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Abstract We recently reported that inhibition of Cyclo-
oxygenase-2 (Cox-2) reduced human B-CLL proliferation
and survival. Herein, we investigated the mechanisms
whereby small molecule Cox-2 selective inhibitors, SC-
58125 (a Celebrex analog) and CAY10404 blunt survival
of human B-cell lymphomas and chronic lymphocytic leu-
kemia B-cells. SC-58125 and OSU03012 (a Celebrex ana-
log that lacks Cox-2 inhibitory activity) both decreased
intracellular glutathione (GSH) content in malignant human
B-cells, as well as in Cox-2 deWcient mouse B-cells. This
new Wnding supports Cox-2 independent eVects of SC-
58125. Interestingly, SC-58125 also signiWcantly increased
B-cell reactive oxygen species (ROS) production, suggest-
ing that ROS are a pathway that reduces malignant cell sur-
vival. Addition of GSH ethyl ester protected B lymphomas
from the increased mitochondrial membrane permeability
and reduced survival induced by SC-58125. Moreover, the
SC-58125-mediated GSH depletion resulted in elevated
steady-state levels of the glutamate cysteine ligase catalytic
subunit mRNA and protein. These new Wndings of
increased ROS and diminished GSH levels following

SC-58125 exposure support novel mechanisms whereby a
Cox-2 selective inhibitor reduces malignant B-cell survival.
These observations also support the concept that certain
Cox-2 selective inhibitors may have therapeutic value in
combination with other drugs to kill malignant B lineage
cells.
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Abbreviations
Cox-2 Cyclooxygenase-2
GSH Glutathione
ROS Reactive oxygen species
GCL Glutamate cysteine ligase

Introduction

Cyclooxygenase-2 (Cox-2) plays a signiWcant role in the
development and progression of cancers [1, 2]. Non-steroi-
dal anti-inXammatory drugs (NSAIDs) and Cox-2 selective
inhibitors signiWcantly reduce the incidence and progres-
sion of tumors in animal models and in some cancer
patients [3, 4]. Cox-2 has multiple procancerous eVects
including stimulation of angiogenesis by promoting prosta-
glandin E2 (PGE2), thromboxane A2, and PGI2 production
and by increasing VEGF expression [5, 6]. Increased Cox-2
may also contribute to elevation of matrix metalloprotein-
ases, inhibition of IL-12 synthesis, and increase in Bcl-2
expression [7, 8]. While the inhibition of Cox-2 activity
is one method by which Cox inhibitory drugs dampen
malignant cell proliferation, emerging evidence using
Cox-2 deWcient and Cox-2 knockdown cells suggests that
Cox-2-independent eVects are also involved [9–16].
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However, little is known about the mechanisms by which
small molecule Cox-2 selective inhibitors alter cellular
processes independent of blocking Cox-2.

We and others recently reported that constitutive and
inducible Cox-2 expression by malignant B lineage cells
promotes their survival [17–21]. The mechanism by which
the Cox-2 selective inhibitor, SC-58125, a close structural
analog of Celebrex, reduces human B lymphoma/leukemia
cell survival may relate to intracellular glutathione (GSH)
content. Elevated GSH levels were reported in malignant
B-cells and GSH can regulate prostaglandin biosynthesis
[22–24]. Thus, we investigated the ability of SC-58125 to
modulate intracellular GSH levels in human B-cell malig-
nancies.

Glutathione is the major intracellular non-protein thiol
anti-oxidant defense against free radicals and is an essential
cofactor for many cellular functions [25]. An intact intra-
cellular anti-oxidant system is essential for B-cells to over-
come cellular damage caused by reactive oxygen species
(ROS). ROS are implicated as modulators of B lymphocyte
proliferation, diVerentiation, and apoptosis [26]. Since
intracellular GSH content is critical for determining cellular
sensitivity to oxidative stress and chemotherapeutic agents,
we investigated the ability of the Cox-2 selective inhibitor,
SC-58125, to modulate intracellular GSH levels in malig-
nant human B-cells. In this report, we provide evidence that
Cox-2 selective inhibition by SC-58125 reduces B lym-
phoma/leukemic cell survival by depleting intracellular
GSH content and increasing oxidative stress (i.e., ROS
generation).

Materials and methods

Cell culture and reagents

Ramos (ATCC CRL-1596) is a widely used human Burkitt
lymphoma cell line that is Epstein Barr virus negative and
whose phenotype is representative of germinal center B-
cells [27]. Normal human B lymphocytes and chronic lym-
phocytic leukemia B-cells (B-CLL) were isolated from
peripheral blood obtained from consented donors at the
University of Rochester. Ethical permission for blood col-
lection was obtained from the Research Subjects Review
Board at the University of Rochester. The isolation of
highly puriWed B lymphocytes and B-CLL cells has been
previously described [21, 28]. Normal human B lympho-
cytes, fresh B-CLL cells, and B lymphoma cells were cul-
tured in RPMI 1640 (Life Technologies, Grand Island, NY)
supplemented with 10% FBS, 5 £ 105 M 2-ME, 10 mM
HEPES, 2 mM L-glutamine, and 50 �g/ml gentamicin. Nor-
mal B lymphocytes and B-CLL cells were cultured with or
without recombinant CD40L [29]. GSH ethyl ester was

purchased from Sigma, St. Louis, MO, and 100 mM stock
concentrations were made in PBS and diluted to working
concentrations in culture medium.

Ptgs2-knockout mouse studies

Eight- to twelve-week old Cox-2 deWcient (B6.129P2-
Ptgs2tm1Smi) mice and their wild-type barrier colony con-
trols were purchased from Taconic Farms, Frederick, MD.
The Animal Care and Use Committee of the University of
Rochester approved all mouse protocols. Mice were anes-
thetized with sodium pentobarbital (60 mg/kg). Mouse B
lymphocytes were isolated from spleen using the B-cell
isolation kit (Miltenyi Biotec, Bisley, UK) according to
the manufacturer’s protocol. The cells were washed and
counted, and viability was determined using the trypan blue
exclusion method. B lymphocytes isolated in this manner
are >97% surface B220 positive. PuriWed mouse B lympho-
cytes were cultured in RPMI 1640 (Life Technologies)
supplemented with 5% FBS, 5 £ 105 M 2-ME, 10 mM
HEPES, 2 mM L-glutamine, and 50 �g/ml gentamicin. Ten
�g/ml of lipopolysaccharide (LPS) (Sigma) was added to
cultures to stimulate mouse B-cells.

Small molecule Cyclooxygenase inhibitors

SC-58125, a highly selective Cox-2 inhibitor, was pur-
chased from Cayman Chemical Company, Ann Arbor, MI.
Experiments were also performed using CAY10404, also a
highly selective Cox-2 inhibitor (Cayman Chemical Co.,
data not shown). SC-58125 and CAY10404 were dissolved
in DMSO (10 mM stock stored at ¡20°C) and diluted to
working concentrations in culture medium. Pharmacologi-
cal doses of these drugs that have been previously shown to
block PG production in vitro range from 5 to 20 �M [30]
OSU03012 (Cayman Chemical Co.) is an analog of Celec-
oxib™ that exhibits anti-cancer activity in a Cox-2-indepen-
dent manner [31]. OSU03012 was dissolved in ethanol
(4 mM stock stored at ¡20°C) and diluted to working con-
centrations in culture medium.

Measurement of intracellular glutathione (GSH) levels

Total intracellular GSH levels were determined in 4 £ 106

normal or malignant B-cells using the 5,5�-dithiobis-(2-
nitro-benzoic acid)-GSH reductase recycling method [32].
B Lymphocytes/leukemic cells were washed twice with 1£
PBS and lysed in 300 �l extraction buVer (0.1 M KH2PO4,
5 mM EDTA, 0.1% Triton X-100, 0.6% sulfosalicylic acid,
pH 7.5) followed by 30 s sonication. A 10 �l aliquot of
lysate was used for protein quantitation by BCA (Pierce,
Rockford, IL) according to the manufacturer’s protocol.
The GSH assay reagents were added to the samples in the
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following order: 120 �l of a 1:1 mixture of 3 U/ml GSH
reductase/0.6 mg/ml 5, 5�-dithiobis (2-nitrobenzoic acid)
(Sigma) for 30 s. The reaction was started by addition of
60 �l of 0.6 mg/ml �NADPH (Sigma), and the absorbance
at 415 nm was monitored for 5 min. The amount of total
GSH was determined from a standard curve that was linear
from 0.4 to 26 nmol/ml. Monochlorobimane (MCB)
(Molecular Probes, Eugene, OR) was used to determine
cellular GSH levels as previously described [33]. Ten mM
stock concentrations of MCB (stored at ¡20°C) were
diluted to working concentrations in staining media con-
taining 1£ PBS/5% FBS and 2.5 mM probenecid (Sigma).
Cells were incubated with 50 �M MCB in the dark for
30 min at room temperature. Cells were washed with ice
cold 1£ PBS/50% FBS and immediately analyzed by Xow
cytometry. Data were collected from analysis of 30,000 live
cells. Buthionine sulfoximine (BSO) treated Ramos cells
were used to set gate parameters (>98% GSH negative).
Bimane-GSH expression was visualized in lymphoma cells
on a Nikon Eclipse TE 2000 microscope using a 20£
(numerical aperture 0.45) and 40£ (numerical aperture
0.60) objective.

ESI MS/MS analysis

Small molecule drugs SC-58125 and OSU03012 were
infused with GSH to the LTQ ion-trap mass spectrometer
(Thermo Corporation, San Jose, CA). Each sample was
loaded in solvent (0.1% acetic acid in solution of 50% ace-
tonitrile and 50% water). Survey full scan MS spectra
(from m/z 150 to 2,000) were used.

Measurement of intracellular ROS

Reactive oxygen species generation was evaluated by the
ROS indicator dye 5-(and-6)-carboxy-2�, 7�-dichlorodihy-
droXuorescein diacetate (carboxy-H2DCFDA) (Molecular
Probes) [34]. Superoxide anion production was measured
using dihydroethidium (Molecular Probes) [35]. PuriWed
human B-cells, B lymphoma or B-CLL cells were loaded
with 10 �M DCFDA or 20 �M dihydroethidium at the end
of culture for 20 min at 37°C. DCF peroxidation or ethi-
dium incorporation was determined as detected by Xow
cytometry.

Imaging cytometry

After carboxy-H2DCFDA staining, nuclei was counter-
stained with 5 �M Draq-5 (Axxora, LLC, San Diego, CA)
and dead cell excluded by staining with 50 �g/ml 7-AAD
(Invitrogen, Carlsbad, CA). Images were acquired on the
ImageStream imaging Xow cytometer (Amnis Corp., Seattle,

WA), using the manufacturer’s acquisition software. Spectral
compensation was performed as previously described and
data analysis was performed using the ImageStream Data
Exploration and Analysis Software (IDEAS, Amnis Corp.)
[36, 37]. BrieXy, debris and cell aggregates were excluded
and individual cells identiWed by gating on nuclear intensity
and aspect ratio (ratio of length to width, a measure of
circularity). Individual cell populations were identiWed by
gating on cells expressing surface makers, and conWrmed
by visual inspection of the pattern of Xuorescence of the
images.

Reverse-transcription PCR (RT-PCR)

Total RNA was extracted using Qiagen RNAeasy mini kit
(Valencia, CA) following the supplier’s protocol. RNA was
measured on a Bio-Rad SmartSpec 3000. One microgram
of RNA was reverse-transcribed using MMLV RT primed
by an oligo (dT) primer. PCR reactions for human gluta-
mate cysteine ligase (GCL) catalytic subunit and GAPDH
were performed using Platinum Taq DNA polymerase (Invi-
trogen). Human GCL catalytic subunit primer sequences
were 5� GTGGTACTGCTCACCAGAGTGATCCT 3� and
5� TGATCCAAGTAACTCTGGACATTCACA 3�. Human
GAPDH sequences were 5� ACCACAGTCCATGCCATC
AC 3� and 5� TCCACCACCCTGTTG CTGTA 3�. DNA
products were electrophoresed on a 1.2% agarose gel.

Real-time RT-PCR

Ten ng of cDNA was analyzed by real-time RT-PCR using
the following GCL catalytic subunit primer sequences:

Sense: 5�TCCCAGATTAGGCTGTCCTG 3� and
Anti-sense: 5�GGACTTGGAAGCTCCTCCTT 3� and
Probe: 6FAM GAGGTCAAACCCAACCCAGT TAMRA. 

The primers (400 nM) and probe (250 nM) were added
to a Wnal 1£ universal Taqman PCR master mix (Applied
Biosystems, Foster City, CA). The following PCR condi-
tions were used: 95°C for 10 min (Amplitaq activation) fol-
lowed by 50 cycles of 95°C for 30 s and 60°C for 30 s.
Cycle threshold values were determined using a standard
curve and analyzed on Bio-Rad Icycler Software. Cycle
threshold values were normalized to GAPDH, and fold
induction was calculated in drug-treated cells compared to
untreated.

SDS PAGE and Western blotting

Total cellular protein was harvested after culture for 24 h.
Cells were lysed in protein isolation buVer (1% IGEPAL,
150 mM sodium chloride, 50 mM TRIS, 10% protease
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inhibitor cocktail) and quantiWed by BCA protein assay kit
(Pierce). Ten micrograms of protein was fractionated by
SDS-PAGE and electrophoretically transferred onto nitro-
cellulose membranes. After blocking in 10% non-fat pow-
dered milk in 1£ PBS/0.1% Tween 20, membranes were
incubated with polyclonal rabbit anti-GCL catalytic subunit
antibody (Santa cruz, Santa Cruz, CA), polyclonal rabbit
anti-GCL modulatory subunit antibody (Santa cruz), or a
mouse anti-Actin (Oncogene Research Products, San
Diego, CA) antibody for 2 h at 20°C. After washing in
PBS/Tween buVer, membranes were incubated with sec-
ondary goat anti-rabbit-HRP conjugated antibody (Jackson
Immunoresearch Laboratories, West Grove, PA) for 1 h at
20°C. Bands were visualized with enhanced chemilumines-
cence (Amersham, Piscataway, NJ) and autoradiography
Wlm according to the manufacturer’s protocol.

Mitochondrial dehydrogenase activity (MTT assay)

B-cells were incubated in triplicate at 5 £ 105 cells/ml in
the presence or absence of SC-58125 (or CAY10404) and
compared to untreated (vehicle) cells as control. The MTT
assay measures mitochondrial dehydrogenase activity and
was used to assess viability. For the Wnal 4 h of culture, a
solution of 5 mg/ml of MTT diluted in PBS (10 �l/well)
was added to the cells. After a total incubation of 48 h at
37°C, the plate was centrifuged, the media removed, and
the insoluble precipitate dissolved in DMSO. The plate was
read at 560 nm on a Benchmark ELISA plate reader (Bio-
Rad, Hercules, CA).

Mitochondrial membrane permeability

B-cells were incubated in triplicate with vehicle (DMSO)
or SC-58125 in the presence and absence of GSH ethyl
ester (Sigma) for 12 h. Forty nM 3, 3�-dihexyloxacarbocya-
nine iodide (DiOC6) (Molecular Probes) was diluted in cul-
ture media and added to the cells for 15 min. Cells were
harvested, washed in 1£ PBS and immediately analyzed on
a Beckton Dickson FACS calibur Xow cytometer (BD Bio-
sciences, San Jose, CA). Cells with intact mitochondrial
membrane potential incorporate DiOC6 into the mitochon-
dria [38].

Statistical analysis

A Student’s t-test was used to evaluate statistical signiW-
cance of the data comparing two groups. Correlation coeY-
cients were calculated to determine the dose–response
relationships of SC-58125. Statistical signiWcance was
determined by paired two-way analysis of variance
(ANOVA). All data are represented as mean § SEM and
statistical signiWcance was assigned for P < 0.05.

Results

Decreased intracellular GSH content in normal 
and malignant B-cells in response to SC-58125

Higher levels of GSH biosynthesis enzymes and GSH lev-
els were reported in human B-cell malignancies compared
to normal B lymphocytes, supporting a role for enhanced
survival with increased GSH [22, 23, 39]. We and others
reported that Cox-2 inhibition can reduce B lymphoma and
B-CLL survival [19–21]. We Wrst investigated whether
modulation of GSH levels was the mechanism by which the
Cox-2 selective inhibitor SC-58125 reduced malignant B
lineage cell survival. This was accomplished by measuring
the total intracellular GSH content in the presence and
absence of SC-58125 at 3, 6, 12, and 24 h. At 6 h, the high-
est dose of SC-58125 decreased GSH content by »50%
compared to vehicle control. Figure 1a also shows that SC-
58125 dose-dependently diminished intracellular GSH lev-
els in human Ramos B lymphoma cells after 12 and 24 h.
At the 12 h time point there was »15% (10 �M), »72%
(20 �M), and »90% (40 �M) depletion of intracellular
GSH content. Ten �M SC-58125 and 20 �M SC-58125 for
24 h depleted GSH content by 35 and 70%, respectively.
This 70% decrease in total intracellular GSH (GSH
+ GSSG) levels by SC-58125 was not associated with

increased GSSG. Five �M OSU03012, a celebrex analog
that lacks Cox-2 inhibitory activity [31], also signiWcantly
reduced GSH levels »45%. Ramos cells treated with BSO,
an agent that depletes GSH, showed »95% GSH depletion
and was used as a positive control (data not shown).

We next determined whether or not SC-58125 decreased
intracellular GSH in rigorously puriWed human peripheral
blood B lymphocytes and in B-CLL cells. Figure 1b shows
that CD40 ligand (CD40L) stimulation signiWcantly
increased GSH levels over untreated normal and leukemic
B-cells (P < 0.05). Five million normal human B lympho-
cytes or leukemic cells stimulated with CD40L in the pres-
ence of SC-58125 showed lower GSH levels over non-drug
treated cells (Fig. 1b). The larger SC-58125-mediated
decreases in GSH measured in B-CLL cells compared to
normal human B lymphocytes was irrespective of baseline
intracellular GSH levels. A statistically signiWcant dose-
dependent eVect of SC-58125 on GSH depletion in normal
B-cells and B-CLL cells was detected (P < 0.05). CD40L-
stimulated B-CLL cells demonstrated 60% decreased GSH
levels with 10 �M SC-58125 and 85% reductions with
40 �M SC-58125 over untreated cells. Normal B-cells
showed up to a 40% decrease with SC-58125.

The Wnding of decreased GSH produced by OSU03012
suggests that Cox-2 inhibition is not required for GSH
depletion. In order to evaluate whether or not the SC-
58125-mediated GSH depletion was Cox-2 independent,
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GSH content was measured in wild-type and Cox-2 deW-
cient mouse B-cells. No diVerence in GSH content was
detected between mouse wild-type and Cox-2 deWcient B-
cells cultured for 24 h with nothing or LPS (Fig. 1c). Inter-
estingly, a 33% decrease in GSH content was detected in
both wild-type and Cox-2 deWcient LPS-stimulated B-cells
treated with SC-58125. These new Wndings reveal that the
SC-58125-mediated GSH depletion was Cox-2 indepen-
dent.

The fraction of cells that was sensitive to SC-58125-
mediated GSH depletion was determined using the thiol
reactive dye, MCB. Histogram plots demonstrate reduc-
tions in the percentage of bimane-GSH positive cells after
SC-58125 treatment, with <1% detection in BSO (100 �M)
treated cells. A total of 30,000 live cells were analyzed to
determine the percent of bimane-GSH positive cells. As
shown in Fig. 1d, there was a time and dose-dependent
eVect of SC-58125 on the percent of GSH depleted Ramos
B lymphomas compared to vehicle control. Consistent with

the Wndings of lower GSH content (Fig. 1a), signiWcantly
fewer (28%) bimane-GSH positive cells were detected as
early as 6 h after treatment with SC-58125. SC-58125
exposure for 12 h resulted in a dose-dependent 5–7%
decrease (5–80 �M) in the percent of bimane-GSH positive
Ramos B lymphomas. A less than fourfold reduction in the
percentage of bimane-GSH positive lymphoma cells was
detected after 18 and 24 h of treatment with SC-58125
(80 �M). The decrease in the percentage of cells expressing
bimane-GSH and the lower Xuorescence intensity with SC-
58125 were also visualized in Ramos B lymphomas by
Xuorescence microscopy (data not shown).

Increased ROS production following GSH depletion
by SC-58125

We next evaluated whether or not increased ROS produc-
tion was responsible for the GSH depletion by SC-58125
(and CAY10404, data not shown). As shown in Fig. 2a,

Fig. 1 The Cox-2 selective inhibitor, SC-58125, depletes intracellular
GSH in normal and malignant B lineage cells. a Ramos B lymphomas
treated with vehicle (DMSO), 10, 20, or 40 �M SC-58125 for 3, 6, 12,
and 24 h were analyzed for total intracellular GSH content. A dose-
dependent decrease in GSH levels was detected by 10, 20, and 40 �M
SC-58125 treated cells after 6, 12, and 24 h. Five �M OSU03012
(which lacks Cox-2 inhibitory activity) decreased GSH by »45%.
b Untreated or CD40L-stimulated normal human B lymphocytes and
B-CLL cells were cultured in the presence and absence of SC-58125
for 24 h. SigniWcantly increased GSH levels were measured in CD40L
stimulated cells compared to untreated. SC-58125 induced larger dose-
dependent decreases in GSH levels in B-CLL cells, compared to
normal human B lymphocytes. c Total GSH content was analyzed in
wildtype and Cox-2 deWcient mouse B-cells cultured with nothing or

LPS in the presence and absence of SC-58125 (20 �M). LPS stimu-
lated wildtype and Cox-2 deWcient B-cells treated with SC-58125
showed decreased GSH levels compared to non-drug treated cells. No
diVerences between wildtype and Cox-2 deWcient B-cells were detect-
ed in untreated or LPS stimulated B-cells. Data are shown as
mean § SEM (n = 3, *P < 0.05). d Ramos B lymphomas were treated
with SC-58125 for 6, 12, 18, and 24 h and the percentage of bimane-
GSH positive cells was determined by Xow cytometry using the thiol
reactive dye, monochlorobimane (MCB). A dose-dependent decrease
in the percentage of Ramos B lymphomas was seen as early as 6 h, and
persisted until 24 h. BSO (100 �M) was used to set gate parameters
and show complete GSH depletion. Data shown are representative of
three experiments with similar results
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there was a dose-dependent increase in ROS production by
Ramos B lymphomas as measured by DCF Xuorescence
and detected by Xow cytometry. H2O2 was used as a posi-
tive control for ROS production (data not shown). An
increase in ROS was detected in 15% of cells 12 h after
incubation with 5 �M SC-58125. Thirty percent of cells
demonstrated increased ROS production after 12 h of treat-
ment with 40 �M SC-58125 compared to vehicle treated
control (7%). SigniWcantly less than twofold increased
mean Xuorescence intensity of DCF positive cells was seen
after 12 h of drug treatment (P < 0.05) (Fig. 2a). Elevated
ROS levels remained detectable 24 h after treatment with
SC-58125 compared to untreated cells. Dihydroethidium
was next used to evaluate whether superoxide anion gener-
ation was a contributor to the increased ROS production.
Figure 2B shows a dose-dependent increase in the percent-
age of cells staining positive for superoxide anion produc-
tion after treatment with SC-58125. Doses as low as 5 �M
SC-58125 were shown to induce increases in superoxide
production. Higher doses of SC-58125 produced even
larger increases in ethidium incorporation after 24 h as
detected by Xow cytometry.

The SC-58125 mediated induction of ROS as deter-
mined by DCF Xuorescence was also visualized by imaging
Xow cytometry (see Materials and methods) in Ramos B
lymphomas (Fig. 3). DCF intensity was determined only in
live cells that were positive for Draq-5 and negative for 7-
AAD. Draq-5 is rapidly taken up by live cells. Apoptotic or
necrotic cells, due to loss of membrane permeability, will
be positive for 7-AAD and negative for Draq-5. Cells that
were double positive for Draq-5 and 7-AAD were consid-
ered early apoptotic (data not shown). Figure 3 shows that

live SC-58125 treated cells had enhanced production of
ROS compared to live OSU03012 treated B lymphoma
cells. However, a subset of early apoptotic cells treated
with OSU03012 (R2 gate, Fig. 3) had substantially greater
ROS production suggesting a delay in the Cox-2 indepen-
dent induction of ROS.

The Wndings of increased ROS production by SC-58125
in B lymphomas prompted us to investigate whether or not
this also occurred in normal human B lymphocytes. Consis-
tent with our Wndings in Figs. 2 and 3, SC-58125 increased
ROS production in both unactivated and CD40L-stimulated
normal human B lymphocytes as detected by DCF Xuores-
cence (Fig. 4a). There was a dramatic 85% increase in ROS
production by unactivated B-cells (20 �M SC-58125) com-
pared to vehicle control. The 85% of DCF-positive B-cells
with elevated ROS had fourfold increased mean Xuores-
cence intensity with 20 and 40 �M SC-58125 compared to
untreated B lymphocytes (Fig. 4b). CD40L-stimulated B-
cells also showed a dose-dependent increase in DCF-posi-
tive cells after 24 h. Five �M SC-58125 induced ROS in
41% of cells compared to 16% in vehicle treated cells.
Treatment with 20 �M SC-58125 showed 66% of cells with
increased ROS production. These data reveal that SC-
58125 may decrease survival by causing oxidative stress in
normal and malignant human B-cells.

Steady-state glutamate cysteine ligase catalytic subunit 
(GCLC) mRNA levels induced by SC-58125

To further investigate the mechanism by which SC-58125
depleted GSH in Ramos B lymphomas, we next examined
whether or not there were diVerences in the expression of

Fig. 2 Increased ROS produc-
tion by SC-58125 treated Ramos 
B lymphoma cells. a Ramos B 
lymphoma cells treated with 
SC-58125 showed an increase in 
the percentage of DCF positive 
cells as detected by Xow 
cytometry. Histogram plots 
show the percentage of DCF 
positive cells increases with the 
dose of SC-58125 treated Ramos 
B lymphomas compared to 
vehicle control. b An increase in 
the percentage of cells positive 
for superoxide anion production 
was detected by dihydroethidi-
um (HE) staining 24 h after 
exposure to SC-58125 at doses 
as low as 5 �M
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the rate limiting enzyme in GSH biosynthesis, namely GCL
[40]. The eVect of SC-58125 on GCL mRNA expression
was Wrst investigated in normal and malignant human B-cells.
GCL is comprised of two subunits: the catalytic subunit
(GCLC, 73 kDa) that is inducible by oxidative stress, and
the modulatory subunit (GCLM, 23 kDa) which increases
the aYnity of the catalytic subunit for glutamate [41]. The
data in Fig. 5a show that CD40L plus anti-IgM antibody-
activated B lymphocytes treated for 48 and 72 h with 20 or
40 �M SC-58125 showed increased steady-state GCLC
mRNA levels as detected by semi-quantitative RT-PCR.
No changes in GCLM mRNA were detected (data not
shown). In contrast to normal human B lymphocytes that
express low basal levels of GCLC mRNA, Ramos B
lymphomas and B-CLL cells constitutively expressed high
levels of GCLC mRNA (Fig. 5a).

We next utilized a sensitive real-time RT-PCR approach
to quantify changes in GCLC mRNA levels in malignant B
lymphoma/leukemic cells. Cycle threshold values were
generated for each sample using a standard curve for GCLC
and GAPDH. Following normalization to GAPDH levels,

8-fold and 12-fold increased steady-state GCLC mRNA
levels were detected in Ramos B lymphomas treated with
as low as 5 �M SC-58125 for 24 h compared to vehicle
control (Fig. 5b). PuriWed primary human B-CLL cells
showed less than fourfold inductions in SC-58125 treated
cells compared to untreated after 24 h (Fig. 5c). CD40L
stimulation modestly elevated GCLC expression over
unstimulated (approximately twofold); however, GCLC
mRNA levels were further signiWcantly induced (less than
fourfold) by CD40L-stimulated B-CLL cells treated with
20 or 40 �M SC-58125 over non-drug treated CD40L-stim-
ulated B-CLL cells (P < 0.05).

The results of increased GCLC mRNA levels by SC-
58125 prompted us to determine whether or not there was
enhanced GCLC protein expression. Ramos B lymphomas
treated with SC-58125 showed increased expression of
GCLC protein after 24 h as detected by Western blot analy-
sis (Fig. 6a). No major diVerences following drug treatment
were seen in GCLM protein expression. Densitometry anal-
ysis revealed that Ramos B lymphomas treated with 5 �M
SC-58125 demonstrate a Wvefold induction in the relative

Fig. 3 Cox-2 independent ROS 
induction in Ramos B 
lymphoma cells. DCF 
Xuorescence intensity was 
analyzed by imaging Xow 
cytometry in Ramos B 
lymphoma cells either a untreat-
ed or treated with b SC-58125 
(20 �M) or c OSU03012 (5 �M). 
7-AAD (cell impermeable) and 
Draq5 (cell permeable) dyes 
were used to analyze for cell 
viability. SC-58125 and 
OSU03012 showed an increased 
percentage of ROS positive cells 
compared to untreated. 
SC-58125 induced ROS in a 
larger proportion of live cells 
compared to OSU03012. 
A subset of early apoptotic 
OSU03012 treated cells (R2 
gate-Draq5 and 7-AAD double 
positive) showed the largest 
increase in DCF Xuorescence
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sum intensity of GCLC expression over untreated cells
(Fig. 6b). The increased GCLC expression by SC-58125
resulted in modest increases in GCL activity (data not
shown). These new data show that depletion of GSH by
SC-58125 enhances oxidative stress in normal and malig-
nant human B-cells and promotes GSH synthesis via the
up-regulation of GCLC expression.

Reduced survival of B lymphomas rescued 
by GSH ethyl ester

To gain insight into the ability of GSH to protect against the
reduced viability of Cox-2 selective inhibition, GSH was
added to SC-58125-treated B lymphomas. Mitochondrial
dehydrogenase activity was measured after 48 h by MTT
assay. As shown in Fig. 7a, 1 mM GSH completely
restored the dose-dependent reduction in mitochondrial
dehydrogenase activity. A statistically signiWcant rescue in
survival by GSH was detected at 5 �M SC-58125. Further,
the anti-oxidant and GSH pre-cursor n-acetyl-L cysteine
produced protective eVects against SC-58125-mediated
reduction in mitochondrial dehydrogenase activity (data
not shown). These Wndings suggest that GSH depletion by

SC-58125 induces mitochondrial changes in B lymphomas
that adversely aVect their survival. Encouraged by the Wnding
that GSH restored mitochondrial dehydrogenase activity,
we investigated the ability of GSH to prevent SC-58125-
mediated mitochondrial membrane permeability in Ramos
B lymphomas using DIOC6 incorporation. Live cells fully
incorporate DIOC6 whereas apoptotic cells do not because
of increased mitochondrial membrane permeability.
Figure 7b shows that GSH prevented »90% of B

Fig. 4 Increased ROS production by SC-58125 in normal human B
lymphocytes. a Normal human B lymphocytes cultured with nothing
or CD40L and treated in the presence of SC-58125 for 24 h showed
signiWcantly (85%) increased ROS production as detected by DCF
compared to vehicle control treated cells. b SigniWcantly increased
mean Xuorescence intensity of normal human B lymphocytes (cultured
with nothing or CD40L) treated with SC-58125 were detected com-
pared to control cells (n = 3, *P < 0.05)
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lymphoma cells from the SC-58125-induced changes in
mitochondrial membrane potential. These Wndings indicate
that modulation of GSH levels by SC-58125 induces
changes in mitochondrial dehydrogenase activity and mito-
chondrial membrane permeability that reduce B lymphoma
cell viability.

Discussion

This report provides the Wrst evidence that the Cox-2 selec-
tive inhibitor SC-58125 decreases intracellular GSH con-
tent in normal and malignant human B-cells. We also show
signiWcantly increased production of ROS in response to
SC-58125 that may also contribute to reduced survival.
Neoplastic cells may be more vulnerable to agents that aug-
ment oxidative stress because they function with elevated
basal levels of ROS [42]. Celecoxib (also known as Celeb-
rex), a clinically used Cox-2 selective inhibitor with close
structural similarity to SC-58125, was shown to induce
apoptosis via a mitochondrial-dependent pathway [43–45].
Our new data show that addition of GSH restores B lym-
phoma/leukemic cell mitochondrial alterations caused by
SC-58125, namely increased mitochondrial membrane per-
meability and reduced mitochondrial dehydrogenase. This
Wnding suggests that GSH depletion may be an upstream
mediator of mitochondrial dysfunction and apoptosis in

these cancer cells. Interference with DNA binding tran-
scription factors (e.g., Sp1 and hypoxia inducible factor-1)
was also reported as a Cox-2-independent anti-cancer eVect
of Cox-2 selective inhibitors [10, 46]. Our results suggest
that depletion of GSH is involved in mediating such Cox-2
independent eVects, as GSH is a critical cofactor for many
intracellular processes, including regulation of transcription
factors [25]. GSH depletion by SC-58125 in Cox-2-deW-
cient mouse B-cells and Cox-2 negative naive human B-cells

Fig. 6 Increased GCLC protein expression in Ramos B lymphoma
cells by SC-58125. a Ramos B lymphomas treated with SC-58125 in-
creased GCLC protein levels in a dose-dependent manner after 24 h as
detected by Western blot. No major changes in GCLM protein expres-
sion were seen following treatment with SC-58125. b Densitometry
analysis of Western blot in panel A shows signiWcant fourfold
increased GCLC expression in SC-58125 treated cells compared to
untreated (n = 3, *P < 0.05)
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indicates that GSH is a viable Cox-2-independent target.
Furthermore, the celecoxib analog that lacks Cox-2 inhibi-
tory activity, OSU03012, also reduced intracellular GSH.
Taken together, these data support that the dramatic
decrease in GSH by these small molecules represents an
important mechanism that triggers multiple downstream
consequences, ultimately leading to cell death.

The Wnding that SC-58125 depletes GSH in malignant
human B-cells has important implications for elucidating
the mechanisms by which Cox-2 selective inhibitors are
beneWcial chemotherapeutic agents. Our mass spectrometry
analysis did not reveal direct interactions between GSH and
SC-58125 nor OSU03012 (data not shown). However, sev-
eral studies demonstrate that chemotherapeutic agents
reduce malignant B-cell survival in part by increased for-
mation of ROS [35, 47]. A decrease in GSH alone was
shown to act as a potent early activator of apoptotic signal-
ing in a B lymphoma cell line. However, increased ROS
production following mitochondrial GSH depletion was a
crucial event, which irreversibly commits some B lympho-
mas to apoptosis [22]. Our data show that SC-58125
induced a dose-dependent increase in ROS production by
normal and malignant human B-cells. These Wndings dem-
onstrate that increased ROS production is a new mecha-
nism by which the Cox-2 selective inhibitor SC-58125
inXuences normal and malignant human B lineage cell sur-
vival. Increased ROS production was detected 12 h after
drug treatment. The time course of events post-SC-58125
treatment suggests that ROS production may contribute to
and be a result of GSH depletion (seen as early as 6 h,
Fig. 1a, d). Given that naive human B lymphocytes do not
express Cox-2 [28], these new Wndings of SC-58125 medi-
ated GSH depletion/ROS production by unstimulated
human B lymphocytes indicates that the eVects of SC-
58125 on GSH depletion and ROS generation were Cox-2-
independent. The Cox-2-independent nature of these eVects
was further supported by the fact that SC-58125 mediated
GSH depletion in Cox-2 deWcient mouse B-cells.

Interestingly, SC-58125 enhanced the expression of
GCLC, the rate-limiting step in GSH biosynthesis. SC-
58125 increased both steady-state GCLC mRNA and pro-
tein levels. These data reveal activation of a modulatory
pathway of GSH biosynthesis in response to decreased
GSH by the Cox-2 selective inhibitor, SC-58125. Further
investigation of cellular GSH metabolism in B-cells is
necessary to determine which processes are involved in
SC-58125-mediated depletion of GSH. Moreover, we
suggest that high levels of dietary anti-oxidant supple-
mentation may reduce the eYcacy of potential chemother-
apeutic beneWts of Cox-2 selective inhibitors and warrant
further investigation of the eVects of Cox-2 selective inhi-
bition on GSH depletion in malignant B lineage cells in
humans.

Strict regulation of reduction-oxidation reactions is criti-
cal for B-cells to avoid oxidative stress and cellular damage
that may ultimately be tumorigenic [42, 48]. B-cell malig-
nancies can arise in an environment of chronic B-cell acti-
vation, and we speculate that increased Cox-2 levels in
lymphomas were a result of inducible Cox-2 in activated
normal B-cells. Elevated and constitutive Cox-2 expression
in cancer cells can promote tumor progression by promot-
ing cell growth and angiogenesis, as well as by decreasing
immune surveillance [49, 50]. We determined a range of
GSH levels in malignant human B-cells (lymphomas/leuke-
mias) that overlap and exceed GSH levels in normal human
B lymphocytes. These Wndings are consistent with previous
reports; however, it is largely unknown at what stage of
tumorigenesis elevated GSH levels are detectable. Further-
more, B-CLL is a heterogeneous disease with a variable
clinical course and therefore may exhibit a spectrum of
GSH levels. Our Wnding that exposure to Cox-2 selective
drugs modulates cellular GSH levels also contributes to
understanding the potential chemopreventive properties of
these drugs. Epidemiological evidence has shown a role for
anti-inXammatory drugs in reducing the risk of developing
non-Hodgkins lymphoma [51–53]. To our knowledge, there
are no reports that elucidate the cellular and molecular
mechanisms by which the use of Cox-2 selective inhibitors
can reduce the risk of lymphoma. Further investigation is
needed to determine if a decrease in GSH levels is a mecha-
nism by which non-steroidal anti-inXammatory drug use
and Cox-2 deWcient mice demonstrate resistance to devel-
oping cancers [54]. Therefore, pre-malignant B-cells treated
with SC-58125 or similar compounds may prevent develop-
ment of B lymphoma by a combination of both Cox-2-
dependent and Cox-2-independent mechanisms. Future
studies will be necessary to identify the precise mecha-
nism(s) of SC-58125-mediated GSH depletion and whether
or not this is a mechanism by which Cox inhibitors reduce
the risk of developing B-cell malignancies in humans.
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