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											Abstract

											
												 
												Background: Prostate cancer (PCa) with metastasis remains an incurable disease requiring early diagnosis and effective treatments. Bone metastasis is the predominant cause of mortality from PCa. Aggressive PCa metastasizes or spreads to bones, such as the hip, spine, and pelvis. Bone metastatic PCa is considered an advanced stage. This study was designed to determine the association of these metabolites/lipids with the progression of metastases cascade in PCa. Thus, the present study is based on 1H-NMR to investigate the blood plasma metabolomic and lipidomic profile to distinguish PCa patients with metastases from those without metastases for determining potential biomarker/s for progression to metastases cascade.
												

												 
												Methodology: Blood samples were collected from PCa patients (n = 35) and bone metastases (n = 30). Proton spectra of blood plasma samples were carried out at a 700 MHz spectrometer using 1D CPMG with pre-saturation. Partial least squares-differential analysis (PLS-DA) orthogonal PLS-DA (OPLS-DA), and VIP score and pathways analysis were using MetaboAnalyst 6.0.
												

												 
												Results: Significantly higher concentrations of lactate, alanine, glutamate, pyruvate, glycine, and creatinine while lower levels of phenylalanine were found in metastases PCa as compared to non-metastases patients using metabolic profiling. Lipidomic profiling analysis, 3-hydroxybutyrate (3-HOB), Acetate, Acetoacetate, dimethylamine (DMA), choline, and glycerophosphocholine (GPC) were found in higher concentrations in blood plasma samples of metastases PCa as compared to non-metastases PCa patients. Pathway enrichment analysis using the KEGG revealed the potential involvement of pyruvate metabolism & fatty acid biosynthesis in metastases PCa progression and cascade.
												

												 
												Conclusion: The present study highlights that amino acids, phospholipids, ketone bodies, and energy metabolites are potential biomarker/s for the progression to bone metastases cascade of PCa. NMR-based metabolomic and lipidomics profiling provides novel insights into the pathophysiological mechanism of cancer progression to the metastases of PCa to monitor treatment outcomes.
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										Introduction

										
											Prostate cancer (PCa) is one of the most commonly diagnosed malignancies in men aged over 50-years-old [1]. PCa patients may not present with specific symptoms during the initial course of the disease [2]. The most common screening methods are based on the measurement of serum prostate-specific antigen (PSA) and/or digital rectal examination (DRE), followed by transrectal ultrasound (TRUS) guided systematic biopsy [3,4]. Thus, the major problems are unnecessary repeat invasive biopsies and over-diagnosis. Hence, there is a need for potential and specific robust biomarker/s to differentiate PCa from non-aggressive tumors. Therefore, detection and evaluation of the metabolites and lipid species in patients with PCa are the hotspots in current research.
										

										
											Metabolomics is a rapidly developing area to provide valuable information about diseases, of which a subset is lipidomics defined as a study of the content and function of whole lipids in the cell or tissue in biological systems [5,6]. To put it simply, lipidomics is the measurement of all the lipids inside a specific biological entity. Lipids play roles in membrane structure, energy storage, and signal transduction as well as in PCa [7,8]. Few studies indicated that lipids may serve as promising biomarker/s in the early diagnosis and individualized treatment of cancer [7-11]. Lipids are crucial in many cellular processes, including cell survival, proliferation, interaction, and apoptosis. Dysfunction of lipids metabolism was found to be associated with the pathogenesis of many diseases including PCa [11]. Both metabolomic and lipidomics are quantitative of metabolites and lipids determined in cells, tissue, body fluid, or organisms at a scheduled time, as an emerging field about the systemic analysis of lipids and their metabolites and interactions [12]. Studies on lipidomics suggested that lipids play many important functions in living organisms, especially in the transformation, progression, and metastasis of PCa [12].
										

										
											High-throughput analytical chemical techniques such as chromatography coupled to mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy have been used in metabolomics and lipidomics along with univariate and multivariate analyses to provide information on a large number of metabolites/lipids in particular those with altered level between healthy and cancer groups [12]. Metabolomics and lipidomics in PCa have been mainly performed by NMR and MS, according to the purpose of the study and the characteristics of measured metabolite and lipids.
										

										
											However, limited comprehensive studies have been performed on the blood plasma of PCa patients using proton (
											
												1
											
											H) NMR-based metabolomics and lipidomics for simultaneous measurement and quantification of metabolites and lipids [6-12]. Thus, the present study investigates the differences in metabolomic and lipidomics profiling of blood plasma in metastases with PCa patients and non-metastases PCa patients using
											
												1
											
											H NMR spectroscopy.
										

										
											The purpose of this study is to explore the diagnostic value of metabolites and lipids for PCa. Thus, the aim of the present study will be (a) To investigate the blood plasma metabolomics and lipidomics profiles to distinguish patients with metastases PCa and non-metastases PCa using
											
												1
											
											H-NMR spectroscopy for establishing potential biomarker/s, (b) Further attempt to identify a set of putative biomarker/s to correlate with metabolic pathways for better understanding of the pathogenesis of metastasis PCa.
										

										Materials and Methods

										Clinical and pathological details of PCa patients

										
											All participants were recruited in this study based on clinical diagnosis of lower tract urinary symptoms (LUTS) and elevated PSA level, and/or DRE, biopsy results, Gleason score, and bone scan. Blood samples were collected from all the subjects and categorized as follows PCa patients with metastases and without metastases. 30 patients with PCa metastases and 35 patients with non-metastases PCa were recruited from the PCa Department of Urology at AIIMS, New Delhi, India. Informed consent was taken and Institute Ethics Committee approved the study. Demographic and clinical characteristics of patients with metastases and patients with non-metastases PCa are given in Table 1.
										

										 
										
											
											
											Table 1: Demographic and clinical characteristics of patients with metastases and patients with non-metastases PCa.  View Table 1
											

										

										

										Sample collection and processing

										
											A total 65 of blood were collected from patients with metastases PCa (n = 30) and patients with non-metastases PCa (n = 35) in the morning pre-prandial after overnight fasting in sodium heparin vacutainer. The samples were centrifuged at 5,000 rpm at 4 °C for 10 min. The supernatant (blood plasma) was aliquot into 2 mL sterile vials and immediately stored at -80 °C until NMR analysis. Then 400 µL D2O was added to 200 µL of blood plasma sample with 0.5 mM sodium formate and 0.5 mM sodium trimethyl-silyl-[ 2, 2, 3, 3- H4]-propionate (TSP). The total 600 µL volume of the sample was transferred into a 5 mm NMR sample tube. TSP was added as an internal standard for chemical shift reference at 0.00 ppm. Since TSP interacts with large biomolecules (proteins and lipids) present in blood plasma, it may influence the quantitative measurement of metabolites. Hence formate was used as a concentration standard at 8.46 ppm for quantification of metabolites.
										

										1D and 2D proton NMR spectroscopy

										
											The
											
												1
											
											H-NMR experiments were performed using a spectrometer operating at 700 MHz. A one-dimensional (1D) NMR spectrum with water suppression was acquired followed by CPMGT2 sequence. Two-dimensional (2D) correlated spectroscopy (COSY) and total correlation spectroscopy (TOCSY) were acquired using standard software provided by the manufacturer.
										

										NMR parameters for blood plasma sample

										
											All proton (1H) NMR spectra were acquired 700 MHz spectrometer operating at 699.94 MHz at 25 °C. The one-dimensional (1D) spectrum was acquired using a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with a pre-saturation pulse for water peak suppression. The typical parameters used for 1H-NMR experiments were: number of scans = 64; data points = 32K; spectral width = 9124.1 Hz; a total spin echo delay of 15 ms and a repetition time (TR) of 70 s.
										

										
											Two-dimensional (2D) experiments such as correlation spectroscopy (COSY) and total correlation spectroscopy (TOCSY) were also carried out for the unambiguous assignment of various metabolite peaks. The parameters used for TOCSY experiments were: data points 2K in F2 dimension; spectral width 9800 Hz; with relaxation delay of 2.5 s. The number of t1 increments was 400 with 16 scans and a mixing time of 80 ms.
										

										NMR data processing

										
											The
											
												1
											
											H-NMR spectra were processed on a Dell 39N, PC, Red Hat Enterprise Linux workstation using the Varian software, Vnmrj 2.3A. The free induction decays (FID) were zero-filled to 64 K and an exponential weighting function corresponding to 0.3 Hz line broadening was applied before the Fourier transformation (FT) for blood plasma samples. The 2D NMR spectrum data was processed using automated processing with the data size of (2K × 2K) with Gaussian weighting function in both F2/F1 dimensions.
										

										Quantitation of blood plasma metabolites

										
											The concentrations (µM) of metabolites were determined by using Chenomx NMR Suite 7.5 software (Chenomx Inc. Edmonton, Canada). The concentration of only those metabolites that showed well-resolved resonance in the proton 1D (CPMG) NMR spectra of blood plasma samples of PCa patients with metastasis and those PCa patients without metastasis. Chenomx software allows fitting spectral lines using the standard metabolite library for 700 MHz
											
												1
											
											H-NMR spectra. Peak fitting concerning the internal formate signal facilitated the determination of concentrations for identified metabolites. In addition, the identification and quantification of blood plasma metabolites were also cross-checked from the Human Metabolome Database (HMDB) and literature.
										

										Statistical analysis

										
											The statistical analysis was done using SPSS 20.0 (SPSS Inc. Chicago, IL, USA) software and MetaboAnalyst 6.0 web server.
										

										Univariate analysis

										
											The concentration values of metabolites were reported as median and range. A p-value < 0.05 was taken as significant. Metabolomic and lipidomics data analyses were carried out using univariate analyses such as the Mann-Whitney U test. The Mann-Whitney U test was used for the comparison of metabolite concentration between the two groups.
										

										Multivariate analysis

										
											The supervised orthogonal partial least-squares discriminate analysis (OPLS-DA) and variable importance to projection (VIP) score methods were applied to improve class discrimination between groups of samples and to further minimize the possible contribution of inter-group variability. The robustness and validation of the model of tenfold internal cross-validation (ICV) were applied, from which R2Y (goodness of fit parameter) and Q2 (predictive ability parameter, estimated by cross-validation) were calculated. Finally, these OPLS-DA models were validated by random permutation analysis (n = 100). Multivariate analyses based on the hierarchical clustering heatmap analysis and random forest analysis were performed using MetaboAnalyst 6.0 MetaboAnalyst 6.0 was used Metabolic Set Enrichment Analysis (MSEA) for potential metabolic analysis and Kyoto Encyclopaedia of Genes and Genomes (KEGG) database were carried out.
										

										Results

										
											Figure 1 shows the representative
											
												1
											
											H spectrum (1D CPMG) of a patient with metastases PCa (a) and from non-metastases patient (b). Table 1 shows the demographic and clinical characteristics of patients with metastases PCa and patients with non-metastases PCa. In all, 24 metabolites were assigned using 1D, and 2D NMR are given in Table 2. A p-value < 0.05 was considered significant. PLS-DA score plots and permutation tests are shown in Figure 2. Metabolites/lipids showed discriminate performance using OPLS-DA score plots and validated models by permutation tests (n = 100) are shown in Figure 2. Figure 3 shows VIP scores for metabolites/ lipids with the highest contribution to the separation of the studied groups are presented. Figure 4A (metabolomic profiling) and Figure 4B (lipidomic profiling) show a heatmap analysis of significant metabolites/lipids differentially abundant in blood plasma samples of metastases patients with PCa as compared to non-metastases patients. MSEA analysis using the KEGG revealed the potential involvement of a list of prominent metabolic pathways shown in Figure 5 and Figure 6, respectively.
										

										
										
											
												
												Figure 1: Representative one-dimensional (1D) aliphatic region and lipid region of 1H NMR (700 MHz) spectrum of blood plasma of a bone metastases PCa patient and non-metastases PCa patients for metabolomics and lipidomics profiling. 
													View Figure 1
												
											

										

										
										
										
											
												
												Figure 2: Results of multivariate analysis of metabolomic and lipidomic profiles. Score plots were obtained in OPLS-DAs of metabolite profiles of patients with metastases PCa (n = 30) and non-metastases PCa patients (n = 35) in blood plasma metabolomic (A) and lipidomics (B), The OPLS-DA model obtained for blood plasma profiling was cross-validated with permutation analysis (n = 100) and observed statistical results at p < 0.01 metabolomic (C) and lipidomics (D).   
													View Figure 2
												
											

										

										
										
										
											
												
												Figure 3: Variable importance in projection (VIP) scores in OPLS-DAs of blood plasma metabolomic (A) and lipidomics (B) profiles in two studied groups: patients with metastases PCa (n = 30) and non-metastases PCa patients (n = 35). VIP scores for metabolites/ lipids with the highest contribution to the separation of the studied groups are presented.  
													View Figure 3
												
											

										

										
										
										
											
												
												Figure 4: Heatmap analysis of significant metabolites/lipids differentially abundant in blood plasma samples of metastases patients with PCa as compared to non-metastases patients (A) Metabolomic (B) Lipidomic profiling.   
													View Figure 4
												
											

										

										

										
										
											
												
												Figure 5: Metabolic Set Enrichment Analysis (MSEA) showing altered significant metabolites revealed in bone metastases PCa patients. 
													View Figure 5
												
											

										

										
										
										
											
												
												Figure 6: Metabolic Set Enrichment Analysis (MSEA) showing altered significant lipids and their derived fatty acids revealed in bone metastases PCa patients. 
													View Figure 6
												
											

										

										

										
										 
										
											
											
											Table 2: Comparison of the concentration (M) of metabolites in the blood of PCa patients with metastases to PCa patients. Statistically significant (p < 0.05) metabolites involved in the discrimination between the two groups were calculated according to the Mann-Whitney U test. View Table 2
											

										

										


										Univariate analysis result

										
											The NMR-based metabolomic profile analysis showed significantly (p < 0.05) higher concentrations of metabolites such as lactate, alanine, glutamate, pyruvate, creatine, phosphocreatine, glycine, creatinine, and lower concentrations of tyrosine, histidine, phenylalanine, leucine, isoleucine, valine in blood plasma metastases PCa as compared to non-metastases patients are given in Table 2.
										

										
											Furthermore, the NMR-based lipidomic profiling identifies higher concentrations of lipids like 3-hydroxybutyrate (3HOB), choline, dimethylamine (DMA), glycerophosphocholine (GPC), malonate acetate, and acetoacetate were observed in blood plasma samples and show in Table 2.
										

										Multivariate results

										
											The results obtained from supervised OPLS-DA and VIP score of metabolites concentration in blood plasma showed separation between PCa patients with metastases and those without metastases. According to the VIP scores, the higher the value, the greater the discriminatory power of the metabolites. The metabolites such as pyruvate, creatine Lactate, creatinine glutamate, glycine, and alanine with VIP score of > 1.0 (see in Figure 3A) while lipids such as 3HOB, GPC, malonate, and DMA with VIP score of > 1.0 were the most discriminate metabolites in PCa patients with metastases and those without metastases (see Figure 3B). The present work investigates the differential abundance of important metabolites and lipids in blood plasma samples from PCa patients with metastases compared to non-metastases patients in a metabolomic and lipidomic study using a heatmap analysis shown in Figure 4.
										

										
											The PCa patients with metastases and those without metastases patients were discriminated with R2Y = 0.738, Q2 = 0.613 for metabolomic profiling which suggested that the supervised OPLS-DA model was robust (see Figure 2C). The OPLS-DA model obtained for blood plasma metabolomic profiling was cross-validated with permutation analysis (n = 100) and observed statistical results at p < 0.01 were shown in Figure 2C. Furthermore, patients with PCa metastases and those without metastases PCa patients were discriminated with R2Y = 0.614, Q2 = 0.471 for lipidomic profiling which suggested that the supervised OPLS-DA model was robust (see Figure 2C). The OPLS-DA model obtained for blood lipidomics profiling was cross-validated with permutation analysis (n = 100) and observed statistical results at p < 0.01 were shown in Figure 2D.
										

										
											According to the 
											
												p
											
											-values from the pathway enrichment analysis, the pathways containing at least two components of the prominent metabolites are shown in Figure 5, and lipidomics-derived pathways are shown in Figure 6. Based on KEGG database analysis, pyruvate metabolism, and glycine & serine metabolism were the associated pathways with p-values < 0.05 shown in Figure 5. Figure 6 shows the lipids-associated pathways based on KEGG database analysis, fatty acids biosynthesis, and phospholipids biosynthesis.
										

										Discussion

										
											In this study, we integrated data from metabolomics and transcriptomics and found significant alterations in several metabolic pathways in prostate cancer at both the metabolic and transcriptional levels. It is important to thoroughly define lipid metabolism in PCa to gain a new understanding of the genesis and evolution of prostate tumors as well as to identify prospective biomarkers that may be more accurately used for enhanced detection. Significant changes in metabolites/lipids were found in bone metastases PCa as compared to non-metastases patients. Pathway enrichment analysis using the KEGG revealed the potential involvement of pyruvate metabolism and fatty acid biosynthesis in PCa. The present study highlights those amino acids, phospholipids, ketone bodies, and energy metabolites are potential biomarker/s for the progression to bone metastases cascade of PCa.
										

										Metabolomic profiling

										
											Significantly higher concentration of metabolites such as lactate, alanine, glutamate, pyruvate, creatine, phosphocreatine, glycine, and creatinine while lower levels of tyrosine, histidine phenylalanine, leucine, isoleucine, and valine were found in blood plasma sample of bone metastases PCa as compared to non-metastases patients.
										

										
											The data showed a significantly lower concentration of amino acids such as valine, isoleucine, and leucine in the blood plasma of patients with metastases PCa in comparison to non-metastases conditions. They are the only amino acids or BCAA that are generally metabolized in skeletal muscle. Thus, in the case of the shortage of energy demand in muscle, BCAA Can be converted into the acetyl-CoA, organic molecules that enter the TCA cycle [13]. The metabolic flexibility afforded by multiple inputs into the TCA cycle allows cancer cells to adequately respond to other fuels available in the changing microenvironment during the evolution of the malignant transformation of cancer cells [13]. Additionally, patients with PCa had a significantly lower concentration of aromatic amino acids such as tyrosine and phenylalanine. Phenylalanine is an essential amino acid obtained from the diet and is required for the production of the nonessential amino acid tyrosine [13]. In cancer cells, tyrosine breaks down into pyruvate and fumarate and enters the TCA cycle as an energy requirement for tumorigenesis. The reduction of these aromatic amino acids may thus be associated with high protein turnover needed for rapid cell proliferation [13]. The significantly higher concentration of alanine in bone metastases PCa compared to non-metastases PCa is possibly accompanied by overexpression of the metabolism of relevant amino acids and altered TCA cycle in hypoxia [14,15]. The augmented level of alanine is consistent with the earlier observation that the speed of amino acid metabolism befits augmenting in PCa and alanine was found to be at a considerably higher level in PCa cell lines, serum, and biopsy tissues [14,15]. Our findings of a higher level of pyruvate in bone metastases PCa compared with PCa also confirm the outcomes of an augmented level of transamination from pyruvate to alanine, which concurs with earlier [14,15]. Further higher concentration of glycine was found in patients with bone metastases PCa as compared to PCa, which was similar to that seen in colorectal, head, and neck cancers studies by NMR [15-18]. The reliance on glycine for the proliferation and development of cancer cells was studied by gene expression analysis, which revealed enhanced expression of glycine biosynthesis enzymes in tumor cells. Further, glycine is an important source of one carbon unit for purine synthesis to promote rapid cancer cell proliferation and tumorigenesis [14]. Significantly higher levels of energy metabolites such as creatinine, phosphocreatine, and creatine were seen in blood plasma samples of patients with bone metastases PCa as compared to PCa [15,19]. Our results revealed elevated levels of energy demand for the aggressiveness of the tumor. Our data showed elevated blood plasma lactate in bone metastases PCa patients in comparison to non-metastases PCa. It was reported that a higher concentration of lactate seen in PCa patients was positively correlated with an increased risk of cancer [20,21].
										

										Lipidomics profiling

										
											Eight lipids were assigned and quantified in the proton NMR spectrum acquired from blood plasma samples of PCa patients with metastases and non-metastases. Subsequently, univariate and multivariate such as OPLS-DA plot and VIP Score were applied to find lipids to distinguish metastases PCa from the non-metastases PCa group. Significantly higher concentration of 3-HOB, choline, GPC, malonate acetate, acetoacetate, and DMA in the blood plasma of metastases PCa from the non-metastases PCa group.
										

										
											Our data revealed that a significantly higher concentration of membrane components such as choline and GPC were seen in patients with bone metastases PCa as compared to non-metastases, signifying an alteration in phospholipid metabolism related to tumor proliferation and progression [22,23].
										

										
											A higher level of ketone body including acetoacetate, acetate, and 3-HOB was seen in bone metastases PCa patients [24]. These are produced by the liver from fatty acid oxidation and converted into acetyl CoA, which then enters the TCA cycle. Higher levels of acetate may reflect increased utilization of lipid demands to meet the energy requirements for cell growth and proliferation in metastatic cancer cells [24]. Dimethylamine is an intermediate product of Cho metabolism. Results showed a significantly higher concentration of DMA in patients with PCa metastases indicating a change in choline metabolism. The higher levels of DMA in PCa may be associated with membrane phospholipids metabolism needed for cancer cell proliferation [25]. A higher concentration of malonate was seen in the blood plasma of the patients with PCa metastases. Malonate is a crucial component of lipid synthesis and membrane biogenesis for rapidly proliferating cells in PCa [26].
										

										
											Integrating metabolomic and lipidomic data can enhance our understanding of prostate cancer biology, enabling the identification of novel biomarkers for early detection and monitoring strategies. Overall, NMR-based metabolomic and lipidomic analyses hold promise for advancing precision medicine in PCa management.
										

										Conclusion

										
											NMR-based metabolomic and lipidomics profiling provides novel insights into the pathophysiological mechanism of cancer progression to the metastases of PCa to monitor treatment outcomes. The present study highlights that amino acids, phospholipids, ketone bodies, and energy metabolites are potential biomarker/s for the progression to bone metastases cascade of PCa.
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