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Background: Carotenoids have been found to play roles in the prevention and therapy of some cancers which
PPARγ was also discovered to be involved in. The present studies were directed to determine the inhibitory ef-
fects of carotenoids in combination with rosiglitazone, a synthetic PPARγ agonist, on K562 cell proliferation
and elucidate the contribution of PPARγ-dependent pathway to cell proliferation suppression.
Methods: The effects of carotenoid and rosiglitazone combination on K562 cell proliferation were evaluated by
trypan blue dye exclusion assay and MTT assay. When PPARγ has been inhibited by GW9662 and siRNA,
cycle-related regulator expression in K562 cells treated with carotenoid and rosiglitazone combination was an-
alyzed by Western blotting.
Results: Rosiglitazone inhibited K562 cell proliferation and augmented the inhibitory effects of carotenoids on the
cell proliferation greatly. Specific PPARγ inhibition attenuated the cell growth suppression induced by carotenoid

and rosiglitazone combination. GW9662pre-treatment attenuated the enhancedup-regulation of PPARγ expres-
sion caused by the combination treatment. Moreover, GW9662 and PPARγ siRNA also significantly attenuated
the up-regulation of p21 and down-regulation of cyclin D1 caused by carotenoids and rosiglitazone.
Conclusions: PPARγ signaling pathway, via stimulating p21 and inhibiting cyclin D1, may play an important role
in the anti-proliferative effects of carotenoid and rosiglitazone combination on K562 cells.
General significance: Carotenoids in combination with rosiglitazone are hopeful to provide attractive dietary or
supplementation-based and pharmaceutical strategies to treat cancer diseases.
© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Considerable epidemiologic evidence has suggested that high con-
sumption of fruit and vegetables can decrease the risk of various types
of cancer [1,2]. Among various plant constituents, carotenoids are al-
most taken daily in significant quantity and hence have been extensively
studied. A number of results from experimental studies, animal studies,
and observational epidemiologic studies reported that β-carotene and
other carotenoids are able to inhibit the growth of some kinds of cancer
cells [3–6]. Although some adverse health effects have been observed in
human β-carotene intervention studies, the recent studies suggested
that the effects of carotenoid supplementation may depend on the indi-
viduals' habits and the adverse effects were confined to specific sub-
groups, e.g., smokers [7,8].

PPARγ, a member of the nuclear hormone receptor superfamily,
functions as a transcription factor. It is well known that PPARγ plays
crucial roles in numerous physiological and pathological processes,
such as fat and glucose metabolism, development of various organs,
and the occurrence of several human diseases including diabetes,
+86 371 67783222.
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dyslipidemia, inflammation, and hypertension [9]. PPARγ is expressed
in a large number of human tissues such as breast, colon, lung, ovary,
prostate, stomach, bladder, and thyroid, where it is demonstrated to
regulate cell proliferation, differentiation, and apoptosis. This property
makes PPARγ an important target for the development of new and
effective anticancer therapies [10–12]. Additionally, various studies
in vitro have demonstrated that activation of PPARγ by agonists has a
potent anti-proliferative activity against a wide variety of neoplastic
cells [13]. PPARγ ligands can regulate cell growth, differentiation, pro-
liferation, and/or apoptosis [14]. Among PPARγ ligands, the anti-
tumorigenic activity of rosiglitazone, a synthetic PPARγ ligand, has
been documented in a variety of cancers including colon, breast, pros-
tate, and lung [15]. Liu et al. reported that rosiglitazone (N40 mmol/L)
inhibited the growth of human leukemia K562 cells and caused apopto-
sis in time- and dose-dependent manners [16].

We have shown in previous study that carotenoids (β-carotene,
astaxanthin, capsanthin, and bixin) suppressed the proliferation and re-
duced the viability in dose- and time-dependentmanners inMCF-7 and
K562 cells, induced apoptosis, and interfered with cell cycle. PPARγ,
p21, and cyclin D1 were involved in the anti-proliferative effects of ca-
rotenoids [17–19]. However, the inhibitory effects of carotenoid and
rosiglitazone combination on K562 cell proliferation have not been
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Fig. 1. Effect of rosiglitazone on K562 cell viability. The viability of K562 cells treated with
different concentrations (10–100 μM) of rosiglitazone for 72 h was measured by MTT
assay. Data are presented as themeans ± S.D., n = 6, ⁎P b 0.05, ⁎⁎P b 0.01 versus control
group.
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evaluated well yet. At themoment, no clear-cut data are available to es-
tablish that PPARγ-dependent pathway may be directly implicated in
the cell growth inhibition by the combination treatment.

The present studieswere directed to determine the inhibitory effects
of carotenoids in combination with rosiglitazone on K562 cell prolifera-
tion and elucidate the contribution of PPARγ-dependent pathway to cell
proliferation suppression. Then we explore the PPARγ-mediated cell
proliferation regulators in the effects of carotenoid and rosiglitazone
combination. Our results demonstrated that carotenoids in combination
with rosiglitazone significantly inhibited cell proliferation and increased
the expression level of PPARγ as compared with their respective treat-
ments. GW9662 and PPARγ siRNA both remarkably diminished the
cell viability loss and the up-regulation of PPARγ expression caused by
the combined treatment of carotenoids and rosiglitazone. Furthermore,
GW9662 and PPARγ siRNA co-application can significantly attenuate
the up-regulation of p21 expression and down-regulation of cyclin D1
expression caused by carotenoids or/and rosiglitazone at the same time.

2. Materials and methods

2.1. Reagents and antibodies

RPMI 1640 medium was purchased from Gibco BRL (Grand Is-
land, NY, USA). N,N,N′,N′ -Tetramethylethyl-enediamine (TEMED),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide (MTT),
β-carotene (purity 97%), penicillin, streptomycin, PPARγ siRNA and
nonspecific control siRNA were from Sigma-Aldrich Chemical Co.
(St. Louis, MO, USA). 2-chloro-5-nitro-N-phenylbenzamide (GW9662)
and 5-[[4-[2-(methyl-2-pyridinylamino) ethoxy]-phenyl] methyl]-2,
4-thiazolidine-dione (rosiglitazone) were purchased from Cayman
Chemicals (Ann Arbor, MI). TurboFect siRNA Transfection Reagent was
from MBI Fermentas (Utah, USA), bixin and astaxanthin were pur-
chased from Fluka Chemical Co. (Buchs, Switzerland). β-Actin, PPARγ,
p21 and cyclinD1 antibodies were from Santa Cruz Biotechnology, Inc.
(Delaware, USA). Chronic myelogenous leukemia K562 cell line was
gifted from Physiology Research Center of Basic Medical College of
Zhengzhou University (China). Fetal bovine serum was purchased
from Tian Hang Biological Engineering Ltd. (Hangzhou, China).
Tris(hydroxymethyl)aminomethane (Tris) was the product of Roche
Ltd. (Basel, Switzerland).

2.2. Cell culture

K562 cells were cultured in RPMI 1640medium supplemented with
decomplemented fetal bovine serum (10%, v/v), penicillin (100 IU/mL),
and streptomycin (100 μg/mL) in a humidified incubator under 5% CO2

and 95% air at 37 °C, as described previously [18].

2.3. Drug treatment and proliferation assays

Carotenoids (β-carotene, bixin, and astaxanthin) were delivered to
the cells using tetrahydrofuran (THF) as a solvent. Rosiglitazone and
GW9662 were solubilized with DMSO respectively, and then dissolved
in culture media. GW9662 was used to pre-treat K562 cells 3 h before
carotenoids and rosiglitazone. The concentrations of THF or DMSO
were adjusted to be the same in all experiments and final concentra-
tions were no more than 0.5% (v/v). Control groups received the same
amount of THF or DMSO without carotenoids, rosiglitazone, and
GW9662.

Drug treatments were performed in 24-well tissue culture plates
(growth assays) or 6-well dishes (protein extractions). Drugs were
added to the culturemediumat a calculated final concentration. The ex-
tent of the cell viability and proliferation (cell numbers) was measured
by MTT assay and cell counting with the trypan blue dye exclusion
assay, respectively, as described before [18].
2.4. PPARγ siRNA transfection

K562 cells (8 × 105 cells/well) were seeded in 6-well plates. For
each well, cells were incubated with or without GW9662 (8 μM) for
24 h before transfection. TurboFect™ siRNA Transfection Reagent and
PPARγ siRNA or nonspecific control siRNA were mixed in the 0.15 M
solution of NaCl for a final concentration of 15 nM and 1/100 (v/v), re-
spectively, then themixture was incubated for 25 min at room temper-
ature and added to the corresponding wells. After 4 h of incubation,
cells were cultured in the presence or absence of carotenoids and
rosiglitazone (20 μM) for up to 48 h for Western blot analysis, MTT as-
says, and the trypan blue dye exclusion assay, respectively.
2.5. Western blot analysis

Western blottingwas performed using the protocol described previ-
ously [18]. In short, cells were harvested and washed twice with cold
1 × PBS, then lysed in lysis buffer (50 mM Tris–Cl, 150 mM NaCl,
0.02% (w/v) NaN3, 100 μg/mL PMSF, 1 μg/mL aprotinin, 1 μg/mL
pepstatin A, 2 μg/mL leupeptin, and 1% (v/v) Triton X-100). Total cellu-
lar extracts were quantified by BCA assay (Pierce) as permanufacturer's
instructions. Protein extracts were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) in 10% gels, and then
transferred to NC membranes (PALL, USA). Blots were blocked in
blocking buffer (0.1 M TBS containing 5% no-fat milk, 0.1% Tween 20)
for 1 h at room temperature, and then incubated with PPARγ, p21,
cyclin D1, and β-actin antibodies, respectively, overnight at 4 °C. After
being washed, the membranes were incubated with the appropriate
secondary antibodies for 1 h at room temperature. The antigen was de-
tected using the SuperSignal West Pico Chemiluminiscent system
(Pierce, USA), and visualized by autoradiography on Kodak-XAR film.
The images were digitized and analyzed by an NIH imaging software.
2.6. Statistical analysis

All experiments were performed at least in triplicate. One-way
ANOVAs were used to estimate overall significance followed by post
hoc Tukey's tests that corrected for multiple comparisons. Data are
presented asmeans ± S.D. A probability level of 5% (P b 0.05)was con-
sidered significant.
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3. Results

3.1. Effects of rosiglitazone on the viability of K562 cells

In the first placewe treated K562 cells with an increasing concentra-
tion (10–100 μM) of rosiglitazone, a PPARγ agonist, for 72 h and mea-
sured cell viability, and then investigated the effect of co-application
with carotenoids and rosiglitazone on K562 cell growth and viability.

As shown in Fig. 1, rosiglitazone inhibited K562 cell proliferation.
The inhibitory effects of low concentrations (10–40 μM)of rosiglitazone
were not very significant. The cell viability was reduced obviouslywhen
the concentrations up to 50 μM. Over 70 μM, however, rosiglitazone
showed very similar inhibitory effects.

3.2. Effects of carotenoids in combination with rosiglitazone on K562
cell proliferation

K562 cellswere treatedwith an increasing concentration (5.0–50 μM)
of carotenoids (β-carotene, bixin and astaxanthin) in the presence of
rosiglitazone (20 μM). As shown in Fig. 2, the inhibitory effects were
Fig. 2. Effect of carotenoids and rosiglitazone (R) onK562 cell growth. K562 cellswere harvested
(5–50 μM) of β-carotene (A), bixin (B), astaxanthin (C) and/or rosiglitazone (20 μM). Data are
significantly exacerbated compared with carotenoid treatment groups
as measured by the trypan blue exclusion assay. The cell growth curves
are close to the straight lines in the presence of 20 μM rosiglitazone.
Many dead cells and cellular debris were observed under a microscope
after 72 hour treatment. Most of the K562 cells lost their flat, polygonal
shape (not shown). In the last two days, cell growth inhibition caused
by the combination treatmentwasmore obvious. At 96 h, the cell num-
bers in the combination treatment groups decreased an approximate of
30% compared with the single carotenoid treatment groups when 5 μM
carotenoids were used. With the increase of carotenoid concentrations,
a decrease of 30%–50% of the cell numbers can be observed in the com-
bination treatment groups as compared with the carotenoid treatment
groups. At 120 h, it was hard to see the live cells. These results indicated
that the inhibitory effects of carotenoids on K562 cell proliferationwere
augmented significantly in the presence of rosiglitazone. It can be seen
in Fig. 3 that carotenoids in combination with rosiglitazone had
much stronger inhibitory effects on K562 cell viability than their re-
spective treatments as measured by MTT assay. The viability of K562
cells dropped about 30% as compared with the carotenoid treatment
groups.
at 24 h, 48 h, 72 h, 96 h and120 h, respectively, after exposure to different concentrations
presented as the means ± S.D., n = 6.

image of Fig.�2


Fig. 3.Viability of K562 cells treatedwith carotenoids and rosiglitazone. The cellswere exposed toβ-carotene (A), bixin (B), astaxanthin (C), and/or rosiglitazone (20 μM) for 72 h.Data are
presented as the means ± S.D., n = 6, ⁎P b 0.05 and ⁎⁎P b 0.01 compared with the control group; #P b 0.05 and ##P b 0.01 compared with the single carotenoid treatment groups.
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3.3. Attenuation of carotenoid and rosiglitazone-suppressed K562 cell
proliferation by GW9662 and PPARγ siRNA

To evaluate the relevance of PPARγ-mediated effects on cell prolifer-
ation in the suppression of carotenoid and rosiglitazone combination,
K562 cells were pre-treated with GW9662, a specific PPARγ inhibitor,
for 3 h and then treated with carotenoids and rosiglitazone. As shown
in Fig. 4, pre-treatment of GW9662 restored the cell proliferation obvi-
ously, especially in the last two days, alive cell numbers were increased
more significantly than those in the groups without GW9662. After
96 h, the cell numbers in the GW9662 pre-treatment groups increased
an approximate of 75%. When 25 μM and 50 μM carotenoids were
used the cell numbers at 120 h increased, respectively, as high as
150% and 250%. Moreover, after the cells were transfected with PPARγ
siRNA, their growth suppression by carotenoid and rosiglitazone combi-
nation was also attenuated obviously (Fig. 5). These effects can be seen
from the first three days. The blockage of PPARγ increased the cell num-
bers by 50% in both β-carotene and its combination with rosiglitazone
treatment groups. In the fifth day of PPARγ inhibition the cell numbers
increased an approximate of 65% in the astaxanthin and bixin treatment
groups. The blockage of PPARγ increased the cell numbers by almost
85% in the combination of β-carotene or astaxanthin with rosiglitazone
groups. It is quite evident that PPARγ siRNA showed the same effects as
GW9662 on carotenoid and rosiglitazone combination-suppressed
K562 cell proliferation. Fig. 6 shows that GW9662 significantly weak-
ened the suppression of K562 cell proliferation induced by carotenoids
and rosiglitazone combination as measured by MTT assay. The viability
of K562 cells was increased by more than 20% as compared with co-
application treatment groups.
To further understand the relationship between PPARγ and the cell
proliferation suppression caused by carotenoids in combination with
rosiglitazone, the cells were pre-treated with the combination of
GW9662 and PPARγ siRNA. They were firstly incubated in the medium
containing 8 μΜ GW9662 for 24 h, then transfected with PPARγ siRNA.
After 52 h PPARγ protein expression was detected byWestern blotting.
As can be seen in Fig. 7, the expression levels of PPARγ protein were re-
markably reduced in the cells treated with the combination of PPARγ
siRNA and GW9662. That is to say, in these cases PPARγ in the cells
was repressed as fully and specifically as possible. Fig. 8 showed that
the cell viability in PPARγ specific repression groups was obviously
higher than in the carotenoid and/or rosiglitazone treatment groups.
The cell proliferation suppression caused by carotenoids and/or
rosiglitazone was diminished greatly. Even if the cells were only ex-
posed to carotenoids and/or rosiglitazone for 48 h, the cell viability in
GW9662 and PPARγ siRNA pre-treated groups increased by more than
15% in comparison to the Neg-siRNA pre-treated groups.

3.4. Effect of GW9662 on PPARγ expression mediated by carotenoids
and rosiglitazone

Our previous study demonstrated that carotenoids increased PPARγ
expression [18]. Rosiglitazone, as a PPARγ agonist, can augment the in-
hibitory effects of carotenoids on K562 cell proliferation as seen in
Figs. 2 and 3. It should activate PPARγ and enhance the up-regulation
of PPARγ expression caused by carotenoids. Just as shown in Fig. 9,
rosiglitazone treatment increased the expression level of PPARγ protein
in K562 cells. Up-regulation of PPARγ expression by carotenoids was
further promoted in the presence of rosiglitazone.

image of Fig.�3


Fig. 4. Effects of GW9662 (GW) on carotenoid and rosiglitazone (R)-suppressed cell proliferation. K562 cells were pre-treated with GW9662 (8 μM) for 3 h, and then harvested at 24 h,
48 h, 72 h, 96 h and 120 h, respectively, after being exposed to different concentrations (5–50 μM) of β-carotene (A), bixin (B), astaxanthin (C) and rosiglitazone (20 μM). Data are
presented as the means ± S.D., n = 6.

Fig. 5. Effects of PPARγ siRNA transfection treatment on the cell proliferation suppression by carotenoids and rosiglitazone (R). The transfected K562 cells with PPARγ siRNA (T) or with
negative siRNAwere treated by 25 μMofβ-carotene (A), bixin (B), astaxanthin (C), and rosiglitazone (20 μM)4 h after transfection for 5 days, respectively, and in the third day theywere
transfected again in the same way. Data are presented as the means ± S.D., n = 4.
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Fig. 6. Effects of GW9662 on the reduction of cell viability caused by carotenoid and rosiglitazone combination. K562 cells were exposed to different concentrations (5–50 μM) of
β-carotene (A), bixin (B), astaxanthin (C) and rosiglitazone (20 μM) for 72 h after pre-treatment with GW9662 (8 μM) for 3 h. Data are presented as the means ± S.D., n = 6,
⁎P b 0.05 and ⁎⁎P b 0.01 compared with the control groups; #P b 0.05 compared with the combination-treated groups in the absence of GW9662.
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The effects of GW9662 on up-regulation of PPARγ expression caused
by carotenoids and/or rosiglitazone were examined to further investi-
gate the role of PPARγ signaling pathway in the anti-cancer activities
of carotenoids and their co-application with rosiglitazone. It can be
seen from Fig. 10 that β-carotene, bixin, and astaxanthin up-regulated
the expression levels of PPARγ protein in K562 cells in a dose-
dependent manner after 72 h. However, after GW9662 pre-treatment
theup-regulation of PPARγ expressionwas obviously reduced. Especial-
ly it is evident when the concentrations of carotenoids reached 25 μM
and 50 μM.

Furthermore, we studied the effect of GW9662 on the up-regulation
of PPARγ expression by the combined treatment with carotenoids and
rosiglitazone. As shown in Fig. 11, GW9662 pre-treatment significantly
suppressed the up-regulation of PPARγ expression by carotenoids in
combination with rosiglitazone. PPARγ protein expression levels de-
creased by more than 15%.

3.5. Effects of PPARγ repression on p21 and cyclin D1 expression mediated
by carotenoids and rosiglitazone

The above results showed that GW9662 reduced the up-regulation
of PPARγ caused by carotenoids and rosiglitazone. Moreover, our for-
mer study demonstrated that carotenoids can also mediate the expres-
sion of the cell cycle control gene cyclin D1 and the cyclin-dependent
kinase inhibitor p21. In order to further evaluate whether in the cell
proliferation suppression these two cell cycle regulators are implicated
in PPARγ signaling pathway, we inhibited the PPARγ expression
through the co-application of siRNA and GW9662, then treated the
cells with carotenoids and rosiglitazone, and measured cyclin D1 and
p21 expression. The results in Figs. 12 and 13 showed that the expres-
sion levels of cyclin D1 and p21 changed along with the inhibition of
PPARγ. For cyclin D1, its down-regulation induced by carotenoids and
rosiglitazonewas diminished to some extent in the PPARγ specific inhi-
bition groups as compared with in Neg-siRNA treatment groups. For
p21, its expression levels were increased obviously by the three kinds
of carotenoids and rosiglitazone in the PPARγ normal expression
groups. But as the PPARγ being inhibited, the increased trendwas obvi-
ously weakened.

4. Discussion

The growth-inhibitory effects of carotenoids have been observed in
numerous tumors and cell lines. Our previous studies demonstrated
that β-carotene inhibited breast cancer MCF-7 cell growth, induced
apoptosis, and carotenoids (β-carotene, astaxanthin, capsanthin, and
bixin) suppressed leukemia K562 cell proliferation and induced apopto-
sis. Rosiglitazone, one of the thiazolidinedione derivatives, is the most
potent synthetic ligand of PPARγ. In addition to its antidiabetic effects,
numerous studies have shown that rosiglitazone can induce cell growth
arrest and apoptosis in tumor cells, such as adrenocortical cancer [20],
colorectal cancer [21], granulose cells [22], lung cancer [15], malignant
melanoma cells [23], leukemia cells [16,24], and so on. Our results
showed that rosiglitazone suppressed K562 cell growth, which is in
agreement with Liu et al.'s observation [16]. Moreover, the growth-
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Fig. 7. PPARγ expression of K562 cells treated with the combination of PPARγ siRNA and
GW9662.Western blot analysis was performed usingwhole cell lysate from K562 cells in-
cubated in themediumwith orwithout 8 μΜGW9662 for 24 h, and then transfectedwith
PPARγ siRNA or Neg-siRNA for 52 h. The expression levels of samples were normalized to
the corresponding levels of β-actin. Data are presented as percent of control and the bars
are themeans ± S.D. values for three independent experiments. ⁎P b 0.05 and ⁎⁎P b 0.01
versus control groups.
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inhibitory effects of carotenoids in combination with rosiglitazone on
K562 cells were greatly enhanced while at 20 μM rosiglitazone alone
had very weak growth-inhibitory effects. It is interesting to note that
Fig. 8. Effects of PPARγ siRNA and GW9662 on the viability of K562 cells treated by carotenoids
K562 cells were exposed to 25 μM β-carotene (A), bixin (B), astaxanthin (C) and/or 20 μM ros
⁎P b 0.05 and ⁎⁎P b 0.01 compared with the control groups; #P b 0.05 and ##P b 0.01 compare
cells were hardly visible after 120 h combination treatment, the combi-
nation of carotenoids and rosiglitazone significantly augmented their
anti-proliferative effects on malignant leukemia cells in comparison
with their single agent application,which suggested their combined ap-
plication to be a promising tool for further therapeutic studies.

PPARγ is widely expressed inmultiple tumors and cell lines, and this
receptor has become the most promising target for anti-cancer thera-
pies. The efficacy of PPARγ agonists as anticancer agents has been exam-
ined in various cancers, including colon, breast, lung, ovarian, and
prostate [25]. A great deal of evidence suggests that PPARγ agonists
can cause cell growth inhibition and apoptosis in a PPARγ-dependent
manner though they may also play roles in a PPARγ-independent
manner. In the present experiment, either GW9662 or PPARγ siRNA
pre-treatment significantly attenuated K562 cell proliferation inhibition
induced by carotenoids and rosiglitazone although their pre-treatment
did not restore the cell proliferation to the control levels. Their combina-
tion pre-treatment also significantly diminished cell viability loss
caused by carotenoids and/or rosiglitazone. Meanwhile, GW9662 re-
markably reduced the up-regulation of PPARγ protein level caused not
only by carotenoids but also by carotenoid and rosiglitazone combina-
tion. It is quite evident that PPARγ may participate in the growth-
inhibitory effects of carotenoids in combination with rosiglitazone on
K562 cells. Our previous studies proposed that PPARγ activation may
be associated with the anti-proliferative effects of β-carotene in MCF-
7 cells and that the up-regulation of PPARγ expression at least partly
contributed to the anti-proliferative effects of carotenoids in K562
cells [17–19]. Yang et al reported that lycopene significantly inhibited
the proliferation of androgen-dependent human prostate LNCaP cancer
cells, increased the protein and mRNA expression of PPARγ and Liver X
receptor alpha (LXRα) at 24 and 48 h, and increased the expression of
ATP-binding cassette transporter A1 (ABCA1) and apoA1 protein at
96 h. Incubation of LNCaP cells with lycopene in the presence of
GW9662 and LXRα antagonist GGPP restored the cell proliferation to
and rosiglitazone. 8 μMGW9662was added to the cell medium 24 h prior to transfection.
iglitazone 4 h after transfection for 48 h. Data are presented as the means ± S.D., n = 4,
d with the Neg-siRNA treatment groups.

image of Fig.�7
image of Fig.�8


Fig. 9. Effects of rosiglitazone on PPARγ expression mediated by carotenoids. K562 cells
were exposed to 5–50 μM carotenoids and/or 20 μM rosiglitazone for 72 h. Data are
presented as percent of control and the bars are the means ± S.D. values for three inde-
pendent experiments, ⁎P b 0.05 and ⁎⁎P b 0.01 versus control groups, #P b 0.05 and
##P b 0.01 compared with the carotenoid treatment groups. Fig. 11. Effects of GW9662 (GW) on PPARγ expression in K562 cells treatedwith caroten-

oids and rosiglitazone (R). K562 cells were exposed to 5–50 μM carotenoids and 20 μM
rosiglitazone for 72 h after pre-treating with GW9662 (8 μM) for 3 h. The expression
levels of samples are normalized to the corresponding levels ofβ-actin. Data are presented
as percent of control and the bars are the means ± S.D. values for three independent
experiments, ⁎P b 0.05 and ⁎⁎P b 0.01 versus control groups, #P b 0.05 and ##P b 0.01
compared with the carotenoid and rosiglitazone combination treatment groups.
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the control levels and significantly suppressed protein expression of
PPARγ and LXRα. The similar results were observed in androgen-
independent prostate cancer DU145 cells. They proposed that the
anti-proliferative effect of lycopene on LNCaP and DU145 cells involves
Fig. 10. Effects of GW9662 (GW) on PPARγ expression in K562 cells treatedwith caroten-
oids. K562 cells were exposed to carotenoids (5–50 μM) for 72 h after pre-treating with
GW9662 (8 μM) for 3 h. The expression levels of the samples are normalized to the corre-
sponding levels of β-actin. Data are presented as percent of control and the bars are the
means ± S.D. values for three independent experiments, ⁎P b 0.05 and ⁎⁎P b 0.01 versus
control groups, #P b 0.05 and ##P b 0.01 compared with carotenoid treatment groups.
the activation of the PPARγ–LXRα–BCA1 pathway [26,27]. In the pres-
ent experiment GW9662 and/or PPARγ siRNA pre-treatment did not
eliminate the proliferation-inhibitory effects by carotenoids in combi-
nation with rosiglitazone completely and did not bring about the total
recovery of the cell growth and viability, which suggested the involve-
ment of PPARγ-independent pathways in the effects of carotenoids
and rosiglitazone. Without a doubt, PPARγ-dependent pathway is a
very important part in the growth-inhibitory effects of carotenoids
and rosiglitazone on cancer cells.

It has been reported that the expression of cyclin-dependent kinase
inhibitors plays important roles in the control of cell cycle progression in
many cell types, including tumor cells [28]. p21WAF1/Cip1 inhibits cell
cycle progression leading to G1 arrest. Cyclin D1 is a key factor in the
transition of cell from G1 to S phase. Proliferation inhibition of tumor
cells by PPARγ ligands is associatedwith the alteration in the expression
of p21 and cyclin D1. These two cell cycle regulators have been pro-
posed to be potential PPARγ candidate target genes identified in other
cancer cell lines [29–32]. It was demonstrated in melanoma MM96L
cells that down-regulation of cyclin D1 and up-regulation of the p21
cell cycle proteins following a 24-h PPARγ agonist (rosiglitazone) treat-
ment were noted with a more pronounced regulation after 96 h of
treatment [33]. Our previous results showed that carotenoids increased
the cell number in G0/G1 phase and up-regulated p21 and down-
regulated cyclin D1 expression in K562 cells, and β-carotene up-
regulated the expression of p21 in MCF-7 [17,18]. However, the associ-
ation between the two cell cycle regulators and PPARγ has not been
previously examined. Our present study showed here that concomitant
with the up-regulation of PPARγ protein levels, down-regulation of cy-
clin D1 and up-regulation of p21 expression were observed in response
to the treatment of carotenoids and/or rosiglitazone after 48 h and 72 h.
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Fig. 12. Effects of PPARγ siRNA and GW9662 on cyclin D1 expression in K562 cells treated with carotenoids and rosiglitazone. K562 cells were incubated in the mediumwith or without
8 μΜGW9662 for 24 h, and then transfectedwith PPARγ siRNA or Neg-siRNA. Each carotenoidwas added 4 h after transfection. After 48 h thewhole cell lysatewas used forWestern blot
analysis. The expression levels of samples were normalized to the corresponding levels of β-actin. Data are presented as percent of control and the bars are the means ± S.D. values for
three independent experiments. ⁎P b 0.05 and ⁎⁎P b 0.01 versus control groups. #P b 0.05 and ##P b 0.01 compared with the Neg-siRNA treatment groups.
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PPARγ siRNA and GW9662 significantly weakened the expression
changes of cyclin D1 and p21 caused by carotenoids and rosiglitazone.
This suggested that p21 and cyclin D1 were involved in PPARγ-
dependent pathway in the cell growth-inhibitory effects. Carotenoids
in combination with rosiglitazonemight prevent K562 cells from enter-
ing S phase by stimulating p21 and inhibiting cyclin D1 through activat-
ing PPARγ, which in turn inhibit the cell proliferation.

A growing body of evidence including our results in K562 andMCF-7
cells has shown that natural carotenoids have anti-carcinogenic activity.
One of the ways of their anti-proliferative effects on cancer cells is
the transcriptional modulation of the important gene expression
concerned, such an important transcription factor as PPARγ. PPARγ
has been proven to be involved in anti-proliferation, anti-obesity, in-
flammation modification, and cholesterol homeostasis modulation of
carotenoids [17–19,26,27,34–41].Moreover, thiazolidinediones (includ-
ing rosiglitazone, ciglitazone, pioglitazone, and troglitazone), synthetic
PPARγ ligands, have been found to inhibit cancer cell growth in vitro
and in animalmodels besides anti-diabetes, anti-inflammation, and cho-
lesterol homeostasis modulation [11–14,29–31,33,42–45]. The present
experiment showed that carotenoids in combination with rosiglitazone
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Fig. 13. Effects of PPARγ siRNA and GW9662 on p21 expression in K562 cells treated with carotenoids and rosiglitazone. K562 cells were incubated in the mediumwith or without 8 μΜ
GW9662 for 24 h, and then transfectedwith PPARγ siRNA or Neg-siRNA. Each carotenoidwas added 4 h after transfection. After 48 h thewhole cell lysatewas used forWestern blot anal-
ysis. The expression levels of samples were normalized to the corresponding levels of β-actin. Data are presented as percent of control and the bars are themeans ± S.D. values for three
independent experiments. ⁎P b 0.05 and ⁎⁎P b 0.01 versus control groups. #P b 0.05 and ##P b 0.01 compared with the Neg-siRNA treatment groups.

554 H. Zhao et al. / Biochimica et Biophysica Acta 1840 (2014) 545–555
hadmuch stronger inhibitory effects on leukemia K562 cell proliferation
than their respective treatments. It is imaginable that carotenoids in
combination with thiazolidinediones may be attractive dietary or
supplementation-based and pharmaceutical strategies to treat such
chronic diseases as cancers. Further studies are needed to determine
the types of cancer disease and specific populations suited by these
strategies. Furthermore, understanding of the PPARγ-dependent sig-
naling pathway will be helpful to offer new insights into the bio-
logical activities and molecular mechanisms of dietary bio-active
compounds including carotenoids, thereby contributing to the design
and application of future intervention and therapeutic approaches in tu-
morigenesis using PPARγ as a potential target.
5. Conclusions

In summary, we found that the combination of carotenoids and
rosiglitazone resulted in a more obvious anti-proliferative effect on
K562 cells and the PPARγ-dependent signaling pathway played an im-
portant role in it via the regulation of p21 and cyclin D1.
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