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Metabolomics and Genetics of Rare 
Endocrine Disease: Adrenal, Parathyroid 
Glands, and Cystic Fibrosis

Afshan Masood, Abeer Malkawi, Mohamed Siaj, and Anas M. Abdel Rahman

Abstract  Recent advances in metabolomic technologies and methodologies have 
identified significant metabolites related to rare endocrine disease conditions of the 
adrenal gland (hyperaldosteronism, primary adrenal insufficiency), parathyroid 
(hypoparathyroidism), and cystic fibrosis. Metabolomic profiling combined with 
genomics is increasingly being employed for improving understanding, clinical 
diagnosis, and management of these clinically challenging conditions. Advances in 
gas and liquid chromatography combined with tandem mass spectrometry (GC/LC–
MS/MS) techniques have improved the profiling of steroid metabolites. Significant 
alterations in levels of these metabolites demonstrate the potential to serve as spe-
cific markers of disease, help in their stratification, and contribute toward moving to 
personalized medicine.
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Abbreviations

ATP1A1	 ATPase Na+/K + -transporting subunit alpha 1
ATP2B3	 ATPase plasma membrane Ca2+ transporting 3
CACNA1H	 Calcium voltage-gated channel subunit alpha 1 H
CACNA1H	 Calcium voltage-gated channel subunit alpha 1 H
CASR	 G protein-coupled calcium-sensing receptor
CCND1/PRAD1	 Cyclin D1
CDKN1C	 Cyclin-dependent kinase inhibitor 1C
CFTR	 CF transmembrane conductance regulator
CHD7	 Chromodomain helicase DNA binding protein 7
CLCN2	 Chloride voltage-gated channel 2
CSDE1	 Cold shock domain-containing E1
CTNNB1	 Catenin beta 1
CYP11B2	 Cytochrome P450 family 11 subfamily B member 2
DAX-1 (NR0B1) SF-1	 Nuclear receptor subfamily 0 group B member 1
DLST	 Dihydrolipoamide S-succinyltransferase
FH	 Fumarate hydratase
GATA3	 GATA binding protein 3
GCM2	 Glial cells missing transcription factor 2
GNA11	 G protein subunit alpha 11
H3F3A	 H3.3 histone A
HIF2A	 Hypoxia-inducible factor 1 subunit alpha
HRAS	 HRas proto-oncogene, GTPase
IDH	 Isocitrate dehydrogenase (NADP(+)) 1
IRP1	 Iron regulatory protein
KCNJ5	 Potassium inwardly rectifying channel subfamily J 

member 5
MAML3	 Mastermind-like transcriptional coactivator 3
MDH2	 Malate dehydrogenase 2
NF1	 Neurofibromin 1
NR5A1	 Nuclear receptor subfamily 5 group A member 1
P450scc/CYP11A1	 Cytochrome P450 family 11 subfamily A member 1
PHD1	 Prolyl hydroxylase 1
POLE1	 DNA polymerase epsilon, catalytic subunit
PTH	 Parathyroid hormone
RET	 Ret proto-oncogene
SAMD9	 Sterile alpha motif domain containing 9
SDHx	 Succinate dehydrogenase complex iron-sulfur subunit B
SEMA3E	 Semaphorin 3E
SGPL1	 Sphingosine-1-phosphate lyase 1
SLC25A11d	 Solute carrier family 25 member 13
SOX3	 SRY-Box transcription factor 3
TMEM127	 Transmembrane protein 127
VHL/EPAS	 Von Hippel–Lindau tumor suppressor
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1 � Introduction

Over the course of the past 10 years, research based on metabolomics has grown 
significantly and emerged as a promising instrument for clinical diagnostics as well 
as for improving our comprehension of the physiological and pathological pro-
cesses that are the foundation of study for endocrine-related and rare diseases. In 
this chapter, we looked at how metabolomics helped diagnose, treat, and follow up 
rare endocrine disease of the pituitary gland. Beyond the pituitary, metabolomics 
has also been applied in disease stratification and management and in identifying 
biomarkers with applications in disease prediction, diagnosis, prognosis, and 
therapy.

2 � Metabolomics of Adrenal Dysfunction

The adrenal glands play an important role in regulation of body homeostasis. 
Anatomically, they are made up of the cortex and medulla that secrete hormones 
involved in maintaining electrolyte and mineral balance, control metabolic path-
ways, provide response to stress (cortisol production in the adrenal cortex and cat-
echolamines in adrenal medulla), and are crucial for sexual differentiation (through 
producing steroid hormones in the adrenal cortex). Diseases of the adrenal glands 
result in the resistive synthesis of glucocorticoids, sex hormones, and catechol-
amines (epinephrine and norepinephrine). Excessive circulating glucocorticoid 
(cortisol) levels, independent of ACTH, primarily arise from the adrenal gland dis-
ease (CS), while increased secretion of corticotropin (ACTH)-dependent cortisol is 
primarily due to disease of the pituitary and in some cases due to other glands. CS 
accounts for 15% of the cases while a majority is 70% due to CD and other causes 
including ectopic production is 15% [1]. The associated genetic defects and metab-
olite changes related to endogenous and exogenous hypercortisolism were covered 
in the previous chapter. Adrenal gland dysfunction also results in disorders of aldo-
sterone synthesis (hyperaldosteronism or Conn’s syndrome and adrenal insuffi-
ciency or Addison’s disease), steroidogenesis, and the synthesis of sex hormones. 
Rare forms of these conditions arise due to germline mutations resulting in benign 
adrenal tumors or adrenocortical adenomas having an overall incidence in the gen-
eral population of 1–2 cases per million [2]. Clinical evaluation of these disorders 
of adrenal steroidogenesis and disease requires measurement of specific hormonal 
levels, radiological imaging, and histopathology of the biopsy specimens. Advances 
in GC–MS and LC–MS/MS techniques have greatly improved the diagnosis of 
these diseases by metabolomic identification and quantification of the steroid 
metabolome that includes steroid hormones along with metabolic derivatives in 
bodily fluids (e.g., serum, urine) for clinical (diagnostics and treatment monitoring) 
as well as research purposes.
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2.1 � Hyperaldosteronism (Conn’s Syndrome)

Primary aldosteronism (PA) is characterized by inappropriate and excessive secretion 
of the adrenal steroid hormone and aldosterone (hyperaldosteronism), the main min-
eralocorticoid hormone responsible for salt and water reabsorption, as well as 
increased potassium and proton secretion from the kidneys. Among the primary 
causes of PA is aldosterone-producing adenomas that present clinically as secondary 
endocrine hypertension. The nonneoplastic rare causes of PA (5%) are due to familial 
hyperaldosteronism (FH I–IV) and bilateral adrenal hyperplasia (BAH) [3, 4]. The 
advent of next-generation sequencing (NGS) technology and its wider application 
determined a largely genetic basis for the rare (5%) causes of PA through the identifi-
cation of overlapping set of genes carrying numerous disease-causing germline muta-
tions. These genome-wide association studies (GWAS) identified germline variants in 
CACNA1H (encoding a subunit of T-type voltage-gated calcium channel, CaV3.2), 
KCNJ5 (potassium inwardly rectifying channel subfamily J member 5), CYP11B2 
(encoding aldosterone synthase), CACNA1D (calcium channel voltage-dependent 
L-type alpha-1D subunit), and CLCN2 (encoding voltage-gated chloride channel 
ClC-2) [5–8]. Metabolomic approaches and metabolome profiling using gas chroma-
tography–mass spectrometry (GC–MS) and ultra-HPLC–tandem mass spectrometry 
(UHPLC–MS/MS) have comprehensively profiled the steroid metabolite profiling in 
sera and urine of patients and have found applications in the areas of personalized 
medicine for diagnostic purpose and prediction of prognosis. Coupling metabolomics 
together with genomics using GWAS provides a platform for employing integrated 
OMICS toward understanding and identifying the clinical phenotype. These genetic 
variations with their resulting metabolic alterations have created the metabolic pheno-
types termed “genetically determined metabotypes” that is now being considered as a 
diagnostic feature [9]. Clinically, the characteristic presentation of PA is an increase in 
blood pressure, that is, hypertension along with disturbances in the electrolyte levels. 
When compared to patients with primary hypertension, these patients are at a higher 
risk of developing cardiovascular and kidney disease [10, 11], making an early diag-
nosis vital. Aside from these complications, there is also the need to differentiate 
between the different PA subtypes and unilateral or bilateral disease as clinical man-
agement of both conditions differs; the former is managed surgically while the latter 
is managed medically.

A metabolomic approach using liquid chromatography with tandem mass spec-
trometry (LC–MS/MS) successfully quantified adrenal steroids. The multi-steroid 
signatures associated with steroid biosynthesis and metabolism disorders showed a 
high level of diagnostic accuracy to differentiate between PA and adrenal hyperpla-
sia that have similar presentations. Levels of cortisol derivatives (18-hydroxycortisol 
and 18-oxocortisol) were elevated in patients with PAs, carrying KCNJ5 mutations, 
in comparison to those with adrenal hyperplasia. Urinary 18-hydroxycortisol 
showed a high accuracy in distinguishing between the two conditions [12]. On the 
other hand, patients with adrenal hyperplasia showed elevated levels of plasma 
dehydroepiandrosterone (DHEA), DHEA-S, cortisol, and corticosterone [13]. 
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Targeted metabolomic analysis by LC-MS/MS using a 32-metabolite steroid panel 
that included 11-deoxycorticosterone, aldosterone, cortisol, 11-deoxycortisol, 
21-deoxycortisol, corticosterone, progesterone, 17-hydroxyprogesterone, 
18-oxocortisol, 18-hydroxycortisol, cortisone, pregnenolone, androstenedione, 
DHEA, and DHEA-S was also used. Levels of 18-oxocortisol and 18-hydroxycortisol 
were found to have distinctively higher levels in cases of FH I and III compared to 
controls and also showed a high level of correlation with histological features of 
adenoma. In addition, mutations in CTNNB1, coding for β-catenin, have been iden-
tified in 2–5% of cases with aldosterone-producing benign adenoma. A somatic 
mutation in CLCN2, coding for the chloride channel ClC-2 (chloride channel pro-
tein 2) mutated in familial hyperaldosteronism type II (FH-II) and early-onset PA, 
has recently been identified. Previous studies have shown that CYP11B2 can con-
vert 11-deoxycortisol efficiently to 18-hydroxycortisol and 18-oxocortisol, while 
CYP11B1 can synthesize only 18-hydroxycortisol [5, 14, 15] (Table 1).

Hyperaldosteronism is suggested to cause inflammation and metabolic dys-
regulation and contribute to development of cardiovascular disease. Metabolomic 
profiling in patients with Conn’s disease revealed significant alterations in levels 
of triglyceride concentrations, large VLDL particles with urate concentrations, 
and derivatives of the linoleic acid metabolism pathway [16]. Steroid profiling has 
also revealed high production of the “hybrid” cortisol metabolites 18-hydroxycor-
tisol and 18-oxocortisol in patients with rare, familial forms of PA associated with 
specific genetic errors (CYP11B1/CYP11B2 hybrid gene, KCNJ5 mutations) [8, 
17, 18]. The levels of these hybrid metabolites also served as markers to differen-
tiate between PA and BAH. Specifically, the 18-oxocortisol/cortisol ratio in adre-
nal vein samples and urinary 18-hydroxycortisol levels showed sufficient 
diagnostic accuracy to distinguish APAs from BAHs of patients [19, 20]. In addi-
tion to the clear elevation of plasma 18-oxocortisol in PAs, increased levels of 
plasma cortisol, corticosterone, DHEA, and DHEA-S were documented in patients 
with BAH [13]. Differences between the metabolite levels among the varying 
subtypes were also demonstrated using in situ metabolomics and demonstrated 
that levels of 18-oxocortisol and 18-hydroxycortisol negatively correlate with the 
CYP11B1. The steroid profiles were also correlated with their respective geno-
types. The PAs carrying KCNJ5 mutations presented significantly higher levels of 
18-oxocortisol in both adrenal vein and peripheral plasma samples than all other 
PAs, while PAs harboring ATPase mutations displayed the highest peripheral con-
centrations of aldosterone, cortisol, 11-deoxycorticosterone, and corticosterone. 
At the same time, patients with CACNA1D-mutated PAs had lower aldosterone 
and corticosterone concentrations than all other groups [21]. Distinct molecular 
signatures between KCNJ5- and CACNA1D-mutated PAs involving metabolites 
of steroidogenesis as well as purine metabolism KCNJ5 carriers displayed signifi-
cantly higher levels of 18-hydroxycortisol and 18-oxocortisol when compared to 
CACNA1D carriers. Activation of purine metabolism was observed in KCNJ5 
mutant APAs, with a significant increase in adenosine monophosphate and diphos-
phate [14].
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2.2 � Primary Adrenal Insufficiency

Primary adrenal insufficiency (PAI), a deficiency of glucocorticoid and mineralo-
corticoid production, is a relatively rare life-threatening condition due to autoim-
mune disorders and enzymatic defects. The patients clinically present with skin and 
mucous membrane hyperpigmentation, craving for salt, failure to thrive, depression, 
and fatigue. PAI is caused due to pathology within the adrenal glands which results 
in stimulation of the hypothalamo–pituitary axis and the renin–angiotensin–aldoste-
rone system regulatory feedback loop. PAI is typically diagnosed by measuring 
levels of ACTH and proopiomelanocortin peptides, which are elevated in addition 
to inappropriately low cortisol secretion. A delayed diagnosis of PAI is linked with 
an adverse quality of life and raises the patient’s risk of an adrenal crisis that might 
be fatal. Recent studies have implicated several genetic mutations in the pathophysi-
ology of the disease. These include defects in the nuclear receptors DAX-1 (NR0B1), 
steroidogenic factor-1 (SF-1/NR5A1), CDKN1C and SAMD9 or loss of POLE1, 
P450scc/CYP11A1 insufficiency, and sphingosine-1-phosphate lyase-1 (SGPL1) 
defects [22]. Treatment of PAI conventionally is modeled around corticosteroid 
replacement therapy that is conventionally administered three times a day [23].

Metabolomic studies in PAI are limited in the literature. In a study, metabolite 
profiling was carried out in the sera or urine for disease identification and stratifica-
tion and for evaluating optimal replacement therapy. The natural circadian rhythm 
of cortisol cycle cannot be entirely replicated by current glucocorticoid replacement 
regimens, which leads to either over- or under-replacement. The urinary cortisol 
metabolome was assessed to determine optimal cortisol replacement in patients 
with PAI. The metabolic profile of patients using two hydrocortisone replacement 
therapies were compared, namely, the once-a-day dual-release hydrocortisone 
(DHC) and three-times-a-day hydrocortisone (TID-HC) therapy. In the 24-h urine 
samples, total cortisol metabolites decreased after DHC therapy compared to 
TID-HC and were more in line with the usual control levels. 11-β-Hydroxysteroid 
dehydrogenase (11β-HSD) type 1 activity dropped with DHC compared to TID-HC 
therapy, whereas 11-β HSD2 activity fell with TID-HC but returned to normal with 
DR-HC. Moreover, 5α- and 5β-reduced metabolites were decreased with DR-HC 
compared to TID-HC. Patients undergoing traditional TID-HC replacement treat-
ment with enhanced 11β-HSD1 activity exhibits significant alterations in the urine 
cortisol metabolome, which may explain the adverse metabolic profile in patients 
with PAI. Its shift toward normalcy with DHC therapy might serve as an indicator 
for more favorable metabolic outcomes [17, 24]. Aside from providing means for 
optimizing therapeutic dosage, the metabolomic approach was also used to measure 
the effects of glucocorticoid therapy and identify biomarkers related to its action. 
Serum metabolic profiling was also undertaken in PAI patients, using GC–MS and 
LC–MS, during glucocorticoid therapy and after its withdrawal to assess response 
to therapy. The differentially expressed metabolites identified were amino acids 
(tyrosine, tryptophan, asparagine), malic acid, lactic acid, and uracil. The metabo-
lism of tryptophan, which modulates mood and energy homeostasis, is regulated by 
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glucocorticoids through the kynurenine pathway. Metabolomic analysis was able to 
identify that administering high doses of glucocorticoid, especially after a treatment 
of 10-week treatment, resulted in decreased tryptophan levels by influencing the 
kynurenine pathway [25, 26]. Hence, metabolomics assisted in assessing the thera-
peutic effects, allowing for the individualization of approaches and optimization of 
glucocorticoid therapy.

2.3 � Metabolomics of Pheochromocytoma

Pheochromocytomas (PCC) and paragangliomas (PPGLs) are a group of rare het-
erogeneous neuroendocrine tumors that arise from either the adrenal medullary 
chromaffin cells or from outside the adrenal gland in the neural crest cells (sympa-
thetic and parasympathetic paraganglia). Most PPGLs are benign tumors, with an 
incidence of approximately of one per million population per year [27]. The charac-
teristic clinical phenotype of these patients is associated with features of excess 
circulating catecholamine levels due to increased synthesis or release. The present-
ing signs and symptoms classically range from a triad consisting of sweating, head-
aches, and palpitations to nonspecific symptoms such as weight loss, nausea, 
tiredness, or flushing [27, 28]. The diverseness and nonspecificity of the clinical 
manifestations, heterogeneity of these tumors regarding the age of presentation, and 
differences in their location make an early clinical diagnosis of PCC difficult [29]. 
PCC and PPGLs have the highest degree of heritability, where PPGLs carrying a 
germline mutation account for 30–40%. More than 20 susceptibility genes with 
varying mutations have been identified as predisposing factors to this condition, 
placing it among the rare genetic endocrine conditions. The metabolic phenotypes 
in PCC are based on the affected specific gene/protein [30] that determines the 
secretory profile, molecular features, metabolic changes, clinical outcomes, and 
potential for malignancy [31].

PCC and PPGLs have been classified based on their inheritance, multiple endo-
crine neoplasia type 2 (MEN2), familial Von Hippel–Lindau (VHL) syndrome and 
less commonly neurofibromatosis type 1 (NF1)) or sporadic [30], or by molecular 
pathway subtypes, kinase signaling subtype (RET, transmembrane protein 127 
(TMEM127), mutations in the NF1, and HRAS genes), pseudohypoxia (Von 
Hippel–Lindau (VHL/EPAS)-related and tricarboxylic acid cycle (TCA)-related 
mutations, and Wnt-altered subtype (CSDE1 somatic mutations and mastermind-
like transcriptional coactivator 3 (MAML3) fusion genes)). The TCA-related PPGL 
subtype consists of tumors having mutations in the succinate dehydrogenase sub-
units A–D (SDHx), fumarate hydratase (FH), and isocitrate dehydrogenase (IDH). 
In addition, other genetic mutations in the H3F3A, malate dehydrogenase 2 
(MDH2), PHD1, IRP1, SLC25A11, and DLST were identified with a lower fre-
quency and have not yet been included in the Cancer Genome Atlas. PCC and 
PPGLs are also classified into clusters based on their secretory profile as adrenergic 
and noradrenergic clusters. The noradrenergic pseudohypoxic phenotype (secreting 
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norepinephrine and normetanephrine (NMN)) constitutes cluster 1. It includes 
tumors with SDHx mutations, along with VHL, FH, (MDH2), hypoxia-induced fac-
tor (HIF2α), and IDH mutations and the newly identified SLC25A11 [32]. Tumors 
with the adrenergic phenotype (secreting epinephrine and metanephrine (MN)), 
which are associated with abnormal kinase signaling pathways and include muta-
tions in the genes rearranged during transfection (RET), NF1, TMEM127, kinesin 
family member 1B (KIF1B), and MYC-associated factor X (MAX), make up clus-
ter 2. Cluster 3 is associated with the Wnt signaling pathway; it includes somatic 
mutations of cold shock domain-containing E1 (CSDE1) and mastermind-like tran-
scriptional coactivator 3 (MAML3) fusion genes [28, 32].

The gold standard for diagnosis relies on biochemical measurements of urinary 
or plasma products of the catecholamine degradation, noradrenaline (MN), adrena-
line (NMN), and dopamine (methoxytyramine (MTY)) [33]. Measurements of 
plasma-free MN have been proven in several independent investigations to have 
diagnostic sensitivity surpassing 96% and specificity between 85 and 100%. An 
alternate method with a comparable degree of diagnostic sensitivity is provided by 
urinary-fractionated MN [28]. The measurement of plasma and urine MN by LC–
MS/MS is presently widely accepted in the USA and many other laboratories as the 
gold standard approach [28, 34]. In addition to laboratory measurement, all patients 
with documented PCC and PPGLs should have genetic determination of PPGL phe-
notype as part of the diagnostic panel. It is very common to find mixed phenotypes 
of both adrenergic and dopaminergic secreting tumors in comparison to either 
adrenergic or dopaminergic ones. Each of these phenotypes has been linked to 
mutations in different genes. The genetic mutations in TMEM127 gene have been 
associated with only the adrenergic tumors while mutations in the KIF1B, MAX, 
RET, and NF1 genes have been associated with tumors with adrenergic mixed phe-
notype. On the other hand, it is known that extra-adrenal PPGLs having noradrener-
gic and dopaminergic phenotypes have mutations in PHD1/PHD2, HIF2A, SDHx, 
SDHAF2, FH, and IDH genes. The majority of PPGL tumors with HIF2A and 
VHL-mutated are typically noradrenergic while predominantly dopaminergic 
secreting tumors are known to be commonly associated with SDHx mutations [33]. 
Although confirmatory, genetic testing can be complex and, in many cases, unavail-
able at all centers. This potentially leads to delayed or inconclusive diagnosis [30, 
35, 36]. Due to the probable increased risk of metastatic illness in these patients, it 
becomes crucial for an effective clinical management to distinguish early on 
between tumors with underlying germline mutations and those that are sporadic 
[37]. In these instances, quantifying metabolites can help verify functionality and 
identify underlying mechanisms and factors for germline or somatic mutations in 
patients with unresolved genetic testing results.

Metabolomic studies have helped to bridge this gap by identifying metabolites 
that have not only helped in detailing the metabolic pathways affected by the dis-
ease but also to differentiate between the phenotypes, stratify the disease, and pro-
pose metabolites that are amenable to diagnostic applications. The tumor 
metabolomic profile distinguishes these different subtypes of tumors to classify 
patients with PGLs as sporadic or hereditary. Untargeted metabolomic approaches 
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aided in profiling the disease pathology and associating the changes with the differ-
ent variants of genetic mutations. On the other hand, targeted metabolomic 
approaches using the identified metabolites have also been studied to determine 
their impact on metabolism and utilize them as diagnostic markers in clinical labo-
ratories [29] for monitoring therapeutic response potential conversion metastases 
[38]. Surgical resection of the PPGL with normalization of catecholamine levels 
was associated with significant changes in the metabolites. Following surgery levels 
of glycerophospholipids (phosphatidylcholine diacyl (PC aa) 42:0, phosphatidyl-
choline acyl-alkyl (PCae) 42:5, PCae (44:5), and PCae (44:6) and hexoses were 
lower, while levels of amino acids (biogenic amines), namely, histidine and creati-
nine, were demonstrated to be higher [29]. The metabolomic profile in each of the 
different genetic variants of these tumors was also deciphered. Around 15–25% of 
all PCC/PPGLs were linked to defects in the Krebs cycle enzymes, SDH, FH, MDH, 
and IDH, with SDH faults, being the most frequent. The 2-oxoglutarate/malate car-
rier, glutamic-oxaloacetic transaminase 2, and others have more recently been 
linked to hereditary PPGL as regulators of mitochondrial metabolites [36]. The 
PCC/PGLs associated with mutations in the pseudo hypoxic cluster (cluster 1) were 
associated with the hypoxia-inducible factor (HIF) signaling pathway and involved 
mutations in genes encoding the HIF2A, succinate dehydrogenase subunits or their 
assembly factors (SDHx [SDHA, SDHB, SDHC, SDHD]), succinate dehydroge-
nase complex assembly factor 2 (SDHAF2), Von Hippel–Lindau tumor suppressor 
(VHL), and egl-9 prolyl hydroxylases 1 and 2 (EGLN1/EGLN2). The pathogenic 
mutations in these genes lead to an accumulation of their related metabolites, that is, 
succinate, fumarate, or 2-hydroxyglutarate, which in turn were responsible for 
tumor development.

Distinct differences were noted in metabolites and pathways related to oxygen 
sensing, hypermethylation, DNA repair, and overexpression of certain transporters 
and receptors; notably Krebs cycle enzymes have been through the genetic investi-
gations in PCC/PGL tumors [39–41]. Metabolomic profiling identified differential 
regulation of metabolites between the various genetic causes of PCC/
PGL. Metabolomic analysis of PCC/PGL arising from mutations in SDHx revealed 
a decrease in activity of SDH (mitochondrial electron transport chain complex II) 
enzyme and other TCA cycle metabolites, including fumarate glutamate and aspar-
tate with elevated succinate levels [37]. The ratio of two metabolites, succinate to 
fumarate, was determined as a novel metabolic marker to detect paraganglioma with 
underlying SDHB/D mutations [38, 42]. Moreover, in tumors linked to SDHx muta-
tions, glutamate levels and ATP/ADP/AMP values were shown to be lower with 
modest but significant changes in levels of histidine, threonine, and lysoPC (C28:0) 
[32, 42]. Significant correlations were also noted between plasma MN and total 
urine catecholamine levels with the sum of detected hexoses (reflecting glucose) 
which were found [33], along with the increase in levels of glutamine [40]. 
Significant alterations were noted in isocitrate, cis-aconitate, and citrate levels in 
patients with mutations in FH. In contrast, IDHx mutations were characterized by 
higher citrate, isocitrate, and cis-aconitate levels [37]. These differences could serve 
as potential biomarkers for early diagnosis of disease.
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3 � Metabolomics of Parathyroid Dysfunction

The parathyroid glands are four small pea-sized glands behind the thyroid gland 
secreting parathyroid hormone (PTH). The primary endocrine glands maintain cal-
cium and phosphorus homeostasis with other hormones, including vitamin D and 
fibroblast growth factor (FGF23). PTH regulation occurs mainly between three 
organs, the intestine, kidney, and bone. A complex interplay occurs between PTH, 
active vitamin D (1,25(OH)2D), and calcium sensor receptors (CaSRs) that main-
tain serum calcium concentration within a narrow physiological range to maintain 
mineral homeostasis. Dysfunction of the parathyroid glands occurs as a primary 
disease of the gland or secondary to other diseases such as chronic kidney disease. 
Parathyroid dysfunction results in inappropriate parathyroid hormone (PTH) pro-
duction, resulting in abnormal calcium homeostasis. Phenotypically, it can manifest 
as either an increase, hyperparathyroidism, or a decrease, hypoparathyroidism, in 
circulating PTH levels. Primary parathyroid dysfunction is relatively rare compared 
to secondary causes and can be seen as an isolated condition or component of a 
complex endocrine syndrome. Hypocalcemia and hyperphosphatemia are the char-
acteristic hallmarks of primary hypoparathyroidism, which is caused by inadequate 
quantities of circulating parathyroid hormone.

3.1 � Hypoparathyroidism

Incidental hypoparathyroidism is a rare disorder with an estimated prevalence 
of 0.25 per 1000 individuals. Hypoparathyroidism is clinically characterized by 
decreased parathyroid hormone levels resulting in hypocalcemia that directly 
impacts calcium and phosphorus homeostasis and the bone. It can occur as an 
isolated condition or as part of a complex endocrine syndrome. The most com-
mon cause of hypoparathyroidism is transient postsurgical hypoparathyroidism 
resulting from a functional impairment or surgical resection of parathyroid 
glands after acute manipulation during neck surgery. Other causes include 
impairment of PTH action, pseudo-hypoparathyroidism, and genetic causes. 
Numerous somatic or germline mutations have been identified, leading to dys-
genesis of the parathyroid gland or an inability of the parathyroid glands to 
secrete PTH. These include mutation in the PTH gene, GCM2, SOX3, CASR, 
GNA11, TBX1, CHD7, GATA3, and TBCE [43, 44]. Rare genetic defects 
involving the transient receptor potential ion channel (TRMP6) and tight-junc-
tion gene claudins 16 and 19 have been identified, resulting in the abnormal 
homeostasis of magnesium leading to hypoparathyroidism (23). The cause of 
low magnesium levels is attributed to nutritional deficiencies or chronic dis-
eases, including T2DM, hypertension, and renal conditions, which either 
decrease secretion of PTH or increase resistance to the actions of PTH in the 
bone and kidneys. Metabolomic studies evaluating changes in the metabolites 
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within hypoparathyroidism are limited. A single study by Paprocka et  al. in 
children with hypoparathyroidism identified alterations in N-acetyl aspartate by 
1H magnetic resonance spectroscopy [45]. Further metabolomic studies are 
needed to identify the different metabolites altered with hypoparathyroidism.

4 � Exocrine Pancreatic Dysfunction: Metabolomics 
of Cystic Fibrosis

Metabolomics has also been important in studying the pathology of cystic fibrosis, 
which leads to endocrine-related complications of the pancreas. Cystic fibrosis is a 
lethal autosomal recessive disorder arising from mutations in the cystic fibrosis 
transmembrane conductance regulator (CFTR) gene expressed in the apical mem-
branes of various epithelial cells. It is a cAMP-regulated channel that conducts ATP 
and regulates several apical membrane-associated channels, including the sodium, 
chloride, and potassium channel along with regulating release of bicarbonate. The 
disease represents an example of a monogenic defect with over 2000 mutations that 
leads to characteristic multisystemic disease. Besides the characteristic pulmonary 
manifestations, patients with CF show endocrine defects in the pancreas and the 
reproductive system. The most common cause of the pathology is blockage of endo-
crine ducts due to the thickened secretions. CF mutations can be grouped as those 
causing severe or mild disease and are further categorized as one of six classes; 
classes I–III represent severe disease, while mild mutations are classes IV–VI.

Recently, metabolomics has been utilized as an invaluable tool to study the 
changes in the metabolic profiles in CF, understand the pathophysiology, and eluci-
date the different metabolic pathways altered with CF [46, 47]. The gold standard 
for initial newborn screening is a measurement of immunoreactive trypsinogen 
(IRT) in dry blood spots (DBSs), followed by targeted CFTR mutation analysis and 
confirmation with abnormally elevated sweat chloride. Our laboratory identified 
significant differences in 26 metabolites involved in peroxisomal, amino acids, sor-
bitol, glycolysis, and mitochondrial metabolic pathways. A distinct and interesting 
finding was the decrease in the osmolyte sorbitol in adult patients with CF patients 
compared to healthy controls. In order to maintain correct cellular activities and cell 
survival, organic osmolytes are crucial for regulating cell volume and fluid balance. 
The perturbation in the sorbitol pathway was identified as a causative factor for the 
mucoviscidosis [48]. A reduction in the sorbitol levels, and glycerol phosphorylcho-
line, another osmolyte, was noted in an untargeted metabolomic analysis of primary 
human airway epithelial cell culture in CF patients. Additionally, significant altera-
tions were noted in the purine nucleotides, adenosine, inosine, hypoxanthine, and 
guanosine, which may regulate cellular responses via purinergic signaling. 
Reductions were also seen in metabolites related to glutamate, including oxidized 
glutathione levels, in S-lactoylglutathione, S-nitrosoglutathione, and ophthal-
mate [49].
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Metabolomic profiling identified differences in patients with different grades and 
severity of the disease and between the functional classes of CF. Distinct metabo-
lites were identified that related to clinical phenotype and lung function. We identi-
fied specific metabolites between the different CF functional classes using chemical 
isotope-labeled LC–MS-based metabolomics. The metabolomic profile was 
assessed between CF and controls, between the different mutation classes of CF, 
and specifically among classes III and IV. Significant alterations were seen in gluta-
thione, glutamine, glutamate, and arginine metabolism, amino acids, and di- and 
tripeptides. The significant metabolites include gamma-glutamylglutamic acid, 
1-aminopropan-2-ol, cystathionine, ophthalmate, and serotonin. An above-average 
FEV1% level of lung function was associated with decreased glutamic acid and 
increased guanosine levels. Metabolomic profiling, between the three analyses, 
demonstrated alterations in several amino acids and dipeptides governing glutathi-
one metabolism and identified two metabolites in common between the analyses. 
These metabolites, namely, 3,4-dihydroxymandelate-3-O-sulfate and 
5-aminopentanoic acid, could serve as biomarkers for CF [50].

Moreover, serum metabolomics was employed to evaluate CF bacterial lung ill-
ness in the preform post-exacerbation stage and identify which systemically mea-
surably connected pathways were impacted throughout recovery. Bile acids, amino 
acid metabolites generated from microorganisms, increases in the lipid classes of 
glycerophospholipid, glycerolipids, cholesterol, phospholipids, and the class of 
sphingolipids were among the compounds and pathways affected. The resolution of 
the exacerbation was characterized by alterations of the tryptophan–kynurenine 
pathway, decreased polyamines, a reduction in lipid markers such as fatty acids (n6/
n3), and increased in nitric oxide pathway metabolites [51]. On the other hand, 
metabolites altered with acute pulmonary exacerbation in CF patients demonstrated 
lower essential amino acids, L-arginine, and oxoproline levels than healthy controls. 
This decrease was mainly attributed to the skeletal muscle wasting, poor protein 
intake, increased amino acid utilization, and decreased intestinal absorption of pro-
teins leading to an overall protein-deficient state [52, 53].

In addition to the derangements in the amino acids, patients with CF also showed 
abnormal lipid metabolism for most lipid subclasses, with significant plasma eleva-
tions in odd-chain and polyunsaturated fatty acyl lipids and a decrease in the plasma 
levels of several species of lysophosphatidylcholine (18:0, 18:2, 20:3, and 20:5) and 
phosphatidylcholine (36:5, O-38:0, 38:4, 38:5, 38:6, and P-40:1). Plasma phospho-
lipid signatures were found to discriminate between mild and severe forms of CF. In 
contrast, levels of phosphatidic acids and diacylglycerols were particularly affected 
by different genotypic mutation classes. A biomarker panel of five oxidized lipids 
successfully differentiated patients with reduced lung function. Four species of PC 
(36:3, 36:5, 38:5, and 38:6) were consistently downregulated in severe vs. mild 
patients, while sphingolipid SM(d18:0) was significantly increased in all patients 
[54]. The lung function of CF patients is often assessed through forced vital expira-
tory capacity (FEV1) measurements using FEV1% or FEV1/FVC ratio. Lipid 
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fractions of the PUFA (C20:3n-9, C20:5n-3, C22:5n-3, and C22:6n-3) positively 
correlated with FEV1, along with PC (32:2) and PC (36:4), and oleoyl ethanolamide 
was negatively correlated with FEV1 progression. Lower PC(32:2), PC(38:5), and 
C18:3n-3, triacylglycerols higher cholesterol, and cholesterol esters were noted in 
chronically infected patients [55–57].

Metabolomic analysis was also carried out in other body fluids, including spu-
tum, saliva, sweat, urine, bronchoalveolar lavage fluid, and exhaled breath analysis. 
These studies were generally aimed at identifying the differences in metabolite pat-
terns to unravel the underlying pathophysiological mechanisms of CF and evaluate 
the effectiveness of treatment modalities. A recent study identified the changes in 
the lung microbial composition through untargeted metabolomic analysis of the 
sputum and exhaled breath. Patients with homozygous Phe508del genotype usually 
receive treatment with combination therapy lumacaftor and ivacaftor. Lumacaftor 
targets CFTR class II mutations specifically, while Ivacaftor improves the gating 
(class III) or conduction (class IV) defect in the mutant channels.

CFTR modulators improve CFTR function significantly by partly restoring the 
function of the chloride channel and improving transport of epithelial fluid in the 
airways. Besides improving lung function, treatment with CFTR modulators alters 
the pulmonary microbiome by reducing the abundance of the bacteria, for example, 
Pseudomonas aeruginosa. Metabolomic analysis by GC-TOF/MS showed changes 
in concentrations of the metabolite phenyl pyruvate in the sputum. On the other 
hand, the breath metabolome showed alterations in volatile organic compounds 
such as 4-ethylbenzanoic acid 2-pentyl ester, suggesting a strong link between oxi-
dative stress and inflammation [58]. Untargeted metabolomic profiling of sweat 
between carriers and cases showed significant alterations in purine derivatives, 
organic acids, dipeptides, amino acids, and amino acid derivatives, in affected 
patients, and alterations in levels of asparagine and glutamine, in asymptomatic 
patients [59]. Patients with CF also present with lung disease characterized by bron-
chial inflammation due to chronic bacterial infection. The resulting inflammatory 
response is predominantly dominated by neutrophils. Metabolomic studies were 
used to identify and quantify the metabolites in the bronchoalveolar lavage fluid 
samples from these patients. A targeted metabolomic approach identified and quan-
tified metabolites related to proteins, metabolism of purines, polyamines, and nico-
tinamide which correlated strongly with the clinical markers and neutrophil counts 
[60]. In addition to these body fluids, the urine metabolomic profile was also stud-
ied. The urinary metabolome in CF although heterogeneous showed metabolic 
alteration that were distinct when compared to non-CF groups. A targeted metabo-
lomic study in the urine revealed an altered methyl status and oxidative stress in 
children with CF using NMR. Additionally, a subgroup of these children with pan-
creatic insufficiency showed a considerable rise of phthalate chemicals in their urine 
NMR spectra in comparison to children with CF who did not have pancreatic insuf-
ficiency [47, 61, 62].
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5 � Conclusion and Future Perspectives

Metabolomics has slowly made inroads into many aspects of patient care and has 
shown its relevance in understanding disease pathophysiology, diagnosis, and thera-
peutic monitoring. It provides a bridge between knowledge accumulated from basic 
science to clinical research as it considers the individual’s metabolic characteristics. 
Combining the clinical (phenotype) with the metabolomic and genomics data will 
aid the clinical decision-making process by providing more sensitive and specific 
analyte panels for diagnostic testing. The potential of this omic approach is to fur-
ther advance in bringing an era of personalized medicine in endocrinology.

References

1.	Nieman LK, Ilias I.  Evaluation and treatment of Cushing’s syndrome. Am J Med. 
2005;118(12):1340–6.

2.	Mourtzi N, et  al. Unravelling the genetic basis of primary aldosteronism. Nutrients. 
2021;13(3):875.

3.	Young WF Jr. Diagnosis and treatment of primary aldosteronism: practical clinical perspec-
tives. J Intern Med. 2019;285(2):126–48.

4.	Monticone S, et al. GENETICS IN ENDOCRINOLOGY: the expanding genetic horizon of 
primary aldosteronism. Eur J Endocrinol. 2018;178(3):R101–11.

5.	Azizan EA, et al. Somatic mutations in ATP1A1 and CACNA1D underlie a common subtype 
of adrenal hypertension. Nat Genet. 2013;45(9):1055–60.

6.	Seidel E, Schewe J, Scholl UI.  Genetic causes of primary aldosteronism. Exp Mol Med. 
2019;51(11):1–12.

7.	Funder JW, et  al. The management of primary aldosteronism: case detection, diagnosis, 
and treatment: an endocrine society clinical practice guideline. J Clin Endocrinol Metab. 
2016;101(5):1889–916.

8.	Storbeck KH, et al. Steroid metabolome analysis in disorders of adrenal steroid biosynthesis 
and metabolism. Endocr Rev. 2019;40(6):1605–25.

9.	Tokarz J, et al. Endocrinology meets metabolomics: achievements, pitfalls, and challenges. 
Trends Endocrinol Metab. 2017;28(10):705–21.

10.	Hundemer GL, et al. Cardiometabolic outcomes and mortality in medically treated primary 
aldosteronism: a retrospective cohort study. Lancet Diabetes Endocrinol. 2018;6(1):51–9.

11.	Hundemer GL, et al. Renal outcomes in medically and surgically treated primary aldosteron-
ism. Hypertension. 2018;72(3):658–66.

12.	Spyroglou A, et al. Transcriptomics, epigenetics, and metabolomics of primary aldosteronism. 
Cancers (Basel). 2021;13(21):5582.

13.	Eisenhofer G, et al. Mass spectrometry-based adrenal and peripheral venous steroid profiling 
for subtyping primary aldosteronism. Clin Chem. 2016;62(3):514–24.

14.	Murakami M, et  al. In situ metabolomics of aldosterone-producing adenomas. JCI Insight. 
2019;4(17):e130356.

15.	De Sousa K, et al. Genetic, cellular, and molecular heterogeneity in adrenals with aldosterone-
producing adenoma. Hypertension. 2020;75(4):1034–44.

16.	van der Heijden C, et al. Vasculometabolic and inflammatory effects of aldosterone in obesity. 
J Clin Endocrinol Metab. 2020;105(8):2719.

17.	Papathomas TG, Nose V. New and emerging biomarkers in endocrine pathology. Adv Anat 
Pathol. 2019;26(3):198–209.

A. Masood et al.



205

18.	Ulick S, Chu MD. Hypersecretion of a new corticosteroid, 18-hydroxycortisol in two types of 
adrenocortical hypertension. Clin Exp Hypertens A. 1982;4(9–10):1771–7.

19.	Nakamura Y, et al. 18-oxocortisol measurement in adrenal vein sampling as a biomarker for 
subclassifying primary aldosteronism. J Clin Endocrinol Metab. 2011;96(8):E1272–8.

20.	Mulatero P, et al. 18-hydroxycorticosterone, 18-hydroxycortisol, and 18-oxocortisol in the diag-
nosis of primary aldosteronism and its subtypes. J Clin Endocrinol Metab. 2012;97(3):881–9.

21.	Williams TA, et al. Genotype-specific steroid profiles associated with aldosterone-producing 
adenomas. Hypertension. 2016;67(1):139–45.

22.	Fluck CE. MECHANISMS IN ENDOCRINOLOGY: update on pathogenesis of primary adre-
nal insufficiency: beyond steroid enzyme deficiency and autoimmune adrenal destruction. Eur 
J Endocrinol. 2017;177(3):R99–R111.

23.	Nowotny H, et  al. Therapy options for adrenal insufficiency and recommendations for the 
management of adrenal crisis. Endocrine. 2021;71(3):586–94.

24.	Espiard S, et al. Improved urinary cortisol metabolome in addison disease: a prospective trial 
of dual-release hydrocortisone. J Clin Endocrinol Metab. 2021;106(3):814–25.

25.	Chantzichristos D, et al. Identification of human glucocorticoid response markers using inte-
grated multi-omic analysis from a randomized crossover trial. elife. 2021;10:10.

26.	Sorgdrager FJH, et  al. Hydrocortisone affects fatigue and physical functioning through 
metabolism of tryptophan: a randomized controlled trial. J Clin Endocrinol Metab. 
2018;103(9):3411–9.

27.	Hescot S, et  al. Prognosis of malignant pheochromocytoma and paraganglioma (MAPP-
Prono study): a European network for the study of adrenal tumors retrospective study. J Clin 
Endocrinol Metab. 2019;104(6):2367–74.

28.	Darr R, et  al. Pheochromocytoma—update on disease management. Ther Adv Endocrinol 
Metab. 2012;3(1):11–26.

29.	Erlic Z, et al. Metabolic impact of pheochromocytoma/paraganglioma: targeted metabolomics 
in patients before and after tumor removal. Eur J Endocrinol. 2019;181(6):647–57.

30.	Neumann HPH, Young WF Jr, Eng C. Pheochromocytoma and paraganglioma. N Engl J Med. 
2019;381(6):552–65.

31.	Fishbein L, et al. Comprehensive molecular characterization of pheochromocytoma and para-
ganglioma. Cancer Cell. 2017;31(2):181–93.

32.	Eijkelenkamp K, et  al. Clinical implications of the oncometabolite succinate in SDHx-
mutation carriers. Clin Genet. 2020;97(1):39–53.

33.	Mercado-Asis LB, et al. Pheochromocytoma: a genetic and diagnostic update. Endocr Pract. 
2018;24(1):78–90.

34.	Lenders JW, et al. Pheochromocytoma and paraganglioma: an endocrine society clinical prac-
tice guideline. J Clin Endocrinol Metab. 2014;99(6):1915–42.

35.	Richter S, et al. Krebs cycle metabolite profiling for identification and stratification of pheo-
chromocytomas/paragangliomas due to succinate dehydrogenase deficiency. J Clin Endocrinol 
Metab. 2014;99(10):3903–11.

36.	Dwight T, et  al. Metabolomics in the diagnosis of pheochromocytoma and paraganglioma. 
Horm Metab Res. 2019;51(7):443–50.

37.	Richter S, et  al. Metabolome-guided genomics to identify pathogenic variants in isocitrate 
dehydrogenase, fumarate hydratase, and succinate dehydrogenase genes in pheochromocy-
toma and paraganglioma. Genet Med. 2019;21(3):705–17.

38.	Lendvai N, et al. Succinate-to-fumarate ratio as a new metabolic marker to detect the presence 
of SDHB/D-related paraganglioma: initial experimental and ex vivo findings. Endocrinology. 
2014;155(1):27–32.

39.	Chae YC, et al. Landscape of the mitochondrial Hsp90 metabolome in tumours. Nat Commun. 
2013;4:2139.

40.	Jochmanova I, Pacak K. Pheochromocytoma: the first metabolic endocrine cancer. Clin Cancer 
Res. 2016;22(20):5001–11.

Metabolomics and Genetics of Rare Endocrine Disease: Adrenal, Parathyroid Glands…



206

41.	de Cubas AA, et  al. DNA methylation profiling in pheochromocytoma and paraganglioma 
reveals diagnostic and prognostic markers. Clin Cancer Res. 2015;21(13):3020–30.

42.	 Imperiale A, et al. A new specific succinate-glutamate metabolomic hallmark in SDHx-related 
paragangliomas. PLoS One. 2013;8(11):e80539.

43.	Li D, et al. Heterozygous mutations in TBX1 as a cause of isolated hypoparathyroidism. J Clin 
Endocrinol Metab. 2018;103(11):4023–32.

44.	Gordon RJ, Levine MA.  Genetic disorders of parathyroid development and function. 
Endocrinol Metab Clin N Am. 2018;47(4):809–23.

45.	Paprocka J, et al. Neurological picture and 1H MRS in 4 children with hypoparathyroidism. 
Przegl Lek. 2005;62(7):680–4.

46.	Liessi N, et  al. Proteomics and metabolomics for cystic fibrosis research. Int J Mol Sci. 
2020;21(15):5439.

47.	Muhlebach MS, Sha W.  Lessons learned from metabolomics in cystic fibrosis. Mol Cell 
Pediatr. 2015;2(1):9.

48.	Al-Qahtani W, et al. Dried blood spot-based metabolomic profiling in adults with cystic fibro-
sis. J Proteome Res. 2020;19(6):2346–57.

49.	Wetmore DR, et al. Metabolomic profiling reveals biochemical pathways and biomarkers asso-
ciated with pathogenesis in cystic fibrosis cells. J Biol Chem. 2010;285(40):30516–22.

50.	Masood A, et al. Distinctive metabolic profiles between cystic fibrosis mutational subclasses 
and lung function. Metabolomics. 2021;17(1):4.

51.	Muhlebach MS, et  al. Metabonomics reveals altered metabolites related to inflamma-
tion and energy utilization at recovery of cystic fibrosis lung exacerbation. Metabol Open. 
2019;3:100010.

52.	Alvarez JA, et  al. Plasma metabolomics in adults with cystic fibrosis during a pulmonary 
exacerbation: a pilot randomized study of high-dose vitamin D3 administration. Metabolism. 
2017;70:31–41.

53.	Grasemann H, et al. Decreased systemic bioavailability of L-arginine in patients with cystic 
fibrosis. Respir Res. 2006;7:87.

54.	Zardini Buzatto A, et al. Lipidome alterations induced by cystic fibrosis, CFTR mutation, and 
lung function. J Proteome Res. 2021;20(1):549–64.

55.	Guerrera IC, et al. A novel lipidomic strategy reveals plasma phospholipid signatures associ-
ated with respiratory disease severity in cystic fibrosis patients. PLoS One. 2009;4(11):e7735.

56.	Ollero M, et al. Plasma lipidomics reveals potential prognostic signatures within a cohort of 
cystic fibrosis patients. J Lipid Res. 2011;52(5):1011–22.

57.	Grothe J, et  al. Plasma phosphatidylcholine alterations in cystic fibrosis patients: impaired 
metabolism and correlation with lung function and inflammation. Cell Physiol Biochem. 
2015;35(4):1437–53.

58.	Neerincx AH, et al. Lumacaftor/ivacaftor changes the lung microbiome and metabolome in 
cystic fibrosis patients. ERJ Open Res. 2021;7(2):00731.

59.	Macedo AN, et al. The sweat metabolome of screen-positive cystic fibrosis infants: revealing 
mechanisms beyond impaired chloride transport. ACS Cent Sci. 2017;3(8):904–13.

60.	Esther CR Jr, et  al. Metabolomic evaluation of neutrophilic airway inflammation in cystic 
fibrosis. Chest. 2015;148(2):507–15.

61.	 Innis SM, et  al. Choline-related supplements improve abnormal plasma methionine-
homocysteine metabolites and glutathione status in children with cystic fibrosis. Am J Clin 
Nutr. 2007;85(3):702–8.

62.	Keller BO, Davidson AG, Innis SM. Phthalate metabolites in urine of CF patients are associated 
with use of enteric-coated pancreatic enzymes. Environ Toxicol Pharmacol. 2009;27(3):424–7.

A. Masood et al.


	Metabolomics and Genetics of Rare Endocrine Disease: Adrenal, Parathyroid Glands, and Cystic Fibrosis
	1 Introduction
	2 Metabolomics of Adrenal Dysfunction
	2.1 Hyperaldosteronism (Conn’s Syndrome)
	2.2 Primary Adrenal Insufficiency
	2.3 Metabolomics of Pheochromocytoma

	3 Metabolomics of Parathyroid Dysfunction
	3.1 Hypoparathyroidism

	4 Exocrine Pancreatic Dysfunction: Metabolomics of Cystic Fibrosis
	5 Conclusion and Future Perspectives
	References


