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Curcumin, a principal component from Curcuma longa, with antioxidant and anti-inflammatory activities
was proposed as a potential candidate for the preventation and/or treatment of cancer and chronic dis-
eases. However, curcumin could not achieve its expected therapeutic outcome in clinical trials due to its
low solubility and poor bioavailability. The actual intestinal physiological barriers limiting curcumin absorp-
tion after oral administration have not been fully investigated. To identify the main barriers curtailing its
absorption, in vitro permeability of curcumin and flux of its glucuronide were monitored in rat jejunum and
Transwell grown Caco-2 cells. Curcumin was more permeable under acidic conditions, but the permeability
was substantially below the permeability of highly permeable standards. Its efflux could not be inhibited
by specific Pgp and MRP inhibitors. BCRP was found to participate in curcumin transport, but the Organic
Anion Transporting Polypeptide (OATP) did not. The permeability of curcumin significantly increased when
the structure of mucus was compromised. The inhibitor of curcumin metabolism, piperin, failed to act as
a permeability enhancer. Piperin inhibited Pgp and MRP transporters and decreased the amount of glu-
curonide transported back into the intestine. Inclusion of piperin in curcumin-containing formulations is
highly recommended as to inhibit curcumin glucuronidation and to increase the transport of formed glu-
curonides into the plasma, therefore increasing the probability of glucuronide distribution into target tissue
and inter-convertion to curcumin. It would also be beneficial, if curcumin delivery systems could reversibly

compromise the mucous integrity to minimize the non-specific binding of curcumin to its constituents.

1. Introduction

The rhizome of Curcuma longa represents the main source of
turmeric, a yellow spice with a long history of use for dietary
and medicinal purposes in Indian and Chinese cultures (Hatcher
et al. 2008). The main constituent of turmeric extract, curcumin,
a hydrophobic polyphenole, is poorly absorbed after oral appli-
cation. Low systemic availability thus mitigates against using
curcumin in the prevention of conditions distal from the gas-
trointestinal tract (GIT) (Hatcher et al. 2008; Basnet et al. 2011).
Namely, therapeutic plasma concentrations required to elicit
biochemical changes germane to chemoprevention, antioxidant,
antiviral and anti-inflammatory effects determined in in vitro
experiments are in the micromolar range (Zhang and Lim 2008;
Wortelboer et al. 2003; Ireson et al. 2001), while clinical stud-
ies in cancer patients, receiving 4—12 g of pure curcumin per
day determined low, nanogram steady-state levels (22—41 ng/ml
after 12 g p.o. dose (Dhillon et al. 2008), 4 ng/mL after 3.6 g
p-o. dose (Sharma 2004)) of circulating curcumin. The pre-
dominant species of curcumin in plasma are represented by its
conjugated metabolites (glucuronides and sulfates) and products
of reduction reactions (tetrahydro- and hexahydrocurcumin and
hexahydrocurcuminol) (Basnetet al. 2011). Although less effec-
tive than the parent compound, these metabolites are believed
to be responsible for systemic activity (i.e. lowering plasma
levels of glucose, cholesterol, triglycerides, anti-obesity effect
etc.) after curcumin consumption (Hatcher et al. 2008; Basnet
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et al. 2011), a promising feature rendering this polyphenolic
compound worthy of further research.

Poor curcumin absorption from intestine is a feature pertinent
to this phytochemical, observed across several animal species
(Basnet et al. 2011). Low water solubility, decomposition at
neutral or alkaline pH, photosensitivity and a coordinately regu-
lated alliance between metabolizing enzymes and transporters,
all act in tandem with the net result of low curcumin absorp-
tion (Hatcher et al. 2008; Wahlang et al. 2011). In vitro studies
with Caco-2 (Hatcher et al. 2008; Wahlang etal. 2011), MDCKII
(Wortelboer et al. 2003) and LLC-PK1 (Zhang et al. 2008) cells,
experiments with vesicles isolated from Multidrug Resistance
Associated Proteins 1 and 2 (MRP-1 and MRP-2) transfected
S£8 cells (Wortelboer et al. 2003) and CYP3A4 studies (Zhang
et al. 2008) identified P-glycoprotein (Pgp), MRP-1, MRP-2,
Cytochrome P450 isoenzyme 3A4 (CYP3A4), sulfotransferase
1Al and 1A3 (SULT1A1 and 1A3) (Ireson et al. 2002), UDP-
glucuronyl transferases (Ireson et al. 2001; Liu et al. 2006) and
nonspecific oxydoreductases (Ireson 2001) as the key step of
entero-enteric and hepatic pre-systemic metabolism.

However, no proper in vitro permeability studies providing
deeper knowledge about barriers to its absorption have been
performed by now. A detailed review of in vitro curcumin
permeability studies through cell cultures reveals that the deter-
mination of curcumin permeability was either not the purpose
of these studies (curcumin was only used to inhibit transport of
Pgp substrates digoxin, rhodamine (Zhang et al. 2008); MRP2
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substrate calcein (Wortelboer 2003)) or, that the experimen-
tal design of these studies was improper considering stability
and solubility data on curcumin (curcumin concentrations tested
were as high as 170 wM, the solutions for testing were prepared
at pH 6.5 or 7.4) (Zhang et al. 2008; Wortelboer et al. 2003;
Wahlang et al. 2011). Namely, it is known that curcumin has
extremely low water solubility (0.03 wM) and decomposes in
water at pH values above 7.2 (Hatcher et al. 2008; Kamiga et al.
2003). This could significantly influence the measurement of
curcumin’s permeability. Therefore the aim of this study was to
evaluate curcumin’s intestinal permeability through Caco-2 cell
monolayers as well as through rat jejunum and to investigate
the influence of physiological barriers on its permeability (i.e.
mucus, pH along intestinal tract, participation of intestinal trans-
porters). The potential of piperin, a known inhibitor of curcumin
pre-systemic glucuronidation, to act as permeability enhancer
for curcumin was also investigated. In all experiments albu-
min was used in both donor and acceptor solutions to increase
curcumin stability and solubility. In addition, the transport of
curcumin glucuronides was also investigated.

2. Investigations and results
2.1. Curcumin stability in Ringer buffer pH 6.5 and 7.4

To perform curcumin permeability experiments, the stability of
curcumin in donor solutions were first evaluated. 50 uM cur-
cumin in Ringer buffer of pH 6.5 and 7.4 was prepared from
curcumin DMSO stock solution (final DMSO concentration
0.1%), similarly to the procedure described in published papers
(Wahlang et al. 2011; Zhang et al. 2008). The concentration
of curcumin in the heated (37 °C) and oxidized donor solu-
tions was analyzed 25 min after their preparation and after 3 h.
The LC-MS/MS measurements indicated a significant decline
in curcumin concentrations in the timeframe of 25 min (less than
15% of initial curcumin concentration was measured). After 3 h,
curcumin concentration was below the detection limit. Because
the stability of curcumin can be improved with the addition of
plasma proteins (Hatcher et al. 2008; Kaminaga et al. 2003)
2 vol/vol % of human albumin was added to donor solu-
tions, used for permeability experiments. With albumin in
the solutions, the concentrations of curcumin remaining in
the donor solutions after 3 h incubation remained unchanged
(97.2 +£3.2% of the initial curcumin concentration). The solu-
tions with 2 vol/vol % of albumin were thus used for further
permeability experiments. The mass balance and the recovery
of curcumin during permeability experiments remained prac-
tically unchanged and above 90%. The use of other surface
acting agents was intentionally avoided, because they are known
to modify membrane fluidity, transporter-enzyme interplay and
could thus lead to false permeability measurements.

2.2. Curcumin permeability through Caco-2 monolayers

The permeability of 100 uM curcumin was determined through
Transwell grown Caco-2 cell monolayers with 2% of albumin
added to both sides of the monolayer. Due to the presence of
albumin, the concentration of the unbound curcumin in donor
solutions was unknown, most probably below curcumin water
solubility (0.03 wM), but constant throughout the experiment.
The permeability was determined in the absorptive (AP-BL) and
the opposite (BL-AP) direction at acidic and neutral pH (i.e. 6.5
and 7.4) on the apical side of the cells, while the basolateral
pH was kept constant at pH 7.4. The participation of efflux
(Pgp, MRPs and Breast Cancer Resistance Protein (BCRP))
and absorptive (Organic Anion Transporting Polypeptide OATP)
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Table 1: Permeability of curcumin through Caco-2 cell
monolayers

Curcumin Caco-2 permeability

Papp (x1070 cm/s)

PH conditions (A P/BL)

Experimental design AP-BL BL-AP
6.5/7.4 Ref 13.9+05 19.84+1.0
E3S (0.5 mM) 13.5+£1.5
7.4/7.4 Ref 6.1£1.9 10.2£0.5"
PSC833 (5 mM) 10.8+0.6
MKS571 (50 mM) 10.0£04
FumC (5 mM) 39.6£3.8

The permeability (Papp) in absorptive (AP-BL) and secretory (BL-AP) directions were evaluated for
curcumin alone (Ref). The influence of OATP transporter was evaluated with estrone-3-sulfate (E3S)
in the apical donor solution, while the contribution of efflux transporters was determined with Pgp
inhibitor PSC833, MRPs inhibitor MK571 and fumitromorgin C (FumC) as BCRP inhibitor. The
concentrations of inhibitors in the apical acceptor solutions are given in brackets

" the difference between AP-BL and corresponding BL-AP Pypp values are statistically significant
(p<0.05)

transporters was assessed by using appropriate inhibitors and pH
conditions on the apical side of the cells.

The results, presented in Table 1, indicated asymmetrical trans-
port properties of curcumin regardless of the pH applied to the
apical side. In both cases, the BL-AP permeability was signifi-
cantly higher than the absorptive one (p < 0.05). However, under
slightly acidic conditions (pH 6.5) on the apical side, the absorp-
tive permeability of curcumin significantly surpassed the one,
determined at iso-pH conditions (apical and basolateral pH 7.4).
Although higher, AP-BL permeability value measured at pH 6.5
was not in the range of AP-BL permeabilities determined in our
laboratory for highly permeable standards through Transwell
grown Caco-2 monolayers (Yu et al. 2002), therefore curcumin
could not be classified as high but as low permeable compound.
To identify transporters involved, specific inhibitors were used
(PSC833 for Pgp, MK571 for MRPs and fumitromorgin C for
BCRP) at appropriate concentrations and iso-pH conditions,
as indicated in Table 1. We did not observe any permeabil-
ity decrease in BL-AP directions when specific Pgp and MRP
inhibitors were added. For the first time the participation of
BCRP to curcumin efflux from Caco-2 cells was also assessed.
We used fumitromorgin C as a specific BCRP inhibitor, which
increased the BL-AP permeability of curcumin significantly.
The permeability increase observed in the presence of 5 mM
fumitromorgin C was not due to Caco-2 cell monolayer injuries,
because TEER values and the permeability of paracellular
marker fluorescein (the marker of tight junction integrity) did
not change (data not shown).

According to curcumin structure and its acidic pKa values
(pKa; =8.38 £0.04; pKa; =9.88 +0.02; pKaz =10.51 £0.01)
(Wahlang et al. 2011), the main form of curcumin present at pH
6.5 and 7.4 is predominately unionized (Tgnnesen et al. 2002).
Because polyphenolic compounds have been identified as OATP
substrates/inhibitors (Fuchikami et al. 2006), we also anticipated
that this absorptive transporter could be involved in the absorp-
tion of curcumin. Since OATPs exert their maximal transporter
efficiency in acidic environment, the impact of this transporter
was monitored at apical pH 6.5 and estron-3-sulfate (E3S) was
used for its inhibition (Nozawa et al. 2004). E3S did not affect
curcumin AP-BL permeability, which remained practically
identical to the reference AP-BL curcumin permeability values.

2.3. Curcumin permeability through rat jejunum

To address the participation of intestine in limiting oral
absorption of curcumin, Sprague-Dawley rats were used. The
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The increase of curcumin permeability in
the absence of mucus

BpH 6.5 [MpH 7.4
5,7

2,3

1

O P N WA OO N

Bjejunum S-M

Bjejunum M-S
T
R
RN,

BlCaco-2 BL-AP

@cCaco-2 AP-BL

o
-
[N)
w
IS
w
<))

Fig. I: Impact of mucus on the permeability of curcumin through rat jejunum at
apical pH 6.5 and 7.4

metabolism of curcumin to glucuronides and reduced curcumin
species was negligible, because the quantitiy of metabolites in
the acceptor/donor solutions or in the tissue extract, prepared
after the permeability experiments, were below LC-MS/MS
detection limit (data not shown). At apical pH 6.5 and baso-
lateral pH 7.4 the M-S permeability in the absorptive direction
was (14.3 £2.5) x 1077 cm/s, while at apical pH 7.4 permeabil-
ity was significantly lower (3.0 & 0.2) x 107 cm/s, similarly to
the results obtained with Caco-2 model. The S-M permeabil-
ity was not significantly different from the corresponding M-S
permeabilities (the S-M permeability at acidic apical pH was
(10.443.1) x 1077, while at apical pH 7.4 the S-M values were
(2.5+0.6) x 107"

2.4. The impact of mucus on curcumin permeability

To disrupt mucus layer in rat jejunum in vitro, 2 mM N-acetyl-L-
cysteine (NAcCys) was applied in the incubation salines (pH 6.5
and 7.4) on the mucosal side and incubated for 2 h. Afterwards,
these buffers were removed and replaced by donor solutions,
containing 100 uM curcumin, 2 mM NAcCys and 2% albumin
and the permeability of curcumin was monitored for additional
2 h. Simultaneously, reference experiments were conducted,
where permeability of curcumin was monitored without NAc-
Cys in the donor solutions. In the absence of mucus, the M-S
curcumin permeability at apical pH 7.4 significantly increased
(the permeability increased 2.3-times) and the effect was even
more pronounced at acidic apical pH of 6.5, where a 5.7-time
increase of curcumin absorptive permeability was noted (Fig. 1).

2.5. Influence of piperin on the permeability of curcumin

To evaluate whether piperin could be used as permeability
enhancer for curcumin, the experiments were performed at api-
cal pH 6.5, and the permeability of 100 uM curcumin was
monitored through rat jejunum and Transwell grown Caco-2
cell monolayers in the presence of piperin (100 wM) on the
mucosal/apical side. The results are presented in Fig. 2. As
shown, piperin failed to increase the absorptive permeability of
curcumin in both models used (the AP-BL/M-S permeabilities
determined in the presence of piperin did not change signifi-
cantly compared to reference AP-BL/M-S values).

Instead of increasing the amount of curcumin absorbed in the
M-S/AP-BL direction, piperin significantly (p <0.01) enhanced
the active efflux of curcumin from the Caco-2 cells and rat ente-
rocytes even more than determined in the reference experiments
(the S-M/BL-AP permeabilities, determined in the presence of
piperin, were significantly (p < 0.01) higher than the correspond-
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Fig. 2: Impact of 100 wM piperin on the permeability of curcumin through Caco-2
cell monolayers and rat jejunum in the absorptive (AP-BL/M-S) and
secretory (BL-AP/S-M) directions

ing, reference S-M/BL-AP permeabilities - see 2.2 and Table 1).
The S-M curcumin permeability increased more than 4-times
through rat jejunum, while the effect was not so pronounced in
Caco-2 cells (only 1.7-time increase of BL-AP permeability).

2.6. Curcumin glucuronide transport in Transwell grown
Caco-2 cells

Transport properties of curcumin glucuronide were monitored
in Transwell grown Caco-2 cells (Table 2). The results mea-
sured under iso-pH conditions (Table 2, 7.4/7.4 REF) indicated
that the glucuronides formed inside Caco-2 cells undergo active
transport into the apical and basolateral sides, but the secretion
of glucuronides (BL-AP flux) back into the apical side signifi-
cantly (p <0.001) surpassed their absorption (AP-BL flux) into
the basolateral compartment. With the use of specific ABC trans-
porter inhibitors (Table 2; PSC833, MK571, FumC) the efflux of
curcumin glucuronides significantly declined, but so did its flux
in the absorptive direction. However, the ratio between AP-BL
and BL-AP fluxes increased (from 0.50 for reference experi-
ments to 0.62 for PSC and MK571) for all inhibitors, except
for FumC. The ratio between AP-BL and BL-AP fluxes in the
presence of FumC decreased significantly.

At apical pH 6.5, which resembles physiological conditions in
the proximal GIT better, fluxes of glucuronides in boh directions
were significantly (p<0.01) lower than at iso-pH conditions
(Table 2). However, the flux of glucuronide in the absorptive
(AP-BL) direction exceeded that in the opposite — BL-AP direc-

Table 2: Fluxes of curcumin glucuronide through Transwell
grown Caco-2 cells

Curcumin glucuronide fluxes [nmol/h x cmz]

pH conditions Inhibitors AP-BL BL-AP

7.4/7.4 REF 0.065 £ 0.000 0.13140.026"
PSC833 0.056 £+ 0.000* 0.09140.001"2
MKS571 0.056 4+ 0.000* 0.090 4 0.001"
FumC 0.042 +0.001* 0.096 4 0.003"2

6.5/7.4 REF 0.046 +0.002 0.03240.002"
Piperin 0.048 +0.001 0.025 4 0.006"

The fluxes of curcumin glucuronides were measured in basolateral (AP-BL) and apical (BL-AP)
solutions at apical pH 6.5 and 7.4 in the absence (reference — REF) or in the presence of various
transporter inhibitors. The results are presented as mean = SD of four measurements.

" the fluxes of curcumin glucuronides into the basolateral compartment are significantly (p <0.05)
higher (at apical pH 7.4) or lower (at apical pH 6.5) than the fluxes into the apical compartment.

4 the addition of an inhibitor (PSC833, MK571, FumC, piperin) significantly (p <0.05) lowered
curcumin glucuronides flux compared to the corresponding reference (REF) values.
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tion (Table 2, 6.5/7.4 REF). In the presence of piperin (100 M)
BL-AP flux of glucuronide declined significantly (Table 2).

3. Discussion

The contribution of intestinal physiological barriers to the
absorption of curcumin after oral delivery has not yet been
evaluated. Namely, the use of curcumin in the in vitro per-
meability studies through cell cultures has been limited only
to the use of curcumin as Pgp/MRP inhibitor (Zhang et al.
2008; Wortelboer 2003). There is only one paper published by
Wahlang et al. (2011), where the permeability and the impact
of efflux transporter Pgp to curcumin permeability were deter-
mined. However, very high donor concentrations (170 uM) of
curcumin in HBBS pH 6.5 were applied to the cells. This group
also reported that the recovery of curcumin after permeability
experiments was very low (only 35-54%) (Wahlang et al. 2008),
indicating that the experimental design used was most probably
improper considering stability and solubility data on curcumin.
Namely, curcumin is very unstable in aqueous acidic or neutral
solutions, because more than 90% of initial quantity of cur-
cumin prepared in water buffer pH 7.2 decomposes in 30 min
at 37 °C (Hatcher et al. 2008). Furthermore, water solubility of
curcumin is less than 0.03 uM at room temperature (Hatcher
et al. 2008). The instability/poor water solubility of curcumin
was also demonstrated in our preliminary experiments, where
the recovery of curcumin in Ringer buffer at pH 6.5 and 7.4
was below the LC-MS/MS detection limit. The decline in cur-
cumin’s concentrations in our solutions was thus most probably
caused by the non-specific binding of curcumin to the plastic,
accompanied by precipitation and decomposition. Based on this
data, we could not perform experiments with curcumin solu-
tions in Ringer buffers. However, the stability of curcumin can
be greatly improved in the presence of plasma proteins (Hatcher
et al. 2011; Kaminaga 2003). Namely, in the presence of 10%
of FBS, only 50% of curcumin decomposed at 37 °C during 8 h
incubation. Thus, for the purpose of this study, human albumin
(2 vol/vol %) was added into donor and acceptor Ringer solu-
tions, used for permeability experiments, which significantly
improved curcumin stability. With albumin in the solutions, the
mass balance and the recovery of curcumin during permeability
experiments remained practically unchanged (>90%), which is
significantly greater than the recovery (<50%) determined for
in vitro permeability experiments with Caco-2 cell monolayers
published by Wahlang (Wahlang et al. 2011).

Poor physio-chemical properties, instability in GIT, metabolism
and active efflux of curcumin could all contribute simultaneously
to curcumin low in vitro permeability through rat jejunum and
Transwell grown Caco-2 monolayers, determined in this study
(Hatcher et al. 2011; Basnet et al. 2011). Curcumin has been
used to inhibit secretion of Pgp and MRP2 substrates (Zhang
et al. 2008; Wortelboer et al. 2003). However, the identifica-
tion of transporters involved in curcumin transport through the
intestine has not yet been investigated. Wahlang et al. (2008)
monitored curcumin permeability through Caco-2 monolayers
in both directions but found no differences between AP-BL and
BL-AP permeabilities. Verapamil, a nonspecific Pgp inhibitor,
had no impact on the permeability either (Wahlang et al. 2011).
Contrary to their results, we showed that curcumin efflux from
intestinal cells could represent an important barrier to curcumin
absorption, since BL-AP permeability significantly exceeded
the one in AP-BL direction at both pH. However, the efflux
could not be inhibited by specific Pgp (PSC883) or MRP (MK-
571) inhibitors, indicating that the binding affinity of curcumin
towards all Pgp and MRP binding sites can be much higher
than the one of inhibitors or on the other hand, the binding of
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curcumin to these proteins was irreversible, making curcumin
more potent Pgp and MRP inhibitor than those currently on the
market. BCRP inhibitor fumitromorgin C significantly increased
curcumin efflux from Caco-2 cells. Although monolayer vital-
ity and integrity were not compromised by fumitromorgin C, the
permeability increase was most probably induced by positive-
cooperation between fumitromorgin C and curcumin in BCRP.
There are multiple binding sites in the structure of efflux trans-
porters (Pgp has four, MRP-2 and BCRP have two) (Huang
et al. 2006; Berginc et al. 2010; Sharom 2008). The substrate
can thus occupy only one or more binding sites, depending on its
affinity and concentration. It is possible that the binding affin-
ity of curcumin towards BCRP was not as high as in the case
of Pgp and MRPs, where specific transporter inhibitors failed
to displace curcumin from protein and decrease its efflux. It
is also possible, that the donor curcumin concentration was
too low to occupy both BCRP binding sites simultaneously.
This would leave one BCRP site free for the inhibitor or the
inhibitor could successfully displace curcumin from at least one
of the binding sites. Because simultaneous binding of two differ-
ent substrates to their individual binding site, otherwise known
as positive-cooperation between binding sites (Berginc et al.
2010), results in allosteric changes and increased transporter
binding affinity towards both of its substrates, their transport
significantly increases (Berginc et al. 2010; Sharom 2008).
Positive-cooperation between both binding sites in BCRP was
also most probably the reason, why we failed to inhibit BCRP
mediated curcumin transport in the BL-AP direction. We also
confirmed that OATP transporters do not participate in facilitated
curcumin diffusion into enterocytes, although these transporters
have been shown to increase the amount of polyphenolic-type
of compounds (Fuchikami et al. 2006).

The role of the intestine in contributing to sub-therapeutic cur-
cumin plasma concentrations after per-oral application was also
evaluated in vitro with rat jejunum, due to the dissimilarities
in physiological characteristics between cancerous (i.e. Caco-2)
and non-cancerous (i.e. rat jejunum) models (Yu et al. 2002).
It is known that curcumin bioavailability after oral adminis-
tration is low regardless of the animal model (Hatcher et al.
2008) and that its metabolism in F344 rats gives the same
profile of metabolites qualitatively as in humans, but over-
all, the metabolism of curcumin in rats highly underestimates
human situation (Ireson et al. 2001). However, our rat model
was unsuitable for metabolism studies, because no metabolites
could be detected in the incubation solutions or in tissue extract.
Since metabolism could not affect curcumin donor concen-
tration in our permeability studies, this model can be readily
used to determine intestinal curcumin permeability. Surpris-
ingly, the permeability of curcumin through rat intestine was
even lower than through Caco-2 cell monolayers. There were
also no significant differences between permeabilities in M-S
and S-M direction, indicating that efflux transporters did not
participate in the intestinal absorption from rat jejunum. The
compound’s permeability can be assessed with models of vari-
ous degrees of complexity according to the FDA guidelines (Yu
et al. 2002). Usually, a low permeable compound, whose per-
meability has been determined with excised intestinal tissue of
animals, shows even lower permeability values through Caco-2
cell monolayers, because there are less tight junctions with nar-
rower openings in Caco-2 cells than in animal intestinal tissue
and because the expression patterns of transporters and mem-
brane fluidity significantly differ among models used (Artursson
et al. 2001). However, in the case of curcumin, the opposite
was observed; the permeability of low permeable compound
was higher in Caco-2 model than in rat jejunum. Consider-
ing the differences between both models, we anticipated that
mucus could represent an additional barrier to curcumin absorp-
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tion. Namely, mucus is actively secreted to the mucosal side of
enterocytes, but it is not present in the apical side of Caco-2
cells. Although mucus thickness varies depending on the bowl
movements and content mixing along the GIT (Atuma et al.
2001), it is basically water filled layer of glycoproteins, lipids
and water, sustaining acidic microclimate pH (Legen and Kristl
2003), which could bind free curcumin, lower its concentration
gradient and thus decrease its permeability through enterocytes.
Disruption of mucus above rat jejunum by the mucolytic agent
NAcCys significantly increased curcumin absorptive permeabil-
ity, especially under acidic conditions. Guided by these results
it is obvious that mucus and its constituents might represent
an additional barrier, which non-specifically binds curcumin
and prevents it from sufficient absorption after oral applica-
tion. There are contradictory reports about mucus influencing
the absorption and permeability of drugs. The in vitro perme-
ability of testosterone has been shown to be greatly (up to 80%)
influenced by the mucus (Karlsson et al. 1993). Permeability
increase was observed also with dextropropoxyphene through
Caco-2-Ht29GlucH co-cultures in the presence of mucolytic
agent NAcCys (Meaney and O’Driscoll 1999). In another study
with pig mucus the diffusion of lipophilic drugs (hydrocorti-
sone, propranolol, metoprolol and testosterone) was shown to
be profoundly influenced by mucus, especially by the lipids in it
(Wikman Larhed and Bjork 1998). Although numerous reports
can be found claiming that mucus is not a diffusion barrier to
smaller molecules (molecular weight below 700 g/mol) (Legen
and Kristl 2001), it seem that generalization of this statement is
not possible. It most probably depends on the compound and its
characteristics, whether the mucus can hinder its diffusion from
the lumen to the absorptive surface. In the case of curcumin,
also a very lipophilic compound (log P> 3), mucus seems to
participate in its non-specific binding either to the proteins or to
the lipids (Legen and Kristl 2001).

Because reversible mucus removal from the surface of intes-
tine in vivo presents safety issues for the patient, the attempts
to increase curcumin per-oral bioavailability have turned to for-
mulation strategies. Thus nanoparticles, cyclodextrines, natural
viscous polymers, liposomes and mixed micelles have been used
as novel drug delivery systems which appear to assure bet-
ter permeability and resistance to metabolism (Hatcher et al.
2008; Huang et al. 2006; Tgnnesen 2006). Besides formulation
strategies, curcumin oral absorption can also be enhanced by
the concomitant consumption of piperin. The in vivo study in
humans has shown a 2000% increase in curcumin bioavailabil-
ity after oral application of 2 g curcumin together with 20 mg
of piperin, which inhibited intestinal and hepatic curcumin
glucuronidation, leading to a higher extent of curcumin absorp-
tion without posing safety issues for the volunteers (Shoba
et al. 1998). The attempt of this study was thus also to eval-
uate whether piperin could be used as permeability enhancer
to improve curcumin absorption and not just its metabolism.
Because the absorptive curcumin permeability did not change,
piperin cannot be used as a permeability enhancer for curcumin,
although some studies have demonstrated its capability of mod-
ulating membrane dynamics by modifying the fluidity of the
apical membrane (Khajuria et al. 1998). Instead of improving
curcumin absorption, piperin significantly enhanced curcumin
efflux in both tested models. As shown for FumC and BCRP
transporter, the increase of curcumin S-M/BL-AP permeabil-
ity with piperin in the donor solution most probably resulted
from positive-cooperation triggered by piperin on one of the
ABC transporters (most probably BCRP), involved in curcumin
efflux. Based on the in vivo data, concomitant consumption
of curcumin and piperin results in higher curcumin per-oral
bioavailability. Therefore, the in vivo inhibitory effect of piperin
on the intestinal glucuronidation most probably exceeds the
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positive-cooperation and increased the efflux of curcumin from
enterocytes, because this latter process tends to lower the amount
of curcumin absorbed.

In spite of curcumin pharmacokinetic shortcomings emanat-
ing from its low solubility, poor absorption, rapid metabolism
and elimination (Hatcher et al. 2008), which render the use
of curcumin as remedy for per-oral application quite ineffec-
tive, recent studies have suggested that curcumin metabolites
could be responsible for some of its systemic effects (Hatcher
et al. 2008; Basnet et al. 2011). There are no available curcumin
metabolite standards on the market, therefore pharmacological
activity of curcumin metabolites has not been sufficiently com-
municated yet. However, data for tetrahydrocurcumin suggests
that this metabolite exerts more potent antidiabetic and antiox-
idant activities than its parent compound and that it actively
inhibits the assembly of microtubule proteins, an activity devoid
from curcumin (Hatcher et al. 2008). Furthermore, studies with
radiolabelled curcumin in rats have shown distribution of cur-
cumin and its metabolites into the lungs, muscles, spleen, liver,
kidney, intestine, blood and to a lesser extent into the brain
after intra peritoneal applications (Hatcher et al. 2008). These
organs are thus all potential sites exposed to pharmacological
activities of curcumin and/or its metabolites. Namely, although
metabolites are the only species of curcumin detected in measur-
able levels in the plasma, after their distribution into target sites
they might inter-converse back into the curcumin by enzymes
(such as B-glucuronidases and sulfatases) residing in these tis-
sues (Hatcher et al. 2008). Therefore it might be beneficial not
to monitor only curcumin plasma levels, but also the amount
of curcumin metabolites absorbed from the intestine. Higher
amounts of curcumin metabolites absorbed could thus increase
the probability of metabolites distributing into these target sites.
Our studies with Caco-2 cells indicated that the glucuronide
formed inside the cells was actively transported to both sides of
the cells. By using specific transporter inhibitors (PSC883, MK-
571, Fum-C), we have shown that the transport of glucuronide to
the apical side was most probably mediated by Pgp and MRP2,
while MRP1 and MRP3 were probably responsible for the flux
of metabolite to the basolateral side. Since the ratio between
AP-BL and BL-AP fluxes decreased in the case of FumC, there-
fore penalizing the amount of glucuronide absorbed, BCRP was
most probably not involved in intestinal distribution of curcumin
glucuronide. However, the lower glucuronide formation rate
in the presence of FumC might also be a consequence of the
reduced parent curcumine intracellular concentration caused by
greater BCRP mediated curcumin apical excretion rate due to
the already discussed activating effect of FumC on curcumine
BL-AP transport (Table 1). The flux of glucuronide in the secre-
tory direction could additionally be inhibited by piperin, which
most probably inhibited ABC transportes (i.e. Pgp, MRP2) in the
apical side of Caco-2 cells. In this manner, piperin could con-
tribute to higher amounts of glucuronides absorbed, therefore
increasing the probability of a higher systemic pharmacological
activity.

Owing to stability and solubility issues, the in vitro curcumin
permeability assessment could only be performed with albumin
addition to the incubations salines, used for the permeability
experiments. In this manner, decomposition, precipitation and
non-specific plastic binding of curcumin were avoided, enabling
correct permeability measurements. The permeability of cur-
cumin was pH dependent with higher values obtained under
slightly acidic conditions. Still, the permeability of curcumin
was lower than the permeabilities of highly permeable FDA
standards, classifying curcumin as BCS IV compound. At iso-
pH values curcumin was subjected to a profound efflux back into
the intestinal lumen by BCRP and to some extent probably by
Pgp and MRP-2, but the binding affinity of curcumin towards
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Pgp and MRP-2 was higher than that of specific Pgp/MRP2
inhibitors. Thus, curcumin could be an even more effective
Pgp/MRP inhibitor. Used in vivo, it could increase the absorp-
tion of drugs, transported by those two ABC proteins, but these
questions need further in vivo/in vitro conformation. Mucus
was found to significantly hinder the absorption of curcumin
because its main constituents, glycoproteins/lipids, most prob-
ably bind free curcumin, thus preventing adequate diffusion to
the enterocytes. Piperin, a permeability enhancer and inhibitor
of curcumin glucuronidation, failed to increase the absorption
of curcumin, but it increased curcumin active extrusion from
cells with ABC proteins. This effect is probably of no impor-
tance in vivo, since clinical studies report increased curcumin
per-oral bioavailability when it was consumed with piperin.
However, piperin significantly increased the amount of cur-
cumin metabolite transported to the basolateral compartment,
therefore making this adjuvans a useful tool for increasing the
circulating levels of glucuronides, therefore increasing the prob-
ability of glucuronide distribution into tissues, distal from the
GIT, and consequently their inter-conversion to curcumin. Cur-
cumin delivery systems should therefore pursue the option of
delivering curcumin to the upper, acidic part of the GIT (i.e.
immediate release formulations), where curcumin permeability
is higher. The per-oral curcumin bioavailability could further be
increased, if these formulations would contain piperin and could
reversibly loosen/compromise the mucus structure.

4. Experimental
4.1. Materials

Salts for incubation salines, curcumin, fluorescein, estrone-3-sulfate (E3S),
MKS571, fumitromorgin C (FumC), N-acetyl-L-cysteine (NAcCys) and all
the necessary ingredients for cell cultivation were from Sigma Aldrich
Chemie (Deisenhofen, Germany). PSC was from Tocris. All chemicals used
in this study were of the highest grade available.

4.2. Methods

4.2.1. Invitro transport studies across Caco-2 cell monolayers and
rat small intestine

Caco-2 cells were obtained from Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ) ACC 169, lot 12 and were grown on Transwell
Costar culture inserts with a polycarbonate membrane (diameter 12 mm
and pore size 0.4 pm). 65,000 cells/filter membranes were used for seeding
and the medium was changed every two days. At day 15, transepithelial
electrical resistance (TEER) was measured for each filter with Caco-2 cell
monolayers. If the TEER values were in the range of 300—400 Qcm?, the
Caco-2 cell monolayers were used for the subsequent testing of permeability
at day 21.

The Caco-2 cells grown on Transwell Costar culture inserts were carefully
rinsed with Ringer buffer. 1.5mL and 0.5 ml of bathing solution (Ringer
buffer) on basolateral and apical sides of the Caco-2 cell monolayer, respec-
tively, was maintained at 37 °C and continuously oxygenated with carbogen
(95% O2, 5% CO») and lightly shaken during experiment. 625 mM glucose
and 625 mM mannitol were always added to the basolateral (BL) and api-
cal (AP) sides, respectively, to give final 10 mM concentrations. Albumin
(2 vol/vol %) was added to transport buffer on both sides to increase cur-
cumin stability and to avoid precipitation and decomposition. Curcumin was
added to the AP side (if studying apical-to-basolateral (AP-BL) transport) or
the BL side (if studying basolateral-to-apical (BL-AP) transport). Samples
(150 L) were withdrawn from the acceptor side every 20 min up to 120 min
and replaced by fresh Ringer buffer containing all necessary ingredients at
appropriate concentrations. The fluxes of curcumin glucuronide, which was
synthesized inside cells from curcumin, were also monitored by sampling
donor and acceptor compartments at the same time-points. Only those Caco-
2 cell monolayers with constant TEER values during the whole experiment
were used. The experiments conducted with rat intestinal tissue conform to
the Law for the Protection of Animals (Republic of Slovenia) and were regis-
tered at the Veterinary Administration of the Republic of Slovenia. Rat small
intestine was obtained from male Sprague-Dawley rats (250-320 g) fasted
18 h prior to the experiments. After euthanasia and laparotomy, the intestine
was rinsed with ice-cold 10 mM glucose Ringer solution. Jejunum, located
25-60 cm distally from the pyloric sphincter was used for the experiments.
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The intestinal tissue was cut into 3 cm long segments, excluding visible
Peyer’s patches. These intestinal segments were opened along the mesen-
teric border, stretched onto inserts with an exposed tissue area of 1 cm?
and then placed between two compartments of EasyMount side-by-side
diffusion chambers (Physiologic Instruments, San Diego, USA). The exper-
imental procedure continued in the same manner as described for Caco-2
cell monolayers.

4.2.2. Electrical measurements

The diffusion chambers were equipped with two pairs of Ag/AgClelectrodes
for measuring transepithelial potential difference (PD) and short circuit cur-
rent (Ig) with a multi channel voltage-current clamp (model VCC MC6,
Physiologic Instruments). The viability and integrity of tissue was checked
by monitoring PD, I and TEER every 20 min during the experiments. In
viable rat tissues TEER did not change statistically significantly during the
whole experiment. The average TEER from 20 min to 120 min was calcu-
lated and also used for evaluating the tissue/cell integrity and viability. The
viability of rat small intestine was additionally checked by recording the
increase of I, and PD after the addition of stock glucose solution to the
mucosal compartment at the end of experiment (final glucose concentration
was 25 mM). Tissue segments were considered viable if the PD value after
the addition of glucose was lower than —1.0mV and if the average TEER
values recorded during the experiment were between 20 and 40 Qcm?.

4.2.3. LC-MS/MS analysis of curcumin and curcumin metabolites

Samples obtained during the permeability experiments were precipitated
with ice cold MeOH (1:3 vol/vol), vigorously vortexed and left at —20°C
for 48 h. Afterwards, the samples were centrifuged (15 min at 4°C and
15000 x g), the supernatant was transferred into autosampler 96—well plate
tray for subsequent analysis by LC-MS/MS. LC/MS/MS apparatus con-
sisted of an Agilent 6460 triple quadrupole mass spectrometer equipped
with a JetStream interface and connected to an Agilent 1290 Infinity UPLC
(Agilent Techologies, Santa Clara, USA). For chromatographic separation,
a Phenomenex Kinetex 50 x 2.0mm C-18 column with 2.6-mm particles
was used (Phenomenex, Torrance, USA). The injection volume was 2 pL
and the column temperature was 50 °C. The mobile phase consisted of
a linear gradient of water (A) and acetonitrile (B), both containing 0.1%
formic acid. The gradient started with 10% B which increased linearly to
80% B over 2 min and then returned to original conditions in 5s. The flow
rate was 0.65 mL/min and the total time of analysis was 2.7 min. The mass
spectrometer was operated in positive ionization mode with the following
parameters: drying gas temperature: 275 °C, drying gas flow: 5 L/min, neb-
ulizer: 45 PSI (3.1 x 10° Pa), sheath gas temperature: 320 °C, sheath gas
flow: 11 L/min, capillary entrance voltage: 4000 V, nozzle voltage: 1000V,
delta EMV: 200 V. The MRM’s used for the quantification of curcumine and
curcumine-glucuronide were as follows: The multiple reaction monitoring
m/z transitions and collision energies used for the quantification of curcum-
ine and curcumine glucuronide were 369— 177 at 16 eV and 545—369 at
25 eV, respectively.

4.2.4. Data analysis

The apparent permeability coefficient (P,pp) of curcumine and fluxes (J) of
curcumine metabolites were calculated according to Eq. (1) and Eq. (2)

P dc 'V M
WPt oA
dM
= 2
A x dt @

where dc/dt and dM/dt represent changes in concentration/mass of the exam-
ined substance/metabolites in the acceptor/donor compartment per unit time
under steady state conditions, V is the volume of the acceptor compartment,
A the exposed surface area (1 cm? for rat jejunum and 1.13 cm? for Caco-2
cell monolayers) and ¢ the initial concentration of curcumin. Curcumin
permeabilities were determined in AP-BL/M-S and BL-AP/S-M directions.
Results in Tables and Figures are presented as means &= SD of at least 3
measurements. Data were evaluated statistically using SPSS 16.0 for Win-
dows. Where appropriate, F-test for testing the equality of variances and,
afterwards, 2-tailed student t-test (p = 0.05), were used. Otherwise, one way
ANOVA, followed by Bonferroni post-hoc test were applied.
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