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ABSTRACT: Breast cancer (BC) remains the leading cause of cancer-related
death among women in the Middle East and North Africa, with particularly high
mortality in the United Arab Emirates (UAE), mainly due to delayed diagnosis.
This study aimed to identify metabolic and proteomic biomarkers associated with
BC progression in the UAE population. A cohort of 35 BC patients and 30 healthy
control (HC) individuals underwent plasma-based untargeted metabolomics and
proteomics analyses using LC-QTOF-MS. Multivariate statistical models,
including OPLS-DA and AUROC analyses, were employed to assess biomarker
performance. Integrated pathway and structural motif analyses were conducted to
explore disease-stage-specific signatures. A distinct metabolic signature was
identified, featuring disrupted amino acid (particularly arginine), purine/
pyrimidine, and steroid hormone metabolism. Key metabolites such as L-arginine,
hypoxanthine, uridine, vitamin D3, and estradiol showed stage-specific alterations.
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Eleven metabolites yielded high diagnostic power (AUROC = 0.954). Structural motif analysis revealed a transition from small, polar
metabolites in early-stage BC to complex, lipophilic steroidal, and lipid structures in late-stage disease. Integrated proteomics
revealed dysregulated immune and hormonal signaling, highlighting the cross-talk among metabolic, immune, and endocrine
pathways. This UAE-based study reveals distinct metabolic and structural features of BC progression, suggesting candidate

biomarkers for BC detection and personalized therapy.
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1. INTRODUCTION

Breast cancer (BC) remains the most commonly diagnosed
malignancy among women globally, with approximately 2.29
million new cases reported in 2022, according to the latest
statistics from the World Health Organization (WHO)." BC was
recognized as the leading cause of cancer-related mortality
among women in 2022, contributing to 15.4% (666,000 deaths)
of all cancer-related deaths and preceding lung cancer." The
anticipated increase in mortality is suggested to reach 4 million
by 2070.>*

BC represents 43.9% of a five year cancer prevalence among
women in the UAE." In 2022, an estimated 1000 new cases were
diagnosed in the UAE." Despite the advances in awareness and
treatment of BC, the disease still has the highest mortality rate
among females in the UAE, constituting 25.3% of all cancer
It should be emphasized that the Arab and Emirati
populations exhibit distinct pathological and histological
characteristics of BC compared with Western nations. This
includes a notably earlier age of onset, higher grade, a higher
prevalence of human epidermal growth factor receptor-2 (HER-
2) overexpression in younger populations than older women,
and less common BC gene 1 and 2 (BRCA1l and BRCA2)
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mutations.”~” In Arab populations, the average age of BC
diagnosis is around 48 years, with about two-thirds of the cases
occurring in women under the age of 50.° Over 75% of BC
patients in the UAE seek medical advice after experiencing a
symptom or sign of the disease, while many others wait until the
disease is more advanced.”

Early diagnosis of BC is very crucial as the survival rate drops
significantly from nearly 100% for in situ carcinoma to 85.5% for
early-stage invasive carcinoma and 25% for metastatic
conditions." Despite the availability of numerous clinical and
experimental imaging modalities exhibiting elevated sensitivity
levels (exceeding 90%) in the diagnosis of symptomatic BC
patients, an efficient diagnostic instrument for the identification
of early-stage BC (stages I and II) remains elusive.' "2
Consequently, a detection method that facilitates precise and
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early diagnosis and screening, which ultimately results in timely
intervention and improved BC survival rates, is of paramount
importance.

Cancer cells reprogram their metabolism in order to sustain
their rapid growth and survival, a trait known to be one of the
hallmarks of cancer."” This metabolic reprogramming offers
opportunity for biomarker discovery and provides new targets
for tumor treatment. Metabolite screening provides a non-
invasive and promising alternative option for the diagnosis and
prognosis of early BC. Unlike proteomics or genomics,
metabolomics refers to the downstream changes at the
metabolic cell level, representing a dynamic end product of
the biological metabolic process.'” This not only makes the
diagnosis and staging of cancer possible for most effective
intervention, but also sheds light on tumor development, drug
response, and drug resistance, ultimately enhancing patient care
and outcome.'* Multiple altered metabolic pathways including
alanine, aspartate, and glutamate pathways, glutamine and
glutamate metabolic pathways, and arginine biosynthesis
pathways were critical in BC.'® Fatty acid biosynthesis,
aminoacyl-tRNA biosynthesis, and inositol phosphate metab-
olism were reported to be changed in the early stage of BC."
Herein, we evaluated the plasma metabolomics of BC patients
and HC individuals within the UAE population to identify UAE
BC-associated changes in metabolites and metabolic pathways
and to identify the metabolic signature for possible diagnosis and
potential target therapy.

2. METHODS

2.1. Study Subjects

A cohort of 35 patients diagnosed with primary invasive BC at the
Sharjah Breast Care Centre (University Hospital Sharjah, Sharjah,
UAE) was enrolled in this study. Patients with metabolic disorders were
excluded from the study. A total of 30 healthy volunteers were used as
the HC. HC individuals were in the age- and sex-matched ranges of the
BC cohort. Individuals with obesity (BMI > 30 kg/m?), metabolic
syndrome, diabetes mellitus, or other chronic diseases were excluded.
Blood samples were obtained from the patients and HC individuals, and
the plasma was separated and used for metabolite profiling. This
research was conducted in compliance with the Helsinki Declaration
guidelines and received approval from the University Hospital Sharjah
Ethical and Research Committee (UHS-REC) (Approval Number:
UHS- REC-22-05-24-S). Written informed consent was obtained from
all patients prior to their enrollment in the study.

2.2. Metabolite Extraction and Analysis Using LC/MS—MS

To identify differentially abundant metabolites (DAMs) between BC
patients and HC individuals, blood samples from 35 BC patients and 30
HC individuals were collected in EDTA tubes and centrifuged at 3200
rpm for 15 min at 4 °C. The plasma was collected and stored at —80 °C.
For metabolite extraction, 100 uL of plasma was mixed with 300 uL of
methanol. The samples were incubated for 10 min, vortexed, and
centrifuged at 15,000 rpm at 4 °C. The supernatants were collected and
evaporated using a speed vac (Genevac EZ-2 plus, Ipswich, UK). Dried
samples were dissolved in 200 uL of 0.1% formic acid and analyzed
using LC—MS/MS.

2.3. Protein Extraction and Analysis Using LC/MS—MS

To extract the proteins, 4 uL of the plasma was added to 100 uL of lysis
buffer containing 1X protease inhibitors and incubated for 10 min at
room temperature. The sample lysates were sonicated and centrifuged
at 15,000 rpm at 4 °C for 5 min. The supernatants were collected, and
protein precipitation was conducted by the addition of methanol and
chloroform. The samples were mixed thoroughly and centrifuged at
13,000 rpm at 4 °C for S min. The upper aqueous phase was removed,
and the lower phase together with the white protein pellet was
resuspended in 300 L of methanol. The mixture was then centrifuged

at 13,000 rpm for 1 min at 4 °C, after which the supernatants were
discarded. The protein pellets were further air-dried, resuspended in
denaturation solution, and quantified using the Bradford assay.

Proteomics analysis using LC—MS/MS was conducted to identify
the differentially expressed proteins (DEPs) between BC patients and
HC individuals; protein samples were prepared by using in-solution
digestion. In brief, 10 uL of 10 mM dithiothreitol (DTT) (final
concentration of 1 mM) was used to reduce 100 ug of denaturated
protein. The samples were then alkylated with 10 uL of 55 mM
iodoacetamide (IAA) (final concentration 5.5 mM) and incubated for 1
h at room temperature at 100 rpm in the dark. The pH was adjusted to
8.0 in all reactions. Protein digestion was performed using 1 ug of Lysyl
Endopeptidase LysC (1:100 ratio), and this was followed by dilution in
4 volumes of 20 mM ammonium bicarbonate and digestion with trypsin
(1:100 ratio) overnight. In the next day, the samples were dried using
EZ-2 Plus (GeneVac-Ipswich, UK) and resuspended with 100 uL of 1%
trifluoroacetic acid (TFA). Peptides were then desalted using Pierce
C18 stage tips (Thermo Scientific, Waltham, USA). After repeatedly
aspirating and dispensing 100 L of 50% acetonitrile (ACN) to activate
Pierce C 18 tips, 100 L of 0.1% TFA was used to equilibrate the tips.
Sample peptides were then loaded by repeatedly aspirating and
dispensing the sample volume 10 times. Similar procedures were used
to wash the peptides with 5% ACN and 0.1% TFA. They were then
eluted by gently aspirating and repeatedly dispensing 100 uL of 60%
ACN and 0.1% formic acid (FA) 10 times. Prior to being analyzed by
LC—-MS/MS, desalted peptides were dried in EZ-2 Plus and
reconstituted in 0.1% FA and 2% ACN.

2.4. High-Performance Liquid Chromatography Tandem
Mass Spectrometry (HPLC—MS/MS) for Metabolite Analysis

Metabolites were separated and detected using an Elute UHPLC and a
QTOEF-MS system with a Hamilton Intensity Solo C18 column (100
mm X 2.1 mm, 1.8 ym beads) (Bruker Daltonik). Solvents A (0.1% FA
in HPLC-grade water) and B (0.1% FA in ACN) were used for inline
reversed-phase chromatography (Bruker, Bremen, Germany). An
Apollo II electrospray ionization (ESI) source was employed for
analysis. The column was kept at 35 °C for metabolomics analysis.
Metabolite extracts were injected, eluted, and re-equilibrated using 1%
ACN at flow rates of 250 and 350 uL/min for elution and re-
equilibration, respectively, throughout a 30 min gradient of 1% to 99%
ACN. The drying gas was set at 10 yL/min, drying temperature at 220
°C, and nebulizer pressure at 2.2 bar. In auto-MS/MS mode, the scan
ranges were 50—1300 m/z. The collision energy was 20 eV witha 0.5 s
cycle.

To ensure the analytical reliability and reproducibility of
metabolomics data sets, stringent validation and quality-control
(QC) procedures were implemented throughout the experimental
workflow. Bruker T-ReX LC-QTOF solution was used to assess the
mass spectrometer and column performance. For the Bruker T-ReX
LC-QTOF solution, which was supplied by Nova Medical Testing Inc.,
TRX-3112-R/MS certified human serum was used for the reversed-
phase liquid chromatography (RPLC) separation and multipoint
retention time calibration. Prior to sample analysis, all LC—MS
instruments were calibrated using manufacturer-recommended stand-
ard tuning solutions to achieve mass accuracy < 5 ppm and retention
time deviation < 0.2 min. Sample injection order was randomized to
minimize systematic bias. Pooled QC samples, prepared by combining
10 uL of all biological samples, were analyzed at the beginning of the
sequence to assess the column conditions and subsequently after every
10 injections to monitor instrument stability and analytical drift.
Metabolites with a relative standard deviation (RSD) >30% in QC
samples were excluded from downstream analysis. The reproducibility
of QC samples was confirmed by tight clustering in PCA plots. Blank
samples were interspersed to assess carry-over and background
contamination.

External mass calibration (10 mM sodium formate calibration
solution) was used to accomplish mass calibration prior to analysis, and
the mixture was injected at the beginning of each sample run and used
for internal calibration during data processing.
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2.5. HPLC—MS/MS for Peptide Analysis

For peptides, a nano elute (Bruker Daltonics) coupled to a quadrupole-
time-of-flight mass spectrometer (QTOF) was utilized to perform the
LC—MS/MS analysis (Bruker Daltonics) with a Captive Spray ion
source (Bruker Daltonics). An amount of the sample measuring 4 uL (4
ug of the peptides) was injected and trapped using an Acclaim PepMap
C18 (5 mm, 300 ym id, 5 um particle diameter, 100 A pore size) trap
cartridge (Thermo Fisher Scientific), and the separation was performed
on a FIFTEEN column C18 15 cm X 75 um, 1.9 um (Bruker). Peptide
separation was carried out over a 140 min gradient as follows: 0 to 5
min, 5% B; S to 120 min, S—35% B; 120 to 125 min, 35—95% B; 125 to
135 min, 95% B; 135 to 135.2 min, 95—5% B; 135.2—140, 5% B. The
flow rate was 0.30 #L/min. The Captive Spray ion source conditions for
every injection were as follows: the drying gas flow rate was 3.0 L/min at
a temperature of 150 °C, and the capillary voltage was set at 1600 V. In
the auto-MS/MS mode, the scan ranges were 150—2200 m/z. The
collision energies varied from 23 to 65 eV with a 3 s cycle.

To monitor system performance and ensure analytical consistency, a
Pierce HeLa Protein Digest Standard (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) was injected prior to each sample. The
HeLa digest served as a QC reference to assess the mass accuracy,
chromatographic stability, and reproducibility of peptide identification
and retention times throughout the analytical batch. External mass
calibration (10 mM sodium formate calibration solution) was used to
accomplish mass calibration prior to analysis.

2.6. Metabolomics Data Processing and Analysis

MetaboScape 4.0 software (Bruker, Bremen, Germany) was used to
process the data. Molecular feature detection in the T-ReX 2D/3D
workflow was optimized using peak duration limitations and an
intensity threshold. Only characteristics found in at least six samples
were retained after mass recalibration to a retention time range of 0—0.3
min. The MS/MS import method was configured for averaging.
Bucketing parameters were established with a mass range of 50 to 1300
m/z and a retention time range of 0.3 to 25 min. MS/MS spectra and
retention time (RT) were used to accurately identify unknown
chemicals in the QTOF- MS data. To identify metabolites, the
Human Metabolome Database (HMDB) 4.0 was utilized. The MS/MS
spectra and RT were used as a reference for final compound selections.
In cases where several features corresponded to the same database
entry, the entry with the highest annotation quality (AQ) score was
chosen for each metabolite. The selection method was based on RT,
tandem MS/MS data, mass-to-charge (n/z) ratio, analyte lists, mSigma
values, and spectral library matching. All samples were prepared and
analyzed under identical extraction and injection conditions; therefore,
sample normalization was dependent on using same parameters and
time and injection of reference solution. Likewise, data transformation
was not applied because the distribution of peak intensities did not
show significant skewness after feature filtering. To ensure compara-
bility and equal contribution of all variables in multivariate analysis,
autoscaling (mean-centering and division by standard deviation) was
applied in MetaboAnalyst 5.0. The analytical stability was verified by
tight QC sample clustering in PCA and by excluding metabolites with
relative standard deviation (RSD) > 30% across QC samples. For
multivariate analysis, autoscaling was applied to the metabolomics data
set to ensure comparability and variance normalization across
metabolites.

To identify the DAMs between BC patients and HC individuals,
several univariate and multivariate analyses were performed using the
MetaboAnalyst 5.0 platform (https://www.metaboanalyst.ca).'® Stu-
dent’s t test was employed to compare between the groups. Orthogonal
Partial Least Squares Discriminant Analysis (OPLS-DA) was used as a
supervised multivariate statistical approach to determine and
discriminate the variation in the predictor variables that is informative
for class discrimination and orthogonal to the response. In the current
work, OPLS-DA was utilized to form group discrimination models and
determine the informative features that impact classification perform-
ance. Hierarchical clustering analysis (HCA) was performed to visualize
the metabolomics grouping resulting from the difference between
metabolites extracted from BC patients and HC individuals. The false

discovery rate (FDR) was used to eliminate false positives and correct
for multiple hypothesis testing. Metabolites with g-value <0.05 were
considered significant.

Univariate analyses were conducted to calculate the area under the
receiver operating characteristic curve (AUROC), false discovery rate
(FDR)-adjusted g-values, and fold changes (BC/HC) for each
candidate marker. Recognizing the potential for inflated model
performance and the critical role of accurate predictions in clinical
applications, we rigorously validated the model using a 100-
permutation test for internal validation. The model’s explanatory and
predictive capabilities were assessed using R* and Q* metrics,
respectively.

Metabolite set enrichment analysis (MSEA) were also performed
using MetaboAnalyst to interpret the metabolic differences between the
tested groups. MSEA identifies biologically meaningful patterns from
significant metabolites (g-value <0.05) by testing their enrichment in
curated metabolite sets.

2.7. Proteomics Data Processing and Analysis

The protein and peptide identification was performed using the Homo
sapiens Uniprot proteome and the Andromeda search engine, and the
raw data were processed using MaxQuant version 1.6.17.0 (https: //
www.maxquant.org/ ).17’18 Methionine oxidation and N-terminal
acetylation were set as the variable modifications, and carbamidome-
thylation of cysteine residues was set as the fixed modification. Protein
group identification involved the requirement of one minimum unique
peptide per protein and two peptides in total. The default settings were
kept for all other parameters. The FDR of 1% was set on peptide-
spectrum matches (PSMs) and protein group identifications. The
precursor mass tolerance for PSMs was set at 20 ppm. Label-free
quantification (LFQ) was executed using the MaxLFQ algorithm, and
the in silico digestion was performed according to the standard rule of
trypsin/P cleavage.m19

Perseus software (2.0.5.0) was utilized for data processing.20
Proteins that were found to be potential contaminants, reversed
sequences, and those only based on site localization were eliminated
from the data set. The values of LFQ generated by MaxQuant were
log2-transformed and normalized to mitigate systematic variation
across the samples. Multiple normalization strategies were systemati-
cally evaluated. Global median centering was applied by subtracting the
sample-specific median log, intensity across all quantified features,
correcting for global shifts in signal intensity. The aim of median
normalization is to center the data to the median of distribution of each
sample.”’ Quantile normalization was applied to enforce consistent
intensity distributions across samples, which helps minimize distribu-
tional differences but may modify the covariance structure. Z-score
normalization was applied by centering and scaling features to zero
mean and unit variance, primarily for visualization purposes.”*** In
addition, a subset-based normalization approach using empirically
invariant features was implemented. Proteins exhibiting low variability
across samples (coefficient of variation (CV) < 10% (CV)) were
identified from unnormalized log2-transformed data, and the top 10
most stable proteins were used to drive sample-specific normalization
factors (CV-low subset normalization).”>** Housekeeping subset
normalization using 61 selected stable plasma proteins (complement
components, coagulation factors, and transporters) was also evaluated;
however, instability of several candidate reference proteins limits their
suitability for primary normalization. Normalization performance was
assessed using boxplots of sample intensity distributions and principal
component analysis (PCA) to evaluate variance structure and potential
normalization-induced distortion.

Annotated proteins were trimmed to include only the proteins with
at least 70% valid values. Missing values were then separately imputed
for every sample by using the normal distribution with the downshift of
1.8 and the width of 0.3. Proteins with notable expression alterations in
BC patients were confirmed using the two-tailed independent Student’s
t test. The Benjamini—Hochberg procedure was performed to account
for the number of comparisons. Proteins were deemed differentially
expressed when the FC threshold is 1.5 and g-value <0.0S. Hierarchical
group expression profiles were compared using the hierarchical
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clustering, and the resultant patterns were visualized in the form of the
heatmap. All figures were prepared using the R software. Gene ontology
was conducted using string (https://www.string-db.org/).

2.8. Integrated Metabolomics and Proteomics Analysis

To identify functionally related metabolites and proteins, joint-pathway
analysis for DAMs and DEPs between BC patients and HC individuals
was performed using the Metaboanalyst 5.0 software network analysis
tool. The common significant pathways among all combined features of
metabolites and proteins listed in BC patients versus HC individuals
were identified using rigorous integration through combined queries,
topological analysis using the degree centrality method, and enrichment
analysis via hypergeometric testing (P < 0.05). The direct and indirect
relationships between the DAMs and DEPs were conducted using
Stitch (http://stitch.embl.de/), Cytoscape version 3.10., and cyto-
Hubba to generate and analyze the interaction network.

3. RESULTS

3.1. Clinicopathological Characteristics of BC Patients

A cohort of 35 BC patients and 30 HC individuals were involved
in this study. The clinicopathological characteristics of BC
patients are shown in Table 1.

Table 1. Clinicopathological Characteristics of BC Patients”

total no. of
parameters samples = 35
diagnosis: n (%) [N= IDC 28 (90.3%)
31] ILC 2 (6.5%)
mixed 1 (3.2%)
molecular subtype: n luminal a & luminal B luminal 24 (75%)
(%) [N=32 HER-2 negative
luminal B HER-2 triple 5 (15.6%)
positive positive
triple negative triple 3 (9.4%)
negative
stage: n (%) [N =30] stage 0&1 early 18 (60%)
stage 2 stage
stage 3 late stage 12 (40%)
stage 4

“Note: IDC; invasive ductal carcinoma, ILC; invasive lobular
carcinoma.

In our cohort, 90.3% of patients were diagnosed with invasive
ductal carcinoma (IDC), 6.5% with invasive lobular carcinoma
(ILC), and 3.2% with a mixed phenotype. According to the
molecular subtype, BC patients were classified based on the
expression of estrogen receptor (ER), progesterone receptor
(PR), and HER-2 into luminal subtypes including patients with
luminal A (ER+/PR+/HER-2—) and luminal B (ER+/PR
+/HER-2—), triple positive patients including patients with
luminal B HER-2 positive patients’ subtype (ER+/PR+/HER-
2+) and triple-negative patients (ER+/PR+/HER-2—). Luminal
subtypes encompass 24 (75%), triple positive constitutes S
patients (15.6%), and triple-negative is represented by only 3
patients (9.4%) (Table 1). The HER-2 positive group was
separated as HER-2 overexpression represents a biologically and
clinically distinct phenotype, often associated with a higher
tumor grade, increased proliferation, and specific therapeutic
implications (e.g, trastuzumab-based therapy). In addition,
HER-2 positive tumors were predominant in younger females in
the UAE.” 18 Patients (60%) were in the early stages [stage 0 (1
patient), stage 1 (8 patients), and stage 2 (9 patients)], while 12
patients (40%) were in the late stages [stage 3 (9 patients) and
stage 4 (3 patients)]. Most patients were positive for ER

(90.6%), and only 3 patients (9.4%) were negative for ER (Table
2). Similarly, most of the patients (87.5%) were positive for PR

Table 2. Histopathological Characteristics of BC Patients”

variables total no. of samples = 35
ER: n (%) [N = 32] negative 3 (9.4%)
positive 29 (90.6%)
PR: n (%) [N = 32] negative 4 (12.5%)
positive 28 (87.5%)
HER-2: n (%) [N = 33] negative 27 (81.8%)
positive 6 (18.2%)

K67: n (%) [N =31] negative (<14%) 10 (32.3%)
positive (>14%) 21 (67.7%)
“Note: One HER-2 positive patient had missing ER and PR data and
was therefore not included in the molecular subtype classification.

and only 4 patients (12.5%) were negative. HER-2 was
negatively observed in 24 patients (80%). The proliferation
marker K;-67 was positive in 21 patients (67.7%) and negative in
10 patients (32.3%; Table 2).

Collectively, out of 35 BC patients, a predominance of the
luminal subtype was detected with a significant proportion in
early-stage disease and high positivity rates for ER, PR, and K-
67. The majority exhibits HER-2 negativity, highlighting distinct
clinical—pathological profiles that may guide targeted ther-
apeutic strategies.

Among the studied cohort, 19 patients (61.3%) received
hormone therapy, 7 patients (22.6%) were treated with targeted
therapies (including anti-HER-2 agents and CDK4/6 inhib-
itors), 3 patients (9.7%) underwent chemotherapy, and 2
patients (6.5%) received surgical treatment.

3.2. Metabolomics Analysis Showed Significant Differences
in Metabolic Profiles between BC Patients and HC
Individuals

Metabolomics analysis was conducted to identify DAMs in BC
patients compared to HC individuals. A total of 135 metabolites
were detected using LC/MS—MS, of which 16 were significantly
different between the two groups (g-value <0.05). Notably, 4
metabolites including hypoxanthine, allantoic acid, 2-phenyl-
butyric acid, and uridine were significantly upregulated in BC
patients (FC > 1.5, g-value <0.05). However, 12 metabolites
including vitamin D3, N-acetylputrescine, 9-methyluric acid,
thyroxine, indoleacetic acid, guanidine, L-arginine, guanidino-
succinic acid, androstenedione, L-homocysteic acid, urocanic
acid, and PC (18:1(9Z)/18:1(9Z)) were significantly down-
regulated in BC patients relative to HC (FC = 0.2—0.6, g-value
<0.05) (Figure 1A and Table 3).

To examine the overall metabolic difference between BC
patients and HC individuals, HCA analysis was performed
(Figure 1B). HCA classified the metabolite profiles into two
distinct clusters: one characterized by metabolites showing peak
abundance in BC patients, while the second cluster included
metabolites enriched in the HC group (Figure 1B).

Further analysis was conducted to identify specific biomarkers
between early- and late-stage BC. Only in early BC patients, L-
arginine, guanidine, isocitric acid, guanidinosuccinic acid,
indoleacetic acid, ethanolamine, diethanolamine, and thyroxine
levels were significantly (g-value <0.05) downregulated, while
hypoxanthine was significantly upregulated compared to the HC
group, reflecting altered metabolic pathways critical to early
tumor development particularly those involved in amino acid
and energy metabolism (Table 4, Figures S1, and S2). Figures S1
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Figure 1. Metabolomics profiling demonstrates significant differences in metabolites between breast cancer (BC) patients and healthy controls (HC).
(A) Volcano plot for differentially abundant metabolites (DAMs) between BC and HC groups that have a fold change threshold of 1.5 and g-value
<0.0S. The red color indicates the upregulated metabolites, while the blue color indicates downregulated metabolites. (B) Hierarchical clustering
analysis (HCA) of metabolites that were significantly (g-value <0.05) different between the two populations. The heatmap displays the relative
abundance levels of significant metabolites, with each row representing an individual metabolite and each column corresponding to a biological
replicate. Gradients from red through blue reflect relative metabolite levels. Red color indicates a high level, while blue color indicates a low level. BRC;

breast cancer patients, CTL; healthy control.

and S2 present boxplots showing the relative abundance of
significant metabolites across control, early-, and late-stage BC
groups, emphasizing the clear alteration in amino acid-related
metabolites in early-stage patients. In late-stage BC, pipecolic
acid and estradiol were found to be significantly (g-value <0.05)
increased only in patients with late-stage BC compared to HC,
indicating an enhanced lysine degradation and hormonal
dysregulation.””° However, PC (18:1(9Z)/18:1(9Z)), urea,
and androstenedione were significantly (g-value <0.05) reduced
in late BC patients compared to the HC group, indicating
metabolic reprogramming that favors tumor progression (Table
4, Figures S1, and S2). Allantoic acid was significantly
upregulated in both early- and late-stage BC. Vitamin D3, N-
acetylputrescine, urocanic acid, and L-homocysteic acid were
significantly downregulated in both early- and late-stage BC.
Furthermore, a significant increase (FC = 4.75, g-value <0.05)
in biotin levels was observed in patients with a high proliferative
tumor (K;-67 > 14%) compared to patients with low
proliferative (K-67 < 14%), indicating that this metabolite is
important for cancer cell proliferation and further investigations
are warranted to identify its role in BC cell proliferation. All of

these alterations indicate that the tumor is in increased demand
for specific metabolites to support rapid proliferation and
survival, highlighting potential opportunity for biomarker
development and therapeutic intervention.

Collectively, the metabolomics analysis revealed significant
metabolic alterations between BC patients and HC individuals
with distinct upregulation and downregulation of key metabo-
lites linked to tumor progression, proliferation, and stage-
specific metabolic reprogramming. The main metabolic pathway
altered in BC patients is amino acid metabolism, particularly
arginine metabolism, tryptophan metabolism, and lysine
metabolism. These pathways are critical for providing
biosynthetic precursors, supporting energy demands, and
facilitating tumor proliferation and progression, making them
potential targets for biomarker development and therapeutic
intervention.

3.3. Identification of Biomarkers and Analysis of Model
Performance

OPLS-DA was employed to determine group separation and key
metabolites responsible for classification in a pairwise
comparison. To validate the model reliability, 100-permutation
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Table 3. Significantly Downregulated and Upregulated
Metabolites between BC and HC (FC Cutoff 1.5 and g-Value
<0.05)

VIP FC (BC/

metabolites AUROC  score HC) FDR g-value
vitamin D3 0.92 24 0.34 3.28 X 107
N-acetylputrescine 0.82 2.48 0.26 6.21 X 107%
L-homocysteic acid 0.83 1.86 0.66 1.88 x 107
guanidine 0.83 222 0.61 411 x 107
L-arginine 0.84 2.16 0.61 243 x 107
allantoic acid 0.87 2.04 1.61 3.73 X 107
hypoxanthine 0.77 1.55 2.43 1.50 X 107
uridine 0.81 2.01 1.54 1.31x 107
2-phenylbutyric acid 0.7 1.68 1.54 1.50 X 107
PC (18:1(9Z)/ 0.71 1.51 0.66 5.94 x 107%

18:1(92))

9-methyluric acid 0.73 1.39 0.56 1.58 x 107
thyroxine 0.76 1.67 0.56 2.96 X 107
indoleacetic acid 0.76 0.97 0.58 3.76 X 107
androstenedione 0.71 1.1 0.61 1.20 X 107
guanidinosuccinic acid 0.74 1.42 0.62 1.07 X 107
urocanic acid 0.80 1.36 0.66 1.13 x 107

Table 4. Significantly Downregulated and Upregulated
Metabolites in Early BC Compared to HC (FC Cutoff 1.5 and
g-Value <0.05) and Late BC Compared to HC

early BC late BC
FC FC
(EBC/ (LBC/

metabolites HC) g-value HC) g-value
L-arginine 0.51 1.47 X 107

guanidine 0.52 1.47 x 107

isocitric acid 0.66 323 %1070

guanidinosuccinic 0.50 3.21x 107%

acid

indoleacetic acid 0.49 9.50 X 107%

ethanolamine 0.65 1.69 x 107

diethanolamine 0.60 223 %1072

thyroxine 0.55 291 x 107

hypoxanthine 226 321%x107%

allantoic acid 1.59 1.50 X 107% 1.53 1.01 X 107
N-acetylputrescine 0.27 491 x 107 0.26 426 % 107
urocanic acid 0.55 6.15%x 107 0.62 2.01 X 107
L-homocysteic acid 0.65 227X 107% 0.63 426 % 107
vitamin D3 0.3 1.50 X 107% 0.32 1.01 X 107
pipecolic acid 1.53 2.72 X 107%
PC (18:1(9Z)/ 0.48 6.34x 107

18:1(92))

urea 0.55 5.45 % 1079
estradiol 1.65 1.75 X 107
androstenedione 0.49 3.87 X 1072

tests were conducted. The findings showed good separation
between the BC and HC groups (PC1 = 8.6%, PC2 = 15.4%)
(Figure 2A). The model showed good values of explained ability
(R2) and predictive ability (Q2) (R2Y = 0.829, P < 0.01 and Q2
= 0.708, P < 0.01) (Figure 2B). A total of 49 key metabolites
were identified from the OPLS-DA model having a VIP score >
1. Among the top 15 metabolites identified were N-
acetylputrescine, vitamin D3, guanidine, L-arginine, L-homo-
cysteic acid, indoleacrylic acid, thymine, 3-methylindole, L-
tryptophan, ethanolamine, and thyroxine, which were high in the
HC group. Increased levels of allantoic acid, uridine,

sphingosine, and 2-phenylbutyric acid were observed in BC
subjects (Figure 2C).

For selection of biomarkers that could be used in BC
diagnosis, univariate ROC analysis of DAMs was conducted.
Metabolites with AUROC > 0.7 were selected as potential
biomarkers. Using the whole data set, the model was 0.954 in
AUROC (95% CI: 0.843—0.998), indicating high sensitivity and
specificity (Figure 2D). These results indicate that BC patients
could be distinguished from HC by specific metabolic signatures
(Figure 2E).

Based on a VIP score > 1.5, an FC threshold of 1.5, and a ¢-
value <0.05, 11 metabolites were selected as potential
biomarkers for diagnosis of BC (Figure 3 and Table 3).

To evaluate the potential confounding effect of treatment
heterogeneity, breast cancer samples were stratified into
endocrine-based therapy (hormone therapy + CDK4/6
inhibitors) and other treatment modalities. PCA revealed a
substantial overlap between treatment groups, indicating that
treatment exposure does not dominate the global metabolic
variance structure (Figure S3). Consistent with PCA results,
hierarchical clustering of stage-associated metabolites showed
no distinct treatment-driven clusters, further supporting the idea
that treatment status does not account for the major molecular
patterns observed.

3.4. Metabolite and Structural Motifs of Early- and
Late-Stage BC in Representative UAE Population

To map the biochemical and structural signatures underlying
BC progression, we analyzed stage-specific metabolite-level
pathway motifs and structural chemical features that distinguish
early from late-stage disease. In early-stage BC, the metabolomic
pattern is predominantly enriched with small, polar molecules
characterized by guanidino (—N=C(N)N) or amino acid-
derived functional groups such as L-arginine, guanidine, and
guanidinosuccinic acid, as well as short-chain polar moieties
(e.g., ethanolamine, diethanolamine) and multicarboxylates like
isocitric acid. These structural motifs point to a reliance on
nitrogen metabolism, urea cycle intermediates, and early
oxidative phosphorylation demands, reflecting an initial cellular
adaptation to proliferative stress. In contrast, late-stage BC
exhibits a metabolomic profile dominated by larger, lipophilic
compounds featuring steroidal backbones (e.g., estradiol
androstenedione), aromatic heterocycles (e.g., uric acid
derivatives), complex phospholipids such as PC(18:1/18:1),
and various amide-containing metabolites. This transition from
small, hydrophilic to complex, hydrophobic chemical architec-
tures suggest a significant biochemical evolution of the tumor
microenvironment, from early-stage reliance on amino acid and
energy metabolism to late-stage dependence on lipid remodel-
ing, hormonal dysregulation, and membrane biogenesis.
Structural motif analysis, therefore, revealed a distinct trend in
metabolic evolution: a progressive shift from amino acid-like and
polar metabolite signatures in early stages to steroidal, lipid-rich,
and membrane-associated signatures in advanced disease. This
progression reflects a metabolic rewiring that aligns with known
hallmarks of cancer, including sustained proliferation, immune
evasion, and endocrine resistance. These findings support the
potential utility of structural motif profiling as a diagnostic and
staging tool while also identifying novel targets for stage-specific
therapeutic intervention.
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Figure 2. Model development and validation for BC diagnosis. (A) Score plots from the OPLS-DA model showing the separation between the BC and
HC groups. Each point represents an individual sample: red for breast cancer patients, green for healthy control. (B) Permutation testing of the OPLS-
DA model (n = 100). (C) Important metabolites recognized by the variable importance in projection (VIP) score obtained from the OPLS-DA model.
(D) ROC curve of the prediction efficacy for the metabolites obtained from the OPLS-DA model. (E) Pathway analysis based on metabolic

enrichment analysis.

3.5. Significant Alteration in Metabolic Pathways in BC

Patients

MSEA was performed to identify the significant metabolite
pattern (g-value <0.0S) between BC patients and HC
individuals. The altered metabolic pathways include arginine

biosynthesis, purine metabolism, pyrimidine metabolism,
tryptophan metabolism, and histidine metabolism (Figure 4),
which were previously reported to be linked with cancer

. 27-31
development and progression.”” ™
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Figure 3. Metabolic signature for BC diagnosis. Differential expression of the final set of metabolites between BC patients and HC individuals that were

selected as biomarkers for BC diagnosis.

3.6. Evaluation and Selection of the Normalization Method
for Proteomics Analysis

Comparative assessment of normalization strategies demon-
strated that global and distribution-based methods (median,
quantile, and Z-score normalization) reduced technical
variability but introduced varying degrees of variance

compression or covariance distortion. In contrast, CV-low
subset normalization based on invariant proteins preserved the
biologically plausible variance structure while minimizing
technical effects. PCA and boxplot comparisons (Figures S4
and SS) indicated that CV-low subset normalization provided
the most stable and interpretable data structure, with reduced
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Figure 4. Metabolite set enrichment analysis (MSEA) for significant
metabolites (g-value <0.05) between BC patients and HC ranked by
the Holm P-value.

technical bias and retention of expected biological hetero-
geneity. Accordingly, CV-low subset normalization was selected
for all subsequent univariate and multivariate analyses, including
heatmap visualization, OPLS-DA modeling, permutation test-
ing, and VIP scores.

3.7. Proteomics Analysis Showed Significant Changes in
Proteins between BC Patients and HC Individuals

To identify DEPs between BC patients and HC individuals,
proteomics analysis was conducted. 166 proteins were detected
using LC-MS/MS, and 42 of them were significantly different
(g-value <0.05) between BC patients and HC individuals. Five
proteins were significantly upregulated (FC > 1.5), while 3
proteins were significantly downregulated (Table S and Figure

Table S. Significantly Downregulated and Upregulated
Proteins in BC Patients Compared to the HC Group (FC
Cutoff 1.5 and g-Value <0.05)

VIP FC(BC/
protein names q-value score HC)

6.67x 107" 186 0.61
0.00 x 10% 2.01 0.62

gene names

CDSL CDS antigen-like

IGHV3-7  immunoglobulin heavy

variable 3—7

IGHM immunoglobulin heavy
constant mu

0.00 x 10% 1.77 0.64

FN1 fibronectin 175X 1072 1.69 1.53

HSPAS8 heat shock cognate 71 191 x 107® 1.39 2.37
kDa protein

$100-A6 protein S100-A6 1.14x 107 1.89 2.67

VWF von Willebrand factor 1.66 x 107 1.63 291

ACT actin, cytoplasmic 1 0.00 x 10 243 3.24

HSP90AB1  heat shock protein HSP  0.00 X 10% 227 4.04
90-beta

SA). Hemoglobin subunits were found to be dysregulated.
Literature review indicates that hemoglobin abundance in
plasma is highly sensitive to preanalytical factors such as variable
hemolysis rather than true biological constancy.’> Therefore,
hemoglobin subunits were excluded from the biomarker list.

HCA was performed to investigate the protein difference
between BC patients and the HC group. It classified the proteins
into two major clusters: the first cluster includes the proteins
that are highly expressed in BC patients, and the second cluster
includes proteins that are highly presented in the HC group
(Figure SB).

To investigate differential proteomic profiles of BC patients
compared to the HC group, a model using OPLS-DA was

applied. Good group separation was seen for BC and HC groups
based on the OPLS-DA score plot, encompassing different
proteomic signatures (Figure 6A). The validity of the model was
complemented by the results of a 100-permutation test, which
provided nonoverlapping Q* values and ensured that there was
no overfitting present. The model exhibited good discrimination
with R?Y = 0.855, and Q* = 0.636, which reflected a strong
explanatory and predictive capability (Figure 6B). VIP analysis
pinpointed some proteins with VIP scores >1.5 indicative of
their contribution toward discrimination between the groups
(Figure 6C). These results highlight the potential of these
proteins to be biomarkers for BC and indicate the need for
further biological validation.

Gene ontology analysis (GO) for the significant proteins (g-
value <0.05) between BC patients and HC individuals was
performed using String (Figure 6D ). Pathway analysis identified
dysregulation of several immune-related biological processes for
BC patients versus HC, with aberrant activation of inflammatory
responses, complement activation, and innate and adaptive
immunity pathways, implying a multifaceted reprogramming of
immune signaling within the tumor microenvironment (Figure
6D).

3.8. Integrated Proteomics and Metabolomics Analysis
Showed Significant Dysregulated Metabolic Pathways
Particularly the Arginine Metabolism

Integrated metabolomics and proteomics analysis including the
DAMs and DEPs between BC patients and HC individuals
showed dysregulation in metabolic pathways, including arginine
and proline metabolism, linoleic acid metabolism, alpha-
linolenic acid metabolism, arginine biosynthesis, and purine
metabolism (Figure 7A). These pathways were previously linked
to tumor development and progression.””***!

The interaction between DAMs and DEPs was created using
Stitch (Figure 7B). The results showed that heat shock proteins
(HSPs) including HSP90AA1, HSP90AB1, and HSPAS showed
high connectivity (hub nodes), suggesting an important
regulatory role. These proteins are known to extensively
participate in protein folding, stress response, and proteostasis.””
The HSPs are closely connected with ER (ER1 and ER2) and
actin proteins (ACTG1, ACTA2, and ACTC1), indicating their
critical role in hormonal signal transduction and cytoskeletal
remodeling. Consistently, estradiol, androstenedione, vitamin
D, and thyroxine are all connected with ESR1/2 and actin-
related proteins, indicating the well-characterized cross-talk
between steroid hormones and cytoskeletal reorganization
involving nuclear receptor pathways.’**® Steroid hormones
are well-established drivers of BC development and pro-
gression.34 Cytoskeletal changes, driven by steroid hormones,
are known to play an important role in cell migration, invasion,
and metastasis.”® On the other hand, arginine serves as a primary
connecting node among several nitrogen metabolic intermedi-
ates including guanidine, guanidinosuccinic acid, urea, hypo-
xanthine, and allantoic acid. This cluster highlights the pivotal
role of arginine in nitrogen metabolism and its potential link
with hormonal signaling pathways.

3.9. Potential Metabolic Signature of BC Patients from a
Representative UAE Population

The metabolic signature in collected blood from BC patients is
characterized by enhanced purine and pyrimidine metabolism
(hypoxanthine and uridine), hormonal dysregulation and
disrupted thyroid and steroid hormones (estradiol, thyroxine,
androstenedione), impaired amino acid metabolism (arginine
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Figure S. Proteomics profiling demonstrates significant differences in proteins between breast cancer (BC) patients and healthy controls (HC). (A)
Volcano plot for differentially expressed proteins (DEPs) between BC and HC groups that have a fold change threshold of 1.5 and g-value <0.05. (B)
Hierarchical clustering analysis (HCA) of proteins that were significantly different between the two groups. Gradients from red through blue reflect
relative metabolite levels. Red color indicates a high level, while blue color indicates a low level. BRC; breast cancer patients, CTL; healthy control.

and indoleacetic acid), and depletion of immune-modulatory
compounds (vitamin D3, arginine). These alterations are
strongly implicated as critical metabolic pathways in BC
pathogenesis and provide a robust foundation for biomarker
discovery and therapeutic targeting.

4. DISCUSSION

BC is the first cause of cancer-related death among females in the
Middle East and North Africa (MENA) region, including the
UAE.”” The leading cause of death within these nations is

delayed diagnosis and late stage at presentation, leading to a
drastic decline in survival rates and narrowed treatment
options.”” Hence, early detection by means of screening is
crucial in reducing morbidity and mortality due to BC.
Metabolomics, the extensive analysis of small-molecule
metabolites in cells, tissues, or biofluids, is a noninvasive
strategy for detecting those metabolic alterations. Through
analysis of metabolites in blood, urine, or other easily accessible
fluids, metabolomics can uncover distinctive metabolic
signature marking tumor development, allowing for identifica-

https://doi.org/10.1021/acs.jproteome.5c00669
J. Proteome Res. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.jproteome.5c00669?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.5c00669?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.5c00669?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jproteome.5c00669?fig=fig5&ref=pdf
pubs.acs.org/jpr?ref=pdf
https://doi.org/10.1021/acs.jproteome.5c00669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Proteome Research

pubs.acs.org/jpr

A Scores Plot B
o _
&
- -]
s o BRC
ol " CTL
Pt o8 LSS > 4
? 9
= o Dooo . G0 o
o % ® <
1 “;ﬁ b G g o 3 Q2 0.636
o & 9 ° LS o - p < 0,01 (V100)
- *® @ & @ =
= 309 “ @ ’002 b R2Y: 0.855 Perm R2Y
g i & < 0.01 {0/100) PERM Q2
L
o a w
o o
£ e
= ® o
=]
r T T o 1
10 05 00 05 1.0
C T score [1] (7.7%) D Permutations
&8
Actin, cytoplasmic 1
‘:S‘; S0-beta . g Biological Pmlu!s: (Gene Oncelogy)
Protein AMBP - anceamm
Carboxypeptidase B2 - Comploment activation
Prothrombin - af p g
Angiotensinogen i Regulation of immuns effector process L ] F-d
4 . =
Antithrombin-il b Complemont activation, alternative pathway s
Complement C5 n Pt jon ot i pathway @ i E
Immunoglobulin heavy variable 3-7 % e I Nagative of @ l w
Ceruloplasmin . [ [ ] Complsmant activation, classical pathway @ s
Complement component C7 . s Negative of G classical p L] g Y
Pigment epithelium-derived factor . [T of SR— ® E
Protein S100-A6 * BE Positive regulation of opsanization — I ©
CDS antigen-like |« [ [ ] "
T !
19 20 21 22 z3 Signal
VIP scores
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Gene ontology analysis was obtained using String.

tion of sensitive and specific biomarkers for early detection of
cancer.”® In this study, we conducted metabolomics and
proteomics analyses on plasma from 35 BC patients and 30
HC individuals from the UAE population to identify metabolic
signature for the diagnosis and targeted therapy of BC. A
diagrammatic model illustrating the processes observed from the
early stage, the transition phase, to the late stage is presented in
Figure 8.

Integrated metabolomics and proteomics analysis identified
arginine and proline metabolism as the most significant pathway,
indicating extensive metabolic disorders during BC progression.
Arginine and proline metabolism is a crucial metabolic process
responsible for the biosynthesis and conversion of arginine and
proline amino acids and their associated intermediates, primarily
from glutamate.’ This metabolic process is essential for cellular
nitrogen metabolism and overlaps with other cycles such as the
urea and the tricarboxylic acid (TCA) cycles.”” Recent research
emphasizes that the dysregulation of this pathway is a
contributory factor in oncogenesis, immune evasion, and
reprogramming of metabolism in triple-negative and ILC BC
types.A'O'A'1 Consistently, in our study, downregulation of L-
arginine, guanidine, N-acetylputrescine, urea, and guanidino-
succinic acid was observed in BC patients.

It was previously reported that plasma arginine levels are
reduced in early BC, suggesting diminished systemic arginine
availability.”>** BC cells and tumor-associated immunonuclear
cells (e.g., myeloid-derived suppressor cells) were reported to
have an increased arginase activity, converting arginine to
ornithine and urea. This could result in lowering the systemic

arginine concentrations, consistent with decreased plasma L-
arginine in cancer patients.*”*> The depletion of arginine
enhances the synthesis of polyamines, which are essential for
tumor proliferation.”* The downregulation of N-acetylputres-
cine, a polyamine catabolite, may also indicate an increased
usage of polyamines for proliferation and changed activity of
polyamine acetylation and export-related enzymes. The
observed decrease in guanidine and guanidinosuccinic acid,
both of which are downstream metabolites in the arginine
metabolic pathway, further exemplifies this metabolic transition,
suggesting that arginine is being preferentially redirected away
from its traditional metabolic routes and toward biosynthetic
mechanisms that promote tumor advancement. The depletion
of arginine not only enhances the synthesis of polyamine, but
also inhibits the responses of antitumor T cells, given that T cell
proliferation and functionality are significantly dependent on the
availability of arginine.*”*’ Arginine was reported to be an
epigenetic modulator regulating histone acetylation, resulting in
the upregulation of nuclear-encoded oxidative phosphorylation
genes.”

The noted reduction in urea levels correlates with the process
of urea cycle dysregulation in cancer by which nitrogen from
catabolic amino acids is diverted away from urea synthesis and
directed toward nucleotide and polyamine synthesis."® The
diversion in this direction sustains the high growth and
proliferation needs of cancer cells and leads to decreased
circulating levels of urea and its associated metabolites like
guanidinosuccinic acid.*® Overall, these changes highlight a
coordinated metabolic adjustment in BC by which cancer
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proliferation as well as immunosuppression in the micro-
environment is supported. This provides a rationale by which
targeting these pathways (more specifically arginine metabo-
lism) could augment anticancer immunity and provide new
therapeutic opportunity.

Lowered plasma arginine and 9-methyluric acid and elevated
levels of allantoic acid, hypoxanthine, and uridine in BC patients
are consistent with metabolic changes described by the recent
multi-omics characterization of endocrine-resistant invasive

lobular carcinoma.*® The study proved that silencing ASS1
induces diminished arginine synthesis and boosts cellular
adaptation toward augmented nucleotide metabolism.** The
upregulation of allantoic acid and hypoxanthine levels in our
study probably indicates augmented purine degradation, while
increased uridine levels indicate an increase in pyrimidine
synthesis. These two processes provide a metabolic support to
resistant tumor cells.** These findings support the association of
arginine starvation and adaptive activation of nucleotide
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metabolic pathways in endocrine-resistant BC and identify
metabolic vulnerabilities that are potentially targetable.*’

Our results showed a decrease in the levels of vitamin D in BC
patients. Various studies demonstrated that vitamin D deficiency
is significantly correlated with BC development.*”** Vitamin D
is reported to enhance the growth of cells and modulate the
immune system, and its deficiency has been shown to play a role
in tumorigenesis and immune impairment.*”** Our results also
showed decreased levels of thyroxine (T4), the thyroid gland’s
primary hormone, which is important to basal metabolic rate
control, cell energy production, and cell differentiation.> The
decreased levels of thyroxine in the plasma of BC patients may
indicate its conversion to triiodothyronine (T3). Through its
conversion to T3, thyroxine exerts its systemic actions by
interacting with nuclear thyroid hormone receptors to modulate
target gene transcription.”’ Recent evidence has indicated the
role of thyroxine in cancer biology, such as potentially
modulating proliferation, angiogenesis, and apoptosis through
genomic and nongenomic mechanisms.”’ In BC, thyroxine has
been demonstrated to interact with integrin avf#3 on the surface
of tumor cells driving pro-angiogenesis and cell proliferation.”
The findings support the need for consideration of thyroid status
in BC patients, especially when considering endocrine cross-talk
with substances such as vitamin D.

Upregulation of pipecolic acid and estradiol and down-
regulation of key metabolites such as PC (18:1(9Z)/18:1(9Z))
and androstenedione in the late-stage BC were observed.
Increased pipecolic acid levels probably constitute an adaptive
mechanism against increased oxidative stress in the tumor
microenvironment.>® The role of pipecolic acid in modulating
cellular responses to reactive oxygen species (ROS) and DNA
damage has been recently suggested, potentially contributing to
cancer cell survival and proliferation under metabolic and
genotoxic stress.”” Increased L-pipecolic acid oxidase (PIPOX)
activity, which has been correlated with poor prognosis and
metastatic behavior in BC, could further drive this metabolic
adaptation.”* The simultaneous rise in estradiol levels might

reflect the multifaceted alteration of estrogen signaling,
especially in endocrine-resistant cancers, where estradiol is
able to trigger apoptosis or, on the contrary, promote tumor
growth through novel routes of ER signaling.” Suppressed
levels of androstenedione suggest augmented aromatase activity
within the tumor microenvironment that enhances the
conversion of androstenedione to estradiol.” E7pigenetic factors
were reported to regulate aromatase activity,”’ which was also
reported to cross-talk with lipid pathways.® Concurrently,
downregulation of phosphatidylcholine, PC(18:1(9Z)/18:1-
(9Z)), reflects increased membrane biosynthesis and lipid
remodeling to support accelerated tumor proliferation.>”

BC cells exhibit increased biotin demand, which is facilitated
by the upregulation of biotin transporters such as the sodium-
dependent multivitamin transporter (SMVT; SLC5A6).%" This
enhanced uptake supports rapid tumor proliferation by
supplying essential cofactors for carboxylase enzymes involved
in key metabolic pathways including fatty acid synthesis and
amino acid metabolism.”" Although tumors consume more
biotin, plasma biotin levels may remain stable or even increased
due to compensatory mechanisms including hepatic biotin
recycling and systemic redistribution.”’ These findings align
with metabolomic profiles in BC patients, reflecting a dynamic
balance between tumor biotin consumption and overall biotin
homeostasis, rather than simple depletion of circulating biotin.**
This complex regulation underscores the importance of
considering whole-body biotin turnover when interpreting
plasma biotin concentrations in the context of cancer
metabolism and offers insight into the potential therapeutic
targeting of biotin transport and metabolism in BC.

The top VIP proteins identified in this study indicate several
tumor-associated biological processes relevant to BC pro-
gression including coagulation dysregulation, cytoskeletal
remodeling, immune modulation, metabolic reprogramming,
and growth factor signaling. Alterations in immunoglobulin
chains and complement factors reflect immune engagement and
localized inflammation.*** Upregulation of the heat shock
protein (HSP) and actin was observed in BC patients. HSP and
actin regulate the cytoskeletal plasticity required for migration
and invasion. HSP90p stabilizes oncogenic kinases and the focal
adhesion complex; its pharmacologic inhibition blocks BC
metastasis and resensitizes resistant tumors to hormonal
therapy.®> In addition, upregulation in protein $100-A6 was
observed in our BC patients. S100-A6 was reported to enhance
EMT via f-catenin signaling and enhance motility in pancreatic
cancer.”’ Angiotensinogen was also upregulated in BC patients
compared to in HC individuals. The angiotensinogen/
angiotensin II pathway integrates remodeling of the vessels
with tumor progression. Angiotensin II through its receptor
stimulates proliferation of BC cells, EMT, and angiogenesis,ég’69
while agonistic blockade of the receptors by drugs like losartan
has shown antiangiogenic and stromal-normalizing activity in
BC models.”” Apolipoprotein M (component of high-density
lipoproteins (HDLs)) was downregulated in BC patients
compared to the HC group. Various studies report the
downregulation of ApoM in BC tissues, correlating with
dysregulated lipid metabolism and aberrant expression of the
vitamin D receptor, that can suppress the invasion and
progression of tumors.”'

Together, these alterations reflect a profound reprogramming
of amino acid, lipid, and nucleotide metabolism in advanced BC,
fueling tumor adaptation and immune evasion yet revealing
vulnerabilities that are primed for therapeutic intervention.
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4.1. Limitations

Despite the significant results obtained, this study has some
limitations including (i) the cohort size (n = 65), which may
limit statistical power and generalizability, (ii) the findings are
population-specific and may not directly translate to other
ethnic or geographic groups, (iii) the observations in this study
reflect associations rather than mechanisms, therefore functional
validation of identified biomarkers in vitro and in vivo is still
required, (iv) the BC cohort may exhibit clinical heterogeneity,
including differences in the disease stage and treatment status at
the time of sample collection, (v) hormone status and treatment
history may have introduced confounding effects, although
supplementary analyses indicate that treatment status does not
drive the observed molecular patterns, residual confounding
cannot be fully excluded, and (vi) diagnostic performance is
exploratory since external validation is lacking. Independent
validation in external cohorts was not feasible due to the current
lack of publicly available BC metabolomic and proteomic data
sets from the UAE or comparable regional populations. To
mitigate the limitation of the small sample size, stringent quality-
control measures and validated statistical approaches were
applied. Data reliability was verified through cross-validation
and permutation testing to minimize model overfitting.
Furthermore, the reproducible trends observed across both
univariate and multivariate analyses support the robustness of
the findings despite the limited sample size. Future studies
should focus on validating these biomarkers in larger, multi-
center cohorts, exploring functional roles of key metabolites
(e.g., pipecolic acid, estradiol) and proteins in tumor biology,
developing noninvasive diagnostic assays based on the identified
metabolic signatures, and investigating the therapeutic inter-
ventions targeting arginine metabolism, estrogen signaling, and
ROS-buffering pathways.

5. CONCLUSIONS

This study provides the first UAE-specific metabolic and
proteomic landscape of BC, uncovering a coordinated
reprogramming of amino acid, nucleotide, and hormone
metabolism across disease stages. The shift from polar to
lipophilic metabolites reflects an underlying biological transition
tied to tumor proliferation, immune escape, and endocrine
resistance. While these findings expand the current under-
standing of BC biology in an unstudied population, they remain
exploratory and correlative. Nevertheless, this work lays the
groundwork for precision oncology approaches tailored to the
metabolic vulnerabilities of BC in the UAE and potentially other
MENA populations.
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Metabolic alteration in breast cancer patients compared
to control (boxplots showing the relative abundance of

significantly different metabolites in early- or late-stage
BC compared to HC (FC cutoff 1.5 and g-value <0.05))
(Figure S1); metabolic alteration in breast cancer patients
compared to control continued (boxplots showing the
relative abundance of significantly different metabolites in
early- or late-stage BC compared to HC (FC cutoff 1.5
and g-value <0.05)) (Figure S2); the assessment of the
effect of treatment using stage-associated biomarkers
((A) the heatmap of selected stage-associated metabolic
biomarkers across breast cancer samples; columns
represent individual samples and rows represent metab-
olites identified as stage-associated features; samples are
annotated by the treatment category (endocrine-based
therapy vs other treatments); (B) the principal
component analysis (PCA) score plot based on the
same set of stage-associated biomarkers, with samples
colored according to the treatment category; PCA
demonstrates a substantial overlap between treatment
groups, indicating that treatment exposure does not
dominate the variance structure of stage-associated
metabolic features, and these analyses were performed
to evaluate the potential impact of treatment hetero-
geneity and are interpreted in an exploratory manner)
(Figure S3); boxplots of sample intensity distributions
following different normalization strategies, including (A)
unnormalized log,-transformed data, (B) global median
centering, (©) quantile normalization, (D) Z-score
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and boxplots (Figure S4.); PCA of the data set following
different normalization methods, including (A) unnor-
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