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Abstract

The antiproliferative activities of new substituted tetrahydroisoquinolines (THIQs) are described. 

Their cytotoxicities against Ishikawa human endometrial cell line were determined after 72 h drug 

expose employing Celtiter-Glo assay at concentrations ranging from 0.01 to 100,000 nM. The 

antiproliferative activities of the compounds understudy were compared to tamoxifen (TAM). In-

vitro results indicated that most of the compounds showed better activity than TAM. The most 

active compounds obtained in this study were 1, 2, 3 and 22 whose IC50 values are 1.41, 0.91, 

0.74 and 0.36 μM respectively. This study helped us to evaluate the risk of developing endometrial 

cancer in the design of non-steroid estrogen receptor modulators with no agonistic effects on 

uterus. In-silico pharmacophore hypotheses were generated using GALAHAD and PHASE and 

the best models with a probable bioactive conformation(s) for these compounds were proposed. 

These conformations and the alignments of the molecular structures give us an insight in 

designing compounds with better biological activity.
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INTRODUCTION

Breast cancer is the second leading cause of cancer-related deaths in women and is the most 

common cancer among women, excluding non-melanoma skin cancers. An estimated 

232,340 new cases of invasive breast cancer are expected among American women. [1]. The 

nuclear receptor, estrogen receptor (ER) and progesterone receptor (PR) and their associated 

steroid hormones are known to play important roles in the growth of breast tumors and the 

status of these hormones is employed as diagnostic indicators for endocrine responsiveness 
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and tumor recurrence. Estrogens are involved in the stimulation of cancer cell proliferation. 

Unopposed or increased estrogen exposure is also associated with an increase risk for 

endometrial cancer. One way of blocking the estrogen action on tumor cells is preventing 

the binding of estrogen (17β-estradiol) to estrogen receptor (ER) by designing novel 

inhibitors (Antagonists) of ER [2]. Tamoxifen has been the leading drug to treat breast 

cancer for more than two decades and has proven to be an effective treatment for (ER)-

positive breast cancer, particularly in the post-menopausal women [3–5]. It is licensed as a 

chemo preventive agent following findings of a 49% reduction in invasive breast cancer in 

treated women [6]. However, it is not without adverse side effects. Tamoxifen behaves as 

ER antagonist in the breast tissue and as ER agonist in bone, and has prophylactic use in 

breast cancer [7]. Its agonistic effect on the uterus is said to be associated with increased risk 

of developing endometrial cancer [8]. Thus, alternative chemical entities, preferably non-

steroid estrogen receptor modulators are sought with no agonistic effects on uterus.

Tetrahydroisoquinoline natural product analogs have been shown to exhibit biological 

activity, rendering potential pharmaceutical agents [9]. The tetrahydroisoquinoline family of 

alkaloids include potent cytotoxic agents that display a range of biological properties such as 

antitumor and antimicrobial activities studied thoroughly over the past 25 years starting with 

the isolation of naphthyndinomycin in 1974 [10]. Ecteinascidin-743 (ET-743) is a marine 

tetrahydroisoquinoline alkaloid isolated from the tunicate Ekteinascidia turbinate with a 

potent cytotoxic activity against a variety of tumor cell lines in vitro and against several 

rodent tumors and human xenografts in vivo [11].

Tetrahydroisoqinoline derivatives were identified as subtype selective estrogen receptor 

antagonists/agonists hence, potential therapeutic agents for breast cancer [12, 13]. Structure 

activity relationship studies (SAR) of ER-α selective tetrahydroisoquinolines were reported 

by Renaud et al. [14]. Tetrahydroisoquinolines incorporating conformationally restricted 

side chains as the replacement of the aminoethoxy residue, typical of SERMs were reported 

exhibiting binding affinity to ER-α and antagonistic properties [15]. More recently, new 

steroidomimetic tetrahydroquinolines were reported which act as microtubule disruptors 

[16].

However, in the development of anti-estrogenic drugs, it is critical that the molecules under 

study do not cause estrogenic stimulation of the uterus, which could lead to both increase in 

uterine bleeding and an increased risk of developing uterine cancer [17]. Ishikawa cell line, 

a well-differentiated human endometrial adenocarcinoma cell line expresses functional 

estrogen receptor alpha (ERα) and estrogen receptor beta (ERβ) isoforms. Therefore testing 

the new potential anti-proliferative moieties on Ishikawa cell line in the initial stages of the 

design is a good idea to understand the risk associated in developing endometrial cancer and 

its treatment [18]. Also the compounds which act as antiproliferative agents against 

endometrial cancer can be used in combination with Tamoxifen (TAM) in the treatment of 

breast cancer, particularly in post-menopausal women.

We report in this study, the in-vitro antiproliferative activity of new tetrahydroisoquinolines 

(THIQs) against Ishikawa human endometrial adenocarcinoma cell lines. Pharmacophore 

hypotheses using Genetic Algorithm with Linear Assignment of Hypermolecular Alignment 
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of Datasets (GALAHAD) and Pharmacophore Alignment and Scoring Engine (PHASE) 

were generated and evaluated. This analysis would set a stage for further optimization of the 

lead compounds.

METHODS

We have used a set of 23 substituted tetrahydroisoquinoline analogs (Table 1) whose pIC50 

values are in the range of 4.47–6.44 against Ishikawa cell lines. The in vitro cancer cell 

antiproliferative activity was tested in triplicates to obtain high-quality reliable IC50 data for 

the modeling. Observed activities (IC50) were converted to negative logarithm (pIC50) 

before pharmacophore generation.

Antiproliferative Activity Studies

The Ishikawa human endometrial cancer cell line was purchased from Sigma. The cell lines 

were cultured in Phenol Red-Free RPMI-1640 medium (HyClone, 500 mL) supplemented 

with 10 % fetal bovine serum (FBS) procured from Atlanta Biologicals. They were 

maintained in exponential growth phase by sub-culturing twice weekly in 150-cm2 flasks at 

37 °C, 95 % air with 5 % CO2. The media was removed from the flasks, the cells washed 

with phosphate buffer solution (PBS) (HyClone) and then detached using 5 ml of 

TryplExpress solution (Invitrogen) (incubation 5–10 min) followed by addition of growth 

media. Cells were centrifuged (1,500 rpm) for 5 min. and re-suspended in growth media at 

105cell/mL. The cell lines were placed in 20, 96 well plates at a density of 5000 cells/well in 

total volume of 50 μL in phenol-red free medium and incubated overnight. Compounds were 

weighed and dissolved in DMSO (10 μM) and tested at different concentrations ranging 

from 0.01 to 100,000 nM. Tamoxifen (Sigma) (TAM, 10 μM) was used as a positive control. 

Estradiol (Sigma) (25 μL of 40 nM) was added to all appropriate wells in the plate. 25μL 

media was added to all wells that did not receive estradiol. 25 μL of stocks (contain 

compounds, DMSO and phenol-red free medium) were added to cells and medium already 

on plate. 50μL media was added to media wells, 50 μL mix (contain 32 mL DMSO + 768 

mL phenol-red free medium) was added to all vehicle control wells and 10 μM TAM was 

also added to appropriate wells. Drug exposed cells were incubated or 72 h, after which the 

plates were removed for Cell-Titer-GLo assay (Promega) from 37 °C, 5% CO2 incubator 

and equilibrated at room temperature for 30 min. 100 μL of CellTiter-Glo assay reagent was 

added to each well and cell-lysis was induced on an orbital shaker for 2 min. followed by a 

further 10 min incubation at room temperature. Luminescence results were read on TriLux 

Luminometer. The luminescent signal is proportional to the number of active cells present in 

culture. Dead cells do not affect cell counts because they do not contribute to ATP content. 

As a consequence, the number of metabolically active cells can be directly derived from the 

luminescent signal using a specific calibration curve. The results expressed as IC50 

(inhibitory concentration of 50 %) were the averages of three data points for each 

concentration and were calculated using GraphPad Prism 4.0.

Molecular Modeling

All computational studies were performed using Tripos SYBYL-X 1.3 and Schrodinger 

software packages based on a Windows XP workstation. The structures used in this 
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manuscript were drawed with Concord and energy minimized using Tripos force field and 

Gasteigner-Huckel charges (method: Powell, termination: gradient 0.05 kcl/mol A° and 

max. iterations 1,00,000) as implemented in SYBYL for GALAHAD and OPLS-2005 force 

field for PHASE. Confgen as implemented in Schrodinger was used as the low energy 

bioactive conformation generator for PHASE.

RESULTS AND DISCUSSION

Twenty three substituted tetrahydro isoquinolines (THIQs) have been synthesized [19] 

following the good activity profile (antiproliferative activity) of the unsubstituted compound 

2 on human endometrial Ishikawa cell lines. An effort to evaluate the effect of various 

substitutions on the phenyl ring of the THIQs towards activity is undertaken. In this regard, 

high-quality biological testing results were collected for the newly synthesized compounds 

along with Tamoxifen (Table 1). The most active compounds are 1, 2, 3 and 22 (IC50 = 1.41, 

0.91, 0.74 and 0.36 μM respectively). These results strongly indicate that the 

antiproliferative activity of most of our compounds on Ishikawa cell lines were far better 

than the standard Tamoxifen, indicating that the compounds in the present study have low 

associated risk in developing endometrial cancer and its treatment. As far as the structure 

activity relationship is concerned, ethyl group with the right steric bulk proved to be the 

optimum substitution at the -para position of the aromatic ring. Similarly, -methoxy 

substitutions on the seventh position of the THIQ aromatic ring resulted in decrease in 

activity compared with the unsubstituted compound 2. Substitutions on the other positions of 

the THIQ aromatic ring did not resulted in better activity. Fifth position on the 

tetrahydroisoquinoline ring proved to be the wrong site for substitution leading to 

considerable loss in activity. Similarly, hetero atoms incorporated inside the aromatic ring as 

in compounds 12, 13, 14 and 15 led to loss in activity.

Pharmacophore modeling is used to propose the 3D spatial arrangement of chemical features 

that are essential for biological activity. Briefly, a pharmacophore model consists of a group 

of features located relatively close to each other in 3D space, surrounded by a sphere of 

tolerance, which encode location dependent chemical characteristics that account for 

activity. The sphere represents the 3D area that should be occupied by specific chemical 

functional groups for optimal activity. Pharmacophore models would then be developed 

based on a set of ligands superposed to maximize steric overlap and minimizing strain 

energy. GALAHAD [20–22] is a module in Sybyl [23] modeling environment which was 

used initially to generate the pharmacophore hypothesis in this study. GALAHAD identifies 

a set of molecular conformations with an optimal combination of low strain energy, steric 

overlap, and pharmacophoric similarity. The biological activity data were used in 

conjunction with GALAHAD to develop a pharmacophore based on hypotheses generated 

by compound molecular structures and properties. The model outlines features that can be 

used for virtual screening and/or can be used as a guide to rationally design and synthesize 

potentially high activity compounds. It uses a generalized multi-dimensional cost function 

that takes into account the hydrophobic, ionic, hydrogen bonding and steric attributes of the 

test compounds when generating various possible alignments, and consequently, 

pharmacophores [24].
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Alignment and Pharmacophore Generation

The alignment was performed in two stages. In the first stage, top six active molecules 

whose pKI are in the range 6.44–5.78 were aligned flexibly by GALAHAD, independent of 

template. The GALAHAD produces a set of hypotheses following the flexible alignment. 

Specificity, Number of Hits, Features, Pareto Ranking, Energy, Sterics, Hydrogen bonds and 

Molecular Query for the characteristics of the models were generated. In addition, 

information about how the individual compound used to generate the pharmacophore 

compares to the query tuplet (multiplet) is also displayed in the GALAHAD results [25]. 

The top models generated were examined and the best model would be selected based on 

three criteria: 1. Number of “hits” should equal to the number of active molecules which in 

this case is six. 2. The model needs to have reasonable energies (within the same order of 

magnitude as compared to other competing models). 3. The model should have the 

maximum pharmcophore features. The model which satisfies all of the above criteria was 

then selected and the associated pharmacophore was used as a template to align the 

remaining molecules in the data set using GALAHAD’s “Align to template” procedure.

The most active molecules were used to generate the initial pharmacophore and the 

GALAHAD results were shown in Table 2. Here, all the ligands were aligned with each 

other with a population size of 45 and maximum generation value of 70 and required the 

number of hits to be the number of active molecules. Each row is a probable alignment 

based on the overlap of pharmacophoric features of the six molecules that can be used as a 

template to align the remaining molecules in the second step. Similarly, each of the columns 

is a model property that can help isolate the ideal hypothesis that can be used to align the 

remaining molecules. Small values of energy and high values of steric and pharmacophoric 

concordance are desired for the best model. Among the top 12 models that were produced 

by GALAHAD, all the models showed five features and the number of ‘hits’ were equal to 

the active molecules viz., six. The PARETO scores were ‘0’ indicating models were not 

superior to each other based on the energy, sterics, H-bond and MOL_Qry. The high energy 

alignment models, MODEL_009 and MODEL_012 were discarded. All the models except 

MODEL_007 have energies in the same range. The MODEL_007 with relatively high 

energy was discarded. Model with low specificity (MODEL_010) was also discarded. 

Among the final 8 models, MODEL_002 with high steric values was selected as the 

template to align the remaining molecules in the data set. In this step, a hypermolecule that 

contains pharmacophoric information from multiple molecules in the dataset is generated. 

Here an extention of the LAMDA methodology [26] to aggregate features into a single 

hypermolecule by sequentially processing structurally similar compounds was used.

The optimized pharmacophore model from this procedure is shown in Fig. (1). This includes 

two hydrophobic features centered on the benzene rings (HY_3, HY_4), one acceptor atom 

center on the oxygen atom (AA_2), one donor nitrogen atom (DA_1) and one positive 

nitrogen atom embedded in the THIQ ring (NP_5). The model shows the importance of all 

these five features for the antiproliferative activity. This model was helpful in predicting the 

probable bioactive conformation of the molecules understudy and would lead to design most 

active molecules.
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Next, we attempted to generate a PHASE pharmacophore model. The 3D structures of 

molecules constructed earlier for GALAHAD using Sybyl-X 1.3 software were imported 

into Maestro project table as implemented in Schrodinger modeling suite [27]. Given the set 

of defined active and inactive molecules in the dataset, PHASE utilizes fine-grained 

conformational sampling and a range of scoring functions to identify a common 

pharmacophore hypothesis, which display the characteristics of 3-D chemical structures that 

are supposed to be critical for binding [28, 29]. The hypothesis discloses a set of aligned 

conformations that suggest the relative manner in which the molecules most likely bind to 

the receptor. The various conformer generators in PHASE ensure that only relevant low 

energy bioactive conformations are generated. The generated hypotheses together with the 

aligned conformations of the dataset can be then combined with compound’s activity data to 

create a 3D-QSAR model that identifies overall aspects of molecular structures responsible 

for biological activity.

The pharmacophore models were generated using the “Develop Common Pharmacophore 

Hypotheses” module of PHASE. In the process, multiple conformers for each molecule were 

generated followed by energy minimization based on OPLS-2005 force field. The 

conformational space was explored by ConfGen [30, 31], with 500 conformers per rotatable 

bond and 1000 maximum of conformers per structure. A distance dependent dielectric was 

applied for solvation treatment. The pharmacophore models were generated using the same 

active compounds in the dataset which were used for generating GALAHAD 

pharmacophore models. These are defined as “active ligands” for pharmacophore 

generation. A set of pharmacophoric sites based on features defined in PHASE were 

assigned to the molecules. These features include hydrogen bond acceptor (A), hydrogen 

bond donor (D), hydrophobic group (H), and aromatic rings (R). Pharmacophores with five 

features that match to all active ligands were generated by using a tree-based partitioning 

technique with maximum tree depth of five. Box size of pharmacophore was adjusted to 2 

Å. Active and inactive molecules were then scored for a given pharmacophore using default 

weights of scoring parameters. The variants are defined with maximum number of sites to be 

five, minimum number of sites to be four and should match all six of the actives. This gave 

four variations of which the variants ‘ADHRR’ gave three maximum hypotheses and 

‘AADRR’ gave two maximum hypotheses. The generated pharmacophore hypotheses were 

clustered and scored with default parameters. The quality of the alignment was measured by 

a survival score (S). Scoring of a pharmacophore with respect to the activity of the ligand 

was conducted using default parameters for site, vector and volume terms. The four final 

models generated were AADRR.2, AADRR.6, ADHRR.4 and ADHRR.6. All four 

hypotheses were closely examined and scores reported in Table 3. The best models were 

ADHRR.4 and ADHRR.6 shown in Fig. (2). The pharmcophore site distances for the 

models ADHRR.4 and ADHRR.6 are shown in Table 4. In the second step, unaligned 

molecules in the dataset were aligned using pharmacophore features for models under study. 

Thereafter, all the four models were selected for further generation of pharmacophore based 

3D-QSAR models (part of the PHASE module) with the grid spacing at 1.00 Å. Since 

actives and inactives were defined in generating pharmacophore models, uniform sampling 

was opted over activity coordinates for QSAR model building campaign. The maximum 

PLS factors were set to five. The random seed was set to a non-zero integer i.e., 6 in this 
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case, and random training was set to 50 %, so that the results are reproducible. The modest 

Q2 (0.364) obtained for the model ADHRR.4 is not surprising as the dataset consists of only 

limited compounds which were structurally related. Compound 24 (Table 1) was 

synthesized later with one carbon less in the tetrahydroisoquinoline ring than the parent 

compound 2 (0.91 μM). As expected, compound 24 turned out to be inactive in our 

preliminary studies supporting the importance of hydrophobic group (H6) for the activity as 

shown in pharmacophore models ADHRR.4 and ADHRR.6. This inactivity may also be the 

result of the different conformations adopted by the less flexible five membered ring.

CONCLUSION

The pharmacophore models generated in this study provides rational to synthesize better 

ligands that optimize the perceived features and also assist in building a more reliable 3D-

QSAR models and ligand based Virtual Screening. Pharmacophore model ADHRR.4 

appears to be closer to the reality in the way the ligands orient themselves in the active site 

of the receptor. The pharmacophore features revealed in the models can provide necessary 

interactions with the binding pockets which would be crucial for activity. Based on these 

models, lead optimization efforts are under way to obtain compounds with enhanced 

activity.
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Fig. (1). 
Galahad Alignment.
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Fig. (2). 
PHASE Alignment Model: ADHRR.4 and Model: ADHRR.6.

Eyunni et al. Page 11

Lett Drug Des Discov. Author manuscript; available in PMC 2014 December 12.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Eyunni et al. Page 12

Table 1

Activity profile of the compounds under study.

ID Compound IC50 (μM, Ishikawa) pIC50 (Ishikawa)

1 1.41 5.8500

2 0.91 6.0402

3 0.74 6.1286

4 2.13 5.6722

5 1.65 5.7819

6 2.54 5.5939

7 30.60 4.5127

8 1.56 5.8066

9 23.09 4.6366
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ID Compound IC50 (μM, Ishikawa) pIC50 (Ishikawa)

10 28.23 4.5494

11 3.11 5.5068

12 19.53 4.7092

13 29.09 4.5372

14 26.68 4.5739

15 29.24 4.5338

16 2.93 5.5337

17 3.19 5.4956

18 33.78 4.4712
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ID Compound IC50 (μM, Ishikawa) pIC50 (Ishikawa)

19 22.11 4.6554

20 20.41 4.6900

21 33.49 4.4750

22 0.36 6.4435

23 1.92 5.7153

24 >100 >100

TAM 22.92 4.64
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