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Simple Summary: Meningiomas are benign brain tumors, but some percent of them can evolve into higher 
grades. Therefore, it could be beneficial to find and optimize potential biomarkers to assess the risk of 
progression. Consequently, the current study aimed to apply solid-phase microextraction (SPME) sampling for 
acylcarnitine profiling in meningiomas and to test in greater detail if the acylcarnitine profile changes along 
with the different NF2 mutation statuses. This genetic change is related to the loss of the suppressor protein 
merlin. As a result of the research carried out, higher heterogeneity and higher levels of acylcarnitines were 
observed in lesions with NF mutation. It suggests that alteration in the acylcarnitine system could be crucial in 
assessing energy usage in cancerous cells and could be potential biomarkers of neoplastic changes.  

Abstract: The mutation in NF2 is the most common alteration associated with meningioma oncogenesis, and it 
is related to the loss of a suppressing protein called merlin. At the same time, alterations in energy production 
are visible in cancer cells where increased demand for energy is observed. Fatty acid oxidation could be one of 
the ways cancer cells obtain energy. This metabolic pathway uses the acylcarnitine shuttle system, which is 
responsible for the acylation of fatty acids and their transport through mitochondria. Therefore, this study 
aimed to profile acylcarnitines with short-, medium- and long-acyl chain length in meningiomas to assess their 
changes in tumors with different NF2 mutation statuses. For the analysis, solid-phase microextraction (SPME) 
coupled with liquid chromatography high resolution mass spectrometry (LC-HRMS) was used. The presented 
sampling method enables low invasive and easy collection of the analytes from the studied lesions, which can 
be crucial for future analysis of potential biomarkers in the surgery room. It was observed that higher levels of 
these analytes characterized meningiomas with NF2 mutation. Moreover, increased energy consumption and 
elevated levels of acylcarnitines show that these analytes can be considered as a marker of increased fatty acid 
oxidation in NF2 mutated cells. 

Keywords: acylcarnitine; solid-phase microextraction; meningioma; merlin; NF2 
 

1. Introduction 

Meningiomas are the most common benign brain tumors. The treatment is based on the surgery; 
however, the tumor cannot be entirely removed or is inaccessible in some cases. Also, it should be 
mentioned that some percent of meningiomas can evolve into II or III-grade tumors [1–3]. In this case, 
treatment is much more complex, and alternative therapies like chemotherapy or radiotherapy must 
be applied [1–3]. Therefore, basic research in the direction that enables an understanding of the 
relation between genetic mutations, their translation to molecular biology, and, subsequently, the 
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impact on mechanisms behind the sudden increase of malignancy of meningiomas or resistance to 
particular therapy is of great importance [2]. Until now, no genetic biomarker has been used in 
meningioma diagnosis. Research revealed that mutation in NF2 is the most common alteration 
associated with meningioma oncogenesis [4]. The protein encoded by this gene is merlin, which 
regulates cell adhesion and proliferation signaling and impacts tumorigenesis suppression [5]. The 
lack of merlin correlates with a higher incidence of multiple meningiomas and schwannomas in the 
central nervous system and a higher risk of developing malignant lesions [3,5]. 

Acylcarnitines are esters of carnitine and fatty acids. These analytes are direct intermediates of 
fatty acid oxidation in mitochondria [6,7]. However, the carnitine shuttle system evolved due to the 
impermeability of the mitochondrial membranes to fatty acids with long acyl chains [6,8]. Specialized 
enzymes, such as the carnitine palmitoyltransferase 1 (CPT1) and 2 (CPT2), the carnitine-acylcarnitine 
translocase (CACT), and the carnitine acetyltransferase (CrAT), catalyze the reactions enabling 
transport of acyl chains of fatty acids through mitochondrial membranes to matrix resulting in energy 
production as well as acyl chains catabolism [6,9]. Alterations in energy production are visible in 
cancer cells where increased demand for energy is observed [6]. Moreover, lipid metabolism is 
upregulated if glucose availability decreases to sustain growth and survival in unfavorable 
conditions [6]. Thus, the carnitine system plays an essential role in cancer metabolic plasticity. Studies 
on the carnitine shuttle system are usually related to assessing crucial enzyme activity, but reports 
on the profiling of direct acylcarnitine intermediates were also proposed [8,10]. However, the 
bottleneck of this approach is the need to homogenize studied tissue and time-consuming analysis. 
Therefore, methods that can cope with these problems are needed. Solid phase microextraction 
(SPME) was one of the methods applied for acylcarnitines analysis in brain tumors [8].  

SPME is based on the interaction between sorbent coated on the small size support (ca. 200 µm 
diameter in the fiber format) and analytes present in the analyzed sample [11]. The probe is 
introduced into the tissue for a particular time, after which it is stored or proceeded to the next step: 
desorption of analytes into organic solution. Subsequently, samples can be analyzed using 
chromatography coupled with a mass spectrometer or other analytical instrumentation.  

The current study aimed to apply SPME sampling for acylcarnitine profiling of meningiomas 
and to test in greater detail if the acylcarnitine profile changes along with the different NF2 mutation 
statuses. 

2. Materials and Methods 

2.1. Chemicals and Materials 

External calibrant Pierce LTQ Velos ESI Positive Ion Calibration Solution was purchased from 
Thermo Scientific. Isopropanol, methanol, water, acetonitrile, and ammonium acetate were LC-MS 
grade and were purchased from Merck (Warsaw, Poland). SPME C18 fibers were kindly provided by 
Supelco (Bellefonte, PA, USA).  

2.2. Biological Material 

Brain tumors were obtained during neurosurgical procedures in the 10th Military Research 
Hospital and Polyclinic in Bydgoszcz. SPME sampling was conducted directly after tumor removal. 
Meningothelial meningiomas without mutations in AKT1, PIK3CA, TRAF, and KLF4 were selected 
for this study: 22 tumors with a mutation in NF2 (NF2mt) and 18 samples without this genetic 
alteration (NF2wt).  

2.3. Genetic Testing 

The genetic testing of mutations in the following genes: NF2, AKT1, PIK3CA (rs104886003, 
rs121913273, and rs121913279), TRAF (N520C, R653Q, R641C, and K615E), and KLF4 was carried out. 
Analysis was performed using polymerase chain reaction (PCR), multiplex ligation-dependent probe 
amplification (MLPA), and real-time quantitative PCR (RQ-PCR). Tests were proceeded according to 
the manufacturer’s protocol. 
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2.4. Chemical Biopsy (Solid-Phase Microextraction) Protocol and LC-HRMS Analysis 

Solid-phase microextraction probes coated with 7mm C18 sorbent were used to sample brain 
tumors removed during the neurosurgical procedure. The fibers were preconditioned overnight in 
methanol: water (1:1 v/v) solution, and then directly before sampling, they were rinsed in water. 
Subsequently, the probe was inserted into the tissue for 30 minutes (extraction), and after this time, 
it was rinsed briefly in water. Probes were stored in a freezer at −30 °C until instrumental analysis. 
Then, the fibers were desorbed into 150μl of isopropanol: methanol (1:1 v/v) solution using silanized 
inserts. Desorption was conducted for 1 hour under agitation at 850 rpm [12]. Pooled quality control 
(QC) and extraction blanks were also prepared [12]. 

The liquid chromatography-high resolution mass spectrometry (LC–HRMS) platform consisted 
of a Dionex UltiMate 3000 RS autosampler, a Dionex Ultimate 3000 RS pump (Thermo Fisher 
Scientific, Dionex, Bremen, Germany), and a Q Exactive Focus high-resolution mass spectrometer 
(Thermo Fisher Scientific, Bremen, Germany) was used for instrumental analysis.  

LC analysis was conducted using 5 mM ammonium acetate in water as phase A and acetonitrile 
as phase B. Column: SeQuantZIC-cHILIC (3 μm 100 × 2.1 mm) was used, and the injection volume 
was set at 10 μL. The hhydrophilic interaction chromatography (HILIC) was used in the analysis. The 
detailed parameters were given elsewhere [8]. The study was conducted in positive ion mode in a 
100–1000 m/z scan range. Acylcarnitines were identified by matching their fragmentation patterns 
with spectra libraries at a mass accuracy of <3 ppm (the presence of characteristic m/z: 85.0290 in 
MS/MS spectra). Full MS/dd-MS2 discovery mode was used for this purpose, and the detailed 
parameters of the fragmentation protocol were given elsewhere [8]. 

2.5. Data Processing and Statistical Analysis 

Acylcarnitine identification was performed using XCalibur software (Thermo Fisher Scientific, 
San Jose, CA, USA) based on m/z and characteristic fragmentation pattern. Statistical analysis was 
conducted using MetaboAnalyst 6.0 [13]. Chemometric analysis and box-plot visualization were 
prepared. The average peak area, coefficient of variation, and the ratio of compared study groups for 
all analytes were calculated; the Mann–Whitney U Test was applied to compare the variables. The p-
value lower than 0.05 was set as a statistical significance threshold. Apart from analyzing 
acylcarnitine levels without normalization, normalization on the summary peak area was also 
analyzed.  

Finally, ChlorTox was calculated along with the recommendation given by Nowak et al. [14]. 

3. Results and Discussion 

A set of several acylcarnitines was extracted from brain tumors using SPME fibers, and a relative 
standard deviation (RSD) was below 30%. Among detected analytes were short-chain acylcarnitines 
(SCAC): AC C2:0, AC C3:0, AC C4:0 and AC C5:0, medium-chain acylcarnitines (MCAC): AC C6:0, 
AC C8:0, AC C10:0, AC C10:1, AC C12:0, and long-chain acylcarnitines (LCAC): AC C14:0, AC C14:1, 
AC C16:0, AC C16:1, AC C18:0, AC C18:1 (Table 1). A similar set of analytes was extracted in a study 
on acylcarnitine profiling in gliomas, where SPME probes were also used for sampling [8].  

Table 1. The ratio of meningiomas with NF2 mutation to the tumor without this mutation was 
assessed using the SPME-LC-HRMS platform. AC – acylcarnitine, FDR – False discovery rate, LCAC 
– long-chain acylcarnitine, MCAC – medium-chain acylcarnitine, NF2mt – NF2 mutated, NF2wt – 
NF2 wildtype, SCAC – short-chain acylcarnitines, RT – retention time. 

Acylcarnitine m/z RT 

Raw data Normalized data 
NF2mt/ 
NF2wt 
ratio 

p-value FDR 
NF2mt/ 
NF2wt 
ratio 

p-value FDR 

SCAC 
AC C2:0 204.1230 13.49 3.33 <0.05 <0.05 1.19 0.095 0.300 
AC C3:0 218.1387 11.94 2.50 <0.05 <0.05 0.51 0.737 0.789 
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AC C4:0 232.1543 10.70 2.50 <0.05 <0.05 0.93 0.527 0.719 
AC C5:0 246.1700 9.92 2.28 0.206 0.219 0.77 0.100 0.300 

MCAC 

AC C6:0 260.1856 9.28 2.31 <0.05 <0.05 1.15 0.251 0.470 
AC C8:0 288.2169 8.60 2.16 <0.05 <0.05 1.22 0.155 0.388 
AC C10:0 316.2484 8.24 2.41 <0.05 <0.05 1.29 0.219 0.468 
AC C10:1 314.2326 8.29 1.77 0.066 0.066 0.69 0.946 0.989 
AC C12:0 344.2796 7.95 2.21 <0.05 <0.05 1.21 0.657 0.758 

LCAC 

AC C14:0 372.3108  7.75 1.94 <0.05 <0.05 1.02 0.657 0.758 
AC C14:1 370.2952  7.73 2.00 <0.05 <0.05 1.07 0.459 0.688 
AC C16:0 400.3423 7.63 1.63 0.055 0.074 0.60 <0.05 0.196 
AC C16:1 398.3266 7.65 2.06 <0.05 <0.05 1.08 0.367 0.611 
AC C18:0 428.3734  7.63 1.11 0.219 0.219 0.42 <0.05 0.176 
AC C18:1 426.3579 7.49 1.68 0.119 0.137 0.69 <0.05 0.178 

Firstly, a chemometric analysis using a principal component analysis (PCA) was conducted. 
Visualization of meningioma samples showed that NF mutant tumors were more dispersed in the 
plot than NFwt samples, which created a more concentrated group (Figure 1). The lack of merlin, a 
suppressor and microtubule stabilizer protein in NFmt meningiomas, could be related to more 
heterogenous metabolism and energy demands, impacting the acylcarnitine profile. The presence of 
NF-2 mutation can relate to a higher possibility of developing new foci of cancer origin or lead to 
tumor transformation or the occurrence of multiple tumors [15].   

  
(A) (B) 

Figure 1. The PCA presents a visualization of NFmt and NFwt meningiomas based on an acylcarnitine 
profile. A. The PCA with pooled QC, B. The PCA without pooled QC. QC- pooled quality control (red 
dots), NF2mt – NF2 mutated (grey dots), NF2wt – NF2 wildtype (cyan dots). 

A trend of higher acylcarnitine levels in the samples lacking merlin (NF2mt) than in the wildtype 
was observed. This observation corresponds to ratios of peak areas in NF2 mutant to NF2 wildtype 
meningiomas in Table 1. Nevertheless, significantly different levels of acylcarnitines were observed 
for ten of them (p<0.05) (Figure 2). The lack of merlin, can be related to higher malignancy and 
increased energy consumption, which can be observed in cancerous cells [16]. This demand could be 
fulfilled by changing glucose metabolism into aerobic glycolysis– Warburg effect, elevated glutamine 
metabolism, or changes in fatty acid oxidation [5,6,17]. Indeed, it was reported in the literature that 
NF2 mutant cells are characterized by higher dependence on lipid metabolism [5]. Stepanova et al. 
observed that cells with NF mutation have significantly higher fatty acid synthesis, as described by 
the higher activity of FASN, ACC 1 and 2, and other enzymes in this metabolic pathway [5]. The 
authors also suspected some fatty acid oxidation alteration could be observed in samples lacking 
merlin. The explanation of this observation could be related to the phenomena described by Melone 
et al. as a “futile cycle” where two metabolic cycles going in opposite directions could be used by 
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cancer cells. Fatty acid biosynthesis supplies appropriate fatty acid levels, while their oxidation in 
mitochondria provides energy for proliferating cells [6]. Thus, elevated levels of acylcarnitines could 
explain increased energy consumption and elevated levels of acylcarnitines as markers of increased 
fatty acid oxidation in NF2 mutated cells. Thus, increased fatty acid oxidation is related to an 
enhanced carnitine shuttle system, which produces higher acylcarnitine levels, as observed in this 
study. It should be mentioned herein that higher levels of acylcarnitines were observed in various 
types of cancerous lesion glioma and breast cancer hepatocellular carcinoma in comparison to 
respective non-cancerous samples [8,10,18–20]. 

     

AC C2:0 AC C3:0 AC C4:0 AC C6:0 AC C8:0 

     

AC C10:0 AC C12:0 AC C14:0 AC C14:1 AC C16:1 

Figure 2. Box-plots representing levels of significantly altered acylcarnitines in NF2 mutated and NF2 
wildtype meningiomas analyzed using SPME coupled with LC-HRMS. Plots for raw data are given. 
NF2mt – NF2 mutated (grey boxes), NF2wt – NF2 wildtype (cyan boxes). 

A summary peak area normalization was applied to assess the relative changes between 
acylcarnitines inside the profile. This normalization method (also known as total peak area or 
constant sum normalization) normalizes the peak areas to total peak area, the sum of the areas of all 
detected peaks in a studied sample [21]. This type of normalization is often used in metabolomics, 
but it should be noted that it converts analytes into a fraction of the whole profile [21–23]. Thus, an 
increase or decrease of one analyte will be related to the opposite change of different analyte/analytes 
from the normalized profile. In the data presented herein, decreased levels of AC C16:0, AC C18:1, 
and AC C18:2 were observed in the NF mutant samples compared to wildtype (p<0.05, FDR > 0.05) 
(Table 1). This observation indicates that the mutation in NF2 is related to the impairment in fatty 
acid oxidation. The possible alteration could be related to CPT-2 activity. This enzyme catalyzes the 
transfer of the acyl chain from long and very-long-chain acylcarnitines to coenzyme A[6]. The activity 
of CPT-2 can be estimated using the formula based on the concentration of the following 
acylcarnitines: (AC C16:0 + AC C18:1)/ AC C2:0 [24]. It indicates that the activity of CPT-2 is directly 
proportional to the levels of AC C16:0 and AC C 18:1 and is inversely proportional to the 
concentration of AC C2:0. Thus, decreased levels of long acylcarnitines, such as AC C16:0, AC C18:1, 
and AC C18:2 with a simultaneous increase short acylcarnitines level, such as AC C2:0 suggest 
downregulation of CPT-2 activity. However, it should be noted that AC C2:0 upregulation was 
statistically insignificant (p>0.05) (Table 1). The observed alterations may be related to changes in the 
activity of enzymes engaged in the carnitine shuttle system or an increase in the levels of short acyl 
chain acylcarnitines, whose transport is independent of the carnitine shuttle system enzymes. 
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Downregulation of CPT-2 activity were observed in different types of cancers, such as ovarian cancer, 
renal cancer, hepatocellular carcinoma, and colorectal cancer[25–28]. There are also reports that 
patients with obesity are more prone to cancer development due to the downregulation of CPT-2 [29].  

A similar SPME analysis coupled with LC-HRMS and total peak area normalization was applied 
to analyze the acylcarnitine profile in gliomas with different grades, IDH1/2 mutations, and 1p/19q 
codeletion status [30]. Tumors with worse prognosis had significantly higher levels of a few 
acylcarnitines. The AC C16:0, AC C18:1, and AC C18:2 were downregulated in high-grade gliomas. 
It was also observed that IDH1/2 wild-type tumors were generally characterized by higher 
acylcarnitine levels, which corresponds to a worse prognosis for the patient[8]. However, AC C16:0, 
AC C18:1, and AC C18:2 were slightly downregulated in wild-type samples, similar to the research 
presented herein – lower levels of mentioned analytes in samples with a higher proliferation risk. In 
the case of 1p/19q, the samples without co-deletion had slightly lower or almost equal levels of the 
mentioned normalized acylcarnitines as in tumors with co-deletion, which can be connected with 
worse response to radiotherapy patients without 1p/19q codeletion [8]. 

Results presented herein show changes in acylcarnitine levels in meningioma with different 
mutation NF2 status. However, enriching this research with the assessment of carnitine shuttle 
enzyme activity and the expression of genes responsible for their production would be beneficial. It 
would help to select the most important acylcarnitines in cancer diagnosis, especially considering 
LCAC alteration explained in the literature by the downregulation of CPT-2. Moreover, a method 
enabling fast and quantitative analysis should be introduced. The chromatographic analysis takes 
about half an hour to analyze one sample. Moreover, this time is even longer if sample preparation 
is counted. Thus, to increase the chances of clinical use of acylcarnitine analysis in meningioma 
diagnosis, it would be useful to optimize the method, enabling fast, quantitative, and reliable analysis 
of potential biomarkers.  

An additional advantage would be low invasiveness, as represented by the methods based on 
SPME. Therefore, technology, such as coated blade spray mass spectrometry (CBS) or microfluidic 
open interface (MOI), could be applied [31]. The CBS sampling is conducted with the probe in the 
shape of a sword coated with the sorbent at the tip. Then, the blade is mounted in the interface 
installed in the ion source. Subsequently, the drop of desorption solvent is added to the surface of the 
probe, and high voltage is applied. Results could be acquired in a few seconds. CBS was tested for 
carnitine analysis in glioma homogenate [32]. Another solution could be microfluidic open ion source 
MOI mass spectrometry based on the coated fiber sampling [33]. However, instead of desorption 
followed by instrumental analysis, the probe is put to the interface installed on the mass spectrometer. 
The interface consists of a chamber filled with desorption solvent. The probe is introduced to this 
chamber for a few seconds, during which desorption is conducted. Then, the solution with desorbed 
analytes is directly injected into the mass spectrometer. The combination of desorption and 
instrumental analysis allows a reduction of analysis time. 

As important as low invasiveness and the possibility of rapid analysis, introducing methods 
harmless to the environment can be crucial. Therefore, the objective factor, such as the ChlorTox, was 
calculated for the studied analytical platform. This parameter enables estimation of substance toxicity 
in comparison to the standard substance – chloroform [34]. It was shown that ChlorTox for solvents 
used for instrumental analysis is comparable with other methods presented in the literature[14]. Due 
to the wide application of homogenization followed by liquid-liquid extraction (LLE) in tissue 
analysis, the liquid-liquid extraction coupled with high-performance chromatography (LLE/HPLC) 
method given by Nowak et al. [14,31] was used as a reference. For instance, the ChlorTox for HPLC 
analysis was 3.36g, while in the results presented herein, it was 3.87g (Table 2) [14]. On the other 
hand, ChlorTox for sample preparation protocol was significantly different. The ChlorTox was 2.78 
for the LLE-HPC method compared to 0.13 for the SPME method [14]. This observation shows that 
SPME as a sample preparation method is more environment-friendly than LLE. It should be noted 
that ChlorTox per sample was calculated based on the number of studied samples, blanks, and QC 
samples. Data could also be biased due to limited information on the analytical methods for 
LLE/HPLC. 
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Table 2. The calculation of the hazards of the SPME-LC-MS method in acylcarnitine analysis using 
HILIC chromatography and high-resolution mass spectrometry per sample. 

Analysis step Reagents CAS CHsub ChlorTox [g] Total ChlorTox [g] 

SPME Methanol 67-56-1 4.81 0.08 0.13 
Isopropanol 67-63-0 3.13 0.05 

Instrumental 
Analysis 

Ammonium acetate 631-61-8 0.00 0.00 3.87 Acetonitrile 75-05-8 2.25 3.87 

4. Conclusions 

Application of SPME enabled simple profiling of a wide range of acylcarnitines in meningiomas 
and showed that the presence of NF2 could alter acylcarnitine profile. The loss of merlin coded by 
NF2 was related to a higher heterogeneity of acylcarnitine profile and increased levels of detected 
carnitine esters. These results suggest that alteration in the acylcarnitine system could be crucial in 
assessing energy usage in cancerous cells and could be potential biomarkers of neoplastic changes. 
Moreover, the application of SPME as a sampling and sample preparation method opens new 
possibilities for future application but also enables the reduction of toxicity in the environment in 
comparison with usually used methods, such as LLE. 
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