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Abstract
This study investigates the electronic and molecular structure of curcumin through computational analysis, employing density func-
tional theory (DFT) to determine its global reactivity descriptors (GRDs). Furthermore, the energy gap was determined by char-
acterizing the HOMO-LUMO frontier molecular orbitals. The resulting electronic fingerprint indicates a highly reactive molecule
with a remarkable capacity to donate electrons, giving it an electrophilic character. Curcumin is used in traditional Eastern medicine
as an anti-inflammatory, antioxidant, and anticancer agent; it is a natural polyphenol derived from Curcuma longa. Recent studies
have reported that curcumin exhibits significant antitumor activity against non-small cell lung cancer in the A549 cell line model.
The global reactivity descriptors (GRDs) obtained in this study were found to correlate with findings from previous in vitro and
in vivo experiments, supporting curcumin’s capacity to induce programmed cell death through multiple signaling pathways, includ-
ing oxidative stress-mediated apoptosis, ferroptosis, and the activation of autophagy. The study further demonstrates a correlation
between the observed synergistic effects of curcumin and conventional chemotherapeutic agents. Finally, these results offer a theo-
retical framework for understanding the relationship between global reactivity descriptors (GRDs) and the biological mechanisms
of curcumin at the quantum level, supporting its potential as a complementary therapeutic agent in the treatment of lung cancer.
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1. Introduction

Lung cancer remains a leading cause of mortality world-
wide, with non-small cell lung cancer (NSCLC) account-
ing for approximately 85% of cases and contributing to
an estimated 1.7 million deaths annually [1]. This real-
ity underscores the need to innovate and develop more
effective and selective therapeutic agents, such as cur-
cumin. Curcumin, a derivative of Curcuma longa, has
been proposed in recent research as a candidate for can-

cer chemoprevention and treatment. Numerous in vitro
and in vivo studies document and demonstrate its ability
to inhibit cell proliferation and induce apoptosis in the
A549 NSCLC cell line [1–5]. Curcumin exerts its biolog-
ical effects through multiple mechanisms, including the
induction of oxidative stress, inhibition of histone deacety-
lases (HDACs) [1,6–8], negative regulation of long non-
coding RNAs (lncRNAs) [2], and the activation of non-
apoptotic cell death pathways, such as ferroptosis [6,8].
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Recent studies on novel formulations, such as dendroso-
mal curcumin (DNC), have demonstrated enhanced thera-
peutic potential, exhibiting synergistic effects with con-
ventional chemotherapeutic agents, including daunoru-
bicin, through the modulation of key apoptotic markers
and gene expression [9]. This multimodal mechanism
of action directly influences current antitumor drug dis-
covery, focusing on the rational design of synthetic hy-
brid compounds. Inspired by the polypharmacology of
curcumin, these novel agents are designed to act simul-
taneously on multiple therapeutic targets, including key
enzymes (COX-2, HDAC, topoisomerase II), tyrosine ki-
nase receptors (EGFR, VEGFR-2), and cellular structures
such as tubulin. This multi-target approach illustrates how
the optimization of a ligand’s electronic and structural
properties can enhance apoptotic efficacy, in accordance
with the pharmacological principles exemplified by natu-
ral products such as curcumin [10–15].

Despite substantial experimental evidence, the quan-
tummechanical properties underlying the biological activ-
ity of curcumin remain poorly understood; in other words,
its biochemical reactivity at the quantum level has yet to
be fully elucidated. Accordingly, density functional the-
ory (DFT) provides a powerful computational approach
to elucidate the relationship between curcumin’s molec-
ular and electronic structure and its biological activity,
enabling the quantum-level characterization of molecules
through global reactivity descriptors (GRDs). GRDs such
as ionization potential (IP), electron affinity (EA), chemi-
cal potential (µ), hardness (η), electronegativity (χ), elec-
trophilicity index (ω), and softness (S) provide valuable
information about the molecule’s quantum behavior. Fur-
thermore, the energies of the HOMO and LUMO frontier
molecular orbitals, as well as the corresponding energy
gap, are directly associated with a molecule’s propensity
for electron donation or acceptance, which is critical for
predicting its interactions with biological targets and its
involvement in diverse signaling pathways [16–20].

The objective of this study is to corroborate and
contextualize previously reported findings on the effects
of curcumin in cancer, employing density functional the-
ory (DFT) calculations to quantitatively characterize its
electronic profile from a quantummechanical perspective,
thereby providing insight into its pro-apoptotic activity in
the A549 cell line.

The hypothesis underlying this study is that the elec-
tronic fingerprint of curcumin, as characterized by its
global reactivity descriptors (GRDs), accounts for its bio-
logical activity. Specifically, a high electrophilicity index
provides the quantum mechanical basis for its function as
an electrophilic stressor, enabling interactions with nucle-

ophilic biomolecules and thereby initiating the signaling
cascades that culminate in programmed cell death.

2. Materials and Methods

2.1. Computational Details

To characterize the structural and physicochemical proper-
ties of curcumin through computational simulations, the
following research protocol was implemented. Initially,
the molecular structure of curcumin ((1E,6E)-1,7-bis(4-
hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione)was
constructed using data obtained from the PubChem database
and pre-optimized with the DMol³ module in Material Stu-
dio. It was then optimized using density functional the-
ory (DFT) to determine its lowest energy and associated
physicochemical properties. Exchange-correlation effects
were described using the generalized gradient approxima-
tion (GGA) with the Perdew–Wang 91 functional. A DFT-
D3dispersion correction employing theTkatchenko–Scheffler
(TS) scheme was applied to account for nonbonding interac-
tions, particularly van der Waals forces. Finally, solvation
effects in the aqueous biological environment were sim-
ulated using a conductor-like screening model (COSMO)
with the dielectric constant of water (ε = 78.36) [16–20].

2.2. Calculation of Global Reactivity
Descriptors

Following geometric optimization, the energies of the
frontier molecular orbitals, the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO), were obtained from the converged
calculation. We calculated the LUMO-HOMO energy
gap (∆E) as the difference between these two energies.
Global reactivity descriptors were derived from the total
energies of the system in its neutral (N), anionic (N+1),
and cationic (N-1) states, denoted as E(N), E(N+1), and
E(N-1), respectively. These energies were subsequently
used to calculate key parameters within the conceptual
DFT framework, employing the following equations with
absolute energy values [16–20]:

Ionization potential (IP ) : IP = E(N − 1)− E(N) (1)

Electron affinity (EA) : EA = E(N)− E(N + 1) (2)

Chemical potential (µ) : µ = −(IP + EA)/2 (3)

Chemical hardness (η) : η = (IP − EA)/2 (4)

Electronegativity (χ) : χ = (IP + EA)/2 (5)

Electrophilicity index (ω) : ω = µ2/(2η) (6)

Softness (S) : S = 1/(2η) (7)
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3. Results

3.1. Optimised Molecular Structure and
Electronic Distribution

The ground-state geometry of curcumin (C21H20O6, molec-
ular weight 368.4 g/mol), composed of 47 atoms and an
electron density of 194 electrons, was optimized using
Density Functional Theory (DFT) in an aqueous solva-
tion model, yielding the most stable conformation shown
in Figure 1. Subsequent in silico analysis of the optimized
electronic structure of curcumin revealed the spatial distri-
bution of the frontier molecular orbitals, providing critical
insight into its chemical reactivity. The highest energy oc-
cupied frontier molecular orbital (HOMO) and the lowest
energy unoccupied frontier molecular orbital (LUMO) are
shown in Figure 2. TheHOMO-LUMO orbitals define the
regions of the curcumin molecule most susceptible to elec-
tronic interaction, particularly regulating its propensity to
donate or accept electrons. Therefore, HOMO-LUMO
analysis provides important information about electronic
structure, polarizability, and chemical reactivity, which is
fundamental for quantum-mechanical molecular charac-
terization according to Fukui’s theory [20].

Figure 1: Optimized molecular structure of the ground state of
curcumin (C21H20O6) obtained using Density Functional Theory
(DFT) calculations. Atomic color scheme: oxygen (red), carbon
(gray), hydrogen (white).

3.2. Global Reactivity Descriptors
(GRDs)

The global reactivity descriptors (GRDs) for curcumin, de-
rived from the optimized structure and electronic energies,
are presented in Table 1. These include the chemical po-
tential (µ), hardness (η), electronegativity (χ), softness
(S), and electrophilicity index (ω), which together char-
acterize the overall electronic fingerprint (electronic pro-
file) of the curcumin molecule. Based on in silico analy-
sis using DFT, these global reactivity descriptors (GRDs)
offer a robust and quantitative theoretical framework for
predicting the chemical behavior and reactivity trends of
curcumin in a biological context, facilitating correlation
with existing experimental findings [16–20].

Figure 2: Electron density surfaces of the frontier molecular or-
bitals of curcumin, represented in globular structures in blue and
yellow. The highest occupied molecular orbital (HOMO, top,
−6.0489 eV) localizes the region’s most susceptible to nucleophilic
attack, while the lowest unoccupied molecular orbital (LUMO,
bottom, −1.8385 eV) indicates the areas prone to electrophilic
attack. The orbitals have an isosurface value of 0.02 a.u.

Table 1: Global descriptors of curcumin.

Descriptor * Energy eV

E (N − 1) −239.3770

E (N) −244.3480

E (N + 1) −247.2990

EA 2.9510

IP 4.9710

µ −3.9610

η 1.0100

X 3.9610

S 0.9901

ω 7.7671

HOMO −6.0489

LUMO −1.8385

∆E≈ 4.2104
* The abbreviations correspond to the energies of the molecular charge
states−1, 0, 1 (E(N − 1), E(N), E(N + 1)); electron affinity (EA); ion-
ization potential energy (IP); chemical potential (µ); chemical hardness
(η); electronegativity (χ); softness (S eV−1); electrophilicity (ω); fron-
tier molecular orbitals (HOMO, LUMO); and the LUMO-HOMO gap
(∆E≈).

4. Discussion

This quantum-chemical characterization of curcumin pro-
vides a robust electronic framework to explain its estab-
lished pro-apoptotic activity in A549 lung cancer cells.
The calculated reactivity descriptors collectively portray
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a molecule of high inherent reactivity. This reactivity pre-
disposes it to critical interactions within the cellular en-
vironment. Curcumin can easily transfer electrons due
to its narrow HOMO-LUMO energy gap of 4.21 eV. The
global reactivity descriptors (GRDs) correlate with cur-
cumin’s pro-apoptotic efficacy (see Table 1). In particu-
lar, its low chemical hardness, high softness, and elevated
electrophilicity index highlight its pronounced reactivity
toward nucleophilic biomolecules. These values are con-
sistent with Pearson’s hard and soft acid–base (HSAB)
principles, classifying curcumin as a soft molecule [21],
characterized by high polarizability and a thermodynamic
propensity to form covalent bonds with complementary
soft nucleophiles, which are prevalent in biological sys-
tems [22].

4.1. Induction of Oxidative Stress,
Apoptosis, and Pyroptosis

The electron-donating capacity of curcumin is determined
by its ionization potential (IP = 4.97 eV), contributing to
its pro-oxidant effects. Its pronounced electrophilic char-
acter enables curcumin to deplete the primary cellular
antioxidant, glutathione (GSH), potentially via Michael
addition reactions [8]. Such pronounced depletion dis-
rupts intracellular redox homeostasis, leading to a substan-
tial accumulation of reactive oxygen species (ROS) [1,6].
This ROS accumulation generates oxidative stress, which
acts as a potent trigger of apoptosis, mediated by mito-
chondrial membrane depolarization and consequent acti-
vation of stress response pathways, such as JNK and p38
MAPK [1]. The reported inhibition of histone deacety-
lases (HDACs) by curcumin correlates with softness (S
= 0.99 eV−1) and electrophilicity (ω = 7.7 eV), mediated
through covalent modification of nucleophilic residues in
the enzyme’s active sites—a mechanism also observed
with its derivative, CU17 [7]. In addition to elevating
ROS levels, curcumin induces pyroptosis in A549 cells of
non-small cell lung cancer (NSCLC) by inhibiting the E3
ubiquitin ligase Smurf2. By inhibiting Smurf2, NLRP3
is stabilized, promoting inflammasome assembly and gas-
dermin D-mediated pore formation in the cell membrane,
which leads to marked inflammation and supports the role
of curcumin’s electrophilic index (ω = 7.7 eV) in regu-
lating the ubiquitin-proteasome system and inflammatory
cell death [22].

4.2. Promoting Ferroptosis

A significant correlation was observed between the elec-
trophilic character of curcumin and its capacity to induce
ferroptosis. The functional stability of the GSH-GPX4
axis, which constitutes the main cellular defense pathway

against this type of cell death, depends critically on the
availability of glutathione (GSH). Our results indicate that
the electrophilic property of curcumin mediates the direct
decrease of intracellular GSH stores. This depletion sub-
sequently results in the inhibition of GPX4, a nucleophilic
enzyme vulnerable to such chemical modulation. The neu-
tralization of cellular lipid peroxidation is compromised
by the action described above, which accelerates the iron-
dependent non-apoptotic cell death pathway, as has been
experimentally reported [6,8]. In cancer stem cell pop-
ulations (A549 CD133⁺), this effect is particularly pro-
nounced, as curcumin targets both regulatory pathways of
ferroptosis (GSH–GPX4 and CoQ10–NADPH), eliciting
a robust pro-death response [8].

4.3. Regulation of Gene Expression and
Its Relationship with the Cell Cycle and
the Immune Response

The results of the quantum-mechanical characterization in-
dicate that curcumin has a chemical potential (µ = −3.96
eV) associated with its ability to influence intracellular
signaling pathways and modulate gene transcription. This
reactivity also enables the repression of long non-coding
RNAswith pro-oncogenic functions, such asUCA1, which
is associated with reduced cell proliferation and the in-
duction of programmed cell death in neoplastic cells [2].
Various synthetic analogs derived from the core structure
of curcumin have been shown to induce cell cycle arrest
and promote the establishment of a senescent state. This
correlates with the behavior of curcumin, as a structurally
related compound from the diarylpentanoid family has
been shown to promote G0/G1 phase arrest, accompanied
by senescence-like phenotypic characteristics in adenocar-
cinoma cell lines, thus generating prolonged restriction of
tumor growth [22,23].

Another relevant characteristic of curcumin is its
pleiotropic action, whereby modulation of the immune
response in the A549 cell line significantly attenuates
interferon-gamma (IFN-γ)-induced PD-L1 overexpres-
sion, an effect that depends on reduced STAT1 activation
(phosphorylation) [24].

The results suggest that the electrophilic functional
groups in curcumin, similar to those in various pharma-
cological agents, can interact with critical nodes in tumor
signaling networks, particularly the JAK/STAT pathway.
Such interactions may counteract immune evasion strate-
gies employed bymalignant cells, thereby promoting their
elimination by cytotoxic T lymphocytes.
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4.4. Modulation of Gene Expression and
Broad-Spectrum Synergistic Efficacy

Our GRDs (see Table 1) correlate with results where cur-
cumin can generate favorable interactions with various
therapeutic compounds. This is supported by a study in
which curcumin-supplemented dendrosomal formulations
markedly enhanced the cytotoxic activity of daunorubicin
bymodulating the balance between pro-apoptotic and anti-
apoptotic proteins (increasing the Bax/Bcl-2 ratio) and by
downregulating the expression of genes associated with
multidrug resistance, such as MDR-1 and hTERT [9].

There are also reports showing that curcumin in-
creases the sensitivity of the A549 cell line to chemother-
apeutic agents such as gemcitabine and paclitaxel [4,5].
This enhanced chemosensitivity appears to depend on a
preceding modification of the intracellular environment
mediated by ROS, as well as interference with signal
transduction pathways that promote cell survival. Stud-
ies with structural analogs of curcumin, including the
derivative CU17, have demonstrated that their combina-
tionwith gemcitabine elicits amore pronounced antitumor
response [25,26].

To enhance therapeutic synergy, advanced drug de-
livery systems have been developed, including the co-
encapsulation of curcumin and gemcitabine on a single
platform, which results in increased cytotoxicity and the
concurrent activation of multiple cell death pathways [26].
There are also reports indicating that curcumin and its
derivatives exhibit antiviral and anti-inflammatory effects.
For instance, in A549 cells infected with influenza A
virus, these compounds attenuate the activation of RIG-
I–dependent pathways [27], underscoring their capacity
to modulate the innate immune response against diverse
pathogens.

Based on the quantum mechanical analysis, cur-
cumin functions as a versatile electrophile, disrupting cel-
lular redox balance, inhibiting key regulatory enzymes,
and modulating multiple programmed cell death path-
ways, including classical apoptosis, ferroptosis, and py-
roptosis.

The global reactivity descriptors (GRDs) obtained in
this in silico study provide a foundation for the rational de-
sign of curcumin derivatives, including compounds such
as ZYXO2-Na [3] and the analog CU17 [7,25], as well
as for the development of advanced drug delivery plat-
forms [26]. Targeted structural modification of electronic
properties (GRDs) in these derivatives emerges as an at-
tractive pathway to increase their anticancer, antiviral,
and immunomodulatory potency. The correspondence
between curcumin’s global quantum reactivity descrip-
tors and its multifaceted biological effects underscores its

potential as a versatile scaffold for multitarget therapeu-
tic strategies, wherein a single compound simultaneously
modulates multiple pathological processes or molecular
targets [10–15].

5. Conclusions

Through quantum-mechanical calculations, a theoretical
model of curcumin was developed, providing a useful
framework for subsequent studies. The data obtained con-
firm curcumin’s capacity to interact with critical intracel-
lular targets involved in the activation of apoptosis in the
A549 cell line. Global reactivity descriptors support its bi-
ological profile, highlighting a high electrophilicity index
and marked chemical reactivity. These properties position
it as a highly reactive molecule with a remarkable capac-
ity to adapt to the biological environment and the ability
to trigger various programmed cell death mechanisms,
such as apoptosis and ferroptosis. Curcumin’s capacity to
modulate multiple molecular pathways, coupled with its
synergistic enhancement of chemotherapeutic regimens,
underscores its potential as a promising therapeutic agent
in the management of non-small cell lung cancer.

The integration of quantum mechanical computa-
tional analysis with experimental results validates the vi-
ability of curcumin and its structural analogs as effective
therapeutic agents. These findings underscore the need
for further experimental research and the development of
innovative strategies to harness these properties in opti-
mized formulations, derivatives, or novel molecules, with
the aim of advancing more effective therapies against lung
cancer.
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MDR-1 Multidrug Resistance 1
NLRP3 NLR Family Pyrin Domain-Containing 3
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p38/MAPK Signaling for Apoptosis, Inflammation,

and Genetic Transcription.
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ROS Reactive Oxygen Species
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