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ORIGINAL ARTICLE

Expression of LHCGR in Pheochromocytomas 
Unveils an Endocrine Mechanism Connecting 
Pregnancy and Epinephrine Overproduction
Antoine-Guy Lopez ,* Céline Duparc ,* Sylvie Renouf, Elise Machevin, Vincent Le Guillou, Jean-Christophe Sabourin,  
Guillaume Defortescu, Alexandre Buffet, Anne-Paule Gimenez-Roqueplo , Christophe Dubessy , Estelle Louiset ,†  
Hervé Lefebvre †

BACKGROUND: The mechanisms by which pregnancy may unmask pheochromocytomas and paragangliomas are not totally 
understood. We hypothesized that gestational hormones may participate in the pathophysiology of catecholamine excess 
during pregnancy. We report a case of silent pheochromocytoma revealed in a pregnant woman by life-threatening adrenergic 
myocarditis.

METHODS: In vitro studies were conducted to investigate the effect of estradiol and the pregnancy hormone hCG (human 
chorionic gonadotropin) on epinephrine secretion by cultured cells derived from the patient’s tumor. Expression of 
LHCG (luteinizing hormone/chorionic gonadotropin) receptor was searched for in the patient’s tumor, and a series of 12 
additional pheochromocytomas by real-time reverse transcription polymerase chain reaction and immunohistochemistry. 
LHCGR expression was also analyzed in silico in the pheochromocytomas and paragangliomas cohorts of the Cortico et 
Médullosurrénale: les Tumeurs Endocrines and The Cancer Genome Atlas databases.

RESULTS: hCG stimulated epinephrine secretion by cultured cells derived from the patient’s pheochromocytoma. The patient’s 
tumor expressed the LHCG receptor, which was colocalized with catecholamine-producing enzymes. A similar expression 
pattern of the LHCG receptor was also observed in 5 out of our series of pheochromocytomas. Moreover, in silico studies 
revealed that pheochromocytomas and paragangliomas display the highest expression levels of LHCG receptor mRNA 
among the 32 solid tumor types of The Cancer Genome Atlas cohort.

CONCLUSIONS: Pregnancy may thus favor surges in plasma catecholamine and hypertensive crises through hCG-induced 
stimulation of epinephrine production by pheochromocytomas. (Hypertension. 2022;79:1006–1016. DOI: 10.1161/
HYPERTENSIONAHA.121.18864.) • Supplemental Material

Key Words: chorionic gonadotropin ◼ hypertension ◼ pheochromocytoma ◼ pregnancy ◼ luteinizing hormone

Pheochromocytomas/paragangliomas (PPGL) are rare 
catecholamine-producing neuroendocrine tumors 
that account for 0.1% to 0.6% of all hypertension 

cases.1,2 Around 40% of PPGL are related to germline 
mutations in susceptibility genes.2,3 The majority of these 

mutations occur in SDHB, SDHD, VHL, NF1, and RET 
genes, whereas mutations of SDHA, SDHAF2, SDHC, 
FH, MAX, and TMEM127 genes are less frequent.2,4 
Integrated genomic analyses also allowed identification 
of 5 molecular subgroups of PPGL which are organized 
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into 2 main clusters. The cluster 1 contains SDHx- and 
VHL-mutated tumors which are associated with a pseu-
dohypoxic phenotype and do not produce epinephrine.5 
Conversely, cluster 2 includes the PPGL related to RET, 
NF1, TMEM127, MAX mutations which enhance multiple 
kinase signaling pathways, tumors harboring mutations 
that activate the Wnt signaling pathway and mixed corti-
comedullary tumors.3,4,6,7

Although rare, these tumors must be early diag-
nosed and treated to prevent adrenergic crises which 
are potentially life-threatening.8 Unfortunately, the 
diagnosis of PPGL remains frequently missed dur-
ing pregnancy as the symptoms of the disease can 
be ascribed to other pregnancy-associated condi-
tions like sympathetic hyperactivity, preeclampsia and 
hyperemesis.9,10 Unrecognition of the diagnosis is par-
ticularly concerning in this context since PPGL are 
associated with a high risk of either maternal or fetal 
complications.11,12 Reciprocally, it is well established 

that pregnancy can favor sudden surges in plasma cat-
echolamines in patients with PPGL.12,13 It is generally 
considered that these potentially dangerous events are 
triggered by tumor compression resulting from fetus 
growth and movements, or labor and delivery.13,14 How-
ever, the observation that symptoms of catecholamine 
excess may occur during the first trimester of gesta-
tion12,15–17 suggests that pregnancy may also activate 
the secretory activity of PPGL through the involvement 
of nonmechanical factors. We hypothesized that cate-
cholamine release by PPGL may be stimulated by ges-
tational hormones, such as estradiol or hCG (human 
chorionic gonadotropin).

Here, we report a case of silent pheochromocytoma 
revealed by pregnancy. Epinephrine secretion by cultured 
tumor cells was investigated in response to estradiol and 
hCG. We also examined expression of the LHCG (lutein-
izing hormone/chorionic gonadotropin) receptor in a 
series of pheochromocytoma tissues and PPGL cohort 
of The Cancer Genome Atlas (TCGA).

METHODS
Data Availability Statement
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Patient
A pregnant 33-year-old woman (gravida 2‚ para 1) with no 
history of cardiovascular disease including arterial hyperten-
sion was hospitalized for a sensation of discomfort rapidly 
followed by an acute chest pain associated with headaches 
occurring at 31 weeks of gestation. The course of pregnancy 
had been uneventful before with normal blood pressure and 
heart rate but the patient had noticed appearance of palpi-
tations during the first trimester, which persisted thereafter. 
Confusion and emesis rapidly developed, and blood pressure 
increased to 166/134 mm Hg. Electrocardiography showed 

Nonstandard Abbreviations and Acronyms

ACTH adrenocorticotropic hormone
CGA chromogranin A
COMETE  Cortico et Médullosurrénale: les Tumeurs 

Endocrines
CRH corticotropin-releasing hormone
hCG human chorionic gonadotropin
LH luteinizing hormone
LHCGR  luteinizing hormone/chorionic gonado-

tropin receptor
PNMT phenylethanolamine N-methyltransferase
PPGL  pheochromocytomas and 

paragangliomas
TCGA The Cancer Genome Atlas
TH tyrosine hydroxylase

NOVELTY AND RELEVANCE

What Is New?
The present study demonstrates expression of the LH 
(luteinizing hormone) receptor in pheochromocytomas, 
especially in epinephrine-producing tumors.
Our in vitro studies show that activation of the LH recep-
tor by the gestational hormone hCG (human chorionic 
gonadotropin) is able to stimulate epinephrine production 
by pheochromocytes.

What Is Relevant?
Pregnancy can trigger hypertensive crises in women with 
undiagnosed pheochromocytoma through hCG-induced 
activation of the LH receptor expressed by tumor cells.

Clinical/Pathophysiological Implications?
Illicit expression of LH receptor by epinephrine-producing 
cells represents a new mechanism by which pregnancy 
can unmask silent pheochromocytoma as early as the 
first trimester of gestation.
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diffuse ST depression followed by junctional tachycardia 
which necessitated verapamil administration. Severe dyspnea 
due to pulmonary edema appeared and was controlled by 
furosemide injection. Cardiac ultrasonography showed a left 
ventricular ejection fraction of 35% without ventricular dila-
tion. Fifty-five minutes later, the patient presented an acute 
cardiogenic shock, and fetal bradycardia to 13 bpm led to 
an emergency cesarean section which resulted in birth of a 
2000 g boy. After transient improvement of hemodynamic 
parameters, cardiogenic shock relapsed. Cardiogenic shock 
was tentatively but unsuccessfully treated with catechol-
amine (epinephrine: 1.2µg/[kg·min] and norepinephrine: 
1µg/[kg·min]) administration. Then, venoarterial–extracorpo-
real membrane oxygenation was implanted and secondarily 
associated with ventricular circulatory support. Emergency 
heart transplantation was considered and enhanced thora-
coabdominal and pelvic computerized tomography scan per-
formed for pretransplantation assessment, revealed a 27 mm 
left adrenal tumor which could not be characterized (Figure 
S1A in the Supplemental Material). The patient progressively 
recovered and extracorporeal membrane oxygenation and 
ventricular circulatory support could be removed on days 3 
and 4, respectively. Cardiac ultrasonography showed normal 
contractility of the left ventricle. Blood pressure and cardiac 
rhythm remained normal and the patient was then discharged. 
Three months later, ambulatory blood pressure monitor-
ing and Holter recording of the cardiac rhythm showed no 
abnormality. The patient underwent magnetic resonance 
imaging which showed that the adrenal tumor exhibited 
high signal intensity on T2-weighted sequences suggestive 
of a pheochromocytoma (Figure S1B). Biological investiga-
tions revealed a mild elevation of plasma chromogranin A 
(CGA) concentration and urinary fractionated metanephrine 
level associated with a subnormal normetanephrine rate 
(Figure S1C). 123I-metaiodobenzylguanidine single-photon 
emission computed tomography/computed tomography 
showed intense uptake of the tracer by the adrenal mass 
(Figure S1D). Left retroperitoneoscopic adrenalectomy was 
performed and pathological examination of the tumor con-
firmed the diagnosis of pheochromocytoma (Figure S2). The 

adrenal tissue did not exhibit morphological characteristics 
of mixed corticomedullary tumor.18,19 Recovery was unevent-
ful and both plasma chromogranin A and urinary metaneph-
rine levels returned to normal values. Immunohistochemical 
phenotyping (SDHA‚ SDHB [succinodehydrogenase types A 
and B], 5-hydroxymethylcytosine, CA9 [carbonic anhydrase 
9], and FH [fumarate hydratase]) of the tumor suggested the 
absence of mutation in SDHx and VHL genes and was thus 
in favor of a cluster 2-related pheochromocytoma.4 Analysis 
of PPGL susceptibility genes performed in leukocyte and 
tumor DNA revealed the presence of a heterozygous germ-
line [c.2531G>A, p(Arg844Gln)] RET variant of uncertain sig-
nificance. No genetic variations in other PPGL susceptibility 
genes were detected.20 The patient had no familial history of 
endocrine neoplasia and showed no clinical or biological clues 
for multiple endocrine neoplasia type 2.

Adrenal Tissues
Adrenal tumors from the patient and 12 additional pheochro-
mocytomas were collected at surgery in the Rouen University 
Hospital and immediately dissected by the pathologist (Table). 
Adrenal explants were fixed in formalin for histological study and 
frozen for molecular analysis by the Tumor BioBank-Biological 
Resource Centre of the Rouen University Hospital. In addition, 
an adrenal sample from the patient 1 was immersed in DMEM 
culture medium until cell dissociation for primary culture.

Adrenal samples were collected in accordance with the pro-
cedures of the Tumor-BioBank-Centre for Biological resources 
of the University Hospital of Rouen. Written informed consent 
was obtained from all patients for scientific study of adrenal 
specimens including genetic analyses. The authors vouch for 
the accuracy and completeness of the data.

Biological Assays
Twenty-four-hour urinary excretions of normetanephrine and 
metanephrine were measured by automated high-performance 
liquid chromatographic coupled to electrochemical detec-
tion (Chromsystems Instruments & Chemicals; Germany) 
or liquid chromatography with tandem mass spectrometry 

Table. Clinical, Genetic and Biological Characteristics of Patients with Pheochromocytomas

Patient 1 2 3 4 5 6 7 8 9 10 11 12 13

Sex F M F M F F M F F M F M F

Age, y 33 56 62 61 40 53 39 41 57 38 53 53 49

Hypertension Yes Yes Yes No No Yes Yes Yes Yes Yes Yes Yes Yes

Germline mutation RET 
c.2531G>A, 
p.(Arg844Gln)

No No No RET 
c.1858T>C, 
p.(Cys620Arg) 

No No No No No No No TMEM127 
c.556G>C, 
p.(Ala186Pro)

Urinary Normeta-
nephrine concen-
tration (nmol/24 h)

2283* 1117† 8650† 4448* 2621* 3236‡ 15 000* 27 159* 11 248* 17 961* 3510* 18 963* 2909*

N<2100 N<240 N<2100 N<2183 N<2100 N<3000 N<2500 N<2183 N<2100 N<2500 N<2100 N<2500 N<2183

Urinary Metaneph-
rine concentration 
(nmol/24 h) 

3124* 1721† 2670† 1866* 3510* 1160‡ 952* 16 258* 1143* 46 975* 7970* 2782* 21 445*

N<1000 N<143 N<1000 N<1521 N<1000 N<900 N<1500 N<1521 N<1000 N<1500 N<1000 N<1500 N<1521

Tumor size, mm 15 26 30 20 15 40 40 50 25 100 40 60 80

Positive MIBG 
scintigraphy 

Yes ND ND Yes Yes ND No Yes Yes ND Yes Yes Yes

F indicates female; M, male; MIBG, 123-I-metaiodobenzylguanidine; N, normal values; and ND, not determined.
*Quantification by high-performance liquid chromatographic coupled to electrochemical detection.
†Quantification by liquid chromatography with tandem mass spectrometry.
‡Plasma norepinephrine or epinephrine concentrations (pmol/L).
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(Chromsystems Instruments & Chemicals). Plasma chro-
mogranin A was measured by immunoassay (Kryptor assay, 
BRAHMS; Thermo Fisher).

Cell Culture
Tumor sample from the patient 1 was dissociated with collage-
nase type 1A and desoxyribonuclease 1 type 4 (Sigma-Aldrich). 
Tumor cells were cultured in culture medium (50% DMEM, 
50% Ham–F12; Thermo Fisher Scientific) supplemented with 
1% antibiotic-antimycotic solution (Thermo Fisher Scientific), 
1% insulin-transferring-selenium solution (Corning, Thermo 
Fisher Scientific), 10% horse serum, and 10% fetal calf serum 
(Sigma-Aldrich) at 37°C in a 5% CO2–95% air atmosphere with 
100% relative humidity. Pheochromocytoma cells were purified 
by overnight differential plating to remove adherent nonchro-
maffin cells and then plated at a density of 106 cells/mL in 24 
well plates. After 1 day, pheochromocytoma cells were treated 
with hCG (from 10-10 to 10-6 M; Organon, Eragny-sur-Epte, 
France) or estradiol (from 0.003 to 30 ng/mL; E8875; Sigma-
Aldrich). Incubation experiments were conducted in quadrupli-
cate at 37°C for 24 h. Secretion of noradrenaline (HEA907Ge), 
epinephrine (CEA858Ge), and chromogranin A (SEB212 Hu) 
in culture supernatants were quantified by using ELISA kits 
(Cloud-Clone Corp, CliniSciences, Nanterre, France). No sig-
nificant cross-reactivity or interference between epinephrine 
or norepinephrine and their respective analogs were observed.

Immunohistology
Immunohistology was performed on formalin-fixed and depa-
raffinized tissue sections. Sections were heated at 95 °C for 
20 minutes in 10 mmol/L citrate buffer (pH 6) for antigen 
retrieval. Tissue sections were treated with peroxidase blocking 
reagent (Dako-Agilent, Les Ulis, France) and normal donkey 
serum. Sections were then successively incubated with primary 
antibodies and anti-immunoglobulin coupled to peroxidase 
or fluorescent probes (Table S1). For immunohistochemistry, 
immunoreactivities were revealed with diaminobenzidine (Dako-
Agilent), and the tissue sections were counterstained with 
hematoxylin. Sections were examined on an Eclipse E600D 
microscope (Nikon) and a Confocal SP8 MP (Leica). Images 
were obtained on PRIMACEN, the Cell Imaging Platform of 
Normandie, University of Rouen Normandie.

Real-Time Reverse Transcription Polymerase 
Chain Reaction
Total RNA from adrenal tissue specimens was extracted using 
Tri Reagent (Sigma-Aldrich, Saint-Quentin-Fallavier, France) 
and purified on Nucleospin RNAII (Macherey Nagel, Hoerdt, 
France). Human adrenal and testis polyA mRNAs (Clontech, 
Ozyme, Montigny-le-Bretonneux, France) were used for vali-
dation of primers and as control specimen. Purified RNA and 
polyA mRNAs were converted into cDNA by using ImProm-II 
Reverse Transcription System (Promega, Charbonnières-les-
Bains, France). Real-time polymerase chain reaction ampli-
fications were performed using SYBR Green I Master Mix 
(Applied Biosystem, Courtaboeuf, France) in a QuantStudio 
3 System (Thermo Fisher Scientific, Illkirch, France) with spe-
cific primers (Table S2). Samples were analyzed in duplicates 
in 3 different experiments. Quantification of cDNAs was 

normalized to GAPDH by using standard curves established 
by using dilution series of cDNAs derived from polyA adrenal 
or testis mRNAs.

In Silico Analyses
TCGA Pan-Cancer Atlas gene expression profiles, mutation 
data, and relevant clinical data were retrieved from the cBio-
Portal website (https://www.cBioPortal.org).21,22 TCGA Pan-
Cancer Atlas database contains genomic and transcriptomic 
analyses of 10 967 samples from 32 types of solid tumors, 
including 178 samples of PPGL.23 Data were retrieved for 
further analysis, among which genomic alterations are pro-
vided for 9279 samples. RNA-sequencing data (preprocessed 
with the RNA-sequencing by expectation-maximization algo-
rithm) were expressed as Log2(value + 1). The French Cortico et 
Médullosurrénale: les Tumeurs Endocrines (COMETE) data-
base contains transcriptomic data from 188 PPGL samples 
and related clinical information.24 Data normalized using the 
Robust Multiarray Average are available online as ArrayExpress 
entry E-MTAB-733 (http://www.ebi.ac.uk/arrayexpress/). 
Expression data obtained from multiple probes targeting a sin-
gle gene were compiled using geometric mean. Clinical charac-
teristics of the patients with PPGL included in the two cohorts 
are provided in Table S4.

Statistical Analysis
Data obtained in vitro were expressed as mean or mean±SEM 
of repetitive measurements. They were analyzed using the 
Prism program (GraphPad Software). Statistical significance 
was assessed by nonparametric 2-tailed Mann-Whitney 
test. Correlation between data were analyzed by using 
2-tailed Spearman correlation test. P<0.05 were considered 
significant.

Comparison of LHCG receptor (LHCGR) expression lev-
els between PPGL and other tumor types from the TCGA 
Pan-Cancer Atlas were analyzed using 1-way ANOVA with a 
Benjamini-Hochberg false discovery rate applied for multiple 
testing correction. A Q<0.05 was considered statistically sig-
nificant. Comparison of LHCGR expression levels between 
PPGL belonging either to cluster 1 or cluster 2 or between 
pheochromocytoma and paraganglioma was performed using 
a Mann-Whitney U test in both TCGA and COMETE cohorts. 
Alterations (mutation, amplification, deep deletion, fusion and 
multiple alterations) of the LHCGR gene were expressed 
according to their frequency of occurrence in each TCGA can-
cer type. In 2-tailed tests, a P<0.05 was considered statistically 
significant. Plots and statistical analyses were performed with 
Prism (version 9, GraphPad Software).

RESULTS
Effect of Pregnancy-Associated Hormones 
on Catecholamine Production by Cultured 
Pheochromocytoma Cells
The action of estradiol and hCG on catecholamine pro-
duction was evaluated on cultured tumor cells derived 
from the patient 1. Epinephrine release by pheochromo-
cytes was not influenced by estradiol at concentrations 
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reaching 10-7 M which reflect the maximum plasma 
levels of the hormone observed during pregnancy (Fig-
ure 1A). Recombinant hCG stimulated dose-dependently 
epinephrine production by cultured cells (Figure 1B), at 
concentrations (10-7–10-6 M) similar to those commonly 
observed in the plasma during the first trimester of ges-
tation (up to 200 000 mUI/mL, that is, around 4×10-7 
M). Conversely, hCG was without effect on norepineph-
rine and chromogranin A production (data not shown).

Quantitative RT-polymerase chain reaction study 
revealed that the patient’s tumor highly expressed 
LHCGR mRNA which was detectable at various levels 
in an additional series of 12 pheochromocytomas (Fig-
ure 1C). The rate of LHCGR mRNAs was positively corre-
lated to that of phenylethanolamine N-methyltransferase 
(PNMT) mRNAs (r=0.64; P=0.02; Figure 1D).

Immunohistochemistry showed that LHCGR immu-
noreactivity was heterogeneously distributed in tumor 
tissue from patient 1 (Figure 2A). Groups of LHCGR–
labeled cells were also immunopositive for CGA and the 
catecholamine-producing enzymes TH (tyrosine hydrox-
ylase), and PNMT (responsible for epinephrine synthe-
sis; Figure 2B and 2C). These data indicated that the 
LHCGR is expressed by epinephrine-producing pheo-
chromocytes consistently with the stimulatory action of 
hCG on epinephrine release by cultured pheochromocy-
toma cells. LHCGR immunoreactivity was also detected 
at various levels in PNMT-immunopositive areas in 5 

pheochromocytoma tissues from the 12 studied samples 
(Figures 3 and Figures S3 and S4). In particular, LHCGR 
immunoreactivity was largely distributed throughout the 
tumor tissue from patient 5 who displayed a RET muta-
tion (c.1858T>C, p.[Cys620Arg]). By contrast, LHCGR 
was not detected in pheochromocytoma tissues from 7 
other patients, as well as in the medulla from the patient 
1 peritumoral tissue and normal adrenal medulla (Figures 
S3 through S6).

Expression of LHCGR mRNA in PPGL was further 
analyzed using the transcriptomic data from TCGA and 
COMETE cohorts. Among the 32 solid cancer types 
included in TCGA Pan-Cancer Atlas, the PPGL have the 
highest level of LHCGR mRNA (P<0.001) compared 
with the other cancer types (Figure 4A). In both TCGA 
and COMETE cohorts, expression levels of LHCGR 
mRNA were higher in PPGL belonging to cluster 2 which 
are also known to produce higher amounts of PNMT 
than those in pseudohypoxic cluster 1 (P<0.0001; Fig-
ure 4B). Analysis of tumor subtypes revealed a higher 
level of LHCGR mRNA expression in pheochromocy-
tomas compared to paragangliomas (TCGA, P<0.001; 
COMETE, P<0.01; Figure 4C).

In contrast with 23 other tumor types showing one or 
more alteration(s) of the LHCGR gene, no fusion, dele-
tion, amplification, or mutation of this gene was reported 
in whole-exome sequencing data of PPGL in TCGA 
cohort (Figure 4D).

Figure 1. Expression of LHCGR 
(luteinizing hormone/chorionic 
gonadotropin receptor) in 
patient 1 tumor and a series of 
pheochromocytomas.
A, Absence of effect of increasing 
concentrations of estradiol on epinephrine 
production by cultured tumor cells 
from patient 1 pheochromocytoma. 
B, Stimulatory effect of increasing 
concentrations of hCG (human chorionic 
gonadotropin) on epinephrine secretion 
by cultured tumor cells derived from 
patient 1. Data are expressed as 
mean±SEM (N=4 replicates). *P<0.05. 
C, Expression of LHCGR in normal 
adrenal (open circle) and a series of 
pheochromocytomas (black circles) 
including that of patient 1 (red circle). 
LHCGR mRNA levels were normalized 
to GAPDH. Data are expressed as mean 
of 3 replicates. D, Positive correlation 
between LHCGR and PNMT mRNA 
levels in a series of pheochromocytoma 
tissues (black circles) including that of 
patient 1 (red circle; r=0.643, P=0.027, 
2-tailed Spearman correlation test). 
Linear regression (solid line) and 95% 
confidence bands (dotted line).
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DISCUSSION
It is well documented that gestation can trigger pheo-
chromocytoma crises.12–14 In the present study, retro-
spective analysis of the clinical course of the pregnant 
woman’s disease allowed concluding that the patient 
experienced life-threatening acute pheochromocytoma-
induced Takotsubo-like cardiomyopathy. Diffuse ST 
depression and junctional tachycardia at electrocardi-
ography, decreased ventricular ejection fraction without 

ventricle dilation or thickening at echocardiography as 
well as pulmonary edema have been described in this 
context together with possible evolution towards cardio-
genic shock.25,26 Peripartum cardiomyopathy associated 
with preeclampsia and hemolysis, elevated liver enzyme, 
low platelets syndrome appeared unlikely owing to the 
rapid regression of left ventricle failure after cesarean 
section which strongly argues against this hypothesis. In 
fact, in a recent study, 87% of patients affected by peri-
partum cardiomyopathy were still in clinical heart failure 

Figure 2. Distribution of LHCGR 
(luteinizing hormone/chorionic 
gonadotropin receptor) in patient 1 
pheochromocytoma.
A, Detection of LHCGR immunoreactivity 
in the tumor region (T) of adrenal 
tissue from patient 1. B, Similar 
distribution of LHCGR (upper left), 
CGA (chromogranin A; upper right), 
TH (tyrosine hydroxylase; lower left) 
and PNMT (phenylethanolamine 
N-methyltransferase; lower 
right) immunoreactivities in the 
pheochromocytoma from patient 1. C, 
Colocalization of LHCGR (in green) 
and TH (in red) immunoreactivities in 
numerous cells of the adrenal tissue from 
patient 1. PT indicates peritumour tissue; 
and V, vein.
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several weeks after the initial diagnosis.27 In the same 
way, the echocardiographic presentation of the cardio-
myopathy affecting our patient was not consistent with 
that of viral cardiomyopathy which classically includes 
ventricle dilation or thickening.28

The patient has been rescued by extracorporeal mem-
brane oxygenation which is now considered as a valuable 
alternative to heart transplantation in the management 
of the most severe cases of pheochromocytoma-evoked 
myocarditis.29 It is noteworthy that cardiac function and 
arterial blood pressure returned to normal after cesar-
ean section although the adrenal tumor had not still been 
resected. In fact, a review of the literature revealed that 
the lack of adrenal surgery is associated with no improve-
ment in ventricular ejection fraction in the great majority 
of patients with pheochromocytoma-induced cardiomy-
opathy.30 This observation indicated that the patient’s 
pheochromocytoma did not produce high amounts of 
catecholamines outside the period of gestation and that 
pregnancy was thus the major cause of adrenergic crisis. 
Consequently, it was possible to further perform adrenal 
surgery after a convalescence period allowing biological 

and radiological evaluation of the incidentally discovered 
adrenal mass.

It is generally considered that mechanical factors, 
such as increased abdominal pressure due to fetus 
growth, represent the main mechanism by which preg-
nancy unmasks previously undiagnosed pheochromocy-
toma.9,12,13 However, the fact that palpitations, which can 
retrospectively be considered as the first signs of cate-
cholamine excess, appeared during early gestation in our 
patient led us to consider a potential role of pregnancy-
associated hormones in stimulating the secretory activity 
of the pheochromocytoma, although the symptoms may 
have been related to pregnancy-induced sympathetic 
activation. Diverse hormones produced by placenta are 
released in the maternal blood, including CRH (cortico-
tropin-releasing hormone), corticotropin (ACTH [adreno-
corticotropic hormone]), estrogens, progesterone, and 
hCG.31 Absence or low expression of ACTH and CRH 
receptors previously reported in pheochromocytoma,32–34 
argues against a possible role of these hormones in the 
control of epinephrine secretion. Furthermore, the lack of 
effect of progesterone on tyrosine hydroxylase activity in 

Figure 3. Detection of LHCGR 
(luteinizing hormone/chorionic 
gonadotropin receptor) in 
pheochromocytomas of patients 2–6.
Distribution of PNMT (phenylethanolamine 
N-methyltransferase; left and 
middle) and LHCG receptor (right) 
immunoreactivities in consecutive 
sections of pheochromocytoma tissues 
from patients 2, 3, 4, 5, and 6. High-
magnification views correspond to the 
region delimited by a red square in the 
left panels. LHCGR immunoreactivity was 
detected in tissue sections from patients 
2, 3, 5, and 6. Dotted lines indicate 
PNMT-negative areas in patient 6 tissue 
sections. *Provide histological landmarks.
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Figure 4. In silico analysis of expression of the luteinizing hormone/chorionic gonadotropin receptor (LHCGR) gene in 
pheochromocytomas/paragangliomas (PPGL).
A, Violin plot shows that LHCGR mRNA is more expressed (median=2.487; ***q<0.001, 1-way ANOVA with Benjamini-Hochberg correction) 
in PPGL (PCPG; red violin) compared to the other 31 types of TCGA (The Cancer Genome Atlas) tumor types (gray violins; see Table S3). 
Cancer types are ranked according to the median expression of LHCGR. The data are expressed as Log2 of the value of RNA-sequencing by 
expectation-maximization (RSEM)+1. B, LHCGR mRNA expression levels in PPGL from cluster 1 (C1, pseudohypoxic phenotype; gray violins) 
and cluster 2 (C2, enhancement of MAP kinase or Wnt signaling pathway; red violins) in TCGA and Cortico et Médullosurrénale: les Tumeurs 
Endocrines (COMETE) cohorts. ****P<0.0001. C, LHCGR mRNA expression levels in pheochromocytomas and paragangliomas (PGL) in 
TCGA (left; blue violins; ***P<0.001) and the COMETE (right; green violins; **P<0.01) cohorts. The data are expressed as Log2 of the value 
of RSEM+1 (left) and as the robust multiarray average value (right) in B and C. P was computed by 2-tailed Mann-Whitney U test in B and 
C. Median and quartiles are, respectively, indicated as thick and thin lines in violin plots in all parts. D, Frequency of alterations in the LHCGR 
gene among different types of cancers in TCGA cohort. Absence of alteration in the LHCGR gene in the samples of PPGL (denoted PCPG in 
TCGA cohort; red arrow) as well as in 8 other types of cancers. Conversely, one or more types of alterations were found among the 23 other 
cancer types. ACC indicates adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical 
squamous cell carcinoma and endocervical adenocarcinoma; CHOL, cholangiocarcinoma; (Continued )
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the rat pheochromocytoma cell line PC12,35 suggested 
that progesterone does not enhance the secretory activ-
ity of pheochromocytoma. By contrast, estrogens have 
been shown to reduce apoptosis in the pheochromo-
cytoma cell line 12 cell line which is known to express 
the three types of estrogen receptors,36,37 indicating 
that estrogens may favor both the growth and clinical 
expression of pheochromocytomas. Here, we observed 
that estradiol did not influence epinephrine release by 
cultured pheochromocytoma cells. Conversely, hCG stim-
ulated in vitro epinephrine secretion by pheochromocy-
toma cells and the tumor was found to express high levels 
of LHCGR. This finding indicates that the initially silent 
tumor progressively evolved to an epinephrine-secreting 
pheochromocytoma under stimulation by hCG, leading to 
appearance of mild signs of catecholamine excess (Fig-
ure 5). In the late gestation, pheochromocytoma crisis 
was precipitated by mechanical factors, that is, elevation 
of abdominal pressure and fetus movements.14 Cesarean 
section allowed regression of acute myocarditis, hyper-
tension and heart rhythm disorder through suppression 
of mechanical stress and hCG production which induced 
a decrease in catecholamine secretion, as shown by 
the mild elevation of urinary metanephrine concentra-
tion found a few months after delivery (Figure 5). The 
latter finding is consistent with the previously reported 
biological profile of normotensive incidentally discovered 
pheochromocytoma.38

Interestingly, expression of the LHCGR was detected 
in some cases of our series of pheochromocytoma tis-
sues. In these tumors, the occurrence of LHCGR was 
associated with high expression of PNMT. In addition, 
PPGL expressed the highest levels of LHCGR mRNA 
among the diverse solid tumor types appearing in the 
TCGA. Interestingly, expression of LHCGR was higher in 
cluster 2 PPGL which are also known to produce higher 
amounts of PNMT.7 The higher expression of LHCGR 
mRNA in pheochromocytomas than paragangliomas 
is consistent with the observation that paragangliomas 
mainly belong to cluster 1.4,7,39 It is also coherent with the 
recently published clinical data showing that functional 
head and neck or thoracic paragangliomas are not asso-
ciated with maternal or fetal complications of catechol-
amine excess during gestation contrary to abdominal or 
pelvic catecholamine-producing paragangliomas which 
are submitted to mechanical stress in the late gestation 
period.12 Finally, it is noteworthy that, like in patient 1 
tumor, the LHCGR may be functional in most pheochro-
mocytomas expressing the LHCG mRNA, as suggested 
by the observation that these tumors do not exhibit muta-
tions of the LHCGR gene.

To summarize, expression of LHCGR and its activa-
tion by hCG in cluster 2 pheochromocytomas provide an 
explanation for adrenergic crises occurring during the 
first trimester of gestation. To our knowledge, there is no 
evidence in the current literature that preovulatory plasma 

Figure 5. Time course of the pathophysiological mechanisms that precipitated pregnancy-associated pheochromocytoma crisis 
in patient 1.
Stimulation by hCG (human chorionic gonadotropin) of the previously silent pheochromocytoma resulted in mild catecholamine hypersecretion. 
During the third trimester of gestation, mechanical factors, including fetal motor activity and increased abdominal pressure, triggered 
pheochromocytoma crisis which resulted in life-threatening acute adrenergic myocarditis. Cesarean section allowed recovery of clinical signs 
through the decrease of epinephrine production that followed hCG and mechanical stress suppression. LHCGR indicates luteinizing hormone/
chorionic gonadotropin receptor.

Figure 4 Continued. COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B-cell lymphoma; ESCA, esophageal 
carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe carcinoma; 
KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LGG, brain lower grade glioma; LIHC, liver 
hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous 
cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; 
SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA, thyroid carcinoma; THYM, 
thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; and UVM, uveal melanoma.
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LH (luteinizing hormone) surge may favor increases in 
catecholamine levels and blood pressure through a simi-
lar mechanism. It is possible that the plasma LH peak 
may be too transient to induce such effects. By contrast, 
we can speculate that sustained elevation of plasma LH 
levels after menopause may trigger adrenergic crises 
and unmask cluster 2 pheochromocytomas during the 
fifth and sixth decades.

PERSPECTIVES
The present data indicate that pregnancy can unmask 
undiagnosed pheochromocytoma through stimulation 
of tumor catecholamine production by hCG. It is recom-
mended that women at risk for developing pheochro-
mocytoma must be carefully evaluated before planning 
pregnancy for early detection and treatment. Our find-
ings show that preconceptional diagnosis is particularly 
important in patients with gene mutations that predis-
pose to cluster 2 pheochromocytoma, that is, epineph-
rine-secreting pheochromocytoma, who may develop 
signs of catecholamine excess and related complications 
as soon as the first trimester of gestation.

ARTICLE INFORMATION
Received December 10, 2021; accepted February 6, 2022.

Affiliations
Normandie University, UNIROUEN, INSERM U1239, NorDiC, Rouen, France (A.-
G.L., C. Duparc, S.R., C. Dubessy, E.L., H.L.). Department of Endocrinology, Diabe-
tes and Metabolic Diseases (A.-G.L., H.L.), Department of Thoracic and Cardio-
vascular Surgery (V.L.G.), Department of Pathology and INSERM 1245 (J.-C.S,), 
Tumor BioBank-Centre for Biological Resources (J.-C.S., H.L.), and Department 
of Urology (G.D.), Rouen University Hospital, Rouen‚ France. Department of Gyn-
aecology-Obstetrics, Evreux Hospital Centre, Evreux‚ France (E.M.). Université de 
Paris, PARCC, INSERM, Paris, France (A.B., A.-P.G.-R.). Service de Génétique, 
Assistance Publique-Hôpitaux de Paris, Hôpital européen Georges Pompidou, 
Paris, France (A.B., A.-P.G.-R.). Normandie University, UNIROUEN, PRIMACEN, 
Rouen, France (C. Dubessy).

Acknowledgments
Supported by in-kind payments from the Rouen University Hospital, Institut Na-
tional de la Santé et de la Recherche Médicale, the Conseil Régional de Nor-
mandie and the European Regional Development Fund. Images were obtained 
on  the Plate-Forme de Recherche en Imagerie Cellulaire de Normandie (PRIMA-
CEN, (http://www.primacen.fr). We are indebted to the Tumor BioBank-Biological 
Resource Centre of Rouen University Hospital. We thank the TCGA (The Cancer 
Genome Atlas) project team and the Cortico et Médullosurrénale: les Tumeurs 
Endocrines (COMETE) Network for generating genomic and transcriptomic pro-
files. We thank all members of the Genetics Department, Biological Resources 
Center and Tumor Bank Platform, Hôpital Européen Georges Pompidou (BB-
0033-00063) for technical support. We are grateful to Dr Judith Favier for immu-
nohistochemical phenotyping of the patient’s tumor. We also thank the technical 
staff of the Department of Pathology of the Rouen University Hospital for skillful 
assistance.

Sources of Funding
This work was supported by Institut National de la Santé et de la Recherche 
Médicale Unité 1239, the Institute for Research and Innovation in Biomedicine, 
Rouen University Hospital, and the Conseil Régional de Normandie and the Euro-
pean Regional Development Fund. The Cortico et Médullosurrénale: les Tumeurs 
Endocrines (COMETE) was funded by Institut National du Cancer and Direction 
Générale de l’Offre de Soins (DGOS), Programme de Recherche Translationnelle 
en cancérologie (PRT-K 2014, COMETE-TACTIC [Towards an Easy-to-use Adre-
nal Cancer/Tumor Identity Card], INCa_DGOS_8663).

Disclosures
None.

REFERENCES
 1. Lenders JW, Eisenhofer G, Mannelli M, Pacak K. Phaeochromocytoma. Lancet. 

2005;366:665–675. doi: 10.1016/S0140-6736(05)67139-5
 2. Neumann HPH, Young WF Jr, Eng C. Pheochromocytoma and paragangli-

oma. N Engl J Med. 2019;381:552–565. doi: 10.1056/NEJMra1806651
 3. Crona J, Taïeb 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

 4. Favier J, Amar L, Gimenez-Roqueplo AP. Paraganglioma and phaeochro-
mocytoma: from genetics to personalized medicine. Nat Rev Endocrinol. 
2015;11:101–111. doi: 10.1038/nrendo.2014.188

 5. Job S, Georges A, Burnichon N, Buffet A, Amar L, Bertherat J, Bouatia- 
Naji N, de Reyniès A, Drui D, Lussey-Lepoutre C, et al. Transcriptome 
analysis of lncRNAs in pheochromocytomas and paragangliomas. J Clin 
Endocrinol Metab. 2020;105:dgz168. doi: 10.1210/clinem/dgz168

 6. Fishbein L, Leshchiner I, Walter V, Danilova L, Robertson AG, Johnson AR, 
Lichtenberg TM, Murray BA, Ghayee HK, Else T, et al; Cancer Genome Atlas 
Research Network. Comprehensive molecular characterization of pheo-
chromocytoma and paraganglioma. Cancer Cell. 2017;31:181–193. doi: 
10.1016/j.ccell.2017.01.001

 7. Fishbein L, Wilkerson MD. Chromaffin cell biology: inferences from The 
Cancer Genome Atlas. Cell Tissue Res. 2018;372:339–346. doi: 10.1007/ 
s00441-018-2795-0

 8. Reisch N, Peczkowska M, Januszewicz A, Neumann HP. Pheochromo-
cytoma: presentation, diagnosis and treatment. J Hypertens. 2006;24: 
2331–2339. doi: 10.1097/01.hjh.0000251887.01885.54

 9. Prete A, Paragliola RM, Salvatori R, Corsello SM. Management of Catechol-
amine-secreting tumors in pregnancy: a review. Endocr Pract. 2016;22:357–
370. doi: 10.4158/EP151009.RA

 10. Reyes LM, Usselman CW, Davenport MH, Steinback CD. Sympa-
thetic nervous system regulation in human normotensive and hyper-
tensive pregnancies. Hypertension. 2018;71:793–803. doi: 10.1161/ 
HYPERTENSIONAHA.117.10766

 11. Lenders JW. Pheochromocytoma and pregnancy: a deceptive connection. 
Eur J Endocrinol. 2012;166:143–150. doi: 10.1530/EJE-11-0528

 12. Bancos I, Atkinson E, Eng C, Young WF Jr, Neumann HPH; International 
Pheochromocytoma and Pregnancy Study Group. Maternal and fetal out-
comes in phaeochromocytoma and pregnancy: a multicentre retrospective 
cohort study and systematic review of literature. Lancet Diabetes Endocrinol. 
2021;9:13–21. doi: 10.1016/S2213-8587(20)30363-6

 13. Lenders JWM, Langton K, Langenhuijsen JF, Eisenhofer G. Pheochromocy-
toma and Pregnancy. Endocrinol Metab Clin North Am. 2019;48:605–617. 
doi: 10.1016/j.ecl.2019.05.006

 14. Oliva R, Angelos P, Kaplan E, Bakris G. Pheochromocytoma in preg-
nancy: a case series and review. Hypertension. 2010;55:600–606. doi: 
10.1161/HYPERTENSIONAHA.109.147579

 15. van der Weerd K, van Noord C, Loeve M, Knapen MFCM, Visser W, 
de Herder WW, Franssen G, van der Marel CD, Feelders RA. ENDO-
CRINOLOGY IN PREGNANCY: pheochromocytoma in pregnancy: case 
series and review of literature. Eur J Endocrinol. 2017;177:R49–R58. doi: 
10.1530/EJE-16-0920

 16. Prakash P, Kulshrestha V, Ramachandran R, Kumar R. Successful pregnancy 
outcomes after laparoscopic management of pheochromocytoma. J Endou-
rol Case Rep. 2020;6:170–173. doi: 10.1089/cren.2019.0139

 17. Duquesnay C, Espiard S, Cardot-Bauters C, Carnaille B, Gonzalez M, 
Jourdain M, Richardson M, Garabedian C. [Pheochromocytomas and 
paragangliomas in pregnancy: about four cases and key messages 
on management]. Gynecol Obstet Fertil Senol. 2021;49:881–888. doi: 
10.1016/j.gofs.2021.04.012

 18. Donatini G, Van Slycke S, Aubert S, Carnaille B. Corticomedullary mixed 
tumor of the adrenal gland-a clinical and pathological chameleon: case 
report and review of literature. Updates Surg. 2013;65:161–164. doi: 
10.1007/s13304-011-0132-1

 19. Yoshida S, Babaya N, Ito H, Hiromine Y, Taketomo Y, Niwano F, 
Imamura S, Yamazaki Y, Sasano H, Kawabata Y, et al. Mixed corticome-
dullary tumor accompanied by unilateral aldosterone-producing adreno-
cortical micronodules: a case report. J Endocr Soc. 2021;5:bvab140. doi: 
10.1210/jendso/bvab140

 20. Ben Aim L, Pigny P, Castro-Vega LJ, Buffet A, Amar L, 
Bertherat J, Drui D, Guilhem I, Baudin E, Lussey-Lepoutre C, et al. Targeted 

D
ow

nloaded from
 http://ahajournals.org by on July 20, 2023



OR
IG

IN
AL

 A
RT

IC
LE

1016  May 2022 Hypertension. 2022;79:1006–1016. DOI: 10.1161/HYPERTENSIONAHA.121.18864

Lopez et al Luteinizing Hormone Receptor in Pheochromocytomas

next-generation sequencing detects rare genetic events in pheochromocy-
toma and paraganglioma. J Med Genet. 2019;56:513–520. doi: 10.1136/ 
jmedgenet-2018-105714

 21. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, Sumer SO, Sun Y, 
Jacobsen A, Sinha R, Larsson E, et al. Integrative analysis of complex cancer 
genomics and clinical profiles using the cBioPortal. Sci Signal. 2013;6:pl1. 
doi: 10.1126/scisignal.2004088

 22. Ding L, Bailey MH, Porta-Pardo E, Thorsson V, Colaprico A, Bertrand D, 
Gibbs DL, Weerasinghe A, Huang KL, Tokheim C, et al; Cancer Genome 
Atlas Research Network. Perspective on oncogenic processes at the end 
of the beginning of cancer genomics. Cell. 2018;173:305–320.e10. doi: 
10.1016/j.cell.2018.03.033

 23. Hoadley KA, Yau C, Hinoue T, Wolf DM, Lazar AJ, Drill E, Shen R, 
Taylor AM, Cherniack AD, Thorsson V, et al; Cancer Genome Atlas Net-
work. Cell-of-origin patterns dominate the molecular classification of 
10,000 tumors from 33 types of cancer. Cell. 2018;173:291–304.e6. doi: 
10.1016/j.cell.2018.03.022

 24. Burnichon N, Vescovo L, Amar L, Libé R, de Reynies A, Venisse A, 
Jouanno E, Laurendeau I, Parfait B, Bertherat J, et al. Integrative 
genomic analysis reveals somatic mutations in pheochromocytoma and 
paraganglioma. Hum Mol Genet. 2011;20:3974–3985. doi: 10.1093/ 
hmg/ddr324

 25. Kim JJ, Valdes SO, Kertesz NJ, Cannon BC. Isolated junctional tachy-
cardia in a patient with pheochromocytoma: an unusual presenta-
tion of an uncommon disease. Pediatr Cardiol. 2008;29:986–988. doi: 
10.1007/s00246-007-9134-7

 26. Batisse-Lignier M, Pereira B, Motreff P, Pierrard R, Burnot C, Vorilhon C, 
Maqdasy S, Roche B, Desbiez F, Clerfond G, et al. Acute and chronic pheo-
chromocytoma-induced cardiomyopathies: different prognoses?: a sys-
tematic analytical review. Medicine (Baltimore). 2015;94:e2198. doi: 
10.1097/MD.0000000000002198

 27. Sliwa K, Mebazaa A, Hilfiker-Kleiner D, Petrie MC, Maggioni AP, Laroche C, 
Regitz-Zagrosek V, Schaufelberger M, Tavazzi L, van der Meer P, et al. Clini-
cal characteristics of patients from the worldwide registry on peripartum 
cardiomyopathy (PPCM): EURObservational Research Programme in con-
junction with the Heart Failure Association of the European Society of Car-
diology Study Group on PPCM. Eur J Heart Fail. 2017;19:1131–1141. doi: 
10.1002/ejhf.780

 28. Felker GM, Boehmer JP, Hruban RH, Hutchins GM, Kasper EK, 
Baughman KL, Hare JM. Echocardiographic findings in fulminant and acute 
myocarditis. J Am Coll Cardiol. 2000;36:227–232. doi: 10.1016/s0735- 
1097(00)00690-2

 29. Sauneuf B, Chudeau N, Champigneulle B, Bouffard C, Antona M, 
Pichon N, Marrache D, Sonneville R, Marchalot A, Welsch C, et al. Pheo-
chromocytoma crisis in the ICU: A French Multicenter Cohort Study with 
emphasis on rescue extracorporeal membrane oxygenation. Crit Care Med. 
2017;45:e657–e665. doi: 10.1097/CCM.0000000000002333

 30. Zhang R, Gupta D, Albert SG. Pheochromocytoma as a reversible cause 
of cardiomyopathy: analysis and review of the literature. Int J Cardiol. 
2017;249:319–323. doi: 10.1016/j.ijcard.2017.07.014

 31. Costa MA. The endocrine function of human placenta: an overview. Reprod 
Biomed Online. 2016;32:14–43. doi: 10.1016/j.rbmo.2015.10.005

 32. Wolf A, Willenberg HS, Cupisti K, Schott M, Geddert H, Raffel A, 
Bornstein SR, Scherbaum WA, Knoefel WT. Adrenal pheochromocytoma 
with contralateral cortisol-producing adrenal adenoma: diagnostic and 
therapeutic management. Horm Metab Res. 2005;37:391–395. doi: 
10.1055/s-2005-870159

 33. Fukuda T, Takahashi K, Suzuki T, Saruta M, Watanabe M, Nakata T, 
Sasano H. Urocortin 1, urocortin 3/stresscopin, and corticotropin-releasing 
factor receptors in human adrenal and its disorders. J Clin Endocrinol Metab. 
2005;90:4671–4678. doi: 10.1210/jc.2005-0090

 34. Willenberg HS, Haase M, Papewalis C, Schott M, Scherbaum WA, 
Bornstein SR. Corticotropin-releasing hormone receptor expression on 
normal and tumorous human adrenocortical cells. Neuroendocrinology. 
2005;82:274–281. doi: 10.1159/000093126

 35. Goodman R, Edgar D, Thoenen H, Wechsler W, Herschman H. Glucocorti-
coid induction of tyrosine hydroxylase in a continous cell line of rat pheo-
chromocytoma. J Cell Biol. 1978;78:R1–R7. doi: 10.1083/jcb.78.1.r1

 36. Gebhart VM, Jirikowski GF. Estrogen dependent expression of sex hor-
mone binding globulin in PC 12 cells. Steroids. 2014;81:26–30. doi: 
10.1016/j.steroids.2013.11.008

 37. Wang YX, Tian K, He CC, Ma XL, Zhang F, Wang HG, An D, Heng B, 
Jiang YG, Liu YQ. Genistein inhibits hypoxia, ischemic-induced death, and 
apoptosis in PC12 cells. Environ Toxicol Pharmacol. 2017;50:227–233. doi: 
10.1016/j.etap.2017.01.022

 38. Haissaguerre M, Courel M, Caron P, Denost S, Dubessy C, Gosse P, 
Appavoupoulle V, Belleannée G, Jullié ML, Montero-Hadjadje M, et al. Nor-
motensive incidentally discovered pheochromocytomas display specific 
biochemical, cellular, and molecular characteristics. J Clin Endocrinol Metab. 
2013;98:4346–4354. doi: 10.1210/jc.2013-1844

 39. Nölting S, Ullrich M, Pietzsch J, Ziegler CG, Eisenhofer G, Grossman A, 
Pacak K. Current management of pheochromocytoma/paraganglioma: a 
guide for the practicing clinician in the era of precision medicine. Cancers 
(Basel). 2019;11:E1505. doi: 10.3390/cancers11101505

D
ow

nloaded from
 http://ahajournals.org by on July 20, 2023




