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Increasing numbers of people are living with osteoarthritis (OA) due to aging and obesity, creating an
urgent need for effective treatment and preventions. Two top risk factors for OA, age and obesity, are
associated with endoplasmic reticulum (ER) stress. The I-ERS mouse, an ER stressedriven model of
primary OA, was developed to study the role of ER stress in primary OA susceptibility. The I-ERS mouse
has the unique ability to induce ER stress in healthy adult articular chondrocytes and cartilage, driving
joint degeneration that mimics early primary OA. In this study, ER stresseinduced damage occurred
gradually and stimulated joint degeneration with OA characteristics including increased matrix met-
alloproteinase activity, inflammation, senescence, chondrocyte death, decreased proteoglycans,
autophagy block, and gait dysfunction. Consistent with human OA, intense exercise hastened and
increased the level of ER stresseinduced joint damage. Notably, loss of a critical ER stress response
protein (CHOP) largely ameliorated ER stressestimulated OA outcomes including preserving proteo-
glycan content, reducing inflammation, and relieving autophagy block. Resveratrol diminished ER stress
einduced joint degeneration by decreasing CHOP, TNFa, IL-1b, MMP-13, pS6, number of TUNEL-positive
chondrocytes, and senescence marker p16 INK4a. The finding, that a dietary supplement can prevent ER
stressedeinduced joint degeneration in mice, provides a preclinical foundation to potentially develop a
prevention strategy for those at high risk to develop OA. (Am J Pathol 2021, 191: 1624e1637; https://
doi.org/10.1016/j.ajpath.2021.05.016)
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Osteoarthritis (OA) is a common condition affecting 240
million people worldwide, significantly impacting quality of
life due to pain and functional limitations.1 Moreover, the
number of people living with OA is rising at an alarming
rate, primarily due to population aging and obesity.2e4

Although the understanding of mechanisms of secondary
and/or post-traumatic OA (PTOA) has increased due to
research from animal model studies, less progress has been
made in understanding primary and/or idiopathic OA.5 The
causes and risk factors of primary OA are heterogeneous
and complex, limiting the efforts to develop disease-
modifying osteoarthritis drugs. One promising therapeutic
target and important area of research is the association be-
tween ER stress in articular cartilage chondrocytes and
stigative Pathology. Published by Elsevier Inc
initiation of primary and/or idiopathic OA.6 Age-related
primary OA results from the accumulation of advanced
glycation end-products, which stimulate ER stress and/or
chondrocyte senescence.7 Injection of advanced glycation
end-products into mouse joints caused ER stress and
. All rights reserved.
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Resveratrol Prevents ER Stress OA
chondrocyte apoptosis, and led to degradation of articular
cartilage, whereas an inhibitor of advanced glycation end-
product formation was protective.8 ER stress in obesity is
triggered by the excessive demand for insulin, which drives
protein synthesis beyond the ER capacity, leading to an
increase in unfolded and misfolded protein.9 A recent study
showed that diet-induced obesity in mice leads to ER stress
and joint damage that was ameliorated by phenylbutyric
acid, an ER stress reduction drug.10 Taken together, these
findings show that the two most common primary OA risk
factors, age and obesity, both involve ER stress in the
initiation of joint destruction.

Disturbances of ER homoeostasis leads to activation of the
unfolded protein response, a protective mechanism involving
chaperone proteins to clear the accumulation of proteins in
the ERs and preserve cell viability.11e13 However, as chon-
drocytes age, the level of chaperones declines as does the
ability of chondrocytes to cope with ER stress.14 When
folding and degradation mechanisms fail to restore ER
homoeostasis, chronic ER stress develops and stimulates C/
EBP homologous protein (CHOP), a proapoptotic transcrip-
tion factor through the protein kinase R-like endoplasmic
reticulum kinase branch of the unfolded protein response.15,16

Studies have shown that the number of chondrocytes in OA
cartilage expressing CHOP positively correlates with the
level of cartilage degeneration and number of apoptotic
chondrocytes.17 Importantly, the loss of CHOP protects
against advanced glycation end-product ER stresseinduced
OA and surgically induced OA,8,18 indicating that CHOP
plays an important and/or central role in ER
stressestimulated joint degeneration. Suppressing ER stress
in chondrocytes with salubrinal decreased inflammation-
driven up-regulation of a critical degradative enzyme activ-
ity [matrix metalloproteinase 13 (MMP-13)] in an animal
model of OA.19 MMP-13 is at the top of an OA destruction
hierarchy in which articular cartilage is degraded leading to
ulceration and erosion of cartilage, and ultimately, synovi-
tis.20 These important findings suggest that ER stress
reduction should be targeted as an OA treatment and/or
prevention strategy. Although ER stress has been linked to
primary OA initiation, this information has not yet been
utilized to develop prevention and/or treatment strategies or
to define the point of reversible pathology in ER
stressestimulated joint degeneration. This information is
critical for moving from the bench to the bedside with an ER
stressetargeted disease-modifying osteoarthritis drug.

To address this translational knowledge gap, the inducible-
ER stress (I-ERS) mouse model was developed as an ER
stress-inducible OA model, using tetracycline-inducible
expression of a misfolded protein, mutant cartilage
oligomeric matrix protein (mutant-COMP).21 OA markers of
pathology (proteoglycan content, inflammation, degradative
enzyme MMP-13, blockage of autophagy, chondrocyte
death, chondrocyte senescence, and gait disturbances) were
examined in I-ERS þ doxycycline (DOX) articular cartilage.
A major advantage of this system is the capacity to turn on
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and off the expression of misfolded protein in adult I-ERS
mice. Using this model, ER stress was shown to be a key
underlying mechanism of OA joint damage, and resveratrol
ameliorated cartilage degeneration.

Materials and Methods

Generation of Bigenic Mice

The mice used in this study are designated I-ERS (inducible
ER stress) because they were used to study the induction of
ER stress in adult mice and its effect on articular cartilage.
As previously described, this bigenic inducible mouse line
was generated using two plasmids: cartilage oligomeric
matrix protein (pTRE-COMP) [human COMPþFLAG tag
coding sequence driven by the tetracycline responsive
element promoter (TRE)] and reverse tetracycline-
controlled transactivator (rtTA) coding sequence driven by
a type II collagen promoter (pTET-On-Col II ).21 These two
constructs together express mutant-COMP in cartilage mice
in the presence of DOX.21e23 Mice were PCR genotyped to
verify the presence of both transgenes.21 DOX was admin-
istered in drinking water (500 ng/mL) from 16 to 20 weeks
of age because it is less stressful than daily injection or
gavage feeding for a long period of time. Resveratrol (0.25
g/L) was administered through drinking water from 16 to 20
weeks of age (Reserveages Organics, Gainesville, FL).

DOX administered from birth to 4 weeks causes a
dwarfing phenotype, and with longer expression of mutant-
COMP, joint degeneration occurs (data not shown). By
contrast, I-ERS mice were not administered DOX during
skeletal growth (birth to 10 weeks), and the size of I-ERS
mice was comparable to controls. DOX was administered at
16 weeks after skeletal growth was complete to evaluate the
impact of ER stress on joint health in adult mice in the
absence of growth deficiency.

Housing and Husbandry

These studies were approved by the institutional animal care
and use committee of The University of Texas Health Sci-
ence Center at Houston. Mus musculus control C57BLy6
and bigenic I-ERS mice were housed with a maximum of
five animals per cage. Animals were housed in a 12:12 light/
dark cycle: lights on from 7 AM to 7 PM) at 21�C to 25�C,
and animals were euthanized with carbon dioxide.

Exercise Protocol

Mice were acclimated to the treadmill for 1 week before
exercise regimen began. Acclimation was performed as fol-
lows: day 1: run 17 cm per second for 5 minutes in three
sessions with 5-minute breaks in between; day 2: run for 10
minutes in three sessions with 5-minute breaks in
betweendfirst session run at 17 cm per second, second
session run at 17 cm per second increasing speed to 25 cm
1625
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per second, and third session run at 25 cm per second; day 3:
run for 20 minutes in two sessions with a 5-minute break in
betweendfirst session run at 17 cm per second for 10 mi-
nutes increasing speed to 25 cm per second for 10 minutes,
and second session run at 25 cm per second; day 4: run for 30
minutes in two sessions with a 5-minute break in
betweendfirst session run at 17 cm per second for 10 mi-
nutes, increasing speed to 25 cm per second, and second
session run at 35 cm per second; day 5: run for 1 hourdfirst
10 minutes run at 17 cm per second then increasing speed to
35 cm per second for the remainder of the time. Mice ran 5
days a week for total of 1 hour with speed increasing over a
30-minute period at a five degree incline. This intense ex-
ercise was designed to stimulate mechanical stress on the
joints. Running began with 10 minutes at 17 cm per second,
then speed was increased from 17 cm per second to 42 cm
per second over a 20-minute period, and a final 30 minutes of
running at 42 cm per second. The resting pad was equipped
with a shock grid that was disabled after 5 seconds, and the
Harvard Apparatus treadmill (model: LE-8710MTS; Harvard
Apparatus, Holliston, MA) recorded the time each mouse
spent running. Mice were exercised in the laboratory. At least
nine control and I-ERS mice underwent the exercise
protocol � DOX. All mice were moved to the lab at 8:00
AM, and running occurred between 9:00 AM and 12:30 PM.

OA Scoring

OA scoring was performed on 10 different sections divided
into quadrants (medial femoral condyle, medial tibial plateau,
lateral femoral condyle, lateral tibial plateau). Scores ranged
from 0 for normal cartilage to 6 for lesions reaching the
calcified cartilage for >75% of the quadrant width and may
be presented as a total score or each score listed individu-
ally.24 The traditional OARSI (Osteoarthritis Research So-
ciety International) scoring covers a wide range of OA
pathology, and in this study, OA scoring was modified to
optimize evaluation of early OA pathology. Here, four areas,
synovium, bone and/or cartilage, and tibial and femoral
articular cartilage, were scored from 0 to 3 on Safranin
Oestained sections. In this modified OA scoring system, a
score of 0 indicated normal or no damage; 1, mild damage; 2,
moderate damage; and 3, denotes severe damage. Synovitis,
bone and/or cartilage damage, and proteoglycan of tibia and
femur were scored individually, and all scores summed with
a maximal score of 12. Synovitis was defined as: mild, in-
crease in thickness of synovial lining and increase in stromal
area; moderate, increase in stromal density; or severe, sy-
novial lining is thickened with further increase of stromal
cellular density. Bone and/or cartilage damage was defined
as: normal, surface was smooth; mild, minor erosion of the
surface; moderate, presence of remodeling with minor
erosion; or severe, major erosion. Proteoglycans of the
articular cartilage of the tibia and femur was classified as
normal if staining was even through to the subchondral bone,
mild when staining was thinned, moderate with thinning of
1626
proteoglycan stained layer and absence of staining in some
areas, or severe if there was widespread loss of proteoglycan
staining. Ten mice per experimental group was used for each
time point to provide 80% to 90% power to detect a minimal
difference of 2 or 3 units. All scoring was performed blindly
(F.H.G.). Section depth, thickness, fixation, and decalcifica-
tion conditions were all identical for all limbs analyzed.
Kruskal-Wallis test was used to evaluate distribution of OA
scores across at six experiment groups with post hoc Dunn’s
test comparing I-ERS DOX run with all other groups.

Immunohistochemistry

Hind limbs from male I-ERS and C57BLy6 control mice
were collected, and articular cartilage was prepared and
analyzed as previously described.21 Briefly, the limbs were
identically fixed in 95% ethanol followed by decalcification
in Immunocal (StatLab, McKinney, TX) for 1 week, and
pepsin (1 mg/mL in 0.1 N HCl) was used for antigen retrieval
for immunostaining with human COMP (MA1-20221, 1:100;
Thermo Fisher Scientific, Waltham, MA), IL-1 (ab7632,
1:200; Abcam, Cambridge, UK), tumor necrosis factor a
(TNFa) (ab6671, 1:200; Abcam), PDI (SC-20132, 1:100;
Santa Cruz Biotechnology, Dallas, TX), p16 INK4a
(ab189034, 1:200; Abcam), pS6 (2215S rabbit polyclonal,
1:200; Cell Signaling Technology, Danvers, MA), MMP-13
(ab39012, 1:50; Abcam), or 10% w/v formalin for terminal
deoxynucleotidyl transferase-mediated dUTP nick-end la-
beling (TUNEL). Sections of the same thickness were incu-
bated with antibodies overnight at 4�C for immunostaining,
and species-specific secondary antibodies were incubated
with sections for 50 minutes. Coverslips were mounted with
ProLong Gold anti-fade reagent (Molecular Probes, Eugene,
OR). For proteoglycan stains, samples were deparaffinized
and hydrated in distilled water, and then stained with
Safranin O (477-73-6; Spectrum Chemical, New Brunswick,
NJ) or Alcian blue 8GX (A-3157; Sigma Aldrich, St. Louis,
MO) according to the manufacturer’s protocol. Immuno-
staining was performed on 10 mice in each group.

MMP Imaging

Mice were treated with depilatory cream to remove hair
prior to imaging. MMP sense 680 reagent was injected in
the tail vein, and animals were imaged 24 hours later per
manufacturer’s instructions with an uninjected control and
imaged on an IVIS Spectrum In Vivo Imaging System
(PerkinElmer, Waltham, MA) according to the manufac-
turer’s protocol. MMPsense signal was assessed blindly
(J.W.) by positioning a circle of a standard size around the
knee (in all samples), and radiance efficiency was generated
from IVIS Living Image software version 4.2 (Caliper Live
Sciences, Waltham, MA). Five mice were included per
group, which had the power to detect a difference of 30% or
greater. U-test was used to evaluate MMP activity in control
and I-ERS mice. Mice were imaged between 4 and 6 PM.
ajp.amjpathol.org - The American Journal of Pathology
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TUNEL Quantification

The number of TUNEL-positive chondrocytes was compared
with the total number of growth plate chondrocytes (DAPI,
nuclei stain) to calculate the percentage of TUNEL-positive
chondrocytes using ImageJ software version 1.5aj8 (NIH,
Bethesda, MD; https://imagej.nih.gov/ij). Three articular
cartilage sections from each mouse were counted from 10
mice. Differences due to treadmill exercise and age were
assessed by analysis of variance, and post hoc two-way
comparisons were analyzed by Tukey tests.

Gait Analysis

Gait was analyzed using a DigiGait treadmill system
(Mouse Specifics Inc., Boston, MA) following the protocol
described for collagen-induced OA.25 Previously, it has
been shown that running during gait analysis was necessary
to uncover subtle changes in ambulatory function that are
associated with OA.26 Briefly, video camera images of mice
running through a transparent belt were captured and
analyzed. At least 3 seconds of uphill 15-degree running
continuous strides were used to calculate and measure gait
parameters with DigiGait software version 12. Mice were
run for 25 cm per second, and seven parameters for gait
analysis including ataxia coefficient, brake stride percent-
age, brake stance percentage, hind limb shared stance time,
propel stance percentage, swing duration covariance, and
stride length variance were measured. Gait analysis was
performed in the animal behavioral testing room, and as-
sessments were performed by software, so blinding was not
used.

DigiGait recommended three mice per group to measure
ethanol-induced ataxia or running speed (Mouse Specifics
Inc., https://mousespecifics.com/digitgait-protocols, last
accessed February 22, 2021). Based on this information,
five mice per group were analyzed because OA gait
dysfunction causes more subtle changes compared with
ethanol-induced ataxia. Analysis of variance was per-
formed followed by pairwise comparisons with Kruskal-
Wallis and post hoc Dunn’s analysis. All mice were
moved to the behavior room at 8:00 AM, and DigiGait
analysis occurred between 9:00 AM and 12:30 PM.

Results

Mutant-COMP Is Retained in the ER and Stimulates ER
Stress in Adult Articular Chondrocytes

Previous studies demonstrated that misfolded-COMP accu-
mulated in the ER of growth plate chondrocytes, stimulating
increased CHOP expression, indicating that misfolded-COMP
generates ER stress.21e23,27 To determine whether ER stress in
adult articular chondrocytes can generate OA-like joint
degeneration in healthy articular cartilage, misfolded-COMP
was induced in 16-weekeold mice, and joints were
The American Journal of Pathology - ajp.amjpathol.org
evaluated at 20 weeks. Misfolded-COMP, expressed in
response to DOX was retained in the ER (Figure 1) of adult
articular I-ERS chondrocytes, whereas none was detected in
control C57BL/6 articular chondrocytes (Figure 1). ER
retention of misfolded-COMP in I-ERS articular chondrocytes
stimulated an increase in CHOP (Figure 1L), phosphorylated-
eIF2a (Supplemental Figure S1, C and D), and activating
transcription factor 4 (data not shown). Moreover, glucose-
regulated protein 78/binding immunoglobulin protein was
slightly elevated in I-ERS mice with DOX from 16 to 20
weeks, whereas glucose-regulated protein of 94 kDa was un-
changed (data not shown). Collectively, this indicated that ER
stress is induced in adult articular chondrocytes similar to that
previously reported in juvenile growth plate chondrocytes as a
result of misfolded-protein.22

Importantly, there was no detectable misfolded-COMP in
the extracellular matrix of articular cartilage of I-ERS mice
(Figure 1), and the abundance of type II collagen was not
perturbed (data not shown), indicating that the type II
collagen extracellular matrix (articular cartilage) was not
compromised by the presence of misfolded protein. Type IX
collagen and matrilin 3 were reduced in the I-ERS articular
cartilage with 4 weeks of mutant-COMP expression, and
this may impact degeneration (data not shown).

Markers of Primary OA Are Present in ER
StresseInduced Adult I-ERS Articular Cartilage

Next, joint health of I-ERS mice after 4 weeks of ER stress
induction was evaluated to establish whether ER stress
produced joint destruction similar to OA damage. The loss
of proteoglycans in the articular cartilage of I-ERS mice was
first evaluated because this early-stage pathological change
precedes thinning of articular cartilage.28e32 Proteoglycans
in the articular cartilage of I-ERS mice at 16 and 20 weeks
was assessed using Safranin O (Figure 2) and Alcian blue
(Supplemental Figure S2) staining. In the absence of DOX,
the I-ERS articular cartilage was comparable to the control
(Figure 2, A, B, E, and F, and Supplemental Figure S2, A
and C). ER stress from 16 to 20 weeks in adult I-ERS mice
resulted in a loss of proteoglycans at the articular surface
(Figure 2, C and G, and Supplemental Figure S2, B and D).
Four weeks of mechanical stress (intense running) in addi-
tion to ER stress caused a dramatic decrease in pro-
teoglycans in the I-ERS femoral and tibial articular
cartilages (Figure 2, D, G, and H). Moreover, dramatic loss
of proteoglycans in the transitional and deep zone of artic-
ular cartilage with ER stress and strenuous treadmill running
in I-ERS mice was observed (Figure 2H).

MMP activity, a marker for OA degenerative processes,
was evaluated using an MMP substrate that fluoresces when
cleaved by either MMP-2, -3, -6, or -13. MMP activity was
significantly higher in I-ERS mice with DOX from 16 to 20
weeks of age (P < 0.00005) (median, 1.3 � 108, range,
4.6 � 107 to 9.5 � 108) compared with controls (median,
4.2 � 107, range, 6.8 � 106 to 5.7 � 107) (Figure 3B). The
1627
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Figure 1 Human mutant-COMP is retained in endoplasmic reticulum (ER) of I-ERS murine articular chondrocytes and stimulates CHOP expression. Control (AeC,
G) and I-ERS (DeF, H) tibial articular cartilage was immunostained using human COMP-specific antibodies (16 and 20 weeks) or CHOP (IeN, 16 and 20 weeks).
Mutant-COMP was not expressed in control articular chondrocytes (AeC, G), minimal signal was present in I-ERS mice in the absence of doxycycline (DOX) (D and E),
but was expressed and retained in ER of articular chondrocytes of I-ERS mice administered DOX (F and H). Low magnification image of C is shown in G, and F is shown
in H. CHOP signal was not observed at 16 or 20 weeks in controls or at 16 or 20 weeks in I-ERS mice in the absence of DOX (IeM). CHOP was present in articular
chondrocytes of I-ERS in the presence of DOX, which correlates with the presence of ER accumulation of mutant-COMP (N). DOX treatment was from 16 to 20 weeks.
Scale bars Z 100 mm (AeN).
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intensity of the signal indicated higher MMP activity with
representative images of both control and I-ERS þ DOX
(Figure 3A). Consistent with elevated MMP activity, MMP-
13 immunostaining was higher in I-ERS mice with DOX �
exercise compared with control or I-ERS without DOX
(Figure 3, CeJ). In addition to higher levels of MMP, ER
Figure 2 Proteoglycans are less abundant in I-ERS mice treated with doxycycl
and I-ERS tibias collected at 20 weeks in the presence and absence of DOX and exe
was observed in all control articular cartilage (EeH). The proteoglycan layer in I-
mice with DOX (C) and exercise (D). Treadmill exercise (RUN) was from 16 to 20

1628
stress increased TNFa and IL-1, markers of inflammation,
in I-ERS mice with DOX � exercise compared with con-
trols and I-ERS mice without DOX (Figure 3, KeZ). These
findings demonstrate that both OA-associated cytokines and
MMP activity were elevated in I-ERS articular chondrocytes
with the induction of ER stress.
ine (DOX) from 16 to 20 weeks and exercised. Safranin O staining of control
rcise regimen from 16 to 20 weeks. An abundant and rich proteoglycan layer
ERS mice without DOX was normal (A and B), but diminished, in the I-ERS
weeks. Scale bars Z 500 mm (AeH).
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Autophagy recycling of cellular components is essential to
maintain chondrocyte metabolism and cellular health and
importantly, autophagy is repressed in OA.33 mTORC1 regu-
lates synthesis of cellular components and autophagy.34 To
evaluate whether autophagy was blocked in the I-ERS articular
chondrocytes, mTORC1 activity was evaluated through phos-
phorylated S6 ribosomal protein (pS6), a readout for mTORC1
activity.35 Autophagywas suppressed (high levels of mTORC1
signaling, pS6) in I-ERS mice þ DOX (Figure 3, XeHH)
compared with controls. This finding is consistent with auto-
phagy repression previously demonstrated in human OA.33

OA is associated with high levels of articular chondrocyte
death and increased chondrocyte senescence that impairs
cellular function.36 At 16 weeks, the percentage of TUNEL-
positive articular chondrocytes was equivalent between con-
trol and I-ERS mice without DOX (median, I-ERS 6.7%,
control 5.6%) (data not shown). At 20weeks, in the absence of
DOX,TUNEL-positive chondrocyteswere slightly elevated in
I-ERS mice compared with controls (median, I-ERS 11.2%,
control 5.2%; P � 0.05) (Figure 4). A very small amount of
mutant-COMPmay be synthesized in the absence of DOX and
may account for the slightly higher percentage of TUNEL-
positive articular chondrocytes in 20-weekeold mice
compared with controls (Supplemental Table S1). However,
Safranin O staining of I-ERS mice at 9 months (no DOX)
showed that articular cartilage proteoglycan content was not
appreciably different from controls, suggesting that I-ERS
micewere not substantiallymore prone to joint degeneration in
the absence of ER stress than control mice (data not shown).

Importantly, the increase in the percentage of TUNEL-
positive chondrocytes in I-ERS mice with DOX was
dramatically different than controls (8% control þ DOX;
31% I-ERS þ DOX). If the contribution of I-ERS genotype
(6%) is removed, the percentage of TUNEL-positive chon-
drocytes in I-ERS mice with DOX was still threefold higher
than controls (31% to 6% Z 25% divided by 8%
control Z 3.125-fold) indicating that I-ERS mice had sub-
stantially increased articular chondrocyte death (Figure 4)
(P � 0.0005). OA initiation and progression is linked to
articular chondrocyte death that is driven by cellular
stresses29,37e40 including oxidative, ER stress, and TNFa and
IL-1b inflammatory processes.41 In the I-ERS mice (þDOX),
higher levels of articular chondrocyte death occurred along
with TNFa/IL-1b inflammation and ER stress, suggesting
these processes are associated with articular chondrocyte
death in the I-ERS mice. Interestingly, senescence marker
levels (p16 INK4a) were elevated only in I-ERS mice on
DOX and exercise (Figure 4), suggesting that mechanical
stress along with the presence of ER stress increases joint
damage, resulting in faster progression of OA.

Strenuous Exercise Exacerbates OA, Causing Abnormal
Gait and Pain in I-ERS Mice

The OARSI semiquantitative scoring system was modified
to evaluate the level of knee joint damage in I-ERS mice
The American Journal of Pathology - ajp.amjpathol.org
(Materials and Methods). Synovitis, bone and/or cartilage
damage, and proteoglycan content of the tibia and femur
was scored.24 Intense mechanical stress from treadmill
running increased the OA score in the I-ERS þ DOX
above all other experimental groups (median score, 5.5;
P � 0.0058) (Figure 5). Supplemental Table S2 shows that
the increased OA score in the I-ERS (þDOX and stren-
uous exercise) was from significantly less proteoglycan in
the articular cartilage of the femur, more bone and/or
cartilage damage, and greater synovitis. This increase in
OA score with strenuous exercise occurred even though
the I-ERS þ DOX ran approximately half that of the
control time. C57BLy6 control mice without DOX ran
the longest with an average of 45 minutes, and the I-ERS
with DOX ran the least, with an average of 25 minutes,
despite shock applied from the resting pad (data not
shown). Intense exercise clearly exacerbated the ER stress
joint damage in I-ERS mice, while having very little
impact on control mice (Figures 2, 3, 4, and 5), indicating
that I-ERS mice were more susceptible to intense me-
chanical stress, which is an OA risk factor. ER stress alone
for 4 weeks in I-ERS mice did not generate extensive
structural damage as shown by the OA score of 2.5
(Figure 5). However, ER stress reduced proteoglycan
content and increased inflammation, both signs of early
stage OA (Figures 2 and 3).

Joint pain is a hallmark of OA. Although structural
changes in the joints lead to gait dysfunction and joint
pain,42 the degree of joint damage is not necessarily asso-
ciated with the level of pain. This was demonstrated in a
study that showed knee pain from OA or experimentally
imposed pain in absence of joint damage alters gait, indi-
cating that pain itself modifies gait.37,43 To assess joint pain
in I-ERS mice during ambulation, changes in gait were used
as a proxy for joint pain. Gait was analyzed using the
DigiGait system (Mouse Specifics) to uncover subtle
changes in ambulatory function typically found in OA.
Sixteen gait parameters were analyzed, with ataxia coeffi-
cient and shared hind limb stance time significantly
changed. Ataxia coefficient was increased in I-ERS mice þ
DOX � treadmill exercise, indicating an irregular gait was
associated with ER stresseinduced joint damage (data not
shown; I-ERS þ DOX � run Z 0.46, control þ DOX �
run Z 0.31; P � 0.05; and I-ERS þ DOX þ run Z 0.55
and control þ DOX þ run Z 0.3; P � 0.05). Strenuous
exercise in combination with ER stress increased hind limb
shared stance time in the I-ERS mice (data not shown; hind
limb shared stance time I-ERS þ DOX þ run Z 0.0825
seconds; control þ DOX þ run Z 0.065 seconds;
P � 0.05). Hind limb shared stance time is the amount of
time that both limbs are in contact with the surface. Shared
stance time increases with joint pain because distribution of
body weight over both limbs reduces pain.26 These mea-
sures of gait disturbance suggest that ER stresseinduced
joint damage in the presence of intense exercise exacer-
bates joint pain.
1629
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Figure 3 Cartilage degeneration markers, inflam-
matory proteins, and mTORC1 signaling are elevated in
I-ERS mice treated with doxycycline (DOX) from 16 to
20 weeks. Control and I-ERS mice were administered
DOX from 16 to 20 weeks and subjected to MMPsense
680 imaging of the hind limbs at 20 weeks (A and B)
to assess MMP-2, -3, -9, and -13 activity in vivo or
MMP-13 immunostaining (CeJ). Total radiance
efficiency is plotted in B, with examples of control and
I-ERS þ DOX hind limbs shown in A. A significant
difference between control and I-ERS MMP activity was
detected. Control radiant efficiency median was
42.07 � 106 (range, 6.79 � 106 to 57.05 � 106)
compared with I-ERS 131.45 � 106 (range,
45.62 � 106 to 953.00 � 106). Control and I-ERS tibial
articular cartilage, immunostained with MMP-13 at 16
weeks prior to treatment and at 20 weeks with
DOX � exercised (CeJ). I-ERS mice with DOX or DOX
and exercise increases the level of MMP-13 observed in
articular chondrocytes (E and F), whereas I-ERS
without DOX and controls show low levels of MMP-13
signal (C, D, GeJ). Control and I-ERS tibial articular
cartilage was immunostained with TNFa (KeR), IL-1b
(SeZ), and pS6 (AAeHH) at 16 weeks prior to DOX
treatment and at 20 weeks with DOX � exercise. The
levels of proinflammatory cytokines TNFa and IL-1b
and pS6 were increased in DOX-treated I-ERS mice (M,
U, CC) and in those treated with DOX and subjected to
exercise (N, V, DD). TNFa, IL-1b, and pS6 immuno-
staining in control murine articular cartilage was
minimal or absent (OeR, WeZ, EEeHH). Treadmill
exercise (RUN) was from 16 to 20 weeks. Dotted line
marks the margin of articular cartilage, and asterisks
mark areas of immunosignal. ****P < 0.00005
(U-test). Scale bars: 100 mm (CeHH).

Hecht et al
Absence of CHOP Reduces OA in I-ERS Mice

Loss of CHOP is protective in the DMM (destabilization of the
medial meniscus) surgically induced OA mouse model.18

Because CHOP is an essential molecule for ER stress
signaling, I-ERS/CHOPenull (I-ERS/CHOP�/�) mice were
1630
analyzed for the presence of OA markers. ER stress induction
in I-ERS/CHOP�/� (þDOX) mice resulted in more proteo-
glycan in the articular cartilage (Safranin O) (Figure 6) than in
the I-ERS mice (þDOX). Intracellular mutant-COMP accu-
mulated in the I-ERS articular chondrocytes, but not in those of
I-ERS/CHOP�/� mice (Figure 6, A and B). In the absence of
ajp.amjpathol.org - The American Journal of Pathology
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Figure 4 Inducing endoplasmic reticulum (ER)
stress in the I-ERS mice results in an increase in
TUNEL-positive chondrocytes and p16 INK4a
senescence marker in articular cartilage. A: Sec-
tions from the hind limb articular cartilage of at
least 10 animals per group were stained with
TUNEL and DAPI. The number of TUNEL-positive
articular chondrocytes was divided by the total
number of chondrocytes to calculate the average
percentage of TUNEL-positive chondrocytes for
each group. Only the I-ERS mice show significantly
increased TUNEL-positive chondrocytes in the
articular cartilage from the knee joint. The differ-
ences in percentage of TUNEL-positive chon-
drocytes were statistically significant between I-
ERS and control mice while accounting for doxy-
cycline (DOX), mechanical stress from running, and
age of the mice (analysis of variance
P < 0.00005). Significant effects of the mutation
and an interaction between I-ERS and DOX was
identified by four-way analysis of variance model
(P Z 0.0021). Age of the mice or running did not
significantly influence the percentage of TUNEL-
positive chondrocytes. A significant difference in
the distribution of the percentage TUNEL-positive
chondrocytes was identified (P Z 0.0001). Sig-
nificant differences in percentage of TUNEL-
positive chondrocytes are shown here. Additional
information is available in Supplemental Table S1.
BeI: Control and I-ERS tibial articular cartilage
were immunostained with p16 INK4a at 16 weeks
prior to DOX treatment and at 20 weeks with �DOX
and þDOX � exercise. The level of p16 INK4a was
increased in I-ERS mice with DOX and intense ex-
ercise (E). DOX treatment was from 16 to 20 weeks,
and treadmill exercise (RUN) was from 16 to 20
weeks. Dashed lines mark the margin of articular
cartilage, and asterisks mark areas of specific
immunosignal. Data are expressed as means � SD.
*P < 0.05, ***P < 0.0005 (post hoc Dunn test).
Scale bars Z 100 mm (BeI).

Resveratrol Prevents ER Stress OA
CHOP, misfolded protein does not accumulate because auto-
phagy clears the protein as it is synthesized (Figure 6, B and J),
thereby alleviating ER stress. This leads to decreased TNFa
and IL-1b (Figure 6, F andH) preserving chondrocyte function
and increasing proteoglycans (Figure 6D) in the articular
cartilage of I-ERS/CHOP�/� mice. These findings establish
that articular cartilage OA outcomes in the I-ERS mice result
from ER stress mediated through CHOP, as a result of the
accumulation of misfolded protein.

Resveratrol Prevents OA Pathology in I-ERS Mice

Resveratrol was first described as an antioxidant but more
recently has been recognized for its anti-inflammatory
properties reducing multiple proinflammatory cytokines
and chemokines including TNFa, TNFb, IL-1b, IL-6, IL-8,
IL-17, and COX.44 Resveratrol treatment reduces ER
stress in a variety of conditions including
The American Journal of Pathology - ajp.amjpathol.org
pseudoachondroplasia, polycystic ovary disease, brain
injury, diabetic nephropathy, Parkinson disease, and chronic
obstructive pulmonary disease.45e50 Based on these studies,
resveratrol treatment was tested to determine whether it
could prevent and/or reduce joint degeneration in I-ERS
mice. Resveratrol treatment in I-ERS þ DOX mice
dramatically reduced markers of degeneration and ER stress
(CHOP) (Figure 7, DeF) associated with mutant-COMP
retention (Figure. 7, AeC). Resveratrol prevented inflam-
mation (TNFa and IL-1b) (Figure 7, GeL), which stimu-
lates MMP-13 expression in chondrocytes51 and thus
decreased MMP-13 in I-ERS articular cartilage (Figure 7,
MeO). Resveratrol directly promoted autophagy by inhib-
iting mTORC1 activity,52 and consistent with this function,
resveratrol reduced the autophagy block (pS6) (Figure 7,
PeR) in the I-ERS articular cartilage chondrocytes. The
reduction of chondrocyte stress decreased chondrocyte
death (TUNEL) (Figure 7, SeU) and senescence (p16
1631
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Figure 5 Articular cartilage damage is higher and gait irregular with
doxycycline (DOX) and exercise. Tibial and femoral articular cartilage,
synovium, and bone and/or cartilage were each scored from 0 to 3 using a
maximal total score of 12. Individual osteoarthritis (OA) scores were
plotted, and median and first and fourth quartiles are indicated by bars. OA
score of I-ERS mice in the presence of DOX and exercise (RUN) was higher
than all other groups. Details of the score in each group is shown in
Supplemental Table S2. A significant difference in the distribution of the
OA scores across the six experimental group was identified (Kruskal-Wallis
test P Z 0.0137). The mutant DOX run group is the only one that was
different from all the other groups (post hoc Dunn test P < 0.0058). Gait
was evaluated on 3 seconds of continuous strides running at 25 cm per
second at five degrees uphill in control and I-ERS mice at 20
weeks � DOX � exercise. Ataxia coefficient, brake stride percentage, brake
stance percentage, hind limb shared stance time, propel stance percentage,
swing duration covariance, and stride length variance were evaluated.
Endoplasmic reticulum (ER) stress in I-ERS mice increased ataxia coeffi-
cient, and ER stress and exercise increased hind limb shared stance time.
DOX treatment was from 16 to 20 weeks, and treadmill exercise (RUN) was
from 16 to 20 weeks. ***P < 0.005 I-ERS þ DOX þ RUN versus all other
groups. OARSI, Osteoarthritis Research Society International.

Hecht et al
INK4a) (Figure 7, VeX) in I-ERS mice. ER stress,
inflammation, degradative enzyme MMP-13, chondrocyte
death, and senescence in articular cartilage were normalized
with resveratrol treatment.
Discussion

The results of this study demonstrate that ER stress in adult
articular chondrocytes leads to OA pathologic susceptibility
and establishes the I-ERS mouse as a model of ER stress-
induced primary OA. Although ER stress (no intense exer-
cise) for 4 weeks induced joint degeneration consistent with
early primary OA, one limitation is the lack of information
about the effect of longer periods of ER stress, although we
anticipate that it will stimulate cartilage and/or bone damage.
The induction of ER stress, targeted to articular chondrocytes
of adult mice for 4 weeks, was sufficient to stimulate markers
of joint degeneration consistent with the development of
early-stage primary OA. The decrease in murine I-ERS
articular cartilage proteoglycan levels, increased presence of
MMPs, OA-associated inflammatory markers, and articular
chondrocyte death, are direct evidence of OA in the I-ERS
mouse. The findings that ER stress induced an OA-like joint
destruction are consistent with recent work demonstrating
that high-fat dieteinduced OA in mice was driven directly by
1632
ER stress, and not solely by mechanical forces from the
excess weight.10 Importantly, ER stresseinduced joint
degeneration was prevented by oral resveratrol treatment that
reduced ER stress, inflammation, MMP13, senescence, and
reactivation of autophagy (Figure 6). This significant
outcome extends the findings of prior studies showing that
resveratrol prevents OA caused by a high-fat diet.53e55

Resveratrol is a promising preventative approach; however,
because there are no current diagnostic methods to precisely
identify individuals who will develop primary OA prior to
the onset of obvious symptoms, a treatment that can reverse
joint damage is needed.
Resveratrol, in two clinical trials, decreased pain with

age-related osteoarthritis and improved menopause-related
quality of life in women when administered for either 14
weeks or 24 months.56,57 Two other trials showed that
resveratrol, added to meloxicam therapy for knee OA,
decreased pain more than meloxicam alone.58,59 These
encouraging clinical trials need to be expanded to evaluate
joint health before and after resveratrol administration to
assess whether resveratrol can halt and/or heal joint damage.
Moreover, studies in OA model systems collectively show
that resveratrol prevents and/or delays onset and/or pro-
gression and pain by reducing inflammation (TNF-a, IL-1b,
IL-6, and IL-18), oxidative stress, degradative enzymes
(including, but not limited to, MMP-13), chondrocyte
apoptosis, and by promoting autophagy in
chondrocytes.53e55,60e71 Despite these promising outcomes,
progress toward clinical translation has been slow.
Supplement-related research suffers from the lack of product
standardization that is required for drugs and has been a
major roadblock. Nevertheless, this promising research has
the potential to provide a safe, effective, and economic
OA therapeutic that could provide relief or millions of
individuals suffering from OA.
The results of these studies in the I-ERS/CHOP�/� mice

demonstrate that CHOP is an essential player in ER stress
signaling and the downstream pathology including inflam-
mation, oxidative stress, and autophagy block (Figure 6, F,
H, and J, and Figure 1, C, D, I, and L).72 Importantly,
inflammation, oxidative stress, and autophagy block have all
been identified in OA cartilage.73,74 MMP-13, TNFa, IL-1b,
and senescence marker (p16 INK4a) were primarily restricted
to the superficial zone of the articular cartilage of I-ERS with
ER stress, whereas pS6, which indicates block of autophagy,
was in the intermediate zone (Figures 3 and 4). The impli-
cations for joint degeneration associated with these zonal
differences are not clear. The chondrocytes in the superficial
zone may have higher levels of inflammatory markers due to
exposure to cytokines in the adjacent synovial fluid. The
diminished levels of proteoglycans in the intermediate and
deep layers may correlate with compromised matrix synthesis
with the onset of ER stress. Mutant-COMP was not detect-
able in the I-ERS murine articular cartilage extracellular
matrix, and type II collagen was not altered (data not shown).
However, unlike established OA murine models, matrilin 3
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 6 Loss of CHOP dampens markers of osteoarthritis (OA) pa-
thology. I-ERS and I-ERS/CHOP�/� tibial articular cartilage were immu-
nostained with mutant human COMP, Safranin O, TNFa, IL-1b, or
phosphoS6 (pS6) at 20 weeks with doxycycline (DOX). Proteoglycan levels
were higher in articular cartilage of I-ERS/CHOP�/� compared with I-ERS (D
compared with C). The level of intracellular mutant-COMP, TNFa, IL-1b, and
pS6 were increased in DOX-treated I-ERS mice (A, E, G, I) compared with I-
ERS/CHOP�/� (B, F, H, J). DOX treatment was from 16 to 20 weeks. Dashed
lines mark the margin of articular cartilage. Scale bars: 100 mm (AeJ).

Resveratrol Prevents ER Stress OA
and type IX collagen were less abundant in the articular
cartilage of I-ERS mice and may enhance the pathologic
process (data not shown). Loss of CHOP in the I-ERS/
CHOP�/� mice largely ameliorated the joint destruction
despite the continued expression of mutant COMP, demon-
strating that the pathology was driven by ER stress signaling
The American Journal of Pathology - ajp.amjpathol.org
through CHOP and not the presence of misfolded protein
(Figure 6). This work establishes that ER stress from the
accumulation of a mutant protein drives joint degeneration in
adult I-ERS mice.

Repetitive mechanical stress is a risk factor for devel-
oping OA in humans.75 These studies show that strenuous
exercise exacerbated ER stresseinduced joint degeneration
(Figures 2, 3, 4, and 5), similar to that reported in another
murine study.75 The combination of strenuous exercise and
ER stress generated structural damage, with an OA score of
5.5 that was significantly higher than the ER stress alone
OA score of 2.5 (P � 0.0058). Proteoglycans were more
abundant in the superficial zone compared with the transi-
tional and deep zones of the articular cartilage in I-ERS þ
DOX and mechanical stress.

Running in this study was used as one proxy for pain. The
I-ERS mice ran only 55% as much as controls, despite
experiencing shock on the rest pad, which should stimulate the
mouse to run. Interestingly, although I-ERS mice ran less than
controls, mechanical stress substantially increased joint
destruction, indicating that ER-stressed articular cartilage was
more vulnerable to strenuous mechanical forces. Importantly,
gait disturbances, also a proxy for pain, were observed with
joint degeneration induced in the ER stress alone and ER stress
with strenuous exercise groups. Irregular gait (increased ataxia
coefficient) was found in the I-ERS mice (with ER stress and
� intense exercise) and is consistent with a shuffling gait re-
ported in mice with OA.76 Moreover, ER and mechanical
stress in I-ERS mice increased hind limb shared stance time
(the amount of time that both hind limbs are on the treadmill
belt simultaneously) suggesting the presence of hind limb pain
associated with ambulation (Results). This finding is consistent
with a study in rodents showing bilateral joint injuries corre-
lated with increased limb shared stance time.26 Moreover, I-
ERS gait results are similar to those reported for hip and knee
OA in humans77 and with OA-like gait changes found with
experimentally imposed pain in healthy human volunteers.43

The I-ERS mouse provides a noninvasive model system
of primary OA to study the mechanisms and/or factors
involved in the establishment, propagation, and late stages
of OA diseases and as such has several advantages over
other OA models. Three genetically predisposed mouse
models, STR/ort, C57BL/6, and Del1, are used most
frequently to study primary OA, and each has strengths and
weaknesses. STR/ort mice are more susceptible to prema-
ture aging and PTOA due to increases in b-catenin and
decreases in WNT signaling.78 Although a low level of
WNT signaling has been shown to cause OA in STR/ort
mice, elevated WNT signaling in both experimental and
human OA exacerbates joint damage by inducing MMPs
and aggrecanases.79 The STR/ort OA model shows that
appropriate WNT signaling is necessary to maintain healthy
cartilage. C57BL/6 mice are predisposed to age-related OA
caused by a decrease in matrix gene expression and an in-
crease in immune and defense responses similar to
humans.80 The Del1 mice harbor a short deletion in type II
1633
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Figure 7 Resveratrol treatment prevents articular
cartilage damage in I-ERS mice. Control I-ERS and
resveratrol-treated I-ERS tibial articular cartilage was
immunostained with mutant human COMP, CHOP, TNFa,
IL-1b, MMP-13, phosphoS6 (pS6), or p16 INK4a at 20
weeks with doxycycline (DOX), and TUNEL staining (green
signal; blue DAPI nuclei marker) was performed. The level
of intracellular mutant-COMP, CHOP, TNFa, IL-1b, MMP-
13, pS6, TUNEL, and p16 INK4a immunostaining were
increased in DOX-treated I-ERS mice (B, E, H, K, N, Q, T,
W) compared with I-ERS treated with resveratrol (C, F, I,
L, O, R, U, X) or controls (A, D, G, J, M, P, S, V). DOX
treatment was from 16 to 20 weeks, and resveratrol
treatment (þRes) was from 16 to 20 weeks. Dotted lines
mark the margin of articular cartilage. Scale bars: 100 mm
(AeX).

Hecht et al
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Resveratrol Prevents ER Stress OA
collagen that compromises the integrity of the cartilage.81 In
contrast to the Del1 mouse, the I-ERS mouse starts with
healthy articular cartilage that is subsequently damaged by
ER stress, providing a more physiological model. Although
the STR/ort, C57BL/6, and Del1 OA models have been very
useful in understanding some risk factors involved in pri-
mary OA, the I-ERS mouse provides a complementary
approach to study ER stresseinduced primary OA. An
important advantage of the I-ERS mouse is the ability to
turn on and off induction of ER stress (a physiological stress
involved in OA), and this feature allows critical questions to
be addressed: i) determining whether ER stress can be
resolved after cessation of induction, ii) identifying whether
there is a critical therapeutic intervention window in which
ER stress can be halted and development of intervention
strategies based on suppression of ER stress, and iii) iden-
tifying cellular mechanisms critical to recovery and defining
factors involved in healing.

Joint degeneration in I-ERS mice was gradual, based on
the presence of OA histological markers, but only limited
structural damage was identified by lack of increased OA
score after 4 weeks of ER stress. Longer periods of ER
stress induction in I-ERS mice would likely induce struc-
tural degeneration. Both primary and PTOA develop over
many years, and therefore, slower progression of joint
degeneration in the I-ERS mouse is consistent with human
OA. Because the I-ERS mouse requires weeks of ER stress
induction to develop joint disease, it is most suitable for
primary OA investigations rather than PTOA studies.

Development of OA therapies and/or effective prevention
strategies is crucial because the prevalence of knee OA has
doubled in the last 70 years, due to populations living longer
and obesity rates rising.82 ER stress increases with aging
because protein folding is compromised by declining levels of
folding enzymes and chaperones,83,84 and by the presence of
free fatty acids and reactive oxygen species in obesity.85 The
connection between ER stress and aging and/or obesity, both
OA risk factors, illustrates the necessity for a comprehensive
understanding of the role of ER stress in primary OA in order
to drive development of therapies that halt and/or reverse
progression of joint degeneration.8,14,17,85,86 The I-ERS mouse
model provides an important model system in which to obtain
a more complete understanding of primary OA. The finding
that resveratrol prevents ER stresseinduced joint degeneration
in the I-ERS mouse along with the observation that resveratrol
prevents OA induced in animal models by type II diabetes,70

high-fat diet,53,54 monosodium iodoacetate,67 and surgery55

indicates that resveratrol may be able to prevent and/or
ameliorate primary and PTOA.
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