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Human glucose transporters (GLUTs) facilitate the uptake of hexoses into cells. In cancer, the increased

proliferation necessitates higher expression of GLUTs, with particular emphasis on GLUT1 and GLUT3.

Thus, inhibiting GLUTs holds promise as an anticancer therapy by starving these cells of fuel. Ganoderic

acid A (GAA), a triterpene found in Ganoderma lucidum, has anticancer and antidiabetic properties.

Recent studies show that GAA reduces glucose uptake in cancer cells, which indicates that GAA may

affect GLUT1/GLUT3 by inhibiting glucose uptake. Therefore, this study aimed to inspect whether GAA

could target GLUT1/GLUT3 and play an inhibitory role in changing their endofacial and exofacial

conformations. To this end, AlphaFold2 was employed to model the endofacial and exofacial

conformations of GLUT3 and GLUT1, respectively. Molecular docking, molecular dynamics simulation,

cell viability, cellular thermal shift assays (CETSA), glucose uptake, qPCR, and western blotting were

harnessed. In comparison to the endofacial (cytochalasin B) and exofacial (phloretin) GLUT1/3 inhibitors,

the computational findings unveiled GAA's capacity to bind and stabilize GLUT1/3 in their two

conformational states, with a preference for binding the endofacial conformation. A low, non-cytotoxic

dose of GAA thermally stabilized both transporters and inhibited glucose uptake in human lung cancer

cells, similar to cytochalasin B and phloretin. In conclusion, this study has unearthed novel functionalities

of GAA, suggesting its potential utility in cancer therapy by targeting glucose metabolism.
1. Introduction

Cancer cells require a signicant amount of energy to sustain
their rapid growth and division. To meet this energy demand,
they rely more on anaerobic glycolysis pathways than on mito-
chondrial oxidative phosphorylation, in contrast to noncancer
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cells. This phenomenon is commonly referred to as the Warburg
effect.1 Furthermore, cancer cells upregulate the expression of
glycolysis enzymes and glucose transporters, both of which
correlate with the invasiveness and metastatic potential of
cancers.2–4 Among these transporters, members of the glucose
transporter (GLUT) family have been conrmed to be upregu-
lated in malignant tumors.5 For instance, non-specic glucose
and fructose transporters GLUT2, 5, and 12 have been identied
to be linked with different cancers.6–8 On the other hand, GLUT1
is found to be the main factor of the Warburg effect, which is the
main carrier of glucose transmembrane transport.9 Additionally,
GLUT3, a high-affinity glucose transporter, plays a crucial role in
facilitating glucose entry into neurons. The elevated expression of
both GLUT1 and GLUT3 has been observed in various cancer
types,10 including lung cancer.11,12 As a result, targeting GLUTs
has emerged as a potential strategy for cancer treatment.13–15

Many GLUT inhibitors are small molecules, primarily from
natural and semi-natural sources, belonging to various chemical
categories such as alkaloids, avonoids, and terpenoids.16,17 Tri-
terpenes represent secondarymetabolites that are widely used for
phytochemical and pharmacological investigations. In the
RSC Adv., 2024, 14, 28569–28584 | 28569
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context of energy metabolism, recent studies indicated that tri-
terpenes target several critical proteins in glucose metabolism,
making them promising therapeutic agents to treat Diabetes
Mellitus (DM). For instance, studies have shown that triterpenes
have an inhibitory effect on aldose reductase, Glyceraldehyde-3-
Phosphate Dehydrogenase (GAPDH), and glycogen phosphory-
lase.18 Ganoderic acid (GA) is a type of triterpene naturally found
in Ganoderma lucidum, a medicinal mushroom used in tradi-
tional Chinese medicine for centuries. GA has several isoforms,
including ganoderic acid A (GAA). The anticancer and antidia-
betic properties of certain GA isoforms including GAA have been
reported in previous studies.19–23 For instance, studies have re-
ported that GAA exhibits a protective effect against
streptozotocin-induced diabetes in rats, regulates genes associ-
ated with metabolism in the liver, and alters energy metabolism
in colon cancer by inhibiting glucose uptake, as well as the
production of lactate and pyruvate.24–26 Despite this, the potential
role of GAA to inhibit GLUT in cancer cells remains to be testied.

Given the capacity of GA to reduce glucose uptake in cancer,
we investigated the ability of GAA to bind and stabilize the
endofacial conformations of GLUT1/3 and compared it with the
standard endofacial inhibitor. Moreover, we also targeted the
exofacial conformations of both transporters to investigate the
possibility of GAA as a drug conjugator. Toward this goal, we
modeled the endofacial and exofacial conformations of GLUT3
and GLUT1, respectively as a surrogate to the crystal structures
using AlphaFold2. Initially, our in vitro assay conrmed GAA's
capacity to inhibit glucose uptake in human lung cancer.
Subsequently, in silico assay disclosed GAA's affinity for binding
to GLUT1/3, a nding substantiated by the cellular thermal
stability tests. Consequently, this study unveils novel functions
of GAA as a potential inhibitor for glucose transporters 1 and 3,
suggesting a potential reprogramming of glucose metabolism
in human lung cancer.

2. Methods
2.1 Materials

A549 and H1299 cell lines were obtained from the American
Type Cultures Collection (ATCC, Manassas, VA). GAA was
purchased from Linyi Azeroth Bioscience Co., Ltd. Other
chemicals purchased include: DMEM medium (HyClone, USA),
DMEM with high glucose medium (Sevicebio; G4511-500ML),
DMEM without glucose (Servicebio; G4528-500ML), Trypsin-
EDTA (CORNING; 25-053-Cl), DMSO (MP Biomedicals; 196
055), CCK-8 (Dojindo, Japan), and FBS (ExCell Bio). Cytocha-
lasin B (HY-16928), phloretin (HY-N0142) was purchased from
MedChemExpress, and glucose assay kit-WST (G264) was
purchased from Dojindo Molecular Technologies, Inc. In the
experiments, we utilized Hifair™ V one-step RT-gDNA digestion
SuperMix (Yeasen, 11142-A/B/C), SYBR Green Master Mix (Yea-
sen, 11184ES03), RIPA lysate (Beyotime, Shanghai, China),
Protease Inhibitor Cocktail Tablets (Roche; 11 697 498 001),
Protein quantication kit (Abbkine, KTD3001), Skim Milk
powder (Solarbio; D8340), SDS-PAGE (Shanghai Life-iLab Bio-
Technology; LFB23021), Nitrocellulose lter membrane (Phar-
macia; WP4HY00010), and western blotting antibody dilution
28570 | RSC Adv., 2024, 14, 28569–28584
buffer (Elabscience; E-IR-R121). The polyclonal antibodies for
GLUT1 (Cat No. 21829-1-AP), and GLUT3 (Cat No. A5515) were
purchased from Proteintech and Selleckchem, respectively. In
the research, we also used ECL Kit (Epizyme; SQ202), and HRP
conjugated Affinity pure goat Anti-rabbit IgG (H + L) (Boster
Biological Technology; lot: BST16I03AI8B56).

2.2 Modeling of GLUT1exo and GLUT3endo protein
structure

At the time, no crystal structures were illustrating GLUT1 in an
outward-open or GLUT3 in an inward-open conformation, so
AlphaFold2 was employed. The protein sequences for GLUT1 and
GLUT3 were obtained from UniProt with the IDs P11166 and
P11169, respectively, for this investigation. The outward-open
conformation of GLUT3 protein structure labeled with PDB ID:
4ZW9 has a resolution of 1.5 Å and contains a single mutation
(N43T).27 To generate the WT model, this mutation was inverted
using the Chimera mutagenesis tool. Subsequently, AlphaFold2
online service,28 integrated with the ChimeraX soware,29 was
harnessed to build the GLUT1 model in an out-ward open
conformation using GLUT3 (PDB ID: 4ZW9) as a template, and
the GLUT3 model in an inward-open conformation using GLUT1
(PDB ID: 5EQG) as a reference. The predicted models were then
validated with the SAVES Server 6.0.30

2.3 Protein and ligands preparation

In SDF format, ganoderic acid A, cytochalasin B, and phloretin
were retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov/
compound/) compound database; furthermore, using the PyRx 0.8
virtual tool, the energy of the ligands was minimized by applying
default settings. These settings comprised the universal force
eld as the force eld, the conjugate optimization algorithm,
a total of 200 steps with 1 step for updates, and a stopping
criterion based on an energy difference of less than 0.1. Aer the
energy minimization process, the compounds were converted to
the ‘pdbqt’ le format.

The crystal structure of the inward-open conformation of
GLUT1 (PDB ID 5EQG) and outward-open conformation of
GLUT3 (PDB ID 4ZW9) were downloaded from the RCSB protein
data bank (PDB) database and saved in PDB format. The
downloaded PDB les of the target proteins were prepared
using PyMol. For the GLUT1 and GLUT3models, a quick prep in
MOE 2015.10 was used to minimize and optimize the proteins.
Then, the PDB les were prepared by removing the water
molecules, co-crystal molecules, and heat atoms, inserting
partial charges, and adding polar hydrogen to the 3-D protein
moiety using the Autodock vina virtual tool. Subsequently, the
PDB le was converted into a pdbqt le.

2.4 Binding pocket identication and molecular docking
analysis

A binding pocket in a protein refers to a specic site on its
surface or interior that can tightly bind to a ligand. The shape,
location, and chemical properties of the binding pocket are
determined by the specic amino acid residues that surround it.
Together, these factors determine the binding pocket's overall
© 2024 The Author(s). Published by the Royal Society of Chemistry
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functionality and how effectively it can interact with other
molecules.31 Therefore, GLUT1/3 binding pockets, their volume,
and XYZ dimensions were identied by uploading the PDB le
of either the models or the crystal structures to (http://
prankweb.cz/).32 Based on Prankweb's ranking, pocket 1 was
selected for docking, and the grid box was assigned
accordingly. The XYZ dimensions for the grid box of the
studied proteins were set as follows (X: 582.68 Y: −27.03 Z:
279.73 for GLUT1endo, X: −6.11 Y: −0.81 Z: 5.16 for
GLUT1exo, X: 5.48 Y: −4.43 Z: −7.15 for GLUT3endo, and X:
59.43 Y: 15.99 Z: 61.02 for GLUT3exo) with pocket volume
2582.8, 2281.1, 1019.9, and 2414.6 Å3 for pocket one in
GLUT1endo, GLUT1exo, GLUT3endo, and GLUT3exo,
respectively, while the residues of these pockets are shown in
Table S1.†

Molecular docking is an essential method in structural
biology, commonly employed in computer-aided drug design
(CADD). The technique enables the prediction of the most
favorable binding mode between a targeted macromolecule and
a small molecule, such as a drug.33 To identify the bindingmode
of the target proteins with the selected ligands, molecular
docking was separately performed using AutoDock Vina 1.1.2
option of PyRx 0.8 virtual screening tool.34 AutoDock Vina
version 1.1.2 which is implemented in PyRx versions 0.8 as well
as 0.9.7 has been extensively validated and widely used in the
scientic community.35 To ensure the reliability and accuracy of
the docking results, Autodock Vina in SwissDock 2024 36 using
the Vina Python library (version 1.2.5) was harnessed. The PDB
protein les and ligand SMILES were uploaded to https://
www.swissdock.ch/ server. Docking was performed using the
previously dened binding pockets, specied by XYZ
coordinates and a 20 × 20 × 20 Å box size. The sampling
method used was exhaustive, with a value of 4. Ligands (GAA,
cytochalasin B, and phloretin) generated multiple docking
poses (up to nine poses). The rst pose of each ligand with
the most negative binding energy (kcal mol−1) was selected
for further evaluation. Protein–ligand interaction proler37

and PyMol version 3.0 were used to visualize the interaction
between ligand–protein complexes.
2.5 Molecular dynamics (MD) simulation

To determine the stability of binding, conformational changes,
and interaction mechanisms of the chosen ligands (GAA, cyto-
chalasin B, and phloretin), MD simulation was conducted on
GLUT1 and GLUT3. The ligand–protein complex les underwent
molecular dynamics studies using the default protocol of the
Schrodinger Desmond module.38 The Desmond System Builder
tool was utilized to create the water-soaked solvated system. The
TIP3P model was adopted as the solvation system for this exper-
iment. The orthorhombic simulation box has periodic boundary
conditions at 10 Å from the outermost portion of the protein
surface. The water-soaked solvated system was rendered neutral
by the addition of the necessary counterions. By infusing the
simulation setup with 0.15MNaCl, a state of isotonic balance was
established. Before the start of the simulation, the system was
allowed to pass through an equilibrium phase, ensuring it
© 2024 The Author(s). Published by the Royal Society of Chemistry
reached a stable condition. For a duration of 100 and/or 200 ns,
the simulation was executed at a temperature of 310 K and an
ambient pressure of 1.013 bar. The force eld parameters were
generated using the Force Field Builder module within the
Schrödinger Desmond soware, with the OPLS3 force eld
utilized.39 The trajectory obtained from the simulations was
analyzed using Desmond, VMD, and PyMOL.40,41 To conduct the
principal component analysis, we transformed the simulation
trajectory into a format compatible with Bio3D on the ‘R’ program
platform.42,43 MM-GBSA analysis was performed utilizing the
thermal_MMGBSA.py script from the Prime Desmond module in
the Schrödinger suite.41 The analysis involved calculating the free
binding energy by generating 0–1000 frames. For the solvent
model, the VSGB 2.0 new energy model was chosen, and the force
eld selected was OPLS-2005. The remaining settings were kept at
their default values. The MM-GBSA calculation of 100 ns MDS
data involved processing and analyzing 200 frames. Subsequently,
the binding free energies (in kcal mol−1) were computed.44,45

2.6 Cell viability assay

Human lung cancer cell lines (A549 and H1299) were cultured in
DMEM medium with 10% fetal bovine serum and 1% penicillin/
streptomycin at 37 °C in 5% CO2 for 24 hours. For cell viability
experiments, approximately 7 × 104 cells were seeded in a 96-well
plate and incubated under the same conditions. Following this, the
cells were treated with varying concentrations of GAA (0.5, 2.5, 5,
10, and 20 mM) for 24 hours. Subsequently, 10 ml of CCK-8 solution
was added to each well, and the plate was incubated for an addi-
tional hour at 37 °C. Absorbance was measured at 450 nm using
a SpectraMax M5 microplate reader (Molecular Devices, USA).

2.7 Glucose consumption

The glucose concentrations in cell medium supernatants were
measured as previously described.46 Briey, 7 × 104 cells were
treated with 5 mM GAA, 10 mM cytochalasin B, 100 mM phloretin,
and dimethyl sulfoxide (DMSO) in DMEM containing 5 mM
glucose. Culture mediumwas collected aer 24 h incubation time.
Then, glucose consumption was measured using a glucose assay
kit-WST G264 (Dojindo Molecular Technologies, Inc., Japan).47,48

2.8 Cellular thermal shi assay (CETSA)

A thermal shi assay was conducted as described previously.49

In brief, A549 and H1299 cells were treated with either 5 mM
GAA or dimethyl sulfoxide (DMSO) for 6 h at 37 °C. Subse-
quently, the intact cell suspensions were harvested using cold
PBS and aliquoted into PCR tubes, with 100 ml per tube. These
suspensions were then heated in a thermal cycler at seven
temperature points ranging from 30 °C to 90 °C, with each
temperature maintained for 5 min. Following this, protein
extraction and quantication were carried out, and protein
stability was assessed via western blotting.

2.9 Quantitative real-time PCR

Quantitative real-time PCR was employed to detect the relative
expression of mRNA of GLUT1, and GLUT3 aer treating A549
RSC Adv., 2024, 14, 28569–28584 | 28571
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and H1299 cells with 5 mM GAA for 24 h. The cellular RNA
extraction was performed using the RNA TRIzol instructions.
Subsequently, cDNA synthesis was performed using Hifair™ V
one-step RT-gDNA digestion SuperMix (Yeasen, 11142-A/B/C).
Then, qPCR was conducted using SYBR Green Master Mix
(Yeasen, 11184ES03). A Roche 480 uorescence PCR instrument
(Basel, Switzerland) was used for qPCR. The relative expression
of mRNA of targeted genes was calculated using the compara-
tive CT method (2−DDCt) and normalized to b-actin. The primer
sequences are provided in the Table S3.†
2.10 Western blot

A 100 mL of RIPA lysate containing 1% protease inhibitor was
added to the cells of each group and lysed in an ice bath for
30 min. Subsequently, the cells were collected using a cell
spatula in 1.5 mL centrifuge tubes, and centrifuged at 4 °C, 14
000 g, for 15 min. The supernatant was collected and protein
concentration was determined using the BCA protein assay kit
method. Aer normalizing the protein concentration with PBS,
5 × loading buffer was added and placed in boiling water for
10 min to denature the protein. The proteins were separated by
SDS-PAGE and transferred to a PVDF membrane. The
membrane was washed three times with TBST, each time for
5 min, and then blocked with 5% skimmed milk powder at
room temperature for 1 h. The corresponding primary antibody
was added and incubated at 4 °C overnight. The next day, aer
rewarming, the membrane was washed three times with TBST,
each time for 5 min. Horseradish peroxidase (HRP)-labeled
secondary antibody was then added and incubated at room
temperature for 1 h. Aer washing three times with TBST for
5min each time, ECL ultrasensitive luminescent liquids A and B
were mixed thoroughly in equal volumes and added dropwise
onto the PVDF membrane. The membrane was developed using
a chemiluminescence imaging analysis system (UVITEC/MINI
Table 1 Ramachandran plot statistics of GLUT3endo and GLUT1exo co

Residue

GLUT3end

Before minimization A

Number Percentage Nu

In most favored regions [A, B, L] 401 94.6 401
In additional allowed regions [a, b, I, p] 18 4.2 19
In generously allowed regions [∼a, ∼b,
∼I, ∼p]

5 1.2 4

In disallowed regions 0 0.0 0
Number of non-glycine and non-proline 424 100.0% 424
Number of end-residues (excl. Gly and
Pro)

2 2

Number of glycine residues (shown as
triangles)

49 49

Number of proline residues 21 21
Total number of residues 496 496

a Based on an analysis of 118 structures of resolution of at least 2.0 Angst
expected to have over 90% in the most favored regions.

28572 | RSC Adv., 2024, 14, 28569–28584
HD9) to obtain protein expression information. Data were
analyzed using ImageJ soware.
2.11 Statistical analysis

The mean ± SD (SD: standard deviation) values were used to
represent the data, and statistical signicance was determined as
a P-value < 0.05. To evaluate the differences between groups, t-
Test, a one-way ANOVA (ANOVA: Analysis of Variance), and
Dunnett's multiple comparison tests were performed using
GraphPad Soware (Prism version 8, San Diego, California, USA).
3. Results
3.1 Alphafold2 modeled high condence protein structure
of GLUT1exo and GLUT3endo

According to Alphafold2 calculations, the GLUT1exo and GLU-
T3endo models exhibited a high level of condence, as indi-
cated by the predicted local distance difference test (pLDDT)
and Predicted Aligned Error (PAE) as shown in (Fig. S1 and S2†).

The models were further validated by SAVES v6.0 using the
PROCHECK and ERRAT analysis before and aer energy mini-
mization. Analysis of the distribution of 4 and j angles of
amino acid residues of GLUT3endo from the Ramachandran
plots showed that 94.6% of the residues resided in the most
preferred region, 4.5% in the additional allowed region, and
only 0.9% in the generously allowed region. The overall quality
factor obtained from ERRAT for the predicted GLUT3endo was
found to be 98.529% which indicates to high resolution of
protein structure. Furthermore, the analysis of the distribution
of 4 and j angles of amino acid residues of GLUT1exo model
from the Ramachandran plots aer energy minimization
showed that 95.2% of the residues resided in the most favored
regions, 4.3% in the additional allowed regions, only 0.5% in
the generously allowed regions, and no residues observed in
nformations as calculated by SAVES v6.0a

Full-length

o GLUT1exo

er minimization Before minimization Aer minimization

mber Percentage Number Percentage Number Percentage

94.6 397 94.3 401 95.2
4.5 21 5.0 18 4.3
0.9 1 0.2 2 0.5

0.0 2 0.5 0 0.0
100.0% 421 100.0% 421 100.0%

2 2

46 46

23 23
492 492

roms and R-factor no greater than 20%, a good quality model would be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Validation and quality evaluation of the predicted structure of GLUT1 in exofacial conformation. Plot (A) shows the Predicted GLUT1exo
model. Ramachandran plot (PROCHECK) of GLUT1exomodel (B), and (C) displays ERRAT analysis of GLUT1exomodel after energy minimization.
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disallowed regions. The overall quality factors obtained from
ERRAT for the predicted GLUT1exo before and aer energy
minimization were found to be 94.280 and 98.073%, respec-
tively suggesting a high resolution of the protein structure
(Table 1 and Fig. 1, 2).
3.2 GLUT1/3 possesses multiple putative binding pockets in
their endo- and exofacial conformations

The pocket of a target protein is made up of several binding
sites that are complementary in terms of their chemical
makeup, size, and shape to their ligands. Prank Web (https://
prankweb.cz/) server determined four binding pockets for
GLUT1endo, six pockets for GLUT3endo, ve pockets for
GLUT1exo, and nine pockets for GLUT3exo (Table S1 and
Fig. S3†). Based on the ranking of the pockets, pocket 1
showed a higher score among other pockets in both
conformational states in these proteins, therefore it was
chosen for docking analysis. Aer analysis, we observed that
the binding sites of pocket 1 are situated at the glucose
binding site in GLUT1, while they are located outside the
glucose binding site in GLUT3.
3.3 Ganoderic acid A binds to GLUT1/3 with high affinity to
GLUT1endo conformation

The optimum intermolecular interaction between GLUT1/3 and
ligands (Fig. 3) was investigated using molecular docking
analysis. The ligands were docked against GLUT1 and 3 sepa-
rately in endo- and exofacial states.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The binding affinities of the ligands to GLUT1/3 following
molecular docking are illustrated in Table 2. The binding of
GAA to the endofacial conformation of GLUT1 shows higher
affinities compared to its exofacial conformation, comparable
to standard inhibitors (cytochalasin B and phloretin). Addi-
tionally, GAA displays a better binding affinity to GLUT1endo
compared to GLUT3endo, this result aligns with the MMGBSA
result (Table 2). These ndings suggest that GAA exhibits
differential binding to GLUT1/3 with preference affinity to
GLUT1endo conformation.

Fig. 4 shows that the residues ASN288 and HIS160 formed
hydrogen bonds in the GAA-GLUT1endo complex, while
GLN283, ASN288, and ASN317 in the GAA-GLUT1exo complex.
Furthermore, cytochalasin B (CCB) formed hydrogen bonds
with THR137 and PRO385 in GLUT1endo, whereas in the
phloretin-GLUT1exo complex, six residues (GLN161, GLN172,
GLN282, GLN283, TRP288, and ASN415) were observed to form
hydrogen bonds.

In the ligand–GLUT3 complexes, GLN281, TYR291, and
ASN413 were observed to form hydrogen bonds in the GAA-
GLUT3endo complex, while THR28, GLN281, TYR291, and
ASN413 were observed in the exofacial conformation of the
same complex. The endofacial inhibitor cytochalasin B formed
hydrogen bonds with THR28, GLN281, ASN286, and TYR386 in
GLUT3. In contrast, the exofacial inhibitor phloretin formed
hydrogen bonds by TYR291, and ASN413 (Fig. 5). Additionally,
GAA, CCB, and Phlo were also observed to form hydrophobic
interactions with GLUT1 and GLUT3 (Table S2†).
RSC Adv., 2024, 14, 28569–28584 | 28573

https://prankweb.cz/
https://prankweb.cz/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04454a


Fig. 3 Two-dimensional (2D) structure of ganoderic acid A (GAA: C30H44O7), cytochalasin B (CCB: C29H37NO5), and phloretin (Phlo: C15H14O5).

Fig. 2 Validation and quality evaluation of the predicted structure of GLUT3 in endofacial conformation. Plot (A) shows the Predicted GLU-
T3endo model. Ramachandran plot (PROCHECK) of GLUT3endo model (B), and (C) displays ERRAT analysis of GLUT3endo model after energy
minimization.
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3.4 Ganoderic acid A preferentially stabilizes the endofacial
conformation of GLUT1

The Root Mean Square Deviation (RMSD) is a widely accepted
measure for assessing alterations in the structural framework of
proteins from their original to nal conformational states.
Through the analysis of trajectory deviations during simula-
tions, it is possible to determine the stability of a protein to its
conformation. In general, proteins exhibiting greater deviations
are considered less stable.50 Thus, the study evaluated the
stability of GLUT1 and GLUT3 upon binding to GAA in the endo-
and exofacial conformations and compared with standard
28574 | RSC Adv., 2024, 14, 28569–28584
inhibitors. In Fig. 6A, the RMSD trajectory of GLUT1endo0s
backbone exhibits a stable and signicant decrease in RMSD
values (1.5 Å) upon binding to GAA, compared to apo-
GLUT1endo and CCB-bound GLUT1endo, which reached (2.5–
3.0 Å).

However, when GAA binds to the same transporter in the
exofacial conformation, the trajectory remains stable until 40 ns
with a slight increase in RMSD values, reaching 2.5 Å, before
returning to 2.0 Å by the end of the simulation. In contrast, both
apo-GLUT1exo and phloretin-bound GLUT1exo show a stable
RMSD trajectory throughout the simulation, except for apo,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 List of compound identity, binding affinity, and MMGBSA (dG) of ganoderic acid A (GAA), cytochalasin B (CCB), and phloretin (Phlo) with
GLUT1/3

Ligand

Autodock vina 1.1.2 binding affinity
(kcal mol−1)

Autodock vina 1.2.5 binding affinity
(kcal mol−1) dG bind

Endofacial Exofacial Endofacial Exofacial Endofacial Exofacial

GLUT1 GLUT3 GLUT1 GLUT3 GLUT1 GLUT3 GLUT1 GLUT3 GLUT1 GLUT3 GLUT1 GLUT3

GAA −10 −8.3 −9.1 −8.1 −10.007 −7.021 −8.681 −7.586 −65.88 −49.28 −51.37 −63.11
CCB −10.4 −9.1 — — −8.539 −5.061 — — −74.23 −78.58 — —
Phlo — — −8.1 −7.9 — — −8.198 −7.643 — — −34.24 −45.62

Fig. 4 Protein–ligand interactions profile prediction of ligand–GLUT1 complexes. Panels (A and B) show the 3D interactions of GAA (A) and
cytochalasin B (B), respectively in a complex with GLUT1endo, while panels (C and D) display the 3D interactions of GAA and phloretin,
respectively in a complex with GLUT1exo. The blue line represents the hydrogen bonds. The pink and red represent the nitrogen and oxygen
atoms, respectively.
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which exhibits an increase in RMSD value, reaching 3.0 Å within
the rst 20 ns, before stabilizing at 2.292 Å by 100 ns (Fig. 6B).
On the other hand, the RMSD trajectory of apo-GLUT3endo
exhibited uctuations and an increase in RMSD value at the
rst 20 ns reaching (3.5 Å), which decreased to reach (1.5 Å) at
the end of the simulation time. RMSD trajectory of GAA-bound
GLUT3endo showed a noticeable decrease in the value reaching
(1.5–2.0 Å) compared to that of apo-GLUT3endo and CCB-bound
GLUT3endo (Fig. 7A).

The RMSD trajectory of apo-GLUT3exo exhibited a stable
prole, starting at 0.8 Å in the beginning and then increasing to
© 2024 The Author(s). Published by the Royal Society of Chemistry
1.5 Å by the end of the simulation. The RMSD trajectory for GAA-
and phloretin-bound GLUT3exo registered remained stable
throughout the 100 ns in the range of (1.0–1.5 Å), as illustrated
in Fig. 7B.

Extending the MDS time by an additional 100 ns for GLUT3
in both its endo- and exofacial conformations with GAA and the
inhibitors resulted in no signicant differences in the RMSD
values of the GLUT3 backbone compared to the 100 ns time-
frame, with all uctuations remaining below 3 Å (Fig. S9†).

The ligand's stability in the binding sites of the proteins
under study was evaluated using ligand RMSD. RMSD analysis
RSC Adv., 2024, 14, 28569–28584 | 28575
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Fig. 5 Protein–ligand interactions profile prediction of GLUT3 complexes. Panels (A and B) show the 3D interactions of GAA (A) and cytochalasin
B (B), respectively in a complex with GLUT3endo, while panels (C and D) display the 3D interactions of GAA and phloretin, respectively in
a complex with GLUT3exo. The blue line represents the hydrogen bonds. The pink and red represent the nitrogen and oxygen atoms,
respectively.
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of GAA in GLUT1 in its two conformations exhibited stable and
low values compared to that of the standard inhibitors (Fig. 8;
Video S1–S4†). In contrast, within GLUT3, the RMSD of GAA
remained high at 6.0 Å during the initial 100 ns. Extending the
MDS for an additional 100 ns showed that the RMSD of GAA
stayed elevated at 7.0 Å in the GLUT3 pocket, while the RMSD of
the inhibitors did not. Despite this, both GAA remained in the
pocket throughout the entire MDS duration (Fig. S9 and Video
S5–S8†).

Root Mean Square Fluctuation (RMSF) is a critical factor to
consider when evaluating the stability and adaptability of
complex systems during simulation. Its primary purpose is to
determine the behavior of amino acid residues upon ligand
binding.51 The RMSF values were calculated and plotted for Ca

atoms of GLUT1 and GLUT3 in the apo-state as well as the GAA-
bound state compared to the standard inhibitors. Residues with
low or negligible RMSF values, indicating their restricted
movement during MD simulations, are considered more
stable.52 Fig. 6C displays GLUT1endo residues uctuation levels
over the 100 ns simulation time. The RMSF graph of apo-
GLUT1endo demonstrated uctuation values (3.0–3.5 Å) for
28576 | RSC Adv., 2024, 14, 28569–28584
residues located at positions (100–200 and 300–400), while GAA-
bound GLUT1endo shows a decrease in the uctuation of these
residues, suggesting the stabilization of GLUT1endo upon GAA
binding which is comparable to the endofacial inhibitor cyto-
chalasin B at several residues in the protein backbone. Fig. 6D
displays the uctuation levels of GLUT1exo residues over the
100 ns simulation time. The RMSF graph of apo-GLUT1exo
showed no signicant uctuation except in the residues
between 250–300 where the apo-GLUT1exo exhibited a slight
increase in the values, which are reduced upon binding of GAA
and phloretin. RMSF analysis of GLUT3 in its two conforma-
tions showed uctuations in several sites in the protein back-
bone. The binding of GAA to GLUT3exo reduced the
uctuations comparably to phloretin (Fig. 7C and D). The RMSF
analysis for both 100 ns and 200 ns MDS timeframes of GLUT3–
ligands complexes demonstrates that the ligands exhibit stable
interactions with GLUT3. The consistency in the RMSF values
across both timeframes suggests that the structural exibility
and stability of the complex are well-maintained over extended
simulation periods (Fig. S10†).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 RMSD and RMSF study plots of ligand–GLUT1 complexes. (A and B) Represent the RMSD plots for the GLUT1endo and GLUT1exo,
respectively. While (C and D) represent the RMSF plots, respectively for the GLUT1endo and GLUT1exo. Trajectories for the apo-GLUT1, and
complexes with GAA, cytochalasin (CCB), and phloretin (Phlo) are shown in light grey, blue, orange, and cyan colors, respectively.
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Further, the study analyzed the interactions of the GAA and
standard inhibitors with the transporters. In the GAA-GLUT1
complexes (Fig. 9A and B), hydrogen bonding was shown with
THR 30, HIS 160, GLN 161, and TYR 292 in the endofacial state,
while the residues ASN34, GLN37, TRP65, GLN283, and ASN288
were participants in hydrogen bonding interactions with GAA in
the exofacial conformation. Five residues (HIS160, GLN282,
GLN283, ASN288, and TRP388) in the GLUT1endo form strong
hydrogen bonds with cytochalasin B, while, ASN34, GLN172,
GLN283, and ASN288 were identied as residues in hydrogen
bonding interactions with phloretin (Fig. 9A–D). This result is
highly consistent with the protein–ligand analyses of docking
results (Table S1†) and ligand–protein contact map (Fig. S4†).
The residues HIS160, ASN34, GLN283, and ASN288 are involved
in hydrogen bonding with GAA as well as standard inhibitors.

Fig. 10 highlights the interactions of the ligands with GLUT3
in endofacial and exofacial conformations. GAA formed
hydrogen bonding with GLN281, ASN286, and ASN413 of
GLUT3 in its endofacial conformation, while ASN32 and
ASN413 were in the exofacial conformation of this transporter
(Fig. 10A and B). Cytochalasin B established hydrogen bonds
with SER64, SER71, ASN413, and GLY417, while phloretin was
involved in these interactions with TYR290 and ASN413
(Fig. 10C and D). The majority of residues predicted by docking
to form hydrogen bonds were reaffirmed in this analysis. It's
worth noting that, extending the MDS time to 200 ns for GLUT3
with three ligands in its endo- and exofacial conformation
© 2024 The Author(s). Published by the Royal Society of Chemistry
revealed that the residues participating in hydrogen bonding
were either identical or increased in number compared to the
100 ns simulation. This suggests enhanced stability and inter-
action over the longer simulation period (Fig. S11†). In addi-
tion, the number of interacted amino acids and the values of
RMSD, MolSA, rGyr, PSA, and SASA of GAA in GLUT1/3 in their
two conformations are consistent with the aforementioned
ndings (Fig. S4–S7†).
3.5 Ganoderic acid A induces pronounced dynamics in
GLUT's exofacial conformation

During the MD simulation, GLUT1 and GLUT3 show dimen-
sional movement that can be deduced to have principal
components and generate a series of eigenvalues and eigen-
vectors that describe the overall motion of these transporters,
which can be linked to the system's stability and protein func-
tion. Here, we harnessed principal component analysis (PCA) to
assess the conformational dynamics of GLUT1/3 upon binding
to GAA, contrasting them with standard inhibitors. PCA divides
the dimensions into their fundamental components.

Fig. 11 illustrates the rst three PCAs predominantly
accounted for the motion of the protein backbone based on the
MD trajectories. According to PCA analysis of GAA-GLUT1, the
rst three eigenvectors account for 16.23%, 9.24%, and 7.07%
of GLUT1endo, while for GLUT1exo, they account for 34.23%,
8.18%, and 6.77% (Fig. 11A and B). In contrast, PCA analysis
shows that the rst three eigenvectors account for 20.4%,
RSC Adv., 2024, 14, 28569–28584 | 28577
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Fig. 7 RMSD and RMSF study plots of ligand–GLUT3 complexes. (A and B) Represent the RMSD plots for the GLUT3endo and GLUT3exo,
respectively. While (C and D) represent the RMSF plots, respectively for the GLUT3endo and GLUT3exo. Trajectories for the apo-GLUT3, and
complexes with GAA, cytochalasin (CCB), and phloretin are shown in dark grey, blue, orange, and cyan colors, respectively.

Fig. 8 RMSD plots of GLUT1/3–ligand complexes. (A and B) Represent ligand RMSD plots for the GLUT3endo and GLUT3exo, respectively.
Trajectories for the GLUT1/3-bound GAA in endofacial and exofacial conformation are shown in blue and dark blue, respectively, while cyto-
chalasin (CCB), and phloretin are shown in orange, and cyan colors, respectively.
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16.23%, and 11.6% of GAA with GLUT3endo, whereas for
GLUT3exo, they account for 17.52%, 11.86%, and 6.6% (Fig. 11C
and D). PCA analysis of GLUT3–ligand complex has been per-
formed for 200 ns MD simulation result. As shown in Fig. S14,†
there are no signicant differences between PC1, PC2, and PC3
that resulted from the interaction of GLUT3 and GAA, CCB, or
phloretin over 100 ns and 200 ns simulation time. The GAA-
GLUT1exo complex exhibited the highest PC1 value (34.23%),
signifying a more signicant degree of conformational change
than other GLUT1/3 conformations. Within this study, phlor-
etin induced the highest PC1 (22.98%) in GLUT1, whereas
28578 | RSC Adv., 2024, 14, 28569–28584
cytochalasin B led to the highest PC1 in GLUT3 (33.03%)
(Fig. S8†). The nding indicates that GAA may exhibit compa-
rable behavior to standard inhibitors with GLUT1, but not with
GLUT3.
3.6 Ganoderic acid A reduces the viability of human lung
cancer cells

To evaluate the effect of GAA on cell lines' viability, CCK-8
analysis was performed. A549 and H1299 were treated with
GAA at concentrations of 0.5, 2.5, 5, 10, and 20 mM for 24 h. As
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The histogram of GLUT1–ligand interactions. (A–D) Plots represent GAA-GLUT1endo, GAA-GLUT1exo, CCB-GLUT1endo, and Phlo-
GLUT1exo, respectively. The histogram of protein–ligand interaction displays hydrogen bonding in green color, ionic in red, water bridges in
blue, and hydrophobic bonds in violet.

Fig. 10 The histogram of GLUT3–ligand interactions. (A–D) Plots represent GAA-GLUT3endo, GAA-GLUT3exo, CCB-GLUT3endo, and Phlo-
GLUT3exo, respectively. The histogram of protein–ligand interaction displays hydrogen bonding in green color, water bridges in blue, and
hydrophobic bonds in violet.
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shown in (Fig. 12A and B), GAA revealed a noticeable decline in
cell viability in A549 and H1299 in a dose-dependent manner
aer 24 h treatment. Additionally, we found that (5 mM) of GAA
showed >70% viability of A549 with a non-signicant effect on
H1299 cells, therefore this concentration was used in the
following experiments.
3.7 Ganoderic acid A inhibits glucose consumption in
human lung cancer cells

To assess whether GAA has an impact on glucose uptake in lung
cancer cells, we measured the glucose consumption aer 24
© 2024 The Author(s). Published by the Royal Society of Chemistry
hours. Fig. 12C and D show that GAA had a signicant effect on
glucose consumption by A549 and H1299 cells comparable to
cytochalasin B and phloretin. Moreover, this dose did not
signicantly alter the gene expression of either transporter, with
the only notable elevation being in GLUT3 expression in H1299
cells (Fig. S15†).
3.8 CETSA validates the stability of GLUT1/3 proteins by GAA
in human lung cancer cells

To validate the in silico result, we assessed the thermal stability
of GAA-GLUT1/3 complexes in A549 and H1299 cells treated
RSC Adv., 2024, 14, 28569–28584 | 28579
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Fig. 11 PCA of top three principal component analysis of 100 ns, along with eigenvalue rank plots. (A–D) Plots represent GAA-GLUT1endo, GAA-
GLUT1exo, GAA-GLUT3endo, and GAA-GLUT3exo, respectively. The plot had multiple data points, where each one denoting the conformation
of the protein. A color gradient indicates the initial to final stages of the simulation (blue to red for GLUT1 and red to black for GLUT3).
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with 5 mM GAA. As shown in Fig. 12E and F, GAA thermally
stabilized GLUT1 and GLUT3 compared to the control in both
A549 and H1299 cells. Notably, we observed that H1299 cells
express GLUT1 and GLUT3 with a molecular weight of 70 kDa,
which has been previously reported as due to glycosylation.53
4. Discussion

Recently, aerobic glycolysis has emerged as a major target in
anticancer drug development.54 Ganoderic acids, known for
their cancer-inhibiting properties, have been found to reduce
glucose uptake and regulate energy metabolism in cancer.
However, the structural basis for their inhibitory role on critical
proteins involved in cancer metabolism remains elusive. Here,
we aimed to uncover the inhibitory potential of ganoderic acid A
(GAA) on critical transporters in human lung cancer, glucose
transporters 1 and 3 (GLUT1 and GLUT3). To evaluate the
impact of GAA on these transporters and its function in glucose
28580 | RSC Adv., 2024, 14, 28569–28584
metabolism, a combination of in silico and in vitro investiga-
tions was employed. Recent advances in protein structure
prediction, driven by deep-learning methods like Alphafold2,
offer a solution to the lack of available experimental protein
structures. Lyu et al. recently55 used Alphafold2 structures to test
hundreds of new molecules, comparing the results to docking
against experimental structures. Their study found that the hit
rates and affinities were similarly high for both the experi-
mental and Alphafold2 structures. Since there is no crystal
structure deposited in the protein database bank for GLUT3 and
GLUT1 in an endofacial and exofacial conformation, respec-
tively so far, Alphafold2 was harnessed. Based on the validation
results of the GLUT3endo and GLUT1exo structures by Alpha-
fold2 and SAVES v6.0, the models have extremely high con-
dence making them suitable for further analysis.

Despite having identical substrate coordination and a fully
conserved substrate-binding site, GLUT1 and GLUT3 exhibit
signicantly different transport affinities (∼10–20 mM and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Cytotoxicity, glucose consumption, and cellular thermal shift assays. Panels (A and B) display the cytotoxicity effect of GAA on A549 and
H1299 cells, respectively. Panels (C and D) show the impact of GAA on glucose consumption by A549 and H1299, respectively. Panels (E and F)
demonstrate the thermal stability of GLUT1/3 by GAA in A549 and H1299 cells, respectively. Statistical significance is denoted as follows: *P <
0.05; **P < 0.01; ***P < 0.001.
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∼3 mM, respectively) that correspond to their respective phys-
iological roles. This suggests that certain sites beyond the
glucose-binding site in GLUT3 may provide a clue to its high
affinity to glucose, as reported recently.56 These sites may also
be utilized as drug-binding sites to inhibit GLUT3. In light of
a comparative study on the selectivity of substrate and inhibitor
among human glucose transporters that used GLUT1 (PDB:
5EQG) as a model, several critical residues in GLUT proteins
were identied.57 Accordingly, our study found that GAA inter-
acts with GLN161, ASN288, and TRP388 in GLUT1endo, and
with GLN281 and ASN286 in GLUT3endo. These residues are
conserved in the glucose binding sites of GLUT1 and GLUT3,
respectively.57 Cytochalasin B a fungal metabolite widely known
for its actin polymerization inhibition, was initially recognized
as a positive control for glucose uptake inhibition (GLUT
endofacial inhibitor). However, further development of cyto-
chalasin B was abandoned due to its predominant inhibitory
activity on actin polymerization.58 Our study found that GAA
interacts with HIS160, GLN282, and TRP388 in GLUT1, which
are the residues inhibited by cytochalasin B. In contrast, GAA
did not interact with any of the GLUT3 residues that are affected
by cytochalasin B inhibition, suggesting that GAA may target
different residues to inhibit the endofacial conformation of
GLUT3. Moreover, we studied the interaction of GAA with the
exofacial conformation of GLUT1 and GLUT3 based on (PDB ID
4ZW9). GAA interacted with several residues in GLUT1exo and
GLUT3exo, however, GLN283, ASN288, and ASN317 in GLUT1
© 2024 The Author(s). Published by the Royal Society of Chemistry
and GLN281 in GLUT3 are conserved and members of the
glucose binding site in 4ZW9 according to.59 In comparison
with phloretin the exofacial inhibitor of GLUT1/3, GAA interacts
with several residues in GLUT1exo including GLN283, which is
also targeted by phloretin. While in GLUT3exo, three residues
(TYR290, TYR291, and ASN413) were found in binding with GAA
and also targeted by phloretin.

Molecular dynamics simulation plays a vital role in both
studying the dynamic movements of atoms and analyzing the
effects of ligand binding on protein stability, making it a valu-
able tool in drug discovery.60 The RMSD, RMSF, and protein–
ligand interaction analyses indicated that GAA can bind and
stabilize the trajectories of GLUT1 and GLUT3 in their endofa-
cial and exofacial conformations. However, GAA had a more
potent effect on stabilizing the trajectories of GLUT1 in its
endofacial conformation compared to the exofacial conforma-
tion. Moreover, the principal component analysis showed that
the structures of GLUT1/3 underwent a degree of conforma-
tional changes upon binding to GAA. These changes were more
pronounced in the exofacial conformation than in the endofa-
cial conformation of GLUT1. These ndings suggest that GAA
may have an inhibitory effect on GLUT1 and 3 which may
obstruct the glucose transport either by directly hindering
glucose access to its active site or by stabilizing the inward-
facing conformation and thus preventing glucose from
entering its active site.
RSC Adv., 2024, 14, 28569–28584 | 28581
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The expression of glucose transporters in particular GLUT3
is associated with increased proliferation and serves as an
independent prognostic factor for overall survival in non-small
cell lung cancer NSCLC.61 Thus, A549 and H1299 cell lines were
used to investigate whether GAA impacts glucosemetabolism by
targeting GLUT1 and GLUT3. Earlier, Feng et al.62 found that
triterpenes from Ganoderma lucidum have anti-cancer activity by
inhibiting cell proliferation and tumor growth in A549 cells and
Lewis tumor-bearing mice. In the same context, we found that
GAA could inhibit the viability of A549 and H1299 cells in
a dose-dependent manner, conrming their cytotoxicity to
these cells. A study by Liu et al.,26 uncovered the capacity of
ganoderic acid D to inhibit glucose uptake and regulate energy
metabolism in colon cancer. Here, we found that GAA could
also inhibit glucose uptake in A549 and H1299 cells, compa-
rable to the effect of the endofacial and exofacial inhibitors in
both cell lines, without affecting the gene expression of GLUT1/
3. This nding suggests the potential of GAA to inhibit glucose
uptake by binding to and stabilizing GLUT1/3, as predicted by
computational analysis. Cellular thermal shi assay was
devised to assess the binding of drug molecules with protein
targets in cellular and tissue samples, leveraging the principle
of ligand-induced thermodynamic stabilization of protein
targets.63 It demonstrates superior performance across various
sample types. This makes it benecial for compounds reliant on
cellular metabolism.64 GAA thermally stabilized both trans-
porters in the intact lung cancer cells, validating the in silico
result and suggesting the capacity of GAA to inhibit GLUT1 and
GLUT3. Despite GAA being considered a dietary supplement
and hepatoprotective agent,65 its role in inhibiting GLUT1/3
may impact essential functions in normal cells such as
neurons66 and the placenta,67 given their critical roles in glucose
transport. Therefore, it is worth investigating whether GAA
would signicantly impact the function of GLUT1 and GLUT3 in
neurons and the placenta as a step to study the selectivity of
GAA on GLUT1/3 in lung cancer cells using advanced delivery
systems. While broad-spectrum GLUT inhibitors could be more
effective in reducing cancer cell survival, they might also be
more harmful to normal cells. Conversely, inhibitors that are
specic to one or two predominant GLUT isoforms in certain
types of cancer, when used in conjunction with other anti-
cancer therapies, could offer novel therapeutic approaches
that can be tailored to the metabolic reprogramming of each
cancer type and stage.68 In light of our study, it appears that GAA
may be a promising therapeutic agent and an advantageous
treatment option for reprogramming glucose metabolism in
lung cancer. This is due to the potential broad impact of GAA on
glucose metabolism in lung cancer.

5. Conclusions

In summary, aerobic glycolysis has become a signicant target
for anticancer drug development. It is well known that cancer
cells upregulate the expression of glycolysis enzymes and
glucose transporters, which correlate with the invasiveness and
metastatic potential of cancers. Elevated expression of both
GLUT1 and GLUT3 has been observed in various cancer types,
28582 | RSC Adv., 2024, 14, 28569–28584
including lung cancer. Besides its anticancer activity, ganoderic
acid A is considered a dietary supplement and hepatoprotective
agent. Therefore, our study aimed to uncover the inhibitory
potential of GAA on GLUT1 and GLUT3 in human lung cancer.
Using in silico and in vitro methods, we demonstrated that GAA
binds to and stabilizes these transporters, inhibiting glucose
uptake in A549 and H1299 cells comparably to GLUT1/3
inhibitors. These ndings highlight a new potentiality of GAA
as an anticancer agent through inhibiting GLUT1/3.
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A. Potapenko, A. Bridgland, C. Meyer, S. A. A. Kohl,
A. J. Ballard, A. Cowie, B. Romera-Paredes, S. Nikolov,
R. Jain, J. Adler, T. Back, S. Petersen, D. Reiman, E. Clancy,
M. Zielinski, M. Steinegger, M. Pacholska, T. Berghammer,
S. Bodenstein, D. Silver, O. Vinyals, A. W. Senior,
K. Kavukcuoglu, P. Kohli and D. Hassabis, Nature, 2021,
596, 583–589.

29 T. D. Goddard, C. C. Huang, E. C. Meng, E. F. Pettersen,
G. S. Couch, J. H. Morris and T. E. Ferrin, Protein Sci.,
2018, 27(1), 14–25.

30 C. Colovos and T. O. Yeates, Protein Sci., 1993, 2, 1511–1519.
© 2024 The Author(s). Published by the Royal Society of Chemistry
31 A. Stank, D. B. Kokh, J. C. Fuller and R. C. Wade, Acc. Chem.
Res., 2016, 49, 809–815.

32 D. Jakubec, P. Skoda, R. Krivak, M. Novotny and D. Hoksza,
Nucleic Acids Res., 2022, 50(W1), W593–W597.

33 T. Mohammad, Y. Mathur and M. I. Hassan, Briengs Bioinf.,
2021, 22(4), bbaa279.

34 O. Trott and A. J. Olson, J. Comput. Chem., 2010, 31, 455–461.
35 N. M. Mattson, A. K. N. Chan, K. Miyashita, E. Mukhaleva,

W. H. Chang, L. Yang, N. Ma, Y. Wang, S. P. Pokharel,
M. Li, Q. Liu, X. Xu, R. Chen, P. Singh, L. Zhang,
Z. Elsayed, B. Chen, D. Keen, P. Pirrotte, S. T. Rosen,
J. Chen, M. A. LaBarge, J. E. Shively, N. Vaidehi,
R. C. Rockne, M. Feng and C. W. Chen, Nat. Struct. Mol.
Biol., 2024, 31, 465–475.

36 M. Bugnon, U. F. Röhrig, M. Goullieux, M. A. S. Perez,
A. Daina, O. Michielin and V. Zoete, Nucleic Acids Res.,
2024, 52, W324–W332.

37 M. F. Adasme, K. L. Linnemann, S. N. Bolz, F. Kaiser,
S. Salentin, V. J. Haupt and M. Schroeder, Nucleic Acids
Res., 2021, 49, W530–W534.

38 K. J. Bowers, E. Chow, H. Xu, R. O. Dror, M. P. Eastwood,
B. A. Gregersen, J. L. Klepeis, I. Kolossváry, M. A. Moraes,
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