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In the adrenal gland, neuroendocrine cells that synthesize catecholamines and epithelial cells that
produce steroid hormones are united beneath a common organ capsule to function as a single
stress-responsive organ. The functional anatomy of the steroid hormone–producing adrenal cortex
and the catecholamine-producing medulla is ill defined at the level of small molecules. Here, we
report a comprehensive high-resolution mass spectrometry imaging (MSI) map of the normal
human adrenal gland. A large variety of biomolecules was accessible by matrix-assisted laser
desorption/ionization–Fourier transform–ion cyclotron resonanceMSI, includingnucleosidephosphates
indicative of oxidative phosphorylation, sterol and steroid metabolites, intermediates of glycolysis
and the tricarboxylic acid cycle, lipids, and fatty acids. Statistical clustering analyses yielded a
molecularly defined adrenal anatomy of 10 distinct molecular zones including a highly structured
corticomedullary interface. By incorporating pathway information, activities of carbohydrate,
amino acid, and lipidmetabolism aswell as endocrine bioactivitywere revealed tobe highly spatially
organized, which could be visualized as different molecularly defined zones. Together, these
findings provide a molecular definition of human adult adrenal gland structure beyond classical
histological anatomy. (Endocrinology 159: 1511–1524, 2018)

The bilateral symmetrical adrenal glands, located
above the cranial poles of the kidneys within the

retroperitoneal space, are the source of two major types of
hormones: steroids and catecholamines. Through the ac-
tion of these hormones, the adrenal glands regulate met-
abolic, cardiovascular, immune, neuronal, and mental
processes in response to exogenous stress and other stimuli.
They are key regulators for coping with salt balance,

critical illness, and systemic inflammation that is enabled
through the unique combination of two morphologically
and developmentally distinct organs beneath a common
organ capsule. Whereas the catecholamine-producing
adrenal medulla is embryonically of neuroectodermal or-
igin, the steroid hormone–producing adrenocortical cells
derive from the adrenogonadal primordium descending
from the coelomic wall (1). The adrenal cortex of the adult
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human is classically divided into three subzones, namely,
the zona glomerulosa (ZG), zona fasciculata (ZF), and
zona reticularis (ZR). Each zone has a characteristic his-
tology and primarily secretes different types of steroid
hormones (2–4). The ZG is the origin of mineralocorti-
coids, which play an important role in salt and water
regulation, relating to blood pressure and electrolyte bal-
ance (5). The ZF produces glucocorticoids, which are
regulated within a feedback loop of the hypothalamic-
pituitary-adrenal axis. They are strongly involved in im-
mune response andmetabolism (6). TheZR is the source of
androgens and precursor hormones and develops during
postnatal life (7). At variance, the adrenal medulla pro-
duces epinephrine and norepinephrine, which fulfill
functions as part of the sympathetic nervous system and
provide rapid responses to stress (2). As a whole, the ad-
renal glands play a multifaceted and critical role in the
endocrine system by regulating and maintaining mineral
balance, glucose metabolism, and early sexual differenti-
ation (1). The preeminent role of the adrenal gland is il-
lustrated through the severe consequences of adrenal
dysfunction as in Addison disease (8, 9) or glucocorticoid
excess resulting in Cushing syndrome (10), but also in
genetic conditions such as congenital adrenal hyperplasia,
which results from inactivating mutations in steroidogenic
enzymes (11). Neoplasms of the adrenal gland involve
frequent adrenocortical adenomas and rare diseases in-
cluding adrenocortical carcinoma (12) and pheochromo-
cytoma (13). During the past few years, tremendous
progress has been made in elucidating the genetic alter-
ations that cause development of both benign (14–17) and
malignant (18, 19) adrenocortical tumors and pheochro-
mocytomas (13, 20, 21). The cellular adaptions at the
metabolic level that occur during tumorigenesis and, in
case of malignant disease, tumor progression and metas-
tasis are elusive.

The ability of mass spectrometry imaging (MSI) to
localize biomolecules in tissueswithout prior knowledgeof
their presence in various types of specimens has led to a
rapid and substantial effect in clinical and pharmacolog-
ical research by uncovering molecular changes associated
with disease. A broad spectrum of analytes ranging from
proteins, protein modifications, peptides, drugs and their
related metabolites, endogenous cell metabolites, lipids,
contrast agents, and other molecules have been made
accessible by this in situ technique (22–24). By retaining
information on the spatial localization of analytes beyond
the mass spectrometry experiment, MSI permits the cor-
relation of molecular information with the spatial in-
formation conveyed by conventional histology. Previous
MSI studies using animal adrenal gland as model system
focused only on specific molecular classes (i.e., lipids, fatty
acids, steroid hormones, catecholamines, cholesterol, or

ascorbic acid) (25–31). Several mass spectrometry–based
studies applied derivatization to enhance the signal in-
tensity of endogenous steroid hormones (29, 32–34).

Here, we report a comprehensive MSI study of the
human adrenal gland that encompasses a broad array of
biomolecules, including catecholamines, sterol and ste-
roid metabolites, energy-related nucleotides, metabolites
of central energy pathways, lipids, and fatty acids
by high-resolution matrix-assisted laser desorption/
ionization–Fourier transform–ion cyclotron resonance
(MALDI-FT-ICR) MSI. Six normal adrenal glands that
include five fresh-frozen and one formalin-fixed paraffin-
embedded (FFPE) tissues were integrated in this study.
Molecules in common allowed reproducible clustering of
molecular zones from different adrenal glands. Never-
theless, inter- and intrametabolic heterogeneity could
also be observed at the level of pathway analyses between
individuals. Pathway analyses of the different molecular
zones defined by unsupervised clustering revealed pre-
dilection of different metabolic pathways for discrete
substructures of the adrenal gland. Overall, in situ me-
tabolite profiling resulted in a more detailed view of
adrenal cortical zonation in comparison with classical
histologic definitions. This molecular view of the normal
adrenal gland may serve as a reference for understanding
metabolic changes associated with disease and, in par-
ticular, metabolic adaptions during adrenal tumor de-
velopment and progression.

Materials and Methods

Preparation of tissue samples
Five fresh-frozen normal adrenal glandswere included in this

study. The kidney transplantation donor adrenal (DAN) sam-
ples included DAN180 (male, age 23), DAN167 (male, age 20),
DAN77 (female, age 26), DAN97 (male, age 2), and a renal
cancer surgical adrenal sample (male, Wuerzburg, age 59).
Donors or their families provided informed consent and the use
of adrenal gland samples was approved by the institutional
review boards of the University of Michigan. This study was
performed as part of the European Network for the Study of
Adrenal Tumors Registry and biorepository and approved by
the ethics committee of the University of Würzburg (approval
number 88/11). For the male sample (Wuerzburg, age 59),
written informed consent was obtained from the patient. Tissue
samples were immediately dissected, fresh-frozen in liquid ni-
trogen, and stored at 280°C until further processing.

One normal FFPE adrenal gland (male, age 49) from tumor
nephrectomy was obtained from the Institute of Pathology,
University Bern, Switzerland. FFPE samples were fixed for
12 hours in 10% neutral buffered formalin and then embedded
in paraffin using standardized and automated procedures.

Tissue sectioning and matrix application
Fresh-frozen samples were cut into 12-mm sections such

that a maximum of anatomical features was preserved by
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using a cryomicrotome at 220°C (Leica CM1950; Leica
Microsystems,Wetzlar, Germany) andmounted onto precooled
conductive indium-tin-oxide–coated MALDI target glass slides
(Bruker Daltonics, Bremen, Germany). FFPE tissue samples were
sectioned with a thickness of 4 mm and water-bath–mounted
onto indium-tin-oxide–coated glass slides (Bruker Daltonics).
FFPE sections were incubated for 1 hour at 70°C, deparaffinized
in xylene (2 3 8 minutes), and air dried. For MALDI-MSI of
endogenous metabolites, the matrix solution was 10 mg/mL
9-aminoacridine hydrochloride monohydrate matrix (Sigma-
Aldrich, Taufkirchen, Germany) in water/methanol 30:70 (v/v).
The 9-aminoacridine hydrochloride monohydrate matrix was
chosen as a matrix because it is known to exhibit very few
matrix-derived interferences in the low-mass range and achieve
high sensitivity and high linearity in negative ion mode for a
wide range of low-molecular-weight metabolites (35–39). The
matrix solution was sprayed on the tissue sections using a
SunCollect automatic sprayer (Sunchrom; Friedrichsdorf, Ger-
many) at room temperature. The matrix application was per-
formed at flow rates of 10, 20, 30, and 40 mL/min, respectively,
for the first four layers. The other four layers were performed
at 40 mL/min.

MALDI-MSI experiment
Following tissue sample preparation, the MALDI-MSI

measurement was performed on a Bruker Solarix 7T FT-
ICR-MS (Bruker Daltonics). The MALDI-MSI data were ac-
quired over a mass range of m/z 50 to 1000. Mass imaging data
were acquired in negative ionization mode with 70-mm spatial
resolution using 50 laser shots at a frequency of 500 Hz. After
the MALDI-MSI measurement, the acquired data from the
tissue samples underwent spectra processing in FlexImaging v.
4.2 (Bruker Daltonics).

Hematoxylin and eosin staining and histology
Following the MALDI imaging experiments, the matrix was

removed with 70% ethanol. The tissue sections were stained
with hematoxylin and eosin (H&E). Slides were scanned with
a MIRAX DESK digital slide-scanning system (Carl Zeiss
MicroImaging, Göttingen, Germany).

Immunohistochemistry
Frozen sections of human adrenal glands were cut at a thickness

of 12 mm. Sections were fixed with cold acetone. After peroxidase
blocking, primary antibody was applied to each section and slides
were incubated at room temperature for 1 hour. The following
primary antibodies and dilutions were used: aldosterone synthase
[CYP11B2;mousemonoclonal, 1:100, Research Resource Identifier
(RRID): AB_2650562] (40) and 11b-hydroxylase (CYP11B1; rat
monoclonal, 1:50, RRID: AB_2650563) (40), both of which were
provided by Dr. Celso E. Gomez-Sanchez, University of Mississippi
Medical Center, and cytochrome b5 type A (CYB5A; Acris,
Rockville,MD; catalog no.AM31963PU-N; mouse monoclonal,
1:5000, RRID: AB_11148731). The Envision plus system (Dako,
Carpinteria, CA; catalog no. K4006) or Polink-2 plus detection kit
(GBI Laboratories, Bothell, WA; catalog no. D46-18) was used for
detection. Slides were counterstained with hematoxylin.

Bioinformatics and statistical analysis
MATLAB R2014b (v.7.10.0; Mathworks, Inc., Natick, MA)

was used as a MALDI spectral preprocessing tool for the

subsequent data bioinformatics analysis. Peak picking was per-
formed as described in detail previously (41). Briefly, the pa-
rameters of peak picking included m/z 0.0005 minimal peak
width, signal to noise threshold of 2 and intensity threshold of
0.01%. Isotopes were automatically identified and excluded.
Statistical comparisons were performed with Student t test (two-
tailed). P # 0.05 was considered statistically significant. Me-
tabolites were considered to be significant if they had an intensity
fold change $2 and P # 0.05. Heatmap-based clustering was
created with MetaboAnalyst 3.0 (http://www.metaboanalyst.ca)
(42). List of m/z species with respective intensities for regions of
interest were uploaded to MetaboAnalyst and processed with a
mass tolerance of m/z 0.0001 and no data filtering. The resulting
heatmaps of metabolite data were exported as figures.

Unsupervised hierarchical clustering
Hierarchical clustering was performed using the built-in

FlexImaging v. 4.2 (Bruker Daltonics) functionality, in which
similar spectra are grouped using multivariate statistical analysis
(43, 44). The created segmentationmapswere then used to identify
areas in which similar spectra occur across the tissue sample.

Metabolite annotation and pathway analysis
Metabolite annotation was performed by matching accurate

mass with databases as previously described (39, 41, 45) [mass
accuracy#4 ppm;METLIN, http://metlin.scripps.edu/; Human
Metabolome Database, http://www.hmdb.ca/ (46); MassTRIX,
http://masstrix3.helmholtz-muenchen.de/masstrix3/; META-
SPACE, http://annotate.metaspace2020.eu/ (47)].

Pathway analysis was applied to identify discriminative
features of these histological zones of adrenal gland. The Kyoto
Encyclopedia of Genes and Genomes (KEGG) database (http://
www.genome.jp/kegg/) and MetaboAnalyst 3.0 (http://www.
metaboanalyst.ca) were used. To do so, the average spectrum of
each zone was compared with the average spectrum of cortex
and medulla, respectively (i.e., the average spectra of clusters 1
through 6 were compared with the average spectrum of the
whole cortex; the average spectra of clusters 7 through 10 were
compared with the average spectrum of the entire medulla).
Masses with peak intensity fold change $2 were defined as
discriminative masses of the corresponding cluster. The dis-
tinctively associated masses of each cluster were then annotated
in metabolite databases, mapped into the KEGG pathways, and
categorized into main metabolite classes.

On tissueMALDI–tandemmass spectrometry for the
identification of metabolites

For identification of metabolites in adrenal gland tissue
samples, on-tissue tandem mass spectometry (MS/MS) analysis
was conducted using continuous accumulation of selected ions
mode and collision-induced dissociation in the collision cell by
MALDI-FT-ICRMS.Metabolites were identified by comparing
the observed MS/MS spectra with standard compounds as
previously described (39).

Results

Sample description and data acquired
Figure 1 summarizes five normal human adrenal

glands used in this study. To assess functional adrenal
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zonation, expression of zone-specific markers was exam-
ined using immunohistochemistry (IHC). The enzyme
CYP11B2, which is required for aldosterone biosynthesis,
was specifically expressed in the ZG, whereas the enzyme
CYP11B1, which is needed for cortisol synthesis, was
observed both in the ZF and ZR (40). CYB5A is a cofactor
protein that enhances the 17, 20-lyase activity of 17a-
hydroxylase and is required for dehydroepiandrosterone
synthesis in the ZR (48). In IHC, CYB5A expression was
localized to the ZR in adult adrenals. A clear morpho-
logical separation of cortex andmedulla could be achieved
through H&E and IHC staining. Because of the technical
difficulty of obtaining complete anatomical features of
adrenal gland, the section area of medulla varied between
samples (i.e., in DAN180, DAN97, and the Wuerzburg
adrenal, a clear presence of medulla could be observed). In
sample DAN167, only a small amount ofmedulla could be
detected in the middle of the tissue section. In sample
DAN77, no medulla was present. Therefore, selected
samples were included in the heatmap-based cluster ana-
lyses and spatial segmentation mapping. Because the ZR is
not fully developed in infant adrenals (48), limitedCYB5A-
expressing cells were observed in the 2-year-old’s adrenal.

Overall, approximately 2000 individual MS peaks
per pixel within the mass range of m/z 50 to 1000
could be resolved within the tissue examined. In total,
898 metabolites were annotated through Metaspace

database (http://annotate.metaspace2020.eu/) (47), which
covered 97 KEGG metabolic pathways (http://www.
genome.jp/kegg/).

Targeted analysis of endogenous compoundswithin
the human adrenal gland

To further investigate the metabolites represented in
distinct histological zones of the adrenal gland, a com-
prehensive in situ distribution analysis of endogenous
metabolites including catecholamines, sterol and steroid
metabolites, nucleotide derivatives, intermediates of gly-
colysis and tricarboxylic acid (TCA) cycle, lipids and fatty
acids was performed. All metabolites mentioned here were
identified with on-tissue MS/MS analysis by comparing
the observedMS/MS spectra with standard compounds or
by matching accurate mass with databases as previously
described (39, 41, 45) (Supplemental Data 1).

As demonstrated in Fig. 2, both epinephrine (m/z
182.0825) and norepinephrine (m/z 168.0667) were
observed in the same overlapping areas of the adrenal
medulla. Assuming a similar ionization, desorption and
detection of epinephrine and norepinephrine observed
intensities suggest an approximately three times lesser
abundance of norepinephrine compared with epineph-
rine, which is very close to norepinephrine/epinephrine
ratios reported previously from adrenal venous sam-
pling (49).

Figure 1. H&E and IHC staining of five human adrenal glands used in this study. A clearly immunophenotypic pattern of cortex and medulla
could be achieved through H&E and IHC staining. Because of the technical difficulties of obtaining complete anatomical features of adrenal
gland, the section of medulla varied between samples [i.e., in DAN180 (male) DAN97 (male infant) and the Wuerzburg sample (male), an obvious
presence of medulla could be observed]. In sample DAN167, a small amount of medulla could be detected in the middle of the tissue section. In
sample DAN77 (female), no medulla was present. In IHC, the enzyme CYP11B2 was specifically expressed in the zona glomerulosa. The enzyme
CYP11B1 was observed both in the ZF and ZR. CYB5A expression was observed in adult adrenal ZR. Because the ZR is less developed in infant
adrenals, limited CYB5A-expressing cells were seen in the infant adrenal gland (DAN97). Note: The IHC of the Wuerzburg sample was not
available.
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Figure 2. Examples of MSI scans of catecholamines, steroids, nucleotides, glycolysis, TCA cycle, lipids, and fatty acids. Epinephrine and
norepinephrine are highly abundant in medulla, as expected, whereas steroid and sterol metabolites DHEA-S, pregnenolone sulfate, and
cholesterol sulfate were detectable in cortex only. Nucleotides AMP, ADP, and ATP; glucose monophosphate; and citrate as representatives of
glycolysis. TCA cycle showed high intensity in medulla. Of note, UDP-glucose and UDP-galactose were highly abundant in cortex. Palmitic acid
and icosatrienoic acid were highly abundant in ZG and ZF. Adrenic acid was specifically localized in ZG and ZR. Phosphatidylinositol showed high
intensity at the interface between cortex and medulla. ADP, adenosine 50-diphosphate; AMP, adenosine 50-monophosphate; ATP, adenosine
triphosphate; DHEA-S, dehydroepiandrosterone sulfate; UDP, uridine diphosphate.
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Whereas the catecholamines were strongly expressed in
medulla, the sulfated steroids [i.e., dehydroepiandrosterone
sulfate (DHEA-S), pregnenolone sulfate, and cholesterol
sulfate identified in this study] were expressed only in the
cortex and showed different distributions betweenmale and
female adrenals. A detailed comparison (Fig. 3) shows that,
in the female adrenal gland, DHEA-S was highly abundant
in the ZR and colocalized with CYB5A, as expected. In
contrast, DHEA-S had very low expression levels in male
samples and was localized mainly in the ZF. A similar
spatial distribution could be observed for pregnenolone
sulfate, which was highly expressed in the ZR of the female
adrenal gland andhad lowexpression inmale adrenal gland
with a specific location in ZF and ZR. Cholesterol sulfate
was highly abundant in both male and female adrenal
glands, with heterogeneous distributions (i.e., highly
abundant in ZF and ZR in males; present in ZR solely in
female). Next, we focused on nucleoside phosphates, highly
representative endogenous metabolites in MALDI MSI
experiments (Fig. 2). Mono, di-, and triphosphorylated
nucleosides closely mirror the energetic state of a given cell
and hence might provide an opportunity to study their role
in the functionally distinct adrenal compartments. We
found a discrete pattern of nucleotide distribution between
the adrenal cortex and themedulla. Adenosine triphosphate
(ATP), adenosine 50-diphosphate (ADP), and adenosine 50-
monophosphate showed high intensity in the medulla,
which is consistent with a highly active oxidative phos-
phorylation in the medulla (20). At variance, uridine di-
phosphate (UDP)-glucose and UDP-N-acetylglucosamine
were located mainly in the outer adrenal cortex.

We next focused on the distribution of intermediates of
glycolysis and the TCA cycle. In Fig. 2, we present the
distribution profiles of glucose monophosphate (m/z
259.0224) and citrate (m/z 191.0197). Glucose mono-
phosphate was found in both inner medulla and outer
cortex, with heterogeneous intensities. Citrate was almost
completely localized to the adrenal medulla.

Several lipids and fatty acids represented specific lo-
calization in different zones of adrenal gland (e.g., pal-
mitic acid and icosatrienoic acid were highly abundant in
the ZG andZF). Adrenic acid was specifically localized in
the ZG and ZR. Phosphatidylinositol showed high in-
tensity at the interface between cortex and medulla.

The heterogeneous distributions of these endogenous
metabolites indicate a distinct molecular variance and
suggest a series of molecular zones of adrenal gland that
served as basis for further histopathological stratification.

Pathway and clustering analysis of the adrenal
cortex and medulla

We next performed metabolic comparison of cortex and
medulla. In this analysis, four adrenal glands (male
DAN180, male DAN167, male infant DAN97, and male
Wuerzburg) were included because no medulla was present
in the fifth adrenal gland section (female DAN77). In total,
339 molecules were found to be significantly different be-
tween cortex andmedulla (two-tailed Student t testP# 0.05,
fold change $2). As an example, MSI images of six repre-
sentative metabolites, which indicated distinct metabolic
patterns between cortex and medulla, are shown in Fig. 4
(three enriched in cortex: palmitic acid, arachidonic acid,

Figure 3. Comparison of sulfated steroids (DHEA-S, pregnenolone sulfate, and cholesterol sulfate) between male and female adrenal glands. MSI
and IHC (CYB5A) images of three sulfated steroids (DHEA-S, pregnenolone sulfate, and cholesterol sulfate) are shown. In the female adrenal
gland, DHEA-S was highly abundant in ZR and colocalized with CYB5A, whereas DHEA-S had a very low expression level in the male sample
localized mainly in the ZF. Pregnenolone sulfate was highly expressed in the ZR in female adrenal gland and less expressed in the male adrenal
gland, with a specific localization in ZF and ZR. Cholesterol sulfate was highly present in both male and female adrenal glands, with
heterogeneous distributions (i.e., highly abundant in ZF and ZR in the male samples, and solely present in the ZF in the female sample).
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icosatrienoic acid; and three enriched in medulla: adrenalin,
adenosine 50-monophosphate, and ADP). Further heatmap-
based clustering analysis based on the global metabolic
profiles revealeda clear separationof cortex andmedulla and
good reproducibility between samples (Fig. 4). The metab-
olites responsible for the metabolic differentiation were then
subjected to pathway enrichment analysis. Modulated
pathways in cortex and medulla are listed in Table 1. As a
result, we found lipid metabolism, including biosynthesis of
unsaturated fatty acids, fatty acid biosynthesis, linoleic acid
metabolism, glycerophospholipid metabolism, and steroid
hormone biosynthesis, to be highly enriched in cortex. The

aldosterone synthesis and secretion pathway were also in-
creased in the cortex. At variance, the carbohydrate meta-
bolism (including pentose phosphate pathway, pentose and
glucuronate interconversions, glycolysis/gluconeogenesis,
and glucose and mannose metabolism), glucagon signaling
pathway, amino acid metabolism, and nucleotide meta-
bolism were significantly increased in medulla.

Spatial segmentation of histological components
through unsupervised hierarchical clustering

Hierarchical clustering is a commonly used compu-
tational data-mining method for MALDI imaging data

Figure 4. Discriminative metabolites and heatmap-based clustering analysis of the adrenal cortex and medulla. In this analysis, four adrenal
glands (DAN180, DAN167, DAN97, and the Wuerzburg adrenal) were included, because no medulla was present in the fifth adrenal gland
section (DAN77). (Left) From top to bottom: six metabolites discriminative in cortex (palmitic acid, arachidonic acid, and icosatrienoic acid) and
medulla (epinephrine, AMP, and ADP) were represented as shown. (Right) Heatmap-based clustering analysis based on the discriminative
metabolites (n = 339) represents a clear separation of cortex and medulla. AMP, adenosine 50-monophosphate.

Table 1. Modulated Metabolic Pathways in the Adrenal Cortex and Medulla

Pathways Cortex Medulla

Lipid metabolism Biosynthesis of unsaturated fatty acids + 2
Linoleic acid metabolism + 2
Fatty acid biosynthesis + 2

Glycerophospholipid metabolism + 2
Steroid hormone biosynthesis + 2
Inositol phosphate metabolism 2 +

Carbohydrate metabolism Pentose phosphate pathway 2 +
Pentose and glucuronate interconversions 2 +

Glycolysis/gluconeogenesis 2 +
Fructose and mannose metabolism 2 +

Endocrine system Aldosterone synthesis and secretion +
Glucagon signaling pathway 2 +

Amino acid metabolism Tyrosine metabolism 2 +
Phenylalanine, tyrosine, and tryptophan biosynthesis 2 +

Nucleotide metabolism Purine metabolism 2 +

The metabolites responsible for the metabolic differentiation between cortex and medulla were subjected to pathway analysis. A list of discriminative
pathways is shown.

Abbreviations: +, upregulated pathways; 2, downregulated pathways.
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analysis (24, 43, 44, 50–52) that has proven its potential
in histological analysis of cancer tissues (24, 50, 53, 54).
To decipher anatomical structures of the adrenal gland in
more detail, the MSI data were subjected to a de novo
discovery approach using unsupervised hierarchical
clustering analysis, inwhich the individual spectra of each
data set were grouped according to their spectral simi-
larity (43, 44). Figure 5 represents a spatial segmentation
map based on unsupervised hierarchical clustering of
three adrenal glands (male DAN180, male infant DAN97,
and male Wuerzburg).

As a result, a graphical representation of anatomical
structures defined by molecular patterns was obtained
(Fig. 5). Clearcut separation between the adrenal medulla
and cortex was reached (Fig. 5, cluster level 1). A virtually
perfect match of this molecular based map with estab-
lished histological morphological features of the adrenal
gland composed of ZG, ZF, ZR and medulla was ob-
served (Fig. 5, cluster level 2). This led us to conclude that
the number and the physicochemical properties of the
analytes retrieved by MALDI-MSI were sufficient to
reproduce previously known structures.

By exploiting the wealth of molecular data generated by
MALDI-MSI, we next aimed to provide a more detailed
characterization of the adrenal gland by describing domains
defined at the molecular level. Further improved spatial
segmentation map through unsupervised hierarchical
clustering of human adrenal gland created molecular zones
that opened aspects that are not completely reflected by the
classic histological layers of the adrenal gland (Fig. 5, cluster
level 3). The clustering result represents 10 individual
molecular zones of the adrenal gland, in which molecular
zones 1 through 6 represent cortex substructures and
molecular zones 7 through 10 compartments of themedulla
(Fig. 5, cluster level 3). A good reproducibility of the
classification of molecular subzones could be achieved
between individuals. It should be noted that the ZRwas less
developed in infant adrenal, resulting in a limited ZR for
metabolic profiling. Therefore, further clustering of ZR in
infant adrenal gland (male infant DAN97) was unfeasible.

Bioinformatics pathway analysis of functional
molecular zones of adrenal gland

Pathways enriched in the adrenal capsule include “bio-
synthesis of unsaturated fatty acids,” “glycerophospholipid

Figure 5. Spatial segmentation map based on unsupervised hierarchical clustering of three adrenal glands (DAN180, DAN97, and the Wuezburg
sample). H&E images with zoomed regions of cortex and medulla are shown. The spatial segmentation map based on unsupervised hierarchical
clustering aligned well with the morphological features of adrenal gland, including ZG, ZF, ZR, and medulla. An improved spatial segmentation
map through unsupervised hierarchical clustering of human adrenal gland created molecular zones, which suggest intracortical regions with
distinct metabolic profiles. Molecular zones 1 through 6 represented the cortex area; molecular zones 7 through 10 corresponded to the medulla
area. A good reproducibility of the classification of molecular subzones was achieved between individuals. Note the limited ZR in the infant
adrenal gland sample, precluding subclustering of ZR in this specimen.
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metabolism,” “phosphatidylinositol signaling system,” and
“amino sugar and nucleotide sugar metabolism.” Discrim-
inative changes of metabolism could be observed in the
distinct molecular zones defined in Fig. 5 (zones 1 through 6
of the cortex area; zones 7 through 10 of the medulla area).
The metabolites responsible for these distinct molecular
zones were subjected to bioinformatics pathway analysis.
Figures 6 and 7 summarize discriminative pathways of
corresponding molecular zones in cortex and medulla, re-
spectively. Classes of metabolites with a high number of
variations are carbohydrate metabolism, lipid metabolism,
amino acid metabolism, and endocrine system (Figs. 6 and
7). Both intra- and interheterogeneity between distinct mo-
lecular zones and individuals couldbe observed at the level of
pathway analyses. It is noteworthy that the interface zones
between the cortex and the medulla (zones 6 and 7) exhibits
profound changes of discriminative pathways (Figs. 6 and7).

Stratification of FFPE adrenal glands
In clinical routine diagnostics, FFPE tissue specimens

are widely available, whereas analysis of fresh-frozen

tumor samples requires additional diagnostic workflows.
Previous publications have demonstrated the ability to
measure metabolites in FFPE tissues using MALDI-FT-
ICR MSI, which can then be assigned to histology and
clinical parameters (41, 55). Here we performed proof-of-
principle clustering analysis using FFPE human adrenal
glands to explore the feasibility of the stratification ap-
proach on FFPE tissue and obtain insight about similarities
and differences in metabolites detected. Overall, ;2000
individualMSpeaks per pixelwithin themass range ofm/z
50 to 1000 were recorded, of which 279 metabolites were
annotated through the Metaspace database (47). These
covered 46 KEGGmetabolic pathways. Despite the lower
analyte coverage of FFPE tissue, we were able to perform
the stratification approach on FFPE adrenal glands and
found six molecular-defined regions representative of ZG,
ZF, and ZR, respectively. Taken together, our results
indicate the potential to transfer statistical clustering an-
alyses also to FFPE tissue and infer histological zones
statistically without knowledge of their morphologic
correlate (Supplemental Data 2).

Figure 6. Discriminative pathways of corresponding molecular zones in the adrenal cortex. Red indicates downregulated pathways; green
indicates upregulated pathways.
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Discussion

A combined approach of MALDI metabolite imaging
and immunohistochemical staining of functional adrenal
zonation in human was applied to correlate histological
features and molecular properties at microscopic level.
The high-resolutionMALDI-MSI allows a visual analysis
of spatial information from a broad range of metabolites
in the human adrenal gland. To assess functional adrenal
zonation, expression of zone-specific markers was ex-
amined using IHC. The results provide findings that
indicate varying metabolic activities with respect to the
histological structures of adrenal gland. Combination of
both molecular informed and histologic approaches re-
vealed the exact colocalization of sulfated sterol steroid
hormone with an IHC marker specific for adrenal gland
zones. Thus, DHEA-S was visualized in complete accor-
dance with the expression of the ZR-specific CYB5A
protein (Fig. 3). Further, we were able to characterize a
molecular adrenal anatomy based on both the level of
individual analytes as well as alterations in comprehensive
metabolic pathways. Finally, we could define functional
molecular zones of human adult adrenal gland structure
beyond classical histological anatomy.

In previous studies, Wu et al. andWang et al. reported
molecule imaging of porcine adrenal glands including

lipids, fatty acids, epinephrine, norepinephrine, and
cholesterol as examples (25, 26). Here, we present a
comprehensive metabolic imaging study of human ad-
renal glands that covers global metabolic pathways, in-
cluding carbohydrate metabolism, energy metabolism,
lipid metabolism, amino acid metabolism, endocrine
system, nucleotide metabolism, and signal transduction.
The heterogeneous localization patterns of the key me-
tabolites including catecholamines, sterol and steroid
metabolites, nucleotides, central metabolism pathway
intermediates, lipids, and fatty acids could be observed.
Compared with previous findings in porcine adrenal
glands (25), similar distributions of catecholamines could
be observed, with main localizations in medulla. In our
approach to differentiate male and female samples, we
observed distinct distribution patterns of DHEA-S in
male and female adrenal glands. In the female, DHEA-S
was highly abundant in ZR; however, in the males,
DHEA-S presented with very low intensity and localized
mainly in the ZF. DHEA-S is a testosterone precursor
produced in greatest quantities by the adrenal cortex and
counts among the weak androgens that are formed from
puberty onward in humans. In males, the amount released
from the adrenal glands and converted to testosterone is
physiologically insignificant compared with the amount
secreted by the testes but, in females, adrenal-derived

Figure 7. Discriminative pathways of corresponding molecular zones in the adrenal medulla. Red indicates downregulated pathways; green
indicates upregulated pathways.
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testosterone and testosterone precursors are important in
maintaining normal pubic and axillary hair (56). Here we
could identify significantly higher level of DHEA-S in ad-
renal glands in the female comparedwith themale samples,
which was in the line with the physiological characteristics
of males and females.

This study visualizes DHEA-S in situ, which showed
excellent correlation with the corresponding enzymes.
HenceMALDI-MSI can be expected to greatly contribute
to an improved understanding of the physiology of an-
drogen synthesis and metabolism throughout life from
infants to adolescents to adultmales and females, which is
unprecedented in terms of spatial resolution. It is con-
ceivable that MALDI-MSI will be useful to study an-
drogen synthesis and related metabolic processes in
animal models of adrenal steroidogenesis.

The high abundance of adrenic acid in the adrenal
cortex is an unexpected finding of this study. Adrenic acid
(docosatetraenoic acid) is identical to arachidonic acid
except for two additional carbons on the carboxyl ter-
minus. Adrenic acid is metabolized by cyclooxygenases,
cytochrome P450s, and lipoxygenases. A previous study
using bovine adrenals as a model system indicated that
adrenic acid metabolites could function as ZG-derived
hyperpolarizing factors in the adrenal cortex and con-
tribute to the regulation of adrenal blood flow (57, 58).
Little is known regarding the role of adrenic acid in the
human adrenal gland. Our finding of high abundance
both in the ZG and ZR by MALDI-MSI points to a
broader role of adrenic acid in adrenal cortex physiology.

The high levels of both UDP-glucose and UDP-N-acetyl
glucosamine in the cortex reflect high activity of glycogen
synthesis and glycosylation.Glycogenolysis is known to be
activated in response to ACTH stimulation of ZF and
likely also angiotensin-II stimulation of ZG cells (59–64).
However, the functional consequences and regulation of
glycogen metabolism in adrenocortical cell function are
poorly understood and have not attracted scientific at-
tention in recent years. The specific role of glycosylation in
the adrenal cortex and its potential interrelationship with
energy status has not been described to our knowledge, but
merits further investigation. Key metabolites of the TCA
cycle are overrepresented in the medulla, reflecting active
glycolysis required for oxidative phosphorylation. In
distinct areas of the cortex that morphologically corre-
spond to the ZG and part of the ZF, glucose mono-
phosphate and fructose-1,6-bisphosphate are readily
detectable, whereas TCA cycle intermediates are less
prominently represented, which may point toward a less
active TCA cycle and diversion of intermediates of gly-
colysis toward other cellular processes.

Molecular informed clustering tools demonstrate that
the segmentation approach can be applied to evaluation

of histological samples. A distinct separation of cortex
and medulla could be observed both at the level of in-
dividual metabolite and comprehensive metabolic path-
way levels. We observed elevated steroid hormone
biosynthesis, aldosterone synthesis and secretion, and
fatty acid biosynthesis in adrenal cortex. These results
confirmed the biological function of adrenal cortex as a
source of steroid hormones. In contrast, the medulla
functions to produce a rapid response throughout the
body in stress situations, in which highly active oxidative
phosphorylation and energy consumption are demanded
(20). Pathway enrichment analyses indicated enhanced
activity of pentose phosphate pathway, glycolysis, and
nucleotide metabolism (nucleoside triphosphates) in the
medulla, likely reflecting the high energy consumption
in medulla.

In comparison with the classical histoanatomic defi-
nition of human adrenal gland, molecular zones could
be observed through clustering analysis, which permits
unprecedented insight into differential activities of func-
tional processes in the adrenal gland. There is clinical and
molecular evidence supporting a functional role of the
corticomedullary interaction in the adrenal gland during
stress response (65, 66). Discriminative changes of
metabolism can be observed in distinct molecular zones,
most prominently in the corticomedullary interface zones
(Fig. 4). Although the relevance of this molecular-based
zonation remains to be elucidated, it is likely that it re-
flects functional adaptions possibly related to the known
interplay between the adrenal medulla and cortex (65,
67). The anatomical underpinnings of this interaction
are ill defined. Notably, both intra- and interindividual
heterogeneity of molecular patterns was observed. This is
already evident at the level of individual analytes and
pathways. Although we cannot exclude that some of this
heterogeneity is caused by sample processing and storage,
we consider the majority of these changes to be related to
functional adaption’s role in the endocrine system as a
response to internal physiology processes and environ-
ments that also may include direct effects of chemokines
(68, 69) or Toll-like receptors, as during sepsis (70). The
observation of intra-adrenal heterogeneity is a piece of
evidence underscoring high molecular complexity within
the currently classified histologic zones of the adrenal.
The potential of the metabolically distinct zones to play
important roles in adrenal steroid production as a re-
sponse to physiology and environmental factors warrants
further research.

MALDI-MSI provides unprecedented insight in the
complex interplay of steroid- and catecholamine-
producing adrenocortical tissue in the human adrenal
gland and, in particular, molecular pathways that have
not yet been related to adrenal gland function. An
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improved understanding of the relevance of metabolite
profiles and physiological function may lead to improved
understanding of disease mechanisms relevant to the
human response to stress and will be particularly helpful
as a reference to dissect metabolic pathways involved in
the development of adrenal tumors, their growth, and
progression.
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