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ABSTRACT: We have synthesized two series of bile acid
tamoxifen conjugates using three bile acids lithocholic acid
(LCA), deoxycholic acid (DCA), and cholic acid (CA). These
bile acid−tamoxifen conjugates possess 1, 2, and 3 tamoxifen
molecules attached to hydroxyl groups of bile acids having free
acid and amine functionalities at the tail region of bile acids.
The in vitro anticancer activities of these bile acid−tamoxifen
conjugates show that the free amine headgroup based cholic
acid−tamoxifen conjugate (CA-Tam3-Am) is the most potent
anticancer conjugate as compared to the parent drug tamoxifen
and other acid and amine headgroup based bile acid−
tamoxifen conjugates. The cholic acid−tamoxifen conjugate
(CA-Tam3-Am) bearing three tamoxifen molecules shows
enhanced anticancer activities in both estrogen receptor +ve
and estrogen receptor −ve breast cancer cell lines. The
enhanced anticancer activity of CA-Tam3-Am is due to more
favorable irreversible electrostatic interactions followed by
intercalation of these conjugates in hydrophobic core of membrane lipids causing increase in membrane fluidity. Annexin-FITC
based FACS analysis showed that cells undergo apoptosis, and cell cycle analysis showed the arrest of cells in sub G0 phase. ROS
assays showed a high amount of generation of ROS independent of ER status of the cell line indicating changes in mitochondrial
membrane fluidity upon the uptake of the conjugate that further leads to the release of cytochrome c, a direct and indirect
regulator of ROS. The mechanistic studies for apoptosis using PCR and western analysis showed apoptotsis by intrinsic and
extrinsic pathways in ER +ve MCF-7 cells and by only an intrinsic pathway in ER −ve cells. In vivo studies in the 4T1 tumor
model showed that CA-Tam3-Am is more potent than tamoxifen. These studies showed that bile acids provide a new scaffold for
high drug loading and that their anticancer activities strongly depend on charge and hydrophobicity of lipid−drug conjugates.

■ INTRODUCTION

Cancer chemotherapy aims for the specific delivery of
chemotherapeutic drugs to target cancer cells leading to the
destruction of primary tumors in the body.1 Chemotherapy for
cancer is associated with challenges and complications like the
(1) inability of drug molecules to cross the biological barriers;
(2) poor specificity leading to the advent of several side effects;
(3) low accumulation of drugs inside cancer cells; and (4) rapid
development of resistance of cancer cell to chemotherapeutic
drugs.2 To overcome these challenges, drug delivery systems
like liposomes, polymers, dendrimers, and nanoparticles have
been developed for the effective delivery of chemotherapeutic
drugs.3 Clinically, low outputs of existing drug delivery systems
stress upon the development of better drug delivery vehicles
and understanding the mechanisms of these delivery vehicles.

Breast cancer is the second leading cause of cancer deaths
today after lung cancer and is the most common cancer among
women.4 Tamoxifen belongs to a class of nonsteroidal
triphenylethylene derivatives and is the first selective estrogen
receptor modulator (SERM). Tamoxifen shows its potential
effects in patients who possess estrogen receptor (ER) positive
(+ve) cancer cells by competing with estrogen for estrogen
receptors. Regardless of estrogen receptor status, tamoxifen has
also been useful for the treatment of women with early stage
breast cancers as it shows cytotoxic effects toward ER +ve and
ER negative (−ve) tumor cells.5 The major challenge of
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commercialized tamoxifen citrate is its poor oral bioavailability,
high hepatic and intestinal first pass metabolism, hepatotox-
icities, and a high risk of endometrial cancer.6

Lipid−drug conjugates can provide alternative drug delivery
vehicles to overcome the challenges and complications of
existing anticancer drugs. Covalent conjugation of drugs to lipid
molecules with labile linkages would help in controlled drug
release from lipid−drug conjugates and would increase the
efficacy of drug loading capacity. Lipid−drug conjugates
provide better cellular penetration, controlled drug release,
better pharmacokinetics, improved tumor accumulation, and
better cellular penetration leading to enhanced therapeutic
activity and lower toxicity. Sengupta et al. have recently
reported the conjugation of cisplatin to cholesterol and its
liposomal formulation for anticancer activities.7 The efficiency
of lipid-anticancer drugs depends on lipid’s carbon chain length,
configuration of double bonds, location, and the nature of
covalent linkage with the drug. Chikkara and co-workers have
synthesized a library of lipid drug conjugates and explored for
anticancer8 and anti-HIV activities.9 Banerjee et al. studied
cationic lipid-haloperidol conjugates10 and lipid-modified
estrogen derivatives for treatment of breast cancer.11

The amount of drug loading in a carrier and its surface
characteristics are very important parameters in cancer
chemotherapy. The rigid steroidal backbone, facial amphiphilic
character, chemically different hydroxyl groups, enantiomeric
purity, low costs, and availability make bile acids ideal building
blocks for drug delivery applications.12 Bile acids offer structural
advantages for the conjugation of drugs using their −OH and
−COOH functional groups. Polli et al. have shown the
increased oral bioavailability of acyclovir on conjugation with
bile acid.13 Similarly, cholic acid−cisplatin conjugates were
tested for their anticancer activities in human cancer cell lines.14

Facial amphiphilic character of bile acids including the
hydrophobic backbone can be used to explore the micelle-
based nanoparticles for drug encapsulation and anticancer
therapy. Wang and co-workers have synthesized a biocompat-
ible amphiphilic telodendrimer system based on cholic acid and
explored its self-assemblies for efficient delivery of paclitaxel in
different tumor models.15

The major challenge in cancer drug delivery is the decreased
amount of drug uptake and accumulation in cancer cells. One
of the ways to tackle the drug accumulation problem is to use a
suitable carrier that has maximum drug loading capacity. The
chemistry and biology of a drug carrier play a key role in
selective delivery and intratumoral accumulation of the drug.
Covalent linkage of drugs to the carrier will add advantages to
its delivery. Endogenous bile acids offer such advantages with
good drug conjugating capacity, and it can be modified with
different head groups that would help in effective interactions
with cells to improve intracellular accumulation of drugs. In this
article, we present the conjugation strategies for the synthesis of
bile acid−tamoxifen conjugates possessing acid and amine head
groups with the anticipation that amine head groups will
interact better than acid head groups that would further help in
the intracellular accumulation of these conjugates. These
conjugates were then explored for anticancer activities in
three estrogen +ve 4T1, MCF-7, and T47D, and one estrogen
−ve MDA-MB-231 cell line. The interactions of bile acid−
tamoxifen conjugates with model membranes were studied
using surface plasmon resonance (SPR) and DPH based
fluorescence anisotropic studies to explore the differential
activities of bile acid−tamoxifen conjugates. Then, we explored
the mechanism of anticancer activities using Annexin-FITC, cell
cycle assay, ROS generation assay, PCR, and Western blotting

Figure 1.Molecular structures of Tam, LCA-Tam1-Ad, DCA-Tam2-Ad, CA-Tam3-Ad, LCA-Tam1-Am, DCA-Tam2-Am, and CA-Tam3-Am used in
this study.
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studies. The in vivo potential of bile acid−tamoxifen conjugate
was then explored in 4T1 tumor models.

■ EXPERIMENTAL SECTION
Materials and Methods. All of the solvents and chemicals

used are of ACS grade. Lithocholic acid (LCA), deoxycholic
acid (DCA), cholic acid (CA), tamoxifen, chloroacetic
anhydride, diphenylhexatriene (DPH), and octyl glucoside
were purchased from Sigma-Aldrich. The HPA chip was
obtained from GE Healthcare, USA. DPPC was purchased from
Avanti Polar Lipids, USA. Unless mentioned, all of the
compounds were purified using Combi-flash chromatography
using silica gel redi-sep columns. All of the 1H NMR spectra
were recorded on a Bruker-Avance-500 MHz FT-NMR
spectrometer. Chemical shifts are reported in δ ppm reference
to CDCl3 for

1H NMR. All of the mass spectra were recorded
with an AB SCIEX Triple TOF 5600 system.
Synthesis of N-Desmethyltamoxifen. Tamoxifen (0.53

g, 1.43 mmol) was dissolved in anhydrous dichloroethane (15
mL) at 0 °C followed by the addition of 2-chloroethyl
chloroformate (0.17 mL, 1.49 mmol) and allowed to stir for 15
min. The reaction mixture was refluxed for 24 h, and the
solvent was evaporated to obtain yellowish oil. This yellowish
oil was dissolved in methanol (10 mL), and the reaction
mixture was refluxed for ∼3 h. The solvent was evaporated, and
the reaction mixture was purified by column chromatography
using 230−400 mesh silica gel, with solvent system 10:1
CH2Cl2/CH3OH to obtain 0.52 g (91%) of N-desmethyl
tamoxifen. 1H NMR (DMSO-d6, 500 MHz) δ 0.84 (3H, t, J =
7.2 Hz), 2.37 (2H, q, J = 14.8, 7.6 Hz), 2.56 (3H, s), 3.12 (2H,
t, J = 4.8 Hz), 4.08 (2H, t, J = 4.8 Hz), 6.65 (2H, d, J = 8.8 Hz),
6.77 (2H, d, J = 8.8 Hz), 7.14−7.38 (10H, m), 8.8 (1H, br);
HRMS (ESI) (C25H27NO)

+ calcd, 358.2171; found, 358.21.
Synthesis of Bile Acid−Tamoxifen Conjugates Bear-

ing Acid Groups (1−3) (Scheme 1). General Procedure for
the Synthesis of Bile Acid Methyl Esters (8a/8b/8c). Bile acid
(7a/7b/7c) (10 mmol) was dissolved in anhydrous methanol
(50 mL); conc. HCl (5 mL) was added to it, and the reaction

mixture was stirred for 12 h at room temperature. After 12 h,
the solvent was evaporated; the mixture was diluted with
dichloromethane (150 mL) and washed with NaHCO3 solution
(2 × 20 mL) and brine (2 × 10 mL). The organic phase was
dried over anhydrous Na2SO4, and the solvent was evaporated
in vacuum. The colorless crystalline solid obtained was taken
for further reaction without any purification.

Methyl 3α-Hydroxy-5β-lithocholan-24-oate (8a). Yield
98%. 1H NMR (500 MHz, CDCl3): δ 0.67 (3 H, s, C18-
CH3), 0.97−1.96 (m), 2.18−2.28 (1 H, m), 2.32−2.40 (1 H,
m), 3.40−3.44 (1 H, m, C3-CH), 3.66 (3 H, s, −CO-OCH3).
HRMS (ESI): m/z (C25H42O3)

+ calcd, 390.3134; found,
390.3284 (M+), 413.2949 (M + Na)+.

Methyl 3α,12α-Dihydroxy-5β-deoxycholan-24-oate (8b).
Yield 98%. 1H NMR (500 MHz, CDCl3): δ 0.67 (3 H, s, C18-
CH3), 0.91 (3 H, s, C19-CH3), 0.97 (3 H, d, J = 4.5 Hz, C21-
CH3), 1.07−1.83 (m), 2.21−2.28 (1 H, m), 2.35−2.41 (1H, m,
C3-CH), 3.66 (3 H, s, −CO-OCH3), 3.98 (1H, s, C12-CH).
HRMS (ESI): m/z (C25H42O4)

+ calcd, 406.3083; found,
407.3088 (M + H)+, 429.2903 (M + Na)+.

Methyl 3α,7α,12α-Trihydroxy-5β-cholan-24-oate (8c).
Yield 98%. 1H NMR (500 MHz, CDCl3): δ 0.67 (3 H, s,
C18-CH3), 0.88 (3 H, s, C19-CH3), 0.97 (3 H, d, J = 6.1 Hz, C21-
CH3), 1.24−2.36 (m), 3.40−3.44 (1 H, m, C3-CH), 3.66 (3 H,
s, −CO-OCH3), 3.84 (1 H, s, C12-CH), 3.96 (1 H, s, C7-CH).
HRMS (ESI): m/z (C25H42O5)

+ calcd, 422.3032; found,
423.3038 (M + H)+.

General Procedure for the Synthesis of (2′-Chloro)acetoxy
Derivatives of Bile Acid Methyl Esters (9a/9b/9c). To a
solution of compound (8a/8b/8c) (5 mmol) in toluene (25
mL), pyridine (2 mL) and DMAP (0.25 mmol) were added
and stirred at room temperature for 30 min. To this reaction
mixture, a solution of chloroacetic anhydride (1.2 equiv for 8a;
2.4 equiv for 8b; and 3.6 equiv for 8c) in toluene (5 mL) was
added, then the reaction mixture was heated to 90 °C for 12 h.
The solvent was evaporated in vacuum, diluted with dichloro-
methane (50 mL), and washed with brine solution (2 × 20
mL). The organic phase was dried over anhydrous Na2SO4 and

Scheme 1. Synthesis of Bile Acid−Tamoxifen Conjugates Bearing Acid Head Groupsa

aReagents, reaction conditions, and yields: (i) MeOH, conc. HCl, RT, 12 h, 98%; (ii) chloroacetic anhydride, pyridine, DMAP, toluene, 90 °C, 12 h,
80−88%; (iii) N-desmethyl tamoxifen, TEA, acetonitrile, reflux, 16 h, 65−70%; (iv) 2 M NaOH, 1:1 THF-acetonitrile, 0 °C to RT, 6 h, 40−48%.
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evaporated in vacuum. The crude product was purified by silica
gel (230−400 mesh) combi-flash column chromatography
using ethyl acetate-pet ether as eluent to obtain a colorless
solid.
Methyl 3α-(2′-Chloro)acetoxy-5β-lithocholan-24-oate

(9a). Yield 88%. 1H NMR (500 MHz, CDCl3): δ 0.64 (3 H,
s, C18-CH3), 0.90−1.97 (m), 2.17−2.21 (6 H, m), 2.35−2.40 (1
H, m), 3.66 (3 H, s, −CO-O-CH3), 4.03 (2 H, s, −CO-CH2-
Cl), 4.76−4.85 (1 H, m, C3-CH). HRMS (ESI): m/z
(C27H43O4Cl)

+ calcd, 466.2850; found, 466.3469 (M+),
489.2664 (M + Na)+.
Methyl 3α,12α-di(2′-Chloro)acetoxy-5β-deoxycholan-24-

oate (9b). Yield 85%. 1H NMR (500 MHz, CDCl3): δ 0.74
(3 H, s, C18-CH3), 0.78 (3 H, d, J = 6.5 Hz, C21-CH3), 0.923 (3
H, s, C19-CH3), 1.03−1.89 (m), 2.30−2.39 (1 H, m), 2.17−2.25
(1 H, m), 3.66 (3 H, s, −CO-OCH3), 4.03 (2 H, s, −CO-CH2-
Cl), 4.07 (2 H, s, −CO-CH2-Cl), 4.13 (2 H, s), 4.75−4.83 (1
H, m, C3-CH), 5.19 (1 H, s, C12-CH). HRMS (ESI): m/z
(C29H44O6Cl2)

+ calcd, 558.2515; found, 581.2356 (M + Na)+.
Methyl 3α,7α,12α-tri(2′-Chloro)acetoxy-5β-cholan-24-

oate (9c). Yield 80%. 1H NMR (500 MHz, CDCl3): δ 0.75
(3 H, s, C18-CH3), 0.83 (3 H, d, J = 6.0 Hz, C21-CH3), 0.94 (3
H, s, C19-CH3), 1.09−2.20 (m), 2.30−2.40 (1 H, m), 3.65 (3 H,
s, −CO-OCH3), 4.02−4.12 (6 H, m, 3 × −CO-CH2-Cl), 4.64−
4.74 (1 H, m, C3-CH), 5.04 (1 H, s, C7-CH), 5.20 (1 H, s, C12-
CH). HRMS (ESI): m/z (C31H45O8Cl3)

+ calcd, 650.2184;
found, 672.2405 (M + Na)+.
General Procedure for the Conjugation of Tamoxifen to

Bile Acid Methyl Esters (10a/10b/10c). To a solution of
compound (9a/9b/9c) (3 mmol) in acetonitrile (15 mL),
triethylamine (2 mL) and desmethylated tamoxifen (1.1 equiv
for 9a; 2.2 equiv for 9b; and 3.3 equiv for 9c) was added, and
the reaction mixture was refluxed for 16 h. The solvent was
evaporated in vacuum, diluted with DCM (50 mL), and washed
with brine solution (2 × 10 mL). The organic phase was dried
over anhydrous Na2SO4 and evaporated in vacuum. The crude

product was purified by silica gel (230−400 mesh) combi-flash
column chromatography using ethyl acetate-pet ether as eluent
to obtain a colorless solid.

Compound (10a). Yield 70%. 1H NMR (500 MHz, CDCl3):
δ 0.63 (3 H, s, C18-CH3), 0.86−1.98 (m), 2.17−2.25 (9H, m),
2.31−2.39 (1 H, m), 2.45 (5 H, s), 2.91 (2 H, t, J = 5.0 Hz, -N-
CH2), 3.33 (2 H, s, −CO-CH2-N), 3.66 (3 H, s, −CO-OCH3),
3.95 (2 H, t, J = 5.5 Hz, 2 × -O-CH2-), 4.73−4.81 (1 H, m, C3-
CH), 6.54 (2 H, d, J = 8.5 Hz, 2 × Ar-CH), 6.75 (2 H, d, J = 8.5
Hz, 2 × −O-Ar-CH), 7.11−7.34 (10 H, m, 2 × C6H5). HRMS
(ESI): m/z (C52H69O5N)

+ calcd, 787.5176; found 788.5660 (M
+ H)+.

Compound (10b). Yield 65%. 1H NMR (500 MHz, CDCl3):
δ 0.718−1.91 (m), 2.04 (2 H, s), 2.17 (3 H, m), 2.27−2.32 (1
H, m), 2.37 (3 H, s), 2.45 (6 H, s), 2.81−2.97 (4 H, m), 3.25 (2
H, s), 3.39 (2 H, s), 3.63 (3 H, s), 3.89 (2 H, t, J = 5.5 Hz), 3.93
(2 H, t, J = 6 Hz), 4.10−4.14 (1 H, m), 4.69−4.74 (1 H, m, C3-
CH), 5.14 (1 H, s, C12-CH), 6.51 (4 H, d, J = 8.5 Hz, 4 × Ar-
CH), 6.74 (4 H, d, J = 8.5 Hz, 4 × −O-Ar-CH), 7.10−7.33 (20
H, m, 4 × C6H5). HRMS (ESI): m/z (C79H96O8N2)

+ calcd,
1200.7167; found, 1201.7870 (M + H)+.

Compound (10c). Yield 70%. 1H NMR (500 MHz, CDCl3):
δ 0.71 (3 H, s, C18-CH3), 0.77−2.32 (m), 2.36 (3 H, s), 2.45 (9
H, s, 3 × -N-CH3), 2.79−2.91 (6 H, m, 3 × -N-CH2), 3.20−
3.45 (6 H, m, 3 × −CO-CH2-N-), 3.61 (3 H, s, −CO-OCH3),
3.84−3.90 (6 H, m, 3 × -O-CH2-), 4.54−4.63 (1 H, m, C3-CH),
4.95 (1 H, s, C7-CH), 5.17 (1 H, s, C12-CH), 6.49 (6 H, d, J =
8.0 Hz, 3 × Ar-CH), 6.73 (6 H, d, J = 8.0 Hz, 6 × −O-Ar-CH),
6.74−7.32 (30 H, m, 6 × C6H5). HRMS (ESI): m/z
(C106H123O11N3)

+ calcd, 1613.9158; found, 1615.0201 (M +
H)+.

General Procedure for Ester Hydrolysis (1/2/3). To a
solution of compound (10a/10b/10c) (1.5 mmol) in 1:1
acetonitrile−THF (10 mL), 2 M NaOH (2 mL) was added
dropwise at 0 °C, and the reaction was continued at room
temperature for about 6 h. The solvent was evaporated in

Scheme 2. Synthesis of Bile Acid−Tamoxifen Conjugates Bearing Amine Head Groupsa

aReagents, reaction conditions, and yields: (i) NHS, EDC·HCl, DMF, RT, 8 h, N-bocethanolamine, RT, 12 h, 78−85%; (ii) chloroacetic anhydride,
pyridine, DMAP, toluene, 90 °C, 12 h, 76−90%; (iii) N-desmethyl tamoxifen, TEA, acetonitrile, reflux, 16 h, 68−80%; (iv) TFA, CH2Cl2, 0 °C to
RT, 6 h, 96−98%, amberlyte IRA-900, MeOH, RT, 8 h.
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vacuum, and the residue was diluted with DCM (25 mL) and
washed with 2 N HCl solution (2 × 3 mL) and brine solution
(2 × 5 mL). The organic phase was dried over anhydrous
Na2SO4 and evaporated in vacuo. The crude product was
purified by silica gel (230−400 mesh) combi-flash column
chromatography using ethyl acetate-pet ether as eluent to
obtain a colorless solid.
Compound (1). Yield 45%. 1H NMR (CDCl3, 500 MHz) δ

0.64 (3 H, s, C18-CH3), 0.86−1.89 (m), 2.17−2.25 (9 H, m),
2.31−2.39 (1 H, m), 2.45 (5 H, s), 2.91 (2 H, t, J = 5.0 Hz, -N-
CH2), 3.33 (2 H, s, −CO-CH2-N), 3.95 (2 H, t, J = 5.5 Hz, 2 ×
-O-CH2-), 4.73- 4.81 (1 H, m, C3-CH), 6.54 (2 H, d, J = 8.5 Hz,
2 × Ar-CH), 6.75 (2 H, d, J = 8.5 Hz, 2 × −O-Ar-CH), 7.11−
7.34 (10 H, m, 2 × C6H5). MS (ESI): m/z (C51H67O5N)

+

calcd, 773.5; found, 773.4 (M+).
Compound (2). Yield 40%. 1H NMR (500 MHz, CDCl3): δ

0.718−1.91 (m), 2.04 (2 H, s), 2.17 (3 H, m), 2.27−2.32 (1 H,
m), 2.37 (3 H, s), 2.45 (6 H, s), 2.81−2.97 (4 H, m), 3.25 (2 H,
s), 3.39 (2 H, s), 3.89 (2 H, t, J = 5.5 Hz), 3.93 (2 H, t, J = 6
Hz), 4.10−4.14 (1 H, m), 4.69−4.74 (1 H, m), 5.14 (1 H, s),
6.51 (4 H, d, J = 8.5 Hz, 4 × Ar-CH), 6.74 (4 H, d, J = 8.5 Hz, 4
× −O-Ar-CH), 7.10−7.33 (20 H, m, 4 × C6H5). HRMS (ESI):
m/z (C78H94O8N2)

+ calcd, 1186.701; found, 1187.5 (M + H)+.
Compound (3). Yield 48%. 1H NMR (CDCl3, 500 MHz) δ

0.71 (3 H, s, C18-CH3), 0.77−2.32 (m), 2.36 (3 H, s), 2.45 (9
H, s, 3 × -N-CH3), 2.79−2.91 (6 H, m, 3 × -N-CH2), 3.20−
3.45 (6 H, m, 3 × −CO-CH2-N-), 3.84- 3.90 (6 H, m, 3 × -O-
CH2-), 4.54−4.63 (1 H, m, C3-CH), 4.95 (1 H, s, C7-CH), 5.17
(1 H, s, C12-CH), 6.49 (6 H, d, J = 8.0 Hz, 3 × Ar-CH), 6.73 (6
H, d, J = 8.0 Hz, 6 × −O-Ar-CH), 6.74−7.32 (30 H, m, 6 ×
C6H5). MS (ESI): m/z (C105H121O11N3)

+ calcd, 1599.9; found,
1600.9 (M + H)+.
Synthesis of Bile Acid−Tamoxifen Conjugates with

Amine Head Groups (4−6) (Scheme 2). General Procedure
for the Synthesis of Bile Acid Boc-ethanolamine Esters (11a/
11b/11c). Bile acid (7a/7b/7c) (3 mmol) was dissolved in
anhydrous DMF (20 mL); N-hydroxysuccinamide (3.3 mmol,
1.1 equiv.) and EDC·HCl (3.3 mmol, 1.1 equiv.) were added to
it; and the reaction mixture was stirred at room temperature for
8 h. A solution of N-Boc-ethanolamine (3.3 mmol) in
anhydrous DMF (5 mL) was added, and the mixture was
stirred for 12 h at room temperature. The solvent was
evaporated, and the mixture was diluted with dichloromethane
and washed with saturated NaHCO3 solution (2 × 10 mL) and
brine (2 × 10 mL). The organic phase was dried over
anhydrous Na2SO4, and the solvent was evaporated under
vacuum. The residue was purified by column chromatography
on silica (230−400 mesh), using CH2Cl2/MeOH as eluent, to
give a colorless solid.
Lithocholic Acid Boc-ethanolamine Ester (11a). Yield:

85%. 1H NMR (CDCl3, 500 MHz) δ 0.66 (3 H, s, C18-CH3),
0.91−2.0 (m), 2.49−2.75 (2 H, m), 2.81 (2 H, t, J = 4.5 Hz,
-CH2-NH-), 3.35 (2 H, t, J = 4.5 Hz, -O-CH2-), 3.61−3.71 (1
H, m, C3-CH). HRMS (C31H53NO5)

+ calcd, 519.7562; found,
520.4 (M + H)+.
Deoxycholic Acid Boc-ethanolamine Ester (11b). Yield:

78%. 1H NMR (CDCl3, 500 MHz) δ 0.66 (3 H, s, C18-CH3),
0.91−2.0 (m), 2.49−2.75 (2 H, m), 2.81 (2 H, t, J = 5.0 Hz,
-CH2-NH-), 3.35 (2 H, t, J = 5.0 Hz, -O-CH2-), 3.61−3.71 (1
H, m, C3-CH), 3.97 (1 H, s, C12-CH). HRMS (C31H53NO6)

+

calcd, 535.3873; found, 534.4 (M − H)+.
Cholic Acid Boc-ethanolamine Ester (11c). Yield: 82%. 1H

NMR (CDCl3, 500 MHz) δ 0.66 (3 H, s, C18-CH3), 0.91−2.0

(m), 2.49−2.75 (2 H, m), 2.81 (2 H, t, J = 5.0 Hz, -CH2-NH-),
3.35 (2 H, t, J = 5.0 Hz, -O-CH2-), 3.31−3.42 (1 H, m, C3-CH),
3.78 (1 H, s, C7-CH), 3.87 (1 H, s, C12-CH). HRMS
(C31H53NO7)

+ calcd, 551.3822; found, 551.0 (M+).
Synthesis of Compounds (12a/12b/12c). Compound

(11a/11b/11c) (3 mmol) was dissolved in anhydrous toluene
(10 mL) and anhydrous pyridine (2 mL). A catalytic amount of
DMAP was added, and the mixture was stirred for 45 min at
room temperature. A solution of chloroacetic anhydride (1.2
equiv for 11a; 2.4 equiv for 11b; and 3.6 equiv for 11c) in
anhydrous toluene (10 mL) was added, and the mixture was
refluxed for 12 h at 90 °C. The reaction mixture was diluted
with CH2Cl2 and washed with 1 M HCl solution (2 × 10 mL).
The organic phase was dried over anhydrous Na2SO4, and the
solvent was evaporated under vacuum. The residue was purified
by column chromatography on silica (230−400 mesh) using
petroleum ether/ethyl acetate as eluent, to give a colorless
solid.

Compound (12a). Yield: 90%. 1H NMR (CDCl3, 500 MHz)
δ 0.66 (3 H, s, C18-CH3), 0.91−2.0 (m), 2.49−2.75 (2 H, m),
2.81 (2 H, t, J = 4.5 Hz, -CH2-NH-), 3.35 (2 H, t, J = 4.5 Hz,
-O-CH2-), 3.61−3.71 (1 H, m, C3-CH), 4.03 (2 H, s, −CO-
CH2-Cl). HRMS (C33H54NO6Cl)

+ calcd, 595.3640; found,
596.7 (M + H)+.

Compound (12b). Yield: 82%. 1H NMR (CDCl3, 500 MHz)
0.66 (3 H, s, C18-CH3), 0.91−2.0 (m), 2.49−2.75 (2 H, m),
2.81 (2 H, t, J = 5.0 Hz, -CH2-NH-), 3.35 (2 H, t, J = 5.0 Hz,
-O-CH2-), 3.61−3.71 (1 H, m, C3-CH), 3.97 (1 H, s, C12-CH),
4.03 (2 H, s, −CO-CH2-Cl), 4.07 (2 H, s, −CO-CH2-Cl).
HRMS (C35H55NO8Cl2)

+ calcd, 687.3305; found, 686.0 (M −
H)+

Compound (12c). Yield: 76%. 1H NMR (CDCl3, 500 MHz)
δ 0.66 (3 H, s, C18-CH3), 0.91−2.0 (m), 2.49−2.75 (2 H, m),
2.81 (2 H, t, J = 5.0 Hz, -CH2-NH-), 3.35 (2 H, t, J = 5.0 Hz,
-O-CH2-), 3.31−3.42 (1 H, m, C3-CH), 3.78 (1 H, s, C7-CH),
3.87 (1 H, s, C12-CH), 4.02−4.127 (6 H, m, 3 × −CO-CH2-
Cl). HRMS (C37H56NO10Cl3)

+ calcd, 779.2970; found, 782.0.
Synthesis of Compounds (13a/13b/13c). To solution of

compound (12a/12b/12c) (3 mmol) in anhydrous acetonitrile
(15 mL), 2 mL of triethylamine was added. A solution of N-
desmethyl tamoxifen (1.1 equiv for 12a; 2.2 equiv for 12b; and
3.3 equiv for 12c) in anhydrous acetonitrile (5 mL) was added
to it, and the reaction mixture was refluxed for 16 h. The
solvent was evaporated under vacuum, and the mixture was
diluted with dichloromethane and washed with water (2 × 10
mL) and brine (2 × 10 mL). The organic phase was dried over
anhydrous Na2SO4, and the solvent was evaporated under
vacuum. The residue was purified by column chromatography
on silica (230- 400 mesh), using petroleum ether/ethyl acetate
as eluent, to give a colorless solid (13a/13b/13c).

Compound (13a). Yield: 80%. 1H NMR (CDCl3, 500 MHz)
δ 0.71−1.91 (m), 2.04 (2 H, s), 2.17 (3 H, m), 2.27−2.32 (1 H,
m), 2.37 (3 H, s), 2.45 (3 H, s, 1 × -N-CH3), 2.81−2.97 (2 H,
m, 1 × -N-CH2), 3.25 (2 H, s, 1 × −CO-CH2-N), 3.88−3.94 (2
H, m, 1 × -O-CH2-), 4.69−4.74 (1 H, m, C3-CH), 6.51 (2 H, d,
J = 8.5 Hz, 2 × Ar-CH), 6.74 (2 H, d, J = 8.5 Hz, 2 × O−Ar-
CH), 7.10−7.33 (10 H, m, 2 × C6H5). HRMS (C31H53NO5)

+

calcd, 916.5966; found, 917.7 (M + H)+.
Compound (13b). Yield: 76%. 1H NMR (CDCl3, 500 MHz)

δ 0.65 (3H, s, C18-CH3), 0.93−2.55 (m), 2.54 (6 H, s, 2 × -N-
CH3), 2.81−2.94 (4 H, m, 2 × -N-CH2), 3.2 (2 H, s, 1 × −CO-
CH2-N), 3.41 (2 H, s, 1 × −CO-CH2-N), 3.61−3.69 (1 H, m,
C3-CH), 3.95 (2 H, t, J = 5.0 Hz, -O-CH2), 4.08−4.16 (4 H, m,
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2 × -O-CH2-), 5.14 (1 H, s, C12-CH), 6.49 (4 H, d, J = 8.5 Hz, 4
× Ar-CH), 6.72 (4 H, d, J = 8.5 Hz, 4 × O−Ar-CH), 7.12−7.4
(20 H, m, 4 × C6H5). HRMS (C31H53NO5)

+ calcd, 1329.7956;
found, 1330.9 (M + H)+.
Compound (13c). Yield: 68%. 1H NMR (CDCl3, 500 MHz)

δ 0.72 (3H, s, C18-CH3), 0.85−2.28 (m), 2.43 (9 H, s, 3 × -N-
CH3), 2.76−2.92 (6 H, m, 3 × -N-CH2), 3.22 (2 H, s, 1 ×
−CO-CH2-N), 3.34 (2 H, m, 1 × −CO-CH2-N), 3.40 (2 H, s, 1
× −CO-CH2-N), 3.85- 3.93 (6 H, m, 3 × -O-CH2-), 4.5−4.61
(1 H, m, C3-CH), 4.95 (1 H, s, C7-CH), 5.17 (1 H, s, C12-CH),
6.46 (6 H, d, J = 8.0 Hz, 3 × Ar-CH), 6.72 (6 H, d, J = 8.0 Hz, 6
× −O-Ar-CH), 6.78−7.36 (30 H, m, 6 × C6H5). HRMS
(C31H53NO5)

+ calcd, 1742.99; found, 1744.6 (M + H)+.
Synthesis of Compounds (4/5/6). To a solution of

compounds (13a/13b/13c) (2 mmol) in anhydrous DCM
(10 mL), 4 mL of trifluoroacetic acid was added at 0 °C, and
the reaction mixture was stirred at room temperature for 6 h.
The solvent was evaporated under vacuum and precipitated out
in hexane−ether mixture to give corresponding TFA salts as
colorless solids. These TFA salts (0.25 mmol) were then
dissolved in methanol (3 mL), Amberlite IRA-900 (1g) was
added, and the mixture was stirred at room temperature for 8 h.
The mixture was filtered, and the solid was washed with
methanol (10 mL), the filtrate was evaporated to get the
chloride exchanged colorless solid.
Compound (4). 1H NMR (CDCl3, 500 MHz) δ 0.71−1.91

(m), 2.04 (2 H, s), 2.17 (3 H, m), 2.27−2.32 (1 H, m), 2.37 (3
H, s), 2.45 (3 H, s, 1 × -N-CH3), 2.81−2.97 (2 H, m, 1 × -N-
CH2), 3.25 (2 H, s, 1 × −CO-CH2-N), 3.88−3.94 (2 H, m, 1 ×
-O-CH2-), 4.69−4.74 (1 H, m, C3-CH), 6.51 (2 H, d, J = 8.5
Hz, 2 × Ar-CH), 6.74 (2 H, d, J = 8.5 Hz, 2 × O−Ar-CH),
7.10−7.33 (10 H, m, 2 × C6H5). MS (ESI): m/z
(C78H94O8N2)

+ calcd, 1186.7; found, 1187.5 (M + H)+.
Compound (5). 1H NMR (CDCl3, 500 MHz) δ 0.65 (3H, s,

C18-CH3), 0.93−2.55 (m), 2.54 (6 H, s, 2 × -N-CH3), 2.81−
2.94 (4 H, m, 2 × -N-CH2), 3.2 (2 H, s, 1 × −CO-CH2-N),
3.41 (2 H, s, 1 × −CO-CH2-N), 3.61−3.69 (1 H, m, C3-CH),
3.95 (2 H, t, J = 5.0 Hz, -O-CH2), 4.08−4.16 (4 H, m, 2 × -O-
CH2-), 5.14 (1 H, s, C12-CH), 6.49 (4 H, d, J = 8.5 Hz, 2 × Ar-
CH), 6.72 (4 H, d, J = 8.5 Hz, 4 × O−Ar-CH), 7.12−7.4 (20 H,
m, 4 × C6H5). MS (ESI): m/z (C80H99N3O8)

+ calcd, 1229.7;
found, 1229.6 (M+).
Compound (6). 1H NMR (CDCl3, 500 MHz) δ 0.72 (3H, s,

C18-CH3), 0.85−2.28 (m), 2.43 (9 H, s, 3 × -N-CH3), 2.76−
2.92 (6 H, m, 3 × -N-CH2), 3.22 (2 H, s, 1 × −CO-CH2-N),
3.34 (2 H, m, 1 × −CO-CH2-N), 3.40 (2 H, s, 1 × −CO-CH2-
N), 3.85- 3.93 (6 H, m, 3 × -O-CH2-), 4.5−4.61 (1 H, m, C3-
CH), 4.95 (1 H, s, C7-CH), 5.17 (1 H, s, C12-CH), 6.46 (6 H, d,
J = 8.0 Hz, 3 × Ar-CH), 6.72 (6 H, d, J = 8.0 Hz, 6 × −O-Ar-
CH), 6.78−7.36 (30 H, m, 6 × C6H5). MS (ESI): m/z
(C107H126N4O11)

+ calcd, 1642.9; found, (M+) 1642.3 (M+).
Cell Culture. 4T1, MCF-7, T47D, and MDA-MB-231 cells

were maintained as monolayers for experiments. 4T1 cells were
cultured in RPMI-1640 media, and T47D, MCF-7, and MDA-
MB-231 were cultured in DMEM (Hyclone, USA) containing
10% (w/v) fetal bovine serum, penicillin 100 μg/mL,
streptomycin 100 U/mL, gentamycin 45 μg/mL at 37 °C in
a humidified atmosphere with 5% CO2. Subcultures were made
by trypsinization and reseeded for experiments.
MTT Assay.16 The cytotoxicity of tamoxifen and bile acid−

tamoxifen conjugates (acids and amines) was estimated using
the MTT {3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide} assay. MTT was dissolved in PBS at a

concentration of 5 mg/mL and filtered to sterilize. Approx-
imately 3000−4000 cells/well were seeded in 96 well plates
containing 200 μL of medium. After 24 h of preculture period
to ensure attachment, the medium was removed. Fresh medium
was added and supplemented with 1, 5, 10, 20, and 50 μM of
tamoxifen (Tam) or tamoxifen equivalent concentrations of
bile acid−tamoxifen conjugates (LCA-Tam1-Ad, DCA-Tam2-
Ad, CA-Tam3-Ad, LCA-Tam1-Am, DCA-Tam2-Am, and CA-
Tam3-Am). Cells were treated for 48 h with all of the
compounds. After 48 h, 20 μL of MTT was added to each well
and incubated for 4 h in an incubator, then a 1:1 mixture of
DMSO and methanol was added. The optical density (OD) of
each well was measured using a microculture plate reader with a
test wavelength of 540 nm. The % viability was then calculated
as [{A540 (treated cells) − background]/[A540 (untreated cells)
− background}]·100.

Surface Plasmon Resonance Studies. Desired amount of
DPPC was taken in round-bottomed wheaton glass vials in
chloroform. Thin films were made under dry argon gas; and
films were dried under vacuum for 6 h. Lipid films were
hydrated with Milli Q water overnight. Hydrated films were
then processed for 4−5 freeze thaw cycles from 70 to 4 °C with
intermittent vortexing. Multilamellar vesicles were then
sonicated at 70 °C for 15 min to get unilamellar vesicles.17

All of the SPR experiments were performed on a Biacore T200
system equipped with an HPA sensor chip.18 DPPC liposomes
were prepared by the above-mentioned method with a final
concentration of 2 mM. The running buffer was 1% DMSO
containing Milli Q water. The analyte (drug) stocks were
prepared in DMSO, and different concentrations were made
such that the final concentration of DMSO in each was 1%. To
mimic the in vitro experimental conditions, we performed the
analysis at 37 °C maintaining the sample compartment at 42
°C. All of the required samples such as 2 mM liposomes, 40
mM octyl glucoside, 20 mM NaOH, and 0, 125, 250, 500 μM
of analyte (Tamoxifen, DCA-Tam2-Ad, CA-Tam3-Ad, LCA-
Tam1-Am, DCA-Tam2-Am, and CA-Tam3-Am) were dis-
pensed into single-use snap-capped vials, randomized in the
rack base before they were ready for sample injection.

Liposome Immobilization and Analyte Binding Analysis.
The new HPA chip was conditioned with two pulses of 40 mM
octyl glucoside at a 10 μL/min flow rate for 100 s each,
followed by washing the system with running buffer for 60 s.
Then, 2 mM DPPC liposomes was injected at 5 μL/min flow
rate for 500 s, followed by washing the system with running
buffer for 100 s. Then, loosely bound or multilayered liposomes
were washed away with two pulses of 20 mM NaOH injections
at 30 μL/min flow rate for 45 s each. Finally, the HPA surface
was washed for 100 s with running buffer at 30 μL/min flow
rate to make the surface ready for drug binding analysis.
Appropriate concentrations of analyte were placed in a rack and
were allowed to be injected at a flow rate of 20 μL/min for 240
s of association and 150 s of dissociation. Finally, the surface
was washed with running buffer for 100 s at 20 μL/min flow
rate. To eliminate the carryover effect of analyte, the binding
surfaces were completely washed away with 40 mM of
octylglucoside, and a new lipid surface was prepared for each
concentration of analyte being tested.
To minimize changes in the bulk refractive index between

sample and running buffer, extreme care was taken to ensure
that the drug and running buffers contained the same DMSO
concentration. Data analyses were performed by subtracting an
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average buffer response from all sample responses within each
flow cell to eliminate artifacts that were flow cell dependent.
DPH Based Fluorescence Anisotropy. Fluorescence aniso-

tropy studies were performed on unilamellar DPPC vesicles
prepared by the above-mentioned method with preincorpora-
tion of DPH to make the final DPPC/DPH ratio 100:1. These
liposomes were incubated with the required amount of bile
acid−tamoxifen conjugates and Tam in 96-well plates at 37 °C
up to 48 h. Steady state anisotropy measurements were done at
different time points 6 h, 12 h, 24 h, and 48 h at 37 °C with
these incubated samples using the fluorescence anisotropy
protocol in a Molecular devices M5 instrument with λex at 350
nm and λem of 452 nm. Steady state fluorescence anisotropy
(rs) was then calculated using the following equation:19

= − × + × ×∥ ⊥ ∥ ⊥r I G I I G I( )/( 2 )s

where I∥ and I⊥ are the emission intensity excited with parallel-
polarized light and measured with emission polarizer oriented
in a parallel or perpendicular direction to the plane of
excitation, respectively. G is an instrument specific factor
calculated to correct the instrument polarization, which is equal
to I⊥∥/I⊥⊥, and obtained by measuring the parallel and
perpendicular polarized emission intensities after excitation
with perpendicularly polarized light.
Annexin-FITC Analysis. The Annexin V-FITC (fluorescein

isothiocyanate) labeled apoptosis detection kit (Sigma
Chemical Co.) was used to detect and quantify apoptosis by
flow cytometry as per the manufacturer’s instructions. 4T1,
MCF-7, T47D, and MDA-MB-231 cells (5 × 105 cells/well)
were seeded onto each well in a 6-well plate. After 24 h, media
were removed, and cells were treated with 10 μM of Tam or 10
μM tamoxifen equivalent conc of CA-Tam3-Am for 48 h. After
48 h of treatment, cells were harvested in PBS and collected by
centrifugation for 5 min at 2,000 rpm. Cells were then
resuspended at a density of 1 × 106 cells/mL in 1× binding
buffer and stained simultaneously with FITC labeled Annexin V
(50 μg/mL) and propidium iodide (PI; 100 μg/mL) according
to the manufacturer’s protocol. Cells were analyzed using a flow
cytometer (Becton Dickinson), and data were analyzed with
Cell Quest software.
Cell Cycle Analysis. Cells were plated at a density of 2 × 105

cells per well for all cell lines in 6 well plates. After 24 h
ensuring attachment of cells, media were removed, and fresh
media were added to the cells. Cells were treated with 10 μM
Tam or 10 μM tamoxifen equivalent conc of CA-Tam3-Am for
48 h. After 48 h, cells were harvested using trypsin-EDTA and
washed twice with 1× ice cold PBS and fixed in 70% ethanol at
4 °C. Cells were washed again with PBS at least 2 times to
remove all of the ethanol. Ten microliters of RNase (20 mg/
mL) was added, and cells were kept at 37 °C for 1 h. The cells
were stained at room temperature for 20 min in 50 μg/mL
propidium iodide. The cells were then counted on a FACS
(Becton Dickinson, Mountain View, CA), and percentages of
cells in G1, S, and G2/M phases of the cell cycle were
determined using ModFit LT software (Verity Software House,
Topsham, ME).
ROS Generation. Intracellular ROS levels were measured

using dichlorodihydrofluorescein diacetate (DCFDA, Sigma
Chemicals Co.). DCFDA is an uncharged nonfluorescent cell-
permeable compound. After entering inside the cells, the
diacetate bond is cleaved by nonspecific esterases to form polar
and nonfluorescent DCFDA. The generation of ROS oxidizes
DCFDA and coverts it to DF that yields green fluorescence.

4T1, MCF-7, T47D, and MDA-MB-231 cells (20,000 cells/
well) were seeded in 96 black well plates and grown for 24 h.
After 24 h, cells were washed thrice with DPBS containing 0.2%
FBS, and 25 μM of DCFDA in DPBS containing 0.2% FBS was
added for 30 min at 37 °C, followed by the addition of Tam
and CA-Tam3-Am at 10 μM tamoxifen equivalent concen-
tration. Nontreated cells served as controls, and these cultures
received equivalent volumes of the DMSO solvent. Fluo-
rescence emission was recorded using a 96 well plate reader
(Spectramax pro 5) using excitation and emission wavelengths
of 485 and 535 nm up to 1 h at the intervals of 15 min. The
experiments were repeated at least three times.

Real Time PCR Studies. mRNA expression levels of pro-
apoptotic, antiapoptotic, and caspases (BCl-2, Bcl-XL, BAX,
Bid, Bad, caspase 8, caspase 3, caspase 9, survivin, and
cytochrome c) were analyzed by quantitative real time reverse
transcription-PCR based on SYBR Green Chemistry using
GAPDH as internal reference. SYBR Green Universal Master-
Mix was obtained from Applied Biosystems GmbH (Weiter-
stadt, Germany). Total cellular RNA was isolated from MCF-7
and MDA-MB-231 cells using RNeasy kit (Qiagen). One
microgram of RNA was used for cDNA synthesis by using the
First Strand cDNA Synthesis kit (Applied Biosystems). The
PCR was done in 96 well microtiter plates in an ABI Fast 7500
Detection System (Applied Biosystems). The reaction mixture
consisted of 5 μL of SYBR Green Master Mix, 0.5 μL of
forward and reverse primer each, and equal amounts of cDNA
as template from control as well as treated cells. Cycling
conditions for the reaction are as follows: initial denaturation of
template DNA and activation of enzyme for 95 °C for 5 min,
40 cycles consisting of denaturation at 95 °C for 45 s, and
annealing/extension at 55 °C for 1 min. Each sample was tested
in triplicate. The relative expression of each gene was
determined on the basis of threshold cycle (CT value). Quantity
of cDNA was normalized in reference to the GAPDH gene that
is used as the internal control. Then, normalized target gene
expression was divided by the normalized gene expression value
of untreated control cells to obtain the fold change of gene after
treatment. The SD of normalized target gene expression
relative to GAPDH is calculated from initial SDs of target gene
and GAPDH. The primer pairs used in this study for PCR
amplification are Bcl-2 (forward, GGATTGTGGCCTT-
CTTTGAG; reverse, CCAAACTGAGCAGAGTCTTC), Bcl-
XL (forward, ATGAACTCTTCCGGGATGG; reverse,
TGGATCCAAGGCTCTAGGTG) , Bax ( fo rwa rd ,
TTTGCTTCAGGGTTTCATCC; reverse, GCCACT-
CGGAAAAAGACCTC), Bid (forward, ACAGCAT-
GGACCGTAGCATC; reverse , GTGTGACTGGC-
CACCTTCTT), Bad (forward, AGTCGCCACAGCTCCT-
ACC; reverse, GGCGAGGAAGTCCCTTCTTA), Survivin
(forward, AGAACTGGCCCTTCTTGGAGG; reverse,
CTTTTTATGTTCCTCTATGGGGTC); cyt c (forward,
TGGACCACTCCATTGCCATC; reverse, AGACAG-
GACACTGCGGAAAG), caspase 8 (forward, CATCCA-
GTCACTTTGCCAGA; reverse, GCATCTGTTTCCCCAT-
GTTT), caspase 3 (forward, TGGAATTGATGCGTGA-
TGTT; reverse, GGCAGGCCTGAATAATGAAA) caspase 9
(forward, TGACTGCCAAGAAAATGGTG; reverse,
CAGCTGGTCCCATTGAAGAT), GAPDH (forward,
CACCATCTTCCAGGAGCGAG; reverse, TCACGCCACA-
GTTTCCCGGA).

Western Studies. Total proteins were extracted from
approximately 1 × 107 MCF-7 and MDA-MB-231 cells treated
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with Tam and CA-Tam3-Am at 10 μM tamoxifen equivalent
concentration for up to 48 h. Cells were washed with ice-cold
PBS and lysed in RIPA buffer (50 mM Tris-Cl, pH 8.0, 150
mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 2 mM
EDTA, 1 mM PMSF, NaF, and protease inhibitor cocktail from
Sigma Aldrich) for 30 min at 4 °C. Insoluble material was
removed by centrifugation at 12,000g for 15 min at 4 °C. Equal
amounts of proteins were loaded under denaturing conditions
on 10 and 12% SDS−polyacrylamide gels and transferred to the
nitrocellulose membrane (MDI, Ambala, India). Membranes
were blocked with 5% nonfat milk in PBST. The membranes
were probed with specific antibody (Cell Signaling Technol-
ogies, NEB, Frankfurt, Germany) for 2 h at room temperature
or overnight at 4 °C, followed by washing in PBS containing
0.5% Tween-20. Thereafter, the blot was incubated in
peroxidase-conjugated secondary antibody of 1:5000 dilution.
Blots were reprobed with β-actin antibody (Sigma) as an
internal control. Secondary anti-Rabbit HRP conjugated
antibody was used for all of the antibodies used except for β-
actin where anti-mouse secondary HRP conjugated antibody
was used. The results were analyzed and documented using GE
image quant and documentation software (Image Quant LAS
4000).
In Vivo 4T1 Tumor Model in Balb/c Mice. The murine 4T1

breast cancer cells (1.5 × 107) were implanted subcutaneously
in the right flanks of 4−6 week-old female Balb/c mice. After
tumor sizes reached around 150 mm3, animals were
administered with intratumor injections of DMSO vehicle
control (100 μL), tamoxifen (15 mg/kg dissolved in 100 μL of
DMSO), and CA-Tam3-Am (15 mg/kg tamoxifen equivalent
dose dissolved in 100 μL of DMSO) once a week. Treatment
was started on day 7 postimplantation and again administered
once on day 13 (weekly dosage). The tumor volumes were
monitored on alternate days. The tumor volume was calculated
by using the formula, w2 × l/2. All animal procedures were
approved by the Institutional Animal Ethical Committee
(IAEC), NII.
Statistical Analysis. All statistical analyses were performed

using GraphPad Prism, version 5 (GraphPad Software Inc., San
Diego, CA, USA). The results of flow cytometry and qRT-PCR
are presented as mean ± SD. Densitometry was performed
using ImageJ software. The intensities of the protein or mRNA
bands were normalized to actin bands and quantified by
comparing with those of control cells.

■ RESULTS AND DISCUSSION

Chemistry. We synthesized two series comprising six bile
acid−tamoxifen conjugates based on three bile acids lithocholic
acid (LCA), deoxycholic acid (DCA), and cholic acid (CA).
These two series of bile acid−tamoxifen conjugates are based
on having acid functionality or amine functionality free at the

tail region of bile acids (Figure 1). As tamoxifen does not have
any active functional group for conjugation, we first synthesized
N-desmethylated tamoxifen from tamoxifen by reacting with 2-
chloroethyl chloroformate.20 Bile acid−tamoxifen conjugates
bearing acid functionality were synthesized (Scheme 1) from
corresponding bile acids (LCA, 7a; DCA, 7b; CA, 7c) first by
protection of acid functional groups as methyl esters in the
presence of conc HCl in excess methanol at room temperature
for 12 h with 98% yield. Methyl ester derivatives of bile acids
(8a, 8b, and 8c) were reacted with chloroacetic anhydride in
the presence of pyridine and a catalytic amount of DMAP in
toluene at 90 °C overnight. Chloroacetoxy derivatives (9a, 9b,
and 9c) were obtained in 80−88% yield after purification by
flash chromatography. Tamoxifen was conjugated to chlor-
oacetoxy derivatives of bile acids using N-desmethylated
tamoxifen. Chloroacetoxy derivatives were refluxed with N-
desmethylated tamoxifen in anhydrous acetonitrile for 16 h to
give compounds 10a/10b/10c with 65−70% yield. Final bile
acid−tamoxifen conjugates having acid functional groups were
synthesized by controlled basic hydrolysis of 10a/10b/10c at
lower temperature, as ester linkages between bile acids and
tamoxifen are sensitive to this basic hydrolysis. Hydrolysis of
methyl esters was performed with 2 N NaOH at 0 °C, followed
by stirring at room temperature for 6 h to get the final
compounds (1, 2, and 3) in 40−48% yield.
For the synthesis of bile acid−tamoxifen conjugates bearing

amine groups (Scheme 2), bile acids were first derivatized to N-
boc-ethanolamine derivatives (11a/11b/11c). Bile acids were
activated with N-hydroxysuccinamide and EDC·HCl at room
temperature for 8 h. Activated bile acids were reacted with boc-
ethanolamine in DMF at room temperature for overnight to get
boc-ethanolamine derivatives in 80−85% yield. Boc-ethanol-
amine derivatives of bile acids were then reacted with
chloroacetic anhydride in toluene in the presence of pyridine
and DMAP. The reaction mixture was heated at 90 °C for 12 h
to get chloroacetoxy derivatives (12a, 12b, and 12c) in 75−
90% yields. Tamoxifen was conjugated to these chloroacetoxy
derivatives by refluxing the reaction mixture of chloroacetoxy
derivative, N-desmethylated tamoxifen, and triethylamine in
acetonitrile for 16 h to get tamoxifen conjugated derivatives
(13a, 13b, and 13c) in 70−80% yield. Boc protection was
removed from these bile acid−tamoxifen conjugates using
trifluoroacetic acid (TFA) in dichloromethane at 0 °C and
further stirring the reaction mixture at room temperature for 6
h. The amine derivative of bile acid−tamoxifen conjugates was
purified by precipitation in a hexane−ether mixture to give a
colorless solid in quantitative yields. To get final compounds
(4, 5, and 6), chloride anion exchange was performed with TFA
derivatives of tamoxifen−bile acid conjugates using amberlyte
IRA-900 by stirring the reaction mixture at room temperature
for 8 h followed by filtration. All intermediates and final

Table 1. IC50 (μM) Values of Tam and Bile Acid−Tamoxifen Conjugates with Respect to Tamoxifen Equivalent Concentrations
in Different ER +ve and ER −ve Cancer Cell Lines

4T1 MCF-7 T47D MDA-MB 231

Tam 12.25 ± 1.92 18.25 ± 4.19 22.41 ± 2.15 19.41 ± 4.47
LA-Tam1-Ad 19.49 ± 4.62 41.65 ± 2.58 45.71 ± 2.91 33.97 ± 1.96
DCA-Tam2-Ad 18.17 ± 1.14 37.77 ± 3.19 >50 35.74 ± 3.61
CA-Tam3 -Ad 20.28 ± 3.88 49.33 ± 7.06 >50 27.0 ± 4.15
LA-Tam1-Am 19.23 ± 0.71 46.96 ± 5.12 49.95 ± 6.19 41.48 ± 4.48
DCA-Tam2-Am 22.05 ± 4.13 41.75 ± 4.11 49.17 ± 4.98 35.21 ± 4.46
CA-Tam3-Am 5.28 ± 4.32 8.1 ± 3.82 9.42 ± 4.21 17.55 ± 5.85
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compounds were characterized by 1H NMR and mass spectral
studies.
In Vitro Anticancer Activities (MTT Assay). We studied

the anticancer activities of bile acid−tamoxifen conjugates along
with the prototype drug tamoxifen in three estrogen receptor
+ve breast cancer cell lines, 4T1, MCF-7, and T47D, and in one
estrogen receptor −ve breast cancer cell line, MDA-MB-231, at
different tamoxifen equivalent concentrations of 1, 5, 10, 20,
and 50 μM for 48 h. Tamoxifen has shown 50% cytotoxicity at
10−25 μM in four breast cancer cell lines (Figure S1,
Supporting Information), and interestingly, tamoxifen IC50
values were similar in both ER +ve and ER −ve cell lines
(Table 1). These results clearly indicate that tamoxifen operates
via multiple mechanisms of action to bring cytotoxicity in
breast cancer cells, and to show effectiveness by a nonclassical
mechanism, tamoxifen requires a dose similar to that needed
for the classical ER mechanism.21 Nonclassical mechanisms
include the interaction of tamoxifen with hydrophobic regions
of membrane lipids influencing fluidic states of the membrane
and inhibiting enzymes involved in cellular proliferation by
putative interactions with phospholipids. 22 Bile acid−
tamoxifen conjugates with acid head groups (LCA-Tam1-Ad,
DCA-Tam2-Ad, and CA-Tam3-Ad) showed 50% cell death at
high concentrations (Figure S1, Supporting Information) with a
broad range between 17 and >50 μM (Table 1). Low efficacy of
bile acid−tamoxifen conjugates having acid groups may be due
to reversible interactions between these conjugates and the cell
membrane and therefore the lack of penetration of these
conjugates through the cell membrane leading to low
intracellular accumulation of tamoxifen inside the cells.
However, among bile acid−tamoxifen conjugates with amine
head groups (Figure S2, Supporting Information), LCA-Tam1-
Am and DCA-Tam2-Am have shown similar cellular toxicities
with high IC50 values (Table 1). LCA-Tam1-Am and DCA-
Tam2-Am may show strong interactions with cell membranes,
but these strong interactions may not be enough for high
penetration of these conjugates in cell membranes as explained
later in SPR and fluidity studies. Cholic acid based CA-Tam3-
Am possessing three tamoxifen molecules and amine
functionality was found to be most potent and showed IC50
at ∼5 μM, ∼8 μM, and ∼9 μM w.r.t. tamoxifen in ER +ve cell
lines 4T1, MCF-7, and T47D, respectively, and it is 2- to 3-fold
more effective than tamoxifen. In ER −ve cell lines (MDA-MB-
231), CA-Tam3-Am showed anticancer activities similar to
those of tamoxifen. Conjugation of three tamoxifen molecules
to cholic acid having an amine group, CA-Tam3-Am, could
increase intracellular accumulation of tamoxifen that is
responsible for the high efficacy of CA-Tam3-Am. The 2- to
3-fold differences in IC50 values of CA-Tam3-Am in ER +ve
and ER −ve cell lines may be due to classical and nonclassical
anticancer mechanisms of CA-Tam3-Am in ER +ve and ER
−ve cell lines, respectively. The nonclassical mechanism of CA-
Tam3-Am may be due to the effective intercalation of large,
extended hydrophobic aromatic groups of CA-Tam3-Am with
hydrophobic regions of membrane lipids.
MTT results showed that anticancer activities of bile acid−

tamoxifen conjugates with acid and amine head groups strongly
depend on surface charge and number and positional grafting of
tamoxifen molecules to bile acids. Anticancer activities in ER
+ve and ER −ve cell lines indicate the existence of multiple
cellular actions of these conjugates at different levels. The high
potential activity of CA-Tam3-Am may be due to the effective
interactions of CA-Tam3-Am with membrane lipids and more

accumulation of tamoxifen molecules inside cancer cells. We
then compared the toxicity of CA-Tam3-Am with the control
where cells were treated with a physical mixture containing one
equivalent of amine-modified cholic acid and 3 equivalents of
tamoxifen (CA-Am:Tam = 1:3) (Figure S3, Supporting
Information). We have observed that CA-Tam3-Am is more
toxic in ER +ve MCF-7 than in a physical mixture of CA-
Am:Tam, whereas we observed a similar toxicity profile in the
ER −ve MDA-MB-231 cell line.
To explore the differential anticancer activities of bile acid−

tamoxifen conjugates and to decipher the role of charge and
hydrophobicity on membrane interactions, we studied the
interactions of bile acid−tamoxifen conjugates with model
DPPC membranes on incubation of these lipid drug conjugates
with DPPC liposomes using surface plasmon resonance (SPR)
and DPH anisotropy based membrane fluidity studies.

Surface Plasmon Resonance (SPR) Studies. One of the
major barriers for drug delivery is the cell membrane that
regulates not only the transport of essential nutrients, ions, and
exogenous materials but also regulates the passage of
xenobiotics such as drugs.23 Irreversible drug−membrane
interactions are crucial for the effective binding of drugs to
the membrane, its penetration through the lipid bilayer of cell
membranes, its bioactivity, and intracellular actions that dictate
the intracellular fate of the drug, whereas reversible interactions
would not allow the penetration of the drug molecules inside
the cells leading to less intratumor uptake. Drug−membrane
interactions can be studied using biosensor based techniques to
predict their pharmacokinetic properties such as mechanisms of
transport (passive/active), distribution, and accumulation that
strongly depend on the physicochemical properties of drugs.24

SPR is a well established and powerful optical biosensor
technique in real-time monitoring of bio molecular interactions
with other biomolecules as well as small molecules. Over the
past decade, the SPR technique was well explored in the
pharmaceutical field to study drug−receptor interactions,25,26

pharmacokinetic profiles such as bioavailability,27 and plasma
protein binding28 that has proved to reduce research cost
effects in preclinical development of leads and their
modifications. Physico-chemical events in drug binding to
lipid surfaces involves electrostatic interactions of drug
molecules with polar phosphate component of lipids followed
by interaction of the drugs’ hydrophobic part with lipophilic
acyl chains of lipids that are critical factors as it controls the
passive entry of drug molecules into the intracellular compart-
ment.29 These electrostatic interactions are crucial to the initial
entry of drugs when crossing the cell membrane barrier.30

Hydrophobic interactions between the drug and the lipid alkyl
chain is a low affinity and high capacity process,31 and the
extent of these interactions dictates the drug’s activity inside the
cells.
Therefore, to understand the differential in vitro anticancer

activities of bile acid−tamoxifen conjugates, we explored the
binding studies of bile acid−tamoxifen conjugates with model
DPPC membranes. Analysis of sensograms (Figure S4,
Supporting Information) showed that free Tam and all bile
acid−tamoxifen conjugates showed dose dependent increase in
binding responses with lipid surfaces in association and in
dissociation phases. Tamoxifen showed an initial bulk response
followed by binding type association phase, and at higher
concentrations, it showed the formation of stable tamoxifen−
lipid complexes where tamoxifen is intercalated in the alkyl
chains of DPPC lipids. Bile acid−tamoxifen conjugates bearing
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acid head groups (DCA-Tam2-Ad and CA-Tam3-Ad) show
high bulk response as compared to tamoxifen in the association
phase followed by a steep decrease in RU (Response Units) in
the dissociation phase indicating its reversible mode of binding
with the lipid surface (Figures S4b and c, Supporting
Information), whereas we could not perform the SPR studies
with LCA-Tam1-Ad due to its solubility problems in different
running buffer conditions. The reversible binding nature of bile
acid−tamoxifen conjugates having acid headgroups (DCA-
Tam2-Ad and CA-Tam3-Ad) to model membranes (Figure S4b
and c, Supporting Information) is evident from our in vitro
anticancer data (Figure S1, Supporting Information) that show
the low activity of these conjugates in four breast cancer cell
lines, as bile acid−tamoxifen conjugates bearing acid groups do
not form stable bonds with the cell membrane surface.
However, bile acid−tamoxifen conjugates with amine head

groups showed high bulk response in RU followed by
association binding with the lipid surface leading to stable
modes of binding (Figure S4d, e, and f, Supporting
Information). LCA-Tam1-Am was found to form stable
complexes with the lipid membrane even after washing with
running buffer. CA-Tam3-Am binds to the lipid membrane as
efficiently as LCA-Tam1-Am, but after washing with running
buffer, it showed the inferior stability of intercalated complexes
compared to LCA-Tam1-Am. DCA-Tam2-Am showed inferior
binding compared to that of CA-Tam3-Am and LCA-Tam1-
Am in association phase, but the stability of lipid complexes
formed with DCA-Tam2-Am is similar to that of CA-Tam3-Am
(Figure 2). The order of binding responses of these bile acid−
tamoxifen conjugates to the lipid surface is LCA-Tam1-Am ≈
CA-Tam3-Am > Tamoxifen > DCA-Tam2-Am (Figure 2a),
whereas the order of forming stable intercalated complexes with

the lipid surface is LCA-Tam1-Am > CA-Tam3-Am = DCA-
Tam2-Am > tamoxifen (Figure 2b).
SPR studies conclude that the presence of acid head groups

on bile acid−tamoxifen conjugates showed a reversible binding
response with membranes due to the lack of essential
electrostatic interactions with phospholipids leading to low
penetration of these conjugates and therefore low anticancer
activities. Amine derivatives of bile acid−tamoxifen conjugates
showed stable binding to membrane surfaces indicating that the
presence of an amine headgroup is essential for effective
electrostatic interactions of these molecules with polar
phosphocholine head groups of membranes. The extent of
drug−lipid surface interactions measured by SPR showed a
strong +ve correlation with in vitro cytotoxicity studies showing
that acid derivatives of bile acid−tamoxifen conjugates are less
effective. Once the molecules establish effective electrostatic
interactions with membranes, the next step involves the
hydrophobic interactions of lipid−drug conjugates with the
cellular lipid bilayer in a process of passive transport, which is
the next barrier for the effective delivery of drugs.32 As these
molecules having large hydrophobic surfaces form stable
complexes with the lipid bilayer, we studied the interactions
of these molecules in the induction of fluidity/rigidity in
membranes by DPH based fluorescence anisotropy. These
studies can also allow us to explore the differential activities of
amine derivatives of bile acid−tamoxifen conjugates.

DPH Based Fluorescence Anisotropy Studies. Induc-
tion of fluidity in the membrane by drug molecules is one of the
important factors for multiple mechanisms of action of drugs.33

We explored the changes in rigidity/fluidity in ordered regions
of membranes induced by stable lipid−drug complexes of these
bile acid−tamoxifen conjugates to understand their differences

Figure 2. (a, b) SPR studies: concentration dependent (a) drug binding responses and (b) stable drug−lipid complex responses formed by
irreversible binding of bile acid−tamoxifen conjugates with amine head groups and Tam. (c, d) DPH anisotropy studies: time dependent changes in
DPH anisotropy (membrane rigidity/fluidity) of DPPC membranes by incubation of Tam and bile acid−tamoxifen conjugates at 37 °C. (c) Bile
acid−tamoxifen conjugates with acid head groups; (d) bile acid−tamoxifen conjugates bearing amine head groups.
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in in vitro activities.34 Influence of drugs on membrane fluidity
can be studied using fluorescence anisotropy studies using
diphenylhexatriene (DPH) as a probe. DPH having a
hydrophobic nature interacts with hydrophobic alkyl chains of
membrane lipids. The rotational motions of this fluorophore
(DPH) are restricted by alkyl chains in ordered gel phase that
lead to high anisotropy values. Drug molecules that induce
fluidity in gel phase by disrupting alkyl chain regions will have
an impact on the rotational motions of DPH, and hence, we
would expect more fluidity and lower anisotropy values.
We mimic the in vitro cell culture conditions and incubated

DPH doped DPPC liposomes with free tamoxifen and bile
acid−tamoxifen conjugates at 37 °C for 48 h. Incubation of
tamoxifen and bile acid−tamoxifen conjugates decreases the
membrane anisotropy in a time dependent manner making the
membranes more fluidic, but the extent of fluidity change
depends on bile acid, the charge on bile acids, and the number

of tamoxifen molecules conjugated (Figure 2c,d). Bile acid
tamoxifen conjugates with acid and amine functionalities have
shown greater membrane fluidity compared to that of free
tamoxifen. Incubation of tamoxifen causes maximum fluidity
within 6 h of incubation (Figure 2c), and subsequent increase
in fluorescence anisotropy values may be due to the equilibrium
shift between incubated molecules and DPPC membranes. All
bile acid−tamoxifen conjugates having acid functionality (LCA-
Tam1-Ad, DCA-Tam2-Ad, and CA-Tam3-Ad) increase the
membrane fluidity only to a minor extent at physiological
temperature (37 °C), which is also evident from SPR studies
that showed reversible binding interactions between acid
conjugates and membranes. Therefore, the ineffectiveness of
these bile acid−tamoxifen conjugates with acid functionalities is
due to (1) the lack of favorable (irreversible) interactions with
polar regions of membranes and (2) the low intercalation of
these derivatives in membranes changing membrane fluidity.

Figure 3. Annexin-V/FITC apoptosis assay in (A) 4T1, (B) MCF-7, (C) T47D, and (D) MDA-MB 231 cells treated with Tamoxifen (Tam) and
CA-Tam3-Am at 10 μM tamoxifen equivalent concentration for 48 h.
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Among amine derivatives of bile acid−tamoxifen conjugates,
LCA-Tam1-Am and DCA-Tam2-Am cause less changes in
membrane fluidity at 37 °C (Figure 2d) like bile acid−
tamoxifen conjugates with acid functionalities; whereas
incubation of CA-Tam3-Am caused maximum distortions in
membrane packing leading to a decrease in fluorescence
anisotropy indicating higher fluidity changes in membranes.35

Incubation of membranes with CA-Tam3-Am for 24 h causes a
3-fold increase in membrane fluidity than tamoxifen and a 2-
fold increase than LCA-Tam1-Am and DCA-Tam2-Am. CA-
Tam3-Am with its large aromatic hydrophobic surface can
intercalate with hydrophobic alkyl chains of lipids and cause
maximum distortions leading to high membrane fluidity and
penetration. The order of membrane fluidity induced by bile
acid−tamoxifen conjugates on incubation with DPPC mem-
branes for 48 h at 37 °C is CA-Tam3-Am > LCA-Tam1-Am >
DCA-Tam2-Am > tamoxifen.
A comparison of cytotoxicity, SPR, and membrane fluidity

studies showed that bile acid−tamoxifen conjugates having acid
head groups fail to establish effective electrostatic interactions
with membranes due to reversible binding (from SPR studies),
and hence they are unable to intercalate in the membranes
causing less membrane fluidic changes (from DPH studies).
This reversible binding and low penetration result in lower in
vitro anticancer activities (MTT assay) of these conjugates
(Table 1). However, bile acid−tamoxifen conjugates having
amine head groups show effective (irreversible) binding with
membranes forming stable lipid−drug complexes (SPR
studies), and their intercalation in membranes strongly depends
on the number and position of tamoxifen molecules conjugated
to bile acid. Among bile acid−tamoxifen conjugates with amine
head groups that bind and form stable drug−lipid complexes,
CA-Tam3-Am causes more fluidic changes in DPPC mem-
branes making it most potent. We then explored the
intracellular apoptotic mechanism of CA-Tam3-Am and
compared it with tamoxifen using Annexin-FITC, cell cycle,
ROS, PCR, and Western studies.

Apoptotic Studies Using Annexin-FITC and Cell Cycle
Analysis. To explore the mechanism of cell death by CA-
Tam3-Am, we probed Tam and the cholic acid−tamoxifen
conjugate (CA-Tam3-Am) treated (10 μM tamoxifen equiv-
alent conc) cancer cells with an Annexin-V-FITC labeled
apoptosis detection kit (Sigma Chemical Co.) As shown in
Figure 3, treatment of Tam led to the progression of 6.7%,
8.2%, 47%, and 24% of Annexin- and PI +ve cells in MCF-7,
T47D, 4T1, and MDA-MB-231, respectively, whereas CA-
Tam3-Am treatment led to the progression of 20%, 15.7%,
82%, and 74% Annexin- and PI +ve cells in MCF-7, T47D,
4T1, and MDA-MB-231, respectively. These results indicate
that treatment with CA-Tam3-Am causes a 2−3-fold increase in
the number of total apoptotic (early and late) cells. We have
observed a 2-fold increase in apoptotic cells in ER +ve cell lines
MCF-7, T47D, and 4T1 and a 3-fold increase in ER −ve MDA-
MB-231 cells upon treatment of CA-Tam3-Am as compared to
tamoxifen. These results show that conjugation of tamoxifen
with bile acid has increased the availability of tamoxifen to
cancer cells irrespective of ER status and even found to be more
effective for estrogen receptor −ve cells like MDA-MB-231.
We then explored the fate of cells in different phases of the

cell cycle by propidium iodide based cell cycle analysis in three
cell lines upon treatment of tamoxifen and CA-Tam3-Am at 10
μM for 48 h as shown in Figure 4. Cell cycle analysis showed
that treatment of tamoxifen and CA-Tam3-Am in breast cancer
cell lines causes sub-G0 cell cycle arrest that is in agreement
with the earlier reports.36

Generation of Reactive Oxygen Species (ROS).
Reactive oxygen species (ROS) and mitochondria play an
important role in apoptosis induction under both physiologic
and pathologic conditions.37 Interestingly, mitochondria are
both the source and target of ROS,38 and cytochrome c release
from mitochondria, which triggers caspase activation, appears
to be largely mediated by the direct or indirect action of ROS.
To study the effect of tamoxifen and CA-Tam3-Am on
intracellular ROS levels of T47D, MCF-7, 4T1, and MDA-

Figure 4. Cell cycle analysis in (A) MCF-7, (B) T47D, and (C) MDA-MB 231 cells treated with Tamoxifen (Tam) and CA-Tam3-Am at 10 μM
tamoxifen equivalent concentration for 48 h.
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MB-231 cells, cells loaded with DCFDA were treated with
tamoxifen and CA-Tam3-Am. After treatment, the measure-
ment of ROS production was monitored up to 60 at 15 min
interval. We observed time and dose dependent rapid and
robust increase in ROS levels, which have been quantified as
fluorescence units as shown in (Figure S5, Supporting
Information). There is not much alteration in levels of ROS
production in T47D cells, whereas the ROS levels measured
were approximately 1.2-fold and 2-fold in MCF-7 cells
incubated with tamoxifen and CA-Tam3-Am, respectively.
Similarly there is 1.1- and 1.4-fold increase in ROS levels
after treatment with tamoxifen and CA-Tam3-Am in 4T1 cells.
MDA-MB-231 cells show 1.1- and 1.4-fold increase in ROS
levels for tamoxifen and CA-Tam3-Am, respectively. Quantifi-
cation of ROS levels measured by fluorescence units showed
high levels of ROS generation in ER −ve cell lines (MDA-MB-
231) as compared to ER +ve cell lines (4T1, T47D, and MCF-
7).
The generation of ROS in MCF-7 and MDA-MB-231 cell

lines indicate that these cells undergo intrinsic pathway of
apoptosis as both of the cell lines show high expression of
cytochrome c (as described later). Generation of ROS is much
higher in response to CA-Tam3-Am treatment as compared to
that to tamoxifen. Increased levels of ROS upon treatment with
CA-Tam3-Am may be due to the higher permeability of cells to
CA-Tam3-Am resulting in the generation of a higher amount of
ROS inside mitochondria and making the mitochondrial

membrane more permeable, releasing cytochrome c that further
activates regulatory machinery of the cells toward apoptosis.

Regulation of Antiapoptotic and Pro-Apoptotic
Genes. The induction of apoptosis in ER +ve and ER −ve
cells may be a result of the sequence of genes triggered in
response to chemical stimuli. Apoptosis can be triggered by two
mechanisms either by the activation of an intrinsic pathway that
includes proteins from the Bcl-2 family or by an extrinsic
pathway that involves death receptors on the cell surface.39

Apoptosis using the intrinsic pathway induces mitochondrial
membrane permeation and increase in levels of cytochrome c in
the cytoplasm. Induction of this pathway leads to a downstream
cascade of events, releasing various apoptotic mediators from
mitochondria40 and activation of caspases that are important for
the fate of the cell.
Commitment of cells to apoptosis is governed largely by

protein−protein interactions between members of the Bcl-2
family. These are key regulators of apoptosis that include both
anti- and proapoptotic genes. In normal conditions, there is
always a dynamic balance between pro- and antiapoptotic
proteins, and a slight change in the dynamic balance of these
proteins may result either in inhibition or induction of cell
death. Therefore, we studied the influence of tamoxifen and
CA-Tam3-Am on the expression of mRNA and protein levels
encoding proapoptotic and antiapoptotic members of the Bcl-2
family along with caspase activators and executioners in MCF-7
(ER +ve) and MDA-MB-231 (ER −ve) cells.

Figure 5. (A) Western Blot studies of MCF-7 cells treated with Tam and CA-Tam3-Am at 10 μM tamoxifen equivalent concentration for 48 h. (B)
Graphical representation of densitometry of all proteins in the Western blot performed in triplicate with ± SD. All of the values were normalized
using β-actin as the internal control.
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Quantitative Real Time PCR and Western Blotting
Studies in ER +ve MCF-7 Cells. Real time PCR analysis
showed that CA-Tam3-Am causes down-regulation of anti-
apoptotic Bcl-2 gene expression by 0.75-fold, whereas no effect
was observed in Bcl-XL in ER +ve MCF-7 cells (Figure S6,
Supporting Information). CA-Tam3-Am causes a 1.2-, 1.8-, and
4.6-fold increase in the expression of Bax, Bid, and Bad genes,
respectively, whereas tamoxifen treatment causes a 1.5-fold
change for Bid and Bad and no change in mRNA levels for Bax.
Tamoxifen and CA-Tam3-Am treatment causes a 3.0-fold up-
regulation of caspase 9 and 1.5-fold up-regulation of caspase 8
that is involved in the pathway of extrinsic apoptosis triggered
by death receptors (Figure S6, Supporting Information). As
caspase 8 promotes mitochondrial permeation of cytochrome c
and in turn activates caspase 9 through cleavage of Bid, we
found a 1.9-fold increase in levels of cytochrome c after CA-
Tam3-Am treatment, whereas tamoxifen treatment does not
change mRNA levels of caspase 8 and cytochrome c. Tamoxifen
and CA-Tam3-Am down-regulate mRNA levels of Survivin by
10-fold, a member of the family inhibitors of apoptosis (IAPs),
which is a critical component of apoptosis as it inhibits both
Bax (intrinsic) and Fas induced (extrinsic) apoptosis.
Western studies showed down-regulation of antiapoptotic

Bcl-2 and Bcl-XL protein levels and up-regulation of
proapoptotic proteins Bax, Bid, Bad, and caspase 8 in MCF-7

cells upon treatment with CA-Tam3-Am without change in the
expression of caspase 9 (Figure 5), whereas after treatment with
Tam, there is down-regulation of Bcl-2 (not Bcl-XL), up-
regulation of Bax and Bad (not Bid), and no change in levels of
caspase 8 and caspase 9. We have observed elevated levels of
cleaved caspases 8 on treatment with CA-Tam3-Am (Figure 5).
Among other proteins, Cytochrome c was up-regulated, and
IAP family protein Survivin protein was down-regulated after
treatment with Tam and CA-Tam3-Am. We studied levels of
caspase 3 by PCR and Western studies and found that it is not
expressed in MCF-7 cells, which is in agreement with previous
reports.41−43 Absence of caspase 3 that is critical for apoptosis
by the intrinsic apoptotic pathway and activation of caspase 8
critical for the extrinsic apoptotic pathway can allow MCF-7
cells to undergo apoptosis via death receptor mediated or the
extrinsic pathway upon treatment with CA-Tam3-Am. How-
ever, activation of proapoptotic genes Bax and Bad and down-
regulation of antiapoptotic genes Bcl-2 and Bcl-XL can allow for
the cells’ induction of intrinsic apoptotic pathways in reponse
to CA-Tam3-Am. Therefore, these observations at mRNA and
protein levels conclude that treatment of MCF-7 cells with CA-
Tam3-Am causes cell death via extrinsic as well as intrinsic
pathways of apoptosis.
The intrinsic pathway of apoptosis, also known as

mitochondrial pathway or stress pathway, is activated by a

Figure 6. (A) Western blot studies of MDA-MB-231 cells treated with Tam and CA-Tam3-Am at 10 μM tamoxifen equivalent concentration for 48
h. (B) Graphical representation of the densitometry of all proteins in Western blot performed in triplicate with mean ± SD. All of the values were
normalized using β-actin as the internal control.
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diverse array of death stress, genomic stress, metabolic stress,
the presence of unfolded proteins, and other stimuli. All these
arrays lead to the permeabilization of the outer mitochondrial
membrane and the release of apoptotic proteins from
mitochondria into cytosol. Treatment of MCF-7 cells with
CA-Tam3-Am generates ROS and causes cytochrome c release
from mitochondria to cytosol, which in turn induces a series of
biochemical reactions that result in caspase activation and
subsequent cell death.44 Release of cytochrome c in response to
excessive ROS generation can activate initiator caspase 9, which
further activates executioner caspases 3, 6, and 7. Survivin is a
family of inhibitor of apoptosis (IAP) protein and gets down-
regulated and activates cells toward apoptosis by allowing the
caspase cascade. Sequence of events including up-regulation of
proapoptotic genes and caspases and down-regulation of
antiapoptotic genes promote cells toward death. The extrinsic
pathway, which is also known as death receptor induced
pathway, also gets activated by initiator caspase 8, followed by
cleavage and activation of Bid, dimerization of Bax, and further
activation of caspases 3, 6, and 7 leading to cell death or
apoptosis upon treatment with CA-Tam3-Am.
Quantitative Real Time PCR and Western Blotting

Studies in ER −ve MDA-MB-231 Cells. Real time PCR
analysis of ER −ve MDA-MB-231 cells upon treatment with
CA-Tam3-Am showed up-regulation of pro-apoptotic genes
Bax, Bid, and Bad to levels of 1.7-, 2.5-, and 3-fold, respectively
(Figure S7, Supporting Information), whereas Tam treatment
causes 1.25-, 0.8-, and 1.75-fold change for proapoptotic genes
Bax, Bid, and Bad, respectively. There is no significant change
in levels of Bcl-XL after tamoxifen and CA-Tam3-Am treatment,
whereas Bcl-2 levels were up-regulated indicating that treat-
ment of estrogen receptor −ve MDA-MB-231 cells with
tamoxifen and CA-Tam3-Am does not down-regulate the
expression of antiapoptotic Bcl-2 family proteins required for
apoptosis. Treatment with tamoxifen and CA-Tam3-Am
induces up-regulation of caspase 9 and caspase 3 in MDA-
MB-231 cells (Figure S7, Supporting Information), whereas
only CA-Tam3-Am up-regulates the levels of caspase 8. CA-
Tam3-Am also up-regulates levels of cytochrome c by 2.4-fold
and down-regulates Survivin by 0.7-fold. Tamoxifen treatment
increases mRNA levels by 1.25-fold for cytochrome c and
causes no change for Survivin in MDA-MB-231 cells.
We then looked at the protein expression levels of the same

genes (Figure 6) in MDA-MB-231 cells upon treatment with
Tam and CA-Tam3-Am. Contrary to our observations with
mRNA expression levels, we have observed no up-regulation in
protein expression levels of pro-apoptotic proteins Bax, Bid,
and Bad in MDA-MB-231 cells, and only a marginal decrease in
levels of antiapoptotic Bcl-2 and Bcl-XL levels was observed in
response to Tam and CA-Tam3-Am treatment. Among
caspases, we have observed the up-regulation of caspase 3
and no up regulation in caspase 8 and caspase 9 levels after
Tam and CA-Tam3-Am treatment (Figure 6). We observed
increased levels of cleavage products of caspase 3. Cytochrome
c gets up-regulated, and Survivin gets down-regulated in MDA-
MB-231 cells upon treatment with Tam and CA-Tam3-Am.
Treatment of MDA-MB-231 cells with CA-Tam3-Am causes

an increase in levels of ROS and cytochrome c, followed by up-
regulation of apoptotic genes as shown by mRNA levels making
the cells undergo apoptosis. Generation of ROS is much higher
in response to CA-Tam3-Am treatment as compared to that
with Tam in MDA-MB-231 cells, which is also higher as
compared to that in MCF-7 cells. These results conclude that

CA-Tam3-Am treatment results in the generation of a higher
amount of ROS inside mitochondria making the mitochondrial
membrane more permeable to release cytochrome c that
activates apoptosis. Release of cytochrome c activates and up-
regulates many pro-apoptotic expression levels and caspases as
evident from mRNA expression levels. The absence of changes
in protein expression levels in MDA-MB-231 cells upon
treatment with CA-Tam3-Am also indicates a different
mechanism of action for these cells to undergo apoptosis.
Anticancer activities in ER +ve MCF-7 and ER −ve MDA-

MB-231 cells and their mechanistic investigation studies by
PCR and Western studies showed that treatment of ER +ve
MCF-7 cells with CA-Tam3-Am induces cells to undergo
apoptosis by extrinsic and intrinsic pathways through the
regulation of apoptotic genes and caspases, whereas ER −ve
MDA-MB-231 cells lines may undergo cell death using the
intrinsic pathway as evident from mRNA expression levels.

In Vivo 4T1 Breast Cancer Model in Balb/c Mice. We
evaluated the antitumor potency of CA-Tam3-Am in vivo in
murine 4T1 breast cancer tumor models in Balb/c mice. We
divided the animals bearing ∼150 mm3 tumors in 3 groups
consisting of 6 animals each. Animals were administered with
DMSO vehicle control (100 μL), tamoxifen (15 mg/kg), and
CA-Tam3-Am (15 mg/kg tamoxifen equivalent dose) once a
week. We observed that a single dose of CA-Tam3-Am on day
7 was able to reduce the tumor burden by ∼50% within a week
on day 13 (Figure 7), whereas a single dose of Tam did not

show any change in the Tam treated group. Only the second
dose of Tam was able to reduce the tumor burden by ∼30% on
16th day, whereas the CA-Tam3-Am treated tumor showed
∼50% reduction in tumor volume. These studies showed that
CA-Tam3-Am is more potent than tamoxifen alone in murine
breast cancer tumor models (Figure 7).

Figure 7. In vivo antitumor activity of CA-Tam3-Am in the murine
4T1 breast cancer model in Balb/c mice. (a) Graph shows change in
tumor volume in different treatment groups (n = 6 per group) in the
4T1 tumor model upon administration of the vehicle (100 μL),
tamoxifen (15 mg/kg), CA-Tam3-Am (15 mg/kg tamoxifen
equivalent dose) weekly once (marked by red arrows). Graph was
plotted with the mean ± SEM and statistical analysis done by
ANOVA, p < 0.005. (b) Representative images of excised 4T1 tumors.
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■ CONCLUSIONS

In this article, we present the synthesis of six bile acid−
tamoxifen conjugates bearing acid and amine head groups and
their anticancer activities and mechanistic studies in ER +ve and
ER −ve breast cancer cells. The cholic acid−tamoxifen
conjugate having three tamoxifen molecules and an amine
headgroup, CA-Tam3-Am, is the most active in both estrogen
+ve and −ve cells. The mechanism for differential activities
among bile acid−tamoxifen conjugates showed the reversible
binding and lower impact on fluidization states of membranes
by bile acid−tamoxifen compounds with acid head groups
making them less active. Bile acid−tamoxifen compounds
having amine head groups showed stable binding with
membranes, and among these drug−liposome stable com-
plexes, only CA-Tam3-Am causes maximum disruptions in
membranes causing higher membrane fluidity and penetration.
Interestingly, SPR and DPH studies using bile acid−tamoxifen
conjugates correlate with anticancer activities of these
conjugates showing that acid conjugates of bile acid−tamoxifen
are not active and that among amine conjugates, CA-Tam3-Am
is the most active. Annexin-V-FITC-PI studies confirmed that
cells undergo apoptosis irrespective of ER status upon
treatment with CA-Tam3-Am, and cell cycle analysis showed
sub G0 arrest of cells. The ROS assay showed the generation of
increased levels of ROS upon CA-Tam3-Am treatment, which
is independent of the ER status of cell lines. CA-Tam3-Am
treatment in MCF-7 cells down-regulates mRNA and protein
levels of antiapoptotic Bcl-2, Bcl-XL, and Survivin and up-
regulates proapoptotic Bax, Bid, Bad, cytochrome c, and caspase
8 indicating intrinsic and extrinsic pathways of apoptosis.
MDA-MB-231 cells upon treatment with CA-Tam3-Am
showed regulation of genes similar to MCF-7 cells at mRNA
levels indicating an intrinsic pathway of apoptosis, but no
change in levels of protein expression indicates a different
mechanism of action in ER −ve cell lines. The in vivo studies in
the murine 4T1 breast cancer model in Balb/c mice showed
that CA-Tam3-Am is a more potent molecule than tamoxifen
causing ∼50% reduction in tumor volume with a single dose
within a week. CA-Tam3-Am can easily form liposomes and
can be explored for in vivo applications using oral or
intravenous delivery. We are currently developing strategies
to engineer liposomes using CA-Tam3-Am for effective
delivery. In conclusion, we have shown that bile acid provides
an excellent scaffold for drug delivery applications and that drug
delivery strongly depends on the charge and hydrophobicity of
the molecules that control its interactions with cell membranes.
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