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Abstract
Early diagnosis of breast cancer can reduce prognosis and mortality rates, but alternative treatments are
needed. We studied the effect of N-acetyl-D-glucosamine (D-GlcNAc) on breast cancer using machine
learning and cell assays. MCF-7 and 4T1 cell lines (ATCC) were cultured in the presence and absence of
varying concentrations of D-GlcNAc (0.5 mM, 1 mM, 2 mM, and 4 mM) for 72 hours. A xenograft mouse
model for breast cancer was established by injecting 4T1 cells into mammary glands. D-GlcNAc (2 mM)
was administered intraperitoneally to mice daily for 28 days, and histopathological effects were
evaluated at pre-tumoral and post-tumoral stages. Treatment with 2 mM and 4 mM D-GlcNAc
significantly decreased cell proliferation rates in MCF-7 and 4T1 cell lines and increased Fas expression.
The number of apoptotic cells was significantly higher than in untreated cell cultures (P < 0.01 - P <
0.0001). D-GlcNAc administration also considerably reduced tumour size, mitosis, and angiogenesis in
the post-treatment group compared to the control breast cancer group (P < 0.01 - P < 0.0001). Molecular
docking/dynamic analysis revealed a high binding affinity of D-GlcNAc to the marker protein HER2, which
is involved in tumor progression and cell signalling. Our study demonstrates the positive effect of D-
GlcNAc administration on breast cancer cells, leading to increased apoptosis and Fas expression in the
malignant phenotype. The binding affinity of D-GlcNAc to HER2 suggests a potential mechanism of
action. These findings contribute to understanding D-GlcNAc as a potential anti-tumor agent for breast
cancer treatment.

1. Introduction
Breast cancer is among the most common cancers with a high mortality rate in women [1]. Current
treatments include surgery followed by chemotherapy or radiotherapy, or in some cases, hormone or
targeted therapies [2]. However, the mortality rate is still high due to delayed diagnosis [3]. Therefore,
developing pre-and post-cancer treatment options is crucial to reduce breast cancer's prognosis and
mortality rates.

N-acetyl-d-glucosamine (D-GlcNAc) is an amino sugar, replacing a hydroxyl group with an amine group
[4]. D-GlcNAc and its derivatives have many biological activities, including antimicrobial, anti-tumor, and
immunity-enhancer properties [4–6]. Glycosylation-cancer interaction attracts the attention of
researchers. In a previous study, GlcNAc has shown a modulator effect on Tumor necrosis factor (TNF)-
related apoptosis-inducing ligand (TRAIL) on non-small cell lung [4]. Correspondingly, the findings on the
increased size of tumor cell glycopeptides have been partly associated with the increase in β1–6
branching of N-glycans, resulting from enhanced expression of N-acetylglucosaminyltransferase V (GnT-
V, MGAT5). Increased transcription of the MGAT5 gene induced by various oncogenic transcription
factors such as viral- and chemical-induced carcinogenesis has been acknowledged [7]. Altered protein
glycosylation has correlated well with tumorigenesis, but its role remains unclear [8].

Our previous studies showed the possible binding effect of D-GlcNAc on the proteins in the pathogenicity
of SARS-CoV-2, considering the binding region peculiar to asparagine rich regions [9, 10]. From that point,
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we have assumed the function and inhibitory role of D-GlcNAc on striking cell reduction in the growth and
metastasis of mammary tumours induced by a viral oncogene. The viral agents involving bovine
leukemia virus [11, 12], human mammary tumor virus [13], human papillomavirus [14], Epstein–Barr virus
(EBV) [15–17], and human cytomegalovirus (HCMV) [18–21] have been associated with breast cancer.
Still, their role in breast cancer remains not well understood [22, 23].

The importance of HER2 activity inhibition methods in cancer studies also attracts the attention of
researchers. HER2, a ligand-free tyrosine kinase receptor of the HER family, is frequently overexpressed in
breast cancer due to its protooncogene property. As known, HER2 suppresses apoptosis to enhance cell
survival causing uncontrolled proliferation and tumor growth [24]. Therefore, suppressing with a
compound which shows affinity on the surface and inactivation of HER2 could inhibit uncontrolled
proliferation and leads to apoptosis.

In our present study, we aimed to investigate the apoptotic effect, induction of Fas expression and a
decrease in the proliferation with D-GlcNAc at various concentrations determined by the machine learning
method on the MCF-7 and 4T1 breast cancer cell lines considering the suppressive effect on the breast
cancer murine model. Furthermore, the binding affinity of D-GlcNAc on HER2 was investigated by a
computational biology approach involving molecular docking and dynamics analysis to confirm our
assumed D-GlcNAc's mode of action.

2. Materials and Methods

2.1. Preliminary assessment of D-GlcNAc potency against
breast cancer cell line
To assess the D-GlcNAc potency, several machine learning models were developed to predict the EC50

(the dose effective at producing 50% maximal response) of D-GlcNAc against the MCF-7 cell lines. The
bioactivity data for all compounds with known EC50 values against MCF-7 cell line derived from
functional cell-based assays reported in the scientific literature was curated from the ChEMBL database
[25]. The dataset was limited to compounds with molecular weight between 200–700 g/mol and ALogP
(Log of partition coefficient, a measurement of compounds' lipophilicity). Molecule ChEMBL IDs between
1 and 6, the dataset was conducted as non-redundant and the EC50 values were converted into pEC50 via -
Log (EC50) transformation. The non-redundant curated dataset is provided in Supplementary Materials
S1.

To utilize the curated dataset in building a machine learning model, the different sets of
features/descriptors were calculated from each compound from their respective canonical SMILES
(Simplified Molecular-Input Line-Entry System, a notation to represent chemical structures as 1D-arrays).
The set of features utilized in this study involves M2V (Mol2vec), PCH (PubChem fingerprints), MOR
(Morgan fingerprints), and RDP (RDKit properties). M2V descriptors were calculated via the mol2vec
library (v0.1), PCH and descriptors were calculated via the DeepPurpose library (v0.1.5), and RDP and
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MOR descriptors were calculated via the rdkit-pypi library (v2022.3.4) [26–28]. To identify which machine
learning algorithm would perform the best with each set of descriptors, five machine learning algorithms
available within the Scikit-learn (v0.2.9) library, namely, LGBR (Light Gradient Boosting Regressor), EGBR
(Extreme Gradient Boosting Regressor), SVR (epsilon-Support Vector Regressor), RFR (Random Forest
Regressor), and KNR (K Neighbors Regressor) algorithms screened were used with each set of descriptors
[29]. The SelectKBest module with f_regression scoring function within the Scikit-learn library was utilized
as a feature selection criterion to select the top ranking 20%, 40%, 60%, and 80% of the descriptors that
correlated with the dependent variable (i.e., the pEC50 values). In total, 4 sets of descriptors with 4
different fractions were used with five machine-learning algorithms to generate machine-learning models.

Each model was evaluated via 5-fold cross-validation (i.e., in each instance, 80% of the dataset was used
to train the model, and the remaining 20% was used to evaluate the model's performance). The
performance of each model was also evaluated based on the average of their R2 (Coefficient of
determination), RMSE (Root Mean Squared Error), MSE (Mean Squared Error), and MAE (Mean Absolute
Error) following the 5-fold cross-validation. The model with the best performance metrics on the testing
dataset was selected to predict the EC50 of D-GlcNAc. All computational steps were performed in Python
3.8 environment.

2.2. Cell lines
The MCF-7 breast cancer cells (HTB-22) and 4T1 mammary carcinoma cells (CRL-2539) were obtained
from ATCC Company (Manassas, VA, US). MCF-7 and 4T1 cell lines were separately cultured in
Dulbecco's Modified Eagle Medium (DMEM) (Gibco, MA, US) supplemented with 5% Fetal Bovine Serum
(FBS) (Sigma-Aldrich, MO, US) and 1% penicillin/streptomycin (Thermo Fisher Scientific, MA, US) in a 95%
humidified and 5% CO2 chamber until reaching 90% confluence. Cells were treated with 0.25% trypsin
EDTA solution before using for cultures.

2.3. Culture conditions
The culture conditions were performed as Liang et al.4 described with some modifications. In brief, MCF-
7 or 4T1 cells were seeded in 48-well culture plates at an optimal density (104 cells/well) in DMEM
supplemented with 5% FBS and 1% penicillin/streptomycin with or without D-GlcNAc (0.5 mM, 1 mM, 2
mM, and 4 mM) in a 5% CO2 incubator at 37°C for 72 hours. Cultures were repeated six times for each
well.

2.4. Annexin V/7-AAD staining
The cultured cells were stained with phycoerythrin labelled Annexin V/7-AAD (7-aminoactinomycine-D)
according to the manufacturer's instructions (Annexin V/7-AAD kit, BD Biosciences, US). The cell pellet
was washed and resuspended in 100 µL binding buffer at a concentration of 105-106 cells/mL; 5 µL of
Annexin V together with 5 µL 7-AAD was added to 100 µL cell suspension. MCF-7 cells were incubated for
15 minutes in the dark [30]. The samples were analyzed by flow cytometry (BD Accuri C6 Plus, US), and
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data were recorded as the percentage of the cells in four quadrants as follows; Top-right: Late apoptosis,
Top-left: Necrosis, Bottom-right: early apoptosis, Bottom-left: Living cells.

2.5. Fas analysis
The cultured MCF-7 or 4T1 cells were stained with anti-human-CD95 (Fas) FITC or anti-mouse-CD95 FITC,
according to the manufacturer's instructions (BD Biosciences, US). The cell pellet was washed and
resuspended in 100 µL binding buffer at a concentration of 105-106 cells/mL; 5 µL of anti-CD95 was
added to 100 µL cell suspension. The cells were incubated for 15 minutes in the dark. The samples were
analyzed by flow cytometry (BD Accuri C6 Plus, US), and data were recorded as the mean fluorescence
intensity (MFI).

2.6. Proliferation analysis
MCF-7 or 4T1 cells (106 cells/mL) were labelled with 1 µM Carboxyfluorescein succinimidyl ester (CFSE)
(Thermofisher, US) prior to culture as described by Matera et al. [31]. The cultured cells were analyzed via
flow cytometry in the n FL-1 channel to determine the proliferation rate. The data was recorded as the
mean fluorescence intensity (MFI).

2.7. Breast cancer animal model and treatment
The xenograft mouse model for breast cancer was performed as previously described by Pulaski and
Ostrand-Rosenberg [32]. The ethical approval was obtained from the Muğla Sıtkı Koçman University
Experimental Animal Center. All experiments were conducted following the United Kingdom Animals
(Scientific Procedures) Act (1986) and the Muğla Sıtkı Koçman University ethical guidelines. The sample
size was determined with G-power analysis. The total sample size was calculated as twenty-four animals
when the effect size was 0.75, type I error was 0.05, and power was 0.80 for four groups. 4T1 mammary
carcinoma cells (1x106) were suspended in 50 µL of Phosphate Buffer Solution (PBS) and injected into
the mammary gland of 6-8-week-old female BALB/c mice. After injection, mice were monitored for tumor
onset daily by palpating the injection area with the index finger and thumb for the presence of a tumor.
Tumor diameter reached 14–16 mm at 14–18 days after injection of 4T1 cells. Mice were treated with a
daily injection of D-GlcNAc (2 mM) on the 1st day or 18th day after inoculation of 4T1 cells to evaluate
the pre-tumoral or post-tumoral effect of D-GlcNAc, for 28 days. Groups were determined as follows: 1)
Group 1: Control Group (n = 6), 2) Group 2: Breast Cancer Group (n = 6), 3) Group 3: D-GlcNAc pre-
treatment group (n = 6), 4) Group 4: D-GlcNAc post-treatment group (n = 6). Animals were sacrificed on the
56th day of the experimental protocol.

2.8. Histopathological analysis
The left breast tissues were excised, fixed with 10% formalin, and paraffin-embedded. For
histopathological examination, 4-µm sections of formalin-fixed paraffin-embedded breast tissues were
cut, placed on glass slides, deparaffinized with xylene, and rehydrated in 30–100% ethanol. Sections were
stained with haematoxylin and eosin for histopathological examination [33].
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2.9. Molecular docking and dynamics analysis
The 3D structure for the human epidermal growth factor receptor 2 (HER2, PDB ID: 3WSQ) was retrieved
from the RCSB database, and the 3D structure of D-GlcNAc (CID: 439174) was downloaded from
PubChem. The protein structure files were stripped from all heteroatoms, Gasteiger charges were applied,
and polar hydrogens were added via AutoDock (v1.5.7) [34]. Blind molecular docking was performed for
HER2 against D-GlcNAc via AutoDock Vina (v1.2.1) to identify potential affinity between the receptor- D-
GlcNAc pairs [35]. Further details on the configurations used for the molecular docking analysis are given
in Supplementary Materials S2. The results were also confirmed by the SwissDock server [36].

Molecular Dynamics analysis was performed between the top pose of the receptor- D-GlcNAc pairs using
Nanoscale Molecular Dynamics (NAMD, v2.14) [37]. The CHARMM36m forcefield was used to
parametrize the receptors and D-GlcNAc, and the simulation system was optimized to simulate the cell
microenvironment [38, 39]. The receptors with top docked pose to D-GlcNAc were submerged in a
rectangular box with TIP3P water, neutralized KCl and the final concentration of KCl and NaCl was
maintained at 0.15 M; the simulation was performed for 1 ns under the NVT ensemble with the backbone
atoms restrained, followed by 50 ns simulation under NPT ensemble with no restrains in the system. All
molecular dynamic simulations were carried out on 310.15 K and performed in duplicates. The molecular
dynamics' trajectory was analyzed via MDAnalysis (v2.0.0) [40]. The configuration file to replicate the
molecular dynamics simulations are provided in Supplementary Materials S3.

2.10. Statistical analysis
Differences between the groups were analyzed using the GraphPad Prism 9.0 version (GraphPad
Software, Inc., CA, US). Data were given as mean (Mean) ± standard deviation (SD) (minimum-maximum)
values in each group. In detail, the secreted cytokine levels were in pg/mL and given as mean ± SD. Flow
cytometry analysis for cytokine-secreting cells and B lymphocyte subsets were presented as percentages
(%) of cell populations. Graphical presentation and statistical analysis were calculated using GraphPad
Prism 8 software (Graphpad Software Inc., US). Comparison of the data with more than two groups was
done by one-way ANOVA test. The Mann-Whitney U test analyzed histopathological data. An unpaired
Student's t-test was used to compare cytokine levels between groups. P < 0.05 values were considered
statistically significant, and P < 0.01-P < 0.0001 values were also considered highly significant.

3. Results
3.1. Preliminary assessment of D-GlcNAc potency against breast cancer cell line

In total, 708 compounds with known EC50 against the MCF-7 cell line were curated (Supplementary

Materials S1), and the evaluation metrics for the top 5 machine learning models (based on the average R2

from cross-validated test set) developed in this study are provided in Table 1, the benchmarks for all
models are provided in Supplementary Material S4. The SVR/NuSVR algorithm produced the best results
with MOR descriptors (without any feature selection). The best-performing model was based on the SVR
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algorithm. The top performing SVR model with MOR descriptors (represented as 1024-Bit vectors) 0.899
and 0.763 R2 after 10-fold cross-validation on the train and test sets were obtained, respectively. The
latter model's MSE, RMSE, and MAE on the train and test sets after 10-fold cross-validation were 0.341,
0.583, 0.335 and 0.752, 0.855, 0.610, respectively. Further details and codes to reproduce the model and
its evaluation metrics are provided in Supplementary Materials S5.

The canonical SMILES for D-GlcNAc is "CC(=O)NC1C(C(C(OC1O)CO)O)O" (PubChem CID: 439174), the
predicted pEC50 for D-GlcNAc via the top performing machine learning model developed in this study was
5.760, which translated into 3.151 mM. This prediction further set the basis for the hypothesis to
investigate D-GlcNAc activity against MCF7 cell lines in vitro and subsequently in vivo. 

 Table 1. Evaluation metrics for the top performing ten machine learning models.

Machine

learning algorithm

Descriptor set R2 MSE RMSE MAE  

SVR MOR (1024) 0.775 0.726 0.845 0.599  

NuSVR MOR (1024) 0.771 0.740 0.853 0.615  

SVR MOR (512) 0.769 0.749 0.858 0.609  

NuSVR MOR (512) 0.764 0.765 0.868 0.626  

HGBM MOR (1024) 0.758 0.745 0.845 0.581  

*R2, MSE, RMSE, and MAE provided are the mean of the predictions on the test sets following 5-fold
cross-validation

3.2. D-GlcNAc decreased the proliferation rate and increased Fas expression of MCF-7 and 4T1 cells

The proliferation rate significantly decreased with 2 mM and 4 mM D-GlcNAc administration in MCF-7
and 4T1 cell lines compared with untreated cell cultures (P <0.01-P <0.0001) (Figure 1). Fas expression
significantly increased with 1 mM, 2 mM, and 4 mM D-GlcNAc in MCF-7 and 4T1 cell lines compared with
untreated cell cultures (P <0.01-P <0.0001) (Figure 2). Cancerogenic cell survival significantly decreased
with 0.5 mM, 1 mM, 2 mM, and 4 mM D-GlcNAc in 4T1, and 1 mM, 2 mM, and 4 mM D-GlcNAc in MCF-7
cells compared with untreated cell cultures (P <0.01-P <0.0001). The early apoptotic cells were
significantly increased with 0.5 mM, 1 mM, 2 mM, and 4 mM D-GlcNAc in 4T1, and 1 mM, 2 mM, and 4
mM D-GlcNAc in MCF-7 cells compared with untreated cell cultures (P <0.01-P <0.0001). The late
apoptotic cells did not significantly change in MCF-7 cells cultured with D-GlcNAc (P <0.01-P <0.0001) but
significantly decreased with 1 mM, 2 mM, and 4 mM D-GlcNAc in 4T1 cells compared to untreated cell
cultures (P <0.01-P <0.0001). The total apoptotic cells significantly increased with 0.5 mM, 1 mM, 2 mM,
and 4 mM D-GlcNAc in 4T1 cells and 1 mM, 2 mM, and 4 mM D-GlcNAc in MCF-7 cells compared with
untreated cell cultures (P <0.01-P <0.0001) (Figure 3, Figure 4).



Page 9/27

3.3. D-GlcNAc reduced tumor size and angiogenesis in the breast cancer murine model

Histopathological analysis showed a significant reduction in the tumor size, mitosis, and angiogenesis in
the D-GlcNAc post-treatment group compared with the breast cancer group (P <0.01-P <0.0001). Also,
mitosis has decreased compared to the control group, but the cause of standard deviation was not
significantly different. Inflammation was also increased in the D-GlcNAc pre-treatment group compared
with the breast cancer group (P <0.01). Necrosis and Pleomorphism tended to decrease in the D-GlcNAc
post-treatment group compared with the breast cancer group, but no significant difference was observed
among the groups (Figure 5).

3.4. Molecular docking and dynamic analysis

Molecular docking of D-GlcNAc to HER2 resulted in affinity scores of -6.2 and -6.4 as repetitive
experiments, respectively. A close inspection of the interaction interface also reveals critical interactions,
including hydrogen bond pairs that could be responsible for this high affinity (details of the interactions
and distances, residues and atoms involved are included in Supplementary Materials S6). The HER2 Cα
RMSD in the simulation system remained stable with RMSD < 3 Å throughout the simulation period.
HER2 Cα RMSD gradually increased as the simulation regressed (Figure 6A). This gradual increase in the
RMSD showed the presence of many loop motifs in the HER2 structure (this phenomenon is visible in
Supplementary Materials S7). D-GlcNAc, on the other hand, completely deviated from its docked pose
with HER2 (RMSD > 20 Å) and failed to validate the docked pose. However, D-GlcNAc simulated with
HER2 showed relatively stable RMSD as the simulation progressed (Figure 6B). The affinity of D-GlcNAc
with HER2 can further be correlated to the hydrogen bonds it formed. Likewise, the lack of affinity of D-
GlcNAc with HER2 could be validated by the reduction of hydrogen bond pairs as the simulation
regressed (Figure 6C). The results in Figure 7 show D-GlcNAc as a potential inhibitor of HER2, whereas it
provides computational results to validate the role of D-GlcNAc as a potential antagonist for the HER2
that further could be the underlying basis for the former anti-tumoral activity. 

4. Discussion
N-acetylglucosamine is an essential amino sugar moiety for protein glycosylation [41]. Glycosylation, a
posttranslational protein modification, plays a crucial biological role in many physiological and
pathological events [42]. In studies, N-glycan changes have been detected during breast cancer
progression [43]. In particular, numerous studies have focused on the dysregulated glycosylation involved
in the development and progression of breast cancer [44, 45]. Previous studies concluded that control of
glycosylation could be a practical treatment approach for cancer progression [46]. Therefore, regulation
of glycosylation is an essential process for breast cancer and many types of cancer [46, 47].

Glucosamine plays an essential role in cancer treatment. Daily glucosamine injection has reduced cell
mass and large haemorrhagic areas in Sarcoma 37 tumors in mice [48]. Although glucosamine treatment
did not result in complete tumor regression, approximately double the survival time of treated mice has
been reported [49]. Additionally, in a study investigating the protective effect of glucosamine, a linkage
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was observed between the use of glucosamine and a lower risk of lung and colorectal cancer [50]). It is
known that O-linked N-acetylglucosaminylation (O-GlcNAcylation) is a reversible posttranslational
modification of serine/threonine residues and that the O-linked N-acetyl-glucosamine transferase enzyme
mediates O-GlcNAsylation of various proteins involved in cervical cancer tumorigenesis [51]. Alteration of
protein glycosylation has been correlated with tumorigenesis, but the effect of regulation of glycosylation
on tumor development remains unclear [8].

Our study focused on the immune system modulator effect of D-GlcNAc as a candidate supplement
compound against breast cancer. An administrative dose was determined using the machine learning
method (Table 1), which was later applied in vitro to MCF-7 and 4T1 cell lines, as the most common
breast cancer cell lines with in vivo to xenograft murine model. In vitro, results demonstrated that D-
GlcNAc inhibits cell proliferation by promoting apoptosis in MCF-7 and 4T1 cell lines in a concentration-
dependent manner and following our findings, in another study, overexpressed MGAT3 in breast cancer
MDA-MB-231 cells which leads to bisecting of N-GlcNAc, which causes suppression on the EGFR/Erk
signalling and reduced migratory ability, cell proliferation, and clonal formation [45].

Our in vitro results showed promoted apoptosis and Fas expression in MCF-7 and 4T1 cell lines
depending on the increasing concentrations of D-GlcNAc, and accordingly suppressed proliferation in
cancer cells. Furthermore, the data have been consistent with the hypothesis of our studies using the
machine learning method, which has indicated 2 mM D-GlcNAc as the cut-off level for apoptosis, Fas
expression, and proliferation rate were confirmed with in vitro results. Therefore, we have used 2 mM D-
GlcNAc to treat the xenograft murine model.

In a previous study, abnormal glycosylation correlated with N-glycan alterations in breast cancer cells
compared to normal cells [52]. In addition, GlcNAc and glucosamine (GlcN) have been used as contrast
agents to detect breast tumors, by targeting tumor cells using magnetic resonance imaging [53].
Afterwards, a study closely related to our findings indicated that GlcNAc sensitizes non-small cell lung
cancer cells (NSCLC) via TRAIL-induced apoptosis, which can be a novel effective agent for TRAIL-
mediated NSCLC-targeted therapy [4]. Since the tumor growth and metastatic spread of 4T1 cells in
BALB/c mice closely mimic human breast cancer, we have preferred applying the 4T1 mouse model. The
D-GlcNAc was administered on the 1st day or 18th day after inoculation of 4T1 cells to evaluate the pre-
tumoral and post-tumoral effect of D-GlcNAc. The in vivo results demonstrated that D-GlcNAc could
reduce tumor size, mitosis, and angiogenesis in the post-treatment group, which could indicate the
tumour-targeted effect of D-GlcNAc.

Sialylations mediate signaling, immunological responses, and cell-cell interactions in normal cells.
However, abnormalities in sialylations can occur due to mutated genes, altered gene expressions, or
defective enzymes involved in metabolism, including sialyltransferases and sialidases. They affect sialic
acid metabolism and normal sialylation of glycoproteins and glycolipids associated with diseases. Sialic
acid is a biomarker of several diseases, including cancer [54]. Sialylation generally increases in tumor
cells and is incorporated with N-glycans and O-glycans. N-glycan sialylation could serve as a regulatory
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mechanism for various receptor tyrosine kinases, as shown by following the activation of MET and RON
receptors by α2-3Sia.

Contrary to the effect of galectins, death receptor ligands, and chemotherapeutic drugs inducing
apoptosis, increase α2-6Sia on N-glycans because ST6GAL1 up-regulation in cancer cells enhances
integrin-mediated cell motility and protects cells against apoptosis [7]. Here, we have assumed a
reversible effect of exogenously administered D-GlcNAc that removes cells' protection against apoptosis
by binding on HER2 protein (Fig. 6, Fig. 7). Furthermore, in a previous study, HER2 showed an inhibitory
role in the cGAS–STING-Mediated immune response, which causes DNA damage [55]. Our presented data
with molecular docking and dynamics analysis have proved that the binding of D-GlcNAc to HER2 could
be associated with preventing DNA damage (Fig. 6, Fig. 7). In vitro assays and murine model studies
have supported our hypothesis according to the induced apoptosis in D-GlcNAc-administered cancer cell
lines (Fig. 4, Fig. 5).

The predicted interferences related to the induction of tumor progression involving β1–4 branched tetra-
antennary N-glycan formation by MGAT4 expression enhances lattice formation via galectin binding to
poly-N-acetyllactosamines [7]. The exogenously D-GlcNAc administration could result in the displacement
of Galactin, and D-GlcNAc's binding on HER2 could revert tumor progression into the recession phase due
to apoptosis and cell death.

The cancer cells spread throughout the body and show high metastasizing, which can avoid detection
and neutralization by the immune system. This case relies on mimicking the glycosylation patterns of
healthy immune cells, which is the reason for self-signalling and avoiding the immune system attack.
Sialylation converts the surface of cancer cells to prime ligands for sialic acid-binding immunoglobulin-
type lectins (Siglecs), similar to the immune cells' surface architecture [56, 57]. Bounding to sialylated
glycans produces Siglecs promotion due to immunosuppressive signalling and protects the tumour cell
[58–60]. Therefore, natural killer (NK)-cell-mediated tumor cell death was inhibited by interactions
between NK-expressed Siglec-7 or Siglec-9 and sialylated glycans (Siglec ligands), which leads to the
hiding of tumor cells from immune cells [61, 62]. In previous studies, monoclonal antibodies targeting
Siglec-7 and Siglec-9 have been suggested to neutralize Siglec–Siglec ligand interactions [63]. This study
showed that the binding of Siglec-9-expressing macrophages plays a role in the induction of a tumour-
associated macrophage phenotype that has primed the myeloid cells to release factors that promote
disease progression (such as interleukin 6 and macrophage colony-stimulating factor) that are based on
soluble mucin-1 and mucin-1 expressed on T47D breast cancer cells [63, 64]. Multiple myeloma cells are
possible, which bind to Siglec-7 and Siglec-9 and avoid NK cells. Still, once the sialic acid residues treat
with neuraminidase or inhibited by sialylation using the sialyltransferase inhibitor 3Fax-Neu5Ac34, NK
cells can kill multiple myeloma cells [65].

The cancer cells hide from immune defence cells by mimicking the sialic acid-binding
immunoglobulin(Ig)-like lectins, which are the members of the immunoglobulin superfamily, and act like
immune regulatory receptors on the transmembrane cell surface. Consequently, sialic acid-binding sites
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activate or inhibit the immune response [66]. In the insights of previous findings related to sialic acid-
binding Ig-like lectin mechanisms, our study showed that D-GlcNAc could compensate for lectin,
previously desired in the sialic acid-binding Ig lectin mechanism. We suggested that the cancer cells
could be deceived and directed to apoptosis by the presence of D-GlcNAc. As parameters related to the
inhibition of cancerogenic cells, we have observed a significant decrease in metastasis and an increase in
apoptosis and Fas expression on D-GlcNAc treated cells (Fig. 1, Fig. 2, Fig. 3, Fig. 4, Fig. 5). We have also
observed a veinal decrease and recession of metastasis in mice murine model studies, which could be
associated with the positive effect of D-GlcNAc.

Alternatively, factor H limiting activation and modulation of tumour cells helps for metastasis and
suppresses antitumour immunity by inhibition of Siglecs. Some tumour cells express de-N-acetyl (deNAc)
gangliosides, which protect tumour cells from apoptosis and activate the epidermal growth factor
receptor (EGFR). Mucins could prevent intercellular interactions and inhibit cadherins and integrins from
functioning, resulting in apoptosis. Hence, they might block and mask recognition by major
histocompatibility complex molecules [7]. Mucin secretion results from the loss of normal topology and
polarisation of epithelial cells in cancer due to impairment of O-GalNAc molecule structure. Tumour cells
attack tissues and the bloodstream when they have mucin on their cell surfaces. O-GlcNAc levels are
altered in many cancers, which serve as a nutrient sensor to regulate signalling, transcription,
mitochondrial activity, and cytoskeletal functions [67, 68]. Since this case activates EGF or IGF-1
signalling, we assumed it to have a reversible effect of D-GlcNAc, leading breast cancer to apoptosis and
Fas expression (Fig. 2, Fig. 3).

O-GlcNAcylation influences cancer cell metabolism due to changes in the stability or activity of
transcription factors and kinases, which the administration of D-GlcNAc could modulate. In recent
studies, the findings on targeting glycan-dependent molecular interactions have attracted researchers'
attention to enhance the immune system. The sialoglycan–Siglec interaction displays another critical
point of view of the immune checkpoint. A function-blocker and modulator compound introduced to
replace Siglecs, such as lectin precursor GlcNAc, could be suggested [69, 70]. Therefore, D-GlcNAc could
be considered and tested in clinical studies on account of its potential effect by combining with other
approved methods and anticancer drugs developed to block tumour cells via administration of sialic acid
mimetics or the targeted delivery of sialidases to tumour cell surfaces [69].

Our findings reveal a major role of D-GlcNAc, which is necessary for activating the immune system
resulting in early apoptosis and recession in metastasis that we have observed in our mice murine model.
O-GlcNAc transferase enzyme (OGT) functions on UDP-GlcNAc as a nuclear and cytoplasmic metabolism
substrate. This interaction increases in multiple cancers, and a decrease in OGT level blocks tumour
growth. Previous studies have reported MannaC as an inhibitor of sialic acid in cancer cells. We have
predicted the impairment in the mechanism related to converting UDP-GlcNAc to Mannac. Therefore, it
does not work as a sialic acid inhibitor, preventing apoptosis and Fas expression. However, D-GlcNAc
could not be utilized by cancer cells and decrease the transferase enzyme, which could reduce metastasis
and veining as we have observed in mice murine model studies [70–72]. As reported in a previous study,
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the viral agents' energy consumption, the predicted reason for breast cancer, and HCMV infection did not
increase intracellular UDP-sugar metabolite pools. However, this process induced UDP-sugar biosynthesis
depending on UDP-glucose and the biosynthetic flux of UDP-GlcNAc. This study suggested the role of
sugar metabolism, which induced peculiar to HCMV infection [73]. Consistent with this finding, Pan et al.
[74] showed upregulation of UDP-glucose dehydrogenase gene expression via ERK and PI3K/Akt pathway
due to EBV latent membrane protein 2A detected in nasopharyngeal carcinoma. These findings
demonstrate a linkage between virus infection and cancer formation depending on glycosylation
pathways in the cell. As published in our previous studies, the stimulative effect of D-GlcNAc can
potentially increase the defence capacity of the immunological response to SARS-CoV-2 [9, 10]. Moreover,
N-acetyl-D-glucosamine-coated poly(amidoamine) structures have also induced upregulation of antibody
formation in the rat recombinant cells [75], which could be a predicted response as expected in the
human cell.

In accordance with our study, Denning et al. [76] showed that ROS induces Fas expression, which causes
apoptosis in intestinal epithelial cells. In D-GlcNAc treated cells, we have observed higher Fas expression
than untreated cells. ROS-induced Fas expression could be the reason for oxidative stress exposure to
breast cancer due to D-GlcNAc administration. Moreover, oxidative stress causes starvation on cell
growth, which activates Fas expression leading to apoptosis [77]. In our study, the higher Fas expression
in D-GlcNAc treated cells and the increased apoptotic rate could be suggested triggering of apoptotic
pathways and enhancing Necrosis on cancer cells depending on D-GlcNAc administration (Fig. 2, Fig. 3,
Fig. 4, Fig. 5).

5. Conclusion
Our findings demonstrate the potential of D-GlcNAc as a treatment approach to decrease mammary
gland tumour cell proliferation, characterized by increased Fas expression and induction of early
apoptosis. Moreover, we observed that exogenous administration of D-GlcNAc can reduce mitosis and
angiogenesis in breast cancer cells. Notably, the reduction in tumor size observed in our murine model
warrants further investigation to assess the potential synergistic effects of D-GlcNAc in combination with
conventional therapies for breast cancer treatment.

Considering the lack of cytostatic effects reported in FDA documentation, future studies should explore
the synergistic effects of D-GlcNAc in combination with approved anticancer drugs, considering
appropriate and reasonable doses within the concentration range we tested (mM level). Given its
promising therapeutic properties, these preclinical findings support the need for further clinical studies
involving D-GlcNAc administration. Clinical trials are necessary to determine the efficacy and safety
profile of D-GlcNAc as an adjunct therapy in breast cancer treatment.
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Figure 1

The proliferation rate of MCF-7 and 4T1 cells. A,The flow cytometry histogram analysis of MCF-7 and
4T1 cells in the presence and absence of D-GlcNAc. B, The statistical analysis of MCF-7 and 4T1 cells in
the presence and absence of D-GlcNAc. 1 mM, 2 mM, and 4 mM D-GlcNAc significantly reduced the
proliferation rate in MCF-7 cells, and 2 mM and 4 mM D-GlcNAc significantly reduced the proliferation
rate in 4T1 cells (P<0.01-P <0.0001).
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Figure 2

Fas expression on MCF-7 and 4T1 cells. A, The flow cytometry histogram analysis of MCF-7 and 4T1
cells in the presence and absence of D-GlcNAc. B, The bar graph shows the statistical analysis. 1 mM, 2
mM, and 4 mM D-GlcNAc significantly increased the Fas expression on MCF-7 and 4T1 cells (P <0.01-P
<0.0001).
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Figure 3

The flow cytometry dot-plot analysis of MCF-7 and 4T1 cells. Early apoptosis (bottom-right quadrant)
increased in both MCF-7 and 4T1 cells in 2mM D-GlcNAc. The quadrants are as follows: Top-right: Late
apoptosis. Top-left: Necrosis. Bottom-right: early apoptosis. Bottom-left:Living cells. Total apoptotic cells
were calculated by subtracting the percentage of viable cells from the whole cells.
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Figure 4

Statistical analysis of apoptosis observed on MCF-7 (left) and 4T1 (right) cells. Viable cells in MCF-7 and
4T1 cells with the presence of 1 mM, 2 mM and 4 mM D-GlcNAc were significantly reduced due to dose-
dependent increases in the early apoptosis.
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Figure 5

Tumour pathology and statistical analysis of breast tissues in the murine 4T1 model. A, angiogenesis
was significantly reduced by D-GlcNAc in the post-treatment group. B, mitosis was significantly reduced
by D-GlcNAc both in the pre-treatment and post-treatment groups. C, Necrosis tended to decrease in the
post-treatment group. Still, the significant difference was not proved statistically due to the high standard
deviation, compared with the breast cancer (BC) group, even though the mean value was less. D,
Pleomorphism was not significantly changed with D-GlcNAc administration in pre-treatment or post-
treatment groups due to high standard deviation. Still, the mean values of the post-treatment groups were
less than the breast cancer group. E,The tumour-infiltrating cells significantly increased in the pre-
treatment D-GlcNAc applied group compared with the breast cancer group. F, The tumor size significantly
reduced in the post-treatment group compared with the breast cancer group. G, pre-treatment D-GlcNAc
administration during tumor development; significant Necrosis, angiogenesis, and inflammation have
shown with red arrows (10X magnification). H, D-GlcNAc treatment after tumour development; marked
Necrosis and inflammation, low Pleomorphism, and low angiogenesis have shown with red arrows (10X
magnification). I,Breast cancer without treatment; marked Pleomorphism and high mitosis observed in
the breast tumor tissue (20X magnification).
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Figure 6

Molecular dynamics analysis plots. A, The Cα RMSD for the protein simulation over time. B, The RMSD of
D-GlcNAc with each protein over time. C, The hydrogen bonds between the proteins and D-GlcNAc within
4 Å proximity over time. The column represents the plots of HER2. All experiments were performed in
independent duplicates (replica 1 and replica 2 in the Figure).
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Figure 7

AutoDock results on HER2 and D-GlcNAc binding possibilities were confirmed by the SwissDock server.
Red arrows show n-molecule binding ligands on different parts of the target protein.
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