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Abstract

Background: Metabolic reprogramming is a hallmark of colorectal cancer and involves alterations in mitochondrial
energy metabolism, fatty acid oxidation, amino acid catabolism, and acyl-group homeostasis. This study compared the
carnitine and acylcarnitine profiles of HCT116 colorectal cancer cells and CCD-18Co normal colon cells to identify
metabolic alterations associated with malignant transformation.

Materials and Methods: Twenty-seven carnitine and acylcarnitine metabolites were quantified using targeted LC-
MS/MS. Metabolomic data were analysed using MetaboAnalyst 6.0 following median normalization and Pareto scaling.
Principal component analysis (PCA), partial least squares—discriminant analysis (PLS-DA), fold-change analysis, false
discovery rate (FDR)-adjusted statistical testing, hierarchical clustering, and correlation network analyses were
performed.

Results: Although several metabolites demonstrated nominal differences between groups, none remained statistically
significant after false discovery rate (FDR) correction. Free carnitine (C0) was increased in HCT116 cells at the nominal
significance level but did not retain significance after multiple-testing correction. Fold-change analysis suggested
increased CO, C3, and C6 levels and decreased C8:1 and C18:2 levels in HCT116 cells. PCA explained 74.0% of total
variance but did not clearly separate the groups, whereas PLS-DA demonstrated partial discrimination. Variable
importance in projection analysis suggested that C10, C6, and C3 were candidate metabolites contributing to the
exploratory separation tendency between groups. Correlation network analysis revealed a modular acylcarnitine
interaction pattern, with C4DC, C4, and C2 emerging as hub metabolites

Conclusions: Although no individual metabolite remained statistically significant after FDR correction, the findings
suggest exploratory alterations in free carnitine and short-/medium-chain acylcarnitine metabolism in colorectal cancer
cells. These results should be considered hypothesis-generating and require validation in larger experimental models
and functional metabolic studies.
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Oz

Amag: Metabolik yeniden programlanma, kolorektal kanserin temel 6zelliklerinden biridir ve mitokondriyal enerji
metabolizmasi, yag asidi oksidasyonu, amino asit katabolizmasi ve agil-grup homeostazinda degisiklikleri icerir. Bu
calisma, HCT116 kolorektal kanser hiicreleri ile CCD-18Co normal kolon hiicrelerinin karnitin ve acil-karnitin profillerini
karsilagtirarak malign transformasyonla iliskili metabolik degisiklikleri ortaya koymay1 amaglamaistir.

Gereg ve Yontem: Toplam 27 karnitin ve agil-karnitin metaboliti hedefe yonelik LC-MS/MS yo6ntemi ile kantitatif olarak
Ol¢tilmiistiir. Metabolomik veriler MetaboAnalyst 6.0 kullanilarak medyan normalizasyon ve Pareto dlgeklendirme
sonrasi analiz edilmistir. Gruplar aras1 farkliliklar igin temel bilesen analizi (PCA), kismi en kiiciik kareler diskriminant
analizi (PLS-DA), fold-change analizi, goklu karsilastirma i¢in Benjamini—-Hochberg yalanci kesif orani (FDR) diizeltmesi,
hiyerarsik kiimeleme ve korelasyon ag analizleri uygulanmistir.

Bulgular: Gruplar arasinda bazi metabolitlerde nominal farkliliklar gozlenmesine ragmen, FDR diizeltmesi sonrasi
hi¢bir metabolit istatistiksel anlamlilik gostermemistir. Serbest karnitin (C0) HCT116 hiicrelerinde nominal diizeyde artis
gostermis, ancak c¢oklu karsilastirma diizeltmesi sonrasi anlamliligini kaybetmistir. Fold-change analizi, HCT116
hiicrelerinde C0, C3 ve C6 diizeylerinde artis; C8:1 ve C18:2 diizeylerinde azalma egilimi oldugunu gostermistir. PCA
toplam varyansin %74,0’iinii agiklamasina ragmen gruplar arasinda net bir ayrim gostermemis, PLS-DA ise kismi bir
ayrisma egilimi ortaya koymustur. VIP analizi C10, C6 ve C3 metabolitlerini grup ayrimina en fazla katki saglayan
bilesenler olarak tanimlamistir. Korelasyon ag analizi, C4DC, C4 ve C2'nin hub metabolitler olarak 6ne ¢iktig1 modiiler
bir yap1 ortaya koymustur.

Sonug: FDR diizeltmesi sonrasi higbir metabolit anlamlilik gostermemekle birlikte, bulgular kolorektal kanser
hiicrelerinde serbest karnitin ve kisa/orta zincirli agil karnitin metabolizmasinda kesifsel degisiklikler olabilecegini
diistindiirmektedir. Bu sonuglar hipotez olusturucu nitelikte olup, daha biiyiik 6rneklemler ve fonksiyonel metabolik
calismalar ile dogrulanmalidir.

Anahtar Kelimeler: Kolorektal kanser; HCT116 hiicreleri; CCD-18Co hiicreleri; karnitin; agil karnitin; metabolomikler.
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Highlights
e Targeted LC-MS/MS profiled 27 carnitine/acylcarnitine metabolites.
e No metabolite remained significant after FDR correction.
e (0, C3, and C6 showed exploratory increases in HCT116 cells.

Introduction

Colorectal cancer (CRC) is a heterogeneous malignancy characterized not only by genetic and epigenetic alterations
but also by profound metabolic reprogramming that supports the energetic and biosynthetic demands of tumor
cells (1, 2). To sustain proliferation, invasion, redox homeostasis, and adaptation to environmental stress, cancer
cells rewire glucose, amino acid, and lipid metabolism in ways that differ substantially from those of normal
epithelial cells (3-5). Whereas normal colonic epithelial cells rely on tightly regulated energy metabolism to
maintain physiological renewal and barrier integrity, colorectal cancer cells face increased biosynthetic demands
and utilize amino acids not only for protein synthesis but also for nucleotide biosynthesis, NADPH production,
epigenetic regulation, and tricarboxylic acid (TCA) cycle anaplerosis (2, 3, 6). In this context, glutamine metabolism,
the serine—glycine/one-carbon pathway, branched-chain amino acid (BCAA) catabolism, and the tryptophan—
kynurenine pathway has emerged as key metabolic components of CRC biology (2, 4, 6).

The carnitine system represents one of the most critical links between lipid metabolism and mitochondrial energy
production (7, 8). Free carnitine (C0) plays a central role in the carnitine shuttle system, comprising carnitine
palmitoyltransferase 1 (CPT1), carnitine-acylcarnitine translocase, and carnitine palmitoyltransferase 2 (CPT2),
which mediates the transport of long-chain fatty acids into the mitochondrial matrix for p-oxidation (2, 8).
Acylcarnitines are generated through the esterification of acyl-CoA species with carnitine and serve as biochemical
indicators of cellular fatty acid oxidation capacity, organic acid metabolism, and amino acid catabolism (2, 8, 9).
Previous studies have demonstrated that CPT1A-mediated fatty acid oxidation in colorectal cancer cells is closely
associated with metastatic potential, anoikic resistance, and metabolic plasticity, while tumor cells can acquire
metabolic flexibility by utilizing fatty acids released from adipocytes (10-12).

Recent metabolomics studies have reported that metabolite panels comprising amino acids and acylcarnitines
possess considerable diagnostic potential for distinguishing patients with colorectal cancer from healthy
individuals (4, 5, 9). However, studies directly comparing colorectal cancer cells with normal colon cells and
investigating these metabolite classes at the cellular level remain limited (2). A better understanding of how
malignant transformation affects the carnitine pool and short-/medium-chain acylcarnitine dynamics may provide
valuable insights into mitochondrial adaptation mechanisms in colorectal cancer (2, 8).

Therefore, the present study compared the carnitine and acylcarnitine profiles of the HCT116 colorectal cancer cell
line and the CCD-18Co normal colon cell line to investigate the metabolic consequences of malignant
transformation on mitochondrial acyl-group homeostasis (2). The findings are expected to contribute to the
identification of exploratory metabolic signatures and to provide new biochemical insights into energy metabolism
in colorectal cancer.

Material and Methods

Cell Culture

The HCT116 (ATCC: CCL-247), human colorectal cancer cell line and a normal human colon epithelial cell line (CCD-
18Co; ATCC: CRL-1459) were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA)
and maintained in liquid nitrogen until use. Both HCT116 colorectal cancer cells and CCD-18Co normal colon-
derived cells were cultured in DMEM:F-12 medium supplemented with 10% fetal bovine serum, 100 IU/mL
penicillin, and 100 pg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA) at 37°C in a humidified atmosphere
containing 5% CO, and 95% air.

Cell Harvesting and Homogenization

Cells were cultured in 75 cm? flasks until they reached approximately 80-90% confluence. The culture medium was
then removed, and the cells were detached by trypsinization. After centrifugation at 1,000 rpm for 5 min, the
resulting cell pellet was resuspended in ice-cold lysis buffer and homogenized using a tissue homogenizer. The
homogenates were subsequently centrifuged at 1,000 rpm, and the supernatants were collected for metabolomic
analysis. Metabolite abundances were normalized to cell number prior to statistical analysis. The normalized
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metabolomic dataset was then further processed using median normalization and Pareto scaling in MetaboAnalyst
6.0.

Targeted Acylcarnitine Profiling by LC-MS/MS

Targeted quantification of carnitine and acylcarnitine species was performed using a commercially available LC-
MS/MS assay kit according to the manufacturer’s instructions (13). Analyses were conducted using a triple
quadrupole mass spectrometer (LCMS-8040, Shimadzu Corporation, Kyoto, Japan) equipped with an electrospray
ionization (ESI) source operating in positive-ion mode.

Briefly, 5 uL aliquots of each prepared cell sample were applied onto Guthrie filter paper cards and allowed to dry
completely at room temperature. After drying, 3.2-mm discs were punched from the spotted filter papers and
transferred into 96-well plates. Subsequently, 200 uL of internal standard solution was added to each well. The
internal standard mixture included NSK-B for L-carnitine and acylcarnitines, and NSK-A when amino acid-related
internal standards were required. The samples were mixed for 30 min to allow extraction of metabolites from the
filter paper discs. After extraction, the samples were dried under nitrogen gas. Then, 60 uL of derivatization reagent
(DRVT; hydrogen chloride in 1-butanol solution) was added to each well, and the samples were incubated at 60°C
for 30 min. Following derivatization, the samples were dried again under nitrogen gas. The dried residues were
reconstituted with 100 uL of RECON solution containing acetonitrile and formic acid. The prepared samples were
then injected into the LC-MS/MS system using an injection volume of 10 pL. Chromatographic analysis was
performed using a single mobile phase consisting of water, acetonitrile, and formic acid. The flow rate was set to
0.100 mL/min, and the total analytical run time was 4 min per sample. Carnitine and acylcarnitine derivatives were
analyzed in multiple reaction monitoring (MRM) mode using metabolite-specific transitions. The mass spectrometric
parameters were set as follows: desolvation line temperature, 200°C; heating block temperature, 200°C; drying gas
flow, 10 L/min; and nebulizer gas flow, 3.0 L/min. Analytical performance characteristics for each carnitine and
acylcarnitine species, including the limit of detection (LOD) and limit of quantification (LOQ), were evaluated based
on signal-to-noise (S/N) ratios obtained from the analyzed samples using the Shimadzu LCMS-8040 system. Data
acquisition and concentration calculations were performed using Shimadzu Neonatal Software, which automatically
calculated the concentration of each analyte based on the corresponding internal standard and calibration settings.
For each cell line, three independent biological replicates were analyzed, and LC-MS/MS measurements were
performed in technical triplicate for each biological replicate.

Ethical approval
Ethical approval was not required because this study was conducted using commercially available established cell
lines and did not involve human participants, primary human tissue samples, or experimental animals.

Statistical Analysis

Metabolomic data were analyzed using MetaboAnalyst 6.0. Prior to statistical analysis, data were subjected to
median normalization followed by Pareto scaling. Principal component analysis (PCA) and partial least squares—
discriminant analysis (PLS-DA) were performed to evaluate global metabolic differences between groups. Variable
importance in projection (VIP) scores were calculated to identify metabolites contributing to the exploratory
separation tendency observed in the PLS-DA model. PLS-DA and VIP analyses were used as exploratory
multivariate tools to visualize potential group separation and to identify metabolites contributing to the observed
separation tendency. Because of the limited sample size, these supervised analyses were not considered
confirmatory classification models.

Differential metabolite abundance was assessed using fold-change analysis and two-sample Student’s t-tests. To
control for multiple comparisons, p-values were adjusted using the Benjamini-Hochberg false discovery rate (FDR)
method. Results were visualized using volcano plots. Metabolite distribution patterns were further evaluated by
hierarchical clustering heatmap analysis. Correlation structures among metabolites were investigated using
Debiased Sparse Partial Correlation (DSPC)-based network analysis. Metabolites exhibiting high degree and
betweenness centrality values were defined as hub metabolites within the network.

For comparison of raw metabolite concentrations, independent two-sample Student’s t-tests were additionally
performed using SPSS software (IBM SPSS Statistics, Armonk, NY, USA), and data were expressed as mean +
standard deviation (SD). A two-sided p-value < 0.05 was considered statistically significant before FDR correction.
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Results

Differential Acylcarnitine Profiles Between HCT116 and CCD-18Co Cells

Table 1 summarizes the relative abundance levels of 27 carnitine and acylcarnitine metabolites in HCT116 colorectal
cancer cells and CCD-18Co normal colon cells. Although free carnitine (C0) showed nominal significance before
multiple-testing correction, none of the measured metabolites remained statistically significant after FDR
adjustment. Fold-change analysis revealed exploratory differences in several metabolites between the two cell lines.
Using a log?2 fold-change threshold of +1 (corresponding to a 22-fold change), four metabolites demonstrated relative
increases and two demonstrated relative decreases in HCT116 cells compared with CCD-18Co cells. In particular,
C0, C3, and C6 showed increased abundance, whereas C8:1 and C18:2 exhibited reduced abundance in HCT116 cells
(Figure 1A). To account for multiple testing, FDR correction was applied to all comparisons. Following correction,
none of the 27 analyzed metabolites met the predefined significance threshold (FDR < 0.05). Although C10, C6, and
C3 displayed the lowest FDR values among the detected metabolites, these findings did not reach statistical
significance (Figure 1B).

i c3 | T [ T
L
Ch
® C19
[ ]
14C0 L]
-tog(FDR.p}
Log2FC
] 042! .
g g o
o . [ c6
% =1 1
4 =
3 2 o]
g . i c3
880{:
OCO ° = =
L]
Cl&} o ° ° o0 o ]
° L] ) L- I o @
cs_,
Identifier Compounds

Figure 1. Differential abundance analysis of carnitine and acylcarnitine metabolites between HCT116 colorectal
cancer cells and CCD-18Co normal colon cells.
(A) Log2 fold-change distribution of the 27 analyzed metabolites. Positive values indicate higher relative abundance in
HCT116 cells, whereas negative values indicate lower relative abundance compared with CCD-18Co cells. The log?2 fold-
change threshold was set at +1, corresponding to a two-fold change. (B) FDR-adjusted significance analysis of carnitine and
acylcarnitine metabolites. FDR-adjusted p-values were calculated using the Benjamini-Hochberg procedure. None of the
analyzed metabolites reached the predefined significance threshold of FDR < 0.05.

Table 1. Comparison of carnitine and acylcarnitine levels between HCT116 colorectal cancer cells and CCD-18Co normal
colon cells.

Abbreviation Metabolite name HCT116 CCD-18Co p FDR-p
Co Free carnitine 0.6933 +0.1249 0.2833 +£0.0419 | 0.0208* | 0.5616
C2 Acetylcarnitine 3.0960 + 0.4844 2.0443 +0.5274 | 0.0642 | 0.6340
C3 Propionylcarnitine 0.1107 + 0.0398 0.0297 £0.0042 | 0.0704 | 0.6340
C4 Butyrylcarnitine 0.0500 + 0.0236 0.0213+0.0164 | 0.1677 | 0.7181
C4DC Methylmalonylcarnitine 0.0107 + 0.0060 0.0063 +£0.0015 | 0.3387 | 0.7872
C5 Isovalerylcarnitine 0.0253 + 0.0126 0.0263 +£0.0059 | 0.9090 | 0.9700
C5:1 Tiglylcarnitine 0.0180 + 0.0100 0.0210 +0.0115 | 0.7510 | 0.9025
C50H 3-Hydroxyisovalerylcarnitine 0.0173 £ 0.0105 0.0120 £ 0.0079 | 0.5243 | 0.8396
C5DC Glutarylcarnitine 0.0200 + 0.0190 0.0170 +£0.0095 | 0.8229 | 0.9250
Cé6 Hexanoylcarnitine 0.0117 + 0.0078 0.0047 +0.0023 | 0.2551 | 0.7872
CeDC Adipylcarnitine 0.0123 + 0.0067 0.0097 +0.0045 | 0.6004 | 0.8669
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C8 Octanoylcarnitine 0.0773 + 0.0630 0.0357 +0.0405 | 0.3983 | 0.7872
C8:1 Octenoylcarnitine 0.0297 + 0.0126 0.1387+0.2030 | 0.4505 | 0.8110
C8DC Suberylcarnitine 0.0153 + 0.0087 0.0080 +0.0026 | 0.2806 | 0.7872
C10 Decanoylcarnitine 0.0073 + 0.0045 0.0057 +0.0035 | 0.6416 | 0.8811
C10:1 Decenoylcarnitine 0.0140 + 0.0070 0.0227 +0.0271 | 0.6402 | 0.8811
C10DC Sebacylcarnitine 0.0313 + 0.0075 0.0287 +£0.0021 | 0.6062 | 0.8669
C12 Dodecanoylcarnitine 0.0140 + 0.0070 0.0103 +£0.0038 | 0.4818 | 0.8260
C14 Tetradecanoylcarnitine 0.0120 £ 0.0082 0.0053 £0.0032 | 0.2929 | 0.7872
C14:1 Tetradecanoylcarnitine 0.0170 + 0.0128 0.0293 +£0.0308 | 0.5728 | 0.8604
C14:2 Tetradecadienoylcarnitine 0.0413 + 0.0333 0.0267 +£0.0216 | 0.5622 | 0.8604
Cl6 Hexadecanoylcarnitine 0.0477 £ 0.0368 0.0360 + 0.0050 | 0.6394 | 0.8811
Clé:1 Hexadecanoylcarnitine 0.0103 + 0.0055 0.0157 £0.0169 | 0.6463 | 0.8811
C18 Stearoylcarnitine 0.0273 + 0.0196 0.0227 +0.0084 | 0.7318 | 0.9025
C18:1 Oleoylcarnitine 0.0403 +0.0293 0.0287 +£0.0155 | 0.5847 | 0.8669
C18:2 Linoleylcarnitine 0.0127 + 0.0085 0.0383 +£0.0536 | 0.4952 | 0.8260
C18:10H Hydroxyoctadecenoylcarnitine 0.0057 + 0.0045 0.0077 £ 0.0064 | 0.6844 | 0.8936

Abbreviation: Data are presented as mean * standard deviation. Group comparisons were performed using Student’s t-test, followed by Benjamini—Hochberg
false discovery rate correction. HCT116, colorectal cancer cell line; CCD-18Co, normal colon-derived cell line; FDR, false discovery rate. *p < 0.05 before FDR
correction. No metabolite remained statistically significant after FDR adjustment. HCT116, n =3; CCD-18Co, n = 3.

Volcano Plot and Correlation Structure Analysis

Volcano plot analysis was performed to simultaneously evaluate fold-change magnitude and statistical significance
across all detected metabolites. When both a log2 fold-change threshold of +1 and an FDR-adjusted p-value < 0.05
were applied, no metabolite satisfied both criteria. Nevertheless, C3, C6, and C10 emerged as metabolites showing
relatively larger fold changes and lower p-value trends compared with the remaining metabolites (Figure 2A).
Hierarchical clustering based on Pearson correlation coefficients demonstrated a structured correlation pattern
among carnitine derivatives. Positive correlations were represented by red colour gradients, whereas negative
correlations were represented by blue gradients. Most metabolites formed a highly interconnected cluster
characterized by strong positive correlations. Short-chain acylcarnitines, particularly C0, C2, C3, and C4, exhibited
strong positive associations with one another. In contrast, certain long-chain acylcarnitines, including C18:2 and
C14:1, displayed weaker or inverse relationships with other metabolite groups. Hierarchical clustering further
revealed multiple metabolite subclusters, indicating a modular organization of acylcarnitine metabolism (Figure
2B).
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Figure 2. Exploratory analysis of acylcarnitine alterations and metabolite correlation patterns.
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(A) Volcano plot showing the relationship between log2 fold change and statistical significance for the analyzed carnitine and
acylcarnitine metabolites. The vertical dashed lines indicate log2 fold-change thresholds of +1, and the horizontal dashed line
represents the FDR-adjusted significance threshold. No metabolite satisfied both the fold-change and FDR-adjusted significance
criteria. (B) Hierarchical clustering correlation heatmap of acylcarnitines based on Pearson correlation coefficients. Red and
blue color gradients indicate positive and negative correlations, respectively. The dendrogram illustrates metabolite clustering
according to correlation similarity.

Multivariate Analysis of Metabolic Profiles

Principal component analysis (PCA) demonstrated that the first two principal components accounted for 74.0% of
the total variance in the dataset (PC1: 51.1%; PC2: 22.9%). Despite this relatively high explained variance, no clear
separation between HCT116 and CCD-18Co samples was observed. Consistent with this finding, PERMANOVA
analysis indicated no statistically significant difference between groups (R? = 0.244, p = 0.40) (Figure 3A-B). Partial
least squares—discriminant analysis (PLS-DA) revealed a tendency toward partial discrimination between the two
cell lines along Component 1. Component 1 explained 46.7% of the variance, whereas Component 2 accounted for
18.1%. Samples generally clustered according to cell type, although greater within-group variability was observed
in the CCD-18Co group. Overall, the PLS-DA model suggested limited discriminatory capacity between HCT116
and CCD-18Co cells and should be interpreted as exploratory given the small sample size (Figure 3C). Because cross-
validation, permutation testing, R?, and Q? model-validation parameters were not available, the PLS-DA findings
were interpreted as exploratory rather than confirmatory.
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Figure 3. Multivariate analysis of acylcarnitine profiles in HCT116 and CCD-18Co cells. (A) Two-dimensional
principal component analysis (PCA) score plot based on acylcarnitine profiles. (B) Three-dimensional PCA score plot
illustrating sample distribution across the first three principal components. (C) Partial least squares—discriminant analysis (PLS-
DA) score plot showing the supervised classification of HCT116 and CCD samples. Although a partial separation tendency was
observed, overlap between groups remained evident.

Variable Importance and Hierarchical Clustering Analysis

Variable importance in projection (VIP) analysis suggested that C10, C6, and C3 were candidate metabolites
contributing to the exploratory separation tendency observed in the PLS-DA model. Additional metabolites,
including C8DC, C6DC, and C14, also contributed to model classification. VIP scores close to or greater than 1 were
considered to indicate a relatively higher exploratory contribution to the observed separation tendency between
groups. (Figure 4A). Hierarchical clustering heatmap analysis demonstrated partial clustering tendencies among
acylcarnitines, with some overlap between HCT116 and CCD-18Co samples. Samples generally grouped according
to cell type, although partial overlap between clusters was observed. The heatmap further revealed heterogeneous
abundance patterns across metabolites, suggesting variability in the relative distribution of individual carnitine
derivatives between the two cell lines (Figure 4B).
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Figure 4. Exploratory VIP ranking and hierarchical clustering patterns of carnitine and acylcarnitine
metabolites. (A) Variable importance in projection (VIP) scores derived from the PLS-DA model. Metabolites with higher VIP
scores were considered candidate contributors to the exploratory separation tendency between HCT116 and CCD-18Co cells.
(B) Hierarchical clustering heatmap showing relative acylcarnitine abundance patterns across samples. Rows represent
metabolites and columns represent biological replicates. Colors indicate relative metabolite abundance after normalization and
scaling.

Correlation Network Analysis

To further investigate relationships among acylcarnitines, a correlation-based network analysis was performed.
Distinct metabolite interaction clusters were identified within the network. Topological analysis demonstrated that
C4DC, C4, and C2 exhibited the highest degree and betweenness centrality values, indicating their central roles
within the network architecture.

Both positive and negative metabolite interactions were detected, supporting the presence of a highly interconnected
acylcarnitine metabolic network. Given the limited sample size (n = 3 per group), these findings should be
interpreted cautiously and considered exploratory rather than confirmatory (Figure 5).

Figure 5. Correlation network analysis of acylcarnitine metabolites. Network visualization of metabolite-metabolite
relationships generated using Debiased Sparse Partial Correlation (DSPC) analysis. Nodes represent individual acylcarnitines,
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and edges represent significant correlations between metabolites. Node size is proportional to network centrality. Metabolites
with high degree and betweenness centrality values, including C2, C4, and C4DC, were identified as hub metabolites within the
network.

Discussion

The present study provides an exploratory evaluation of carnitine and acylcarnitine metabolism in colorectal cancer
by comparing HCT116 colorectal cancer cells with CCD-18Co normal colon cells. Overall, none of the 27 analyzed
carnitine derivatives remained statistically significant after correction for multiple testing. Nevertheless, the nominal
difference observed for free carnitine (CO), the exploratory contribution of C3, C6, and C10 in the multivariate
analyses, and the central network positions of C2, C4, and C4DC suggest that malignant transformation may be
associated with subtle alterations in acyl-group handling and metabolic network organization rather than large
changes in individual metabolites (14-18). Among the metabolites evaluated, free carnitine (C0) was one of the most
notable findings. Although C0 levels were higher in HCT116 cells than in CCD-18Co cells (17, 18). Free carnitine is
essential for mitochondrial fatty acid transport and acyl-group buffering. Therefore, the observed trend may reflect
adaptive changes in the intracellular carnitine pool, altered acyl-CoA buffering capacity, or metabolic preparedness
for lipid utilization (17-19). However, given the lack of statistical significance after multiple-testing correction, this
observation should be considered hypothesis-generating rather than evidence of a definitive metabolic alteration.
Accumulating evidence indicates that fatty acid oxidation and carnitine shuttle activity may contribute to colorectal
cancer progression in a context-dependent manner. CPT1A-mediated fatty acid oxidation has been associated with
metastatic potential, anoikis resistance, and metabolic plasticity in colorectal cancer, while adipocyte-derived fatty
acids may support tumor growth through enhanced lipid utilization (19-21). Within this context, the trends observed
for CO and selected medium-chain acylcarnitines may be consistent with altered mitochondprial lipid metabolism in
HCT116 cells. However, because CPT1A, CPT2, OCTN2/SLC22A5, and related pathway components were not
directly assessed, mechanistic conclusions regarding fatty acid oxidation cannot be drawn from the present data.
The prominence of C3 in the VIP analysis is noteworthy because propionylcarnitine is closely linked to branched-
chain amino acid catabolism and odd-chain fatty acid metabolism (17, 18, 22). Altered amino acid utilization is a
recognized feature of colorectal cancer metabolism, supporting proliferation, redox homeostasis, and biosynthetic
demands (14, 15, 22). Consequently, the relative enrichment of C3 may reflect subtle adaptations in amino acid-
derived acyl-group metabolism. Similarly, the identification of C6 and C10 as important contributors to multivariate
discrimination suggests potential differences in medium-chain acylcarnitine metabolism between malignant and
non-malignant cells. Importantly, elevated medium-chain acylcarnitines do not necessarily indicate increased (-
oxidation, as they may also arise from incomplete fatty acid oxidation or altered mitochondrial substrate utilization.
Fold-change analysis additionally suggested lower relative abundances of C8:1 and C18:2 in HCT116 cells. These
metabolites are associated with unsaturated fatty acid metabolism and lipid remodeling pathways. Although the
observed trends may indicate differences in fatty acid utilization or membrane lipid turnover, none remained
significant following FDR correction (17, 18). Therefore, these observations should be interpreted cautiously and
regarded as exploratory. Multivariate analyses further highlighted the subtle nature of the observed metabolic
differences. PCA did not demonstrate clear separation between HCT116 and CCD-18Co cells, and PERMANOVA
analysis confirmed the absence of statistically significant global metabolic differences. Although PLS-DA suggested
partial discrimination between groups, supervised models are particularly susceptible to overfitting in small
datasets (17, 18). Consequently, the PLS-DA findings should be viewed as exploratory indicators of potential
metabolic variation rather than confirmatory evidence of distinct metabolic phenotypes.

One of the most informative aspects of the study was the correlation network analysis. The identification of C2, C4,
and C4DC as hub metabolites suggests that alterations in acylcarnitine metabolism may occur at the level of network
architecture rather than through dramatic changes in individual metabolites (17, 18). Because these metabolites are
linked to acetyl-group metabolism, short-chain acyl-group turnover, and dicarboxylic acid metabolism, their central
positions may reflect broader changes in mitochondrial acyl-group homeostasis. However, the biological
significance of these network relationships requires validation in larger datasets. Previous clinical metabolomics
studies have reported that panels composed of amino acids and acylcarnitines can distinguish patients with
colorectal cancer from healthy controls (14, 15). In contrast, the absence of significant individual metabolites in the
present cell-based model suggests that clinically observed metabolic signatures may not arise solely from tumor
cells. Host metabolism, inflammation, dietary factors, stromal interactions, microbiota-derived metabolites, and
tumor microenvironmental influences are likely to contribute substantially to circulating metabolomic profiles (14,
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15, 20, 21). Accordingly, the present findings should be interpreted as a controlled cellular model of colorectal cancer
metabolism rather than as evidence for diagnostic biomarker development.

Several limitations should be acknowledged. First, the sample size was limited (n =3 per group), reducing statistical
power and increasing the likelihood of false-negative findings after multiple-testing correction. In addition, because
cross-validation, permutation testing, R?, and Q? model-validation parameters were not available, the PLS-DA and
VIP results should be regarded as exploratory indicators of potential metabolic variation rather than definitive
evidence of group discrimination. Second, acylcarnitine profiling provides a static snapshot of metabolite abundance
and does not directly measure metabolic flux. Consequently, the observed alterations cannot distinguish between
increased substrate utilization, incomplete (-oxidation, or altered acyl-group buffering. Third, mechanistic
regulators of carnitine transport and fatty acid oxidation were not directly examined. Future studies incorporating
larger sample sizes, multiple colorectal cancer cell lines (e.g., HT-29, SW480, SW620, and Caco-2), stable isotope
tracing approaches using *13C-palmitate, ~13C-glutamine, and ~13C-glucose, Seahorse extracellular flux analysis,
and molecular characterization of key components of the carnitine shuttle and fatty acid oxidation pathways,
including CPT1A, CPT2, SLC22A5/0CTN2, and ACAD family enzymes, will be necessary to clarify the biological
significance of the observed metabolic trends (17-21).

Overall, the present findings suggest that colorectal cancer cells may exhibit subtle alterations in carnitine-related
metabolism, particularly involving free carnitine and short- to medium-chain acylcarnitines. Although these changes
did not achieve statistical significance after FDR correction, they provide a framework for future investigations into
mitochondrial acyl-group homeostasis and metabolic adaptation in colorectal cancer.

Study limitations

This study has several limitations. First, infections were not classified as community-acquired or hospital-acquired,
which may have limited the interpretation of differences in pathogen distribution and antimicrobial resistance
patterns. Second, detailed clinical information, including comorbidities, previous surgical history, catheter status,
invasive procedures, and length of hospital stay, was not available for analysis. These factors may influence both
infection risk and microbiological outcomes. Third, the study was conducted in a single center, which may limit the
generalizability of the findings. Future multicenter studies with more detailed clinical data and standardized
infection classification are needed to confirm and expand these results.

Conclusion

This study compared targeted carnitine and acylcarnitine profiles between HCT116 colorectal cancer cells and CCD-
18Co normal colon cells. None of the 27 analyzed metabolites remained significantly different after correction for
multiple testing. Nevertheless, the prominence of C0, C3, C6, and C10 across multiple analytical approaches suggests
potential exploratory alterations in free carnitine and short-/medium-chain acylcarnitine metabolism in colorectal
cancer cells.

These findings indicate that carnitine and acylcarnitine profiling may provide insight into mitochondrial metabolic
adaptation and acyl-group homeostasis in colorectal cancer. However, given the limited sample size and the absence
of FDR-significant metabolites, the results should be regarded as hypothesis-generating rather than definitive
evidence of metabolic dysregulation. Further validation in larger experimental systems and functional metabolic
studies is warranted.
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