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Abstract

Background: The phosphoinositide 3-kinase/protein kinase B (Akt)/mammalian target of the
rapamycin signaling pathway is crucial in cancer progression. Akt1, a vital pathway component,
has emerged as a promising therapeutic target.

Objectives: This study used molecular docking analysis to investigate the potential of
anthraquinones (AQs) as Akt1 inhibitors.

Methods: The crystallographic structure of Akt1 was obtained from the Protein Data Bank (PDB
ID: 4GV1). Twenty-one AQ compounds were selected for docking analyses using AutoDock
4.0. Binding affinities and interaction modes were compared with two Akt1 reference inhibitors.
Results: Eleven AQs demonstrated substantial binding affinity to the Akt1’s catalytic site at
nanomolar concentrations. Hypericin and sennidin B exhibited the most potent inhibitory effects,
with AG,, ... values of -11.19 kcal/mol and -10.36 kcal /mol, respectively, surpassing control
inhibitors. Hypericin formed three hydrogen bonds and two hydrophobic interactions with the
Akt1 catalytic cleft, while sennidin B formed six hydrogen and one hydrophobic interaction.
Conclusion: This study identified several AQs, particularly hypericin and sennidin B, as
promising Akt1 inhibitors with superior binding affinities compared to reference compounds.
These findings provide a foundation for further developing AQ-based Akt1-targeted therapeutics
in cancer treatment. Future research should focus on the in vitro and in vivo validation of these
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compounds’ efficacy and safety profiles.
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Background

Cancer remains a leading cause of death globally, with
nearly 2 million new cases projected in the United States
alone for 2023 (1). The phosphoinositide 3-kinase/protein
kinase B/mammalian target of rapamycin (PI3K/Akt/
mTOR) signaling pathway is central to cancer initiation
and progression across diverse malignancies. Its influence
extends from metabolic reprogramming to drug resistance
mechanisms, making it a prime target for therapeutic
interventions. In bladder cancer, the hyperactivation of
the PI3K/Akt/mTOR pathway significantly contributes
to the Warburg effect, a metabolic shift favoring aerobic
glycolysis (2). Furthermore, the deregulation of protein
synthesis via the PI3K/Akt/mTOR pathway has emerged
as a critical driver of colorectal cancer development.
Clinical trials using mTOR inhibitors and other targeted
therapies have shown promise in overcoming resistance
mechanisms in colorectal cancer (3).

Interestingly, metformin, a drug used for diabetes
management, has exhibited anticancer properties. By
inhibiting the PI3K/Akt/mTOR pathway, metformin
enhanced the effectiveness of standard chemotherapeutics
in ovarian cancer (4). The PI3K/Akt/mTOR signaling
pathway is crucial in developing and progressing oral
cancer, particularly oral squamous cell carcinoma (OSCC).
It influences cellular processes, including proliferation,
survival, angiogenesis, and metastasis (5). Multiple
studies have explored the role of this pathway in OSCC
through various molecular mechanisms and therapeutic
interventions. In this regard, Su et al (6) focused on
radiosensitization strategies for head and neck squamous
cell carcinomas, highlighting that targeting the PI3K/
Akt/mTOR pathway pharmacologically can improve
radiotherapy outcomes by overcoming radioresistance.

Within the PI3K/AKT/mTOR pathway, Aktl acts as a
critical control point. Consequently, inhibiting Akt1 has
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emerged as a promising therapeutic strategy in cancer
treatment. Costunolide represented a dual inhibitory
effect on MEK1 and Aktl/2, confirming efficacy in
overcoming resistance to osimertinib, an EGFR-tyrosine
kinase inhibitor in lung cancer (7). Further emphasizing
the clinical value of targeting Aktl mutations, Smyth et
al (8) investigated capivasertib, an Akt kinase inhibitor.
Their findings demonstrated promising activity in heavily
pretreated patients with estrogen receptor-positive
metastatic breast cancer harboring Aktl E17K mutations,
either as monotherapy or combined with fulvestrant.
These studies suggest that targeting Aktl holds promise
for cancer treatment, particularly in overcoming
resistance to existing therapies.

The relentless quest for safer and more productive
cancer therapies has ignited research interest in natural
products, especially those derived from plants. This
burgeoning fascination is rooted in the potential of
these natural compounds to offer fewer adverse effects
than conventional chemotherapeutic agents (9).
Anthraquinones (AQs), a class of polycyclic compounds
ubiquitous in numerous plant species, have emerged as
promising contenders in this exploration. These naturally
occurring pigments boast diverse biological activities,
including anticancer, antibacterial, and antioxidant
properties, which may contribute to mitigating disease
risk (10). Notably, the core structural motif of AQs
forms the backbone of several well-established clinical
anticancer drugs. However, the ever-looming specter of
drug resistance in cancer underscores the pressing need
for the development of novel therapeutic modalities. This
difficulty has catalyzed a significant escalation in research
endeavors dedicated to engineering novel AQ-based
compounds with augmented anticancer potency (11).

AQs offer several potential advantages over
conventional chemotherapeutics in mitigating drug
resistance. Unlike single-target agents, AQs frequently
exhibit pleiotropic effects, impacting multiple cellular
pathways. They include inducing apoptosis, arresting cell
cycle progression, and triggering alternative cell death
mechanisms such as paraptosis and autophagy (11,12).
This multifaceted approach simultaneously disrupts
multiple cellular processes, making it more challenging
for cancer cells to develop resistance mechanisms that
target a single pathway. Furthermore, AQs can interact
with diverse cellular targets, including kinases and
topoisomerases, further enhancing their anticancer
activity and reducing the likelihood of resistance (11,13).
Notably, some AQs demonstrate selective cytotoxicity
toward cancer cells, minimizing off-target effects and
potentially improving their safety profiles compared
to traditional chemotherapeutics (14). These unique
characteristics position AQs as promising candidates for
developing novel cancer therapies that effectively address
the challenge of drug resistance.

According to previous research, specific AQs
represented anticancer properties by inhibiting cancer-

associated proteins, including MMP2 (15), MMP13 (16),
MAPK3 (17), and carbonic anhydrase (18). These proteins
play crucial roles in cancer initiation, progression, and
metastasis. This study extended previous investigations
to examine the inhibitory effects of these compounds on
Aktl, which is another key protein in cancer progression.

The pivotal role of Aktl in cancer progression, coupled
with the documented therapeutic efficacy of AQs in cancer
treatment, presents a compelling rationale to investigate
AQs as potential Aktl inhibitors. This study harnesses
the power of molecular docking analysis to evaluate the
binding affinity of several prevalent AQs to the Aktl ATP
binding site. The results have been compared with those
of standard drugs for Aktl inhibition, thereby identifying
promising lead compounds for further development into
novel Aktl-targeted therapeutics for cancer treatment.
These findings may identify promising herbal compounds
that effectively target multiple cancer-associated markers.

Materials and Methods

Structural Preparations

The crystallographic structure of Aktl was obtained from
the Protein Data Bank (PDB ID: 4GV1, resolution: 1.49
A) according to previous research (19). This structure,
comprising a single 340-residue polypeptide chain,
underwent energy optimization using Swiss-PdbViewer,
version 4.1.0 (20). Next, the Discovery Studio Visualizer
(21) was utilized to examine the interactions between the
internal inhibitor, capivasertib, and the active site residues
within the 4GV1 structure. This examination identified
Leul56, Gly157, Gly162, Val164, Ala177, Met227, Ala230,
Glu234, Glu278, Asn279, and Met281 as essential for
ligand binding.

A set of 21 AQ compounds was curated for docking
analyses to assess their binding affinities toward the
Aktl ATP-binding pocket. Molecular dockings were
conducted and benchmarked against the established Aktl
inhibitors, resveratrol and capivasertib, which served as
reference compounds. All small molecules were subjected
to energy minimization following standard procedures
using HyperChem software (22). Polar hydrogens were
incorporated within the AutoDock 4.0 (16) environment,
and Kollman charges were assigned to them. The structure
underwent further processing to enable rotational
freedom for the small molecules and account for their
localized charges. Eventually, the Protein Data Bank
Quick Preparation Tool was employed to generate input
files for docking analyses, executed through the Cygwin64
Terminal interface.

Molecular Docking and Interaction Mode Analyses

AutoDock 4.0 was utilized on a high-end Windows
workstation equipped with an Intel Core i7 CPU to run
molecular docking simulations and assess the binding
affinities of 21 AQ compounds, capivasertib, and
resveratrol to the Akt1 catalytic cleft. A 60 A x 60 A x 60 A
cubic grid box was placed at coordinates (20.556 A, 5.617
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A, 11.523 A) with a grid spacing of 0.375 A to allow for
different possible ligand orientations inside the active site.

To address ligand flexibility, 50 different conformations
were produced for every molecule. The binding free
energy (AG, ding) for each molecule was calculated, which
measures the potency of ligand-protein interactions. The
conformation belonging to the most populated cluster
and having the highest negative AG,, ., - value from each
set of conformations was chosen for further examination.

The interaction patterns between the selected ligand
conformations and the Aktl protein were meticulously
rendered and analyzed using the Discovery Studio
Visualizer. This methodology illustrated potential binding
modes in three dimensions, offering valuable insights into
the molecular interactions that govern ligand recognition
and affinity.

Results

Binding Affinity Assessments

It was found that 11 AQs had a substantial binding affinity
to the enzyme’s catalytic site and could inhibit Akt1 activity
at nanomolar concentrations. These chemicals were
identified as hypericin, sennidin B, rhodoptilometrin,
Aloe-emodin 8-glucoside, alizarin, chrysophanol, rhein,
purpurin, and emodic acid. Of all the examined AQs,
sennidin B and hypericin had the most potent inhibitory
effects against the Akt1 catalytic cleft, with AG,, . values
of -10.36 kcal/mol and -11.19 kcal/mol , respectively.

The reference drugs, capivasertib and resveratrol ,
exhibited inhibition constants of 26.16 nM and 18.49
uM, respectively. Additionally, their binding free energy
values were measured at 10.34 kcal/mol and -6.46 kcal/
mol for capivasertib and resveratrol , respectively.

All the AQs examined in this investigation, except for
damnacanthal and emodin-8-glucoside, had a higher
binding affinity to the enzyme’s active site than the
control inhibitor (Table 1). These results imply that some
of the intended AQs might be regarded as putative Aktl
inhibitors, and more investigation into their potential
therapeutic uses might be necessary. Figure 1 compares
the most remarkable binding affinities found for the
identified AQs with the AG, ding values of the reference
compounds.

Interaction Modes

A comparative analysis was conducted regarding the
interactions between the top-ranked AQs, control
inhibitors, and critical residues within the Aktl catalytic
cleft. It was observed that neither hypericin nor sennidin
B formed any electrostatic interactions with the enzyme’s
active site. Hypericin exhibited three hydrogen bonds
and two hydrophobic interactions with residues inside
the Aktl catalytic cleft. In contrast, sennidin B formed
six hydrogen bonds and one hydrophobic interaction
with amino acids within the enzyme’s active site. The
control inhibitor, resveratrol , displayed a more diverse
interaction profile, demonstrating two hydrogen bonds,

AktT inhibition using anthraquinones.

five hydrophobic interactions, and two electrostatic
interactions with amino acids within the Aktl catalytic
cleft. Capivasertib also formed five H-bonds and 11
hydrophobic interactions with the target protein (Table 2).
For clarity, Figure 2 displays two- and three-dimensional
representations of the compounds hypericin, sennidin B,
and reference inhibitors inside the receptor’s active site.
These representations show the spatial arrangement of
these chemicals within the enzyme’s binding pocket.

Discussion

Aktl inhibition in cancer treatment has emerged as a
promising approach due to its critical function within the
PI3K/Akt/mTOR pathway, often deregulated in many
cancers. As a serine/threonine kinase, Aktl regulates
cell survival, proliferation, and metabolic processes (23);
thus, targeting Aktl has shown therapeutic potential
in preclinical studies (24,25). This research focused
on computational methods to evaluate the inhibitory
potential of various AQs targeting the Aktl catalytic
site. The findings were compared with those related to
resveratrol , a well-established Akt inhibitor, to identify
promising lead compounds for further exploration.

Based on the results, hypericin and sennidin B
displayed extreme binding affinity to the Aktl catalytic
cleft, with AG_ . values of -11.19 kcal/mol and
-10.36 kcal/mol , respectively. These were followed by
Aloe-emodin  8-glucoside (AG, . =-9.9 kcal/mol ),
Chrysophanol-8-0-glucoside (AG, . =-9.84 kcal/mol ),
and Rhodoptilometrin (AG,, dmg=-9.4 kcal/mol ), which
also emerged as promising Aktl inhibitors. Capivasertib
and resveratrol represented AG gValues of -10.34 kcal/
mol and -6.46 kcal/mol .

AQs have significantly affected Aktl signaling,
crucial in cancer cell survival and proliferation. In this
regard, the results of a study by de Souza Alves et al (26)
demonstrated that AQ derivatives can effectively reduce
Akt phosphorylation, inhibiting the PI3K/Akt pathway
in various cellular contexts, including allergic airway
disease models. Hypericin, a well-studied AQ, has been
reported to inhibit Aktl activity in cancer cells, leading
to increased apoptosis through the downregulation of
anti-apoptotic proteins such as Bcl-2 and the activation
of pro-apoptotic pathways (27,28). Additionally, another
AQ derivative, SZ-685C, was found to induce apoptosis
by modulating Akt signaling, effectively overcoming drug
resistance in cancer cells (29). These findings suggest
that AQs not only target Aktl directly but also influence
downstream signaling pathways, positioning them as
promising candidates for further exploration in cancer
therapy, aiming at modulating the Aktl pathway and
potentially reducing drug resistance.

Hypericum perforatum, a plant native to Europe, is
a promising source of hypericin, a compound with
multifaceted anticancer activity (30). Traditionally used
for medicinal purposes, hypericin’s effects include direct
cell death induced by reactive oxygen species upon light
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Table 1. Information on the Energies and Ki Values Between the Akt1 Catalytic Cleft, Resveratrol, and the Studied Anthraquinones

Intermolecular Total Internal Torsional Free Unbound
PubChem ID Ligand Name AGy e Ki Value Energy (kcal/ Energy (kcal/ Energy (kcal/  System's Energy
mol) mol) mol) (kcal/mol)
3663 Hypericin -11.19 6.30 nM -9.51 -4.32 2.39 -0.26
10459879 Sennidin B -10.36 25.62 nM -12.69 -3.99 3.88 -2.45
126456371  Aloe emodin 8-glucoside -9.9 55.55 nM -8.93 -5.93 3.58 -1.38
442731 gf‘olgla:i:o(sic;;yso'oha”o" 9.84 61.46 nM 8.61 571 2.98 a5
101286218 Rhodoptilometrin -9.4 128.36 nM -10.2 -2.07 2.39 -0.49
10207 Aloe-emodin -8.97 265.91 nM -9.1 -1.99 1.79 -0.33
6293 Alizarin -8.91 295.49 nM -8.26 -2.11 1.19 -0.28
10208 Chrysophanol -8.73 396.91 nM -8.29 -2.01 1.19 -0.37
10168 Rhein -8.46 632.09 nM -8.51 -2.11 2.09 -0.07
6683 Purpurin -8.38 722.45 nM -7.67 -2.5 1.49 -0.29
361510 Emodic acid -8.19 985.76 nM -8.41 -2.23 2.39 -0.06
3220 Emodin -8.1 1.15 uM -7.36 -2.44 1.49 -0.2
2950 Danthron -8.09 1.17 uM -7.8 -1.98 1.19 -0.5
10639 Physcion -8 1.36 uM -8.37 -1.42 1.49 -0.29
3083575 Obtusifolin -7.88 1.66 uM -7.69 -2.24 1.49 -0.56
92826 Sennidin A -7.27 4.65 uM -10.73 -5.2 3.88 -4.78
124062 Rubiadin -7.22 5.10 uM -8.6 -1.11 1.19 -1.3
160712 Nordamnacanthal -7.01 7.29 uM -.61 -2.15 1.79 -1.96
442753 Knipholone -6.74 11.55 uM -9.6 -5.02 2.98 -4.9
2948 Damnacanthal -6.37 21.24 uM -8.29 -1.33 1.79 -1.46
99649 Emodin-8-glucoside -1.9 40.77 mM -0.1 -6.56 3.28 -1.48
25227436 Capivasertib (Ctrl+) -10.34 26.16 nM -10.40 -2.95 +2.39 -0.62
445154 Resveratrol (Ctrl +) -6.46 18.49 uM -7.99 -0.47 1.79 -0.22
Note. Akt1: RAC-alpha serine/threonine-protein kinase; Ki: Inhibition constant; Ctrl: Control.

Comparing binding energies between AQs with Ki values at nanomolar
scale, reference drugs, and Akt1-ATP binding domain
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Figure 1. The Top-Ranked AQs Evaluated for Their Binding Affinity to the Akt1 Catalytic Cleft Compared to Reference Inhibitors. Note. AQ: Anthraquinone; Ki:
Inhibition constant; Akt1: RAC-alpha serine/threonine-protein kinase; Ctrl: Control

activation and the modulation of cell death pathways 169 patients confirmed a substantial improvement in
(31,32). A significant clinical trial by Kim et al (33) lesion response rates compared to a placebo group. After
investigated a topical hypericin ointment activated by six weeks, the index lesion response rate was 16% for the
visible light for treating early-stage cutaneous T-cell hypericin group compared to only 4% for the placebo

lymphoma. This phase III randomized study involving group (P=0.04). Further treatment cycles significantly
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Table 2. Top-Ranked Anthraquinones, a Reference Medication, and Akt1 Catalytic Cleft Interactions

Electrostatic (Distance

Ligand Name Hydrogen Bond (Distance in Angstrom) Hydrophobic Interaction (Distance in Angstrom) in Angstrom)
Hypericin Asp274 (4.71), Asp292 (2.97), and Gly162 (2.94) Phe161 (5.13) and Leu295 (6.04) Na
Sennidin B Thr160 (2.84), Glu278 (2.87), Glu234 (4.41), Val164 (5.74) Na

Gly157 (4.25), Val164 (3.58), and Gly162 (3.21)
Capivasertib Glu228 (4.73), Ala230 (4.04), Glu234 (4.68),
(Ctrl+) Glu278 (4.49), and Tyr229 (4.15)

Resveratrol

(Ctrl+) Ala230 (3.49) and Asn279 (4.13)

Leu181 (5.07), Lys179 (4.75, 5.98), Val164 (4.71, 6.07), Met281
(6.66, 5.68, 6.11), Ala177 (4.71, 6.1), and Ala230 (5.32);

Met281 (6.83), Val164 (4.35), Leu156 (4.96), Ala177 (6.08),

Na

Glu234 (6.33) and

and Ala230 (6.45) Asp292 (6.58)

Note. Akt1: RAC-alpha serine/threonine-protein kinase; Na: Not available; Ctrl: Control.

increased response rates to 40% and 49%, respectively
(P<0.001). Supporting preclinical data has been reviewed
by Wu etal (34). Accordingly, hypericin triggers apoptosis
through caspase-3 and caspase-4 activation, additionally
disrupting mitochondrial function to induce cancer
cell death. Furthermore, Olek et al (35) explored the
immune system-modulating effects of hypericin-based
photodynamic therapy on OSCCs (35). Their findings
revealed significant changes in cytokine secretion profiles
following treatment. According to the present results,
hypericin’s strong binding affinity appears to be attributed
to its formation of three hydrogen bonds with vital amino
acids, namely, Gly162, Asp274, and Asp292, in the Aktl
catalytic cleft. Additionally, it exhibited two hydrophobic
interactions with Phel61 and Leu295, further stabilizing
the complex.

Cassia senna species, particularly Cassia acutifolia
and Cassia angustifolia, are widely cultivated sources of
Sennoside B, found in regions such as Somalia, the Arabian
Peninsula, South India, and Pakistan (36). Chen et al (37)
investigated the effects of Sennoside B on cell signaling
using human osteosarcoma MG63 cells. The researchers
discovered that Sennoside B could significantly inhibit
the platelet-derived growth factor (PDGF)-BB-induced
activation (phosphorylation) of the PDGF receptor. This
inhibition cascaded down to downstream molecules such
as AKT, STAT-5, and ERK1/2, ultimately leading to a
substantial reduction in cell proliferation. These findings
indicate that Sennoside B might disrupt crucial signaling
pathways involved in cancer cell growth and division,
making it a potential therapeutic candidate for conditions
driven by PDGF signaling. It is noteworthy that Sennoside
B is a dimeric glycoside consisting of two rhein molecules
linked by a dianthrone structure. In the colon, bacterial
hydrolysis converts Sennoside B to rhein anthrone,
the active metabolite that is responsible for its laxative
effect (38). Sennidin B, an aglycone derivative formed
during Sennoside B’s breakdown, is an intermediate
product in this pathway (39). Interestingly, sennidin B’s
binding appears to be stabilized by six H-bonds and one
hydrophobic interaction with critical residues, including
Gly157, Thr160, Glyl162, Vall64, Glu234, and Glu278, in
the Aktl catalytic cleft (39).

Reynoutria japonica Houtt. (Polygonaceae) and
polygoni multiflori radix are recognized as essential
sources of Aloe-emodin 8-glucoside (40,41). Kim et al
(42) demonstrated that Aloe-emodin 3-O-glucoside

significantly inhibited cell growth and migration and
induced apoptosis in non-small-cell lung cancer models,
likely by suppressing the MEK/ERK and Akt signaling
pathways. Given the structural similarities between these
compounds, Aloe-emodin 8-O-glucoside might possess
analogous mechanisms of action.

The reference drug resveratrol formed a network of
interactions with the Aktl catalytic cleft. This includes
two hydrogen bonds with Ala230 and Asn279, potentially
contributing to its binding affinity. Additionally,
resveratrol exhibited five hydrophobic interactions with
Leul56, Vall64, Met281, Alal77, and Ala230, further
stabilizing the complex. Interestingly, it also displayed
two electrostatic interactions with Glu234 and Asp292,
suggesting a more intricate binding mode than hypericin
and sennidin B.

While previous studies have confirmed the anticancer
activity of certain AQs, this study has provided several key
advancements. Firstly, a comprehensive in silico analysis
of a diverse panel of 21 AQs was conducted, systematically
evaluating their binding affinity and interaction modes
with Aktl. This approach allowed for identifying novel
potential Aktl inhibitors within this class of compounds
that had not been previously reported to target Aktl.
Secondly, this study provided detailed molecular insights
into the binding interactions of these AQs with Aktl,
revealing crucial hydrogen bonding and hydrophobic
interactions that contribute to their inhibitory potential.
This information can guide the design and optimization
of novel Aktl inhibitors with improved potency and
specificity. Finally, by comparing the binding affinities
of these AQs with established Aktl inhibitors, this study
presented a valuable framework for prioritizing promising
candidates for further experimental validation.

Conclusion

This study provided compelling evidence for the potential
of AQs as novel Aktl inhibitors in cancer treatment.
Through molecular docking analysis, this study identified
several AQs with superior binding affinities to the Aktl
catalytic cleft compared to the established inhibitors,
capivasertib and resveratrol . The diverse interaction
profiles observed among the AQs suggest multiple
mechanisms by which these compounds may inhibit
Aktl activity. This diversity could potentially address
challenges associated with drug resistance in cancer
therapy. Moreover, the natural origin of these compounds
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Figure 2. Two- and three-Dimensional Views of (a) Hypericin, (b) Sennidin B, (c) Resveratrol, and (d) Capivasertib Inside the Akt1 Active Site. Note. Akt1: RAC-
alpha serine/threonine-protein kinase
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