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ABSTRACT

Background: Leukemia, a hematological malignancy resulting from impaired blood cell
formation in the bone marrow, is a considerable global health challenge, inflicting major
burdens on individuals and healthcare systems. Current therapeutic strategies for leukemia,
while exhibiting efficacy in certain contexts, frequently encounter significant limitations such
as severe adverse effects and the development of drug resistance. Objectives: The current work
was committed to investigating the anticancer mechanisms of bergenin against leukemia cells.
Materials and Methods: The cytotoxic level of bergenin at various concentrations of 5-60 pM
against leukemia MOLT-4 cells was studied using the MTT assay. The cell cytotoxic nature of
bergenin against MOLT-4 cells was evaluated using the LDH release assay. The dual staining assay
was performed to scrutinize the apoptosis-inducing potential of the bergenin against MOLT-4
cells. The interaction of LDHA and LDHB with the bergenin was evaluated using AutoDock Vina
and Discovery Studio Visualizer (DSV). In addition, the drug-likeness properties and the toxicity
profile were identified by accessing the ProTox v3.0 server. Results: The growth of leukemia
MOLT-4 cells was markedly reduced after treatment with bergnin at elevated doses (5-60 uM).
The bergenin administration significantly elevated the LDH activity in MOLT-4 cells, indicating
cellular damage and cytotoxicity in response to bergenin treatment. Moreover, the bergenin
treatment significantly increased apoptotic cell deaths in MOLT-4 cells, as evidenced by the
dual staining results. The underlying mechanisms of this apoptosis were evaluated through
computational analysis by targeting LDHA and LDHB, a significant enzyme in the glycolytic
pathway, contributing to the rapid cell proliferation in leukemia. The molecular docking results
revealed that the bergenin exhibited better interactions with the LDHA (Binding Affinity (BA) =
-6.7 kcal/mol; RMSD = 2.392A) and LDHB (BA= -7.1 kcal/mol; RMSD = 1.420A). Meanwhile, the
predicted drug-likeness properties and toxicity profile of the bergenin revealed that it could
serve as a key compound to develop as a drug to treat leukemia in the future. Conclusion: The
findings of this work demonstrate that bergenin treatment notably suppresses proliferation
and triggers apoptosis in leukemia MOLT-4 cells, which may occur due to the inhibition of LDHA
and LDHB. These findings provide evidence that bergenin has the capacity to function as an
anticancer candidate for the treatment of leukemia.

Keywords: Apoptosis, Bergenin, Cytotoxicity, Leukemia, MOLT-4 cells.

Correspondence:

Dr. Sining Xing

Laboratory Department, Affiliated
Hospital of Hebei University, Baoding
City, Hebei Province, CHINA.

Email: siningxing@163.com

Dr. Jie Yang

Department of Infectious Diseases,
Affiliated Hospital of Hebei University,
Baoding City, Hebei Province, CHINA.
Email: 18903121471@163.com

Received: 03-05-2026;
Revised: 29-06-2026;
Accepted: 18-08-2026.

INTRODUCTION

Leukemia is a heterogeneous group of hematologic malignancies
characterized by the uncontrolled growth of anomalous
hematopoietic cells in the bone marrow. This malignant process
subsequently leads to diffuse infiltration of the bone marrow,
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often displacing normal hematopoiesis. This results in a gathering
of undeveloped leukocytes in the blood and/or bone marrow,
disrupting normal physiological functions.! The abnormal cells
can then metastasize to other organs, including the lymph nodes,
spleen, and liver, leading to extramedullary hematopoiesis.
Leukemia is primarily classified into lymphoid and myeloid
types, further delineated by their rate of progression into acute
or chronic forms. Globally, leukemia affected 643.58 thousand
individuals in 2019 and is categorized as a hematopoietic stem cell
malignant clonal disease.” Specific chromosomal abnormalities
frequently observed in acute leukemias often lead to altered gene
expression, contributing to increased cell numbers due to impaired
differentiation, resistance to programmed cell death, or enhanced
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proliferation. The principal types of leukemia encompass acute
lymphoblastic, acute myeloid, chronic lymphocytic, and chronic
myeloid leukemias. These classifications are based on the cell
lineage involved and the maturity of the cells, impacting the
disease's progression and requiring immediate attention.?

Acute lymphoblastic leukemia represents a clonal hematopoietic
stem cell disorder affecting B or T cells, classified under precursor
lymphoid neoplasms. This malignancy, particularly B-cell
lymphoblastic leukemia, is the most prevalent childhood cancer
globally, although its precise origins remain largely unelucidated.
However, several factors have been implicated in its pathogenesis,
including genetic predispositions, specific molecular aberrations,
and environmental exposures. A significant characteristic of acute
leukemias is the frequent observation of specific chromosomal
abnormalities, which lead to altered gene expression within
the affected cells. Despite these insights, the etiology of acute
leukemia remains largely unknown, as a universally applicable
cause has not been identified.> However, ongoing research
continues to uncover a complex interplay of genetic mutations
and environmental influences that contribute to its development,
including critical roles for specific transcription factors. The
highest case of acute lymphoblastic leukemia is found between
1 and 4 years of age, yet in most instances, it arises in otherwise
healthy individuals with no apparent predisposing factors.
Nevertheless, a subset of patients exhibits identifiable risk factors,
including inherited genetic susceptibilities and environmental
exposures, which contribute to disease development.® While
the precise mechanisms remain elusive, a "two-hit" theory was
proposed to explain the development of lymphoblastic leukemia,
suggesting that a combination of genetic alterations and
environmental triggers is necessary for leukemogenesis. Most
cases of lymphoblastic leukemia, particularly in children, are
considered idiopathic, arising without a clear precipitating cause.”

Current therapeutic strategies for leukemia, while exhibiting
efficacy in certain contexts, frequently encounter significant
limitations such as severe adverse effects and the onset of
drug resistance. This conventional chemotherapeutic often
indiscriminately targets proliferating cells, leading to collateral
damage in healthy cells, which can be dose-restricting and
contribute to poor clinical results.® This non-specific targeting
frequently manifests as gastrointestinal disturbances, alopecia,
and myelosuppression, severely impacting patient quality
of life. Moreover, the compromised immune systems of
leukemia patients are particularly vulnerable to these toxicities,
exacerbating their already delicate health status.’ The emergence
of drug-resistant subclones further complicates treatment, as a
small population of cells with resistance genes can survive initial
chemotherapy regimens, leading to relapse and more aggressive,
inoperable tumors. This therapeutic challenge necessitates the
development of novel strategies that maximize leukemia cell
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apoptosis before the onset of resistance.’* Consequently, there
is an urgent demand for alternative therapies that offer selective
cytotoxicity towards leukemic cells while minimizing harm to
normal cells and tissues. This pressing need has driven extensive
research into natural products and plant-derived compounds,
which often exhibit diverse pharmacological properties and
a less toxic profile compared to synthetic agents.'" Bergenin,
a C-glucoside of 4-O-methyl gallic acid, is a natural bioactive
compound occur in numerous plants, such as Bergenia crassifolia,
Bergenia purpurascens, Rodgersia sambucifolia, Ardisia japonica,
and Ardisia creanata. Bergenin shows several biological activities,
including antidiabetic,'® neuroprotective,'’ and antiarthritic
properties.”? In addition, several previous studies have already
described that bergenin showed anticancer activities against
numerous cancers, including colon cancer,” bladder cancer,** and
cervical cancer® cells. Nevertheless, there is no previous literature
available to claim its anticancer properties against leukemia.
Therefore, the current work was committed to examining the
anticancer mechanisms of bergenin against leukemia cells and
to elucidate the underlying mechanisms of apoptosis induction
by targeting LDHA and LDHB, as these enzymes are the key
regulators of glycolytic metabolism, which are critically involved
in leukemia cells' proliferation and survival.'*'®

MATERIALS AND METHODS

In vitro approach
Chemicals

The following chemicals, including bergenin, Fetal Bovine
Serum (FBS), Dimethyl Sulfoxide (DMSO), Dulbecco's Modified
Eagle Medium (DMEM), and antibiotics, were obtained
from Sigma-Aldrich, USA. The test kit for measuring Lactate
Dehydrogenase (LDH) activity was obtained from Elabscience,
USA.

Collection and maintenance of cell lines

The T-lymphoblastic leukemia MOLT-4 cells were acquired
from ATCC, USA, and planted in DMEM with 10% FBS and 1%
antimycotic mixture in 5% CO, environment. Cells were collected
upon achieving 80% confluency and employed for subsequent
assessments.

MTT assay

The cytotoxic potential of bergenin on the growth of MOLT-4
cells was examined using the MTT assay. Cells were cultivated
on a 96-well plate for 24 hr. Subsequently, cells were subjected to
bergenin treatment for an additional 24 hr at varying dosages of
5, 10, 20, 30, 40, 50, and 60 uM. Following the bergenin treatment,
MTT (20 pL) was added to DMEM (100 pL) in the wells and
incubated for 4 hr. Following the dissolution of formazan deposits
in 100 uL of DMSO, the absorbance was determined at 570 nm.
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LDH release assay

The cellular membrane was degraded in response to the drug
treatment, and subsequently, LDH enzyme activity was released
into the extracellular space. The increased activity of the LDH
enzyme indicates severe cellular damage. In this work, the activity
of LDH enzyme in the growing media of both untreated and
bergenin-treated cells was assessed utilizing a kit (Elabscience,
USA), in accordance with the manufacturer's guidelines.

Dual staining

A dual staining assay was performed on both untreated and
bergenin-treated MOLT-4 cells to examine apoptotic cell death
levels. MOLT-4 cells were cultured in a 24-well plate and exposed
to 30 uM of bergenin for an additional 24 hr. A solution of 100 pg/
mL AO/EB dyes was then administered to the wells for 5 min in
a light-protected environment. The stained cells were examined
using a fluorescence microscope to evaluate apoptotic levels.

Statistical analysis

The statistical tests were conducted using the Graphpad tool, and
the values were illustrated as mean+SD of triplicates. The findings
were assessed using one-way ANOVA and Tukey’s post hoc tests,
with a significance threshold of p<0.05.

In silico approach

The dataset retrieval and its pre-processing for molecular
docking analysis

The targets, such as LDHA (PDB ID: 4QT0) (Kolappan et al.,
2015) 19 and LDHB (PDB ID: 7DBK),'® were retrieved from
the Protein Data Bank (PDB) to perform the molecular docking
analysis."**® Meanwhile, the bergenin 3D atomic coordinates
were obtained from the PubChem compound database in SDF
format*' was then converted into PDB format using Discovery
Studio Visualizer (DSV) v19.1.0.18287 (www.accelerys.com
) (DSV). Likely, the retrieved targets, LDHA and LDHB, were
pre-processed by removing the associated water molecules and
the ligands using DSV.

Molecular docking and visualization

The molecular docking process was carried out for the defined
targets LDHA and LDHB with bergenin using Autodock Vina
with an advanced scoring algorithm integrated in the PyRx
software.” The Autodock vina uses a new scoring mechanism,

imagel

C- Sum of intermolecular and intramolecular distance; Y -
Over all of the pairs of atoms; f,. Symmetric set of interaction
functions; T Interatomic distance

Primarily, the preprocessed LDHA, LDHB, and bergenin were
converted into PDBQT format. Subsequently, grid boxes were
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assigned for the target proteins LDHA (size_x = 53.14 A, size_y
=95.60 A, size_z = 63.85 A) and LDHB (size_x = size_y = size_z
= 25 A), and the docking runs were completed, resulting in
multiple docking poses. From these, the best-docked pose for
each complex was selected based on binding affinity and RMSD
values and visualized in both 3D and 2D using Discovery Studio
Visualizer (DSV).

The evaluation of drug-likeness and toxicity profile

The drug-likeness and the toxicity of the bergenin were identified
using the ProTox v3.0 (https://tox.charite.de/protox3/index.
php?site=home).

RESULTS

Effect of Bergenin on the growth of leukemia MOLT-4
cells

Figure 1 depicts the results of the MTT cytotoxicity assay,
highlighting the cytotoxic impact of bergenin on the leukemia
MOLT-4 cell growth. The bergenin treatment at increasing
concentrations (5-60 pM) significantly diminished the growth
of MOLT-4 cells at dose-dependently. The increased levels of
bergenin demonstrated a marked decrease in the viability of
MOLT-4 cells. The IC_ concentration of bergenin was established
at 30 uM against MOLT-4 cells, and this dosage was chosen for
subsequent tests.

Effect of the bergenin on the LDH activity in MOLT-4
cells

Figure 2 illustrates the findings of LDH activity in untreated
and bergenin-treated MOLT-4 cells. The treatment of various
concentrations (5-60 uM) of bergenin significantly increased the
activity of LDH enzyme in MOLT-4 cells, which indicates the
cellular damage in response to the bergenin treatment.

Effect of Bergenin on the apoptotic level in the
MOLT-4 cells

Figure 3 illustrates the results of the dual staining assay, which
validates the apoptotic effects of bergenin on the leukemia cells.
The results demonstrate that treatment with bergenin at a dosage
of 30 uM led to a higher number of red fluorescent cells in
comparison to the untreated cells. The green fluorescent cells in
the control signify the presence of normal viable cells, whereas the
increased number of red fluorescent cells in the bergenin-treated
cells suggests the presence of apoptotic events.

The interactions of LDHA and LDHB with the
bergenin

The targets, including LDHA and LDHB, were selected, and
molecular docking with bergenin was performed. The results,

including binding affinity, RMSD, and bond types, are tabulated
in Table 1.
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LDHA interaction with bergenin

The LDHA residues, such as ASN164, HIS186 (2), GLY187, and
ARG269, as well as TRP188, interacted well with bergenin via
hydrogen and pi-alkyl bonds, with a binding affinity of -6.7 kcal/
mol and an RMSD of 2.392 A. Additionally, the hydrophobic
residues, such as SER167, ALA168, ARG171, VAL270, HIS271,
and PRO272, surrounded the LDHA-bergenin complex and
helped stabilise the interactions (Figures 4A, 4B).

LDHB interaction with bergenin

Likely, the bergenin interacted well with the LDHB residues,
which include ARG170, THR249(2), and ASN139(2) via the
hydrogen bonds. Meanwhile, the residues such as HIS194 and
ALA239 interacted with the bergenin via pi-cation and pi-alkyl
bonds. Also, the hydrophobic residues such as VAL32, ARG100,
GLN101, SER138, GLY195, ASP196, TYR240, ILE243, TYR248,
ASN250, and ILE253 surrounded the LDHB-bergenin complex
with the binding affinity of -7.1 kcal/mol, and RMSD was
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observed as 1.42A (Figures 4C, 4D). Meanwhile, the hydrogen
bonds were validated and confirmed using LigPlot* v2.2.9. The
results confirmed that the stable hydrogen bond interactions are
formed with the residues HIS186(2), GLY187, and ASN164(2),
and an additional hydrogen bond interaction was observed
between HIS271 and bergenin (Figure 4E).

LigPlot* analysis further revealed that bergenin formed an
additional hydrogen bond with the LDHA residue HIS271 (Figure
4E), while also confirming stable hydrogen bond interactions
with LDHB (Figure 4F).

Drug-likeness and toxicity profile

The drug-likeness properties of the bergenin hold numerous
beneficial physicochemical and pharmacological characteristics,
such as the molecular weight of 328.27 Da (<500 Da), nine
hydrogen bond acceptors, five hydrogen bond donors, and the
octanol/water partition coefficient (logP) of —1.2, which indicate

200M  30pM  40pM  S50pM 60 pM

Figure 1: Effect of bergenin on the growth of leukemia MOLT-4 cells. The bergenin treatment at increasing concentrations (5-60 uM) significantly reduced the

viability of MOLT-4 cells at dose-dependently. The IC,  concentration of bergenin was established at 30 uM against MOLT-4 cells. The data were displayed as the

mean=SD of triplicates. The values were assessed using one-way ANOVA and Tukey's post hoc tests using GraphPad Prism software. A symbol *' denotes that the
data were significant at p<0.05 from the control group.

Table 1: Targets, PDB ID, binding affinity (kcal/mol), RMSD (&), and their interacted residues with monotropein and its type of interactions

Targets Targets Binding affinity RMSD Hydrogen bonds Hydrophobic Other types of bonds
Name (PDBID)  (Kcal/mol) A) residues
LDHA 4QTO0 -6.7 2.392 ASN164, GLY187, SER167, ALA168, TRP188PA
HIS186(2), ARG171, VAL270,
ARG269CH HIS271, PRO272
LDHB 7DBK -7.1 1.42 ARG170, VAL32, ARG100, HIS194PC, ALA239PA
THR249(2), GLN101, SER138,
ASN139(2) GLY195, ASP19%6,
TYR240, ILE243,
TYR248, ASN250,
ILE253
Note: Types of bonds: CH-Carbon-hydrogen; PA-Pi-alkyl; PC-Pi-cation.
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Yan, et al.: Anticancer Activity of Bergenin in MOLT-4 Cells

120

—

=4

=
1

o0
=]
1

60—

-
EELEE
el

“rLr!
“rCr!
£r

LDH activity (mU/ml)

e

f e el
7

AyhhhhhRRAYY

Control 5pM  10pM 20 uM 40pM S0pM 60 pM

Figure 2: Effect of the bergenin on the LDH activity in MOLT-4 cells. The treatment of various concentrations (5-60 uM) of bergenin significantly increased the
activity of the LDH enzyme in MOLT-4 cells. The data were displayed as the mean+SD of triplicates. The values were assessed using one-way ANOVA and Tukey’s
post hoc tests using GraphPad Prism software. A symbol “*' denotes that the data were significant at p<0.05 from the control group.
that the bergenin is highly hydrophilic in nature and has limited  yet an increase in prevalent cases and overall prevalence demands
passive membrane permeability. urgent attention. Despite advancements in medical treatments
that have contributed to a reduction in the global leukemia
burden, certain demographic groups, particularly males and the
elderly, and specific geographical regions continue to experience
disproportionately high rates.” Current therapeutic modalities for
leukemia, predominantly chemotherapy, often yield suboptimal

Toxicity profiling of bergenin indicated a low risk of
hepatotoxicity (0.86), neurotoxicity (0.87), respiratory toxicity
(0.51), cardiotoxicity (0.50), carcinogenicity (0.87), mutagenicity
(0.56), and cytotoxicity (0.64). In addition, bergenin was
predicted to be unable to cross the Blood-Brain Barrier (BBB),
suggesting limited central nervous system exposure. However,
a moderate risk of nephrotoxicity (0.73) and a high probability
of immunotoxicity (0.99) were observed. Even though bergenin
exhibited nephrotoxicity and immunotoxicity, its toxicity class
was defined as VI, and the lethal dose was predicted as LD,
10000 mg/kg, which described that the bergenin toxicity profile
was highly suitable to develop as a drug (Table 2). The evaluation of cytotoxic level is paramount for identifying
DISCUSSION comPou}rlldslwith‘selective toxi.city tovx.rards malignant cell.s while
sparing healthy tissues, a crucial step in developing effective and

Leukemia, a hematologic malignancy developing from disrupted ~ safe therapeutic agents. This selectivity is critical for minimizing
blood cell production in the bone marrow, poses a pivotal global ~adverse effects, a significant challenge in conventional
health challenge, imposing substantial burdens on individuals ~chemotherapy, where inadequate tumor specificity often leads to
and healthcare systems. Characterized by the uncontrolled toxicity in normal, rapidly dividing cells.*® Consequently, early
proliferation of abnormal white blood cells, leukemia's global —and thorough cytotoxicity testing is indispensable for discerning
prevalence is estimated at 6.3 and 4.5 per 100,000 people each ~drug candidates that exhibit a favorable therapeutic window, thus
year in both sexes.* This pervasive disease is notably the most guiding the optimization of formulations to enhance both efficacy
common cancer in children, responsible for 28% of all pediatric and safety. The in vitro cytotoxicity assays are foundational for
cancer incidences and demonstrating a concerning rise in early-stage drug discovery, toxicology, and biomedical research,
incidence rates within certain regions. Leukemia's classification providing vital insights into a compound's impact on cellular
into lymphoid and myeloid types, further delineated by acute health and viability.® Furthermore, these initial screenings
or chronic progression, underscores the disease's heterogeneity, play a pivotal role in prioritizing compounds that demonstrate
with acute forms typically advancing rapidly and chronic forms promising cytotoxic activity against cancer cells with minimal
evolving more gradually.”® The global problem of leukemia, impact on non-cancerous cells, thereby streamlining the drug
encompassing incidence, mortality, and disability-adjusted life  discovery pipeline. The objective of these cytotoxicity assays is to
years, has shown a considerable decline in age-standardized rates,  ascertain the extent to which a sample drug compound can harm

outcomes in specific patient populations, particularly geriatrics,
with overall survival rates as low as 5-10%. Such restrictions
highlight the immediate need for new therapeutic strategies that
not only enhance efficacy but also mitigate the severe toxicities
associated with conventional regimens, especially in vulnerable
populations.?’
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Figure 3: Effect of bergenin on the apoptotic level in the MOLT-4 cells. The results of the dual staining assay demonstrate that bergenin treatment at a 30 uM
dosage resulted in a higher number of red fluorescent cells compared to the untreated cells, which suggests the presence of apoptotic events.

Table 2: The drug-likeness and toxicity profile of bergenin.

Properties Probability

Drug-likeness
Molecular weight 328.27
Number of hydrogen bond 9
acceptors
Number of hydrogen bond 5
donors
octanol/water partition -1.2
coefficient (logP)

Toxicity profile
Hepatotoxicity 0.86(-)
Neurotoxicity 0.87(-)
Nephrotoxicity 0.73(+)
Respiratory toxicity 0.51(-)
Cardiotoxicity 0.50(-)
Carcinogenicity 0.87(-)
Immunotoxicity 0.99(+)
Mutagenicity 0.56(-)
Cytotoxicity 0.64(-)
BBB-barrier 0.59(-)
Toxicity class Class VI
LD, 10000 mg/kg

Note: (-) indicates no toxicity; (+) indicates toxicity.

or induce cell death.” The MTT assay serves as a fundamental
cell-based high-throughput screening method to assess cytotoxic
and cytostatic effects. This colorimetric assay, which quantifies
cellular metabolic activity, is particularly valuable in the initial
screening of potential anticancer agents to identify their capacity

to trigger apoptosis or necrosis in tumor cell lines. This makes the

Indian Journal of Pharmaceutical Education and Research, Vol 61, Issue 1, Jan-Mar, 2027

MTT assay a cornerstone in early-stage drug discovery, offering
a rapid and cost-effective approach to prioritize promising
compounds for further investigation.”’ Here, we evaluated the
cytotoxic level of bergenin against leukemia MOLT-4 cells using
the MTT assay. The present findings clearly showed that the
bergenin treatment dose-dependently inhibited the growth of
MOLT-4 cells, which suggests the cytotoxic effects of bergenin
against leukemia cells.

The LDH release assay offers a robust and reliable technique for
quantifying cellular cytotoxicity, a critical parameter in assessing
the efficacy of potential chemotherapeutic agents against various
cancer cell lines. This assay leverages the principle that LDH, a
stable cytosolic enzyme, is rapidly released into the extracellular
medium upon compromise of the plasma membrane, directly
correlating with the extent of cellular damage and mortality. The
assay's mechanism involves the conversion of lactate to pyruvate
by LDH, which subsequently decreases a tetrazolium salt into
a quantifiable formazan product.*> This formazan product can
then be measured colorimetrically using a spectrophotometer,
providing a direct correlation between absorbance and the
amount of LDH released, thus reflecting the level of cytotoxicity.
This method is particularly valuable for evaluating drug
candidates against aggressive and invasive cancer cell lines,
which are frequently employed in anticancer research. The
versatility of the LDH release assay makes it an indispensable tool
for high-throughput screening of novel compounds, providing
an initial assessment of cellular toxicity before more detailed
mechanistic studies are conducted.”® Furthermore, its simplicity,
high sensitivity, and cost-effectiveness render it a preferred choice
over other cytotoxicity assays for initial drug screening. This
methodology assesses membrane integrity, a common indicator
of cell viability and cytotoxic effects, by monitoring the efflux of
intracellular components like LDH into the extracellular space.
This makes it a particularly useful indicator for necrotic cell death,
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where plasma membrane permeabilization is a hallmark event.
Consequently, the quantification of released LDH activity in cell
culture supernatants serves as a direct measure of cell death,
providing a distinct advantage over metabolic assays, which may
reflect altered cellular activity rather than outright membrane
damage.** Here, the results of the LDH release assay displayed
that the treatment of numerous concentrations of bergenin
remarkably elevated the activity of LDH enzyme in MOLT-4 cells,
which indicates the cellular damage and cytotoxicity in response
to the bergenin treatment.

Apoptosis, or programmed cell death, is an essential biological
mechanism critical for maintaining cellular homeostasis and
discarding unwanted cells, playing a pivotal role in normal
development and tissue remodeling. Dysregulation of apoptosis
is frequently observed in cancer, where impaired cell death
pathways contribute to tumor growth, progression, and resistance
to therapy.® Cancer cells often exhibit an apoptosis-resistant
phenotype due to alterations in the intrinsic and extrinsic signaling
cascades, which normally promote cell death. This resistance
often stems from mutations in key regulatory proteins or aberrant
expression of pro-survival factors, thereby circumventing the cell's
natural apoptotic mechanisms. Consequently, inducing apoptosis
in tumor cells is a highly attractive strategy for successful cancer
therapy.”® Many anti-cancer agents, including natural products,
are thus designed to exploit or restore these compromised
apoptotic pathways to selectively eliminate malignant cells. This
therapeutic approach frequently involves leveraging compounds,
particularly those derived from natural sources that can modulate
critical apoptotic proteins such as the Bcl-2 family, leading to
cytochrome ¢ discharge and caspase activation.”” A majority
of anticancer natural compounds enhance apoptosis to trigger
tumor cell death via either the mitochondrial (intrinsic) or death

LDHA (PDB ID: 4QT0)
(A)

186

receptor (extrinsic) pathways. A significant reduction in apoptosis
is frequently linked to malignant diseases, often due to genetic
alterations that promote prolonged cell survival. An imbalance
favoring anti-apoptotic proteins, rather than the mere expression
of a single family member, often confers drug resistance in cancer
cells.*®

The evasion of apoptosis is considered a hallmark of tumors,
allowing for sustained cell survival, proliferation, and the
accumulation of mutations that drive tumor progression.
Consequently, pharmacological strategies aimed at inhibiting
these anti-apoptotic proteins represent a promising avenue for
restoring apoptotic sensitivity in cancer cells and enhancing
therapeutic efficacy.® The ability of a drug to selectively trigger
programmed cell death, or apoptosis, in malignant cells is a
crucial indicator of its therapeutic efficacy and potential as an
anticancer agent. This distinction between desirable programmed
cell death and indiscriminate necrosis is paramount in early
drug evaluation. Understanding the mechanisms through which
novel compounds trigger apoptosis provides critical insights into
their mode of action and helps predict potential side effects and
resistance pathways.* The modulation of apoptosis in cancer
tumor cells is renowned for its enormous therapeutic values
in oncology, making the initiation of apoptosis a critical mode
of action for anti-tumor drugs. Consequently, evaluating the
apoptotic activity of novel compounds against cancer cell lines
provides a crucial benchmark for their development as effective
anticancer therapies.* Here, we evaluated the apoptosis-inducing
potentials of bergenin against leukemia cells. The present findings
demonstrated that the bergenin treatment led to a higher number
of red fluorescent cells, signifying the presence of apoptotic
events. These findings demonstrate the apoptotic properties of
bergenin against leukemia cells.

(B)
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Figure 4: The docking poses of targets LDHA and LDHB with the bergenin and its validation using LigPlot+. (A, B) The 3D and 2D docked poses of the LDHA with
bergenin (C, D). The 3D and 2D docked poses of the LDHB with bergenin (E, F). The LigPlot+ validation for the LDHA and LDHB interacted with the monotropein
to confirm the hydrogen bonds.

Additionally, the possible molecular mechanisms underlying
these biological effects were evaluated through molecular
docking studies targeting LDHA and LDHB, two key enzymes
predominantly involved in glycolysis that support the rapid
proliferation and survival of leukemia cells.**** Hence, inhibition
of LDHA and LDHB could induce programmed cell death, which
might be the causative reason for the increased LDH release
observed from damaged leukemia cells. Accordingly, bergenin
exhibited a better binding affinity with LDHA and LDHB,
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indicating stable and energetically favourable interactions, and
the optimal RMSD value was observed for both complexes.
Meanwhile, the drug-likeness properties and toxicity profile
of the bergenin described that the bergenin was classified as a
class VI drug, and the LD, values were identified as 10000
mg/kg, which clearly stated that bergenin is considered to be a
potential compound in treating leukemia after being validated

with enormous in vitro and in vivo studies. Also, our study was
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correlated with the earlier report that bergenin cannot penetrate
into the BBB.*

CONCLUSION

The results of this study demonstrate that bergenin treatment
effectively suppresses proliferation and triggers apoptosis in
leukemia MOLT-4 cells. The administration of bergenin increased
LDH release and triggered cell death in MOLT-4 cells. Meanwhile,
the computational analysis indicated that the bergenin exhibits
better binding affinity with the LDHA and LDHB, which may
suppress their enzymatic activity, and thus disrupt glycolytic
metabolism, and subsequently induce apoptosis. Altogether, the
results strongly stated that bergenin has the potential to function
asan anticancer agent for the treatment of leukemia. Furthermore,
additional in vitro and in vivo experiments are necessary to
confirm the identified specific molecular mechanisms underlying
bergenin-induced apoptosis in leukemia cells.
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DSV:DiscoveryStudio Visualizer; BA: Binding Affinity; FBS: Fetal
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Modified Eagle Medium; LDH: Lactate Dehydrogenase; BBB:
Blood-Brain Barrier; AO: Acridine Orange; EB: Ethidium
Bromide; IC,: Half maximal inhibitory concentration; RMSD:
Root-mean-square deviation; SD: Standard Deviation; ATCC:
American Type Culture Collection; PDB: Protein Data Bank;
MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide.
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SUMMARY

The present study investigated the anticancer potential of
bergenin against leukemia MOLT-4 cells. The findings revealed
that bergenin treatment significantly inhibited cell proliferation
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and promoted apoptotic cell death in MOLT-4 cells. Increased
Lactate Dehydrogenase (LDH) release following bergenin
exposure indicated enhanced cytotoxicity and membrane damage,
confirming the induction of cell death. In addition, computational
molecular docking analysis demonstrated that bergenin exhibits
strong binding affinity toward LDHA and LDHB, key enzymes
involved in cellular glycolysis. This interaction may inhibit their
enzymatic activity, leading to disruption of glycolytic metabolism,
which is essential for the survival and growth of cancer cells. The
impairment of this metabolic pathway likely contributes to the
activation of apoptosis in leukemia cells.
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