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Summary

Endoplasmic reticulum (ER) stress has been shown to participate in many disease
pathologies. Although recent reports have demonstrated that ER stress in chondro-
cytes is present in human osteoarthritis (OA), its role in the pathology of cartilage
degeneration, such as chondrocyte apoptosis, remains unclear. In the present study,
we investigated the expression of phosphorylated PERK (pPERK), ubiquitin (Ub),
GRP78, CHOP, phosphorylated JNK (pJNK) and cleaved caspase-3 (C-CASP3) and
the mRNA splicing of XBP1 (XBP1 splicing) in human OA cartilage by immunohis-
tochemistry and RT-PCR. Additionally, human chondrocytes were treated with sev-
eral concentrations of tunicamycin, an ER stress inducer, to assess the impact of ER
stress on the mRNA expression of CHOP, XBP1 splicing and apoptosis, as deter-
mined by real-time PCR, RT-PCR and ELISA analyses respectively. In human OA
cartilage, the number of chondrocytes expressing pPERK, Ub, CHOP and pJNK pos-
itively correlated with cartilage degeneration and the number of C-CASP3-positive
chondrocytes. XBP1 splicing and GRP78 expression in severe OA containing the
greatest number of C-CASP3-positive chondrocytes were similar to the levels in mild
OA, however, XBP1 splicing was higher in moderate OA than in mild and severe
OA. Tunicamycin dose dependently increased CHOP expression and apoptosis of
cultured chondrocytes. Although tunicamycin upregulated XBP1 splicing in cultured
chondrocytes, its impact on XBP1 splicing was weakened at higher concentrations.
In conclusion, the present results indicate that ER stress may contribute to chondro-
cyte apoptosis along with OA progression, which was closely associated with an
enhanced apoptotic response and a reduced protective response by the cells.
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Endoplasmic reticulum (ER) stress, which is provoked by an
imbalance between the load of unfolded proteins in the ER
and the capacity of the ER, leads to the accumulation of
unfolded or misfolded proteins in the ER (Ron & Walter
2007). Three ER transmembrane proteins, such as protein
kinase RNA-like ER kinase (PERK), inositol-requiring pro-
tein-1 (IRE1a) and activating transcription factor-6 (ATF6),
sense ER stress and induce specialized responses to recover
or maintain ER function (Ron & Walter 2007). Activated

PERK leads to the general inhibition of translation to reduce
the load of newly synthesized proteins that are translocated
to the ER. Activated IRE1a splices X-box binding protein 1
(XBP1) mRNA. The XBP1 protein encoded by the spliced
XBP1 mRNA enhances the capacity of the ER by upregulat-
ing the expression of ER chaperon proteins, such as the
78-kDa glucose-regulated protein (GRP78), and reduces
unfolded or misfolded proteins in the ER by the endoplasmic
reticulum-associated protein degradation system (ERAD).
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The ERAD regulates the degradation of unfolded or misfold-
ed proteins in the ER through the ubiquitin (Ub)-proteasome
system. However, if these protective responses fail and ER
stress persists, specialized apoptotic pathways are activated
to eliminate the damaged cells. At least three pathways are
involved in the induction of cell apoptosis by ER stress (Got-
oh & Mori 2006). The first pathway is the enhanced expres-
sion of C/EBP-homologous protein (CHOP) by activated
PERK. The second acts through the activation of c-Jun N-
terminal kinase (JNK), a mitogen-activated protein kinase,
through the recruitment of TNF receptor-associated factor 2
by activated IRE1a. The last pathway is the activation of
caspase-12, which is not functional in humans (Fischer et al.
2002).

Recent reports have demonstrated that ER stress in chon-
drocytes is present in human osteoarthritis (OA) cartilage
(Horton et al. 2006; Ruiz-Romero et al. 2008; Nugent et al.
2009) and that chondrocytes are sensitive to ER stress
(Boot-Handford & Briggs 2010). In vitro experiments using
rat chondrocytes showed that ER stress induced apoptosis
and decreased the mRNA expression of extracellular matrix
(ECM) proteins in articular cartilage, such as aggrecan and
type II collagen (Yang et al. 2005, 2007). Additionally,
human chondrocytes increase the mRNA level of matrix
metalloproteinase 13 (MMP 13), an enzyme involved in
cartilage degeneration, after surviving ER stress (Hamamura
et al. 2009). Although apoptosis, a decrease in ECM produc-
tion and an increase in MMP-13 production by chondro-
cytes are well-known signs of cartilage degeneration (Blanco
et al. 1998; Kim et al. 2000; Sandell & Aigner 2001), it
remains unclear whether ER stress is involved in the pathol-
ogy of OA.

The purpose of the present study was to investigate the
association between ER stress and chondrocyte apoptosis or
ECM gene expression in degenerative cartilage, and to clar-
ify the involvement of ER stress in the pathology of OA. We
assessed the expression of pPERK and Ub as markers of ER
stress, the expression of CHOP and pJNK as markers of the
apoptotic ER stress response, and the expression of GRP78
and splicing of XBP mRNA as markers of the protective ER
stress response, in cartilage samples that were representative
of different degrees of human degenerative OA. Thereafter,
we examined the relationship between the expression of
these markers and apoptosis and the mRNA expression of
aggrecan and type II collagen in OA cartilage. Furthermore,
we verified the impact of ER stress on the ER stress
response, apoptosis, and the mRNA expression of aggrecan
and type II collagen using human articular chondrocytes.

Materials and methods

Cartilage samples

The present study was approved by the institutional ethics
committee of Kumamoto University and was performed in
accordance with the Helsinki Declaration of 1975, as revised
in 2000. Articular cartilage samples were obtained at total
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Table 1 Background information of patients

Patient Age (years) Sex ICRS grade (Mankin score)
1 71 Female 0(1)
2 76 Female I(3)
3 74 Female I(6)
4 76 Female  1(6), 11 (8), III (9)
5 76 Female  1(3), I (4)
6 59 Female  1(5), I (10)
7 73 Female 11 (7), III (9)
8 58 Female III (9)
9 70 Male 0(2),1(4), 11 (7)
10 77 Male 1(3),11 (5)
11 79 Male I(6), IIT (11)

ICRS, International Cartilage Repair Society.

knee arthroplasty from the tibial plateaus of 11 patients suf-
fering from knee OA (71.7 = 6.5 years old; eight female sub-
jects and three male subjects). Taking care not to sample
from the cartilage of joint margins or osteophytes, 1-3 sam-
ples, which differed from each other in the degree of carti-
lage degeneration defined by their International Cartilage
Repair Society (ICRS) grade (0 = normal, I = nearly normal,
Il = abnormal, III = severely abnormal) (Kleemann er al.
2005), were obtained from each knee. Ultimately, 20 carti-
lage samples were obtained (Table 1). All tissues were
divided into two osteochondral sections. Half of each
divided tissue was fixed in 4% paraformaldehyde in phos-
phate-buffered saline (PBS) for 24 h, decalcified in 10%
EDTA for several days and embedded in paraffin for histo-
chemical evaluation. The other half of the samples were
immediately frozen in liquid nitrogen and then stored at
—80 °C until total RNA was extracted.

Chondrocyte culture

Human articular cartilage specimens were obtained during
total knee arthroplasty from the tibial plateaus and the fer-
moral condyle of two patients (two women, 71-75 years
old) with knee OA. Therefore, four separate cartilage pieces
were obtained from four separate sites and were processed
separately. Primary human chondrocytes were isolated from
these cartilage specimens by a sequential enzyme digestion
method described previously (Hirose et al. 2002). Chondro-
cytes were plated in high-density monolayers and cultured in
DMEM/Ham’s F-12 medium containing 10% FBS. To
avoid the de-differentiation of isolated chondrocytes, we per-
formed the stimulation experiment within a short period,
namely 4-5 days, after digestion. Twelve hours after the cul-
ture media were replaced with serum-free Dulbecco’s modi-
fied Eagle’s medium (DMEM)/Ham’s F-12 (Nacalai, Kyoto,
Japan), chondrocytes were incubated in DMEM/Ham’s F-12
medium containing 0.5% FBS (Invitrogen, Carlsbad, CA,
USA) with tunicamycin (Calbiochem, San Diego, CA, USA)
at various concentrations (0, 0.5, 1, 5 or 10 pg/ml) for
24 h. The stimulation procedures were performed using cells
grown on 24-well plates for the analysis of mRNA expres-
sion or 96-well plates for the apoptosis assays.
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Safranin-O staining

The paraffin-embedded samples were cut into 4-pum sections
and stained with safranin-O. The histological severity of car-
tilage degeneration of each sample was evaluated by the
Mankin scoring system (Mankin et al. 1971), and samples
were classified into 3 grades: mild (0-3 points), moderate
(4-7 points) and severe (8-14 points) (Lippiello et al. 2000).
Mild OA cartilage was constituted by a superficial zone
where the top area of cartilage had a disposition of flattened
cells parallel to the cartilage surface, the middle zone had a
random disposition of round cells and the deep zone had
columns of round cells perpendicular to the cartilage sur-
face. Moderate and severe OA cartilage had lost the superfi-
cial zone. Therefore, areas near the surface of these cartilage
samples corresponded to the upper middle zone, and the
lower areas corresponded to the lower middle and deep
zones.

Immunobhistochemistry

The expression levels of phosphorylated PERK (pPERK),
Ub, GRP78, CHOP, phosphorylated JNK (pJNK) and
cleaved caspase-3 (C-CASP3) in cartilage samples were
analysed by immunohistochemistry. The rabbit anti-pPERK
polyclonal antibody, goat anti-GRP78 antibody, rabbit
anti-CHOP polyclonal antibody and mouse anti-pJNK
monoclonal antibody were purchased from Santa Cruz Bio-
technology Inc. (Santa Cruz, CA, USA). The mouse anti-Ub
monoclonal antibody and the rabbit anti-C-CASP3 anti-
body were purchased from MBL (Nagoya, Japan) and Cell
Signaling Technology Inc. (Bervely, MA, USA) respectively.
The availabilities of these antibodies for the immunohisto-
chemical analyses of human tissue were described previ-
ously (Dil Kuazi et al. 2003; Bek et al. 2006; Li et al.
2008; Ruiz-Romero et al. 2008; Hoozemans et al. 2009).
Histofine MAX-PO (R), Histofine MAX-PO (M) and His-
tofine MAX-PO (G) were obtained from Nichirei Co. Ltd
(Tokyo, Japan) as secondary antibodies. Sections (4 um)
were deparaffinized and rehydrated. During the analyses
for pPERK, Ub, CHOP and C-CASP3, sections were trea-
ted with proteinase K (Roche Diagnostics, Mannheim, Ger-
many)/PBS (20 pg/ml) for 12 min at room temperature for
antigen retrieval and samples were washed with water. To
block endogenous peroxidase activities, the sections were
incubated in 0.3% hydrogen peroxide/methanol for 30 min
and washed in water. Non-specific binding sites were
blocked with normal rabbit serum (Nichirei Co. Ltd) prior
to anti-GRP78 antibody incubation or with normal goat
serum (Nichirei Co. Ltd) prior to incubation with the other
antibodies, at room temperature. After 30 min, the sections
were incubated with primary antibodies diluted in PBS
(pPERK; 1:200, Ub; 1:500, GRP78; 1:300, CHOP; 1:200,
pJNK; 1:200 and C-CASP3; 1:500) for 18 h at 4 °C. After
washing, sections were incubated with the appropriate
secondary antibodies for 30 min at room temperature.
Staining was visualized with 3,3-diaminobenzide tetrahy-

drochloride (pPERK, Ub, GRP78 and pJNK) or 3-amino-9-
ethylcarbazole (CHOP and C-CASP3), followed by counter-
staining with hematoxylin. The sections incubated without
a primary antibody, with a negative control mouse IgG, or
with a negative control rabbit immunoglobulin fraction
instead of a primary antibody served as the negative con-
trol samples. A histological evaluation was performed for
one section per cartilage sample using light microscopy.
Two full-thickness areas of cartilage separated from each
other by at least 1 mm were randomly selected from each
section. The digital photographs of these two selected
areas were obtained in 24-40 parts (400 x 300 pm) per
section at a magnification of 200x. The positive and nega-
tive cells in all photographs were counted in a blinded
manner by an evaluator not informed about the sections,
and the total percentage of positive cells in the section was
calculated.

Extraction and reverse transcription of RNA

Total RNA of the cartilage sample stored at —80 °C was
extracted using the TRIzol reagent (Invitrogen) and further
purified using the RNeasy mini kit (Qiagen, Valencia, CA,
USA) in combination with DNA digestion using DNase
(Qiagen). The extraction of total RNA from cultured chon-
drocytes was performed using the RNeasy mini kit and
DNase. Purified RNA was reverse-transcribed using the
High Capacity RNA-to-cDNA kit (Applied Biosystems, Fos-
ter, CA, USA). All procedures were performed according to
the manufacturer’s protocols.

Polymerase chain reaction (PCR)

PCR amplification of XBP1 mRNA was performed using
TaKaRa LA Taq (Takara, Kyoto, Japan) according to the
manufacturer’s protocol. The following primer pair was
used for XBP1: 5-GCCTTGTAGTTGAGAACCAG-3’
(sense) and S-TTAATGGCTTCCAGCTTGGC-3" (anti-
sense). This primer pair was designed so that the PCR
products contained both the spliced and unspliced forms of
XBP1 mRNA, encompassing the 26-bp region excised by
IRE1a. Because this 26-bp region contains a Pst-I restriction
site, electrophoresis of PCR products after Pst-I treatment
could separate the spliced form of XBP1 from the unspliced
form (Uehara et al. 2006). The thermal cycling was carried
out with denaturation at 94 °C, followed by 33 cycles of
denaturation at 94 °C for 30 s, annealing at 56 °C for 30 s
and extension at 72 °C for 30 s. PCR products were incu-
bated with the Pst-I restriction enzyme for 2 h at 37 °C and
were visualized on a 2% agarose gel using ethidium bro-
mide. The ratio of the spliced form to the unspliced form
(spliced/unspliced XBP1) was calculated by the densitomet-
ric measurement of each band using a densitometer (AE-
6920-MF; ATTO, Tokyo, Japan) and the CS analyzer
software program (ATTO). The value of the spliced/unsp-
liced XBP1 was the average of three separate assays for each
sample.
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Real-time PCR

A quantitative real-time RT-PCR analysis was performed on
an Applied Biosystems 7300/7500 Real-Time PCR system
(Applied Biosystems). TagMan Gene Expression Master
Mix and TagMan Gene Expression Assays for CHOP
(Hs00358796), aggrecan (ACAN) (Hs00202971), a-1 type 11
collagen (COL2A1) (Hs00156568) and GAPDH (Hs9999
9905) were purchased from Applied Biosystems. Reactions
were carried out with the following conditions: 2 min at
50 °C and 10 min at 95 °C; 40 cycles of 15 s at 95 °C and
1 min at 60 °C. The calibration of real-time PCR was per-
formed by the relative standard curve method (User Bulletin
#2, Applied Biosystems; Horii et al. 2002). For a construct
standard curve, a standard sample cDNA was prepared from
cultured human chondrocytes and used as a stock solution.
In every PCR assay, a construct standard curve was made
using the same stock standard sample. The relative concen-
tration of the target gene of cartilage samples was calculated
from a construct standard curve, and the ratio of the relative
concentration of the target gene to GAPDH of cartilage
samples was calculated. This ratio represented the relative
expression of the target gene normalized to GAPDH of carti-
lage samples compared to the standard sample.

ELISA for apoptosis

The extent of apoptosis of cultured chondrocytes was analy-
sed with the Cell Death Detection ELISA Plus (Roche
Applied Science, Indianapolis, IN, USA) according to the
manufacturer’s protocol. For each experiment, the amount
of protein in the cell lysate was assessed in separate wells
using the Quick Start Bradford protein assay (Bio-Rad Labo-
ratories, Richmond, CA, USA) to normalize the extent of
cellular apoptosis.

Statistical analysis

Differences in the expression of the various markers in the
three grades of cartilage degeneration and the following
exposure to various concentration of tunicamycin were ana-
lysed using the Kruskal-Wallis test. The Mann-Whitney
U-test was performed for post hoc comparisons. Correla-
tions between each term were analysed using Spearman’s
rank correlation coefficient (r;). Data were expressed as the
means = standard error of the mean (SEM). Differences were
considered to be statistically significant for P-values of
<0.05.

Results

ER stress-associated molecules in OA cartilage

In mild OA cartilage, chondrocytes positive for pPERK, Ub,
GRP78, CHOP and pJNK were present in the superficial
zone, but were rarely located in the middle and deep zones
(Figures 1b-d, 2a—c, 3a—c, 4a—c and Sa—c). In moderate OA
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Figure 1 Safranin-O staining and immunohistochemistry of
pPERK (a—d, f-h and j-1) in representative sections of osteoar-
thritis (OA) cartilage. (a, e and i) Safranin-O stained sections of
mild (Mankin score = 1), moderate (Mankin score = 5) and
severe (Mankin score = 9) OA cartilage respectively. (b-d) The
superficial, middle and deep zones of mild OA cartilage respec-
tively. (f=h) The upper middle, lower middle and deep zones of
moderate OA cartilage respectively. (j-1) The upper middle,
lower middle and deep zones of severe OA cartilage respec-
tively. The scale bar is 500 pm in a, e and i, and 100 pum in
b-d, f-h and j-l. Insets are magnifications of the arrowheads. In
severe cartilage, cells positive for pPERK are extensively
detected from the surface to the deep zone.
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Figure 2 Immunohistochemical staining of Ub in osteoarthritis
(OA) cartilage. The superficial, middle and deep zones of mild
OA cartilage are shown in a—c respectively. The upper middle,
lower middle and deep zone of moderate or severe cartilage
are shown in d-f and g-i respectively. The scale bar is

100 um. Insets are magnifications of arrowheads. The number
of cells positive for Ub was increased in all zones of severe
cartilage.
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Figure 3 Immunohistochemical staining of GRP78 in osteoar-
thritis (OA) cartilage. The superficial, middle and deep zones of
mild OA cartilage are shown in a—c respectively. The upper
middle, lower middle and deep zones of moderate or severe car-
tilage are shown in d—f and g-i respectively. The scale bar is
100 pm. Insets are magnifications of arrowheads. Cells stained
for GRP78 were detected in the superficial zone of mild carti-
lage and the upper middle zone of moderate and severe carti-
lage.

(a) (d) (9)
(b) (e) (h)
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Figure 4 Immunohistochemical staining of CHOP in osteoar-
thritis (OA) cartilage. The superficial, middle and deep zones of
mild OA cartilage are shown in a—c respectively. The upper
middle, lower middle and deep zones of moderate or severe car-
tilage are shown in d—f and g-i respectively. The scale bar is
100 pm. Insets are magnifications of arrowheads. The number
of cells expressing CHOP was increased in middle zones of
severe cartilage.

cartilage, chondrocytes expressing pPERK, Ub and pJNK
were found in the upper middle zone, with particularly high
expression of Ub (Figures le, 2d, and 5d). In the lower
middle and deep zones of moderate OA cartilage, chondro-
cytes occasionally weakly expressed pPERK, Ub and pJNK

(a) @ 5] @ o o
(b) (©) ] .
© U )

Figure 5 Immunohistochemical staining of pJNK in osteoarthri-
tis (OA) cartilage. The superficial, middle and deep zones of
mild OA cartilage are shown in a—c respectively. The upper
middle, lower middle and deep zones of moderate or severe car-
tilage are shown in d—f, and g-i respectively. The scale bar is
100 pm. Insets are magnifications of arrowheads. Chondrocytes
stained for pJNK were detectable in the superficial zone of mild
cartilage and the middle zones of moderate and severe cartilage.
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Figure 6 Endoplasmic reticulum stress-associated mRNA
expression in osteoarthritis (OA) cartilage. (a) XBP1 mRNA in
four representative samples of each grade was shown. The
upper bands indicate the total expression of XBP1 mRNA. The
middle and lower bands are spliced and unspliced XBP1 mRNA
respectively, loaded after Pst-I restriction enzyme treatment of
the PCR products. (b, ¢) The ratio of spliced/unspliced XBP1
(b) and CHOP/GAPDH (c) in each grade (mild: #z = 5, moder-
ate: n = 7, severe: n = 8) was shown. The spliced/unspliced
XBP1 and CHOP/GADPH ratios were normalized to averaged
values of mild OA. *P < 0.05 compared with mild; P < 0.05
compared with moderate.
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Table2 The relationship between endoplasmic reticulum stress-
associated molecules and cartilage degeneration

Mankin

Mild Moderate Severe score

(n=35) (n=7) (n=28) r,  P-value
pPERK (%) 23.0 = 10.4 37.0 = 5.0 49.0 = 7.0*t 0.86 0.001
Ub (%) 19.1 +2.8 29.6 = 6.6 59.3 £ 3.7*F 0.81 0.001
GRP78 (%) 16229 21.2+1.9 242 + 2.8 0.51 0.028
CHOP (%) 82«52 159+13.7 354 +9.2*f 0.74 0.002
pJNK (%) 8.6 +7.5 32.7+14.9% 48.6 = 13.8% 0.81 0.001

75, Spearman’s rank correlation coefficient.
The values are expressed as mean = SEM.
*P < 0.05 vs. mild; TP < 0.05 vs. moderate.
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Figure 7 Immunohistochemical staining of C-CASP3 in osteoar-
thritis (OA) cartilage. The superficial, middle and deep zones of
mild OA cartilage are shown in a—c respectively. The upper
middle, lower middle and deep zones of moderate or severe car-
tilage are shown in d—f and g-i respectively. The scale bar is
100 um. Insets are magnifications of arrowheads. C-CASP3-
positive cells were particularly increased in the upper middle
zone of severe cartilage.

(Figures 1f,g, 2e,f and Se,f). The expression of GRP78 and
CHOP was detectable in chondrocytes within the upper
middle zone of moderate OA cartilage, but not in chondro-
cytes within the lower middle and deep zones (Figures 3d—f
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and 4d-f). In severe OA, a large population of chondrocytes
was positively stained for pPERK, Ub, CHOP and pJNK
throughout all zones, frequently accompanied by strong
staining for pPERK and Ub in the upper middle zone (Fig-
ures 1j, 2g, 4g and 5g). However, chondrocytes expressing
GRP78 were restricted to the upper middle zone at a similar
localization as in moderate OA cartilage (Figure 3g-i). The
mRNA expression of XBP1 was detected in all cartilage
samples (Figure 6a). Moderate OA cartilage showed higher
expression of the spliced form of XBP1 mRNA than mild
and severe OA cartilage (Figure 6a,b). The mRNA expres-
sion of CHOP was significantly increased in severe OA carti-
lage compared to mild OA cartilage (Figure 6c¢).

Table 2 shows the relationship between the percentages of
cells positive for ER stress-associated molecules, spliced/unsp-
liced XBP1 and the mRNA expression of CHOP to the sever-
ity of cartilage degeneration. The percentage of cells positive
for pPERK, Ub and CHOP was significantly greater in the
severe OA cartilage samples compared to both mild and mod-
erate OA cartilage samples, and the percentage of cells posi-
tively correlated with the Mankin score of the sample. The
percentage of cells positive for pJNK was significantly higher
in both moderate and severe OA cartilage than in mild OA
cartilage, but there were no significant differences between
moderate and severe OA cartilage. There was also a positive
correlation between the percentage of cells positive for pJNK
and the Mankin score of the sample. However, the percentage
of cells positive for GRP78 was not significantly different
among the samples of the three degrees of OA cartilage degen-
eration, showing a weak correlation with the Mankin score.

In paired comparisons of samples from 6 of 11 patients
(data not shown), all paired samples showed that the expres-
sion of pPERK and Ub was increased in more degenerated
samples. Furthermore, five of six paired samples showed that
the percentage of cells positive for CHOP and pJNK was
also increased in the more degenerated cartilage, and the
spliced/unspliced XBP1 ratio was higher in moderate OA
cartilage than mild and severe OA cartilage.

Apoptosis and ECM gene expression by chondrocytes in
OA cartilage

C-CASP3-positive chondrocytes were detectable in the super-
ficial zone of mild OA cartilage and the upper middle zone
of moderate and severe OA cartilage (Figure 7a,d and g).

Table 3 The relationship between carti-

lage degeneration and C-CASP3 and Mild Moderate Severe Mankin score

matrix gene expression levels of chon-

drocytes (n=135) (n=7) (n=8) 7 P-value
C-CASP3 (%) 54 =+1.6 92 +1.2 13.7 = 1.9% 0.58 0.013
ACAN/GAPDH 1.00 = 0.22 0.39 = 0.07* 0.20 = 0.04*,F -0.77 0.001
COL2A1/GAPDH 1.00 = 0.32 1.51 = 0.54 1.47 = 0.47 0.12 0.684

75, Spearman’s rank correlation coefficient; C-CASP3, cleaved caspase-3.

The values are expressed as mean + SEM. ACAN/GAPDH and COL2A1/GAPDH were nor-
malized by averaged values of mild.

*P < 0.05 vs. mild; TP < 0.05 vs. moderate.
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Table 4 The relationship between the endoplasmic reticulum
stress-associated molecules, C-CASP3 and matrix gene expres-
sions by chondrocytes in human osteoarthritic cartilage

ACAN/ COL2A1/
C-CASP3 GAPDH GAPDH
7 P-value 7, P-value 7, P-value
Immunohistochemistry
pPERK (%) 0.52 0.031 -0.73 0.001 0.06 0.822
Ub (%) 0.49 0.039 -0.57 0.015 -0.01 0.953
GRP78 (%) 0.30 0.195 -0.14 0.392 0.38 0.124
CHOP (%) 0.68 0.003 -0.70 0.003 -0.11 0.629
pJNK (%) 0.24 0.308 -0.66 0.005 0.16 0.489
mRNA analysis
Spliced/ 0.34 0.147 -0.25 0.282 0.01 0.969
unspliced XBP1
CHOP/GAPDH 0.49 0.034 -0.278 0.225 0.026 0.911

75, Spearman’s rank correlation coefficient; C-CASP3, cleaved cas-
pase-3.

The number of positive cells in these areas increased with
the degree of cartilage degeneration. However, the number
of C-CASP3-positive cells increased in the lower middle of
severe OA cartilage compared to moderate cartilage. (Fig-
ure 7b,c, e-f and h,i). The percentage of C-CASP3-positive
cells was significantly higher in severe OA cartilage than in
mild OA cartilage, and the staining positively correlated
with the Mankin score (Table 3). ACAN expression in OA
cartilage showed a negative correlation with the Mankin
score, but COL2A1 expression did not have any significant
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Figure 8 The impact of endoplasmic reticulum stress on cul-
tured chondrocytes. The mRNA expression of CHOP (a),
ACAN (c) and COL2A1 (d), and cellular apoptosis (b) were
analysed 24 h after stimulation with tunicamycin (0, 0.5, 1, §
or 10 ug/ml). (a) The expression of CHOP was dose depen-
dently upregulated. (b) Chondrocyte apoptosis was significantly
increased by exposure to tunicamycin at 5 and 10 pg/ml. (c, d)
The expression of ACAN (c) and COL2A1 (d) was suppressed
by tunicamycin treatment. Data are expressed relative to the
mean value of cells treated without tunicamycin in each experi-
ment. The values represented in the graph are expressed as the
means = SEM of four independent experiments. *P < 0.05 com-
pared with treatment without tunicamycin.

correlation with the Mankin score (Table 3). During the
paired comparisons of the samples from 6 of 11 patients
(data not shown), five of six paired samples showed that
C-CASP3-positive chondrocytes were more common in the
more degenerated cartilage than in the less degenerated car-
tilage. ACAN expression was decreased in the more degener-
ated cartilage in three of six paired samples in comparison
with the less degenerated cartilage of the same joints. The
COL2AT1 expression in the more degenerated cartilage was
increased in two of six paired samples and decreased in one
of six paired sample compared to the less degenerated carti-
lage of the same joints. However, the differences in the
ACAN and COL2A1 expression between the more and less
degenerated cartilage from the six paired samples were not
significant.

The relationship between the expression of ER stress-
associated molecules and apoptosis and ECM gene
expression by chondrocyte in OA cartilage

The percentage of C-CASP3-positive cells in OA cartilage
significantly correlated with the percentage of cells positive
for pPERK, Ub and CHOP, and the mRNA expression of
CHOP (Table 4). However, there was no relationship
between the percentage of C-CASP3-positive cells and the
expression of GRP78 and pJNK and the ratio of spliced/

(a) Tunicamycin (ug/ml)
0 0.5 1 5 10
XBP1
Spliced
Unspliced
(b)

Spliced/unspliced
XBP1

0 0.5 1 5 10
Tunicamycin (pg/ml)

Figure9 The impact of endoplasmic reticulum stress on splicing
of XBP1 mRNA in cultured chondrocytes. XBP1 mRNA splic-
ing was analysed 24 h after stimulation with tunicamycin (0,
0.5, 1, 5 or 10 pg/ml). The ratio of spliced/unspliced XBP1
was examined following Pst-I treatment, as described in the
Materials and Methods. (a) Representative result of the experi-
ments is shown. The upper, middle and lower bands are total,
spliced and unspliced XBP1 mRNA respectively. (b) The ratio
of spliced/unspliced XBP1 was increased by tunicamycin treat-
ment, while the ratio of spliced/unspliced XBP1 in chondrocytes
stimulated with 10 pg/ml of tunicamycin was lower than the
ratio stimulated with 1 pg/ml of tunicamycin. Data are
expressed relative to the mean value of cells treated without
tunicamycin in each experiment. The value of the graph is
expressed as the mean + SEM of four independent experiments.
*P < 0.05 compared with treatment without tunicamycin.
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unspliced XBP1 (Table 4). ACAN expression negatively cor-
related with the percentage of cells positive for pPERK, Ub,
CHOP and pJNK in OA cartilage (Table 4). However, there
was no correlation between COL2A1 expression and any of
the ER stress-associated molecules that were examined
(Table 4).

ER stress response, apoptosis and ECM gene expression
by cultured chondrocytes under ER stress

The chondrocytes dose dependently increased their mRNA
expression of CHOP following a 24-h exposure to tunicamy-
cin (Figure 8a). Tunicamycin increased XBP1T mRNA splic-
ing of chondrocytes, while the levels of the splicing in
chondrocytes stimulated with 10 pg/ml concentration of
tunicamycin were lower than the splicing levels stimulated
by 1 pg/ml of tunicamycin (Figure 9a and b). Chondrocyte
apoptosis was induced by 5 and 10 pg/ml of tunicamycin
and was dose dependently increased by tunicamycin treat-
ment (Figure 8b), and was closely associated with both the
increased expression of CHOP and a decrease in XBP1
mRNA splicing. Furthermore, tunicamycin significantly sup-
pressed the expression of ACAN and COL2A1 by the chon-
drocytes, even at a concentration of 0.5 pg/ml (Figure 8c
and d), and the suppressive effect on ACAN and COL2A1
paralleled the increase in the ER stress responses.

Discussion

The present study investigated the relationship between ER
stress-associated molecules and both chondrocyte apoptosis
and ECM gene expression of chondrocyte in OA cartilage.
Our results demonstrated that the expression of ER stress-
associated molecules, such as pPERK, Ub and CHOP, and
chondrocyte apoptosis analysed by the expression of C-
CASP3 in OA cartilage were increased with the progression
of cartilage degeneration. Moreover, pPERK, Ub, CHOP
and pJNK negatively correlated with ACAN expression in
OA cartilage. However, XBP1 mRNA splicing, which repre-
sented a protective ER stress response, increased in moderate
OA cartilage, but not in mild or severe cartilage. In vitro,
ER stress induced the apoptosis of cultured human chondro-
cytes and also suppressed their mRNA expression of aggre-
can and type II collagen. Furthermore, the induction of
chondrocyte apoptosis by ER stress occurred in parallel with
increased CHOP expression and a reduction in XBP1
mRNA splicing. These results indicated that ER stress might
be involved in the pathology of OA, including the increased
apoptosis and suppressed ECM production by the chondro-
cytes.

Our observation that the expression of pPERK and Ub
was detectable in human OA and correlated with the
severity of cartilage degeneration indicated that ER stress
occurs in OA cartilage and that it increased with cartilage
degeneration. PERK is a sensor protein that directly detects
unfolded proteins in the ER lumen and is activated by
autophosphorylation (Ron & Walter 2007). Ub is a marker
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of the accumulation of unfolded proteins (Hara et al. 2006).
Previous studies concerning ER stress in cartilage assessed
the expression of GRP78 (Horton et al. 2006; Nugent et al.
2009). GRP78 is consistently expressed, assists in the matu-
ration of newly synthesized proteins and is upregulated by
ER stress through the activation of transcription factors such
as ATF6 and XBP1. Therefore, in contrast to GRP78, the
analysis of pPERK expression is a more direct method for
evaluating ER stress. To the best of our knowledge, this
report is the first to conclusively demonstrate the occurrence
of ER stress in human OA cartilage and its association with
the severity of cartilage damage.

In our immunohistochemical examinations, we observed
that pPERK and Ub were strongly expressed in chondrocytes
in the upper zone of the OA cartilage. Pro-inflammatory
cytokines, such as IL-1B and TNFa, which induce ER stress
in rat pancreatic B cells (Shkoda et al. 2007; Akerfeldt et al.
2008) and rat chondrocytes (Oliver et al. 2005), have been
reported to be increased in this area of OA cartilage in
comparison with the deep zone of OA cartilage and normal
cartilage (Tetlow et al. 2001). We have confirmed that IL-18
and TNFa can induce ER stress in human articular chondro-
cytes (unpublished data), suggesting that these proinflamma-
tory cytokines may be the inducers of ER stress that occur
at the upper zone of OA cartilage. The articular cartilage
degeneration during OA typically advances at the site cen-
tred on the load bearing areas damaged by excessive
mechanical stress (Hashimoto et al. 2008). In the paired
comparisons of the present study, the more degenerated
cartilage, which was considered to be more damaged by
mechanical loading stress, showed an increased number of
chondrocytes expressing pPERK and Ub in comparison
with the less degenerated cartilage of the same joint. Chon-
drocytes in injured cartilage markedly enhance the synthesis
of proteins, which may increase the load on the ER (Mankin
1982), and chondrocytes also increase their production
of nitric oxide, an inducer of ER stress (Gotoh & Mori
2006), in response to excessive mechanical stress (Guilak
et al. 2004). Therefore, our results from the paired
samples imply that the degeneration of articular cartilage
because of an excessive mechanical load might also cause
ER stress.

In the current study, we investigated the expression of
cleaved caspase-3 in cartilage to identify cells undergoing
apoptosis. Caspase-3 is a crucial enzyme in the apoptotic
process. Because activation of caspase-3 requires proteolytic
processing (Green 2000), detection of cleaved (activated)
caspase-3 is a valuable and specific method to identify cells
that fell to apoptosis, including those in the pre-apoptotic
state (Kiihn ef al. 2004; Takagi et al. 2006). Therefore, the
correlation between caspase-3 activation and cartilage
degeneration observed in this study supported the concep-
tion that chondrocyte apoptosis is involved in the pathology
of cartilage degeneration. We also showed that the expres-
sion of pPERK, Ub and CHOP correlated with the propor-
tion of apoptotic chondrocytes, as indicated by caspase-3
activation in OA cartilage. Previous studies have revealed
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that the upregulation of CHOP is a pivotal event in the ER
stress response and that its upregulation induces apoptosis
(Zinszner et al. 1998; McCullough et al. 2001; Gotoh e al.
2004). We confirmed that ER stress-associated apoptosis in
cultured chondrocytes was accompanied by the increased
expression of CHOP. These results therefore indicate that
ER stress might contribute to the chondrocyte apoptosis dur-
ing OA progression.

JNK is another molecule central to ER stress-associated
apoptosis (Nishitoh et al. 2002). The activation of JNK has
been shown to be specifically elevated in the upper zone of
human OA cartilage, compared to the normal cartilage
(Clancy et al. 2001; Fan et al. 2007). Although our result
was similar to previous reports, the expression of activated
JNK (pJNK) showed only a weak correlation with chondro-
cyte apoptosis in OA cartilage, unlike CHOP expression.
This finding may be because of the fact that JNK also has
pleiotropic roles in the pathology of cartilage degeneration.
For example, in addition to chondrocyte apoptosis, JNK is
also involved in the chondrocyte synthesis of cartilage degra-
dation enzymes, such as MMP-3, MMP-13 and ADAM-TS4
(Mengshol et al. 2000; Sylvester et al. 2004).

Under conditions of ER stress, accompanied by the upreg-
ulation of these apoptotic responses, cells induced special-
ized protective responses, such as the splicing of XBP1
mRNA. It has been suggested that the downregulation of
IRE1 and XBP1 mRNA splicing, coupled with PERK signal-
ling, leading to the enhanced expression of CHOP, may be
responsible for driving cell death under conditions of ER
stress (Lin ez al. 2007). In the present study, the impact of
tunicamycin on XBP1 mRNA splicing in cultured chondro-
cytes was reduced following intense stimulation resulting in
extensive apoptosis, while the CHOP expression plateaued.
These results indicated that the reduced protective ER stress
responses, accompanied by enhanced apoptotic ER stress
responses, played an important role in ER stress-associated
apoptosis of human chondrocytes. Our observation that
XBP1 mRNA splicing was reduced in severe OA cartilage,
in contrast to the increased CHOP expression and apoptosis
of chondrocytes, compared to moderate OA cartilage, which
confirmed the initial protective role of the ER stress
responses in chondrocytes.

Chondrocytes synthesize the components of articular carti-
lage, such as aggrecan and type II collagen, to maintain car-
tilage integrity, and are regulated by numerous factors such
as proinflammatory cytokines and mechanical injury (Gold-
ring et al. 1994; Dai et al. 2006). Therefore, chondrocyte
dysfunction and apoptosis are crucial elements of the devel-
opment and progression of OA. We have demonstrated that
ER stress significantly suppressed the mRNA expression of
aggrecan and type II collagen by cultured human chondro-
cytes. This result is consistent with previous report on rat
chondrocytes (Yang et al. 2005). Similar to the present iz vitro
studies, in the overall OA cartilage of our study, the mRNA
expression of aggrecan negatively correlated with the expres-
sion of ER stress-associated molecules, such as pPERK, Ub,
CHOP and pJNK, and the severity of cartilage degeneration.

However, the mRNA expression of type II collagen showed
no correlation with these ER stress-associated molecules and
cartilage degeneration. Furthermore, in our paired samples,
although the chondrocytes expressing ER stress-associated
molecules increased in the more degenerated cartilage, the
mRNA expression of aggrecan and type II collagen was not
significantly different between the more and less degenerated
cartilage specimens from the same OA joint. Recently, Brew
et al.(2010) also reported that there does not appear to be a
significant relationship between cartilage degeneration and
the mRNA expression of aggrecan and type II collagen in
paired samples. Thus, we speculated that ER stress might
have a weaker association with the expression of these ECM
genes during the progression of cartilage degeneration. In
this regard, however, the number of samples in the paired
comparison of the present study was too small to evaluate
the association between ECM gene expression, cartilage
degeneration and ER stress. Additionally, it was previously
reported that the expression of type II collagen and aggrecan
significantly decreased in the upper zone of OA cartilage in
comparison with normal cartilage and that the mRNA
expression type II collagen, and to a lesser extent aggrecan,
was found to increase in the deeper zone of OA cartilage
(Aigner & Dudhia 1997; Aigner et al. 1997). These zonal
differences in gene expression were presumed to influence
the present analysis of full-thickness cartilage. Therefore,
further studies that investigate a large number of cartilage
samples and consider the zonal differences in cartilage are
required to determine whether ER stress is associated with
the regulation of the expression of these ECM genes during
the progression of OA.

The main limitation of this study was the lack of analysis
of normal cartilage from the tibial plateau of human sub-
jects. Nugent et al. (2009) suggested that ER stress might
occur in OA cartilage based on the immunohistochemical
observation of increased expression of GRP78 in human
degenerative cartilage from the tibial plateau compared to
normal cartilage from the femoral condyle, femoral head
and ankle. In our preliminary study, we immunohistochemi-
cally confirmed that GRP78 expression was higher in moder-
ate and severe OA cartilage than in normal cartilage from
the femoral head. Therefore, we presumed that ER stress
was increased in moderately or severely degenerated carti-
lage in comparison with normal cartilage. However, Brew
et al. (2010) reported that all cartilage in an OA joint was
abnormal with regard to the expression of various genes,
and thus, the assessment of normal cartilage is required to
clarify the role of ER stress in cartilage degeneration.
Another considerable limitation of this study was the lack of
experiments using normal human chondrocytes, because
normal human cartilage could not be obtained. Therefore,
we were unable to determine whether normal human
chondrocytes respond to ER stress in the same manner as
chondrocytes from OA cartilage.

ER stress has been shown to participate in many disease
pathologies, including Parkinson’s disease, diabetes mellitus
and arterial sclerosis (Malhotra & Kaufman 2007). Recently,
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it was demonstrated that ER stress is also responsible for
other cartilage diseases, such as chodrodysplasia (Tsang et al.
2007; Rajpar et al. 2009). The present study revealed that
ER stress was increased in cartilage during the progression of
OA and might contribute to chondrocyte apoptosis, most
likely as a result of an enhanced apoptotic response and a
reduced protective response. In addition, ER stress could sup-
press ECM gene expression in cultured chondrocytes. These
results suggested that ER stress has an important role in the
pathology of cartilage degeneration. Further studies focused
on ER stress will be beneficial to understanding the pathol-
ogy of cartilage degeneration and to develop new treatments
for patients with cartilage diseases.
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