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Editorial on the Research Topic

Recent advances in pheochromocytoma and paraganglioma: molecular
pathogenesis, clinical impacts, and therapeutic perspective, volume Il

This Research Topic encompasses current perspectives on the molecular mechanisms,
genetics, clinical manifestations, and novel therapeutic management of Pheochromocytomas
and Paragangliomas (PPGLs). In the previous Research Topic, Recent Advances in
Pheochromocytoma and Paraganglioma: Molecular Pathogenesis, Clinical Impacts, and
Therapeutic Perspective, i.e. knowledge of the molecular and genetic spectrum,
mechanisms of complications, and novel therapeutic options of PPGLs were illustrated.
The knowledge of PPGLs has been advancing; thus, in this Research Topic, we have updated
the current understanding of PPGLs.

PPGLs are relatively rare neuroendocrine tumors derived from chromaffin cells in the
adrenal medulla and/or autonomic nervous system ganglia. Their clinical importance,
including various associated complications, is due to catecholamine excess (1, 2). Moreover,
PPGLs could lead to pheochromocytoma multisystem crisis (PMC), which is a life-
threatening endocrine emergency with reported mortality as high as 85-90% (3). Thus,
updated knowledge of management of PPGLs, especially based on the molecular
mechanisms and genetics, is necessary. Meanwhile, according to the WHO’s
classification in 2017, all pheochromocytomas could have metastatic potential and no
histological system to assess the biological aggressiveness. Hence, “Malignant
pheochromocytoma” in the 2004 WHO classification was replaced with “Metastatic
pheochromocytoma” in the 2017 WHO classification (4). Considering the above, an
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updated understanding of clinicopathological advances and the
management of PPGLs, mainly based on molecular mechanisms
and genetics, is necessary (2, 4-7).

In this Research Topic, Saavedra et al. reviewed the clinical
presentation, management, and treatment of patients with PPGLs.
In this review article, early diagnosis, combined with an
understanding of the genetic landscapes and comprehensive
treatment strategies, was described as necessary to improve
outcomes for patients with PPGLs. Nevertheless, surgery is the
mainstay of treatment for patients with PPGLs. The utilization of
Da Vinci robot-assisted laparoscopic surgery contributed to a
favorable prognosis for a patient. In addition, Yang et al. reported
a case of paraganglioma with a newly detected EPASI mutation,
which may be the primary driver of the disease.

Some therapeutic options in patients who could not receive
surgery and/or have metastatic PPGLs have been reported in this
Research Topic. For example, Cyclophosphamide-Vincristine-
Dacarbazine (CVD) chemotherapy is a conventional therapeutic
option and was reported to be the first-line treatment for PPGLs
with SDHB-mutation previously (8). Zhang et al. performed CVD
chemotherapy for a patient with metastatic paraganglioma having
SDHB-mutation and treated it very effectively.

Recently, radiotherapy for metastatic PPGLs has evolved. Gubbi
et al. performed a phase 2 trial of ['”’Lu]Lu-DOTA-TATE therapy
of somatostatin receptor (SSTR)-2+ on patients with inoperable/
metastatic PPGLs and evaluated the abnormalities in the immediate
post-treatment period. This study indicates that ['”/Lu]Lu-DOTA-
TATE therapy is associated with alterations in endocrine function
likely from radiation exposure to SSTR2+ endocrine tissues, and
these could cause clinically significant endocrinopathies. The
information from this investigation should be important for the
patients who receive ['””Lu]Lu-DOTA-TATE therapy.

Furthermore, the advances of molecular mechanisms and
genetics with PPGLs have led to novel therapeutic management,
such as tyrosine kinase inhibitors, as reviewed by Saavedra et al. In
addition, the relationship between PPGLs and other diseases has
been reported. In this topic, Dai et al. reported a patient with
pheochromocytoma and Langerhans cell histiocytosis (LCH), who
had EPASI mutation (pheochromocytoma) and RAD54B mutation
(LCH). Wang et al. also reported a patient with paraganglioma and
higher IL-6 value, who had KIFIB mutation. Moreover, Li et al.
reported a patient with metastatic pheochromocytoma and without
typical symptoms of catecholamine excess, who had DLST
mutation. Thus, it is unclear whether the gene mutation is the
cause of the phenotype/complication/co-existing disease. Future
advances might explain the mechanism.

Besides, Malgorzata et al. investigated a patient with
pheochromocytoma, whose ACTH and cortisol values were
elevated. Previously, ACTH-producing pheochromocytomas were
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reported (9, 10). However, the patient described by Malgorzata et al.
was negative for ACTH (and CRH). Hence, they described that
catecholamine excess could activate the hypothalamic-pituitary-
adrenal (HPA) axis. Considering the various complications of
PPGLs, the phenotype of this case should be taken into
consideration.

In conclusion, the information presented in this Research Topic
provides updated perspectives of the molecular mechanisms and
genetics of PPGLs and their unveiled clinicopathological
implications. These enrich the perspectives of PPGLs, which
could lead to improved clinical outcomes for patients with PPGLs.
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Case Report: A novel EPAS1
mutation in a case of
paraganglioma complicated
with polycythemia and atrial
septal defect
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Background: Paraganglioma is a rare neuroendocrine tumor and is highly
associated with hereditary susceptibility genes, often occurring as part of a
genetic syndrome. The genetic heterogeneity of paraganglioma poses
challenges in diagnosis, counseling, and clinical management.

Case summary: We present the case of a 60-year-old woman with hypertension,
atrial septal defect, and polycythemia, who experienced paroxysmal palpitations,
sweating, headache, abdominal pain, nausea, and vomiting. Her blood pressure
was severely unstable. Blood laboratory tests revealed elevated catecholamine
levels, contrast-enhanced CT of her whole abdomen showed a round
retroperitoneal mass with soft tissue density, and somatostatin receptor
imaging (68Ga PET-CT) indicated a retroperitoneal mass with abnormally
increased expression of somatostatin receptor. It is interesting to note that
whole exome sequencing (WES) analyses on both blood and tumor samples
revealed a novel EPASI mutation, specifically the c.2501A > G; p.Tyr834Cys
variant, which has never been reported. The patient was diagnosed with
paraganglioma and underwent successful Da Vinci robot-assisted laparoscopic
resection of the retroperitoneal tumor. During a 3-month follow-up period, her
blood pressure stabilized, and her symptoms significantly improved.

Conclusion: This case reveals that the EPSAI mutation may be the primary driver
of paraganglioma complicated by atrial septal defect and polycythemia.
Additionally, the utilization of Da Vinci robot-assisted laparoscopic surgery
contributed to a favorable prognosis for the patient.

KEYWORDS

paraganglioma, EPAS1, hypertension, atrial septal defect, polycythemia
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1 Introduction

Paraganglioma is a rare neuroendocrine tumor arising from
chromaffin tissues in the extra-adrenal sympathetic and
parasympathetic nervous systems outside the adrenal glands (1, 2).
The clinical signs of paraganglioma often lack specificity and occur
intermittently, including intermittent palpitations, hypertension, and
metabolic abnormalities, leading to diagnostic delays. Catecholamine
crisis and catecholamine-induced cardiomyopathy (CICMP)
secondary to paraganglioma may be life-threatening.
Paraganglioma is strongly associated with hereditary susceptibility
genes, and it constitutes a part of a genetic syndrome in
approximately one-third to one-half of cases (3). Therefore,
prevailing guidelines recommend the consideration of genetic
testing for all patients suffering from paraganglioma by accredited
laboratories (4, 5). The genetic heterogeneity of paraganglioma poses
considerable challenges in genetic diagnosis, counseling, and clinical
monitoring of patients with this condition (6). In this article, we
present an uncommon and critical case of paraganglioma
complicated with polycythemia and atrial septal defect. The patient
exhibited symptoms of abnormally fluctuating hypertension and
heart failure and subsequently developed secondary catecholamine
cardiomyopathy. A novel mutation of EPASI, not previously
reported, was detected in her blood and tumor samples.
Catecholamine cardiomyopathy was significantly improved after
the surgical removal of the paraganglioma.

2 Case presentation

A 60-year-old woman presented at our institution with
paroxysmal palpitations, sweating, headache, abdominal pain,
nausea, and emesis. Approximately a decade prior, she
experienced recurrent paroxysmal palpitations and diaphoresis
without apparent etiology, which showed limited improvement
with symptomatic management. One month ago, her palpitations
and diaphoresis intensified, accompanied by headache, abdominal
pain, nausea, and vomiting, without chest pain or syncope.
Transthoracic echocardiography (TTE) performed at a local
hospital revealed an atrial septal defect, prompting her admission
to our facility. Throughout her hospitalization, her blood pressure
exhibited severe instability, with the highest recorded reading
reaching 251/168 mmHg and the lowest recorded reading
dropping to 70/43 mmHg. Her medical history included a 2-year
diagnosis of hypertension, managed with controlled-release
nifedipine and irbesartan hydrochlorothiazide tablets, as well as a
1-year use of Tibetan medicine for diabetes and previous surgical
treatment for gallstones. The patient is a non-smoker and does not
consume alcohol. Her older brother had a history of atrial septal
defect, and her parents passed away due to undisclosed causes.

During the physical examination, the patient exhibited a body
temperature of 36°C, a heart rate of 114 beats per minute (bpm), a
blood pressure of 163/115 mmHg, a respiratory rate of 20 breaths per
minute, and a body mass index of 18.7 kg/m>. No evidence of hepato-
jugular reflux with jugular venous distension was observed, and there
were no signs of moist rales or wheezing in either lung field. A cardiac
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examination revealed tachycardia with a regular rhythm and no
audible cardiac murmurs. The abdomen exhibited softness, and the
presence of a mass was scarcely palpable. Furthermore, there was no
evidence of edema in the lower extremities.

Blood laboratory tests revealed a notable elevation in catecholamine
levels, including epinephrine at 7,241.6 pmol/L (normal range, 0-605.4
pmol/L), norepinephrine at 69,645 pmol/L (normal range, 414-4,435.5
pmol/L), dopamine at 575.3 pmol/L (normal range, 0-195.7 pmol/L),
metanephrine at 3.01 nmol/L (normal range, 0-0.5 nmol/L), and
normetanephrine exceeding 20.56 nmol/L (normal range, 0-0.9 nmol/L).
At the same time, the resin-angiotensin-aldosterone system (RAAS),
adrenocorticotropic hormone, cortisol, and dehydroepiandrosterone sulfate
exhibited normal values. Urinary measurements demonstrated elevated levels
of epinephrine at 123.03 nmol/24 h (normal range, 431-61.6 nmol/24 h)
and norepinephrine at 2,488.95 nmol/24 h (normal range, 60-352 nmol/
24 h), while dopamine remained within normal limits. Additionally,
Troponin-T levels were elevated at 245.8 pg/ml (normal range, 0-14 pg/
ml), CK-MB at 5.74 ng/ml (normal range, 0-2.88 ng/ml), and N-terminal
prob-type natriuretic peptide (NT-proBNP) at 11,411 pg/ml (normal range,
0450 pg/ml). Hematocrit levels in the blood routine indicated 56.7%, with a
hemoglobin level of 195 g/L.

The 12-lead electrocardiogram demonstrated sinus rhythm
(Figure 1A). TTE revealed the presence of an atrial septal defect,
a thickened ventricular septum measuring 13 mm, mild mitral and
tricuspid regurgitation, reduced left ventricular systolic function,
and an ejection fraction (EF) of 46% (Figure 1B). Contrast-
enhanced CT of the entire abdominal region showed a round
retroperitoneal mass with soft tissue density, measuring
approximately 4.5x2.5 cm, exhibiting notable heterogeneous
enhancement. Considering these findings, the possibility of a
neurogenic tumor was considered (Figure 1C). To better assess
the mass’s relationship with adjacent structures, a three-
dimensional reconstruction of the retroperitoneal mass in the
abdomen was performed, revealing its proximity to the inferior
vena cava, aorta, portal vein, right renal artery, and left renal artery
(Figure 1D). Somatostatin receptor imaging (68Ga PET-CT)
indicated abnormally increased expression of somatostatin
receptor in the retroperitoneal mass, consistent with the
appearance of paraganglioma, and no evidence of tumor
metastasis elsewhere in the body (Figure 2).

Upon admission, the patient’s symptoms and examination results
led to the diagnosis of paraganglioma, catecholamine cardiomyopathy,
hypertensive crisis, atrial septal defect, and diabetes. Treatment was
initiated with nifedipine controlled-release tablets, phenoxybenzamine,
metoprolol sustained-release tablets, and immediate restoration of
circulating volume. Subsequently, the frequency of symptoms such as
palpitations, sweating, and headache notably decreased. Additionally,
there was a significant improvement in cardiac function, evidenced by a
decrease in NT-proBNP from a maximum of 18,128 pg/ml to 187.6 pg/
ml, a reduction in Troponin-T from a maximum of 320 pg/ml to 17.6
pg/ml, heart rate fluctuations within the range of 60-70 bpm, and
blood pressure maintained below 140/90 mmHg. Following
evaluations by cardiologists and urologists, the patient underwent Da
Vinci robot-assisted laparoscopic resection of the retroperitoneal
tumor. During the operation, the grayish-white tumor measuring
4.0 cm X 3.0 cm was successfully removed with intact encapsulation.
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FIGURE 1

(A) 12-lead electrocardiogram shows sinus rhythm, and no significant ST-T changes. (B) Transthoracic echocardiography shows the white arrow
indicate the atrial septal defect, which shows a discontinuity in the continuity of the middle atrial septum and a shunt from left to right. (C) Abdomen
contrast-enhanced CT shows the white arrow indicate a round retroperitoneal mass with soft tissue density (@about 4.5x2.5cm in size) and marked
heterogeneous enhancement. (D) 3D reconstruction of the retroperitoneal mass shows the yellow mass indicated by the white arrow is the
retroperitoneal mass, the red is the artery, the blue is the vein, and the sky blue is the portal vein. The retroperitoneal mass is closely adjacent to the

inferior vena cava, aorta, portal vein, right renal artery and left renal artery.

Hematoxylin—eosin staining of tumor tissue showed characteristic
“Zellballen” architecture of tumor cells. Postoperative pathological
examination confirmed the diagnosis of paraganglioma (Figure 3).

Owing to the significant association between paragangliomas
and hereditary susceptibility genes, whole exome sequencing (WES)
was performed on venous whole blood and tumor samples of the
patient. All suspicious mutations were identified in both sample
types and thus considered as germline ones, and no additional
potential somatic mutations associated with pheochromocytomas
and paragangliomas were identified with a frequency higher than
5%. This analysis successfully detected germline EPASI mutations,
specifically identifying the ¢.2501A > G; p.Tyr834Cys mutation in
the 16th exon of the EPASI gene. Additionally, the patient
presented with germline ACTN2 (c.971G > A; p.Arg3244Gln) and
DSC2 (c.898A > G; p.Thr300Ala) mutations. Concurrently, the
patient’s brother provided oral epithelial cells through a buccal swab
for WES, revealing consistent gene mutation sites with the patient.
We predicted the protein structures of the EPASI wild type and
mutant shown on the 3D model (Figure 4).

We conducted a 3-month follow-up after the surgery to assess
the therapeutic outcomes. Throughout this period, the patient did
not experience any episodes of paroxysmal palpitations,
diaphoresis, or headaches. The treatment consisting of nifedipine
controlled-release tablets, phenoxybenzamine, metoprolol
sustained-release tablets, and sacubitril valsartan was continued,
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resulting in blood pressure control within the range of 125-150/78-
95 mmHg, while the heart rate fluctuated between 70 and 85 bpm.
Following the resection of paraganglioma, a repeat TTE
demonstrated that the interventricular septal thickness had
decreased from 13 mm to 12 mm, and the EF had increased from
46% to 63%. These findings indicated a significant improvement in
cardiac function following the administered treatment.

3 Discussion

Pheochromocytoma and paraganglioma are rare catecholamine-
producing neural crest tumors derived from neuroendocrine
chromaffin cells. According to a study conducted in Canada, the
overall incidence of pheochromocytoma or paraganglioma was 0.66
cases per 100,000 people per year. The prevalence of
pheochromocytoma and paraganglioma increased with age, with
the highest occurrence observed among individuals aged 60-79
years (7). Most paragangliomas are located in the thoracic and
abdominal sympathetic nerves, and retroperitoneal paragangliomas
account for more than 50% of all cases, with functional
paragangliomas comprising 15%-24% of cases (8). Paragangliomas
primarily secrete catecholamines, including epinephrine,
norepinephrine, and dopamine. The typical clinical manifestations
of paraganglioma are paroxysmal palpitation, headache, sweating,
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FIGURE 2

Somatostatin receptor imaging (68Ga PET-CT). The yellow arrow indicated a retroperitoneal mass with abnormal increased expression of somatostatin
receptor was consistent with the appearance of paraganglioma
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FIGURE 3
Histopathologic pictures of the retroperitoneal mass. Hematoxylin-eosin staining showed characteristic "Zellballen" architecture of tumor cells
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FIGURE 4

(A) EPAS1 wild type was predicted by AlphaFold2. The green color in
the figure represents the tyrosine at position 834 of the EPAS1 wild
type encoded protein. (B) EPAS1 mutant was predicted by tFold. The
green color in the figure represents the cysteine at position 834 of
the EPAS1 mutant encoded protein.

pallor, tremors, and anxiety, often accompanied by episodic or
sustained hypertension (9, 10). Neuroendocrine paragangliomas
may exhibit atypical symptoms or remain asymptomatic, leading to
delayed diagnoses. However, in the case of this patient, the presence
of characteristic symptoms such as palpitation, headache, and
hypertension, along with significantly elevated catecholamine levels
and the identification of a retroperitoneal mass, raised strong
suspicion of a functional paraganglioma, facilitating an expeditious
confirmation of the diagnosis.

The majority of hereditary paragangliomas are caused by
pathogenic variants in genes such as SDHD, SDHB, SDHC, VHL,
and NF1I (2). Therefore, patients diagnosed with paraganglioma should
undergo SDHx mutation testing, while those with metastatic disease
should undergo SDHB mutation testing. EPASI mutations have been
reported in human congenital heart disease and polycythemia (11).
Recently, genetic and constitutional mutations of EPASI have been
discovered to be connected to the pathogenesis of pheochromocytoma
and paraganglioma (12). Gene sequencing of tumor tissue in
paraganglioma patients with paraganglioma has revealed that
approximately 7% of cases exhibit EPAS] mutations, particularly the
c.1091A>T (p.Lys364Met) variant. Notably, these mutations were
detected in tumor tissues but not in non-neoplastic adrenal tissues.
Additionally, mutations of EPASI may contribute to the progression of
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this group of tumors ascribed to the association of the mutations with
high tumor weight and larger tumor size (6). Another study reported a
gain-of-function somatic pathogenic variant of EPASI in four of five
patients (80%) with pheochromocytoma and paraganglioma who
presented with cyanotic congenital heart disease; one of the four
patients had paraganglioma with ¢.1592C>G (p.Pro531Arg)
mutation (13). Based on previous studies, the presence of the EPASI
mutation in this patient suggests a potential association with
paraganglioma, polycythemia, and atrial septal defect. It is
encouraging that this variant represents a novel mutation site that
has not been reported before.

It is noteworthy that the patient and her brother exhibit two
additional genetic variants: ACTN2 and DSC2. These genes are
implicated in cardiac abnormalities such as hypertrophic
cardiomyopathy, dilated cardiomyopathy, and arrhythmias.
Therefore, it is not certain whether they are involved in the
mechanism of atrial septal defect formation. However, ACTN2
and DSC2 mutations have not been reported to be associated with
paraganglioma, atrial septal defect, or polycythemia. This further
strengthens our suspicion that the EPSAI mutation may be the
primary driver of the disease in this patient.

Our case does have certain limitations. The patient’s brother,
who also carries the same heterozygous mutation sites and has atrial
septal defect without polycythemia, has not exhibited similar
paraganglioma symptoms and has not undergone abdominal CT
to date. It is unknown whether he possesses a nonfunctional
paraganglioma. Consequently, the precise association between the
novel EPASI mutation and paraganglioma complicated by
polycythemia and atrial septal defect remains inconclusive.
Further follow-up is essential to elucidate the clinical significance
of this novel mutation site.

Surgical resection of the tumor is the primary treatment for
paraganglioma. However, it is crucial to stabilize blood pressure
with o adrenoceptor blockers and subsequently introduce 3
adrenoceptor blockers to stabilize tachycardia before surgery to
avoid inducing catecholamine crisis (5). Phenoxybenzamine is often
preferred due to its long half-life, compared to phentolamine, which
can be started once hemodynamic stability has been achieved.
Angiotensin receptor neprilysin inhibitor (ARNI) may also play a
role in managing heart failure and hypertension in patients with
pheochromocytoma or paraganglioma, as it has been reported to be
effective in the follow-up of patients without pheochromocytoma
resection (14). Excellent preoperative management strategies
combined with optimal surgical methods can minimize surgical
complications and improve the prognosis of patients. In this
particular case, considering the challenging location of the tumor
due to its proximity to the surrounding blood vessels, the urologist
choose the Da Vinci robot-assisted laparoscopic surgery. During the
procedure, the robotic arm enabled easy access to the tumor.
Moreover, the three-dimensional vision clearly delineated the
vascular anatomy surrounding the tumor. Compared to standard
laparoscopic procedures, Da Vinci robot-assisted laparoscopic
surgery offers greater precision, reduced invasiveness, and faster
postoperative recovery. It is worth noting that there are limited
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reports regarding the use of this surgical modality in the treatment
of paragangliomas.

4 Conclusions

Paraganglioma is a rare neuroendocrine tumor and highly
associated with hereditary susceptibility genes. In this case, we have
identified a novel EPASI mutation in patients with paraganglioma,
which may have significant implications in the pathogenesis of the
disease, particularly in cases complicated by atrial septal defect and
polycythemia. This finding adds to the growing body of knowledge
regarding the genetic basis of paragangliomas. Furthermore, the
utilization of Da Vinci robot-assisted laparoscopic surgery has
demonstrated its potential to contribute to favorable outcomes in the
management of paragangliomas. Although the application of this
technique in paraganglioma treatment is relatively limited, it shows
promise as an effective surgical modality. Continued follow-up and
further research are necessary to better understand the clinical
significance of the novel EPASI mutation and its association with
paraganglioma, atrial septal defect, and polycythemia.
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Case Report: A 65-year-old man
with paraganglioma
accompanied by elevated
interleukin-6 levels and KIF1B
single gene mutation
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University, Harbin, Heilongjiang, China

Paraganglioma is a less prevalent disease, and paraganglioma with only secreting
interleukin-6 (IL-6) has not been previously reported. A 64-year-old male patient
came to the hospital with the chief complaints of fever and palpitations. The peak body
temperature was 38.7°C (101.66°F). Heart rate was 110 bpm, while blood pressure was
in the normal range. Antibiotics and antiviral therapies were ineffective. The levels of
blood IL-6, C-reactive protein (CRP), alkaline phosphatase (ALP), platelets (PLT),
glutamyltransferase (GGT), fibrinogen, and D-dimer were all elevated. Infectious
diseases, auto-immune diseases, and hematological malignancy were all excluded.
Nearly 10 years ago, a large retroperitoneal mass of the patient was detected by
accident. Fortunately, there have been no special symptoms for the past 10 years after
regular follow-up. After admission this time, PET-CT was performed. A large
confounding density mass at the upper part of the abdominal and retroperitoneal
area was seen, and the possibility of paraganglioma was considered. However,
biochemical assays for blood and urine catecholamine and their metabolites
including adrenaline, norepinephrine, 3-methoxytyramine, methoxyepinephrine,
methoxynorepinephrine, and vanillylmandelic acid were all in normal range in spite
of mild elevated dopamine with no significance. The whole-exome capture and
sequencing of the genomic DNA of the patient showed a heterozygous mutation in
the coding site of KIF1B gene (Coding: NM_015047.3:c.4660G>C, Mutation:
p.Vall554Leu; chromosomal location was chrl: 10428570). The mutation at this
locus of KIF1B has not been reported previously. The patient refused the surgical
treatment. Because the mass burdens several important organs including the
pancreas, the risk of surgery was high. Doxazosin was then administered to the
patient. After taking doxazosin, the symptoms disappeared rapidly. Body temperature
returned to normal range in 3 days. Heart rate decreased to approximately 90 bpm. In
the following days, the levels of IL-6, CPR, ALP, platelets, GGT fibrinogen, and D-dimer
continued to decrease. After 63 days of taking doxazosin, IL-6 level was completely
normal. After 190 days of medication, hemoglobin (Hb) and GGT levels also returned
to the normal range. After 1 year onset, the patient again underwent a blood test.
Almost all blood indexes were in the normal range including IL-6.
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Introduction

Paraganglioma and pheochromocytoma were a family of rare
neuroendocrine tumors. They arise from the sympathetic/
parasympathetic neural ganglia and chromaffin cells of the adrenal
medulla, respectively. The clinical manifestations include
hypertension, headache, and palpitations, but owing to different
loci, the manifestations are heterogeneous (1-4). Paraganglioma
not only diversified its symptoms, but also occurs in various
locations. It can appear in the retroperitoneum, duodenum, and
even the middle ear (5). In previous case reports, despite the variety of
symptoms and different locations of paraganglioma, patients would
have a significant increase in catecholamines or their metabolites,
along with an elevation of cytokines, including IL-1, IL-6, and TNF-o.
(6). However, we diagnosed a patient with retroperitoneal
paraganglioma with only an increase in serum IL-6 levels without
elevated levels of catecholamines and their derivatives. The patient
presented only with a monogenic mutation in KIF1B. This patient
had only fever and palpitations as the main symptoms, without
hypertension and headache. After treatment with doxazosin, the
symptoms disappeared and abnormal indicators returned to
normal levels in this case report.

Case presentation

A 65-year-old male patient presented to our hospital due to
fever, palpitations, and fatigue in February 2022. The peak body
temperature of the patient was 38.7°C. There is no hypertension but
tachycardia was present during physical examination at admission
time. Blood routine test showed that neutrophilic granulocyte was
slightly higher than the normal range. To rule out infectious
diseases, bacteria blood cultures, hepatitis, HIV, syphilis, Brucella,
and COVID-19-related indexes were tested. Chest CT scanning did
not give any evidence of respiratory infectious disease. Even high-
throughput DNA and RNA sequencing of pathogenic
microorganisms was also checked, but no positive results were
obtained. Rheumatic and autoimmune diseases were also excluded.

The patient had anemia, and the hemoglobin level was very low.
The blood routine showed microcytic hypochromic anemia: 70 g/L|
(reference range: 110-160 g/L), red blood cell level 2.96 x 10'*/L]
(reference range: 2.5-5.5 X 10'%/L), MCV 79.8 fl| (reference range:
80-100 fl), MCH 24.2 pgl (reference range: 27-34 pg), and MCHC
304 g/L| (reference range: 320-360 g/L). Therefore, after further
improving the inspection, it was found that the iron level was 2.5
pmol/L| (reference range: 10.6-36.7 wmol/L) and the ferritin level
was 472 ng/mlf (reference range: 21.81-274.66 ng/ml). Bone
marrow image analysis showed proliferative anemia, decreased
iron in iron staining, negative bone marrow culture, and no
abnormal cells such as plasma cells and hemophagocytic cells,
suggesting that the anemia was only caused by chronic wasting
disease. Therefore, anemia and fever caused by rare blood diseases
such as Castleman disease and HLH were excluded. We also found
that the patient’s CRP was significantly elevated: 117 mg/Lt
(reference range: 0-6 mg/L). We tried to give the patient a variety
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of antibiotics such as cephalosporins, carbapenems, and antiviral
drugs, but the patient’s fever did not improve.

The patient’s abdominal ultrasound revealed a large mass in the
abdominal cavity. Reviewing the patient’s medical history, because of
the routine physical examination, the patient indicated a huge
abdominal mass by CT in December 2012, whose size was
approximately 105 mm x 68 mm. The patient was hospitalized in
the oncology department and interventional department of our
hospital in January 2013, and the improved three-dimensional
enhanced CT imaging of the abdomen suggested space-occupying
lesions in the right abdominal cavity and retroperitoneal area with
rich blood supply. The possibility of paraganglioma or vascular
lesions was considered. The size was approximately 100 x 140 mm,
which seemed to have unclear boundary with the inferior vena cava.
The surrounding tissues were compressed and displaced, and there
was no indication of lymphadenopathy. At this time, the blood
routine, coagulation, and liver function of the patient were normal,
and there were no symptoms of fever and palpitation. The patient’s
gastroscopy showed that there were nodular bulges in the gastric
body, surface erosion, rigidity of the surrounding mucosa, easy
bleeding when touching, and narrow gastric cavity in the lesion
area. However, pathological examination at the gastric bulge only
suggested gastric fundus gland polyps. Because the patient had no
obvious discomfort, the paraganglioma volume was very large,
multiple organs were compressed, and the operation was high risk,
the patient and his family members did not agree to the operation.

In September 2021, the patient was hospitalized in the
dermatology department due to a large area of eczema. After
treatment with betamethasone injection, he developed systemic
edema, dyspnea, and palpitations. Then, the patient was
transferred to the cardiology department for diagnosis and
treatment. Cardiac color ultrasound suggested that the right
chamber of the right atrium was significantly enlarged, with lax
tricuspid closure with severe regurgitation. The main pulmonary
artery and branches were wider, with pulmonary hypertension
(severe). The systolic pressure of pulmonary artery was
approximately 96 mmHg, and the right heart function was
reduced. The patient’s heart rate was 96 bpm. The blood gas
analysis showed a pO, level of 54 mmHg (reference range: 80-
100 mmHg) and a pCO, level of 34 mmHg (reference range: 35-45
mmHg), which was type I respiratory failure. Blood findings
indicated anemia, unprompted infection, increased platelet count,
abnormal liver function, and increased CRP levels. Right heart
catheterization was performed, with a measured pulmonary artery
pressure of 44/22/31 mmHg, a total pulmonary resistance of 5.0
wood units, and a pulmonary vascular resistance of 3.06 wood units.
The pulmonary angiography indicated that bilateral pulmonary
artery blood flow slowed down, venous reflux slowed down, and
distal occlusion of the right pulmonary artery was A10.

After discharge from the cardiology department, the patient
continued oral rivaroxaban 10 mg daily for anticoagulation and
polysaccharide iron complex 0.3 g daily to correct anemia.
However, in January 2022, the patient had a hemoglobin level of
93 g/L| and had no significant improvement in anemia, and
coagulation suggested a plasma fibrinogen level of 5.3 g/L1 (2-5
g/L). The patient’s alkaline phosphatase was 516 U/L?T (reference
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range: 45-125 U/L) and glutamyltransferase was 112 U/L?
(reference range: 0-60 U/L). One month after, the patient had
spontaneously discontinued the iron polysaccharide complex. The
reexamination found that the anemia was significantly aggravated,
including hemoglobin: 73 g/L| (reference range: 60-110 g/L), RBC
count: 3.15 x 10°/L| (reference range: 3.5-5.5 x 10°/L), blood cell
ratio measurement: 24.9%] (reference range: 37%-50%), MCV: 79
fl (reference range: 80-100 fl), MCH: 23.8pg| (reference range: 27—
34 pg), and MCHC: 301 g/L| (reference range: 320-360 g/L),
indicating small cell hypochromic anemia.

In February 2022, the patient was hospitalized again due to fever,
palpitations, and fatigue. Considering the patient’s previous medical
history, the relevant examinations were given. Then, the patient
underwent PET-CT examination. 18F-fluorodeoxyglucose (FDG)
positron emission tomography/PET-CT showed increased uptake
of FDG in the abdominal and retroperitoneal (liver and pancreatic)
mass without metastases; the possibility of paraganglioma, and its
internal calcification, was considered. The interface size of the mass
was about 148mm*100mm, and the upper and lower diameter was
about 155mm (Figure 1). The demarcation of the mass from the
surrounding tissue was unclear, and the surrounding tissue
(including: gallbladder, pancreas, stomach, intestinal tube) was
pressure-displaced. The patient had the retroperitoneal lymph
nodes enlargement which radioactive uptake increased, and the
largest lymph node was about 22mm*15mm. The IL-6 and CRP
levels were significantly increased, but they showed no abnormalities
in IL-1, TNF-a, sCD25, and VEGF. Plasma dopamine was mildly
elevated, which is 253.6 pmol/L1 (reference range: <195.7 pmol/L),
and this abnormal level may be affected by factors such as food or
stress. It did not exceed the normal value twice, so it was not
considered as a meaningful clinical change. The urinary dopamine
was also not elevated. There were no abnormalities in adrenaline,
norepinephrine, 3-methoxytyramine, methoxyepinephrine,
methoxynorepinephrine, and Vanillylmandelic acid in peripheral
blood and 24-h urine specimens (Table 1). At this time, fibrinogen,
D-dimer, ALP, GGT, and other indicators were significantly

Spin: 0
Tilt: -9p

\

FIGURE 1

PET-CT, The paraganglioma was in the abdominal and
retroperitoneal (liver and pancreatic) area. The interface size of the
mass was approximately 148 mm * 100 mm, and the upper and
lower diameter was approximately 155 mm
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increased (Figure 2). Whole exome capture and sequencing of
genomic DNA indicated that it was the KIF1B gene mutation, and
the chromosomal location was chrl: 10428570, which was a
heterozygous gene. This is a mutation at a single-gene rare locus.

Because the patient and his family refused surgery, doxazosin
was administered at 4 mg daily for treatment. The anti-
inflammatory and antiviral treatment was stopped. The patient’s
temperature gradually decreased and returned to normal after 3
days. After 7 days, the levels of IL-6, CPR, ALP, platelets, and GGT
decreased significantly, and even fibrinogen and D-dimer returned
to normal levels. After 63 days of doxazosin treatment, IL-6 levels
became completely normal, albumin (ALB) returned to normal, and
anemia was greatly improved. After 190 days of medication, IL-6
continued to have normal levels, and hemoglobin and GGT
indicators returned to normal. Meanwhile, the patient’s CRP,
ALP, and platelets continued to decline and the patient’s
symptoms of fever and palpitations did not reappear. After about
1 year, the patient’s blood indicators were examined again, and all
the indicators were normal including IL-6 (Figure 2).

Diagnosis

The patient was febrile due to the increased IL-6 levels caused
by the retroperitoneal paraganglioma, but both catecholamines and
their metabolites were normal. The patient had a rare single-gene
mutation: the KIF1B gene.

Treatment and outcome

Antibiotic and antiviral therapy were stopped. The patient was
given doxazosin 4 mg daily since 4 February 2022. After 3 days of
taking doxazosin, the body temperature of the patient gradually
decreased and returned to normal range. The heart rate decreased to
approximately 90 bpm. After 7 days, the levels of IL-6, CPR, ALP,
platelets, and GGT decreased significantly, and even fibrinogen and D-
dimer returned to normal levels. After 63 days of doxazosin treatment,
IL-6 level was completely normal, albumin returned to normal levels,
and anemia was greatly improved. After 190 days of medication, IL-6
continued to have normal levels, and hemoglobin and GGT indicators
returned to normal. Meanwhile, the patient’s CRP, ALP, and platelets
continued to decline and the patient’s symptoms of fever and
palpitations did not reappear. Several days ago, after 1 year onset, the
patient again underwent a blood test. Almost all blood indexes were in
the normal range including IL-6 (Figure 2).

Discussion

Pheochromocytoma (PCC) and paraganglioma (PGL) occur in 2
to 8 per million people (1). Paragangliomas (PGLs) are rare
neuroendocrine tumors that arise from chromaftin cells of extra-
adrenal paraganglia usually with persistent or intermittent
hypertension accompanied by headache and/or palpitations (1).
This case had symptoms of fever and palpitations, without
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TABLE 1 Levels of cytokine, related proteins, serum, and urinary catecholamine before treatment by doxazosin.

Normal values Before treatment

IL-6 (pg/ml)(<5.9) <59 3241;
IL-1B (pg/m) <5.0 <5.0
TNF-o. (pg/m) <8.1 7.89
CD-25 (pg/m) <6,400 1,896
VEGF(pg/m) <160.00 11211
Plasm
Dopamine (pmol/L) <195.7 253.61
Epinephrine (pmol/L) <605.4 <555
Norepinephrine (pmol/L) 414.0-4,435.5 2,864.9
3-Mexoxytyramine (nmol/L) <0.18 <0.08
Metanephrine (pmol/L) <0.50 <0.08
Normetanephrine (pmol/L) <0.90 0.35
Urine
Dopamine (nmol/24 ) 655.0-3,425.0 1,788.54
Epinephrine (nmol/24 ) 8.45-102 <16.0
Norepinephrine (nmol/24 ) 68.9-378.0 179.08
3-Mexoxytyramine (nmol/24 ) <216 28
Metanephrine (nmol/24 ) <312 85
Normetanephrine (nmol/24 ) <382 102
Vanillylmandelic acid (mg/24 ) <12.0 4.8

1 indicates that the patient’s IL-6 and dopamine levels were above the normal values before treatment with doxazosin.

hypertension. Cases of paraganglioma presenting with unexplained = might be indirect results of high levels of circulating norepinephrine,
fever as the main symptom were very rare. In addition to secreting  and sometimes rarely secreted by the tumor (8). In our case, a
large amounts of catecholamines, paragangliomas can also secrete a  significant increase in IL-6 was only seen from biochemical assays,
variety of cytokines including IL-6 that mediates inflammatory  while blood and urine catecholamines or their metabolites were in the
response and induces the production of acute phase proteins such  normal range. The increase in IL-6 was secreted by the tumor
as CRP and fibrinogen (7). The reasons for the increase in IL-6 levels  directly. Long-term IL-6 secretion resulted in changes in laboratory

Doxazosin treatment Doxazosin treatment Doxazosin treatment
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FIGURE 2
Changes in laboratory data before and after doxazosin treatment. The patient was given doxazosin 4 mg daily.
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tests (CRP, fibrinogen, D-dimer, platelets, ALP, and GGT) and
symptoms (fever, palpitation, fatigue, and anemia) in our case. We
considered that elevated IL-6 may be associated with retroperitoneal
paraganglioma secreting with IL-6 for the patients. A total of 42 cases
of pheochromocytoma or paraganglioma with elevated IL-6 have
been reported (9). As in our case, only IL-6 was elevated, and no
abnormalities in catecholamine and its metabolites have not
been reported.

The 5-year survival rate of PPGL is as high as 50% to 70% (10),
which means the disease can be considered a chronic disease in some
conditions. Moreover, regardless of PPGL type (benign or
malignant), long-term survival could not be achieved even after
surgical resection, and the recurrence rate is high (11). For some
tumors that cannot be safely removed completely, other treatments,
such as oral drugs, are required besides surgery to control bio-active
substance secretion and the progressive growth of tumor. In our case,
the large tumor lying in the abdominal cavity and retroperitoneum
invaded peripheral tissues including pancreas and intestines. After
assessing the risk of operation and having no significant changes in
the size of the mass by comparing with CT images 10 years ago, oral
drugs were the first and safest choice for the patients. Doxazosin was
selected for the patients because alpha-blockers are currently the most
common oral drugs before and after surgery for paraganglioma.

Different types of gene mutations in PPGL patients are directly
related to the mass location, and possibly to metastasis and the variety of
clinical manifestations. To date, over 20 gene mutations, including
EGLN1/PHD2, KIF1B, and IDHI genes, are thought to potentially
contribute to the pathogenesis of PPGL (1). KIF1B gene mutation was
noticed in recent reports, which suggested that KIF1B was the second
most frequently mutated gene and often combined with other gene
mutations in PPGL cases (12). To date, only two cases with KIF1B single
gene mutation in PPGL were reported (in 2017 and 2022), both with
elevated levels of blood and urine epinephrine and norepinephrine (12,
13). The whole-exome capture and sequencing of the genomic DNA of
our patient only showed a heterozygous mutation in the coding site of
KIF1B gene (Coding: NM_015047.3:c.4660G >C, Mutation:
p-Vall554Leu; chromosomal location was chrl: 10428570). The single
mutation at this locus of KIF 1 B has not been previously reported.

There is the question that the tumor had been existing silently over
10 years. What then triggered the eruption of the “silent volcano™?
Reviewing the history carefully, we found that the patients had been
treated with betamethasone for a large area of eczema 4 months
starting in September 2021, which was 4 months before the appearance
of fever in February 2022. Corticosteroids are one of the reasons that
could cause the paraganglioma to “awaken” from its silent state (1, 4).

Conclusions

This case reports a rare case of retroperitoneal paraganglioma,
which suddenly presented with unexplained fever after 10 years of
tumor silence. The case only showed a significant increase in the
level of IL-6, and there were no clinically meaningful increases in
other catecholamines and metabolites. After the patient was treated
with the alpha-blocker doxazosin, the level of IL-6 dropped
significantly, the body temperature returned to normal, and the
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heart rate also improved. Paraganglioma that only secretes IL-6 as
the main manifestation is extremely rare at present, which suggests
that clinicians should understand the secretion mode of this rare
paraganglioma and the clinical symptoms of patients, and should
make a differential diagnosis in patients with unexplained fever, as
well as consider the possibility of the existence of paraganglioma.
The application of doxazosin may become a long-term and effective
non-surgical means of treating paraganglioma, and provide a new
therapeutic direction for the treatment of paraganglioma. In the
gene exon sequencing of this case, it was found that the patient had
a rare KIF1B single-gene mutation. Although we could not clearly
prove its pathogenicity, we provided some evidence for future
clinical and genetic data, which may be helpful for future
pathogenicity studies of this gene in PPGL disease.
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Pheochromocytomas and paragangliomas (PPGLs) are rare neuroendocrine
tumors originating from chromaffin cells, holding significant clinical
importance due to their capacity for excessive catecholamine secretion and
associated cardiovascular complications. Roughly 80% of cases are associated
with genetic mutations. Based on the functionality of these mutated genes,
PPGLs can be categorized into distinct molecular clusters: the pseudohypoxia
signaling cluster (Cluster-1), the kinase signaling cluster (Cluster-2), and the WNT
signaling cluster (Cluster-3). A pivotal factor in the pathogenesis of PPGLs is
hypoxia-inducible factor-2o (HIF2a), which becomes upregulated even under
normoxic conditions, activating downstream transcriptional processes
associated with pseudohypoxia. This adaptation provides tumor cells with a
growth advantage and enhances their ability to thrive in adverse
microenvironments. Moreover, pseudohypoxia disrupts immune cell
communication, leading to the development of an immunosuppressive tumor
microenvironment. Within Cluster-1a, metabolic perturbations are particularly
pronounced. Mutations in enzymes associated with the tricarboxylic acid (TCA)
cycle, such as succinate dehydrogenase (SDHx), fumarate hydratase (FH),
isocitrate dehydrogenase (IDH), and malate dehydrogenase type 2 (MDH?2),
result in the accumulation of critical oncogenic metabolic intermediates.
Notable among these intermediates are succinate, fumarate, and 2-
hydroxyglutarate (2-HG), which promote activation of the HIFs signaling
pathway through various mechanisms, thus inducing pseudohypoxia and
facilitating tumorigenesis. SDHx mutations are prevalent in PPGLs, disrupting
mitochondrial function and causing succinate accumulation, which
competitively inhibits a-ketoglutarate-dependent dioxygenases. Consequently,
this leads to global hypermethylation, epigenetic changes, and activation of HIFs.
In FH-deficient cells, fumarate accumulation leads to protein succination,
impacting cell function. FH mutations also trigger metabolic reprogramming
towards glycolysis and lactate synthesis. IDH1/2 mutations generate D-2HG,
inhibiting a-ketoglutarate-dependent dioxygenases and stabilizing HIFs.
Similarly, MDH2 mutations are associated with HIF stability and pseudohypoxic
response. Understanding the intricate relationship between metabolic enzyme
mutations in the TCA cycle and pseudohypoxic signaling is crucial for unraveling
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the pathogenesis of PPGLs and developing targeted therapies. This knowledge
enhances our comprehension of the pivotal role of cellular metabolism in PPGLs
and holds implications for potential therapeutic advancements.
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Introduction

Pheochromocytomas (pcc) and paragangliomas (PGL) (PPGLs)
are infrequent neuroendocrine tumors deriving from chromaffin
cells. Pheochromocytoma originates in the adrenal medulla,
accounting for approximately 80%-85% of cases, while
paraganglioma arises externally from sympathetic paraganglia
dispersed throughout the body, constituting around 15%-20% of
cases (1-3). Despite their low incidence rate (roughly 6.6 cases per
million individuals annually) (4), these tumors bear noteworthy
clinical significance due to their potential to induce excessive
catecholamine secretion, precipitating perilous cardiovascular
complications and myocardial degenerative alterations. In the
latest World Health Organization guidelines, all PPGLs are now
recommended for lifelong follow-up due to their metastatic
potential, similar to epithelial neuroendocrine tumors (5-7).

Approximately 80% of PPGLs are linked to genetic mutations,
often indicating a genetic predisposition (2, 8). Gene expression
profiling enables the classification of PPGLs into three distinct
clusters based on their molecular characteristics: the pseudohypoxia
signaling cluster (Cluster-1), the kinase signaling cluster (Cluster-
2), and the WNT signaling cluster (Cluster-3). Cluster-1 further
divides into subclusters 1a and 1b. Cluster-1a comprises mutations
in genes associated with the tricarboxylic acid cycle (SDHx, FH,
MDH2, GOT2, SLC25A11, IDH, DLST, SUCLG2), while Cluster-
1b encompasses mutations in genes constituting the hypoxia
signaling pathway (PHD1/2, VHL, HIF2A/EPASI) (9-11).
Cluster-1 notably exhibits a significant enhancement of
pseudohypoxic signaling pathways, resulting in heightened
angiogenesis and metabolic anomalies during tumor development.
Cluster-1a represents approximately 10%-15% of cases, while
Cluster-1b accounts for approximately 15%-20% of PPGLs.
Importantly, Cluster-2 within the PPGLs group demonstrates a
marked increase in gene expression related to kinases. This involves
critical mutations in genes associated with the PI3K/mTORCI
pathway and receptor kinase signaling, such as RET, NF1, H-
RAS, K-RAS, TMEM127, and MAX, implying their potential
significance in regulating tumor growth and metastasis. Cluster-2
constitutes approximately 50%-60% of PPGLs cases. Cluster-3 is
characterized by the activation of the WNT signaling pathway,
potentially contributing to increased cellular proliferation and
invasiveness. Notably, Cluster-3 accounts for approximately 5%-
10% of PPGLs cases and also includes tumors with mutations in the
CSDE1 and the MAML3 fusion genes (2, 12, 13). In the three
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clusters, Cluster 1 exhibits the most prominent risk of metastasis
(9). Additionally, among the cases in Cluster 1, there is typically an
elevation in norepinephrine levels, which is associated with a
deficiency in phenylethanolamine N-methyltransferase (13). This
results in a tendency for such patients to have persistent high blood
pressure (14). These findings underscore our continued focus on
Cluster 1.

Roughly 40% of PPGLs patients carry a germline mutation in
one of over 20 known susceptibility genes. In an additional 30-40%
of sporadic disease patients, somatic mutations in the same genes or
other genes that drive tumorigenesis can be identified (14, 15).
Multiple studies indicate that Cluster la is almost exclusively
germline-mutated (100%), while Cluster-1b has 25% of cases with
germline mutations (13, 16). Among PPGLs, the top three genes
with germline mutations are SDHB (10.3%), SDHD (8.9%), and
VHL (7-10%), while the genes with the highest somatic mutation
frequencies are VHL (10%) and HIF2A (5-7%), with germline or
somatic mutations in other genes being less than 2% (15, 17-19).
This highlights the significant role of germline mutations in the
pathogenesis of Cluster-1 PPGLs. Clinical studies on sporadic
PPGLs show a significantly higher occurrence of germline
mutations associated with multiple PPGLs compared to isolated
PPGLs (54% vs. 11.5%). Moreover, the research suggests that the
risk of germline mutations in PPGLs located outside the adrenal
gland is significantly higher than those within the adrenal gland (14,
20). Specifically for Cluster 1, PPGLs associated with mutations in
TCA metabolic enzyme genes (Cluster-la) are mainly located
outside the adrenal gland. For example, SDHA mutations are
linked to sympathetic and parasympathetic PGLs (21). SDHB and
SDHC mutations are primarily observed in sympathetic/
parasympathetic PGLs, but are less common in PCC (22). SDHD
and SDHAF2 mutation-related PGLs are predominantly found in
the head and neck region, with lower incidence in other extrarenal
locations or within the adrenal gland (23, 24). Tumors associated
with FH mutations are found both inside and outside the adrenal
gland. In Cluster-1b, VHL mutations causing PCC result in 50% of
cases being bilateral and occasionally occurring outside the adrenal
gland. HIF2A/EPAS] mutations may lead to tumors in both intra-
and extra-adrenal locations (14).

The hypoxia-inducible factor-2o. (HIF20.) protein gets
upregulated in cells under normal oxygen conditions, culminating
in the activation of downstream transcriptional processes,
recognized as pseudohypoxia. Activation of the hypoxia response
pathway confers advantages to tumor cell growth and adaptation to
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adverse microenvironments (25). Studies have elucidated
heightened pseudohypoxic signaling in hereditary renal cell
carcinoma, giving rise to the upregulation of downstream
signaling molecules such as glucose transporter 1 and vascular
endothelial growth factor (VEGF), thereby fostering augmented
energy metabolism and proliferative capacity in tumor cells (26).
Pseudohypoxic signaling prompted by tumor cells modifies the
communication patterns of immune cells, instigating alterations in
immune cell metabolism that incline towards the attenuation of
surveillance function in innate immune cells and the fostering of an
immunosuppressive microenvironment (25, 27). Specimens of
neuroblastoma and glioma have evinced the prevalence of
elevated HIF20u expression and a concomitant display of nascent
characteristics, signifying the presence of a pseudohypoxic niche in
these tumors that correlates with malignancy (28). The instigation
of pseudohypoxia through HIFs signaling also plays a pivotal role in
non-neoplastic ailments. The buildup of reactive oxygen species
(ROS) in lung tissue engenders HIFs activation in fibroblasts,
disrupting the structural integrity of the extracellular matrix and
exacerbating the progression of pulmonary fibrosis (29). In the
course of the aging process, diminished nuclear NAD+ levels
impede the activity of nuclear SIRT1, thus suppressing the pVHL
ubiquitin-proteasome degradation pathway. This engenders
heightened stability of HIF1o. within the cell and the concomitant
emergence of HIF1a-induced pseudohypoxia. The pseudohypoxic
state engendered by HIF1a. disrupts intracellular signaling between
the nucleus and mitochondria, thereby impairing mitochondrial
function and accelerating cellular senescence and demise (30).

Pseudohypoxia has been meticulously scrutinized and observed
in the context of PPGLs. Notwithstanding their typical highly
vascularized nature, PPGLs are characterized by a conspicuous
upregulation of hypoxia signaling pathways, particularly within
Cluster-1, thereby fueling the onward progression of tumors (25,
31-33). The principalstay treatment for PPGLs remains surgical
intervention, as effective therapeutic modalities for metastatic
tumors are presently scarce (34). A profound comprehension of
the hypoxia-related signaling mechanisms underpinning PPGLs
pathogenesis is imperative for the development and assessment of
molecularly targeted therapies tailored to the diverse subtypes
of PPGLs, encompassing the intricacies of the tumor
microenvironment (TME). This comprehensive review seeks to
illuminate how mutations in metabolic enzymes within Cluster 1a
of the tricarboxylic acid cycle impinge upon the VHL/HIF signaling
pathway, consequently contributing to the genesis of PPGLs. This
dissection facilitates an enhanced understanding of the pivotal role
of cellular metabolism in the realm of PPGLs, thereby engendering
substantial implications for the refinement of extant
therapeutic modalities.

Dysregulation of the VHL/HIF
signaling axis in PPGLs

The intricate interplay between the VHL tumor suppressor and
HIFs signaling axis bears a profound relevance to the emergence of
PPGLs (35, 36). Central to this dynamic is the orchestration of
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HIFs’ stability by oxygen concentration within the
microenvironment (see Figure 1). Under normoxic conditions,
prolyl hydroxylation of HIF1o/HIF20. by oxygen-dependent
prolyl hydroxylases (PHDs) triggers subsequent recognition by
the E3 ubiquitin ligase VHL protein. This culminates in selective
ubiquitination and proteasomal degradation of hydroxylated HIFo.
subunits. Conversely, under hypoxia, PHDs activity inhibition leads
to non-hydroxylated HIFo subunit accumulation. Following
nuclear translocation, heterodimerization with HIF1[ ensues,
facilitating transcriptional complex formation with coactivators
p300/CBP (25, 37). This complex binds to hypoxia response
elements, activating transcription of genes such as VEGF, platelet-
derived growth factor (PDGF), and glucose transporter (GLUT)
(11, 38, 39). Such adaptations promote metabolic reprogramming
in hypoxic cells, characterized by elevated glucose uptake, anaerobic
glycolysis, diminished mitochondrial mass, and heightened energy
provisioning, thus fostering tumorigenic progression. Tumors
frequently exhibit an intriguing phenomenon whereby normoxic
conditions lead to an anomalous stabilization of HIFs within tumor
cells. This multifaceted phenomenon results from diverse
influences, ultimately culminating in the accumulation or
heightened functional activity of HIFs. Consequently, this
dynamic process upregulates the expression of HIFs target genes,
remarkably mimicking the pathophysiological response seen in
hypoxic states. Coined as “pseudo-hypoxia,” this intriguing state
prompts notable cellular transitions, including epithelial-
mesenchymal transition, augmented tumor cell stemness, thereby
effectively fueling the cascade of tumorigenic initiation, progression,
and the potentiation of malignant attributes (40, 41).

The regulatory apparatus governing the VHL/HIF axis is
intricate, encompassing a myriad of factors. Within the landscape
of sporadic PPGLs, a significant subset, approximately 14%,
manifests somatic VHL mutations (42). While the precise
mechanistic underpinnings characterizing VHL dysfunction and
its structural aberrations in the pathogenesis of PPGLs remain
enigmatic, a discernible association between missense mutations
in the VHL gene, particularly at positions 167 and 238, and the
occurrence of PPGLs is evident (43). The implications of such
missense mutations or reduced VHL expression are profound,
manifesting in the impediment of HIFo ubiquitination and
degradation. Consequently, a stabilization of HIFs transpires,
subsequently engendering an augmented susceptibility to the
development of PPGLs, specifically implicating Type 2 VHL
disease (44-46). The landscape of HIFs genetic alterations is
further nuanced, with HIF20. mutations assuming a more
pronounced presence. Notably, germline mutations in HIF2A
exon 9 (c.1121T>A, p.F374Y) significantly enhance the propensity
for PPGLs (47). Comparatively, PHD mutations within the realm of
PPGL patients present as a relatively infrequent occurrence, a
notable distinction in contrast to the prominent roles of VHL and
HIFo (48).

Intriguingly, PPGLs are increasingly recognized as metabolic
disorders, particularly within the spectrum of cluster la
manifestations. The manifestation of mutations within
tricarboxylic acid (TCA) cycle enzymes precipitates an
accumulation of pivotal metabolic intermediates. Subsequently, a
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Regulation of HIFa (HIF-1a/HIF-20) by the PHD/VHL Pathway and Impact of Tricarboxylic Acid Cycle Metabolic Mutations. HIFa (HIF-10/HIF-20) is
primarily regulated by the PHD/VHL pathway. Under normoxic conditions, the prolyl hydroxylase domain (PHDs) proteins act upon the prolyl
residues of HIFo in the presence of cofactor oxygen molecules, aKG, and Fe?*, leading to hydroxylation. The hydroxylated HIFo. is subsequently
recognized and bound by E3 ubiquitin ligase VHL, followed by ubiquitination and subsequent degradation as a substrate within the proteasome.
Under hypoxic conditions, the function of PHDs is inhibited, resulting in direct accumulation of HIFa. Subsequently, HIFa forms a heterodimer with
HIF-1B and translocates into the nucleus, where with the assistance of p300/CBP, it activates downstream oncogenic signaling pathways. In cases of
mutations in the TCA cycle metabolic enzymes (SDHx, FH, IDH, and MDH2), metabolic intermediates such as succinate, fumarate, and 2-HG
accumulate. Due to their structural similarity to oKG, they competitively inhibit the aKG-assisted activation of dioxygenases (such as PHDs). As a
result, under normoxic conditions, HIFo. accumulates and activates downstream pathways, leading to a pseudohypoxic state.

multipronged cascade is set in motion, activating the HIFs signaling
pathway via diverse mechanisms, thus engendering a pseudo-
hypoxic milieu. Elevated levels of metabolites such as succinate,
fumarate, or 2-hydroxyglutarate (2-HG) are indicative hallmarks
within PPGLs, closely mirroring mutations inherent to TCA cycle
enzymes (49-51). These metabolites, intricately interwoven with
the tumorigenic context, proceed to exert their influence by
modulating HIFs activity or by influencing the regulatory cascade
upstream, thereby orchestrating the transduction of oncogenic
signals. Within this framework, our review assumes a focal
orientation, dedicated to the elucidation of the nuanced impact
instigated by mutations within four pivotal TCA cycle enzymes—
namely, Succinate dehydrogenase (SDHx), fumarate hydratase
(FH), isocitrate dehydrogenase (IDH), and malate-dehydrogenase
type 2 (MDH2)—upon the intricate VHL/HIF axis in PPGLs.

The TCA cycle and PPGLs

A century ago, Otto Warburg’s seminal investigations unveiled
a noteworthy phenomenon: even under aerobic conditions, tumor
cells tend to favor glycolytic pathways for energy procurement over
mitochondrial respiration, positing mitochondrial dysfunction as a
plausible cause, known as the Warburg effect (52). Subsequent
research has illuminated that mitochondrial dysfunction isn’t an
obligatory trigger for tumorigenesis. Certain tumor cells adeptly
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generate energy through oxidative phosphorylation (OXPHOS)
despite the mitochondrial milieu (53). Within this energetic
landscape, the TCA cycle emerges as a pivotal conduit of
mitochondrial energy metabolism. It orchestrates the oxidation of
acetyl-CoA, transported to the mitochondria, into carbon dioxide,
concomitantly releasing energy and reducing agents (NADH and
FADH2) to facilitate subsequent OXPHOS (see Figure 2). Beyond
its energy-contributing role, the TCA cycle acts as a nexus for
intracellular carbohydrate, lipid, and amino acid metabolism,
endowing other metabolic pathways with acetyl-CoA or diverse
intermediary substrates (54, 55). Collectively, the nexus of
tumorigenesis and the TCA cycle is unequivocally evident.
Further probing into the intricate relationship between the TCA
cycle and tumorigenesis holds the potential to unravel unique facets
of tumor metabolism and unveil novel therapeutic targets.

Within the context of certain PPGLs, genetic perturbations
affecting enzymes integral to the TCA cycle, such as SDH and FH,
emerge as salient features (56). Since the initial discovery in 2000 of
the correlation between SDHD germline mutations and familial
paragangliomatosis, a growing compendium has cataloged
mutations within at least twelve TCA cycle-related genes in the
landscape of PPGLs (SDHB, SDH, SDHC, SDHD, SDHAF2, FH,
IDH1, MDH2, SUCLG2, DLST, SLC25A11, and GOT2) (8, 57, 58).
Among these, SDHx, FH, IDHI, and MDH2 have garnered
relatively more attention, with mutations within SDHx and FH,
in particular, emerging as pivotal drivers in the genesis and
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Metabolic reprogramming following mutations in tricarboxylic acid cycle enzymes is a key feature of Cluster la. In cells with normal mitochondrial
function, the tricarboxylic acid cycle proceeds in a clockwise order. Mutations in SDHx and FH result in diminished substrate metabolism, leading to
the accumulation of succinate and fumarate, respectively. Mutations in IDH confer the ability to convert aKG into 2-HG, resulting in 2-HG
accumulation. Succinate, fumarate, and 2-HG all possess the capability to inhibit PHDs, thereby inducing a pseudohypoxic state. The oncogenic

mechanisms following MDH mutations in PPGLs remain currently unclear.

progression of PPGLs. Subsequent discourse delves into the myriad
mutations within these four enzyme categories, expounding on
their repercussions on intermediary metabolism.

SDHx and succinate

Within the context of PPGLs, SDHx-related genetic mutations
stand out as the most prevalent, accounting for approximately 15%
(59). SDHx comprises four core subunits (SDHA, SDHB, SDHC,
SDHD) and an assembly factor (SDHAF2) (8, 60). Among the five
constituent molecules of SDHx, mutations associated with SDHD
and SDHB are more commonly observed, while those affecting
SDHA, SDHC, and SDHAEF?2 are relatively less frequent. In patients
with SDHB mutations, approximately 50% experience metastatic
progression, whereas patients with SDHD mutations typically
manifest with multiple neck paragangliomas (8, 61-63).

SDHx plays a dual role by participating in both the TCA cycle,
where it oxidizes succinate to fumarate, and serving as a constituent
of mitochondrial complex II in the electron transport chain (ETC),
catalyzing electron transfer to the ubiquinone pool (59). In the
realm of PPGLs, SDHx serves as suppressors of tumorigenesis.
When germline or somatic mutations occur, the functional integrity
of succinate dehydrogenase is compromised, leading to
interruptions in the TCA cycle and impairment of the electron
transport chain. Following such disruption, the accumulation of
succinate, a metabolic substrate of SDHX, occurs intracellularly.
This accumulation is responsible for reduced metabolic product
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generation, leading to diminished mitochondrial energy
production. Concurrently, tumor cells undergo metabolic
reprogramming to satisfy the demands for crucial synthesis
processes. In cells with SDHx functional defects, heightened
glycolysis and enhanced citric acid cycle flux are observed,
primarily to sustain aspartate requirements, crucial for protein
and nucleic acid synthesis (64, 65). Additionally, the terminal
product of compensatory upregulated glycolysis, lactate, has been
demonstrated to stimulate tumor cell growth (66).

The accrual of succinate in cells with SDHx functional defects is
deemed a primary mediator of SDH-associated tumorigenesis (67).
Pathological succinate accumulation leads to its leakage from the
mitochondrial matrix to the cytoplasm. As a competitor of o-
ketoglutarate (0KG), succinate broadly inhibits atKG-dependent
dioxygenases, including the Ten-Eleven Translocation (TET) DNA
hydroxylases and Jumonji (JM]) histone demethylases (KDMs).
Consequently, a global hypermethylation characterized by the CpG
island methylator phenotype (CIMP) emerges in tumor cells,
inducing alterations in gene expression and facilitating
tumorigenesis (60, 68). Furthermore, SDHx deficiency-induced
succinate accumulation competitively inhibits the oKG
-dependent PHDs family (PHDI-3) in the cytoplasm. This leads
to the stabilization of HIFo under normoxic conditions, thereby
contributing to the activation of the pseudohypoxia pathway (25,
69, 70). Notably, succinate serves not only as a substrate for
mitochondrial SDHx but also as a product of cytoplasmic PHDs
(33, 69, 71-74). Consequently, the accumulation of succinate,
through negative feedback regulation, inhibits the activity of
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PHDs, resulting in further stabilization and activation of HIF
complexes under normoxic conditions. Research by Celada et al.
suggests that in SDHx mutation-driven PPGLs, diminished
expression of PD-L1 and lower infiltration of cytotoxic T
lymphocytes (CTLs) contribute to a ‘cold’ immunophenotype
significantly associated with SDHx mutations (25). This hints at
the potential of SDHx mutations to foster an immune-suppressive
tumor microenvironment.

Furthermore, extracellular succinate secretion by tumor cells
with SDH defects yields functional consequences (75). Extracellular
succinate, upon binding to succinate receptor-1 (SUCNR-1),
activates several oncogenic signaling molecules, such as ERK1/2,
Akt, and AMPK, thereby enhancing tumor cell invasion and
metastasis (75-77). Notably, Wu et al. found that the
accumulated succinate in SDH-deficient tumor cells not only
upregulates HIF-1A expression via the activation of the
intracellular PI3K/Akt signaling pathway but also contributes to
tumor invasion by activating macrophage surface SUCNR-1,
subsequently inducing M1 polarization and promoting a
malignant tumor phenotype (75, 78). Beyond immune cell
interactions, secreted succinate from tumor cells binds to
endothelial cell SUCNR-1, activating downstream STAT3-ERK1/2
in a HIF-independent manner and subsequently upregulating
VEGF, thereby fostering angiogenesis.

FH and fumarate

FH utilizes fumarate as a metabolic substrate, catalyzing its
reversible hydration into malate (79). Mutations in FH result in
reduced or loss of enzymatic activity, leading to the accumulation of
high levels of fumarate (at millimolar levels). This accumulation
profoundly alters mitochondrial function and cellular metabolism.
Upon mitochondrial dysfunction due to FH mutations, cells
undergo metabolic reprogramming, transitioning from
mitochondrial oxidative respiration to cytoplasmic glycolysis. This
metabolic shift also leads to a further reduction in carbon sources
entering the mitochondria, which poses a risk of decreased
membrane potential, potentially resulting in increased ROS and
cell death. In this scenario, glutamine becomes an alternative carbon
source to sustain the compromised TCA cycle, generating NADH
for subsequent OXPHOS and ATP production to maintain
mitochondrial membrane potential (80). To prevent the
accumulation of other metabolic intermediates within this
compensatory pathway, a portion of the glutamine-derived
product is utilized for heme biosynthesis and degradation
pathways, crucial for maintaining mitochondrial quality control
and cell viability in FH-deficient cells (80, 81).

In addition to the metabolic reprogramming caused by FH
deficiency and fumarate accumulation, these changes can also
activate pro-oncogenic signaling pathways in FH-deficient cells.
Fumarate can stabilize the majority of proteins through succination,
a modification in which fumarate reacts with exposed cysteine
residues on protein surfaces to form stable thiols. This leads to
functional inactivation of proteins within the dynamic intracellular
environment of tumor cells (82, 83). In a cellular environment
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characterized by elevated intracellular fumarate levels, succination
of various oncoproteins promotes cell survival and proliferation.
For example, fumarate succination of KEAP1 inactivates its
ubiquitin ligase function, resulting in the stabilization and
activation of its downstream target NRF2. As a transcription
factor, NRF2 further upregulates the transcription of heme
oxygenase 1 (HMOXI1), a process crucial for maintaining heme
metabolism. Additionally, iron-responsive element-binding protein
2 (IRP2) is a critical regulator of cellular iron metabolism,
maintaining intracellular iron levels by inhibiting ferritin
translation. Succination of IRP2 reduces its translational
regulatory capacity on ferritin, leading to increased ferritin levels
and decreased iron ions, disrupting intracellular iron homeostasis
(84, 85). Furthermore, ferritin upregulates the expression of
forkhead box protein M1 (FOXM1), promoting tumor cells to
undergo mitosis (85).

Similar to succinate, fumarate also competitively inhibits PHDs,
leading to increased stability of HIFs and inducing a pseudohypoxic
state in tumorigenesis (86, 87). Thus, even in the context of
mitochondrial defects in the energy metabolism chain, tumor
cells maintain their malignant potential. Worth noting is that in
FH-deficient tumor cells, activation of downstream pathways by
HIFs results in significant upregulation of GLUT1, facilitating
glucose uptake (86). Conversely, the expressions of pyruvate
dehydrogenase kinase and lactate dehydrogenase are suppressed
(88, 89). These changes in HIF-mediated metabolic genes lead to
inhibition of mitochondrial oxidative metabolism, redirecting cells
toward glycolysis and lactate synthesis, which hold essential

significance in maintaining mitochondrial homeostasis.

IDH and 2-HG

There are two forms of IDH in cells: IDH1/2 and IDH3, with
IDH1/2 being NADP-dependent and IDH3 being NAD-dependent.
While IDH1 and IDH?2 share similarities in structure and function,
they differ in subcellular localization. IDH1 is located in the
cytoplasm and peroxisomes, whereas IDH2 is localized in the
mitochondria. The function of IDH1/2 is to catalyze the oxidative
decarboxylation of isocitrate to form oKG, simultaneously reducing
NAD(P) to NAD(P)H (90). Unlike IDH1/2, IDH3 is found in the
mitochondria and functions in the respiratory chain by catalyzing
the forward decarboxylation of isocitrate to produce aKG (91). In
2010, Gaal and colleagues first identified a solitary IDH1 mutation
in a case of sporadic carotid paraganglioma among 365 PPGLs
specimens (92). Unfortunately, in another study by Yao and
colleagues involving 104 PPGLs samples, no IDHI mutations
were detected (93). This suggests that pathogenic IDH mutations
in PPGL are rare. Currently, there is a lack of authoritative research
on the mechanisms by which IDH mutations contribute to PPGLs
pathogenesis and progression, although the oncogenic mechanisms
of IDH mutations have been extensively studied in diseases like
gliomas and leukemias.

IDH1/2 mutations are considered gain-of-function oncogenic
mutations. A single amino acid residue mutation in the IDH
catalytic subunit prevents the conversion of isocitrate to o.-

frontiersin.org


https://doi.org/10.3389/fendo.2023.1274239
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Wang et al.

ketoglutarate, while gaining new enzymatic activity to generate D-
2HG from 0KG (94-96). This leads to a significant accumulation of
this oncogenic metabolite in cells. Simultaneously, D-2HG disrupts
the balance of aKG-assisted dioxygenases, including histone lysine
demethylases, TET DNA hydroxylases, and PHDs. For example,
inhibition of histone lysine demethylase activity results in increased
methylation levels of histone lysine residues in chromatin (91, 97,
98). Furthermore, D-2HG inhibits PHDs, thereby preventing the
ubiquitination and degradation of HIFs, leading to their
stabilization and accumulation within cells (99, 100).
Consequently, this elevation in HIFs target gene transcription
promotes the formation of a pro-tumorigenic immune
microenvironment. Under physiological metabolic conditions,
NADPH is a reduction product of IDH. After IDH mutation,
reduced NADPH generation impairs the maintenance of the
reduced glutathione (GSH) pool, causing a decrease in the ratio
of GSH to GSSG and disrupting intracellular antioxidant system
balance, resulting in increased ROS (98). However, in the context of
elevated intracellular ROS due to IDH1 loss-of-function, HIF20
stabilization can be induced in a ROS-dependent manner (101).

On the other hand, IDH mutation alters its original catalytic
pathway, resulting in reduced metabolic flux of oKG and NADPH in
the cell, profoundly affecting cellular metabolic status (91).
Interestingly, in contrast to the outcome of HIF signaling pathway
activation observed after IDH mutation, studies suggest that tumor
cells may release D-2HG into the tumor microenvironment,
triggering instability of HIF-1at in immune cells (regulatory T cells
and Th17 cells) of the immune microenvironment (102). This
subsequently modulates the energy metabolism and anti-tumor
immune function of immune cells, although the precise
mechanisms remain unclear. In a study focusing on enantiomer-
specific mechanisms, it was found that IDH1/2 mutant variants can
convert 2-oxoglutarate (2-OG) to (R)-2HG rather than (S)-2HG. (R)-
2HG can activate PHD activity, thereby reducing the stability and
levels of HIFs (103). Overall, this complex interplay contributes to
malignant transformation of normal cells and enables tumor cells to
survive energy reprogramming (97, 98, 104, 105).

MDH2

Malate dehydrogenase 2 (encoded by the MDH2 gene) is
downstream of fumarase and functions to oxidize malate into
oxaloacetate. This enzyme is also involved in the malate-aspartate
shuttle, which is essential for cellular respiration. In recent years,
MDH?2 has been considered a potential susceptibility gene for
PPGLs (106). Reported cases of PPGLs associated with MDH2
mutations are extremely rare, with only a few cases retrievable in
databases since the initial report by Alberto et al. in 2015 (106-108).
MDH?2 variants have been identified in metastatic cases, with
approximately 50% of cases estimated to progress to metastasis
(106), suggesting a potential association between MDH2
polymorphic variations and the metastatic nature of PPGLs.
However, the mechanisms underlying the relationship between
MDH?2 mutations and the onset and progression of PPGLs
remain unclear. In a larger-scale study, germline mutations in
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MDH?2 were found to account for about 0.6% of overall PPGLs,
and the p.K314del variant’s potential pathogenicity in PPGLs was
identified, possibly due to its impact on amino acid stability,
although the specific mechanism is not yet understood (106).

Research has indicated that MDH2 mutations can promote
HIFs stability by inhibiting PHDs, thereby facilitating
pseudohypoxic responses in PPGLs (109-111). Conversely, some
pharmacological studies have shown that LW6, an
aroxyacetaminobenzoic acid analogue, can inhibit MDHI activity.
This leads to mitochondrial respiratory impairment, reducing
cellular oxygen consumption and ATP production, resulting in
elevated intracellular oxygen levels and triggering oxygen-
dependent degradation of HIFs (112, 113).

Conclusion and future perspectives

In summary, the intricate and complex interplay between
metabolic enzyme mutations within the TCA cycle and the
pseudohypoxic signaling has illuminated the potential mechanisms
underlying the pathogenesis of PPGLs. The identification of key
genetic mutations and their impact on critical metabolic
intermediates such as succinate, fumarate, and 2-hydroxyglutarate
underscores the significance of pseudo-hypoxia in promoting
tumor initiation and progression. Under normoxic conditions, the
activation of HIFs and their downstream effector pathways
highlights the adaptive advantage of tumor cells within adverse
microenvironments. Moreover, these mutations’ influence on
immune cell communication patterns and the establishment of an
immune-suppressive tumor microenvironment further underscores
the intricacy of PPGLs development. Insights gained from
understanding alterations in PPGLs metabolism serve as the
foundation for developing precise and effective therapeutic strategies.
Additionally, the broader implications of these findings extend to the
realm of cellular metabolism and its pivotal role in tumorigenesis.

Looking ahead, delving deeper into the intricate network of
metabolic reprogramming and pseudo-hypoxic signaling in PPGLs
holds great promise. Elucidating the detailed molecular
mechanisms by which metabolic enzyme mutations drive HIFs
activation and pseudohypoxia is paramount for designing targeted
and efficacious therapeutic interventions. Furthermore,
investigating the crosstalk between pseudo-hypoxic signaling and
other molecular clusters such as the WNT and kinase pathways may
reveal further complexities and potential therapeutic targets. The
advancements in techniques such as high-throughput sequencing
and metabolomics analysis offer exciting opportunities to uncover
the genetic landscape and metabolic adaptations driving PPGLs
development. Integrating these comprehensive datasets with
functional studies will contribute to a profound understanding of
the disease and aid in the discovery of novel biomarkers for early
diagnosis and prognosis.

To sum up, delving into the role of TCA cycle metabolic enzyme
mutations and pseudohypoxic signaling in PPGLs not only
enhances our comprehension of these rare neuroendocrine
tumors but also provides broader insights into cancer biology and
the field of metabolism. These insights ignite the potential for
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innovative therapeutic approaches and diagnostic methods, with
the promise of significant clinical impact in the management of
PPGLs and beyond.
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paraganglioma treated with
[*””LulLu-DOTA-TATE therapy
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Purpose: While there are reports of treatment-related endocrine disruptions and
catecholamine surges in pheochromocytoma/paraganglioma (PPGL) patients
treated with [V/LulLu-DOTA-TATE therapy, the spectrum of these abnormalities
in the immediate post-treatment period (within 48 hours) has not been
previously evaluated and is likely underestimated.

Methods: The study population included patients (>18 years) enrolled in a phase
2 trial for treatment of somatostatin receptor (SSTR)-2+ inoperable/metastatic
pheochromocytoma/paraganglioma with [*”/LulLu-DOTA-TATE (7.4 GBq per
cycle for 1 — 4 cycles). Hormonal measurements [adrenocorticotropic
hormone (ACTH), cortisol, thyroid stimulating hormone (TSH), free thyroxine
(FT4), follicle stimulating hormone (FSH), luteinizing hormone (LH), testosterone,
estradiol, growth hormone, prolactin], catecholamines, and metanephrines were
obtained on days-1, 2, 3, 30, and 60 per cycle as per trial protocol, and were
retrospectively analyzed.

Results: Among the 27 patients (age: 54 + 12.7 years, 48.1% females) who
underwent hormonal evaluation, hypoprolactinemia (14.1%), elevated FSH
(13.1%), and elevated LH (12.5%) were the most frequent hormonal
abnormalities across all 4 cycles combined. On longitudinal follow-up,
significant reductions were noted in i. ACTH without corresponding changes in
cortisol, ii. TSH, and FT4, and iii. prolactin at or before day-30 of [*/Lu]Lu-DOTA-
TATE. No significant changes were observed in the gonadotropic axis and GH
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levels. Levels of all hormones on day-60 were not significantly different from
day-1 values, suggesting the transient nature of these changes. However, two
patients developed clinical, persistent endocrinopathies (primary
hypothyroidism: n=1 male; early menopause: n=1 female). Compared to day-1,
a significant % increase in norepinephrine, dopamine, and normetanephrine
levels were noted at 24 hours following [*/LulLu-DOTA-TATE dose and
peaked within 48 hours.

Conclusions: [*/LulLu-DOTA-TATE therapy is associated with alterations in
endocrine function likely from radiation exposure to SSTR2+ endocrine tissues.
However, these changes may sometimes manifest as clinically significant
endocrinopathies. It is therefore important to periodically assess endocrine
function during [*/LulLu-DOTA-TATE therapy, especially among symptomatic
patients.

Clinical trial registration: https://clinicaltrials.gov/ct2/show/NCT03206060?
term=NCT03206060&draw=2&rank=1, identifier NCT03206060.

KEYWORDS

DOTATATE, PRRT, [177 Lu], [68 Gal, targeted radiotherapy, pituitary, catecholamines,
pheochromocytoma and paraganglioma

Introduction

['Lu]Lutetium-DOTA-DPhel, Tyr3-octreotate (['”’Lu]Lu-
DOTA-TATE), is an analog of somatostatin with high affinity to
somatostatin receptor type 2 (SSTR2) (1), which is overexpressed in
various neuroendocrine tumors (NETs), including pheochromocytomas/
paragangliomas. Radiolabeled somatostatin analogs have been used
successfully in peptide receptor radionuclide therapy (PRRT) and are
recommended treatments in societal guidelines for metastatic NETs (2)
and for inoperable pheochromocytomas and paragangliomas
(PPGL) (3).

As identified in the phase 3 NETTER-1 study, ['"Lu]Lu-
DOTA-TATE is associated with several adverse effects that result
primarily from unintended radiation exposure to non-tumor sites
(4), and it is known that several endocrine glands (thyroid,
pituitary, adrenals, and gonads) express SSTRs (especially SSTR2)
on their surfaces (5, 6). In fact, prior dosimetry analyses have
demonstrated delivery of significant radiation doses to various
endocrine glands after a 7.4 GBq infusion (7). While the clinical
effects of PRRT on the endocrine system have been described
previously (8, 9), none have investigated the effects of PRRT on
the endocrine system in the immediate (<48 hours) time period post
administration. This is an important time frame to investigate
because patients can exhibit clinical signs of endocrinopathies
such as neurohormonal crisis and catecholamine crisis during this
early post-administration period, with the package insert for [*Lu]
Lu-DOTA-TATE indicating that the risk of neurohormonal crisis is
in fact the highest during this period (10). In this study, we present
the results from a subset of patients enrolled in a prospective trial
where the endocrine function and catecholamines levels of PPGL
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patients treated with ['”’Lu]Lu-DOTA-TATE were evaluated in the
immediate post-administration setting at 24h, 48h, and 30 days
after each administration of the agent, with the goal of
demonstrating that endocrine disruptions can occur very early,
perhaps immediately, after the administration of PRRT.

Materials and methods

This study was a retrospective analysis of prospectively collected
data from the trial. Serial blood samples at baseline then at
approximately 24h, 48h, and 30 days after each ['”’Lu]Lu-DOTA-
TATE administration were obtained from patients aged >18 years
who were enrolled in the phase 2 [7"Lu]Lu-DOTA-TATE trial for
metastatic/inoperable PPGL (NCT03206060) at the National
Institutes of Health (NIH) from October 2017 to March 2020.
Hormonal, catecholamine, and metanephrine testing protocols
were predetermined by the clinical trial and were performed on
day 1 (pre-[""Lu]Lu-DOTA-TATE infusion; d1), day 2 (day 1 post-
['”7Lu]Lu-DOTA-TATE infusion; d2), day 3 (day 2 post-['""Lu]Lu-
DOTA-TATE infusion; d3), day 30 (day 29 post—[177Lu] Lu-DOTA-
TATE infusion; d30), and day 60 (day 59 post—[177Lu]Lu—DOTA—
TATE infusion, which is also the day 1 of the next cycle; d60).
Pituitary and target organ hormones collected included ACTH,
cortisol, thyroid stimulating hormone (TSH), free thyroxine (FT4),
gonadotrophs (FSH, LH), testosterone, estradiol, growth hormone
(GH), and prolactin, which were measured using immunoassays.
Catecholamines and metanephrines were measured using high-
performance liquid chromatography. All assays were performed
at our institution, except for uninterpretable metanephrine values
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due to potential interfering substances, which were measured at the
Mayo Clinic laboratories using liquid chromatography/mass
spectrometry. To ensure accuracy and reproducibility particularly
of serum catecholamine levels, all blood samples were drawn at rest
and followed a strict protocol where patients laid recumbent for 30
minutes prior and had samples taken from an indwelling
venous catheter.

Eligibility criteria for the trial included histologically proven
PPGL and documented SSTR+ tumors on a [**Ga]Ga-DOTA-
TATE positron emission tomography/computed tomography
(PET/CT) scan within 12 weeks of treatment. Patients with
baseline persistent endocrine abnormalities such as
hypogonadism, hypothyroidism, or adrenal insufficiency were
excluded from this analysis. ['”7Lu]Lu-DOTA-TATE was
administered intravenously every 8 weeks at 7.4 GBq (200 mCi)
up to a total of 4 administrations. Concomitant administration of
2.5% Lys/Arg amino acid solution was used for renal protection.
The exclusion criteria included the following: 1. Baseline persistent
endocrine abnormalities from a clear underlying cause, 2.
Gonadotropins in premenopausal women, 3. Unexplained
baseline endocrine abnormalities that persisted throughout the
course of treatment, and 4. Catecholamine and metanephrine
data from patients harboring ‘non-secretory’” PPGL. Further
details regarding the exclusion criteria are described in the
Supplementary Information (Section A).

Baseline parameters consisting of age, sex, body mass index
(BMI), blood pressure (BP) comprising systolic blood pressure
(SBP), diastolic blood pressure (DBP), and heart rate (HR), were
measured prior to the first ['”7Lu]Lu-DOTA-TATE dose, and then
at varying intervals during each cycle: once daily to 2-4 hours/day
depending on patient’s clinical stability. Per trial protocol, blood
samples were collected from patients on 1, 4, 8, 12, 16, 20, 24, 28,
and 32 (+/- 2) weeks of treatment through an indwelling
intravenous cannula in a supine, resting state. The timings of the
plasma collection were predetermined by the trial protocol at 24-
hour intervals post—[177Lu]Lu—DOTA—TATE infusion. However,
most of these samples were collected between 05:30 AM and
11:30 AM. We also looked into the clinical records of these
patients to identify whether any of the patients had undergone an
ACTH stimulation test. The study was approved by the institutional
review board at the NTH Clinical Center and all patients provided
informed consent.

Statistical analysis

Continuous data were represented as mean * standard
deviation (SD) for normally distributed parameters and as
median and interquartile range for skewed data. The longitudinal
graphical data were represented as mean * standard error of mean
(SEM). Categorical data were represented as proportions.
Longitudinal analysis was performed using linear mixed-effects
model analysis. Catecholamine/metanephrine levels were analyzed
using two-way repeated measures ANOVA. All longitudinal data
were clustered into 5 groups: ‘Day 1’ (D1), ‘Day 2’ (D2), ‘Day 3’
(D3), ‘Day 30" (D30), and ‘Day 60’ (D60). For example, ‘D1’
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comprised d1 values of all cycles (cycle 1 dl, cycle 2 d1, cycle 3
dl, and cycle 4 d1). The ‘D60’ values comprised the d1 values of the
subsequent cycles: for example, cycle 2 d1 was not only d1 of the
second cycle under ‘D1’ data but was also d60 of the first cycle in the
‘D60’ data. The hormonal measurements were labelled as either
‘high’ or low’ based on the value being above or below the reference
range, respectively for the given hormone. Further details on
statistics are provided in the Supplementary Information (Section
B). All analyses were two-tailed, and the p-value was set to 0.05.
Statistical analyses were performed using GraphPad Prism 8
Version 8-3-1 and SAS Version 9.4.

Results
Baseline characteristics

Twenty-seven consecutive patients [age: 54 + 12.7 years, 13
females, BMI: 24.9 (22.7 - 30.9) Kg/mz] were enrolled (Table 1). At
completion of the longitudinal follow-up, 21 (77.8%), 16 (59.3%),
and 13 (48.1%) patients had completed the second, third, and fourth
doses of ['7’Lu]Lu-DOTA-TATE, respectively. The average
pituitary and target gland hormones levels were within the
normal reference range. The median baseline levels of plasma
normetanephrine and norepinephrine were 5.25x (588 pg/mL; 18
- 112 pg/mL) and 1.04x (826 pg/mL; 84 — 794 pg/mL) the upper
limit of normal, respectively. The median baseline epinephrine and
metanephrine levels were normal.

Hormonal variations in the immediate
post-treatment period

Regarding prevalence of biochemical abnormalities per patient,
estradiol (60%; 3/5 patients — all pre-menopausal women) and
prolactin (50%; 10/20 patients) abnormalities were most frequent,
followed by testosterone (27.3%; 3/11 patients), ACTH (24%; 6/25
patients), and TSH (20.8%; 6/24 patients) (Table 2). Across all
measurements, prolactin abnormalities were most frequent (25.4%),
with hypoprolactinemia constituting 14.1%, and hyperprolactinemia
constituting 11.3%, followed by high FSH (13.1%), high LH (12.5%),
and high ACTH (9.8%) (Table 3). The descriptions of specific
findings from Table 3 based on individual pituitary-target gland
axis is provided in Supplementary Information (Section C). The
frequency of all the biochemical endocrine abnormalities on each day
of measurement of every cycle is listed in Supplementary Information
(Section D). Longitudinal follow-up revealed a reduction in the
average levels of several hormones immediately following ['/"Lu]
Lu-DOTA-TATE dosing, especially on D2 and D3, with gradual
return to pre-['”’Lu]Lu-DOTA-TATE baseline values at D60
(Figure 1). In the pituitary-adrenal axis, compared to D1, the
ACTH levels on D2 (D1 = 36.8 + 34.1 pg/mL vs. D2 = 23.1 + 21
pg/mL; p<0.0001), D3 (D1 = 36.8 + 34.1 pg/mL vs. D3 =24.3 + 19.4
pg/mL; p<0.0001), and D30 (D1 = 36.8 + 34.1 pg/mL vs. D30 =27.7 +
19.1 pg/mL; p=0.01) were significantly lower, while there were no
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TABLE 1 Baseline characteristics of the study population.

Baseline characteristics (n=27) Values

—

. Age (years) 54 +12.7

14 (51.9%) / 13
(48.1%)

3

Sex: male (%)/female (%)

3. Body mass index (Kg/mz) 24.9 (22.7 - 30.9)

'S

. Cycles of treatment received: number of patients (%)

27 (100%
OCycle-1 (100%)
O Cyde2 21 (77.8%)
¥ 16 (59.3%)
O Cycle-3
13 (48.1%)
O Cycle-4
5. Adrenocorticotropic hormone (5 - 46 pg/mL; n=25) 24.8 (17.2 - 49.6)
6. Cortisol (5 - 25 mcg/dL; n=25) 11.1 (7.8 - 16)
7. Thyroid stimulating hormone (0.27 - 4.2 microIU/
22+ 1.12
mL; n=24)
8. Free thyroxine (0.9 - 1.7 ng/dL; n=24) 1.15 £ 0.19
9. Follicle stimulating hormone (FSH; male; 1 - 11 U/L;
6.29 £ 34
n=9)
10. Luteinizing hormone (LH; male; 1 - 8 U/L; n=10) 4.67 + 1.94

11. FSH (postmenopausal female; 22 — 153 U/L; n=7) 70 (51.4 - 83.6)

12. LH (postmenopausal female; 11 - 40 U/L; n=7) 28.8 (25.1 - 40.2)

13. Testosterone (male; 181-758 ng/dL; n=11) 3323 +120.1

14. Estradiol (premenopausal female; 15 - 350 pg/mL;

96.1 (33.8 - 214.3)
n=5)

15. Growth hormone (0 - 3 ng/mL; n=26) 0.16 (0.07 - 0.41)

16. Prolactin (4 - 15.2 ng/mL; n=20) 7.65 (2.25 - 13.25)
17. Epinephrine (0 - 57 pg/mL; n=27) 19 (17 - 23)

18. Norepinephrine (84 - 794 pg/mL; n=27) 826 (221 - 4520)

19. Metanephrine (12 - 61 pg/mL; n=27) 45 (26 - 70)

20. Normetanephrine (18 - 112 pg/mL; n=27) 588 (91 - 2285)

21. Dopamine (0 - 25 pg/mL; n=27) 25 (25 - 174)

Data are represented as mean + standard deviation or as median (interquartile range).

such corresponding changes in the cortisol levels (Figure 1A). In the
pituitary-thyroid axis, the TSH on D2 (D1 = 2.2 + 1.4 microIU/L vs.
D2 = 14 = 0.9 microlU/L; p<0.0001), and D3 (D1 = 2.2 + 14
microlU/L vs. D3 = 1.7 + 1.3 microlU/L; p=0.001) was significantly
lower compared to its D1 value, while the FT4 on D2 (D1 = 1.1 £ 0.2
ng/dL vs. D2 = 1 + 0.2 ng/dL; p=0.002) was significantly lower than
the D1 value (Figure 1B). There were no significant changes noted on
D2, D3, and D30 compared to D1 in the somatotropic axis (GH)
(Figure 1C), or in the pituitary-gonadal axis (FSH, LH, testosterone,
and estradiol) (Figure 1D). Compared to D1, significantly lower levels
of prolactin were noted on D2 (D1 =10.2 + 6.9 ng/mLvs. D2=7.2 +
5.7 ng/mL; p<0.0001), D3 (D1 = 10.2 + 6.9 ng/mL vs. D3 = 7.3 + 5.4
ng/mL; p=0.0001), and D30 (D1 = 10.2 + 6.9 ng/mL vs. D30 = 7.7 +
5.7 ng/mL; p=0.004) (Figure 1E). Five (18.5%) patients had
undergone a 250mcg ACTH stimulation test for either a cortisol of
<5 mcg/dL or for a cortisol of <10 mcg/dL as clinically indicated, and
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TABLE 2 Prevalence of biochemical endocrine abnormalities in the
study cohort over four cycles.

Number of patients with

abnormal results / total number
of patients

Hormone

1. Adrenocorticotropic
6/25 (24%)
hormone

2. Cortisol 5/25 (20%)

3. Thyroid stimulating

5/24 (20.8%)
hormone

4. Free thyroxine 4/24 (16.7%)

5. Follicle stimulating hormone
(males and postmenopausal 3/16 (18.8%)

females)

6. Luteinizing hormone (males

4/17 (23.5%
and postmenopausal females) 117@235%)

7. Testosterone (males) 3/11 (27.3%)

8. Estradiol (premenopausal

0
females) 3/5 (60%)

9. Growth hormone 4/26 (15.4%)

10. Prolactin 10/20 (50%)

all the patients demonstrated robust increase in cortisol levels and
adrenal insufficiency was ruled out.

Most biochemical abnormalities were transient and clinically
inconsequential. However, clinically symptomatic, and persistent
endocrinopathies developed in two patients (Figure 2). A 29-year-
old male (Patient A) was diagnosed with asymptomatic primary
hyperthyroidism due to Hashimoto’s thyroiditis prior to ['”’Lu]Lu-
DOTA-TATE therapy (Figure 2A). One month after the first dose
of ["7Lu]Lu-DOTA-TATE, the patient developed marked,
symptomatic primary hypothyroidism requiring levothyroxine
therapy. The pre-treatment [*®*Ga]Ga-DOTA-TATE PET/CT
revealed diffuse thyroid uptake with a maximum standardized
uptake (SUV ., of 14.3, and a diffuse thyroidal uptake of ["7Lu]
Lu-DOTA-TATE was also noted on the 24-hour post-treatment
whole body single-photon emission computed tomography
(SPECT) scan, with more details described elsewhere (11). A 43-
year-old premenopausal woman (Patient B) with normal gonadal
function prior to ['7"Lu]Lu-DOTA-TATE therapy developed hot
flashes and cessation of menses close to the fourth dose of ['”’Lu]
Lu-DOTA-TATE therapy (Figure 2B). Towards the end of the
fourth cycle, there were elevations in gonadotrophins to
menopausal ranges [FSH: 42.3 (menopausal reference range: 22 —
153 U/L); LH: 36.2 (menopausal reference range: 11 - 40 U/L)],
with undetectable estradiol levels (<5 pg/mL; normal menopausal
value: <10 pg/mL) suggestive of early menopause (onset of
menopause at age <45 years) due to hypergonadotropic
hypogonadism. The undetectable estradiol was preceded by a
marked increase in estradiol levels (up to 470 pg/mL) followed by
a gradual decline to undetectable levels, a phenomenon often
observed during perimenopause (12).
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TABLE 3 Proportion of biochemical endocrine abnormalities among all
measurements over four cycles.

Hormone High Low
26/263 3/263
1. Adrenocorticotropic hormone 9.8%) (1.1%)
2/264 11/264
2. Cortisol 126 126
(0.8%) (4.2%)
17/225 16/225
3. Thyroid stimulating hormone / /
(7.6%) (7.1%)
8/230
4. Free thyroxine 0/230 (0%) (3.5%)
5. Follicle stimulating hormone (males and 20/153
0/153 (0%)
postmenopausal females) (13.1%)
6. Luteinizing hormone (males and 21/168 0/170 (0%)
postmenopausal females) (12.5%)
1/122 10/122
7. Testosterone (males) / o/
(0.8%) (8.2%)
3/58 2/58
8. Estradiol (premenopausal females) (5.6%) (3.4%)
20/274
9. Growth hormone (73%) 0/274 (0%)
24/213 30/213
10. Prolacti
rolactin (11.3%) (14.1%)

Functional imaging characteristics in
patients with clinical endocrinopathies

A comparison of the SUV,,,x values of the primary endocrine
organs of involvement was performed between patient A and
patients who never developed biochemical abnormalities in these
respective hormonal axes (‘controls’) on the pre-treatment [*®Ga]
Ga-DOTA-TATE PET/CT scan. Due to poor visualization of

10.3389/fendo.2023.1275813

ovaries on the functional imaging, patient B was excluded from
this analysis. The SUV ., of the thyroid in patient A was higher
than the mean thyroid SUV,,,, among controls, while the SUV .
of the pituitary was lower compared to controls (Supplementary
Information; Section E). Diffuse thyroid uptake was evident on the
pre-treatment diagnostic [®3Ga]Ga-DOTA-TATE scan and on the
post-treatment single-photon emission CT (SPECT) scan, as
previously described (11).

Catecholamine, metanephrine, blood
pressure, and heart rate variations

Compared to DI, significant mean % increase was noted with
plasma levels of norepinephrine (53.3% on D2; p=0.0004, and
51.5% on D3; p=0.0006), dopamine (48% on D2; p=0.002, and
44.4% on D3; p=0.004), and normetanephrine (43.9% on D2;
p=0.02) (Figures 3A, B). The mean % change on D3 for plasma
metanephrine tended towards a significant change (41.4%,
p=0.06). The % changes for plasma epinephrine and
chromogranin A were not significant (Figures 3A, C). We also
noted an increase in the absolute values in catecholamines and
metanephrines, particularly of plasma norepinephrine,
normetanephrine, and dopamine at 24- and 48-hours post
['”7Lu]Lu-DOTA-TATE infusion, and the levels returned to
baseline by D30 (Figure 3D).

Compared to D1, the SBP was significantly lower on D2 (122.6
+23.5 mmHg vs. 118.1 + 20.7 mmHg; p<0.0001), but significantly
higher on D3 (122.6 + 23.5 mmHg vs. 123.4 + 22.7 mmHg;
p=0.001), while the DBP was significantly lower on D2 (66.2 +
11.6 mmHg vs. 63.6 + 11.7 mmHg; p<0.0001) and D3 (66.2 + 11.6
mmHg vs. 65.1 + 12.3 mmHg; p=0.003), and the HR was
significantly higher on D30 (74.8 + 12.9/min vs. 80.7 + 15.2/min;
p<0.0001) (Figures 4A-C).
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FIGURE 1

Changes in the pituitary and target endocrine gland hormone levels in the plasma on the day of [177LulLu-DOTA-TATE therapy prior to the infusion
(day 1) and during the immediate post-treatment period (day 2 — day 60) in (A). the pituitary-adrenal axis, (B). the pituitary-thyroid axis, (C). the
somatotropic axis, (D). the pituitary-gonadal axis, and (E). prolactin. The data on testosterone is exclusively from males and the data on estradiol is
exclusively from premenopausal females, while the FSH and LH are combined data from males and postmenopausal females. Each ‘day’ comprises

data from all four cycles. Data are represented as mean + SD.
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(A) Immunoassay measurements of thyroid stimulating hormone (TSH) and free thyroxine (FT4) levels in Patient A who was initially diagnosed with
primary thyrotoxicosis prior to [177LulLu-DOTA-TATE therapy initiation and later developed symptomatic primary hypothyroidism 30 days after the
first dose of [177LulLu-DOTA-TATE. (B) Immunoassay measurements of estradiol, follicle stimulating hormone (FSH), and luteinizing hormone (LH)
levels in Patient B who developed secondary amenorrhea and hot flashes close to the 4th cycle dose of [177LulLu-DOTA-TATE. Towards the end of
cycle 4, there were elevations in gonadotrophins to menopausal ranges [FSH: 42.3 (menopausal range: 22-153 U/L); LH: 36.2 (menopausal range:
11-40 U/L)], with undetectable estradiol levels (<5 pg/mL; normal menopausal value: <10 pg/mL) suggestive of early menopause (onset of
menopause at age <45 years). Estradiol levels demonstrated an initial marked increase (up to 470 pg/mL) followed by a gradual decline to

undetectable levels, a phenomenon often observed during perimenopause.

Discussion

In this study, we demonstrate that ['"Lu]Lu-DOTA-TATE
treatment is associated with endocrine function fluctuations and
catecholamine level surges that are detectable and statistically
significant as early as 24 hours and peaking by 48 hours after
administration. We also provide prospective evidence that these
abnormalities mostly return to pre-treatment levels towards the end
of the treatment cycle. These changes are important for the clinician
to recognize for safely managing catecholamine surges post [”Lu]
Lu-DOTA-TATE treatment but also to expect the transient nature
of observed pituitary dysfunction.

The longitudinal data in our study revealed a tendency for the
average pituitary hormonal levels to decrease on the days
immediately following ['”’Lu]Lu-DOTA-TATE infusion, and
then return towards baseline by the end of the cycle. These
observations suggest that hormonal changes were mostly transient
and likely clinically inconsequential. However, clinically evident
endocrinopathy developed in 2/27 (7.4%) patients who either had
an underlying pre-existing endocrinopathy of target gland (Patient
A) or were at risk for developing endocrinopathy (Patient B). SSTRs
have been identified in both human thyroid and ovarian tissues
(13). Early studies on somatostatin analogs have demonstrated
transient suppressive effects on various pituitary hormones a few
hours post-administration. Octreotide doses of 50 - 100 mcg have
been shown to reduce average GH levels within a few hours in both
healthy adults and acromegaly patients (14, 15), as well as reduction
in TSH within 6 — 10 hours among patients with TSH-secreting
pituitary adenomas (16, 17). A single dose of ['7Lu]Lu-DOTA-
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TATE contains about 200mcg (10mcg/mL) of the somatostatin
analog component (DOTA-TATE) (18). Although the
pharmacokinetic properties of DOTA-TATE have been evaluated
(19, 20), it is not clear whether the hormonal secretion-inhibitory
properties of the octreotate component of DOTA-TATE are
comparable to that of octreotide at similar doses. If this were to
be the case, then one could expect similar inhibitory effects on
endocrine function, as observed in our study. However, such
deductions should be made with caution. Inhibitory effects of
octreotide are less obvious on ACTH, cortisol, and FSH secretion
(21), yet, we identified Tlow’ values in these hormones, thus
suggesting probable mechanisms, independent of the somatostatin
analog component of ['’Lu]Lu-DOTA-TATE, contributing to
these effects. The frequently observed pituitary hormonal
abnormalities in our study could therefore be due to the effect of
['”7Lu]Lu-DOTA-TATE on the pituitary gland, leading to transient
decreases of ACTH, TSH, PRL, while a potential effect of [177Lu] Lu-
DOTA-TATE on the gonads may have led to a degree of gonadal
insufficiency, manifested as increases in FSH and LH, associated
with low testosterone in males or to induction of menopause in
women (as observed in Patient B) (8, 13).
Hyperprolactinemia/hypoprolactinemia were the most frequently
observed abnormalities in our study. Immunohistochemical analysis
has demonstrated high-SSTR2 expression in the human lactotrophs,
which might explain our observation (22). Similar disruptive effects of
['”Lu]Lu-DOTA-TATE on other endocrine glands may have
contributed towards clinically significant abnormalities in patients-A
and B in our study. In a study utilizing [”’Lu]Lu-DOTA-TATE
therapy for gastroenteropancreatic NETs, transient reduction in
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The % changes in the levels of (A) catecholamines, (B) metanephrines, and (C) chromogranin A, and (D) the changes in the absolute values of
catecholamines and metanephrines on the day of ['/Lu]Lu-DOTA-TATE therapy prior to the infusion (day 1) and during the immediate post-
treatment period (day 2 — day 60). Each ‘day’ comprises data from all four cycles. Data are represented as mean + SEM.

testosterone and inhibin-B levels, with FSH elevations were identified
in men in the first 24 months of therapy, suggesting a potential
radiation-induced effect on Sertoli cells (23). Four cycles of 7.4 GBq
dose of ['""Lu]Lu-DOTA-TATE therapy delivers small radiation doses
to the adrenals (1.1 Gy), ovaries (0.9 Gy), testes (0.8 Gy), and thyroid
(0.8 Gy). These doses are modest, and data from external beam
radiation to the pituitary have demonstrated low incidence of
hormonal abnormalities with doses <20 Gy, with GH secretion being
more susceptible to radiation (<30 Gy), and TSH/ACTH axes being
more resistant (up to 50 Gy) (24, 25).

Evidence on [Y7Lu]Lu-DOTA-TATE -associated endocrine
disruption has been reported in other studies. Teunissen et al.
evaluated endocrine function from baseline up to 24-months

follow-up among patients receiving ['”’Lu]Lu-DOTA-TATE (9).
At 24 months, the mean total testosterone level in men decreased by
30%, and in postmenopausal women, the mean baseline FSH and
LH levels reduced by 16% and 21% respectively from baseline. The
mean baseline FT4 levels reduced by 12% at 24 months, with two
patients eventually developing primary hypothyroidism. In a phase
2 ['Lu]Lu-DOTA-TATE trial on patients with NETSs, baseline and
yearly pituitary function assessment was performed (8). Plasma
IGF-1 decreased by 30% at 48 months, while ACTH increased by
58% during the first year and normalized later. Plasma FSH and LH
in males also demonstrated a significant increase within 12 months
of ['”Lu]Lu-DOTA-TATE, followed by normalization of levels,
and then followed by an increase in levels after 48 months. In
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another study, ['”’Lu]Lu-DOTA-TATE therapy in previously
normocalcemic patients with NETs (n=47) resulted in significant
reductions in serum calcium levels and a significant increase in
serum parathyroid hormone (PTH) levels manifesting as secondary
hyperparathyroidism when followed up to 6 months after therapy,
and 11% of the patients required calcium supplementation (26).

We identified a 2.7-fold higher thyroid uptake on the pre-
treatment [**Ga]Ga-DOTA-TATE PET/CT scan in Patient A, as
compared to the mean uptake among individuals with normal
pituitary-thyroid axis in our cohort. Prior studies have shown the
thyroid SUV .. to be about 4.6 on [**Ga]Ga-DOTA-TATE PET/
CT scans (27), and in comparison, the uptake (SUV,,,=14.3) in
Patient A was 3 times this value. This suggests that there may have
been a higher density of SSTRs on the thyroid in Patient A, which
may have led to higher uptake of ['"’Lu]Lu-DOTA-TATE,
potentially leading to rapid worsening of thyroid function. In fact,
thyroid dysfunction (subclinical hypothyroidism) has also been
recently reported following the use of o emitter-based PRRT,
[***Ac]Actinium-DOTA-TATE (28). Our findings warrant careful
interpretation as these are findings from a single ‘case’ subject.
Dosimetry allows for calculation of thyroid radiation exposure, but
dosimetry was not included in our trial’s protocol. A similar
mechanism may have contributed to early menopause in Patient
B although we could not measure the SUV,,, in this patient.
Further studies evaluating the association between such uptake
patterns in other endocrine glands and clinical endocrinopathies
are necessary.

We identified significant elevations in catecholamine and
metanephrine levels in the initial 30 days following ['""Lu]Lu-
DOTA-TATE dose, findings not previously reported per our
knowledge. These elevations started within 24 hours post-
administration and had peaked by 48 hours. Direct cytotoxicity
from '”’Lu radionuclide on chromaffin cells of PPGL leading to the
spillage of catecholamines and metanephrines could be the
most likely mechanism. Moreover, among the patients with
secretory PPGL in our cohort, five patients with profoundly high
levels of plasma catecholamines were treated with metyrosine, a
catecholamine synthesis inhibitor (29), during ['”Lu]Lu-DOTA-
TATE therapy. Even in these patients, catecholamine/metanephrine
levels increased following ['”7Lu]Lu-DOTA-TATE infusion,
suggesting the increase in plasma catecholamines/metanephrines
to be likely due to spillage of preformed molecules from the PPGL.
As PPGLs can be SSTR2+ (30), the octreotate component of [Y7Lu]
Lu-DOTA-TATE may potentially affect catecholamine production.
However, somatostatin analogs decrease catecholamine synthesis
from PPGL chromaffin cells (31). Therefore, the somatostatin-
mediated effects do not explain the post-treatment increase in
catecholamine/metanephrine levels that most likely occurs due to
radiation-related tumor disruption. Furthermore, ['”"Lu]Lu-
DOTA-TATE-mediated alterations in the dynamics of cytosolic-
vesicular catecholamine uptake/reuptake/metabolism, and
interactions with adrenal-medullary peptides modulating
catecholamine secretion are possible (32), but require further
investigation. Another minor contribution to these findings could
be from the renoprotective amino acid infusion containing
phenylalanine/tyrosine which some of our patients received prior
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to ['”’Lu]Lu-DOTA-TATE infusion. As phenylalanine/tyrosine are
precursors for catecholamine synthesis, they may increase
catecholamines in patients with secretory forms of PPGL (33).
However, several patients in our study received exclusively lysine/
arginine containing amino acid infusions, instead of phenylalanine/
tyrosine containing infusions. The BP and HR variability and their
correlation with catecholamine/metanephrine changes are
challenging to interpret in our study due to patients receiving
multiple forms of anti-hypertensive therapy prophylactically or
following ['"7Lu]Lu-DOTA-TATE infusion, or due to effects of
amino acid infusion on vascular tone. However, hypertension
associated with ['”Lu]Lu-DOTA-TATE have been reported in
the literature (34).

Our study has several strengths. Hormonal assays were
performed in the same laboratory, thus minimizing inter-institute
assay variations. Blood samples were collected through an
indwelling intravenous catheter which reduced potential needle
trauma-related fluctuations in ACTH and prolactin. Concerns for
interference by the non-radiolabeled (‘cold’) somatostatin analogs
with ['”7Lu]Lu-DOTA-TATE therapy were unlikely as the trial
protocol necessitated the criteria of no initiation/alteration of
somatostatin analog therapy within 3 months of enrollment for
long-acting octreotide/lanreotide therapies and withholding of
short-acting octreotide for 24 hours prior to ['/“Lu]Lu-DOTA-
TATE infusion.

However, our study does have limitations. All 4 cycles of ['/"Lu]
Lu-DOTA-TATE therapy were completed in 13/27 patients, and
data till the end of the 4™ cycle was available in 11/27 patients. The
list of hormones to be measured were predetermined in the clinical
trial protocol, and the data was only available for retrospective
analysis. Therefore, effects of ['”’Lu]Lu-DOTA-TATE therapy on
several hormones of interest, such as IGF-1, inhibins-A and -B,
anti-Miillerian hormone, pancreatic islet hormone function
(insulin, hemoglobin Alc), and PTH, could not be assessed.
Similarly, per trial protocol, the timings of plasma collection were
pre-set at 24-hour intervals post-['”’Lu]Lu-DOTA-TATE infusion,
and the timings of the infusion during the day varied across
different cycles and patients. This could have affected the levels of
certain hormones measured in our study (such as cortisol and
testosterone) which demonstrate diurnal variations in plasma
concentration (35, 36). However, most blood samples were
obtained no later than 11:30 AM, and we utilized the wide
reference range provided by our institutional immunoassays for
each hormone such that those hormone levels resulted by our
laboratory as ‘high’ or ‘low’ were unequivocal. We also acknowledge
the limited utility of random GH measurements due to pulsatile
nature of its secretion, as well as the unknown significance of
random ACTH measurements in the absence of an underlying/
suspected corticotrope or adrenocortical disorder. There is a
likelihood for some of the low’ hormonal values to be a result of
either a transient inhibition of pituitary hormones by the
somatostatin component of [*”Lu]Lu-DOTA-TATE, or from the
dilutional effect from intravenous hydration with 2L normal saline
prior to [*”’Lu]Lu-DOTA-TATE infusion. However, this does not
explain the several elevated hormonal values that were observed
after [177Lu]Lu—DOTA—TATE infusion, and therefore, the
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somatostatin inhibitory effect or the dilutional effect are unlikely to
be entirely responsible for the observed changes. Certain Tow’
values in the thyrotropic and gonadotropic axis hormones could
be due to euthyroid sick or eugonadal sick syndromes respectively,
which cannot be ruled out in this study population. While all assays
were performed at our institution, a few uninterpretable
metanephrine values due to potential interfering substances,
which were measured at the Mayo Clinic laboratories using liquid
chromatography/mass spectrometry. Hormonal evaluation was
performed using immunoassays which are highly susceptible to
interfering substances and can show wide inter- and intra-assay
variations. While the clinically significant endocrinopathies noted
in patients A and B persisted till the time of last follow-up in these
patients, whether these changes are permanent or whether these
were mere coincidental findings remains to be determined.

In conclusion, ['”7Lu]Lu-DOTA-TATE therapy is associated
with variations in biochemical endocrine function and with
significant changes in plasma catecholamine and metanephrine
levels in the immediate post-treatment period. While most
hormonal abnormalities are transient and clinically silent, some
abnormalities can become profound, clinically significant, and
potentially persistent, especially among patients with pre-existing
endocrinopathy or those who are at risk for developing an
endocrinopathy. Moreover, these observable changes serve as a
reminder for potentially more persistent pituitary damage and
severe catecholamine surges that may be seen by more powerful
agents such as alpha-particle PRRT. Current practice lacks
emphasis on evaluating the off-tumor radiation effects in the
immediate post-treatment period of ['”’Lu]Lu-DOTA-TATE
infusion or other PRRTs. Our data demonstrates that such effects
indeed occur post ['”7Lu]Lu-DOTA-TATE infusion. Therefore,
early, and serial endocrine function testing should be considered
among patients undergoing ['”’Lu]Lu-DOTA-TATE therapy.
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Background: Pheochromocytoma is one of the most hereditary human tumors
with at least 20 susceptible genes undergoing germline and somatic mutations,
and other mutations less than 1% -2%. In recent years, other rare mutations have
gradually been discovered to be possibly related to the pathogenesis and
metastasis of pheochromocytoma. Most patients with pheochromocytoma
experience common symptoms like headaches, palpitations, and sweating, while
some may have less common symptoms. The diversity of symptoms, genetic
mutations, and limited treatment options make management challenging.

Case presentation: A 53-year-old woman was hospitalized after experiencing
episodic epigastric pain for one month. A mass was found in her right adrenal
gland and she underwent robot-assisted laparoscopic surgery, revealing a
pheochromocytoma. At the 16-month follow-up, multiple metastatic lesions
consistent with metastatic pheochromocytoma were found. A germline
mutation in the dihydrolipoamide succinyltransferase (DLST) gene
(c.330 + 14A>G) was detected, and despite trying chemotherapy and adjuvant
therapy, the patient had a limited response with an overall survival of 27 months.

Conclusions: DLST mutation is one of the rare pheochromocytoma-related
mutated genes, and genetic sequencing is crucial for effective
clinical management.

KEYWORDS

pheochromocytoma, neoplasm metastasis, exome sequencing, dihydrolipoamide
succinyltransferase, case report
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1 Introduction

Pheochromocytoma (PCC) and paraganglioma (PGL) are
collectively known as PPGL (1). Clinical manifestations of
hypertension are present in over 90% of patients, while symptoms
such as headache, palpitations, and sweating are reported in more
than 50% of cases. PPGL has been categorized into metastatic and
non-metastatic forms (1). 10% of PCC and 15-35% of PGL are
malignant but metastatic diseases are rare (2, 3). PPGL is recognized
as one of the most heritable tumors among all human malignancies,
with genetic factors accounting for approximately 40% (4). The
activation of susceptibility genes in key pathways, including
pseudohypoxia, kinase, and Wnt signaling, are identified (5-8).
Tumors classified within Cluster 1 typically exhibit a noradrenergic
biochemical phenotype and are associated with a heightened risk of
sustained hypertension. Gene sequencing, metaphranes, and
abdominal imaging are useful for diagnosing PCC (9). Surgery is
the preferred treatment, but systemic options are available for
inoperable cases with limited effectiveness. Patients with mutation
should receive personalized lifelong monitoring (10).

A case study of a female with PCC metastasis occurring 16
months post-surgery was presented, characterized by atypical
clinical manifestations. Whole-exome sequencing revealed DLST
gene mutations, suggesting a potential association with PCC
development. A comprehensive review of literature was
conducted to discuss the clinical management.

2 Case presentation

2.1 Medical history and
preoperative examination

A 53-year-old female without prior medical history presented
with episodic upper abdominal pain in June 2021.The patient
exhibited no symptoms of paroxysmal or persistent hypertension,
headache, palpitations, sweating, vision loss, body weight loss or
other related manifestations. No retinal hemangioma was detected.

10.3389/fonc.2024.1394552

In July 2021, the patient exhibited normal respiration, heart rate (80
beats/min), and blood pressure (130/80mmHg), with no abnormal
findings noted during cardiopulmonary and abdominal
examinations. Adrenal enhancement computed tomography (CT)
revealed a space occupying lesion in the right adrenal region (about
4.2x59cm in size) (Figures 1A, B) and normal lung CT. 18F-
fuorodeoxyglucose positron emission tomography (PET)/CT
revealed a mass in the right adrenal region with unevenly
increased glucose metabolism (maximum cross-sectional area of
5.68x4.81 cm). Auxiliary examinations of the central nervous
system, heart, kidney, and pancreas revealed no abnormalities.
Metanephrine (MN) and neuron specific enolase (NSE) showed
no abnormalities. Blood normetanephrine (NMN) was about three
times than the normal upper limit (Supplementary Table 1). CgA
concentration in blood and fractionated metanephrines in 24 hour
urine weren’t conducted. The patient’s blood routine, liver and
kidney function, blood glucose levels, urinary occult blood, and
other biochemical indicators showed no significant abnormalities.
Normal ACTH rhythm, cortisol rhythm, and renin activity were
observed (Supplementary Table 4). Aldosterone levels in the supine
position were measured at 219.4pg/ml (reference range 10.0-
160.0pg/ml), while orthostatic aldosterone levels were recorded at
415.5pg/ml (reference range 40-310pg/ml).

2.2 Surgical treatment and
postoperative pathology

To mitigate the risk of cardiovascular complications, the patient
was administered oral doxazosin in July 2021, followed by oral
bisoprolol prior to surgery. The planned procedures include
laparoscopic retroperitoneal lesion resection, right adrenal mass
resection, and abdominal adhesiolysis. Intraoperatively, the
presence of greater omentum tissue at the inferior margin of the
liver and intestinal adhesions was noted. Following dissociation, a
mass measuring approximately 5.0 x 5.0 cm, exhibiting moderate
activity and in close proximity to the right adrenal gland, was
identified. No discernible abnormalities were detected in the liver,

FIGURE 1

Imaging changes in PCC: In July 2021, the arrows pointed to the adrenal mass on abdominal and enhanced CT scans (A, B). In December 2021, no
abnormalities were seen in abdominal CT scans (C). In November 2022, the arrows pointed to lung and bone metastasis on PET-CT (D). In March
2023, the arrows indicated liver metastases on liver MR images (E, F). In May 2023, the arrows pointed to spine metastases on MR images (G). In July
2023, the arrows indicated liver metastases on liver MR images (H, ). In September 2023, CT scan showed extensive lung metastases with

inflammation (J, K).
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stomach, colon, or small intestine. Based on preoperative
evaluations and intraoperative observations, the surgical approach
was maintained without alterations. The surrounding tissue of the
tumor was found to be fully free, allowing for the complete removal
of the tumor. Postoperative pathology revealed a retroperitoneal
adrenal tumor measuring 5.7 x 4.5 x 4cm and weighing 75g, with
incomplete capsular involvement. Histological examination
revealed the presence of small nests of chief cells accompanied by
small and interspersed blood vessels. Immunohistochemical (IHC)
staining indicated positivity for chromogranin A (CgA),
synaptophysin (SyN), Ki-67 (5%+), succinate dehydrogenase B
(SDHB), NSE, and sustentacular cells (individual cells+)
(Figures 2A-D). The patient presented with atypical symptoms
and signs of PCC. Based on qualitative diagnostic criteria (elevated
blood NMN levels exceeding twice the upper limit of normal) and
localization diagnostic methods (adrenal CT, PETCT) conducted
prior to surgery, PCC was highly suspected. GAPP score was 5. The
final clinical diagnosis was PCC (T3NOMO stagellI).

2.3 Metastasis and postoperative treatment

The patient remained asymptomatic during routine
postoperative follow-up. The adrenal CT was normal 5 months
after operation (Figure 1C). Levels of MN, NMN, and NSE were
within normal limits. 16 months post-operation,18F-FDG PET/CT
imaging revealed increased glucose metabolism in the bilateral lungs
and subpleural region. Additionally, heightened glucose metabolism
was observed in the sternum, cervical 2, thoracic 4, 5, 7, 8, lumbar 3-5
vertebral bodies, left iliac bone, and right femur (Figure 1D). Lung CT
showed multiple metastases. Further imaging with Gallium-68
labeled 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid-N-
octyl-D-phenylalanine and 18F-Dihydroxyphenylalanine PET/CT
demonstrated widespread bone metastases, multiple lung

10.3389/fonc.2024.1394552

metastases with high expression of growth inhibitory receptors, and
liver metastases in both lobes with low expression of growth
inhibitory receptors. The lung and bone lesions showed positive
results for CgA, SyN, SDHB, vimentin (VIM), CD56, GATA3, and
somatostatin receptor 2 (SSTR 2), with Ki-67 levels at 30% in the lung
and 5% in the bone, indicating metastatic PCC (Figures 2E-H).
Levels of MN, NMN,catecholamine (CA) and NSE were still within
normal range.

Whole Exome Sequencing Analysis Reveals: A point mutation
in the DLST Gene (¢.330 + 14A>QG), potentially linked to PGL Type
7, and a mutation in the Cyclin D1 (CCNDI) Gene (¢.575-13C>T),
potentially associated with Von Hippel-Lindau Syndrome
(Supplementary Table 2). The patient underwent pre-treatment
evaluation and preparation for systemic therapy of metastatic PCC.
The evident adverse reactions of nausea and vomiting were
observed in patients receiving 68Ga-dotatate PET/CT. Taking
into consideration the patient’s physical tolerance, the ultimate
treatment regimen consisted of oral temozolomide (300mg
administered once daily for 1-5 days, with a treatment course
repeated every 28 days) and subcutaneous denosumab (120mg
administered once every 4 weeks). Following the completion of
one course of oral temozolomide, treatment was discontinued due
to notable gastrointestinal symptoms. Subsequent treatment
included continuation of the denosumab regimen alongside
subcutaneous injections of octreotide acetate microspheres (60mg
administered once every 4 weeks), interspersed with traditional
Chinese medicine anti-tumor therapy. Subsequent to treatment
initiation, the frequency of follow-up assessments was escalated.
Blood parameter monitoring was conducted based on clinical
status, with imaging evaluations scheduled approximately every
two months. The imaging changes of metastatic lesions in March
and May 2023 are shown in Figures 1E-G. By July 2023, the patient
began experiencing significant dyspnea and intermittent
hemoptysis, indicating rapid disease progression (Figures 1H, I).

FIGURE 2

Pathology of PCC after surgery and metastasis:A-D showed pathology images of PCC after surgery. The gross specimen was a right retroperitoneal
adrenal mass with incomplete capsule (A). HE staining revealed small nests of chief cells with small and interspersed blood vessels(x 400) (B). Tumor
cells demonstrated diffuse CgA positivity (x 400) (C) and SyN positivity(x400) (D). (E-H) displayed pathology images of lung metastases. Lung
metastatic cells were negative for CK (x 400) (E). The HE staining showed similar characteristics to the primary tumor (x 400) (F). The lung
metastatic cells exhibited diffuse CgA positivity (x 400) (G) and SyN positive (x 400) (H).
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The adverse bleeding reaction associated with tyrosine kinase
inhibitors (TKIs) treatment poses a limitation on the utilization
of these drugs by the patient. In September 2023, she was
hospitalized for worsening breathing difficulties, vomiting, and
anemia. Metastatic lesions in the liver and lungs had increased
(Figures 1], K), along with elevated levels of NMN, NE, and NSE
(Supplementary Table 1). She was diagnosed with advanced stage
IV PCC. Palliative treatment was provided as she was in the
terminal stage of the tumor. Supplementary Table 3 showed the
detailed timeline, symptoms and the treatment process.

3 Discussion

PPGL have a poor prognosis and limited treatment options. The
key to diagnosis lies in appropriate biochemical tests and molecular
IHC (11). Approximately 40% of PPGL cases are associated with
germline mutations, making genetic testing crucial for early
detection of genetic syndromes, follow-up of high-risk patients,
and guidance of treatment (12). Half of the mutated genes in PPGL
are members of the tricarboxylic acid (TCA) cycle. Recent studies
have identified DLST as a component of the rate-limiting enzyme of
the TCA cycle, and disruption of DLST has been linked to
pseudohypoxia, which contributes to the occurrence and
progression of PPGL (13). However, the reported cases are
limited in number, and there is lack of comprehensive clinical

TABLE 1 Clinical features of PPGL with mutations in susceptibility genes.

10.3389/fonc.2024.1394552

data. Our patient exhibited DLST point mutations, PCC
characterized by atypical clinical symptoms but high malignancy,
multiple site metastasis, and a suboptimal response to treatment.

3.1 PCC gene sequencing

There has been a growing recognition of asymptomatic cases of
PPGL through familial and germline mutation testing in recent
years (9). About 15-17% of patients with PPGL will develop
metastasis (14). The natural course of metastatic PPGL is highly
heterogeneous, with 5-year survival rates ranging from 40% to 85%
(15, 16). Stage IV PPGL has a significantly shorter overall survival
(OS) (median OS 8.8 years) compared to stages I-III (17). Current
guidelines recommend a comprehensive approach involving
simultaneous localization diagnosis, qualitative diagnosis, and
genetic counseling to accurately diagnose PCC/PGL (18). PPGL is
linked to mutations in 20+ genes, categorized into three groups by
TCGA: pseudohypoxia (cluster 1), kinase signaling (cluster 2), and
Whnt signaling (cluster 3) (5-8). These mutations cause metabolic
and epigenetic imbalances, promoting tumor invasiveness and
metastasis (8). Our review focuses on PPGL patients with
mutations in these clusters (Table 1).

In recent years, DLST mutations, accounting for less than 1% of
cases, have also been identified as contributing to PPGL. A review of
cases reported in the literature on DLST mutations reveals that only

Family

Mutation Syndrome/Other History = Metastatic
Gene Frequency% Tumor Type = Tumors % Risk% References

Cluster 1 A (Krebs cycle)

AD, (19)
maternal HNPGL>>PGL/
SDHD 7-10 imprinting PCC PGLI1/GIST, RCC, PA 40-50 1-9
ATPGL>>HNPGL/ (20)
SDHB 8-10 AD PCC PGL4/GIST, RCC, PA, TT 10-24 25-50
SDHA <5 AD PCC/PGL PGL5/GIST, RCC, PA <10 Rare (21)
AD, (22)
maternal
SDHAF2 <1 imprinting HNPGL>PCC PGL2 >50 Rare
HNPGL>PCC/ (23)
SDHC 1 AD PGL PGL3/GIST, RCC <50 Rare
FH <5 AD PCC/PGL Leiomyoma, RCC Not obvious >50 (24)
MDH2 <1 AD PCC/ATPGL NA Not obvious 40 (25)
IDHx <1 GM/SM PGL Brain tumor glioblastoma, AML NA NA (26)
SLC25A11 <1 GM PGL NA Not obvious = High? (27)
GOT2 <1 GM ATPGL NA NA NA (28)
DNMT3A <1 GM PGL AML NA NA (29)
DLST <1 GM PCC/PGL NA NA Rare (13)
(Continued)
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TABLE 1 Continued

Family
Mutation Gene Syndrome/Other History = Metastatic
Gene Frequency%  Type Tumor Type = Tumors % Risk% References
Cluster 1B Hypoxia signaling
VHL 5-10 AD PCC>>PGL VHL 25-50 1-9 (30)
EPASI Pacak-Zhuang syndrome/Hereditary (31)
SM>GM PCC/ATPGL erythrocytosis, Somatostatinoma NA Rare
EGLN1/ 4 (32)
EGLN2 GM PCC/ATPGL Erythrocytosis NA Rare
Cluster 2
RET 5 AD PCC MEN2 syndrome 25-50 <1 (33)
NF1 3-30 SM>GM PCC NF1syndrome 10-24 1-9 (34)
TMEM127 = <2 AD PCC>PGL RCC Rare 15 (35)
MAX 1 AD PCC>PGL Renal oncocytoma 25-50 Rare (36)
H-RAS 7 GM/SM PCC NA NA NA (37)
KIF1B <1 GM PCC Neuroblastoma NA NA (38)
MEN1 <1 GM PCC/HNPGL MENI1syndrome NA NA (39)
Cluster 3
MAML3 7 Fusion genes PCC/PGL Neuroblastoma NA High? (40)
CSDE1 <1 SM PCC/PGL NA NA NA (4)

AD, Autosomal dominant inheritance; GM, Germline mutation; SM, Somatic mutation; HNPGL, head and neck paraganglioma; GIST, gastrointestinal stromal tumor; RCC, pheochromocytoma;
PA, pituitary adenoma; ATPGL, abdominal or thoracic paraganglioma; TT, Thyroid tumor; NA, Not Available.

three authors have reported a total of 12 patients (Table 2). In 2019,
Remacha et al. have described a new PPGL susceptibility gene
DLST, which encodes the dihydrolipoamide S-succinyltransferase
(13). The dihydrothiamide S-succinyltransferase encoded by the
DLST gene is a rate limiting enzyme in the Krebs cycle of cluster 1
subgroup (43). Additionally, Alexandre et al.’s study indicated that

TABLE 2 Clinical data of DLST mutations in PPGL patients.

DLST likely pathogenic variants may confer susceptibility to PPGL,
with a predicted low penetrance (41). The DLST germline variant
(p.gly374glu) can cause functional impairment and promote
tumorigenesis by increasing o-ketoglutarate levels and activating
the pseudohypoxic pathway (13). These patients exhibit sporadic
occurrences, with NM abnormalities being more prevalent, and are

Gender Age Tumor Other Metastasis Biochemical = cDNA Protein Prediction
Type tumors phenotype variants changes
Remacha male 45 PCC - yes NM c.692G>A p-Arg231GIn | deleterious no
etal,
2019 (13)
Remacha female 63 HNPGL - no NS c.910G>A p-Asp304Asn | neutral NA
et al., 2019
Remacha female 27 ATPGL UEC no NM c1121G>A | p.Gly374Glu | deleterious yes
et al, 2019
Remacha male 38 ATPGL — no NM cl1121G>A | p.Gly374Glu | deleterious yes
et al, 2019
Remacha female 24 ATPGL — no NM cl1121G>A | p.Gly374Glu | deleterious yes
et al, 2019 and PCC
Remacha male 29 ATPGL — no NM c1121G>A | p.Gly374Glu | deleterious NA
et al, 2019
(Continued)
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TABLE 2 Continued

10.3389/fonc.2024.1394552

Gender Other Metastasis Biochemical cDNA Protein Prediction
tumors phenotype variants changes

Remacha male 29 ATPGL - no NM c.1265A>G | p.Tyrd22Cys | deleterious NA
et al,, 2019
Remacha male 54 PCC PA no NM ¢.1060- — — no
et al, 2019 3T>A
Buffet male 23 ATPGL — no CA c1151C>T | p.Pro384Leu | probably yes
et al, damaging
2021 (41)
Buffet male 71 PCC — no NM c1121G>A | p.Gly374Glu | deleterious no
et al, and
2021% ATPGL
Mellid male 56 bilateral MTC, no NM NA p.Gly374Glu | deleterious no
et al., PCC NF1syndrome
2023" (42)
Mellid female 55 PCC — no M>NM NA p.Gly374Glu | deleterious no
et al,
2023¢

LOH, Loss of heterozygosity; PCC, pheochromocytoma; PGL, paraganglioma; HNPGL, head and neck paraganglioma; ATPGL, abdominal or thoracic paraganglioma; NM, normetanephrine;
NS, non-secretory; CA, catecholamine; M, metanephrine; NA, not available; UPD, uniparental disomy; PA, pituitary adenoma; MTC, medullary thyroid carcinoma; NF1,neurofibromatosis type

L;a,with DLST somatic mutation; b, with NF1 germline mutation; ¢, with NF1 somatic mutation.

“-” means no.

more likely to develop chest and abdominal PPGL (41). Our case
identified a mutation near the splice site of the DLST gene, which
may lead to abnormal protein synthesis. The patient did not show
typical symptoms of PCC, but NM levels were elevated before
surgery and during metastasis, consistent with PCC caused by
DLST mutation. There was no evidence of CCNDI1 gene
mutations in the pathogenesis of PCC. The absence of consistent
clinical manifestations and test results throughout the disease
process of von Hippel Lindau syndrome due to CCNDI1 gene
mutations suggests that the correlation between this specific
mutation and the onset of pheochromocytoma was not present in
this case (43). The patient’s lack of VHL gene mutations and
absence of literature on VHL and DLST dual mutations were
noted. Unfortunately, further genetic sequencing and epigenetic
analysis of the patient’s family were unsuccessful.

3.2 Symptoms, test results, and treatment
for PCC

The primary symptom of PPGL is persistent or paroxysmal
hypertension with target tissue damage (44). Clinical symptoms can
vary from no symptoms to life-threatening events, even with normal
blood pressure (45). Our patient initially had mild abdominal pain.
Preoperative levels of NMN were found to be significantly elevated, while
other blood test results did not show any significant abnormalities. The
synthesis, secretion and release of CA are not completely dependent on
the adrenal medulla, which may also be the reason why our patient had
no typical symptoms despite the increase of NMN (11). Adrenal CT and
PETCT imaging supported the diagnosis of PCC without evidence of
lesions in other areas. The Endocrine Hypertension Working Group of
the European Society for Hypertension recommends minimally invasive
adrenalectomy as the preferred surgical approach for PCC, as it can

Frontiers in Oncology

minimize blood loss and shorten postoperative hospitalization (18).
While guidelines suggest considering a cesarean section for PCC
tumors larger than 5cm,as for our patient the PCC measures
approximately 5cm in diameter. The surgical team observed only
hepatic omentum tissue and some intestinal adhesions during the
procedure, with no apparent abnormalities in the neighboring organs
of the tumor. Consequently, they opted for laparoscopic right adrenal
mass resection surgery. Surgical intervention has been shown to enhance
overall survival (OS) (46). European guidelines suggest postoperative
monitoring through blood tests, such as measurement of MN and NMN
at 2-6 weeks post-surgery and annually thereafter, as well as imaging
studies (CT/MRI) at 3 months, 6 months, and biennially thereafter (18).
Another study proposes that patients with SDHA/B PPGL who are at a
high risk of metastasis should consider undergoing biochemical tests
every 6 to 12 months and imaging every 1 to 2 years (10). Following
postoperative normalization of NMN levels, no recurrence or metastasis
was detected five months post-operation for our patient. However,
distant metastasis (lung, liver, bone) of PCC was discovered 16
months post-surgery. Imaging studies, including lung and liver CT,
PETCT, and subsequent pathological examination of lung and bone
metastases, provided compelling evidence of multiple site metastasis of
PCC. The potential benefit of increasing the frequency of postoperative
follow-up, such as every 6 months, for these patients is worth exploring.
There is no standardized treatment for metastatic PPGL, but options
include surgical resection, targeted radiolabeled carriers, thermal ablation,
chemotherapy, and external irradiation (9). Chemotherapy, specifically
with drugs like cyclophosphamide, vincristine, and dacarbazine, is
preferred for advanced PPGL, especially in rapidly progressing cases.
Tumors with mutations in the gene encoding Krebs cycle enzyme may
respond better to temozolomide due to reduced expression of
methylguanidine DNA methyltransferase (44, 47). Temozolomide
chemotherapy was chosen based on the patient’s tolerance, however,
due to significant side effects, treatment was discontinued after a single
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course. Octreotide and denosumab were administered subcutaneously
starting at 16 months post-operation. The patient experienced
intermittent hemoptysis during the advanced stage of lung metastasis,
and TKIs were not utilized. Radionuclide therapy was deemed unsuitable
due to the evident adverse effects observed during the relevant
radionuclide examination. The patient had a low tolerance to certain
treatments and a lower OS rate compared to previous reports on
metastatic PPGL.

4 Conclusions

This study presents a case of metastatic PCC with uncommon
DLST point mutations, characterized by high malignancy, rapid
disease progression, and limited therapeutic efficacy. These cases
warrant additional attention in determining the optimal timing for
genetic sequencing, enhancing the frequency of monitoring, and
developing personalized treatment strategies.
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Pheochromocytomas and paragangliomas (PPGLs) are rare neuroendocrine
tumors derived from chromaffin cells, with 80—-85% originating in the adrenal
medulla and 15-20% from extra-adrenal chromaffin tissues (paragangliomas).
Approximately 30-40% of PPGLs have a hereditary component, making them
one of the most genetically predisposed tumor types. Recent advances in genetic
research have classified PPGLs into three molecular clusters: pseudohypoxia-
related, kinase-signaling, and WNT-signaling pathway variants. Specifically, the
detection of SDHB-related tumors indicates an increased risk of metastatic
disease, which may impact decisions regarding functional imaging in patients
with high suspicion of metastasis and influence targeted treatment strategies.
Diagnosis of PPGLs primarily relies on biochemical testing, measuring
catecholamines or their metabolites in plasma or urine. However, molecular
testing, functional imaging, and targeted therapies have greatly enhanced
diagnostic precision and management. Personalized treatment approaches
based on genetic profiling are becoming integral to the clinical management
of these tumors. In South American countries like Colombia, functional imaging
techniques such as positron emission tomography/computed tomography (PET/
CT) with tracers like 18F-DOPA, 18F-fluorodeoxyglucose (18F-FDG), and 68Ga-
DOTA-conjugated somatostatin receptor-targeting peptides (68Ga-DOTA-SST)
are used to guide follow-up and treatment strategies. Radionuclide therapy with
lutetium-177 DOTATATE is employed for patients showing uptake in 68Ga-
DOTA-SST PET/CT scans, while access to 131-MIBG therapy remains limited
due to high costs and availability. Recent clinical trials have shown promise for
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systemic therapies such as sunitinib and cabozantinib, offering potential new
options for patients with slow or moderate progression of PPGLs. These
advancements underscore the potential of personalized and targeted therapies
to improve outcomes in this challenging patient population.

pheochromocytoma, paraganglioma, hormonal imbalance, diagnosis,
management, treatment

1 Introduction

Pheochromocytomas and paragangliomas (PPGLs) are closely
related tumors that originate from neuroendocrine cells, arising
from chromaffin cells in the adrenal medulla and neural crest
progenitors located outside of adrenal gland, respectively (1).
These tumors are characterized by a proliferation of chromaffin
cells arranged in clustered or trabecular patterns (2, 3), Although
rare, occurring in fewer than 0.1% of individuals per million (4, 5),
pheochromocytomas and sympathetic paragangliomas in particular
require prompt treatment to reduce associated morbidity and
mortality (3, 6).

Paragangliomas (PGLs) arise in sympathetic and parasympathetic
paraganglia (7-9). Those in the head and neck are predominantly
parasympathetic, typically non-metastatic, and often present as
palpable masses, while abdominal PGLs arise from the sympathetic
neuroendocrine system and share origins with pheochromocytomas
(2). Notably, carotid body tumors, a type of PGL, are highly
vascularized glomus tumors located at the carotid bifurcation, where
the external and internal carotid arteries diverge (10-13).

PPGL, whether located in the adrenal medulla or at
extramedullary sites, secrete excessive amounts of catecholamines,
adrenaline, noradrenaline, and/or dopamine. There is a subdivision
based on the genotype of PPGLs in cluster 1 for variants in
pseudohypoxia genes, cluster 2 for alterations in the kinase
pathway and cluster 3 in WNT signaling. This classification in
cases such as SDHB-related tumors defines the prognosis of
developing metastatic disease and can modify the conduct of
treatment and surveillance (14-17). Cluster 1 tumors such as
VHL typically produce norepinephrine, whereas cluster 2, MEN2,
or NFI tumors are more likely to produce epinephrine, and SDHB,
SDHC, and SDHD-related tumors may secrete dopamine and
norepinephrine (18, 19).

2 Epidemiology

Pheochromocytomas occur with an estimated incidence of
0.05%, primarily in adults aged 30-50 (20). They constitute
around 4% of incidental adrenal masses and are implicated in

Frontiers in Endocrinology

approximately 0.1% of hypertension cases. Demographically,
pheochromocytoma affects adults of both sexes, typically between
30 and 50 years of age, presenting, and they appear with similar
frequency in both adrenal glands (2, 4, 5).

Around 20% of PPGL present metastases. 70% of
pheochromocytomas are sporadic, while the remaining 30% are
associated with hereditary syndromes such as multiple endocrine
neoplasia type 2 (MEN II), von Hippel-Lindau disease (VHL),
neurofibromatosis type 1 (NF1), and familial paraganglioma
syndrome (21, 22).

Traditionally, pheochromocytomas were managed under the
“10% rule,” (23), which suggested that 10% occur in children, 10%
are extra-adrenal, 10% are familial, 10% are bilateral in adrenal
glands, and 10% are metastatic (24). However, it is currently not
recommended to refer to it as “the 10 percent tumor,” since
approximately 25% of patients with apparently sporadic
pheochromocytoma may carry pathogenic variants (18).

3 Clinical predictor of metastasis

All PPGLs have metastatic potential, however histological
characteristics do not allow differentiating “benign” from
“malignant” tumors, so the latest WHO update recommends
changing these terms to metastatic, when there is evidence of
distant tumor (25). The ESMO guidelines, for their part, suggest
using the definition of “high risk of metastasis” when one or more of
the following criteria are present: (a) tumor size greater than or
equal to 5 cm; (b) any extra-adrenal PPGL; (c) known germline
SDHB pathogenic variant; or (d) plasma 3MT > 3 times above the
upper limit of normal (26). Certain tumors, particularly SDHB-
related PGLs of the head and neck, can produce dopamine. In such
cases, detecting its metabolite, methoxytyramine, in blood has
shown only a modest improvement in detecting head and neck
PPGL (27, 28). Although its use as a metastatic risk marker has been
considered, its performance remains limited (29), and it is
unavailable in most countries around the world. Management
guidelines do not recommend its measurement (30, 31).

Histologically, pheochromocytomas are characterized by
pleomorphic cellular nests, with large ball-shaped chromaffins
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that show strong positivity for chromogranin A, synaptophysin,
CD56, and focal S100 (Figure 1). There are no definitive histological
criteria for malignancy; thus, the term “metastatic tumor” is
preferred when chromaffin tissue invasion is confirmed beyond
the site of origin into distant organs (32, 33). It is also important to
assess histological criteria for aggressive biological behavior,
including an insular pattern of growth, mitotic activity, and
invasion of capsular blood and lymphatic vessels (34). Scores like
PASS (Pheochromocytoma of the Adrenal Gland Scaled Score),
Grading of Adrenal Pheochromocytoma and Paraganglioma,
COOPS (Composite Pheochromocytoma/Paraganglioma
Prognostic Score) and multivariate predictive models (SGAP-
Score and ASES/ASS-Score) have been developed to identify
PPGL patients with increased metastatic potential. However,
immunohistochemistry may yield inconsistent results, lacks
molecular testing which is more reliable, and scores such as PASS
lack clinical validation studies supporting their application (35).
These methods are not currently utilized in Colombia or Ecuador
(30, 36).

On the other hand, there are more promising clinical predictors,
TNM staging may be correlated with overall survival in PPGL.
Jimenez et al. (37), found that a large primary tumor, an extra-
adrenal location, infiltration of surrounding tissues by the primary
tumor, and regional lymph node metastasis are associated with a
higher risk of distant metastasis and consequently decreased overall
survival, and in turn, patients with distant metastasis (stage IV)
have the worst prognosis.

4 Hereditary and phenotypic pattern
4.1 Susceptibility genes

PPGL are associated with germline pathogenic variants at higher
rates than any other solid tumor. Rates of germline pathogenic
variants vary by tumor type: 25% in pheochromocytoma, 40% in
PGL, and up to 50% in patients presenting with metastatic disease.
Patients with pathogenic variants generally present with PPGL at a
younger age and are more likely to have multifocal disease (18). 30%
to 40% of cases occur in the context of a genetic syndrome, however,
in almost half of apparently sporadic PPGLs somatic pathogenic
variants are found in one of the susceptibility genes, which means that
at least three quarters can be classified into a defined cluster.

The susceptibility to pheochromocytoma can be linked to
germline pathogenic variants in the RET proto-oncogene and
tumor suppressor genes such as von Hippel-Lindau (VHL), and
Neurofibromatosis type 1 (NFI1) (2, 38, 39). Hereditary
paraganglioma syndromes are caused by pathogenic variants in the
succinate dehydrogenase subunit (SDHx) genes: SDHD, SDHAF2,
SDHC, SDHB, SDHA (Paraganglioma syndromes 1-5, respectively)
(40). The VHL gene, located on the short arm of chromosome 3
(3p25.3), has over 1,500 identified pathogenic variants in patients
with VHL disease, with 20% of these being de novo pathogenic
variants, as observed in both PGLs and pheochromocytomas (8, 23,
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41). Other pathogenic variants in susceptibility genes such as
TMEM127, MAX, FH and MDH2 are associated with PPGL
syndromes with a lower pathogenic variant frequency (42, 43).

The discovery of syndromes linked to pathogenic variants in
genes has shown that the probability of metastasis may vary, being
no higher than 12% in SDHC, THEM127, NF1, VHL, RET and
MAX, but for SDHD, SDHA and SDHB it reaches 29, 66 and 75%,
respectively (30, 42, 44-46).

4.2 Inheritance pattern

Pheochromocytoma is currently known to result from disorders
with an autosomal dominant inheritance pattern in most cases,
such as multiple endocrine neoplasia type 2 (MEN-2) (presenting
manifestation is medullary thyroid cancer in 60%, medullary
thyroid carcinoma and synchronous pheochromocytoma in
34%, and pheochromocytoma in 6%. 72% have bilateral
pheochromocytoma, 82% of tumors are synchronous and are
unlikely to be metastatic) and von Hippel-Lindau disease (with
retinal angioma, central nervous system hemangioblastoma, renal
cell carcinoma, pancreatic cysts, and epididymal cystadenoma) (24,
43, 47). The precise frequency of these syndromes in patients with
pheochromocytoma is not fully known (2, 38, 39, 43). The
exception are pathogenic variants in the SDHAF2 and SDHD
genes, in which maternal imprinting occurs with silencing of the
maternal allele and therefore only pathogenic variants inherited
from the father will cause the disease, they probably have the
highest penetrance, greater than 50% and are usually associated
with PPGL in the head, neck and chest (30, 44-46). On the other
hand, the inheritance pattern for variants in the MAX gene is not
clear; it is believed that its penetrance is high and it usually presents
as bilateral pheochromocytomas and abdominal PGL (48).

4.3 Molecular phenotype

The genome of PPGL has been characterized, providing valuable
insights into the genetic factors driving tumorigenesis and the degree of
genetic instability (49, 50) (Figure 2). These tumors are generally
characterized by a relatively low degree of genetic instability at both
the nucleotide and chromosome levels. Although there are rare tumors
that behave differently from others, most of the genes associated with
the development of PPGL are categorized into three clusters based on
the mechanism of tumorigenesis (49-51):

* Pseudohypoxia pathway (cluster 1), tumors that infiltrate
stromal cells, which have been associated with pathogenic
variants in the genes EGLNI, EGLN2, DLST, FH, IDH3B,
MDH2, SDHA, SDHAF2, SDHB, SDHC, SDHD, VHL,
EPASI, IDH1, and IDH2.

» Signaling kinase pathway (cluster 2) has been associated
with pathogenic variants in the NF1, MAX, MERTK, MET,
MYCN, RET, or TMEM127 genes.
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FIGURE 1

Histopathologic findings of pheochromocytoma. (A) Transition between the usual histology adrenal cortex (lower part of the image) and the tumor
(upper part). Hematoxylin and eosin 40x. (B) Pheochromocytoma, cells arranged in a pattern in nests (zellballen) and trabeculae. Hematoxylin and
eosin 40x. (C) Pheochromocytoma, lesion cells are large, polygonal, show fine, granular cytoplasm. Note the presence of pleomorphism.

Hematoxylin and eosin 400x.

e In cluster 3, MAML3 fusion gene and CSDEI somatic
pathogenic variants affect and overactivate the Wnt/B-
catenin pathway, which is responsible for the regulation
of metabolism, angiogenesis, proliferation, and invasion.

Given the above pathogenic variants, one of them stands out for its
potential usefulness in the prognosis of the disease. SDH (succinate
dehydrogenase) is an important enzyme in energy formation pathways,
taking action in the Krebs cycle and in the Electron Transfer chain
within the mitochondria, where is conforming the complex Il with four
functional subunits: A, B, C, and D. Inactivating germline pathogenic
variants results in loss of function of SDH and, therefore, an elevation
in succinate levels which diffuses back to the cytoplasm and inhibits
prolyl hydroxylases, resulting in further stabilization of the Hypoxia-
Inducible Factor (HIF) pathway of tumorigenesis. SDHB related
tumors, are commonly found in the abdomen, have a high potential
for recurrence, local and distant metastasis compared to SDHD and
SDHC tumors, which are commonly found in the head and neck areas,
each of them requiring follow-up for the possibility of relapse or
extension of the disease (52, 53).

—
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FIGURE 2
Clinical overview of pheochromocytoma diagnosis.
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5 Clinical presentation

Patients with pheochromocytoma are often described as
presenting with the “classic triad” of diaphoresis, headache, and
palpitations, typically accompanied by hypertension (22). In a
review of 200 cases, Ando et al. found that PPGL attacks are
associated with multisystem involvement, 99% cardiac damage,
44% pulmonary damage, and 21.5% renal damage (54). Sustained
hypertension is observed in approximately 50-55% of cases, while
paroxysmal hypertension occurs in 30-45% (24, 48, 55).
Additionally, hyperhidrosis occurs in 60% of cases, often
accompanied by hypertensive crises (56, 57). Headache is one of
the most common symptoms, and may occur in up to 40% of cases
(4, 54, 58). Headache is related to the transient elevation of blood
pressure. Instead of sustained hypertension, PPGL headache can
occur suddenly as cluster headache, however they are usually
bilateral, associated with hypertension and hyperhidrosis
(Figure 3) (54, 59, 60).

PPGL is presented with sustained or episodic hypertension,
sweating, palpitations, hyperglycemia, and glycosuria (5). Although

Multiple Endocrine Neoplasia (MEN)
Genetic Syndrome

Von Hippel Lindau (VHL) Syndrome

—= Poorly known
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FIGURE 3
Characteristics of the presentation of pheochromocytoma.

some tumors produce dopamine, the majority secrete noradrenaline
and adrenaline (5, 61). PPGLs may experience episodes of severe
hypertensive crisis, with an increased likelihood of developing acute
kidney injury. Over time, the vasoconstrictive effect of
catecholamines released by the tumor leads to chronic kidney
disease being a potential complication in PPGLs (62).

Giant pheochromocytomas, defined as those larger than 7 cm,
are rare (63-65). These tumors often do not present with classic
symptoms; most patients report vague discomfort, and a few may
present with a palpable abdominal mass (34, 65, 66).

Table 1 summarizes the clinical translation of the conditions in
patients with pheochromocytoma and sympathetic paragangliomas,
and their possible complications.

Signs and symptoms alone are often nonspecific, and relying
solely on them can lead to diagnostic errors. To improve diagnostic
accuracy, efforts have been made to develop diagnostic scores that
emphasize the most specific clinical features, such as pallor,
hyperhidrosis, and palpitations (Table 2) (67).

6 Diagnosis
6.1 Laboratory tests

Diagnostic testing is crucial for confirming PPGL, although it is
typically performed under specific conditions, such as the presence
of known germline pathogenic variants, a history of PPGL,
detection of an incidental adrenal or extra-adrenal mass
suggestive of these tumors, or presentation with relevant clinical
signs and symptoms (17). The 24-hour plasma metanephrine test
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offers the highest sensitivity (96%) and a specificity of 85% (68, 69).
Studies have shown that plasma normetanephrine levels above 2.5
pmol/mL or metanephrine levels above 1.4 pmol/mL are highly
indicative of pheochromocytoma, with 100% specificity. To reduce
false-positive results, it is recommended that blood samples be
collected with the patient in a supine position after being recumbent
for at least 30 minutes (2).

The 24-hour urinary collection for catecholamines and
metanephrines is another accessible test, providing a sensitivity of
87.5% and a specificity of 99.7%. Linking urinary metanephrine
levels to urinary creatinine further enhances accuracy (70).

It is important to note, however, that catecholamine
measurements are only informative when levels are elevated, as in
a catecholaminergic crisis, which is typically not present at
diagnosis. Physical activity and psychological stress can increase
plasma and urinary metanephrine levels; thus, minimizing these
factors before sampling is recommended. Additionally, various
commonly used medications—including tricyclic antidepressants,
monoamine oxidase inhibitors, atypical antipsychotics, selective
adrenergic receptor blockers, stimulants, sympathomimetics,
paracetamol, sulfasalazine, and amoxicillin—can interfere with
test results, so these should be avoided prior to testing, if
possible (71).

The clonidine suppression test helps differentiate elevated
plasma norepinephrine levels due to sympathetic nerve release
from those due to pheochromocytoma (70, 72). Clonidine, a
centrally acting alpha-2 agonist, suppresses neuronal
norepinephrine release (73, 74). However, chromaffin cells in
pheochromocytomas are not regulated by clonidine and continue
to release catecholamines inappropriately (73, 75). This test is thus
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TABLE 1 Synthesis of clinical expression from diagnosis to
complications of pheochromocytoma and sympathetic paragangliomas.

Physiologic manifestations of catecholamines excess

Compromised tissue Effect

Heart Tachycardia

Tachyarrhythmias
Increase myocardial oxygen consumption
Myocarditis

Cardiomyopathies

Arterial hypertension

Blood vessels Plasmatic volume decrease

Intestine Intestinal relaxation, altered intestine motility

Pancreas Carbohydrate intolerance due to Beta cells

regulation changes and insulin
release suppression.

Hyperglycemia

Glucosuria

Adipose tissue Lipolysis due to free fatty acids increase

Apocrine glands Diaphoresis due to stimulation

Clinical presentation of pheochromocytoma

Symptoms % of presence
Dizziness 67%
Headache 59%
Palpitations 50%
Diaphoresis 50%
Weight loss 30%
Syncope episodes 40%
Anxiety 19%
Signs % of presence
Sustained hypertension 48%
Paroxysmic hypertension 44%
Hypertension 92%
Tachycardia 15%

Orthostatic hypotension 12%

Pheochromocytoma complications

Affected system Clinical manifestation

Cardiovascular Arrythmia, ventricular tachycardia, Torsade de
Pointes, ventricular fibrillation.

Respiratory No cardiogenic pulmonary edema

Gastrointestinal Ileo, constipation.

Renal Renal infarction, renal artery stenosis.

Metabolic Physiological Manifestations of

Catecholamine Excess
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useful in evaluating false-positive results for pheochromocytoma
(76), and to reliably differentiate pheochromocytomas from
essential hypertension. This test has a sensitivity of 97% and a
specificity of 100%. A decrease in plasma norepinephrine levels
below 50% following clonidine administration is considered
normal, while persistent elevations suggest pheochromocytoma
(73, 74).

6.2 Imaging study

Once biochemical analyses suggest the presence of
pheochromocytoma, imaging studies are recommended to locate
the tumor. A computed tomography (CT) scan of the abdomen and
pelvis is typically the initial imaging test of choice (2). CT has a
sensitivity of 88%, being useful in the localization of
pheochromocytomas larger than 1.3 cm in diameter with an
accuracy of 90 to 95%, and represents the most common imaging
method used in the diagnosis of pheochromocytomas (77). In
comparison, magnetic resonance imaging, with differences in
access and costs, offers better spatial resolution (65). Another
imaging modality, 123I-metaiodobenzylguanidine (MIBG)
scintigraphy, is especially effective for detecting adrenal and extra-
adrenal pheochromocytomas (78). Magnetic resonance imaging in
the diagnosis shows a differentiated appearance with a sensitivity of
100%, as well as Scintigraphy131 -MBG (sensitivity of 100%), this

TABLE 2 Scoring system to classify the probability of
pheochromocytoma/paraganglioma according to symptoms and
clinical signs.

Symptoms Score per item (total score from
and signs -1to +7)*
Pallor + 1 point
Hyperhidrosis + 1 point
Palpitations + 1 point
Tremor + 1 point
Nausea + 1 point
Heart rate of 85 bpm + 1 point
or higher
Body mass index (BMI) + 1 point
< 25 kg/m2
Obesity (BMI > 30 kg/m2) - 1 point

Odds by group

Group 1
Related Pheochromocytoma

More likely to be associated with lower scores
and sustained hypertension

Group 2-
related pheochromocytoma

More likely to be associated with higher scores

Episodic presentation of symptoms, including
tremor, anxiety/panic, and pallor, and older age
at first diagnosis

*Total score 3 or more indicates a 5.8-fold increased probability of
pheochromocytoma/paraganglioma.
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analogue is located in the adrenergic tissue, it is especially useful to
locate extra-adrenal pheochromocytomas (78, 79).

In functional imaging, **Ga-DOTA-conjugated somatostatin
receptor-targeting peptide (“*Ga-DOTA-SST) positron emission
tomography (PET/CT) has a detection rate of 93% (95% IC 91-
95%) (80), making it the first line of functional imaging for patients
without known germline pathogenic variants. However, due to the
limited availability of 68Ga-DOTA-SST in Latin America, 18F-
fluorodeoxyglucose (18F-FDG) PET/CT is often used as a second
imaging option in these populations, with a detection rate of 74%
(95% CI, 46-91%). 18F-L3,4-dihydroxiphenylalanine (18F-DOPA)
PET/CT is available in Colombia and is the first choice in
Hereditary pheochromocytoma cluster 2, with an 80% detection
rate (95% CI, 69-88%) (17). Alternatively, a vena cava sample can be
used to determine plasma catecholamines and metanephrines (81).

6.3 Genetic testing

Since 35-45% of PPGL patients may harbor pathogenic
germline variants, genetic testing is recommended for all
diagnosed cases, regardless of patient or family history (42, 44,
68). Bilateral tumors and early-onset cases are often associated with
inherited syndromes such as VHL, MEN2, and NFl. At a
minimum, testing should include FH, NFI1, RET, SDHB, SDHD,
and VHL genes. Testing for MENI, SDHA, SDHAF2, SDHC,
TMEM127, and MAX is also advised. Carrier testing should be
offered to asymptomatic first-degree relatives (and to second-degree
relatives in the case of SDHD and SDHAF2, which exhibit maternal
imprinting) (42, 44). Following identification of a pathogenic
variant, first-degree relatives should be screened (82).

6.4 Immunohistochemistry

Pathogenic variants in SDHB in PPGL patients are associated
with a higher risk of tumor progression, and several studies have
shown that SDHB pathogenic variation can be detected by the loss
of SDHB staining in immunohistochemistry (IHC). This staining
loss can serve as an independent IHC biomarker for prognosis.
However, this approach is not universally applicable; under normal
conditions, SDHB functions as part of the succinate dehydrogenase
complex. Pathogenic variants in any gene encoding other complex
subunits or auxiliary factors (such as SDHD, SDHC, SDHA, or
SDHAF2) disrupt the assembly and functionality of the entire
complex, resulting in an absence of SDHB staining on IHC (83).

7 Management and treatment
7.1 Surgical resection of the tumor

In most cases, resection of pheochromocytomas smaller than
5 cm can be effectively performed using minimally invasive
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laparoscopic surgery. This approach offers significant advantages,
including reduced blood loss, less pain, precise dissection, shorter
hospital stays, and fewer postoperative complications. The
transabdominal approach provides a broader field of view and
more space for maneuvering, making it suitable for bilateral
tumor removal. Conversely, the retroperitoneal approach allows
for unilateral resection with shorter distance to the tumor,
minimizing the risk of injury to abdominal organs (2, 30, 84, 85).

Evidence suggests that patients with PPGL associated with
malignancy predictors—such as primary tumor size over 5 cm,
extra-adrenal location, or SDHB germline pathogenic variants—and
those undergoing resection of a primary tumor with synchronous
metastases may benefit more from open laparotomy with lymph
node dissection (86). In cases with larger tumors or evidence of local
invasion, open adrenalectomy may be preferable to ensure complete
resection and minimize the risk of capsular rupture, which can lead
to tumor seeding, fragmentation, peritoneal dissemination, and
local recurrence due to periadrenal invasion (18, 30).

7.2 Preoperative stabilization

Preoperative stabilization is crucial to reducing the risk of
uncontrolled hypertension, tachycardia, and volume expansion
during surgery (11, 24, 59). According to the Endocrine Society,
the preferred preoperative preparation involves alpha-adrenergic
receptor blockers. A typical regimen includes phenoxybenzamine,
starting at 10 mg orally twice daily and carefully increasing to a
maximum of 1 mg/kg/day; however, its availability is limited in many
countries (87). Alternatively, selective alpha-1 antagonists like
doxazosin are commonly used in regions such as Latin America.
They reduce the risk of postoperative hypotension but require close
monitoring due to the potential for orthostatic hypotension upon
initiation. Beta-blockers (e.g., propranolol, atenolol) are added 3-4
days after starting alpha-blockers to control tachycardia (87).
Calcium channel blockers, such as amlodipine or nifedipine, can
also be used as additional agents to manage hypertension. Increased
water and salt intake is recommended 10-14 days before surgery to
prevent postoperative hypotension (2, 20, 81).

During perioperative management, surgeons should minimize
tumor manipulation to prevent catecholamine surges and avoid
tumor spillage, especially in cystic lesions. Early control of the
adrenal vein is also recommended to manage the sudden decrease in
peripheral vascular resistance following tumor removal (88).
Preoperative biopsies are generally not recommended (89).

7.3 Surveillance and restaging of patients
with metastatic PPGL

For patients with secretory metastatic PPGL, biochemical
monitoring of 24-hour urinary fractionated metanephrines or free
plasma is recommended at least every six months, as large increases
may indicate disease progression. In nonsecretory metastatic PPGL,
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further measurements of plasma or 24-hour urinary metanephrines
are generally unnecessary unless there is a germline pathogenic
variant indicating persistent risk or if signs and symptoms of
secretory disease appear (30).

Expert guidelines, such as those from NANETS, recommend
surveillance imaging for metastatic PPGL with cross-sectional
anatomic imaging (CT or MRI) every 3-6 months during the first
year, and if disease remains stable, every 6-12 months thereafter.
For liver metastases, triple-phase CT or MRI with contrast is
recommended. In metastatic PPGL cases on systemic therapies,
surveillance imaging with CT or MRI is suggested every 3-6
months. Functional imaging is not typically recommended for
patients with primary PPGL before or after surgery; however, it
can more accurately detect metastatic disease if strongly suspected
(30). In such cases, PET/CT has been studied with various
radiotracers, including 18F-DOPA, 18F-FDG, and 68Ga-
DOTATATE. These tracers are superior to MIBG scintigraphy,
which is only used when 1311-MIBG treatment is being considered.
Tracer efficacy in cluster 1 PPGL depends on somatostatin receptor
uptake, making 68Ga-DOTATATE highly specific and effective for
detecting small tumors, and tumor glucose metabolism, which
enhances the effectiveness of 18F-FDG in aggressive,
undifferentiated tumors (90). For bone-only metastatic disease,
both SSTR PET/CT and FDG may be useful for routine imaging
surveillance (30). 18F-DOPA’s effectiveness is based on tissue
uptake via amino acid transporters, making it particularly suitable
for non-metastatic cluster 2 tumors (90).

7.4 Non-surgical and novel therapies

Various local and regional therapies, including debulking
surgery, cementoplasty, radiotherapy (including stereotactic and
CyberKnife), radiofrequency ablation, cryotherapy, and tumor
embolization, can manage symptoms associated with
catecholamine production, tumor burden, or bone involvement
(91-93). For patients with stable disease, low tumor burden, and
oligometastatic disease, active surveillance is indicated (30, 92, 93).
For resectable lesions, options include primary tumor surgery,
oligometastatic disease surgery, and debulking surgery. When
surgery is not feasible, and disease progression is rapid, with a
high visceral tumor burden or severe symptoms, systemic
chemotherapy is recommended to control disease progression
and alleviate symptoms (14, 15, 92-94). Current chemotherapy
regimens include cyclophosphamide, doxorubicin, dacarbazine, and
vincristine, though no first-line drug has been defined.
Approximately 37% of patients respond to chemotherapy,
although complete responses are uncommon (95, 96).
Temozolamide, an oral alternative to dacarbazine, may be an
option for patients with pathogenic variants SDHB with
methylation of the O(6)-methylguanine-DNA methyltransferase
(MGMT) promoter. However, chemotherapy generally reduces
tumor size and helps control blood pressure in only one-third of
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patients with metastatic pheochromocytoma-sympathetic
paraganglioma (97, 98).

The only FDA-approved treatment for metastatic PPGL, approved
in 2018, is high-specific activity iodine-131 metaiodobenzylguanidine
(HSA-I-131-MIBG), targeting neuroendocrine cells with a response
rate of 30-40% (35). In a multicenter phase 2 trial, 68 patients with
advanced PPGL received at least one dose, with 25% (95% CI, 16%-
37%) showing durable reductions in antihypertensive medication.
Among evaluable patients, 92% achieved either partial response or
stable disease within 12 months. Elevated serum chromogranin levels
(=1.5 times the baseline upper limit) decreased in 68% of patients (19 of
28), and median overall survival was 36.7 months (95% CI, 29.9-49.1
months). Common side effects included nausea, myelosuppression,
and fatigue, with no hypertensive events (99). A real-world study by Al-
Ward et al. reported a 38% objective response rate and an 83% disease
control rate in 24 patients with metastatic PPGL, with complete
response in two cases, 30% metanephrine normalization, and >50%
improvement in 46% of cases. Blood pressure normalized in 56%,
though seven patients had reversible grade 3-4 myelosuppression, and
one experienced fatal pneumonitis (100). Ultratrace iobenguane 1311, a
highly specific 131I-MIBG, is no longer available. In Colombia, 1311-
MIBG can be imported, though its high cost—greater than tyrosine
kinase inhibitors and chemotherapy—Ilimits availability. Additionally,
50% of patients do not show 1311-MIBG uptake, further restricting its
use in Latin America (101). Lutetium-177 DOTATATE/TOC has
emerged as an alternative management option in patients with
advanced PPGL, however its evidence so far comes from
retrospective studies (102, 103). In Colombia, Lutetium-177
DOTATATE/TOC is approved for use in neuroendocrine tumors. In
a phase II clinical trial conducted by Reyes et al. Lutetium was shown to
be safe and effective in a population of 13 patients with inoperable and
progressing advanced neuroendocrine tumors, but no patients with
PPGL were included (104).

In addition, for patients with slow/moderate progression, not
candidates for radionuclide therapy angiogenesis and proliferative
signaling inhibitors have been tested as novel treatments, focusing on
the interaction between several growth factors including vascular
endothelial growth factor [VEGF], platelet-derived growth factors
[PDGF] and others, with tyrosine kinase receptors (105). Sunitinib,
which inhibits VEGF1, VEGE2, VEGF3, PDGF-alpha, PDGF-beta, c-
kit, fms-related tyrosine kinase 3, and RET proto-oncogene receptors,
has demonstrated potential in reducing angiogenesis and tumor cell
growth. Small studies have shown a disease control rate of 57-83%,
with median progression-free survival ranging from 4 to 13 months
(106). The FIRSTMAPP study, a phase II randomized placebo-
controlled trial, recently reported that Sunitinib achieved the
primary endpoint of 12-month progression-free survival in 36% of
patients with progressive metastatic PPGL (90% CI, 23-50%),
compared to 19% in the placebo group (90% CI, 11-31%). Grade 3
or 4 adverse effects included asthenia, hypertension, and bone or back
pain (107). Another drug, Cabozantinib was evaluated in the Natalie
Trial, a single-arm phase II trial with 17 patients and a median follow-
up of 25 months. The overall response rate was 25.0% (95% CI, 7.3~
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52.4), with responses observed in 4 out of 16 patients. Grade 3 adverse
events included hand-foot syndrome, hypertension, rectal fistula, QT
prolongation, and asymptomatic hypomagnesemia. Additionally, two
cases of asymptomatic elevations in amylase and lipase were reported
(108). On the other hand, Axitinib, a VEGFR2 inhibitor, has also
shown promise, particularly in metastatic pheochromocytomas
where the pseudohypoxic tumor environment stimulates VEGF
synthesis, promoting angiogenesis. Phase II trials of Axitinib
reported a partial response in 36% of patients (105).

New therapies for metastatic PPGL under investigation include
Belzutifan, a HIF-2 inhibitor used in VHL disease, currently in a
phase II trial (NCT04924075) for PPGL (108). Another HIF-2
inhibitor, DFF332, is currently in a phase I/Ib trial (NCT04895748)
as monotherapy and in combination with agents like everolimus,
spartalizumab, and taminadenant.

Additional investigational drugs include Olaparib, a poly(ADP-
ribose) polymerase (PARP) inhibitor involved in DNA repair, being
tested in combination with temozolomide (NCT04394858), and
Tipifarnib, a farnesyl transferase inhibitor that supports tumor cell
survival (NCT04284774).

Finally, Imipridone, a promising agent targeting caseinolytic
protease P (ClpP) and acting as a dopamine-like receptor
antagonist, has also garnered interest. In a phase II trial, 10 patients
received Imipridone at 625 mg weekly; of these, five showed partial
responses, and two had stable disease. In a second cohort, where
patients received two doses on consecutive days weekly, one achieved
a partial response, and seven maintained stable disease (109).

8 Conclusions

PPLG are rare neuroendocrine tumors with relevant clinical
implications, characterized predominantly by the production of
catecholamines, which can manifest in a spectrum of
clinical symptoms.

Pheochromocytomas have the potential to be part of inherited
syndromes such as MEN-2, VHL, and NFI, which implicate a
variety of other pathologies and necessitate genetic screening of
affected individuals and their family members. This genetic
association requires a robust approach to diagnosis and
treatment, integrating advanced imaging techniques, accurate
laboratory testing, and detailed genetic analysis.

Treatment strategies for pheochromocytomas involve a
multidisciplinary approach, including surgical intervention as the
primary therapeutic option. Preoperative preparation with alpha-
blockers and beta-blockers is crucial to mitigate the risks associated
with catecholamine secretion during tumor manipulation. Non-
surgical approaches, including chemotherapy and novel therapies
such as tyrosine kinase inhibitors, play a role in the treatment of
metastatic or inoperable cases, offering symptomatic relief and
possible disease control.

Although PPGL are rare, their complex clinical presentations
and potential genetic basis make them a significant challenge in
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endocrine and oncologic practice. Early diagnosis, a thorough
understanding of the genetic landscape, and a comprehensive
treatment strategy are critical to improving outcomes for patients
with these potentially life-threatening conditions.
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Non-neoplastic hypercortisolaemia, also known as pseudo-Cushing’'s syndrome
(PCS), is a physiological overactivation of the hypothalamic—pituitary—adrenal axis
that can be triggered by conditions such as depression, eating disorders, extreme
exercise, obesity, alcoholism, poorly controlled diabetes, chronic kidney disease,
and cachexia. Here, we describe an unusual case of pheochromocytoma-induced
PCS. A 66-year-old woman was referred to the hospital due to pronounced
weakness, loss of appetite, apathy, weight loss, newly diagnosed diabetes mellitus,
and poorly controlled hypertension. The biochemical evaluation suggested ACTH-
dependent hypercortisolemia with severe hypokalemia, metabolic alkalosis, and
hyperglycemia. Markedly elevated levels of metanephrines, along with imaging
showing a heterogeneous adrenal lesion, provided evidence for
pheochromocytoma. Considering the clinical features and the results of
laboratory and imaging tests, there was a suspicion of hypercortisolemia due to
ectopic ACTH secretion by a pheochromocytoma. The patient underwent
adrenalectomy following pre-treatment with doxazosin and metyrapone, enteral
feeding, protein supplementation, and insulin administration. Post-surgery, the
patient did not require further antidiabetic medication, experienced gradual weight
gain, improved well-being, and did not need glucocorticoid supplementation.
Histopathological examination confirmed a pheochromocytoma; however, both
anti-ACTH and anti-CRH stainings were negative, leading to a diagnosis of PCS.
This case highlights the distinctive presentation of PCS caused by
pheochromocytoma, as demonstrated through clinical, laboratory, and
histopathological findings, and emphasizes the successful resolution achieved
through adrenalectomy and supportive care.

KEYWORDS

pseudo-Cushing’'s syndrome, ectopic ACTH secretion, hypercortisolaemia,
pheochromocytoma, cachexia
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Introduction

Pseudo-Cushing’s syndrome (PCS), also referred to as non-
neoplastic hypercortisolism, results from the physiological
overactivity of the hypothalamic-pituitary-adrenal (HPA) axis (1).
PCS can be triggered by conditions such as depression, eating
disorders, severe physical stress, obesity, insulin resistance,
chronic kidney disease, and chronic alcoholism (2). Although the
clinical manifestations of PCS may vary between patients, it is
generally accepted that their onset is rather slow (3). Importantly,
the differentiation between PCS and CS is a diagnostic challenge
even for experts in the field (4).

The mechanisms contributing to overactivation of the HPA axis
have been elegantly reviewed by Scaroni et al. (5). Briefly, lower
levels of cortisol-deactivating enzymes 5-o-reductase and 11(3-
hydroxysteroid dehydrogenase type 2 have been reported in
patients with neurophychiatric disorders, reduced cortisol
clearance, accompanied by changes in the affinity of cortisol to
corticosteroid-binding globulin, elevation of corticotropic hormone
(CRH) levels with resistance to glucocorticoids in patients with
eating disorders, and increased secretion of CRH and increased
activity of 11-BHSD type 1 in obese and alcohol-dependent
individuals. PCS related to severe malnutrition has been rarely
reported (6, 7).

Distinguishing PCS from Cushing syndrome (CS), including
ectopic ACTH secretion (EAS), can be difficult due to their similar
clinical and biochemical presentations (8). Hence, appropriate
diagnosis is crucial to implement relevant treatment. Accurate
decisions reduce the mortality risk associated with
hypercortisolemia and preserve patient from the risk and
complications associated with unnecessary procedures.

EAS is a paraneoplastic syndrome responsible for 10-20% of all
cases of CS. CRH secretion by the tumor as well as CRH and ACTH
co-secretion have been reported incidentally (2). It is estimated that
70% of EAS cases arise from chest tumors, with small-cell
carcinomas and bronchial carcinoids being the most frequent.
The other 10% to 15% are attributed to neuroendocrine tumors
of the pancreas, while other rare sources include medullary thyroid
cancer, pheochromocytoma, and others (9). The molecular
mechanisms leading to EAS, as well as other small molecule
compounds in paraneoplastic symptoms, are not fully understood
(10). To date, epigenetic mechanisms, especially POMC promoter
hypomethylation, have been reported in some EAS-inducing
tumors (11, 12). Additionally, tumor-specific expression of
transcription factors favoring ACTH production has been
suggested (13, 14).

The clinical picture of EAS is heterogeneous and depends of the
original cause (15). In general, two phenotypes of EAS can be
observed: one associated with overt, mostly incurable malignancies,
exemplified by small-cell lung cancer (SCLC), and the other
associated with occult neoplasm, represented by bronchial
carcinoma. While the first group is characterized with an atypical
presentation dominated by muscle wasting, malignancy-induced
weight loss and electrolyte and metabolic abnormalities,
hyperpigmentation and rapid onset of symptoms (3-6 months),
the second group exhibits characteristics of overt CS, a more slow
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(>6 months) development of symptomatic disease that needs to be
differentiated with Cushing disease (16).

Pheochromocytomas account for approximately 5% of EAS
cases (17). Extremely rare CRH-secreting pheochromocytomas
leading to ectopic CS have also been reported (18). A meta-
analysis by Elliot et al. (18) revealed that the vast majority (89%)
of patients with ACTH-secreting or CRH-secreting
pheochromocytomas presented with the characteristic cushingoid
phenotype with moderate or severe hypercortisolism. Hypokalemia
in these patients was more common than in patients with pituitary-
dependent CS, and the degree of hypertension was more severe than
in the general population of patients with pheochromocytoma as
well as in patients with EAS due to other types of tumors. The
frequency of diabetes (54%) almost doubled the rate reported in the
general population of pheochromocytoma patients (18).
Interestingly, Terzolo et al. (19) reported a case of cyclic CS in a
woman with ACTH-secreting pheochromocytoma, suggesting a
complexity of possible manifestations in EAS.

While ACTH-dependent hypercortisolemia in patients with
pheochromocytoma is very likely caused by EAS or a coexistence
of corticotroph adenoma, the possibility of PCS also has to be taken
into consideration in the differential diagnosis. Herein, we present a
unique case of pheochromocytoma-induced PCS evidenced by
clinical, laboratory, and histopathological findings, and
underscore the successful resolution through adrenalectomy and
supportive care.

Case report

A 66-year-old woman was admitted to the county hospital due
to pronounced weakness, loss of appetite, apathy, and a weight loss
of 5 kg within one month, along with newly diagnosed diabetes
mellitus and hypertension. The patient had a history of spells; she
reported high blood pressure accompanied by heart palpitations
and headaches. Due to rapid weight loss, and a suspicion of
malignancy, chest and abdominal computed tomography (CT)
was performed. The CT revealed a heterogeneous, well-
demarcated litho-cystic lesion (32x25 mm) in the right adrenal
gland with inhomogeneous contrast enhancement (Figure 1A).
Hormonal results suggested ACTH-dependent hypercortisolemia
with ACTH of 535 pg/ml, morning cortisol of 94 ug/dl, and evening
cortisol of 85 pg/dl. Persistent hypokalemia (serum potassium of 2
mmol/l) was observed. Due to these multiple abnormalities, the
patient was referred to the endocrine department for further
diagnosis and treatment.

On admission to the clinic, the patient was in a severe general
condition, recumbent, and cachectic (body weight of 35 kg; body
mass index 15.6 kg/m?). She presented with impaired consciousness
and a labile mood. Blood pressure was borderline (138/80 mmHg),
and tachycardia (heart rate of 120 beats per minute) was observed.
Apart from slight redness of the skin of the face and neckline
(plethora), no other phenotypic features of hypercortisolemia were
noted. Laboratory tests confirmed ACTH-dependent
hypercortisolemia with a high plasma ACTH level, high plasma
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FIGURE 1

(A) CT scan showing a 32x35 mm heterogeneous, well-demarcated litho-cystic lesion (red arrow) in the right adrenal gland. (B, C) (B) Whole-body
[68Ga] DOTATATE PET-CT image showing a hypodense right adrenal nodule measuring 36x22 mm (SUV max 35.4) (green arrow).
(C) Cross-section [68GalGa-DOTA-TATE PET/CT image showing a hypodense right adrenal nodule 36x22 mm (SUV max 35.4) (green arrow).

cortisol levels with loss of diurnal rhythm, elevated 24-hour urinary
free cortisol excretion, high plasma dehydroepiandrosterone sulfate
(DHEA-S) and testosterone levels, and significantly elevated levels
of serum metanephrines (Table 1).

TABLE 1 Hormonal workup at diagnosis.

Parameter Value Reference range
ACTH 476.00 7.20-63.30 pg/ml
Morning plasma cortisol 125.00 4.82-19.50 ug/dl
Midnight plasma cortisol 137.00 <1.8 ug/dl

Urinary free cortisol >239 4.30-176.00 ug/dl
DHEAS 337.00 9.40-246.00 ug/dl
Testosterone 6.19 0.10-1.42 ug/dl
Metanephrine 1194.23 <88.00 pg/ml
Normetanephrine 965.94 <200.00 pg/ml
3-metoxythyramine 52.27 <17.00 pg/ml

Frontiers in Endocrinology

62

In the initial differential diagnosis, the coexistence of
pheochromocytoma with ACTH-dependent hypercortisolemia or
ectopic ACTH production by pheochromocytoma was considered.
Due to the possibility of a pituitary tumor, an MRI was performed,
showing no lesions in the pituitary gland. Subsequently, a [68Ga]
DOTATE PET-CT scan was performed, which showed a hypodense
right adrenal nodule measuring 36 x 22 mm, probably litho-fluidic
with heterogeneous but high somatostatin receptor expression
(SUV max 35.4) (Figures 1B, C).

Due to a strong suspicion of ACTH-producing
pheochromocytoma, the patient was qualified for right
adrenalectomy and prepared with increasing doses of doxazosin
and a low dose of bisoprolol, potassium supplementation,
parenteral hydration, protein supplementation, and intense
insulin titration. The steroidogenesis inhibitor metyrapone (3x250
mg p.o. daily) was started, resulting in a rapid decrease in cortisol
levels, leading to transient adrenal insufficiency requiring
administration of 15 mg hydrocortisone daily (Figure 2). A rapid
decrease in ACTH was observed already after first 24h of
metyrapone (Figure 2) Intriguingly, a marked decrease in the
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FIGURE 2
Serum levels of ACTH and cortisol following
metyrapone administration.

levels of metanephrines (metanephrine to 749.35 pg/ml and
normetanephrine to 593.55 pg/ml) was also observed after 12
days of metyrapone treatment.

After surgery, no clinical features nor laboratory results
suggestive of adrenal insufficiency were observed (Table 2). In the
2-month period following adrenalectomy, the patient noted a
gradual, slow increase in body weight (up to a BMI of 18.7 kg/
m?) and improvement in well-being. Diabetes resolved, and
hypertension control was optimal with a single dose of bisoprolol.
Normalization of the levels of metanephrines (Table 2) confirmed
the complete resection of the pheochromocytoma. From the
patient’s perspective the patient feeled relieved after the resection
of the tumor, she undergoes regular follow-up in the clinic where a
constant improvement of her well-being and quality of life
is observed.

The histopathological examination confirmed a diagnosis of
pheochromocytoma, pT1 NX (according to AJCC, 8th ed.), PASS
system - 3 points, GAPP system - 2 points (highly differentiated
type). Immunohistochemistry (IHC) tests showed both negative
anti-ACTH and anti-CRH stainings, thus the diagnosis of ectopic

TABLE 2 Hormonal workup performed two months
after adrenalectomy.

Parameter Value Reference range
ACTH 55 7.20-63.30 pg/ml
Morning plasma cortisol 17.30 4.82-19.50 ug/dl
Midnight plasma cortisol 5.98 <1.8 ug/dl

DHEAS 15.20 9.40-246.00 ug/dl
Testosterone 0.11 0.10-1.42 ug/dl
Metanephrine 18.99 <88.00 pg/ml
Normetanephrine 114.98 <200.00 pg/ml
3-metoxythyramine <LOQ <17.00 pg/ml
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ACTH-dependent hypercortisolemia was finally rebutted
(Figure 3). SDHB staining was focally positive with a weak
cytoplasmic reaction (final status determination will be possible
based on molecular/genetic tests). The rest of the excised adrenal
did not show abnormalities, including the features of hyperplasia
The patient was reluctant to perform further genetic investigations.

Rapid resolution of symptoms and normalization of laboratory
parameters, no apparent cushingoid features at the diagnosis, and no
signs of adrenal insufficiency post-surgery, together with negative
stainings for ACTH and CRH, allowed the final diagnosis of
pheochromocytoma-induced PCS. Factors contributing to such
intense manifestations of pheochromocytoma are yet to be identified.

Discussion

To the best of our knowledge, no reports on PCS induced by
pheochromocytoma have been published before. The presented
case underscores the unique manifestation of these two coexisting
conditions, evident through clinical, laboratory, and
histopathological findings. It also highlights the successful
resolution through adrenalectomy and supportive care.

On admission to the endocrine department, our patient
presented with cachexia and no typical symptoms of CS despite
significant hypercortisolemia. The reason for such a clinical
picture was the chronic overproduction of catecholamines
leading to a hypermetabolic state through multiple mechanisms.
Hypermetabolism might be mediated directly by adrenoceptors in
metabolically active organs and tissues, resulting in stimulation of
lipolysis and glycogenolysis, and indirectly, through induction of
inflammation, which is reflected by increased secretion of pro-
inflammatory cytokines such as IL-1, IL-6, and TNF-a. (20). In fact,
increased resting energy expenditure (REE) measured by indirect
calorimetry, accompanied by increased levels of pro-inflammatory
cytokines, has been reported in a cohort of pheochromocytoma
patients. Surgical treatment led to a decrease of REE to the expected
calculated levels and normalization of some of the inflammation
markers (20, 21). Moreover, catecholamines have been shown
to activate brown adipose tissue, which was associated with
decreased survival (22). Interestingly, a hypermetabolic phenotype
of pheochromocytoma is more often reported in the elderly (23),
and it can lead to cachexia (24), as in the described patient. In
this case, we hypothesize that abundant and chronic secretion
of catecholamines from the tumor led to a hypermetabolic and
pro-inflammatory state that, in turn, overactivated the HPA axis
(Figure 4). A rapid decrease in the level of cortisol, ACTH, and
metanephrines upon initiation of metyrapone treatment suggests
the existence of a glucocorticoid-dependent positive feedback
loop that potentiated ACTH release and created a destructive
cycle with rapid exacerbation of both hypercortisolemia and
hypercatecholaminemia, with extremely elevated plasma ACTH
levels. Metyrapone appeared to be clinically effective and resulted
in lower levels of cortisol and catecholamines along with
significantly lower levels of ACTH.

The biochemical picture of PCS may present as ACTH-
dependent CS. It has been proposed that some diagnostic tests may

frontiersin.org


https://doi.org/10.3389/fendo.2024.1491873
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Matgorzata et al.

10.3389/fendo.2024.1491873

FIGURE 3

Negative immunostaining for ACTH (left panel) and negative immunostaining for CRH. Positive controls are shown in the miniatures.

facilitate distinguishing these two diagnoses (5); however, the
diagnostic options are limited with no access to CRH. In the case
presented here, no dynamic tests were performed due to the severity
of the patient’s condition. Some authors suggest that midnight
cortisol serum levels above 7.5 ug/dL discriminate CS from PCS
with 96% sensitivity and 100% specificity, as in PCS, an unaltered
diurnal cortisol rhythm can be observed (25, 26). The disruption of
the circadian rhythm of cortisol (and ACTH) is a distinguishing
characteristic of CS, however, in our patient, the levels of midnight
cortisol were highly elevated despite a lack of ACTH-positive cells in
IHC and no other signs of CS. We did not find another case of
pseudo-Cushing’s in the literature in which midnight cortisol levels
were as high or higher. Disruptions in this rhythm are linked to a
wide variety of psychological and physical conditions, such as
depression (2), cognitive impairments (27), post-traumatic stress
disorder (28), chronic stress (29), burnout (30), chronic fatigue
syndrome (31), and anorexia nervosa (32). Upon admission, our
patient was in a severe mental state due to discomfort, anxiety, and
stress related to hospitalization. It is plausible that psychological
factors, combined with cachexia, contributed to the disturbances in
nocturnal cortisol secretion. There are no algorithms concerning the

FIGURE 4

treatment of PCS, as cortisol levels are usually normalized following
the resolution of the underlying cause. So far, only a few reports
address the role of steroidogenesis inhibitors in lowering cortisol and
contributing to recovery (6, 33). Our case demonstrates the successful
resolution of hypercortisolemia before surgery by the administration
of metyrapone. The importance of therapy with steroidogenesis
inhibitors lies in their ability to prevent metabolic complications
and eliminate glucocorticoid-induced immunosuppression.

Conclusions

The biochemical picture of PCS may present as ACTH
dependent CS. Differentiation of PCS from other causes of
hypercortisolemia poses a clinical challenge. Non-neoplastic
hypercortisolemia occurs as a response to severe disorders and
should always be considered in case of atypical course of
hypercortisolemia. Metyrapone might be effective to block the
glucocorticoid-dependent positive-feedback loop and minimalize
the levels of cortisol, catecholamines, along with ACTH, thus it can
reduce the perioperative risk.

activation of
HPA axis

—

roinflammatory and
ypermetabolic state

4 resting energy expenditure
| skeletal mass

cachexia

catecholamines

Postulated mechanism of pseudo-Cushing syndrome in our patient. Abundant and chronic secretion of catecholamines leads to hypermetabolic and
proinflammatory state that in turn activates HPA axis. Cortisol may potentiate the secretion of catecholamines by increasing the expression of
thyrosine hydroxylase (TH), a rate-limiting enzyme in the catecholamine synthesis pathway; and phenylethanolamine N-methyltransferase, a key
enzyme in noradrenaline-to-adrenaline conversion. A glucocorticoid-dependent positive-feedback loop may potentiate ACTH release. Created
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Introduction: Succinate dehydrogenase subunit B (SDHB)-mutated
paragangliomas (PGLs) are rare neuroendocrine tumors characterized by
increased malignancy, readily metastasizing, and poorer prognosis. Here we
report a case of SDHB-mutated metastatic PGL, wherein the patient showed
significant tumor shrinkage and complete symptom remission following
chemotherapy. We aim to contribute additional evidence to the existing
knowledge associated with SDHB-mutated PGLs.

Case report: A 40-year-old male patient presented with recurrent hypoglycemia
and hypertension crisis. Imaging revealed a huge left retroperitoneal tumor and
multiple diffuse metastases in lungs. Catecholamine was also elevated, aligning
with a diagnosis of metastatic PGL. Pathology also confirmed this diagnosis.
Additionally, the immunohistochemistry indicated negative expression of SDHB
and gene test showed somatic SDHB mutation. Given the SDHB mutation,
cyclophosphamide-vincristine-dacarbazine (CVD) chemotherapy was initiated
in critical conditions. Subsequently, a significant tumor shrinkage and complete
biochemical response were observed after two treatment cycles. In September
2024, CT scan revealed new pulmonary lesions. The progression-free survival
(PFS) with CVD chemotherapy was 24 months.

Conclusion: This report reviews the distinct clinical and biochemical
characteristics and treatment approaches of SDHB-mutated paragangliomas,
emphasizing that the significance of incorporating both genetic testing and
immunohistochemical analysis in clinical practice.

SDHB-mutation, metastatic paraganglioma, CVD chemotherapy, case
report, hypoglycemia
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Introduction

Paragangliomas (PGLs) are rare neuroendocrine tumors with
high heritability (1). Around half of PGLs are linked to mutations in
succinate dehydrogenase subunit x (SDHx) genes (2, 3). Among
these, SDHB mutations are the most common (1). SDHB-mutated
PGLs present distinct clinical and biochemical features that may
guide personalized therapy (1, 4-6). Here, we report a case of
SDHB-mutated metastatic PGL, demonstrating significant tumor
shrinkage and complete symptom remission following
cyclophosphamide-vincristine-dacarbazine (CVD) chemotherapy.
This case aims to contribute further evidence to the understanding
of SDHB-mutated PGLs.

Case presentation

In August 2022, a 40-year-old male Asian patient, presented at the
emergency department with syncope, diaphoresis, sialorrhea, absence
of tic, and urinary and fecal incontinence. He displayed facial edema, a
heart rate of 98 beats per minute (bpm), a blood pressure of 193/114
mm Hg, a respiratory rate of 20 breaths per minute, a body mass index
of 24.2 kg/m?, and an Eastern Cooperative Oncology Group (ECOG)
score of 2. 1 hours later, he gradually regained consciousness.
Approximately 7 months prior to this event, he began experiencing
recurring hypoglycemia at night. Over the preceding six months, he
suffered recurrent headaches and his self-measured systolic blood
pressure at onset exceeded 180 mmHg. Besides, there is no
significant medical, familial, or psychosocial history.

Routine blood tests, liver and kidney function assessments, ECG,
and cranial CT scans revealed no abnormalities. Serum levels of insulin,
C-peptide, insulin-like growth factor I (IGF-I), and growth hormone
(GH) were normal when blood glucose was 1.5 mmol/L (Table 1).

10.3389/fendo.2024.1483516

However, thorax-abdomen CT identified a 14.1x9.7 cm left
retroperitoneal mass and multiple pulmonary lesions (Figures 1A, D,
G, ]). Catecholamine, ACTH, and NSE levels were elevated (Table 1),
aligning with a diagnosis of metastatic PGL. Although hyperglycemia is
common in PPGL due to excessive catecholamine secretion, this
patient experienced recurrent hypoglycemia, prompting us to further
confirm the diagnosis through pathology. Additionally, imaging
showed multiple lung metastases, ruling out curative surgery. Thus,
the patient and family opted for a retroperitoneal lesion biopsy after
discussing the biopsy risks. Fortunately, no adverse reactions occurred.
Immunohistochemical analysis showed positive expression of
Synaptophysin (Syn), Chromogranin A (CgA), and SSTR2, but
negative for SDHB and S100 (Figure 2), with a Ki67 labeling index
of 60%. Next-generation sequencing (NGS) revealed a somatic copy
number loss of the SDHB gene. ®*Ga-DOTATATE and '*F-FDG
positron emission tomography (PET-CT) scans were conducted. The
results revealed that the metastasis affected the lungs and skeletal sites,
including the anterior segment of the left 7th rib, left scapula, and left
humerus (Figure 3).

Despite 1 month of symptomatic therapies, including alpha
blockade and intravenous fluid replacement, recurrent hypoglycemia
and hypertensive crises persisted. The progression of the disease was
presumed to be rapid based on the time when the patient became
aware of symptoms. Given the patient’s unresponsive state and the
tumor’s rapid growth, chemotherapy was initiated under critical
conditions. A combination of cyclophosphamide (1300 mg, day 1,
every 4 weeks), vincristine (2 mg, day 1, every 4 weeks), and
dacarbazine (1000 mg, day 1-2, every 4 weeks) was started in
September 2022.Surprisingly, a CT scan revealed significant
regressions of the retroperitoneal mass and lung metastases
(Figures 1B, E, H, K) after two treatment cycles. According to the
Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST
1.1), a partial response (PR) was achieved. Additionally, a completely

TABLE 1 Levels of serum insulin, C-peptide, IGF-1, GH and B-hydroxybutyrate during episode of hypoglycaemia.

Normal range

Collection time

Blood glucose level

at the time of
measurement

Insulin <0.4 1.5uU/ml at least 1.5 mmol/L during hypoglycaemia
C-peptide 0.031 0.3-1.3 nmol/L 1.5 mmol/L during hypoglycaemia
IGF-1 39.53 107-216 ng/ml 1.5 mmol/L during hypoglycaemia
Growth hormone (GH) 0.34 0.030-2.47 ng/ml 1.5 mmol/L during hypoglycaemia
B-hydroxybutyrate 0.05 0.02 - 0.27 mmol/L 1.5 mmol/L during hypoglycaemia
Norepinephrine 10.23 0-5.17 nmol/L N/D morning
Normetanephrine 12.86 0-0.71 nmol/L N/D morning
3-mexoxytyramine 25.83 0-18.4 pg/ml N/D morning
Epinephrine 0.26 0-0.34 nmol/L N/D morning
Dopamine 0.20 0-0.31 nmol/L N/D morning
ACTH 110.70 5-78 ng/L N/D morning
Cortisol 435.00 138-690 nmol/L N/D morning
NSE 70.30 0-20.4 ng/ml N/D morning
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FIGURE 1

(A, D, G, J) Prior to CVD chemotherapy, CT revealed retroperitoneal lesions around the pancreas, liver, kidney and multiple diffuse lesions in both
lungs. (B, E, H, K) After 2 cycles of CVD chemotherapy, CT revealed that retroperitoneal lesions around the pancreas, liver, kidney and multiple
diffuse lesions in both lungs reduced in size. (C, F, |, L) After 20 cycles of CVD chemotherapy, CT revealed retroperitoneal lesions further reduced in
size. Although a small amount of lung lesions enlarged and new lesions appeared, the majority of lung lesions reduced in number and size. [Red
arrows indicate shrinking lesions, yellow arrows indicate enlarged lesions, and green arrows indicate new lesions.].

biochemical response with symptom remission was observed, allowing ~ lesions and some lung lesion enlarged, suggesting disease
the cessation of symptomatic therapies (Supplementary Figure 1). NSE ~ progression. However, retroperitoneal lesions and the majority of
and catecholamine levels decreased concurrently (Supplementary  lung lesions further reduced in size (Figures 1C, F, I, L). The
Figure 1). In September 2024, CT scan revealed new pulmonary  progression-free survival (PES) of CVD chemotherapy was 24
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FIGURE 2

Pathological findings of the retroperitoneal lesion. (A) Haematoxylin and eosin staining. (B) Ki67 positive rate was 60%. (C) The expression of SDHB

was negative.

months. Given the high SSTR expression, a switch to somatostatin
analogue (SSA) therapy is recommended. The patient remains stable
without symptoms or treatment-related adverse effects.

Discussion

In this case, we report a 40-year-old male patient with SDHB-
mutated metastatic PGL. A rapid, deep and durable PR, and complete
biochemical response were achieved after CVD chemotherapy.

The prevalence of the SDHB mutated PGLs among Chinese
patients has been well-documented (7, 8). Compared to others, PGL

FIGURE 3

with SDHB mutation typically exhibit an early onset, noradrenergic or
dopaminergic biochemical phenotype, and shorter survival (9, 10).
Additionally, precision medicine can be tailored based on the SDHB
mutation status. Several studies have proved that CVD chemotherapy
was the first-line treatment for PGL individuals with SDHB-mutation
(11, 12). Our case reaffirms above points.

Missense mutations and truncating mutations are the most
commonly reported types of SDHB mutations in PGLs (13).
Compared to missense mutations, truncating mutations in SDHB are
typically associated with a higher malignancy potential in PPGLs (14).
In our study, the patient had a SDHB mutation characterized by a copy

(A—F) Prior to CVD chemotherapy, 18F-FDG positron emission tomography (PET-CT) revealed increased uptake of 18F-FDG in the left
retroperitoneal mass, lung masses and humeral head. The maximum cross-sectional area of the left retroperitoneal mass was approximately 166 X
99mm, with maximum SUV sizes of 21.49. (G-L) Prior to CVD chemotherapy, 68Ga-DOTATATE PET-CT revealed increase uptake of 68Ga-
DOTATATE in the left retroperitoneal mass, lung masses and humeral head. The maximum SUV sizes of the left retroperitoneal mass was 36. 94.
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number loss, a mutation type that has not been widely reported in
previous studies. While missense mutations and truncating mutations
often lead to a complete loss of the biological function of key proteins,
copy number loss typically results in a reduction in gene expression,
causing partial functional loss. Whether this mutation type is associated
with a better prognosis in patients remains to be confirmed through
large-scale clinical studies.

Notably, SDHB mutation differs from the negative
immunohistochemical expression of SDHB (15). Consequently, the
lack of immunohistochemical expression of SDHB is often utilized as
an alternative marker in assessing SDHx gene mutations (15-21). This
approach is not only cost-effective but also aids in identifying false
negative results from genetic testing. However, we believe that the
negative immunohistochemical expression of SDHB cannot replace
next-generation sequencing. Many studies have shown that different
mutations in the SDHx gene often exhibit different clinical
manifestations, which are of great significance for the prognosis and
treatment of patients (22, 23). Therefore, we emphasize the significance
of incorporating both genetic testing and immunohistochemical
analysis in clinical practice for precise diagnosis and prognosis.

Due to the hyperglycemic effect of catecholamines, hypoglycemia
directly induced by PGLs is exceedingly rare. We reviewed related
profiles and concluded four mechanisms to identify the mechanisms
underlying this hypoglycemia (Supplementary Table S1) (24-33).
Firstly, tumor autoimmune hypoglycemia, often associated with
myeloma and Hodgkin’s disease (34, 35). Secondly, liver, adrenal, or
pituitary insufficiency also can contribute to hypoglycemia. Thirdly, a
massive tumor burden may lead to rapid glucose consumption and
subsequent hypoglycemia (29). Furthermore, the production of
hypoglycemic substances by tumor, such as IGF-II, IGF-I and GH,
can cause hypoglycemia (36). In our case, tumor- autoimmune
hypoglycemia antibodies, liver function, adrenal function, and
pituitary function were all normal, thus excluding the first two
mechanisms. Given the patient’s high tumor burden and the
improvement of hypoglycemia as the tumor shrank, the latter two
mechanisms were assumed to be involved. Rapidly growing tumors
consume glucose and release hypoglycemic substances, causing the rare
complication of hypoglycemia. However, due to technical limitations
and our current understanding, we unfortunately did not measure
serum IGF-II levels during hypoglycemia. Therefore, we can only
speculate that the causes of this hypoglycemia are likely multifactorial.

Conclusion
This study presents a rare case of SDHB-mutated metastatic
PGLs, demonstrating a rapid, deep and durable response to CVD

chemotherapy. It underscored the critical role of SDHB mutations
in influencing both prognosis and treatment selection for PGLs.
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complicated with Langerhans
cell histiocytosis: a case report
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Medicine, Shanghai, China

Pheochromocytoma is a neuroendocrine neoplasm that originates from
chromaffin cells of the adrenal medulla. Langerhans cell histiocytosis (LCH) is a
proliferative disease of histiocyte-like cells, often associated with activating
mutations of the mitogen-activated protein kinase (MAPK) pathway. We
present a case of a 49-year-old male with a history of pheochromocytoma,
which metastasized to the inferior vena cava eight years after left adrenalectomy.
At the same time, it was found that the pheochromocytoma in the metastasis was
complicated with LCH, a combination that has not been previously reported.
Genetic analysis was carried out by next-generation sequencing (NGS)
technology. Somatic mutations of BRAF and RAD54B were detected in
Langerhans cells and EPASI in pheochromocytoma.

Langerhans cell histiocytosis, pheochromocytoma, metastasis, case report, EPAS1 gene

1 Introduction

Pheochromocytomas are rare tumors originating in the adrenal medulla (1) and usually
secrete catecholamines leading to hypertension and myocardial degenerative effects (2).
Metastatic Pheochromocytoma is most commonly reported in the local lymph nodes, bone,
liver and lung (3). Since it is impossible to differentiate non-metastatic and metastatic
Pheochromocytoma based upon clinical or even histopathological findings, all
Pheochromocytoma are currently considered potentially metastatic tumours (WHO 2022
classification) (4). As a result, all patients with Pheochromocytoma require long and
intensive follow up. Pheochromocytoma mostly results from pathogenic variants of
predisposing genes, with a genetic contribution that now stands at around 70%.
Germline variants account for approximately 40%, while the remaining 30% is
attributable to somatic variants (5). Langerhans cell histiocytosis (LCH), the most
common histiocytic disorder, encompasses conditions characterized by aberrant function
and differentiation or proliferation of cells of the mononuclear phagocyte system (6). LCH is
a histiocytic neoplasm characterized by a mass of CD1a + CD207+ histiocytes, exhibiting a
diverse range of clinical manifestations from a self-healing rash or single bone destruction
to multi-organ disease with potentially fatal consequences (7). In this article, we present a
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unique case of metastatic pheochromocytoma complicated with
LCH. A 49-year-old male had undergone a left adrenalectomy in
2016 and pathology confirmed pheochromocytoma. In January
2024, the patient presented with intermittent low-grade fever,
prompting a comprehensive examination that revealed a mass
within the inferior vena cava. Elevated catecholamine levels were
detected in both blood and urine. While high resolution CT showed
multiple nodules in both lungs. The patient was considered to have
multiple metastases of pheochromocytoma and a biopsy of the mass
in the inferior vena cava was performed. The pathology confirmed
metastatic pheochromocytoma complicated with LCH. Molecular
pathology showed EPASI mutation in pheochromocytoma. BRAF
insertion mutation and RAD54B frameshift mutation was detected
in in Langerhans cells. This report is, to our knowledge, the first case
of pheochromocytoma coexisting with LCH, and also the primary
report of detecting RAD54B mutation in LCH. It highlights the
possibility of intravascular metastasis occurring simultaneously with
LCH in patients with a previous history of pheochromocytoma even
years after adrenalectomy and emphasizes the need to adopt a
comprehensive next-generation sequencing (NGS) panel.
According to the latest guidelines, it is mandatory to perform
genetic analysis in all pheochromocytoma cases regardless of
phenotype. Besides, We propose testing for RAD54B gene
variants. A possible correlation between RAD54B pathogenic
variants and LCH clinical course should be considered. For
patients diagnosed with pheochromocytoma following surgical
intervention, long-term blood pressure monitoring and regular
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follow-up are recommended to find recurrence or metastasis
in time.

2 Clinical presentation

A 49-year-old man without specific family history presented with
nocturnal episodic headaches in 2016. The headache lasted about 2
hours, accompanied by sweating, no obvious palpitation or dizziness.
The patient presented at the local hospital with elevated blood pressure
(specific value unknown). Urinary measurements demonstrated
elevated level of vanillylmandelic acid at 15.28 mg/24h (normal
range, 2-6 mg/24 h), while aldosterone and serum calcium remained
within normal limits. Abdominal computed tomography revealed a left
adrenal nodule approximately 6.1x4.5cm in size. On the basis of these
findings, pheochromocytoma was suspected. In the same year, the
patient underwent a left adrenalectomy. The headache and sweating
recovered soon after operation. The pathology examination revealed
the presence of pheochromocytoma with vascular invasion and
capsular invasion(Figures 1A-C). Tumour cells were strongly
immunopositive for synaptophysin (Figure 1D), chromogranin A
(Figure 1E), SDHB (Figure 1F). Sustentacular cells were
immunopositive for S100 protein(Figure 1G). Moreover,
immunostains for AE1/AE3, CD56, CD34, Her2, Inhibin and
HMB45 were negative (data not shown). Pheochromocytoma of the
Adrenal Gland Scaled Score (PASS) of 4 was assigned and the Ki67
proliferation index was 1%. According to the guidelines for genetic

FIGURE 1

Pheochromocytoma (A) Pheochromocytoma with vascular invasion (x5 HE). (B) Intravascular tumor embolus (x100 HE). (C) Classic histoarchitecture
with uniform cell nests(Zallballen)(x200 HE). (D-F) Syn, CgA and SDHB expression is positive, supporting the diagnosis of pheochromocytoma(x200).
(G) Immunohistochemical stain for S100 showing classic distribution of sustentacular cells, mostly at the periphery of cell nests(x200).
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screening of Pheochromocytomas and paragangliomas (PPGLs), our
patient was proposed for next-generation sequencing (NGS) targeting.
EPASI mutation was detected in pheochromocytoma. No germline
mutations were found. The patient was treated with antihypertensive
medication resulting in blood pressure control within the normal
range. After discharge, the patient has not been regularly followed up.

In January 2024, the patient developed intermittent low-grade
fever. He received treatment at the local hospital for 2 days without
improvement (specific details unknown). Abdominal color Doppler
ultrasound showed foreign bodies in the inferior vena cava, while
high resolution CT showed multiple nodules in both lungs. 68Ga-
DOTATATE PET/CT scan(0.59mCi) was performed showing a soft
tissue density mass in the left renal vein-inferior vena cava with
abnormally high metabolism and multiple solid nodules in both
lungs with slightly high metabolism. Combined with the medical
history, the patient was considered to have tumor recurrence
invading the inferior vena cava, along with multiple metastases in
both lungs. The patient’s low-grade fever resolved spontaneously
after hospitalization and did not recur.

In March 2024, the patient came to the hospital for further
examination. Laboratory tests revealed an elevated level of plasma
normetanephrine at 5279.1 pg/ml (normal range, 19-121 pg/ml),
while metanephrine remained within normal limits. Urinary
measurements also revealed elevation levels of epinephrine at
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22.57 ug/24h (normal range, <22ug/24h) and norepinephrine at
2290.15 ug/24h (normal range, 7-65ug/24h). Computed
tomographic angiography of the abdominal aorta revealed the
presence of a mass extending from the left renal vein to the
inferior vena cava (Figures 2A-C). No obvious abnormality was
found in the right adrenal gland. After two weeks of prophylactic
treatment with alpha-blockers, a biopsy of the tumor in the inferior
vena cava was conducted under local anesthesia. Pathology
confirmed metastatic pheochromocytoma accompanied by LCH.
Immunophenotyping of chromaffin cells was consistent with the
primary lesion (Figures 2E, F). The pheochromocytoma area was
accompanied by an adjacent region comprising of large monocytic
cells with reniform-to-oval nuclei and a central horizontal groove,
and plentiful of eosinophils (Figures 2D, G). The mononuclear cells
revealed positivity for CD1a (Figure 2H), Langerin (Figure 2I) S100
and the Ki67 proliferation index was 10%. Molecular pathology
identified the c.1457_1471del; p.N486_P490del mutation in the
12th exon of the BRAF gene, and the ¢.528dupT; p.V177Cfs*9
mutation in the 5th exon of the RAD54B gene. The patient
underwent a 68Ga-DOTATATE PET/CT scan(0.59mCi). Multiple
solid pulmonary nodules were found in both lungs, some of which
had slightly higher metabolism. It may suggest the potential
pulmonary metastasis from pheochromocytoma. The patient was
recommended to undergo further diagnostic tests in order to

FIGURE 2

Computed tomographic angiography and pathological images. (A-C) The lumen of the left renal vein showed a soft tissue mass extending from its
junction with the inferior vena cava, along the course of the inferior vena cava. The enhanced scan exhibited significant enhancement
Pheochromocytoma in metastasis. (D) The mononuclear cell area on the left side exhibits a significant presence of numerous eosinophils(x100 HE).
(E, F) Pheochromocytoma expressing CgA and syn (x200). (G) The monocytic cells have reniform-to-oval nuclei and a central horizontal groove
(x400 HE). (H, 1) The mononuclear cells are positive for CD1a and Langerin (x200)
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confirm the diagnosis. However, the patient expressed no intention
to pursue additional investigations. Considering the difficulty of the
operation, the patient postponed the operation and took
antihypertensive treatment including doxazosin mesylate
extended release tablets and arotinolol hydrochloride tablets. The
24-hour ambulatory blood pressure showed that systolic blood
pressure and diastolic blood pressure were normal during the day
and night after drug use. The circadian rhythm of systolic blood
pressure and diastolic blood pressure disappeared. The 24-hour
systolic blood pressure and diastolic blood pressure increased (120/
77mmHg). After discharge, the patient’s blood pressure was
monitored and stabilized, and regular follow-up was requested.
The clinical course is shown in Table 1.

3 Discussion

This case represents a rare complication of pheochromocytoma
metastasizing to the inferior vena cava with concomitant LCH. The
metastasis of pheochromocytoma to the inferior vena cava has not
been reported. In this case EPASI(HIF2¢) mutation was detected.
EPASIhas been identified as one of the susceptibility genes
associated with Pheochromocytomas (8).

PPGLs are rare neuroendocrine tumors (NETs) derived from
adrenomedullary chromaffin cells and from the autonomic
paraganglia, respectively. Pheochromocytomas (PCCs) represent
about 80-85% of chromaffin-cell neoplasms, whereas
paragangliomas (PGLs) account for the remaining 15-20%. Based
on transcriptional profile, PPGLs are classified into three clusters.
The tree clusters are: 1) hypoxia/pseudohypoxia, 2) kinase signaling
group, 3) Wnt signaling pathway (9). Cluster 1 includes PPGLs with
variants in genes encoding the hypoxia-inducible factor (HIF) 20,
the Von Hippel-Lindau tumor suppressor (VHL), the prolyl
hydroxylase domain (PHD), fumarate hydratase (FH), and
succinate dehydrogenase subunits (SDHx) (10). All these

TABLE 1 Clinical timeline.

Diagnostic Findings

Treatment

10.3389/fendo.2025.1494783

mutations promote HIFa stabilization and accumulation resulting
in increased angiogenesis via changes in vascular endothelial
growth factor-1 and -2 receptors (VEGFRI1/2) and platelet-
derived growth factor-b receptor (PDGFR) transcription (11).
Cluster 2 consists of germline or somatic mutations in RET, NF1,
TMEM127, MAX, HRAS and KIF1Bf which associated with PI3
kinase pathways the “PI3K/AKT/mTOR and MAPK/ERK”. Cluster
2 PPGLs are mostly benign exhibiting a mature catecholamine
phenotype (12). Cluster 3 PPGLs are due to somatic mutations of
the CSDEI1 gene or somatic gene fusions of the MAML3 gene (13).
Cluster 3 tumors have a more aggressive behavior (5).

LCH is caused by clonal expansion of myeloid precursors that
differentiate into CD1a+/CD207+ cells in lesions that leads to a
spectrum of organ involvement and dysfunction (14). LCH is often
characterized by activating mutations of the mitogen-activated
protein kinase (MAPK) pathway with BRAFV600E being the
most recurrent mutation. The remaining cases of LCH that do
not bear the BRAFV600E mutation are often characterized by other
mutations in the BRAF gene (15). BRAF mutations have been
reported in >50% of patients with LCH (16). BRAF is a core
component of the MAPK/ERK1/2 signaling cascade and involves
the sequential phosphorylation and activation of RAS-RAF-MEK-
ERK (17). In this case, molecular pathology identified the
c.1457_1471del; p.N486_P490del mutation in the 12th exon of
the BRAF gene, which is atypical.

Notably, for the first time, a somatic mutation in the oncogene
RADS54B was identified in Langerhans cells. RAD54B belongs to the
SNF2/SWI2 superfamily, involving in cell cycle regulation after
DNA damage and participating in homologous recombinational
repair, which ensures the precise repair of the most deleterious
DNA lesions, double-stranded breaks (18). RAD54B displays
oncogene-like characteristics and is amplified or overexpressed in
a diverse array of cancer types, including colorectal, lung, prostate
and breast (19). It has not been proven yet that RAD54B mutation is
associated with LCH.

Pathological Diagnosis

- Elevated blood pressure (value unspecified)

2016 - Elevated urinary vanillylmandelic acid (VMA)

- Left adrenal nodule (6.1x4.5 cm) on
abdominal CT

- Foreign bodies in inferior vena cava
(abdominal ultrasound)
- Multiple bilateral lung nodules (high-
2024
January resolution CT)
- 68Ga-DOTATATE PET/CT: High-metabolism
mass in left renal vein-IVC; lung nodules

Left adrenalectomy

Pheochromocytoma with intravascular tumor
embolus and capsular invasion

N/A N/A

- Elevated plasma normetanephrine and urinary
epinephrine/norepinephrine
March 2024
- IVC mass extending from left renal vein
(CT angiography)

Frontiers in Endocrinology

- Tumor biopsy

Metastatic pheochromocytoma with LCH
(Langerhans cell histiocytosis)

- Antihypertensive therapy
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Tumorigenesis is a multiphase process dependent on several
modifications at cellular and tissue levels, leading to sustain
proliferative signalling, evasion from growth suppressors and from
cell death, replicative immortality, and induction of angiogenesis,
invasion, and metastasis (20). Beyond genetic alterations, the
interplay among cancer cells and tumour microenvironment
(TME) components has a central role in tumour initiation and
progression (21). Angiogenesis, the development of new blood
vessels from established vasculature, provides growth and
hematogenous dissemination of the cancer cells. In this case EPASI
mutation was detected in pheochromocytoma. EPAS1 mutation
promotes HIFa stabilization and accumulation resulting in
increased angiogenesis, which might enhance the likelihood of the
formation and metastasis of other tumors, resulting in the coexistence
of the two types of tumors.

More conclusive evidence is still required to ascertain whether
there is a definitive correlation between pheochromocytoma and
LCH concerning their pathogenesis. Currently, it remains uncertain
whether this case represents a simple collision tumor or if it is an
instance of LCH triggered by a pheochromocytoma. Due to the
presence of multiple nodules in lungs, we were more inclined to
suspect that the patient may have systemic LCH and recommended
further examination. However, the patient did not cooperate. We
recommend regular monitoring of blood pressure and periodic
reviews for the patient.

Presently, clinical and hystopatological scoring systems have
been studied and validated to assist in predicting the risk of disease
recurrence. Parasiliti-Caprino et al. (22) conducted a retrospective
multicenter study on 177 PCC patients who underwent radical
surgery and proposed a multivariable continuous model for post-
surgical PCC recurrence prediction. The model was named the
SGAP-model (size, genetic, age, and PASS). It was created on an 8-
point scale, by assigning 1 point for tumor size > 50 mm, 3 points
for positive genetic testing, 1 point for age < 35 years, and 3 points
for PASS > 3. Patients with a SGAP-score of 0-2 showed a virtually
absent risk of recurrence; patients with a SGAP-score of 3-4 showed
an intermediate risk profile; patients with a SGAP-score of 5-8
showed a markedly elevated risk of recurrence that exceeded 60%
after 10 years. An accurate estimation of recurrence risk would be of
fundamental importance in clinical practice, as it may allow
clinicians to suggest a higher-intensity monitoring when the
estimated recurrence risk is high.

4 Conclusion

In conclusion, the current case reminds us that
pheochromocytoma can metastasize to the inferior vena cava. Due to
its rare occurrence and non-specific clinical manifestations, imaging
may still be the most valuable method for discovering metastasis.
Pheochromocytoma accompanied by LCH has not been reported yet.
This rare complication may indicate a potential relationship in the
pathogenesis between the two. Whether RAD54B gene mutation is a
pathogenic mutation of LCH needs to be further explored. Importantly,
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no pheochromocytoma can be considered fully benign and all patients
should be followed for life for recurrence, new primary
pheochromocytoma, and metastatic disease.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding author.

Ethics statement

Written informed consent was obtained from the individual(s)
for the publication of any potentially identifiable images or data
included in this article.

Author contributions

DD: Writing - original draft. JX: Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Acknowledgments

We are deeply grateful to Dr. Yinchun Jin for his expertise in
histological section preparation. Special thanks to Dr. Zhongyu
Wang for his insightful interpretation of molecular mechanisms.
We also wish to acknowledge Dr. Xu Zhong for his invaluable
assistance in clinical data curation.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

frontiersin.org


https://doi.org/10.3389/fendo.2025.1494783
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Dai and Xie

References

1. Farrugia FA, Charalampopoulos A. Pheochromocytoma. Endocr Regul. (2019)
53:191-212. doi: 10.2478/enr-2019-0020

2. Tischler AS, Kimura N, Mcnicol AM. Pathology of pheochromocytoma and
extra-adrenal paraganglioma. Ann New York Acad Sci. (2006) 1073:557-70.
doi: 10.1196/annals.1353.059

3. Angelousi A, Kassi E, Zografos G, Kaltsas G. Metastatic pheochromocytoma and
paraganglioma. Eur ] Clin Invest. (2015) 45:986-97. doi: 10.1111/eci.12495

4. Raleigh DR, Solomon DA, Lloyd SA, Lazar A, Garcia MA, Sneed PK, et al.
Histopathologic review of pineal parenchymal tumors identifies novel morphologic
subtypes and prognostic factors for outcome. Neuro Oncol. (2017) 19:78-88.
doi: 10.1093/neuonc/now105

5. Provenzano A, Chetta M, De Filpo G, Cantini G, La Barbera A, Nesi G, et al.
Novel germline PHD2 variant in a metastatic pheochromocytoma and chronic myeloid
leukemia, but in the absence of polycythemia. Med (Kaunas). (2022) 58:1113.
doi: 10.3390/medicina58081113

6. Allen CE, Merad M, McClain KL. Langerhans-cell histiocytosis. N Engl ] Med.
(2018) 379:856-68. doi: 10.1056/NEJMral607548

7. Li Q. Successful treatment of Langerhans cell histiocytosis in an infant with
vemurafenib: a case report and literature review. ] Dermatol Treat. (2023) 34:2279901.
doi: 10.1080/09546634.2023.2279901

8. Buffet A, Burnichon N, Favier ], Gimenez-Roqueplo AP. An overview of 20 years
of genetic studies in pheochromocytoma and paraganglioma. Best Pract Res Clin
Endocrinol Metab. (2020) 34:101416. doi: 10.1016/j.beem.2020.101416

9. Crona J, Taieb D, Pacak K. New perspectives on pheochromocytoma and
paraganglioma: toward a molecular classification. Endocr Rev. (2017) 38:489-515.
doi: 10.1210/er.2017-00062

10. Pacak K, Wimalawansa SJ. Pheochromocytoma and paraganglioma. Endocr
Pract. (2015) 21:406-12. doi: 10.4158/EP14481.RA

11. Martinelli S, Amore F, Canu L, Maggi M, Rapizzi E. Tumour microenvironment
in pheochromocytoma and paraganglioma. Front Endocrinol (Lausanne). (2023)
14:1137456. doi: 10.3389/fendo.2023.1137456

Frontiers in Endocrinology

78

10.3389/fendo.2025.1494783

12. Martinelli S, Maggi M, Rapizzi E. Pheochromocytoma/paraganglioma preclinical
models: which to use and why? Endocr Connect. (2020) 9:R251-60. doi: 10.1530/EC-20-
0472

13. Majewska A, Budny B, Ziemnicka K, Ruchata M, Wierzbicka M. Head and neck
paragangliomas-A genetic overview. Int J Mol Sci. (2020) 21:7669. doi: 10.3390/
ijms21207669

14. Rodriguez-Galindo C, Allen CE. Langerhans cell histiocytosis. Blood. (2020)
135:1319-31. doi: 10.1182/blood.2019000934

15. Sconocchia T, Foflelteder ], Sconocchia G, Reinisch A. Langerhans cell
histiocytosis: current advances in molecular pathogenesis. Front Immunol. (2023)
14:1275085. doi: 10.3389/fimmu.2023.1275085

16. Whitlock JA, Geoerger B, Dunkel IJ, Roughton M, Choi J, Osterloh L. alone or in
combination with trametinib, in BRAF V600-mutated pediatric Langerhans cell
histiocytosis. Blood Adv. (2023) 7:3806-15. doi: 10.1182/bloodadvances.2022008414

17. Zhang W, Liu HT. MAPK signal pathways in the regulation of cell proliferation
in mammalian cells. Cell Res. (2002) 12:9-18. doi: 10.1038/sj.cr.7290105

18. Mai Y, Lin T, Zhang L, Yang W, Liu S, Wang M, et al. RAD54B inhibits vascular
endothelial senescence via suppression of CHK1/p53/p21 pathway. Can ] Physiol
Pharmacol. (2024) 102:137-49. doi: 10.1139/cjpp-2023-0192

19. McAndrew EN, McManus KJ. The enigmatic oncogene and tumor suppressor-
like properties of RAD54B: Insights into genome instability and cancer. Genes
Chromosomes Cancer. (2017) 56:513-23. doi: 10.1002/gcc.22458

20. Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation. Cell.
(2011) 144:646-74. doi: 10.1016/j.cell.2011.02.013

21. Shoucair I, Weber Mello F, Jabalee J, Maleki S, Garnis C. The role of
cancerassociated fibroblasts and extracellular vesicles in tumorigenesis. Int J Mol Sci.
(2020) 21:6837. doi: 10.3390/ijms21186837

22. Parasiliti-Caprino M, Bioletto F, Lopez C, Maletta F, Caputo M, Gasco V, et al.
Development and internal validation of a predictive model for the estimation of

pheochromocytoma recurrence risk after radical surgery. Eur J Endocrinol. (2022)
186:399-406. doi: 10.1530/EJE-21-0370

frontiersin.org


https://doi.org/10.2478/enr-2019-0020
https://doi.org/10.1196/annals.1353.059
https://doi.org/10.1111/eci.12495
https://doi.org/10.1093/neuonc/now105
https://doi.org/10.3390/medicina58081113
https://doi.org/10.1056/NEJMra1607548
https://doi.org/10.1080/09546634.2023.2279901
https://doi.org/10.1016/j.beem.2020.101416
https://doi.org/10.1210/er.2017-00062
https://doi.org/10.4158/EP14481.RA
https://doi.org/10.3389/fendo.2023.1137456
https://doi.org/10.1530/EC-20-0472
https://doi.org/10.1530/EC-20-0472
https://doi.org/10.3390/ijms21207669
https://doi.org/10.3390/ijms21207669
https://doi.org/10.1182/blood.2019000934
https://doi.org/10.3389/fimmu.2023.1275085
https://doi.org/10.1182/bloodadvances.2022008414
https://doi.org/10.1038/sj.cr.7290105
https://doi.org/10.1139/cjpp-2023-0192
https://doi.org/10.1002/gcc.22458
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.3390/ijms21186837
https://doi.org/10.1530/EJE-21-0370
https://doi.org/10.3389/fendo.2025.1494783
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Frontiers In
Endocrinology

Explores the endocrine system to find new
therapies for key health issues

The second most-cited endocrinology and
metabolism journal, which advances our
understanding of the endocrine system. It
uncovers new therapies for prevalent health issues
such as obesity, diabetes, reproduction, and aging.

Discover the latest
Research Topics & trontiers

Frontiers in

Endocrinology

Frontiers

Avenue du Tribunal-Fédéral 34
1005 Lausanne, Switzerland
frontiersin.org

Contact us

+41(0)21 510 17 00
frontiersin.org/about/contact

& frontiers | Research Topics



https://www.frontiersin.org/journals/endocrinology/research-topics

	Cover

	FRONTIERS EBOOK COPYRIGHT STATEMENT
	Recent advances in pheochromocytoma and paraganglioma: molecular pathogenesis, clinical impacts, and therapeutic perspective, volume II

	Table of contents

	Editorial: Recent advances in pheochromocytoma and paraganglioma: molecular pathogenesis, clinical impacts, and therapeutic perspective, volume II
	Author contributions
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

	Case Report: A novel EPAS1 mutation in a case of paraganglioma complicated with polycythemia and atrial septal defect
	1 Introduction
	2 Case presentation
	3 Discussion
	4 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	References

	Case Report: A 65-year-old man with paraganglioma accompanied by elevated interleukin-6 levels and KIF1B single gene mutation
	Introduction
	Case presentation
	Diagnosis
	Treatment and outcome
	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	References

	The connection between tricarboxylic acid cycle enzyme mutations and pseudohypoxic signaling in pheochromocytoma and paraganglioma
	Introduction
	Dysregulation of the VHL/HIF signaling axis in PPGLs
	The TCA cycle and PPGLs
	SDHx and succinate
	FH and fumarate
	IDH and 2-HG
	MDH2
	Conclusion and future perspectives
	Author contributions
	Funding
	Acknowledgments
	References

	Early short-term effects on catecholamine levels and pituitary function in patients with pheochromocytoma or paraganglioma treated with [177Lu]Lu-DOTA-TATE therapy
	Introduction
	Materials and methods
	Statistical analysis

	Results
	Baseline characteristics
	Hormonal variations in the immediate post-treatment period
	Functional imaging characteristics in patients with clinical endocrinopathies
	Catecholamine, metanephrine, blood pressure, and heart rate variations

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References

	Case report: A rare DLST mutation in patient with metastatic pheochromocytoma: clinical implications and management challenges
	1 Introduction
	2 Case presentation
	2.1 Medical history and preoperative examination
	2.2 Surgical treatment and postoperative pathology
	2.3 Metastasis and postoperative treatment

	3 Discussion
	3.1 PCC gene sequencing
	3.2 Symptoms, test results, and treatment for PCC

	4 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References

	Pheochromocytoma: an updated scoping review from clinical presentation to management and treatment
	1 Introduction
	2 Epidemiology
	3 Clinical predictor of metastasis
	4 Hereditary and phenotypic pattern
	4.1 Susceptibility genes
	4.2 Inheritance pattern
	4.3 Molecular phenotype

	5 Clinical presentation
	6 Diagnosis
	6.1 Laboratory tests
	6.2 Imaging study
	6.3 Genetic testing
	6.4 Immunohistochemistry

	7 Management and treatment
	7.1 Surgical resection of the tumor
	7.2 Preoperative stabilization
	7.3 Surveillance and restaging of patients with metastatic PPGL
	7.4 Non-surgical and novel therapies

	8 Conclusions
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References

	Case report: Pheochromocytoma-induced pseudo-Cushing’s syndrome
	Introduction
	Case report
	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References

	Durable and deep response to CVD chemotherapy in SDHB-mutated metastatic paraganglioma: case report
	Introduction
	Case presentation
	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References

	Metastatic pheochromocytoma complicated with Langerhans cell histiocytosis: a case report
	1 Introduction
	2 Clinical presentation
	3 Discussion
	4 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References

	Back Cover


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




