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substantial impact on patient morbidity and mortality (1). 
With advancements in anticancer therapies leading to 
improved survival rates, the emergence of cardiovascular tox-
icities and hypertension (HTN) presents clinicians with intri-
cate management dilemmas (2). Understanding the complex 
biochemical alterations associated with PCa is vital for advanc-
ing diagnostic and therapeutic strategies (3). Metabolomics 
offers a comprehensive snapshot of the metabolome, the 
complete set of small molecule metabolites within a biologi-
cal system, providing insights into dynamic changes occur-
ring in cellular metabolism (4,5). It has emerged as a pivotal 
tool in elucidating the intricate metabolic changes underly-
ing PCa development and progression (6–9). Particularly, the 
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ABSTRACT
Introduction: Prostate cancer (PCa) management presents a multifaceted clinical challenge, intricately linking 
oncological considerations with cardiovascular health. Despite the recognized importance of lipid metabolism 
and hypertension in this interwoven relationship, their involvement in PCa development remains partially under-
stood. This study aimed to explore variations in plasma metabolome among Sudanese PCa patients and their 
associated comorbidities.
Methods: Plasma samples were collected from 50 patients across four hospitals in Sudan and profiled by nuclear 
magnetic resonance (NMR) spectroscopy. One-dimensional proton NMR spectra were acquired for each sample 
using standard nuclear Overhauser effect spectroscopy pulse sequence presat on a 500 MHz Bruker Avance III HD 
NMR spectrometer. Metabolite concentrations were quantified using R scripts developed in-house. Univariate 
and multivariate analyses were generated in the R software. 
Results: Patients were categorized into four distinct metabotypes based on their metabolic profiles, and statisti-
cal analyses were conducted to evaluate the significance of observed differences. Our findings revealed high 
levels of fatty acids, phospholipids, cholesterol, valine, leucine, and isoleucine associated with non-hypertensive 
patients. In contrast, hypertensive patients were associated with high GlycA and GlycB levels and altered amino 
acid metabolism. 
Conclusion: These findings underscore the intricate interplay between metabolic dysregulation and hyperten-
sion in PCa patients. Further research is warranted to elucidate the precise molecular pathways underlying lipid 
metabolism in PCa and to explore the therapeutic potential of targeting these pathways. In conclusion, our study 
contributes to a deeper understanding of the metabolic landscape of PCa in Sudanese patients, emphasizing the 
importance of personalized approaches in cancer management.
Keywords: Africa, Metabolomics, NMR, Prostate cancer, Sudan

Received: May 22, 2024
Accepted: November 20, 2024
Published online: December 16, 2024

This article includes supplementary material

Corresponding author: 
Stefano Cacciatore
email: stefano.cacciatore@icgeb.org 

Introduction
Prostate cancer (PCa) poses a significant global health 

challenge, characterized by its increasing incidence and 
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investigation of altered metabolic pathways involving lipids, 
fatty acids, and free amino acids holds immense importance 
in understanding the molecular mechanisms driving PCa 
pathogenesis (10,11). 

Among the plethora of molecular factors implicated 
in PCa pathogenesis, lipids have emerged as pivotal play-
ers, governing diverse cellular processes crucial for tumor 
progression (12). Emerging evidence suggests a complex 
interplay between lipid metabolism, HTN, and androgen 
deprivation therapies (ADTs) in PCa patients, adding further 
layers of complexity to patient care (13,14). Dysregulated 
lipid metabolism not only fuels the energy demands of pro-
liferating cancer cells but also contributes to the structural 
integrity of cellular membranes and facilitates signaling path-
ways crucial for PCa progression (15). Fatty acids, the build-
ing blocks of complex lipids, are intricately involved in various 
cellular processes, including energy production, membrane 
synthesis, and signaling modulation (16). Perturbations in 
fatty acid metabolism have been implicated in PCa patho-
physiology, influencing tumor aggressiveness, therapeutic 
resistance, and disease prognosis (17). Metabolomic stud-
ies have unveiled alterations in fatty acid composition and 
metabolism associated with PCa, highlighting their potential 
as biomarkers for disease diagnosis and therapeutic targets 
for intervention (10,18). Moreover, free amino acids play 
pivotal roles in cellular metabolism, serving as precursors 
for protein synthesis, energy production, and signaling mol-
ecules (19). Alteration in amino acid metabolism has been 
implicated in PCa progression, influencing cell proliferation, 
invasion, and metastasis (20,21). Metabolomic profiling has 
uncovered variations in amino acid levels and metabolism 
in PCa, offering insights into the relation between metabolic 
rewiring and oncogenic signaling pathways (8,11). 

Most metabolomic PCa studies are conducted predomi-
nantly in European and Asian populations. The generaliza-
tion of findings to other ethnic groups may be limited due 
to inherent genetic, environmental, and lifestyle differences 
(22). Therefore, investigating altered metabolic pathways in 
diverse populations, including those from African regions like 
Sudan, is crucial for elucidating population-specific variations 
in PCa biology. Sudan presents a unique demographic land-
scape characterized by its distinct genetic ancestry, dietary 
habits, and environmental exposures (23). The region is 
characterized by a rich diversity highlighted by the exten-
sive presence of major continental African language families, 
including Niger-Congo (NC), Nilo-Saharan (NS), and Afro-
Asiatic (AA) (24). Our study aims to reveal underlying meta-
bolic phenotypes across Sudanese PCa patients to better 
understand the triggering mechanisms and corresponding 
tumor heterogeneity. 

Material and methods
Study patients and sample collection

The study encompasses a cohort of Sudanese patients diag-
nosed with PCa. They were primarily treated at the Urology 
Department of four facilities: Omdrman Teaching Hospital 
(OTH), Kuwaiti Specialized Hospital (KSH), Soba University 
Hospital (SUH), and Military Crop (MC). Ethical approval was 

provided by the National Health Research Ethics Committee 
of the Sudanese Federal Ministry of Health. The prevalence of 
comorbidities such as HTN and type 2 diabetes mellitus (T2DM) 
was documented. Further insights into PCa characteristics 
including prostate-specific antigen (PSA) levels, biopsy types, 
perineural invasion (PNI), and disease grading were recorded 
from Grade 1 to Grade 5. Written consent was obtained from 
all the participants for tissue and blood examinations. All clini-
cal data were collected regarding their age and clinical history. 
Five milliliters of blood was collected in Vacuette® ethylene-
diaminetetraacetic acid (EDTA) tube by medical staff. Blood 
plasma was separated by centrifugation (1000 g for 10 min at 
4°C) and stored at –80°C. Serum PSA level was estimated. 

Nuclear magnetic resonance sample preparation and analysis

Plasma samples were thawed at room temperature. An 
aliquot of 350 μL of a phosphate sodium buffer (70 mM 
Na2HPO4; 20% (v/v) 2H2O; 6.1 mM NaN3; 4.6 mM sodium 
3-trimethylsilyl [2,2,3,3-2H4]-propionate; pH 7.4) was added 
to 350 μL of each sample. The mixture was homogenized by 
vortexing for 30 s, before 600 μL of this mixture was trans-
ferred into a 5-mm nuclear magnetic resonance (NMR) tube 
for analysis. One-dimensional (1D) proton (1H)-NMR spectra 
were acquired on a 500 MHz Bruker Avance III HD NMR spec-
trometer equipped with a triple-resonance inverse 1H probe 
head and x, y, z gradient coils. A standard nuclear Overhauser 
effect spectroscopy (NOESY) pulse sequence presat (noesygp-
pr1d) was used on plasma samples (25). Pooled samples 
were used as a quality control sample and were included 
in each batch for qualitative assessment of repeatability 
by overlaying the raw spectra. The peaks of the identified 
metabolites were fitted by combining a local baseline and 
Voigt functions based on the multiplicity of the NMR signal 
(26). To validate the efficacy of the different deconvolution 
models, the root-mean-square deviation was determined. 
The absolute concentration of each metabolite was calcu-
lated according to the previously reported equation (27). 
The number of protons contributing to the unknown signals 
was imputed to 1. The concentration of carbohydrates was 
also estimated by considering the equilibrium between their 
cyclic forms. GlycA and GlycB signals were quantified by inte-
grating the areas between 2.00 and 2.05 ppm and between 
2.09 and 2.05 ppm, respectively, above a local baseline, aim-
ing to remove the signal of lipoproteins.

Statistical and data analysis

Statistical analysis and graphical illustrations of the data 
were generated in the R (version 4.3.2) and R studio (version 
1.1.456) software using scripts developed in-house. Wilcoxon 
rank sum test and Kruskal-Wallis rank sum test were used to 
compare differences in numerical covariates (e.g., age and 
metabolite concentration). Fisher’s exact test was used to 
assess differences between categorical variables (e.g., eth-
nicity). Spearman’s test was used to calculate the correlation 
coefficient (rho) between variables. Unsupervised analysis was 
performed on the metabolic profiles using the KODAMA algo-
rithm (28,29). Hierarchical clustering (Ward linkage) (30) was 
used on the KODAMA’s output to identify clusters with similar 
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metabolic patterns. Silhouette median value was used to eval-
uate the optimal number of clusters with the number of pos-
sible clusters varying from 2 to 10 (31). The p values less than 
0.05 were considered to be significant. To account for multiple 
tests, a false discovery rate (FDR) of <10% was applied. Linear 
scaling was used for normalization. Logistic regression models 
were used to calculate odds ratio (OR) estimates with 95% con-
fidence intervals (CIs) of association between HTN and mea-
sured NMR metabolites using ggforestplot R package (32).

Results
Patients’ demographic and clinicopathological characteristics

The participants recruited for this study are representative 
of the three predominant ethnic groups prevailing in Sudan. 
The ethnic distribution among the 50 patients included in the 
study reveals a predominant representation of AA, constituting 
48% (n = 24) of the cohort, followed by 34% (n = 17) identified 
as NC, and 18% (n = 9) as NS. Regarding hospital distribution, 

KSH accounted for 58% (n = 29) of the total recruited patients, 
followed by MC at 16% (n = 8), OTH at 14% (n = 7), and SUH at 
12% (n = 6). The patients from these three ethnic groups exhib-
ited comparable age distributions and prevalence of disease 
comorbidities such as HTN and T2DM. No significant differ-
ences were observed in PSA levels across ethnic groups. Most 
of the recruited patients were diagnosed utilizing tissues from 
transurethral resection of the prostate (TURP), accounting for 
68% (n = 34), followed by needle biopsy at 26% (n = 13), pros-
tatectomy at 4% (n = 2), and transurethral laser vaporization 
of the prostate (TVP) at 2% (n = 1). PNI was observed in 11 tis-
sue samples. Regarding disease grading, 34% of patients were 
classified as grade 5 PCa (n = 17), 34% as grade 4 (n = 17), 10% 
as grade 3 (n = 5), 12% as grade 2 (n = 6), and 10% as grade 1 
(n = 5). There were no significant differences in clinicopatho-
logical parameters observed among patients belonging to the 
three ethnic groups. A detailed summary of the clinical and 
demographic characteristics of PCa within the analyzed cohort 
is presented in Table I.

TABLE 1 - Demographic and clinical features of the study’s patients according to their ethnicity

Feature AA (n = 24) NC (n = 17) NS (n = 9) p-Value

Hospital 0.083
 KSH, n (%) 16 (66.7) 10 (58.8) 3 (33.3)
 MC, n (%) 2 (8.3) 5 (29.4) 1 (11.1)
 OTH, n (%) 2 (8.3) 2 (11.8) 3 (33.3)
 SUH, n (%) 4 (16.7) 0 (0.0) 2 (22.2)

Age (years), median [IQR] 74.5 [65-77] 75 [62-78] 65 [63-71] 0.124

Hypertension 0.922
 No, n (%) 9 (37.5) 5 (29.4) 3 (33.3)
 Yes, n (%) 15 (62.5) 12 (70.6) 6 (66.7)

T2DM 0.321
 No, n (%) 12 (50.0) 12 (70.6) 4 (44.4)
 Yes, n (%) 12 (50.0) 5 (29.4) 5 (55.6)

PSA (ng/mL), median [IQR] 42.35 [24.4-63] 54 [37.4-62.1] 50.5 [44.9-94.2] 0.238

Biopsy type 0.858
 Needle biopsy, n (%) 8 (33.3) 3 (17.6) 2 (22.2)
 Prostatectomy, n (%) 1 (4.2) 1 (5.9) 0 (0.0)
 TVP, n (%) 1 (4.2) 0 (0.0) 0 (0.0)
 TURP, n (%) 14 (58.3) 13 (76.5) 7 (77.8)

PNI 0.345
 No, n (%) 20 (83.3) 11 (64.7) 8 (88.9)
 Yes, n (%) 4 (16.7) 6 (35.3) 1 (11.1)

Grade 0.572
 1, n (%) 3 (12.5) 1 (5.9) 1 (11.1)
 2, n (%) 5 (20.8) 0 (0.0) 1 (11.1)
 3, n (%) 1 (4.2) 3 (17.6) 1 (11.1)
 4, n (%) 7 (29.2) 7 (41.2) 3 (33.3)
 5, n (%) 8 (33.3) 6 (35.3) 3 (33.3)

AA = Afro-Asiatic; IQR = interquartile range; KSH = Kuwaiti Specialized Hospital; MC = Military Crop; NC = Niger-Congo; NS = Nilo-Saharan; OTH = Omdurman 
Teaching Hospital; PNI = perineural invasion; PSA = prostate-specific antigen; SUH = Soba University Hospital; T2DM = type 2 diabetes mellitus; 
TURP = transurethral resection of prostate; TVP = transurethral laser vaporization of prostate.
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Metabolic profiling 

NMR spectroscopy was used to profile the plasma 
metabolome. The metabolic profiles from the three ethnic 
backgrounds were analyzed (Tab. S1), revealing no signifi-
cant differences in the metabolic landscape across different 
ethnicities. However, we reported strong correlations in cer-
tain metabolic groups, as shown in Figure 1A. Lipid metab-
olites encompassing cholesterol, glycerol phospholipid, 
lipid = CH-CH2-CH = , lipid alpha-CH2, lipid beta-CH2, lipid CH2, 
lipid CH3, and unsaturated lipid -CH = CH- exhibited distinc-
tive patterns. They showed a significant correlation with the 
amino acids valine, leucine, and isoleucine. The glutamine 
was negatively related to glutamate levels. Pyruvate exhib-
ited a negative correlation with glutamate and histidine while 
displaying a positive correlation with citrate, glycine, and 
lactate. As expected, the inflammatory NMR markers GlycA 
and GlycB were negatively correlated with the concentration 
level of histidine, as reported previously (33). Additionally, 
GlycA and GlycB were also negatively correlated with the 
lipid levels.

Metabolic phenotype analysis

The plasma metabolic profile of PCa patients is heteroge-
neous and shaped by different factors, including inflamma-
tion and lipid metabolism. To elucidate metabolic patterns 
in PCa patients, we employed the unsupervised KODAMA 
method to analyze quantified NMR metabolite concentra-
tions. By grouping patients with similar metabolic profiles 
together, four distinct metabolic phenotypes (metabotypes) 
were identified, as visualized in the heatmap of Figure 2B. 
The demographic and clinical variations among four identi-
fied patient metabotypes are illustrated in Table II. While 
some differences exist, many parameters do not reach sta-
tistical significance among the metabotypes. Significantly 
divergent HTN prevalence (p-value = 0.028) was observed 

among the predicted patient groups. Metabotypes A, B, and 
D exhibited a higher proportion of hypertensive patients 
(76.2%, 70%, and 80%, respectively) compared to metabo-
type B, which predominantly comprised non-hypertensive 
patients (77.8%). The variations in metabolic signature across 
four metabotypes with corresponding cancer grade and HTN 
status are represented in Figure 2C.

Through a detailed metabolic comparison illustrated in 
Table S2, it becomes evident that these metabotypes exhibit 
distinct metabolic patterns, each characterized by unique 
compositions of metabolites. Among the 38 NMR metabo-
lites measured, 23 metabolites exhibited significant differ-
ences between the predicted metabotypes, each forming a 
distinct metabolic pattern that characterized the identified 
metabotypes uniquely (Fig. 2A). The metabotype A is charac-
terized by elevated levels of formate, glutamine, and acetate. 
In contrast, metabotype B displayed an elevated set of fatty 
acids and lipid metabolites associated with high levels of 
some amino acids. Conversely, the metabotype C exhibited 
higher levels of ascorbate, glutamate, and histidine, while 
metabotype D showed a distinct pattern of elevated levels 
of inflammatory biomarkers GlycA and GlycB. These findings 
indicate unique metabolic signatures associated with each 
group. Since high circulating cholesterol increases the risk 
of PCa aggressiveness (15), its level across the four metabo-
type groups is visualized relative to the HTN status of cor-
responding patients (Fig. 2B). Additionally, GlycB, serving as 
an inflammatory biomarker and previously reported to be 
correlated with a high lipidomic profile (33), also displayed 
regarding the HTN status of patients from different metabo-
types (Fig. 2C).

Association of hypertension with patient characteristics

Our findings indicate that despite a higher proportion of 
non-hypertensive patients falling under metabotype B, their 

FIGURE 1 - Descriptive analysis 
for NMR metabolic profile of 
PCa patients. A) Correlation 
matrix of Spearman’s rank cor-
relation coefficients between 
the estimated metabolites. B) 
KODAMA plot visualizing four 
metabotypes. C) Heatmap 
showing the comparison of im-
mune cell profiles across four 
metabotypes. HTN = hyper-
tension; NMR = nuclear ma-
gnetic resonance; PCa = pro-
state cancer.
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lipid metabolite levels remain elevated compared to other 
groups. To uncover potential metabolic patterns associated 
with hypertension, a thorough examination of demographic, 
clinical (Tab. S3), and metabolic (Tab. S4) data compar-
ing patients with and without HTN has been performed. 
Our analysis unveiled significantly elevated levels of PSA in 
hypertensive patients compared to the non-hypertensive 
group (p-value = 0.037), remarking the association between 
hypertension and prostate health. A discrepancy in the 
T2DM prevalence was observed between hypertensive and 
non-hypertensive groups (p-value = 0.021). Most hyperten-
sive patients (81.8%) were found to be non-diabetic while 

94.1% of non-hypertensive patients presented with T2DM. 
Moreover, hypertensive patients exhibited significantly 
higher concentrations of various lipid metabolites compared 
to their non-hypertensive counterparts. These included 
unsaturated lipid -CH = CH- (p-value = 0.021), lipid alpha-CH2 
(p-value = 0.007), lipid CH2 (p-value = 0.002), lipid beta-CH2 
(p-value = 0.02), and glycerol phospholipid (p-value = 0.005), 
as evidenced by our statistical analysis (Fig. 3, Tab. S4). These 
findings underscore the intricate metabolic alterations asso-
ciated with hypertension and the need for further explora-
tions in understanding the pathophysiology of hypertension 
and its complications in PCa patients.

TABLE 2 - Variation in demographic and clinical parameters among different metabotypes

Feature Metabotype A
(n = 21)

Metabotype B
(n = 9)

Metabotype C
(n = 10)

Metabotype D
(n = 10)

p-Value

Hospital 0.073
 KSH, n (%) 8 (38.1) 7 (77.8) 5 (50.0) 9 (90.0)
 MC, n (%) 4 (19.0) 0 (0.0) 3 (30.0) 1 (10.0)
 OTH, n (%) 5 (23.8) 2 (22.2) 0 (0.0) 0 (0.0)
 SUH, n (%) 4 (19.0) 0 (0.0) 2 (20.0) 0 (0.0)

Ethnicity 0.342
 AA, n (%) 13 (61.9) 4 (44.4) 2 (20.0) 5 (50.0)
 NC, n (%) 4 (19.0) 4 (44.4) 5 (50.0) 4 (40.0)
 NS, n (%) 4 (19.0) 1 (11.1) 3 (30.0) 1 (10.0)

Age (year), median [IQR] 75 [65–80] 70 [63–72] 71.5 [68-75] 61 [57.5-74] 0.237

HTN 0.027
 No, n (%) 5 (23.8) 7 (77.8) 3 (30.0) 2 (20.0)
 Yes, n (%) 16 (76.2) 2 (22.2) 7 (70.0) 8 (80.0)

T2DM 0.408
 No, n (%) 14 (66.7) 3 (33.3) 6 (60.0) 5 (50.0)
 Yes, n (%) 7 (33.3) 6 (66.7) 4 (40.0) 5 (50.0)

PSA (ng/mL), median [IQR] 42.7[31-61.7] 35.8[24.9-43.7] 49.0[44-57.5] 72.8[46.6-91.6] 0.231

Biopsy type 0.611
 Needle biopsy, n (%) 4 (19.0) 2 (22.2) 4 (40.0) 3 (30.0)
 …Prostatectomy, n (%) 1 (4.8) 0 (0.0) 1 (10.0) 0 (0.0)
 TVP, n (%) 0 (0.0) 0 (0.0) 0 (0.0) 1 (10.0)
 TURP, n (%) 16 (76.2) 7 (77.8) 5 (50.0) 6 (60.0)

PNI 0.521
 No, n (%) 17 (81.0) 8 (88.9) 8 (80.0) 6 (60.0)
 Yes, n (%) 4 (19.0) 1 (11.1) 2 (20.0) 4 (40.0)

Grade 0.056
 1, n (%) 5 (23.8) 0 (0.0) 0 (0.0) 0 (0.0)
 2, n (%) 5 (23.8) 0 (0.0) 1 (10.0) 0 (0.0)
 3, n (%) 2 (9.5) 1 (11.1) 1 (10.0) 1 (10.0)
 4, n (%) 2 (9.5) 6 (66.7) 5 (50.0) 4 (40.0)
 5, n (%) 7 (33.3) 2 (22.2) 3 (30.0) 5 (50.0)

AA = Afro-Asiatic; HTN = hypertension; IQR = interquartile range; KSH = Kuwaiti Specialized Hospital; MC = Military Crop; NC = Niger-Congo; NS = Nilo-Saharan; 
OTH = Omdurman Teaching Hospital; PNI = perineural invasion; PSA = prostate-specific antigen; SUH = Soba University Hospital; T2DM = type2 diabetes 
mellitus; TURP = transurethral resection of prostate; TVP = transurethral laser vaporization of prostate.
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Discussion
Despite the lack of specific metabolomic studies of PCa in 

Sudanese patients, this research tries to investigate the meta-
bolic profile within the Sudanese context. Mostly, Sudanese 
PCa patients frequently present with late-stage diagnoses 
characterized by elevated PSA levels and Gleason scores (34). 

The diverse ethnic composition of our study, with a predomi-
nant representation of ethnicities such as AA, NC, and NS, mir-
rors the demographic diversity typical of this African region 
(25). Metabolic stratification of PCa patients using machine 
learning techniques offers a promising approach to eluci-
date the disease’s heterogeneity and enhance personalized 

FIGURE 2 - Variations in si-
gnificant metabolites across 
four predicted metabotypes. 
A) Balloon plot representing 
the different metabolite con-
centrations across the four 
metabotypes. The KODAMA 
plots illustrate the distribu-
tion of cholesterol (B) and 
GlycB concentrations (C), with 
concentrations represented 
by varying point sizes across 
four distinct metabotypes. 
HTN = hypertension.

FIGURE 3 - Association between  
hypertension (HTN) and me-
tabolite concentrations. Odds 
ratio for HTN per 1-standard 
deviation increment in meta-
bolite concentration with 95% 
confidence interval (CI). The 
red circle represents significant 
values.
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treatment strategies. By analyzing metabolomic profiles from 
plasma samples, machine learning algorithms can catego-
rize patients into distinct metabolic subtypes based on their 
unique metabolic signatures. Several studies have showcased 
the feasibility and potential of this approach. For instance, 
Cacciatore et al (2021) utilized KODAMA, a clustering algo-
rithm to stratify PCa patients into different metabotypes 
using metabolomic profiling data (33). Their findings high-
lighted distinct inflammatory metabolic patterns associated 
with PCa aggressiveness in South African patients. 

In our study, we applied KODAMA to categorize Sudanese 
PCa patients based on their NMR-measured metabolic data, 
identifying four distinct metabolic groups. These groups dif-
fered in PCa grade distribution and exhibited significant 
variability in hypertension prevalence. An increased level of 
lipid metabolites, including fatty acids, cholesterol, and glyc-
erol phospholipids, was observed in patients within the sec-
ond metabotype (metabotype B). This metabolic signature 
revealed a potential link between lipid metabolism and the 
clinical characteristics of PCa patients grouped within this 
group. Unlike other metabotypes, this group is dominated 
by non-hypertensive patients, which implies another factor 
that can interfere with the recorded raised lipid metabolites. 
Previous research implicated dysregulated lipid metabolism in 
cancer progression, including PCa (35–37). Accumulation of 
phospholipids and cholesterol in the circulation interacts with 
androgens and the immune system and triggers PCa develop-
ment (38). The extended utilization of ADT is recognized for 
inducing alterations in the lipid profile both during and fol-
lowing treatment (39,40). It may be potentially contributing 
to the enhanced lipid biosynthesis in metabotype B group. 
Furthermore, our analysis also revealed a positive correlation 
between estimated lipid metabolites and certain amino acids, 
particularly valine, leucine, and isoleucine, which are classi-
fied as branched-chain amino acids (BCAAs). These BCAAs 
play pivotal roles in crucial cellular processes such as protein 
synthesis, energy production, and cellular signaling (41). The 
dysregulation of BCAA metabolism has been implicated in 
the pathogenesis of various cancers, including PCa (42). The 
genes encoding these amino acids have been reported to 
be expressed at higher levels in PCa tumor tissue compared 
to non-transformed tissue (43). Previous studies have illu-
minated the relation between lipid and amino acid metabo-
lism in various cancer types (44,45). Specifically, cancer cells, 
including those of PCa, often exhibit heightened demands for 
lipid synthesis and fatty acid oxidation to fuel their growth and 
meet their energy requirements, while simultaneously orches-
trating the transport and metabolic pathways of amino acids 
to sustain proliferation and ensure survival (46). Aside from 
BCAAs, our results also highlighted variations in the concentra-
tions of other metabolites such as glutamine, glutamate, his-
tidine, and pyruvate across the detected metabotype groups. 
The abnormal metabolism of amino acids in PCa cells often 
manifests as a disruption in glutamic acid metabolism, which 
is synthesized from glutamine to fulfill the demands of growth 
and proliferation (47). Plasma samples from PCa patients have 
been shown to exhibit elevated levels of valine, glutamine, 
creatine, tyrosine, phenylalanine, histidine, and 3-methyl-
histidine (48). Increased levels of BCAAs, glutamate, and a 

reduction in the levels of glycine, dimethylglycine, fumarate, 
and 4-imidazole-acetate have been identified as discriminative 
factors between PCa patients and those with benign prostatic 
hyperplasia (49). Lipid oxidation might be initiated by glycosyl-
ation of phospholipids leading to formation of advanced glyca-
tion end products. This pathway might increase the severity 
of inflammatory diseases, and the initiation and progression 
of malignant tumors (50). GlycA and GlycB are identifiable 
as two distinct signals in NMR spectroscopy that indicate the 
glycation status of the most abundant acute-phase inflamma-
tory proteins, reflecting the patient inflammatory status (51). 
From our results, there was increased concentrations of GlycA 
and GlycB in the fourth metabotype (metabotype D) associ-
ated with low levels of lipid metabolites. Consistent with our 
results, a previous study reported a similar PCa metabotype, 
characterized by a high level of GlycB and reduced concentra-
tion of lipids (33). The possible origin of this metabotype is still 
under investigation.

Conclusion
This study sheds light on the metabolic landscape of PCa 

in Sudanese patients, emphasizing the potential of metabo-
lomics in enhancing personalized treatment strategies. The 
identified metabolic subtypes using machine learning tech-
niques provide valuable insights into disease heterogeneity, 
guiding targeted interventions. The associations between 
lipid metabolites and PCa characteristics underscore the 
importance of metabolic dysregulation in disease progres-
sion. Further research into the interplay between lipid and 
amino acid metabolism, informed by our findings and previ-
ous studies, promises to deepen our understanding of PCa 
pathogenesis and identify novel therapeutic targets.

Limitations and future directions
While the study provided valuable insights into the meta-

bolic variations among PCa patients with comorbidities like 
hypertension, this study has some limitations that should be 
considered. The relatively small sample size (50 patients) limits 
the generalizability of the findings, and the focus on a specific 
population in Sudan may not fully capture metabolic varia-
tions across different regions or ethnic groups. Finally, while 
NMR spectroscopy was useful for metabolomic profiling, it 
may have missed other relevant metabolites that more sensi-
tive techniques like mass spectrometry could detect. Despite 
these limitations, the study offers practical insights identify-
ing distinct metabolic phenotypes in PCa patients, particularly 
concerning hypertension. The findings may also contribute to 
the development of biomarkers for early detection and risk 
stratification, particularly in patients with metabolic comor-
bidities like hypertension. Further research could explore 
these metabolic pathways to inform targeted therapies.
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