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P-glycoprotein (P-gp) is an active drug efflux pump, which exists widely in various MDR tumor cells,
conferring drug resistance to tumor cells during chemotherapy. Some 4-thiazolidinone derivatives
containing indolin-2-one moiety are novel anti-tumor compounds. The aim of this study was to evaluate
the transport activity of P-gp towards 4-thiazolidinone derivatives containing indolin-2-one moiety (as
mixtures of 2Z, 5Z and 2E, 5Z isomers) and the transport inhibition activities of the derivatives to P-gp,
the results of which could provide crucial information for the further separation of and development on
the derivatives with excellent anti-tumor activities. The results indicate that the further separation and
development should be focused on compounds 7, 10, 12 and 13 (tumor cell cytotoxic P-gp modulators)
and compounds 8, 9, 17 and 18 (non-substrates of P-gp), which exhibit anti-tumor activities and could
overcome P-gp mediated MDR. Furthermore, the results of molecular docking indicate that Ser222, a
residue in TM4 domain of P-gp, exhibits an intriguing feature in that it interacts with all of the derivatives
related with P-gp transport in a significant way, including both typical substrates and modulators of P-gp.
Meanwhile, the compounds showing no interaction with Ser222 are mainly from the category of non-
substrates of P-gp. Therefore, the interaction between Ser222 and the tested derivative would provide
useful information for the further development on 4-thiazolidinone derivatives containing indolin-2-one
moiety.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Multidrug resistance (MDR) is defined as the simultaneous
resistance to many structurally and functionally unrelated drugs,
even to those to which the tumor cells have not been exposed
previously [1]. As reported, most tumors developing MDR are often
associated with the over-expression of permeability-glycoprotein
(P-gp), a 170-kDa transmembrane protein discovered in 1976
[2,3]. It is firmly established that P-gp-mediated multi-drug
o), wangyulin1971@126.com
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served.
resistance is a major obstacle to successful cancer chemotherapy
[4]. P-gp acts as an active drug efflux pump at the membrane sur-
face of tumor cells and confers drug-resistance to tumor cells by
reducing the intracellular concentration of anti-tumor drugs [5].
Therefore, it is necessary to evaluate the transport activity of P-gp
towards novel anti-tumor compounds during anti-tumor drug
development. Furthermore, the data on the transport inhibition
activity of a novel anti-tumor compound to P-gp could provide very
important information for future rational combination therapy
against tumors in clinical works as P-gp inhibitor anti-tumor drugs
increase the efficacy of P-gp substrate anti-tumor drugs.

4-Thiazolidinone derivatives are known for their broad spec-
trum of biological activities, including anticancer activity [6e10].
Among them, MMPT and DBPT have been reported to have
remarkable cytotoxicities against lung cancer cell line H460, and
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even some MDR cell lines, such as paclitaxel-resistantH460taxR and
navelbine-resistant H460VinR [11e13]. Our group have synthesized
a series of 4-thiazolidinone derivatives containing indolin-2-one
moiety, which are designed and synthesized based on the idea
that the combination of two privileged structures in one molecule
leads to drug-like molecules [14]. Most of the prepared compounds
exhibited significant antitumor activities against different human
cancer cell lines including HT-29, H460, MDA-MB-231 and SMMC-
7721. However, the interaction between P-gp and these derivatives
still remains . The aim of this study was to evaluate the transport
activity of P-gp to 4-thiazolidinone derivatives containing indolin-
2-one moiety (as mixtures of 2Z, 5Z and 2E, 5Z isomers) and the
transport inhibition activities of the derivatives to P-gp by cell
(K562/S and K562/ADM) based cytotoxicity assay and P-gp medi-
ated rhodamine 123 efflux inhibition assay, respectively. The K562/
ADM subline expresses P-gp at the membrane surface at a high
level, whereas the parent line (K562/S) does not [15]. 4-
thiazolidinone derivatives would kill K562/S and K562/ADM by
the same mechanism, while the IC50 value of the tested derivative
against K562/ADM would be higher significantly than that of
against K562/S when it could be transported by P-gp. Therefore, the
ratio between the IC50 values of the tested derivative against K562/
ADM and K562/S is an excellent standard for the evaluation of the
transport activity of P-gp towards this derivative. In this study, the
transport inhibition ratios of 4-thiazolidinone derivatives at
different concentrations to P-gp were measured by P-gp mediated
rhodamine 123 efflux inhibition assay. The IC50 values were
calculated by using sigmoidal plot. Our previous work shows that
the Km value of P-gp transporting towards rhodamine 123 is 7.2 mM
[16]. The Ki values were then calculated using IC50 values, Km value
of P-gp transporting towards rhodamine 123 and rhodamine 123
concentration with the ChengePrusoff equation [17].

The results of cytotoxicity assay and P-gp mediated rhodamine
123 efflux inhibition assay indicate that 4-thiazolidinone
Scheme 1. Reagents and conditions:(a) CS2, Et3N, Et2O, 25 �C, 0.5 h; (b) ClCH2COOH, K2CO3, M
piperidine, EtOH, reflux 3e4 h; (e) BF3$ET2O, HC(OEt)3, 1,4-dioxane, 80 �C; (f) Et3N, CH3CN
derivatives containing indolin-2-one moiety show different types
of interaction with P-gp, even with very similar molecular struc-
tures. Therefore, those derivatives could be classified into different
categories, including P-gp substrates, non-P-gp substrates and P-gp
modulators. AutoDock 4 was then used to identify the binding
residues in P-gp with the derivatives from different categories. The
results indicate that there is no significant difference amongst the
binding energies between P-gp and derivatives from each category.
However, Ser222, a residue in TM4 domain of P-gp, exhibits an
intriguing feature in that it interacts with all of the derivatives
related with P-gp transport in a significant way, including both
typical substrates and modulators of P-gp. Meanwhile, the com-
pounds showing no interaction with Ser222 are mainly from the
category of non-substrates of P-gp. The homology modeled human
P-gp structure used for docking represents the initial stage of the
transport cycle of P-gp [3,18]. Combined with the research of the
others [19,20], we proposed that Ser222 should act as one of the
triggers for the initiation of the transport cycle of P-gp.

2. Chemistry

The preparation of target compounds 1e19 was described in
Scheme 1 as reported in our previous article [14]. The indolin-2-
ones were synthesized from appropriate anilines according to the
reported procedures [21,22].

The 5-benzylidene-3-substitutedrhodanine intermediates Ib
and IIb were synthesized by reaction of the primary amine N,1N1-
dimethylethane-1,2-diamine or N1,N1-diethylpropane- 1,3-diamine
and carbon disulfide under basic conditions followed by ring
closure with chloroacetic acid and subsequent the intermediate Ia
or IIa was subjected to Knoevenagel condensation with suitable
benzaldehydes in refluxing ethanol. The S-ethylation of Ib and IIb
with boron trifluoride diethyl etherate and triethyl orthoformate
produced thiazolinium salts Ic and IIc, which were condensed with
eOH, H2O, 25 �C, 7e8 h; (c) concd. H2SO4, pH ¼ 4.0, 35e40 �C, 12 h; (d) Benzaldehyde,
, 25 �C, 4h.
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substituted indolin-2-ones in the presence of triethylamine to form
target compounds 1e19.

3. Results and discussion

3.1. Biological evaluation and molecular docking study on the
interaction of 4-thiazolidinone derivatives containing indolin-2-one
moiety (as mixtures of both isomers) with P-glycoprotein

The transport activity of P-gp to 4-thiazolidinone derivatives
containing indolin-2-one moiety and the transport inhibition ac-
tivities of the derivatives to P-gp were evaluated by cell (K562/S
and K562/ADM) based cytotoxicity assay and P-gp mediated
rhodamine 123 efflux inhibition assay, respectively. IC50 values of
the derivative against K562, the IC50 ratio between the IC50 values
of the tested derivative against K562/ADM and K562/S and the Ki
values of the derivatives against P-gp mediated rhodamine 123
efflux are shown in Table 1. The values of IC50 are the mean of at
least three independently performed experiments. Generally,
inter-experimental variation was below 20%. The control of adria-
mycin, a representative substrate of P-gp, shows an IC50 ratio of
6.75 (data not shown). AutoDock 4 and homology modeled human
P-gp structure [18] were then used to study the interaction be-
tween P-gp and the derivatives. Meanwhile, rhodamine 123 and
verapamil, the representative substrate and modulator of P-gp, are
used as control compounds for the study on the interaction be-
tween P-gp and its substrates and modulators. The interaction
between the derivatives and Ser222 within P-gp is shown in
Table 1.

As Table 1 shows, 4-thiazolidinone derivatives containing
indolin-2-one moiety exhibit multi-interaction types with P-gp,
even with similar molecular structures. Based on the data of IC50
ratio and Ki, the tested derivatives could be classified as typical
substrates of P-gp (The compounds show IC50 ratio values more
than 2 and Ki less than 2.23 mM. The compounds were labelled with
the head note of “a”), typical modulators of P-gp (The compounds
show IC50 ratio values less than 1.3 and Ki less than 2.23 mM. The
compounds were labelled with the head note of “b”) and typical
non-substrates of P-gp (The compounds show IC50 ratio values less
than 1.3 and Ki more than 2.23 mM. The compounds were labelled
with the head note of “c”) [23]. Meanwhile, compounds 2, 5, 6, 14
and 19 show IC50 ratio values ranging from 1.32 to 1.98 and Ki more
than 2.23 mM. Therefore, those compounds were classified as weak
substrates of P-gp. Compounds 1, 2, 3, 4, 5, 6, 11, 14, 15, 16 and 19
are of substrates of P-gp, which means those compounds could not
overcome the MDR mediated by P-gp. Therefore, those compounds
show no value for further development. Compounds 7, 10, 12 and
13 are of tumor cell cytotoxic P-gp modulators, which show IC50
ratios ranging from 0.48 to 1.20 and Ki ranging from 0.12 mM to
1.78 mM. Many anti-tumor drugs in clinical use are being chal-
lenged by MDR caused by multi-mechanisms [24]. P-gp mediated
MDR is one of the major obstacles for tumor clinical chemotherapy.
Therefore, a P-gp modulator anti-tumor drug will increase the ef-
ficacy of another anti-tumor drug with the property of P-gp sub-
strate when they are administrated together to tumor patients.
Thus, the four derivatives show a more promising future than the
others at this point. Furthermore, there are still a few of the
compounds which can not be transported by P-gp, nor can they
inhibit P-gp mediated rhodamine 123 transport, such as com-
pounds 8, 9, 17 and 18. Those derivatives that are of non-substrates
of P-gp, also demonstrate a promising future for further separation
and development.

Understanding the interaction mechanism between anti-tumor
compounds and P-gp is crucial for the further optimization of these
compounds. The molecular mechanism of drug transport by P-gp is
still not well understood at present, due to the lack of a high res-
olution crystal structure for human P-gp. Molecular docking was
performed to understand the interaction between 4-thiazolidinone
derivatives containing indolin-2-one moiety and P-gp, which
would provide useful information for the further optimization of
those derivatives. The results indicate that there is no significant
difference amongst the binding energies between P-gp and de-
rivatives from each category (data not shown). However, Ser222, a
residue in TM4 domain of P-gp [19], exhibits an intriguing feature
in that it interacts with all of the derivatives related with P-gp
transport in a significant way, including both typical substrates and
modulators of P-gp. Furthermore, Ser222 even interacts with all of
the weak substrates of P-gp, except for the 2Z, 5Z isomer of com-
pound 19. Meanwhile, the compounds showing no interactionwith
Ser222 are mainly from the category of non-substrates of P-gp
(only the 2Z, 5Z isomer of compound 19 is from the category of
weak substrates of P-gp). Ser222 also could interact with rhoda-
mine 123 and verapamil, the control compounds for substrate and
modulator of P-gp, respectively, at preferred ligand docking clus-
ters. Furthermore, the results of molecular docking also showed
that most of the P-gp substrate and modulator derivatives could
interact with Pro223, the neighbor residue of Ser222 within P-gp
(data not show). This could mean that Pro223 may act as an as-
sistant for Ser222 and could increase the interaction efficacy be-
tween P-gp and the derivatives, regardless of substrates or
modulators. The representative results could be seen in Fig. 1 and
Fig. 2.

The homology modeled human P-gp structure represents the
initial stage of the transport cycle of P-gp [3]. Furthermore, Ser222
locates at the entrance gate to the drug binding cavity of P-gp and is
involved in the interaction between P-gp and its substrates [19].
The research of Loo and Clark also has confirmed that Ser222 could
bind with verapamil, a representative modulators of P-gp [20].
Therefore, we proposed that Ser222 should act as one of the trig-
gers for the initiation of the transport cycle of P-gp, which means
that the binding of Ser222 with substrate will activate ATPase ac-
tivity of P-gp and cause P-gp to undergo large structural changes to
transport substrate outside of the cell. The initiation of P-gp
transport should be independent with the following substrate
translocation during the whole transport cycle. The modulators
inhibit the transport activity of P-gp towards substrate by blocking
the binding between the trigger residues within P-gp and substrate.
However, they could not be transported by P-gp as they could not
bind with the residues responsible for substrates translocation.
Therefore, the molecular docking study based on the initial stage
structure of P-gp only could be used to distinguish non-substrates
of P-gp from those that could interact with P-gp, including both
substrates and modulators of P-gp.

Accurate computational prediction of P-gp protein structure
represents a good starting point for molecular docking study. The
annotation of the function of Ser222 in P-gp has proven a successful
homology model constructed by G.E. Jara. The issue of substrate
translocation within P-gp should be addressed by the combination
of biochemical experiment, molecular docking and molecular dy-
namics simulations.

4. Conclusions

In summary, 4-thiazolidinone derivatives containing indolin-2-
one moiety exhibit multi-interaction types with P-gp, which would
provide crucial information for the further separation and devel-
opment on those derivatives. The further separation and develop-
ment should be focused on compounds 7, 10, 12 and 13 (tumor cell
cytotoxic P-gp modulators) and compounds 8, 9, 17 and 18 (non-
substrates of P-gp). Ser222 may be acting as one of the triggers



Table 1
Structures, interaction with Ser222, IC50 values against K562/A, K562/S and Ki values towards P-gp mediated Rho123 transport of compounds 1e19.

# R Ar Y IC50/mM IC50 ratio Ki/mM Interaction with
Ser222

K562/A K562/S 2E, 5Z 2Z, 5Z

1a 5-Me 30.58 14.76 2.07 1.71 þ þ

2 H 6.16 4.28 1.44 >2.23 þ þ

3a H 7.95 1.44 5.53 0.48 þ þ

4a 5- Me 5.03 2.04 2.46 0.94 þ þ

5 5-F 12.52 7.38 1.70 >2.23 þ þ

6 6-F 2.98 2.26 1.32 >2.23 þ þ

7b 5-Cl 5.05 4.86 1.04 1.78 þ þ

8c 5-F 6.48 13.39 0.48 >2.23 e e

9c 5-Me 6.8 6.74 1.01 >2.23 e e

10b 6-F 4.12 3.69 1.12 1.01 þ þ

11a H 6.65 2.58 2.58 0.73 þ þ

12b 5- Me 2.02 4.17 0.48 0.32 þ þ

13b 5-F 2.86 2.39 1.20 0.12 þ þ

14 6-F 1.64 1.18 1.39 0.47 þ þ

15a 5-Cl 1.65 0.82 2.02 0.22 þ þ

16a 5-F 6.14 1.30 4.73 1.34 þ þ

17c 6-F 7.16 5.59 1.28 >2.23 þ e

(continued on next page)
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Table 1 (continued )

# R Ar Y IC50/mM IC50 ratio Ki/mM Interaction with
Ser222

K562/A K562/S 2E, 5Z 2Z, 5Z

18c H 0.78 1.32 0.59 >2.23 þ e

19 5-Cl 48.81 24.63 1.98 >2.23 þ e

Note: Based on the data of IC50 ratio and Ki, compounds with the head note of “a” were classified as typical substrates of P-gp, compounds with the head note of “b” were
classified as typical modulators of P-gp, compounds with the head note of “c” were classified as typical non substrates of P-gp, and compounds without head note were
classified as weak substrates of P-gp,.
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within P-gp, which is responsible for the initiation of P-gp transport
cycle towards 4-thiazolidinone derivatives containing indolin-2-
one moiety. The interaction between the tested compound and
Ser222 would provide important information for the further opti-
mization of 4-thiazolidinone derivatives containing indolin-2-one
moiety.

5. Experiment

5.1. Chemistry

The preparation of the target compounds 1e19 was achieved in
6 steps from commercially available N1,N1-dimethylethane-1,2-
diamine or N1,N1-diethylpropane-1,3-diamine as shown in
Scheme 1, which has been illustrated in detail in our previous study
[14] (see also Supplementary information).

5.2. Cytotoxicity assay of 4-thiazolidinone derivatives containing
indolin-2-one moiety against K562/S and K562/ADM

SRB assay was performed based on the method of Vichai and
Kirtikara with minor modifications [25]. In brief, 100 ml of serially
diluted tested compoundwas loaded into 96-well plates. Cells were
seeded into 96-well plates at 6000 viable cells per well. Blank wells
(no cells and no compounds) and control (no compounds) wells
were set up. After 48 h incubation, the plates were centrifuged at
the speed of 3000 rpm for 10 min. Afterwards, the medium was
removed. The cells were fixed by addition of 100 ml of cold 16%
Fig. 1. Superimposition of the docking of compound 11 (substrate of P-gp, black),
compound 12 (modulator of P-gp, gold), compound 18 (non-substrate of P-gp, blue),
Rhodamine 123 (representative substrate of P-gp, dark red) and S-(-) Verapamil
(representative modulator of P-gp, grey) in P-gp. Ser222 and Pro223 are labeled as
green and cyan, respectively. All the three 4-thiazolidinone derivatives containing
indolin-2-one moiety above are in the isomeric form of 2Z, 5Z. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)
trichloroacetic acid (TCA, 4 �C) in each well. The plate was incu-
bated at 4 �C for 1 h before being gently washed for five times with
tap water to remove TCA. The plates were air dried. Then, 50 ml of
0.4% (w:v) SRB dissolved in 1% acetic acid (v:v) was added to each
well for 45min. At the end of the staining period, unbound SRBwas
removed bywashing it four times with 1% acetic acid. The plate was
air dried again, and 100 ml of 10 mM Tris base solution (pH ¼ 10.5)
was added into each well to make the cell-bound dye soluble. The
plate was shaken for 15 min on a gyratory shaker followed by
reading the optical density (OD) at 570 nm in a microplate spec-
trophotometer. Survival rates were calculated as follows: Cell sur-
vival rate (%)¼(T-B)/(CeB) *100%, T is the mean absorbance in the
presence of a defined drug concentration, C is the mean absorbance
of controls, and B is the mean absorbance of blanks. The IC50 values
were calculated by using sigmoidal plot.

5.3. P-gp mediated rhodamine 123 efflux inhibition assay

250 ml of serially diluted tested compound in PRMI 1640 con-
taining 17.84 mM of rhodamine 123 were loaded into 1.5 ml
Eppendorf tubes. Then theywere loadedwith 250 ml of K562/A cells
at a density of 1.2 � 106 cells/ml. At the same time, AR tubes (no
tested compounds) and AVR tubes (AR tube containing 100 mM
verapamil) were set up. All the tubes are duplicated for one test.
Influx was stopped by centrifugation at 30 min, and the cells were
then washed with ice-cold PBS containing verapamil 100 mM.
Thereafter the cells were resuspended by 100 ml of ice-cold PBS
containing verapamil 100 mM. The fluorescence was measured by a
spectrofluorometer (Molecular Devices:GEMINI XPS) with an
excitation wave length of 488 nm and an emission wavelength of
585 nm. Efflux inhibition rate was calculated as follows: Efflux in-
hibition rate (%)¼(FT-FAR)/(FAVR-FAR) *100%, FT is the mean fluores-
cence with the presence of a defined tested compound
concentration, FAR is the mean fluorescence of AR, and FAVR is the
mean fluorescence of AVR. The IC50 values were calculated by using
the sigmoidal plot. Our previous work shows that the Km value of P-
gp transporting towards rhodamine 123 is 7.2 mM. Then, the Ki
values were calculated using IC50 values, Km value of P-gp trans-
porting towards rhodamine 123 and rhodamine 123 concentration
(8.92 mM) with the ChengePrusoff equation [17].

5.4. Molecular docking

AutoDock 4 was used to perform docking calculations. The ho-
mology modeled human P-gp structure by Jara et al. [18] was used
in the docking calculations. Polar hydrogens were added and en-
ergy minimization was made employing both steepest descent and
conjugate gradients protocols. Atomic solvation parameters and
fragmental volumes for the proteinswere assigned using the addsol
utility in the AutoDock 4 program. Resides around rhodamine 123



Fig. 2. Binding geometry of compound 11 (A), compound 12 (B), compound 18 (C), Rhodamine 123 (D) and S-(-) Verapamil (E) into the P-gp binding pocket and the interaction of
the compounds with P-gp predicted by the Autodock docking algorithms. Ser222 and Pro223 are labeled as green and cyan, respectively. All the three 4-thiazolidinone derivatives
containing indolin-2-one moiety above are in the isomeric form of 2Z, 5Z. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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binding site (R-site), including S222, F303, V338, L339, F343, were
used to define binding pocket for docking. A 60 � 60 � 60 Å grid
box with a grid spacing of 0.375 Å was generated for the receptor.
Affinity grid fields were generated using the auxiliary program
AutoGrid 4.

Ligand structures were built with Tripos Sybyl 6.9.1 software
package, assigned charges using the GasteigereHückel method and
minimized with the Powell method (Tripos force field) to an energy
gradient of 0.05 kcal/(mol�Å). Flexible torsions in the ligands were
assigned and all dihedral angles were allowed to rotate freely.

The Lamarckian genetic algorithm (LGA) was used to find the
appropriate binding positions, orientations, and conformations of
the ligands. The optimized AutoDocking parameters are as follows:
the maximum number of energy evaluations was increased to
25,000,000 per run; the iterations of Solis & Wets local search was
3000; the number of individuals in population was 300 and the
number of generations was 100. Results differing by less than 2 Å in
a positional root mean square deviation (RMSD) were clustered
together. In each group, the lowest binding energy configuration
with the highest % frequency was selected as the group represen-
tative. All other parameters were maintained as default. Accelrys
Discovery Studio Visualizer 4.0 was used for graphic display.
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