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Abstract
Previously we reported that the peroxisome proliferatoractivated receptor α/γ dual ligand TZD18 inhibited growth
and induced apoptosis of leukemia and glioblastoma cells.
Now we show that TZD18 also has the same effects
against six human breast cancer cell lines. To obtain insights into the mechanism involved in TZD18-induced
growth inhibition and apoptosis in breast cancer, the gene
expression profiles of TZD18-treated and untreated MCF7 and MDA-MB-231 cells were compared by microarray
analysis. Results reveal that many genes implicated in endoplasmic reticulum stress signaling, such as CHOP (also
known as DDIT3 or GADD153), GRP78 (HSPA5), and
ATF4, are highly up-regulated, suggesting endoplasmic
reticulum stress is induced. This is supported by our data
that treatment of MCF-7 and MDA-MB-231 cells with
TZD18 induces phosphorylation of PERK and the α subunit of eukaryotic initiation factor 2 (eIF2α), as well as
an up-regulation of GRP78 and an activation of ATF6, all
of which are specific markers for endoplasmic reticulum
stress. Furthermore, this ligand increases the endoplasmic
reticulum stress–related cell death–regulators such as
CHOP, DR5, GADD34, Bax, and Bak in these cells. Importantly, knockdown of CHOP by small interference RNA
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antagonizes the TZD18-induced apoptosis, indicating a
crucial role of CHOP in the apoptotic process triggered
by TZD18. In addition, TZD18 also activates stresssensitive mitogen-activated protein kinase (MAPK) pathways including p38, ERK, and JNK. The specific inhibitors
of these MAPKs attenuated the TZD18-induced growth inhibition in these cells. These results clearly show that activation of these MAPKs is important for TZD18-induced
growth inhibition. In summary, TZD18-treatment leads
to the activation of endoplasmic reticulum stress response
and, subsequently, growth arrest and apoptosis in breast
cancer cells. [Mol Cancer Ther 2009;8(8):2296–307]

Introduction
The family of peroxisome proliferator-activated receptors
(PPAR), which belongs to nuclear hormone receptors, is involved in a wide range of biological processes such as adipocyte differentiation, glucose and lipid homeostasis and
inflammation (1–3). Current evidence indicates that the γ
isoform of this family (PPARγ) is also prominently expressed in a variety of human cancers and its activation
by its specific agonists such as members of thiazolidinedione (TZD) antidiabetic drugs or its natural-occurring ligand 15-deoxy-Δ12,14 prostaglandin J2 leads to growth
inhibition, cellular differentiation, and/or apoptosis of
these malignant cells (4, 5). We showed previously that
PPARγ is expressed in human breast cancer cell lines
and fresh breast adenocarcinomas. Importantly, PPARγ
agonist troglitazone (TGZ), either alone or in combination
with all-trans retinoic acid, irreversibly inhibits cancer
cell growth and induces significant apoptosis in various
human breast cancer cell lines mediated by a bcl-2–
dependent pathway (6, 7). Furthermore, TGZ, either alone
or together with all-trans retinoic acid, also strongly inhibits MCF-7 tumor growth in a nude murine model without
significant side effects to the mice (6). In agreement with
our results, evidence from other groups also indicated that
a variety of PPARγ agonists repress the growth and induce
differentiation and apoptosis of various breast cancer cells
(8, 9). Furthermore, mutations of PPARγ in either breast
cancer cell lines or in the patient's breast tumor samples
were not detectable (10), indicating that somatic mutations
in the PPARγ gene are rare events in breast carcinoma.
These observations make PPARγ a promising target for
breast cancer therapy.
Notably, many of the published in vitro studies utilized
concentrations of TZDs higher than those typically used for
activation of PPARγ. Therefore, for comparable effects in
vivo, a relatively high local concentration of TZDs is required
around the tumor tissues. Thus, the classic antidiabetic TZDs
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might not be the best candidates for their anticancer applications. Instead, novel and more potent PPAR ligands should
be developed specifically for their anticancer effects.
Recently, several novel dual PPARα/γ ligands have
been synthesized by Merck (USA) with extremely high
potential to activate both PPARγ and PPARα, another
member of the PPAR superfamily. Studies have revealed
that PPARα is expressed in cancer cells (11, 12), and
PPARα ligands inhibit the growth of several types of cancer cells (13, 14). These data led us to hypothesize that the
dual ligands for PPARα/γ might be even more effective
in inhibiting cancer cell growth than ligands for either
PPARγ or PPARα alone. Indeed, we found that TZD18
(12), one of these dual ligands, exhibits more potent antigrowth activity than conventional antidiabetic TZDs
against human glioblastomas (15) and bcl-abl positive
leukemia cells (12, 16).
The mechanism underlying the anticancer effects of
TZDs has not been fully elucidated. Recent studies have
reported that conventional TZDs could induce endoplasmic reticulum stress in human lung cancer cells (17).
The endoplasmic reticulum is the primary site of synthesis, posttranslational modification, and folding of secreted
and membrane-bound proteins. Endoplasmic reticulum
stress is elicited when proteins are either unfolded or
misfolded due to certain stimuli and accumulate in the
endoplasmic reticulum. Endoplasmic reticulum stress
activates a set of signaling pathways known as the unfolded protein response (UPR). UPR is mediated by three
transmembrane receptors: pancreatic endoplasmic reticulum kinase-like endoplasmic reticulum kinase (PERK),
activating transcription factor 6 (ATF6), and inositolrequiring enzyme 1 (IRE1). These three “sensor” proteins
each initiate signaling cascades that promote protein folding via up-regulation of endoplasmic reticulum protein
chaperones and reduce the accumulation of unfolded proteins via inhibition of general protein translation (18).
UPR is a cellular protective response against various
stresses. However, if the unfolded protein accumulation
is persistent and the stress cannot be relieved, UPR
signaling switches from prosurvival to proapoptotic (19,
20). One of the major mediators of the proapoptotic signaling of endoplasmic reticulum stress is the transcriptional factor CHOP (also known as GADD153), which
initiates either death receptor–related extrinsic and/or
bcl-2 family–involved intrinsic apoptotic pathways.
In this study, we showed for the first time that treatment
of human breast cancer cells with TZD18 resulted in induction of growth arrest and apoptosis which is coupled to the
endoplasmic reticulum stress response.

Materials and Methods
Materials
TZD18 was kindly provided by Merck. Kinase inhibitors
U0126, PD098059, SP600125, and SB203580 were purchased
from Merck. All these compounds were dissolved at 10−2
mol/L in DMSO and stock solutions were stored at −80°C

and further diluted to appropriate concentrations with medium before use. Specific caspase inhibitors (Z-VAD-FMK,
Z-LEHD-FMK, and Z-IETD-FMK) were purchased from
R&D Systems. Stock solutions (20 mmol/L) were made in
DMSO and stored at −80°C.
Cell Lines and Cell Culture
The human breast cancer cell lines MCF-7, MDA-MB-231,
MDA-MB-436, BT-20, SKBR-3, and BT474 were purchased
from the American Type Culture Collection (ATCC) and
maintained in DMEM supplemented with 10% FCS and
1% penicillin/streptomycin. Cells in logarithmic growth
phase were used for experiments.
Flow Cytometry
Cells were treated with different concentrations of TZD18
for different durations, washed with PBS, and fixed with
ice-cold 70% ethanol. These samples were treated with RNase, stained with propidium iodide, and analyzed with the
FACSCalibur flow cytometer (Becton Dickinson).
Proliferation and Terminal Deoxynucleotidyltransferase-mediated UTP Nick End Labeling Assays
Cell proliferation was evaluated using conventional MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide] assay as previously described (21). Apoptosis
was determined by terminal deoxynucleotidyl-transferasemediated UTP nick end labeling (TUNEL) technique using
an in situ cell death detection kit (Roche Applied Biosystems) following the instructions of the manufacturer.
Microarray Analysis
Either MCF-7 or MDA-MB-231 cells were cultured in 6well culture plates for 24 h either with or without TZD18
(30 μmol/L). Total RNA was extracted using the RNeasy
Mini Kit (Qiagen). Biotin-labeled cRNA probes were generated from 10 μg RNA for each condition and hybridized to
HU-U133A Genechip expression arrays (Affymetrix) according to the manufacturer's protocols. Hybridization data
were analyzed with GeneSpring software version 7.0 (Silicon Genetics). Only measurements with a raw value of
≥10 were used. Raw data were normalized and genes were
selected as TZD18-regulated genes if their expression changed
≥2-fold as compared with the cells without treatment.
Western Blot Analysis
Protein concentrations of cell lysates were measured using
the BCA protein assay kit (Pierce). Western blot analysis was
done as described previously (21). The following antibodies
were from Santa Cruz: anti-CHOP, anti-GADD34, antiGRP78, anti-p-PERK, anti-ATF6, anti-p21, anti-p-JNK, antiJNK, anti-Bax, anti-Bak, and anti-β-actin. The following
antibodies were from Cell Signaling: anti-p-eIF2α, anti-pp38, anti-p38, anti-p-p42/44 MAPK, and anti-p42/44
MAPK. Anti-DR5 was purchased from Abcam. Horseradish
peroxidase–labeled antimouse IgG, antirabbit IgG, and antigoat IgG from Santa Cruz were used as secondary antibodies.
Primary antibodies were diluted from 1:200 to 1:1,000.
Detection of XBP-1 Splicing by Reverse TranscriptionPCR
Reverse transcription-PCR (RT-PCR) reactions were
carried out with GeneAmp PCR system 2700 (Applied

Mol Cancer Ther 2009;8(8). August 2009

Downloaded from mct.aacrjournals.org on January 19, 2021. © 2009 American Association for Cancer
Research.

2297

Published OnlineFirst August 11, 2009; DOI: 10.1158/1535-7163.MCT-09-0347

2298 TZD18 and Endoplasmic Reticulum Stress Response

Figure 1. Inhibitory effects of TZD18 in a variety of human breast cancer and normal breast cell lines. A, dose-dependent growth inhibition of TZD18 in
breast cancer or normal cell lines. Cells were treated with TZD18 at different concentrations for 6 d. Cell proliferation was determined by MTT assay.
Results were expressed as percentage of control (without treatment). Values are mean ± SD of six parallel experiments. B, time-dependent growth inhibition by TZD18 in a variety of breast cancer or normal cell lines. Cells were treated with TZD18 (30 μmol/L) for different durations. Cell proliferation was
determined by MTT assay. Results were expressed as percentage of control (without treatment). Values are mean ± SD of six parallel experiments. C,
alteration of cell cycle distribution of MCF-7 and MDA-MB-231 cells by TZD18. Cells (2 × 105) were incubated either in the presence or absence of TZD18
(10 or 30 μmol/L) for 3 d, fixed, treated with RNase, and stained for DNA with propidium iodide. Cell cycle distribution was determined by flow cytometry.
Results represent the percentage of the total cell population. Figure is representative of three independent experiments. D, induction by TZD18 of
apoptosis of both MCF-7 and MDA-MB-231 cells. Cells (2 × 104) were incubated either in the presence or absence of TZD18 (30 μmol/L) for different
durations. Apoptotic cells were measured by TUNEL assay as described in Materials and Methods. TUNEL-positive cells were counted and results were
expressed as percentage of total counted cells. Data represent the mean ± SD of triplicate experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 as
compared with untreated controls.

Biosystem). RNA extraction and cDNA preparation were
described previously (21). Following reverse transcription,
1 μL cDNA was used for further PCR analysis. The sequences of primers for XBP-1 and PCR conditions were
adapted from Lin JH et al. (22). The sequences were: forward: 5′-ttacgagagaaaactcatggc; reverse: 5′-gggtccaagttgtccagaatgc. Both unspliced (XBP-1U) and spliced (XBP-1S)
XBP-1 mRNA fragments would be amplified.
Detection of Caspase Activities by Colorimetric
Caspases Activity Assay Kits
The activities of caspase-3, -8, and -9 in the cells that were
untreated or treated with TZD18 were determined with

colorimetric caspases activity assay kits (Chemicon) according to the manufacturer's recommendations. Briefly, 2 × 106
cells were lysed in lysis buffer, and the protein concentration
for each sample was measured using the BCA protein assay
kit. Incubation of cell lysates with caspase-specific substrates led to cleavage of these substrates by corresponding
caspases, and release of chromophore p-nitroaniline. The
caspase activities were detected by measuring this chromophore using the Anthos HTII ELISA reader at 405 nm.
Optical density values were then normalized to protein concentrations of the samples. Fold-increase in caspase activities before and after TZD18 treatment was determined
Mol Cancer Ther 2009;8(8). August 2009
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by comparing the optical density value of the TZD18-treated
sample with that of untreated control.
Transfection of Small Interference RNA
Knockdown of CHOP, PPARα, or PPARγ was carried out
by transfection of small interference RNA (siRNA). The
siRNA against human CHOP (si CHOP), PPARα (si PPARα),
and PPARγ (si PPARγ), as well as their negative control
siRNA (si Control), were purchased from Ambion. Transfection was done using LipofectAMINE 2000 (Invitrogen).
Briefly, breast cancer cells were plated in a 6-well plate at
3 × 105 cells/well at day 1. At day 2, cells were washed and
incubated for 6 h with 500 μL of siRNA and LipofectAMINE
2000 mixture following the general transfection procedure
provided by manufacturer. This was followed by the addition of 1.5 mL growth media to each well and cultured for
an additional 24 h. Cells were then used for Western blot

analysis and MTT test in either the absence or presence of
TZD18.
Quantitative (Real-time) RT-PCR
The quantification of the mRNA levels of PPARα and
PPARγ was assayed using SYBR Green two-step real-time
RT-PCR. Twenty microliters of cDNA were synthesized
from 1 μg of total RNA from each sample as described
(21). PCR amplification was done in triplicates using QuantiTect SYBR Green PCR kit (Qiagen) according to the instruction of manufacture in an ABI Prism 7700 sequence
detection system. β-Actin was also amplified from the same
sample as an endogenous control using the predeveloped
Taqman assay for human β-actin (Applied Biosystems).
Primers used for PPARα and PPARγ were adapted
from Suchanek et al. (11) and Melichar et al. (23), respectively. The sequences of the primers were: PPARα sense:
5′-GCTGGTGCAGATCATCAAGAAG-3′ and antisense:
5′-GGTGTGGCTGATCTGAAGGAA-3′; PPARγ sense: 5-GGCTTCATGACAAGGGAGTTTC-3 and antisense: 5-AACTCAAACTTGGGCTCCATAAAG-3. PCR products were
quantified using ΔΔCT method and normalized to actin as
described (21).
Statistical Analysis
The experiments were repeated at least twice. Each experiment was done at least in triplicates. The results are expressed
as mean ± SD. Statistical analyses were done by Student's
t-test and P < 0.05 was considered as statistically significant.

Results

Figure 2. TZD18-induced growth inhibition is independent of PPAR-α
and PPAR-γ. MCF-7 and MDA-MB-231 cells were transfected with control
(scrambled) siRNA or siRNAs against either PPARα or PPARγ. A, expression of PPARα and PPAR-γ in transfected cells was quantified by real-time
RT-PCR. Results were expressed as fold of control cells transfected with
Scramble siRNA (si Control). Mean ± SD of triplicate experiments
are shown. B , siRNA-transfected cells were incubated with TZD18
(30 μmol/L) for 3 d. Cell proliferation was measured by MTT assay. Because the siRNA transfection technique does not itself affect cell growth,
results were normalized as a percentage of control cells, which were transfected with scrambled siRNA but not treated with TZD18. Data are expressed as percentage of control and are the mean ± SD of six parallel
experiments. **, P < 0.01 as compared with control siRNA–transfected
samples.

TZD18 Caused Growth Inhibition in Breast Cancer
Cells
Treatment of breast cancer cells with TZD18 resulted in
dose- and time-dependent growth inhibition in breast cancer cell lines (Fig. 1A and B). Proliferation of each of the cell
lines was inhibited in a time- and dose-dependent fashion.
Cell growth began to decrease after 2 days of culture. Interestingly, the MDA-MB-231 cell line, a highly aggressive and
metastatic cell line, was most sensitive to TZD18. The concentration of TZD18 that inhibited 50% proliferation (IC50)
was around 18 μmol/L after 6 days of incubation. The IC50
of other cell lines was between 25 and 40 μmol/L. We have
previously shown that TZD18 had no inhibitory effects on
human CD34-positive hematopoietic stem cells at these concentrations (16). In agreement with this observation, we
showed here that the normal MCF-10A cells were relatively
resistant to the TZD18-induced growth inhibition (Fig. 1A
and B), suggesting that the observed inhibitory effects on
human breast cancer cells is not due to nonspecific cytotoxicity of TZD18. Importantly, the growth inhibitory effect of
TZD18 on human breast cancer cells was much stronger
than that of conventional TZDs such as pioglitazone
(PGZ) and TGZ. The IC50 of TZD18 on MDA-MB-231 and
MCF-7 cell lines were 18 μmol/L and 25 μmol/L, respectively, after 6 days of culture. Under the same conditions,
the IC50 of PGZ was >50 μmol/L for both cell lines whereas
the IC50 of TGZ was around 45 μmol/L and 36 μmol/L, respectively (data not shown). Because MDA-MB-231 and
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Table 1. List of genes involved in UPR and induced by TZD18 treatment in either MCF-7 or MDA-MB-231 cells
Gene name

Genbank

GDF15
DDIT3
DDIT4
HSPA1A
GADD45A
CDKN1A
HSPA1B
TNFRSF-10B (DR5)

AF003934
BC003637
NM_019058
NM_005345
NM_001924
NM_000389
NM_005346
AF016266

ATF3
HERPUD1

NM_001674
AF217990

HSPA5
ATF4

AF216292
NM_001675

Description

Fold change

Growth differentiation factor 15
DNA-damage-inducible transcript 3 (CHOP/GADD153)
DNA-damage-inducible transcript 4
Heat shock 70 kDa protein 1A
Growth arrest and DNA-damage-inducible, α
Cyclin-dependent kinase inhibitor 1A (p21, Cip1)
Heat shock 70 kDa protein 1B
Tumor necrosis factor receptor superfamily, member
10 b (death receptor 5, DR5)
Activating transcription factor 3
Homocysteine-inducible, endoplasmic reticulum stress-inducible,
ubiquitin-like domain member 1
Heat shock 70 kDa protein 5 (glucose-regulated protein, 78 kDa)
Activating transcription factor 4 (tax-responsive enhancer element B67)

MDA-MB-231

MCF-7

17.67
3.37
3.21
7.37
5.1
1.7
4.23
2.3

15.29
12.39
10.35
2.37
6.14
6.13
1.28
4.12

2.56
2.89

3.58
4.99

2.68
2.4

2.79
2.45

NOTE: MCF-7 and MDA-MB-231 cells were treated with TZD18 (30 μmol/L) for 24 h. After incubation, total RNA was isolated and applied to microarray
analysis as described in Materials and Methods. Genes that changed ≥2-fold in their expression levels by TZD18 were selected using GeneSpring software.
Several genes that closely related to endoplasmic reticulum stress signaling are listed.

MCF-7 cells were the two cell lines that were most sensitive
to TZD18, we chose these two cell lines for further studies.
To determine whether TZD18-induced inhibition of cell
growth was related to cell cycle arrest and/or apoptosis,

Figure 3. Induction of endoplasmic reticulum stress sensor proteins by
TZD18 in MCF-7 and MDA-MB-231 cells. A, cells were stimulated with
TZD18 (30 μmol/L) for different durations as indicated. Cell lysates were
prepared, and equal amounts (30 μg) of total proteins were subjected to
Western blot analysis. GRP78, phospho-PERK, phospho-eIF2α, and ATF6
were detected. β-Actin was the loading control. ATF6* was the activated
form of ATF6. B, in order to detect XBP-1 splicing, MCF-7 or MBA-MB231 cells were treated with TZD18 (30 μmol/L) for different durations
as indicated. Total RNA was isolated and 1 μg of RNA was used to generate cDNAs by reverse transcription. PCR was carried out using XBP-1
specific primers. XBP-1 splicing was shown by the appearance of spliced
XBP-1 product. XBP-1S, spliced XBP-1; XBP-1U, unspliced XBP-1.

we initially analyzed the cell cycle distribution of either
MCF-7 or MDA-MB-231 cells after a 3-day culture with
TZD18 because we began to notice a significant growth arrest at that time point. In each case, an accumulation of cells
in G0-G1 phase occurred with a decrease of the S-phase
(Fig. 1C). The alterations of cell cycle distribution were
negligible before the 2-day exposure to TZD18 and became
significant only after 3 days of culture with TZD18 (data not
shown). In addition, TZD18 caused significant apoptosis of
both MCF-7 and MDA-MB-231 cells as determined by
TUNEL assay (Fig. 1D) after 4 days of culture with
TZD18. MDA-MB-231 cells were, again, more sensitive
to TZD18-induced apoptosis than were MCF-7 cells. Consistent with the cell cycle and cell proliferation data, apoptosis
became evident only after 3 days of exposure to TZD18. In
contrast to breast cancer cells, TZD18 did not induce obvious apoptosis of normal MCF-10A cells (data not shown).
Growth Inhibition Induced by TZD18 was
Independent of PPARα and PPARγ
We have previously shown that the PPARα and PPARγ
antagonists could not reverse the TZD18-induced growth
inhibition of human bcr-abl positive leukemia cells (12,
16). In this study, we decreased the expression of either
PPARα or PPARγ in MCF-7 and MDA-MB-231 cells by
small RNA interference. Transfection of siRNA alone had
no obvious effects on cell proliferation (data not shown).
As expected, transfection of siRNA specifically against
PPARα and PPARγ significantly repressed the expression
of PPARα and PPARγ. As shown in Fig. 2A, transfection
of siRNA against PPARα into MCF-7 or MDA-MB-231 cells
reduced their expression of PPARα up to 60% and 80% of
control (scrambled) siRNA, respectively. Similarly, transfection of siRNA against PPARγ into either MCF-7 or MDAMB-231 cells diminished their expression of PPARγ by
75% and 60% as compared with control siRNA–transfected
Mol Cancer Ther 2009;8(8). August 2009
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Figure 4. Induction of endoplasmic reticulum stress–associated apoptosis by TZD18 in MCF-7 and MDA-MB-231 cells. A, cells were stimulated with
TZD18 (30 μmol/L) for different durations as indicated. Cell lysates were prepared, and equal amounts (30 μg) of total proteins were subjected to Western
blot analysis using specific antibodies against CHOP/GADD153, DR5, and GADD34. β-Actin served as a loading control. Representative blots of three
independent experiments are shown. B, cells were stimulated with TZD18 (30 μmol/L) for 24 and 48 h. Cell lysates were analyzed by immunobloting using
specific antibodies against Bax and Bak. β-Actin served as loading control. Representative blots of three independent experiments are shown. C, cells were
cultured either in the presence or absence of TZD18 (10 or 30 μmol/L) for 4 d, washed, and lysed in lysis buffer. Caspase-8, -9, and -3 activities in the cell
lysates were measured as described in Materials and Methods. Results are expressed as fold increase of optical density values compared with control
(without treatment). Data are expressed as mean ± SD of triplicate experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 as compared with untreated
cells. D, cells were cultured in the presence of either TZD18 (30 μmol/L), pan-caspase inhibitor Z-VAD-FMK (20 μmol/L), caspase 9 inhibitor Z-LEHD-FMK
(20 μmol/L), caspase 8 inhibitor Z-IETD-FMK (20 μmol/L), or their combinations for 4 d. Apoptosis was examined using TUNEL assay as described in
Materials and Methods. Apoptosis was indicated by percentage of TUNEL-positive cells in total counted cells. Results are the mean ± SD of three individual
experiments.

cells, respectively. The knockdown of these mRNAs could
be easily detected up to 4 days after the transfection (data
not shown). Although the expression of PPARα and/or
PPARγ was strongly reduced by appropriate siRNA, the
antigrowth effects of TZD18 could not be blocked by these
siRNAs in either MCF-7 or MDA-MB-231 cells (Fig. 2B).
These results strongly suggest that the TZD18 exerts its antigrowth effects mainly through a mechanism independent of
PPAR-α and PPAR-γ.
Endoplasmic Reticulum Stress–related Genes Were
Altered by TZD18
We were very interested in the mechanism underlying
the anticancer effects of TZD18, especially the early events
triggered by TZD18 that lead to growth inhibition. Therefore, gene expression profiles of MCF-7 and MDA-MB-231
cells were generated either in the absence or presence of
TZD18 (30 μmol/L) for 24 hours. Analysis by GeneSpring

software revealed that the expression of >1,500 genes was
changed ≥2-fold in TZD18-treated MCF-7 and MDA-MB231 cells. We noted that many of the genes that are related
to endoplasmic reticulum stress and its downstream signaling were highly up-regulated by TZD18 (Table 1).
These included chaperone GRP78 (glucose-regulated protein, 78 kDa, also called HSPA5 or BiP), DDIT3 (DNAdamage-inducible transcript 3, also called CHOP or
GADD153), XBP-1 (x-box binding protein 1), and ATF-3
and -4 (activating transcription factor 3 and 4). The regulation of these endoplasmic reticulum stress–related genes
by TZD18 strongly suggested that TZD18 may induce
UPR in these cells.
TZD18 induced UPR in Human Breast Cancer Cells
Given the well-established role of GRP78, PERK, eukaryotic initiation factor 2α (eIF2α), ATF6, and IRE1 in UPR, we
examined the expression of these UPR-associated proteins
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Table 2. Caspase activities in cell lysates treated with TZD18
(30 μmol/L) for different durations
Cell lines

MCF-7

Caspases

Caspase
Caspase
Caspase
MDAMB-231 Caspase
Caspase
Caspase

8
9
3
8
9
3

Days of treatment
1

2

3

4

1.2 ± 0.2
1.1 ± 0.1
N.D.
1.1 ± 0.1
1.2 ± 0.1
1.0 ± 0.1

1.8 ± 0.3
1.5 ± 0.2
N.D.
2.0 ± 0.3
1.8 ± 0.2
1.3 ± 0.1

2.2 ± 0.3
3.2 ± 0.4
N.D.
2.8 ± 0.3
3.7 ± 0.4
4.6 ± 0.3

3.1 ± 0.4
4.4 ± 0.5
N.D.
3.9 ± 0.5
5.8 ± 0.4
6.9 ± 0.6

NOTE: Cells were cultured either in the presence or absence of TZD18
(30 μmol/L) for different durations, washed, and lysed in lysis buffer.
Caspase-8, caspase-9, and caspase-3 activities in the cell lysates were measured as described in Materials and Methods. Results are expressed as fold
increase of optical density values compared with control (without treatment).
Data are expressed as mean ± SD of triplicate experiments.
Abbreviation: N.D., not detectable.

before and after TZD18 treatment for different duration in
human breast cancer cells by Western blot. Because UPR
is an early cellular response to endoplasmic reticulum
stress, we analyzed the expression of these proteins at 1 to
24 hours of treatment with TZD18. GRP78 was up-regulated
within 1 hour after the addition of TZD18 in both MCF-7
and MDA-MB-231 cells (Fig. 3A). In addition, TZD18 enhanced the phosphorylation of PERK and its downstream
target eIF2α in both MCF-7 and MDA-MB-231 cells, indicating that PERK was activated by TZD18 in these cells. Furthermore, ATF6 was also up-regulated and further
processed to a 50-KDa short form as early as 4 hours after
TZD18 treatment in both cell lines (Fig. 3A). In contrast, we
did not observe these changes when the cells were treated
with PGZ (data not shown). Interestingly, no obvious
changes of these proteins were observed when the normal
MCF-10A cells were treated with the same concentrations of
TZD18 (data not shown).
During periods of endoplasmic reticulum stress, activated
IRE1 cleaves XBP1, resulting in synthesis of a highly active
transcription factor that stimulates the transcription of chaperone genes such as GRP78 and GRP94. In order to evaluate
the activities of IRE1, we studied the splicing of XBP-1 by
RT-PCR. A splicing of XBP-1 mRNA was observed as early
as 4 hours after addition of TZD18 to MDA-MB-231 cells
(Fig. 3B), suggesting that IRE1 was activated by TZD18 in
these cells. In contrast, TZD18 did not induce splicing of
XBP-1 in MCF-7 cells (Fig. 3B).
TZD18 Enhanced the Accumulation of Endoplasmic
Reticulum Stress–induced Apoptotic Proteins
PERK, ATF6, and IRE1 can also trigger proapoptotic signals when stress conditions persist. The proapoptotic signaling is mainly mediated by induction of CHOP and, possibly,
its downstream components such as GADD34, death receptor 5 (DR5), and bcl-2 family proteins (20, 24). We found that
expression of CHOP was induced as early as 8 hours after
addition of TZD18 (30 μmol/L) in both MCF-7 and MDAMB-231 cells (Fig. 4A), which paralleled the induction of

DR5 (Fig. 4A). GADD34 was also moderately up-regulated
by TZD18 (Fig. 4A). Although in some cell lines CHOP repressed the expression of bcl-2 (25), we did not observe a
down-regulation of bcl-2 by TZD18 in either cell line (data
not shown). Instead, TZD18 up-regulated the proapoptotic
Bax and Bak (Fig. 4B).
TZD18 Activated Caspases in Human Breast Cancer
Cells
Activation of a variety of caspases by UPR has been
reported. We found that treatment of MCF-7 and MDAMB-231 cells with TZD18 increased caspase-8 and -9 activities in both cell lines and caspase-3 only in MDA-MB-231
cells (Fig. 4C). MCF-7 cells are caspase-3–deficient because
of a deletion of exon 3 of caspase-3 gene (26). Time-response
experiments showed that the caspase-9 and -8 activation
occurred by 48 hours of exposure to TZD18, and the caspase
activities increased in a time-dependent fashion (Table 2).
Activation of caspase-8 and -9 occurred almost at the

Figure 5.

Knockdown of CHOP expression by siRNA reduced the
TZD18-induced apoptosis of MCF-7 and MDA-MB-231 cells. Cells were
transfected with control (scrambled) siRNA (si Control) or siRNA against
CHOP (si CHOP). A, transfected cells were treated with TZD18 for an additional 24 h. Expression of CHOP, DR5, Bax, and Bak was examined using
Western blot analysis with appropriate antibodies. β-Actin served as a
loading control. B, transfected cells were incubated either with or without
TZD18 (30 μmol/L) for 4 d. Apoptosis was assayed by TUNEL assay. Percentage of TUNEL-positive cells is shown. Results are the mean ± SD of
triplicate experiments.
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Figure 6. Treatment of MCF-7 and MDA-MB-231 cells with TZD18-induced activation of ERK, p38, and JNK. A, cells were treated with TZD18
(30 μmol/L) for the durations as indicated. Cell lysates were examined by Western blot with specific antibodies for phosphorylated ERK (p-ERK), total
ERK, phosphorylated p38 MAPK (p-p38), total p38 MAPK, phosphorylated JNK (p-JNK1 and 2), and total JNK (JNK1 and 2). B, cells were incubated in the
presence of either TZD18 (30 μmol/L), MEK/ERK inhibitors (1 μmol/L of U0126 or 30 μmol/L of PD098059), or both for 4 d. Cell growth was examined
using MTT assay as described in Materials and Methods. Results were expressed as percentage of control (without treatment). Values are mean ± SD of six
parallel experiments. *, P < 0.05 as compared with cells treated with TZD18 alone. C, cells were incubated in the presence of either TZD18 (30 μmol/L),
JNK, or p38 inhibitors (1 μmol/L of SP600125 or 5 μmol/L of SB203580) or their combinations for 4 d. Cell growth was examined using MTT assay.
Results were expressed as percentage of control (without treatment). Values are mean ± SD of six parallel experiments. *, P < 0.05 as compared with cells
treated with TZD18 alone. D, cells were treated with either TZD18 (30 μmol/L), MAPK inhibitors (1 μmol/L of SP600125, 5 μmol/L of SB203580, or
1 μmol/L of U0126), or both for 24 h. Cell lysates were examined by Western blot with specific antibodies for CHOP, Bax, and Bak. β-Actin served as a
loading control.

same time and preceded the activation of caspase-3. A
close correlation between the time course of activation
of caspase-8 and -9 and apoptosis induced by TZD18
suggested that caspase-8 and -9 may be involved in the
TZD18-induced apoptosis. In addition, the pan-caspase
inhibitor Z-VAD-FMK completely inhibited TZD18-induced
apoptosis in MCF-7 and MDA-MB-231 cells (Fig. 4D),
indicating that TZD18-induced apoptosis in human breast
cancer cells is caspase-dependent. Furthermore, the addition
of specific inhibitors for either caspase-9 (Z-LEHD-FMK) or
caspase-8 (Z-IETD-FMK) partially attenuated the TZD18induced apoptosis, further suggesting an involvement of
both caspase-8 and caspase-9 in the apoptotic process initiated by TZD18 (Fig. 4D).
Involvement of CHOP in TZD18-induced Apoptosis
In order further to clarify the contribution of CHOP in
TZD18-induced apoptosis, we utilized the RNA interference
approach to knockdown endogenous CHOP and analyzed
its effects on TZD18-induced apoptosis of MCF-7 and

MDA-MB-231 cells. Transfection of CHOP siRNA strongly
decreased the up-regulation of CHOP induced by TZD18
as compared with the negative control siRNA in both
MCF-7 cells and MDA-MB-231 cells (Fig. 5A). Knockdown
of CHOP could be detected up to 4 days after transfection of
siRNA (data not shown). Interestingly, TZD18-induced DR5
expression was also antagonized by CHOP knockdown
whereas the up-regulation of Bak and Bax was not attenuated by CHOP siRNA. As expected, transfection of siRNA
against CHOP partially attenuated the TZD18-mediated
apoptosis of both MCF-7 and MDA-MB-231 cells (Fig. 5B).
TZD18 Activated Several MAPKs in Human Breast
Cancer Cells
The mitogen-activated protein (MAP) kinase (MAPK)
pathway plays an essential role in a variety of cellular processes. Prior reports showed that several MAPKs such as
ERK1/2, p38 MAPK, and c-Jun NH 2 -terminal kinase
(JNK) were activated during endoplasmic reticulum stress
and either positively or negatively regulated endoplasmic
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reticulum stress–initiated cell death (27, 28). Therefore, we
investigated the effects of TZD18 on the activation (phosphorylation) of ERK, p38, and JNK by Western blot. Phosphorylation of ERK, p38, and JNK was induced by 1 hour
and reached a maximum at 8 hours of exposure to TZD18
(Fig. 6A). To determine the role of activation of these
MAPKs in the TZD18-induced growth inhibition of human
breast cancer, the MCF-7 and MDA-MB-231 cells were treated with TZD18 in the presence of specific inhibitors of
MEK/ERK (U0126, PD098059), p38 MAPK (SB203580),
and JNK (SP600125). The concentrations that inhibited at
least 50% of the activity of each of the kinases were chosen
according to the data sheet provided by the manufacturer.
After 4 days of culture, cell proliferation was assayed using
the MTT assay. U0126 and PD098059, as well as SB203580
and SP600125 showed no obvious cytotoxicities to either
MCF-7 or MDA-MB-231 cells (Fig. 6B and C). However,
these inhibitors antagonized the growth inhibitory activity
of TZD18 (Fig. 6B and C), suggesting that MEK/ERK, p38,
and JNK were involved in the growth inhibitory activities of
TZD18. In order to decipher whether these MAPKs regulate
the TZD18-induced growth arrest through an involvement
of up-regulation of CHOP and/or Bak/Bax, we blocked
the MAPK activities by using specific inhibitors of these
MAPKs and assessed their effects on up-regulation of CHOP
and/or Bak/Bax in the presence of TZD18. As indicated in
Fig. 6D, these MAPK inhibitors did not prevent the CHOP
and Bak/Bax up-regulation induced by TZD18. Therefore,
the molecular mechanism by which the activated MAPKs
inhibited cell growth seems not to be through a direct
participation in up-regulation of CHOP and Bak/Bax.

Discussion
We have shown previously that TZD18, a novel dual
PPARα/γ ligand that structurally belongs to the TZD family of compounds, showed strong anticancer effects against
human leukemia and glioblastoma cells (12, 15, 16). In this
study, we present data showing that TZD18 also inhibited
the growth of a variety of human breast cancer cell lines associated with induction of cell cycle arrest and apoptosis.
These TZD18-elicited effects were much stronger than those
of conventional TZDs such as PGZ and TGZ. Therefore,
TZD18 represents a promising therapeutic agent for PPAR
ligand-based breast cancer therapy.
By using antagonists for PPARα and PPARγ, we previously showed that activation of PPARα and PPARγ was
not required for TZD18 to exert its effects on human leukemia cells (12, 16). Here, we show that knockdown of expression of PPARα and/or PPARγ by siRNA had only minimal
effects on the TZD18-induced growth inhibition of both
MCF-7 and MDA-MB-231 cells. These results strongly suggest that TZD18 inhibited the growth of breast cancer cells
through its "off-target" effects. In order to obtain insight into
the mechanisms involved in the antigrowth effects of
TZD18, especially the upstream events leading to cell cycle
arrest and apoptosis induced by TZD18, we analyzed the
gene expression profiles before and after treatment with

TZD18 for 24 hours in MCF-7 and MDA-MB-231 cells using
Affymetrix microarray and GeneSpring analysis. A great
number of stress-induced genes were highly up-regulated
by TZD18 in both cell lines, including several typical endoplasmic reticulum stress–related genes such as GRP78, XBP-1,
CHOP, ATF-3, and ATF-4. These data strongly suggested that
TZD18 induced endoplasmic reticulum stress response.
In response to a range of cytotoxic stimuli, proteins are
not properly folded, leading to accumulation of unfolded
or misfolded proteins in the endoplasmic reticulum. Under
this stress-related condition, cells elicit UPR with the aims to
attenuate protein synthesis to prevent further accumulation
of proteins, to induce chaperone synthesis to promote protein folding, and to induce cellular apoptosis to eliminate
the stressed cells. In order to achieve these purposes, UPR
initiates three types of signaling through endoplasmic reticulum transmembrane proteins, namely, PERK, ATF6, and
IRE1 (18). Under physiologic conditions, these endoplasmic
reticulum sensor proteins are kept in an inactive state
through an association with the endoplasmic reticulum
chaperone GRP78. Under conditions of stress, GRP78 disassociates from PERK, ATF6, and IRE1, and binds to unfolded
proteins to promote protein folding. The disassociation of
GRP78 results in activation of these endoplasmic reticulum
sensors. Activated PERK phosphorylates eIF2α, leading to
an inhibition of general protein synthesis and cell cycle arrest. Activated IRE1 cleaves XBP1, resulting in synthesis of a
highly active transcription factor that stimulates the transcription of chaperone genes such as GRP78 and GRP94
and other genes that support cell survival under stress conditions. Activated ATF6 traffics to Golgi and is processed to
its short form that serves as a transcription factor to induce
transcription of XBP-1 and other target genes.
In this study, TZD18 enhanced the expression of GRP78, a
general marker of UPR, indicating that TZD18 indeed triggered UPR in human breast cancer cells. TZD18 treatment
activated all three endoplasmic reticulum sensor proteins,
namely PERK, ATF6, and IRE1, in MDA-MB-231 cells. In
addition to phosphorylation of PERK and its downstream
target eIF2α, TZD18 also induced up-regulation and cleavage of ATF6. Furthermore, splicing of XBP-1 mRNA was also induced by TZD18 in MDA-MB-231 cells. Splicing of
XBP-1 is catalyzed by activated IRE1 (29). In MCF-7 cells,
we did not observe splicing of XBP-1, but we did notice
an up-regulation of the endoplasmic reticulum chaperone
GRP78 after treatment with TZD18. Interestingly, GRP78
is regulated by the transcription factor encoded by the
spliced XBP-1 mRNA (30) as well as ATF6 (31). Also,
GRP78 has been reported to be up-regulated by PERKeIF2α (32). Phosphorylation of eIF2α by PERK, on the one
hand, attenuates general protein translation, and on the other, up-regulates the expression of the ATF4 transcription factor, which, in turn, stimulates expression of GRP78 gene and
regulates its translation. Based on these published reports,
TZD18 probably increases expression of GRP78 through
an ATF6- and/or ATF4-dependent mechanism. We, indeed,
observed an up-regulation of ATF4 in our microarray analysis and up-regulation and activation (cleavage) of ATF6
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using Western blotting in MCF-7 cells. The observed difference in XBP-1 splicing between the MCF-7 and MDA-MB231 cell lines is interesting and remains to be clarified. This
may reflect a difference between these two cell lines to tolerate endoplasmic reticulum stress. The MDA-MB-231 cells
may be sensitive to TZD18-induced endoplasmic reticulum
stress and may rapidly initiate IRE1-XBP-1 signaling of UPR
with the aim to protect the cells under the stress conditions.
The IRE1-XBP-1 axis normally has prosurvival activity.
However, when the endoplasmic reticulum stress is persistent, activated IRE1 can initiate apoptosis through recruitment of the TNF receptor associated factor 2 (TRAF2) and
apoptosis signal-regulating kinase-1 (ASK1; refs. 19, 20).
ASK1 is an enzyme that specifically activates a cascade
leading to activation of JNK and p38 and, consequently, cell
apoptosis (19, 20). We, indeed, observed an activation of
JNK and p38 after addition of TZD18 to the cells. The
IRE1-XBP1 axis likely exerted additional proapoptotic effects on MDA-MB-231 cells as we observed in this study.
As mentioned, endoplasmic reticulum stress response can
lead to apoptosis when the conditions of endoplasmic reticulum stress persist. The major mediator of endoplasmic reticulum stress elicited apoptosis is CHOP (19, 20). CHOP is
one of the highly induced genes during endoplasmic reticulum stress, and the PERK-eIF2α-ATF4 branch of UPR
plays an essential role. CHOP is a direct target gene of
ATF4 (33). Our microarray analysis showed that ATF4 and
CHOP were up-regulated by TZD18. It is not surprising that
we observed a strong time-dependent up-regulation of
CHOP protein by TZD18. Studies have clearly shown that
the endoplasmic reticulum stress–induced apoptosis parallels the up-regulation of CHOP (34, 35). Furthermore,
CHOP knockout embryonic fibroblasts are resistant to endoplasmic reticulum stress–induced apoptosis (36). Also,
forced overexpression of CHOP caused cell cycle arrest
and apoptosis (37, 38). Taken together, these data show
a crucial role of CHOP in apoptotic signaling initiated
by UPR.
In this study, we showed that silencing of CHOP by RNA
interference in either MCF-7 or MDA-MB-231 cell lines partially attenuated the TZD18-induced apoptosis. These data
indicate a role of CHOP in the TZD18-induced apoptosis in
human breast cancer cells. The incomplete repression of
TZD18-induced apoptosis by siRNA against CHOP suggests additional CHOP-independent mechanisms may be
involved in the TZD18-induced apoptosis.
CHOP belongs to the C/EBP family of transcription factors. Studies examining the target genes of this transcription
factor revealed several possible downstream molecules that
may be involved in CHOP-mediated apoptotic signaling.
One is DR5 (24). Activation of DR5 by a variety of agents
resulted in apoptosis of various human cancer cells in a
CHOP-dependent manner (39, 40). Here, we noted that expression of DR5 was induced by TZD18, which occurred in
parallel with the induction of CHOP. Knockdown of CHOP
by siRNA also led to attenuation of DR5 expression. Therefore, we believe that induction of DR5 by TZD18 is CHOPdependent. In addition, activation of caspase 8 after addition

of TZD18 occurred in a time-dependent manner that paralleled the activation of caspase 9, suggesting that activation of
caspase 8 and 9 were concurrent events. Inhibition of caspase 8 attenuated the TZD18-induced apoptosis, indicating
an involvement of caspase 8, the featured caspase for the extrinsic apoptosis. Based on these results, we hypothesized
that activation of DR5 death receptor may be involved in
the TZD18-induced apoptosis of human breast cancer cells
through the extrinsic apoptotic pathway. Further studies
are required to provide more detailed evidence to confirm
this hypothesis.
The other downstream molecules of CHOP signaling are
the bcl-2 family members. Others have shown that CHOP
can repress the expression of bcl-2 (25), and overexpression
of bcl-2/bcl-xl can inhibit endoplasmic reticulum stress–
induced apoptosis (41). In this study, however, expression
of bcl-2 was not altered but the Bax and Bak proteins were
up-regulated by TZD18. The Bak/Bax proteins have also
been shown to be present in the endoplasmic reticulum
membrane and are involved in endoplasmic reticulum
stress–induced intrinsic apoptosis (42). Double knockout
of Bak/Bax in murine embryonic fibroblasts conferred resistance to endoplasmic reticulum stress, and reconstitution of
Bak in these cells restored their sensitivity to endoplasmic
reticulum stress–induced apoptosis (42). In addition, we
showed in this study that caspase 9, a key caspase that
mediates intrinsic apoptotic signaling, was activated and
involved in the apoptosis induced by TZD18. Therefore,
the Bak/Bax associated intrinsic apoptotic pathway may
also be involved in the TZD18-induced cell death of human
breast cancer cells. CHOP knockdown by small RNA interference did not attenuate the up-regulation of Bax and Bak,
suggesting that up-regulation of Bax and Bak by TZD18
was CHOP-independent. This could explain why CHOP
knockdown could only partially repress the apoptosis
triggered by TZD18.
A variety of MAPK cascades are activated during endoplasmic reticulum stress and have essential roles in endoplasmic reticulum stress–induced apoptosis. The most
studied signaling cascade is ASK1-MAPK. ASK1 is activated under endoplasmic reticulum stress conditions and initiates activation (phosphorylation) of p38 MAPK and JNK
(43). Activated p38 MAPK and JNK may positively participate in the endoplasmic reticulum stress–induced growth
arrest and apoptosis by a variety of mechanisms such as
transcriptional modification of CHOP (44, 45) and members
of bcl-2 family (20). In this study, activation of p38 MAPK
and JNK was transiently enhanced by TZD18. Moreover,
specific pharmacologic inhibitors of p38 and JNK attenuated the TZD18-induced growth inhibition. These data suggest that both p38 MAPK and JNK were positively
involved in the TZD18-initiated growth arrest. In order to
determine whether these kinases participated in the
TZD18-induced growth inhibition through a direct involvement of up-regulation of either CHOP, Bax, or Bak, we did
Western blot analysis using cells treated with either TZD18
and/or the specific inhibitor of p38 and JNK. In contrast to
several published studies (44, 45), these inhibitors did not
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prevent the up-regulation of CHOP, Bax, and Bak induced
by TZD18, indicating that TZD18-induced expression of
CHOP, Bax, and Bak is independent of JNK and p38 MAPK.
Therefore, in response to TZD18, p38 MAPK and JNK
might either exert their effects on cells independent of
CHOP and Bak/Bax, or act on downstream events of CHOP
and Bak/Bax signaling. Our data further suggested that
up-regulation of CHOP in response to endoplasmic reticulum stress stimuli by JNK and p38 MAPK may be cell typeand/or stimuli-specific.
It has been shown that stress-activated JNK and p38
MAPK could also participate in cell growth and apoptosis
by phosphorylation of mitochondrial proapoptotic and
antiapoptotic proteins such as Bid, Bim, and Bad, and modulate cell-cycle regulators such as CDC25, p16 ink4a, and
p19arf (46, 47). Investigation of the roles of these molecules
in TZD18-induced growth inhibition is certainly helpful to
identify the mechanisms by which p38 MAPK and JNK
regulate the TZD18-induced apoptosis and growth arrest
in human breast cancer cells.
In addition to JNK and p38 MAPK, we found that phosphorylation of ERK was also enhanced by TZD18. Targeting
the MEK/ERK pathway with either chemical inhibitors or
siRNAs can reduce endoplasmic reticulum stress–induced
cell death in neuroblastoma (48) and lung carcinoma cells
(49). Likewise, we have also found that the MEK/ERK inhibitors U0126 and PD98095 attenuated the TZD18 induced
growth inhibition. In contrast, the MEK/ERK inhibitor
U0126 did not suppress the up-regulation of CHOP and
Bak/Bax induced by TZD18, indicating that the MEK/ERK
pathway is not required for TZD18-induced expression of
CHOP and Bak/Bax. How MEK/ERK participates in
TZD18-induced growth inhibition of breast cancer cells is
not understood. Recent studies have found that cytosolic
retention of activated ERK1/2 is important for ERK-induced
cell death (50). Future studies will investigate the location of
activated ERK in TZD18-treated cells.
Clinical trials suggest that the genetic characteristics of
breast cancer cells such as estrogen receptor status and overexpression of Her2 determine the efficiency of certain molecular therapeutics. In this study, different breast cancer cell
lines with different genetic characters [estrogen receptor–
positive, Her2 overexpressed, or triple negative (without expression of estrogen and progesterone receptors and Her2
amplification)] were used. The potency of TZD18 was not
correlated with these genetic features. This observation
suggested that the action of TZD18 on these cells was unrelated to estrogen- or Her2-initiated signaling. As showed
above, the effects of TZD18 were mediated by endoplasmic
reticulum stress response. To our knowledge, no data have
been published to support a correlation between estrogen
receptor status or Her2 overexpression and endoplasmic
reticulum stress tolerance. Therefore, we were not surprised
that all these types of breast cancer cells were, more or less,
sensitive to the TZD18-induced growth inhibition. In contrast
to breast cancer cells, we did not observe any obvious
changes in the expression of GRP78, the general marker of
UPR, as well as other UPR sensor proteins in the normal

breast epithelial cell line MCF-10A after treatment with
TZD18. This may explain why the MCF-10A cells are resistant to TZD18-induced endoplasmic reticulum stress.
In conclusion, we have shown in the present study that
the novel PPARα/γ dual ligand TZD18 inhibited growth
and induced apoptosis of breast cancer cells. Furthermore,
our data suggested that cell death and/or growth arrest
triggered by TZD18 was mediated by endoplasmic reticulum stress response, leading to activation of JNK, p38,
MEK/ERK, and CHOP, which conspired to initiate cell death
and/or growth inhibition. The more immediate cause of cell
death may involve activation of the cell death receptor–
related extrinsic and the Bak/Bax-associated intrinsic apoptotic pathways.
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