
Erlic Z, Beuschlein F. Metabolic Alterations in Patients with Pheochromocytoma … Exp Clin Endocrinol Diabetes 2019; 127: 129–136

Review Thieme

Abbreviations
ADRA2A alpha2A-adrenergic receptors
BAT brown adipose tissue
BMD bone mineral density
BMI body mass index
CT  computed tomography
CTX C-terminal telopeptide of type I collagen
DM diabetes mellitus
FDG	 fluordesoxyglucose
FFA free fatty acids
HDL high-density lipoprotein
IL  interleukin
ISI  insulin sensitivity index
IVGTT intravenous glucose tolerance test
LDL low-density lipoprotein
OGTT oral glucose tolerance test
PET positron emission tomography
PPGL pheochromocytoma/paraganglioma

TNF tumor necrosis factor
UCP1 uncoupling protein 1

Introduction
Adrenal pheochromocytoma and paragangliomas arising from the 
chromaffin	cells	of	the	adrenal	glands	and	sympathetic	paraverte-
bral ganglia of the thorax, abdomen and pelvis, respectively, are 
hormonally active tumors secreting one or more catecholamines 
(epinephrine, norepinephrine and dopamine). In this article, we 
will use the term paraganglioma (PGL) for paragangliomas of the 
abdomen, pelvis and thorax. Paragangliomas arising from the par-
asympathetic ganglia in the neck and the skull-base, also called 
head and neck paragangliomas, are usually hormonally inactive 
and will not be part of this review [1].

One of the biggest challenges in the diagnostic work-up of pa-
tients with pheochromocytoma/paraganglioma (PPGL) is related 
to their diverse clinical presentation, mimicking many other clini-
cal	conditions.	The	clinical	signs	and	symptoms	of	affected	patients	
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ABstr Act

Metabolic alterations in patients with hormonally active pheo-
chromocytoma/paraganglioma (PPGL) have been described 
early	on	in	the	literature.	The	initial	findings	were	related	to	
disturbed glucose homeostasis and lipolysis activation, as well 
as	elevated	metabolic	rates	in	affected	patients.	Similarly,	from	
early autopsy reports, the presence of brown adipose tissue 
had been noted in PPGL patients. In more recent years, chang-
es in body weight, fat mass and distribution have been analyzed 
in more detail in addition to activity of brown adipose tissue 
based on functional imaging techniques. Over the last decades, 
several larger case series and cohort studies have contributed 
towards the elucidation of possible mechanism contributing 
to these clinical observations. Herein, we summarize the clini-
cal and experimental data regarding metabolic alterations and 
related clinical manifestations in PPGL patients.
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has been widely described in the literature and mainly related to 
catecholamine	excess	affecting	the	cardiovascular	system	[2].	In	
this review article, we aim to focus on metabolic alterations and re-
lated clinical manifestations from clinical studies in PPGL patients. 
While less apparent by associated signs and symptoms, these met-
abolic features might well have additional impact on the morbidity 
and long-term outcome. More attention will be put on the retrieved 
clinical and experimental data of PPGL patients from these studies 
and less on additional explanation based on physiologic studies in 
human or animal models.

PPGL and Glucose Homeostasis
As catecholamine excess can be considered as the biochemical hall-
mark of PPGL manifestations it is not surprising that glucose ho-
meostasis	alterations	can	occur	in	affected	patients.	In	fact,	from	
physiologic studies it is well known that activation of alpha and beta 
adrenergic responses are involved in glycogen metabolism (de-
creased glycogenesis and increased glycogenolysis) and glucone-
ogenesis (increased gluconeogenesis) in the liver and in the regu-
lation of insulin and glucagon release (decreased insulin and in-
creased glucagon secretion) in the pancreas (reviewed in [3]).

PPGLs as a secondary cause of diabetes mellitus have been de-
scribed already early on in the literature [4, 5]. In studies assessing 
the presence of diabetes mellitus in PPGL patients, the prevalence 
has been reported to vary between 21–37 % [6–14] (▶table 1). If 
studies are included where the presence of diabetes mellitus was 
not actively tested, the prevalence was lower (15-18 %) [7, 15, 16]. 
Although the correlation of PPGL with diabetes mellitus has been 
established for some time, the unawareness/underestimation of 
PPGL as a secondary cause of diabetes mellitus has been document-
ed by several published case reports of long-term therapy-resist-
ant diabetes mellitus and newly diagnosed diabetes mellitus with 
ketoacidosis or hyperglycaemia syndrome, in which the diagnosis 
of PPGL was only made later and rather incidentally [17–25]. No-
tably, in only rare instances, diabetes mellitus had been the sole 
clinical manifestation of PPGLs in those patients [26, 27]. In these 
published cases, diabetes mellitus either resolved or meliorated 
after	surgical	removal,	confirming	the	proposed	pathogenic	role	
of catecholamine excess.

Evidence for impaired insulin secretion in PPGL patients
Both impaired insulin secretion and increased insulin resistance 
have been implicated as underlying causes of diabetes mellitus in 
PPGL patients (▶table 1) [18, 25, 28–37]. In fact, all published 
studies	have	identified	a	blunted	insulin	response	towards	oral	glu-
cose tolerance testing (OGTT) with a predominantly early phase 
secretion defect based on a delayed and lower insulin peak in com-
parison to postoperative testing and compared to normal subjects 
[18, 25, 28–32, 34, 35, 37]. The same impaired insulin secretion 
profiles	could	be	documented	following	intravenous	arginine	or	
tolbutamide (sulfonylurea) administration, which are known stim-
uli for insulin secretion of the pancreatic beta cells [29–31, 33]. In 
addition, hyperglycemic clamp studies on 13 PPGL patients con-
firmed	the	preoperative	impaired	insulin	secretory	response	to	in-
travenous glucose stimuli, which normalized after successful tumor 
resection [37]. Interestingly, in some of these studies, improve-

ment of insulin secretion after OGTT or intravenous glucose toler-
ance test (IVGTT) could already be observed upon treatment initi-
ation	with	alpha-adrenergic	receptor	blockers.	This	effect	was	only	
slightly further improved by the additional use of beta-adrenergic 
receptor blockers, suggesting a major pathogenic role in the alpha-
adrenergic receptors stimulation of the pancreatic beta cells 
[29, 31, 32, 34]. In favor of this hypothesis, the alpha2A-adrenergic 
receptors (ADRA2A) of the pancreatic beta cells have been imple-
mented	as	mediators	for	the	inhibitory	effects	of	catecholamines	
in early-phase insulin release [38]. In these recent pharmacologi-
cal and genetic association studies both, pharmacological selective 
blocking	of	ADRA2A	as	well	as	specific	genotypes	of	the	ADRA2A	
coding gene, were associated with reduced insulin secretion.

Evidence for increased insulin resistance in PPGL 
patients
The notion that not only insulin secretion, but also insulin sensitiv-
ity could be compromised in these patients had been postulated 
already in early studies, by showing for example a less pronounced 
hypoglycemic response after intravenous insulin infusion in PPGL 
patients prior surgery [29]. In 2003, two hyperinsulinemic eugly-
cemic clamp studies described a postoperative improvement of 
the insulin sensitivity index (ISI) [35, 36]. While the ISI calculation 
was	slightly	different	between	these	two	studies,	in	both	instances	
ISI was proportional with the glucose infusion rate necessary to 
maintain euglycemia in the steady state. However, this improve-
ment in insulin resistance could not be reproduced in a more re-
cent study of 13 PPGL patients, where the ISI, calculated as in the 
former	study	by	Wiesner	et	al.	[36],	was	not	different	before	and	
after PPGL removal [37]. Similarly, in two further case reports, the 
insulin resistance, expressed as either metabolic glucose rate in hy-
perinsulinemic euglycemic-clamp [25] or whole body insulin sen-
sitivity	index	in	OGTT	[18],	did	not	show	a	significant	change	be-
fore and after surgery. The hypothesis of the pathogenic role of 
catecholamines on insulin resistance is based on physiological and 
pharmacological studies with epinephrine and norepinephrine in 
humans and animal models, where unopposed hepatic glucose pro-
duction during hyperglycemia, as well as decreased splanchnic and 
muscular glucose uptake has been documented (reviewed in [3]). 
However, it should be noted, that no similar studies have been per-
formed in the context of PPGL patients. A further potential expla-
nation for insulin resistance observed in PPGL patients bases on the 
presence	of	elevated	free	fatty	acids	in	affected	patients	(discussed	
later	in	this	review),	with	known	effect	on	insulin	resistance	[3].	Fur-
ther, an increase in adiponectin level has been observed in PPGL 
patients postoperatively, with lower preoperative levels [10, 39]. 
Adiponectin is secreted from adipose tissue and evidence suggests 
that elevated levels improve insulin sensitivity [3]. In contrast, the 
preoperative	low	adiponectin	levels	has	not	been	confirmed	in	a	
different	PPGL	cohort	[12].	Similarly,	in	some	case	reports	a	slight-
ly increase of leptin levels, another hormone produced from the 
adipocytes enhancing insulin sensitivity, was documented after 
PPGL	removal	[40–42].	However,	this	finding	has	not	been	consist-
ently reported and has not been observed in an additional study 
[43]. Furthermore, at this point it is not clear, whether the changes 
in the levels of adiponectin and leptin are due to direct or indirect 
actions of catecholamines.
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Whether in addition to catecholamines other co-secreting hor-
mones might play a pathogenic role has not yet been extensively 
studied. In one case report, the presence of diabetes mellitus had 
been postulated to be caused by a concomitant somatostatin co-
secretion, but this hypothesis had not been studied prior to surgery 
in this patient [20].

Summarizing the yet published literature, PPGLs can be regard-
ed as an established secondary cause of diabetes mellitus, with a 
relevant unawareness of this fact among practitioners. Clinicians 
should	include	PPGLs	in	the	differential	diagnosis	in	patients	with	
newly diagnosed diabetes mellitus and consider biochemical screen-
ing if suggestive signs and symptoms are present such as paroxys-
mal spells, palpitation and headache as well as hypertension in lean 
and young patients. A defect in insulin secretion has been more con-
sistently documented in PPGL patients and seems to play a major 
role in the pathogenesis of glucose intolerance in PPGL patients.

PPGL and Lipid Metabolism
The sympathetic nervous system is one of the major regulators of 
adipocyte	function.	Adipocytes	are	rich	in	different	subtypes	of	adr-
energic receptors and their expression seems to be regulated in a 
complex	manner	according	to	specific	physiological	needs	[44].	
One	of	the	major	short-term	metabolic	effects	on	adipocytes	is	the	
well-established beta adrenergic stimulation of lipolysis in these 
cells. A variety of further metabolic actions on adipocytes have 
been	postulated,	which	among	others	might	affect	also	lipid	me-
tabolism [45].

Free fatty acids
The presence of elevated levels of products from lipolysis has been 
widely documented in PPGL patients (▶table 1).	One	of	the	first	
studies demonstrated an elevation of free fatty acids (FFA) in PPGL 
patients (7 of 8 cases) that normalized both upon pharmacologi-
cal treatment with alpha-adrenergic blockade and following sur-
gery	[46].	This	initial	observation	was	confirmed	in	several	other	
case series in the past [29, 30, 34], but could not be established in 
more recent studies [36, 37]. In one case report, only combined 
alpha- and beta-adrenergic blockade and surgery, but not alpha-
adrenergic blockade alone could normalize elevated FFA levels [47]. 
As mentioned in the introduction section and with reference to the 
known physiological mechanisms, the hypothesis behind the ob-
servation of elevated FFA in PPGL patients relies on predominant 
beta-adrenergic stimulation of lipolysis in adipocytes. However, im-
paired insulin secretion in PPGL patients might further contribute to 
this	effect	[48].	The	latter	might	explain	the	normalization	of	FFA	
after alpha-adrenergic blockade in the study from Engelman et al. 
[46]. In this context the observation that glycerol levels were not con-
sistently increased preoperatively in PPGL patients is of interest 
[29,	34,	47].	The	reasons	and	mechanisms	responsible	for	this	effect,	
however, are not clear.

Cholesterol and triglycerides
In one case report, a female patient with concomitant familial com-
bined hyperlipidemia and PPGL has been investigated in some de-
tail before and after pharmacological and surgical treatment [49]. 
According to this report, a postoperative increase of total choles-

terol and triglyceride levels was observed, enhanced during the 
preoperative combined alpha- and beta-adrenergic blockade, with 
concomitant decrease in HDL-cholesterol levels postoperatively. 
The postulated mechanism from the authors sees an increased ac-
tivity of lipoprotein lipase and increased pre-treatment energy con-
sumption,	as	was	observed	in	the	patient.	No	significant	change	in	
triglyceride [10, 14, 36, 37, 40, 50] and LDL-cholesterol levels 
[36,	40,	50]	had	been	observed	in	later	studies,	while	a	significant	
postoperative decrease in HDL-cholesterol was noted in one study 
[50] and a tendency towards postoperative HDL-cholesterol low-
ering in another (▶table 1)	[40].	A	significant	positive	correlation	
between urinary norepinephrine levels and HDL-cholesterol was 
documented	in	one	report	[50].	The	stimulatory	effect	of	catecho-
lamines on the lipoprotein lipase in presence of impaired insulin 
secretion	could	explain	this	effect	[51].	However,	the	elevated	HDL-
cholesterol levels and increase of lipoprotein lipase activity in PPGL 
patients	could	also	be	considered	as	an	indirect	effect	of	catecho-
lamines-induced thermogenic activation of adipocytes (discussed 
later in this review) [52].

In summary, the activation of lipolysis resulting in high levels of 
FFA is a common metabolic feature in PPGL patients. Alteration of 
cholesterol levels are less evident in these patients. The possible 
mechanism of higher HDL levels prior to surgery in PPGL patients 
merit	further	clarification.

PPGL and Body Weight and Body 
Composition

Weight gain following successful PPGL treatment
Weight gain after PPGL resection has been observed already in early 
clinical	descriptions	[5].	Likewise,	significant	weight	gain	after	suc-
cessful	PPGL	treatment	has	been	confirmed	in	more	recent	cohort	
studies (▶table 1) [10, 13, 14, 37, 40, 50, 53, 54]. In a paper by Spy-
roglou	et	al.	[13],	a	significant	correlation	of	weight	gain	and	pre-
operative urine normetanephrine concentration was observed in 
43	PPGL	patients	and	an	effect	of	adrenalectomy	on	weight	gain	
could be excluded by comparison with matched primary hyperal-
dosteronism patients, who underwent the same surgical proce-
dure. However, the correlation of weight change with urine norep-
inephrine	or	plasma	normetanephrine	could	not	be	solidified	in	this	
study. Further, in a recent study by An and colleagues [54], the pre-
operative urinary total catecholamine levels of 210 PPGL patients 
were negatively correlated with preoperative body mass index 
(BMI) and further positively correlated with the postoperative 
change in BMI. In contrast, no correlation between weight change 
and plasma norepinephrine levels before and after surgery were 
found	in	a	different	cohort	of	42	PPGL	patients	[50].

One of the possible explanations for the observed weight change 
is the high metabolic rate present in PPGL patients compared with 
matched	control	populations,	which	decreases	significantly	follow-
ing successful tumor removal [5, 14, 46, 49]. This could be due to the 
observed higher protein and fat oxidative metabolism relative to car-
bohydrate oxidation, as shown in a case report in one patient prior 
surgery [49]. Other explanations could include activation of brown 
adipose tissue (BAT) in PPGL patients (discussed later in this review), 
which is capable to turn free fatty acids and glucose in heat, thereby 
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dissipating energy [55]. The further hypothesis of tumor cachexia is 
possible, but not evident as in one large cohort study no association 
between	change	in	metabolic	rate	and	inflammatory	cytokine	(IL-1,	
IL-6 and TNF-alfa) was observed [14].

PPGL and fat mass
With bio-impedance measurements in one study and computed 
tomography (CT) based analysis in two additional studies, a signif-
icant increase in body fat mass has been documented following 
PPGL resection (▶table 1) [14, 50, 53]. The increase involved both, 
visceral and subcutaneous fat depots, which were found to be re-
duced in PPGL patients before treatment in comparison to patients 
with non-functional adrenal adenomas or normal controls [50, 53]. 
Notably, this reduced fat mass before surgery was independent 
from	BMI,	which	was	not	different	between	PPGL	subjects	before	
surgery	and	controls.	No	significant	correlation	between	changes	
in fractionated plasma catecholamines or metanephrines with fat 
mass change could be observed in these two studies [50, 53].

PPGL and brown adipose tissue (BAT)
Based on in vivo and in vitro studies, the autonomic nervous sys-
tem is clearly involved in the activation of human brown adipose 
tissue (reviewed in [55]). The presence of BAT in PPGL patients had 
been noted very early in autopsy reports [56]. More recently, these 
observations were of particular clinical relevance, due to the in-
creased numbers of functional imaging performed in these pa-
tients.	BAT	activity	can	be	identified	incidentally	with	different	ra-
diopharmaceuticals used in routine diagnostics, predominantly 
with 18F-Fluorodeoxyglucose (FDG) [57, 58], and thus lead to false-
positive results for example in the work-up of patients with malig-
nant PPGL. It is not clear, if the prevalence of BAT in PPGL patients 
is higher than in the general population, since currently only data 
from functional imaging studies are available and its activation de-
pends	from	different	endogenous	and	exogenous	factors	[59].	In	
a retrospective analysis of 59 PPGL patients, 22 % had BAT visuali-
zation on 18F-FDG positron emission tomography (PET)/CT scan, 
compared	with	9.5	%	in	control	subjects,	although	this	difference	
was	not	statistically	significant.	For	patients,	who	had	concomitant	
imaging with further tracers (18F-6-Fluorodopamine and 123I-me-
taiodobenzylguanidine)	no	significant	difference	in	BAT	activity	in	
PPGL patients and controls was seen, as well as between the trac-
ers	[57].	In	the	former	study	a	significant	correlation	between	plas-
ma norepinephrine levels and BAT-activity in 18F-FDG PET/CT scans 
was observed, while this was not the case for the other two tracers 
studied.	In	a	distinct	analysis	of	14	PPGL	patients,	a	significant	cor-
relation between BAT activity and high metanephrine levels (de-
fined	as	elevated	either	normetanephrine	or	metanephrine	plasma	
levels	with	upper	two	standard	deviation	as	cut-off	point)	was	doc-
umented	[53].	Similar	findings	were	obtained	in	a	more	recent	in-
vestigation, where 31 % of 21 hormonally active tumors had BAT 
activity compared with none of the six hormonally silent tumors. 
In	contrast,	this	study	found	no	significant	correlation	between	me-
tanephrine levels and BAT activity [60]. In one further study, the 
prevalence of retroperitoneal BAT was estimated histologically in 
adjacent periadrenal adipose tissue after surgical removal [61]. In 
five	of	eight	(62.5	%)	PPGL	patients	BAT	was	present,	compared	to	
two of two (100 %) patients with non-functioning adrenal tumors, 

15 of 32 (46.9 %) patients with aldosterone-producing adenoma, 
three of nine (33.3 %) patients with cortisol-producing adenoma 
and one of six (16.7 %) patient with secondary hypercortisolism; 
these	differences,	however,	were	not	found	to	be	statistically	sig-
nificant.	Using	the	uncoupling	protein	1	(UCP1)	as	marker	of	BAT,	
no	influence	of	plasma	metanephrines	on	UCP1	expression	level	
could	be	identified.

Considering these data together, it is evident, that BMI and fat 
mass are decreased in patients with PPGL. In addition to the high 
metabolic rate and activation of lipolysis, the impact of brown ad-
ipose	tissue	for	these	effects	remains	uncertain,	as	well	as	the	im-
portance of catecholamine excess on its presence and activity.

PPGL and bone metabolism
A possible role of the sympathetic nervous system on bone metab-
olism has been assessed in vitro and in animal models, which pro-
vided	evidence	for	a	negative	effect	of	sympathomimetic	activa-
tion on bone mass (reviewed in [62]).

In a retrospective clinical study, increased levels of the bone re-
sorption marker C-terminal telopeptide of type I collagen (CTX) 
were observed in PPGL patients compared to controls (patients 
who were negative on PPGL screening). This initial increase was re-
duced	following	successful	surgical	treatment	[63].	This	finding	
could	be	confirmed	in	a	larger	cohort	study,	where	CTX	was	higher	
in 31 PPGL patients compared to 280 patients with non-function-
ing adrenal adenoma [64]. In both studies, the bone formation pa-
rameters procollagen type 1 N propeptide [63] as well as bone-spe-
cific	alkaline	phosphatase	[64],	did	not	differ	between	PPGL	pa-
tients and controls and were unchanged after tumor removal. In 
the study from Kim et al. [64], bone mineral density (BMD) analy-
sis showed a decreased BMD at the lumbar spine level, but not at 
the proximal femur in PPGL patients compared to controls. Both, 
BMD at the lumbar spine as well as CTX levels were associated with 
urine metanephrine and normetanephrine levels, BMD negatively 
and CTX positively [64].

In summary, there is emerging evidence that catecholamine ex-
cess	in	PPGL	patients	might	negatively	influence	bone	mass.	How-
ever, further studies are needed to analyze its impact on fracture 
risk and thus morbidity in these patients.

Conclusion and Perspectives
There is ample clinical evidence that glucose and lipid metabolism 
are compromised in PPGL patients and it is prudent to speculate 
that	these	findings	might	confer	to	the	the	increased	cardiovascu-
lar risk observed in this patient population compared with matched 
hypertensive	patients	[65,	66].	Specific	characteristics	of	PPGL	pa-
tients in energy expenditure, weight, fat mass and body composi-
tion are well documented in the literature, while the underlying 
mechanism are not completely elucidated. It would be interesting 
for future studies to analyze in more detail the presence of BAT in 
this patient population with alternative methods, not only focus-
ing on its activity. In general, physiological studies as well as adr-
energic-receptor expression on the key metabolic organs provide 
a number of arguments towards the direct activity of catechola-
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mine	excess	for	this	change	[55].	A	summary	of	the	described	find-
ings is illustrated in ▶Fig. 1.

Still, it remains unanswered, whether all of the observed mani-
festations are directly caused by catecholamine excess, or whether 
some are indirect responses to an upstream metabolic alteration 
in PPGL patients or a physiological adaptation to the catecholamine 
stress. It would be interesting to study in detail whether patients 
with	PPGLs	of	different	hormonal	characteristics	(e.	g.	epinephrine	
or norepinephrine secretory tumors) could be characterized by dif-
ferent	metabolic	profiles	due	to	different	receptor	affinities	and	dis-
tinct	biological	effects	of	the	individual	catecholamines.	One	im-
portant issue in future studies addressing this question is to corre-
late catecholamine and not metanephrine profiles with the 
investigated clinical or metabolic outcome. While metanephrines 
(e. g. plasma-free metanephrines) are markers with very good sen-
sitivity	and	specificity	for	PPGL	diagnosis,	they	are	not	biologically	
active. Thereby, in some of the studies from the recent literature, 
the	incongruent	or	absent	correlation	of	metabolic	findings	with	
tumor hormone activity might well depend on the fact that the 
correct marker for tumor secretory activity (catecholamines) were 

not investigated in detail. Further, the known adrenergic receptor 
downregulations and desensitization in PPGL patients with long-
standing catecholamine excess might have added another layer of 
complexity	into	the	interpretation	of	associated	metabolic	effects.	
For	these	reasons,	these	observations	are	likely	to	differ	from	well	
appreciated	effects	described	in	physiological	studies	[67,	68].	
Other possible causes of incongruent outcomes include the limit-
ed possibility to consider multiple other factors such as duration of 
disease, extent of catecholamine excesses, co-morbidities and con-
comitant medication use. Furthermore, it should be stressed, that 
the retrospective nature of most of the studies and the small num-
ber	of	included	patients	(that	reflect	in	many	instances	case	re-
ports) further limits the power of statistic evaluations. Finally, the 
wealth	of	germline	and	somatic	genetic	findings	in	PPGL	patients	
allows for future investigation of potential genotype/phenotype 
correlation also for metabolic alterations that might extent the 
prospect of precision medicine approaches. Only further clinical 
studies focused on this patient cohort will help us to elucidate these 
aspects, which due to the rarity of the tumor is not easy to achieve.

▶Fig. 1 Metabolic alterations documented in PPGL patients. The bold lines starting from PPGL represent metabolic alterations described in PPGL 
patients, which are reviewed in this manuscript (alterations of bone metabolism have been omitted to improve readability). Dashed lines represent 
indirect actions of PPGL related endocrine activity, while dotted lines provide hypothetic mechanisms of indirect action. Terms in brackets represent 
known physiological impact of catecholamines, which might contribute to the pathophysiology but had not been studied in PPGL patients. Abbrevia-
tions: AT, adipose tissue; FFA, free fatty acids; PPGL pheochromocytoma/paraganglioma.
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