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BACKGROUND: Recent advances in omics techniques have allowed detailed genetic
characterization of cortisol-producing adrenal adenoma (CPA). In contrast, the pathophysiology
of CPAs has not been elucidated in detail on the level of tumor metabolic alterations.

METHODS: The current study conducted a comprehensive mass spectrometry imaging (MSI)
map of CPAs in relation to clinical phenotypes and immunohistochemical profiles of steroidogenic
enzymes. The study cohort comprised 46 patients with adrenal tumors including CPAs (n = 35)
and non-functional adenomas (n = 11).

RESULTS: Severity of cortisol hypersecretion was significantly correlated with 29 metabolites
(adjusted P<0.05). Adrenal androgens derived from the classic androgen pathway were inversely
correlated with both cortisol secretion (5 = —0.41, adjusted 2= 0.035) and CYP11B1 expression
(rs=-0.77, adjusted P=2.00E-08). The extent of cortisol excess and tumor CYP11B1 expression
further correlated with serotonin (s = 0.48 and 0.62, adjusted 2= 0.008 and 2.41E-05). Tumor
size was found to be correlated with abundance of 13 fatty acids (adjusted £<0.05) and negatively
associated with 9 polyunsaturated fatty acids including phosphatidic acid 38:8 (r; = -0.56,
adjusted 2= 0.009).

CONCLUSIONS: MSI reveals novel metabolic links between endocrine function and

tumorigenesis, which will further support the understanding of CPA pathophysiology.
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Introduction

Cortisol-producing adenomas (CPA) are characterized by their ability to secrete cortisol
with independence from pituitary ACTH. The degree of systemic hypercortisolism is widely
variable, ranging from subtle alterations of the hypothalamic-pituitary-adrenal (HPA) axis in
the absence of clinical signs of hypercortisolism to overt Cushing’s syndrome. Likewise,

the clinical spectrum of hypercortisolism differs depending on the degree of cortisol
secretion and target tissue response, ranging from mild metabolic alterations to severe
metabolic, cardiovascular and infectious co-morbidities (1-4), which increase mortality

(5). However, even hypercortisolism without overt Cushingoid features, in which cortisol
excess was diagnosed based on the dexamethasone suppression test, has been demonstrated
to have long-term adverse consequences on various clinical parameters (6). Therefore,
recent guidelines from the European Society of Endocrinology (ESE) and the European
Network for the Study of Adrenal Tumors (ENS@T) have provided diagnostic criteria to
grade the degree of hypercortisolism as possible autonomous cortisol secretion (PACS) and
autonomous cortisol secretion (ACS), based on the low dose dexamethasone suppression test
results (7).

Over the last decades, the pathogenesis of CPAs has been studied at the molecular and
genetic level, which has revealed recurrent somatic mutations of the gene encoding the
catalytic subunit of protein kinase A (PRKACA), a-subunit of the stimulatory G protein
(GNAS) and B-catenin (CTNNBI) (8). Likewise, variable secretion of glucocorticoids,
androgens and other steroid hormone precursors has prompted steroid metabolome studies
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in plasma and urine samples (9-13), which demonstrated associations of steroid signatures
with clinical characteristics. Examples include lower levels of 11-deoxycortisol and 11-
deoxycorticosterone observed in subclinical hypercortisolism compared to overt Cushing
syndrome (12). The metabolic and epigenetic impact of hypercortisolism in CPA has been
demonstrated by targeted plasma metabolomics (14) and blood methylome analysis (15),
thus reflecting systemic responses to hypercortisolism.

Current advances in matrix-assisted laser desorption/ionization mass spectrometry imaging
(MALDI-MSI) have permitted the superimposing of metabolome data on the spatial
information from conventional histology. This technique has recently allowed us to refine
the functional anatomy of the human adrenal gland (16, 17), has provided novel biomarkers
and pathways associated with malignant behavior in adrenocortical carcinoma (18) and

has yielded insight into genotype/phenotype correlations of aldosterone-producing adenoma
(19), and pheochromocytoma and paraganglioma (20). Based on a similar technique, tissue
steroid profiles of optimal cutting temperature compound (OCT)-embedded CPA were
investigated and 19 steroids were successfully identified (21). Here, we report the first
comprehensive MALDI-MSI study of a set of cortisol-producing adenomas with clinical
information in order to gain further insights into their pathogenesis.

Materials and Methods

Patient cohort

A total of 46 adrenal tumors were retrieved from the Mayo Clinic, Rochester, MN,

US. Clinical and hormonal data were collected through the ENS@T registry (https://
registry.ensat.org/). Patients with Cushing syndrome (CS), autonomous cortisol secretion
(ACS), possible autonomous cortisol secretion (PACS), and non-functional adenoma (NFA)
were diagnosed according to current guidelines (7) following dexamethasone suppression
test. As a result, plasma cortisol concentrations after low dose dexamethasone suppression
test (LDDST) in patients with CS, ACS and PACS were higher than in those with NFA (P
<0.05, Table 1).

Tissue microarrays, immunohistochemistry, and digital image analysis.

Tissue Microarrays (TMAS) were constructed using the ISENET Galileo CK4500 with
core diameters of 1.0mm. Experimental tissues were placed within the array in a specified
layout. TMA cores were set within the paraffin array by incubating at 39C for 1 hour.
Paraffin-embedded tissue blocks were selected based on selection of representative areas
on the basis of hematoxylin and eosin (H&E) stained tissue sections by the experienced
pathologists.

A semi-automated rotation microtome (Microm HM 355S, Thermo Fisher Scientific, MA)
was used to cut 3-um tissue microarray sections that were transferred to glass slides

for immunohistochemistry (IHC) and H&E staining. IHC staining was performed on

a Discovery XT automated stainer (Roche Diagnostics/\entana Medical Systems, AZ)
according to the manufacturer’s instructions, employing monoclonal antibodies directed
against human cytochrome P450 family 11 subfamily B member 1 (CYP11B1), cytochrome
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P450 family 11 subfamily B member 2 (CYP11B2), cytochrome P450 family 17 subfamily
A member 1 (CYP17A1) (22), hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid
delta-isomerase 1 (HSD3B1) (23) and polyclonal antibody against hydroxy-delta-5-steroid
dehydrogenase, 3 beta- and steroid delta-isomerase 2 (HSD3B2). Slides were incubated
with primary antibodies (rat monoclonal anti-hCYP11B1 [1:20], mouse monoclonal anti-
hCYP11B2 [1:100], mouse monoclonal anti-17a-hydroxylase [1:500], mouse monoclonal
anti-hHSD3B1 [1:500], or rabbit polyclonal anti-hHSD3B2 [1:250] (Abcam, catalog
Ab154385, Cambridge, UK), in Dako REAL antibody dilution, Agilent, CA), and detected
by the Discovery DAB Map Kit (Roche Diagnostics/Ventana Medical Systems), including
incubation with respective secondary antibodies (For CYP11B2, CYP17A1, HSD3B1,
HSD3B2: anti-mouse and anti-rabbit, ready-to-use universal secondary antibody, catalog
760-4205, Roche Diagnostics/Ventana Medical Systems; For CYP11B1: anti-rat, ready-to-
use universal secondary antibody, catalog BA-4000, Vector Laboratories, CA). Appropriate
positive and negative controls were included in each staining procedure.

Following H&E staining and IHC, tissue microarray slides were scanned at x20 objective
magnification using a digital Mirax Desk slide scanner (Carl Zeiss Microscopy GmbH,
Jena, Germany) prior to import into the image analysis software Definiens Developer
XD2 (Definiens AG, Munich, Germany), as described previously (24). Tumor areas were
manually annotated, and a rule set, which was described in the previous article (24), was
defined to detect and quantify staining intensities from IHC in the annotated tumor area,
with operators blinded with regard to corresponding clinical annotations.

Sample preparation and MALDI-MSI

TMA samples were sectioned with a thickness of 3 pm, and water-bath mounted onto
indium-tin oxide (ITO)-coated glass slides (Bruker Daltonik GmbH, Bremen, Germany).
FFPE sections were incubated for 1 h at 70°C, de-paraffinized in xylene (2 x 8 min),

and air-dried. For MALDI-MSI of endogenous metabolites, the matrix solution was 10
mg/ml 9-aminoacridine hydrochloride monohydrate matrix (9-AA) (Sigma-Aldrich Chemie
GmbH, Munich, Germany) in water/methanol 30:70 (v/v). 9-AA was chosen as a matrix
since it is known to exhibit very few matrix-derived interferences in the low-mass range
and to achieve high sensitivity and high linearity in negative ion mode for a wide range of
low molecular-weight metabolites (25-29). The matrix solution was sprayed on the tissue
sections using a SunCollect automatic sprayer (SunChrom, Friedrichsdorf, Germany) at
room temperature. The matrix application was performed at flow rates of 10, 20, 30 and 40
uL/min, respectively, for the first four layers. The other four layers were performed at 40
pL/min.

Following tissue sample preparation, the MALDI-MSI measurement was performed on a
on an Ultraflex 11l MALDI-TOF/TOF MS equipped with a Smartbeam-11 Nd: YAG laser
at a frequency of 100 Hz (Bruker Daltonics, Bremen, Germany). The setting for the
sampling rate was 2.0 GS/s, and a total of 200 laser shots were used for a measurement
position. The MALDI-MSI data were acquired over a mass range of m/z 80-1000. Mass
imaging data were acquired in reflector negative ionization mode with 70 pm spatial
resolution. The mass spectrometer was calibrated using red phosphorus (Sigma-Aldrich,
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Taufkirchen, Germany), which was dissolved in acetone and spotted (1 L) on the same
glass slide into an area with matrix. After the MALDI-MSI measurement, the acquired
data from the tissue samples underwent spectra processing in Fleximaging v. 4.2 (Bruker
Daltonics, Bremen, Germany). Following the MALDI imaging, matrix was removed with
70% ethanol. Tissue sections were stained with H&E and scanned with a digital Mirax
Desk slide scanner (Zeiss, Gottingen, Germany). Metabolite annotation was performed
using the Human Metabolome Database (HMDB, http://www.hmdb.ca/) (30) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) database (http://www.genome.jp/kegg/) (31).
Pathway enrichment analysis was applied to identify discriminative features of CPAs, using
Metabolite Set Enrichment Analysis with MetaboAnalyst (http://www.metaboanalyst.ca)
(32).

Phospholipids were annotated by lipid subclass such as PA, phosphatidic acid;

PC, phosphatidylcholine; PE, phosphatidylethanolamine; P1, phosphatidylinositol; PS,
phosphatidylserine, followed by “the total acyl chain length: total number of unsaturated
bonds” (e.g., PA 32:1). The lyso form was denoted with “lyso”. All the detected
phospholipids, with classification of the proportion of unsaturations which classify fatty
acids, including 0 double bonds as saturated fatty acids (SFA), one double bonds as
monounsaturated fatty acid (MUFA) and more than one double bonds as polyunsaturated
fatty acid (PUFA), are shown in Supplemental Table 1.

Bioinformatics and statistical analysis

Results

MS data were normalized to the total ion count. Peak picking was done using mMass
software version 5.5.0 (33) as described in detail previously (34). Briefly, smoothing and
peak picking was conducted in mMass using the Savitzky-Golay algorithm (0.25 m/z
window size, 2 cycles) and a S/N of 1. List of m/z species with respective intensities for
ROIs were uploaded to MetaboAnalyst (http://www.metaboanalyst.ca) (35). Heatmap-based
clustering was created with MetaboAnalyst and data were exported as figures.

Statistical comparisons between IHC, metabolome, and phenotype were performed with
Mann-Whitney U'test, Kruskal-Wallis test, or Spearman’s rank correlation test. Spearman’s
coefficients are denoted by r. Correction for multiple comparisons were calculated with
the Benjamini-Hochberg correction and adjusted p-values are shown. All calculations were
performed using R 3.4.3.

Demographics and steroidogenic enzyme expression

Clinical characteristics of 46 patients (10 men / 36 women with a median age at surgery

of 51 (39 — 60) years) with adrenal tumors are summarized and stratified by the level

of autonomous cortisol secretion in Table 1. Following IHC of steroidogenic enzymes,
including CYP11B1, CYP11B2, CYP17A1, HSD3B1 and HSD3B2, and assessment of
staining intensities (Figure 1A and Supplemental Figure 1), we confirmed a significant
association of CYP11BL1 expression and the cortisol-secretion phenotype (Figure 1A and B).
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Metabolome profiles and phenotype correlation

Following MALDI MSI analysis, 603 m/z species over a mass range of 80-1000

m/zwere detected. Unsupervised hierarchical clustering analysis for cortisol-secretion
phenotype discriminated between a low cortisol-producing group (mainly clinically defined
as NFA) and high cortisol producing group (mainly including CS, Figure 2A). In

addition, correlations between metabolome profiles and LDDST demonstrated significant
associations with 96 metabolites. Among those, 29 metabolites were successfully annotated
(Supplemental Table 2). A further 67 metabolites could not be annotated because of the lack
of an endogenous candidate in the database, and hence were excluded from further analysis.
A negative correlation of tissue abundance of steroid-related precursors 3a-hydroxy-5b-
pregnane-20-one (/2 353.226) and C19H2802(m/z 309.186) with cortisol following
LDDST was observed (75 = —0.39 and —0.41, adjusted 2= 0.046 and 0.035, respectively,
Supplemental Table 2). C19H2802 reflects the isobaric adrenal androgens derived from

the classic androgen pathway (classic adrenal androgens): dehydroepiandrosterone (DHEA),
androstanedione and testosterone, which could not be distinguished from each other in

the applied technique. In addition, regarding steroid-related metabolites, 3a-hydroxy-5b-
pregnane-20-one, C19H2802 and sulfated metabolites cholesterol sulfate (/7/2503.258),
and C19H2805S(m/z405.117) were found to have significant differences in a group-

wise comparison between clinical phenotypes (£=0.007, 0.005, 0.019 and 0.012,
respectively, Figure 2B and C). C19H2805S reflects the classic adrenal androgen sulfates:
dehydroepiandrosterone sulfate (DHEAS), epitestosterone sulfate and testosterone sulfate.

We further identified a positive correlation between the level of hypercortisolism (based on
LDDST) and metabolites from tryptophan related metabolism, including N-acetylserotonin
(m/z 253.074), 5-hydroxy-N-formylkynurenine (/2 251.069) and serotonin (/7/z213.042)
(rs=0.60, 0.53 and 0.48, adjusted 2= 0.001, 0.004, and 0.008, respectively, Supplemental
Table 2), with highly significant group-wise differences (P = 8.70E-05, 2.80E-04 and 0.007,
respectively, Figure 2D and E). One of the metabolites from tryptophan metabolism, 4,6-
dihydroxyquinoline (/2 142.03) also showed differential distribution with cortisol-secretion
phenotype (P=0.043, Figure 2D). Notably, thymidine (/m/z263.063) from pyrimidine
metabolism, metanephrine (/m/z 196.098) from tyrosine metabolism and ubiquinone-1 (m/z
285.09) from ubiquinone biosynthesis were among the metabolites which showed positive
correlation with cortisol following LDDST (r; = 0.65, 0.50 and 0.53, adjusted £ = 4.38E-04,
0.006 and 0.004, respectively, Supplemental Table 2).

Correlation of tumor metabolite content and steroidogenic enzyme expression.

Comparison between metabolites and staining intensity of CYP11B1 revealed significant
correlation of 254 metabolites (adjusted P <0.05) of which 65 metabolites were

annotated (Supplemental Table 3). As expected, steroid-related metabolites (including
cholesterol sulfate, 3a-hydroxy-5b-pregnane-20-one, C19H2802 and C19H2805S) which
were correlated with the cortisol-secretion phenotype were also inversely correlated with
staining intensity of CYP11B1 (= —0.69, —-0.77, —=0.77 and —0.75, adjusted P = 8.64E-07,
1.62E-08, 2.00E-08 and 5.60E-08, respectively, Supplemental Table 3 and Figure 3).

In addition, 3beta-hydroxypregn-5-en-20-one sulfate (/m/z433.144), 18-hydroxycortisol
(m/z 415.150) and 17-beta-estradiol-3,17-beta-sulfate (/7/z431.081) were also inversely
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correlated with staining intensity of CYP11B1 (1, = —0.72, —0.52 and —0.44, adjusted
P=2.17E-07, 7.50E-04 and 0.007, respectively, Supplemental Table 3 and Figure 3).
Positive correlation between metabolites from tryptophan metabolism including 5-hydroxy-
N-formylkynurenine, serotonin, N-acetylserotonin and 4,6-dihydroxyquinoline, were also
observed (s = 0.78, 0.62, 0.61 and 0.56, adjusted 2= 1.24E-08, 2.41E-05, 4.38E-05 and
2.05E-04, respectively, Supplemental Table 3 and Figure 3).

Among lipids, specific phospholipids and lysophospholipids were correlated with staining
intensity of CYP11B1. For example, lysoPA 22:0 (m/2531.288), PA 31:2 (m/z 667.375),
lysoPA 21:0 (m/z517.273), PA 32:5 (m/z673.361) and PA 34:1 (/m/z711.436) showed an
inverse correlation with staining intensity of CYP11B1 (= -0.79, —-0.77, —=0.77, —-0.67
and —0.42, adjusted A= 8.89E-09, 1.54E-08, 1.62E-08, 3.43E-06 and 0.010, respectively,
Supplemental Table 3 and Figure 3). In contrast, lysoPC 18:4 (/2 496.281), lysoPC P-16:0
(m/z514.309) and lysoPC 19:1 (m/z572.313) were positively correlated with staining
intensity of CYP11B1 (7 = 0.62, 0.36 and 0.36, adjusted £ = 2.99E-05, 0.034 and 0.035,
respectively, Supplemental Table 3 and Figure 3).

Correlation of tumor metabolite content and tumor size.

Comparison between metabolites and tumor size revealed significant correlations of 50
metabolites (adjusted £ <0.05) with 17 metabolites being annotated. Notably, 13 metabolites
were annotated as inversely correlation phospholipids (Figure 4) including PS 28:0 (m/z
714.409), PA 38:8 (/m/2697.423) and PA 35:5 (m/z715.408, r; = —0.60, —0.56 and —0.51,
adjusted £=0.007, 0.009 and 0.014, respectively, Figure 4A and B). Notably, there were
some exceptions among samples, which did not follow the general trend observed in relation
to size. Nine out of 13 metabolites correlated with tumor size were phospholipids with
poly-unsaturated fatty acids (PUFAs), which accounted for 45.0% (9/20) of all the detected
PUFAs in our analysis. In contrast, only 3 SFAs and 1 MUFA were correlated with tumor
size, which accounted for 15.0% (3/20) of detected SFAs and 14.3% (1/7) of detected
MUFAs, respectively. Other than phospholipids, only 4 metabolites were significantly
correlated with tumor size (Supplemental Table 4). These include C21H3204 (m/z
385.178), possibly annotated as 17alpha,21-dihydroxypregnenolone or 3a,21-dihydroxy-5b-
pregnane-11,20-dione (r; = 0.47, adjusted = 0.025 Supplemental Table 4).

Discussion

This is the first study to examine the intra-tumoral metabolome of a spectrum of
adrenocortical tumors with or without glucocorticoid excess by MALDI-mass spectrometry
imaging. Based on the current untargeted metabolomic profiles, we provide insights into
specific metabolic changes related to cortisol secretion, steroidogenic enzyme expression
and tumor size.

A previous study had demonstrated higher CYP11B1 expression in CPA (36), which is
supported by our digital image data confirming intensity of CYP11B1 associated with
group wise differences inthe cortisol-secretion phenotype. Consistent with the role of 11
beta hydroxylase as a rate limiting step of cortisol production, a gradual increase in

the expression of this enzyme with the level of cortisol autonomy (as reflected by the
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cortisol level upon LDDST) was evident. In addition to this expected correlation between
clinical and tissue-based annotations, we found that metabolome clustering separates tumors
producing less cortisol, with a clinically mild phenotype, from tumors producing more
cortisol, with a clinically more severe phenotype.

Among the intra-tumor metabolites that separated well between the clinically defined
entities were classic adrenal androgens and their sulfated forms. The latter can be accessed
particularly easily by the applied method when formalin fixed paraffin embedded tissue is
used. In fact, certain sulfated steroids have been demonstrated to be prognostic markers in
adrenocortical carcinoma (18). Low systemic concentrations of classic adrenal androgens
are a well-appreciated feature of patients with adrenal Cushings$ syndrome that result

from suppressed HPA activity, with consecutively lower production of ACTH dependent
adrenal androgens. (9, 10, 12, 13). Notably, a previous study on OCT samples from

CPA and adjacent normal adrenals had not been able to show differences in adrenal
androgen concentrations in relation to the clinical phenotype (21). In contrast, our

analysis including NFA, PACS and ACS reveals differences in classic adrenal androgen
production in adrenal adenoma, which might be modulated by ACTH and result in less
abundance of classic adrenal androgens in CPAs. In addition, the adrenal gland is capable
of synthesizing 11-oxygenated androgens e.g. through conversion of androstenedione to
11beta-hydroxyandrostendione, a step catalyzed by CYP11B1 (37). In accordance with this,
urinary 11beta-hydroxyandrostendione output was associated with CYP11B1 expression in
tissues of aldosterone producing adrenocortical adenomas (38). It is conceivable that the
inverse correlation between classic adrenal androgens and CYP11B1 expression may be
associated with increases in 11-oxygenated androgens which we were unable to detect in
tissue samples, possibly due to technical limitations.

In addition to classic adrenal androgens, cholesterol sulfate was found to be less abundant
in tumors with higher cortisol-secretion ability. A previous study had suggested tumor
heterogeneity in CPA with morphologically compact cells being the hormonally active

cell population and clear cells being considered hormonally quiescent based on the
expression of steroidogenic enzymes(39). Here, we add support to this notion by showing
cholesterol - represented by its sulfate in our experimental setting - to negatively correlate
with glucocorticoid secretion, which goes beyond morphological characteristics. Because
compact cells have lower content in lipid droplets and hence less cholesterol and cholesterol
esters, our finding of low abundance of the detectable cholesterol metabolite cholesterol
sulfate is well in line with activation of cortisol secretion. Interestingly, metabolites related
to tryptophan metabolism were positively correlated with both cortisol-secretion phenotype
and CYP11B1 expression in our study. In the human adrenal cortex, serotonin, released

by mast cells, has been demonstrated to stimulate corticoid secretion through activation

of type 4 serotonin receptors (5-HT4R). Accordingly, a recent study had demonstrated
overexpression of tryptophan hydroxylase and serotonin receptors in cortisol-producing
tumors (44). Tryptophan hydroxylase catalyzes tryptophan 5-hydroxylation leading to 5-
hydroxytryptophan which further undergoes decarboxylation to serotonin. The serotonin
metabolites 5-hydroxy-N-formylkynurenine, acetylserotonin and 4,6-dihydroxyquinoline
were found to be associated with the cortisol-secretion phenotype, supporting the
pathophysiological relevance of serotonin signaling in CPAs.
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Specific lipid metabolites were correlated with CYP11B1 expression and tumor size,
respectively. Beyond the function of phospholipids in cellular membranes, lipids are an
integral part of signal transduction in numerous cellular processes (45). Abundance of
lysoPA was inversely correlated and that of lysoPC positively correlated with CYP11B1
expression. LysoPA is produced from lysoPC by lysophospholipase D (LPD) such as
autotaxin or from phosphatidic acid by PA selective phospholipases Al and A2, and signals
through G protein coupled receptors. The role of LysoPC and LysoPA in the adrenal

cortex has not specifically been investigated although a function in the adrenal medulla

has been proposed (46). While from our observation no direct evidence can be drawn

for a functional role of lipid signaling within the spectrum of NFA to CPA, it opens an
interesting new avenue for further research with the hypothesis that genetic activation of
the cAMP-PKA pathway in CPA may outweigh the activation of the PKA pathway by lyso-
phospholipids. Our study also revealed lower accumulation of 13 phospholipids including 9
PUFAs in larger tumors. It is known that de novo lipogenesis of saturated fatty acids and
monounsaturated fatty acids in neoplastic cells contributes to the maintenance of stable cell
membranes and protects against lipid peroxidation (47). On the other hand, adrenal cortical
cells require PUFASs to maintain steroidogenesis, with cholesterol-esters in lipid droplets
containing predominantly long-chain PUFAs (48). We speculate that lower accumulation of
PUFAs may be indicative of lower cholesterol ester stores caused by PKA activation. Our
findings provide new insights into relationship between the quality of lipid (lipoquality) and
endocrine tumors.

Our study has some limitations: Firstly, this study relied on FFPE tissue samples that -
through their specific preparation — deplete highly lipophilic metabolites while hydrophilic
metabolites such as lipid sulfates are comparably enriched. Single m/z species may
correspond to several metabolites and their identity cannot be identified with certainty.
However, although alternative annotations exist for some m/z s, most are structural variants
of the same compound with the possibility of assessing likely presence according to mass
accuracy, adduct, or plausibility. Secondly, information about genetic alterations, e.g. of

the PKA pathway, was unavailable, rendering a direct comparison between metabolites and
genetic status a subject for future studies. On the other hand, the homogeneity of the samples
from a single center with availability of clinical information after uniform endocrine workup
enabled the unique correlation of MALDI MSI data with clinical features of steroid hormone
eXCess.

The present study is the first to comprehensively assess metabolic profiles of CPAs with
regard to cortisol-secretion phenotype. Adrenal androgens and their sulfated metabolites and
metabolites from tryptophan metabolism showed correlation with both cortisol-secretion
phenotype and expression of CYP11B1. Correlations between lysophospholipids and
CYP11B1 expression and the inverse correlation between PUFAs and tumor size provide
new evidence supporting the study of these signaling molecules in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

Steroidogenic enzyme expression in 46 adrenal tumors.
Quantification of staining intensities for steroidogenic enzymes including CYP11B1,

CYP17A1 and HSD3B2; correlations with cortisol-secretion phenotype (P = 0.004, 0.869
and 0.494, respectively, A). Representative images of immunohistochemistry of CYP11B1
were shown (B). Scale bar: 100 um. *P < 0.05.
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Figure 2:

Metabolome profiles and cortisol-secretion phenotype correlation.

Unsupervised hierarchical clustering analysis of metabolome profiles of 46 adrenal
tumors with top 100 differential metabolites. (A). Intensities of steroid-related metabolites
cholesterol sulfate, 3a-Hydroxy-5b-pregnane-20-one, C19H2802 and C19H2805S in
cortisol-secretion phenotype were shown (B). Representative images of CL9H2805S were
shown (C). C19H2802 reflects the isobaric adrenal androgens derived from the classic
androgen pathway: dehydroepiandrosterone (DHEA), androstanedione and testosterone,
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which could not be distinguished from each other in the applied technique. C19H2805S
reflects the classic adrenal androgen sulfates: dehydroepiandrosterone sulfate (DHEAS),
epitestosterone sulfate and testosterone sulfate. Intensities of tryptophan metabolites N-
acetylserotonin, 5-hydroxy-N-formylkynurenine, serotonin and 4,6-Dihydroxyquinoline in
cortisol-secretion phenotype were shown (D). Representative images of N-acetylserotonin
are shown (E). *P<0.05. Scale bars: 500 pm.
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Figure 3:

Correlation of tumor metabolite content and steroidogenic enzyme expression.
Heatmap visualizations of relationships between staining intensity of CYP11B1 and

metabolites including steroid-related metabolites, tryptophan metabolites and phospholipids

in linear scale. Spearman’s rank correlation test was used for statistical analysis and

Spearman’s coefficient is denoted by 7. P-value and adjusted ~-value are shown. Minimum

and maximum values of metabolites are shown next to the color bar.
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Figure 4

Metabolome profiles and tumor size correlation.

Heatmap visualizations of relationships between tumor size and phospholipid contents in
linear scale (A). Representative images of PS 28:0 were shown (B). Spearman’s rank
correlation test was used for statistical analysis and Spearman’s coefficient is denoted by r.
P-value and adjusted P-value are shown. Minimum and maximum values of metabolites are
shown next to the color bar.
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