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Abstract
Purpose  Breast cancer remains a leading cause of cancer-related mortality among women, with prolonged exposure to 
endogenous estrogens recognized as a major risk factor. This study aimed to design, synthesize, and pharmacologically 
evaluate novel 3,3′-diindolylmethane (DIM) derivatives as multi-target modulators of estrogen-related pathways in breast 
cancer.
Methods  A series of DIM derivatives was synthesized and structurally characterized. Their biological activities were 
assessed through aromatase (CYP19A1) and CYP1B1 inhibition assays, E-screen assay for estrogen receptor activity, cyto-
toxicity assays in breast cancer (MCF-7 BUS, MDA-MB-231) and normal breast epithelial (MCF-10 A) cells, and scratch 
assay for cell migration. Molecular docking and in silico ADME analyses were conducted to support experimental findings.
Results  The derivatives demonstrated significant antiestrogenic activity by targeting multiple components of estrogen 
signaling. One compound exhibited potent aromatase inhibition (IC₅₀ = 0.79 µM), while two derivatives showed strong 
CYP1B1 inhibition (IC₅₀ = 0.37 µM and 0.71 µM). Selective cytotoxicity was observed in estrogen receptor-positive cells, 
with reduced effects on normal cells. Additionally, selected compounds significantly inhibited cell migration. Molecular 
modeling revealed favorable binding interactions within target enzymes, and ADME analysis indicated acceptable drug-like 
properties.
Conclusion  These findings suggest that DIM derivatives act as selective, multi-target modulators of estrogen-related path-
ways and may serve as promising adjuvant candidates for hormone-dependent breast cancer therapy.

Keywords  Breast cancer · Aromatase · Estrogen receptor · CYP1B1 · Cytotoxicity · 3,3-Dindolylmethane derivatives
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Introduction

Breast cancer continues to be a major global health chal-
lenge and remains the most commonly diagnosed malig-
nancy among women, has been strongly associated with 
prolonged exposure to endogenous estrogens. Factors 
such as early puberty, late menopause, and nulliparity 
are known to increase breast cancer risk by prolonging 
estrogen exposure [1, 2]. Estrogen-driven carcinogenesis 
primarily operates through two mechanisms: the estrogen 
receptor (ER)-mediated pathway, which promotes cell 
proliferation via ERα and ERβ, and the receptor-inde-
pendent pathway, involving the metabolic conversion 
of estrogens into genotoxic metabolites by enzymes like 
CYP1B1 [3, 4]. These pathways underscore the impor-
tance of targeted interventions in estrogen-driven breast 
cancer.

CYP19A1, commonly known as aromatase, facili-
tates the aromatization of androgens into estrogens, serv-
ing as a pivotal enzyme in estrogen biosynthesis and the 
maintenance of hormonal balance. Its overexpression in 
hormone receptor-positive breast cancers underscores 
the therapeutic relevance of aromatase inhibition in 
mitigating estrogen-driven tumor growth [5, 6]. Collec-
tively, these pathways highlight the intricate interplay of 
molecular mechanisms in estrogen-related breast carcino-
genesis and underscore the need for targeted therapeutic 
interventions (Fig. 1).

The growing interest in natural, diet-derived compounds 
for cancer prevention and treatment has brought attention 
to bioactive phytochemicals, particularly those found in 

cruciferous vegetables like broccoli and cabbage [7–13]. 
Among these, 3,3’-diindolylmethane (DIM), a metabolite 
of indole-3-carbinol (I3C), exhibits notable anticancer 
properties by modulating hormonal balance, reducing oxi-
dative stress, and influencing key signalling pathways [14–
17]. DIM has been shown to stimulate the phosphorylation 
of Brca1 during oxidative stress, playing a protective role 
against breast cancer [18]. Additionally, DIM sensitizes 
cells to radiation, inducing apoptosis by arresting the cell 
cycle at G2/M phase and increasing intracellular ROS gen-
eration [19]. Moreover, DIM has been reported to suppress 
cancer cell migration and invasion, further contributing to 
its potential in limiting tumor progression and metastasis 
[20]. DIM has been shown to enhance the efficacy of con-
ventional treatments, such as tamoxifen, while exhibiting 
favorable safety profiles [21]. However, limitations such 
as poor stability and low bioavailability hinder its clinical 
application [22, 23].

To address these challenges, this study synthesized 
(Scheme 1) and evaluated novel DIM derivatives for 
their therapeutic potential in breast cancer. Specifically, 
estrogenic/antiestrogenic potential of the compounds was 
explored by assessing their ability to inhibit estrogen-
induced cell proliferation in MCF-7 BUS cells. Further-
more, the inhibitory effect of the compounds on both 
aromatase (CYP19A), responsible for local estrogen bio-
synthesis, and CYP1B1, an enzyme catalysing the bioac-
tivation of various chemicals, including estrogens, into 
reactive quinone metabolites, was also examined in vitro. 
Cytotoxicity potentials of the compounds were tested both 
in human breast cancer and breast epithelial cell lines 

Scheme 1  Synthesis of DIM 
derivatives
 

Fig. 1  Estrogen receptor-mediated and estrogen receptor-independent pathways in estrogen-induced carcinogenesis
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to check selectivity of the compounds. Additionally, the 
anti-migratory effects of the compounds were assessed 
in MCF-7 cells using a scratch assay. Molecular model-
ling studies of active DIM analogues X2 and X5 with 
CYP19A1, CYP1B1 and ER was also employed to detect 
interaction with targets.

Materials and methods

Cell culture and chemicals

MCF-7 BUS cells were kindly provided by Prof. Ana Soto, 
while MCF-10 A and MDA-MB-231 cells were obtained 
from ATCC. MCF-10  A cells were cultured in DMEM/
F12 supplemented with 5% horse serum, EGF (20 ng/
mL), hydrocortisone (0.5 µg/mL), and insulin (10 µg/mL), 
whereas MCF-7 BUS and MDA-MB-231 cells were main-
tained in DMEM containing 10% FBS under standard con-
ditions (37 °C, 5% CO₂).

All reagents were purchased from commercial suppli-
ers. The CYP19/MFC assay kit (BD Gentest) and recom-
binant CYP1B1 enzyme (Corning) were used. Melting 
points and ESI-MS analyses were performed using standard 
instrumentation.

General synthesis of DIM derivatives

4 mmol indole/indole derivative was dissolved in 25 mL 
distilled water, and 2mmol formaldehyde was added to 
the solution. 2–3 drops of concentrated H2SO4 were added 
dropwise to the mixture and the reaction was stirred at 
80–90 °C in a light-free environment for 3 h. The com-
pletion of the reaction was checked by TLC. The mix-
ture was allowed to reach room temperature and then the 
aqueous phase was extracted with diethyl ether 3 times. 
The extracted organic phases were combined and dried 
with MgSO4. Finally, the substance obtained by evapo-
rating diethyl ether in the evaporator was recrystallized 
with ethyl alcohol to obtain the pure compound [24]. As a 
result, compounds X1–X5 were obtained in yields of 40%, 
47%, 30%, 33%, and 35%, respectively.

Aromatase activity assay

Aromatase inhibitory effects of synthesized DIM deriva-
tives were evaluated by using CYP19/MFC High through-
put Screening Kit supplied from BD Gentest. Assay was 
performed according to the previous study [25]. Aroma-
tase inhibitory effects of DIM derivatives were evaluated 

in different concentrations (0.045-100 µM), inhibition 
curves were assessed and IC50 values were calculated for 
each compound.

Ethoxy resorufin-O-dealkylation (EROD) assay

This assay is based on dealkylation reaction of 7-ethoxy-
resorufin by CYP1 (CYP1A1, CYP1A2 and/ or CYP1B1) 
enzymes and formation of its fluorescent resorufin metab-
olite [26]. Firstly, IC50 values of DIM derivatives for 
CYP1 inhibition were assessed by using phenobarbital 
induced rat liver microsomal CYP1 enzymes. To evaluate 
CYP1 inhibitory effect of compounds 10 µL microsome, 
90 mM KH2PO4/K2HPO4 (pH 7.4), 3.7 µM 7-ethoxyreso-
rufin, different concentrations of test compound and 0.22 
mM NADPH with the final volume of 250 µL were added 
to tubes, respectively, incubated at 30 °C for 10 min 
and the reaction was stopped by adding 500 µL acetone 
to each tube, centrifuged at 12,500 g (4 °C) for 5 min 
and the fluorescence intensity of the supernatants were 
measured at 530 nm (excitation) and 586 nm (emission). 
Inhibitory effects of potent inhibitors of CYP1, were fur-
ther assessed by human recombinant CYP1B1 enzyme. 
After the addition of 1.25 pmol enzyme, 0.2 µM substrate 
and test compound the method was performed at 37 °C as 
described above.

E-screen assay

The E-screen method developed for the evaluation of estro-
gen receptor (ER)-mediated effects of chemicals was used 
in this study [27]. Compounds with estrogenic activity 
bind to ER and induce the MCF-7 BUS cell proliferation 
in a hormone free media, on the contrary, antiestrogenic 
compounds inhibit the cell proliferation, in the presence 
of estradiol by blocking ER. This assay was performed as 
described previously [28]. Briefly, to evaluate estrogenic 
activity, MCF-7 BUS cells were treated with 1.1 µM of 
DIM derivatives in a hormone free media (phenol red free 
DMEM supplemented with 10% Charcoal Dextran FBS, 
1% MEM-NAA, 1% Sodium pyruvate) for 144 h. Besides, 
antiestrogenic activities were assessed by adding 10− 10 M 
estradiol to each well as well as the test compound. The 
tested concentration was selected to minimize cytotoxic 
interference during evaluation of antiestrogenic activity. 
At the end of the incubation period cells were fixed with 
10% trichloroacetic acid (TCA), stained with 0.4% sul-
forhodamine B (SRB) solution and optical densities were 
measured at 492 nm by Themo Scientific Varioscan Flash 
(U.S.) multiplate reader.
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Cell viability

Cell viability was assessed using the MTT assay to evaluate 
the effects of DIM derivatives on MCF-10 A, MCF-7 BUS and 
MDA-MB-231 cell viability was evaluated with MTT assay. 
This assay is based on the ability of mitochondrial dehydro-
genases in viable cells to reduce MTT (3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide) into insoluble 
purple formazan crystals [29]. Briefly, cells were seeded at a 
density of 6000 cells per well and incubated for 24 h at 37 °C. 
Subsequently, cells were treated with varying concentrations 
of DIM derivatives or paclitaxel as a positive control for 48 
h. Following treatment, wells were washed with phosphate 
buffered saline (PBS) and incubated with MTT solution for 
2 h at 37 °C. The media was then removed, and the formed 
formazan crystals were solubilized in DMSO. Absorbance 
was measured at 550 nm using a multiplate reader.

Scratch assay

Cell migration was evaluated using a scratch (wound heal-
ing) assay. MCF-7 cells were seeded in 12-well plates 
(2.5 × 10⁵ cells/well) and incubated for 24 h. A scratch was 
created, and cells were treated with compounds at their IC20 
concentrations in DMEM containing 1% FBS. Images were 
captured immediately after treatment (0 h) and after 24 h 
incubation using a light microscope at 4× magnification. 
Scratch widths were quantified using ImageJ software, and 
the closure rate and percentage of cell migration were calcu-
lated relative to the vehicle control.

In silico ADME prediction

The pharmacokinetic properties of the DIM derivatives 
were predicted using the web-based tool SwissADME. 
The canonical SMILES of each compound were obtained 
and submitted to the platform for analysis. Key parame-
ters evaluated included physicochemical properties (e.g., 
molecular weight, lipophilicity), water solubility, gastro-
intestinal absorption, blood–brain barrier permeability, 
and drug-likeness according to established rules (Lipin-
ski). Additionally, potential interactions with cytochrome 
P450 isoenzymes and P-glycoprotein substrate status were 
assessed. All predictions were performed using the default 
settings of the platform.

Molecular modelling studies

The Schrödinger software package (v2023–4, Schrödinger, 
Inc., New York) was used for the molecular modelling studies.

Protein preparation

The crystal structure of CYP19A1 in complex with 
4-androstene-3-17-dione (PDB: 3S79; 2.75 Å), Estro-
gen receptor in complex with the ligand OP107 (PDB: 
5UFX; 1.55 Å), Estrogen receptor in complex with estra-
diol (PDB: 5DXE; 1.50 Å) and CYP1B1 in complex 
with the 2-phenyl-4  H-benzo[H]chromen-4-one (PDB: 
3PM0; 2.70 Å) were downloaded from the Protein Data 
Bank. Protein and ligand atoms were retained while 
all water molecules and sulfate ions were deleted. The 
Protein Preparation Wizard module was used to prepare 
the protein structure, which was pre-processed by add-
ing hydrogens and missing side chains if present. The 
N- and C-terminals of the proteins were capped and sub-
sequently, the system was minimized using the OPLS4 
force field.

Docking

A grid file was generated using the Receptor Grid Gen-
eration tool. The grid was prepared around the centroid of 
the co-crystallized ligand. All hydroxyl groups of the Ser, 
Thr and Tyr residues that were lining the binding pocket 
and not forming hydrogen bonding interactions with 
other amino acids were allowed to rotate during dock-
ings. The three-dimensional structures of compounds 
X2 and X5 were prepared with the Builder and LigPrep 
tools. Subsequently, the compound was docked into the 
binding pocket using the Glide tool and Extra Precision 
(XP) scoring function with default settings. The highest 
scoring three poses were retained and investigated for 
complementarity in shape, hydrogen bonding character-
istics, electrostatics and hydrophobicity between ligand 
and binding pocket.

Molecular dynamics simulations

All molecular dynamics (MD) simulations were con-
ducted using the Desmond software package. The 
selected ligand–receptor complexes were positioned 
centrally within an orthorhombic simulation box, apply-
ing periodic boundary conditions and ensuring at least a 
10 Å buffer between the protein surface and box edges. 
To establish a neutral and solvated environment, water 
molecules modeled with the TIP5P model and 0.15 M 
NaCl were introduced. Energy minimization was per-
formed for 100 ps using the OPLS4 force field, maintain-
ing positional restraints on the protein and ligand atoms. 
Subsequent MD simulations were executed for 250 ns 
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under NPT ensemble conditions, maintaining tempera-
ture at 300 K (Nose–Hoover thermostat) and pressure 
at 1 bar (Martyna–Tobias–Klein barostat), utilizing the 
RESPA integrator with a 2 fs time step and no restraints. 
The trajectory data were analyzed using the Simulation 
Interaction Diagram tool to monitor Cα atom RMSD and 
ligand–protein interactions throughout the simulation 
period. Additionally, MM-GBSA binding free energy cal-
culations were performed using the thermal_MMGBSA.
py script to estimate the stability of the complexes during 
the 250 ns trajectory [30].

Statistical analysis

Data were analysed in GraphPad Prism 8 and expressed as 
means ± SD. Statistical analysis was performed by using 
one-way ANOVA test and then Tukey’s or Dunnett’s test 
was applied as a post hoc test. Differences were consid-
ered significant in case of p < 0.05. Statistical significance 
is expressed as p < 0.05*, p < 0.01**, p < 0.001***.

Results and discussion

In recent years, a growing body of literature has highlighted 
the potential of diet-derived chemopreventive agents in 
cancer prevention and therapy [31–35]. Notably, bioactive 
compounds found in cruciferous vegetables, such as Brus-
sels sprouts, broccoli, and cabbage, have garnered signifi-
cant attention due to their promising anticancer properties 
[36, 37]. However, the consumption of these compounds 
through whole foods poses challenges, including the inabil-
ity to standardize dosage and the difficulty in conducting 
comprehensive safety assessments. Consequently, the syn-
thetic production of these active secondary metabolites such 
as indoles, indole-3-carbinol (I3C) and its active metabolite 
3,3′-diindolylmethane (DIM) can offer a viable alternative, 
enabling precise dose standardization, enhanced therapeutic 
efficacy, and rigorous safety evaluation for potential use as 
targeted chemopreventive agents.

Within this context, the present study focuses on 
the development and evaluation of novel DIM-based 
derivatives. A set of five compounds was generated 
and subjected to structural confirmation, followed by a 
systematic investigation of their biological activities across 
multiple breast cell models. Their effects were examined 
not only in estrogen-dependent breast cancer cells but 
also in normal breast epithelial and triple-negative breast 
cancer cells, enabling a comparative assessment of their 
selectivity and functional relevance.

Chemical characterisation of the synthesised DIM 
derivatives

3,3’-Methanediylbis(1H-indole) X1: 1H-NMR (500 MHz, 
CDCl3, δ): 4.26 (s, 2H, CH2), 6.93 (t, 2H, J = 1.2 Hz, 
H-2,2’), 7.11 (td, 2  H, JO=7.6  Hz, Jm=0.8  Hz, H-5,5’), 
7.21 (td, 2 H, JO=7.2 Hz, Jm=1.2 Hz, H-6,6’), 7.36 (d, 2 H, 
JO=8.4, H-7,7’), 7.64 (d, 2  H, JO=7.6, H-4,4’), 7.87 (s, 
2 H, indole-NH). 13C-NMR (125 MHz, CDCl3, δ): 21.2, 
111.1, 115.7, 119.9, 119.2, 121.9, 122.2, 127.6, 136.4. 
LRMS (ESI, positive) m/z calcd for C17H14N2 [M]+: 
247.04, found: 247.05, [M + H]+: 248.01. Yield: 40%, 
m.p: 167 °C.

3,3’-Methanediylbis(1H-indole-5-carbonitrile) X2: 
1H-NMR (500 MHz, DMSO, δ): 4.20 (s, 2H, CH2), 7.37 
(dd, 2H, Jo=8.4 Hz, Jm=1.6 Hz, H-6,6’), 7.47–7.49 (m, 
4 H, Ar-H), 8.07 (s, 2 H, H-2,2’), 11.39 (s, 2 H, indole-
NH). 13C-NMR (125  MHz, DMSO-d6, δ): 20.1, 100.9, 
112.7, 115.0, 120.9, 123.6, 124,4, 125.7, 126.9, 138.1. 
LRMS (ESI, positive) m/z calcd for C19H14N4 [M ]+: 
298.12, found: 298.15, [M + H]+: 299.10. Yield: 47%, 
m.p: 141–142 °C.

3,3’-Methanediylbis(5-bromo-1H-indole) X3: 1H-NMR 
(500 MHz, DMSO, δ): 4.14 (s, 2H, CH2), 6.95 (t, 2H, J = 1.2 
Hz, H-2,2’), 7.22–7.29 (m, 4 H, Ar-H), 7.71 (d, 2 H, Jm=0.88, 
H-4,4’), 7.97 (s, 2  H, indole-NH). 13C-NMR (125  MHz, 
CDCl3, δ): 21.1, 112.6, 114.9, 121.8, 123.4, 124.9, 129.2, 
135.1. LRMS (ESI, positive) m/z calcd for C17H14Br2N2 
[M]+: 403.95, found: 403.90, [M + H]+: 404.10. Yield: 30%, 
m.p: 172–173 °C.

3,3’-Methanediylbis(5-chloro-1H-indole) X4: 1H-NMR 
(500 MHz, DMSO, δ): 4.17 (s, 2H, CH2), 7.00 (t, 2H, J = 0.88 
Hz, H-2,2’), 7.16 (dd, 2 H, Jo=5.6 Hz, Jm=1.6 Hz, H-6,6’), 
7.30 (d, 2 H, JO=6.92, H-7,7’), 7.57 (d, 2 H, Jm=1.6, H-4,4’), 
7.98 (s, 2 H, indole-NH). 13C-NMR (125 MHz, CDCl3, δ): 
21.1, 112.1, 115.0, 118.7, 122.3, 123.6, 125.0, 128.5, 134.8. 
LRMS (ESI, positive) m/z calcd for C17H14Cl2N2 [M]+: 
316.05, found: 316.09, [M + H]+: 317.07. Yield: 33%, m.p: 
148–150 °C.

3,3’-Methanediylbis(5-fluoro-1  H-indole) X5: 
1 H-NMR (500 MHz, DMSO, δ): 4.17 (s, 2 H, CH2), 6.95 
(td, J = 9.0, 2.5 Hz, 2 H), 7.03 (dd, J = 2.3, 1.2 Hz, 2 H), 
7.23 (dd, 2 H), 4.17 (s, 2 H). 7.29 (dd, J = 8.8, 4.2, 0.5 Hz, 
2  H), 7.95 (s, 2  H, indole-NH). 13C-NMR (125  MHz, 
CDCl3, δ): 21.2, 104.0, 104.2, 110.2, 110.5, 111.6, 
111.70, 115.4, 115.5, 123.9, 127.8, 127.9, 133.0, 156.7, 
158.6. LRMS (ESI, positive) m/z calcd for C17H14F2N2 
[M]+: 284.11, found: 284.13, [M + H]+: 285.23. Yield: 
35%, m.p: 144 °C.
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Aromatase (CYP19A1) inhibitory effects

Aromatase, a crucial enzyme in estrogen biosynthesis, 
catalyze the conversion of androgens to estrogens and 
contributes to maintaining estrogenic balance within the 
body. Inhibition of aromatase has emerged as a significant 
therapeutic strategy in breast cancer management, aim-
ing to mitigate the estrogenic drive fueling tumor growth. 
The potential aromatase inhibitory effects of DIM deriva-
tives were initially screened at a concentration of 100 µM 
using a fluorescent substrate (MFC) and a human recom-
binant aromatase enzyme in an in vitro cell free assay. 
All compounds were found to significantly inhibit aro-
matase activity (data not shown). The inhibitory effects 
of each compound were further analysed at different con-
centrations and IC50 values were calculated to determine 
the potency of the DIM derivatives (Table 1). All tested 
derivatives inhibited enzyme activity in a dose-dependent 
manner, with compound X2 being the most potent, exhib-
iting an IC₅₀ value of 0.79 µM. The inhibition curves of 
compounds are given as supplementary data (Supporting 
information Fig.S16).

In line with previous findings demonstrating that DIM 
suppresses aromatase expression in estrogen-dependent 
breast cancer cells (MCF-7), functioning as an aromatase 
inhibitor [38], our study showed that specific DIM deriva-
tives significantly inhibited aromatase activity, with IC₅₀ 
values in the low micromolar range Comparing IC50 values 
only compound X2 (IC50: 0.79 µM) inhibited aromatase 
enzyme with lower IC50 value than DIM (nonsubstituted; 
X1). This value was comparable to the first-generation 
aromatase inhibitor aminoglutethimide (IC50: 0.6 µM) 
[39]. However, its inhibitory potency was notably lower 

when compared to the third-generation aromatase inhibi-
tor letrozole, with an IC50 value of 4 nM [40].

CYP1B1 inhibitory effects

CYP1B1, a member of the Cytochrome P450 1 family, 
an enzyme involved in phase I drug metabolism and bio-
activation of various procarcinogens, primarily acts as 
a hydroxylase for 17β-estradiol [41]. Elevated expres-
sion of CYP1B1 is found in various tumors, especially 
hormone-related cancers like breast, ovary and prostate, 
suggesting its involvement in cancer progression [42, 
43]. Studies indicate that multiple hallmarks of breast 
cancer progression, including cell proliferation, inva-
sion, and migration, were increased following CYP1B1 
induction [44]. Moreover as an enzyme that contributes 
to the metabolic activation of estrogens and xenoestro-
gens, the inhibition of CYP1B1 emerges as a prospective 
strategy to impede the formation of genotoxic metabo-
lites and, consequently, mitigate the risk of breast can-
cer initiation and progression [45]. In this study the 
potential CYP1 inhibitory effects of DIM derivatives 
were analysed in microsomes by using 7-ethoxyresoru-
fin as a substrate. All the compounds significantly and 
dose dependently inhibited CYP1 enzymes (Supporting 
information Fig. S17). X2 and X5 were found to inhibit 
microsomal CYP1 activity more potently with IC50 val-
ues of 0.23 and 0.19 µM, respectively (Table 1). Accord-
ingly, inhibitory effects of these two compounds were 
further tested on human recombinant CYP1B1 enzyme 
(Supporting information Fig.S18). Both compounds were 
shown to be the potent inhibitors of CYP1B1 with IC50 
values of 0.37 µM (X2) and 0.71 µM (X5). The relatively 
higher IC₅₀ values observed in the microsomal CYP1 
assay compared to recombinant CYP1B1 may be asso-
ciated with differential inhibitory effects of these com-
pounds on other CYP1 isoforms, including CYP1A1 
and CYP1A2. Therefore, further studies are required to 
clarify CYP isoform selectivity. Dutour and Poirier have 
reviewed wide variety of natural compounds that inhibit 
CYP1B1 enzyme [46]. Some compounds, particularly 
those with a stilbene structure, inhibited the CYP1B1 
enzyme at nanomolar concentrations, indicating that X 
compounds (DIM derivatives) may not be the optimal 
candidates for CYP1B1 inhibition. On the other hand, 
compound X2 and X5 exhibited greater potency in inhib-
iting CYP1B1 compared to a flavonoid compound (IC50: 
43 µM) and purpurin (IC50: 2.2 µM). Previous studies 
demonstrated that treatment with cabbage juices or I3C/
DIM led to a reduction in CYP1B1 expression in MCF-7 

Table 1  IC50 values of DIM derivatives against human recombinant 
CYP19A1, CYP1 (microsomes) and human recombinant CYP1B1 
activity. IC₅₀ values were determined by nonlinear regression analysis 
of dose–response curves generated from triplicate measurements; val-
ues in parentheses indicate 95% confidence intervals. AG: aminoglu-
tethimide, KTZ: Ketoconazole
DIM 
derivatives

IC50 (µM) [95% 
CI]

CYP19A1 Microsomal 
CYP1

CYP1B1

X1(DIM) 10.76(7.8–14.8) 1.92 (1.3–2.8) -
X2 0.79(0.7–0.8) 0.23 (0.1–0.4) 0.37(0.1–0.7)
X3 35.8(19.5–65.7) 0.57 (0.3–0.9) -
X4 23.8(10.3–54.8) 1.86 (1.1-3) -
X5 12.3(8.5–17.8) 0.19 (0.09–0.3) 0.71(0.3-1)
AG 0.38(0.3–0.4) - -
KTZ 2.3(1.8–2.8) 1.7 (1.2–2.4) 3.1 (2.3–3.9)
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cells [47]. In the current study, DIM derivatives (specifi-
cally X2 and X5) exhibited a stronger inhibitory effect 
compared to DIM (X1). These findings suggest that the 
compounds may modulate estrogen metabolism through 
CYP-related pathways, potentially reducing the forma-
tion of genotoxic estrogen metabolites associated with 
breast carcinogenesis.

Estrogen receptor mediated effects

Numerous studies have demonstrated that I3C or its ana-
logues possess the ability to bind to ER and act as either 
estrogenic or antiestrogenic activity [48]. The effects of 
the DIM derivatives on estrogen receptor were inves-
tigated using the E-screen assay. To assess estrogenic 
effects, cells were incubated with the test substances in 
estrogen-free media, and proliferative effects (PE) were 
calculated for each compound. Among the compounds 
only X1 increased cell proliferation, with a PE value of 
1.49 (Fig. 2A). Previous studies reported that physiologi-
cally obtainable concentrations of DIM, specifically at 10 
µM, activated the ERα signalling pathway which stimu-
late cell proliferation in MCF-7 cell line [49]. Our results 
confirmed this finding, as the non-substituted compound 
X1 (DIM) induced cell proliferation in the absence of 
estradiol (Fig. 2A), suggesting an estrogenic activity. In 
contrast, PE values for X2 and X4 were below 1, suggest-
ing potential antiestrogenic activity. Subsequently, the 
antiestrogenic effects of the compounds were evaluated in 
the presence of 0.1 nM estradiol and 1.1 µM of each test 
substance. All derivatives significantly inhibited MCF-7 
BUS cell proliferation, even in the presence of estradiol 
in the media (Fig. 2B). The PE values for X1, X2, X3, X4 
and X5 were calculated as 0.97, 1.15, 1, 1.14 and 0.96, 
respectively, suggesting potential antiestrogenic effects of 
the newly synthesized DIM derivatives.

Effects on cell viability

The cytotoxic effects of the DIM derivatives were evalu-
ated in MCF-7 BUS, MDA-MB-231, and MCF-10 A cells 
following 48 h treatment (Table 2). Compared to the par-
ent compound DIM (X1), which exhibited weak activity in 
MCF-7 BUS cells (IC₅₀ = 95 µM), all substituted derivatives 
showed markedly enhanced cytotoxicity. In particular, X3 
and X4 demonstrated the highest potency in MCF-7 BUS 
cells, with IC₅₀ values of 21.5 µM and 22 µM, respectively, 
followed by X2 (28.3 µM) and X5 (46 µM), indicating that 
structural modification of the DIM scaffold significantly 
improves anticancer activity.

A similar but less pronounced trend was observed in 
MDA-MB-231 cells, where X3 and X4 exhibited IC₅₀ val-
ues of 30.4 µM and 31.5 µM, respectively. Overall, the 
compounds displayed greater cytotoxic potency in MCF-7 
BUS cells compared to MDA-MB-231 cells, suggesting a 
higher sensitivity of estrogen receptor-positive breast can-
cer cells to these derivatives. This observation is consistent 
with previous studies reporting that ERα-positive breast 
cancer cells are more responsive to DIM-based compounds 
than ER-negative cells [50].

Importantly, all compounds showed higher IC₅₀ values in 
MCF-10 A cells (33–44 µM) than in MCF-7 cells, indicat-
ing lower cytotoxicity toward normal breast epithelial cells. 

Table 2  IC50 values of DIM derivatives
DIM derivatives IC50 (µM)

MCF-7 BUS MDA-MB-231 MCF-10 A
X1 95 > 100 > 100
X2 28.3 36.3 34
X3 21.5 30.4 44
X4 22 31.5 33
X5 46 44.5 39
Paclitaxel 0.035 0.076 0.29

Fig. 2  Estrogenic (A) and 
antiestrogenic (B) effects of 
DIM derivatives (1.1µM) in 
MCF-7 cells. Statistical analyses 
were performed by compar-
ing samples with DMSO for 
estrogenic activity and with E2 
group for antiestrogenic activity. 
DMSO: Dimethyl sulfoxide; E2: 
Estradiol. *p < 0.05, **p < 0.01, 
***p < 0.001
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Notably, DIM (X1) exhibited minimal cytotoxicity in both 
MDA-MB-231 and MCF-10 A cells (IC₅₀ >100 µM), further 
highlighting the improved activity achieved through structural 
modification. Although the observed selectivity was moderate, 
the compounds generally displayed greater cytotoxic activity 
in ER-positive MCF-7 cells than in normal breast epithelial 
cells. This trend is consistent with previous reports showing 
that DIM derivatives may exhibit preferential activity toward 
cancer cells relative to non-transformed cells [51].

The reduced efficacy observed in MDA-MB-231 cells 
further supports the role of estrogen receptor-mediated 
mechanisms in the activity of these compounds, as also 
reported in the literature. In this context, alternative path-
ways such as AMPK activation may be explored to enhance 
activity in triple-negative breast cancer models [52].

Despite these promising findings, the cytotoxic potency 
of the DIM derivatives remained substantially lower than 
that of paclitaxel (IC₅₀ = 0.035 µM in MCF-7 BUS), indi-
cating that these compounds are unlikely to serve as direct 
alternatives to conventional chemotherapeutics. However, 
their moderate cytotoxicity, combined with selective activ-
ity toward cancer cells and their ability to modulate multiple 
targets, including aromatase, CYP1B1, and cell migration, 
suggests that they may represent promising candidates as 
adjuvant or multi-target agents in breast cancer therapy.

In addition to their direct cytotoxic effects, DIM deriva-
tives may also possess chemosensitization potential, particu-
larly in overcoming chemoresistance, as previously reported 
for structurally related indole derivatives [53, 54]. Further 
studies investigating combination treatments with conven-
tional chemotherapeutics such as docetaxel are warranted.

Effects on cell migration

The anti-migratory effects of the compounds were 
assessed in MCF-7 cells at their IC20 concentrations using 
a scratch (wound healing) assay, as these cells exhibited 

higher sensitivity to the compounds compared to MDA-
MB-231 cells. As shown in Fig. 3 compounds X1, X4, 
and X5 significantly reduced cell migration compared to 
the vehicle control (p < 0.05), decreasing migration by 
19%, 24%, and 25%, respectively, indicating that X4 and 
X5 exhibit stronger anti-migratory effects than the parent 
DIM compound (X1). These findings are consistent with 
previous reports on DIM, indicating that the anti-migra-
tory effects may be linked to the modulation of estrogen-
related pathways, particularly through aromatase and 
CYP1B1 inhibition [20].

In silico ADME prediction

The pharmacokinetic properties and drug-likeness of the 
synthesized DIM derivatives (X1–X5) were evaluated 
using the SwissADME platform (Table 3). All compounds 
exhibited molecular weights within the acceptable range 
(246.31–404.10  g/mol) and complied with Lipinski’s rule 
of five, with the exception of X3, supporting their oral drug-
likeness. The derivatives demonstrated balanced lipophi-
licity (iLogP: 0–2.87; MLogP: 2.13–4.23) and low TPSA 
values (31.58 Å² for most compounds), indicating favor-
able membrane permeability, which is consistent with their 
observed biological activity.

All compounds were predicted to have high gastroin-
testinal absorption, while most derivatives (X1, X3, X4, 
and X5) also showed blood–brain barrier permeability. 
The identification of all compounds as P-glycoprotein sub-
strates suggests potential efflux-related limitations in bio-
availability. The predicted CYP inhibition profile revealed 
interactions with key isoforms, including CYP1A2, 
CYP2D6, and CYP3A4, which may contribute to their 
multi-target activity. Notably, this profile aligns with the 
experimentally observed inhibition of CYP1B1, support-
ing the role of these compounds in modulating estrogen-
related metabolic pathways.

Fig. 3  The effects of compounds 
on cell movement in MCF-7 
cells were evaluated using the 
scratch assay. (A) Representative 
images were obtained from the 
same wells at 0 h and after 24 h 
of incubation. (B) Cell migration 
was quantified as the percentage 
of wound closure relative to the 
vehicle-treated control, which 
was normalized to 100%. Data 
are presented as mean ± SD (n = 3 
independent experiments, N = 3 
wells per experiment). Statisti-
cal significance was determined 
relative to the vehicle control 
(*p < 0.05, **p < 0.01)
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Overall, X4, and X5 exhibited the most favorable 
balance of physicochemical and pharmacokinetic prop-
erties, which, together with their selective cytotoxicity 
and anti-migratory effects, highlights their potential as 
multi-target agents for breast cancer therapy. However, 
these findings are based on in silico predictions, and 
further experimental studies are required to confirm the 
physicochemical and pharmacokinetic properties of the 
compounds.

Molecular modelling studies

Molecular modelling studies were performed to investigate 
the binding interactions of compounds X2 and X5 with 
CYP19A1 and CYP1B1. To this end, compounds X2 and 
X5 were docked into crystal structures of CYP19A1 and 
CYP 1B1.

Interactions with aromatase (CYP19A1)

Compound X2 formed a hydrogen bond between the 
nitrile group of the ligand and the backbone of Leu372. 

In addition, a π-π interaction with Trp224 and a cation-π 
interaction with the haem group were formed (Fig. 4A, B). 
A 250 ns MD simulation indicates that the binding interac-
tions of the ligand with the aromatase active site changes. 
The MD simulation revealed that the ligand adopted another 
pose in the binding pocket as the RMSD value increased 
towards approximately 3.5–4.5 Å (Fig. 4D). The observed 
hydrogen bond with Leu372 was not preserved during the 
simulation and a new hydrogen bond was formed water-
mediated hydrogen bond with Gln367 (33% of simulation 
time) and Pro368 (33% of simulation time). In the other 
side a new hydrogen bond was formed with the side chain 
of Met374(98% of simulation time) (Fig. 4C). In addition, 
water-mediated hydrogen bonds were observed with back-
bone of Ala306 (56% of simulation time). The MM/GBSA 
binding energy (kcal/mol) was mainly between − 30 and 
− 50  kcal/mol (Fig.  4E). The average binding energy was 
− 39,1060+/- 6,6998 kcal/mol.

Compound X5 formed a hydrogen bond between one 
of its amine groups and the backbone carbonyl group of 
Leu477 and an aromatic hydrogen bond with the side chain 
of Asp309 (Fig. 4F, G). One of its indole groups formed a 
π-π stacking with the side chain of Trp224. A fluor atom was 
at 2.51 Å distance from the cationic side chain of Arg115 
and as such may form electrostatic interactions. A 250 ns 
MD simulation indicates that the binding interactions of 
the ligand with the aromatase active site changes. During 
the first 115 ns of the simulation, the ligand RMSD value 
increased towards approximately 3.5–4.0 Å. Afterwards, the 
RMSD value increased towards approximately 5.6–6.4 Å 
(Fig. 4I). During the first part of the MD simulation (0–115 
ns), one of the indole rings of the ligand formed π-π stack-
ings with the side chains of Phe221 (61% of simulation time) 
and Trp224 (79% of simulation time), while the other indole 
ring was involved in a hydrogen bond with Leu372 (92% of 
simulation time) (Fig. 4H). After this period (115–250 ns), 
mainly hydrophobic interactions were observed. The MM/
GBSA binding energy (kcal/mol) was mainly between − 20 
and − 40 kcal/mol, except in the first part of the simulation 
(0–10 ns) and around 110 ns (Fig. 4J). The average binding 
energy was − 28.0866 +/- 7,5681 kcal/mol.

Interactions with human CYP1B1

The docked pose of X2 showed that one of the indole rings 
was located close to the haem group and formed π-π stack 
interactions with the haem group and Phe134 (Fig. 5A, B). 
The other indole ring formed π-π stacking with the sidechain 
of Phe231. During the MD simulation the ligand’s RMSD 
value increased towards approximately 2–2.5 Å (Fig. 5D), 
indicating a change in binding interactions. One of the indole 
rings preserved π-π stack interactions with the sidechain of 

Table 3  Physicochemical properties and ADME predictions of DIM 
derivatives based on Swiss ADME analysis
Predicted 
parameters

Compounds
X1 X2 X3 X4 X5

MW (g/mol) 246.31 298.34 404.10 315.20 282.29
NHD 2 2 2 2 2
NHA 0 2 0 0 2
NRB 2 2 2 2 2
TPSA (A°2) 31.58 79.16 31.58 31.58 31.58
iLogP 
lipophilicity

1.99 0 2.87 2.69 2.28

MLogP 
lipophilicity

3.00 2.13 4.23 4.00 3.77

LogS (ESOL) 
water 
solubility

-4.52 -4.36 -6.30 -5.67 -4.80

Lipinski’s 
violation

0 0 1 0 0

ADME predictions
GI absorption High High High High High
BBB 
permeability

Yes No Yes Yes Yes

P-gp substrate Yes Yes Yes Yes Yes
CYP inhibition
CYP1A2 Yes Yes Yes Yes Yes
CYP2C19 Yes No Yes Yes Yes
CYP2C9 No No No No No
CYP2D6 Yes Yes Yes Yes Yes
CYP3A4 Yes Yes Yes Yes Yes
NHD number of hydrogen donors, NHA number of hydrogen accep-
tors, NRB number of rotatable bonds, and TPSA total polar surface 
area, GI gastrointestinal, BBB blood brain barrier, P-gp P-glycopro-
tein, and CYP cytochrome
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Phe134 (67% of the simulation time). The other indole rings 
preserved interaction with Phe231 (43% of the simulation 
time) also A hydrogen bond with Asn228 (33% of the simu-
lation time) and via a bridging water molecule. The nitrile 
group interact to the same indole ring was observed to form 
water-mediated hydrogen bonds with Ser127 (67% of the 
simulation time) and Asn265 (68% of the simulation time). 
On the other hand, the other nitrile group was observed to 
form a water-mediated hydrogen bond with Ile399 (45% of 
simulation time). Asp326 (36% of simulation time) formed a 
direct hydrogen bond with the nitrogen atom (Fig. 5C). The 
MM/GBSA binding energy (kcal/mol) was mainly between 
− 20 and − 40 kcal/mol with an average binding energy was 
− 25,1332 +/- 7,8587 kcal/mol (Fig. 5E).

The docked pose of X5 showed that one of the indole 
rings was located close to the heme group and formed 
hydrophobic interactions while its amine group formed a 
hydrogen bond with the side chain of Asp333 (Fig. 5F, G). 
The other indole ring formed π-π stackings with the side-
chain of Phe231 and a hydrogen bond with the sidechain 
of Ser127. An aromatic hydrogen bond with the sidechain 
of Asp326 was also observed. During the MD simulation 
the ligand’s RMSD value increased towards approximately 
5–6 Å (Fig.  5I), indicating a change in binding interac-
tions. One of the indole rings formed a hydrogen bond 
with Asp333 (31% of the simulation time) (Fig.  5H). In 
addition, it adopted π-π interactions with the sidechain of 
Phe231 (56% of the simulation time), formerly an interac-
tion observed with the other indole ring. Also, a hydrogen 
bonded with Asn228 via a bridging water molecule (43% 
of the simulation time). The second indole ring formed 
π-π stackings with the sidechain of Phe268 and hydro-
phobic interactions with Leu225. The MM/GBSA binding 
energy (kcal/mol) was mainly between − 40 and − 60 kcal/
mol with an average binding energy was − 45.5571+/- 
4,6676 kcal/mol (Fig. 5J).

Molecular modelling studies have been performed to 
suggest binding interactions of compounds X2 and X5 

with CYP19A1 and CYP1B1. Among the tested deriva-
tives, X2 emerged as the most potent, showing significant 
inhibition of both aromatase and CYP1B1, key enzymes 
involved in estrogen metabolism and genotoxicity. The 
results suggest that the ligands may adopt multiple binding 
modes and diverse interactions with the binding pockets 
of the target proteins. This is in line with the architecture 
of the binding pockets, which contain many hydropho-
bic and/or aromatic residues, and with the structure of 
the investigated ligands, which have aromatic groups as 
well as hydrogen bonding features. The favorable binding 
profiles predicted for X2 and X5 are consistent with their 
experimentally observed enzyme inhibitory activities, 
particularly the potent dual inhibition exhibited by X2. 
However, these findings provide qualitative mechanistic 
support and should not be interpreted as a direct quantita-
tive prediction of biological potency.

Conclusion

This study demonstrates the potential of newly synthesized 
DIM derivatives as multi-target agents against estrogen 
receptor-positive breast cancer. The compounds exhibited 
enhanced cytotoxic activity compared to the parent DIM 
structure, particularly in MCF-7 cells, along with greater 
cytotoxic activity in breast cancer cells than in normal 
breast epithelial cells. In addition to their antiprolifera-
tive effects, the derivatives effectively inhibited aromatase 
and CYP1B1, key enzymes involved in estrogen biosyn-
thesis and metabolism, and reduced cancer cell migration, 
supporting their potential as multi-target modulators of 
estrogen-related pathways involved in tumor progression. 
Molecular modelling studies further supported these find-
ings by revealing favorable interactions of the compounds 
within hydrophobic binding pockets, including hydrogen 
bonding and π–π stacking interactions, which may contrib-
ute to their biological activity. The SwissADME analysis 
indicated that the DIM derivatives possess favorable drug-
like properties, including high gastrointestinal absorption, 
balanced lipophilicity, and compliance with Lipinski’s rule 
of five. Their predicted CYP interaction profiles further sup-
port their multi-target potential, consistent with the observed 
biological activities.

Although the cytotoxic potency of the derivatives 
remains lower than that of conventional chemotherapeutics 
such as paclitaxel, their selective and multi-target profiles 
suggest that they may serve as promising candidates for 
adjuvant or combination therapies. Future studies should 
focus on structure–activity relationship optimization and 
further pharmacological evaluation to enhance their efficacy 
and therapeutic potential.

Fig. 4  Molecular modelling results of compounds X2 (A, B,C, D,E) 
and X5 (F, G,H, I,J) with CYP19A1. A, F: The docked pose of com-
pounds in the binding pocket of CYP19A1 (PDB entry: 3S79). Hydro-
gen bonds are indicated in yellow dashed lines and halogen bonds are 
indicated in pink dashed lines. B, G: 2D overview of the docked pose 
of the ligand in the binding pocket. The hydrogen bond is indicated 
with a pink arrow and the halogen bond is indicated with a yellow 
arrow. Hydrophobic amino acids are indicated in green, negatively 
charged amino acids are indicated in red, positively charged amino 
acids are indicated in purple and polar amino acids are indicated in 
blue. C, H: The binding interactions during the 250 ns MD simulation. 
The interactions present for at least 30% of the MD simulation are 
shown. Hydrogen bonds are indicated in pink lines. D, I: The RMSD 
of the ligand. E, J: The MM-GBSA protein-ligand interaction energy 
(kcal/mol) during the MD simulation
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Fig. 5  Molecular modelling results of compounds X2 (A, B,C, D,E) 
and X5 (F, G,H, I,J) with CYP1B1. A, F: The docked pose of com-
pounds in the binding pocket of CYP1B1 (PDB entry: 3PM0). Hydro-
gen bonds are indicated in yellow dashed lines and halogen bonds are 
indicated in pink dashed lines. B, G: 2D overview of the docked pose 
of the ligand in the binding pocket. The hydrogen bond is indicated 
with a pink arrow and the halogen bond is indicated with a yellow 
arrow. Hydrophobic amino acids are indicated in green, negatively 

charged amino acids are indicated in red, positively charged amino 
acids are indicated in purple and polar amino acids are indicated in 
blue. C, H: The binding interactions during the 250 ns MD simulation. 
The interactions present for at least 30% of the MD simulation are 
shown. Hydrogen bonds are indicated in pink lines. D, I: The RMSD 
of the ligand. E, J: The MM-GBSA protein-ligand interaction energy 
(kcal/mol) during the MD simulation
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