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15-Deoxy-D12,14-prostaglandin J2 induces apoptosis of a
thyroid papillary cancer cell line (CG3 cells) through
increasing intracellular iron and oxidative stress
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Treatment of carcinoma cell lineswith15-deoxy-D12,14-prostaglan-
din J2 (15d-PGJ2), a natural ligand of the peroxisome proliferator-
activated receptor-c, has been reported to induce apoptosis and/
or inhibit proliferation. In this study, we investigated the cytotoxic
e¡ect and the action mechanisms of 15d-PGJ2 in a thyroid papil-
lary cancer cell line, CG3. The results indicate that 15d-PGJ2

caused cytotoxicity and increased the amount of intracellular re-
active oxygen species (ROS) in these cells. Mitochondrial oxida-
tive phosphorylation inhibitors (carbonyl cyanide m-chloro-
phenylhydrazone, oligomycin, cyclosporin A and rotenone),
NADPH oxidase inhibitor (diphenyleneiodonium), xanthine oxi-
dase inhibitor (allopurinol) and NO synthase inhibitor (N-mono-
methyl-L-arginine acetate) did not reduce the generation of ROS.
However, catalase,N-acetyl-cysteine and the iron chelator desferri-
oxamine decreased the intracellular ROS of 15d-PGJ2-treated
CG3 cells. Furthermore,15d-PGJ2 enhanced the accumulation of
iron in the CG3 cells. These data suggest that 15d-PGJ2 induces
the generation of ROS by enhancing the accumulation of intracel-
lular iron and that the increased oxidative stressmay cause apop-
tosis of CG3 cells. [r 2002 Lippincott Williams & Wilkins.]
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Introduction

It has been reported that 15-deoxy-D12,14-prostaglan-
din J2 (15d-PGJ2), a natural ligand for the peroxisome
proliferator-activated receptor (PPAR)-g,1 induces
apoptosis or inhibits cell growth of many human
cancer cell lines, including those from breast,2 lung,3

stomach,4 prostate,5 thyroid6 and neuroblastoma.7

However, the mechanism of 15d-PGJ2-induced apop-
tosis is still unclear.

Oxygen is ubiquitous in aerobic organisms, and
the generation of reactive oxygen species (ROS) is
frequently irresistible and harmful to the cells. The
common forms of ROS include superoxide (O2

� �),
hydroxyl radicals (OH � ), hydrogen peroxide (H2O2),
and nitric oxide (NO � ). ROS may come from different
sources, including mitochondrial oxidative phos-
phorylation,8 ionizing radiation,9 inflammation10

and endogenous enzyme systems, e.g. plasma mem-
brane NADPH oxidase and cytoplasmic xanthine
oxidase.11 ROS can damage various cellular consti-
tuents, including DNA, RNA, proteins, lipids, carbo-
hydrates, etc. However, intracellular antioxidants
(reduced glutathione and thioredoxin) and antiox-
idative enzymes [catalase (Cat), superoxide dismu-
tase and glutathione peroxidase] can prevent tissue
oxidative damage under normal conditions.12 Many
studies have demonstrated that ROS can induce
apoptosis in various cell systems.13 There are also
examples of inhibition of apoptosis by anti-oxidative
drugs or enzymes.14

In the present study, we observe that 15d-PGJ2

induces apoptosis of a thyroid papillary cancer cell
line, CG3, through the generation of intracellular
ROS. It also demonstrated that the generation of ROS
resulted from the accumulation of intracellular iron.

Materials and methods

Reagents

15d-PGJ2 was obtained from Calbiochem Novabio-
chem (San Diego, CA). Carbonyl cyanide m-chloro-
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phenylhydrazone (CCCP) was purchased from Ana-
Spec (San Jose, CA). Oligomycin (Oli), cyclosporin A
(Cys A), rotenone (Rot), diphenyleneiodonium
(DPI), allopurinol (All), Cat, N-acetylcysteine (NAC),
desferrioxamine (DFO), propidium iodide (PI) and
luminol were obtained from Sigma (St Louis, MO).
N-Monomethyl-L-arginine acetate (L-NMMA) was pur-
chased from RBI (Natick, MA). 2,7-Dichlorodihydro-
fluorescein diacetate (DCFH-DA) and calcein-AM
were purchased from Molecular Probes (Eugene,
OR). Fetal bovine serum, RPMI 1640 medium and
sodium pyruvate were obtained from Gibco/BRL
(Grand Island, NY).

Culture of human thyroid papillary cancer cells

Human thyroid papillary cancer cell line, CG3, was
kindly provided by Dr Lin. Its characterization had
been described before.15 CG3 cells were cultured in
the RPMI medium supplemented with 10% fetal
bovine serum and 100 mM sodium pyruvate in a
humidified 5% CO2 atmosphere at 371C. The
medium was changed every 2 days. Cells were
seeded at the density of 106 cells/dish in 10-cm
plastic culture dishes. After 2–3 days, the cells were
subcultured using trypsin/EDTA at 70–90% subcon-
fluence.

Cell counts

Cultured cells (3� 104 cells/ml, 600 ml) in 24-well
plates were harvested by trypsinization and then
resuspended in RPMI medium. The number of living
cells was counted with a hemocytometer after Trypan
blue staining.

Cellviabilityassay

The method used was modified from Skehan et al.16

Cultured cells (3� 104 cells/ml, 100ml) seeded in 96-
well plates were washed with phosphate-buffered
saline (PBS) and then fixed with 4% trichloroacetic
acid (TCA) at 41C for 1 h. Cells were washed with tap
water 5 times and then stained with 0.4% sulforho-
damine B (SRB) dissolved in 1% acetic acid for
10 min. At the end of staining the SRB solution was
discarded, then the plates were rinsed with 1% acetic
acid for 4 times. Bound dye was dissolved with 100 ml
20 mM Tris base buffer for 10 min in a gyratory
shaker and then the absorbance at 570 nm was
measured on a microplate reader.

Preparation of cell extracts

Treated cells were washed twice with PBS, scraped
with a rubber policeman and resuspended in the lysis
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 10 mM
EDTA, 10% NP-40, 1 mM sodium vanadate, 0.5%
sodium deoxycholate, 0.1% SDS, 1 mM PMSF, 10 mg/
ml aprotinin and 10 mg/ml leupeptin). Cell lysates
were clarified by centrifugation at 12 000 g for
10 min. An appropriate amount of protein was
applied to measure the caspase activity.

Caspaseactivation

The method used to estimate the caspase activity was
modified from Thornberry.17 Caspase activity was
assessed by the cleavage of site-selected tetrapeptide
reporter substrates with the relative specificity of
DEVD-AMC (caspases-3) and DQTD-AMC (caspase-7).
Total lysates containing 40 mg of protein were pre-
incubated at 301C with assay buffer and then with
50 mM peptide substrates for 60 min. Fluorescence
generated by the release of the fluorogenic group
AMC (7-amino-4-methyl-coumarin) upon cleavage by
caspases, was detected at the excitation wavelength
of 360 nm and the emission wavelength of 460 nm
with a microplate fluorescence reader (CytoFluor
2300). The signal strength representative of caspase
activity was corrected for background and standar-
dized to different amount of AMC.

Determination of ROS

Intracellular ROS were detected by flow cytometry
using DCFH-DA as a probe.18 DCFH-DA was applied
to visualize and measure intracellular ROS produc-
tion in the 15d-PGJ2-treated CG3 cells with the use of
flow cytometry. CG3 cells were treated with 15 mM
15d-PGJ2 for the indicated periods and then incu-
bated with 10 mM DCFH-DA for 30 min. At the end of
incubation, cells were washed with PBS, detached by
trypsinization, collected by centrifugation and sus-
pended in PBS containing 5mg/ml of PI for 10 min
before flow cytometry. PI treatment of cell can
differentiate between intact and damaged membrane
of cells, since damaged cell membrane allows the
entrance of this dye into the cells. For DCFH analysis,
only PI� cells were obtained. The intracellular ROS
and the cell membrane integrity as indicated by the
fluorescence of DCF and PI, respectively, were
measured by a Becton Dickinson FACSCalibur flow
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cytometer at an excitation wavelength of 488 nm and
an emission wavelength of 520 nm.

Estimation of intracellular chelatable iron

The method used to estimate the level of intracellular
chelatable iron was modified from Epsztejn et al.19 At
the end of 15d-PGJ2 incubation, CG3 cells were
washed with PBS, detached by trypsinization, col-
lected by centrifugation, and suspended in PBS
containing 0.05 mM calcein-AM and 5mg/ml PI for
5 min. The suspension was centrifuged, and then
cells were washed with PBS and resuspended in a
10 mM HEPES buffer containing DTPA (2 mM). The
calcein fluorescence of the cells was measured using
a Becton Dickinson FACSCalibur flow cytometer at
an excitation wavelength of 488 nm and an emission
wavelength of 520 nm.

Results

15d-PGJ2 inducesapoptosis of cg3 cells

Figure 1 shows the morphologic changes of CG3 cell
after incubation with 15d-PGJ2 for up to 48 h.

The. cytotoxic effect of 15d-PGJ2 was further
investigated using Trypan blue exclusion assay. As
shown in Figure 2(a), viability of CG3 cell decreased
to 50% after treatment with 15 mM 15d-PGJ2 for 24 h.
As shown in Figure 2(b), the activity of caspase-3 and
-7 increased after treatment with 15d-PGJ2 for 12 h or
more. The results indicate 15d-PGJ2 induced apop-
tosis of CG3 cells.

15d-PGJ2 induces intracellular peroxides genera-
tion

The effect of 15d-PGJ2 on the generation of intracel-
lular ROS was investigated using the oxidant-sensi-
tive biological probe, DCFH-DA. As shown in Figure
3, the fluorescence intensity of DCFH-DA increased
after treatment with 15d-PGJ2 and reached a plateau
in 1 h. The results indicated 15d-PGJ2 induces
intracellular peroxides generation.

Ironmediates15d-PGJ2-inducedoxidative stress

Various functional and enzyme inhibitors were
employed to detect whether these agents can reduce
15d-PGJ2-induced ROS generation. After CG3 cells

Figure 1. Themorphologicalchangesof CG3 cellsduring15d-PGJ2 incubation.Before incubation (left upper), and12
(right upper), 24 (left lower) and 48 (right lower) h after incubation
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were incubated with inhibitors for 1 h, 15 mM 15d-
PGJ2 was added for an additional 3 h of incubation.
As shown in Figure 4, pretreatment with mitochon-
drial oxidative phosphorylation inhibitors including
CCCP (100 mM), Oli (5mM), Cys A (1 mg/ml) and Rot
(5mM) did not prevent 15d-PGJ2-induced oxidative
stress. NADPH oxidase inhibitor DPI (20 mM),

xanthine oxidase inhibitor All (400 mM), as well as
NO synthase inhibitor L-NMMA (1mg/ml) could not
reduce the 15d-PGJ2 -induced generation of ROS,
either. However, the iron chelator DFO (50 mM)
eliminated 15d-PGJ2-induced ROS generation as
effectively as the ROS scavenger NAC (5 mM) and
Cat (500 U/ml). These results suggested that iron ions
mediate 15d-PGJ2-induced oxidative stress.

Correlation between ROS generation and cytotoxi-
city

To assure that the generation of ROS was the cause of
15d-PGJ2-induced apoptosis, we examined the cell
viability with the SRB assay, whereby CG3 cells were
co-incubated with 15d-PGJ2 and compounds men-
tioned above. As shown in Figure 5, NAC (5 mM),
DFO (50 mM) and Cat (500 U/ml) effectively block the
cytotoxic effect of 15d-PGJ2. These results indicate
that oxidative stress induced by 15d-PGJ2 caused the
apoptosis of CG3 cells.

15d-PGJ2 increases intracellular chelatable iron
ions

The level of intracellular chelatable iron in 15d-PGJ2-
treated CG3 cells was estimated using the probe
calcein-AM to clarify whether intracellular chelatable

Figure 2. (a) Cytotoxic e¡ect of 15d-PGJ2 on CG3 cells. CG3 cells were incubated with 15 mM15d-PGJ2 from12 to
48 h.Trypanbluedyeexclusionassaywasperformed tomeasure thenumberof viable cellsasdescribedinMaterials
andmethods. (b) E¡ect of15d-PGJ2 on the caspase activities of CG3 cells.The activities of caspase-3 and -7 were
assessedafter incubationwith15 mM15d-PGJ2 fordi¡erent durations.

Figure 3. E¡ect of15d-PGJ2 on the generation of reac-
tive oxygenspeciesin CG3 cells.CG3 cellswere treated
with15 mM15d-PGJ2 for1, 2, 3, 6, 9,12 and 24 h. Genera-
tion of ROSwasdeterminedby DCFH-DAassay.
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iron is involved in 15d-PGJ2-induced oxidative stress.
This method is based on the fact that total calcein
fluorescence is quenched by bound iron. As shown in
Figure 6, the calcein-AM fluorescence increased in
CG3 cells after treatment with 15d-PGJ2 for 3–12 h.
This suggests there is an increase of intracellular
chelatable iron ions after treatment with 15d-PGJ2 in
CG3 cells.

Discussion

In this study, 15d-PGJ2 treatment resulted in decreas-
ing cell numbers and increasing caspase (caspase-3
and -7) activities of CG3 cells. Apoptosis of CG3 cells
was also proved by morphological observation.
Recently, Ohta et al. reported that ligands for PPAR-
g inhibit growth and induce apoptosis of human
papillary thyroid carcinoma cells.6 An increase of c-
myc mRNA but no change of bcl-2 or bax expression

Figure 4. E¡ectsof various compoundson thegenera-
tionofreactiveoxygenspeciesin15d-PGJ2-treatedCG3
cells. CG3 cells were treated with mitochondrial oxida-
tive phosphorylation inhibitors including 100 mM CCCP,
1 mg/ml Cys A, 5 mM Oli and 5 mM Rot. CG3 cells were
pretreated with ROS synthesis inhibitors including
20 mMDPI, 400 mMAll and1 mg/ml L-NMMA or free radi-
cal scavengers: 500 U/ml Cat, 5 mM NAC and 50 mM
DFO. The results were based on three di¡erent experi-
ments, eachbasedonthreerepeats.Theseresultswere
representative of a series of three similarexperiments.

Figure 5. The protective e¡ects of various compounds
on 15d-PGJ2-induced cytotoxicity. CG3 cells were pre-
treatedwithmitochondrialoxidativephosphorylationin-
hibitors, xanthine oxidase inhibitors, antioxidant
enzymes, antioxidants and DFO. The cytotoxicity was
measuredby theSRBmethodover 48 hand thenumber
ofeventswasexpressedasapercentageof control.The
resultswerebasedonthreedi¡erentexperiments, each
based on three repeats.

Figure 6. The change of intracellular free iron in CG3
cells during15d-PGJ2 treatment.CG3 cellswere treated
with 15 mM15d-PGJ2 for 3, 6 and 24 h. The £uorescent
excitationvaluewasexpressedasmeanvalue.
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was noted.6 The apoptosis of CG3 cells could be
prevented by pretreatment with the free radical
scavenger NAC and catalase. This suggests that 15d-
PGJ2-induced apoptosis of CG3 cells was through
generation of oxidative stress. Intracellular ROS
production by 15d-PGJ2 treatment in CG3 cells was
also demonstrated. There are many potential cellular
sources of ROS generation, including cytosolic
xanthine oxidase, membrane NADPH oxidase and
the mitochondrial electron transport system. How-
ever, various inhibitors of these enzymes were
unable to block the apoptosis induced by 15d-PGJ2.
It was interesting that the iron chelator DFO
completely eliminated 15d-PGJ2-induced ROS gen-
eration and cytotoxicity in CG3 cells. These results
indicated that iron could mediate 15d-PGJ2-induced
oxidative stress in CG3 cells. Previous study had
shown that 15d-PGJ2 was a potential inducer of
oxidative stress in human neuroblastoma SH-5Y5Y
cells and that mitochondria were the source of the
induced ROS;7 this differed from the result of this
study. We believe that the variance could be due to
the different expression systems of these cell lines.

Iron is the most abundant transition metal ion in
most terrestrial organisms, and is essential for
cellular metabolism and growth. In normal tissue,
iron rarely exists as a free ion but rather is bound to a
variety of proteins. Many enzymes (catalases and
oxidases) and proteins (hemoglobin and myoglobin)
contain iron, which allows electron shuttling or
oxygen binding and transport. However, there is a
free iron pool that is chelatable by DFO. The small
transit pool of chelatable iron is thought to catalyze
the generation of the ROS.20,21 These studies suggest
that an increase in the cellular chelatable iron pool
plays the key role in the pathogenesis of various free
radical-mediated cell injuries, which result in neuro-
degenerative disorders and cardiovasular dis-
ease.22,23 In our present study, we demonstrated
that 15d-PGJ2 increased intracellular chelatable iron,
leading to ROS generation and apoptosis in CG3
cells. The ROS generation reached a plateau in 60
min in this study. A previous study indicated that UV
radiation caused an immediate release of chelatable
iron via proteolysis of ferritin in human skin
fibroblast cells.24 It was reported that higher expres-
sion of transferrin receptors could result in accumu-
lation of iron.25 It is possible that the increase of free
iron by 15d-PGJ2 is by the same mechanisms. This
still has to be further confirmed. In our study, we
measured mitochondrial transmembrane potential
by flow cytometry using Rodamine 123 as a probe,
and collected the data in short-term (1 h) and long-
term (12–36 h) studies. The results revealed that

there was no difference between treated and non-
treated cells (data not shown here). If the ROS (or
chelatable iron) increase is due to electrons leaking
from the electron transport chain, we could detect a
decrease of mitochondrial transmembrane potential.
This suggests that the iron of heme or non-heme
protein in the electron transport chain was not the
source of intracellular chelatable iron. Many studies
have indicated that 15d-PGJ2-induced apoptosis is
accompanied with PPAR-g activation,26 but the
mechanism by which PPAR-g ligands induce apopto-
sis remains unknown. We believe that the PPAR-g-
activating pathway may be involved in 15d-PGJ2-
induced oxidative stress, which needs to be further
studied.

Conclusion

In conclusion, 15d-PGJ2 induces an increase of
intracellular iron and leads to the generation of
ROS in a thyroid papillary cancer cell line, CG3.
Then, intracellular ROS induces apoptosis of CG3
cells. Our observation may have useful implications
for devising potential therapeutic strategies for
human thyroid papillary carcinoma.
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