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ABSTRACT The rhizome of Curcuma longa (turmeric) is often used in Asia as a spice and as a medicine. Its most well-

studied component, curcumin, has been shown to exhibit poor bioavailability in animal studies and clinical trials. We

hypothesized that the presence of lipophilic components (e.g., turmerones) in turmeric extract would affect the absorption of

curcumin. The effects of turmerones on curcumin transport were evaluated in human intestinal epithelial Caco-2 cells. The

roles of turmerones on P-glycoprotein (P-gp) activities and mRNA expression were also evaluated. Results showed that in the

presence of a- and aromatic turmerones, the amount of curcumin transported into the Caco-2 cells in 2 hours was significantly

increased. a-Turmerone and verapamil (a P-gp inhibitor) significantly inhibited the efflux of rhodamine-123 and digoxin (i.e.,

inhibited the activity of P-gp). It is interesting that aromatic turmerone significantly increased the rhodamine-123 efflux and P-

gp (MDR1 gene) mRNA expression levels. The effects of a- and aromatic turmerones on curcumin transport as well as P-gp

activities were shown here for the first time. The presence of turmerones did affect the absorption of curcumin in vitro. These

findings suggest the potential use of turmeric extract (including curcumin and turmerones), rather than curcumin alone, for

treating diseases.
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INTRODUCTION

Turmeric is derived from the rhizome of Curcuma
longa L., which has been used in India and China for

centuries as both a spice and a medicine. According to the
Ayurvedic Pharmacopoeia of India, essential oil from rhi-
zome of Curcuma longa was used as a carminative, sto-
machic, and tonic.1 In ancient Chinese medicine, the use of
Curcuma was formally recorded in the Compendium of
Materia Medica (Ben Cao Gang Mu) of the Ming dynasty
(A.D. 1590); according to the Chinese Pharmacopoeia, C.
longa eliminates blood stasis, promotes the flow of ‘‘qi,’’
stimulates menstrual discharge, and relieves pain.2

Previous epidemiological studies suggested that turmeric
used in Indian cooking contributes to the lower incidence
of cancers, especially large-bowel cancers, in Indians.3–5

Turmeric extract consists of 3–5% essential oil and 0.02–
2.0% curcuminoids.6,7 Many pharmacological studies have
demonstrated anti-inflammatory, antitumor, and antioxidant
activities of the essential oil8–10 and curcuminoids, especially
curcumin.11–16 In our previous study, two sesquiterpenoids
(a-turmerone [AL] and aromatic turmerone [AR]) as well as
three curcuminoids (curcumin, demethoxycurcumin, and
bisdemethoxycurcumin) were isolated from C. longa ex-
tract.16 The antiproliferative activities of these compounds
have been demonstrated in human hepatoma and breast can-
cer cells. In human peripheral blood mononuclear cells, tur-
merones were shown to have immunostimulating activities.16

Although curcumin is thought to be the most active
component of turmeric extract, its pharmacological poten-
tial may be limited by its extremely low water solubility and
poor bioavailability. A previous report suggested that ap-
proximately 75% of ingested curcumin (1 g/kg of body
weight) was excreted in the feces and that curcumin was
poorly absorbed from the intestine of rats.17 Other animal
studies showed that metabolites of curcumin (e.g., curcumin
glucuronide and sulfates) were found in bile and urine.18,19

A recent animal study demonstrated that the oral
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bioavailability of curcumin was about 1% in the rat.20

Clinical trials demonstrated that curcumin was well toler-
ated (without any reported treatment-related toxicity), and a
trace amount of curcumin was detected in plasma,21 or
metabolites of curcumin were detected in feces.22 Several
studies suggested ways to enhance the bioavailability of
curcumin, such as combination of curcumin with piperine,23

formulation with phosphatidylcholine,24 preparing curcu-
min nanoparticles,25 and synthesis of analogs.26 However, it
remains to be confirmed whether the presence of other
compounds improves the bioavailability of curcumin. As
curcumin is relatively lipid soluble,27 we hypothesized that
the presence of lipophilic components (e.g., turmerones) in
turmeric extract would facilitate the absorption of curcumin.

In the present study, the transport of curcumin was in-
vestigated in Caco-2 cell monolayers, which are widely used
as an in vitro method for drug permeability determination
because these cells have characteristics similar to those of
the absorptive cells in the human intestine.28 Previous
studies have demonstrated the effects of Curcuma extracts
and curcumin on the activities of P-glycoprotein (P-gp) and
cytochrome P450 3A4 in Caco-2 cells29–32 or LS180 cells.33

Nonetheless, the transport of curcumin in Caco-2 cells is
seldom reported. Furthermore, the role of AL and AR,
which were shown to have antiproliferative properties in
cancer cells and immunostimulating activities,16 on the ac-
tivities of P-gp has never been reported. The present study
aimed to examine whether the presence of turmerones
would affect the transport of curcumin and to evaluate the
effects of turmerones on the activities of transporters
in Caco-2 cells. The transports of two P-gp substrates—
rhodamine-123 and digoxin—were used to evaluate the
activities of P-gp as reported in other studies.29,30,32 On the
other hand, components isolated from natural products (e.g.,
flavonoids) were demonstrated to alter activities of ATP-
binding cassette transporters other than P-gp.34,35 Therefore,
the effects of turmerones on P-gp (MDR1 gene), multidrug
resistance protein (MRP2 gene), and breast cancer resistance
protein (BCRP gene) expressions have also been investi-
gated in the present study.

MATERIALS AND METHODS

Materials

Purified curcumin, AL, and AR were isolated from C.
longa by column chromatography as previously reported.16

Dried rhizome of India-sourced C. longa L. was purchased
from a herbal supplier in Hong Kong. Organoleptic, mi-
croscopic, and chemical authentications were accomplished
in accordance with the Chinese Pharmacopoeia.2 An au-
thenticated voucher specimen (number HK 40400) was
deposited in the Hong Kong Herbarium of the Agriculture,
Fisheries and Conservation Department of the Hong Kong
Special Administration Region, China. The identification of
the purified compounds was based on the 1H and 13C nuclear
magnetic resonance spectral analysis and mass spectrome-
try.16 All organic solvents for purification of compounds

mentioned above were purchased from Lab-Scan (Bangkok,
Thailand) and were of high-performance liquid chroma-
tography (HPLC) grade.

The human colonic adenocarcinoma cell line Caco-2 was
purchased from American Type Culture Collection (Rock-
ville, MD, USA). Dulbecco’s modified Eagle’s medium,
fetal bovine serum, nonessential amino acids, penicillin–
streptomycin, trypsin–EDTA, Hanks’ balanced salt solution
(HBSS), TRIzol�, SuperScript� III reverse transcriptase,
and deoxynucleotide triphosphates were obtained from
Invitrogen GIBCO (Grand Island, NY, USA). Rhodamine-
123, digoxin, verapamil, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), collagen, and HEPES
were from Sigma (St. Louis, MO, USA). The real-time
polymerase chain reaction (PCR) reagent iTaq� Fast
SYBR� Green Supermix was from Bio-Rad (Hong Kong).
Transwell� polycarbonate cell culture inserts (24 mm in
diameter, 0.4 lm in pore size, 4.71 cm2 of growth area) were
from Costar (Corning, Inc., Life Sciences, Lowell, MA,
USA).

Cell culture

The Caco-2 cells were maintained in Dulbecco’s modi-
fied Eagle’s medium containing 10% heat-inactivated fetal
bovine serum, 1% nonessential amino acids, 100 units/mL
penicillin, and 100 lg/mL streptomycin. The cells were in-
cubated at 37�C in a humidified atmosphere of 5% CO2. The
cells at passages 35–46 were used for all experiments. When
the cells reached 80% confluence in the culture flasks,
trypsin–EDTA was used to remove the cells, and the cells
were used in experiments or reseeded in flasks. Turmerones
and curcumin were prepared at 100 mg/mL in absolute
ethanol and 100 mM in dimethyl sulfoxide (DMSO), re-
spectively. The compounds were stored at –20�C and re-
constituted in appropriate medium prior to the experiments.

Cell viability assay

Caco-2 cells (5 · 103 per well) were seeded in 24-well
flat-bottom culture plates (Iwaki Scitech Div, Tokyo, Japan)
with 1 mL of culture medium and incubated for 21 days.
Subsequently, 1 mL of culture medium containing various
concentrations (12.5, 25, 50, or 100 lg/mL) of AL, AR, or
curcumin was added into the wells. The content of vehicle
solvent (ethanol or DMSO) was 0.5% (vol/vol) in culture
medium. Then the plates were incubated at 37�C for 4, 8, or
24 hours. Plain medium containing vehicle solvent (0.5%
[vol/vol] ethanol or DMSO) was added to the control wells.

Following the incubation of cells with the compounds,
30 lL of 5 mg/mL MTT in phosphate-buffered saline was
added to each well, and the plates were further incubated for
3 hours at 37�C. The supernatant was then removed, and
200 lL of DMSO was added to each well to dissolve the
purple formazan crystals. The absorbance at 540 nm was
measured with a microplate reader (FLUOstarOptima, BMG
LabTech GmbH, Ortenberg, Germany). Results were ex-
pressed as the percentage of MTT absorbance with respect
to vehicle-treated control cells.
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Solubility of curcumin with turmerone

To evaluate the solubility of curcumin in transport
buffer, curcumin was added to test tubes containing
warmed HBSS buffer (pH 6.8, 37�C). In a previous Caco-
2 transport study of curcumin, 40 lM (14.7 lg/mL) was
used.36 Hence, three concentrations (14.7, 29.4, and
44.1 lg/mL) of curcumin were tested for solubility. Ali-
quots were centrifuged at 14,000 g at 4�C to remove in-
soluble particles. The supernatants were subjected to
HPLC analysis. In another set of experiment, 14.7 lg/mL
curcumin was added to transport buffer containing 5%
(vol/vol) DMSO or AL + AR (each at 50 lg/mL). The
sample solution was centrifuged and analyzed. The sta-
bility test of curcumin in transport buffer was also per-
formed, in which transport buffer containing curcumin
plus DMSO or AL + AR was incubated at 37�C in 5%
CO2/95% air for 120 minutes. Aliquots of buffer were
collected at 0, 60, and 120 minutes and analyzed by
HPLC.

Transport studies of curcumin

Harvested Caco-2 cells were seeded at 3 · 105 cells per
well onto six-well plates with Transwell inserts and cultured
for 21 days prior to transport experiments. The culture
medium was changed 24 hours before the transport experi-
ment. The integrity of the monolayer was monitored by
measuring the transepithelial electrical resistance (TEER) at
37�C with an epithelial volt-ohm meter (World Precision
Instruments, Inc., Sarasota, FL, USA). Transport experi-
ments were conducted on monolayers with TEER above 600
Ocm2. Monolayer TEER was measured before and after
transport experiments.

To carry out the transport experiment, Transwell inserts
were washed twice and equilibrated with warmed HBSS
transport buffer (pH 6.8) at 37�C for 15 minutes before the
transport experiment. The HBSS on both sides of the
monolayers was replaced with HBSS containing 5% (vol/
vol) DMSO. Then, 14.7 lg/mL (40 lM)36 curcumin was
added on the apical side of monolayers and incubated at
37�C in 5% CO2/95% air for 120 minutes in the presence
or absence of AL + AR (each at 50 lg/mL) at the apical
side. At the end of the experiment, HBSS buffer on both
apical (1.5 mL) and basolateral (2.6 mL) sides was col-
lected, freeze-dried and reconstituted in methanol for
HPLC analysis. The Caco-2 cells on the Transwell
membranes were washed twice with cold phosphate-
buffered saline and then collected. The curcumin inside
the cells were extracted with 400 lL of methanol for
HPLC analysis.

HPLC analysis of curcumin

The samples for curcumin transport study were recon-
stituted in 600 lL of methanol and analyzed using an
HPLC system (System Gold�, Beckman Coulter, Brea,
CA, USA) equipped with a model 125 solvent pump, a

model 168 diode array detector, a model 508 autosampler,
and Karat� 32 software (Beckman Coulter). An analytical
column (4.6 · 250 [i.d.] mm) packed with hydrophobic-
bonded (film thickness, 5 lm) C18 phase (Eclipse
XDB-C18, Agilent, Palo Alto, CA, USA) was used, ac-
companied with an Agilent Eclipse XDB-C18 guard col-
umn (4.6 · 12.5 [i.d.] mm; film thickness, 5 lm). The
mobile phase was composed of A (water; pH 3, adjusted
with H3PO4) and B (methanol:acetonitrile:water:20%
H3PO4, 450:450:100:1.5 by volume). The flow rate was
1.5 mL/minute. The gradient was as follows: zero-time,
30% A, 70% B; 5 minutes, 0% A, 100% B. The injection
volume was 50 lL. Curcumin was detected at 425 nm, and
the total run time was 17 minutes. Concentrations were
obtained by extrapolation of the peak areas from a stan-
dard curve.

Transport studies of rhodamine-123

Caco-2 cells grown on Transwell inserts for 21 days were
used for the transport studies of rhodamine-123. After the
inserts were washed twice and equilibrated with warmed
HBSS buffer, turmerones (50 or 100 lg/mL) or verapamil (a
P-gp inhibitor) (100 lM) was added to the apical side of the
Caco-2 monolayers and incubated at 37�C for 30 minutes.
Then 10 lM rhodamine-123 was added to the basolateral side.
At 30, 45, 60, 75, 90, 105, and 120 minutes, 100-lL aliquots
were withdrawn from the apical side of the monolayer.
Withdrawn samples were replaced with equal volumes of
prewarmed HBSS transport buffer. The fluorescence of rho-
damine-123 was determined on a BMG FLUOstarOptima
microplate at wavelengths of 485 nm (excitation) and 530 nm
(emission). The changes in rhodamine-123 amount were
expressed as a percentage of the control.

At the end of 120-minute experiment, the cells on the
Transwell membrane were washed twice with ice-cold
phosphate-buffered saline, and the membranes were col-
lected. The cells were then lysed with 400 lL of 0.1% Triton
X-100 for 20 minutes. The lysates were subjected to total
protein (using a BCA protein assay kit, Sigma) and rhoda-
mine-123 fluorescence measurements.

Bidirectional transport studies of digoxin

Caco-2 cells grown on Transwell inserts for 21 days
were used for digoxin bidirectional transport studies. After
the inserts were washed twice and equilibrated with
warmed HBSS buffer, turmerones (50 lg/mL) or verapamil
(100 lM) was added to the apical side of the Caco-2
monolayers and incubated at 37�C for 30 minutes. Then
10 lM digoxin was added to the apical side (for apical to
basolateral transport, A/B) or basolateral side (for ba-
solateral to apical transport, B/A), the so-called donor
side. At 30, 60, 90, and 120 minutes, 100 lL aliquots were
withdrawn from the receiver side of the monolayer.
Withdrawn samples were replaced with equal volumes of
prewarmed HBSS transport buffer. The samples were
frozen at - 20�C until HPLC analysis. The apparent
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permeability coefficient (Papp) was calculated as described
previously:28

Papp¼
dC=dt · V

A · C

where dC/dt is the change of the drug concentration in the
receiver chambers over time, V is the volume of the solution
in the receiver chambers (in cm3), A represents the mem-
brane surface area (in cm2), and C is the initial concentration
in the donor chambers.

Development of an HPLC method
for digoxin quantification

Digoxin in HBSS buffer was quantified with an HPLC
system composed of an Agilent HP1100 apparatus. An ali-
quot of 20 lL of sample was loaded on a Waters (Milford,
MA, USA) C18 column (250 · 4.6 [i.d.] mm; film thickness,
5 lm) protected with a Waters C18 guard column (12.5 · 4.6
[i.d.] mm; film thickness, 5 lm) maintained at 20�C. The
isocratic elution with a mobile phase of water–acetonitrile
(70:30, vol/vol) was used at a flow rate of 1.0 mL/minute for
the separation of analytes. The analytes were monitored at an
ultraviolet wavelength of 230 nm. The limit of detection and
limit of quantification of the assay method were 0.1 lg/mL
and 0.25 lg/mL, respectively. Calibration range of the
compound was from 0.25 to 8 lg/mL. A simple, accurate,
and specific HPLC analytical method for quantification of
digoxin was established and successfully applied to deter-
mine the buffer obtained from the transport experiments with
good reproducibility in the range from 0.25 to 8.0 lg/mL.

Real-time PCR analysis of MDR1, MRP2,
and BCRP mRNA

Caco-2 cells were seeded in six-well plates at 3 · 105 cells
per well, and the medium was changed after 24 hours. The
cells were allowed to grow for 20 days, and medium was
changed every 2 days. On day 21, testing compounds (tur-
merones and curcumin) were added into the wells for 24
hours. Then, the cells were washed with cold phosphate-
buffered saline twice and collected by scraping. Total RNA
was extracted from cells using TRIzol reagent according to
the manufacturer’s protocols. The RNA concentration was
spectrophotometrically determined using a BioPhotometer
(Eppendorf, Hauppage, NY, USA). Reverse transcription of
3 lg of total RNA was performed in a Bio-Rad iCycler using
SuperScript III reverse transcriptase reagents according to

the manufacturer’s protocols. To quantify the amount of
mRNA of MDR1, MRP2, and BCRP, real-time semiquan-
titative PCR of cDNA samples was performed in a Bio-Rad
CFX96� Real-Time System C1000 thermal cycler using
the iTaq Fast SYBR Green Supermix. Each 20 lL of PCR
sample contained 80 ng of cDNA, 10 lL of Supermix,
RNase-free water, and 1.25 lL of both the specific forward
and reverse primers (10 mM), which were synthesized by
Invitrogen. The sequences of the primers are listed in Table
1. Reactions were performed in triplicate using the follow-
ing protocol: preincubation for 3 minutes at 95�C, followed
by 40 PCR cycles at 95�C for 3 seconds, 60�C for 30 sec-
onds, and 72�C for 5 seconds. Relative quantification was
obtained by the comparative threshold cycle (DDCt) method
(CFX Manager software, version 1.6, Bio-Rad). The specific
gene mRNA levels were normalized relative to glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) mRNA level
in each sample.

Statistical analysis

Data were expressed as mean – SD values. Statistical
analyses and significance, as measured by Student’s t test
for unpaired samples were performed using GraphPad
PRISM software version 5.0 (GraphPad Software, La Jolla,
CA, USA). In all comparisons, P < .05 was considered sta-
tistically significant.

RESULTS

Effects of curcumin and turmerones on cell viability
of Caco-2 cells

Curcumin at 50 and 100 lg/mL showed significant cyto-
toxicity in Caco-2 cells after a 24-hour incubation (Fig. 1);
however, a 4–8-hour treatment with curcumin (12.5–50 lg/
mL) did not affect viability of Caco-2 cells. AL showed
mild cytotoxic effects at 50 and 100 lg/mL after a 24-hour
incubation, whereas AR (12.5–100 lg/mL) did not show
cytotoxic effects after a 24-hour incubation at all concen-
trations tested. Content of DMSO (0.25–7% vol/vol) did not
affect cell viability after a 4-hour incubation (n = 3)
(P > .05). However, addition of 3–7% (vol/vol) DMSO in
culture medium for 8 hours caused decreases in cell via-
bility, whereas the difference between the 7% (vol/vol)
DMSO treatment group and the control group was statisti-
cally significant (n = 3) (P < .05). In a previous Caco-2
transport study,36 40 lM (14.7 lg/mL) curcumin did not
show cytotoxicity after an 8-hour incubation. Hence, this

Table 1. Gene-Specific Polymerase Chain Reaction Primers

Gene Forward primer Reverse primer

MDR1 50-CAGACAGCAGGAAATGAAGTTGAA-30 50-TGAAGACATTTCCAAGGCATCA-30

MRP2 50-TGCAGCCTCCATAACCATGAG-30 50-GATGCCTGCCATTGGACCTA-30

BCRP 50-CAGGTCTGTTGGTCAATCTCACA-30 50-TCCATATCGTGGAATGCTGAAG-30

GAPDH 50 CGAGATCCCTCCAAAATCAA 30 50-TTCACACCCATGGACGAACAT 30

BCRP, breast cancer resistance protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MDR1, P-glycoprotein; MRP2, multidrug resistance protein.
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was the concentration of curcumin adopted in our following
experiments.

Solubility of curcumin with turmerone

Curcumin solubility in transport buffer was determined as
0.57 lg/mL. Increased curcumin concentrations (14.7–
44.1 lg/mL) did not alter the solubility (data not shown).
Our experimental value of curcumin solubility was com-
parable to data reported in the literature (i.e., 0.6 lg/mL37).
The stability test of curcumin in transport buffer revealed no
significant change in concentration collected at different
time points (data not shown).

In order to increase the solubility of curcumin, 5% (vol/
vol) DMSO was added to transport buffer, which was not
cytotoxic after a 4-hour incubation (Fig. 1). The presence of
turmerones significantly decreased the solubility of curcu-
min as shown in Table 2.

Transport studies of curcumin

Based on data summarized from the cytotoxicity and
solubility tests of curcumin, 14.7 lg/mL curcumin in
transport buffer containing 5% (vol/vol) DMSO was used in
the transport study. The presence of testing compounds and
DMSO did not alter the TEER values (data not shown) after

a 2-hour incubation, showing the intact integrity of the
Caco-2 monolayers. After the 2-hour transport study, there
were trace amounts of curcumin (*0.03 lg) detected on the
basolateral side of the Caco-2 cell monolayer. In the pres-
ence of turmerones (AL and AR, each at 50 lg/mL), more
curcumin was detected inside the cells (P < 0.05) (Table 3,
Experiment A). Because the presence of turmerones de-
creased the solubility of curcumin in transport buffer, the
actual amount of 14.7 lg/mL curcumin available for

FIG. 1. Effects of curcumin, turmerones, and dimethyl sulfoxide (DMSO) on cell viabilities of Caco-2 cells. Cells were treated with increasing
concentrations of compounds for 4, 8, or 24 hours, and cell viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay. Results are expressed as percentages of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide absorbance with respect to
the untreated vehicle control wells and are mean + SD values of three or four independent experiments with four wells each. *P < .05, **P < .01,
compared with the vehicle control group. ar, aromatic.

Table 2. Comparison of Curcumin Solubility

Under Different Conditions

Measured
concentration (lg/mL)
at given DMSO (%)
in transport buffer

Curcumin 1 5 5

14.7 lg/mL 0.59 – 0.03 3.38 – 0.52* —
14.7 lg/mL +

a-turmerone/aromatic
turmerone (50 lg/mL each)

— — 2.17 – 0.38{

Data are mean – SD values of three independent experiments.

*P < .05, compared with curcumin in 1% DMSO.
{P < .05, compared with curcumin in 5% DMSO alone.
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transport on the apical side was different as shown in Table
3 (1.90 lg vs. 0.67 lg). In order to ensure the same amount
of curcumin at the beginning of experiment, 14.7 lg/mL
curcumin was added to the transport buffer with turmerones.
Then the actual amount of curcumin in the solution was
quantified by HPLC, and the value was 0.60 lg. Meanwhile,
a solubility curve (actual detected amount vs. added amount
of curcumin) was generated by adding different amounts of
curcumin (without turmerones) to the transport buffer. From
the curve, 11.4 lg/mL curcumin was needed to produce a
solution with the actual curcumin amount at 0.6 lg. Finally,
the two solutions with the same actual curcumin amount
were added into the cell monolayers. In the presence of
turmerones, a significantly higher amount of curcumin was
detected inside the cells (Table 3). On the basolateral side,
more curcumin was detected when turmerones were present;
however, the differences were not statistically significant. In
another set of experiments, the effects of individual tur-
merone (AL or AR, each at 50 lg/mL) on the transport of

curcumin were studied. As shown in Figure 2, the presence
of AL significantly increased the amount of curcumin de-
tected on the basolateral side of the monolayer and inside
the cells (P < .05); in contrast, in the presence of AR, there
was only a slight increase in the amount of curcumin inside
the cells. When both turmerones were present in equal
amounts, a significantly higher amount of curcumin was
detected inside the cells. Results showed that the changes of
curcumin transport into and across the Caco-2 cells were
mainly contributed by AL. In fact, in the presence of AL
(100 lg/mL), the measured curcumin amounts on the ba-
solateral side of the monolayer and inside the cells were
significantly increased (data not shown). However, there
was no significant difference between the 50lg/mL and 100lg/
mL AL treatment groups. Therefore, the data for minimum
effective dose (i.e., 50lg/mL) are shown in Figure 2.

Transport studies of rhodamine-123

To examine the effect of turmerones on the efflux activity
of P-gp, rhodamine-123 accumulation and efflux experi-
ments were performed.30,32 After the cells were treated with
50 or 100 lg/mL AL for 30 minutes, rhodamine-123 efflux
was decreased by 32% and 40%, respectively (Fig. 3). The
inhibition by AL was comparable to the effect of the P-gp
inhibitor verapamil (100 lM), which inhibited 48% of ef-
flux. However, AR treatment (50 or 100 lg/mL) raised
rhodamine-123 efflux by 2.12–2.73-fold. Furthermore, the
efflux was increased by 37% in monolayers treated with
both AL and AR (each at 50 lg/mL). On the other hand, AL
(50 and 100 lg/mL) and verapamil significantly increased
rhodamine-123 uptake by Caco-2 cells, whereas AR did not
significantly affect the uptake. It is interesting that when
both AL and AR (each at 50 lg/mL) were added to the
monolayers, the rhodamine-123 uptake was significantly
increased by 1.94-fold.

Bidirectional transport studies of digoxin

The P-gp function was also evaluated by measuring
transepithelial transport of digoxin across Caco-2 cell
monolayers.29,30 Digoxin transport was polarized, with ba-
solateral to apical (B/A) permeability exceeding apical
to basolateral (A/B) by an efflux ratio of 4.34 (Fig. 4B).
In the presence of verapamil (100 lM) or AL (50 lg/mL),

Table 3. Amount of Curcumin Measured Before and After Transport Experiments

Experiment A Experiment B
Measured curcumin
amount (lg) Curcumin Curcumin + turmerones Curcumin Curcumin + turmerones

Apical (before) 1.90 – 0.48 0.67 – 0.076 0.60 – 0.071 0.60 – 0.12
Basolateral (after) 0.028 – 0.012 0.030 – 0.010 0.025 – 0.015 0.035 – 0.013
Inside cells (after) 0.032 – 0.0052 0.044 – 0.0080* 0.042 – 0.010 0.068 – 0.024*

In Experiment A, 40 lM curcumin with or without turmerones was added to the Transwell inserts. In Experiment B, 31 lM curcumin alone or 40 lM curcumin

with turmerones were added to the Transwell inserts. After the 2-hour transport study, sample solution was collected in apical and basolateral chambers of Transwell

inserts, and the cell lysate was also collected for curcumin quantification. Data are mean – SD values of three independent experiments with three Transwell inserts

each.

*P < .05, significantly different from curcumin-alone group.

FIG. 2. Effects of a-turmerone (AL) and ar-turmerone (AR) on the
amount of curcumin measured after transport experiments. Caco-2
monolayers were added with 40 lM curcumin with or without AL or
AR (50 lg/mL) or AL + AR (each at 50 lg/mL). After 2 hours sample
solutions were collected in basolateral chambers of Transwell inserts,
and the cell lysates were also collected for curcumin quantification.
Results are mean + SD values of four independent experiments with
three Transwell inserts each. *P < .05, significantly different from
curcumin-alone group.
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A/B digoxin transport was enhanced (but not statistically
significant), whereas that in the B/A direction was sig-
nificantly inhibited (P < 0.05, Fig. 4A). In contrast, AR
slightly increased B/A digoxin transport across the Caco-
2 monolayer (P > .05, Fig. 4A). The corresponding efflux
ratios are given in Figure 4B. When both AL and AR (each
at 50 lg/mL) were added to the monolayers, the B/A di-
goxin transport was significantly decreased (P < .05).

Real-time PCR analysis of MDR1, MRP2,
and BCRP mRNA

The mRNA levels of MDR1, MRP2, and BCRP in Caco-2
cells treated with turmerones and curcumin for 24 hours
were studied using real-time PCR. As shown in Figure 5, AR

(100 lg/mL) significantly up-regulated MDR1, MRP2, and
BCRP expressions. The increases of mRNA expressions
seemed to be concentration-dependent. Although AL treat-
ment (50 or 100 lg/mL) did not significantly alter the ex-
pression of these genes at this time point, the expression
level of MDR1 was significantly decreased by curcumin
(14.7 lg/mL, 24 hours) in Caco-2 cells. Our results agreed
with previous studies, in which MDR1 mRNA expressions
were decreased by curcumin at 72 hours of treatment.30,33

DISCUSSION

The use of turmeric as a spice and a medicine is very
popular in Asia. The pharmacological activities of its major
compound, curcumin, have been studied intensively in

FIG. 3. Effects of AL, AR, and verapamil on rhodamine-123 efflux and uptake. Caco-2 monolayers were treated with AL or AR (50 or 100 lg/
mL), AL + AR (each at 50 lg/mL), or verapamil (positive control, 100 lM) for 30 minutes. The efflux and uptake of rhodamine-123 (10 lM) were
measured after incubating the cells at 37�C for 120 minutes. Results are expressed as percentages of fluorescence with respect to the untreated
vehicle control cells and are mean + SD values of six independent experiments with two Transwell inserts each. *P < .05, **P < .005, compared
with the vehicle control group.

FIG. 4. Effects of AL, AR, and verapamil on the apparent permeability (Papp) of digoxin across Caco-2 monolayers. (A) The apical to
basolateral permeability values PappA/B (black columns) and basolateral to apical permeability values PappB/A (striped columns) were deter-
mined as the slope of the linear portion of each transport–time profile. Data are mean + SD values of four independent experiments with three
Transwell inserts each. **P < .005, compared with the vehicle control group (B/A). (B) Net efflux was calculated as the ratio of mean B/A
Papp to mean A/B Papp.

248 YUE ET AL.



laboratories all over the world.3,11,37 The poor bioavail-
ability of curcumin also drew many scientists’ attention, and
enhancing bioavailability has been the objective of several
studies.31,34,38 In the present study, the transport of curcumin
was investigated using the in vitro Caco-2 cell monolayer
model. A simple hypothesis was verified in this well-
established and widely used model. We hypothesized that
the lipophilic components (e.g., turmerones) in turmeric
extract would affect the transport of curcumin in the intes-
tine. Therefore the effects of turmerones (isolated from
turmeric crude extract) on curcumin transport were explored
in the present study.

Our results demonstrated that in the presence of turmer-
ones, amounts of curcumin transported from the apical side
to the basolateral side (absorption) of Caco-2 cell mono-
layers were relatively higher than those without turmerones.
At the same time, the amounts of curcumin inside the Caco-
2 cells were significantly higher when turmerones were
present in the transport system (Table 3), especially when
AL was present (Fig. 2). The in vitro transport of curcumin
with turmerones was reported here for the first time. By
increasing the DMSO concentration from 1% to 5% (vol/
vol) in the transport buffer, more curcumin was available for
the in vitro transport experiment. As a result, the curcumin
amount in the sample solution collected on the basolateral
side of the Caco-2 cell monolayer could be analyzed by
HPLC, even though the concentration was low. Besides,
because intestinal solubility may be far greater than the
solubility measured in water, the use of aqueous solubility to
predict drug absorption can therefore lead to very pro-
nounced underestimates of the oral bioavailability.39 Hence,
DMSO was used to increase solubility of curcumin, and this
method enabled the evaluation of curcumin transport in the
Caco-2 model with other substances (e.g., turmerones in this
study). The increased DMSO concentration did not affect
the viability of Caco-2 cells after a 4-hour incubation (Fig.
1) or the integrity (reflected by TEER) of the monolayers,
and it was a more feasible method to increase the curcumin
solubility than alternative heat treatment or addition of al-

kaline in transport buffer, which were used in previous
studies.37,40 One of the limitations of the present experiment
was that the amounts of curcumin in the sample solution
(0.5 mL) collected on the basolateral side at 30, 60, or 90
minutess were too low to be analyzed by HPLC (data not
shown). Instead, the total amount of curcumin in the baso-
lateral solution (2.6 mL) was collected and analyzed.
Therefore, the apparent permeability coefficient (Papp) of
curcumin could not be calculated.

As the improvement of curcumin transport in Caco-2 cell
monolayers by adding tumerones was demonstrated, the
effects of turmerones on intestinal cell transporter activities
were also assessed. Because the yield percentages of AL and
AR from turmeric extracts were 0.03% (wt/wt) and 0.027%
(wt/wt), respectively,16 equal amounts of turmerones were
combined or tested separately. AL was shown to inhibit P-
gp activity as it inhibited the efflux and enhanced uptake of
rhodamine-123 (Fig. 3). It also inhibited the B/A transport
(efflux) of another P-gp substrate, digoxin, and decreased
the net efflux ratio (Fig. 4B). The effects were similar and
comparable to those of the P-gp inhibitor verapamil
(100 lM). As mentioned before, the presence of AL in-
creased the amount of curcumin inside the cells, which may
due to the inhibitory effects of AL toward P-gp and other
transporters so that the efflux of absorbed curcumin has been
decreased. In contrast, AR increased the efflux of rhoda-
mine-123 and digoxin. When the two turmerones combined
in equal amounts, the efflux of rhodamine-123 was slightly
increased, whereas that of digoxin was decreased. It is
possible that these two turmerones also act on other intes-
tinal tranporters, apart from P-gp. The effect of AR domi-
nated in rhodamine-123 transport so the combined effect
was similar to that of AR alone. Conversely, AL affected
digoxin transport dominantly, and AR had no significant
effect; therefore, the combined effect was similar to that of
AL alone. On the other hand, a simple HPLC detection
method for digoxin was established in this study. In the past,
[3H]digoxin was commonly used for P-gp activity evalua-
tion.29,30 With our HPLC detection method for digoxin, no

FIG. 5. Quantitative real-time polymerase chain reaction analysis of MDR1, MRP2, and BCRP mRNA in AL-, AR-, or curcumin-treated Caco-2
cells. Caco-2 cells were treated with AL or AR turmerones (50 or 100 lg/mL) or curcumin (14.7 lg/mL) for 24 hours, and RNA was extracted for
quantitative real-time polymerase chain reaciotn. Data (cycle threshold, Ct values) were normalized with that of GAPDH and control samples.
Data are mean + SD values of three independent experiments. *P < .05, **P < .005, compared with the vehicle control group.
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radioactive samples need to be handled in the future, and the
experimental procedures can be simplified for the transport
studies using digoxin.

Previous studies have demonstrated that the methanolic
extract of Curcuma significantly increased the activity of P-
gp by up-regulating the expressions of P-gp protein and
MDR1 mRNA levels and that curcumin inhibited the ac-
tivity of P-gp.30 A recent study also showed that the hy-
droethanolic extracts of Curcuma species decreases the
rhodamine-123 efflux (i.e., P-gp activity).32 Our data pre-
sented here could explain the contradictory results of these
studies. Our results also showed that AR could up-regulate
the MDR1, MRP2 and BCRP expressions of Caco-2 cells.
Unlike other studies in which the changes in gene expression
induced by Curcuma extracts or curcumin were observed
after a 72-hour exposure,30,33 the changes were observed at a
much earlier time in our study because the cells were ex-
posed to curcumin or turmerones for 24 hours only. Fur-
thermore, the changes in P-gp activities, in terms of
rhodamine-123 and digoxin transport, were observed in cell
monolayers exposed to turmerones for 150 minutes (a 30-
minute preincubation plus the 120-minute transport exper-
iment). The transient effect on P-gp activities was evaluated
in the present study. Nevertheless, the changes of expres-
sions of the above-mentioned genes have also been inves-
tigated using cells exposed to turmerones for 8 and 16 hours.
However, no significant change has been observed (data not
shown). To further elucidate the effects of turmerones on the
activities of ATP-binding cassette transporters or other
transporters that may relate to the transport of curcumin,
future experiments should be performed using different
transporter inhibitors or receptor antagonists.

Previous epidemiological studies suggested that turmeric
contributes to the lower incidence of large-bowel cancers in
Indians.3–5 Previous clinical studies have also demonstrated
the chemopreventive effect of curcumin during the promo-
tion/progression stages of colon cancer.21,41 In a recent
clinical trial, colorectal cancer patients ingested curcumin,
and both normal and malignant colorectal tissues were
found to have taken up curcumin.42 Our in vitro results
demonstrated that the presence of turmerones increased the
accumulation of curcumin inside intestinal epithelial cells.
Our results agree with a recent clinical study in which cur-
cumin with the noncurcuminoid components of turmeric
(Biocurcumax�, Arjuna Natural Extracts, Alwaye, India)
was taken by human volunteers;43 the bioavailability of
Biocurcumax was sixfold higher than that of normal cur-
cumin. Nonetheless, our study also demonstrated the roles
of individual turmerones in curcumin transport. As previous
studies suggested that most of the oral curcumin was ex-
creted in the feces,11 it is possible that curcumin could reach
the colon without being metabolized and that more curcu-
min could be absorbed into the cells with turmerones. As a
result, curcumin could take advantage of its antitumor and
anti-inflammatory properties toward the colorectal malig-
nant cells. Furthermore, AR has been demonstrated to have
immunostimulatory effects in human peripheral mononu-
clear cells in our previous study.16 Such effects might have

contributed to the modulation of intestinal immunity, and
the antitumor effects of curcumin might be enhanced. On the
other hand, AL could have significantly inhibited the P-gp
activities as shown in rhodamine-123 and digoxin transport
studies (Figs. 3 and 4). The potency of inhibition by AL
(50 lg/mL represents approximately 229 lM) was compa-
rable to that of the well-known P-gp inhibitor verapamil
(100 lM). The anti–drug resistance capabilities of AL will
be further investigated in multidrug-resistance cancer cells,
in which the P-gp expression is significantly higher. Last but
not least, the bioavailability and the local tissue accumula-
tion of curcumin should be evaluated with turmerones in
animal models so that the pharmacokinetics of these com-
pounds could be revealed. These data will certainly provide
a good foundation to future clinical trials using turmeric
extracts.

In conclusion, the transport of curcumin in Caco-2 cell
monolayers could be enhanced in the presence of turmer-
ones, which were isolated from turmeric crude extract. The
two turmerones showed opposite effects on P-gp activities:
AL inhibited the P-gp activities, whereas AR enhanced P-gp
activities as well as up-regulated MDR1, MRP2 and BCRP
expressions in Caco-2 cells. These findings supported the
use of turmeric extract (including curcumin and turmer-
ones), other than curcumin alone in cancer patients, espe-
cially those with colorectal cancers.
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