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ABSTRACT
Natural products with stunning chemical diversity have been extensively researched for their anticancer potential for more than 
fifty years. This study aimed to determine the effect of indole derivative 1H‐indole‐2‐hydroxy‐3‐carboxylic acid (IHCA), isolated as a 
novel alkaloid from Capparis ovata, on selected tumor suppressor, apoptotic, and cell cycle regulatory genes, which are known to be 
important in cancer pathophysiology, on Caco‐2 and LNCaP cells in comparison with Taxol. The molecular mechanism of IHCA's 
anticancer activity is essentially undefined. Different concentrations of IHCA increased the expression levels of apoptosis‐related 
genes, including BCL‐2 and TNF‐α. In addition, the tumor suppressor genes PTEN, P53, and RB were increased in LNCaP and 
Caco‐2 cells. KRAS, an oncogenic gene, was significantly downregulated by IHCA in LNCaP cells. Western blot results showed that 
the protein expression levels of P53 and PTEN in LNCaP cells were increased when treated with IHCA, whereas CDK4 and TNF‐α 
were decreased. Finally, IHCA and doxorubicin significantly increased P53‐driven luciferase activity compared to the control. The 
results strongly suggest that the novel natural compound IHCA has an anticancer effect involving the regulation of the P53 gene 
and its networks in vitro. The molecular docking and MD simulation analyses reveal that IHCA exhibits superior binding potential 
to the MDM2 protein compared to Nutlin‐3a. MD simulations further confirm that IHCA maintains a more stable and consistent 
interaction with MDM2, as indicated by lower RMSD values and reduced ligand fluctuation. These results highlight IHCA's 
potential as a more effective MDM2 inhibitor, suggesting its promise as a lead compound for anticancer drug development. 
Clinical Trial Registration: Not applicable.

1 | Introduction 

Cancer is the most common cause of death in the world. It is 
the second main reason for mortality after cardiovascular dis
eases, and the mortality caused by cancers is increasing 

throughout the world [1]. Cancer is anticipated to be the pri
mary reason for death and the most significant barrier to 
increasing life expectancy globally in this century. For both men 
and women, colorectal cancer (10.2%) and prostate cancer 
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(7.1%) are the second and third most frequent cancers, respec
tively, and the third and seventh leading causes of death 
worldwide [2–4]. Thus, studies for better drugs that are effective 
in chemoprevention and treatment continue to improve effi
ciency and decrease cancer care costs. Recently, plants and their 
secondary metabolites, called the specific term “natural prod
ucts,” have attracted significant attention as cancer chemopre
ventive agents and cancer therapeutics [5]. Taxol, one of the 
most effective cancer‐treating agents to date, was discovered as 
the active ingredient of Taxus brevifolia, which has a taxane 
diterpene skeleton with a nitrogen atom in the side chain. 
Additionally, numerous natural alkaloids with indole skeletons 
have shown anti‐inflammatory and cytotoxic/anticancer activ
ities, particularly bis‐indole alkaloids, which have been used to 
treat cancers such as vinblastine and vincristine [6].

The discovery of anticancer drugs focuses on nitrogen‐containing 
heterocycles, including indole‐based compounds, because these 
compounds interact with DNA, enzymes, receptors, and redox 
systems through π–π stacking, hydrogen bonding, and metal 
coordination. The antiproliferative and pro‐apoptotic effects of 
indole derivatives, including indole‐3‐carbinol, indole‐3‐carboxylic 
acid, indole‐2‐carboxylic acid, and 1H‐indole‐2,3‐dione (isatin), 
have been proven in multiple cancer cell lines [7–11]. The devel
opment of 1H‐indole‐2,3‐dione and indolin‐2‐one derivatives has 
established them as well‐settled anticancer drug candidates. 
Research studies show that isatin‐based hybrids possess the ability 
to block multiple cancer‐promoting kinases, including VEGFR‐2, 
EGFR, CDK2, and STAT3, as well as blocking tumor carbonic 
anhydrase enzymes and disrupting tubulin structures, activating 
mitochondrial apoptosis and caspase activation in breast, colon, 
liver, lung, and drug‐resistant cancer cells [8]. The indole com
pound 1H‐indole‐2‐hydroxy‐3‐carboxylic acid (IHCA) shows an 
interesting structure, but its potential has not been fully explored. 
IHCA has been discovered as a new alkaloid from Capparis ovata 
plants while studying its neurological effects, anti‐inflammatory 
properties, and anticancer activity [10, 12–15]. The research find
ings about IHCA exist only in national thesis reports and meeting 
abstracts but have not received international publication for de
tailed mechanistic studies. The lack of understanding about 
IHCA's anticancer mechanism stands in contrast to other indole‐ 
based agents because its molecular action is essentially undefined.

One of the essential medicinal plants in Turkey is the Capparis 
species. Caper parts such as flower buds, root bark, and fruits 
are used in traditional medicine due to analgesic, wound‐ 
healing, tonic, and diuretic effects. Plant parts, especially flower 
buds, show antioxidant, cell regeneration, anticancer, and anti‐ 
inflammatory activities against multiple sclerosis [16–22]. A 
recent study evaluated the cytotoxicity of some flavonoids, 
including quercetin, kaempferol, and isorhamnetin derivatives, 
isolated from C. spinosa var. aegytiaca ethanolic extract against 
three human cancer cell lines, breast (MCF‐7), liver (HEPG‐2) 
and colon (HCT‐116), and flavonoids exhibited significant ef
fects [23]. Anatolian C. spinosa was studied for its secondary 
metabolites by the Calis group, and 1H‐indole‐3‐acetonitrile 
glycosides and (6S)‐hydroxy‐3‐oxo‐α‐ionol glucosides were 
obtained from its fruit extract [24, 25]. Additionally, two 
indole molecules, 1H‐indole 3‐carboxyaldehyde and 4‐hydroxy‐ 
1H‐indole 3‐carboxyaldehyde, showing anti‐inflammatory 
potential, were obtained from the fruits of C. spinosa [26]. A 
preliminary bioactivity assessment of ethanol and ethyl acetate 

extracts of C. dognvanensis leaves indicated that both extracts 
inhibited HeLa, A549, MCF7, RD, and HepG2 cancer cells [27].

P53‐mediated apoptosis is a process in which the tumor sup
pressor protein P53 triggers programmed cell death (apoptosis) 
in response to cellular stress or DNA damage. P53 acts as a 
guardian of the genome by monitoring cell integrity. When it 
detects DNA damage or other stress signals, P53 becomes 
activated and can either halt cell division to allow for DNA 
repair or initiate apoptosis if the damage is irreparable.

The apoptotic function of P53 is primarily executed through the 
transcriptional activation of pro‐apoptotic genes, such as BAX, 
PUMA, and NOXA. These genes lead to the permeabilization of 
the mitochondrial outer membrane, releasing cytochrome c into 
the cytoplasm, which then activates the caspase cascade, ulti
mately leading to cell death. By inducing apoptosis, P53 pre
vents the propagation of damaged cells, thus protecting the 
organism from potential cancer development [28, 29].

In this study, 1H‐indole‐2‐hydroxy‐3‐carboxylic acid (IHCA) 
was isolated from a dichloromethane extract of Capparis ovata 
as a novel compound and is new to the literature in our pre
viously published work [30] (Figure 1). Many natural and 
synthetic indole‐containing compounds have been shown to 
affect numerous signaling pathways and are promising antic
ancer agents in either disease models or cancer cell lines 
[31–34]. These studies give indole and its derivatives a promi
nent place in developing anticancer agents. Thus, the present 
study was undertaken to gain insight into the anticancer 
activity and mechanism of IHCA isolated from Capparis ovata. 
For this investigation, the IHCA was tested on selected tumor 
suppressor genes and apoptotic and cell cycle regulator genes 
known to be important in cancer pathophysiology in LNCaP 
(human lymph node carcinoma of the prostate) and Caco‐2 
(Cancer coli‐2, human colorectal adenocarcinoma) cells. Addi
tionally, molecular docking and molecular dynamics (MD) 
simulations were performed to investigate the mechanistic as
pects of IHCA's inhibition of MDM2. The in silico results 
indicated that IHCA exhibits a more promising inhibitory 
potential compared to the reference MDM2 inhibitor, Nutlin‐3a.

2 | Results and Discussion 

2.1 | Isolation and Characterization of 1H‐indole‐ 
2‐hydroxy‐3‐carboxylic Acid (IHCA) 

1H‐indole‐2‐hydroxy‐3‐carboxylic acid (IHCA) was previously 
isolated and structurally characterized from a typical caper ex
tract (Capparis ovata) in our earlier studies. IHCA is an alka
loid, and in the present study, its anticancer activity was 
evaluated for the first time. We have previously reported that 

FIGURE 1 | Chemical structure of IHCA. 
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Capparis ovata is rich in phytochemicals such as terpenoids, 
steroids, flavonoids, and their glycosylated derivatives [17].

A compound with an indole ring was obtained from the di
chloromethane (COWE‐D) sub‐extract of the primary water 
extract (COWE). The structure of this compound was found to 
be similar to the indole carboxylic acids previously isolated and 
characterized by our group from Capparis spinosa samples 
collected from Central Turkey. In the present study, the bio
logical activity of IHCA was investigated for the first time [35]. 
The spectroscopic characteristics of 1H‐indole‐2‐hydroxy‐ 
3‐carboxylic acid obtained in this study are in full agreement 
with previously reported indole carboxylic acids, and these 
earlier works have now been properly cited. The 1H‐NMR data 
showed the typical four aromatic protons of the indole ring at δ 
6.66–7.88, presenting the same splitting pattern and chemical 
shift range described in prior studies. Likewise, the 13C‐NMR 
spectrum exhibited methine carbons at δ 115–131 ppm and 
quaternary carbons at δ 162–174 ppm, consistent with the es
tablished substitution pattern of a hydroxyl group at C‐2 and a 
carboxylic acid at C‐3. The downfield carbonyl signal at δ 174 
ppm and the characteristic deshielded C‐2 resonance at δ 162.5 
ppm further corroborate the structural features previously 
documented. These matching NMR profiles confirm that the 
isolated compound corresponds to the same indole derivative 
reported in earlier literature [17, 35].

2.2 | Effects of IHCA and Taxol on Cell Viability 

To study the effect of IHCA on the growth of LNCaP and Caco‐2 
cells, a cell proliferation assay was carried out using crystal 
violet at different concentrations of IHCA along with Taxol for 
24 h. IHCA inhibited the growth of both LNCaP and Caco‐2 
cells in a dose‐dependent manner (Figure 2a). At 24 h, the 
proliferation of LNCaP and CaCo‐2 cells was significantly in
hibited at 200 μM and 217 μM IHCA, respectively. Although 
these concentrations were much higher than those obtained 
with the control drug Taxol (Figure 2b), they are compatible 
with the EC50 values reported for natural indole compounds 
[36]. The EC25 and EC50 values for IHCA were calculated 
to be 56 ± 1.53 µM and 200 ± 5.04 µM in Caco‐2 cells, and 

58 ± 3.51 µM and 217 ± 6.56 µM in LNCaP cells, respectively. 
The EC25 and EC50 values of Taxol were 2.3 ± 0.14 nM and 
9.3 ± 0.56 nM in Caco‐2 cells and 3 ± 0.18 nM and 
15.2 ± 0.39 nM in LNCaP cells, respectively (Figure 2b). Thus, 
IHCA is not an inhibitor of cell proliferation as potent as Taxol, 
but the growth of both cancer cell lines was inhibited in a 
concentration‐dependent manner.

The results show IHCA blocks cell growth, but its EC50 values 
between 200 and 217 µM make it less effective than conven
tional cancer drugs like paclitaxel (Taxol), which shows low‐ 
nanomolar activity in scientific studies. The unknown thera
peutic potential of IHCA in humans remains unclear because of 
its high concentration levels. The high EC50 value of IHCA 
indicates that its current form will not achieve therapeutic 
levels when used as a standard systemic cancer treatment. The 
high EC50 value of IHCA makes the compound suitable for 
additional development work instead of rendering it useless for 
scientific studies. The compound shows minimal harm to nor
mal cells at high concentrations, which makes it suitable for 
oral chemoprevention treatment when high tissue drug levels 
are acceptable, but systemic drug exposure remains low. The 
experimental data shows that IHCA needs to serve as an initial 
drug development platform instead of being treated as a fin
ished pharmaceutical product.

2.3 | Effects of IHCA and Taxol on the Expression 
of Selected Genes at the mRNA Level 

The effects of IHCA and Taxol on the expression of selected 
genes were determined in each cell line to reveal the molecular 
mechanisms underlying their antiproliferative actions (Table 1). 
Across both LNCaP and Caco‐2 cells, IHCA shows a very con
sistent activation of classical tumor suppressor pathways, much 
more coordinated than Taxol. For both cell lines, the mRNA 
levels of only three genes were significantly altered with treat
ment at EC25 of IHCA, and these were primarily oncogenic and 
tumor suppressor genes, such as PTEN and RB. However, most 
of the studied genes were affected by IHCA treatment at EC50. 
Significant tumor suppressor genes, such as PTEN (phosphatase 
and tensin homolog), P53 (TP53, tumor protein 53), and RB 

FIGURE 2 | Cytotoxicity of IHCA (a) on Caco‐2 and LNCaP cells and Taxol (b) on Caco‐2 and LNCaP cells. Cells were treated with increasing 
concentrations of IHCA and Taxol for 24 h, and cell viability was determined by crystal violet staining. The results are expressed as mean ± SE of 
three independent experiments performed in triplicate. 
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(pRB, retinoblastoma protein), were increased 8.9‐fold, fourfold, 
and 2.5‐fold, respectively, with IHCA in LNCaP cells. Similarly, 
the EC50 dose of IHCA increased the same genes but slightly to 
lower extents within the Caco‐2 cell line. The coordinated 
activation mechanism explains IHCA through its evidence that 
treatment activates particular tumor‐suppressing genes instead 
of causing random toxic effects.

In addition, genes associated with the regulation of apoptosis, 
such as BCL‐2 (B‐cell lymphoma 2) and TNF‐α (tumor necrosis 
factor‐alpha), were significantly decreased with IHCA in both cell 
lines, and the suppression levels were higher in LNCaP cells than 
in Caco‐2 cells. For example, TNF‐α mRNA levels were reduced 
by 6.1‐fold in LNCaP cells and 2.8‐fold in Caco‐2 cells. Although 
Caspases 3, 8, and 9 (CASP3, CASP8, and CASP9) and APAF1 
(apoptotic peptidase activating factor 1) mRNA levels were not 
altered statistically in LNCaP cells, the mRNA expression levels of 
APAF, CASP3, and CASP9 were increased 4.1‐fold, 2.7‐fold, and 
2.6‐fold, respectively, following EC50 IHCA treatment in Caco‐2 
cells. The two lines show IHCA triggers caspase activation while 
it decreases BCL2 protein levels but does not lead to significant 
BAX protein accumulation. The apoptosis process depends pri
marily on p53–PTEN–APAF1–caspase signaling and BCL2 sup
pression instead of BAX overexpression. The treatment process 
triggers both intrinsic and effector caspase pathways to cause cell 
death, but it also prevents the production of pro‐inflammatory 
cytokine TNF. TNF protein functions as a dual agent, which 
causes apoptosis and necroptosis but leads to chronic inflamma
tion and tumor growth through NF‐κB activation. The treatment 
profile of IHCA distinguishes between cell death and TNF‐ 
induced inflammation through p53 activation and caspase acti
vation for cancer cell death and TNF blockade and JNK level 
reduction in LNCaP cells. The treatment approach could prevent 
TNF from creating conditions that support tumor growth in the 
surrounding tissue.

The proto‐oncogene KRAS (Kirsten rat sarcoma viral oncogene 
homolog), which promotes cell growth and proliferation, was 
significantly downregulated with IHCA treatment in LNCaP 
cells but not significantly altered in Caco‐2 cells. Similarly, the 
CDK4 (cyclin‐dependent kinase 4) gene associated with 
tumorigenesis was reduced significantly in LNCaP cells but not 
significantly altered in Caco‐2 cells. While ERK (extracellular 
regulated kinase) mRNA levels were increased significantly, 
JNK mRNA levels decreased significantly, followed by EC50 

values of IHCA treatment with LNCaP cells. No significant 
changes were observed with these genes in Caco‐2 cells.

The single and double underlined figures indicate significantly 
decreased (blue) and increased (red) values, respectively, com
pared to control values (p < 0.05). Data are given as Mean ± SD.

Taxol, the brand name for paclitaxel, is a chemotherapeutic 
agent used to treat various cancers and was used as a positive 
control agent in this study. It inhibited the expression of almost 
all the genes examined except P53 and PTEN in LNCaP and 
Caco‐2 cell lines, respectively. The mRNA levels of these two 
genes were increased 4.3‐fold and 2.4‐fold, respectively. On the 
other hand, mRNA levels of the rest of the genes studied were 
suppressed at a range of 1‐ to 21‐fold. The gene‐expression 
pattern demonstrates IHCA functions mainly as a tumor‐ 
suppressor pathway activator through the p53/PTEN/RB axis 
with different mechanisms than Taxol's microtubule disruption 
approach.

Since colorectal cancer (10.2%) and prostate cancer (7.1%) are 
the second and third most frequent cancers and leading causes 
of death worldwide (Bray et al., 2018), we studied the anticancer 
effect of IHCA using LNCaP (prostatic adenocarcinoma) and 
Caco‐2 (colorectal adenocarcinoma) cell lines. Additionally, 
indole derivatives are an essential suppressor of the prolifera
tion of colon and prostate cancer cell lines, as well as breast and 
endometrial cancer cells [37–39]. Although malignant growth is 
primarily characterized by limitless cell division and prolifera
tion, its pathogenesis is incredibly intricate, and numerous 
components are involved. As the hallmarks of cancer comprise 
ten biological capabilities acquired during the multistep devel
opment of tumors [40]. Studies on the development of antic
ancer agents have examined their effects on these specific steps. 
Thus, we studied the effect of IHCA on three of these hall
marks, namely, proliferative signaling, cell death, and growth 
suppressors.

The P53 tumor suppressor is an excellent barrier to neoplastic 
transformation and tumor progression, with its ability to act as 
a highly sensitive collector of various inputs and maintain 
cellular homeostasis and genome stability [28]. It regulates 
hundreds of genes involved in multiple biological processes, 
including DNA damage repair, cell cycle, apoptosis, and aging, 
and coordinates various effector pathways and processes [29]. 
In this respect, it is an essential feature of anticancer agents to 
increase P53 transcriptional activity, and IHCA showed a sig
nificant increase in P53 expression in both cell lines. It is 
strongly feasible when the effects of the new natural IHCA, 
which is the first time in this study, are reported to the litera
ture on the expression of the genes examined.

It has an anticancer action involving the regulation of the P53 
tumor suppressor gene and its networks. An increase in P53 
levels triggered by IHCA inhibits the growth of cancer cells and 
induces apoptosis by regulating the suppression of the pro‐ 
apoptotic BCL2 protein family and CYCD2 and CDK4 genes 
involved in the regulation of the cell cycle and apoptosis. Sim
ilar relationships between P53 and these genes were also re
ported [41–43]. In addition, the observed changes in PTEN gene 
expression levels with the application of IHCA support this 
mechanism since it is known that P53‐mediated apoptosis is 
impaired in PTEN‐null mouse embryonic fibroblasts, and the 
potential importance of PTEN transactivation for this procedure 
has been reported [44]. Therefore, IHCA involves PTEN 
activation‐mediated apoptotic effects in both cell lines by 
increasing P53 expression levels. This effect appears to occur at 
a much higher level in the prostate cell line. In addition, IHCA 
is also an effective and selective anticancer agent because it 
induces the expression levels of both P53 and PTEN tumor 
suppressor genes.

The functional interactions between P53 and PTEN and their 
regulated pathways are essential for the therapeutic aspects of 
anticancer agents [44–46]. Moreover, the results observed at the 
mRNA level were also confirmed at the protein level, particu
larly for the LNCaP cell line. As a result, 1H‐indole‐2‐hydroxy‐ 
3‐carboxylic acid has been observed to induce apoptosis and 
block the cell cycle via P53 regulation, particularly in prostate 
cancer cells. In addition, increases in the expression levels of 
RB, another critical tumor suppressor protein, further support 
the proposed mechanism and suggest that the cell cycle is 
very likely to be arrested in the G1 phase [47]. Although the 
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observed decreases in TNF‐α expression levels with IHCA 
treatment seem to contradict the apoptotic effects of this com
pound, it overlaps with the recommended general mechanism 
and anticancer effect of the compound because the TNF‐α 
paradox is a well‐known phenomenon in cancer progression 
and cancer immunotherapy [48, 49].

As a pro‐inflammatory cytokine, TNF‐α plays a role in 
inflammation‐related carcinogenesis. On the other hand, TNF‐α 
could be an efficient cancer killer by inducing apoptosis. In this 
study, the induction of TNF‐α and the associated suppression of 
JNK expression with IHCA treatment were considered to 
suppress inflammation‐mediated carcinogenesis because the anti‐ 
inflammatory effects of indole‐derived compounds via TNF‐α 
suppression are known [50]. The induction of apoptosis by IHCA 
mediated via tumor suppressor genes, particularly through P53, 
was further confirmed by detecting parallel changes in the ex
pression of executioner caspases such as Caspases 3 and 9 and the 
regulatory genes APAF1 and CYT‐C. Caspase 9 and Caspase 3 
have been shown to play an essential role in mitochondria‐ 
mediated apoptosis in human cells [51, 52]. While the effect of 
IHCA was not statistically significant in prostate cancer cells, 
significant increases were observed in Caco‐2 cells. This suggests 
that IHCA adapts to different mechanisms in different cell lines. 
This difference is thought to result from differences in the 
metabolic pathways, genetic mutations, and metastatic potentials 
of the two cell lines [53, 54]. Nevertheless, IHCA probably has a 
selective action mechanism because it only affected a particular 
group of the genes, while the Taxol used as a positive control drug 
suppressed all the genes studied. The literature also reported that 
Taxol is not selective and has serious side effects [55–57]. At this 
point, it is possible to imply that IHCA is a more promising 
anticancer agent with a low potential for side effects.

The tumor‐suppressor response of IHCA showed similar patterns in 
prostate (LNCaP) and colorectal (Caco‐2) cancer cells through P53 
and PTEN and RB up‐regulation, but the apoptosis execution 
pathways showed different patterns based on their genetic profiles. 
The LNCaP cells, which have PTEN mutations and show constant 
AKT activation [58], showed significant PTEN restoration with 
elevated P53 and RB levels, but they only slightly increased APAF1 
and CASP9 and CASP3 expression. The weak intrinsic caspase 
response in LNCaP cells matches their APAF1‐ALT expression, 
which creates an impaired apoptosome function that slows down 
DNA damage‐induced apoptosis and reduces its dependence on 
caspase‐9 [59]. The tumor‐suppressor reprogramming effects of 
IHCA in LNCaP cells lead cells to evade PI3K/AKT survival signals 
and apoptosome defects, which results in a weakened intrinsic 
apoptotic response. The Caco‐2 colorectal cells show wild‐type 
KRAS, BRAF, PIK3CA and PTEN genes but have a nonsense TP53 
E204X mutation [60], and IHCA treatment led to strong APAF1, 
CASP9 and CASP3 expression along with BCL2 down‐regulation, 
which indicates strong mitochondria‐dependent apoptosis through 
caspase‐9 activation. The research shows that Caco‐2 cells and 
similar colorectal cancer models respond strongly to 5‐fluorouracil 
and extracellular adenosine through caspase‐9/3 activation and 
mitochondrial damage [61, 62]. The indole scaffold (IHCA) pro
duces different effects on cancer cells because it triggers tumor 
suppressor functions in PTEN‐null APAF1‐ALT‐expressing LNCaP 
cells through a caspase‐independent mechanism, while it triggers a 
powerful p53‐independent intrinsic apoptotic pathway in p53‐ 
deficient Caco‐2 cells.

The compounds 3,3′‐diindolylmethane (DIM) and indole‐ 
3‐carboxylic acid (I3CA) share indole‐3‐carbinol (I3C) struc
tural components, but they show different characteristics. The 
ATM–p53 pathway becomes active when I3C treatment occurs, 
which leads to p53 protein stabilization and activation of p21 
and G₁ cell cycle arrest and modification of PI3K/AKT and NF‐ 
κB signaling pathways in various cancer cell lines, including 
mammary and melanoma cells [63–66]. The compound DIM 
causes cell growth arrest and programmed cell death in various 
cancer types through its ability to modify Bax/Bcl‐2 ratios and 
activate caspases and MAPK/p38 and p21WAF1/CIP1 pathways 
[66–68]. The compound I3CA shows both chemosensitizing 
properties and direct anticancer effects through its ability to 
induce doxorubicin‐mediated senescence and growth arrest in 
LS180 colorectal cells both in laboratory tests and animal 
models, and it exhibits native anticancer activity against lung 
cancer cells derived from Halymenia durvillei red algae [11, 69]. 
The indole‐carboxylate structure of IHCA triggers p53 up‐ 
regulation and PTEN modulation and caspase activation but 
our research demonstrates separate P53–PTEN–RB activation 
patterns in LNCaP and Caco‐2 cells and reduced TNF levels 
with no change in intrinsic apoptosis. The research community 
studies I3C and DIM as dietary compounds that affect 
hormone‐dependent signaling pathways at low doses for cancer 
prevention, but IHCA shows better potential for mechanism‐ 
based development. The natural indole compounds activate 
p53/AKT/Bcl‐2 networks through network reorganization, but 
IHCA functions through an independent transcriptional path
way that activates multiple tumor suppressor genes and blocks 
TNF signaling [63–68]. The anti‐TNF effects of IHCA make it 
suitable for treating tumors that depend on inflammatory TNF 
signaling for their growth.

2.4 | Effects of IHCA and Taxol on the Expression 
of Selected Genes at the Protein Level 

We performed Western blotting for the genes significantly al
tered at the mRNA level in LNCaP and Caco‐2 cells by treat
ment with IHCA at the EC50 dose (Figure 3). As shown in 
Figure 3, the protein expression level of APAF1 was increased 
by 24%, and the PTEN level was decreased by 30% in the Caco‐2 
cell line. The administration of IHCA to LNCaP cells at the 
EC50 dose resulted in 49.7% and 56.3% reductions in the protein 
levels of CDK4 and TNF‐α, respectively. P53 and PTEN protein 
levels were increased by 33.2% and 22.8%, respectively.

The Western blot results support the mRNA expression findings 
and provide additional details about the protein expression pat
terns. The protein expression patterns in LNCaP cells follow the 
same direction as the transcript data show. IHCA at EC₅₀ reduces 
CDK4 mRNA levels by 6.9‐fold and TNF mRNA levels by 6.8‐fold, 
which results in 50% and 56% decreases in CDK4 and TNF‐α 
protein levels, respectively. The protein levels of P53 and PTEN 
increase by 33.2% and a 22.8%, respectively, which matches the 
strong transcriptional activation of these genes by IHCA. The 
protein levels of P53 and PTEN show a 33.2% increase and 22.8% 
increase, respectively, which confirms that IHCA activates tumor 
suppressor pathways in LNCaP cells through changes at both 
mRNA and protein levels. The APAF1 mRNA levels in Caco‐2 
cells increase by fourfold after IHCA treatment, which results in a 
24% increase of APAF1 protein levels. The intrinsic apoptotic 
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pathway becomes active because APAF1 protein levels increase 
by 24% after IHCA treatment. The PTEN protein level decreases 
by 30% despite the fivefold increase in PTEN mRNA expression 
following IHCA treatment. The results demonstrate that PTEN 
undergoes strong post‐transcriptional and post‐translational con
trol when Caco‐2 cells receive IHCA treatment. The results 
indicate that IHCA affects tumor suppressor pathways differently 
between prostate and colorectal cancer cell lines.

2.5 | Measurement of Apoptosis Rates of LNCaP 
and Caco2 Cells 

The examination of LNCaP and Caco‐2 cell apoptosis with 
Annexin V/PI double staining revealed that following 24 h of 
treatment with the EC50 dose of IHCA, the apoptosis rates were 
4.9 ± 0.85% and 42.5 ± 5.32%, respectively. The apoptotic rate 

for the untreated control cells was 4.3 ± 0.76% and 5.2%. Fur
thermore, a statistically significant difference in the rate of 
apoptosis was seen when comparing the untreated control 
group with IHCA‐treated LNCaP cells. Marked elevations in 
apoptosis rates were observed in the LNCaP cells relative to the 
Caco‐2 cells (p < 0.05). A dosage of 217 μM ICHA caused apo
ptosis in LNCaP cells (Figure 4b). Comparable apoptotic effects 
were reported for indole‐3‐carbinol and its derivatives [70–72]. 
Alongside Annexin V/PI labeling, Casp3 protein levels were 
also quantified in LNCaP and Caco‐2 cells subjected to the EC50 

dose of IHCA, utilizing western blotting. A statistically signifi
cant and twofold rise in Casp3 protein levels was seen in LNCaP 
cells, concurrent with Annexin V/PI staining (Figure 4a). Sta
tistically significant increases were observed in Caco‐2 cells, 
albeit at a modest level of 1.15‐fold. In summary, both Annexin 
V/P1 staining and Casp3 protein level assessments validate that 
IHCA promotes apoptosis, particularly in LNCaP cells.

FIGURE 3 | Quantification of proteins in LNCaP and Caco‐2 cells. The proteins were separated by SDS–PAGE, and western blot analysis was 
performed as described. Proteins were detected using the chemoluminescent substrate and quantitated using Scion Image Version 4.0.2 software. All 
values were normalized according to ACTB, and control values were taken as 100%. *Statistically significantly different than the control (p < 0.05). 
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The results from Annexin V/PI analysis match the previous 
findings about apoptotic gene expression. The IHCA treatment 
resulted in Caco‐2 cells that experienced a 42.5% increase in 
apoptosis through the activation of the intrinsic apoptotic 
pathway, which was confirmed by APAF1 and CASP9 and 
CASP3 mRNA elevation and BCL2 mRNA reduction. The 
apoptosis level in LNCaP cells increased by a small amount 
from 4.3% to 4.9%, which corresponds to the limited changes in 
apoptotic gene expression. The Western blot analysis of Casp3 
protein showed that Caco‐2 cells experienced major apoptosis 
through elevated Casp3 protein levels (1.15‐fold), but LNCaP 
cells showed a two‐fold Casp3 protein increase without dis
playing Annexin staining. The treatment of Caco‐2 cells with 
IHCA leads to effective apoptosis execution, but LNCaP cells 
show mostly gene expression changes.

2.6 | Effect of IHCA on the Transcriptional 
Activity of the P53 Promoter‐Based Reporter Gene 
Assay 

To further verify the effect of IHCA P53, transcriptional activity 
was measured by the luciferase reporter assay. For this purpose, 

HEK‐293 cells transfected with the luc2P/P53 RE/Hygro plas
mid containing two copies of a P53 response element (P53 RE) 
were treated with doxorubicin (as a positive control; i.e., a type 
of chemotherapy drug known to activate P53) and IHCA for 
24 h. Then, the luciferase activities were measured. Doxorubicin 
treatment increased the luciferase activity 1.2‐fold, while IHCA 
treatment at the EC50 dose caused a 1.7‐fold induction in 
luciferase activity compared to the control (Figure 5).

The reporter gene assay further substantiated the P53‐mediated 
apoptotic effect of IHCA observed at the gene and protein ex
pression levels. To test the transcriptional susceptibility of P53 to 
the compounds tested, a reporter plasmid containing two copies 
of the P53 response element was transfected into HEK‐293T cells. 
Reporter levels were then measured compared to the control 
chemotherapeutic agent doxorubicin, which is known to activate 
P53 transcriptionally [73]. The p53 reporter assay confirms the 
gene‐expression results, which show IHCA activates the p53 
signaling pathway. The results depict that IHCA causes P53 
protein to build up while making its transcriptional function more 
powerful. The observation that IHCA stimulated reporter lucif
erase activity by approximately 20% more than doxorubicin 
indicates that it regulates P53 transcriptional activity positively.

FIGURE 4 | (a) Quantification of Casp3 protein in LNCaP and Caco‐2 cells. The proteins were separated by SDS–PAGE, and western blot 
analysis was performed as described. Proteins were detected using the chemoluminescent substrate and quantitated using Scion Image Version 4.0.2 
software. All values were normalized according to ACTB, and control values were taken as 100%. *Statistically significantly different than the control 
(p < 0.05). (b) Apoptosis tests were performed using an image‐based cytometer with an Annexin V/FITC/PI kit. Following a 24 h incubation period 
with IHCA, cells were assessed for apoptosis. H2O2 was used as a positive control (0.4 mM H2O2 for LNCaP cells and 0.5 mM H2O2 for Caco‐2 cells). 
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2.7 | ADME Prediction 

ADME (Absorption, Distribution, Metabolism, and Excretion) 
prediction is essential in drug design to assess a compound's 
pharmacokinetic properties. It helps optimize bioavailability, 
efficacy, and safety by predicting how a drug is absorbed, dis
tributed, metabolized, and excreted in the body [74–77]. Early 
ADME predictions enhance the likelihood of clinical success by 
selecting compounds with favorable pharmacokinetic profiles. 
In this study, the ADME prediction of IHCA is provided in 
Table 2.

The ADME predictions for IHCA suggest that the compound 
exhibits favorable drug‐like properties with respect to molecular 
weight (177.16 g/mol), three hydrogen bond donors and four 
acceptors, lipophilicity (QPlogPo/w: 2.250), and aqueous solu
bility (QPlogS: −2.379), all of which fall within acceptable 
ranges. Additionally, IHCA shows no violations of Lipinski's 
rule of five or Jorgensen's rule of three, confirming its compli
ance with drug‐likeness criteria. However, the compound 
demonstrates moderate Caco‐2 (QPPCaco: 55) and MDCK 
(QPPMDCK: 27) permeability, indicating room for improve
ment in bioavailability. Similarly, the human oral absorption (% 
HOA: 71%) is moderate. The brain/blood partitioning (QPlogBB: 
−0.944) suggests limited CNS penetration, which may or may 
not align with the compound's therapeutic purpose. The in si
lico ADME analysis indicates IHCA demonstrates standard 
permeability and oral absorption characteristics because of its 
polar structure, which contains ionized groups (phenolic OH 
and acidic carboxylate) that need optimization through rational 
design. The first practical method for development involves 
making prodrug esters from the 3‐carboxylic acid and 2‐hydroxy 
groups to enhance lipophilicity and reduce ionization through 
basic alkyl esters or amino acid promoieties, which enzymes in 
the intestine and liver can convert into their original structures. 
The addition of small hydrophobic groups to the indole ring 
through 5‐methyl or 5‐halogen or 5‐CF3 substituents helps the 
compound penetrate membranes better while preserving the 
2‐hydroxy/3‐acid pharmacophore structure when solubility 
levels are managed correctly. The indole nitrogen accepts short 
“soft” alkyl chains or cleavable promoieties to change lipophi
licity and metabolic stability, which produces soft prodrugs that 
convert into IHCA or an equivalent active compound. The 

proposed medicinal chemistry approach begins with basic ester 
and ring‐substituted compounds to study permeability effects 
on biological responses before advancing to bioisosteric com
pounds that improve target binding and oral drug absorption. 
Overall, while IHCA displays promising pharmacokinetic 
properties, structural optimizations could focus on enhancing 
permeability and absorption to improve its drug‐like potential 
further.

2.8 | Molecular Docking Studies 

To complement and extend our in vitro findings, we next sought 
to determine whether the observed activation of P53 signaling 
and modulation of apoptotic pathways by IHCA could be 
rationalized at the molecular level. Specifically, because our 
gene and protein expression data pointed to a P53‐centred 
mechanism and suggested possible interference with negative 
regulators such as MDM2, we turned to in silico approaches. 
We therefore performed molecular docking and molecular 
dynamics (MD) simulations to examine the binding mode, 
stability, and predicted affinity of IHCA within the MDM2 
pocket, and to compare its behavior with that of reference 
ligands.

Molecular docking is a computational technique used to predict 
the interaction between a small molecule (ligand) and a target 
protein and possible inhibition mechanism, playing a crucial 
role in drug design. By simulating how a ligand fits into the 
binding site of a protein, molecular docking provides insights 
into the binding affinity and orientation of the ligand, which are 
essential for evaluating its potential as a drug candidate. To 
enhance accuracy, Induced Fit Docking (IFD) is employed, 
allowing both the ligand and the protein to adjust their con
formations during binding. This flexibility is particularly 
important when significant structural changes occur, leading to 
a more realistic prediction of the binding mode. On the other 
hand, MM‐GBSA (Molecular Mechanics/Generalized Born 
Surface Area) calculations are often used to estimate the bind
ing free energy, offering a more detailed assessment of the 

FIGURE 5 | HEK‐293 cells transfected with luc2P/P53 RE/Hygro 
plasmid containing two copies of a P53 RE. Treatment with IHCA and 
doxorubicin for 24 h increased luciferase activities, as measured using 
the Dual‐Glo Luciferase assay system. *Significantly different from the 
respective control value (p < 0.05). #; Significantly different from the 
respective doxorubicin value (p < 0.05). 

TABLE 2 | ADME prediction of IHCA.

ADME descriptor IHCA Reference values

Molecular weight 177.16 130.0 to 725.0
Donor 
Hydrogen bond

3 0.0 to 6.0

Accept 
Hydrogen bond

4 2.0 to 20.0

QPlogPo/w 2.250 −2.0 to 6.5
QPlogS −2.379 −6.5 to 0.5
QPPCaco 55 < 25 poor, > 500 great
QPlogBB −0.944 −3.0 to 1.2
QPPMDCK 27 < 25 poor, > 500 great
% Human oral a 
absorption

71 0%–100%, > 80% high, 
< 25% poor

Rule of five 0 Max violations 4
Rule of Three 0 Max violations 3
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ligand's thermodynamic stability within the protein's active site. 
Together, these techniques provide a comprehensive framework 
for understanding the interactions between drugs and their 
targets, optimizing lead compounds, and guiding the design of 
molecules with improved specificity and efficacy in drug dis
covery [78]. In this study, IFD was performed to determine the 
ligand‐protein interaction between IHCA and MDM2 protein. 
In addition, MM‐GBSA ΔG binding free energies were calcu
lated for both IHCA and reference drug nutlin‐3a. The IFD 
docking scores and MM‐GBSA ΔG binding free energies of 
IHCA and Nutlin‐3a are given in Table 3.

The results, as shown in Table 3, reveal that IHCA exhibits a 
significantly better IFD XP Glide score of −8.166 kcal/mol 
compared to Nutlin‐3a′s −4.730 kcal/mol. This indicates a 
stronger predicted binding affinity of IHCA to the MDM2 pro
tein. Furthermore, the MM‐GBSA ΔG binding free energy for 
IHCA is markedly more favorable at −60.98 kcal/mol, com
pared to −29.52 kcal/mol for Nutlin‐3a, suggesting that IHCA 
forms a more thermodynamically stable complex with MDM2.

These findings highlight the potential of IHCA as a potent 
MDM2 inhibitor, with both stronger binding affinity and more 
excellent stability compared to the well‐established Nutlin‐3a. 
The superior IFD scores and binding free energies emphasize 
IHCA's promise as a lead compound in the development of new 
anticancer therapies targeting the MDM2 protein.

The molecular docking ligand protein interactions of both 
IHCA‐MDM2 and Nutlin‐3a‐MDM2 complexes are given in 
Figures 6 and 7, respectively.

Figure 6a represents the 2D ligand protein interactions between 
IHCA and MDM2. As seen in Figure 6a, the hydroxyl group of 
IHCA formed a hydrogen bond interaction (purple arrow) with 
His‐96. Moreover, there are two different hydrogen bond in
teractions. While the hydrogen atom of indole nitrogen formed 
a hydrogen bond with Val‐93, the hydroxyl group of carboxylic 
acid moiety interacted with Leu‐54. These polar interactions are 
essential for the specificity and strength of the binding. In 
addition to these strong polar hydrogen bond interactions, two 
π‐π stacking hydrophobic interactions (green lines) are 
observed between the IHCA and the active site of the protein. 
The pyrrole ring of IHCA interacted with His‐96, while the 
benzene ring interacted with Phe‐91 via π‐π stacking interac
tions. These π‐π stacking interactions are crucial for enhancing 
the overall binding stability and affinity of IHCA to MDM2.

Figure 6b represents the 3D ligand protein interactions between 
IHCA and MDM2. In Figure 6b, while the yellow dashes depict 
the hydrogen bonds, the turquoise dashes represent the π‐π 
stacking interactions. As seen in Figure 6b, IHCA has a planar 
rigid structure. For this reason, it can easily stack with amino 

acid residues in the active site of the enzyme. With its small 
structure, it interacts closely with many amino acid residues in 
the active site of the enzyme, and its hydrogen bond lengths 
vary between 1.82 Å and 2.30 Å.

Figure 7 represents the ligand‐protein interactions between 
reference drug Nutlin‐3a and MDM2. As seen in Figure 7a, 
there is only one interaction between Nutlin‐3a and the active 
site of MDM2. His‐96 formed a π‐π stacking interaction with 
the chlorinated phenyl ring of Nutlin‐3a. As can be seen from 
the 3D structure of Nutlin‐3a (Figure 7b), the parts of the 
molecule are folded over each other and are away from the 
amino acids in the active site of the enzyme. This situation is 
also clearly seen in the surface binding analysis (Figure 8). As a 
result, IHCA seems to have a better potential than the reference 
drug. When looked at mechanistically, both molecules use the 
His‐96 amino acid residue in common. In IHCA, four different 
interactions are observed with three different additional amino 
acids, which makes it a better inhibitor candidate.

Molecular docking 3D surface binding analysis of both com
pounds with the active site of the MDM2 is given in Figure 8. As 
can be seen from Figure 8, while IHCA completely fits into the 
binding site of the enzyme, a part of Nutlin‐3a remains outside 
the binding surface area. This difference in binding behavior 
suggests that IHCA has superior conformational compatibility 
with the MDM2 active site, which may contribute to its stronger 
binding affinity and more stable interaction, as previously 
observed in the docking scores and binding free energy analy
ses. The ability of IHCA to fully occupy the binding site en
hances its potential as a more effective MDM2 inhibitor 
compared to Nutlin‐3a, further emphasizing its promise as a 
lead compound for anticancer drug development targeting the 
MDM2 protein.

As a result, molecular docking analyses revealed that IHCA 
demonstrates superior binding potential to the MDM2 protein 
compared to Nutlin‐3a. The IFD docking scores and MM‐GBSA 
ΔG binding free energies indicate that IHCA has a more 
favorable binding profile, with an IFD XP Glide score of 
−8.166 kcal/mol and an MM‐GBSA ΔG binding free energy of 
−60.98 kcal/mol, in contrast to Nutlin‐3a′s −4.730 kcal/mol and 
−29.52 kcal/mol, respectively. Figures 6 and 7 show that IHCA 
establishes multiple hydrogen bonds and π‐π stacking interac
tions with various amino acids in the MDM2 active site, en
hancing its binding stability and specificity. Conversely, Nutlin‐ 
3a exhibits a less optimal fit, with only partial occupancy of the 
binding site. Figure 8 further demonstrates that IHCA fully 
occupies the binding site, suggesting superior conformational 
compatibility and a stronger binding affinity. Overall, these 
findings highlight IHCA's potential as a more effective MDM2 
inhibitor compared to Nutlin‐3a, positioning it as a promising 
lead compound for anticancer drug development target
ing MDM2.

2.9 | Molecular Dynamics 

Molecular dynamics (MD) simulations are vital in drug discovery 
to assess the stability and flexibility of protein‐ligand complexes. 
Two critical parameters in these simulations are Root Mean 
Square Deviation (RMSD) and Root Mean Square Fluctuation 
(RMSF). RMSD measures the average deviation of atomic 

TABLE 3 | Molecular docking scores and MM‐GBSA ΔG binding 
free energies of IHCA and reference drug against MDM2 (PDB 
ID: 4HG7).

MDM2 (PDB ID: 4HG7) IHCA Nutlin‐3a

IFD XP Glide Scores (kcal/mol) −8.166 −4.730
MM‐GBSA ΔG Binding Free 
Energies (kcal/mol)

−60.98 −29.52
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positions from a reference structure, helping evaluate the stability 
of the ligand within the protein's binding site. A low RMSD 
indicates stable binding, while a high RMSD suggests potential 
instability or weak interactions. RMSF, on the other hand, 

quantifies the fluctuation of individual residues relative to their 
average positions, providing insights into the flexibility and 
dynamics of specific regions. High RMSF values in certain resi
dues can signal increased mobility, which may impact binding 

FIGURE 6 | Molecular docking 2D (a) and 3D (b) ligand protein interactions between IHCA and active site of MDM2. 

FIGURE 7 | Molecular docking 2D (a) and 3D (b) ligand protein interactions between Nutlin‐3a and active site of MDM2. 

FIGURE 8 | Molecular docking 3D surface binding analysis of both IHCA (a) and Nutlin‐3a (b) in the active site of MDM2. 
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stability and efficacy. Together, RMSD and RMSF offer a com
prehensive view of the stability and dynamics of ligand‐protein 
interactions, guiding the optimization of drug candidates and the 
understanding of their mechanisms of action [79–81].

The 100 ns MD simulation analysis of the IHCA‐MDM2 
complex, depicted in Figure 9, provides valuable insights into 
the binding interactions and stability of the complex. Figure 9a
illustrates the key ligand‐protein interactions throughout the 
simulation. The indole nitrogen of IHCA forms both a direct 
hydrogen bond and a water‐bridged hydrogen bond with Leu‐ 
54, accounting for 31% and 10% of the simulation time, 
respectively. The hydroxyl group of the carboxylic acid moiety 
engages in two distinct water‐bridged hydrogen bond interac
tions with Gln‐72 (53% of the simulation time) and Val‐93 (12% 
of the simulation time), highlighting the important role of these 

interactions in maintaining the stability of the IHCA‐MDM2 
binding. IHCA also has two intramolecular hydrogen bond in
teractions between its hydroxyl and carboxylic acid groups. 
These happen 22% and 19% of the time during the simulation, 
which makes its structure even more stable. The pyrrole ring of 
IHCA also forms a π‐π stacking interaction with His‐96 for 13% 
of the simulation time, adding to the overall stability of the 
binding interaction.

Figure 9b presents the RMSD analysis of protein and ligand 
atoms from the 100 ns MD simulation of the IHCA‐MDM2 
complex. The average RMSD of protein Cα atoms is 1.12 Å, 
indicating a relatively stable protein structure throughout the 
simulation. In contrast, the average RMSD of ligand atoms is 
3.15 Å, reflecting a higher degree of deviation from the initial 
binding pose. This suggests that the ligand experiences more 

FIGURE 9 | The 100 ns MD simulation analysis of IHCA‐MDM2 complex. (a) 2D key ligand‐protein interactions, (b) RMSD of ligand and protein 
atoms, (c) RMSF of protein atoms, (d) RMSF of ligand atoms, (e) fractional interaction histogram. 
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significant conformational changes or fluctuations during the 
simulation. Additionally, the average deviation of the ligand 
from its original position is 0.51 Å, which highlights that while 
there are some positional shifts, the ligand remains relatively 
close to its initial binding site.

Figures 9c and 9d provide insights into the flexibility of the 
IHCA‐MDM2 complex by showing the RMSF of protein Cα 
atoms and ligand atoms, respectively. In Figure 9c, the average 
RMSF of protein Cα atoms is 0.81 Å, indicating relatively low 
flexibility of the protein throughout the simulation. This sug
gests that the protein structure is stable, with minimal fluctu
ations in the residues, which is crucial for maintaining the 
integrity of the binding site. In Figure 9d, the ligand atoms 
exhibit an average RMSF of 2.25 Å, indicating greater flexibility 
compared to the protein. This higher RMSF value reflects that 
the ligand undergoes more substantial fluctuations and move
ments during the simulation. The green vertical lines in 
Figure 9c highlight the contact points between the ligand and 
specific amino acids in the protein, suggesting that regions of 
the protein directly interacting with the ligand might be more 
stable while the ligand itself remains more dynamic [75].

Figure 9e represents the fractional interaction histograms of the 
IHCA‐MDM2 complex during 100 ns simulation time. In an MD 
simulation, the interactions between amino acid residues and 
functional groups over the simulation period are cumulatively 
collected to generate the total fractional interaction histogram. A 
functional group can simultaneously interact with multiple amino 
acids, and likewise, a single amino acid residue can engage in 
various types of interactions with different functional groups. In 
Figure 9e, the green columns represent hydrogen bond interac
tions, the blue columns indicate water‐bridged hydrogen bond 
interactions, and the purple columns depict hydrophobic π‐π 
stacking interactions. According to Figure 9e, the most abundant 
fractional interactions were observed with Gln‐72, Leu‐54, Ile‐61 
Val‐93 and His‐96. In conclusion, the 100‐nanosecond MD sim
ulation of the IHCA‐MDM2 complex reveals critical binding in
teractions and stability factors. IHCA forms hydrogen bonds with 
Leu‐54 and water‐bridged hydrogen bonds with Gln‐72 and Val‐ 
93. It also shows intramolecular hydrogen bonds and a π‐π 
stacking interaction with His‐96. The protein and ligand remain 
stable. Frequent interactions occur with Gln‐72, Leu‐54, Ile‐61, 
Val‐93, and His‐96. These findings highlight key residues and 
functional groups that contribute to the stability and potential for 
effective MDM2 inhibition.

To verify the MD simulation results and calculate standard 
deviations, the MD simulation of the IHCA‐MDM2 ligand‐ 
protein complex was performed in triplicate using random seed. 
RMSD and RMSF graphs obtained from the random seed MD 
simulation analysis are given in Figure 10 as combined. In 
addition, the average values of the RMSD and RMSF graphs 
obtained from the random seed MD simulations are given in 
Figure 10, and the comparison of these values with the custom 
seed is given in Table 4.

The MD simulation results indicate that the custom seed gen
erally provides a more stable and consistent simulation for the 
IHCA‐MDM2 complex compared to the average random seeds. 
The RMSD values for Protein Cα Atoms (1.12 vs. 1.27), Protein 
Backbone (1.13 vs. 1.27), and Ligand fit on Protein (3.15 vs. 
3.64) are lower with the custom seed, suggesting better stability 

in these regions. In contrast, the RMSD for Ligand fit on Ligand 
is very similar between the custom seed and random seeds (0.51 
vs. 0.49), indicating comparable consistency in ligand confor
mation. The RMSF values, reflecting flexibility, are also close 
between the two methods. For Protein Cα Atoms and Protein 
Backbone, the custom seed values are slightly higher (0.81 vs 
0.79 and 0.82 vs 0.80, respectively), while the RMSF for Ligand 
Atoms is lower with the custom seed (2.25 vs 2.58), indicating 
less fluctuation and a more stable ligand position. These find
ings validate the custom seed analysis against the random seed 
analyses, confirming the reliability of the results.

3 | Conclusions 

In conclusion, this study provides compelling evidence for the 
anticancer potential of the natural small indole derivative IHCA 
derived from Capparis ovata. IHCA effectively modulates key 
apoptotic and tumor suppressor genes, particularly enhancing the 
expression of P53 and PTEN while downregulating oncogenic 
markers such as KRAS in prostate (LNCaP) and colorectal 
(Caco‐2) cancer cells. IHCA operates tumor defense mechanisms 
to trigger programmed cell death, activating p53, PTEN and RB 
proteins through APAF1–caspase‐9–caspase‐3 apoptosis pathway, 
which results in mitochondrial apoptosis instead of inflammation 
because it reduces BCL2 levels and blocks TNF production. 
Western blot and luciferase assays further support its role in 
activating the P53 signaling pathway. Molecular docking and 
molecular dynamics (MD) simulations revealed that IHCA ex
hibits strong and stable binding to the MDM2 protein, surpassing 
even the reference compound Nutlin‐3a in interaction stability. 
The direct comparison of binding modes demonstrates that IHCA 
interacts with a broader set of key MDM2 residues, including Leu‐ 
54, Gln‐72, Ile‐61, Val‐93, and His‐96, through multiple hydrogen 
bonds, water‐bridged interactions, and π–π stacking, resulting in 
superior docking scores, more favorable MM‐GBSA binding free 
energy, and enhanced MD stability. In contrast, Nutlin‐3a forms 
only a single π–π stacking interaction and shows limited pocket 
occupancy. Additionally, its selective mechanism of action un
derscores its potential as a safe and promising lead compound for 
the development of novel anticancer therapeutics or combination 
therapies that activate multiple tumor suppressor pathways while 
minimizing TNF‐induced inflammation.

4 | Experimental 

4.1 | Chemicals and Reagents 

The solvents hexane, dichloromethane, ethanol, methanol, silica 
gel 60 (0.063–0.200 mm) for column chromatography and TLC 
silica gel 60 F254 plates were purchased from Merck (Darmstadt, 
Germany). Bovine serum albumin (BSA), bicinchoninic acid 
(BCA), glycine, Dulbecco's modified Eagle's medium (DMEM), 
Roswell Park Memorial Institute 1640 medium (RPMI), fetal 
bovine serum (FBS), trypsin, penicillin/streptomycin mixture, 
sodium dodecyl sulfate (SDS) and 2‐amino‐2‐(hydroxymethyl) 
−1,3‐propanediol (TRIS) were purchased from Sigma–Aldrich 
Chemical Company (St Louis, Missouri, USA). Antibodies against 
PTEN, P53, APAF, ACTB, CDK4, TNF and secondary antibodies 
were purchased from Abcam (Abcam PLC, Cambridge, UK). An 
Easy Script cDNA Synthesis Kit and SYBR Green qPCR master 
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mix were purchased from Applied Biological Materials Inc. 
(ABM; Richmond, Canada). All other chemicals and solvents 
were obtained from commercial sources at the highest grade of 
purity available.

4.2 | Cell Cultures and Cell Proliferation Assay 

The human prostatic adenocarcinoma cell line (LNCaP), colo
rectal adenocarcinoma cell lines (Caco‐2) and human embryo
nic kidney 293 T (HEK‐293T) cells were obtained from the 

American Type Culture Collection (ATCC, USA). The cells 
were cultured in RPMI and DMEM supplemented with 10% 
FBS and a 1% penicillin/streptomycin mixture in a humidified 
atmosphere of 95% air with 5% CO2 at 37°C and sub‐cultured 
twice a week. Cell viability was assessed as previously described 
[82]. Briefly, LNCaP and Caco‐2 cells were seeded in 96‐well 
plates at a density of 1 × 103 cells/mL culture medium. After 
24 h of incubation, the cells were treated with varying concen
trations of IHCA (ranging from 10 µM to 200 µM) and the 
control drug Taxol (ranging from 1 nM to 50 nM). The IHCA‐ 
treated, Taxol‐treated and control cells were incubated for an 

FIGURE 10 | In triplicate Random Seed (RS) MD simulation analysis of IHCA‐MDM2 complex. (a) RMSD of protein and ligand atoms for RS1, 
(b) RMSD of protein and ligand atoms for RS2, (c) RMSD of protein and ligand atoms for RS3, (d) RMSF of protein atoms for RS1, (e) RMSF of 
protein atoms for RS2, (f) RMSF of protein atoms for RS3, (g) RMSF of ligand atoms for RS1, (h) RMSF of ligand atoms for RS2, (i) RMSF of ligand 
atoms for RS3. 
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additional 24 h at 37°C in a humidified 5% CO2 atmosphere. 
Following incubation, the medium was replaced by 0.5% crystal 
violet solution (w/v; in 50% ethanol). Dye absorbed by live cells 
was extracted with sodium citrate (0.1 M in 50% ethanol), and 
the absorbance was read at 630 nm. Viability was expressed as a 
percentage of the control cells.

4.3 | Real‐Time Quantitative PCR for Gene 
Expression Analysis at the mRNA Level 

Real‐time PCR was performed as previously optimized [17]. 
RNA concentration was determined using a Nanodrop 
(MaestroNano microvolume Spectrophotometer, USA), and 
the RNA was reverse transcribed using an Easy Script cDNA 
Synthesis Kit (ABM). The reaction mixture was incubated for 
50 min at 50°C, followed by termination by heating at 5 min 
at 85°C. cDNA was stored at −80°C for further use. 

Quantitative real‐time PCR (qPCR) analysis was carried out 
using SYBR Green qPCR Master Mix (GM, Taiwan) in an 
Exicycler 96 Real‐Time Quantitative Thermal Block PCR 
System (Bioneer, Daejeon, Korea) for each gene. The mRNA 
levels of genes (APAF1, BACT, BAX, BCL2, CASP3, CASP8, 
CASP9, CDK4, c‐MYC, CYCD2, FAS, KRAS, P53, PTEN, RB 
and TNF‐α) were determined by qPCR using beta‐actin as the 
reference gene. Custom‐designed primers used for qPCR are 
listed in Table 5.

4.4 | Immunoblot Analysis for Gene Expression 
Analysis at the Protein Level 

Total protein was extracted from Caco‐2 and LNCaP cells 
with Qiazol lysis reagent (Qiagen, USA), as Lee et al. 
described [83]. Protein concentration was determined by 
BCA assay. As described elsewhere, sodium dodecyl sulfate‐ 

TABLE 4 | MD Simulation custom and random seed average RMSD and RMSF values of protein and ligand atoms of IHCA‐MDM2 complex.

Random 
seed 1

Random 
seed 2

Random 
seed 3

Average of 
random seeds Custom seed

RMSD of protein Cα atoms 1.57 1.22 1.03 1.27 1.12
RMSD of protein backbone 1.55 1.21 1.05 1.27 1.13
RMSD of ligand fit on protein 3.41 3.36 4.14 3.64 3.15
RMSD of ligand fit on ligand 0.46 0.48 0.54 0.49 0.51
RMSF of protein Cα atoms 1.00 0.69 0.67 0.79 0.81
RMSF of protein backbone 1.00 0.71 0.69 0.80 0.82
RMSF of ligand atoms 1.61 2.29 3.84 2.58 2.25

TABLE 5 | Primer sequences of the selected human genes.

Gene bank 
accession 
number Gene Sense primer (5′‐ > 3′) Antisense primer(5′‐ > 3′) Tm (°C)

NM_181861 APAF1 GTCTGCTGATGGTGCAAGGA GATGGCCCGTGTGGATTTC 61
NM_001101 BACT TCCTCCTGAGCGCAAGTACTC CTGCTTGCTGATCCACATCTG 60.5
NM_138764 BAX AGAGGATGATTGCCGCCGT CAACCACCCTGGTCTTGGATC 57.5
NM_000633 BCL2 TGCACCTGACGCCCTTCAC AGACAGCCAGGAGAAATCAAACAG 63
NM_004346 CASP3 GCAGCAAACCTCAGGGAAAC TGTCGGCATACTGTTTCAGCA 61
NM_033358 CASP8 TCTGGAGCATCTGCTGTCTG CCTGCCTGGTGTCTGAAGTT 59
NM_001229 CASP9 GGCTGTCTACGGCACAGATGGA CTGGCTCGGGGTTACTGCCAG 61
NM_000075 CDK4 ATGTTGTCCGGCTGATGGA CACCAGGGTTACCTTGATCTCC 59.5
NM_002467 c‐MYC TCCATGAGGAGACACCGCC GCTGTGAGGAGGTTTGCTGT 62
NM_001759 CYCD2 TTCCGCAGTGCTCCTACTTC CGCACTTCTGTTCCTCACAG 59.2
NM_152872 FAS CACTTCGGAGGATTGCTCAACA TATGTTGGCTCTTCAGCGCTA 60.5
NM_001369787 KRAS CTCGACACAGCAGGTCAAGA GGCATCATCAACACCCTGTC 59
NM_001276696 P53 ATCTACAAGCAGTCACAGCACAT GTGGTACAGTCAGAGCCAACC 61
NM_000314 PTEN CCCAGACATGACAGCCATC TCTGCAGGAAATCCCATAGC 58.5
NM 000321 RB ATCTATATTTCACCCCTGAAGAGTC TTCAGAAGGTCTGCCAACACCAACA 59
NM_000594 TNF GCCATTGGCCAGGAGGGC CGCCACCACGCTCTTCTG 62

15 of 20 Journal of Biochemical and Molecular Toxicology, 2026

 10990461, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbt.70666 by B

ezm
-I A

lem
 V

akif U
niversity, W

iley O
nline L

ibrary on [06/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



polyacrylamide gel electrophoresis (SDS–PAGE) and Western 
blotting were performed [84]. Briefly, 80 μg protein samples 
were separated on 4% stacking and 12% separating poly
acrylamide gels using the discontinuous buffer system of 
Laemmli [85]. Proteins were transferred to a nitrocellulose 
membrane using a Transblot electrophoretic transfer cell 
(Bio‐Rad) containing Tris‐glycine buffer, pH 8.3, and meth
anol. The transfer was carried out at 4°C for 90 min at 90 V (at 
max 400 mA). Following the transfer, the membranes were 
blocked using 5% nonfat dry milk in TBST (20 mM Tris‐HCl, 
pH 7.4, 400 mM NaCl and 0.1% (v/v) Tween 20) for 60 min 
and incubated with APAF, P53, PTEN, ACTB, CDK4 and 
TNF‐α antibodies overnight at 4°C. The membranes were 
washed with TBST (3 × 5 min) and incubated with the sec
ondary antibody (HRP‐conjugated IgG). Proteins were 
detected using SuperSignal® West Pico Chemoluminescent 
Substrate (Pierce, Rockford, IL, USA), and bands were visu
alized and recorded using the Odyssey® Fc Imaging System 
(LI‐COR). Protein bands were quantified using Scion Image 
Version Beta 4.0.2 software.

4.5 | Measurement of Apoptosis Rates of LNCaP 
and Caco2 Cells 

The annexin V‐FITC apoptosis detection Kit (E‐CK‐A211; 
Elabscience) was used to measure apoptosis. Briefly, LNCaP 
and Caco2 cells were seeded in 6‐well plates (1 × 105 cells/well) 
and cultured overnight at 37°C. After incubation, the deter
mined EC50 doses of IHCA were applied to LNCaP and Caco‐2 
cells. H2O2 (hydrogen peroxide) served as the positive control 
(0.4 mM H2O2 for LNCaP cells and 0.5 mM H2O2 for Caco‐2 
cells) [86]. After 24 h, the cells were collected and centrifuged 
(2000 × g, 5 min) at 4°C. Finally, 100 μL of 1X binding buffer, 
1 µL of annexin V‐FITC and 1 μL of PI Staining Solution were 
added to the cells and gently mixed. The cells were then incu
bated in the dark at room temperature for 15 min. Apoptotic 
testing was performed using a fluorescence cell counter 
(Arthur‐NanoEntek) [87]. Three replicates for each sample 
were measured.

4.6 | P53 Promoter‐Based Reporter Gene Assay‐ 
Luciferase Assay 

To evaluate the effect of IHCA on the transcriptional activity 
of P53, human embryonic kidney 293 T (HEK‐293T) cells 
were grown in DMEM supplemented with 10% FBS and a 1% 
penicillin/streptomycin mixture in a humidified atmosphere 
of 95% air with 5% CO2 at 37°C. Before transfection, cells 
were seeded in 96‐well plates at approximately 1 × 104 cells/ 
well. After 24 h, cells were transfected with Fugene HD 
reagent (Promega) using the pGL4.38 [luc2P/P53 RE/Hygro] 
plasmid containing two copies of a P53 response element 
(P53 RE) that drives transcription of the luciferase reporter 
gene luc2P. An additional 24 h after transfection, cells were 
stimulated with IHCA and doxorubicin (positive control) was 
used. After 24 h of stimulation, the cellular lysate was as
sayed for luciferase and Renilla activities using the Dual‐Glo 
luciferase assay system (Promega) as optimized previously 
[88]. Luminescence was measured using a Synergy HTX 

luminometer (BioTek). Luciferase activities were normalized 
to Renilla activities.

4.7 | Statistical Analysis 

Statistical analyses were applied using the Minitab 13 statistical 
software package (Minitab Inc., State College, PA, USA). All 
results are expressed as the means, including their standard 
error of the mean (SEM). Comparisons between groups were 
performed using Student's t‐test, and p < 0.05 was selected as 
the level required for statistical significance.

4.8 | Computational Studies 

Molecular Docking studies were carried out by Schrödinger 
Molecular Modelling Software (2024‐1) with Maestro (13.9) 
interface. MD simulations were carried out using Desmond (D. 
E. Shaw Research) with Maestro (13.5) interface.

4.8.1 | Preparation of Ligands and Proteins 

The methods that our research group previously published were 
used to perform protein and ligand preparation [89]. The 3D 
X‐ray crystallographic structures of the target proteins were 
obtained from the Protein Data Bank, accessible via the RCSB 
website (https://www.rcsb.org). In this study, MDM2 (PDB ID: 
4HG7) was used to carry out all in silico studies. Careful 
preparation and refinement of these protein structures were 
carried out using the Protein Preparation Wizard module within 
Schrödinger Maestro 13.9.

4.8.2 | Glide Docking and Induced Fit Docking 

The methods that our research group previously published were 
used to perform glide docking and induced fit docking. The 
ligands we prepared were subjected to docking into the 
respective receptors using the IFD protocol, part of the Schrö
dinger suite (Schrödinger Release 2024‐1, Induced Fit Docking 
protocol, Glide, Schrödinger LLC, New York, NY). The center of 
the Glide grid was determined based on the native ligand's 
centroid, with the inner box side set at 25 Å, and the outer box 
side was automatically defined. 20 poses for each ligand were 
derived according to the standard IFD protocol, and each pose 
was docked with Glide XP docking sensitivity. Finally, IFD 
docking scores, representing the binding energy, were com
puted for each generated pose [90].

4.8.3 | Prime MM‐GBSA Analysis 

The methods that our research group previously published were 
used to perform prime MM‐GBSA analysis. The free binding 
energy between the ligand and protein in the docked poses was 
calculated using the Prime MM‐GBSA module within the 
Schrödinger suite 2024‐1, following methods described in pre
vious publications [91, 92]. Default parameters, such as the 
VSGB solvation model and the Minimize sampling method, 
were used in the MM/GBSA module. During the energy cal
culation, specific residues surrounding the receptor pocket were 
constrained to maintain flexible conformations.
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4.8.4 | Molecular Dynamics Simulations 

The methods that our research group previously published were 
used to perform molecular dynamics simulations [93]. The 
protein‐ligand complex was built using the Desmond system 
builder and then placed in a simulation box with a 10 Å buffer 
zone. Water (Tip3p model) and NaCl (0.15 M) were added to 
neutralize the system. The OPLS3 force field was used for en
ergy minimization. A 100 ns molecular dynamics simulation at 
300 °K and 1 bar pressure was run with a 100 ps time step using 
Desmond. Interactions between the ligand and protein were 
analyzed, and RMSD values for protein Cα atoms and ligand‐ 
heavy atoms were calculated to assess stability during simula
tion time [94].

4.8.5 | ADME Prediction 

The ADME properties of the compound were predicted using 
the QikProp module integrated within the Schrödinger suite 
(Schrödinger, 2024). QikProp is a computational tool designed 
to evaluate key pharmacokinetic and physicochemical param
eters relevant to drug‐likeness and bioavailability. The process 
involves the following steps: The chemical structure of the 
compound was drawn or imported into the Maestro interface. 
The structure was then subjected to energy minimization using 
the OPLS4 force field to ensure proper geometry and stability. 
The prepared structure was submitted to the QikProp module. 
The tool estimates over 50 ADME‐related descriptors, including 
molecular weight (MW), hydrogen bond donors and acceptors 
(Donor HB and Accept HB), lipophilicity (QPlogPo/w), solu
bility (QPlogS), permeability (QPPCaco and QPPMDCK), brain‐ 
blood partition coefficient (QPlogBB), human oral absorption 
(%HOA), and violations of Lipinski's and Jorgensen's 
rules [95, 96].
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