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Abstract
Pheochromocytoma and paraganglioma are rare tumors of adrenals as well as the sympathetic and
parasympathetic paraganglia. Clinical presentation of these tumors depends on localization, secretory
profile and malignant potential. Four distinct syndromes - PGL1–4 - are related to mutations in the
succinate dehydrogenase gene – mitochondrial complex involved in electron transfer and Krebs
cycle. Here we describe etiology, genetics, as well as clinical aspects of SDH-related tumors. We
also describe recent discoveries in HIF-related pathway of tumorigenesis and mutations in new SDH-
related genes that have improved our understanding of this disease.
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Introduction
Pheochromocytomas (PHEOs) and paragangliomas (PGLs) are rare neuroendocrine tumors
with an estimated prevalence of 1:4500 and 1:1700 and with an annual incidence of 3 to 8 cases
per 1 million per year in the general population (1). PHEOs/PGLs arise from three anatomically
and functionally distinct parts of the neural crest derived sympatho-adrenal system: adrenal
medulla, sympathetic, and parasympathetic paraganglia. PHEOs are derived from the adrenal
gland; PGLs arise from parasympathetic- (most commonly along the cranial nerves (e.g.,
glomus tumors, chemodectoma, and carotid body tumor) and from extra-adrenal sympathetic-
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associated chromaffin tissues (often designated as extra-adrenal PHEOs). The later are
diffusely scattered throughout the human body explaining why these tumors may be found
practically in any location. Historic use of chromaffin positivity as a universal defining feature
of PHEOs/PGLs is somewhat misleading because parasympathetic PGLs are either weakly
positive or negative on chromaffin staining. However, these tumors are histologically identical
to adrenal medulla or sympathetic PGLs and, as recently described, are capable of
catecholamine production (2).

Between a quarter and one third of PHEO/PGL cases have familial etiology (3,4); this group
is heterogeneous and includes following syndromes: von Hippel-Lindau (VHL), multiple
endocrine neoplasia type 2 (MEN2), neurofibromatosis type 1 (NF1) and SDH mutation-
related tumors. The two most recent additions to this group include mutations in SDH5 and
propyl hydroxylase domain 2 (PDH2) genes (5,6) that, although extremely rare, are also
associated with PHEOs/PGLs. VHL, SDH and PDH-related PHEOs/PGLs seem to share the
same pseudohypoxia/angiogenesis pathways throughout tumorigenesis (7). Despite the fact
that different SDH mutations occur in single multi-unit enzyme, they express significant
phenotype heterogeneity. Their prevalence is estimated to lie between 10–30% of PGLs (8),
currently not well-known in apparently sporadic adrenal PHEOs. Historically, parasympathetic
glomus tumors were not seen as part of catecholamine-secreting sympathetic PHEO/PGL
syndrome, which caused some confusion with systematization of disease. Nevertheless, later
unifying classification or these tumors and discovery of SDH-related PHEO/PGL syndrome
propelled our understanding of tumorigenesis of PHEO and PGL in general.

Initial suggestion of genetic clustering of glomus tumors date back to the 1930s with Kroll et
al (9) in 1964 being one of the first to suggest a genetic predisposition to glomus tumor
development (10,11). Studying a Dutch cohort with head and neck PGLs (HNPGL), in 1989
van der May et al found the mode of inheritance to be autosomal dominant with maternal
imprinting in some cases (12). Later, several familial clusters of PHEO/PGL were described
and defined as paraganglioma syndromes PGL1 through PGL4. Further testing revealed PGL1
to be related to mutation in the SDHD gene on 11q23 (Table 1), PGL2 to SDH5 on 11q13.1,
PGL3 to mutation in SDHC on 1q21 and PGL4 to SDHB on 1p35–p36.1 (5,13–15).

Normal physiology of the SDH complex
Succinate dehydrogenase is a mitochondrial enzyme (also called as the mitochondrial complex
II), carrying dual function in the process of mitochondrial energy generation. It is anchored to
the inner mitochondrial membrane and consists of four functionally different subunits: A, B,
C, and D (Fig. 1 and Table 1). SDHA is a hydrophilic flavoprotein that serves as substrate
binding site and together with another hydrophilic SDHB forms the catalytic part of the enzyme
(16). Hydrophobic SDHC and SDHD serve as membrane anchors and ubiquinone binding site.
SDH differs significantly from other members of the mitochondrial electron transfer chain. It
is the only non-transmembrane complex and has no ability to transfer hydrogen ions through
the inner membrane into the intermembrane space. On the other hand, it is the only member
of the chain that has an additional role that consists of active participation in the tricarboxylic
acid (citric acid, Krebs) cycle. Putting these physiologic phenomena into practical perspective
will generate following:

A. Oxidative phosphorylation

1. Electron transfer chain (ET, oxidative phosphorylation pathway) is
represented by 5 protein complexes, responsible for electron transfer along
the affinity gradient chain that allows H+ transport from mitochondrial
matrix into the mitochondrial intermembrane space.
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2. H+ transport generates enough transmembrane gradient to allow ATP
synthase to generate ATP from ADP.

3. This pathway generates significantly more ATP compared to glycolysis (34
versus 2 per each glucose molecule) and provides the majority of cell's
energy requirements.

4. Malignant cells may preferably increase anaerobic glycolysis (Warburg
effect) as an additional adaptation mechanism for prevention of relative
tissue hypoxia in rapidly growing tumors.

B. SDH complex

a. SDH, on the other hand, converts succinate to fumarate (as part of Krebs
cycle) and captures/transfers electron (as part of electron-transfer chain) and
plays dual role in cellular energy homeostasis.

b. SDH functional duality is represented by the fact that it plays an important
role in both the glycolytic pathway and electron transfer.

C. Apparent paradox

1. Although one could imagine the electron transfer chain (ETC) to represent
an electron transfer consecutively through complexes I → II → III → IV →
V, both complexes I and II provide complex III with a single electron that
was acquired from different respective sources – NADH and FADH (see
Figure 1). This phenomenon of “double electron supplier”, suggests an
evolutionary need for crosstalk between oxidative phosphorylation and
glycolysis. To not underestimate the need for apparently secondary
importance of the SDH-related part of the chain, one should remember that
inactivating mutation in SDHA causes the same necrotizing encephalopathy
(Leigh syndrome) as mutation in any other complex of the ETC.

2. With this said, one can hardly not recognize a significant difference between
SDH and other parts of the ETC. It is the only non transmembrane complex,
the only non-proton pump, and while the main goal of electron transfer is to
generate enough H+-driven gradient for ATP synthesis, the hydroxylation
of succinate to fumarate actually generates intra-matrix H+ that can actually
diminish that gradient.

SDH-related genetics and tumorigenesis
Three out of four subunits of SDH complex are strongly associated with PHEO/PGL
development. In contrast, mutation in the catalytic subunit SDHA causes necrotizing
encephalopathy, which is caused by other mutations in genes involved in energy metabolism,
such as the rest of the members of electron transfer chain and components of pyruvate
dehydrogenase complex (17). Genes for SDHC, B, and D are nuclear and the mode of
inheritance is autosomal dominant with maternal imprinting for SDHD and inactivating
germline mutations result in loss of function of SDH. The precise mechanism of maternal
imprinting in SDHD is still debated (11).

As noted above, SDH-related tumorigenesis is believed to associate with HIF/angiogenesis
pathway, as has been suggested by Dahia (7,18). Apart from classic VHL and SDH-mutation
associated PHEO/PGL, tumorigenesis pathway includes recently discovered mutations along
this pathway like PDH2 and possibly KIF1B (6,19). This suggests that other proteins related
to the HIF pathway may later be found to associate with PHEO/PGL. Thus, for SDH-related
mutations, decrease in fumarate production and accumulation of succinate would be expected

Kantorovich et al. Page 3

Best Pract Res Clin Endocrinol Metab. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



with a significant decrease in the amount of SDH subunits. This decrease of protein with
resultant severe impairment of the SHD function and, therefore, an elevation in succinate levels
were shown in SDHB and SDHD PHEOs/PGLs (20–22). The accumulated succinate diffuses
back to the cytoplasm and inhibits prolyl hydroxylases (PHDs), resulting in further stabilization
of the HIF (23). There seems to be even more complex metabolic relationship between SDH
and HIF pathways (24). One would expect a phenotype similar to VHL, which is only partly
true (e.g. noradrenergic phenotype). Another interesting observations on genotype-phenotype
correlation show significant differences in clinical presentation among mutations in different
SDH subunits. While all SDH-related mutations result in near abolished SDH complex activity
(25), SDHB related tumors have a significant malignant potential and are commonly found in
the abdomen compared to SDHD and SDHC tumors that are almost always benign and
commonly found in the head and neck areas. One can argue that mutation in the catalytic subunit
should prevent the complex from any enzymatic activity, while inability to anchor would retain
some function within mitochondrial matrix. Suggestion that increased malignant potential of
SDHB tumors might be related to the Warburg effect might not hold true because it seems to
be pronounced in VHL rather than SDH related tumors (26). This could reflect a compensatory
mechanism in cases of HIF-driven pseudohypoxia with intact machinery for both oxidative
phosphorylation and electron transfer. On the other hand, Dahia showed in an animal model
of heterozygous SDHD mutation that there is an early upregulation of glycolytic enzymes that
differ from classic late Warburg effect (18). Favier et al. (26) found Warburg effect to be mostly
expressed in VHL-related tumors, while SDH counterparts showed increased expression of
glucose and hexose transporters.

Clinical presentation of SDH-related tumors
Numerous large multi-institutional or multi-national studies and reviews of national registries
have concentrated on the relative prevalence of different SDH related PHEOs/PGLs, as well
as their specific clinical features and malignant potential (8,27–29). In a recent large
prospective study, Burnichon et al. (30) supported previous findings of the high frequency of
SDHD and SDHC mutations in head and neck paragangliomas, as well as higher frequency of
abdominal and pelvic disease and overall malignancy in SDHB mutations. Both mediastinal
PGLs and PGLs of the large para-aortic paraganglion, described by Emil Zuckerkandl, usually
associate with SDHB or SDHD mutations (31,32). Pediatric PHEOs/PGLs seem to be familial
to greater degree than tumors in adults, mostly related to SDHB mutation and manifest with
more aggressive course – higher rate of malignancy and more metastatic disease on
presentation (Pacak et al. unpublished).

A. SDHB
SDHB mutations predispose to mainly extra-adrenal PHEOs with a high malignant potential
and, less frequently, to benign parasympathetic head and neck PGLs (27,28,33–36). Despite
the fact that 2/3 of SDHB patients present with extra-adrenal abdominal or thoracic disease,
primary presentation with adrenal PHEOs is still evident in these patients (30). Another 1/3 of
patients present with multifocal disease. The mean age at diagnosis of SDHB-related PGL is
about 30 years of age, however, there are several studies reporting a significantly younger age
(37,38). By age 40, 45% of SDHB mutation carriers show clinical signs of the disease (29).
Malignancy rates usually vary between 34–70% (27,28,35). If malignant sympathetic PGL
arises from an extra-adrenal primary tumor, the prevalence of SDHB mutation can reach close
to 50% (33).

Although most SDHB related tumors present with catecholamine excess, about 10% of SDHB
related tumors are “biochemically silent” or produce only dopamine (35,39). Morbidity of the
disease is most likely related to metastatic disease, rather than hypercatecholaminemia per
se. Younger age or metastatic disease at presentation, larger tumor size, and, to lesser extend,
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dopaminergic secretory profile and misssense mutation seem to associate with more aggressive
tumor behavior, but there is no clear phenotype/genotype correlation (34,35).

B. SDHD
SDHD related PHEO/PGL was first SDH-associate mutation to be found, in part due to the
large carrier cohort with Dutch founder mutation (13). SDHD mutations are typically
associated with multifocal parasympathetic head and neck PGLs and usually benign extra-
adrenal and adrenal PHEOs (27,34). A German-Polish cohort of 34 patients with SDHD
mutation showed that 53% of carriers had adrenal PHEO, while 79% had head and neck PGLs
(27). Metastatic pheochromocytoma is rare in SDHD mutation carriers for both sympathetic
and parasympathetic disease, but can occur (36,40). For example, the D92Y cofounder
mutation was described to be associated with malignant course of the disease, but additional
mutations with malignant potential have been described (41). SDHD-related PHEO/PGL
express more genotype-phenotype correlation, with reports of nonsense and splicing mutations
being associated with earlier disease development and the presence of PHEO in addition to
head and neck PGLs (42). One can argue that these mutations generate truncated protein or no
protein, while a missense mutation produces proteins with some remaining function.

C. SDHC
SDHC mutations are rare, and are almost exclusively associated with parasympathetic head
and neck PGL (8), although rare cases of SDHC-associated extra-adrenal PHEO have been
reported (43,44). Although sympathetic head and neck PGLs usually clinically behave like
benign sporadic counterparts, Niemann et al (45) described a patient with malignant
catecholamine-producing PGL of carotid bifurcation.

D. SDH5 (SDHAF2)
Recent developments in PGL2 represent a great finale for two seemingly independent stories.
PGL2 was described in 1980s in a large Dutch kindred with head and neck paragangliomas
(46). It was clearly familial and initially mapped to chromosome 11, but as other PGL
syndromes were successfully found to be related to specific gene mutations, one thing seem
to hold in relation to PGL2: it was not related to mutation in SDHA subunit – the only subunit
left without mutation causing PHEO/PGL. On the other hand, while a Utah group was working
on characterization of mammalian mitochondrial proteome, they found in yeast model that
SDH5 protein is heavily involved in flavination of SDHA subunit and its' mutation dramatically
affects SDHA function (15). Low and behold, when they decided to test the PGL2 kindred,
mutation in SHD5 at G78R was found in 45 members of this lineage with disease haplotype
and none in controls or lineage members without disease and without disease-specific
haplotype. Furthemore, mutation in SDH5 gene results in about 95% decrease in flavination
(attachment of FAD) of the SDHA and significant decrease in the overall SDH activity. Out
of 45, 33 subjects developed disease, while 11 did not. Of those 11, 7 have signs of SDHD-
type maternal imprinting, while the other 5 with paternal mutation might not developed disease
yet, probably because of age-related penetrance.

Despite excitement following this discovery and the fact that it advanced further our
understanding of the SDH complex, overall SDH5 mutation are very rare, with only one
additional family described thus far (47,48).

Diagnosis and treatment of SDH-related tumors
SDH-related PHEO/PGL represent a significant diagnostic challenge, because of several
disease-specific issues. SDH PGL is different from PHEO in general in the fact that tissue
expression of PMNT in these tumors is minimal, which means that the preferential
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catecholamine production is norepinephrine or dopamine (35,49,50). SDHB tumors may also
present as biochemically silent due to the lack of tyrosine hydroxylase (51). On the other hand,
parasympathetic head and neck PGLs may present with space-occupying complaints as a
leading symptom although recently, a frequent production of dopamine has been described in
these tumors, nevertheless with no clinical consequences (see above). Biochemical diagnosis
of SDH-related PHEO/PGL follows expert recommendations from the International
Symposium on Pheochromocytoma for initial biochemical testing that includes measurements
of fractionated metanephrines in urine or plasma, or both, as available (52,53). For non-
secreting parasympathetic, as well as secreting sympathetic tumors, measurement of
chromogranin A can be used as secondary diagnostic and follow up marker. Genetic testing
should be carried out in family members with SDH-related tumors, all cases of malignant
PHEO/PGL, early onset or multifocal disease, as well as in all cases of head and neck
paragangliomas.

SDH-related tumor localization studies should be carried out after biochemical diagnosis
suggested existing disease in agreement with diagnostic approach to other PHEOs/PGLs. It
should be stressed that in non-secreting PGLs, imaging should be initiated whenever PGL is
suspected (e.g. palpable nodule in the neck, family history). Both CT scan and MRI techniques
are sensitive anatomical imaging modalities (54), but lack specificity. Functional imaging
techniques, on the other hand, are able to show functional tissue based on following physiologic
phenomena: a] 123I-metaiodobenzylguanidine (MIBG) and 18F-fluorodopamine scintigraphy
– images abnormal tissue through isotope uptake by cell membrane norepinephrine
transporters; b] 18F-fluorodihydroxyphenylalanine positron emission tomography (PET) that
images cells through catecholamine-production-related amino acid uptake; and c] 18F-
fluorodeoxyglucose PET shows tumors through isotope uptake through glucose transporters
and hexokinase activity. The last imaging modality, although it lacks tissue specificity, is
efficient in showing metabolically active tissues and is especially efficient in aggressive
malignant disease such as SDHB-related PGL (so called “flip-flop” phenomenon) (35).
Although preferential aerobic glucolysis (Warburg effect) was thought to explain this
phenomenon, a recent study showed it to be preferentially expressed in VHL compared to
SDH-related tumors (26), which suggests that increased glucose uptake in the later may be
related to increases in glucose and hexose transporters rather than to changes in glycolysis.
Other imaging modalities include 111In-pentetreotide scintigraphy, another less specific
technique, based on cellular expression of somatostatin receptors, which may be useful in
patients with metastatic disease (27,34). Differential expression of different subtypes of
somatostatin receptor may improve sensitivity of this technique in the future. Another major
development in somatostatin receptor scintigraphy is development of new chelating agents that
allow use of novel isotopes. Two major restrictions, on the other hand, are availability of strong
nuclear radiochemist and state/facility restrictions on use of particular isotopes.

The mainstay in the treatment any PHEO/PGL is surgical resection, which can be done either
conventionally or through laparoscopy. Pre-operative management is aimed at the prevention
of catecholamine-induced complications like hypertrnsive crisis and cardiac arrythmias. It is
imperative to remember that head and neck PGLs may be either syptathetic or parasympathetic
and ratain ability to synthesize catecholamines, which makes adequate testing and appropriate
pre-oprative preparation absolutely necessary. With adequate pharmacological preparation,
operative mortality is down to below 1% (55). For sympathetic PHEO/PGL authors prefer to
combine an α-adrenoceptor blocking agent (phenoxybenzamine, doxazosin, prazosin, and
others), a β-adrenoceptor blocking agent (propranolol, atenolol), and α-methyl-paratyrosine,
an inhibitor of catecholamine synthesis. Life-expectancy after surgery of benign PGL, in
general is either normal (56) or mildly decreased (57) as compared with the general population.
Post-operative follow-up with bi-annual measurement of blood pressure and annual plasma or
urine metanephrines, as well as annual MRI or CT of the neck, thorax, abdomen, and pelvis
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should continue indefinitely. Patients with larger tumors (≥ 5 cm) should initially be followed
every 3 months. The value of chromogranin A as a follow up marker is still debated, but in
cases with significant preoperative values, it could probably represent initial tumor burden and
could turn out to be of good sensitivity.

There is no effective treatment for malignant tumors. The usefulness of surgical debulking of
tumor tissue has not been established. Treatment with therapeutic doses of 131I-MIBG or
combination chemotherapy (cyclophosphamide, vincristine, and darcabazine) may induce
(partial) responses (58–60). High dose of 131I-MIBG High doses of 131I-MIBG are associated
with higher remission and cure rates than lower doses (60). In addition, a new highly specific
activity Ultratrace™ [131I]-iobenguane (Azedra, Molecular Insight Pharmaceuticals Inc.) is
undergoing a Phase II clinical trial and preliminary data is promising (61). External beam
irradiation can be useful in the treatment of local tumor complications. Symptomatic treatment
by decreasing catecholamine burden can be obtained with α-adrenergic blockers and α-methyl-
paratyrosine. The prognosis after diagnosis of metastatic PGL is highly variable, with an
estimated 5-year survival rate of 50% (62). Specific data on SDHB-associated malignant PGL
are lacking. In our experience, survival among these patients is highly variable as well. In one
case, prolonged survival exceeding 30 years has been reported (63).

Summary

• SDH-related PHEO/PGL are rare, but potentially lethal conditions

• SDH is a mitochondrial complex participating in both electron transfer and the
Krebs cycle

• There are 4 PGL syndromes, related to mutations of different succinate
dehydrogenase subunits

• Biochemically these tumors can be secretory or silent

• Some of these tumors – especially SDHB-related tumors – carry significant
malignant potential
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Figure 1.
Q Ubiquinon
I–V ECT complexes
C Cytochrome c
H+ Hydrogen ion
ADP/ATP Adenosine di/triphosphate
S succinate
F fumarate
A, B, C, D Succinate dehydrogenase subunits
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Figure 2.
18F-FDOPA was used to localize five head and neck paragangliomas: Right (1) and left (2)
glomus jugulare tumors; a left glomus vagale tumor (3); and left (4) and right (5) carotid body
tumors.
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