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ARTICLE INFO ABSTRACT

Keywords: Metabolic reprogramming is an essential hallmark of cancer. Several studies have reported the
Solid tumors dysregulation of acylcarnitine (ACar) metabolism in tumor cells, suggesting that changes in the
Fattly acid oxidation blood ACar may be related to tumor growth. Accordingly, this study aimed to understand the
Acy carnitines . alteration of serum ACar profiles in various solid tumors and explore the potential of differential
Metabolic reprogramming . S . . . .
Metabolomics serum ACars as diagnostic biomarkers. A series of 69 relatively abundant ACars were identified

via untargeted analysis. Then, targeted metabolomics was used to describe the metabolic alter-
ations in ACars between normal controls and patients with six types of solid tumors. The results
suggested that changes in ACars correlated with their carbon chain length and saturation. The six
tumor types had highly similar ACar metabolic profiles, indicating similar fatty acid oxidation
(FAO) metabolic pathways. Moreover, the receiver operating curve analysis of differential ACars
showed that 16 ACars (C8-C14) had high diagnostic capability towards the studied solid tumors.
Specifically, the area under the curve of ACar 10:2 isomer2 and ACar 12:2 isomer2 was greater
than 0.95. In conclusion, the marked decrease in the levels of medium- and long-chain ACars
(C8-C18) in the six solid tumors suggests that they may have similar FAO-based metabolic
pathways, which could afford a common target for cancer therapy. Additionally, 16 ACars
(C8-C14) were identified as potential biomarkers for diagnosing six types of solid tumors.

1. Introduction

Cancer is one of the leading causes of death globally [1]. Accurate early diagnosis of cancers is critical in the management of the
disease. Although several techniques are widely used for cancer screening, most of these are invasive. Recently, several non-invasive
methods have been studied extensively for diagnosing cancer. Specifically, non-invasive diagnosis via blood analysis is a promising
advancement in cancer research [2-5]. Solid tumors, such as hepatocellular carcinoma (HCC), gastric cancer (GC), colorectal cancer
(CRQ), lung cancer (LCA), primary liver cancer without HCC (e.g., intrahepatic cholangiocarcinoma and mixed liver cancer)
(PLC-NHCQ), are usually detected in advanced stages. As a result, many cases of solid tumors are often diagnosed when the cancers
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Abbreviations

ACar acylcarnitine

AUC area under the curve

CE collision energy

COT carnitine octanoyltransferase

CPT carnitine palmitoyltransferase

CRC colorectal cancer

DP declustering potential

ESI electrospray ionization

FAO fatty acid oxidation

FC fold change

GC gastric cancer

HBV-HCC hepatitis B virus-related hepatocellular carcinoma

HCC hepatocellular carcinoma

Hif hypoxia-inducible factors

HR MRM high-resolution multiple reaction monitoring

IDA information-dependent acquisition

LCA lung cancer

NC normal control

PLC-NHCC primary liver cancer without hepatocellular carcinoma (including intrahepatic cholangiocarcinoma and mixed liver
cancer)

QC quality control

QTOF-MS/MS quadrupole time-of-flight mass spectrometry

ROC receiver operating characteristic

RT retention time

TME tumor microenvironment

UHPLC-MS/MS ultra-high performance liquid chromatography-tandem mass spectrometry

have become locally aggressive or metastasized, for which there are no effective therapies. In clinical practice, solid tumors are often
screened and diagnosed using several types of serum biomarkers, such as carbohydrate antigen 19-9, alpha-fetoprotein, and carci-
noembryonic antigen. However, the sensitivity and specificity of serum biomarkers are limited. Therefore, it is crucial to identify novel
biomarkers for screening solid tumors.

It is well known that metabolic alterations promote carcinogenesis and the adaptation of cancer cells to the local microenviron-
ment, a process called metabolic reprogramming [6]. Reportedly, increased aerobic glycolysis, also known as the Warburg effect, is
one of the most common metabolic alterations that mediate cancer progression [7]. Such metabolic reprogramming is induced by
several factors, including oncogenes, growth factors, acidosis, hypoxia-inducible factors (Hif), and dysregulation of tumor suppressor
genes [8]. Under normoxia, cells preferentially utilize glucose carbon to synthesize palmitate. In contrast, under hypoxic conditions,
the fatty acids are primarily synthesized from glutamine carbon via the reductive pathway [9]. This unique distribution of nutrients
was intrinsically mediated by mTORCI signaling and the expression of genes related to glucose and glutamine [10]. To date, most
studies on cancer have focused on glycolysis, glutaminolysis, and fatty acid synthesis. However, the role of fatty acid oxidation (FAO)
in cancer cell function has not been elucidated. Under limited glucose and glutamine availability, fatty acids are catabolized via
mitochondrial f-oxidation as an alternative to ATP production [11]. The metabolic reprogramming of tumor cells is not only related to
their characteristics, but also to the tumor microenvironment (TME). Research suggests that FAO is activated by specific oncogenes
[12,13]. However, emerging research highlights the important role of TME. FAO can occur in both mitochondria and peroxisomes.
Hypoxia and acidosis are common features of solid tumors. Hypoxic cells sense oxygen levels to modulate anabolic and catabolic
pathways in response to changes in oxygen availability [14]. Studies have demonstrated that during hypoxia, Hif-2a promote the
degradation of peroxisomes through selective autophagy [15]. Moreover, the metabolic properties of tumors directly lead to the
acidification of the TME. Acidosis alters the metabolic processes of cancer cells toward FAO [16]. Therefore, it is also increasingly
evident that FAO plays a critical role in the initiation and progression of various cancers [17]. A recent study has suggested that tumors
originating in different tissues and those of different histological subtypes exhibit a common proteomic signature related to energy
metabolism [18]. However, different tumors demonstrate distinct and heterogeneous metabolic processes, which renders targeting
metabolism in various tumor types challenging [19]. At present, no uniform, tumor-specific, metabolic signatures have been deter-
mined for solid tumors. Therefore, we hypothesized that solid tumors may share the similar FAO metabolic pathways. Understanding
the characteristics of FAO pathways in solid tumors may contribute to the identification of novel diagnostic biomarkers and thera-
peutic targets.

ACars are esters of L-carnitine and fatty acids [20] that can transport activated, long-chain fatty acids from the cytoplasm to
mitochondria for p-oxidation to provide energy for cellular activities [21]. ACar is not only an intermediate in FAO, but changes in its
composition and concentration indirectly correlate with alterations in cellular metabolism. Recently, a study reported that in cancer



L. Wu et al. Heliyon 10 (2024) e23867

cells, the levels of ACars with different chain lengths were regulated by metabolic reprogramming [22], and this finding has gained
considerable attention in recent years. Currently, a variety of differential ACars have been observed in a number of malignancies,
including HCC [23-25], LCA [26,27], CRC [28,29], and GC [30]. However, no study has comprehensively analyzed the ACars profiles
in different solid tumors. Thus, such metabolic profiling of serum ACars with different chain lengths and degrees of saturation will help
assist in identifying potential diagnostic markers and therapeutic targets for various solid tumors.

Currently, ACars are commonly analyzed using ultra-high performance liquid chromatography-tandem mass spectrometry
(UHPLC-MS/MS), owing to its ultra-efficient separation ability and extreme sensitivity that facilitate the simultaneous separation of
isomers in a short time [31]. For the large-scale identification of most Acars, a liquid chromatography high-resolution mass spec-
trometry method has been developed [32]. Therefore, this method can be employed to identify ACars that are relatively abundant in
the serum of quality control (QC) samples and then employ targeted metabolomics to screen for differential ACars and assess their
diagnostic value in various solid tumors.

Accordingly, this study primarily aimed to understand the alteration of serum ACar profiles between normal controls (NCs) and
common solid tumors using UHPLC-quadrupole time-of-flight mass spectrometry (QTOF-MS/MS) via untargeted analysis and targeted
metabolomics. The solid tumors assessed were hepatitis B virus (HBV)-related HCC, GC, CRC, LCA, and PLC-NHCC. First, untargeted
analysis was used to identify ACars that were relatively abundant in QC samples. Subsequently, the relative content of the identified
ACars in NC, HBV-HCC, GC, CRC, LCA, and PLC-NHCC samples was determined by targeted analysis. Finally, the potential clinical
diagnostic value of ACars was explored.

2. Materials and methods
2.1. Chemicals and reagents

HPLC-grade acetonitrile and formic acid were purchased from Merck (Darmstadt, Germany), and 3-hydroxydecanoyl carnitine was
obtained from Sigma (Saint Louis, USA). Ultra-pure water was synthesized in the laboratory. ACQUITY BEH C18 Column (2.1 mm x
100 mm, 1.7 pm) was purchased from Waters Corporation (Milford, MA, USA). Amicon Ultra-0.5-mL Centrifugal Filter (Ultracel-3k
Da) was obtained from Merck Millipore (Massachusetts, USA).

2.2. Patients and serum sample collection

In total, 172 participants visiting the Guangxi Medical University Cancer Hospital from April 2018 to September 2019 were
enrolled in the study. Of these, 30 were NCs and 142 were patients with six types of cancer (41 with HBV-HCC, 23 with GC, 37 with
CRC, 26 with LCA, and 15 with PLC-NHCC [including 10 with intrahepatic cholangiocarcinoma and 5 with mixed liver cancer]). All NC
subjects had normal liver biochemistry, and those with liver-related diseases were excluded. The diagnosis of all patients with cancer
was confirmed by histopathological biopsies. All patients with HBV-HCC were diagnosed with chronic hepatitis B cirrhosis.

Serum samples were collected from the participants in the morning after overnight fasting to eliminate the impact of diet. The
samples were then left at room temperature for 30 min, followed by centrifugation at 4427 xg for 10 min (4 °C). The supernatant was
then collected and stored at —80 °C until further analysis.

The study protocol was approved by the Medical Ethics Committee of the Guangxi Medical University Cancer Hospital (ethical
approval number: LW2022127), and all subjects provided written informed consent allowing the use of their samples for biomedical
research.

2.3. Serum samples treatment

The frozen serum samples were thawed at room temperature for 30 min. Then, protein precipitation was performed by transferring
150 pL of serum to a 1.5-mL centrifuge tube, to which 150 pL of acetonitrile was added, vortexed for 30 s, and frozen at —20 °C for 1 h.
The samples were then centrifuged at 16,602 xg for 15 min at 4 °C. The supernatant obtained was transferred to an Amicon Ultra-0.5
mL Centrifugal Filter (Ultracel-3k Da) and centrifuged at 16,602xg for 15 min at 4 °C. The filtrate obtained was transferred to an
injection vial. The QC sample was prepared by mixing 10 pL from each serum sample. One QC sample was run after every 15 sample
injections to monitor the stability and precision of the instrument during the analysis.

2.4. UHPLC-MS/MS analysis

For UHPLC-MS/MS analysis, the ExionLC™ AC UHPLC system was coupled with a quadrupole time-of-flight tandem mass spec-
trometry (X500R QTOF) (AB SCIEX, USA). Initially, untargeted analysis of the QC sample was performed under the information-
dependent acquisition (IDA) mode, followed by identifying ACars, as reported previously [32]. Subsequently, UHPLC-MS/MS was
performed under a high-resolution multiple reaction monitoring (HR MRM) mode to analyze serum samples from NCs and patients
with six types of solid tumors.

2.4.1. Liquid chromatography conditions
For UHPLG, a 5-pL sample was injected into the Waters ACQUITY BEH C18 column, maintained at 40 °C. The injection temperature
was set at 4 °C, with the flow rate being 0.4 mL/min and the total run time being 23 min. Separation was achieved using a mobile phase
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comprising 0.1 % formic acid in water (A) and 0.1 % formic acid in acetonitrile (B). The linear gradient elution condition was as
follows: 0-9 min, 2 %—45 % B; 9-15 min, 45 %—100 % B; 15-18 min, 100 % B; 18-20 min, 100 %—2 % B; 20-23 min, 2 % B.

2.4.2. MS conditions

The mass spectrometry was operated in positive electrospray ionization (ESI) mode, with the pressure of the ion source gas 1, ion
source gas 2, curtain gas, and collision activation dissociation gas being 50, 50, 35, and 8 psi, respectively. The capillary temperature
and spray voltage were set at 500 °C and 5500 V, respectively. The total scan time was 23 min.

The MS parameters were as follows: m/z scan range of 100-1250; accumulation time of 0.10 s; declustering potential (DP), DP
spread, collision energy (CE), and CE spread of 80, 0, 10, and 0 V, respectively. Under the IDA mode, we included small molecules, and
the maximum candidate ions were 10. The intensity threshold was >10 cps, and dynamic background subtraction was ensured.

The parameter settings for MS/MS of untargeted analyzes were as follows: m/z scan range of 50-1250; DP, DP spread, CE, and CE
spread of 80, 0, 35, and 15 V, respectively; and accumulation time of 0.05 s. The detailed parameters used for MS and MS/MS of
targeted analyzes are listed in Supplementary Table S1.

2.5. Establishment of standard curve

Briefly, the 3-hydroxydecanoyl carnitine standard was accurately weighed at 10 mg and was dissolved and diluted in acetonitrile/
water (1:1, v/v) to obtain a 3-hydroxydecanoyl carnitine standard stock solution of 2 x 10° ng/L. This stock solution was stored at 4 °C
until further use. A series of standard solutions was prepared by diluting the aforementioned stock solution with acetonitrile/water
(1:1, v/v). The concentrations of standard solutions prepared were 2 x 10,1 x 10%,5 x 10%,1 x 10%, 5 x 10*, 2 x 10°, and 1 x 10° ng/
L. Under the HR MRM mode, the diluted standard solutions were sequentially injected and analyzed. Subsequently, the standard curve
for 3-hydroxydecanoyl carnitine was plotted for the relative quantitative analysis of other ACars according to the peak area (Y) and
concentration (X) of the characteristic product ion (m/z = 85.0284).

Table 1
Acylcarnitines identified in the QC sample.
No. Metabolite Isomer Precursor RT No. Metabolite Isomer Precursor RT
ion (Da) (min) ion (Da) (min)
1 L-carnitine 162.1120 0.67 36 AcCar 14:1 isomer2 370.2951 11.62
2 ACar 2:0 204.1227 0.76 37 ACar 16:1 398.3265 12.12
3 AcCar 3:0 218.1388 1.61 38 ACar 18:1 426.3566 12.84
4 ACar 4:0 isomerl 232.1544 2.53 39 ACar 20:1 454.3892 13.46
5 isomer2 2.64 40 AcCar 10:2 isomerl 312.2170 7.74
6 ACar 5:0 isomerl 246.1702 3.57 41 isomer2 7.94
7 isomer2 3.70 42 ACar 12:2 isomerl 340.2486 9.67
8 ACar 6:0 260.1858 5.21 43 isomer2 9.82
9 ACar 8:0 288.2167 7.47 44 ACar 14:2 isomerl 368.2797 10.78
10 ACar 9:0 isomer1 302.2327 7.87 45 isomer2 10.99
11 isomer2 8.04 46 isomer3 11.25
12 isomer3 8.47 47 ACar 16:2 396.3109 11.61
13 ACar 10:0 316.2481 9.39 48 ACar 20:2 452.3737 13.01
14 ACar 11:0 isomerl 330.2639 9.86 49 ACar 10:3 isomerl 310.2016 6.98
15 isomer2 10.25 50 isomer2 7.41
16 ACar 12:0 344.2796 10.87 51 ACar 14:3 366.2640 10.14
17 ACar 13:0 358.2951 11.22 52 ACar 16:3 394.2953 11.31
18 ACar 14:0 372.3110 11.87 53 ACar 20:3 450.3581 12.61
19 ACar 16:0 400.3422 12.69 54 ACar 20:4 448.3423 12.32
20 ACar 18:0 428.3734 13.38 55 ACar 5-OH 262.1654 1.78
21 ACar 8:1 isomer1 286.2013 6.40 56 ACar 10-OH isomerl 332.2433 7.51
22 isomer2 6.55 57 isomer2 7.62
23 isomer3 6.94 58 ACar 12-OH isomerl 360.2747 9.34
24 ACar 9:1 isomerl 300.2168 7.08 59 isomer2 9.44
25 isomer2 7.52 60 ACar 14-OH 388.3059 10.89
26 ACar 10:1 isomer1 314.2324 8.02 61 ACar 16-OH 416.3369 11.84
27 isomer2 8.39 62 ACar 14:1-OH isomerl 386.2903 10.10
28 isomer3 8.60 63 isomer2 10.32
29 isomer4 8.92 64 ACar 18:1-OH 442.3527 12.09
30 ACar 11:1 328.2484 9.28 65 ACar 14:2-OH 384.2747 9.53
31 ACar 12:1 isomerl 342.2641 10.20 66 ACar 16:2-OH 412.3062 10.73
32 isomer2 10.42 67 ACar 8:DC 318.1914 3.81
33 isomer3 10.57 68 ACar 16:DC 430.3169 9.83
34 ACar 13:1 356.2797 10.80 69 ACar 18:1:DC 456.3321 10.46
35 ACar 14:1 isomerl 370.2951 11.35

QC: Quality control; RT: Retention time; ACar: Acylcarnitine.
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2.6. Statistical analyses

All data were analyzed using the SPSS software 25.0 (IBM Corporation, USA). The Kruskal-Wallis test with Bonferroni correction
was used to compare differences in serum ACar levels between NC and different cancer groups. Results with P < 0.05 were considered
statistically significant. For the receiver operating characteristic curve (ROC) analysis of ACar levels between NC and different cancer
groups, an area under the curve (AUC) of >0.90 indicated high diagnostic significance. The point at the maximum value of the Youden
index was determined as the optimal cut-off point, and the sensitivity and specificity of the Youden index for differentiating two groups
were used to determine the diagnostic performance of the differential ACars.

3. Results
3.1. Study population characteristics

The study enrolled 172 participants, including 30 NCs, 41 patients with HBV-HCC, 23 patients with GC, 37 patients with CRC, 26
patients with LCA, and 15 patients with PLC-NHCC (including 10 patients with intrahepatic cholangiocarcinoma and 5 with mixed
liver cancer). The relative ACar levels in NC and different cancer groups were determined using a targeted quantitative analysis. The
demographic and clinical information of all subjects is presented in Supplementary Table S2.

3.2. Instrument stability and precision

The peak retention time (RT) and peak area of QC samples in total ion chromatograms overlapped well (Supplementary Fig. S1).
The ions in the QC sample were selected at certain time intervals, and the changes in their mass accuracy, RT, and peak area were
calculated. The deviation in mass accuracy was <5 ppm, the shift in RT was <0.1 min, and the coefficient of variation of peak area was
<25 % (Supplementary Table S3). These findings confirmed the precision, stability, and repeatability of the UHPLC-MS/MS method,
and the acquired data met the requirements of subsequent analysis.

3.3. Untargeted analysis of QC sample

We identified 69 ACars, including isomers, using UHPLC-QTOF-MS/MS in an untargeted analysis of the QC sample by comparing
the accurate precursor ions, RT, and characteristic product ion of m/z 85.0284. The isomers of ACars were effectively separated using
the established chromatographic method (Supplementary Figs. S2A and B). There were 1-carnitine and 7 short-chain (C2-C5), 33
medium-chain (C6-C12), and 28 long-chain (C13-C20) ACars (Table 1).

3.4. Standard curve of 3-hydroxydecanoyl carnitine

The standard curve of 3-hydroxydecanoyl carnitine was determined to be as follows: Y = 1.21540 X (r2 = 0.99994, n = 7). For
serum samples, the curve was linear over the concentration range of 2 x 10! ng/L ~1 x 10°® ng/L (Supplementary Fig. $3). The limit of
detection, where the signal-to-noise ratio equaled 3, was 3 x 10! ng/L. The limit of quantification, where the signal-to-noise ratio
equaled 10, was 1 x 102 ng/L.

3.5. Relative ACar quantitation and assessment of potential ACar diagnostic markers

The HR MRM method with UHPLC-MS/MS was used for the relative quantification of the 69 ACars identified in the serum
(Supplementary Table S1). Except for ACar 2:0, all other ACars could be quantified using a standard curve established for 3-hydrox-
ydecanoyl carnitine. For ACar 2:0, relative quantification could not be performed owing to its overload.

3.5.1. Metabolic differences in ACars between NC and HBV-HCC samples

A total of 47 serum ACars were significantly different between NC and HBV-HCC groups (P < 0.05; 44 ACars, P < 0.01; 37 ACars, P
< 0.001). The fold changes (FCs) of 37 of these ACars (C8-C16, P < 0.001) ranged from 2.02 to 4.26. Except for the level of ACar 8:DC,
the levels of the remaining 46 ACars decreased in the HBV-HCC group (Table 2, Supplementary Table S4). Further ROC analysis
showed that 30 ACars had AUC >0.90 for diagnosing HBV-HCC, with 14 ACars (C8-C13) having AUC >0.95 (Table 3, Supplementary

Table 2
The number of acylcarnitines significantly altered in the studied solid tumors.
P < 0.05 P < 0.01 P < 0.001
NC vs HBV-HCC 47 44 37
NC vs GC 57 52 48
NC vs CRC 56 54 49
NC vs LCA 58 54 49

NC vs PLC-NHCC 50 45 35
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Table S4).

3.5.2. Differences in ACar metabolism between NC and GC groups

In total, 57 serum ACars differed significantly between NC and GC groups (P < 0.05; 52 ACars, P < 0.01; 48 ACars, P < 0.001). The
FC of 48 ACars (C8-C18, P < 0.001) ranged from 2.01 to 7.74. Except for the levels of ACar 5-OH and ACar 8:DC, the levels of
remaining ACars decreased in the GC group (Table 2, Supplementary Table S5). Furthermore, ROC analysis revealed that 40 ACars had
an AUC of >0.90 for diagnosing GC, with 28 ACars (C8-C14) having an AUC of >0.95 (Table 3, Supplementary Table S5).

3.5.3. Differences in ACar metabolism between NC and CRC

In total, 56 ACars differed significantly between NC and CRC groups (P < 0.05; 54 ACars, P < 0.01; 49 ACars, P < 0.001). The FC of
49 ACars (C8-C18, P < 0.001) ranged from 1.88 to 5.44. Except for the level of ACar 8:DC, the levels of the remaining 55 ACars
decreased in the CRC group (Table 2, Supplementary Table S6). In addition, 19 ACars had an AUC of >0.90 for diagnosing CRC, with 3
AcCars (C10-C12) having AUC >0.95 (Table 3, Supplementary Table S6).

3.5.4. Differences in ACar metabolism between NC and LCA groups

Overall, 58 serum ACars differed significantly between NC and LCA groups (P < 0.05; 54 ACars, P < 0.01; 49 ACars, P < 0.001). The
FC of 49 ACars (C8-C18, P < 0.001) ranged from 2.79 to 7.20. The level of ACars was lower in the LCA group than in the NC group
(Table 2, Supplementary Table S7). In addition, 40 ACars had an AUC of >0.90 for diagnosing LCA, with 29 ACars (C8-C16) having an
AUC of >0.95 (Table 3, Supplementary Table S7).

3.5.5. Differences in ACar metabolism between NC and PLC-NHCC groups

In total, 50 ACars differed significantly between NC and PLC-NHCC groups (P < 0.05; 45 ACars, P < 0.01; 35 ACars, P < 0.001). The
FC of 35 ACars (C8-C16, P < 0.001) ranged from 2.48 to 5.86. Except for the level of ACar 8:DC, the levels of the remaining ACars were
lower in the PLC-NHCC group than in the NC group (Table 2, Supplementary Table S8). In addition, 32 ACars had an AUC of >0.90 for
diagnosing PLC-NHCC, with 19 ACars (C8-C14) having an AUC of >0.95 (Table 3, Supplementary Table S8).

3.5.6. Differences in ACar metabolism between NC and all the studied cancers

A total of 43 ACars (C8-C18) differed significantly between NC and HBV-HCC, GC, CRC, LCA, and PLC-NHCC (intrahepatic
cholangiocarcinoma and mixed liver cancer) groups (all P < 0.05) (Fig. 1), with 31 ACars (C8-C16) differing with a P-value of <0.001
(Table 4). Fig. 2 shows an overview of the FC observed in ACar profiles when comparing the solid tumors with NCs. The six types of
solid tumors may share the similar fatty acid energy metabolic profiles. In addition, the levels of medium- and long-chain, saturated
ACars were significantly lower in solid tumors than in NCs (Fig. 3A-E). This suggests a possible correlation between changes in ACars
and their chain length and saturation.

ROC analysis demonstrated that 16 ACars (C8-C14) had AUC values of >0.90 for the diagnosis of all six solid tumors, with ACar
10:2 isomer2 and 12:2 isomer2 having an AUC of >0.95 (Table 5). The relative concentrations of ACar 10:2 isomer2 and 12:2 isomer2
in the solid tumors were lower than those in NCs (Fig. 4A and B). Furthermore, ACar 10:2 isomer2 and 12:2 isomer2 had a high AUC,
along with high sensitivity and specificity for the diagnosis of the six tumor types (Fig. 5A and B).

4. Discussion

This study primarily aimed to better understand the ACar profiles with different chain lengths and degrees of saturation in six solid
tumor types. As metabolic intermediates of FAO, ACars play an important role in the transport of fatty acids from the mitochondrial
outer membrane to the mitochondrial matrix to provide energy for cells [33]. Moreover, ACars are increasingly being recognized as
crucial biomolecules in metabolomics research and being identified as potential diagnostic biomarkers of many diseases [34].
Therefore, monitoring changes in ACar levels in solid tumors from a metabolomic perspective will facilitate the identification of new
diagnostic biomarkers and treatment targets.

In the present study, 69 ACars were evaluated, including short-chain, medium-chain, long-chain, hydroxyl, branched, unsaturated,
and dicarboxylic ACars. The mass spectrometric data of these ACars suggested that the specific types of ACars differed significantly
between solid tumors and NCs. Specifically, 43 ACars (C8-C18) differed significantly across the six solid tumor types (Fig. 1). The

Table 3
The number of acylcarnitines with an AUC of >0.90 for the diagnosis of different solid
tumors.
AUC>0.90 AUC>0.95

NC vs HBV-HCC 30 14

NC vs GC 40 28

NC vs CRC 19 3

NC vs LCA 40 29

NC vs PLC-NHCC 32 19

NC vs All cancers 16 2

AUC: Area under the curve.
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NC vs GC

NC vs HBV-HCC

NC vs CRC

NC vs PLC-NHCC
NC vs LCA

Fig. 1. Acylcarnitines significantly altered in the studied solid tumors. The Venn diagram showed the overlap of the significantly altered (P < 0.05)
acylcarnitines among different solid tumor groups.

Table 4
Thirty-one acylcarnitines were significantly altered (all P < 0.001) in the studied solid tumors.
No. Metabolite Isomer M + H)+ RT No. Metabolite Isomer M + H)+ RT
(min) (min)
1 Acar 8:0 288.2167 7.47 17 Acar 10:2 isomerl 312.2170 7.74
2 Acar 9:0 isomerl 302.2327 7.87 18 Acar 10:2 isomer2 312.2170 7.94
3 Acar 9:0 isomer2 302.2327 8.04 19 Acar 12:2 isomerl 340.2486 9.67
4 Acar 9:0 isomer3 302.2327 8.47 20 Acar 12:2 isomer2 340.2486 9.82
5 Acar 10:0 316.2481 9.39 21 Acar 14:2 isomerl 368.2797 10.78
6 Acar 11:0 isomerl 330.2639 9.86 22 Acar 14:2 isomer2 368.2797 10.99
7 Acar 11:0 isomer2 330.2639 10.25 23 Acar 16:2 396.3109 11.61
8 Acar 12:0 344.2796 10.87 24 Acar 14:3 366.2640 10.14
9 Acar 8:1 isomer3 286.2013 6.94 25 Acar 10-OH isomerl 332.2433 7.51
10 Acar 9:1 isomer2 300.2168 7.52 26 Acar 10-OH isomer2 332.2433 7.62
11 Acar 10:1 isomer3 314.2324 8.60 27 Acar 12-OH isomer1 360.2747 9.34
12 Acar 10:1 isomer4 314.2324 8.92 28 Acar 12-OH isomer2 360.2747 9.44
13 Acar 12:1 isomer2 342.2641 10.42 29 Acar 14-OH 388.3059 10.89
14 Acar 12:1 isomer3 342.2641 10.57 30 Acar 14:1-OH isomer1 386.2903 10.10
15 Acar 13:1 356.2797 10.80 31 Acar 14:2-OH 384.2747 9.53
16 Acar 14:1 isomer2 370.2951 11.62

RT: Retention time.; ACar: Acylcarnitine.

findings suggested that solid tumors selectively consume specific ACars from the circulating blood. Reportedly, the metabolic fate of
fatty acids depends on their chain length and the degree of saturation [35]. In line with this, our study demonstrated that the metabolic
changes in ACars were associated with their chain length and degree of saturation (Fig. 3, Table 4). The results additionally suggest
that the six solid tumors had highly similar ACar metabolic profiles, indicating metabolism via similar FAO pathways (Figs. 1, Fig. 2).
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Fig. 2. Heat map of L-carnitine and 67 acylcarnitines in serum samples obtained from normal controls and patients with six types of solid tumors.
Each row shows data for a specific acylcarnitine, and each column shows data for the normal controls and patients with solid tumors. The colors
from blue to red showed fold changes (solid tumor vs. normal control groups). *P < 0.05, **P < 0.01, ***P < 0.001 determined by the Krus-
kal-Wallis test.
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The AUC values of 16 ACars (C8-C14) for the diagnosis of six solid tumors were all >0.90, with those of ACar 10:2 isomer2 and 12:2
isomer2 being >0.95 (Table 5, Fig. 5). Therefore, 16 ACars (C8-C14) identified in this study have the potential to be used as serum
biomarkers for the diagnosis of six types of solid tumors.

Three types of carnitine acyltransferases mediate the transfer of acyl groups to carnitine, forming short-, medium-, and long-chain
ACars, respectively. Short-chain ACars (C2-C5) are thought to be the most abundant ACars in the body. Specifically, carnitine ace-
tyltransferase is primarily responsible for the synthesis of both short-chain (<C5) and branched ACars. Moreover, most short-chain
ACars are the products of amino acid oxidation [36]. Reportedly, mitochondria can metabolize several straight-chain fatty acids,
such as palmitic acid and oleic acid. However, those that cannot be metabolized by mitochondria are metabolized by peroxisome,
including very long-chain fatty acids, dicarboxylic acids, bile acids, and branched fatty acids [37]. Another enzyme, carnitine
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Fig. 3. Changes in medium- and long-chain, saturated acylcarnitines in various solid tumors. The relative concentrations of acylcarnitines of
varying chain lengths were compared in the NC group with those in the HBV-HCC (A), GC (B), CRC (C), LCA (D), and PLC-NHCC groups (E). *P <
0.05, **P < 0.01, ***P < 0.001 determined by the Kruskal-Wallis test.

octanoyltransferase (COT) is primarily responsible for the synthesis of medium-chain (C6-C12) and branched ACars in peroxisomes.
Another important source of medium-chain ACars is following peroxisome-mediated metabolism of long, very-long, and branched
fatty acids. After peroxisome-mediated metabolism, medium-chain ACars are usually transported into the mitochondria for final
mitochondrial metabolism [38]. With regard to long-chain ACars (>C12), these compounds are the product of the esterification of
L-carnitine with long-chain fatty acids obtained from the diet. Most long-chain ACars are accumulated during incomplete FAO. And the
expression of CPT1 and the availability of substrates are essential for long-chain ACar synthesis [34]. Therefore, short-, medium- and
long-chain ACars are synthesized by different carnitine acyltransferase and via several metabolic pathways. The most significantly
altered serum ACars (C8-C16) in six solid tumor types may be closely associated with peroxisomal and mitochondrial metabolic
pathways. Peroxisomes may be primarily responsible for synthesizing these ACars, whereas mitochondria may be responsible for
metabolizing the ACars. However, the mechanism underlying the selective ACar uptake remains to be elucidated.

The Warburg effect is a crucial aspect of tumor cell metabolism, in which most cancer cells obtain their energy primarily via
glycolysis [39]. However, in recent years, increasing consideration is being given to the reprogramming of tumor lipid metabolism
[40]. Although the reactivation of fatty acid synthesis has been identified as a part of metabolic reprogramming, the activation of FAO
pathways is equally critical for the survival of several types of cancer cells [41]. Specifically, FAO may function as an extended aspect
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Table 5
Sixteen acylcarnitines with an AUC of >0.90 for the diagnosis of the studied solid tumors.
AUC
No. Metabolite Isomer M + H)+ RT NC vs NC vs NC vs NC vs NC vs
(min) HBV-HCC GC CRC LCA PLC-NHCC
1 ACar 11:0 isomerl 330.2639 9.86 0.973 0.983 0.966 0.987 0.904
2 ACar 8:1 isomer3 286.2013 6.94 0.960 0.975 0.913 0.963 0.967
3 ACar 9:1 isomer2 300.2168 7.52 0.914 0.981 0.949 0.922 0.916
4 ACar 10:1 isomer4 314.2324 8.92 0.990 1.000 0.945 0.991 0.978
5 ACar 12:1 isomer2 342.2641 10.42 0.950 0.983 0.910 0.968 0.967
6 ACar 12:1 isomer3 342.2641 10.57 0.958 0.991 0.930 0.977 0.978
7 ACar 13:1 356.2797 10.80 0.959 0.952 0.911 0.983 0.958
8 ACar 14:1 isomer2 370.2951 11.62 0.933 0.981 0.923 0.985 0.942
9 ACar 10:2 isomerl 312.2170 7.74 0.968 0.970 0.918 0.972 0.940
10 AcCar 10:2° isomer2” 312.2170 7.94 0.975 0.978 0.962 0.982 0.962
11 ACar 12:2 isomerl 340.2486 9.67 0.938 0.978 0.921 0.967 0.956
12 ACar 12:2° isomer2*® 340.2486 9.82 0.980 0.994 0.959 0.992 0.991
13 ACar 14:2 isomer2 368.2797 10.99 0.936 0.983 0.922 0.983 0.958
14 ACar 10-OH isomerl 332.2433 7.51 0.959 0.983 0.912 0.960 0.976
15 ACar 14:1-OH isomerl 386.2903 10.10 0.943 0.981 0.926 0.977 0.949
16 AcCar 14:2-OH 384.2747 9.53 0.941 0.961 0.918 0.965 0.960

@ Acylcarnitines with all AUC values > 0.95 for the diagnosis of the studied solid tumors. AUC: Area under the curve; RT: Retention time.; ACar:
Acylcarnitine.
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Fig. 4. Relative concentrations of ACar 10:2 isomer2 and 12:2 isomer2 in different solid tumors. Relative concentrations of serum ACar 10:2
isomer2 (A) and ACar 12:2 isomer2 (B) in different solid tumors. ***P < 0.001 when compared to the NC group.

of lipid metabolism by promoting energy production, eliminating potentially toxic lipids, and synthesizing metabolic intermediates for
cell growth [42]. Particularly in cancer TME, FAO may play a crucial role. In addition, emerging studies have highlighted that cancer
metabolism and behavior are regulated by the TME [19]. Cancer cells adapt to the harsh TME via metabolic reprogramming.
Particularly, acidosis drives the metabolism of cancer cells towards FAO via changes in mitochondrial and histone acetylation [16]. In
addition, multiple types of cancers have been demonstrated to rely on FAO for cell growth and survival under acidosis [43-46].
Reportedly, the activation of FAO pathways in tumor cells is mainly triggered by acidosis in the TME. As a result, FAO can be perceived
as a metabolic pathway dependent on TME. Hypoxia is another important feature of solid tumors. Mammal cells have evolved key
adaptive mechanisms to cope with hypoxia. Hypoxic cells adapt to hypoxia by modulating protein synthesis, metabolism, and nutrient
uptake [14]>. Peroxisomes play an important role in lipid metabolism, with their function being highly dependent on molecular
oxygen [11]>. Hif-2a promotes the selective autophagy of peroxisomes, resulting in their degradation [15]. The decrease in perox-
isome abundance had an important effect on the lipid composition. Medium-chain ACars are the main products of very long-chain fatty
acids and polyunsaturated fatty acids degraded by peroxisomes. Thus, the reduction of medium- and long-chain ACars in solid tumors
may result from the combined effects of hypoxia and acidosis. Normal and cancer cells in regions of hypoxia and acidosis may have
evolved mechanisms to adapt to the unfavorable TME. Hypoxia and acidosis are universal features of solid tumors. These results
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Fig. 5. ROC analysis revealed the diagnostic ability of ACar 10:2 isomer2 and ACar 12:2 isomer2. Diagnostic ability of ACar 10:2 isomer2 (A) and
ACar 12:2 isomer2 (B) in various solid tumors. The corresponding areas under the curve are represented.

suggest that profiling ACars in human serum may play an important role in the detection of various solid tumors.

ACars are being increasingly recognized as important biomarkers for metabolic studies in various diseases, including inborn
metabolic diseases, cardiovascular diseases, depression, metabolic disorders, diabetes, Alzheimer’s disease, and certain types of cancer
[34]. A study has reported the downregulation of medium-chain ACars and upregulation of long-chain ACars in HCC tissue compared
with distal noncancerous tissues [23]. In addition, patients with HCC have been demonstrated to have higher levels of serum-saturated
long-chain ACars and lower levels of short- and medium-chain ACars [47,48]. Particularly, obesity- and nonalcoholic
steatohepatitis-related HCC is characterized by the downregulation of CPT2, which increases the accumulation of ACars, allowing HCC
cells to avoid lipotoxicity and promote hepatocarcinogenesis [25]. In patients with CRC, cancer cells were found to accumulate
long-chain ACars, unlike the paired normal tissues [29]. Moreover, the plasma levels of medium-chain ACars (ACar 8:0, 9:0, 10:0, and
11:0) were significantly lower in patients with esophageal squamous cell carcinoma than in the healthy control group [49]. Thus, the
serum levels of medium-chain ACars are generally lower in patients with solid tumors than in healthy controls, whereas the opposite is
true for long-chain ACars. Moreover, previous studies have reported metabolic dysregulation of ACar 11:0, 10:1, 12:1, and 14:1-OH in
some cancers [23,26,49-51], with few studies reporting the utility of unsaturated ACars as diagnostic biomarkers. The present study
identified 16 ACars (AUC >0.90) with diagnostic potential in six solid tumors (Table 5). In addition to the four previously reported
ACars, we determined 12 unreported differential ACars as potential diagnostic biomarkers for solid tumors.

FAO enzymes are overexpressed in several malignant tumors [17]. Inhibiting the rate-limiting enzyme CPT1 in FAO has the po-
tential to both delay and prolong tumor survival [13,52]. Furthermore, in HepG2 human hepatocytes, COT overexpression was found
to decrease the levels of medium-chain fatty acids, indicating increased FAO [53]. As the six solid tumors assessed in the present study
may share the similar metabolic pathway, simultaneous targeted inhibition of CPT and COT may be a more effective strategy for cancer
treatment.

Owing to a lack of commercially available ACar standards, the present study used a relative quantitative method to analyze the
serum ACars. Lacking information regarding tumor size, comorbidities, and the treatment of tumors or comorbidities is a weakness in
the study. Meanwhile, we lack ACar profiling for non-tumor diseases, which could aid in understanding tumor etiology and pro-
gression. Furthermore, the steady state, uptake, and metabolism of the acylcarnitine profile in tumors were not measured, which is the
limitation of the study. Therefore, the mechanism underlying ACar metabolism in solid tumor cells is currently unclear. Future
research aims to address the limitations noted above.

In conclusion, we comprehensively investigated 69 ACars in six solid tumor types and NCs using a targeted analysis method
employing UHPLC-MS/MS. A significant alteration was noted in ACar levels that was linked to chain lengths and saturation. In
addition, the marked decrease in medium- and long-chain ACars (C8-C18) in the six solid tumors suggests that these metabolites may
share the similar FAO metabolic pathways. Sixteen ACars (C8-C14), especially ACar 10:2 isomer2 and 12:2 isomer2, were identified as
potential biomarkers for the diagnosis of six solid tumors. The characteristic alterations observed in medium- and long-chain ACars
could serve as valuable references for the diagnosis of solid tumors and potential targets for cancer treatment.
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