can trigger catabolic behaviors from chondro-
ytes. Lee et al. (2005) and Chan et al. (2005) subjected cartilage
xplants to acute trauma and reported increased expression of genes

∗ Correspondence to: University of Connecticut, Departments of Mechanical Engineering/Biomedical Engineering/Mathematics, United States.
E-mail address: dmpierce@engr.uconn.edu (D.M. Pierce).

that cause matrix degradation among other catabolic changes. How-
ever, in these experiments the mechanical treatments caused visi-
ble macroscale damage to the surface of articular cartilage such that
catabolic responses from chondrocytes may manifest as secondary ef-
fects of load-induced macroscale damage. We recently found that even
low-energy impacts usually considered non-injurious can cause micron-
scale cracks in the network of collagen (microcracks less than the
diameter of chondrocyte lacunae (< 30 μm)) (Kaleem et al., 2017). We
do not know if mechanical impact that does not induce visible damage
to cartilage triggers catabolic or anabolic responses from chondrocytes.

Anabolic responses from chondrocytes, including increased chon-
drocyte proliferation and matrix synthesis (Shepard et al., 2013), lead
to homeostasis and/or growth of articular cartilage. Anabolic (repair)
responses may come from either chondrocytes, the mature cells in
articular cartilage, or chondroprogenitor cells, multipotent cells that
are capable of chondrogenic differentiation (Seol et al., 2012). Interest
is growing in the development of mechanically-informed therapeutic
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approaches for post-traumatic OA prevention or treatment that would
halt catabolic changes in articular cartilage, and/or stimulate anabolic
ones (Anderson et al., 2011).

There are no studies investigating the mechanotransductive behav-
or of chondrocytes or chondroprogenitor cells in response to low-
nergy impacts generally considered non-injurious. Chondrocytes
resent mechanotransductive responses to mechanical treatments with
trains as low as 6% (Perera et al., 2010). Chondrocytes also respond
o fluid-induced stresses as low as 0.02 Pa (Saha and Kohles, 2010).
icrocracks in the network of collagen occur after impact treatments to
he articular surface resulting in energy densities as low as 1.5mJ/mm3

Kaleem et al., 2017; Santos et al., 2019), but we do not know the cor-
esponding cell responses. Furthermore, which mechanical measures of
mpact best predict the responses of chondrocytes or chondroprogenitor
ells?
In this study, we aimed to determine the longitudinal effects of

ow-energy impacts generally considered non-injurious on (1) chondro-
yte proliferation, (2) chondroprogenitor cell activity, and (3) EGFR
ignaling. To these ends, we assessed full-thickness, cylindrical osteo-
hondral plugs of bovine cartilage undergoing either single, uniaxial
nconfined impact loads with energy densities in the range of 1.5–
.2mJ/mm3 (Santos et al., 2019) or no impact (controls). We quan-
ified cell responses at two, 24, 48, and 72 h via immunohistochemical
abeling of Ki67, Sox9, and pEGFR. We also compared strain, stress, and
mpact energy density as predictors for mechanotransductive responses
rom cells, and fit significant correlations using linear regressions.

. Materials and methods

.1. Preparation of specimens

We received full bovine knees from three skeletally mature animals
18–30 months) packed on ice and within 48 h from slaughter (Animal
echnologies, Inc., Tyler, TX). We then extracted cylindrical specimens
3mm diameter, full thickness) from load-bearing and visibly pristine
egions on the medial femoral condyles. We removed as much of the
ubchondral bone as possible while ensuring that the bottom surfaces
ere visibly parallel to the articular surface and measured the cartilage
hicknesses (ℎ0) using calipers. We immediately immersed specimens
n sterile Phosphate Buffered Saline (PBS, pH 7.4) until testing, which
ccurred less than two hours from extraction.

.2. Mechanical impact test

We randomly assigned specimens to one of three impact groups
none, 1.5mJ/mm3, 3.2mJ/mm3), with impact energy density as the
ndependent variable (Santos et al., 2019). We impacted the articular
urface of specimens from the 1.5 mJ/mm3 and 3.2mJ/mm3 impact
roups in unconfined compression using a custom drop tower with
12.4 mm diameter flat metal platen (Kaleem et al., 2017; Santos
t al., 2019). We measured the acceleration (±49000m/s2; 350A14,
CB Piezotronics, Depew, NY) and the force (22.24 kN; 200B05, PCB
iezotronics) at 100,000Hz (sampling rate) for the full duration of the
est. Post-impact, we submerged specimens in PBS at 37◦C for at least
h prior to subsequent processing. Specimens from the control group
ested in PBS for the duration of the test.

.3. Data analyses

We determined the actual velocity at the moment of impact 𝑣imp
nd the maximum compression of a specimen Δℎmax for each test by
ntegrating the acceleration data once and twice respectively (Verter-
mo and Seedhom, 2007; Kaleem et al., 2017). We also determined
he maximum force applied to each specimen 𝑓max from the measured
orce data. We then calculated the maximum engineering strain 𝜖 (−)
2

s 𝜖 = Δℎmax∕ℎ0 where ℎ0 is the corresponding reference thickness. f
ext, we calculated the maximum first Piola–Kirchhoff (nominal) stress
(MPa) as 𝑃 = 𝑓max∕(𝜋𝑟20) where 𝑟0 is the initial radius of the specimen
1.5 mm). Finally, we calculated the impact energy density 𝐸imp or 𝐸
mJ/mm3) as 𝐸 = 𝑚𝑣2imp∕(2𝜋𝑟

2
0ℎ0) where 𝑚 is the total drop mass.

.4. Cell culture and fixation

Immediately after rinsing the specimens in PBS, we fixed the two-
our post-impact specimens from the control (𝑛 = 14), the 1.5mJ/mm3

mpact (𝑛 = 9), and the 3.2mJ/mm3 (𝑛 = 9) impact groups in 4%
araformaldehyde (Sigma, St. Louis, MO) for four days (cf. Fig. 1). We
laced the remaining 95 specimens in 1mL of sterile media comprised
f DMEM/F12 (Gibco, Gaithershburg, MD), 50mg/ml ascorbic-acid-2-
hosphate (Sigma), 0.1% bovine serum albumin (Sigma), 10% fetal
ovine serum (Atlanta Biologicals, Flowery Branch, GA), 100 units/mL
enicillin (Gibco), and 100 μg/mL streptomycin (Gibco) for culture at
7◦C and 5% CO2 for 24, 48, or 72 h post-impact. Once removed from
ulture, we also fixed these specimens in 4% paraformaldehyde for
our days. We then decalcified all specimens using 14% EDTA with
H4OH for four days at 4◦C with rocking. After decalcification, we
ashed specimens in PBS and dehydrated through a series of solutions
ncreasing in percent ethanol up to 70% ETOH. Finally we paraffin
mbedded and sectioned specimens (at 8 μm sections) for histology and
mmunohistochemistry.

.5. Image-based assessments

We imaged slides with a Nikon Eclipse E800 microscope using
×/0.20 NA and 20×/0.50 NA objectives, and 1248 × 936 pixel reso-
ution with a pixel size of 1.75 μm. Using the 4× objective, we obtained
ingle images of the full through-thickness cross-section (cartilage and
one) of each specimen for every histological and immunohistochem-
cal stain and time point. Using the 20× objective, we obtained three
o five images through the thickness of every specimen stained for im-
unohistochemistry (spanning from the SZ to the subchondral bone),
ith 0 − 600 pixels of image overlap.

.5.1. Histology
We stained sections with 0.1% Safranin O (Sigma) and counter-

tained with Weigert’s Iron Hematoxylin (Poly Scientific, Bay Shore,
Y) and 0.02% aqueous Fast Green (Fisher Scientific, Hampton, NH)
Shepard et al., 2013), and imaged the resulting slides. We used these
mages to qualitatively assess the articular surface integrity and the
ull-thickness health of the cartilage matrix (Kamekura et al., 2005).

.5.2. Immunohistochemistry
In a preliminary study we tested the immunolocalization of C3

rotein over 72 h. We did not find appreciable cell death and thus
e did not continue to test cell viability in this study (See Digital
upplement). We performed immunohistochemical staining as previ-
usly described (Shepard et al., 2013). Briefly, we de-paraffinized,
ehydrated, and incubated slides with 3% hydrogen peroxide in water
or 15 min. We then blocked rabbit anti-bodies using 10% normal goat
erum (Vector Laboratories, Burlingame, CA, USA) following standard
rotocol, and incubated the slides with primary antibodies in blocking
uffer overnight at 4◦C. In this study we diluted the following primary
ntibodies to 1:1000: rabbit anti-Ki67 (Abcam, Cambridge, MA, USA);
abbit anti-Sox9 (Abcam); and rabbit anti-pEGFR (Y1092; Abcam). We
ashed with Tris Buffered Saline (TBS) pH 7.6 containing 0.1% Tween
0 and incubated the slides with 1:200 biotinylated goat anti-rabbit
gG (Vector Laboratories). We then washed again and incubated the
lides with Vectastain Elite ABC Reagent (Vector Laboratories) and
eveloped them with DAB Reagent (Vector Laboratories). Finally, we
ounterstained with Harris’ Hematoxylin (Shandon, Cambridge, UK).
To recreate full-thickness cross-sections from the 20× images, we
irst selected regions with little or no matrix staining, and excluded
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Fig. 1. Graphical representation of the experimental protocol and the treatment groups: (a) specimen extraction and unconfined impact test, (b) time course of specimens in
ulture by treatment group, (c) representative images from histology (Safranin O/Fast Green in red) and immunohistochemistry with antibody identification. Solid arrows indicate
ositive antibody expression while dashed arrows indicate negative antibody expression.
pecimen edges from the field of view. We then performed image stitch-
ng using Fiji’s Grid/Collection Stitching Plugin (Preibisch et al., 2009)
for ImageJ (National Institutes of Health, Bethesda, MD). Using the
resulting full-thickness images, we first determined boundaries for the
superficial, middle, and deep zones by assessing lacunae morphology
and cellular arrangement (Youn et al., 2006) and defined boundaries
between zones as full-width horizontal lines at the average transition
height (Pedersen et al., 2013). We also calculated the percent thickness
of each zone with respect to total thickness of cartilage. We then
quantified both the positive and negative cellular localization of each
antibody within each zone, and calculated the percent positive cells
within each zone for all images.

2.6. Statistical analyses

We created subsets for each antibody and zone, for a total of
nine subsets, and we used these as the basis for subsequent 𝑡-tests.
Using the Shapiro–Wilk Test we confirmed that our measured percent
3

positive cellular expressions of Ki67, Sox9, and pEGFR were normally
distributed. First, we performed separate two-sample 𝑡-tests to compare
Control vs. Low (1.5mJ/mm3) and Control vs. High (3.2mJ/mm3)
treatment groups to determine if mechanical impacts had significant
effects. Then, we used separate two-sample 𝑡-tests to compare the
means of percent positive cellular expressions of the 1.5mJ/mm3 and
3.2mJ/mm3 treatment groups for each corresponding subgroup of
equal antibody, time, and zone. We used the pooled 𝑡-statistic when
groups had equal variances, and the Satterthwaite 𝑡-statistic when
groups did not have equal variances. We also used separate two-sample
𝑡-tests to compare the means of percent positive cellular expressions
at every time point. We present our results in tabular form, and also
using box plots indicating the medians, the first and third quartiles,
and the maximum and minimum values. Second, for significant differ-
ences detected by the 𝑡-tests, we fit, where possible, separate linear
regressions (including 𝑅2 values) to investigate interactions between
mechanical stimuli (maximum engineering strain 𝜖, maximum first
Piola–Kirchhoff (nominal) stress 𝑃 , and impact energy density 𝐸imp)
and percent positive cellular expressions. We completed all statistical
analyses using SAS 9.4 (SAS Institute Inc., Cary, NC) and with 𝑝 < 0.05

to determine significance.
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Table 1
We found statistically significant temporal and zonal differences between the
1.5mJ/mm3 and 3.2mJ/mm3 impact groups for all antibodies. Summary of 𝑝-values
rom 𝑡-tests comparing 1.5mJ/mm3 and 3.2mJ/mm3 impact groups for the superficial
one (SZ), middle zone (MZ), and deep zone (DZ). We indicate statistical significance
𝑝 < 0.05) with * and dark gray shading, and marginal statistical significance (0.05 ≤
< 0.10) with light gray shading.
Antibody Zone 2 24 48 72

SZ 0.365 0.116 0.697 0.945
MZ 0.333 0.016* 0.238 0.064Ki67
DZ 0.832 0.447 0.932 0.031*

SZ 0.043* 0.532 0.003* 0.022*
MZ 0.929 0.144 0.086 0.123Sox9
DZ 0.516 0.488 0.096 0.098

SZ 0.062 0.708 0.399 0.206
MZ 0.163 0.082 0.015* 0.201pEGFR
DZ 0.559 0.341 0.237 0.581

In Fig. 1 we summarize the experimental protocol and the treatment
groups.

3. Results

We confirmed the overall health and structural integrity of each
specimen by analyses of histological images with staining by Safranin O
and Fast Green, cf. Fig. 1. We found our low-energy impacts did not in-
duce macroscale damage or visible fissuring at the articular surface. We
also qualitatively compared the histological staining of non-impacted
control specimens with impacted specimens at the same time points and
noted that impacts caused a visible difference in immunohistochemical
responses. Using our image-based assessment of the through-thickness
zones based on chondrocyte morphology we determined that the SZ,
MZ, and DZ within bovine cartilage represented 12 ± 3.9%, 35 ± 17.9%,
and 54 ± 17.7% of the overall thickness, respectively.

We determined the reference percent positive cells by antibody and
zone using our mechanical controls (no mechanical treatments, only
resting in PBS for the equivalent time). In the superficial zone, the
control groups presented the following means ± standard deviations
(M±SD) for Ki67 (in percent positive cells: 20 ± 20, 40 ± 25, 64 ± 28,
41 ± 31), Sox9 (22 ± 23, 53 ± 24, 41 ± 24, 45 ± 28), and pEGFR (28 ± 20,
34 ± 19, 31 ± 12, 25 ± 17) for 2 h, 24 h, 48 h, and 72h respectively. In
the middle zone, the control groups presented the following M±SD for
Ki67 (27 ± 23, 46 ± 20, 52 ± 25, 46 ± 23), Sox9 (38 ± 30, 53 ± 19, 49 ± 17,
55±19), and pEGFR (54±26, 49±15, 54±14, 51±13) for 2 h, 24 h, 48 h,
and 72h respectively. In the deep zone, the control groups presented
the following M±SD for Ki67 (40 ± 22, 42 ± 14, 43 ± 21, 39 ± 22), Sox9
(41± 26, 41± 14, 46± 14, 53± 11), and pEGFR (56± 23, 52± 16, 51± 11,
44 ± 13) for 2 h, 24 h, 48 h, and 72h respectively. Comparing against
the control group, we found statistically significant differences in the
superficial zone — for the antibody Ki67 at 48 h (vs. Low, 𝑝 = 0.051),
for Sox9 at 48 h (vs. High, 𝑝 = 0.012), and for pEGFR at 2 h (vs. High,
𝑝 = 0.014); in the middle zone — for Sox9 at 48 h (vs. High, 𝑝 = 0.013)
and at 72 h (vs. Low, 𝑝 = 0.004; vs. High, 𝑝 = 0.011), and for pEGFR at
24 h (vs. Low, 𝑝 = 0.009), 48 h (vs. High, 𝑝 = 0.036), and 72h (vs. High,
𝑝 = 0.027); in the deep zone — for Sox9 at 24 h (vs. Low, 𝑝 = 0.021) and
at 72 h (vs. Low, 𝑝 = 0.041), and for pEGFR at 48h (vs. High, 𝑝 = 0.012).

With this context we present detailed comparisons between low-
and high-impact treatments, and look at the subtleties in this range
of interest (1.5–3.2mJ/mm3). We quantified immuno-labeling (Fig. 2;
Appendix A, Fig. 6) and differences between Low- and High-impact-
treatment groups (Table 1), and quantified the localization of each
4

antibody by through-thickness zone and time post impact.
3.1. Effects of low-energy impacts on Ki67 and cell proliferation

In the SZ we did not find significant differences in chondrocyte
proliferation between impact groups for any time point, as determined
by Ki67 labeling. In the MZ at 24 h we found significantly increased
(𝑝 = 0.0156) Ki67 labeling in the 1.5mJ/mm3 impact group. We also
found a significantly increased (𝑝 = 0.0312) Ki67 labeling in the DZ at
72 h in the 1.5mJ/mm3 impact group.

3.2. Effects of low-energy impacts on Sox9 and progenitor cell populations

In the SZ at two hours we found significantly increased (𝑝 = 0.0433)
labeling of Sox9 in the 3.2mJ/mm3 impact group compared to the
1.5mJ/mm3 impact group. We also found significant differences at 48 h
(𝑝 = 0.0029) and 72 h (𝑝 = 0.0223) post impact.

At 24 h labeling of Sox9 decreased in the 1.5mJ/mm3 impact group,
while this increased in the 3.2mJ/mm3 impact group. At 48 h we only
found marginally significantly increased (𝑝 = 0.0958) labeling of Sox9
in the DZ of the 3.2mJ/mm3 impact group. At 72 h we found that
this trend flipped such that we found increased labeling of Sox9 in the
1.5mJ/mm3 impact group compared to the 3.2mJ/mm3 impact group.

3.3. Effects of low-energy impacts on pEGFR and signaling pathways

In the SZ we found a greater (𝑝 = 0.0619) activation of pEGFR in
the 3.2mJ/mm3 impact group compared to the 1.5mJ/mm3 impact
group, but only at two hours post impact. At 24 h in the MZ we found
marginally greater (𝑝 = 0.0822) activation of pEGFR. We found no
difference in activation of pEGFR in the deep zone.

3.4. Linear regressions as predictors of cell labeling

We created linear regressions fitting the probability of percent
positive labeling with respect to our mechanical impacts for all sta-
tistically significant differences from Table 1. In Figs. 3, 4, and 5 we
summarize the linear regressions with 95% confidence intervals where
we found statistically significant differences (𝑝 < 0.05), and marginally
statistically significant differences (0.05 ≤ 𝑝 < 0.10) between the 1.5
and 3.2mJ/mm3 impact treatment groups.

The key differences among Figs. 3–5 are the total number of sta-
tistically significant linear regressions quantifying the relationships be-
tween the independent variable (engineering strain, first P–K stress, and
impact energy density) and the dependent variable (percent positive
Ki67, Sox9, and pEGFR cells). We found that several of the marginally
significant differences between the 1.5mJ/mm3 and 3.2mJ/mm3 im-
pact groups did not produce strong/significant linear regressions, see
Table 2.

We found that impact energy density was the most consistent pre-
dictor of percent positive cells, with nine strong correlations spanning
both multiple through-thickness zones and multiple time points post
impact. We found six and five strong correlations using engineering
strain or first P–K stress as the independent variable, respectively.

4. Discussion

In this study, we investigated the zone-specific cellular responses
to two different levels of low-energy impact applied to articular car-
tilage. Our assessments of the through-thickness zones based on the
morphology of chondrocytes in mature bovine cartilage generated re-
sults similar to those in human cartilage (Buckwalter et al., 1994;
Athanasiou et al., 2009). Previously, we found that low-energy im-
pacts induce micron-scale cracks in the network of collagen in ar-
ticular cartilage, particularly in the SZ (Kaleem et al., 2017). Matrix
repair and regulation after mechanical trauma depends on the chon-
drocytes (Aigner et al., 2007), however their ability to synthesize new

matrix and produce more cells is extremely limited (Mankin, 1982). At
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Fig. 2. Percent positive cells by through-thickness zone. We found significant differences between the 1.5mJ/mm3 and 3.2mJ/mm3 impact groups occurred in all zones, with
longitudinal differences in zonal activity. Longitudinal distributions of percent positive cell labeling for Ki67, Sox9, and pEGFR after both 1.5mJ/mm3 and 3.2mJ/mm3 impacts
within the (a) superficial zone (SZ), (b) middle zone (MZ), and (c) deep zone (DZ). Here * indicates differences with statistical significance (𝑝 < 0.05) and 𝑝-values indicate
differences with marginal statistical significance (0.05 < 𝑝 < 0.10).
least three factors may drive the cascade of degeneration that leads to
post-traumatic osteoarthritis: (1) a diminished ability of chondrocytes
to repair cartilage matrix (Aigner et al., 2007), (2) an increase in
joint fluid adumbrates chondrocytes’ repair efforts (Buckwalter et al.,
1994), and (3) an insufficient number of chondrogenic progenitor cells
present (Candela et al., 2014).

To test chondrocyte viability in our treatment conditions we tested
the immunolocalization of C3 protein, a sensitive indicator of apoptotic
cell death, in several preliminary test sections. We found negligible
positive cells, present only on the surface of both unloaded and loaded
explants after 72 h of in vitro culture (see Digital Appendix). Thus
we concluded that our low-energy impacts did not cause appreciable
cell death, consistent with the literature (where appreciable cell death
occurred at impact energies 3 − 10× greater (Duda et al., 2001; Martin
et al., 2009; Szczodry et al., 2009) and at first P–K stresses 6 − 800×
greater (Duda et al., 2001; Jeffrey et al., 1995; Ewers et al., 2001) than
those here).

We also aimed to determine whether measures of strain, stress,
or impact energy density could predict the cellular responses. Impact
loads may stimulate mechanotransduction in chondrocytes in native
cartilage, including changes in gene expression (Seol et al., 2012; No-
vakofski et al., 2015) and signaling patterns (Rosenzweig et al., 2012).
Chondrocytes encapsulated within tissue-engineered constructs present
similar effects under (dynamic) cyclic compression (Salinas et al., 2019;
Jeon et al., 2012, 2013). This study is the first to demonstrate al-
5

tered protein levels of intra-cellular Sox9 and activation of pEGFR in
chondrocytes following low-energy impact loading. We found this non-
injurious mechanical stimuli altered mechanotransductive responses
and that the specific responses depended on the level of load. We
used 1.5 and 2.5mJ/mm3 as non-injurious, low-energy impacts that
have ∼25% and ∼40% probability of microcracking the network of
collagen (Kaleem et al., 2017). These impact energy densities are also
below the threshold that induces cell death, which may be as low as
2 − 5mJ/mm3 (Duda et al., 2001). We identified ranges of mechanical
inputs for up-regulation of Sox9, a chondroprogenitor cell marker,
activating EGFR signaling (as indicated by pEGFR labeling), as well as
proliferation, as identified by Ki67. We also determined that impact
energy density was a better predictor of cell responses than measures
of strain or stress.

4.1. Effects of low-energy impacts on Ki67 and cell proliferation

We found that low-energy impacts stimulated proliferation by chon-
drocytes in articular cartilage at least 24 h post-impact. We found no
detectable difference in the amount of proliferation in the SZ. Rather,
the significant differences in cell proliferation between impact groups
occurred in the MZ, and marginally in the DZ. We found evidence that
thresholds may exist, seen as a shift from anabolic to catabolic activity
between 1.5 and 3.2mJ/mm3. This may suggest targets for controlled,
load-informed rehabilitation for post-traumatic OA.

However, Ki67 may not indicate cell division or an increase in cell
number. Rather, Ki67 is a proliferation marker that is expressed during

all active phases of the cell cycle (Scholzen and Gerdes, 2000), and may
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Fig. 3. Linear regressions for engineering strain. We found that engineering strain was not a consistent predictor of percent positive cell labeling, but better than first P–K stress.
ummary of linear regressions for engineering strain 𝜖 (with 95% confidence intervals) where we found statistically significant differences (𝑝 < 0.05) and marginally statistically
significant differences (0.05 ≤ 𝑝 < 0.10) between the 1.5mJ/mm3 and 3.2mJ/mm3 impact groups. We summarize the corresponding 𝑝-values, equations, and 𝑅2 values in Table 2.
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ot predict actual cell division. We did not find significant increases
n the total number of cells present in the tissue, thus low-energy
mpact loading may not cause a significant increase in the total number
f chondrocytes (at least for time courses up to 72 h after impact).
owever, we did not investigate cell viability and thus changes in total
ell count could be masked by flux in proliferating cells and necrotic
ells. Static compression (Ryan et al., 2009) and cyclic loading (He
t al., 2016) may have greater influences on cell proliferation and
ivision than the single impact loads used in our experiments.

.2. Effects of low-energy impacts on Sox9 and progenitor cell populations

Sox9 is an important transcription factor that serves as a master
egulator of cartilage formation and differentiation (Bi et al., 1999;
efebvre and Dvir-Ginzberg, 2017). It also maintains cartilage health
y further recruiting transcriptional co-activators, histone-modifying
nzymes, and other essential cellular subunits (Akiyama and Lefebvre,
011). Both chondroprogenitors (Shepard et al., 2013) and mature
adult) chondrocytes (Fitzgerald et al., 2004; Lee et al., 2005) express
he ‘‘master chondrogenic regulatory factor’’ Sox9 (Shepard et al.,
013) until hypertrophy (Lefebvre and Dvir-Ginzberg, 2017). Sox9 also
elps regulate osteogenic differentiation and loss of cartilage pheno-
ype, and both are catabolic activities (Liao et al., 2014). However,
oss of Sox9 in articular cartilage leads to upregulation of catabolic
nd degradative pathways and shuts down new matrix synthesis at the
ranscriptional level (Henry et al., 2012). Given the well-established
ey roles of Sox9, we interpret positive Sox9 labeling as indication of
6

hanges in chondrocyte potential and/or functions that align with the t
forementioned anabolic activities. Conversely, metabolically inactive
r hypertrophic chondrocytes cannot express Sox9 (Zhao et al., 1997).

.2.1. Temporal differences
Our results show that Sox9 labeling is highly sensitive to mechanical

oading, and perhaps increased impact energy density further stimu-
ates the master transcription factor Sox9. In the SZ we found increased
mpact energy density correlated with increased Sox9 labeling. Thus, if
catabolic threshold exists in the SZ it is beyond 3.2mJ/mm3.
No studies in the cartilage literature probe Sox9 with treatments

omparable to our mechanical impact model. Multiple studies confirm
ransient expressions of Sox9 under compression loading (Fitzgerald
t al., 2004), including after single 20–25 MPa injurious compressions
at least ten times greater than the maximum second P–K stresses in
ur experimental model) (Lee et al., 2005; McCulloch et al., 2014).
Chan2005a found 30MPa injurious compression repressed expression
f cell adhesion molecules three hours post-injury, which can influence
rocesses such as chondrogenic differentiation. However, we achieved
aximum loads in less than 20 ms with our custom drop tower while
hese studies applied loads over longer periods of time. Differences in
he duration of loading make direct comparisons among these experi-
ents difficult. Since we found increased Sox9 expression, it is likely
ur low-energy impact loads did not repress cell adhesion molecules.

.2.2. Zonal differences
In healthy human cartilage the percentage of Sox9 labeling in-

reases from the SZ to the DZ (Fukui et al., 2008). We found similar
3
rends at two hours in the 1.5mJ/mm post-impact group. Microcracks
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Fig. 4. Linear Regressions for first P–K stress. We found that first P–K stress was not a consistent predictor of percent positive cell labeling. Summary of linear regressions for
first P–K stress 𝑃 (with 95% confidence intervals) where we found statistically significant differences (𝑝 < 0.05) and marginally statistically significant differences (0.05 ≤ 𝑝 < 0.10)
etween the 1.5mJ/mm3 and 3.2mJ/mm3 impact groups. We summarize the corresponding 𝑝-values, equations, and 𝑅2 values in Table 2.
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nitiate in the SZ in the same range of impact energy densities used
n this study, and typically extend from the SZ into the MZ (Santos
t al., 2019). Immediately after impact, we saw significantly greater
Sox9 labeling in the SZ of the 3.2mJ/mm3 impact group, then a delayed
increase to Sox9 labeling parity by the 1.5mJ/mm3 impact group at
24 h post impact. After 24 h, we saw significantly greater Sox9 labeling
in the 3.2mJ/mm3 impact group in the SZ. At 3.2mJ/mm3 microcracks
initiate in the network of collagen with a 1.6× greater probability than
that at 1.5mJ/mm3 (Kaleem et al., 2017).

4.2.3. Chondroprogenitor activity
Due to its avascular nature cartilage may contain a large proportion

of chondroprogenitor cells that may be identified using Sox9 (Grogan
et al., 2009). Chondroprogenitors may be found in all three through-
thickness zones, but they concentrate primarily in the two most upper
zones (Grogan et al., 2009). Overall, we found greater percentages of
Sox9 labeling in the MZ than the others, but more significant increases
in Sox9 labeling in the SZ with increased impact energy density. This
may indicate progenitor cell migration from the MZ to the SZ as a result
of increased loading at the articular surface. Studies show regional
chondroprogenitors migrate towards the impact site after ∼70mJ/mm3

blunt impact (Seol et al., 2012) (> 45× our impact loads) and after
∼8mJ/mm3 (Riegger et al., 2018) (3 − 5× greater than our impact
loads). Additionally, chondroprogenitors may cluster at the articular
surface, highlighting their involvement in potential matrix remodeling
as a result of loading or damage (Grogan et al., 2009)
7

z

4.3. Effects of low-energy impacts on pEGFR and signaling pathways

EGFR is a tyrosine kinase receptor with multiple roles in devel-
opment, homeostasis, and disease (Scaltriti and Baselga, 2006). EGFR
signals regulate cartilage development and growth (Zhang et al., 2013),
and EGFR activation triggers both anabolic and catabolic tissue re-
sponses (Shepard et al., 2013; Jia et al., 2016; Bellini et al., 2017).
ence joint health likely requires a balance of EGFR signals for main-
enance. In healthy cartilage pEGFR labeling indicates activation of the
GFR signaling pathway (Shepard et al., 2013), and presents in all three
ones. In OA-like cartilage this antibody presents only in the SZ (Jia
t al., 2016). Our pEGFR labeling occurred in only the SZ and MZ,
hich may indicate the overall health of the tissue after loading.
We did not find simultaneous increases in both pEGFR and Ki67

abeling at the same timepoint and zone, except for at 24 h post-impact
n the MZ. Thus, under our loading conditions, EGFR activation (as
ndicated by pEGFR labeling) via impact loading did not mediate cell
roliferation. It is possible that inhibiting the EGFR signaling pathway
ay cause an increase in cell proliferation (He et al., 2016), though this
s beyond the scope of our study. Additionally, increases in Sox9, which
e saw at two hours post-impact in the SZ, may lead to changes in
ignaling pathway mediators (Lefebvre and Dvir-Ginzberg, 2017). This
as the only time point where we saw significant differences between
ur loading groups in Sox9 labeling and pEGFR labeling in the same

one.
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Fig. 5. Linear regressions for impact energy density. We found that impact energy density was the most consistent predictor of cell responses in proliferation, labeling, and pEGFR
ctivation compared against both engineering strain and first P–K stress. Summary of linear regressions for impact energy density 𝐸 (with 95% confidence intervals) where we
found statistically significant differences (𝑝 < 0.05) and marginally statistically significant differences (0.05 ≤ 𝑝 < 0.10) between the 1.5mJ/mm3 and 3.2mJ/mm3 impact groups.
We summarize the corresponding 𝑝-values, equations, and 𝑅2 values in Table 2.
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4.4. Linear regressions as predictors of cell labeling

Using linear regressions, we found impact energy density to be the
most consistent predictor of percent positive cell responses, having the
greatest number of statistically significant fits (nine) across all time
points. Measures of strain relate only to deformations while measures
of stress relate only to forces. Energy density, however, combines
measures of both deformation and force. This may be why engineering
strain and first P–K stress showed less predictive power than impact
energy density. Su et al. (2018) and Kaleem et al. (2017) also found
mpact energy density to be a significant predictor of articular cartilage
esponse, where Kaleem et al. (2017) found impact energy density
o predict the occurrence of microcracks in the network of collagen
ithin cartilage better than measures of strain or stress. These studies
oth quantified micro-mechanical damage to cartilage, not chondrocyte
esponses to loading. Some studies looked at genetic markers as predic-
ors of chondrogenic differentiation (Giovannini et al., 2010; Kanawa
t al., 2018), but none look at chondrocyte responses due to mechanical
oading, such as chondroprogenitor cell activity and EGFR signaling or
EGFR labeling.

.5. Limitations and outlook

Although we did not perform live/dead cell viability assays during
ur experiments, our preliminary results investigating C3 protein after
ow-energy impacts indicated negligible cell death. We assume our
8

c

xtraction method (using cylindrical punches to extract cylindrical
lugs) caused minor structural damage at the edges of the specimens.
hus we did not analyze images near to the vertical edges of the
pecimens. To determine through-thickness boundaries parallel to the
rticular surface for each zone during image analysis, we manually de-
ermined transitions based changes in cellular shape and arrangement.
e attempted to minimize human-bias by selecting boundaries in the
iddle of transition zones. We also experienced minor discrepancies
ith our immunohistochemical staining likely due to environmental
onditions and human factors. Finally, we recognize that our study
sed only two impact energy densities. Future studies could incorporate
dditional impact energy densities to better elucidate the relationship
etween impact energy density and percent positive cells.
Our study demonstrates that low-energy mechanical impacts (1.5–

.2 mJ/mm3) generally stimulate time-dependent anabolic responses
n the superficial zone of articular cartilage and catabolic responses
n the middle and deep zones. We also found that impact energy
ensity is the most consistent predictor of cell responses to low-energy
mpact loading. These spatial and temporal changes in chondrocyte
ehaviors result directly from low-energy mechanical impacts, reveal-
ng a new level of mechanotransductive sensitivity in chondrocytes
ot previously appreciated. Understanding subtle changes in chon-
rocyte behaviors under low-energy mechanical impacts may provide
1) better insight on the initiation of regeneration/degeneration in
artilage and (2) improved targets for the development of person-made
artilage substitutes, i.e. zonal tissue engineering. Finally, our data may
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Fig. 6. Percent positive cells by antibody. We found significant differences between the 1.5mJ/mm3 and 3.2mJ/mm3 impact groups occurred in all zones, with longitudinal
differences in zonal activity. Longitudinal distributions of percent positive cell labeling within the superficial zone (SZ), middle zone (MZ), and deep zone (DZ) after both
1.5mJ/mm3 and 3.2mJ/mm3 impacts for (a) Ki67, (b) Sox9, and (c) pEGFR. Here * indicates differences with statistical significance (𝑝 < 0.05) and 𝑝-values indicate differences
with marginal statistical significance (0.05 < 𝑝 < 0.10).
aid in developing and calibrating predictive computational models of
remodeling or damage in both cartilage and joints.
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Appendix A

In Fig. 6 we quantified immuno-labeling (the localization of each

antibody) by antibody and time post impact.



Journal of the Mechanical Behavior of Biomedical Materials 115 (2021) 104252S. Santos et al.

p
r
z
a
a

Table 2
Impact energy density (𝐸) and engineering strain (𝜖) are better predictors of percent
ositive cell labeling than first P–K stress (𝑃 ). Summary of equations for linear
egressions by antibody (Ki76, Sox9, and pEGFR), through-thickness zone (superficial
one (SZ), middle zone (MZ), and deep zone (DZ)), and time post impact (2, 24, 48,
nd 72 h). We indicate statistical significance (𝑝 < 0.05) with * and dark gray shading,
nd marginal statistical significance (0.05 ≤ 𝑝 < 0.10) with light gray shading.
Antibody Zone Time 𝑝 Equation 𝑅2

0.043* −0.604𝜖 + 0.716 0.243
0.150 – –24h
0.029* −0.121𝐸 + 0.710 0.279

0.054 −0.471𝜖 + 0.722 0.322
0.055 −0.160𝑃 + 0.685 0.320

MZ

72h
0.054 −0.093𝐸 + 0.700 0.322

0.062 −0.451𝜖 + 0.642 0.302
0.064 −0.152𝑃 + 0.605 0.303

Ki67

DZ 72h
0.042* −0.095𝐸 + 0.634 0.352

0.290 – –
0.143 – –2 h
0.055 0.116𝐸 + 0.009 0.256

0.040* 0.565𝜖 + 0.203 0.204
0.052 0.221𝑃 + 0.230 0.18448h
0.024* 0.119𝐸 + 0.201 0.240

0.108 – –
0.244 – –

SZ

72h
0.048* 0.097𝐸 + 0.232 0.337

0.105 – –
0.225 – –MZ 48h
0.106 – –

0.153 – –
0.277 – –48h
0.166 – –

0.016* −0.694𝜖 + 0.886 0.455
0.032* −0.217𝑃 + 0.808 0.384

Sox9

DZ

72h
0.040* −0.121𝐸 + 0.815 0.357

0.381 – –
0.409 – –SZ 2h
0.098 0.118𝐸 + 0.164 0.161

0.205 – –
0.245 – –24h
0.247 – –

0.049* −0.328𝜖 + 0.632 0.189
0.064 −0.123𝑃 + 0.615 0.169

pEGFR

MZ

48h
0.042* −0.065𝐸 + 0.626 0.200

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.jmbbm.2020.104252.
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