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Abstract

Bioflavonoids are of considerable interest to human health as these serve as antioxidant and
anticancer agents. Although epidemiological and experimental studies suggest that luteolin, a
natural bioflavonoid, exhibits chemopreventive properties, its effectiveness as an antiproliferative
agent against multidrug resistant (MDR) cancers is unclear. We thus assessed the antiproliferative
effects of luteolin and associated molecular mechanisms using two MDR cancer cell lines that
express high levels of P-glycoprotein and ABCG2. In this paper, we demonstrate that luteolin
induces apoptosis in P-glycoprotein- and ABCG2-expressing MDR cancer cells without affecting
the transport functions of these drug transporters. Analysis of various proliferative signaling
pathways indicated that luteolin-induced apoptosis involves reactive oxygen species generation,
DNA damage, activation of ATR—Chk2—p53 signaling pathway, inhibition of NF-kB signaling
pathway, activation of p38 pathway and depletion of anti-apoptotic proteins. Importantly, use of
luteolin in these analyses also identified specific molecular characteristics of NCI-ADR/RES and
MCF-7/MitoR cells that highlight their different tissue origins. These results suggest that luteolin
possesses therapeutic potential to control the proliferation of MDR cancers without affecting the
physiological function of drug transporters in the body tissues.
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It is now well established that two mechanisms of apoptosis, termed intrinsic
mitochondrion-initiated! and the death receptor-mediated pathways 2, induce cell death.
Activation of the former pathway affects mitochondrial permeability, resulting in
cytochrome c release, decrease in Bcl-2/Bax ratio and the activation of caspase-9. The latter
pathway originates at the plasma membrane death receptors with their interaction with TNF-
related proteins, resulting in the activation of downstream caspases 3. Most cancers
constitutively express inhibitors of apoptosis (IAP), a family of proteins that include c-1AP1,
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c-1AP2 and XIAP 4, some of which bind to caspases and inhibit their activation imparting
resistance to apoptosis °. Other IAPs, through their ubiquitin ligase activity, regulate the
proliferative pathways such as NF-kB, which in turn drive the expression of genes important
for cell survival 8. Cancer cells also express drug transporters that include P-glycoprotein
(Pgp) and ABCG2, allowing them to survive chemotherapy, a phenomenon known as
multidrug resistance (MDR) ’.

The long-term interest of our laboratory is to understand the mechanisms of MDR in
cancers. Bioflavonoids possess anticancer activity & 9 as well as the ability to resensitize
cancers to chemotherapeutic agents 10-13, However, the usefulness of these agents against
MDR cancers is unclear at present, as studies have shown that several bioflavonoids with
clinical potential are in fact transport substrates of drug transporters, thus diminishing
enthusiasm in bioflavonoids as therapeutic agents 14-16. While compounds that inhibit drug
transporters and thus resensitize cancers to anticancer drugs are desirable in the cancer
treatment, one caveat of this concept is that such drugs would also inhibit drug transporters
that are constitutively expressed in the body tissues such as brain, intestine and kidney,
affecting their normal functions such as excretion of toxic byproducts of metabolism.
Therefore, anticancer bioflavonoids that are not transport substrates of drug efflux
transporters are desirable in the resensitization of MDR cancers to chemotherapy. The
purpose of this work is to identify antiproliferative flavonoids that do not affect the function
of drug transporters. This is achieved by screening several flavonoids for their ability to
induce apoptosis in two well-characterized MDR cancer cell lines, NCI-ADR/RES and
MCF-7/MitoR, which respectively express high levels of Pgp and ABCG2 1718, These
studies have identified luteolin as an effective agent in inhibiting cell proliferation of these
MDR cancer cells. A detailed characterization of luteolin-induced apoptosis in these MDR
cells is presented.

MATERIALS AND METHODS

Reagents

Luteolin, Rhodamine 123 (Rh123), verapamil, fumitremorgin and mitoxantrone were
obtained from Sigma (St. Louis, MO). A771726 was purchased from Alexis Corp. (Lausen,
Switzerland). Cyclosporine A (CsA) and Annexin V Apoptosis Detection kit were
purchased from Calbiochem (Carlsbad, CA). Tetramethylrhodamine methyl ester (TMRM)
and 6-carboxy-2',7'-dichlorodihydrofluorescein diacetate, di(acetoxymethyl ester) (DCF-
DA) were obtained from Invitrogen (Eugene, OR). Sources of antibodies and other reagents
were reported previously 1°.

Cell lines and culture conditions

Cell lines used in this study were authenticated by STR DNA profiling at Texas Cancer Cell
Repository, Texas Tech University Health Sciences Center, Lubbock, under the direction of
Dr. Patrick Reynolds. Pgp-expressing NCI-ADR/RES, and BCRP-expressing MCF-7/MitoR
cells were cultured and maintained, as described previously 20. One day before testing the
effects of test compounds, cells were grown in the absence of anticancer drug.

Drug uptake assay

All drug stocks (1000x) were prepared fresh in ethanol or DMSO. Drug uptake assays were
carried out by flow cytometry as reported by others 21 22 with modifications. NCI-ADR/
RES cells (1x10°) in logarithmic phase were resuspended in phosphate buffered saline
(PBS) and incubated with 10 uM Rh123, 50 uM luteolin, 50 pM verapamil, 5 uM CsA or in
various combinations, with continuous mixing at 37° C for 30 min. Similarly, MCF-7/MitoR
cells were incubated with 1 uM mitoxantrone, 50 uM luteolin, 1 uM fumitremorgin and 10
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MM A771726 in various combinations. Cells were pelleted by centrifugation, rinsed twice
with HEPES-Hanks buffer and fixed with 1% paraformaldehyde in HEPES-Hanks buffer for
30 min. Cells were washed with and resuspended in PBS and then analyzed by flow
cytometry (FACScan flow cytometer equipped with CellQuest data acquisition software
(Becton Dickinson, CA)). Data was analyzed using FlowJo software (TreeStar Inc.,
Ashland, OR).

Cell proliferation, cell cycle and apoptosis assays

The effect of bioflavonoids on cell proliferation, cell cycle and apoptosis were determined
respectively, by MTS, nuclear staining with propidium iodide and annexin V-FITC staining
of surface phosphatidylserine (PS) combined with DNA content by propidium iodide
staining as described 1°. The mean value and S.E. for each treatment were determined, and
expressed as percentage relative to control, where appropriate.

Mitochondrial membrane potential (MMP) assay

Cells were incubated with different concentrations of luteolin for 24 h, washed and
resuspended in PBS containing 50 nM TMRM for 30 min in dark. MMP was measured by
flow cytometry using FACScan flow cytometer and the percent of live cells was quantified
using FlowJo software 19,

Measurement of intracellular ROS

Intracellular production of ROS was measured using DCF-DA reagent. Growth medium of
cells growing in 24-well plates was changed to phenol red-free medium. Cells were loaded
with 10 pM DCFH-DA for 30 min and washed with fresh medium and incubated with
different concentrations of luteolin in the presence and absence of 0.5 mM glutathione
(reduced form) and the ROS generated was continuously monitored over a 2 h time period
by measuring the fluorescent DCF in a plate-reader at an excitation wavelength of 485 nm
and emission wavelength of 525 nm.

DNA fragmentation analysis

Cells were incubated with DMSO, 1 uM camptothecin or 50 uM luteolin for 24 h and the
DNAs were extracted and analyzed on agarose (1.5%) gel electrophoresis as described by
Steinfelder, et al 23,

Apoptosis antibody array

Apoptosis antibody arrays were developed using the Human Apoptosis Array kit of R&D
Systems, MN. Lysates were prepared from cells grown in the presence of 0 and 50 pM
luteolin for 24 h as recommended by the supplier. Each antibody array membrane was
incubated with 400 g of total cellular protein and the blots were developed simultaneously.

SDS-PAGE, Western Blotting and protein estimation

Preparation of whole cell lysates, protein estimation, SDS-PAGE and western blotting were
carried out as described previously 24,

Statistical analysis

Each experiment was carried out at least four different times, with essentially identical
results. Apoptosis array analysis was carried out twice. Statistical analyses between different
treatments or groups were determined using t-tests and ANOVA as appropriate, using
GraphPad Prism Software. Each of the columns represent mean with s.e.m, *p < 0.05, **p <
0.01, and ***p < 0.001.

Int J Cancer. Author manuscript; available in PMC 2013 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rao et al.

RESULTS

Page 4

Luteolin inhibits cell growth of Pgp- and ABCG2-expressing cells

To identify phytochemicals with growth inhibitory effects, growth media of NCI-ADR/RES
and MCF-7/MitoR cells were supplemented with increasing concentrations of rutin,
quercetin, catechin, bilobalide, myricetin, kaempferol and luteolin, and the extent of growth
inhibition was monitored by MTS assays. These experiments identified luteolin with potent
growth inhibitory effect on both of these cell lines in a concentration- and time-dependent
manner in the absence of any anticancer drug (Fig.1A,B). The calculated ICsq of luteolin
was approximately 45 pM at 24 h and, 35 uM at 48 h for both cell lines.

Luteolin is not a transport substrate or an inhibitor of Pgp

The effect of luteolin on Pgp function was measured by flow cytometry, and the results were
presented in Fig.1C. Upper panel summarizes the transport activity of Pgp in NCI-ADR/
RES cells as measured by the intracellular accumulation of Rh123, a fluorescent transport
substrate of Pgp. Incubation of cells with Rh123 yielded a fluorescence peak, right to the
cell auto fluorescence peak. This shift was due to intracellular accumulation of Rh123 in
equilibrium between its diffusion into cells and efflux by Pgp. In the presence of CsA, a
potent Pgp inhibitor 2°, the Rh123 fluorescence peak was shifted farther to the right,
suggesting further increase in Rh123 accumulation due to inhibition of Pgp. We also
measured changes in Rh123 accumulation in the presence of verapamil, a well-established
transport substrate of Pgp 26-28, Cells incubated with Rh123 in the presence of verapamil
exhibited a peak farther right to that of cells incubated with Rh123 alone, suggesting that
Rh123 efflux was competitively inhibited by the transporting verapamil. Although not
shown, the autofluorescence peak of cells was unaltered either by CsA or verapamil.

Together, these data suggested that flow cytometry allows in the identification of transport
substrates and inhibitors of P g p by measuring changes in the intracellular accumulation of
Rh123.

NCI-ADR/RES cells were incubated with Rh123 in the presence and absence of luteolin and
changes in the intracellular Rh123 level were measured. Fig.1C, middle panel, shows that
the intensity of Rh123 fluorescence was essentially unaltered in the presence of luteolin,
suggesting that luteolin did not inhibit Pgp or compete with the Rh123 transport.

Changes in the intracellular luteolin accumulation in the presence of verapamil and CsA,
were measured by flow cytometry. Fig.1C, lower panel, shows that the luteolin 2°
fluorescence peak was unaffected when cells were co-incubated with either verapamil or
CsA. These results together suggested that luteolin accumulates intracellularly, and this
process is unaffected either by a transport substrate or an inhibitor of Pgp.

Luteolin is not a transport substrate or an inhibitor of ABCG2

Using the above assay, we measured the transport activity of ABCG2 in MCF-7/MitoR cells
using mitoxantrone. Fig.1D, upper panel, shows that the cell auto fluorescence peak was
shifted to the right upon incubation with mitoxantrone, suggesting its intracellular
accumulation. The intracellular mitoxantrone level was further increased when cells were
co-incubated with ABCG2-specific inhibitors, fumitremorgin or A771726.

Fig.1D, middle panel, shows that when cells were co-incubated with mitoxantrone and
luteolin, the mitoxantrone peak shifted slightly to left, which could be either due to
stimulation of ABCG2-mediated efflux of mitoxantrone, decreased diffusion of
mitoxantrone into cells, or quenching of mitoxantrone fluorescence by luteolin. Fig.1D,
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lower panel, shows that cells incubated with luteolin alone exhibited fluorescence peak,
which was however unaffected in the presence of fumitremorgin or A771726. Thus, the
absence of any significant effect on the intracellular accumulation of luteolin upon ABCG2
inhibition suggested that luteolin is not a transport substrate of ABCG2.

Luteolin induces cell cycle arrest, apoptosis, and inhibits cell migration

To investigate the anti-proliferative effects of luteolin, cells grown in growth medium
containing 50 uM luteolin for 18 h were subjected to cell cycle analysis by flow cytometry.
Fig.2A shows that luteolin treatment significantly increased the S-phase cell population in
both cell lines, with simultaneous decrease in G; phase cell population, suggesting that
luteolin induced cell cycle arrest at S-phase.

To determine whether luteolin treatment induced apoptosis, cells incubated with increasing
concentrations of luteolin for 24 h were analyzed by flow cytometry for the diploid DNA
content and for PS exposure to the cell surface. Percent live, early- and late-apoptotic and
necrotic cells were calculated, using FlowJo software. Fig.2B (and supplemental Figure 1)
shows that luteolin treatment decreased the live cell population in both cell lines in a
concentration-dependent manner. Apoptosis in MCF-7/MitoR cells was evident as the
percent of cells progressively increased from early-apoptosis through late- apoptosis and
finally to necrotic stage. On the other hand, majority of NCI-ADR/RES cells were found to
accumulate in pre-apoptotic stage and did not progress to apoptosis. Thus, the apparent
absence of progression to apoptosis in NCI-ADR/RES cells when compared to MCF-7/
MitoR cells suggested that additional mechanisms needed to be activated for these cells to
enter apoptosis. Cell migration experiments indicated that luteolin at sub-lethal
concentration (10 uM) significantly decreased cell migration of both of these cell lines (Fig.
2C).

Luteolin promotes ROS production, DNA fragmentation and MMP depolarization

The effect of luteolin on the ROS generation was monitored by measuring the production of
fluorescent DCF from DCF-DA hydrolysis and its subsequent oxidation by ROS. Fig. 3A
and B show that both cells continuously generated ROS (open circles) as a consequence of
normal metabolic activity, which was quenched to basal level by glutathione (filled circles).
In the presence of 50 pM luteolin, the amount of ROS accumulated was decreased (open
triangles), suggesting luteolin quenched the ROS, thus functioning as an antioxidant. The
ROS produced in the presence of luteolin could be quenched further by glutathione (filled
triangles). In the presence of 100 uM luteolin, ROS production was however increased
(open squares) to near control level (open circles), which could be quenched by glutathione
to basal level (filled squares), This observation suggests that luteolin at high concentrations
is an ROS generating agent.

To determine whether the antioxidant property of luteolin progressively transitions to ROS
producing agent, cells were incubated with 50 uM luteolin for 24 h and the ROS was
measured by flow cytometry. Fig.3C shows a net accumulation of ROS suggesting that
luteolin-generated ROS accumulates in cells upon prolonged incubation.

Cells treated with 50 pM luteolin for 24 h were analyzed for DNA fragmentation. Fig.3D
shows that luteolin-treatment induced DNA fragmentation with a characteristic pattern of
DNA cleavage into ~180 bp integer fragments, a pattern similar to that induced by
camptothecin. Luteolin-induced DNA fragmentation was also observed by others 30,

We investigated the effects of luteolin on mitochondrial membrane potential (MMP) in both
cell lines treated with increasing concentrations of luteolin using TMRM. TMRM is a
cationic, lipophilic dye that accumulates in the negatively charged mitochondrial matrix in
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healthy cells with intact mitochondria. As the MMP collapses during apoptosis, TMRM is
dispersed throughout the cell and fluoresces less intensely. The reduction in live cell
population can therefore be quantified by measuring the decrease in TMRM fluorescence.
Fig.3E (and Supplemental Figure 2) shows that the live cell population of MCF-7/MitoR
cells decreased proportionately with luteolin concentration, suggesting luteolin induces
apoptosis through induction of MMP collapse. However, luteolin treatment marginally
decreased the live cell population in NCI-ADR/RES cells, suggesting that these cells are
resistant to MMP collapse. These data also suggest that NCI-ADR/RES and MCF-7/MitoR
cells differ in the mitochondrial functional characteristics.

Changes in Bcl-2 and Bax levels were determined by western blotting. Fig.3F shows a
gradual loss of Bcl-2 and a slight increase in Bax levels in both cell lines treated with
luteolin, indicating that luteolin treatment decreases Bcl-2/Bax ratio. Since a decrease in
Bcl-2/Bax ratio is an indicator of cells undergoing apoptosis3?, these results suggested that
luteolin induces apoptosis in MDR cells.

Luteolin induces phosphorylation of ATR, H2AX, Chk2 proteins and cleavage of poly
(ADP-ribose) polymerase (PARP)

We investigated phosphorylation of H2AX and ATR, and PARP cleavage, which reflect on
the activation of DNA damage response by Western blotting. Fig.4 shows that exposure to
luteolin resulted in 428S-phosphorylation of ATR, 139S-phosphorylation of H2AX and
cleavage of PARP in both cell lines. Since phospho-ATR phosphorylates Chk1, Chk2,
cdc25C and cdc2 leading to cell cycle arrest 32, we tested this possibility by Western
blotting. Fig.4 shows that luteolin treatment resulted in increased phosphorylation of Chk2,
but not Chk1. While cdc25C was phosphorylated in NCI-ADR/RES cells, this phosphatase
stayed constitutively phosphorylated in MCF-7/MitoR cells. Finally, cdc2 was slightly
dephosphorylated in the presence of luteolin. Together, these results suggested that luteolin
induces cell growth arrest through the activation of ATR—Chk2 pathway.

Analysis of cell proliferative pathways affected by luteolin

To determine whether luteolin inhibited NF-kB activation, 536S-phospho-p65 level was
analyzed. Fig.4 shows that p65 was constitutively phosphorylated in both cell lines. In NCI-
ADR/RES cells, the levels of phospho-p65 and total p65 were decreased. Although there
was no change in the total p65 level in MCF-7/MitoR cells, a small loss of phospho-p65 was
evident after prolonged incubation with luteolin. Luteolin induced a rapid decrease in cyclin
D1 level in both cell lines. These data together suggested that luteolin treatment inhibited the
activation of p65, leading to the loss of cyclin D1, an NF-kB target gene.

Fig.4 also shows the effects of luteolin on p38 phosphorylation at 189T/182y_ NCI-ADR/
RES cells contained constitutively phosphorylated p38, which decreased to minimum with
luteolin exposure. On the other hand, MCF-7/MitoR cells were devoid of phospho-p38.
Importantly, exposure to luteolin acutely increased phospho-38 level in MCF-7/MitoR cells.

p38 33 and ATR 34 and Chk2 35, are known to phosphorylate p53 at 1S resulting in its
increased ability to bind DNA and promote the expression of p53-dependent genes such as
p21. These events lead to the inhibition of cyclinD1-cdk2 or cyclin-CDK4 complexes,
which together regulate cell cycle progression. We therefore analyzed these changes in
luteolin-treated cells. Fig.5, upper left panel shows that p53 was constitutively
phosphorylated at 1°S, 46S and 392S in NCI-ADR/RES cells, and these phosphorylations
were unaffected by luteolin treatment. p53 in MCF-7/MitoR cells was constitutively
phosphorylated only at 392S, which was unaffected by luteolin. Importantly, luteolin
treatment selectively induced phosphorylation of p53 at 15S in MCF-7/MitoR cells. These
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results suggested that phosphorylation of p53 is involved in cell cycle arrest in MCF-7/
MitoR cells.

Fig.5, upper right panel, shows that p21 was absent in both cell lines, which was induced in
MCF-7/MitoR cells but not NCI-ADR/RES cells upon exposure to luteolin. These results
clearly suggested that de novo phosphorylation of p53, which occurred in MCF-7/MitoR
cells but not in NCI-ADR/RES cells, is necessary for the increased expression of p53-
dependent gene expression.

Luteolin activates caspase 7

To further establish the luteolin-induced apoptosis, activation of caspases was analyzed in
cells treated with 50 uM luteolin by Western blotting and antibody arrays. Fig. 5 shows that
NCI-ADR/RES cells while contained pro-caspase 3, did not contain its activated cleaved
form. These analyses clearly indicated the absence of procaspase 3 and its cleaved form in
MCF-7/MitoR cells, which are known to be procaspase 3 negative 36. Activation of other
caspases including caspase 8 or caspase 9 could not be established conclusively in our
repeated experiments. However, luteolin treatment resulted in the activation of caspase 7, as
judged by the appearance of ~20 kDa caspase 7 fragment in both cell lines.

Luteolin promotes depletion of anti-apoptotic proteins

Fig.5 shows that treatment of cells with luteolin resulted in the depletion of antiapoptotic
proteins, c-1AP1, claspin, survivin and XIAP in both cell lines. On the other hand, heat
shock proteins Hsp27 and Hsp90, and heme oxygenase-2 (HO-2), which are essential for
cell survival, were down-regulated in MCF-7/MitoR but not NCI-ADR/RES cells. These
data suggested that depletion of antiapoptotic proteins in general contribute to the luteolin-
induced apoptosis.

DISCUSSION

The goal of this work is to identify antiproliferative phytochemicals that are not transport
substrates or inhibitors of drug transporters. Results presented in this paper provide clear
evidence that luteolin exhibits antiproliferative effects on MDR cancer cells without
affecting the function of Pgp and ABCG2. We used 50 uM luteolin in the transport assays,
since cell proliferation was inhibited significantly at this concentration. The results that
luteolin does not affect the function of these drug transporters even at this concentration,
suggest that luteolin is potentially a safe bioflavonoid to achieve inhibition of MDR cancer
cell proliferation in vivo without affecting the function of drug transporters in normal body
tissues.

Several laboratories have found that flavonoids are effective as antiproliferative agents at
relatively higher concentration. For example, phytochemicals including, resveratrol 32,
quercetin 37, myricetin 38 and luteolin 32, were found to inhibit cancer cell proliferation at
~50 pM. Thus, 50 uM luteolin used here is reasonable to gain meaningful insights into its
mechanisms in MDR cancer cells. Intracellular accumulation of luteolin shown here by
FACS analysis was further confirmed by paper chromatography of the cytosolic fractions
prepared from cells (data not shown). Although bioflavonoids are remarkably safe nutrients
and common constituents in fruits and vegetables, these agents are less efficiently absorbed
by the gastrointestinal tract and a significant portion of the absorbed flavonoids undergo
modification either by microflora in the intestine and/or intestinal wall and liver as
glucuronidate, sulfate, methyl conjugates 4. Thus, achieving a plasma level of ~50 uM
luteolin may not be possible if not impossible via oral supplementation due to the low oral
bioavailability. However, it is achievable via repeated intravenous injections of luteolin, as
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suggested by van Zanden et al 38. In support of this view, pharmacokinetic studies have
shown that serum concentrations of quercetin, a structurally related flavonoid, reach up to
400 pM after intravenous injection 41, Alternately, high serum levels of luteolin could also
be achieved through appropriately designed drug formulations or structural variations
introduced in its backbone.

Previous studies have shown that luteolin is an antiproliferative agent 42 43, which elicits its
effects through activation of multiple mechanisms 30: 39. 43,44 Cheng, et al 39 have shown
that luteolin induces apoptosis in human leukemia cells through activation of mitochondrial
apoptotic pathway. Horinaka et al 39 have observed that luteolin induces apoptosis in HeLa
cells through up-regulation of death receptor 5. Luteolin was also shown to exhibit its
apoptotic effects by promoting XIAP degradation 11,

Fig.6 summarizes major mechanisms by which luteolin induces cell cycle arrest and
apoptosis. Luteolin-induced apoptosis is evident from the activation of a variety of processes
including ROS generation, DNA fragmentation, phosphorylations of ATR, Chk2 and
H2AX, cleavage of PARP, loss of cyclin D1, activation of caspase 7, decrease in Bcl-2/Bax
ratio and loss of anti-apoptotic proteins, c-1AP1, XIAP, survivin and claspin. However, the
analysis of PS exposure and MMP do not clearly suggest that NCI-ADR/RES cells undergo
apoptosis. Although the reasons for the lack of PS exposure or MMP collapse are unclear,
the works of Mehta and his coworkers, demonstrated that NCI-ADR/RES cells contain
deficient levels of intracellular calcium pool 4°. Since PS exposure and MMP collapse are
regulated by intracellular calcium level, it is therefore likely that measurements of PS
exposure or MMP collapse in NCI-ADR/RES cells may fail to indicate the evidence for
apoptosis.

The activation of p38 signaling pathway is characterized by the phosphorylation of p38. The
phosphorylated (activated) p38 is known to phosphorylate p53 46. Phosphorylation of either
p38, p53 or both are known to contribute to cyclin D1 degradation 47. Thus, the acute
phosphorylations of both p38 and p53 as well as the acute loss of cyclin D1 in MCF-7/MitoR
cells suggest that luteolin activated the p38 signaling pathway, leading to cell cycle arrest.

In contrast, NCI-ADR/RES cells contain high levels of constitutively phosphorylated p38
and p53. The loss of cyclin D1 in these cells was rather slow. These data together suggest
that p38 pathway is constitutively activated in these cells, perhaps functioning as pro-
proliferative pathway in this cell line. Luteolin appears to antagonize this pro-proliferative
pathway by promoting the cyclin D1 degradation.

One of the important signaling pathways constitutively activated in many cancers is the NF-
kB signaling 8. The presence of phospho-p65 in both NCI-ADR/RES and MCF-7/MitoR
cells and its loss upon exposure to luteolin (Fig.4) suggests that this flavonoid inhibits the
NF-kB signaling pathway. In support of this, the NF-kB target genes, cyclin D1, Bcl-2,
XIAP, clAP1 and survivin, were all depleted in both cell lines.

The net ROS generated contributes to the MMP dissipation leading to the activation of the
mitochondrion-mediated apoptotic pathway. Although luteolin functions both as antioxidant
and ROS-generating agent (Fig.3), the molecular changes, such as phosphorylation of ATR,
histone H2A and Chk2 (Fig.4), which are known to occur as a cellular response to DNA
damage, occurred soon after luteolin exposure to cells, pointing out that luteolin-induced
DNA damage may not be related directly to ROS generation, but occurring as an
independent mechanism. This DNA damage response activates p53 in MCF-7/MitoR cells,
either by the phosphorylated ATR and/or Chk2 leading to the activation of G1/S checkpoint
mediated p21 inhibition of cdc2 32, This pathway provides a mechanism of cell cycle arrest
induced by luteolin in MCF-7/MitoR cells. Neither the ATR-p53 nor Chk2-p53 pathway
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appear to contribute to the cell cycle arrest in NCI-ADR/RES cells, as there was no further
increase in phospho-p53 level or synthesis of p21 upon exposure to luteolin. Thus, the
mechanism of cell cycle arrest in NCI-ADR/RES cells is unclear. It is possible that the
above-mentioned molecular alterations including the activations of NF-kB, p38, depletion of
antiapoptotic proteins and DNA damage response together contribute to cell cycle arrest and
apoptosis.

Although NCI-ADR/RES cell line was once thought to have originated from breast cancer
MCF-7 cells, the presence of procaspase 3 #° and mutated p53 0, has clarified that this cell
line is closely related to that of an ovarian cancer cell line. Importantly, the use of luteolin
has unraveled several hereto-unknown important molecular characteristics of NCI-ADR/
RES cell line, which distinguish it from MCF-7/MitoR cells. In addition, the data presented
in this paper confirms that NCI-ADR/RES cells do contain procaspase 3, which was absent
in MCF-7/MitoR cells. NCI-ADR/RES cells contain p53 which is constitutively
phosphorylated at 155 and 46S, whereas These sites in p53 are not phosphorylated in MCF-7/
MitoR cells. Luteolin induces p21 expression in MCF-7/MitoR cells but not in NCI-ADR/
RES cells. Another distinguishing feature between these two cell lines is the activation of
p38 (Fig.4). p38 is constitutively activated in NCI-ADR/RES cells whereas; it is activated
only upon luteolin treatment in MCF-7/MitoR cells. Finally, these two cell lines also differ
in their response to luteolin treatment in the PS exposure and MMP collapse. These
differences will serve as reference in the future studies aimed at further understanding of
apoptosis in MDR cancers.

In conclusion, this work demonstrates that luteolin is an antiproliferative flavonoid, which
induces apoptosis in cancer cells expressing drug transporters, without affecting the function
of drug transporters.

Novelty and Impact

Drug resistance is a major obstacle in the treatment of cancers. Several mechanisms
contribute to drug resistance that include the drug transporter-mediated anticancer drug
efflux. Inhibition of drug transporters is not a better choice in the treatment of drug
resistant cancers as these transporters carry out important physiological functions in the
body. Here we demonstrate that luteolin, a safe bioflavonoid commonly found in fruits
and vegetables, induce apoptosis in model multidrug resistant cancer cells, without
affecting the function of P-glycoprotein and ABCG2. This paper identifies specific
molecular mechanisms of luteolin-induced apoptosis. The mechanism-based apoptosis
suggests that luteolin has potential to control MDR cancer proliferation.
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Figure 1.

A and B: Inhibition of MDR cancer cell proliferation by luteolin. NCI-ADR/RES and
MCF-7/MitoR cells were incubated with DMSO (), 12.5 uM (e), 25 uM (A), 50 UM (A),
and 100 uM (o) luteolin. At indicated time points, cell growth was quantitated by MTS
assay. Growth determined at 4 h after incubation was considered 100%, and the growth
observed in the subsequent time points was expressed as percent of growth observed at 4 h.
Data points are means of octaplicates. Bars + SD.

C and D. Drug uptake assays by flow cytometry. C. NCI-ADR/RES cells. Upper panel:
Effect of verapamil and CsA on Rh123 accumulation. Cells were incubated with 10 uM
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Rh123, 5 uM CsA and 50 uM verapamil in combinations as indicated in the figure and
analyzed.

Middle panel. Effect of luteolin on Rh123 accumulation. Cells were incubated with 10 pM
Rh123 and 50 pM luteolin in combinations as indicated in the figure and analyzed.

Lower panel. Effect of verapamil and CsA on luteolin accumulation. Cells were incubated
with 50 pM luteolin, 5 uM CsA and 50 puM verapamil in combinations as indicated in the
figure and analyzed

D. MCF-7/MitoR cells. Upper panel. Effect of fumitremorgin and A771726 on mitoxantrone
accumulation. Cells were incubated with 1 uM mitoxantrone, 1 uM fumitremorgin and 10
MM A771726 in combinations as indicated in the figure and analyzed.

Middle panel. Effect of luteolin on mitoxantrone accumulation in MCF-7/MitoR cells. Cells
were incubated with 1 pM mitoxantrone and 50 UM luteolin in combinations as indicated in
the figure and analyzed.

Lower panel. Effect of fumitremorgin and A771726 on luteolin accumulation. Cells were
incubated with 50 uM luteolin, 1 uM fumitremorgin and 10 pM A771726 in combinations
as indicated in the figure and analyzed.
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Figure 2.

Effect of luteolin on cellular processes. Left panel: NCI-ADR/RES cells; right panel:
MCF-7/MitoR cells.

A. Effect of luteolin on cell cycle. Cells were treated with 50 uM luteolin or DMSO for 18 h
and the percent cells in the Gq, Go/M, and S phases of the cell cycle were analyzed by flow
cytometry.

B. Luteolin induces apoptosis. Cells were incubated with increasing concentrations of
luteolin or ethanol (control) for 18 h and stained with annexin V-FITC reagent and
propidium iodide and analyzed by flow cytometry. Percent live, early- and late-apoptotic
and necrotic cells were calculated using FlowJo software (Supplemental Figure 1).
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C. Effect of luteolin on cell migration. Cells were incubated with indicated concentrations of
luteolin and were subjected to wound healing assay. The average initial wound width
measured at 0 h was considered 100%. The scratch widths at 12 and 24 h were expressed as
percent of 0 h time point. A P value <0.001 was considered significant.
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Figure 3.

Effect of luteolin on ROS production, mitochondrial function and genomic DNA
fragmentation. On ROS production. NCI-ADR/RES (A) and MCF-7/MitoR (B) were
incubated with control (o), 50 uM (A) and 100 pM (o) luteolin and the ROS was measured
as described under Materials and Methods. ROS was also measured in cells (e), cells
incubated with 50 uM (A) and 100 puM (m) luteolin in the presence of 0.5 mM glutathione
(reduced form). Points, mean; bars, £ SD. (C). Cells were incubated with 50 pM luteolin for
24 h and ROS was measured by flow cytometry as described 1°. Columns, mean; bar, SE.
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D. Analysis of DNA fragmentation. Cells were treated with DMSO (Lane: C), 25 pM
luteolin (Lane: LU) and 1 uM camptothecin (Lane: CPT) for 24 h and DNA fragmentation
was analyzed. Standard DNA ladder (Lane: DL).

E. On MMP. NCI-ADR/RES (o) and MCF-7/MitoR (e) cells were incubated with increasing
concentrations of luteolin for 24 h and the percent viable cells were measured by TMRM
assay as described. (Supplemental Figure 2). Points, mean; bars, + SD.

F. Analysis of Bcl-2 and Bax. Cells were incubated with 50 pM luteolin for indicated time
periods, and 30 pg protein from each sample was analyzed by western blotting using
specific antibodies.
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Figure 4.
Effect of luteolin on cellular proteins. Cells treated with 50 uM luteolin and 30 g protein

from each sample collected at indicated times was analyzed by western blotting using
specific antibodies.
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Figure 5.
Effect of luteolin on proteins involved in apoptosis. Cells were treated with DMSO

(control) and 50 uM luteolin for 24 h and analyzed either by Western blotting or Apoptosis
Antibody Array, as described under Materials and Methods. Positive controls in the
Apoptosis Antibody Arrays were shown to indicate that the paired blots were incubated with
equal amounts of protein.
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Figure 6.

Schematic overview of the mechanism of luteolin in NCI-ADR/RES and MCF-7/MitoR
cells. Mechanisms that are commonly affected in both MDR cancer cell lines are highlighted
in blue, whereas mechanism that is unique to MCF-7/MitoR cells is highlighted in yellow.
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