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P-glycoprotein (P-gp) is an ATP-dependent efflux pump with a vital role in

the defense mechanism against toxic substrates, by significantly decreasing their

absorption and distribution, reducing their intracellular accumulation and,

subsequently, their toxicity [1, 2].

Given its broad substrate specificity, its cellular polarized expression in many

excretory and barrier tissues, and its great efflux capacity, P-gp can be faced as a

potential antidotal pathway, when activated and/or induced [3, 4].

P-gp activators have the advantage of increasing P-gp activity without

interfering with P-gp protein expression, conferring a higher speed of action when

compared with P-gp inducers [3].

Xanthones are a group known to interact with P-gp as potential modulators
[5-7]. Therefore, this study aimed to evaluate the induction or/and activation

potential of 6 newly synthetized xanthonic derivatives (Xs), and their capacity

to protect Caco-2 cells against the cytotoxicity induced by paraquat, a toxic

P-gp substrate [5].

AIM

➢ Caco-2 cells were incubated for 24h with the tested Xs (0-50 µM), to evaluate

their cytotoxicity and select a non-cytotoxic working concentration. Neutral

Red (NR) uptake assay was used to estimate the cell viability.

➢ The effect of the tested xanthones on P-gp expression was evaluated by flow

cytometry, using a P-gp monoclonal antibody (UIC2) conjugated with

Phycoerythrin (PE).

➢ P-gp activity was measured through two different protocols, both using Rho

123 (10 μM) as a fluorescent P-gp substrate. In the first protocol, the

accumulation of Rho 123 was evaluated in Caco-2 cells previously

exposed to the tested xanthones for 24 h, assessing to eventual alterations

in P-gp activity due to the possible effects on P-gp expression caused by

the xanthones. Alternatively, in the second protocol, the accumulation of Rho

123 was evaluated in the presence of the tested xanthonic derivates,

allowing a direct detention of alterations in P-gp activity without affecting

protein expression.

➢ To evaluate Xs potential protective effects against toxic P-gp substrates,

Caco-2 cells were exposed, for 24 h, to increasing PQ concentrations (0-10000

μM), in the presence or absence of the tested Xs (20 µM, non-cytotoxic

concentration); the incubations were also performed with or without

simultaneous exposure to a potent P-gp inhibitor (Elacridar, 10 μM), to

assess P-gp involvement in the possible cellular protection conferred by

the Xs. PQ cytotoxicity was evaluated by the NR uptake assay.

➢ In silico, a P-gp model was constructed and validated to obtain a 3D

structure of human P-gp that could be used for the structure-based virtual

screening of an in-house library of xanthones, in search for new potential P-

gp modulators. Docking simulations between the validated P-gp model and

the tested compounds were undertaken. These compounds were also

mapped onto previously described P-gp induction and activation

pharmacophores [5-6].
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In vitro results

P-gp expression

Figure 1. Xanthones (0 – 50 µM) cytotoxicity in Caco-2 cells evaluated by the Neutral Red uptake assay 24 hours after exposure.

In silico results

Xanthones cytotoxicity assays

Docking studies

Figure 7. A) Ribbon representation for P-gp model and control/test

molecules docked to TMD (top) and NBD (botton). B) Detailed view of P-

gp inhibitor verapamil (green sticks) and test molecule X6 (blue sticks)

on the drug binding site on the interface of the transmembrane domains.

C) Detailed view of P-gp activator coelenteramide (orange sticks) and

test molecule X6 (blue sticks) on the drug binding site on the interface of

the transmembrane domains. D) Detailed view of P-gp inhibitor baicalein

(yellow sticks) and test molecule X6 (blue sticks) on the NBD. Polar

interactions are represented as yellow broken lines and residues

evolved are labeled. Residues involved in stacking interactions are

represented in sticks and labeled in italic.

• X6 bound with P-gp TMD with the highest affinity (highly

negative docking scores), presenting values of free

energy more negative and equal then known P-gp

inhibitors (verapamil, biricodar).

• Figure 7B reveals that test ligand X6 binds at the same

drug-binding pocket than known inhibitors such as

verapamil (Fig.7B) and known activators such as

coelenteramide (Fig.7C). Both verapamil and X6

establish π-stacking interactions with Phe-938, and

polar interactions with Asp-188 and Lys-934,

respectively (Fig.7B). Coelenteramide establishes polar

interactions with Glu-875, and Thr-941, as well as π-

stacking interactions with Phe-938 (Fig.7C).

• X6, which presented the most negative docking score on P-gp NBD amongst the tested small

molecules, binds in the site as known P-gp ATPase inhibitors such as baicalein (Fig.7D). The

residues involved in polar interaction with X6 and baicalein are Asp-164 and Arg-905,

respectively; both molecules establish π-stacking interactions with Tyr-401 (Fig.7D).

• Therefore, X6, as well as other xanthonic derivatives which revealed low docking scores

(such as X1, X2, X12, and X16), have potential of being P-gp modulators (inhibition and/or

activation), although further investigation is needed to better understand the biological

mechanism of action.

Pharmacophore for P-gp activators/inducers
Table 1 - Fit values of the tested xanthones to P-gp induction

pharmacophores I, III and IV and to P-gp activation pharmacophore V.

Fig. 8Y. A) X16 fit to pharmacophore I (P-gp induction);

B) X12 fit to pharmacophore IV (P-gp induction); C) X2 fit

to pharmacophore V (P-gp activation).

• X16 was the molecule with the best fitting to

pharmacophore I (Fig.8A, Table 1).

• The best matches were obtained for compounds

X12 and X2 on pharmacophores IV and V,

respectively. Accordingly, X12, X16 and other

xanthones have potential of being P-gp inducers.

• Compound X2 is predicted as being the most

active P-gp activator as it presents

pharmacophoric fit values of 2.99 in 3.00 (Fig.8C;
Table 1)

Figure 2. Flow cytometry analysis of P-glycoprotein expression levels in Caco-2 cells exposed to the tested xanthones (X, 20.0 μM) for 24 h, [*p 

< 0.05 vs. control (0 µM)]. 

Figure 4. P-glycoprotein activity levels in Caco-2 cells evaluated through the Rho 123 efflux in the presence of the tested xanthones (X, 20.0

μM) during the Rho 123 efflux phase, [**p < 0.01; ****p < 0.0001 vs. control (0 µM)].

Figure 3. P-glycoprotein activity levels evaluated through the Rho 123 efflux in Caco-2 cells exposed to the tested xanthones (X, 20.0 μM) for 24

h, [**p < 0.01; ***p < 0.001; ****p < 0.0001 vs. control (0 µM)].

Paraquat (PQ) cytotoxicity 
(simultaneous exposure to PQ and Xs, and with or without P-gp inhibition) 

➢ As previously reported for other xanthonic derivatives[5-7], the newly synthetized

xanthones demonstrated to interact with P-gp, both in silico and in vitro.

➢ The obtained results proved that the tested Xs did not reveal any significant

toxicity (0-50 µM) in Caco-2 cells, 24 h after exposure.

➢ Flow cytometry analysis of P-gp expression demonstrated that none of the

tested Xs (20 µM, for 24 h) significantly increased P-gp expression.

➢ P-gp activity measured 24 h after the exposure to the tested xanthones

demonstrated that, although no increases in P-gp expression were observed,

X1, X5, X6 and X12 significantly increased P-gp activity.

➢ P-gp activity was also evaluated with the tested compounds present only during

the short Rho 123 incubation period, indicating that X1, X2, X5, X6 and X12

have the ability to immediately increase P-gp activity without interfering with

P-gp protein expression, given the short incubation with the xanthones,

demonstrating a direct and rapid process.

➢ Correspondingly, some of the tested xanthones have shown potential in the

protection of Caco-2 cells against PQ-induced toxicity, highlighting X1, X2,

X12 and X16. Furthermore, these Xs revealed to protect Caco-2 cells

through a mechanism mediated by P-gp.

➢ Given the demonstrated in vitro potential of these xanthones as P-gp activators,

they can be faced as potential therapeutic approaches in cases of accumulation

of toxic substrates, such as PQ, and represent a promising source of new

derivatives with P-gp modulation ability that worths to be further explored.

Figure 5. Paraquat (PQ) concentration-response curves in the absence (PQ) or in the presence of 20 µM of the tested xanthones (PQ + Xs) (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 vs. PQ

alone).

Figure 6. Paraquat (PQ) concentration-response curves in the presence of a potent P-gp inhibitor (Elacridar, 10 µM), with (PQ + Elacridar + Xs)

and without (PQ + Elacridar) exposure to the tested xanthones (Xs, 20 µM) (*p<0.05; **p<0.01 vs. PQ + Elacridar curve).
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