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Interleukin-1� (IL-1�) induces cell death in chondrocytes in a
nitric oxide (NO)- and reactive oxygen species (ROS)-depen-
dent manner. In this study, increased production of lactate was
observed in IL-1�-treated mouse chondrocytic ATDC5 cells
prior to the onset of their death. IL-1�-induced cell death in
ATDC5 cells was suppressed by introducing an siRNA for
monocarboxylate transporter-1 (MCT-1), a lactate transporter
distributed in plasma and mitochondrial inner membranes.
Mct-1 knockdown also prevented IL-1�-induced expression of
phagocyte-type NADPH oxidase (NOX-2), an enzyme special-
ized for production of ROS, whereas it did not have an effect on
inducibleNOsynthase. Suppressionof IL-1�-induced cell death
by Nox-2 siRNA indicated that NOX-2 is involved in cell death.
Phosphorylation and degradation of inhibitor of �B� (I�B�)
from 5 to 20 min after the addition of IL-1� was not affected by
Mct-1 siRNA. In addition, I�B�was slightly decreased after 12 h
of incubation with IL-1�, and the decrease was prominent after
36 h, whereas activation of p65/RelA was observed from 12 to
48 h after exposure to IL-1�. These changes were not seen in
Mct-1-silenced cells. Forced expression of I�B� super repressor
as well as treatment with the I�B kinase inhibitor BAY 11-7082
suppressedNOX-2 expression. Furthermore,Mct-1 siRNA low-
ered the level of ROS generated after 15-h exposure to IL-1�,
whereas a ROS scavenger, N-acetylcysteine, suppressed both
late phase degradation of I�B� and Nox-2 expression. These
results suggest thatMCT-1 contributes toNOX-2 expression via
late phase activation of NF-�B in a ROS-dependent manner in
ATDC5 cells exposed to IL-1�.

Degeneration of articular cartilage is commonly observed in
the pathogenesis of joint diseases, such as rheumatoid arthritis

and osteoarthritis. One of the most prominent changes in car-
tilage affected by these diseases is loss of extracellular matrix
due to its elevated degradation and lowered synthesis (1),
whereas reduced cellularity in cartilage is another feature (2, 3).
It is known that proinflammatory cytokines, such as tumor
necrosis factor-� (TNF-�) and interleukin-1� (IL-1�), pro-
duced by synovial cells and chondrocytes, play pivotal roles in
the progression of these degenerative changes, in part by stim-
ulating the production of reactive nitrogen and oxygen species
(ROS)2 in an autocrine/paracrine mechanism. Such reactive
intermediates are regarded as causal or contributing factors for
these diseases (1, 4–6).
In our previous study, we demonstrated that IL-1� induces

cell death in rat primary chondrocytes andmouse chondrocytic
ATDC5 cells via mitochondrial dysfunction in a nitric oxide
(NO)- and ROS-dependent manner (7). Furthermore, expres-
sion of the inducible type of NO synthase (NOS-2), a character-
istic of chondrocytes (8), was induced by IL-1�within a few h in
these cells. Formation of peroxynitrite, a reaction product of
NO and superoxide (O2

. ), was reported to be one of the execu-
tioners of cell death (5–7), which indicates the importance of
increased production of O2

. in these cells.
Several biological systems are known to produce ROS,

including O2
. , namely, the mitochondrial electron transfer sys-

tem, the arachidonate cascade, xanthine oxidase, uncoupled
NO synthases, and NADPH oxidases (NOXs). Among those,
we previously observed the progression of cell death as incre-
ments of NOX-2 expression in IL-1�-treated chondrocytes (7).
NOXs are enzymes specialized for generation of O2

. and H2O2,
and seven members of the NOX family have been identified
thus far, including NOX-1, -2, -3, -4, and -5 and Duox-1 and -2
(9). Among them, NOX-2 is the best characterized and
reported to bemainly distributed in phagocytes, such asmacro-
phages, neutrophils, and dendritic cells. The function of
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NOX-2 in these cells is regulated by its activation via assembly
of the components of the NOX enzyme system, which are
NOX-2, p22phox, p40phox, p47phox, p67phox, and Rac (9). In addi-
tion to the antiseptic functions of NOX-2 in these immune
cells, attention is increasingly being focused on the diverse bio-
logical actions of NOX enzymes in various types of cells (9).
Although the expression of NOX enzymes in chondrocytes

has not been fully clarified, a NOX-2 homologue and NOX
complex have been observed in porcine articular chondrocytes
and a human chondrocyte line (10, 11), in addition to our obser-
vation described above (7). Recently, it was reported that
TNF-�, interferon-�, and lipopolysaccharide induced the
expression ofNox-2 via activation of nuclear factor �B (NF-�B)
inmurine and human phagocytes (12, 13). However, to the best
of our knowledge, there are no reports regarding the regulatory
mechanism of Nox-2 expression in chondrocytes.
In the present study, we observed activation of NF-�B in

ATDC5cells after prolonged exposure to IL-1�. Both late phase
activation of NF-�B and induction of Nox-2 expression in
IL-1�-treated ATDC5 cells were found to be dependent on
monocarboxylate transporter (MCT)-1, a transmembrane
transporter for lactate and pyruvate (14). MCTs are distributed
in plasmamembrane and catalyze transmembrane transport of
monocarboxylates. Among the 14 genes identified asMCT iso-
forms, seven of them have been characterized so far. Because
MCT-1, -2, -3, and -4 transport monocarboxylates, such as lac-
tate and pyruvate, with H�, depending on their intra- and
extracellular concentrations, they are considered to constitute
a part of energy metabolism as well as that of the pH regulatory
system. MCT-6 transports diuretics, depending on pH and
membrane potential. MCT-10 transports aromatic amino
acids, depending on their concentration gradients. It is known
thatMCT-1, -2, and -4 are distributed not only in plasmamem-
brane but also inmitochondrial innermembrane. Among these
MCT isoforms, MCT-1 is ubiquitously expressed and regarded
to play an important role in oxidative energy production (14).
Herein, we describe the role ofMCT-1 inNF-�B activation and
Nox-2 induction in ATDC5 cells.

EXPERIMENTAL PROCEDURES

Reagents—Recombinant mouse IL-1� was obtained from
R&D Systems (Minneapolis, MN). �-Cyano-4-hydroxycin-
namate (�CHC), N�-nitro-L-arginine methyl ester (L-NAME),
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) were purchased from Sigma-Aldrich. A Cell-
Titer 96� Aqueous One Solution cell proliferation assay, which
contains a water-soluble derivative of MTT, 3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, inner salt (MTS) (15), came from Promega
(Madison,WI).N-Acetyl-L-cysteine (NAC) and 2�,7�-dichloro-
dihydrofluorescin diacetate (DCFH-DA) were from WAKO
Pure Chemical Industries (Osaka, Japan) and Dojindo Labora-
tories (Kumamoto, Japan), respectively. BAY11-7082,
PD98059, and MG-132, inhibitors of �B (I�B) kinase (IKK),
MEK, and proteasomes, respectively, were purchased from
Merck. Antibodies against I�B� and phospho-I�B� were
obtained from Cell Signaling Technology (Beverly, MA). The
antibody against NF-�B p65/RelA was purchased from Santa

Cruz Biotechnology, Inc. (Santa Cruz, CA), and that for �-actin
was obtained from Sigma-Aldrich.
Cell Culture—ATDC5 cells (16) were supplied by the Riken

BioResource Center (Tsukuba, Japan) and maintained in
DMEM/F-12 containing 2.5% fetal calf serum (FCS) (MP Bio-
medicals LLC, Solon,OH), 100 units/ml penicillinG, 100�g/ml
streptomycin, and 0.25 �g/ml amphotericin B. In some exper-
iments, ATDC5 cells were precultured for 2 weeks in the pres-
ence of ITS (10 �g/ml insulin, 5.5 �g/ml transferrin, 6.7 ng/ml
sodium selenite) (Invitrogen) and used as differentiated
ATDC5 cells.
Introduction of siRNA—StealthTM siRNAs for mouseMct-1,

Mct-6, Mct-13, and Nox-2 and their control non-silencing
siRNAs were purchased from Invitrogen. The siRNAs (30
pmol) were introduced into 40–50% confluent cells in 6-well
plates using LipofectamineTM RNAiMAX (Invitrogen) by
reverse transfection.
Forced Expression of I�B Super Repressor—Addgene plasmid

15291, harboring a gene for the I�B� super repressor, pBABE-
puro-IKB�-mut (17), and Addgene plasmid 1764 (pBABE-
puro) (18) were supplied by Addgene Inc. (Cambridge, MA).
ATDC5 cells were infected with retroviruses generated by
BOSC 23 cells that had been transfected with these plasmids, as
described previously (19).
Cell Viability—Cells were plated in 96-well plates at various

densities and then treated with IL-1� (10 ng/ml) in complete
medium containing 2.5% FCS. Cell viability was assessed using
an MTT assay after incubation for 4 h with 0.5 mg/ml MTT.
Formed MTT-formazan was solubilized in isopropyl alcohol
containing 40 mM HCl and determined by reading absorbance
at 562 nm using a microplate reader (SH-1000 Lab, Corona
Electric Co., Ltd., Ibaraki, Japan). In some experiments, cells
were incubated for 1 hwith solution fromaCellTiter 96�Aque-
ous One Solution cell proliferation assay kit, and then MTS-
formazan was determined by reading absorbance at 490 nm.
Cell viability was also evaluated by counting the number of
adherent cells. Cells were fixed in 10% formalin-PBS, rinsed in
PBS, and stainedwith 0.05% toluidine blue at pH 7.0 for 30min.
After rinsing in tap water, the number of cells was counted
using cell counting software preinstalled in a BZ-9000 micro-
scope (Keyence Co., Osaka, Japan).
Determination of Lactate Concentration—Cells were cul-

tured for 24 or 48 h in complete medium in the presence (10
ng/ml) or absence of IL-1�. Lactate concentrations in the cul-
ture supernatants were determined using an L-lactic acid UV
test (R-Biopharm AG, Darmstadt, Germany), according to the
manufacturer’s instructions.
Evaluation of ROSGeneration—Cells were incubatedwith 10

�M DCFH-DA in the dark for 2 h at 37 °C (20). They were
harvested by collagenase digestion, washed three times with
PBS containing 0.2% bovine serum albumin (BSA), and resus-
pended in Hanks’ balanced solution containing 0.2% BSA.
ROS-dependent fluorescence of 2�,7�-dichlorodihydrofluores-
cein from the cell suspension was determined using a FAC-
SCaliber Flow cytometer (BD Biosciences).
RT-PCR—Total RNA was extracted from the cells using

TRIzol� solution (Invitrogen), according to the manufacturer’s
instructions. Reverse transcription reactions were performed
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using Superscript III (Invitrogen) and a random hexamer. The
primers for PCR were designed using Primer3 software (21)
based on the sequences of mouse glyceraldehyde-3-phosphate
dehydrogenase (GAPDH),Nox-2, and theMct isoforms, which
were synthesized and supplied by Invitrogen. The sequences of
the primers used and the amplicon sizes of the genes are as
follows: GAPDH, 5�-ACC ACA GTC CAT GCC ATC AC-3�
and 5�-TCCACCACCCTGTTGCTGTA-3� (452 bp);Nox-2,
5�-GAG GGT TTC CAG CCA GCG AAC TTT GGT-3� and
5�-TGAAGGGGGCCTGTATGTGG-3� (349 bp);Mct-1, 5�-
GCT GGA GGT CCT ATC AGC AG-3� and 5�-CGG ACA
GCT TTT CTC CTT TG-3� (502 bp); Mct-2, 5�-TTA CCG
TATCTGGGCCTTTG-3� and 5�-CCAAAGCAGTTTCGA
AGG AG-3� (462 bp); Mct-3, 5�-ACG GCT GGT TTC ATA
ACA GG-3� and 5�-CCA TTT TTC TCA GGC TCT GC-3�
(530 bp); Mct-4, 5�-CAT CGA AGT GCA AGG AGA CA-3�
and 5�-TTTGATCAGCAATCCATCCA-3� (414 bp);Mct-6,
5�-CTT TCG CTA CCG AGT TCT GG-3� and 5�-CCA CGA
CGT GAA AAT GTG TC-3� (461 bp); Mct-7, 5�-CGT CCA
CGAATCCAGTACCT-3� and 5�-TGTGCGTTTGAAGCT
TTG AC-3� (491 bp); Mct-8, 5�-GTG CTT TCG TGG TGT
ACGTG-3� and 5�-TCTCAGCCTCCACATCCTCT-3� (773
bp); Mct-9, 5�-ACG GGA GAC TTC CCT TCC TA-3� and
5�-CAG GAC ACA GAA GCC ACT GA-3� (676 bp); Mct-10,
5�-CTG CTC CCT TTG CTG TTA GG-3� and 5�-CTT CAC
ACC GGG CAA ATA GT-3� (426 bp); Mct-12, 5�-TGT CGT
TCA GCT CCT CAT TG-3� and 5�-GGA AGG TTT GAA
GCA TTG GA-3� (545 bp); Mct-13, 5�-GGC CCT CTT GCT
AGT GTC TG-3� and 5�-AGT TCA GGA AGC ACG GAG
AA-3� (486 bp); and Mct-14, 5�-CAC CAA CCG CAT GTT
TGT AG-3� and 5�-CAA AGA TCC ATC CTG CGA AT-3�
(366 bp). The PCR products were separated on a 1.0% agarose
gel and stained with ethidium bromide.
Real-time RT-PCR—Quantitative real-time RT-PCR was

performed using TaqManTMGene Expression Assays (Applied
Biosystems, Carlsbad, CA). The amplification signals from the
target genes were normalized against that of GAPDH.
Western Blot Analysis—Cells were lysed in 10 mM Tris-HCl

(pH 7.8) containing 1% Nonidet P-40, 0.15 M NaCl, and a pro-
tease inhibitor mixture containing EDTA (Roche Applied Sci-
ence). The cell lysates (5 �g of protein) were subjected to SDS-
PAGE (10% polyacrylamide gel) under a reducing condition.
Following electrophoresis, proteins were transferred onto
PVDF membranes and incubated overnight at 4 °C with the
primary antibodies against phospho-I�B� and I�B�, followed
by incubation with horseradish peroxidase-conjugated anti-
rabbit IgG (GE Healthcare). Immunoreactive bands were visu-
alized by an enhanced chemiluminescence reaction with an
ECL plus Western blot detection system (GE Healthcare).
Activation of p65/RelA—Nuclear extracts were prepared

using a nuclear extraction kit (ActiveMotif Inc., Carlsbad, CA).
Active p65/RelA in the nuclear extracts was quantitatively ana-
lyzed using aTransAMTMNF-�Bp65 transcription factor assay
kit (Active Motif Inc.), which is an ELISA-based quantification
system for p65/RelA bound to �B oligonucleotide. In addition,
subcellular localization of p65/RelA was assessed using an
immunocytochemical method. Briefly, cells were fixed for 20
min with 2% paraformaldehyde in PBS at room temperature

and permeated with 0.1% Triton X-100 in PBS for 5 min. Next,
the cells were incubated overnight at 4 °C with 1 �g/ml anti-
p65/RelA rabbit antibody in PBS containing 10% goat serum,
followed by incubation with Alexafluor�-488-conjugated sec-
ondary antibody (Invitrogen) diluted in PBS (1:100) for 45 min
at room temperature. Fluorescence was observed using a
BZ-9000 microscope.
Statistical Analysis—Data are expressed as the mean � S.D.

Student’s t test was used for statistical analysis, with p � 0.05
considered to be significant.

RESULTS

IL-1�-induced Cell Death in ATDC5 Cells—ATDC5 cells
were plated at a density of 1 � 105 cells/well in 96-well plates
and then cultured in the presence or absence of IL-1� (10
ng/ml) for up to 72 h. Cell viability was assessed based on the
number of adherent cells stained with toluidine blue. Time-de-
pendent cell death was observed after exposure to IL-1� (Fig. 1,
A and B). The percentage of living cells after 24 h was 80% of
that of the control cells, which decreased gradually over 72 h to
57% of the control (Fig. 1B). Cell viability was also evaluated by
anMTTassay, one of the commonly usedmethods to assess cell
proliferation and cell death.MTTassay results aremainly based
on the reduction ofMTT tetrazolium salt by themitochondrial
electron transfer system (21). The MTT-reducing activities of
cells treated for 12 and 24 h with IL-1� were 1.4- and 1.5-fold
greater, respectively, than those of the control cells, which
showed that IL-1� increased the MTT-reducing activity of the
cells by 55% at 12 h and 75% at 24 h (Fig. 1C). Considering that
MTT is mainly reduced by the mitochondrial electron trans-

FIGURE 1. IL-1�-induced cell death in ATDC5 cells. ATDC5 cells were plated
in 96-well plates at a density of 1 � 105 cells/well and then cultured in com-
plete medium in the presence or absence of IL-1� (10 ng/ml). A and B, cells
were stained with toluidine blue at the indicated time points. A, representa-
tive photographs are shown. Scale bar, 200 �m. B, the number of cells was
counted at each time point. E, cells cultured in the absence of IL-1�; F, cells
cultured in the presence of IL-1�. C, cell viability was evaluated using an MTT
assay. E, cells cultured in the absence of IL-1�. F, cells cultured in the pres-
ence of IL-1�. B and C, results are shown as the mean � S.D. (error bars) of four
independent experiments. *, p � 0.05.
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port system (21), it is conceivable that IL-1� increased the
activity of the mitochondrial electron transfer system within
the initial 12 h. However, cell viability evaluated byMTT assays
continued to decline with IL-1� treatment after 24 h (Fig. 1C).
Together, these results indicate that IL-1� not only suppresses
the proliferation of ATDC5 cells but also induces cell death
after prolonged incubation for longer than 24 h.
To examine the effects of the cell density and differentiation

stage on IL-1�-induced cell death, ATDC5 cells maintained in
undifferentiated conditions, and those differentiated by 2-week
cultures in the presence of ITS were treated with IL-1�. The
expressions of mRNAs for typical differentiation markers (i.e.
aggrecan, type II collagen, and type X collagen) as well as those
for IL-1� and its receptor were assessed by RT-PCR after cul-
turing at various densities for 48 h in the presence or absence of
IL-1� (10 ng/ml) (supplemental Fig. S1). Both differentiated
ATDC5 cells and those maintained in undifferentiated stage
until used for experiments expressed type II collagen mRNA
after 48 h of culture in a confluent state, whereas IL-1� sup-
pressed the expressions of type II and type X collagens. In all of
the experimental conditions, IL-1� mRNAwas hardly detected
in ATDC5 cells. On the other hand, the expression of mRNA
for IL-1 receptor in the cells in the undifferentiated state was
higher than that in the differentiated state, especially at higher
cell density. In addition, IL-1� slightly induced the expression
of its receptor in undifferentiated cells (supplemental Fig. S1).

ATDC5 cells maintained in undifferentiated state and those
differentiated by ITS treatment were seeded into 96-well plates
at a density of 6 � 104 and 6 � 103 cells/well (i.e. nearly conflu-
ent and one-tenth confluent, respectively). Next, they were
treated with IL-1� (10 ng/ml), and viability was examined by
counting the numbers of cells as well as measuring the reduc-
tion of MTS, a water-soluble derivative of MTT (15) (supple-
mental Fig. S2). In a nearly confluent state (6 � 104 cells/well),
both undifferentiated and differentiated ATDC5 cells began to
die after incubation formore than 24 hwith IL-1�. (supplemen-
tal Fig. S2, A and B, top panels). Although formation of MTS
formazan in the undifferentiated and differentiated cells
increased after 24 h of incubation with IL-1�, it was greater in
the undifferentiated ATDC5 cells (supplemental Fig. S2, A and
B, bottom panels). As for cells in a one-tenth confluent state
(6 � 103 cells/well), the increase in the number of undifferen-
tiated cells was significantly suppressed by IL-1�, whereas such
suppression was not significant in the differentiated cells (sup-
plemental Fig. S2, C and D, top panels). Furthermore, MTS
reduction was not affected by IL-1� treatment in either undif-
ferentiated or differentiated cells (supplemental Fig. S2, C and
D, bottom panels).

These results are summarized as follows. IL-1� augmented
MTT/MTS reduction, Nox-2 expression, and cell death in
ATDC5 cells both in low and high differentiated stages, when
they were cultured at high densities. However, the efficacy of
IL-1� to induce MTT/MTS reduction and cell death was
dependent on cell density and differentiation, with both more
prominent in lower differentiated cells in a higher density state.
Therefore, we investigated the mechanism of IL-1�-induced
cell death in confluent ATDC5 cells that had been maintained
in the undifferentiated state before use.

Involvement of MCT-1 in Cell Death Induced by IL-1�—In-
terestingly, IL-1� increased the concentration of lactate in cul-
ture supernatants of ATDC5 cells over 24 h (Fig. 2A). It is
known that short-chain carboxylates, such as lactate and pyru-
vate, are transported across the plasma membrane and mito-
chondrial inner membrane via proton-linked MCTs (23).
Therefore, IL-1� is considered to augment lactate production
in ATDC5 cells. Recently, several reports have described the
biological significance of lactate and MCTs in mitochondrial
production of ROS and inflammatory responses (24, 25). Thus,
we examined the effect of an MCT inhibitor, �CHC, on IL-1�-
induced cell death in ATDC5 cells. �CHC suppressed MTT-
formazan formation in a concentration-dependent manner
(Fig. 2B, left), possibly due to lowered energy metabolism (21).

FIGURE 2. Involvement of MCT-1 in IL-1�-induced cell death. A, ATDC5
cells were cultured for 24 or 48 h in the presence or absence of IL-1� (10
ng/ml), after which lactate concentrations in the culture supernatants were
determined. Black and white columns show results obtained in cultures with
and without IL-1�, respectively. B, ATDC5 cells were incubated with IL-1� (10
ng/ml) for 48 h in the presence of various concentrations of �CHC, an inhibi-
tor of MCT. Cell viability was assessed using an MTT method. Left, absorbance
of MTT-formazan formed in control (E) and IL-1�-treated cells (F). Right,
results shown in the left panel are presented as the percentage of control cells
cultured without IL-1� in the presence of �CHC. C, the expressions of mRNAs
for Mct isoforms were assessed by RT-PCR. Total RNA was isolated from undif-
ferentiated and differentiated ATDC5 cells after culturing for 48 h in the pres-
ence or absence of IL-1� (10 ng/ml). D, the expression of Mct-1 was sup-
pressed by introducing its siRNA (MCT-1-KD). ATDC5 cells introduced with
Mct-1 siRNA were incubated for 48 h with or without IL-1� (10 ng/ml). Signals
from the target genes were normalized against that of GAPDH. The results are
expressed as values relative to that obtained from the control cells (far left
column). E, Mct-1-silenced cells (MCT-1-KD) and control cells (6 � 104 cells/
well) were incubated for 60 h with IL-1� (10 ng/ml). Cell viability was assessed
by counting the number of adherent cells after toluidine blue staining. A, B, D,
and E, results are shown as the mean � S.D. (error bars) of four independent
experiments. *, p � 0.05. NS, not significant.
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When the values obtained in the presence of IL-1� were nor-
malized by those obtained in the absence of the cytokine,�CHC
appeared to have a protective effect on ATDC5 cells against
IL-1�-induced cell death, which implies possible involvement
of MCT subtypes involved in IL-1�-elicited death of ATDC5
cells.
Among the 14 knownMct gene subtypes (26), expressions of

mRNAs for Mct-1, -2, -4, -6, -8, -9, -10, -13, and -14 were
detected in undifferentiated and differentiated ATDC5 cells in
both the presence and absence of IL-1� (Fig. 2C). Furthermore,
IL-1� augmented the expression ofMct-1, -9, and -10 and sup-
pressed that ofMct-4 in undifferentiatedATDC5 cells.MCT-1,
-2, and -4 are reported to be inhibited by �CHC (27); thus,
MCT-1 is considered to be the most abundant subtype among
those susceptible to �CHC, especially in undifferentiated
ATDC5 cells treated with IL-1�. Thus, we also investigated the
role ofMCT-1 in IL-1�-induced gene expression and cell death
in ATDC5 cells by introducing siRNA forMct-1, which nearly
completely suppressed the expression ofMct-1mRNA both in
the presence and absence of IL-1� (Fig. 2D). In addition,Mct-1
siRNA significantly suppressed cell death in ATDC5 cells after
exposure to IL-1� for 48 h (Fig. 2E).
Involvement of NOX-2 in IL-1�-induced Cell Death—Our

previous findings indicated that peroxynitrite, a reaction prod-
uct of NO and O2

. , plays a pivotal role in IL-1�-induced cell
death in rat primary chondrocytes aswell as ATDC5 cells (7). In
those experimental conditions, augmented expressions of
NOS-2 and NOX-2 were observed, and their inhibitors sup-
pressed cell death (7). In the present study, we examined the
effects of Mct-1 knockdown on IL-1�-induced expression of
mRNAs forNos-2 andNox-2. Introduction ofMct-1 siRNA did
not have an effect on IL-1�-induced expression of Nos-2 (Fig.
3A), whereas it significantly suppressed that ofNox-2 (Fig. 3B).
On the other hand, introduction of siRNAs for otherMCT sub-
types, such as Mct-6 and Mct-13, did not have a distinct effect
on NOX-2 expression or cell death after IL-1� treatment (data
not shown).
To elucidate the link between suppression of cell death and

reduction of Nox-2 expression by Mct-1 knockdown, we also
examined the effect ofNox-2 silencing on IL-1�-dependent cell
death in ATDC5 cells. As shown in Fig. 3C, cell death was sig-
nificantly suppressed in cells introducedwith theNox-2 siRNA,
thus confirming the involvement of NOX-2 in IL-1�-induced
cell death in ATDC5 cells.
As shown in supplemental Fig. S1, the expression of Nox-2

mRNA was prominent in ATDC5 cells in a lower differentia-
tion stage at higher density as compared with differentiated
cells or cells at a lower density. Because undifferentiated
ATDC5 cells at higher density tended to die following IL-1�
treatment (supplemental Fig. S2), the speculation that NOX-2
plays an important role in IL-1�-induced cell death was rein-
forced. Lower expression of IL-1 receptor in the differentiated
cells might contribute, in part, to the cause of weaker Nox-2
induction in those cells.
Regulation of Late Phase I�B�Degradation and Expression of

Nox-2 by MCT-1—It was recently reported that NF-�B is
involved in transcription of Nox-2 in both murine and human
phagocytes (12, 13). In particular, p65/RelA-dependent tran-

scription of the Nox-2 gene was confirmed in murine mono-
cytes (12). We examined the phosphorylation and degradation
of I�B� in ATDC5 cells in a nearly confluent state. As shown in
Fig. 4A, IL-1� induced the phosphorylation and degradation of
I�B� 5–20 min after IL-1� stimulation in both the control and
Mct-1 siRNA-introduced ATDC5 cells. These results indicate
that MCT-1 is not involved in this immediate response.
On the other hand, it should be noted that I�B� was slightly

decreased from 12 to 24 h and then disappeared after 48 h of
incubation with IL-1� in ATDC5 cells harboring the control
siRNA (Fig. 4A, left), whereas the level of I�B� was maintained
during this period in the cells introduced with Mct-1 siRNA
(Fig. 4A, right). Amore detailed time course investigation of the
degradation of I�B� and expression ofNox-2mRNA from24 to
48 h after the addition of IL-1� was performed (Fig. 4B). In the
control ATDC5 cells, a marked decrease in I�B� protein was
observed from 36 h after the addition of IL-1� to the culture.
Furthermore, Nox-2 mRNA expression was seen at a low level
from24 to 32 h and then became intense after 36 h (Fig. 4B, left).
On the other hand, both the decrease in I�B� protein and
increase inNox-2mRNAwereminimal during the same period
in cells introduced with Mct-1 siRNA (Fig. 4B, right). In con-
trast, the expression of I�B� mRNA in ATDC5 cells was not
affected by either treatment with IL-1� or introduction of
Mct-1 siRNA (data not shown), indicating that the decrease in
level of I�B� protein in cells treated with IL-1� was probably
due to its degradation.

FIGURE 3. Involvement of NOX-2 in IL-1�-induced cell death. A and B, the
expressions of mRNAs for Nos-2 (A) and Nox-2 (B) were quantitatively ana-
lyzed by real-time RT-PCR in Mct-1-silenced (MCT-1-KD) and control ATDC5
cells with or without treatment with IL-1� (10 ng/ml) for 48 h. Amplification
signals from the target genes were normalized against that from GAPDH. The
results are shown as values relative to that obtained from the control cells (far
left column). C, Nox-2-silenced (NOX-2-KD) and control ATDC5 cells were
plated at a density of 6.0 � 104 cells/well and cultured for the indicated peri-
ods in the presence of IL-1� (10 ng/ml). Cell viability was evaluated using an
MTT assay. E, Nox-2-silenced cells. F, control cells. Right, the expression of
Nox-2 mRNA in control siRNA- and Nox-2 siRNA-introduced ATDC5 cells (NOX-
2-KD) was assessed by RT-PCR after incubation for 48 h with IL-1� (10 ng/ml).
A–C, results are expressed as the mean � S.D. (error bars) of four independent
experiments. *, p � 0.05. NS, not significant.
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To ascertain the involvement of proteasomes in down-regu-
lation of I�B� protein expression in IL-1�-treated cells, we
examined the effects of a proteosome inhibitor,MG-132, on the
levels of phospho-I�B� and I�B� in IL-1�-treatedATDC5 cells
with or without introduction of Mct-1 siRNA (Fig. 4C).
MG-132 suppressed the decrease in I�B� level until 44 h after
IL-1� treatment in the control siRNA-introduced cells. How-
ever, the suppression of disappearance of I�B� byMG-132 was
partial at 48 h, indicating a possible involvement ofmechanisms
other than the degradation by proteasomes in the decrease in
I�B� at that time point.We detected phospho-I�B� during the
period 24–44 h after IL-1� treatment by Western blotting in
both control and Mct-1-silenced cells in the presence of
MG-132 (Fig. 4C), whereas phospho-I�B� was hardly detected
in its absence (Fig. 4A). These results indicate that degradation
of phospho-I�B� by proteasomes was responsible, at least in
part, for the decrease in I�B� level after prolonged incubation
with IL-1� (Fig. 4, A and B).
Although nuclear translocation of p65/RelA was detected in

control ATDC5 cells incubated with IL-1� for 48 h, that in the
Mct-1-silenced cells was clearly suppressed (Fig. 5A).More spe-
cifically, after 48 h of incubation with IL-1� (10 ng/ml), only 8%
of Mct-1-silenced cells had p65/RelA-positive nuclei, whereas

58% of the control cells showed nuclear translocation of p65/
RelA with the same stimulation. Next, we performed a time
course study of p65/RelA activation using an ELISA-based
quantification kit for active p65/RelA (TransAMTM NF-�B
p65, Active Motif). As shown in Fig. 5B, nuclear active p65/
RelAwas increasedwithin 12 h after the addition of IL-1� in the
control siRNA-introduced ATDC5 cells and was retained until
48 h. On the other hand, the increase in the amount of active
p65/RelA in Mct-1-silenced cells was significantly lower than
that in the control cells.
To confirm the involvement of the NF-�B pathway in the

induced expression ofNox-2 in IL-1�-treated ATDC5 cells, we
examined the effects of the I�B� super repressor pBABE-puro-
IKB�-mut as well as an IKK inhibitor, BAY11-7082, on Nox-2
expression. The expression ofNox-2mRNA and disappearance
of I�B� in ATDC5 cells after 48 h of treatment with IL-1� were
suppressed by BAY11-7082, whereas these were not affected by
an MEK inhibitor, PD98059 (Fig. 5C). In addition, forced
expression of the I�B� super repressor inhibited IL-1�-in-
duced expression of NOX-2 mRNA in ATDC5 cells (Fig. 5D).
These results indicate that the I�B�-p65/RelA axis is involved
in IL-1�-induced expression of Nox-2 in ATDC5 cells.
Involvement of ROS in IL-1�-induced Expression of Nox-2

mRNA—Numerous studies have indicated that ROS are
involved in the activation of NF-�B. In addition, it was recently
reported that increased NF-�B-dependent gene expression in

FIGURE 4. Involvement of MCT-1 in IL-1�-induced I�B� degradation and
Nox-2 expression. A, phosphorylation and degradation of I�B� after treat-
ment with IL-1� (10 ng/ml) in control (left) and Mct-1-silenced (MCT-1-KD)
ATDC5 cells (right) at various time points were examined by Western blotting.
I�B� disappeared after 48 h in the control cells, whereas it remained in the
Mct-1-silenced cells. B, a more precise study of the time courses of Nox-2
expression and I�B� degradation was performed in the period from 24 to 48 h
after the addition of IL-1� in the control (left) and Mct-1-silenced (MCT-1-KD)
ATDC5 cells (right). C, inhibition of I�B� degradation and Nox-2 expression
by a proteasome inhibitor, MG-132. Control (left) and Mct-1-silenced (MCT-1-KD)
ATDC5 cells (right) were treated for the indicated periods with IL-1� (10
ng/ml). MG-132 (5 �M) was added to the culture 4 h before each isolation of
total RNA and protein fractions from cells at the indicated time points. The
expression of Nox-2 mRNA was examined by RT-PCR, whereas those of phos-
pho-I�B� (p-I�B�) and I�B� were assessed by Western blotting.

FIGURE 5. Involvement of MCT-1 in IL-1�-induced activation of p65/RelA.
A, the subcellular distribution of p65/RelA was examined by specific immu-
nostaining at 48 h after treatment with IL-1�. The percentage of cells with
p65/RelA localized in the nucleus is expressed as the mean � S.D. (error bars)
of four independent experiments. *, p � 0.05. B, control siRNA-introduced
(unfilled columns) and Mct-1 siRNA-introduced (filled columns) cells were incu-
bated with IL-1� (10 ng/ml) for the indicated time periods. Active p65/RelA in
nuclear extracts was determined by ELISA-based quantification of p65/RelA
bound to �B oligonucleotide. See “Results” for details. C, ATDC5 cells were
cultured for 48 h in the presence or absence of IL-1� (10 ng/ml). At 24 h after
the addition of IL-1�, an IKK inhibitor, BAY 11-7082 (2.5 �M) (IKK), an MEK
inhibitor, PD98059 (50 �M) (MEK), or the vehicle alone (�) was added to the
culture. Top panels, protein levels of I�B� and �-actin were assessed by West-
ern blotting. Bottom panels, the expressions of mRNAs for Nox-2 and GAPDH
were assessed by RT-PCR. D, cells were infected with retroviruses harboring
an I�B� mutant, the NF-�B super repressor, or a control virus for 24 h. After
selection of the infected cells by 24 h of incubation with puromycin, cells were
further incubated for 48 h with IL-1� (10 ng/ml). Expressions of I�B� and
�-actin (top) and those of Nox-2 and GAPDH (bottom) were assessed by West-
ern blotting and RT-PCR, respectively.
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cells exposed to lactate was inhibited by �CHC (25). Therefore,
we examined the production of ROS inATDC5 cells after treat-
ment with IL-1�. Although IL-1� elevated ROS production in
ATDC5 cells with intactMct-1 expression, it did not affect ROS
production in Mct-1-silenced cells (Fig. 6A). To examine the
involvement of ROS andNO in degradation of I�B� and induc-
tion of Nox-2 transcription, ATDC5 cells were treated with
IL-1� for 48 h in the presence or absence ofNAC, a scavenger of
ROS, or L-NAME, an NOS inhibitor for 24–48 h. NAC sup-
pressed the late phase degradation of I�B� induced after 48 h of
treatment with IL-1� (Fig. 6B), and NAC suppressed IL-1�-
induced expression of Nox-2 mRNA (Fig. 6C), whereas
L-NAME did not have effects on either. These results indicate
that ROSplay an important role in I�B� degradation andNox-2
expression in IL-1�-treated ATDC5 cells. On the other hand,
NO, despite its earlier production, is scarcely involved inNox-2
induction.

DISCUSSION

In the present study, we found that IL-1� induced biphasic
activation of the canonical NF-�B pathway in chondrocytic
ATDC5 cells. Late phaseNF-�B activation following prolonged

exposure to IL-1� was involved in the expression of Nox-2,
which contributed to cell death induced by the cytokine. In
addition, we found that MCT-1 was required for onset of late
phase activation of NF-�B and, hence, expression ofNox-2. It is
likely that ROS produced in an Mct-1-dependent fashion play
an important role in the activation of NF-�B. Our speculation
regarding this process is summarized in Fig. 7.
It is known that ROS and reactive nitrogen species are

involved in degradation of articular cartilage, including chon-
drocyte death, in degenerative joint diseases, such as rheuma-
toid arthritis, and osteoarthritis (4–6).We previously reported
that peroxynitrite, a highly reactive compound formed by the
reaction of NO and O2

. , induced necrotic cell death in ATDC5
cells and primary rat chondrocytes via mitochondrial dysfunc-
tion after exposure to IL-1�. In those experimental settings,
NOS-2 expressionwas inducedwithin 6 h, whereas the onset of
NOX-2 expression was observed after a longer period of treat-
ment with IL-1� (7). In the present study, introduction of a
Nox-2 siRNA significantly suppressed IL-1�-dependent cell
death inATDC5 cells (Fig. 3C). These results indicate that ROS,
includingO2

. and/orH2O2, produced byNOX-2 are involved, at
least in part, in cell death, although the involvement of ROS
produced by enzymes or biological systems other than NOX-2
cannot be ruled out. The possibility also exists that NOX-2
plays a role in the vicious cycle of ROS generation in IL-1�-
treated ATDC5 cells, as described in earlier reports that used
different experimental systems (12, 28, 29).
It is well known that the expression of Nos-2 is induced in

chondrocytes by a single inflammatory cytokine, such as inter-
feron-�, tumor necrosis factor-�, or IL-1� (8). On the other
hand, the expression of Nox-2 by chondrocytes has not been
fully investigated. The expression of Nox-2 by neutrophils as
well as Nos-2 by various types of cells has been reported to be
induced under the regulation byNF-�B (12, 13, 30). In the pres-
ent study, biphasic activation ofNF-�Bwas observed inATDC5
cells following exposure to IL-1� (Fig. 4A). More specifically,

FIGURE 6. Involvement of ROS in late phase activation of NF-�B after
IL-1� treatment. A, control and Mct-1-silenced (MCT-1-KD) ATDC5 cells were
cultured for 15 h in the presence or absence of IL-1� (10 ng/ml). The amount
of ROS was measured using flow cytometry. B, ATDC5 cells were cultured for
48 h in the presence or absence of IL-1� (10 ng/ml). At 24 h after the addition
of IL-1�, NAC (5 mM) or L-NAME (5 mM) was added to the culture. The protein
levels of I�B� and �-actin were assessed by Western blotting. C, ATDC5 cells
were cultured for 48 h in the presence or absence of IL-1� (10 ng/ml). At 24 h
after the addition of IL-1�, NAC (5 mM) or L-NAME (5 mM) was added to the
culture. The expressions of mRNAs for Nox-2 and GAPDH after 48 h of incuba-
tion with IL-1� were assessed by real-time RT-PCR. Amplification signals from
the Nox-2 gene were normalized to that from the GAPDH gene. The results are
shown as values relative to those obtained from cells exposed to IL-1� in the
absence of NAC or L-NAME. Results are expressed as the mean � S.D. (error
bars) of four independent experiments. *, p � 0.05. NS, difference is not
significant.

FIGURE 7. Schematic diagram of MCT-1-dependent NF-�B activation and
NOX-2 expression. IL-1� immediately activates the NF-�B pathway, which
may be involved in the expression of NOS-2. On the other hand, IL-1� aug-
ments the production of lactate, which causes generation of ROS in an MCT-
1-dependent manner. ROS in turn induce late phase activation of NF-�B,
which is required for expression of NOX-2. ROS participate in late phase acti-
vation of NF-�B. In our previous report (7), we found that IL-1�-induced cell
death required augmented production of both NO and ROS. In the present
study, the participation of NOX-2 in cell death was indicated.
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phosphorylation and degradation of I�B�, or the so-called
canonical pathway, was observed immediately after stimulation
with IL-1�, followed by later activation of NF-�B, which was
shown by the disappearance of I�B� and activation of p65/RelA
(Figs. 4 and 5). Non-canonical pathways have been shown to be
involved in prolonged activation of NF-�B (31, 32). Although
participation of non-canonical pathways remains to be studied,
the canonical pathway for NF-�Bwas activated in ATDC5 cells
after prolonged exposure to IL-1�.

It is noteworthy thatMct-1 knockdown suppressed both late
phase degradation of I�B� and activation of p65/RelA (Figs. 4
and 5), whereas it did not have an effect on immediate phos-
phorylation or degradation of I�B� (Fig. 4).Mct-1 knockdown
also inhibited the expression ofNox-2, whereas it did not affect
that of Nos-2 (Fig. 3, A and B). These results indicate that late
phase activation of NF-�B in IL-1�-treated ATDC5 cells is
important for expression ofNox-2, whereas the immediate acti-
vation of NF-�B may play a role in NOS-2 expression. In addi-
tion,MCT-1 is required for late phase, but not immediate, acti-
vation of NF-�B.

MCT-1 transports lactate and pyruvate across plasma mem-
branes inward or outward, depending on the intracellular and
extracellular concentrations of these monocarboxylates and
H� (14). An increase in lactate production in cytosol facilitates
excretion of lactate and H� through MCT-1 to prevent intra-
cellular acidification (26). In the present study, lactate concen-
tration in the culture supernatants was significantly increased
after 24 h of incubation with IL-1� (Fig. 2A), indicating an
increased intracellular concentration of lactate at that time
point. Although the mechanisms related to how IL-1� elevates
lactate production in ATDC5 cells remain to be elucidated, it is
possible that IL-1� accelerates glucose metabolism to produce
lactate, as has been observed in human chondrocytes (33). The
augmented production of lactate seen at 24 h after IL-1� treat-
ment indicates that it is involved in I�B�degradation, p65/RelA
activation, NOX-2 expression, and cell death.
It is also known that MCT-1 is distributed in mitochondrial

inner membranes as a component of a complex with lactate
dehydrogenase, cytochrome c oxidase, and CD147 (23). Previ-
ous studies have suggested that this complex facilitates the con-
version of lactate to pyruvate and hence the supply of pyruvate
to mitochondrial matrix as a substrate for ROS generation as
well as for energy production (23, 24). In our study, we observed
augmented reduction ofMTT in cells treated with IL-1� for 12
or 24 h (Fig. 1C). A previous report noted that 77%of totalMTT
reduction occurred in mitochondria, 80% of which was carried
out on complex IV of the electron transfer system, when succi-
nate was used as a substrate (22). Therefore, it is plausible that
lactate, the concentration of which was increased in the cytosol
of IL-1�-treated ATDC5 cells, is used to facilitate MTT reduc-
tion in mitochondria after transportation through the complex
containing MCT-1.
A previous study found that lactate augments NF-�B-medi-

ated gene expression viaMCTs through the production of ROS
(25). ROS is generated in mitochondria as a by-product of the
electron transport system (34), and it is well documented that
NF-�B is a redox-sensitive transcription factor (35–37). In the
present study, inhibition of IL-1�-induced Nox-2 expression

and I�B� degradation by NAC indicated the involvement of
ROS in these phenomena (Fig. 6). Generation of ROS in
ATDC5 cells was slightly augmented after 15 h of incubation
with IL-1�, whichwas not observed inMct-1-silenced cells (Fig.
6A). These results indicate that an increase in cytosolic lactate
augments ROS generation inmitochondria in anMct-1-depen-
dent manner. NO reportedly inhibits IKK� through its nitrosy-
lation and hence inhibits the NF-�B pathway (38). However, in
our study, L-NAME did not have an effect onNox-2 expression
(Fig. 6, B and C), indicating that the involvement of NO in
regulation of Nox-2 expression is minimal.
In contrast to the marked disappearance of I�B� and Nox-2

expression after incubation with IL-1� for 36 h (Fig. 4), activa-
tion of p65/RelA was observed in the control siRNA-
introduced cells from 12 h, which was significantly suppressed
inMct-1-silenced cells (Fig. 5B). It has been reported that ROS
activate NF-�B via both canonical (36) and non-canonical (32)
pathways. In addition, it was recently reported that IKK� func-
tions as an adaptor protein that facilitates nuclear translocation
of the p65/RelA-p50-I�B� complex in UV-irradiated cells (39).
There is a possibility that ROS produced in IL-1�-treated
ATDC5 cells induces IKK�-dependent nuclear translocation of
p65/RelA in a complex with I�B� at 12 h after IL-1� treatment,
which leads to activation of p65/RelA thereafter. Inhibition of
Nox-2 transcription by an IKK inhibitor as well as the I�B�
super repressor suggests that p65/RelA activation dependent
on degradation of I�B� plays an important role in this process
(Fig. 5). Compared with the marked accumulation of p65/RelA
in the nucleus (Fig. 5A), the increment in the amount of active
p65/RelA in the nucleus was only 2-fold after IL-1� treatment
(Fig. 5B). For that reason, it seems likely that an appreciable
amount of nuclear p65/RelA existed as a complex with I�B�.
Further studies are required for clarification of this issue.
The present results show that MCT-1 is required for expres-

sion of Nox-2, which plays an important role in cell death of
ATDC5 cells exposed to IL-1�. MCT-1 is involved in the pro-
duction of ROS, which in turn activate NF-�B and induce
Nox-2 transcription. It is conceivable that ROS derived from
NOX-2 are able to augment generation of ROS frommitochon-
dria (29). Furthermore, NOX-2-dependent activation ofNF-�B
has been reported (28).Our present findings alongwith those of
previous reports indicate that MCT-1 plays an important role
in formation of the vicious cycle of oxidative stress in chondro-
cytes in inflammatory conditions. Therefore, MCT-1 is a
potential target for regulation of degenerative joint diseases.
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