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Abstract: “Gray zone” category tumors in thyroid follicular tumors are difficult to diagnose, espe-
cially to distinguish between follicular thyroid adenoma (FTA) and follicular thyroid carcinoma
(FTC). This study aimed to assess the diagnostic performance of metabolite enzymes using imaging
mass spectrometry to distinguish FTA from FTC and determine the association between metabolite
enzyme expression with thyroid follicular borderline tumor diagnosis. Air flow-assisted desorption
electrospray ionization mass spectrometry imaging (AFAIDESI-MSI) was used to develop a classi-
fication model for the characteristics of thyroid follicular tumors among 24 samples. We analyzed
the expression of metabolic enzyme markers in an independent validation set of 133 cases and eval-
uated the potential biological behavior of 19 borderline thyroid lesions. Phospholipids and fatty
acids (FAs) were more abundant in FTA than in FTC (P<0.001). The metabolic enzyme panel —in-
cluding FA synthase and Ca*-independent PLA2, which are closely associated with altered meta-
bolic pathways—was further identified in follicular thyroid tumors. The marker combination
showed optimal performance in the validation group (area under the receiver operating character-
istic curve, sensitivity, and specificity: 73.6%, 82.1%, 60.6%, respectively). The diagnostic strategy
suggested considering a putative role of AFAIDESI-MSI in routine clinical triage for strict follow-
up, with low metabolic enzyme expression combined with diagnostic in patients with a thyroid
follicular borderline tumor diagnosis.

Keywords: thyroid follicular adenoma; thyroid follicular carcinoma; mass spectrometry; tumor; di-
agnose; marker

1. Introduction

Thyroid tumors are the most common endocrine lesions worldwide, and their incidence has
continuously increased over the last three decades [1,2] Thyroid tumors arising from follicular cells
can generally be categorized into malignant and benign tumors according to their pathology. How-
ever, it is sometimes extremely difficult to differentiate thyroid follicular adenoma (FTA) from thy-
roid follicular carcinoma (FTC). Pathomorphology is used to describe the characteristics of malignant
tumors named “atypia,” which does not appear in benign tumors. However, this morphological
standard does not apply to thyroid follicular neoplasms. FTA cells can show atypia; conversely, the
atypia of FTC cells may be gentle or absent, distant metastasis of FTC sometimes occurs, such as in
bones or lungs, and the morphology of metastatic tumors is still very mild, similar to that of FTA.
Currently, the diagnosis of FTC is defined by capsular and/or vascular invasion; however, this stand-
ard is difficult to achieve in frozen sections or even in surgically excised lesions.

Therefore, in the most recent version of the World Health Organization (WHO) classification,
certain borderline lesions, including non-invasive follicular thyroid neoplasms with papillary-like
nuclear features (NIFTP) and thyroid tumors of uncertain malignant potential (UMP), have been
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proposed to classify follicular thyroid neoplasms with questionable capsular or vascular invasion.
Given that malignant tumors require more surgical intervention than benign tumors, managing these
“gray zone category” follicular tumors remains controversial; thus, the proper classification of thy-
roid follicular diseases has become an urgent clinical need.

Mass spectrometry imaging (MSI) is a powerful method employed in tumor research, allowing
for different molecular species of complex proteins, lipids, and their metabolites to be imaged. The
major benefit of MSI is the ability to combine molecular and morphological information. Molecular
images generated using mass spectrometry are spatially resolved and correlated with their respective
histological images; thus, molecular profiles can be highly tissue-specific and closely related to clini-
cal information. Furthermore, metabolomic research is closely related to the occurrence and develop-
ment of tumors, and changes in the expression of metabolite molecules and related metabolic path-
ways are important characteristics of tumor cells. Moreover, metabolomic research based on MSl is a
high-throughput approach that can identify molecular information closely related to the occurrence
and development of tumors.

The airflow-assisted desorption electrospray ionization (AFADESI)-MSI method under ambient
conditions is a high-coverage ambient molecular imaging technique that can map numerous func-
tional metabolites located in different metabolic pathways. Here, we describe the application of
AFADESI-MSI metabolomic analysis to define novel diagnostic pathways and metabolites for thy-
roid follicular tumors, ultimately serving as potential markers of malignant tumors with uncertain
potential. Our prospective study aimed to develop and validate an AFAIDESI-MSI metabolomic
analysis to define novel diagnostic pathways and metabolites to discriminate between FTA and FTC
and improve the diagnosis of indeterminate cases.

2. Results

2.1. Molecular characterization of thyroid tissues using AFAIDESI-MS imaging and tumor-associated
metabolic pathway

AFAIDESI-MSI was performed in negative and positive ion modes for 24 thyroid tissue samples,
including 5 FTC and 19 FTA. Figure 1 shows the MS images of thyroid tumor representative metab-
olites. We developed a classification model that could distinguish between FTC and FTA samples.
Multivariate statistical methods for the training subset included PCA and OPLS-DA. Supervised PCA
was initially performed to obtain an overview of all tumors. The differences between the FTA and
FTC were explored using OPLS-DA. Threefold cross-validation was performed on a pixel-by-pixel
basis in the positive ion mode using the 912 peaks evaluated in the positive mode. Classification of
the FTA and FTC groups resulted in one predictive (tB pB) and three orthogonal (tB 0B) (1+3) com-
ponents, with a cross-validated predictive ability, Q 2 (cum) of 73.3%. Additionally, 67.9% of the var-
iance in R 2 (X) accounted for 86.9% of the variance of R 2 (Y), as shown in Supplementary Figure 1A.
Among the selected features with the greatest weight for characterizing thyroid tumors were phos-
phoric acid species, including PC (34:1), PC (36:2), and PC (38:7) (Figure 2A). Negative ion mode data
were also analyzed to predict FTC and FTA. Following the same strategy in the negative mode, an
overall agreement of 74.2% resulted in one predictive (tB pB) and 13 orthogonal (tB oB) (1+4) compo-
nents with a cross-validated predictive ability, Q 2 (cum) of 74.2%, and 72.2% of the variance in R 2
(X) accounted for 92.4% of the variance of R 2 (Y) (Supplementary Figure 1B). Among the selected
features, several fatty acids (FAs), including FA 20:1 (m/z 309.2038), FA 18:1 (m/z 281.2457), and FA
22:6 (m/z 327.2345) were detected (Figure 2B). Interestingly, all ions exhibited a higher abundance in
FTA than in FTC.
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Figure 2. AFAIDESI-MSI images of FTA and FTC showing the distribution of (A1, B1) m/z 782.5669,
PC (34:1); (A2, B2) m/z 786.5993, PC(36:2); (A3, B3) m/z 804.5503, PC (38:7); (A4, B4) m/z 309.2038,
FA(20:1); (A5, B5) m/z 327.2345, FA(22:6); (A6, B6) m/z 281.2457, FA(18:1). The statistical box plots

show the ion intensity of metabolites in the lower part. *** p <0.001.

Changes in the expression of metabolic enzymes and related pathways are important character-
istics of tumorigenesis. Metabolic enzymes connect and regulate complex metabolic reactions as im-
portant nodes in biological metabolic networks and have always been recognized as potential diag-
nostic markers. Here, AFAIDESI-MSI data combined with OPLS-DA analysis enabled the determi-
nation of region-specific metabolites. Subsequently, the discriminating metabolites were imported
into the Kyoto Encyclopedia of Genes and Genomes (www.kegg.jp) to perform metabolic pathway
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matching analysis, which facilitated the discovery of altered metabolic pathways. This suggests that
PC metabolism and FA biosynthesis are significantly dysregulated in thyroid tumors. Notably, two
crucial metabolic enzymes were directly associated with alterations in these metabolic enzymes.
FASN catalyzed the formation of long-chain FAs, and iPLAs catalyzed the biosynthesis of PC.

2.2. The protein expression level of FASN and iPLAs were significantly upregulated in thyroid adenoma

We assessed the classifier's performance identified using IHC staining on an independent set to
further evaluate the metabolite enzyme validation. This group included 113 thyroid tumors, includ-
ing 28 FTC and 66 FTA. The FTC group comprised 6 males and 22 females. Furthermore, the mean
age was 47.3 years (ranging: 2069 years). The FTA group comprised 6 males and 60 females. The
mean age was 43.75 years (range: 25-74 years).

Of the 28 FTC, 9 (32.1%) were strongly positive and 19 (67.9%) were weakly-to-moderately pos-
itive for FASN. Five (17.9%) iPLAs were strongly positive, 16 (57.1%) were weakly to moderately
positive, and 7 (25%) were completely negative for FASN. Of the 66 FTA, 37 (56.1%) were strongly
positive for FASN, 28 (42.4%) were weakly to moderately positive, and one (1.5%) was completely
negative. Furthermore, 40 (60.6%) iPLAs were strongly positive, 19 (28.8%) were weakly positive, and
seven (10.6%) were negative. Interestingly, we noticed that the expression of the metabolic enzyme
was significantly higher in the FTA than in the FTC (P=0.043 and P=0.0001 in FASN and iPLAs, re-
spectively) (Table 1). Figure 3 (A,B) shows the metabolic enzyme expression in FTC and FTA.The
diagnostic potential of FASN and iPLAs was identified using ROC curve analysis. The AUC, an ac-
curacy index for evaluating the predicting performance, when used for detecting FASN, was 61.4%
(95% confidence interval [CI]: 49.2%-73.7%), compared with 71.9% (95% CI: 60.9%—-83.0%) for tissue
iPLAs. Subsequently, we combined the two biomarkers into a diagnostic combination; ROC curve
analysis showed that the AUC was 73.6% (95% CI: 62.7%-84.5%), with a sensitivity and specificity of
82.1% and 60.6%, respectively (Figure 4).

Table 1. Performance of the metabolic enzyme expression in FA and FTC.

Metabolite Enzyme Markers IHC Expression Level FTA(66) FTC(28) p Value
Strong 37(56.1%) 9(32.1%)
positive
FASN Weak-moderated 28(42.2%) 19(67.9%)
Negative 1(1.5%) 0
Strong 40(60.6) 5(17.9%)
positive 0.0001
IPLAs Weak-moderated 19(28.8%) 16(57.1%)

negative 7(10.6%) 7(25%)
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Figure 3. Representative microscopic findings for expression of the two metabolic enzymes in FTC(A)
and FTA (B), (A1) HE stained for a FTC, (A2) FASN and (A3) IPLAs showed weak or moderate cyto-
plasmic staining. (B1) HE stained for a FTA, (B2) FASN and (B3) IPLAs showed strong positive stain-
ing. (C-D) show the metabolic enzyme expression in borderline thyroid tumors. (C1) and (D1) HE
stained for a NIFTP and a UMP, (C2, D2) showed FASN staining and (C3, D3) showed IPLAs staining.
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Figure 4. ROC analysis of metabolite biomarker between FTA and FTC.

2.3. Novel diagnostic workflow based on AFAIDESI-MSI analysis and metabolite enzyme markers

We propose a novel workflow that combines histopathology, AFAIDESI-MSI analysis, and me-
tabolite enzyme markers to diagnose borderline thyroid tumors for implementation in clinical prac-
tice. This relies on the performance of the combined metabolic enzyme markers and the predictive
model. In the 19 settings, five NIFTP and 14 thyroid tumors of UMP were collected. A significant
female predominance was observed in all groups. The female: male ratio was 15:4. The mean age was
42.8 years. The median follow-up was 36.4 (range 11-90) months. From the immunohistochemistry
results, 5 (26.3%) cases were more inclined to FTC, and 12 (63.2%) cases were more likely to be FTA
(Table 2). Figure 3 (C,D) shows the metabolic enzyme expression in borderline thyroid tumors.

Table 2. Predicted diagnosis based on the metabolic enzyme of the 19 nodules with indeterminate
thyroid tumors.

Histopathology Predicted Diagnosis

Benign Gray Zone Malignant
NIFTP(5) 4 0 1
UMP(14) 8 2 4

Two cases could not be classified according to the metabolite enzyme marker results because of
inconsistent expression intensities of FASN and iPLAs; therefore, we entered the two cases of mass
spectrometry datasets into the predictive model; the results showed that both the two IMS datasets
were in the FTA category. Additionally, we randomly selected three borderline cases of MSI data for
predictive model analysis; the results of IMS are consistent with the results of metabolite enzyme
expression.
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3. Discussion

Both FTC and FTA are follicular thyroid lesions causing challenging pathological issues. To date,
pathologists are virtually unable to draw a clear distinction between FTC and FTA based on a frozen
section examination alone. They have some overlapping morphological features; therefore, they rep-
resent a diagnostic dilemma for practicing pathologists. A well-known reliable pathological criterion
for the malignant diagnosis of FTC is the presence of tumor cells invading the tumor capsule or blood
vessels. However, the limited sample collection during the frozen diagnosis process makes evaluat-
ing all samples’ capsules and blood vessels difficult. Although no envelope or vascular infiltration
was found in the paraffin specimen after a comprehensive evaluation, if significant structural and
morphological heterogeneity was observed, pathologists could not completely rule out the possibility
of malignant tumor biology and could not provide clinically effective diagnosis and treatment guid-
ance.

Therefore, more reliable diagnostic markers are required. To date, there have been an increasing
number of markers in the process of continuous evaluation of their diagnostic utility. For example,
Kaliszewski et al. [3] proposed that serum thyroid-stimulating hormone levels are significantly
higher in patients with atypia and follicular lesions of undetermined significance. Chuang et al. [4]
suggested that IHC marker panels, including CK19, CD56, galectin-3, CITED1, HBME-1, VE1, and
TROP-2, can differentiate thyroid follicular neoplasms. Nevertheless, none of these biomarkers are
used routinely because they lack validity.

AFADESI-MSl is a high-coverage ambient molecular imaging technique that can be used to map
numerous functional metabolites in different metabolic pathways. In this study, MSI data combined
with OPLS-DA analysis enabled tumor-specific discrimination. For the training set, the score scatter
plots for the OPLS-DA models showed very good performance in both the positive and negative ion
modes. The expression of phosphoric acid species and FAs was higher in the FA group. MSI-based
on in situ metabolomics combined with pathway analysis contributed to the discovery of potential
tumor-associated metabolic enzymes in thyroid follicular lesions, and targeted IHC testing of the
suspected metabolic enzymes—including FASN and iPLAs—was performed on successive tissue
sections to validate our discovery. The internal validation of our classification model showed very
good performance (95% CI: 62.7%-84.5%, AUC=73.6%, sensitivity=82.1%, specificity= 60.6%).

FAs are essential constituents of all biological membrane lipids and important substrates for
energy metabolism. Various tumors and their precursor lesions unexpectedly undergo exacerbated
endogenous FA biosynthesis, irrespective of extracellular lipid levels [5-7]. Here, elevated FA levels
in the tumor tissue were further confirmed by our MSI results. Figure 1 shows that the FA ion inten-
sities demonstrated an increasing trend from the normal thyroid follicular epithelium to the patho-
logical thyroid tumor epithelia. Interestingly, the ion intensity of FAs in FTA was higher than that in
FTC (P<0.001, Figure 2C), indicating that FAs may predict potential diagnoses in thyroid follicular
tissues. Tumor cells rapidly produce FAs to meet the urgent needs of membrane biosynthesis, cellular
signaling, and energy consumption [8]. A multifunctional homodimeric FASN catalyzes the biosyn-
thesis of endogenously synthesized FAs [9-11]. Therefore, FASN is the key metabolic enzyme respon-
sible for the terminal catalytic step in FA synthesis. The subsequent IHC assay showed that FASN
was primarily expressed in both FTA and FTC and that its expression was higher in FTA. Some stud-
ies have indicated that early upregulation of FASN in precursor lesions might represent an obligatory
metabolic acquisition in response to the microenvironment of preinvasive lesions, which continues
to occur in malignant stages. The functional and temporal linkage of the glycolytic switch and the
FASN-related lipogenic phenotype may represent coevolved essential components of the malignant
phenotype and, thus, hallmarks of invasive cancers [12].

Phospholipids are crucial components of the cell membrane. Phosphatidylcholine (PC) is a phos-
pholipid that comprises the majority of cell membranes. De novo biosynthesis of PC occurs via the
Kennedy pathway, and perturbations in regulating this pathway have been linked to various human
diseases, including cancer [13]. The MS images indicated that phospholipids were significantly up-
regulated in the FTA tumor region compared to the FTC epithelium (P<0.001, Figure 2C). Over the
years, the metabolism of phospholipids by phospholipases and the role of their metabolic products

doi:10.20944/preprints202306.1101.v1
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in mediating cell function have received significant attention. Emerging studies have focused on Ca?-
independent PLA2 (iPLA2) enzymes that mediate growth and signaling in numerous cell types. They
may offer unique targets for treating various pathologies whose etiology involves the generation of
phospholipid signals [14]. Some studies have demonstrated that iPLA2 mediates cell growth by par-
ticipating in signal transduction pathways, including epidermal growth factor receptors, mitogen-
activated protein kinases, mdm2, tumor suppressor protein p53, and cell cycle regulator p21 [15-19].
We speculate that the upregulated expression of iPLA2 in thyroid follicular tumors may be attributed
to elevated phospholipid biosynthesis. IHC staining was performed to explore the spatial expression
of iPLA2 in the thyroid follicular tumor sections. Similarly, IHC analysis indicated that iPLA2 expres-
sion was significantly higher in FTA.

Subsequently, we focused on 19 indeterminate pathological diagnoses; a prediction of non-ma-
lignancy was obtained in 12 of the 19 patients that agreed with the follow-up, and 5 with a suspicious
diagnosis were malignant. Due to the inconsistent expression intensity of FASN and iPLAs, two cases
could not be classified according to the metabolite enzyme marker results; the two cases of mass
spectrometry dataset predictive results were in the category of FTA. There are some explanations for
this inconsistent expression as follows: the distribution of diagnostic cells in the sample can be heter-
ogeneous, presenting sparse and/or overlapping cellular content, which the instability of IHC anti-
bodies may also cause. Therefore, this implementation of combined AFAIDESI-MSI with metabolite
enzyme markers positively affects diagnosis classification for the “indeterminate” nodules.

4. Materials and Methods
4.1. Sample collection

All thyroid tumor tissue samples were collected at the Peking Union Medical College Hospital
between 2014 and 2021. The Ethical Review Committee of the Peking Union Medical College Hospital
approved the study protocols. All patients consented to participate in this study and signed an in-
formed consent form. All experiments were performed in accordance with the approved guidelines.
Notably, none of the patients with thyroid cancer underwent preoperative treatment. The tumor tis-
sue samples obtained from surgical resection specimens were snap-frozen and stored at -80°C until
sectioning. For the AFAIDESI-MSI experiments, 8-um-thick tissue sections were cut at -20°C using a
cryomicrotome (CM 1950; Leica, Wetzler, Germany) and thaw-mounted onto microscope glass slides
(Superfrost Plus slides, Thermo Fisher Scientific, USA). The slides were stored in closed containers at
-80°C. Before the analysis, the slides were thawed at room temperature and dried in a vacuum desic-
cator for approximately 1 h. Five-micrometer-thick tissue sections were cut and stained with hema-
toxylin and eosin (H&E) to confirm the diagnosis.

MSI was performed using a Q Orbitrap mass spectrometer (Q Exactive, Thermo Fisher Scientific,
Waltham, MA, USA) equipped with a home-built AFADESI ion source. Data were acquired in both
positive and negative ion modes. The measurement conditions were as follows: the ESI sprayer was
positioned 0.7 mm away from the tissue surface at an incident angle of 55° to the sample surface. The
spray solvent for MS acquisition in the positive mode was acetonitrile: water (8:2, v/v) containing
0.1% formic acid with a (+) 7000 V spray voltage, and the transport tube voltage (+) 3000 V. Acetoni-
trile (ultra-pure water) was purchased from Germany. The solvent and extraction flow rates were 5
and 45 L/min, respectively. In the tissue imaging experiments, each tissue section was scanned using
a two-dimensional (2D) moving stage with horizontal rows separated by a 200-y m vertical step until
the entire tissue sample was assayed. All experiments were conducted using Analyst QS 2.0. Mass
spectra were recorded in the mass range of m/z 100-1000.

4.3. Histopathology analysis

All specimens were fixed in 10% buffered neutral formalin and embedded in paraffin. Tumor
content was determined by examining H&E-stained tissue sections adjacent to the sections used for
the AFAIDESI-MSI studies. The slides were re-evaluated histologically and classified according to
the 2022 WHO criteria. Two pathologists determined tumor content by examining Hé&E-stained
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tissue sections adjacent to the sections used for the AFAIDESI-MSI studies. The tissue slides were
free of necrosis.

4.4. Immunohistological stains

The expression of metabolic enzymes in thyroid tumor tissues was assessed by immunohisto-
chemical (IHC) staining using specific antibodies. Successive frozen tissue sections adjacent to the
section analyzed using AFADESI-MSI were warmed to room temperature for 20 min. Sections were
fixed in paraformaldehyde for 10 min. After washing in phosphate-buffered saline, the sections were
immersed in 0.25% Triton X-100 for 15 min to make the tissue permeable and then blocked with 1%
bovine serum albumin for 30 min at room temperature. Furthermore, the sections were incubated
with antibodies against iPLAs (Proteintech; 22030-1-AP; 1:200), fatty acid synthase (FASN) (Abcam;
ab128870;1:300) at 4°C overnight, followed by rewarming at room temperature for 20 min. A PV-9000
two-step IHC kit was used according to the manufacturer’s instructions, and a DAB kit was used to
detect antigen-antibody binding (Zhongshan Goldenbridge Biotechnology Ltd. Co., Beijing, China).
The slides were counterstained with hematoxylin, dehydrated, mounted, and covered. FASN and
iPLAs staining revealed cytoplasmic protein expression. The intensities of FASN and iPLAs were
graded semi-quantitatively on a scale of 0 (no staining), low expression (weak staining), and high
expression (moderate to strong staining).

4.5. Data processing and statistical analysis

All tissue samples were subjected to AFAIDESI-MSI. Raw data files acquired from the AFAID-
ESI-MS analysis were initially converted to MATLAB format using the Wiff-to-Matlab translator soft-
ware. A software tool was developed to enable visual inspection of the ion image and selection of
regions of interest (ROIs). ROIs were selected using H&E staining, and the corresponding spectral
data were extracted from each ROL The resultant 2D matrices, including observations (sample
names) in columns and variables (m/z) in rows, were subsequently transferred to MarkerView (Ap-
plied Biosystems/MDS Sciex) and SIMCA version 14.0.1 software package (Umetrics AB, Umea, Swe-
den). Pareto scaling and normalization with ion intensity were applied to all data to reduce noise and
artifacts in the models. Moreover, the multivariate statistical methods used included principal com-
ponent analysis (PCA) and orthogonal partial least square discriminant analysis (OPLS-DA). After
classification, discriminating variables were selected according to variable importance and assessed
using an independent t-test (Microsoft Office Excel 2010). Statistical significance was set at P<0.05.
Moreover, accurate mass spectrometry and MS/MS analyses were performed using a Q-Orbitrap
mass spectrometer (Q-Exactive, Thermo Fisher Scientific) for molecular identification. Lipid species
were first analyzed by comparing the mass measurement of each peak with that in the LIPID MAPS
database (http://lipidmaps.org; mass accuracy + 0.005 Da) and then identified based on collision-in-
duced dissociation experiments, tandem MS experiments, and comparison with data from the litera-
ture. A receiver operating characteristic (ROC) curve analysis was performed to determine the roles
of accuracy and specificity in the predictability of certain indicators. The area under the curve (AUC)
ranged from 0.5 to 1.0. Complete separation of the values by indicator was performed with scores
above 0.75 or 75%.

5. Conclusions

We show evidence that the combination of AFAIDESI-MSI and metabolite enzyme markers is a
promising approach to aid the diagnosis of thyroid follicular nodules. Particularly in cases of “gray
zone category” follicular tumors, lower FASN and iPLAs combined with a diagnosis of thyroid fol-
licular borderline tumor should be considered for strict follow-up.

Supplementary Materials: The following supporting information can be downloaded at the website of this pa-
per posted on Preprints.org. Supplementary Materials: Figure S1A: OPLS-DA score plots based on positive
AFAIDESI-MSI data from FTC and FTA; Figure S1B: OPLS-DA score plots based on negative AFAI-MSI data
from FTC and FTA; Table S1: The discriminated meatbolites between FTA and FTC.
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