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Simple Summary

Gallbladder cancer (GBC) is the most common cancer in the bile ducts and is often found late, making
it hard to treat. One reason for this is the lack of reliable markers to detect the disease early, especially
in African patients. This study looked at metabolites and lipids in blood samples from people with
GBC and those with non-cancerous gallbladder conditions. We showed the metabolic and lipid
changes in the cancer group, which could help explain the disease aetiology. In addition, this can
help identify new ways to detect or target the disease in our patient population.

Abstract

Background: Gall bladder cancer (GBC) is the most prevalent cancer of the biliary tract with a poor
prognosis. Most of the patients are diagnosed at an advanced stage. This is due to a lack of reliable
biomarkers and an understanding of the tumour biology in our patient population. This study aims
to demonstrate the metabolomic and lipoprotein profiles associated with GBC patients of African
ancestry. Methods: An untargeted metabolomics analysis was conducted on serum obtained from
consenting individuals (41 GBC and 29 Benign Biliary Pathology (BBP)). Statistical analysis was
conducted in R (v 4.3.2), and Wilcoxon tests were used to compare the groups. Spearman’s rank test
was used for correlation analyses. Unsupervised analysis of the groups was carried out using the
KODAMA algorithm. Results: GBC patients showed a significant alteration of the metabolite ethanol
as well as lipoproteins such as IDL-C, IDL-TG, LDL-TG, compared to BBP patients. In contrast,
decreased levels of HDL-C, HDL-P, medium HDL-P were observed in GBC patients. Both Total and
conjugated bilirubin levels showed a strong correlation with lipoproteins. Furthermore, the altered
free cholesterol to cholesterol ester ratio was demonstrated to be linked to abnormal lipid metabolism.
Conclusion: This study demonstrated alterations in key lipoproteins and metabolites in the patient
population. These alterations may play a role in disease progression and potentially serve as novel
biomarkers for the disease.
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1. Introduction

Gallbladder Cancer (GBC) is the most prevalent cancer of the biliary tract, accounting for 80-95%
of cases, and the overall prognosis remains poor, with a 5-year survival of less than 5-10% [1]. Over
80% of these patients are diagnosed at an advanced stage. Worldwide, GBC is the 22nd most
occurring and 17th most deadly cancer [2]. The incidence of GBC worldwide has a geographical
variable pattern, with the highest incidence reported in India, Asia and South America [3]. Although
epidemiological studies from African countries, including South Africa, Nigeria, Kenya, and Uganda,
suggest that the rate of gallstone disease is low in the African population [4], recent studies have
demonstrated high rates of incidental GBC in sub-Saharan Africa [5]. Clinical presentations of GBC
include loss of appetite, nausea, upper right quadrant abdominal pain, jaundice, and weight loss;
however, these are non-specific to GBC and are usually observed at the advanced stage of the disease
[6]. About 85% of people who develop GBC have cholelithiasis [7]. Other risk factors include age, sex,
gallstones, cholecystitis, family history and genetic factors. Surgery remains the most effective
treatment option, especially in the early stages. Although GBC may recur in approximately 60%-70%
of patients after surgery, resulting in an unsatisfactory prognosis, with a 5-year survival rate of only
5%—-15% [8,9].

Numerous studies have been conducted on other ethnicities across diverse geographical regions
to gain insight into the development and progression of GBC [10-12]. Hence, further investigations
are needed on GBC patients of African descent [13]. Additionally, metabolomics assays on African
patients have only recently been conducted for certain diseases [14-16]. Metabolite concentrations in
the blood may reflect the metabolic adaptation of the tumour and could serve as potential biomarkers
[17]. Nuclear Magnetic Resonance (NMR) spectroscopy has been used to identify metabolites which
can differentiate GBCs from benign cases such as gallstones [18]. For instance, a metabolomics study
on Indian patients showed lower concentrations of alanine, creatinine, tyrosine, and branched-chain
amino acids in the GBC group. In contrast, elevated concentrations of pyruvate, glutamate, and
formate were observed in GBC compared to benign gallstone diseases [19]. Furthermore, multiple
studies have demonstrated an association between gallstone formation and abnormalities in serum
lipid levels [20,21].

In this study, we conducted an untargeted metabolomic profiling of GBC patients of African
ancestry to identify altered metabolites and lipoproteins that could be linked to the disease in our
patient group.

2. Materials and Methods

2.1. Patient Recruitment and Sample Collection

Ethics approval was obtained from the Human Research Ethics Committee (M230780 and
M160640). The study site was the Hepatopancreatobiliary Unit at Chris Hani Baragwanath Academic
Hospital, Soweto, Johannesburg, South Africa. GBC patients from 18 years old and above, self-
reporting of African ancestry, who have been proven clinically and histologically by the clinicians,
were included in this study. All GBC patients presented at advanced stages (stage 3 or 4). For the
control groups, benign biliary pathologies (BBP) were also recruited from the same hospital.
Participants were recruited between January 2019 and December 2020 and provided written
informed consent. Demographic and clinical data were captured in the RedCap® database [21]. After
collection, blood samples were gently mixed by inverting the tube 3 to 5 times and stored upright at
4°C until centrifugation.

2.2. Sample Processing

Serum was obtained by centrifuging blood samples collected by venepuncture in vacutainer
tubes (BD Biosciences, Franklin Lakes, NJ, USA) without coagulant at 1734 g, 4 °C for 10 min after
allowing it to clot for 30-60 min at room temperature. Serum samples were processed within 2 h of
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the blood collection [23]. The serum was aliquoted into microfuge tubes (500 uL) and stored at -80
°C until analysis.

2.3. Sample Preparation

A working solution was prepared by adding 300 uL of thawed serum to 300 pL of a solution
consisting of 0.75 M potassium phosphate buffer (pH 7.4), 581 mM trimethylsilyl-2,2,3,3-
tetradeuteropropionic acid (TSP; Sigma-Aldrich, St. Louis, MO, USA), and a trace amount of sodium
azide (65 mg dissolved in deuterium oxide) to prevent bacterial growth. The samples were vortexed
to obtain a homogenous mixture. A final volume of 540 pL of each sample was transferred to a 5 mm
NMR tube (Wilmad Lab Glass, Vineland, NJ, USA) for analysis. Sample preparation and analysis
were performed at the Centre for Human Metabolomics, Potchefstroom Campus, North-West
University, South Africa [14].

2.4. Nuclear Magnetic Resonance Analysis

NMR-based metabolomics using serum samples is described in this study [14,24]. The NMR
tubes containing the respective samples were loaded on a 500 MHz Bruker Avance III HD NMR
spectrometer equipped with a triple-resonance inverse 1H probe head and x, y, z gradient coils to
acquire one-dimensional (1D) proton (1H)-NMR spectra. A standard nuclear Overhauser effect
spectroscopy (NOESY) pulse sequence with presat (noesygpprld.comp) was used on both the
metabolite and lipid extract samples. The NOESY was used to detect the signals of both small
metabolites and high-molecular-weight macromolecules, such as lipoproteins. Additionally, a
standard diffusion-edited (DIFF) pulse sequence (ledbpgppr2sld) was used to detect only high-
molecular-weight macromolecules, such as lipoproteins. Pooled GBC samples were used as a quality
control sample and were included in each batch for qualitative assessment of repeatability by
overlaying the raw spectra [14,15].

2.5. Nuclear Magnetic Resonance Profiling

NMR spectroscopy was used to quantify signals from the samples, which were subsequently
identified and quantified. The peaks of the identified metabolites were fitted by combining a local
baseline and Voigt functions based on the multiplicity of the NMR signal. To validate the efficacy of
the different deconvolution models, the root-mean-square deviation was determined. The absolute
concentration of each metabolite was calculated according to a previously reported equation [25].
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 integrating the areas between 2.00 and 2.05 ppm
and between 2.09 and 2.05 ppm, respectively. GlycA is measured as an NMR signal of post-
translational modification of glycosylated acute-phase proteins released during inflammation [26].
From our previous research, we demonstrated lipid dysregulation in pancreatic cancer [14]. Hence,
we proceeded to quantify the effect of GBC on the lipid profile within this cohort. This was performed
using the Liposcale test (Biosfer TesLab, Reus, Spain). The methyl signal of 2D 1H-NMR spectra was
deconvoluted with lorentzian functions corresponding to 9 subclasses, i.e., large, medium and small,
of main lipoprotein classes: high-density lipoprotein (HDL), low-density lipoprotein (LDL), and very
low-density lipoprotein (VLDL) particle number, size, and lipid concentration of each subtype [27].
Lipid content was obtained from the area of each function, whereas the diffusion coefficient of each
function was associated with lipoprotein particle size. The lipid volumes were determined using
common conversion factors [28,29]. The assay was performed as previously described. Each of the
DIFF spectra in the range between 0.1 and 9.5 ppm, excluding the regions corresponding to the water
signals between 4.40 and 5.00 ppm, was segmented into 0.001 ppm chemical shift bins, and the
corresponding spectral areas under the curve yielded a total of 8800 variable.
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2.6. Statistics and Data Analysis

Statistical analysis and graphical illustrations of the data were generated in R (version 4.3.2) and
R Studio (version 2023.9.0.463) software using scripts developed in-house. Wilcoxon and rank-sum
tests 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, and
Spearman’s rank test was then used to calculate the correlation coefficient (rho) between variables.
The p-values < 0.05 were considered significant, and to account for multiple testing, a false discovery
rate (FDR) of <10% was applied.

The KODAMA algorithm, which allows for unsupervised extraction of features and enables
analysis of noisy datasets of high dimension, was used to facilitate the identification of patterns
representing underlying metabolic phenotypes in all samples [30-32]. A training set of the PC
samples DIFF spectra retrieved from the study by Elebo et al.,[14] and associated information on the
FC and CE ratio was then used to build a Partial Least Squares (PLS) model [30]. The PLS model was
then applied to the DIFF spectra of samples from GBC patients.

3. Results

3.1. Clinicopathological Features of Gallbladder Cancer and Benign Biliary Pathology Patients

Forty-one GBC and 29 BBP patients were recruited. The clinicopathological features of the
patients with GBC and BBP are reported in Table 1. GBC was shown to be prevalent in older people
and females compared to BBP patients. The GBC groups displayed elevated bilirubin values
compared to the BBP group. GBC patients had elevated levels of alkaline phosphatase (ALP) and
gamma-glutamyl transferase (GGT), with the latter not significant, when compared to the BBP
patients. Furthermore, the GBC patients have elevated levels of C-reactive protein (CRP) compared
to the controls, which might be due to high levels of cholangitis.

Table 1. Clinicopathological Features of Gallbladder Cancer and Benign Biliary Pathology Control Patients.

Feature Control (BBP) GBC p-value
(n=27) (n=43)
Age (year), median [IQR] 53 [42 66] 615[557572]  0.0795
Gender 0.610
Female, n (%) 18 (66.7) 23 (57.5)
Male, n (%) 9 (33.3) 17 (42.5)
Total bilirubin, median [IQR] 16.5 [12 31] 216.5[93.5322.75]  <0.001
Conjugated Eg;‘;bm’ median 13.5 [4.75 26] 174.5 [76.25 252.75]  <0.001
ALP, median [IQR] 308.5 [127.25 499.25] 564 [323.25909.25]  0.0396
GGT, median [IQR] 452 [159 612] 490 [234 693.5] 0.436
CRP, median [IQR] 22.5 [7.25 83.25] 74 [40 191] 0.0234

Abbreviations: ALP, alkaline phosphatase; CRP, C-reactive protein; GBC, gallbladder cancer; GGT, gamma-

glutamyl transferase; IQR, interquartile range.

3.2. Dysregulated Metabolites and Lipoproteins in Gallbladder Cancer Patients

Lipid content and lipoprotein particle size data were combined to determine the particle number
of each lipoprotein subclass (Table 2). Lipoproteins parameters such as IDL-C (p=0.004, FDR=0.017),
IDL-TG (p=0.003, FDR=0.017) and LDL-TG (p=0.002, FDR=0.015) were increased in GBC, while HDL-
P (p=0.001, FDR=0.017) and HDL-Z (p=0.002, FDR=0.015) decreased significantly when compared to
the BBP group.

Metabolites, lipids, proteins and inflammatory markers (GlycA and GlycB) were quantified from
the NMR spectra of the serum samples. The metabolite concentrations, as shown in Table 3, revealed
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significantly elevated levels of ethanol concentration in GBC patients when compared with the BBP
group.

Table 2. Comparison of Lipoprotein Analyses in Benign Biliary Pathology and Gallbladder Cancer Patients.

Control (BBP) GBC

Feature median [IQR] median [IQR] p-value FDR
VLDL-C (nmol/L) 16.80 [8.45 21.14] 17.39 [9.83 26.65] 0.356 0.431
IDL-C (nmol/L) 16.74 [10.03 23.09] 31.39 [15.60 54.00] 0.004 0.016
LDL-C (nmol/L) 128.24 [111.14 151.88] 135.07 [108.15158.03] 0.596  0.623
HDL-C (nmol/L) 45.05 [31.93 61.11] 21.96 [2.33 43.16] 0.003 0.014
VLDL-TG (nmol/L) 58.23 [41.02 80.58] 72.52 [54.64 103.61] 0.122 0.227
IDL-TG (nmol/L) 16.54 [10.44 19.51] 21.76 [13.97 37.01] 0.008 0.028

LDL-TG (nmol/L) 23.69 [15.76 30.69] 33.52 [21.67 54.59] 0.003 0.014
HDL-TG (nmol/L) 16.75 [13.19 22.18] 18.77 [14.13 23.88] 0.469 0.539
VLDL-P (nmol/L) 43.80 [29.76 59.27] 51.90 [38.16 74.81] 0.138 0.227

Large VLDL-P (nmol/L) 0.9 [0.77 1.38] 1.29[0.90 1.62] 0158 0.227
jum VLDL-P
Medium 457 [3.59 6.19] 5.06 [3.60 6.64] 0.699  0.699
(nmol/L)
Small VLDL-P (nmol/L)  37.02 [26.24 52.90] 47.74[32.256559]  0.144 0227
1342.60 [1108.71 1507.93 [1181.12
LDL-P (nmol/L) 151431] 187108 0.087  0.199

Large LDL-P (nmol/L) 211.87 [175.09 248.48] 229.47 [165.51 280.72] 0.341 0.431

ium LDL-P
Medium 457.87 [325.68 610.36]  657.09 [429.20 841.00] ~ 0.031 ~ 0.079

(nmol/L)
Small LDL-P (nmol/L) 642.81 [547.50 731.08]  668.13 [558.67 754.12]  0.554 0.607
HDL-P (mol/L) 22.67 [13.70 31.15] 1321[5.1822.18]  0.002 0.014
Large HDL-P (mol/L) 0.30 [0.26 0.35] 0.27[0.21 0.34] 0.141 0227
Medium HDL-P 9.98 [9.47 12.17] 8.72 [6.28 11.39] 0.013  0.039

(mol/L)

Small HDL-P (mol/L)  12.35 [2.43 20.22] 4.06 [0.07 9.99] 0.003 0.014
VLDL-Z (nm) 4219 [42.17 42.22] 4218[42.164220] 0334 0431
LDL-Z (nm) 21.28 [21.16 21.50] 21.41[21172157] 0155 0.227
HDL-Z (nm) 8.40 [8.31 8.92] 8.76 [8.53 9.56] 0.003 0.014

Abbreviations: C, cholesterol; GBC, gallbladder cancer; FDR, false discovery rate; HDL, high-density
lipoprotein; IQR, interquartile range; LDL, low-density lipoprotein; P, particle; TG, triglycerides; VLDL, very-
low-density lipoprotein.

Table 3. Comparison of Metabolite Concentrations in Benign Biliary Pancreatitis Controls and Gallbladder

Cancer Patients.

Feature BBP (median [IQR]) GBESIIIG()han p-value FDR
Formate 0.01 [0.01 0.02] 0.02 [0.01 0.02] 0.499 0.713
Phenylalanine 0.14 [0.09 0.23] 0.26 [0.14 0.33] 0.013 0.276
Tyrosine 0.08 [0.05 0.12] 0.08 [0.04 0.12] 0,828 0.920
Unknown signal at 7.14 ppm 0[00.02] 0.01[00.10] 0.044 0.276
Histidine 0.07 [0.03 0.09] 0.06 [0.02 0.08] 0.138 0.459
Urea 0.26 [0.11 0.45] 0.25[0.15 0.34] 0.894 0.932
Glucose 1.89 [1.40 2.40] 1.71 [0.91 2.34] 0.579 0.762
Mannose 0.04 [0.02 0.06] 0.04 [0.02 0.06] 0.933 0.942
Ascorbate 0.01 [00.01] 0 [0 0.004] 0.243 0.534
Lactose 0.02 [0.01 0.03] 0.02 [0.01 0.03] 0.476  0.700
Lactate 1.64 [0.80 2.19] 1.44 [0.91 2.38] 0.942 0.942
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Creatinine 0.11[0.05 0.13] 0.12[0.07 0.15] 0.278 0.534

Creatine 0.03 [0.02 0.06] 0.06 [0.02 0.09] 0.162 0.475

Glycerol 0.27 [0.12 0.33] 0.23 [0.08 0.36] 0.625 0.765

Threonine 0.18 [0.10 0.24] 0.10 [0.07 0.15] 0.021 0.276

Glycine 0.72[0.58 0.92] 0.58 [0.27 0.76] 0.038 0.276
Proline 0.12[0.02 0.22] 0.06 [0.02 0.14] 0.149 0.464
Methanol 0.06 [0.04 0.09] 0.05[0.02 0.10] 0.419 0.654
Asparagine 0[00.01] 0.006 [0 0.02] 0.022 0.276
N,N-dimethylglycine 0.02 [0.01 0.04] 0.03 [0.01 0.05] 0.278 0.534
Citrate 0.09 [0.02 0.23] 0.04 [0 0.16] 0.267 0.534

Glutamine 0.34[0.22 0.51] 0.33[0.14 0.54] 0.642 0.765

Pyruvate 0.06 [0.03 0.1] 0.11 [0.04 0.19] 0.030 0.276

Glutamate 0.42[0.27 0.81] 0.39 [0.21 0.73] 0.530 0.717

Acetoacetate 0.13[0.08 0.20] 0.1 [0.05 0.20] 0.334 0.567
Lysine 0.02 [0.01 0.03] 0.02 [0.01 0.03] 0.847 0.921
Acetate 0.10 [0.06 0.13] 0.09 [0.05 0.13] 0523 0.717
Alanine 1.06 [0.39 1.30] 0.78 [0.38 1.08] 0.197 0.534
2-hydroxyisobutyrate 0.01 [0.002 0.02] 0.01 [0.004 0.02] 0.340  0.567
3-hydroxybutyrate 0.18 [0.01 0.68] 0.19 [0.11 0.62] 0.299 0.534
Ethanol 0.55[0.13 1.23] 0[00.31] <0.001 0.033
Isopropanol 0.07 [0.001 0.27] 0[00.13] 0.073  0.367
Propylene glycol 0.01 [0 0.02] 0.01 [0 0.03] 0.622  0.765
Valine 0.38 [0.23 0.50] 0.43[0.17 0.52] 0.791 0.919
Isoleucine 0.1[0.03 0.14] 0.04 [0.01 0.11] 0.133  0.459
Leucine 0.45[0.25 0.67] 0.41[0.19 0.54] 0.252  0.534
2-hydroxybutyrate 0.03 [0 0.05] 0.05[0.01 0.09] 0.095 0.432
Protein NH 130.19 [59.36 160.12] 123.42 [58.31 143.17] 0.440 0.667
Unsaturated lipid (-CH=CH-) 17.08 [9.5731.18]  19.79 [10.9727.96] 0.819 0.920
Lipid (alpha-CH?2) 3.06 [1.34 4.74] 3.42[1.61 8.74] 0.214 0.534
Cholesterol backbone (-

C(18)H3), 2.69 [1.89 3.53] 1.62[0.79 2.90] 0.039 0.276
Lipid (=CH-CH2-CH=) 10.42 [5.84 14.19] 8.68 [4.55 11.11] 0.205 0.534
Glycorol phospholipid 0.29 [0.12 0.68] 0.52[0.16 1.26] 0.068 0.367

Phospholipid 4.07 [2.53 5.14] 3.24 [1.54 4.56] 0.111 0.459
Lipid (beta-CH2) 15.39[10.2117.51] 11.89[6.0219.75]  0.385 0.621
Lipid (-(-CH2-)n-) 104.28 [45.91 158.99] 126.27 [59.81 188.26] 0.294 0.534
Lipid (-(-CH2-)n-) 104.28 [45.91 158.99] 126.27 [59.81 188.26] 0.294 0.534

Lipid (-CH3-) 77.767 [34.58 96.66]  71.65[32.7999.77] 0.875 0.931

GlycB 0.89 [0.48 1.27] 1.12[0.75 1.50] 0.138 0.459
GlycA 4.51[3.21 5.69] 4.63 [2.58 7.11] 0.629 0.765

Abbreviations: FDR, false discovery rate; GBC, gallbladder cancer; ppm, parts per million.

To further understand how GBC affects the dysregulation of lipids, PLS analysis was performed
to predict the free cholesterol (FC) and cholesterol ester (CE) ratio from the DIFF spectra [14]. Each
DIFF spectrum was segmented into 0.001 ppm chemical shift bins in the range between 0.1 and 9.5
ppm, excluding the regions corresponding to the water signals between 4.40 and 5.00 ppm.
Correlation between lipoproteins and clinical parameters of GBC showed that both total and
conjugated bilirubin have a strong negative or positive association with lipoproteins, as
demonstrated in Figure 1A. NMR spectral area of lipoprotein comparing both high and low FC/CE
ratios (Table S1) showed the higher ratios at the top, while the lower ones are below (Figure 1C).
Furthermore, the lipoprotein profile of GBC patients is dominated by cholestasis (Figure 1D ), as
shown in previous studies [14].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Overview of the Lipoprotein Profiles in Gallbladder Cancer and Benign Biliary Pathology Patients.
A) Correlation between lipoprotein features and clinical parameters. Both total and conjugated bilirubin have a
strong negative or positive association with lipoproteins B) Box and Whiskers plot comparing LDL, Triglycerides
and HDL cholesterol for GBC and Controls. C) NMR spectral area of lipoprotein comparing high and low FC/CE
ratios. The dark blue lines indicate the high ratios, while the light blue lines indicate the lower ratios. D)
Unsupervised analysis using KODAMA showed that the GBC group in the lower right quadrant have a different
NMR profile from others, and this may be linked to cholestasis. ALP, alkaline phosphatase; C, cholesterol; CE,
cholesterol ester; Conj Bili, conjugated bilirubin; CRP, C-reactive protein; FC, free cholesterol; GBC, gallbladder
cancer; GGT, gamma-glutamyl transferase; HDL, high-density lipoprotein; LDL, low-density lipoprotein; P,
particle; Thili, total bilirubin; ppm, parts per million; TG, triglycerides; VLDL, very-low-density lipoprotein.

Furthermore, a correlation analysis of the metabolites with key clinical parameters was carried
out (Figure 2A), and there was no strong correlation observed. Additionally, unsupervised analysis
using KODAMA to visualise the metabolic phenotypes and their correlation with high and low
FC/CE ratios (Table S2 and Table S3) showed only slight differences between the GBC and BBP
groups. However, a larger number of the controls are congregated on the right side, as shown in
Figure 2B. Log change of the association of these metabolites with high and low FC/CE ratios showed
metabolites such as glycine, ethanol, and histidine have a positive correlation, while creatinine,
glutamine, and acetate have a negative correlation with high and low FC/CE ratios (Figure 2C).
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Figure 2. Overview of the Metabolic Phenotypes in GBC A) Correlation between metabolic profiles and clinical

parameters. There was no strong correlation observed. B) Unsupervised analysis using KODAMA showed little

difference between the controls and GBC. However, a larger number of the controls are on the right side.

O

Log change of the association of these metabolites with high (blue) and low (yellow) FC/CE ratios showed

metabolites with strong positive/negative correlation with high and low FC/CE ratios.

ALP, alkaline

phosphatase; C, cholesterol; CE, cholesterol ester; Conj Bili, conjugated bilirubin; CRP, C-reactive protein; FC,

free cholesterol; GBC, gallbladder cancer; GGT, gamma-glutamyl transferase; Tbili, total bilirubin; ppm, parts

per million.

4. Discussion

This study presents a comprehensive metabolomic and lipodomic profiling of gall bladder

cancer (GBC) in individuals of African ancestry, revealing significant alterations in metabolomic and

lipidomic markers associated with disease status and linked to key biological processes. Elevated
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bilirubin and alkaline phosphatase levels are consistent with cholestasis and biliary obstruction
commonly seen in GBC patients, supporting their clinical utility as indicators of the disease [33]. The
increase in CRP further highlights the role of systemic inflammation in GBC progression, aligning
with previous reports that inflammation contributes to tumour development and metastasis [34].
Interestingly, elevated ethanol levels correlated with worse prognosis, which might indicate
metabolic disruptions related to alcohol metabolism or microbial dysbiosis impacting the gallbladder
environment [35].

Notably, this study identified significantly increased concentrations of intermediate-density
lipoprotein cholesterol (IDL-C), IDL triglycerides (IDL-TG), and low-density lipoprotein triglycerides
(LDL-TG) in GBC patients [36]. These findings suggest that an accumulation of atherogenic
lipoproteins and triglycerides may be linked to GBC metabolism and tumour microenvironment
changes [37]. Elevated IDL and LDL components could reflect altered lipid transport and energy
metabolism, potentially supporting the enhanced proliferative and survival demands of malignant
cells [38].

Conversely, a significant reduction in high-density lipoprotein cholesterol (HDL-C) and various
HDL particle subtypes (total HDL-P, medium HDL-P, and small HDL-P) was observed in GBC cases.
HDL is known for its anti-inflammatory and antioxidant properties, and its decrease may
compromise protective mechanisms against oxidative stress and inflammation, thereby facilitating
tumour progression [39]. The reduction in HDL particles also suggests impaired reverse cholesterol
transport, which could contribute to lipid dysregulation in the tumour microenvironment [40].

In GBC patients, an elevated FC/CE ratio indicates inhibited esterification or increased
hydrolysis of CE, which leads to accumulation of FC in cellular membranes and altered membrane
fluidity and signaling [41]. Cholesterol dysregulation can activate inflammatory responses via
NLRP3 inflammasome activation, macrophage recruitment and cytokine release such as IL-1{3, TNE-
a [42]. This study suggests that a high FC/CE ratio is associated with advanced tumour stages and
worse prognosis in GBC.

5. Conclusions

Overall, the study showed the metabolomic and lipodomic profiles in GBC patients compared
to the control group. The demonstration of these profiles enhances our understanding of GBC
pathophysiology within the patient population, including the identification of potential biomarkers.
Future studies with a larger sample size, which should include patients with early disease stages, are
critical to investigating the utility of the identified markers as diagnostic and prognostic biomarkers.
In addition, more studies are needed to explore the mechanistic underpinnings of lipid metabolism
dysregulation in GBC.
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