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Editorial on the Research Topic

What’s New in Endocrinology?

As it approaches a decade since Frontiers in Endocrinology was launched, the Chief Editors have
commissioned a series of articles to reflect the continuing dynamic evolution of the science at
the Frontiers of Endocrinology. These articles highlight recent breakthroughs or advances, new
technologies, or challenges in the field of endocrinology. As with any dynamic field the frontiers
are ever changing and these articles exemplify some of the recent developments together with
some of the new questions and challenges for the future. The articles cover many different areas
of endocrinology including issues involved in some of the biggest health challenges facing today’s
society such as stress, obesity, reproduction, cancer, and aging.

The greatest challenge to health provision in virtually every country across the globe is obesity;
the scale of the epidemic threatens to outstrip resources in even the richest of societies (1).
The burden of morbidity arising from obesity and its sequelle of type 2 diabetes, cardiovascular
disease, and cancer present many challenges that are not restricted to those providing healthcare
but reaching across society. Big questions of how we feed ourselves and how we live our lives
need to be addressed (2); but some of the most fundamental questions center on how the body
regulates energy balance: essentially an endocrine question. Obesity is the direct result of a chronic
imbalance between energy intake and energy expenditure with the excess energy stored in adipose
tissue. Adipose tissue was traditionally considered a relatively inert tissue comprising cells that just
functioned as stores of excess energy in the form of lipids. This changed during the 1990’s when
it was discovered that adipocytes were an important source of key hormones such as leptin and
adiponectin with important roles in regulating both energy intake and expenditure (3). Interest in
adipose tissue was enhanced further around a decade ago when imaging techniques using labeled
glucose revealed that humans possess brown adipose tissue (BAT) (4). Whereas, white adipocytes
contain large stores of fats, in contrast brown adipocytes contain large numbers of mitochondia
in which uncoupling protein 1 (UCP1) enables energy to be dissipated as heat rather than being
stored. Until then it was considered that brown adipocytes were an important site of thermogenesis
and hence energy expenditure in rodents but were considered absent from humans. This raised
the potential of a new strategy to address human obesity by targeting BAT to enhance energy
expenditure. In a comprehensive article Carpentier et al. review the challenges that have been
encountered in the subsequent decade of research into BAT in humans. They address key questions
such as the true extent of BAT in humans; whether the original imaging techniques underestimated
the total mass of BAT and to what extent “beiging” of white adipocytes, with the induction of UCP1,
can occur in humans. These are critical questions that could establish whether beige and brown
adipocytes in humans could be an effective target to bring about changes in energy expenditure
that are of therapeutic benefit.
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In addition to the advances in our understanding of energy
expenditure there have been major progress in our knowledge
of the endocrine controls of energy intake via hormones that
control hunger and satiety and hence determine food intake (5).
Life within modern societies is increasingly stressful and whether
this impacts on the controls of appetite and satiety resulting in
over-eating is an interesting question. The effects of stress on the
gut-brain signaling pathways and the neuropeptides involved are
reviewed by Stengel and Taché.

The management of obesity remains a huge health challenge.
Numerous dietary and lifestyle changes have been proposed and
all have achieved modest weight loss that is invariably soon
regained. The pharmaceutical industry has invested considerably
in developing medications to treat the huge potential market
with a long trail of failures with many concerns regarding
adverse effects and long-term safety (2). While nutritionists,
physicians, and pharmacologists have floundered in the quest to
control the obesity epidemic; surgeons have developed a number
of bariatric procedures that result in effective and sustained
weight loss. One of the surprising observed effects of bariatric
surgery has been the remarkable correction of the metabolic
disturbances often resulting in complete remission of type 2
diabetes. That this effect is often apparent within days of surgery
and before any appreciable weight loss has challenged many
of our dogmas of the links between obesity and its associated
metabolic disturbances. Both Ma and Vella and Laferrère and
Pattou have reviewed the potential new insights into metabolic
endocrinology that these observations may provide. The clues
from the anatomical differences between the different surgical
procedures are reviewed by Ma and Vella. They describe how
such anatomical distinctions can provide insights into the various
hormonal pathways and in particular the interactions between
regions of the gut and the pancreas. They also touch on other
interesting, less well-appreciated effects, such as how the surgery
and endocrine changes can alter the perception of sweet-taste and
hence alter calorie intake. The most studied surgical intervention
is Roux-enY gastric bypass and Laferrère and Pattou review
these studies with an emphasis on what these studies have
revealed regarding the gut endocrine system. They highlight the
many new questions raised in relation to the role of satiety
hormones, incretins, and bile acids. Our concepts of bile acids
have been transformed from being regarded as just soaps that aid
in the uptake of dietary fats to being a previously unappreciated
complex endocrine system.

While the obesity epidemic has added to the focus on type
2 diabetes it has also become clear that there has been a 3%
annual increase in the incidence of type 1 diabetes and Jacobsen
et al. provide an overview of the development of strategies
to prevent this and avoid the need for lifelong treatment. In
order to prevent type I diabetes it is important to understand
the natural history of the development of the autoimmunity
that results in pancreatic beta cell destruction and the onset of
type 1 diabetes. The challenges of studying populations prior to
the disease onset and how this is being addressed around the
world are described. These studies have informed the various
trials for primary prevention in subjects at risk and secondary
prevention in those already exhibiting evidence of autoimmunity.

To date these studies have had limited success and new and future
strategies are discussed.

In a fine exposition of how studying one component can
help inform on how inter-connected the endocrine system has
become; Eiden and Jiang review how new observations of adrenal
chromaffin cells have contributed to our understanding of how
we coordinate response to stress. The adrenal medulla has
conventionally been considered the source of epinephrine to
coordinate the cardiovascular, neuronal, andmetabolic responses
to stress. In this overview they describe recent observations
of sympathetic nervous system regulation of chromaffin cell
function and its secretion of not just epinephrine but also a
rich cocktail of novel bioactive peptides. This new evidence is
synthesized into a broader understanding of how metabolic,
cardiovascular, and inflammatory responses are integrated. They
also highlight interesting new questions that have arisen from
this work; such as whether the sensory nervous system and
immune/inflammatory systems are looped-in together via the
adrenal medullary stress response and what are the broader
endocrine functions of themany bioactive peptides secreted from
the chromaffin cells.

Population control and reproductive health remain major
health issues globally. The important role of androgens both
in ovarian follicle selection to ensure mono-follicular ovulation
in women and in the normal cyclical secretion of estrodiol is
reviewed by Franks and Hardy. They focus on recent advances
regarding the role of androgens in the development of polycystic
ovary syndrome (PCOS), which remains the most common
endocrine disorder in women of reproductive age.

One of the recent advances in techniques for maintaining
fertility in women has been ovarian tissue cryopreservation
(OTC) and transplantation. Originally developed to assist
prepubertal girls and young women faced with reductions in
the ovarian reserve due to pathologies, such as malignancies, or
due to aggressive therapies that damage the ovary, Kristensen
and Andersen discuss the many issues and challenges with
extending this technique to more broader applications. Using
this technique to restore fertility to women with anovulatory
PCOS is discussed. The many issues surrounding the more
controversial application of the technique to enable healthy
women to postpone childbearing into their more advanced years
is also addressed.

During pregnancy a woman’s endocrine system kicks into
overdrive with most hormones adapting to enable the mother
to meet the additional metabolic demands and to provide an
optimal environment in which the fetus can develop. Among all
of these hormonal changes vitamin D plays an under-appreciated
role both in ensuring adequate calcium availability for fetal
bone development and in enhancing maternal tolerance to the
presence of paternal and fetal alloantigens. Recent advances in
our understanding of the part played by vitamin D-binding
protein (VDBP) in facilitating these roles is reviewed by Karras
et al.. The ongoing questions regarding the role of VDBP in
important clinical issues such as preeclampsia, preterm birth, and
gestational diabetes are discussed.

Neuropeptide G protein-coupled receptors (GPCRs) are over-
expressed in many different cancers; not just the relatively rare
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neuroendocrine tumors but also in some common cancers such
as small cell lung cancers. The potential targeting of specific
GPCRs for the development of novel cancer therapies is reviewed
by Moody et al.. The development of agents that target receptors
for bombesin, neurotensin, vasoactive intestinal peptide, and
somatostatin are described in relation to the detection and
treatment of both endocrine and non-endocrine cancers.

Recent advances in the genetics, biochemical characterization,
and imaging of pheochromocytomas (PCCs) and paragangliomas
(PGLs) are reviewed by Alrezk et al.. These are challenging
cancers to treat and although most can be cured by surgery on
rare occasions they metastasize and for these there are currently
no approved treatments. The potential of systemic therapies, that
have largely been developed to treat other cancers, is reviewed
by Jimenez. Different strategies that have been designed to target
each of the accepted “hallmarks” are discussed in relation to their
application to treating PCCs and PGLs. These include different
strategies to inhibit angiogenesis, cell proliferation, invasion, and
metastasis, to enhance the induction of cell death and the recently
developed immunotherapies.

As more and more people survive into advanced ages the
problems of the elderly become an increasing burden on clinical
services. The prevalence of thyroid nodules in people over the
age of 60 years is extremely high (50–70%) and although most
of these are benign (85–95%) it is important to distinguish
the few that can become malignant and require surgery. The
current status of molecular markers for the differential diagnosis
of malignant, vs. benign, thyroid nodules is reviewed by Sahli
et al.. The limitations of current genetic markers, their cost-
effectiveness and the next generation of tests currently being
evaluated are discussed.

Another common ailment associated with aging is osteopenia,
which leads to the high prevalence of fractures seen in the elderly
population. The challenges of identifying individuals at risk of
fractures and the uses and limitations of current therapies for
osteopenia are discussed by Ramchand and Seeman. The relative
merits of antiresorptive and anabolic therapies are discussed as
are the alternative strategies of combining these therapies or
using them sequentially.

The increasing speed of technological advances provides
endocrinologists with ever more powerful tools for investigation,
diagnosis and treatment. As the pressures of modern lifestyles
involve major changes in how we live and eat and demographics
markedly increase the elderly population the challenges
endocrinologists face in the clinic are constantly evolving. This
collection of articles illustrates the variety of these challenges
across the different specialties within endocrinology and the
dynamic nature of modern endocrinology.
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Understanding Pre-Type 1 Diabetes: 
The Key to Prevention
Laura M. Jacobsen, Michael J. Haller and Desmond A. Schatz*

Division of Endocrinology, Department of Pediatrics, University of Florida, Gainesville, FL, United States

While the incidence of type 1 diabetes continues to rise by 3% each year, the ability 
to prevent this disease remains elusive. Hybrid closed loop devices, artificial pancreas 
systems, and continuous glucose monitoring technology have helped to ease the daily 
burden for many people living with type 1 diabetes. However, the artificial pancreas is 
not a cure; more research is needed to achieve our ultimate goal of preventing type 1 
diabetes. The preceding decades have generated a wealth of information regarding the 
natural history of pre-type 1 diabetes. Islet autoimmunity in the form of multiple auto-
antibodies is known to be highly predictive of progression to disease. Staging systems 
have been devised to better characterize pre-type 1, direct mechanistic understanding 
of disease, and guide the design of prevention studies. However, there are no evi-
dence-based recommendations for practitioners caring for autoantibody patients other 
than to encourage enrollment in research studies. Close monitoring of high-risk patients 
in natural history studies markedly reduces diabetic ketoacidosis rates at diagnosis and 
research participation is critical to finding a means of preventing type 1 diabetes. The 
discovery of an effective preventative strategy for type 1 diabetes will justify universal risk 
screening for all children.

Keywords: prevention, type 1 diabetes, staging, mechanisms, autoimmune diseases

iNTRODUCTiON

As is the case for type 2 diabetes, the incidence and prevalence of type 1 diabetes is increasing 
annually. It is estimated that more than 542,000 children worldwide have type 1 diabetes. With the 
diagnosis of type 1 diabetes rising by 2–3% per year, 86,000 children are expected to developed type 
1 diabetes each year (1, 2). Recent data from Thomas et al. suggests that this is an underestimate 
when both children and adults diagnosed with type 1 diabetes are included. They estimate that over 
40% of all new cases of type 1 diabetes occur over the age of 30 years (3). While advancements and 
innovation are occurring for those affected with type 1 diabetes in the artificial pancreas arena and 
therapeutic interventions for new-onset diabetes clinical trials, a focus on the prevention of type 1 
diabetes is crucial. Prevention revolves around the identification and interdiction of this immune-
mediated process.

Intensive insulin therapy in the Diabetes Control and Complications Trial has led to decreases in, 
but not the absence of, microvascular and macrovascular complications of diabetes (4). Insulin pump 
therapy and continuous glucose monitoring are setting the course for widespread use of a closed loop 

Abbreviations: HLA, human leukocyte antigen; HbA1c, hemoglobin A1c; GLP-1, glucagon-like peptide-1; NOD, non-obese 
diabetic.
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system, but insulin itself is not a cure. Despite advances, recent 
data from the T1D Exchange show no improvement in metabolic 
control over the past 5 years (5).

The etiology and precise mechanisms leading to type 1 diabe-
tes remain elusive. Nevertheless, considerable progress has been 
made in our understanding of the natural history of “pre-type 
1 diabetes.” Such natural history study advances have led to the 
earlier diagnosis of type 1 diabetes and less diabetic ketoacidosis 
(DKA) at onset in those followed prospectively (6–8). These 
studies are a platform for studying mechanisms and staging of 
the disease to enable use of preventative therapies. No formal pre-
type 1 diabetes evidence-based guidelines exist, but as endocrine 
and diabetes providers, we are responsible for (1) understanding 
the risk of progression to type 1 diabetes, (2) preventing DKA, 
and (3) advocating for prevention trials, mechanistic and natural 
history studies, and their continued funding and support.

AT-RiSK POPULATiON

To prevent type 1 diabetes, our understanding of the natural 
history of pre-type 1 diabetes and the mechanisms culminating 
in the autoimmune destruction of beta cells must continue to 
advance. Large international cohorts have been studied from 
birth in both relatives of patients with type 1 diabetes and more 
recently in the general population who are at high genetic risk. 
These studies have selected infants based on high-risk human 
leukocyte antigen (HLA) alleles, most commonly HLA-DR3/4, 
DQB1*0201/DQB1*0302. Monozygotic twins have a lifetime 
50–70% risk of developing type 1 diabetes (9). In the US, the risk 
of developing type 1 diabetes is 1 in 20 in first-degree relatives 
and in the general population is 1 in 300 (9). By studying these 
individuals over time, risk predictors of progression to type 1 
diabetes were determined, and none were more pronounced 
than the presence of islet autoantibodies. Islet autoantibodies 
develop in 90–95% of those destined to develop type 1 diabetes 
(10). These include islet cell autoantibodies (ICA) detected by 
indirect immunofluorescence (11) and insulin autoantibodies 
(IAA), glutamic acid decarboxylase autoantibodies (GADA), 
and insulinoma associated-2 autoantibodies (IA-2A) measured 
by radiobinding assays, and more recently zinc transporter 8 
autoantibodies (10). Newer, more sensitive assay methods includ-
ing electrochemiluminescence have been developed (12).

The forethought to initiate long-term natural history studies 
greatly increased our knowledge of islet autoimmunity, the pre-
cursor of clinical disease. Large birth cohorts including Germany’s 
BABYDIAB (started in 1989), Finland’s Diabetes Prediction and 
Prevention (DIPP; started in 1994), and Colorado’s Diabetes 
Autoimmunity Study in the Young (DAISY; started in 1993) dem-
onstrated a peak in islet autoimmunity development within the 
first 2–5 years of life and more rapid disease progression in those 
who developed autoantibodies in these early years compared to 
later childhood and adulthood (13, 14). IAA development occurs 
first in these young children with IgG1 subclass predominance 
and is more likely to be associated with the DR4 allele (13, 15). 
While islet autoantibodies detected in cord blood are most likely 
maternal in origin, Germany’s BABYDIAB demonstrated lower 
risk in offspring of mothers with type 1 diabetes who had GADA 

or IA-2A in cord blood than those who were autoantibody nega-
tive offspring of type 1 diabetes mothers (16). In the most defini-
tive study to date, The Environmental Determinants of Diabetes 
in the Young (TEDDY) study (started in 2004) is examining 
gene/environment interactions and subsequent development of 
islet autoimmunity and clinical disease (17). To date, this multi-
country study (Germany, Finland, Sweden, US), has confirmed 
what appears to be two waves of separate islet autoantibody 
appearance—IAA within the first 18–24  months and GADA 
around age 3 years (15), as well as confirmed the correlation with 
genetic risk and importantly age (18, 19). Recent publications 
identify possible risk augmenters seen within the TEDDY cohort 
including non-HLA genes, single nucleotide polymorphisms, 
and other autoimmune diseases (20).

Combining data derived from the aforementioned DIPP, 
DAISY, and, BABYDIAB birth cohort studies, Ziegler et  al. 
demonstrated the risk of progression to type 1 diabetes based on 
the age of appearance of autoimmunity and number of autoanti-
bodies. This young cohort of genetically high-risk children with 
one autoantibody had a 10-year risk of progression to diabetes of 
14.5%. Children with two or more autoantibodies were at mark-
edly increased risk of progression to type 1 diabetes at 5-year 
(43.5%), 10-year (69.7%), and 15-year (84.2%) follow-up. Sixty 
percent of children with multiple autoantibodies progressed to 
diabetes (median age of 6.1 years) compared to 10% of children 
with a single autoantibody (median age 5.2 years) (Figure 1) (21).

STAGiNG OF TYPe 1 DiABeTeS

These birth cohort studies, in addition to non-birth cohorts such 
as the large Diabetes Prevention Trial-Type 1 (DPT-1, 1994–2003) 
and the Type 1 Diabetes TrialNet Pathway to Prevention (PTP; 
2004–present) studies have allowed us to further characterize 
the time period before diagnosis. Although the actual diagnosis 
of diabetes has traditionally been based on American Diabetes 
Association (ADA) criteria (22), it is clear that the onset of the 
disease per se, often occurs years before the onset of symptoms. 
Thus, pre-type 1 diabetes is a unique physiologic state where auto-
immunity is present and progression to metabolic derangement 
and clinical onset can be predicted especially in younger children 
and adolescents. As such, the ADA, JDRF, and Endocrine Society 
released a joint position statement for the staging of pre-type 1 
diabetes (Figure 2) (23). Stage 1 is defined by the presence of 2 or 
more islet autoantibodies with normoglycemia (normal glucose 
tolerance on 2-h OGTT). Stage 2 shows progression to dysglyce-
mia (impaired glucose tolerance) in the setting of 2 or more islet 
autoantibodies, and stage 3 occurs when a patient meets ADA 
criteria for the diagnosis of diabetes.

Why is this distinction important? The overall goal of all those 
who care for children and adults with type 1 diabetes is to cure the 
disease (obviously preventing its recurrence) as well as preven-
tion of the disease in those at risk and destined to subsequently 
develop clinical onset. Participants screened and followed as part 
of natural history studies whether enrolled in prevention trials or 
not have a decreased incidence of DKA at diagnosis compared 
to those screened but not followed and those not screened (6–8). 
While DKA rates at onset of type 1 diabetes vary widely between 
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FiGURe 1 | Development of diabetes in children stratified for islet autoantibody outcome. The numbers at risk represent the children receiving follow-up at age 0, 5, 
10, 15, and 20 years. Reproduced with permission from Ziegler et al. (21).

FiGURe 2 | Early stages of type 1 diabetes. Reproduced with permission from Insel et al. (23).
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countries (16–67%) (24), there has clearly been a decrease shown 
within the TEDDY study; rates of DKA in those under 5 years 
of age were significantly less (11.3%) compared to national 

population-based registries (US SEARCH 36.4%, Swediabkids 
16.9%, Finnish Pediatric Diabetes Register 18.7%, and German 
DPV Register 32.2%) (6). This lower rate of DKA was even more 
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significant in the youngest age group (<2 years old) where DKA 
is more common and carries a higher mortality (DKA rates of 
15% in TEDDY versus 39.5–54% in population-based registries) 
(6). Thus, as a consequence of close monitoring in natural history 
studies, there is decreased morbidity and mortality. Several recent 
studies have also demonstrated long-term glycemic benefits seen 
for those patients who did not experience the severe metabolic 
derangement of DKA at diagnosis (25, 26).

Understanding the likelihood of progression to disease in 
different groups is crucial. In prevention studies, a clinical 
endpoint, such as type 1 diabetes, can take years to reach and 
result in lengthy, expensive clinical trials. Limiting enrollees to 
those already in stage 2 may see endpoints reached more rapidly. 
That said, curtailing studies to those with advanced autoim-
munity limit those available to enroll and can slow recruitment. 
Additionally, non-interventional, mechanistic-focused studies 
in stage 1 and 2 subjects can be designed to further our under-
standing of the etiopathogenesis of disease. The classification of 
pre-type 1 diabetes provides a uniform way in which researchers 
and clinicians can converse while promoting more individualized 
medical management (23). Clinical trial design, subject selection, 
and risk versus benefit analysis can all be improved by the use of 
these risk-stratified groups.

Biomarkers, if validated, would be useful in understanding 
the natural history of the disease, heterogeneity, and as well as in 
clinical trials to shorten studies. C-peptide preservation is well 
studied as a metabolic endpoint in intervention trials. Samples 
collected during OGTT can be used as absolute values (fasting 
and peak C-peptide) or as part of a multivariable equation such 
as Index60 derived from a proportional hazards regression model 
as predictors of progression to type 1 diabetes (27–29). Markers 
of beta cell-related stress, damage, and death are currently under 
investigation.

Our knowledge of rates of progression, risk factors and the 
heterogeneity of the disease has been greatly advanced by these 
studies. Recently, it has been proposed that stage 1 and 2 could 
also be referred to by the terminology autoimmune beta cell 
disorder (ABCD), though this is new and may be controversial 
nomenclature (30–32). Semantically, ABCD may promote 
understanding among primary care providers, pharmaceutical 
companies, and funding organizations as to the importance 
of this unique physiologic state and increase awareness and 
urgency to prevent this disease. Additionally, as the population 
of islet autoantibody-positive patients grows, what will be the 
appropriate counseling, monitoring, and management of these 
patients?

The cost of population screening and the parental anxiety 
associated with early monitoring for a disease must also be kept 
in mind (33). Parental anxiety studied within TEDDY has shown 
increased anxiety with genetic screening that decreases if no fur-
ther risk is incurred (islet autoimmunity); however, with increas-
ing positive islet autoantibodies increases in parental anxiety may 
occur (and slowly lessens with time) (34). Early population-based 
genetic and/or autoantibody screening programs are currently in 
progress (35). Public awareness campaigns for the earlier diag-
nosis of type 1 diabetes have shown mixed results but with some 
decreasing DKA at onset of type 1 diabetes (36).

PRACTiCAL APPROACH TO PRe-TYPe 1 
DiABeTeS

A practical approach to the management of islet autoantibody 
positivity starts with how islet autoantibody positivity is deter-
mined. This may occur through (1) testing of islet autoantibodies 
in patients found to have a mildly elevated blood glucose found 
incidentally (not meeting criteria for diabetes), (2) hyperglyce-
mia detected during an acute illness that resolves but in whom 
autoantibody testing was done, (3) screening in the setting of 
multiple other autoimmune conditions, (4) screening of family 
members of probands diagnosed with clinical type 1 diabetes as 
part of a research study, or (5) population screening (only in the 
context of research). After confirmation of either one or more 
islet autoantibodies (specific autoantibody assays mentioned 
previously), the patient should be counseled if possible (based 
on age, number/type of autoantibodies and glycemia status) and 
referred to centers participating in available research studies (in 
the US, the NIH-funded TrialNet umbrella). If the patient does 
not qualify for any trials or does not wish to participate in a trial 
or research follow-up, the primary care provider, endocrinologist, 
or diabetologist should consider performing a hemoglobin A1c 
(HbA1c) and/or random/fasting/post-prandial blood glucose 
self-monitoring. An OGTT may be done to detect early clinical 
diabetes (Stage 3).

Initiation of insulin is not recommended in the pre-type 1 
phase. Initiation of insulin early in disease was previously thought 
to provide for beta cell rest and recovery even without severe 
metabolic derangement or markedly elevated HbA1c. More 
recent studies, such as the DPT-1, have shown that this is not 
the case, and others looking at intensive insulin therapy initiated 
shortly after diabetes diagnosis fail to show increased preserva-
tion of C-peptide compared to conventional treatment (37, 38). 
Management questions that will require more study include the 
optimal time to start insulin in a patient diagnosed with stage 3 
disease without symptoms (“silent diabetes”). Other important 
areas of pre-type 1 diabetes management to consider include the 
potential benefit of intense diet and exercise or GRAS (Generally 
Regarded as Safe) therapies. Will there be a role for adjunctive 
therapies other than insulin such as glucagon-like peptide-1 
agonists or metformin? These and other preventative therapies 
are also being studied.

PReveNTiON TRiALS iN TYPe 1 
DiABeTeS

Recently Completed Studies
Prevention trials may have multiple endpoints and the popula-
tions treated may differ. Those found to be genetically at risk for 
developing islet autoimmunity are targeted with primary preven-
tion strategies that are typically of low risk. Secondary prevention 
studies aim to slow down or halt the destruction of beta cells in 
those who have islet autoantibodies. Multiple approaches have 
been used with limited success to date (Table 1). These include 
dietary changes, antigen-based therapy, immunomodulatory, 
and immunosuppression therapies. Primary dietary prevention 
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TABLe 1 | Overview of recently completed, current and planned clinical trials 
aimed at prevention of type 1 diabetes.

Recently completed Trial to Reduce IDDM in the Genetically at Risk (TRIGR)

BABYDIET study in Germany

Finnish Dietary Intervention Trial for the Prevention of Type 
1 Diabetes (FINDIA)

TrialNet Nutritional Intervention to Prevent (NIP) Type 1 
diabetes study

Type 1 Diabetes Prediction and Prevention (DIPP) study 
in Finland

Pre-POINT (Primary Oral/Intranasal INsulin Trial) and Pre-
POINT-early in Germany

Diabetes Prevention Trial-Type 1 (DPT-1)

TrialNet Oral Insulin study

Australian Intranasal Insulin Trial-I (INIT I)

Diabetes Prevention—Immune Tolerance (DIAPREV-IT) 
study

European Nicotinamide Diabetes Intervention Trial

Current TrialNet Teplizumab (anti-CD3) trial

TrialNet Abatacept (CTLA4-Ig) trial

The CoRD Study with autologous cord blood in Australia

DIAPREV-IT2 study

Australian Intranasal Insulin Trial-II (INIT II)

Future TrialNet Aldomet (methyldopa) study

TrialNet Hydroxychloriquine

TrialNet Rituximab and Abatacept

Fr1da Insulin Intervention in Germany

Adjunctive therapies such as glucagon-like peptide-1 
receptor agonists
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including children 6-months to 2-years old looking for induction 
of CD4+ T cell and antibody responses against insulin with dose 
escalation of oral insulin.

Insulin was first targeted as an autoantigen in the late 1980s 
starting in the non-obese diabetic (NOD) mouse model. In the 
early 1990s, two insulin-based therapies were conducted in the 
DPT-1 network. In separate studies, oral insulin and intravenous/
subcutaneous insulin were administered to those of intermediate 
and high-risk, respectively. No difference was seen except in an 
ad hoc analysis of a subgroup—those with positive ICA, elevated 
IAA titers (≥80 nU/mL), and normal glucose tolerance—a pro-
jected delay of 4.8 years in onset was observed. An even greater 
delay was observed in those with higher IAA levels (>300 nU/
mL). The protective effect continued even after the end of the 
study (39). The large TrialNet Oral Insulin study (2007–2016) 
recently completed and demonstrated no effect in the overall 
cohort although a delay was noted in a stratum of high-risk sub-
jects (with loss of first phase insulin response) treated with oral 
insulin (44). Further analyses through a small mechanistic trial 
of participants receiving oral insulin has completed and is being 
analyzed. Other modes of insulin delivery aiming to achieve 
immune tolerance have also been employed including intranasal 
insulin administration in the Australian Intranasal Insulin Trial-I 
and II (INIT I and II) (45).

Glutamic acid decarboxylase (GAD), another islet autoan-
tigen, as a vaccination in the new onset and prevention time 
period has failed to provide preservation of beta cell function and 
effective delay in type 1 diabetes onset, respectively (39). The use 
of GAD together with an aluminum adjuvant (Diamyd®), in the 
Diabetes Prevention—Immune Tolerance (DIAPREV-IT) study, 
has shown increases in GADA titers but no delayed onset of dis-
ease (46). The addition of high dose vitamin D to Diamyd for the 
DIAPREV-IT2 study is ongoing. A non-antigen-based therapy, 
the European Nicotinamide Diabetes Intervention Trial study, 
in which relatives who had developed islet cell antibodies were 
randomized to 5 years of nicotinamide versus placebo, showed no 
difference in the rate of diabetes development (39).

Current Studies
In addition to the oral insulin and GAD-alum studies mentioned 
above there are other ongoing antigen-based prevention (and 
intervention) trials including those using multiple peptide 
mixtures from known islet autoantigens with the aim of inducing 
immunological tolerance to beta cells (47). More recently, there 
has been a focus on immunologic modulation in prevention 
studies after promising efficacy results in new-onset studies (38). 
Attempts to restore self-tolerance, promote Tregs, and reduce Teff 
have been evaluated with several different classes of drugs includ-
ing anti-CD3. Based on data from well-designed new-onset stud-
ies (Protégé and AbATE trials) (48), TrialNet has just completed 
enrollment in a high-risk population of relatives with two or more 
autoantibodies and dysglycemia (stage 2 disease) using anti-CD3 
(tepiluzimab). Abatacept, CTLA4, co-stimulation blockade was 
chosen for transition from intervention to prevention trials after 
it demonstrated a slowed rate of beta cell decline that was main-
tained 1 year after therapy cessation (39). The TrialNet Abatacept 
prevention study is underway and is still recruiting individuals 

strategies beginning in the mid-1990s included the Trial to Reduce 
IDDM in the Genetically at Risk evaluating the role of a hydrolyzed 
casein-based formula (free of intact bovine insulin) compared to 
cow’s milk-based formula, BABYDIET looking at a gluten-free 
diet in the first year of life, the Finnish Dietary Intervention Trial 
for the Prevention of Type 1 Diabetes (FINDIA) with insulin-
free bovine formula, and the TrialNet Nutritional Intervention 
to Prevent Type 1 diabetes study with docosahexaenoid acid. All 
studies failed to show efficacy other than FINDIA which demon-
strated some delay in the development of autoantibodies (39–41).

Antigen therapy was established with the hope of inducing 
peripheral tolerance by exposure of the naïve immune system 
to an antigen found in the target organ (beta cell) or through 
induction of anergy of already present autoreactive T cells (42, 
43). The Type 1 Diabetes Prediction and Prevention (DIPP) 
study in Finland screened cord blood samples for high-risk HLA 
genotypes and followed children for the subsequent development 
of autoantibodies. Children were treated with intranasal insulin 
or placebo and the outcome was no different between groups. 
In Germany, the Pre-POINT (Primary Oral/Intranasal INsulin 
Trial) study administered different doses of oral insulin (and 
intranasal insulin) to high-risk HLA individuals prior to the 
development of autoantibodies. This small study demonstrated 
mechanistic/immunological effects including elevated serum IgG 
and salivary IgA binding to insulin and an increase in regula-
tory T cells (39). This led to the ongoing Pre-POINT-early study 
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with stage 1 disease (multiple autoantibodies and normal glucose 
tolerance).

A cellular therapy approach seeking the promotion of 
tolerizing Treg cells using autologous cord blood is underway 
in Australia (The CoRD Study). This open label pilot study is 
recruiting multiple islet autoantibody-positive first-degree rela-
tives. Simultaneously, the DIAPREVI-IT2 and the INIT II studies 
mentioned above have built off their predecessors and are looking 
to add new therapies or enlarge the group studied.

Future Studies
Once efficacy, safety, and feasibility (and hopefully mechanism) 
is demonstrated in new-onset type 1 diabetes patients receiving 
immune and other therapies they should be moved into the 
prevention arena. Due to the number of potential therapeutic 
targets—both immune and non-immune—multi-agent (cock-
tail) therapy targeting multiple aspects of this disease is likely to 
be needed. The timing of initiation and duration of treatment are 
also important areas of study.

Type 1 Diabetes TrialNet has recently expanded to other thera-
peutics that have been approved and tested safe in other conditions 
and populations. One is the use of methyldopa to inhibit the com-
munication between antigen presenting cells through MHC Class 
II signaling in susceptible HLA-DQ8 haplotypes. This focused, 
small mechanistic study will enroll participants with HLA-DQ8, 
1 or more autoantibodies and stage 1 or stage 2 disease. Second, 
hydroxychloroquine, after its success in rheumatoid arthritis, will 
be tested in stage 1 individuals. The rationale for this therapeutic, 
historically used to treat malaria, includes modulation of T cells 
and interleukins, specifically reductions in Th17 cells in the NOD 
mouse model of type 1 diabetes. Hydroxychloroquine also has 
been shown to improve glucose metabolism and insulin sensitiv-
ity in type 2 diabetes (49).

In Germany, the Fr1da study, performing general population 
screening for islet autoantibodies, will also be conducting the 
Fr1da Insulin Intervention looking at oral insulin in multiple 
autoantibody-positive subjects enrolled in the natural history 
study and progression to dysglycemia. This study serves many 
important purposes, mainly, the feasibility of population screen-
ing and seamless enrollment into a prevention study.

Many exciting trials will finish enrollment and follow-up in 
the next couple of years. As is the challenge with prevention tri-
als, waiting for a clinical endpoint is costly and time-consuming. 
Large numbers of patients need to be screened and well-powered 
studies require large numbers of participants, which limit the 
number of studies able to be performed. Other clinically relevant 
endpoints are being explored and small, brief studies are being 
designed to test mechanistic outcomes.

CONCLUSiON

We have gained incredible knowledge and understanding of the 
natural history of type 1 diabetes thanks to the international 
natural history and birth cohort studies described in this review. 
The presence of increased genetic risk (HLA) and multiple 
autoantibodies currently provides the most reliable means of pre-
dicting type 1 diabetes. However, additional clinical, metabolic, 

and genetic factors can be assessed to fine-tune that risk. While 
whole population screening for HLA risk or islet autoimmunity is 
not yet justified, several groups continue to create networks that 
will be poised to provide this screening as soon as meaningful 
prevention is identified. We await the results of several preven-
tion clinical trials and other innovations as we labor to develop 
a sustainable method of preventing the complex autoimmune 
process that leads to type 1 diabetes.

As we identify more patients with islet autoimmunity, we must 
contemplate how to best care for them. All individuals found to 
have 1 or more islet autoantibodies should, ideally, be referred 
to contact a type 1 diabetes clinical research center which can 
be reached through type 1 diabetes supporting agencies, includ-
ing the JDRF, ADA, NIDDK, and the Type 1 Diabetes TrialNet. 
Specifically, TrialNet has more than 200 clinical and affiliate cent-
ers across the US and worldwide (www.trialnet.org). Through this 
connection, individuals can decide if enrollment in a prevention 
clinical trial and/or natural history study is feasible as this is the 
best way to advance the field of prevention research.

Because of these efforts, a growing number of children are 
diagnosed with type 1 diabetes prior to the onset of clinical 
symptoms. There remain no firm guidelines for the follow-up 
and monitoring of individuals with 1 or more autoantibodies 
in the general community. Anecdotal evidence is provided 
and case studies emanating from birth cohorts like TEDDY 
will help to clarify management options that will undoubtedly 
vary based on institutional and country-specific preferences. 
The DPT-1, the Type 1 Diabetes TrialNet international clinical 
trial collaboration, the SEARCH for Diabetes in Youth Study, 
Fr1DA, and others will continue to provide valuable information 
with regards to the potential for population-based screening 
and the management of patients diagnosed with early type 1  
diabetes.

In closing, whether it be through targeted screening of relatives 
for autoantibodies or population-based screening for high-risk 
HLA, we must continue to study the natural history of type 1 
diabetes and identify patients with beta cell autoimmunity. We 
feel that primary care providers and subspecialists alike must 
continue to work together to identify these patients and encour-
age them to participate in research. Only through these concerted 
efforts will we move closer to our ultimate goal of preventing and 
reversing type 1 diabetes.
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The need for distinguishing benign from malignant thyroid nodules has led to the pursuit 
of differentiating molecular markers. The most common molecular tests in clinical use 
are Afirma® Gene Expression Classifier (GEC) and Thyroseq® V2. Despite the rapidly 
developing field of molecular markers, several limitations exist. These challenges include 
the recent introduction of the histopathological diagnosis “Non-Invasive Follicular Thyroid 
neoplasm with Papillary-like nuclear features”, the correlation of genetic mutations within 
both benign and malignant pathologic diagnoses, the lack of follow-up of molecular 
marker negative nodules, and the cost-effectiveness of molecular markers. In this man-
uscript, we review the current published literature surrounding the diagnostic value of 
Afirma® GEC and Thyroseq® V2. Among Afirma® GEC studies, sensitivity (Se), specificity 
(Sp), positive predictive value (PPV), and negative predictive value (NPV) ranged from 
75 to 100%, 5 to 53%, 13 to 100%, and 20 to 100%, respectively. Among Thyroseq® 
V2 studies, Se, Sp, PPV, and NPV ranged from 40 to 100%, 56 to 93%, 13 to 90%, 
and 48 to 97%, respectively. We also discuss current challenges to Afirma® GEC and 
Thyroseq® V2 utility and clinical application, and preview the future directions of these 
rapidly developing technologies.

Keywords: thyroid cancer, non-invasive follicular thyroid neoplasm with papillary-like nuclear features, molecular 
test, Afirma, Thyroseq

iNTRODUCTiON

Thyroid nodules are common among adults over the age of 60 years, with a prevalence of 50–70% 
(1, 2). Moreover, the incidence of thyroid cancer in the United States has increased by 211% 
between 1975 and 2013 (3), due to both an improved detection of small (<2 cm) thyroid nodules 
by thyroid ultrasonography and a true increase in thyroid cancer incidence (4). Nevertheless, the 
vast majority (85–95%) of thyroid nodules are benign (5). For this reason, the ability to distin-
guish between benign and malignant nodules is important in order to spare patients unnecessary 
diagnostic surgery.

Fine needle aspiration (FNA) to facilitate this distinction first became widely practiced in 
the early 1980s (6), and is widely recognized as the gold standard initial diagnostic procedure in 
the differential diagnosis of thyroid nodules, being accurate, safe, and cost effective (7, 8). The 
sensitivity (Se), specificity (Sp), positive predictive value (PPV), negative predictive value (NPV), 
false-negative (FN) rate, and false-positive (FP) ranges of an FNA are 88.2–97.0%, 47.0–98.2%, 
52.0–98.0%, 89.0–96.3%, 0.5–10.0%, and 1.0–7.0%, respectively (9).

In 2009, the Bethesda classification system for FNA reporting was introduced by the National 
Cancer Institute, and recently, revised, included six categories based upon cytopathological features, 
with an associated malignancy rate and standardized management recommendation for each 
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TAble 1 | The Bethesda system for reporting thyroid cytopathology (10).

bethesda group Diagnostic category Abbreviation Malignancy rate

before NiFTP reclassification  
(NiFTP malignant)

After NiFTP reclassification  
(NiFTP benign)

I Non-diagnostic/unsatisfactory – 5–10% No change
II Benign B 0–3% No change
III Atypia of undetermined significance/follicular  

lesion of undetermined significance
AUS/FLUS 10–30% 6–18%

IV Follicular neoplasm/suspicious for follicular neoplasm FN/SFN 25–40% 10–40%
V Suspicious for malignancy SM 50–75% 45–60%
VI Malignant M 97–99% 94–96%
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category (Table  1) (10). FNA reliably establishes the diagnosis 
of a benign or malignant nodule in 70–80% of all cases (11) and 
has decreased the proportion of benign nodules unnecessarily 
resected from 86 to 50% (12). However, 20–30% of FNA cases 
have indeterminate or suspicious cytological results that include 
Bethesda III, IV, and V categories (12) and, of these, 6–75% are 
malignant on final surgical pathology (13, 14). Due to the uncer-
tainty of malignancy in these patients, their management has 
been challenging, usually including a repeat FNA or a diagnostic 
lobectomy. For this reason, the need for distinguishing benign 
from malignant lesions in this subset of thyroid nodules has led 
to the pursuit of differentiating molecular markers.

Interest in achieving this distinction increased in 2002 with 
the recognition of the oncogenic role of the BRAF V600E muta-
tion in approximately 58–69% of papillary thyroid cancers (PTC) 
(15, 16). However, genetic testing for BRAF V600E alone for the 
detection of PTCs is inadequate for clinical decision making due 
to its low sensitivity of 60% for PTC (17). Indeed, our group first 
published its use in indeterminate and suspicious thyroid lesions 
and found it to add minimal clinical value (18). In addition to 
studying the diagnostic utility of BRAF V600E, numerous studies 
have investigated the association of BRAF V600E and patient 
prognosis. However, the correlation between BRAF V600E and 
clinical features of PTCs has yielded inconsistent results. Some 
studies report that BRAF V600E is associated with a more 
advanced phenotype including an increased risk of lymph node 
metastasis, cancer recurrence, and patient mortality (19–21), 
while others report no such associations (22). Moreover, thyroid 
cancer with BRAF V600E and TERT promoter mutations has been 
associated with worse clinico-pathological outcomes (23, 24).  
BRAF testing can also be useful in deciding treatment in the 
setting of known metastatic thyroid cancer. Direct tyrosine 
kinase inhibitors, such as vemurafenib (25), dabrafenib (26), and 
sorafenib (27), have been shown to be effective in BRAF V600E 
metastatic thyroid cancers.

Since mutational analysis of single genes has not proven 
adequate in guiding management decisions in indeterminate or 
suspicious thyroid nodules, attention turned to using panels of 
molecular markers. Currently, the most common molecular tests 
in clinical use are Afirma® Gene Expression Classifier (GEC) and 
Thyroseq® V2 (28). Introduced in 2011 by Veracyte, the Afirma® 
GEC has been considered a “rule-out” malignancy test. It includes 
a 142-gene expression molecular assay and uses microarray tech-
nology to measure the mRNA expression profiles to determine 

whether a thyroid nodule is “suspicious” or “benign.” The test’s 
primary aim is to spare patients with cytologically indeterminate 
FNA samples unnecessary diagnostic surgery (29). Among 
indeterminate/suspicious nodules (Bethesda Type III–V), the test 
has both a high Se (92%) and high NPV (93%) (30) (Table 2). 
In contrast, it has a low Sp (52%) and PPV (47%), and cannot 
accurately identify malignant lesions alone.

ThyroSeq® v2, introduced in 2014 by CBL Path, is designed to 
identify malignant thyroid nodules by next generation sequenc-
ing (NGS), detecting 14 thyroid cancer-related genetic mutations, 
including RAS and BRAF mutations, 42 types of gene fusions 
associated with thyroid cancer, including PAX8/PPARγ and RET/
PTC rearrangements, and mRNA expression levels for 16 genes; 
it is therefore considered a “rule-in” malignancy test (29). Among 
Bethesda Type III – IV nodules, the test is marketed as having a 
high Se, Sp, PPV, and NPV of 90–91%, 92–93%, 77–83%, and 
96–97%, respectively, as well as having the ability to stratify risk 
based on the mutation detected (52, 53) (Table 3).

In this manuscript, we review the current published literature 
surrounding Afirma® GEC and Thyroseq® V2, discuss current 
challenges to their utility; and clinical application, and preview 
the future directions of these rapidly developing technologies.

CliNiCAl MANAGeMeNT OF 
iNDeTeRMiNATe THYROiD NODUleS

The 2015 American Thyroid Association (ATA) (60) and the 2016 
American Association of Clinical Endocrinologists (AACE) (9) 
clinical guidelines recommend “considering,” molecular testing 
for indeterminate nodules. If molecular testing is being con-
sidered, ATA recommends that patients “should be counseled 
regarding the potential benefits and limitations of testing and 
about the possible uncertainties in the therapeutic and long-
term clinical implications of results” (strong recommendation, 
low-quality evidence) (60). However, long-term outcome data on 
the use of molecular markers for therapeutic decision-making is 
currently unavailable. A recent report estimated that standard 
application of the GEC for all indeterminate thyroid nodules 
would result in only a 7.2% decrease in thyroidectomy volume 
(61). Similarly, two studies by our group showed that molecular 
markers did not significantly affect the surgical decision-
making process, where only 7.9–8.4% of patients had altered 
clinical management as a result of molecular testing (39, 62).  

16

https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive


TAble 2 | Afirma Gene Expression Classifier (GEC) literature review.

Author Year Study type Follow-up 
period

bethesda 
category

Sample 
size

GeC 
suspicious

Total 
surgery

Malignant 
nodules

NiFTP Diagnostic value

Se (%) Sp (%) PPv (%) NPv (%)

Afirma® GEC (30) 2012 Prospective, blinded multicenter 301 days 
(Median)

Total 265 165 265 85 – 92 52 47 93
III 129 74 129 31 90 53 38 95
IV 81 49 81 20 90 49 37 94
V 55 42 55 34 94 52 76 85

Hang et al. (31) 2017 Retrospective, single institution – III 133 112 133 27 21 100 24 42 100
IV 42 39 42 6 4 90 6 23 67

Harrison et al. (32) 2017 Retrospective, single institution – III 100 – 37 13 – – – 35 –
IV 10 – 4 1 – – 25 –

Kay-Rivest et al. (33) 2017 Retrospective, multicenter – III, IV 172 83 77 38 – – – 49 –

Samulski et al. (34) 2016 Retrospective, single institution Total 294 133 128 33 11 93 17 39 81
– III 166 60 60 15 5 95 19 40 88

IV 122 73 68 18 6 92 15 39 75

Wu et al. (35) 2016 Prospective, single institution – Total 245 132 128 63 – 94 31 57 83
III 217 115 107 55 93 29 58 79
IV 28 17 21 8 100 38 50 100

Yang et al. (36) 2016 Retrospective, single institution – Total 189 94 67 32 – 100 15 51 100
III 165 81 55 26 100 7 49 100
IV 24 13 12 6 100 50 67 100

Chaudhary et al. (37) 2016 Retrospective, single institution – Total 158 85 73 28 – 100 15 100 20
III 89 41 45 8 100 18 20 100
IV 69 44 41 21 100 11 55 100

Abeykoon et al. (38) 2016 Retrospective, single institution – III, IV 34 17 16 12 – – – 49 –

Noureldine et al. (39) 2016 Prospective, single institution – III, IV 99 89 89 37 – 97 9 42 83

Al-Qurayshi et al. (40) 2016 Retrospective, single institution – Total 154 96 112 50 – 78 40 51 69
III 114 66 84 36 78 52 55 76
IV 40 30 28 14 79 0 44 0

Witt (41) 2016 Retrospective, single institution III, IV 47 15 15 6 – – – 40 –

Wong et al. (42) 2016 Retrospective, single institution – III, IV 63 63 63 8 14 – – 35 –

Zhu et al. (43) 2015 Retrospective, single institution – III, IV 45 21 10 6 – – – 60 –

Celik et al. (44) 2015 Retrospective, single institution Total 40 23 20 10 – 100 20 56 100
– III 11 6 6 4 100 0 67 Null

IV 29 17 14 6 100 25 50 100

Marti et al. (45) 2015 Retrospective, multicenter – III: 103
IV: 62

165 104 70 27 – 100 16 43 100

Brauner et al. (46) 2015 Retrospective, multicenter – III, IV, and  
Hurthle 

Cell

72 45 47 6 – 100 8 14 100

(Continued )
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Author Year Study type Follow-up 
period

bethesda 
category

Sample 
size

GeC 
suspicious

Total 
surgery

Malignant 
nodules

NiFTP Diagnostic value

Se (%) Sp (%) PPv (%) NPv (%)

McIver et al. (47) 2014 Prospective, single institution 9.5 months Total 72 44 36 6 – 83 10 16 75
III 9 – 5 1 100 0 20 Null
IV 63 – 31 5 80 12 15 75

Lastra et al. (48) 2014 Retrospective, single institution – Total 132 62 50 22 – 100 7 54 100
III 68 23 18 11 100 0 61 Null
IV 64 39 32 11 100 10 37 100

Aragon Han et al. (49) 2014 Retrospective, single institution – III, IV 37 36 37 16 – 100 5 44 100

Alexander et al. (50) 2013 Retrospective, multicenter 8.5 months Total 339 148 132 54* – 98 13 44 91
III 165 66 48 23 – – – –
IV 79 73 65 24 – – – –
V 13 9 8 6 – – – –

Harrell et al. (51) 2013 Retrospective, single institution Total 58 36 35 18 – 94 24 57 80
– III – 22 – – 100 33 64 100

IV – 8 – – 75 0 38 0

TAble 2 | Continued

TAble 3 | Thyroseq V2 literature review.

Author Year Study type Follow-up 
period

bethesda 
category

Sample 
size

Thyroseq 
suspicious

Total 
surgery

Malignant 
nodules

NiFT-P Diagnostic value

Se (%) Sp (%) PPv (%) NPv (%)

ThyroSeq® v2 (53) 2015 Retrospective, Single Institution – III 465 31 95 22 – 91 92 77 97

ThyroSeq® v2 (52) 2014 Single Institution – IV 143 42 143 39 – 90 93 83 96

Taye et al. (54) 2017 Prospective, Multicenter – III, IV 156 51 63 10 3 91 45 27 96

Valderrabano et al. (55) 2017 Retrospective, Single Institution – Total 190 45 102 15 5 70 77 42 91
III 104 22 52 5 2 43 71 19 89
IV 86 23 50 10 3 85 84 65 94

Shrestha et al. (56) 2016 Retrospective, Single Institution – Total 39 23 39 14 – 93 60 57 94
III 27 15 27 9 89 61 53 92
IV 12 8 12 5 100 57 63 100

Khatami et al. (57) 2016 Retrospective, Single Institution 3–6 months III, IV, V 42 7 7 4 – – – 57 –

Toraldo et al. (58) 2016 Prospective, Single Institution – III, IV 148 51 45 20 – 95 60 66 94

Shrestha et al. (59) 2016 Retrospective, Single Institution – III 41 – 41 – – 83 62 90 48
IV 14 – 14 – – 80 56 50 90
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TAble 4 | Medullary thyroid cancer (MTC) classifier and diagnostic value.

Author Year Study type Follow-up 
period

bethesda 
category

Sample 
size

MTC 
suspicious

Surgery MTC 
prev.

Diagnostic value

Se (%) Sp (%) PPv (%) NPv (%)

Pankratz (67) 2016 Retrospective, single institution – – 27 26 27 27 96 – – –
Kloos (68) 2016 Prospective, blinded multicenter – III–VI 10,488 43 43 42 – – 98 –
Alexander et al. (30) 2012 Prospective, blinded multicenter 301 days 

(median)
III–VI 441 4 441 4 100 100 100 100

Training set (69) 2010 Prospective, blinded multicenter – – 220 22 220 20 91 100 100 99
Chudova et al. (69) 2010 Prospective, blinded multicenter – I–VI 48 0 48 0 – 100 – 99
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Among Afirma® GEC studies, Se, Sp, PPV, and NPV ranged 
from 75 to 100%, 5 to 53%, 13 to 100%, and 20 to 100%, respec-
tively. Among Thyroseq® V2 studies, Se, Sp, PPV, and NPV ranged 
from 40 to 100%, 56 to 93%, 13 to 90%, and 48 to 97%, respectively. 
Valderrabano et al. report that the wide variation among reported 
diagnostic values can be explained by different defining charac-
teristics of the study populations such as institutional prevalence  
of malignancy sample size, Bethesda Type included or combination 
thereof used, the proportions of each Bethesda Type, the definition 
of “benign” used in the study, and Hürthle cell (HC) predominance 
(65). Furthermore, among post-validation studies, the molecular 
test outcome itself influenced the clinical management.

Supporting this, numerous studies have reported a lower 
specificity or higher false positive rate in GEC tests among 
indeterminate nodules with HC predominance. Brauner et  al. 
reported 86% (37/43) patients with a GEC suspicious result had 
unnecessary surgery (46). The authors include a grouped cohort 
analysis of 122 HC predominant nodules between 2012 and 
2014, showing 85 of 95 (89.5%) benign pathologies identified as 
GEC suspicious (46). Another study by Parajuli et  al. reported 
on GEC’s increase in false positive rate among HC predominant 
nodules, but did not observe the same increase in Thyroseq® V2 
(66). Additional studies assessing Thyroseq®’s performance in 
HC predominant nodules are lacking.

One component of GEC, the Medullary Thyroid Cancer 
(MTC) Classifier, has been far less studied (Table 4). Among the 
few existing studies, Se, Sp, PPV, and NPV ranged from 91 to 
100%, 100%, 98 to 100%, and 99 to 100%, respectively. Further 
evaluation of the MTC Classifier is needed to establish its clinical 
efficacy.

CURReNT CHAlleNGeS OF MOleCUlAR 
MARKeR ASSAYS

Current challenges to the application of molecular markers are 
fourfold: (A) the recent introduction of the histopathological 
diagnosis NIFTP, (B) the correlation of genetic mutations within 
both benign and malignant pathologic diagnoses, (C) the lack 
of follow-up of molecular marker negative nodules, and (D) the 
cost-effectiveness of molecular markers.

Non-invasive Follicular Thyroid Neoplasm 
with Papillary-like Nuclear Features
In March 2015, Nikiforov et al. introduced the new histopatho-
logical term NIFTP, previously known as encapsulated follicular 

For these reasons, patient benefit from molecular marker use 
in routine clinical practice is likely marginal. Moreover, the 
AACE 2016 guidelines recommend molecular testing to com-
plement cytologic evaluation in indeterminate nodules (Grade 
A recommendation), but only when the “results are expected 
to influence clinical management” (Grade A recommendation) 
(9). Testing for detection of BRAF, RET/PTC, PAX8/PPRG, and 
RAS mutations can be considered (Grade B recommendation). 
Furthermore, with the exception of BRAF V600E, there is  
insufficient evidence “to recommend in favor of or against the 
use of mutation testing as a guide to determine the extent of 
surgery” (Grade A recommendation) (9).

Importantly, molecular testing is not recommended in 
patients with an indeterminate thyroid nodule if other indica-
tions for surgery are present such as a nodule greater than 4 cm, 
compressive symptoms, or personal preference (63). The utility 
of molecular testing in Bethesda Type V nodules at institutions 
with a high prevalence of malignancy is low, and provides little 
additional benefit from a “positive” test result due to the similar 
PPV as that of a Bethesda Type V FNA result. Moreover, a diag-
nostic lobectomy would still be recommended in the case of a 
“negative” result. Finally, a limitation of the current molecular 
markers is their insufficient data to recommend use among pedi-
atric patients (≤18 years) (64). Until these tests can be validated 
using this patient population, they cannot be routinely used to 
complement the indeterminate FNA cytology results.

CURReNT PUbliSHeD liTeRATURe

Current published literature regarding Afirma® and Thyroseq® 
V2 validation studies are summarized in Tables  2 and 3. The 
data were summarized from the results of a PubMed search for 
English language studies that reported diagnostic accuracy in 
observational clinical settings published for GEC and Thyroseq® 
V2 up to November 30, 2017. References from the retrieved arti-
cles were also searched for additional studies. Inclusion criteria 
included reporting molecular marker diagnostic accuracy or 
enough information to calculate sensitivity, specificity, NPV, 
and PPV among Bethesda Type III or IV lesions. All calcula-
tions were made using the available published information. To 
adhere to current clinical guidelines, non-invasive follicular 
thyroid neoplasm with papillary-like nuclear features (NIFTP) 
and malignant pathologies were categorized as malignant or 
“requiring resection.” Of the published literature, only two stud-
ies included pediatric patients in their cohort (31, 32).
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variant of papillary thyroid cancer, representing an indolent 
entity with very low risk of recurrence (70). Major diagnostic 
characteristics of NIFTP include features of FVPTC, such as a 
follicular growth pattern and nuclear features of PTC (enlarge-
ment, crowding, elongation, irregular contours, grooves, pseu-
doinclusions, and chromatin clearing), but a lack of vascular 
or capsular invasion, key features differentiating NIFTP from 
FVPTC.

This new diagnosis represents a dramatic shift in thyroid 
pathology where an estimated 61% of lesions previously classi-
fied as FVPTCs will now be classified as NIFTP, thus decreasing 
the percentage of “malignancies” on final pathology compared 
with FNA. On pre-operative cytology, NIFTP is associated with 
FNA Bethesda Category III, IV, V, or VI in 15, 56, 27, and 2% of 
tumor samples, respectively (71). As a consequence, this has cre-
ated a shift in the malignancy rate associated with each Bethesda 
category. Strickland et al. evaluated a cohort of 655 FNAs with 
subsequent resection specimens (72). When taking into account 
the new NIFTP diagnosis, indeterminate, and suspicious FNA 
samples of Bethesda III, IV, and V had an absolute decrease in 
rate of malignancy by 17.6, 8.0, and 41.5%, respectively (72). 
Similarly, Faquin et al. reported an absolute decrease in rate of 
malignancy in Bethesda III, IV, and V by 13.6, 15.1, and 23.4%, 
respectively (73).

Despite NIFTP’s extremely low-recurrence rate of 0.6%  
(two cases), there remains disagreement regarding NIFTP’s true 
malignant potential (74–80). Despite its likely benign and, at 
worst, indolent nature, current ATA guidelines recommend 
lobectomy as definitive therapy for NIFTP. More importantly, 
how ever, and, apropos of this review, Afirma® GEC and 
Thyroseq® V2 validation studies occurred before the establish-
ment of NIFTP as a distinct entity. Because of this one needs 
to be circumspect about the real utility of these marker panels. 
And, as a consequence, these molecular diagnostic panels 
require recalibration to appropriately account for the newly 
introduced entity, NIFTP; a lesion that should likely not be 
considered malignant (70, 81, 82).

Correlating Mutations to Pathology
The correlation between presence of mutations and malig-
nancy is imprecise. Among 967 Bethesda Type III, IV, and V 
nodules, the detection of any mutation conferred the risk of 
histologic malignancy of 88, 87, and 95%, respectively (83). 
However, even in nodules with no detected mutations, the 
malignancy rates were 6, 14, and 28%, respectively. A system-
atic review by our group included 8,162 patients, of whom 
42.5% had benign lesions (84). Among the benign lesions, 
RAS mutations, RET/PTC rearrangements, and PAX8/PPAR-
gamma rearrangements were present up to 48, 68, 55% of the 
time, respectively. Thus, benign nodules frequently harbor 
mutations, while some malignant lesions harbor no detected 
mutations. The combination of the variable and potentially 
high level of mutations among benign nodules may explain the 
low specificity and PPV seen in Afirma. Furthermore, their 
prominence in benign lesions may also challenge the reported 
PPV of Thyroseq V2.

This issue is further complicated when an indolent tumor, 
such as NIFTP, should be resected according to current ATA 
guidelines. NIFTP is commonly associated with RAS mutations 
(8/27, 29.6%) and its diagnosis is incompatible with the presence 
of BRAF V600E mutations (70, 79). Moreover, Nikiforov et al. 
describe that 22% (6/27) of NIFTP samples harbor no detect-
able mutations. To conform to the recommendation that this 
indolent lesion be resected, new validation studies must show 
the reliable identification of NIFTP by molecular markers, 
an unlikely occurrence given the fact that benign lesions also 
harbor them.

Molecular Marker Negative Nodule 
Follow-Up
Despite a number of studies exploring the diagnostic value 
of GEC and Thyroseq® V2, the current published literature 
includes discrepancies in the follow-up of molecular marker 
negative nodules and their consideration as a benign pathol-
ogy (85, 86). Consequently, this may lead to inaccuracies in 
diagnostic value calculation. A systematic review by Duh et al. 
(85) highlighted these issues. They included 12 studies and 
discussed the exclusion of cytologically indeterminate, GEC 
benign nodules from diagnostic performance calculations 
(malignant versus benign), leading to an erroneous decrease 
in Sp and NPV. This is due to the lack of surgical pathology 
specimens to establish a definitive diagnosis, as well as a lack 
of follow-up of GEC benign nodules to establish a reference 
diagnosis. To establish a diagnostic “reference standard” in 
these nodules that have not undergone surgery and include 
them in calculations, the authors argue that they should be 
considered as “true negative” only if no suspicious changes 
are noted on scheduled interval ultrasound examinations. 
However, even the natural history of benign thyroid nodules 
has been described to involve size changes. Indeed, a 5-year 
prospective study involving 1,567 sonographically or cytologi-
cally benign thyroid nodules showed nodule growth in 11.1% 
(87). However, thyroid cancer was diagnosed in five original 
nodules (0.3%), of which, only two had an increase in size. 
Furthermore, a retrospective study ranging from 1 month to 
5 years, reported that 39% of the 268 benign thyroid nodules 
showed at least a 15% change in nodule volume (88). Only one 
of the 74 repeat-FNAs was malignant. The authors conclude 
that an increase in nodule volume alone is not a reliable predic-
tor of malignancy.

Two studies have described their experience with follow-up 
of GEC benign nodules on ultrasound. A study by Angel et al. 
including 56 patients with cytologically indeterminate, GEC 
benign nodules followed for a median of 13  months exhibited 
similar growth (≥20% in two dimensions or ≥50% in volume) 
to cytologically benign nodules (86). Furthermore, in a grouped 
cohort analysis by Kloos et  al. of 443 GEC benign patients in 
six studies with a reported follow-up time of 7–26 months, 380 
patients (85.8%) were spared unnecessary surgery (89). Clearly, 
the currently available follow-up periods are inadequate for a 
definitive assessment, and larger, prospective studies are needed 
to further evaluate the behavior of cytologically indeterminate, 
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TAble 5 | Molecular marker cost.

Afirma® ThyroSeq v2

Cost $4,875 (Afirma® GEC & MTC) $3,200
$975 (Afirma® MTC)
$475 (Afirma® BRAF)

Patient insurance 
coverage

$300 (Afirma® GEC & MTC) $300
$80 (Afirma® MTC)
$50 (Afirma® BRAF)

Estimated 
cost-effectiveness

Standard of care $12,172  
versus GEC $10,719 (91)

Standard of care 
$11,505 versus 
Thyroseq® cost 

$7,683 (92)
Standard of care $11,505  
versus GEC $13,027 (92)
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molecular marker “negative” thyroid nodules to help guide rec-
ommendations for management.

Cost-effectiveness
The cost-effectiveness of GEC and Thyroseq® has also been an 
intense area of research. The cost for GEC and MTC is $4,875 while 
the cost for Afirma® MTC alone is $975 and that of Afirma® BRAF 
is $475 (Table 5). The cost of Thyroseq® V2 is $3200 (29). Despite 
these high costs, insured patient costs are capped at $300 for either 
GEC or ThyroSeq® V2. Numerous studies have reported on the 
cost-effectiveness of both GEC (90, 91) and Thyroseq® V2 (92).

A 5-year cost effectiveness study of routine use of GEC 
reported 74% fewer operations for benign nodules with no 
increase in untreated cancers. Compared with standard clinical 
management based only on indeterminate FNA results, GEC 
may lower overall costs (standard cost $12,172 versus GEC cost 
$10,719) and improve quality of life for patients (91). Another 
study reported that to be cost effective, GEC’s specificity would 
have to be greater than 68% and decrease the number of unneces-
sary surgeries performed on benign nodules by more 50% (90). 
However, a study by Yip et  al. compared the average cost per 
patient with Bethesda IV nodules larger than 1  cm extending 
10  years from follicular neoplasm diagnosis in three groups: 
standard of care, GEC, and Thyroseq®. The authors reported a 13% 
increase in average cost per patient when using GEC at $13,027 
(range $12,373–$13,666) when compared with the standard of 
care $11,505 (range $10,676–$12,347), but a 30% reduction in 
those using Thyroseq® cost $7,683 (range $7,174–$8,333) (92).

Despite the conflicting results of GEC cost-effectiveness 
studies and the paucity of analyses on Thyroseq®, these studies 
highlight the need to closely examine cost-effectiveness with 
the use of genetic studies. However, the true impact of thyroid 
molecular tests on a population’s health care costs can only be 
determined taking cancer prevalence into account. Furthermore, 
cost-effectiveness also depends on proper education to ensure 
that these tests are only used in indicated clinical settings.

CONClUSiON AND FUTURe DiReCTiON

Molecular markers are a rapidly developing field despite the cur-
rent limitations. Veracyte and CBL Path have begun to address 
the challenges discussed here. In 2017, Veracyte launched the 
Afirma® Genomic Sequencing Classifier (GSC), its newest prod-
uct which tests a total of 10,196 genes. The Afirma® GSC test sys-
tem is composed of a series of classifiers including parathyroid 
(mRNA expression), MTC (mRNA expression), BRAF (mRNA 
expression + variants), and RET/PTC fusion (fusion transcripts). 
GSC also includes a follicular content index (mRNA expression), 
HC index (mRNA expression and mitochondrial transcripts), 
and Hürthle neoplasm index (mRNA expression and chromo-
somal level loss of heterozygosity). The reliance on mRNA could 
prevent detection of mutations undetectable in transcriptome-
based assays, such as telomerase reverse transcriptase (hTERT) 
promoter mutations. Veracyte states that GSC addresses the 
weaknesses of GEC by significantly increasing molecular test 
specificity, using a validation cohort with 15 NIFTP samples, 
and improving the diagnostic performance among HC lesions. 
Among Bethesda Type III and IV nodules, Veracyte quotes a 
Se, Sp, NPV, and PPV of 91, 68, 96, and 50%, respectively, when 
compared with the GEC parameters of 89 50, 93, and 46%, 
respectively. Among HC lesions, Sp has increased from 11.8  
to 58.8%.

Similarly, in 2017 CBL Path sought to address similar issues 
with the release of Thyroseq® V3 (93). It has an expanded its 
assay from 56 to 112 genes, detecting mutations, gene fusions, 
gene expression alterations, and copy number variations. In a 
prospective double-blind multicenter study using 257 nodules 
with Bethesda Types III–V (including 11 NIFTP samples, 10 
HC carcinomas, 34 HC adenomas, and 5 hyperplastic nodules 
with HC predominance), Thyroseq® V3 is reported to have an 
increased diagnostic value, including a Se of 98% (from 96.9%) 
and specificity of 81.8% (from 74.0%). Moreover, HC samples had 
an Se and Sp of 100.0 and 66.7%, respectively.

As experience accumulates with these next generation 
tests, we will gain a better understanding of how well they 
mitigate the limitations and challenges addressed herein. As 
our understanding of genetic drivers of malignant cancers and 
our understanding of NIFTP’s malignant potential becomes 
clearer, molecular markers will continue to more accurately 
identify malignant nodules as well as to spare patients from 
unnecessary surgery.
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The teleological purpose of an ongoing pregnancy is to fulfill its fundamental role of a 
successful, uncomplicated delivery, in conjunction with an optimal intrauterine environ-
ment for the developing fetus. Vitamin D metabolism is adapted to meet both these 
demands during pregnancy; first by stimulation of calcium absorption for adequate 
intrauterine bone mineral accrual of the fetus, and second, by enhancing systemic and 
local maternal tolerance to paternal and fetal alloantigens. Vitamin D-binding protein 
(VDBP) is one of the key biomolecules that optimize vitamin D homeostasis and also 
contributes as an immune regulator for a healthy, ongoing pregnancy. In this regard, 
recent results indicate that dysregulation of VDBP equilibrium could be a risk factor for 
adverse fetal, maternal, and neonatal outcomes, including preeclampsia, preterm birth, 
and gestational diabetes. Moreover, it has been hypothesized to be also implicated in 
the interpretation of vitamin D status in the pregnant state. The aim of this review is 
to assess available literature regarding the association of VDBP with clinical outcomes 
during pregnancy, as a potential biomarker for future clinical practice, with a discourse 
on current knowledge gaps and future research agenda.

Keywords: vitamin D-binding protein, 25-hydroxyvitamin D, Gc-globulin, pregnancy, clinical outcomes, 
polymorphisms

inTRODUCTiOn

The vitamin D-binding protein (VDBP), also known as group-specific component of serum 
(Gc-globulin), is a member of the albumin, α-fetoprotein, and α-albumin/afamin gene family and 
the major plasma carrier protein of vitamin D and its metabolites (1, 2). Vitamin D sterols are 
important for preserving normal serum calcium levels and electrolyte homeostasis. In addition to its 
specific sterol-binding capacity, VDBP has been shown to be involved in a plethora of other essential 
biological functions, including actin scavenging to fatty acid transport and macrophage activation 
and chemotaxis (2).

The teleological purpose of an ongoing pregnancy is to fulfill its fundamental role of a successful, 
uncomplicated delivery, in conjunction with an optimal intrauterine environment for the developing 
fetus. Vitamin D is adapted to meet both these demands during pregnancy; first by stimulation 
of calcium absorption for adequate intrauterine bone mineral accrual of the fetus, and second, by 
enhancing systemic and local maternal tolerance to paternal and fetal alloantigens (1–3). In this 
context, it is believed that VDBP is one of the key biomolecules that optimize vitamin D homeostasis and 
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also contributes as an immune regulator for a healthy, ongoing 
pregnancy. VDBP concentrations are increased in the pregnant 
state; however, the functional significance of this fact has not, 
so far, fully been clarified (3). There are emerging theories, that 
in clinical terms and under certain conditions, biodynamics of 
VDBP compound could reflect the health status of an ongoing 
pregnancy, as well as being predictors of neonatal birth param-
eters or adverse outcomes (2). From an analytical aspect, VDBP 
could interfere with available assays and confound interpretation 
of maternal and neonatal vitamin D status.

The aim of this review is to assess available literature regarding 
the association of VDBP with clinical outcomes during preg-
nancy, as a potential biomarker for future clinical practice, with a 
discourse on current knowledge gaps and future research agenda.

OveRview OF vDBP BiODYnAMiCS

non-Pregnant State
In humans, vitamin D3 (cholecalciferol) is naturally obtained 
through sunlight in the UVB range of 290–315 nm, through a mem-
brane enhanced thermal-dependent isomerization reaction, which 
results in 7-dehydrocholesterol conversion into vitamin D3 (4). 
Alternatively, vitamin D, either as D2 or D3, can enter the body from 
its absorption in the intestine. In either case, D2 or D3 then diffuse 
into the circulation through the capillary bed and reversibly bound 
to the vitamin D-binding (globulin) protein (VDBP) (5). VDBP is 
a 58 kDa glycosylated α-globulin that carries the lipophilic vitamin 
D in the plasma until it reaches target tissues (6). It is composed of 
458 amino acid residues in length and folds into a disulfide-bonded, 
triple-domain structure. The latter is further divided into two 
repeated, homologous domains of 186 acids (domains I and II) and 
a shorter domain of 86 residues at the C-terminus (domain III) (7). 
It is considered as the principal transporter of vitamin D molecules. 
Liver is the main organ where VDBP is synthesized, whereas it is 
also expressed in kidney, gonads and fat tissue (8).

Vitamin D3 undergoes its first step of activation, namely 
25-hydroxylation in the liver, by the mitochondrial form of 
25-hydroxylase (CYP27A1), which appears to be a bifunctional 
cytochrome P450 enzyme (9, 10). The product of the 25- 
hydroxylation step, 25-hydroxyvitamin D3 [25(OH)D3] (calcidiol),  
is the major circulating form of vitamin D3. In humans, it is present 
in plasma at concentrations that range between 10 and 40 ng/ml  
(25–125 nM) (11–13). The second step of activation occurs mainly 
in the kidney (14) by the cytochrome P450 enzyme, 25(OH)D-1α-
hydroxylase (CYP27B1). This process leads to the formation of 
the active metabolite of vitamin D3, 1, 25-dihydroyxvitamin D3 
[1, 25 (OH) 2D3] (calcitriol) (15, 16).

The majority of circulating 25(OH)D and 1,25- 
dihydroxyvitamin D is tightly bound to VDBP, with a smaller 
amount (10–15%) bound to albumin. Less than 1% of circulating 
vitamin D metabolites exists in a free, unbound form (4–6).

Apart from its function as a carrier protein, affinity for VDBP 
is the major parameter regulating the half-life of a vitamin D 
metabolite in the systemic circulation (17–19). The “free hormone 
hypothesis” suggests that only free steroid hormones are physi-
ologically active, because their lipophilic ability allows them to 
passively diffuse across cell membranes. According to the “free 

hormone hypothesis,” it is only the free 25(OH)vitamin D3 that is 
taken up into the tubular epithelium, to be converted by CYP27B1 
to calcitriol. Similarly, in the case of calcitriol, biological actions 
are mediated through passive diffusion of the free calcitriol to 
its cognate nuclear vitamin D receptor (VDR), which is a high-
affinity ligand-activated transcription factor (13, 14).

Vitamin D-binding protein was believed to solely regulate 
the amount of free 25(OH)D available in the circulation (20). 
However, a landmark study by Nykjaer et  al. (21) revealed an 
important transport system that affects vitamin D metabolism, 
being the megalin–cubilin endocytotic system. In this case, 
25(OH)D/VDBP complex in the circulation is endocytosed into 
the proximal tubular cell via the apical-membrane receptor, 
megalin, the largest member of the LDL receptor super family 
(22). Megalin-mediated endocytosis of 25(OH)D/VDBP, also 
requires the receptor-associated protein and cubilin, a protein 
required for sequestering VDBP on the cell surface prior to 
its internalization by megalin (21). This system is a key player 
in the delivery of 25(OH)D to the 25-hydroxyvitamin D-1-α-
hydroxylase in the kidney (21), since 25(OH)D molecules bound 
to VDBP taken up via this receptor pathway, are converted to 
calcitriol. The megalin–cubilin system has been also recognized 
in the placenta and several other tissues (22, 23). These results 
underline that VDBP, in addition to its carrier protein functions 
and regulation of free vitamin D fractions available in the cir-
culation, presents pleiotropic actions: contributes significantly 
to renal and extra-renal production of calcitriol and ensures 
vitamin D molecule reabsorption in the kidney, by preventing 
urinary loss of vitamin D.

Pregnancy
Systemic Circulation
A limited number of studies have determined longitudinal 
increase of VDBP concentrations during pregnancy (24, 25). The 
magnitude of the increase varies: highest concentrations reach 
a 40–50% increase compared to non-pregnant women, with a 
maximum at the beginning of the third trimester before starting to 
decrease at term. VDBP increase was accompanied by an increase 
in calcitriol concentrations in most available studies (24, 25).  
As expected, a negative association between free 25(OH)D and 
VDBP concentrations was evident, resulting in a consistent 
decrease of free 25(OH)D from 15 to 36  weeks of gestational 
age (25). On the other hand, as the affinity of calcitriol is much 
lower for VDBP compared to 25(OH)D, a significant increase in 
both total 1,25(OH)2D and VDBP levels was observed during 
pregnancy, while the free 1,25(OH)2D concentrations remained 
nearly constant (26, 27). However, whereas the increase in total 
1,25(OH)2D and VDBP concentrations in the pregnant state has 
been repeatedly reported in different studies (24, 26), reports on 
the free 1,25(OH)2D are conflicting. In general, an increase in 
1,25(OH)2D—being of both renal and placental origin—through-
out pregnancy seems to be replicated by the majority of data 
(28–30). Nevertheless, observed discrepancies between different 
trials may actually be the result of complex interactions between 
calcitriol concentrations and a plethora of factors, including 
VDBP levels, and stimulation by prolactin, insulin-like growth 
factor 1, and parathyroid hormone (PTH)-related protein, while 
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they are probably unaffected by PTH, which has been shown to 
decrease during pregnancy (30). Moreover, these studies used 
different laboratory methods of assessment of calcitriol concen-
trations; thus, interpretation of their results may be problematic.

Interestingly, Chun and colleagues have recently proposed 
a viable hypothesis considering a role for VDBP in tissue dis-
crimination of 25(OH)D2 and 25(OH)D3 (31). Given that 25(OH)2 
binds to VDBP with lower affinity than 25(OH)D3, the kidney 
would preferentially use the latter metabolite. Differently, cells 
in the immune system might profit of a greater pool of 25(OH)
D2 for antimicrobial peptide induction (31), which is of outmost 
importance for enhancing systemic and local maternal tolerance to 
paternal and fetal alloantigens immune tolerance induction (32).

Placenta
Placenta has its own mechanisms regulating vitamin D metabo-
lism. The decidua facilitates nutritional fetal–maternal exchange 
and serves as an endocrine tissue by secreting a plethora of 
biomolecules. In addition, it provides “immunological stabil-
ity and tolerance” to accommodate the developing fetus. The 
1α-hydroxylase, the 24-hydroxylase, the VDBP, and VDR have 
all been detected either in trophoblast cultures or in freshly 
obtained, placental tissue (33–37). Undoubtedly, the placenta 
is able to metabolize vitamin D, providing active 1,25(OH)2 D 
in vitro. VDBP is expressed on the cell-surface of human placental 
trophoblasts during normal human pregnancy (37). This obser-
vation has led to the suggestion that the rise in VDBP concentra-
tions during pregnancy could be the result of high turnover rate 
of trophoblasts, which are in direct contact with maternal blood 
(31). VDBP has been also demonstrated to affect the expression 
of specific placental aminotransporters, which may be involved 
in the regulation of amino acid transfer to the offspring during 
in utero development (38).

Vitamin D-binding protein could be possibly connected with 
the management of large amounts of progesterone produced by 
the placental trophoblast during the second and third trimesters 
of pregnancy, which could theoretically displace vitamin D from 
VDBP (25, 26). Under these conditions, VDBP may additionally 
play the role of a major plasma progesterone transport protein at 
least during late gestation; however, relevant data are still scarce 
and this hypothesis warrants further clarification. Although these 
mechanisms are still under research investigation, the above 
observations support the multifunctional role of VDBP both as a 
regulator of vitamin D homeostasis and as an immunomodulator 
at a systemic and placental level, during pregnancy. In accordance 
with this hypothesis, VDBP dysregulation has been implicated in 
the pathogenesis of several adverse outcomes during pregnancy, 
which will be further discussed below. Figure 1 provides a sche-
matic overview of the physiological functions of VDBP during 
pregnancy.

vDBP AS A MARKeR OF A HeALTHY 
OnGOinG PReGnAnCY: CLiniCAL 
iMPLiCATiOnS

During the past few years, there has been increasing research 
effort to discover novel biomarkers that could effectively predict 

adverse pregnancy and fetal outcomes. In this setting, the 
dysfunction of the immunoregulatory biological properties of 
circulating VDBP during pregnancy, as well as specific VDBP 
polymorphisms, have been the objective of several clinical 
studies.

Association with Type 1 Diabetes (T1D), 
Gestational Diabetes, and Adipokines
In a recent nested case-control study, concentrations of VDBP 
and 25(OH)D throughout pregnancy between 113 women whose 
offspring later developed T1D and 220 controls, were evaluated 
(39). VDBP and 25(OH)D significantly increased by gestational 
week and were lower in cases than in controls. Lower third trimes-
ter VDBP concentrations tended to be associated with higher risk 
of T1D in the offspring (39). Moreover, in a study among Chinese 
women, the risk allele-A of rs3733359 of VDBP gene was corre-
lated with an increased risk of gestational diabetes mellitus, in the 
obese subgroup (40). Similar to other autoimmune disorders, the 
involvement of VDBP in the pathogenesis of T1D, may lay on a 
positive correlation between its levels and macrophage activation 
(41). Higher levels and frequencies of serum anti-VDBP autoan-
tibodies were identified in patients with T1D than in healthy 
controls, suggesting VDBP as a possible autoantigen in T1D (42). 
Given that VDBP exerts immunomodulatory characteristics and 
contributes to the transport of vitamin D metabolites, reduced 
serum concentrations may be related, in a direct or indirect way, 
to the autoimmune functional deterioration of pancreatic β-cells 
in the disease.

Recent results from our group, in maternal–neonatal pairs 
at birth, demonstrated an independent positive correlation of 
VDBP with adipokines, adiponectin, and irisin, which remained 
significant after adjustment for multiple parameters, including 
weeks of gestation, maternal age, and Body Mass Index, in both 
mothers and neonates (not for irisin in the case of neonates) (43). 
Further mechanistic studies are required to elucidate whether 
VDBP plays a carrier or regulatory role for adiponectin and/
or irisin during pregnancy and its potential effects on offspring 
anthropometry in late childhood and adolescence.

vDBP and the Risk of Adverse Pregnancy 
Outcomes
Vitamin D-binding protein has been also implicated recently in 
the pathogenesis of preeclampsia. A small pilot study showed 
that VDBP in the first trimester of pregnancy was upregulated 
in women who developed early-onset preeclampsia (EOPE) 
compared to controls, suggesting a hypothetical VDBP utility, 
as a biomarker for the diagnosis of EOPE (44). These results 
were in accordance with a previous cohort study, which 
included 239 pregnant women, 107 with preeclampsia, and 
132 controls, where phenotype frequency distribution of 
serum group-specific component (Gc) and haptoglobin (Hp) 
was determined (45). The results indicated a significant sta-
tistical difference in phenotype frequency distribution of the 
Gc-system. Gc 2-1 phenotype was expressed significantly in 
women with preeclampsia compared to controls, suggesting a 
potential utility of Gc 2-1 phenotype as a genetic marker for 
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early preeclampsia detection (45). However, a recent study by 
Powe et al. showed no significance variances between first tri-
mester VDBP concentrations between cases with preeclampsia 
and controls, neither association with first trimester blood 
pressure (46). In contrast to previous studies, Tannetta et  al. 
showed that actin-free VDBP plasma levels tended to be lower 
in early onset preeclampsia compared to normal pregnancies, 
still not statistically significantly (47). It becomes evident that 
the heterogeneity of baseline 25(OH)D concentrations across 
trimesters of pregnancy of the populations included in these 
studies could contribute to this discordance. Of major interest, 
Behrouz et al. demonstrated that VDBP of placental origin is 
a target for auto-antibodies detected in sera of preeclamptic 
women, indicating a strong autoimmune component in the 
pathogenesis of the disorder (48).

Vitamin D-binding protein has been also suggested to contrib-
ute to the development of an optimal intrauterine environment 
for the developing fetus as well as to a successful, uncomplicated 
delivery. Results from the Southampton Women’s Survey (33) 
indicate that maternal both 25(OH)D and VDBP concentrations 

were positively linked to placental expression of certain genes 
related to placental amino acid transport. On that basis, in a 
recent study by Wookey et al., a significant reduction of placental 
VDBP concentrations in women with idiopathic fetal growth 
restriction, as compared to normal pregnancy controls, was 
demonstrated (49).

On the other hand, albumin/VDBP ratio was proven to be 
more efficacious than fetal fibronectin in predicting spontane-
ous preterm delivery in symptomatic women within 7 days (50). 
VDBP concentrations in cervicovaginal fluid (CVF) of pregnant 
women successfully predicted spontaneous labor onset within 
3 days, with positive and negative predictive values of 82.8 and 
95.3%, respectively (51). VDBP was estimated to be 3.9-fold 
higher in the CVF of asymptomatic women that subsequently 
presented preterm premature rupture of the fetal membranes 
(PROM), as compared to gestation-matched controls (52).

Potential explanations for the VDBP rise in CVF in pregnan-
cies with high risk for preterm birth could be the increased 
cell death and inflammation of the fetal membranes leading to 
increased permeability of blood vessels and augmented VDBP 
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deglycosylation, as an effect of the immune response (52). In 
addition, VDBP synthesis is known to be enhanced by pro-
inflammatory cytokines, such as IL-6 (51). Given that the results 
of different studies regarding the VDBP concentrations in EOPE 
are conflicting, it has been also suggested that a potential reduc-
tion of VDBP plasma levels in EOPE, may reflect the dysfunc-
tion of the actin scavenging system, which is known to cleave 
extracellular actin and hinder repolymerization, inhibiting its 
thrombotic effects (47).

vDBP and 25(OH)D Status During 
Pregnancy and Lactation
GC Single Nucleotide Polymorphism (SNPs) rs12512631 and 
rs7041 were determined in the peripheral blood of 356 pregnant 
individuals and were found to significantly interplay with the 
maternal and cord-blood concentrations of 25(OH)D and birth 
weight (49). Low 25(OH)D concentrations in the maternal and 
cord blood were significantly associated with decreased birth 
weight among infants of mothers carrying the rs12512631 “C” 
allele, but not in those born to mothers homozygous for the 
“T” allele. In addition, low 25(OH)D concentrations in cord 
blood were significantly linked with reduced birth weight only 
among infants born to mothers being carriers of the rs7041 “G” 
allele (53).

Vitamin D-binding protein polymorphisms have been also 
reported to affect vitamin D status and attained 25(OH)D con-
centrations after supplementation. In this regard, GC rs2282679 
polymorphism was found to positively correlate with achieved 
25(OH)D status, following gestational cholecalciferol supple-
mentation (54).

There is also evidence that polymorphisms in VDBP gene 
may be related to 25(OH)D status during pregnancy. The minor 
allele for rs7041 was related to increased 25(OH)D and rs4588 
was associated with decreased 25(OH)D, among pregnant 
women (55). Chinese pregnant women with VDBP Gc-1f and 
Gc-1s genotypes had higher plasma 25(OH)D concentrations 
compared to women with Gc-2 (56). VDBP is known to increase 
during pregnancy; however, this phenomenon was observed only 
in women with rs7041 GG or GT genotypes, while pregnant TT 
carriers did not manifest greater VDBP concentrations compared 
to TT non-pregnant controls (57).

The impact of genotype on VDBP changes during pregnancy 
may reflect placental vitamin D transport and thus regulate the 
availability of vitamin D to the mother and fetus. A different study 
demonstrated higher VDBP concentrations in healthy pregnant 
women compared to non-pregnant controls, presenting com-
parable vitamin D intake, suggesting that metabolic alterations, 
possibly involving the placenta, may occur during pregnancy that 
aim to increase vitamin D supply (58). In addition, genetic and 
ethnic variations in VDBP polymorphisms could also explain 
the different responses after vitamin D supplementation during 
pregnancy (32).

On the other hand, a recent study that explored the asso-
ciation between 25(OH)D and VDBP concentrations in lactating 
mother–neonate pairs, concluded that the high maternal and 
the neonatal serum VDBP concentrations may be related to 
falsely low vitamin D concentrations, as suggested by the normal 

serum calcium (Ca), phosphorus (P), magnesium (Mg), Alkaline 
Phosphatase (ALP), and PTH levels (59). Even when maternal 
and neonatal serum vitamin D concentrations were consist-
ent with each other in terms of profound hypovitaminosis D 
(<10 ng/ml), this definition was not enough to establish vitamin 
D deficiency, without taking into account other regulatory factors 
of the vitamin D biological network, including Ca, P, and PTH 
concentrations.

vDBP and infertility
Vitamin D-binding protein has been also considered to be 
involved in the pathogenesis of idiopathic infertility. A recent 
pilot case-control study, including 39 infertile premenopausal 
women and 29 fertile controls, identified that VDBP concentra-
tions were lower in the infertile group, compared to controls 
(60). In the same study, total 25(OH)D concentrations did not 
significantly differ between the two groups; however, free and 
bioavailable vitamin D concentrations were higher among the 
infertile women. The genotype distribution of GC rs1155563 
and rs2298849 SNPs was compared between 154 women with 
endometriosis-associated infertility and 347 controls; still, no 
statistically significant differences were detected (61).

In a cohort of 165 healthy women, aged between 26 and 
75 years, it was found that postmenopausal women had higher 
25(OH)D, VDBP, and estradiol concentrations than premeno-
pausal subjects, and that estradiol was independently correlated 
to VDBP (62). The work by Pirani et  al. demonstrated that 
estradiol treatment increased the uptake of labeled VDBP by 
hepatocytes isolated from female animals, but not from male 
animal cells, indicating that the estradiol effect may lay on the 
presence of estrogen receptors (63). Interestingly, in infertile 
women undergoing in  vitro fertilization, VDBP concentrations 
were not found to fluctuate as estradiol changes throughout 
the follicular phase of the menstrual cycle (64). These findings 
are suggestive of the regulatory role that other factors—besides 
the already well known, such as age, gender and race—may 
play in determining VDBP concentrations. Table  1 summa-
rizes key characteristics and findings of studies examined the 
relationship between VDBP and pregnancy-related clinical 
outcomes. Figure  2 provides a schematic overview of the 
main pathophysiologic aspects of the VDBP network, during 
pregnancy.

CRiTiCAL APPRAiSAL OF AvAiLABLe 
eviDenCe AnD ReASOnS FOR 
DiSCRePAnCieS BeTween STUDY 
ReSULTS

Available evidence in the field manifest several limitations, with 
the most prominent being the wide heterogeneity between study 
design, included populations, explored outcomes, and analytical 
methods. Therefore, any interpretation of studies results should 
be made with caution. Regarding genetic studies in particular, 
they often present specific methodological issues, including 
inadequate power to reveal potential gene-disease associations, 
population stratification as a result of genetic and environmental 
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TABLe 1 | Main characteristics and findings of key studies examined the relation between VDBP and pregnancy-related clinical outcomes.

Study 
iD

First author, year 
(reference)

included subjects investigated outcome(s) Key findings

1 Sørensen, 2016 (39) 113 pregnant women whose 
offspring later developed T1D/220 
pregnant controls

VDBP concentrations during pregnancy 
and subsequent risk for T1D development 
in the offspring

Lower third trimester VDBP concentrations 
associated with higher risk of T1D in the offspring

2 Wang, 2015 (40) 692 women with GDM/802 pregnant 
controls

Whether Vitamin D related SNPs 
predispose to GDM development

rs3733359 allele-A was correlated with an increased 
GDM risk, in the obese subgroup

3 Kolialexi, 2017 (44) 5 pregnant women with EOPE/5 
pregnant controls

Identification of potential biomarkers for 
EOPE

VDBP in the first trimester was upregulated to 3.38-
fold in the EOPE group

4 Mekbeb, 1990 (45) 107 pregnant women with PE/132 
pregnant controls

Relation between GC phenotype and PE 
risk

Gc 2-1 phenotype was expressed significantly in PE 
group compared to controls

5 Powe, 2010 (46) 39 pregnant women with PE/131 
pregnant controls

Relation between first trimester VDBP 
levels and subsequent PE risk

No association between VDBP concentrations, 
subsequent PE development and first trimester BP

6 Cleal, 2015 (33) 85 pregnant women Relation between maternal VDBP levels 
and placental expression of genes related 
to placental amino acid transport

VDBP levels were positively associated with 
placental expression of specific genes involved in 
amino acid transport

7 Wookey, 2017 (49) Placentae from 18 pregnant women 
with FGR/17 gestation-matched 
healthy control subjects

Whether VDBP expression is altered in 
FGR-associated placental dysfunction

Significant reduction of placental VDBP 
concentrations in women with idiopathic FGR 
compared to controls

8 Liong, 2015 (50) 12 pregnant women with preterm 
delivery/129 women as validation 
cohort

Identification of CVF biomarkers predictive 
of spontaneous preterm birth in women 
with symptoms of preterm labor

Albumin/VDBP ratio is more efficacious than fetal 
fibronectin in predicting spontaneous preterm 
delivery in symptomatic women within 7 days

9 Liong, 2013 (52) 5 pregnant women with PROM/10 
gestation-age matched controls

Identification of differentially expressed 
proteins in the CVF of asymptomatic 
women before the clinical manifestation of 
preterm PROM

VDBP was significantly increased (3.9-fold) in the 
PROM group

10 Tannetta, 2014 (47) 10 non-pregnant women/10 women 
with normal pregnancy/10 women 
with EOPE/10 women with LOPE

Investigation of the actin scavenging 
system in PE

Actin-free VDBP plasma levels were lower in EOPE 
compared to normal pregnancies, still not statistically 
significantly

11 Szczepańska,  
2015 (61)

154 women with endometriosis-
associated infertility/347 controls

Identification of genetic risk factors for 
endometriosis-associated infertility

Genotype distribution of GC rs1155563 and 
rs2298849 SNPs did not differ between patients and 
controls

12 Behrouz, 2013 (48) 5 human placentas from 
normotensive pregnant women/sera 
from 20 normal and 20 women with 
severe PE

Investigation of placental proteins as 
targets for auto-antibodies in PE patients

VDBP of placental origin is a target for auto-
antibodies detected in sera of women with PE

13 Chun, 2017 (53) Maternal and umbilical cord blood 
from 356 pregnant women and their 
infants

Relation between maternal GC SNPs, 
25(OH)D concentrations and infant birth 
weight

Low 25(OH)D concentrations in the maternal and 
cord blood were significantly associated with 
decreased birth weight among infants of mothers 
carrying the rs12512631 ‘C’ allele

14 Moon, 2017 (54) 682 pregnant women (351 placebo, 
331 cholecalciferol)

Relation between GC SNPs and the 
response to gestational cholecalciferol 
supplementation

GC rs2282679 positively correlated with achieved 
25(OH)D status

15 Baca, 2018 (55) 882 Black and 1796 White pregnant 
women

Relationship between maternal vitamin D 
receptor, GC, and CYP27B1 SNPs and 
25(OH)D concentrations

The minor allele for rs7041 was related to  
increased 25(OH)D and rs4588 was associated  
with decreased 25(OH)D levels

16 Shao, 2017 (56) 759 pregnant women Relationship between vitamin D pathway 
genes, gene–environment interactions, 
and vitamin D levels

Gc-1f and Gc-1s genotypes had higher plasma 
25(OH)D levels compared to women with Gc-2 
genotype

17 Ganz, 2018 (57) 26 third-trimester pregnant/28 
lactating/21 non-pregnant and non-
lactating women consuming a single 
amount of vitamin D

Metabolic effects of GC rs7041 SNP on 
vitamin D biomarkers

Increased VDBP concentrations were observed  
only in pregnant women with GG or GT genotypes

18 Park, 2016 (58) 26 healthy pregnant/28 lactating/21 
non-pregnant and non-lactating 
women consuming a single amount 
of vitamin D

The impact of the reproductive state on 
vitamin D biomarkers

Higher VDBP concentrations were observed  
in healthy pregnant women compared to non-
pregnant controls
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FiGURe 2 | The main pathophysiologic aspects of the vitamin D-binding protein network in pregnancy.

Study 
iD

First author, year 
(reference)

included subjects investigated outcome(s) Key findings

19 Doneray, 2018 (59) 30 mother-neonate pairs with serum 
25(OH)D < 10 ng/ml/30 mother–
neonate pairs with serum 25(OH)
D > 20 ng/ml

Relationship between serum 25(OH)D and 
VDBP levels in mother-neonate pairs

The maternal and neonatal vitamin D concentrations 
were negatively correlated with their VDBP 
concentrations

20 Franasiak, 2017 (60) 39 infertile premenopausal 
women/29 regularly cycling fertile 
controls

Differences in VDBP concentrations 
between fertile and infertile women

VDBP concentrations were lower in the infertile 
group, compared to controls

21 Karras, 2018 (43) 70 pairs of newly delivered neonates 
and their mothers

Relationship between vitamin D, VDBP, 
and the adipokines, adiponectin, and 
irisin in mothers and neonates at birth and 
their effects on neonate anthropometric 
outcomes

Independent positive correlation of maternal VDBP 
levels with adiponectin and irisin concentrations. 
Strong association of VDBP and adiponectin but not 
irisin was found in neonates

VDBP, Vitamin D-binding protein; T1D, type 1 diabetes; GDM, gestational diabetes mellitus; SNP, single nucleotide polymorphism; PE, preeclamsia; EOPE, early onset preeclampsia; 
LOPE, late onset preeclampsia; Gc, group-specific component; BP, blood pressure; FGR, fetal growth restriction; CVF, cervicovaginal fluid; PROM, preterm premature rupture of the 
fetal membranes; 25(OH)D, 25-hydroxyvitaminn D.
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heterogeneity between studied populations, departure from 
Hardy–Weinberg equilibrium, hence, they tend to produce 
inconclusive and conflicting results (65).

Ethnic differences in VDBP polymorphisms could also result 
in differences in 25(OH)D status in pregnant cohorts across the 
same geographical region (66, 67), as well as the gap between 
observational and supplementation studies (68, 69). We have 

previously described in detail (69) the main reasons behind the 
aforementioned gap between observational and interventional 
studies, with regard to the role of Vitamin D in pregnancy. 
These reasons can be summarized as follows: 1. various study 
designs (lack of a precise outcome in conjunction with timing 
of supplementation, enrollment of participants with varied 
vitamin D status); 2. difficulties in the interpretation of vitamin 

TABLe 1 | Continued
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D equilibrium (lack of determination of plasma half-life); 3. 
administration of a wide range of regimens, in terms of dose, 
bolus, and form; 4. geographical dissimilarities (vitamin D needs 
could vary significantly within a country, particularly in areas 
with a wide range of latitude gradient); 5. alterations of vitamin 
D metabolism during pregnancy and 6. supplementation of 
individuals with low baseline 25(OH)D concentrations would be 
more likely to have beneficial effects compared to subjects with 
higher baseline status. It is highly likely that the above handicaps 
also affect the reproducibility of study results related to VDBP 
status during pregnancy, since Vitamin D and VDBP are parts of 
a common biological network with complex interactions between  
its various components.

In addition, laboratory assessment of VDBP concentrations 
during pregnancy may be challenging. Different analytical 
methods have been developed and used in the conducted stud-
ies, so far. The monoclonal immunoassay technique recognizes 
an epitope near the polymorphic region of VDBP and thus 
has different affinities for the different VDBP haplotypes: this 
issue probably affects the results of the assay. As a consequence, 
it presented uncoupling results compared to a polyclonal 
immunoassay method (70). Hoofnagle et  al. developed a 
liquid chromatography–tandem mass spectrometric (LC-MS/
MS) assay, where plasma proteins can be cleaved into peptides 
making their specific detection and quantification possible 
(71). LC-MS/MS method gave results similar to the polyclonal 
immunoassay, but different from those of the monoclonal 
immunoassay (70, 71). In addition, although the existence of 
various vitamin D forms (such as epimers) has been established, 
their clinical significance remains obscure. Furthermore, recent 
data show that at least one epimer form has activity in  vitro  
(72, 73). With the development of more advanced assays, a 
thorough understanding of the interplay among the various 
vitamin D forms could be achieved.

GAPS in eXiSTinG KnOwLeDGe AnD 
FUTURe ReSeARCH AGenDA

It becomes evident from the above that VDBP plays some role 
in the progression of normal pregnancy and that it is also impli-
cated in the pathogenesis of some of the commonest pregnancy 
complications, in a way—however—that is not yet completely 
understood. The fact that VDBP seems to be involved in the 
pathogenesis of numerous and heterogeneous clinical entities, 
underlines its pluralistic role in vitamin D homeostasis.

Despite the intensive research work having been conducted 
during the past few years in terms of the role of Vitamin D in 
pregnancy, it is clear that existing data regarding VDBP is still 
very limited. The understanding of the physiology of the VDBP 
network is extremely useful; however, focus of future research on 
the association between VDBP and adverse pregnancy outcomes 
may have multiple benefits. First, the establishment of a novel 
biomarker for the early detection of endangered pregnancies, 
which can be translated into daily clinical benefit and second, the 
further decryption of the complex pathophysiological aspects of 
pregnancy’s abnormalities.

For this purpose, additional clinical trials are required, char-
acterized by interventional and randomized design in order to 
reduce potential bias, adequate power, and targeted on popula-
tions with high-risk for adverse outcomes. Future mechanistic 
studies from different ethnic groups are needed to investigate the 
regulatory and immune functions of VDBP during pregnancy 
and other reproduction outcomes.
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Malignant pheochromocytomas and paragangliomas affect a very small percentage of 
the general population. A substantial number of these patients have a hereditary pre-
disposition for the disease and consequently, bear the risk of developing these tumors 
throughout their entire lives. It is, however, unclear why some patients with no hereditary 
predisposition develop these tumors, which frequently share a similar molecular phe-
notype with their hereditary counterparts. Both hereditary and sporadic tumors usually 
appear at an early age, and affected people often die before reaching their expected 
lifespans. Unfortunately, there is currently no systemic therapy approved for patients 
with this orphan disease. Therefore, pheochromocytomas and paragangliomas are 
very challenging malignancies. The recognition of genetic and molecular abnormalities 
responsible for the development of these tumors as well as the identification of effective 
therapies for other malignancies that share a similar pathogenesis is leading to the devel-
opment of exciting clinical trials. Tyrosine kinase inhibitors, radiopharmaceutical agents, 
and immunotherapy are currently under evaluation in prospective clinical trials. A phase 
2 clinical trial of the highly specific metaiodobenzylguanidine, iobenguane 131I, has pro-
vided impressive results; this radiopharmaceutical agent may become the first approved 
systemic therapy for patients with malignant pheochromocytoma and paraganglioma by 
the United States Food and Drug Administration. Nevertheless, systemic therapies are 
still not able to cure the disease. This review will discuss the development of systemic 
therapeutic approaches using the hallmarks of cancer as a framework. This approach 
will help the reader to understand where research efforts currently stand and what the 
future for this difficult field may be.

Keywords: pheochromocytoma, paraganglioma, tyrosine kinase inhibitors, radionuclides, immunotherapy

iNTRODUCTiON

Pheochromocytomas and paragangliomas are neuroendocrine tumors derived from the paraganglia. 
Most pheochromocytomas and sympathetic paragangliomas secrete excessive amounts of catecho-
lamines that predispose to elevated blood pressure, palpitations, sweats, anxiety, and gastrointestinal 
disease (1, 2). Patients are prone to develop a catecholamine crisis characterized by a hypertensive 
emergency and cardiovascular events. The excessive secretion of catecholamines is confirmed by 
measuring the plasma concentrations of metanephrines (3). Most patients have localized tumors and 
subsequently, they are cured with surgery (4, 5).
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Malignant pheochromocytomas and paragangliomas are rare 
endocrine cancers. Approximately 100–200 new cases are diag-
nosed every year in the United States (6). The definition of these 
malignancies rests on the presence of metastases because there 
is currently no histological, biochemical, molecular, or genetic 
marker that can clearly differentiate benign from malignant 
tumors (7, 8). Therefore, the World Health Organization has 
recommended classifying pheochromocytomas and paraganglio-
mas as metastatic or nonmetastatic, as a substantial number of 
patients with clinical predictors of metastases can be diagnosed 
and treated before the malignant cells spread to distant sites (7, 9). 
Metastatic pheochromocytomas and paragangliomas (MPPGs) 
frequently spread to regional and distant lymph nodes, bones, 
liver, and lungs (10, 11). Metastases are rarely found in the pan-
creas, breast, central nervous system, or skin (12). As expected, 
patients with MPPG have shorter overall survival (OS) durations 
than do patients with non-MPPGs (10).

Patients with MPPG are mainly treated with systemic chemo-
therapy and radiopharmaceutical agents such as conventional 
131Iodine-metaiodobenzylguanidine (13). The understanding on  
these treatments is difficult as it mainly derives from small, ret-
rospective studies (14). Subsequently, there are no guidelines for 
the treatment of patients with MPPG. Progress toward systemic 
therapies for patients with MPPG has been slow (13) owing  
to the rarity of the disease and the lack of a reliable animal model 
that can mimic a human MPPG phenotype (15, 16). However, the 
recognition of the fundamental genetic and metabolic character-
istics of MPPG and clinical experience with other cancers that 
share similar pathogenetic processes have led to the identifica-
tion of new therapeutic horizons (16–18). Approximately 30% 
of patients with MPPG harbor a germline mutation of the suc-
cinate dehydrogenase subunit B of the mitochondrial enzymatic 
complex 2 gene (SDHB) (19). Tumors with SDHB mutations are 
characterized by abnormal angiogenesis and a hypervascular 
phenotype (20). SDHB tumors also display intense DNA hyper-
methylation and upregulation of the epithelial-to-mesenchymal 
transition, which fosters distant spread (21–23). In addition, these 
tumors express cell membrane glucose transporters and activate 
glucose phosphorylation to support their energetic demands 
(24). Because SDHB-associated MPPGs are very avid for glucose, 
positron emission tomography with fludeoxyglucose (FDG-PET) 
is a sensitive test to identify the disease (25). Interestingly, many 
patients with MPPG do not harbor germline mutations; their 
tumors are considered apparently sporadic. However, many 
apparently sporadic tumors exhibit a very similar molecular 
phenotype to the one observed in SDHB-associated tumors 
(20). In addition, gastrointestinal stromal tumors and renal cell 
clear cell, medullary thyroid, and pancreatic neuroendocrine 
carcinomas share some crucial pathogenetic characteristics with 
MPPG (26–29). Therapeutic progress on these tumors has helped 
in identifying potential therapies for patients with MPPG (30).

Scientific efforts have identified several biological capabilities, 
called the “hallmarks of cancer,” that are essential for the forma-
tion of cancer in humans (31). These hallmarks are distinctive 
and complementary abilities acquired by cancer cells that enable 
tumor growth and metastatic dissemination. Cancer cells have the 
ability to sustain proliferative signaling, evade growth-inhibiting 

signals, evade apoptosis, enable replicative immortality, sustain 
angiogenesis, and invade and metastasize (31). In addition, they 
can reprogram energy metabolism and evade immune destruction 
(31). They provide a solid conceptual foundation for understand-
ing the biology of cancer (31). As in other cancers, the survival of 
MPPG cells likely depends on a combination of these hallmarks. 
This review will discuss the development of systemic therapeutic 
approaches for patients with MPPG using the hallmarks of cancer as 
a framework. We will also assess the value of surgical resection and 
traditional therapies such as chemotherapy for patients with MPPG.

SURGeRY

The early resection of a pheochromocytoma or a sympathetic 
paraganglioma may cure the disease. In fact, more than 90% of 
patients with nonmetastatic disease treated with surgery are alive 
5  years after initial diagnosis (10). The surgical approach (i.e., 
open laparotomy or laparoscopy) must be carefully selected on 
the basis of the presence of clinical predictors of aggressiveness, 
such as the size and location of the primary tumor and the pres-
ence of SDHB mutations (32). In patients with subdiaphragmatic 
primary tumors larger than 5 cm, an open laparotomy allows bet-
ter visualization of the lymph nodes and is associated with a lower 
risk of tumor rupture than are laparoscopic procedures (32).

Over the last 20 years, clinical experience has suggested that 
it may be best to observe most patients with head and neck 
paragangliomas (33). Because of their parasympathetic origin, it 
is exceedingly rare to find a head and neck paraganglioma that 
secretes noradrenaline; consequently, these patients are not prone 
to hormonal syndromes. In addition, these tumors are rarely met-
astatic (34) and subsequently, no TNM staging has been proposed 
yet for head and neck paragangliomas (30). Most importantly, 
their intimate contact with neurovascular structures increases the 
risk of intraoperative vascular accidents and postoperative low 
cranial nerve neuropathy (35).

Patients with MPPG will most likely not be cured by surgery 
unless they present with only regional lymph node metastases or 
small, localized, and resectable distant metastases. Nevertheless, 
patients with noncurable MPPG may still benefit from surgical 
resection of the primary tumor (32). Resection of the primary 
tumor may decrease the catecholamine surge associated with 
these tumors and improve hormonal symptoms (32); patients may 
consequently have a lower risk for cardiovascular and gastrointes-
tinal morbidity. Furthermore, resection of the primary tumor is 
associated with an improvement in OS regardless of performance 
status, tumor burden, genetic profile, or hormonal status (32), 
likely because of a lower rate of metastatic spread, as patients 
exhibit similar OS rates irrespective of their hormonal status (32).

CHeMOTHeRAPY

Understanding the role of chemotherapy in patients with MPPG 
is challenging. Chemotherapy decreases the tumor’s ability to 
sustain proliferative signaling, which underlies its abnormal 
cell growth and division. However, chemotherapy does not 
induce complete responses; in fact, retrospective studies have 
shown variable responses. The difficulties faced by clinicians are 
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highlighted by a recent systematic review and meta-analysis of 
all published studies on the topic of chemotherapy for MPPG 
(14). Of 459 potential studies, only 4 (<1%) were of high enough 
quality for inclusion in the meta-analysis (36–39). These four 
studies included consecutive patients, had an adequate descrip-
tion of diagnostic and therapeutic interventions, employed a 
clear definition of and evaluation criteria for tumor response, and 
had few or no lost patients during follow-up. The results of this 
meta-analysis suggested that approximately 37% of patients with 
MPPG respond to systemic chemotherapy with a combination 
of cyclophosphamide, vincristine, and dacarbazine (14). Patients 
generally did not have complete responses. However, some had 
improved blood pressure control and apparent improvement in 
the symptoms of catecholamine excess attributable to a reduction 
in tumor size or stabilization of disease (14). Only one study—
the largest one—suggested that MPPG patients whose tumors 
responded to chemotherapy had longer OS than did patients 
without a tumor response (36). This study was also the only one 
that clearly indicated chemotherapy for patients with progressive 
disease (36). Therefore, the results of this meta-analysis may have 
overestimated the rate and scale of MPPG response to chemo-
therapy (14). Toxicity related to chemotherapy varies and duration 
of therapy has not been determined yet. A maintenance regimen 
with dacarbazine or temozolomide may improve chemotherapy 
long-term efficacy (16, 40).

THe HALLMARKS OF CANCeR  
AND MPPG

The tumor growth observed in patients with MPPG clearly 
demonstrates that sustained proliferative signaling allows the 
excessive activation of the cell division cycle in these tumors.  
As in other malignancies, this process is in part mediated by 
tyrosine kinase receptors. The interaction of growth factors with 
these receptors activates signaling pathways that modulate the cell 
cycle and cell growth; these signals also control cell survival and 
energy metabolism (20). MPPGs are frequently characterized by 
a tumor environment of pseudohypoxia, which leads to deregu-
lation of cellular energetics, abnormal activation of proliferative 
pathways, tumor inflammation and necrosis, and activation and 
recruitment of cells that prevent immune system recognition of 
the tumor. MPPGs associated with SDHB mutations and other 
MPPGs associated with an environment of pseudohypoxia (i.e., 
those with germline mutations in regulatory genes of the other 
subunits of the mitochondrial enzymatic complex 2, fumarase, or 
the protein von Hippel-Lindau disease) exhibit a phenotype char-
acterized by large intratumor concentrations of vascular endothe-
lial growth factors (VEGFs), platelet-derived growth factor beta 
(PDGF-β), epidermal growth factors, fibroblast growth factors, 
and others; their cognate receptors are also overexpressed by 
these tumors (20, 41). The stabilization of the hypoxia-inducible 
factor (HIF) under conditions of pseudohypoxia is responsible for 
the overexpression of genes responsible for the synthesis of these 
growth factors and their receptors (20). Hereditary mutations 
also confer advantages to specific clones that benefit from, for 
instance, the activation of epigenetic mechanisms such as DNA 

hypermethylation (22, 42). Mutations of the EPAS1 gene, which 
codes for the HIF-2α, have been described in 6% of patients with 
pheochromocytoma and paraganglioma and strongly suggest 
a pathogenic and, therapeutically speaking, targetable role for 
hypoxia (43, 44). This gene controls several proteins involved in 
cell division, angiogenesis, and red blood cells production (43). 
In addition, somatic activating mutations of certain receptors 
may result in structural modifications that lead to independent 
signaling activation. Recently, activating mutations of the c-Met 
receptor have been described in MPPG (45).

Along with the sustained proliferative signaling supported 
by pseudohypoxia, MPPG cells exhibit deregulation of cellular 
energetics (46). These tumors compensate for pseudohypoxia 
with increased expression and activity of glucose transporters 
and glycolytic regulatory enzymes such as hexoquinases and 
pyruvate and lactate dehydrogenases (17). The resulting negative 
energetic balance may lead to necrosis, which in turn leads to 
activation of inflammatory cells that contribute to tumor cell 
growth and angiogenesis. Neoangiogenesis, necrosis, and inflam-
mation, DNA hypermethylation, and other mechanisms activate 
the epithelial-to-mesenchymal and mesenchymal-to-epithelial 
transition pathways that lead to the development of metastases 
(31). Activating c-Met mutations may also facilitate the distant 
spread observed in some MPPGs (45).

Somatic mutations in other genes may also activate downstream 
pathways. For example, RAS mutations have been described in 
pheochromocytomas and paragangliomas (47, 48). These muta-
tions predict a constitutive activation of the mitogen-activated 
protein kinase and phosphoinositide 3-kinase (PI3K) pathways, 
leading to abnormal proliferation of pheochromocytoma and 
paraganglioma cells. RAS mutations have not, however, yet been 
associated with a clear MPPG phenotype (47, 48).

Metastatic pheochromocytomas and paraganglioma cells 
require unlimited replicative capacity in order to create a macro-
scopic tumor. In fact, MPPGs are frequently characterized by large 
primary tumors and massive metastases (32). This implies that 
MPPGs are able to overcome the two mechanisms that prevent 
cell immortality: senescence and death/crisis. The telomeres 
that protect the ends of the chromosomes are strongly involved 
in the regulation of this hallmark (31). The maintenance of 
telomeric DNA is linked with tumor cell immortalization. 
The polymerase telomerase extends telomeric DNA by adding 
telomere repeat segments, preventing senescence; the loss or 
erosion of telomeres may trigger the senescence process (49). 
Recently, somatic mutations of telomerase have been identified 
in MPPG (50). In addition, noncanonical roles of telomerase and 
its subunit telomerase reverse transcriptase may also contribute 
to the development of MPPG (50). Mutations in ATRX which is 
involved in chromatin remodeling have been described in some 
MPPG tumors (51, 52).

In order to survive, MPPG cells also require mechanisms 
that allow them to evade apoptosis and immune system recogni-
tion. TP53-inactivating mutations have been described in some 
MPPGs, and abnormal activation of the PI3K and mechanistic 
target of rapamycin pathways has also been observed in MPPGs 
(18, 53). Somatic NF1 mutations may inhibit autophagy in MPPG 
cells (54). Recently, a great deal of interest in oncology has been 
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focused on the identification of therapies that may enhance the 
immune system recognition of tumor cells. Several mechanisms 
that prevent immune system recognition have been described in 
cancers characterized by hypoxia and pseudohypoxia (55).

It is important to emphasize that like in other malignan-
cies, the microenvironment determines the joint success of 
the hallmarks of cancer (56). Preclinical studies have shown 
that the production of lactate by cancer activated fibroblasts 
stimulates the migration of SDHB silent pheochromocytoma cells  
(57). Furthermore, clinical evidence reveals that MPPG cells— 
irrespective of their genotype—are very much attracted by the 
bone microenvironment (58). As it will described later, this 
finding supports exploring medications such as cabozantinib 
for patients with bone metastases. Figure  1 summarizes the 
hallmarks of cancer in the context of MPPG.

NOveL THeRAPieS FOR MPPG 
ACCORDiNG TO THeiR eFFeCTS ON  
ONe OR MORe HALLMARK CAPABiLiTieS

inhibition of Angiogenesis and 
Proliferative Signaling: Pazopanib  
and Sunitinib
Pazopanib and sunitinib block the VEGF-1, -2, and -3, PDGF-α 
and -β, c-Kit, fms-related tyrosine kinase 3, and ret proto-oncogene 

(RET) receptors. As such, these medications prevent neoangio-
genesis, cell growth, and cell migration and may induce apoptosis 
(59, 60).

Sunitinib was the first tyrosine kinase inhibitor recognized as 
a potential treatment for patients with MPPG (61). A retrospec-
tive study of 17 patients treated with sunitinib provided useful 
information that has helped in designing prospective trials (62). 
These patients did not have a response to chemotherapy or 
had contraindications to chemotherapy. Thirteen patients had 
measurable disease, and four patients had predominant bone 
metastases. Three patients discontinued sunitinib therapy early 
because of adverse events and were not evaluable for objective 
response; 10 patients with measurable disease were evaluable, 
and the objective response rate (ORR) was 30%. In addition, 
one patient had stable disease with some degree of regression. 
Patients with partial responses and stable disease also saw 
improvement in their symptoms of catecholamine excess; their 
blood pressure normalized, and two patients discontinued all 
antihypertensive therapies for some time. Six patients had no 
response to sunitinib. The four patients with nonmeasurable 
disease (bone metastases) exhibited a substantial reduction 
of glucose uptake as assessed via FDG-PET imaging and had 
improved blood pressure control (62).

Sunitinib treatment had clinical benefits in both carriers of 
SDHB mutations and patients with apparently sporadic tumors 
(62). The progression-free survival (PFS) (the length of response 
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duration) was, however, not very impressive (4.1 months). The 
study was in fact an intention-to-treat analysis that included the 
three nonevaluable patients in the final evaluation of PFS. Some 
patients, nonetheless, exhibited a durable response to sunitinib; 
the longest response lasted 3  years. The study concluded that 
some patients with MPPG may benefit from antiangiogenic 
therapies such as sunitinib (62). However, the dose of sunitinib 
must be carefully chosen, and adverse events should be prevented 
or treated aggressively with dose adjustment and/or interventions 
to prevent exacerbation of hypertension or symptoms such as 
pain. The FIRSTMAPPP trial (NCT01371201) is a multinational 
phase 2 study evaluating sunitinib in patients with MPPG. The 
intervention group receives 37.5  mg sunitinib daily. This dose 
of sunitinib is lower than the dose currently approved for the 
treatment of patients with kidney cancer (50 mg daily, 4 weeks 
on, 2 weeks off). The lower dose may be associated with a better 
safety profile.

Pazopanib was tested in a phase 2 clinical trial involving patients 
with MPPG (63). The intervention group received 400 mg pazo-
panib daily for 2 weeks of the first cycle, then 800 mg for 2 weeks 
of the second cycle, followed by 800 mg daily for the whole of the 
subsequent cycles. Patients needed to have measurable disease, as 
the primary endpoint was ORR. Of the seven recruited patients, 
only one patient exhibited a confirmed partial response of −57%. 
This patient’s response to pazopanib lasted for approximately 
2  years. Four patients had disease progression. Almost every 
patient exhibited hypertension; severe hypertension was noted in 
50% of patients, including one patient who developed Takotsubo 
cardiomyopathy. The serious cardiovascular adverse events hap-
pened once the dose of pazopanib was titrated to 800 mg daily. 
The trial was terminated because of poor accrual (63).

This trial aimed to evaluate pazopanib as a potential thera-
peutic option for MPPG patients because previous comparative 
studies in patients with kidney cancer suggested that pazopanib 
was better tolerated than sunitinib (64, 65). Later, however, it was 
recognized that these studies had several pitfalls related to patient 
selection and quality-of-life assessment (66); more importantly, 
clinical practice indicated that patients treated with sunitinib 
and pazopanib had, in reality, similar compliance patterns. Thus, 
clinical considerations, including the physician’s experience, 
should determine treatment choices. Pazopanib could prove 
to be an effective medication to treat MPPG. Nevertheless, it is 
important to remember that MPPGs are very challenging tumors; 
in addition to a large tumor burden, MPPGs frequently secrete 
excessive amounts of catecholamines that predispose patients to 
cardiovascular disease. A pazopanib dose of 800  mg daily was 
likely too high to tolerate.

inhibition of Angiogenesis: Axitinib
Pseudohypoxia activates angiogenesis through stimulating the 
synthesis and secretion of VEGFs by MPPG cells. Axitinib is 
a potent antiangiogenic medication that has been approved by 
regulatory agencies for the treatment of patients with kidney 
cancer. Axitinib inhibits VEGFR-2 but does not inhibit other 
receptors involved in angiogenesis such as PDGFR-β. For this 
reason, axitinib is expected to cause fewer adverse events than 
multi-tyrosine kinase inhibitors that also target angiogenesis (67).

A phase 2 clinical trial of axitinib (NCT01967576) enrolled 
11 patients (68). The primary endpoint was PFS, and secondary 
endpoints included ORR and safety. The intervention was 5 mg 
axitinib given twice daily. The dose of axitinib was increased to 
7–10 mg twice daily in patients who did not experience side effects 
more severe than grade 2 hypertension. Approximately 36% of 
patients achieved a partial response, and 54% had stable disease. 
Of those with stable disease, half had some degree of regression. 
Only one patient exhibited disease progression. The ORR was 
36% (68). No patients tolerated the starting dose of 5 mg twice 
daily for a long period of time because they developed hyperten-
sion. Hypertension was common and frequently serious. About 
82% of patients had grade 3–4 hypertension and required dose 
reduction or discontinuation of therapy (68). The trial is currently 
closed for recruitment.

inhibition of Angiogenesis, Proliferative 
Signaling, and invasion and Metastasis: 
Cabozantinib
Cabozantinib is a multi-tyrosine kinase inhibitor approved for the 
treatment of patients with medullary thyroid and clear cell renal 
cell carcinomas. Cabozantinib is perhaps, the most potent antian-
giogenic medication available in clinical practice. Cabozantinib 
inhibits VEGFR-2 as well as the RET and c-Met receptor pathways 
(69, 70). Although the inhibition of the RET receptor pathway may 
not be of interest for the treatment of the great majority of patients 
with MPPG (malignant pheochromocytomas are an exceptional 
phenotype of patients with multiple endocrine neoplasia type 2, 
which is associated with RET mutations) (71), the inhibition of 
the c-Met pathway may indeed be of interest. MET activation is 
a universal mechanism that drives cell survival, invasion, and 
metastasis in many cancers and cooperates with the VEGFR 
pathways to promote tumor angiogenesis (72). Upregulation 
of the c-MET pathway occurs as a consequence of the VEGFR 
inhibition, leading to tumor resistance to antiangiogenic medica-
tions and escape from VEGFR inhibition (72). Inhibition of the 
c-Met pathway may delay the development of tumor resistance 
and improve clinical outcomes (73). Patients with kidney cancer 
treated with cabozantinib exhibit significantly longer PFS than 
do patients treated with sunitinib (74). Cabozantinib is also an 
interesting medication to study in MPPG patients because of its 
potential impact on the bone microenvironment. Cabozantinib 
has been associated with palliation of bone pain, improvement of 
anemia, modulation of bone turnover, and bone scan resolution 
in patients with malignancies frequently associated with bone 
metastases (75). MPPG frequently spreads to the bones, predis-
posing patients to overwhelming skeletal-related events (58, 76).

A phase 2 clinical trial of cabozantinib is currently ongoing 
(NCT02302833). The primary endpoint of this study is ORR. 
The trial includes an exploratory branch of patients with MPPG 
with predominant bone metastases. The intervention is 60  mg 
cabozantinib daily with dose titration to 40 or 20 mg depending 
on patients’ toleration of adverse events. Patients require objec-
tive evidence of disease progression to be included in the trial. 
Preliminary results in 10 patients with measurable disease showed 
an ORR of 40% (77). Half of patients had stable disease, and only 
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one patient did not have a response to therapy. All patients with 
stable disease had tumor regression; the clinical benefit rate was 
90% (77). In addition, all patients with bone metastases exhibited 
a reduction of glucose uptake as demonstrated by FDG-PET. 
Patients with hormonally active tumors associated with partial 
responses or stable disease exhibited improvement of symptoms of 
catecholamine excess, including diabetes mellitus and hyperten-
sion (77). No patients experienced severe hypertension. However, 
most patients required dose reduction because of grade 2 fatigue 
or hand-foot syndrome. Two patients required dose reduction 
because of asymptomatic grade 3 elevation of pancreatic enzymes 
and formation of a rectal fistula, respectively (77). This clinical 
trial is actively recruiting participants.

induction of Cell Death and Prevention  
of Replicative immortality: iobenguane  
131i and 177Lu-DOTATATe
The radiopharmaceutical metaiodobenzylguanidine (MIBG) 
was created in 1979 (78). MIBG is labeled with 131I at the meta-
position and is taken up by the noradrenaline transporter. Once 
inside the tumor cell, MIBG releases lethal radiation that causes 
severe DNA damage, inhibiting cell proliferation and causing cell 
death. Up to 80% of MPPG patients have tumors that express the 
noradrenaline transporter in the cell membrane (79). Responses 
to MIBG are, however, limited, with only 30% of MPPG patients 
seeing a clinical benefit (80). The limited benefits associated 
with MIBG are likely attributable in part to its manufacturing 
process (81). MIBG is produced by a simple isotope exchange 
that leaves a large amount of unlabeled MIBG, called cold MIBG, 
in each dose. Cold MIBG may compete with labeled MIBG for 
the noradrenaline transporter, preventing the uptake of labeled 
MIBG and decreasing the tumor’s exposure to radiation. MIBG 
delivers low levels of radioactivity per dose (~1.59 MBq/μg) (82). 
In addition, cold MIBG may compete with noradrenaline for the 
noradrenaline transporter, increasing the concentrations of cir-
culating noradrenaline and predisposing to cardiovascular events 
during or shortly after the drug’s administration (83). Iobenguane 
131I is also MIBG labeled with 131I at the meta-position. Unlike 
conventional MIBG, iobenguane 131I is produced from a solid-
phase ultratrace precursor that eliminates the presence of cold 
MIBG. Iobenguane 131I is, then, a highly specific radiopharma-
ceutical agent that delivers very high levels of radioactivity per 
dose (~92.5  MBq/μg). Furthermore, iobenguane 131I may be 
associated with a lower rate of cardiovascular events than con-
ventional MIBG (84).

A phase 1 dose-escalation study of iobenguane 131I in patients 
with MPPG determined the maximum tolerated dose to be 
296  MBq/kg (8  mCi/kg) (85). A pivotal phase 2b clinical trial 
of iobenguane 131I was then developed, with an intervention of 
2–500 mCi doses of iobenguane 131I separated by a period of at least 
3 months depending on bone marrow toxicity. This trial recruited 
81 patients, 68 of whom had MIBG-avid tumors and received 
at least one therapeutic dose of iobenguane 131I. Fifty patients 
received two doses of iobenguane 131I (86). The trial’s primary 
endpoint was clinical: the number of patients who had at least a 
50% reduction in the dose and number of antihypertensives for at 

least 6 months. Secondary endpoints included ORR, OS, and safety 
(86). One-quarter of patients achieved the primary endpoint, and 
many of the patients who did not achieve the primary endpoint 
nonetheless had improvement of hypertension with a reduction 
of less than 50% in the dose and number of antihypertensives 
(86). Almost all patients had a tumor response. Partial responses 
and stable disease were noted in 30 and 68%, respectively, of 
patients treated with two doses (86). The proportion of patients 
who experienced a partial response increased over time, sug-
gesting that iobenguane 131I has persistent antitumor effects (86). 
Overall, 90% of patients treated with two doses continued to have 
a partial response or stable disease 12 months after receiving the 
initial dose (86). The most common treatment-emergent adverse 
events were consistent with expected radiation-related risks: bone 
marrow suppression, nausea and vomiting, fatigue, and dizziness. 
Hematological toxicities resolved within 4–8 weeks and without 
the need for stem cell transplantation (86). On the basis of these 
findings, the United States Food and Drug Administration granted 
breakthrough therapy and fast-track designation to iobenguane 
131I for the treatment of MPPG.

Peptide receptor radionuclide therapy (PRRT) is a molecu-
lar therapy used to treat neuroendocrine tumors. Examples 
of PRRT agents include 177Lu-DOTATATE and 90Y-DOTATE. 
177Lu-DOTATATE is approved for the treatment of patients with 
somatostatin receptor-positive gastroenteropancreatic neuro-
endo crine tumors. This radiopharmaceutical binds to the soma-
tostatin receptors present at the tumor cell membrane, delivering 
lethal radiation. MPPGs usually express somatostatin receptors. 
In fact, the sensitivity of 68Ga-DOTATATE positron emission 
tomography/computed tomography imaging in patients with 
MPPG seems to be higher than that of MIBG scans (87, 88). This 
observation makes 177Lu-DOTATATE an interesting medica-
tion to evaluate in clinical trials. Initial prospective studies of 
177Lu-DOTATATE and 90Y-DOTATE included occasional patients 
with MPPG. Response rates were disappointing, with less than 
10% of these patients exhibiting a clinical benefit (89, 90). This 
observation contrasted with the higher sensitivity of octreotide 
scintigraphy compared with MIBG scans. Investigators hypoth-
esized that MPPGs may have inappropriate expression of soma-
tostatin receptor subtypes and/or processing errors that caused 
the lack of response to octreotide and its analogs (91). In fact, 
molecular studies in a few MPPG specimens have found minimal 
or no expression of the somatostatin receptor 2 (92). DOTATATE 
mainly targets this receptor (93). Recently, however, the interest 
in 177Lu-DOTATATE for the treatment of patients with MPPG 
has been reactivated. A retrospective study of patients with 
MPPG treated with MIBG (n = 16), 90Y-DOTATE (n = 12), or 
177Lu-DOTATATE (n = 2) suggested that PRRT offered better OS 
and PFS than did conventional MIBG (94). Nevertheless, this 
study had several limitations. The sample size was very small, the 
treatment groups for comparison were quite heterogeneous, and 
the authors did not conduct a multivariate or propensity score 
analysis to reduce bias. Nevertheless, individual clinical observa-
tions suggested that some patients benefited from PRRT (94). In a 
more recent retrospective study of 20 patients with MPPG treated 
with 177Lu-DOTATATE, 29% had partial responses and 62% had 
stable disease 3 months after therapy (95). Fourteen patients had 
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hypertension, and only six patients had disease progression before 
treatment was provided. Nine patients received radiosensitizing 
chemotherapy. Some reduction in the dosage of antihypertensive 
medications was observed in 62% of the patients with hyper-
tension (95). However, the small and heterogeneous sample of 
this study, the fact that most patients had stable disease before 
treatment, and the simultaneous use of chemotherapy hinder 
the interpretation of this study’s results. Therefore, a prospective 
clinical trial is required to prove the efficacy of PRRT in patients 
with MPPG.

Regulation of Cellular energetics:  
HiF inhibitors
Several medications that inhibit the HIF-2α pathway have been 
tested in patients with cancer. Most of these medications have 
been shown not to be very effective and have not moved from 
phase 1 to phase 2 clinical trials (96). Crystallography identified 
a large protein cavity within the HIF-2α PAS-B domain. This 
cavity is the target of potent 130 HIF-2α inhibitors (PT2385 and 
PT2977) (97). Recently, PT2385 was evaluated in a phase 2 clinical 
trial for heavily pretreated patients with progressive renal cancer 
(98). Several patients had partial responses, and one patient had 
a complete response. Interestingly, side effects were minimal 
(98). These drugs have not been tested in patients with MPPG. 
An investigator-initiated proposal for a phase 2 clinical trial of 
PT2977 for MPPGs is under evaluation by regulatory agencies.

enhancement of immune System  
Tumor Recognition: interferon  
and Pembrolizumab
Pseudohypoxia causes inactivation of cytotoxic T-cell lympho-
cytes, activation of immune-suppressive monocytes, increased 
adenosine production, and increased expression of the immune 
checkpoint protein programmed death-ligand 1 (PD-L1) and its 
receptor, among many other immune system disarrangements 
(55, 99, 100).

One of the first immunotherapies introduced to clinical prac-
tice was interferon alpha-2b. Interferon alpha-2b activates natural 
killer cells that can recognize and destroy cancer cells and has been 
used for the treatment of patients with gastroenteropancreatic 
neuroendocrine tumors, melanoma, and kidney cancer. Some of 
these patients had clinical benefits, with disease stabilization and 
occasional partial responses (101). These findings correlated with 
histological evidence of tumor necrosis. For many years, inter-
feron alpha-2b and octreotide analogs were considered the pillars 
of treatment for patients with gastroenteropancreatic neuroendo-
crine tumors (102). As MPPGs are also neuroendocrine tumors, 
occasionally patients were also treated with interferon alpha-2b. 
A recent retrospective study of 14 patients with progressive 
MPPG who were treated with interferon alpha-2b showed that 12 
patients had disease stabilization and 2 had partial responses (103).  
Baseline PFS was 9.4 months, while the PFS of patients treated 
with interferon alpha-2b was 17.2 months. This study suggested 
that immunotherapy could have a positive impact on patients 
with MPPG (103). Prospective studies of interferon alpha-2b in 
other malignancies had several methodological problems (101); 

furthermore, the side effects of this drug, including fatigue, 
depression, flu-like syndrome, renal failure, and liver toxicity, 
substantially alter patients’ quality of life and frequently lead to 
therapy discontinuation (104). Consequently, interest in inter-
feron alpha-2b has declined.

Over the last decade, several novel immune therapies have been 
developed. These medications target immune-related molecular 
pathways such as the cytotoxic T-lymphocyte-associated protein 
4 and PD-L1/PD-1 pathways. These pathways, among others, 
play an important role in the recognition of the cancer cell by 
the immune system. These immune checkpoint inhibitors are 
approved for the treatment of several malignancies, including 
melanoma, kidney cancer, and non-small cell lung cancer. 
Prospective studies have demonstrated disease stabilization, 
partial responses, and sometimes disease resolution (105–107). 
Although serious adverse events—mainly autoimmune events—
have been described, for the most part patients tolerate these 
medications well (105–107). A phase 2 clinical trial of the PD-1 
inhibitor pembrolizumab for patients with MPPG is currently 
underway. This study hypothesizes that the administration of 
single-agent pembrolizumab to patients with PD-L1-positive 
MPPG will result in a nonprogression rate of greater than 20% 
(based on RECIST 1.1 criteria) at 27  weeks (nine cycles). The 
study is actively recruiting patients (NCT02721732).

wHeRe ARe we GOiNG?

Clinical and basic research studies have revealed that replicative 
immortality, upregulated and sustained proliferative signaling, 
genome instability (single mutations), inflammation, deregula-
tion of cellular energetics, angiogenesis, and activation of mecha-
nisms responsible for invasion and metastasis are hallmarks of 
the development of MPPG that could be effectively targeted with 
available treatments. MPPG treatments, then, can be categorized 
on the basis of their actions on one or more of these hallmark 
capabilities. As detailed above, each potential therapy for 
patients with MPPG typically targets only one or two hallmark 
capabilities. Preliminary results from prospective clinical trials 
and observations derived from retrospective studies strongly 
suggest that angiogenesis is a predominant druggable hallmark 
of MPPG. Patients treated with angiogenesis inhibitors have 
indeed exhibited clinical benefits such as tumor size reduction 
and improvement of hormonal symptoms. However, although 
individual clinical responses may sometimes last for several years, 
these responses are, in general, transitory (108). The development 
of resistance is not exclusive to therapies that target angiogenesis; 
it is also expected with other therapies because they target a 
limited number of MPPG hallmark capabilities (109). In fact, 
cancer cells may, over time, acquire other capabilities that lead to 
treatment resistance, tumor recurrence, and disease progression.

In addition, each of the hallmark capabilities is regulated by 
partially redundant molecular pathways, and individual targeted 
therapies may not fully downregulate all of the molecular path-
ways responsible for a specific hallmark capability. Therefore, 
some MPPG cells may survive and adapt over time to the 
biological impositions of targeted therapies. These adaptive 
mechanisms may include the development of new mutations, the 
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remodeling of cells’ epigenetic characteristics, and modifications 
of their microenvironment. Single medications or combined 
therapies that target several hallmark capabilities at the same 
time may produce a higher rate of response and more durable 
benefits. However, patients receiving such treatments might be 
more prone to develop severe adverse events than are patients 
treated with medications that target only one or two capabilities. 
Therefore, the dose and administration of these drugs must be care-
fully calibrated in order to achieve the best possible therapeutic 
response while minimizing the severity of side effects. The phase 
2 clinical trial of cabozantinib discussed above, for instance, is 
exploring this concept. It is also important to develop clinical 
trials that combine therapies with different and complementary 
mechanisms of action. There are currently no such trials for 
patients with MPPG, and any such trial will likely need to be 
preceded by a phase 1 trial to evaluate dosage and safety.

Our current knowledge about the hallmarks of cancer suggests 
that exploring other therapeutic options for patients with MPPG 
may be helpful. Telomerase inhibitors that can modulate replica-
tive immortality, poly (ADP-ribose) inhibitors that can stabilize 
the genome, selective anti-inflammatory medications, inhibitors 
of the hepatocyte growth factor and c-Met pathways that can stop 
invasion and metastasis, proapoptotic Bcl-2 homology domain 3 
inhibitors that can prevent resistance to cell death, cyclin-dependent  
kinase inhibitors that can enhance the activity of growth suppres-
sors, aerobic glycolysis inhibitors, and epidermal growth factor 

receptor inhibitors that can prevent sustained proliferative signaling 
all are potential medications to evaluate in clinical trials (Figure 2).

Metastatic pheochromocytomas and paraganglioma is an 
orphan disease with no Food and Drug Administration-approved 
therapies. The final results of the phase 2 pivotal clinical trial with 
iobenguane 131I are sound and impressive (86). Given the rarity of 
MPPG, it would be very difficult to develop a phase 3 clinical trial, 
so regulatory agencies should consider approving iobenguane 
131I for the treatment of patients with MIBG-avid MPPG. If such 
approval is granted, iobenguane 131I may become the first-line 
treatment for many patients with MPPG. Clinical trials with multi-
tyrosine kinase inhibitors, HIF inhibitors, 177Lu-DOTATATE, and 
pembrolizumab would become therapeutic options to explore in 
patients with non-MIBG-avid MPPG, patients with MIBG-avid 
tumors that do not respond to iobenguane 131I, and patients who 
have contraindications for iobenguane 131I therapy.

CONCLUSiON

The available treatments for MPPG are, so far, not curative; 
research is needed to evaluate therapies with novel mechanisms 
of action. The use of tyrosine kinase inhibitors, radionuclide 
agents, and immune therapy may improve the outcomes of 
patients with MPPG and should be studied in clinical trials. It is 
always important to treat and prevent hormonal complications 
and symptoms that derive from direct drug toxicity, so drug doses 
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must be carefully selected. Clinical trials combining therapies that 
target several hallmarks of MPPG in a simultaneous or sequential 
manner are an essential goal of MPPG research.
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The interaction between the upper gastrointestinal tract and the endocrine system is 
important in the regulation of metabolism and of weight. The gastrointestinal tract has a 
heterogeneous cellular content and comprises a variety of cells that elaborate paracrine 
and endocrine mediators that collectively form the entero-endocrine system. The advent 
of therapy that utilizes these pathways as well as the association of bariatric surgery with 
diabetes remission has (re-)kindled interest in the role of the gastrointestinal tract in glu-
cose homeostasis. In this review, we will use the changes wrought by bariatric surgery to 
provide insights into the various gut–pancreas interactions that maintain weight, regulate 
satiety, and limit glucose excursions after meal ingestion.

Keywords: incretin hormones, bariatric surgery, gastric emptying, gastric accommodation, insulin secretion, 
insulin action, vagus nerve

BACKGROUND

In the United States, the prevalence of obesity is rapidly increasing with 65% of adults and 17% 
of adolescents and children classified as being overweight or obese (1). Obesity is associated with 
multiple diseases, such as type 2 diabetes, non-alcoholic steatohepatitis, and osteoarthritis, as well 
as being associated with an increased frequency of the risk factors for cardiovascular disease (2). 
Approximately 9% of national health-care costs have been attributed to excess weight (3). Because 
of the evidence that weight reduction ameliorates or corrects the comorbidities of obesity, the US 
Preventive Services Task Force has recommended that body mass index (BMI) is routinely assessed 
and weight management recommended for obese patients (4).

Behavioral intervention with lifestyle and dietary modification usually achieves modest weight 
loss (4). While generally safe, most regain the weight lost within 5  years. Pharmacotherapy for 
obesity is considered for patients who have failed efforts at lifestyle modification and who have a 
BMI ≥ 30 kg/m2 or a BMI ≥ 27kg/m2 in the presence of comorbidities such as diabetes (5). However, 
there have been significant concerns about the long-term safety of such medications and many of the 
currently available medications have limited efficacy (6).

Bariatric surgery, sometimes referred to as metabolic surgery, is usually considered for 
patients who have a BMI ≥ 40 kg/m2 or a BMI ≥ 35 kg/m2 associated with comorbidities such 
as type 2 diabetes (5). Restrictive surgeries such as adjustable gastric banding (AGB) and sleeve 
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FiGURe 1 | Schematic representation of upper gastrointestinal tract and hyperglycemia.
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gastrectomy (SG) limit the capacitance of the stomach. Roux-
en-Y gastric bypass (RYGB) is the most commonly performed 
bypass procedure and produces gastric restriction together with 
selective malabsorption. RYGB involves creation of a gastric 
pouch by separating the stomach across the fundus. Drainage 
of this 10–30 ml pouch is achieved by a gastrojejunostomy. The 
distal end of the jejunum is anastomosed ~150 cm below the 
gastrojejunostomy effectively bypassing the distal stomach, 
duodenum, and proximal jejunum. Duodenal switch (DS) 
is a variation of biliopancreatic diversion and involves a SG 
with division of the duodenum below the pylorus. The distal 
ileum is anastomosed to the short stump of the duodenum 
producing a ~100  cm channel for nutrient absorption. The 
other end of the duodenum is closed and the remaining small 
bowel connected onto the enteral limb 75–100  cm from the 
ileocecal valve (2).

Observational and prospective studies have suggested that 
bariatric surgery is the most effective intervention for weight 
loss producing an average weight loss of 30–35% that is main-
tained in ~60% of patients at 5 years (7). This has led to a dra-
matic increase in the number of procedures performed annually 
from 13,365 in 1998 (8) to 216,000 in 2016 according to the 
data released by American Society for Metabolic and Bariatric 
Surgery (9). In a meta-analysis of 136 studies of bariatric sur-
gery, which included a total of 22,094 patients, Buchwald et al. 
reported that within studies examining type 2 diabetes after 
bariatric surgery, 1,417 of 1,846 (76%) patients experienced 

complete resolution. When categorized by operative procedure, 
there were clear differences in efficacy. Diabetes resolved in 
98.9% of patients undergoing biliopancreatic diversion or DS. 
In contrast, the rate was 83.7% for RYGB and 47.9% for AGB 
(10). A retrospective review of 257 patients who underwent 
the long-limb modification of RYGB (400–500 cm Roux limb 
length) at our institution reported resolution of type 2 diabetes 
in 94% of patients (11). Recent prospective, randomized con-
trolled trials have, however, reported lower remission rates for 
diabetes with RYGB, although it remains superior to medical 
therapy (12–14). Setting aside the superiority of one procedure 
over the other in terms of inducing diabetes remission [which 
is likely related to residual β-cell function at the time of the 
procedure (15, 16) as well as the magnitude of weight loss (17)], 
obvious differences between procedures can be used to explore 
the role of the gastrointestinal tract in metabolism. RYGB is 
sometimes complicated by the occurrence of hyperinsulinemic 
hypoglycemia (18). Its incidence is uncertain although it has 
been suggested that excessive glucagon-like peptide-1 (GLP-1) 
secretion after RYGB (19) may be the cause of this phenomenon, 
but this is unlikely (20). The condition has been the subject of an 
extensive review recently (21) (Figure 1).

The anatomic differences among bariatric procedures result in 
differences in enteroendocrine secretion (Table 1): postprandial 
GLP-1 concentrations are lower after SG compared to RYGB in 
the comparative studies undertaken in humans (22–26). On the 
other hand, a liquid meal, especially after gastric restriction, may 

48

https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive


TABle 1 | Efficacy of different bariatric surgeries.

Mechanism SG RYGB AGB DS

Weight loss  ↓ ↓ ↓ ↓
Amelioration of diabetes 71.6% 83.7% 47.9% 98.9%
Adverse effects Band slippage, stoma obstruction, 

intractable postoperative vomiting
Dumping syndrome, dyspepsia, 
abdominal pain

Band erosion, leakage from 
the balloon

Gastrointestinal leaks and 
constipation

Plasma ghrelin ↓ ↓ ↓ ↓
Plasma GLP-1 ↑ ↑ ↑ ↑
Plasma GIP ↑ ↑ ↔ N/A
Plasma CCK ↑ ↑ ↔ ↑

Increase, ↑; decrease, ↓; no change, ↔; NA, no available evidence; SG, sleeve gastrectomy; RYGB, Roux-en-Y gastric bypass; AGB, adjustable gastric banding; DS, duodenal 
switch; GLP-1, glucagon-like peptide-1; GIP, gastric inhibitory polypeptide; CCK, cholecystokinin.

FiGURe 2 | Upper intestinal adaptions after bariatric surgery.
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not recreate conditions present after a solid meal (27). Indeed, 
liquid emptying especially after restrictive gastric surgery is 
dependent on fasting gastric volume (28, 29). SG removes the 
capacitance function of the stomach and decreases ghrelin con-
centrations to a greater extent than does RYGB (24, 25, 30). This 
is more apparent when acyl-ghrelin is measured (22, 31, 32).  
Whether these differences can explain metabolic outcomes will 
be explored in detail below (Figure 2).

CAlORiC ReSTRiCTiON—CHANGeS  
iN GASTRiC vOlUMe, COMPliANCe, 
AND ACCOMMODATiON

Restrictive procedures reduce gastric volume—indeed, the 
postoperative period of any form of bariatric surgery is charac-
terized by a significant degree of caloric restriction (33). Fasting 
blood glucose and insulin resistance improves within 6 days of 
gastric bypass and occurs before any weight loss (34). This had 
been observed previously with very low-calorie diets outside of 
bariatric surgery (35), suggesting that caloric restriction at least 
partially, explains the acute improvement in glucose control 
after bariatric surgery (14, 36, 37). Six weeks of caloric restric-
tion (700–900  kcal/day) decreases fasting and postprandial 

glycemia by lowering fasting endogenous glucose production 
and improving β-cell function (38). Jackness et al. showed that 
very low caloric restriction (500  kcal/day) produced a similar 
improvement in β-cell function as those who underwent post-
RYGB (39). Indeed, caloric restriction after RYGB outweighs 
the effect of GLP-1 on glucose metabolism [as studied by the 
use of a competitive antagonist of GLP-1 at its receptor (40)]. 
Of course outside of the mechanical restrictions induced by 
bariatric surgery, there are difficulties with long-term compliance 
with regimens of caloric restriction. However, in an open-label, 
cluster-randomized trial 24% patients achieved weight losses 
of 15 kg or more in 12 months, and 86% experienced diabetes 
remission (41).

Multiple factors influence satiation including stomach 
capacitance and emptying. The stomach increases in volume in 
anticipation of food ingestion (42). In the normal stomach, this 
volume expansion is not associated with an increase in gastric 
wall stiffness (or increased intraluminal pressure) suggesting 
a change in the mechanical properties of the stomach wall 
(increased compliance) to accommodate the capacitive function 
of the stomach (43). This function is primarily fulfilled by the 
proximal stomach, which serves as a food reservoir, while the 
distal stomach triturates food to a size that can pass the pylorus. 
The physical nature, particle size, fat, and caloric content of food 
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alter emptying rate (27). Although nutrient and non-caloric 
liquids empty rapidly, solids are initially retained in the stomach 
while antral contractions propel particles toward the closed 
pylorus. Food particles are emptied once they are ~2  mm in 
diameter (27). Restrictive procedures eliminate the function of 
the proximal stomach displacing food to the distal stomach and 
accelerating emptying. It is uncertain if restriction of accommo-
dation alone alters gastric emptying (44). In SG, a functioning 
pylorus is retained and gastric volume is usually larger than the 
pouch created after RYGB. Post-RYGB it has been assumed that 
there is little neuromuscular control on gastric emptying since 
the pylorus is bypassed [although this may not be correct (45)]. 
Surgical vagotomy (which occurs in RYGB when the gastric 
pouch is created) alters gastric accommodation but may not 
change emptying (46) and typically does not have durable effects 
on weight (47).

Gastric emptying plays an important role in determining the 
magnitude of change in glucose concentrations after nutrient 
ingestion (48). Indeed, variation in the rate of gastric empty-
ing alters peak insulin response after 75 g oral glucose, in both 
healthy subjects and patients with type 2 diabetes (49, 50). Fasting 
gastric volume affects the rate of emptying of a liquid challenge 
(51). Interventions that delay gastric emptying have the potential 
to regulate glycemia in patients with diabetes. Accelerating nutri-
ent flow to the small intestine with erythromycin increases the 
postprandial glycemic response (52), whereas slowing gastric 
emptying with Xenin-25, a 25-amino acid neurotensin-related 
peptide, reduces postprandial blood glucose (53). Although it is 
important to match the rate of gastric emptying and the onset and 
offset of insulin action, significantly lower insulin requirements 
are observed in patients with type 1 diabetes with gastroparesis 
than those without, during the first hour of the postprandial 
period (54). Delaying gastric emptying is also a mechanism of 
action of some antidiabetic medications, such as GLP-1 analogs 
and pramlintide (55, 56).

Gut hormones can modulate food intake over and above that 
caused by mechanical restriction after bariatric surgery (22). 
Ghrelin increases food intake after esophagectomy or gastrec-
tomy (57, 58). Neuronal GLP-1R mediates the anorectic effects 
of GLP-1 (59). Inhibition of GLP-1 action with Exendin-9,39 
after RYGB accelerates gastric emptying (45). Taken together, 
these observations suggest that factors other than anatomy con-
tribute to the upper gastrointestinal response to food ingestion. 
The attraction of certain foods decreases after RYGB (60) and 
appetite may be altered by enteroendocrine secretion (61, 62).  
A potential mechanism is via GLP-1, which alters gastrointestinal 
transit, gastric accommodation (45, 46, 63), and has direct effects 
on hypothalamic nuclei outside of the blood–brain barrier (64). 
GLP-1 and GLP-1 receptor agonists decrease food intake and 
cause weight loss (65, 66). GLP-1 also modulates taste sensitiv-
ity in rodents (67–70). The peripheral concentrations of GLP-1 
observed in the early postprandial period in subjects post-RYGB, 
exceed concentrations observed after infusion at 0.75 pmol/kg/
min, and are similar to those observed after infusion at 1.5 pmol/
kg/min—both infusion rates that alter gastrointestinal function 
(71). It is, therefore, reasonable to consider that the postprandial 
rise in GLP-1 might affect feeding behavior after RYGB, and to 

a lesser extent SG, where the increase in GLP-1 is less marked 
(22–26). The elevated postprandial concentrations of GLP-1 
observed after RYGB are unlikely to be the cause of diabetes 
remission after bariatric surgery. We (45) and others (72) have 
shown that inhibition of GLP-1 actions in the postprandial 
period has limited effects on glucose concentrations in people 
after RYGB. This is in agreement with data from mice deficient 
in the GLP-1 receptor that lost the same amount of weight as 
wild-type mice (73). This is also the case after SG in humans (74) 
and in mice deficient in the GLP-1 receptor (75). On the other 
hand, SG decreases acyl-ghrelin concentrations, presumably 
due to excision of a large part of the ghrelin-secreting stomach, 
which should decrease appetite (22, 31, 32). Fasting after SG is 
not associated with a rise in (low) ghrelin concentrations, in 
contrast to RYGB (22, 24, 25, 30–32).

In an effort to circumvent the costs and complications associ-
ated with bariatric surgery, various attempts have been made to 
develop endoscopically placed devices that might cause weight 
loss. One such device is a synthetic sleeve placed post-pylorus 
under endoscopic control. The rationale underlying such a device 
is to ensure that nutrients are prevented from coming in contact 
with the absorptive surfaces of the proximal small bowel (76). 
Unfortunately, such a device is prone to migration, bleeding, and 
bolus obstruction. A placebo-controlled study utilizing the device  
as treatment for type 2 diabetes was terminated prematurely 
because of a ~3% incidence of hepatic abscess in subjects using 
the device (77). Other devices such as intra-gastric balloons to 
induce early satiety are under study.

GHReliN

Ghrelin is a 28-amino acid peptide and is the only orexigenic 
hormone recognized in humans. It is secreted from the gastric 
mucosa and hypothalamus in both rodents and humans. There  
are two forms of circulating ghrelin, unacylated and acylated 
ghrelin (AG) (78). In the fasting state, AG is elevated (~110 pM) 
and decreases (~70 pM) in response to food ingestion. Patients 
with Prader–Willi syndrome—a syndrome characterized by 
excessive feeding behavior—have high concentrations of circu-
lating ghrelin (79). Fasting and postprandial acyl-ghrelin levels 
are decreased following SG, compared to Roux-en-Y gastric 
bypass (RYGB), which may play a role in weight loss (26). SG 
involves removal of the gastric fundus—the primary source of 
ghrelin synthesis and secretion. Exogenous ghrelin administra-
tion increases energy intake in both rodents (80) and humans 
(81). Infusion of ghrelin in patients after esophagectomy (58) 
or gastrectomy (57) increases caloric intake and appetite. 
Although the contribution of ghrelin to normal physiology 
is unclear, it has been demonstrated that ghrelin can directly 
inhibit insulin secretion (82). Pharmacologic concentrations of 
ghrelin or ghrelin receptor agonists accelerate gastric empty-
ing, suppress insulin secretion, and increase glucagon secretion 
(83). In a randomized controlled phase Ib clinical trial, ghrelin 
accelerated gastric emptying and improved gastrointestinal 
symptoms in patients with type 2 diabetes (84). Ghrelin recep-
tor agonists are being developed as potential therapies for 
gastroparesis (85).
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iNCReTiN HORMONeS

The incretin effect is a phenomenon first observed several decades 
ago when intravenous glucose produced lower insulin concen-
trations, despite higher glucose concentrations than observed 
after ingestion of an equivalent amount of glucose (86). This 
observation has subsequently been confirmed with isoglycemic 
infusion studies (87). The subsequent discovery of glucagon-like 
immunoreactivity in the gut led to the realization that pro-
glucagon is synthesized in enteroendocrine cells intercalated 
between enterocytes and distributed throughout the intestine. 
GLP-1 and gastric inhibitory polypeptide (GIP) are two incretin 
hormones, which stimulate postprandial insulin secretion (88). 
GLP-1 is released from L-cells, most densely located in the distal 
small intestine and colon, although they are also located more 
proximally in the duodenum and jejunum (89). There is some 
evidence in rodent models of paracrine GLP-1 secretion within 
pancreatic islets (90). GIP is secreted from K cells (which reside 
mainly in the duodenum and upper jejunum) in response to 
nutrient ingestion. The early secretion of GLP-1 might involve 
an indirect neural or hormonal mechanism (91). The later 
secretion of GLP-1 is dependent on direct contact of nutrients 
in the small intestine with L-cells (92). Targeted delivery of 
lauric acid in enteric-coated pellets to the ileum and colon can 
stimulate substantial endogenous GLP-1 release and attenuate 
postprandial glycemia (93). To stimulate its receptor, GLP-1 
requires the presence of 2 N-terminal amino acids, which are 
cleaved by the enzyme, dipeptidyl peptidase-4 (DPP-4), render-
ing the truncated form (GLP-1-9,36) inactive. Because of the 
widespread distribution of DPP-4, the active form of GLP-1 has 
a short half-life in the circulation (94). GLP-1 receptor agonists 
that are not substrates of DPP-4 and DPP-4 inhibitors are 
approved for the treatment of type 2 diabetes. They lower fast-
ing and postprandial glucose concentrations (66). In addition to 
stimulating insulin secretion, pharmacologic concentrations of 
GLP-1 (and GLP-1 receptor agonists) inhibit gastric emptying, 
and suppress glucagon secretion. Moreover, GLP-1 and GLP-1 
receptor agonists increase satiety, leading to a reduction in  
weight (95).

Although GIP secretion is preserved, the insulinotropic 
effect of GIP is diminished in type 2 diabetes. Unlike GLP-1, 
GIP stimulates glucagon secretion during hypoglycemia  
(96, 97) and has no effect on gastric emptying. Circulating 
concentrations of GIP are related to BMI (98), which suggests 
a role of GIP in energy metabolism. In mice, high GIP concen-
trations promote obesity and insulin resistance (99). However, 
recent study shows that there is a synergistic effect of GIP and 
GLP-1 co-agonists in weight lowering (100) and glycemic 
improvement in patients with type 2 diabetes than mono-
agonist (101). Addition of a dual GIP/GLP-1 receptor agonist 
(NNC0090-2746) to metformin improved glycemic control 
with accompanying reductions in body weight and circulating 
cholesterol (102). The molecular mechanism underneath the 
metabolic improvements is not known. The effects of GIP on 
glucose metabolism are an area of ongoing investigation, which 
will hopefully be accelerated by the development of a specific 
GIP receptor antagonist (103).

CHOleCYSTOKiNiN (CCK)

Cholecystokinin is secreted from the I-cells by exposure to nutri-
ents in the duodenum and upper jejunum. Fat is a strong stimulus 
for CCK secretion, followed by protein, whereas carbo hydrate is a 
weaker stimulus of CCK secretion. CCK concentrations increase 
from fivefold to tenfold after ingestion of a mixed meal and inhibit 
gastric emptying through activation of CCK-1 receptors (104). 
Physiological concentrations of CCK delay entry of glucose into 
the duodenum, reducing postprandial glucose excursions (105). 
In rats, CCK decreased hepatic glucose production to maintain 
glucose homeostasis by inhibiting CCK-A receptors and trig-
gering a gut–brain–liver neuronal axis (106). In humans, CCK 
dose-dependently presents early satiety and reduces the energy 
intake at a buffet style meal, which was attenuated by the CCK-1 
antagonist, loxiglumide (107). However, the long-term effects of 
CCK administration in humans and its role in obesity therapy 
are not clear.

ROle OF THe vAGUS—vAGAl 
BlOCKADe/vAGOTOMY

The gastrointestinal tract is innervated by the parasympathetic 
and sympathetic divisions of the autonomic nervous system. The 
parasympathetic innervation originates from the dorsal motor 
nucleus of the vagus (DMV) in the medulla (108), while the 
sympathetic supply derives from the prevertebral ganglia (109). 
Gastric motility is partially controlled by the vagus nerve, a mixed 
motor, and sensory nerve. The sensory axons of the vagus receive 
afferent inputs from gastrointestinal receptors and then project 
to the nucleus of the solitary tract (110). Nucleus of the solitary 
tract (NTS) neurons activate vagal motor neurons in the nucleus 
ambiguus and the dorsomedial nucleus to regulate the smooth 
muscle contractions in the stomach and duodenum, with these 
neural loops being known as vagovagal reflexes (111). Bilateral 
truncal vagotomy (112), aiming for treating of peptic ulcer sur-
gery, and electrical vagal blockade (113) results in delayed gastric 
emptying, and weight loss—at least in the short term. The gastric 
vagal branches are often damaged during bariatric surgery (114). 
It remains controversial whether vagal innervation of the portal 
hepatis contributes to the beneficial effects of RYGB on food 
intake, energy expenditure, and body weight (115). Electrical 
vagal blockade does not seem to have significant effects on glu-
cose metabolism (116).

Obese subjects exhibit decreased heart rate variability likely 
due to an imbalance of sympathetic and parasympathetic activity 
(117). Overactivity of the sympathetic nervous system is more 
significant in obese subjects with type 2 diabetes than in those 
subjects without diabetes (118). Weight reduction following RYGB 
and AGB in severely obese patients is associated with an increase 
in heart rate variability (119). The underlying mechanism(s) 
remain unknown but the improvement in autonomic function 
does not appear to be related to improved insulin action (120).  
It has been posited that these changes in autonomic function could 
arise from crosstalk between the gastrointestinal tract and the 
central nervous system (121) generated by a neuro-inflammatory 
reflex (122) arising from the gut microflora.
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THe TASTe SiGNAliNG SYSTeM

It is increasingly recognized that bariatric surgery may alter food 
preference and taste, in particular, the perception of sweet taste. 
This likely contributes to the reduction in energy intake after 
surgery (123). Both SG and RYGB result in a reduction of the 
frequency of food craving and the hedonic component of taste 
perception (124). Subjects experience a decreased desire to 
consume sweet and fatty flavors after RYGB (60) and SG (125).

The sweet taste signaling system includes heterodimeric G 
protein-coupled receptors, composed of the taste receptors (TRs), 
T1R2 + T1R3 heterodimers, which are activated by the binding 
of sweet compounds such as monosaccharides and disaccharides 
(126). These receptors are G-protein coupled (gustducin), and 
activation increases phospholipase C-β2 activity, which ultimately 
results in the release of Ca2+ from intracellular stores and the 
opening of a transient receptor potential ion channel TRPM5. 
The resulting membrane depolarization activates gustatory affer-
ents (127). Sweet TRs are found in the tongue, gastrointestinal 
tract, pancreas, adipose tissue, brain, and bone (128). Expression 
of T1R2 + T1R3 also occurs in the entero-endocrine L cells (129), 
suggesting that the sweet sensing system in the gut is involved in 
incretin secretion. T1R3 knockout mice exhibit impaired GLP-1 
secretion and glucose intolerance (130). Intragastric infusion of 
nutrients with lactisole, a T1R2/T1R3 blocker, attenuates GLP-1 
and peptide YY secretion in humans (131, 132). The expression 
of sweet taste receptors and downstream molecule transcripts are 
disordered in models of type 2 diabetes (133). T1R2 expression 
is reciprocally regulated by luminal glucose in health, but not 
in patients with type 2 diabetes; during acute hyperglycemia, 
T1R2 transcript levels decrease in response to duodenal glucose 
infusion in healthy subjects, but increase in subjects with type 2 
diabetes (134).

In addition to changes in oral taste sensitivity, the expression 
of T1R2 and T1R3 is decreased in the small intestine of rats after 
bariatric surgery; this occurs in parallel with elevation of GLP-1 
(135). Functional magnetic resonance imaging or positron emis-
sion tomography demonstrates a decrease in neural activity in 
the brain reward areas in response to high-calorie foods (136).

PeRMeABiliTY AND GlUCOSe 
TRANSPORT

The proximal small intestine initiates carbohydrate absorption 
after digestion. Glucose absorption is mediated by the sodium 
glucose co-transporter-1 (SGLT1) across the apical cell mem-
brane and partially by the glucose transporter 2 (GLUT-2) at 
high glucose concentrations (137). The small intestine has a 
maximal capacity of glucose absorption of about 0.5 g/min (or 
2 kcal/min) per 30 cm (138). The absorptive rate depends on the 
exposure rate of glucose, region, and length of the small intestine, 
and the expression of glucose transporters (139). The inhibition 
of motility and blood flow in the small intestine also attenuates 
glucose absorption (140). Plasma concentration of 3-O-methyl-
glucose, a glucose analog that is not metabolized, is normally 
used to measure the absorption rate of glucose. Physiologically, 

enhanced glucose absorption in the proximal gut would increase 
blood glucose concentrations; acute hyperglycemia itself appears  
to enhance glucose absorption (141). Rodent models of diabetes 
exhibit small intestinal hyperplasia and increased absorption of 
glucose from intestinal mucosa (142). It is unclear to what extent 
inhibition of SGLT-1 can alter glucose absorption in a way that is 
relevant to postprandial glycemic control in diabetes.

Active glucose transport and intestinal permeability are 
increased in obesity and diabetes. For a given caloric intake, 
this could alter the nutrient load entering the portal circulation 
(143–146). Changes in intestinal thickness and transcription of 
SGLT-1 and GLUT-2 occur after RYGB (147, 148). Foregut exclu-
sion decreases glucose absorption in rodents (149). However, it is 
currently not known, and if so, the extent to which RYGB and SG 
alter the rate of active intestinal glucose absorption or the rate of 
passive intestinal permeability.

Intestinal integrity provides a physical barrier to luminal 
bacteria, toxins, and antigens from the external environment. 
In health, it allows the passage of water and nutrients. Increased 
paracellular permeability, following disruption of the intestinal 
tight junctions enables bacteria to leak out of the intestinal 
lumen into the blood stream (150). Factors that influence per-
meability include the gut microbiome and fatty acids (whether 
ingested directly or as products of bacterial fermentation) (151).  
Bile acids could alter gut permeability through the G-protein-
coupled bile acid receptor (TGR5), a cell surface receptor, 
which occurs at a high level expression in the human placenta 
and spleen and is also found in multiple tissues such as the 
lung, liver, adipocytes, and the gastrointestinal tract (152). A 
systematic review of 14 studies suggests that that fasting and 
postprandial lipopolysaccharide (LPS) are increased in patients 
with diabetes (153). LPS is the core component of the outer 
membrane of Gram-negative bacteria. Metabolic endotoxemia 
is defined by a twofold to threefold increase in plasma LPS 
concentration (154). Rosiglitazone is the most effective in the 
lowering the LPS in patients with type 2 diabetes, but the extent 
to which this contributes to the glucose-lowering effects of this 
compound are unknown (155).

Bile ACiD MeTABOliSM

Bile acids are synthesized in hepatocytes via cytochrome P450-
mediated oxidation of cholesterol and then secreted into the 
intestinal lumen through the biliary system. 95% of intestinal bile 
acids are reabsorbed in the distal gut and transported back to the  
liver by the enterohepatic circulation (156, 157). CCK induces 
production of bile, contraction of the gall bladder, and relaxa-
tion of the sphincter of Oddi, to deliver bile into the duodenum 
(158). Bile acids promote digestion and absorption of lipids in 
the gastrointestinal tract as well as participate in the regulation 
of glucose and energy homeostasis (159), acting through two 
specific receptors, the farnesoid X receptor (FXR) and TGR5.

FXR is expressed in the liver and the intestine in humans 
and is a member of the nuclear receptor super-family. It can be 
activated by both primary and secondary conjugated bile acids 
(160, 161). Similar to other nuclear receptors, FXR translocates 
to the cell nucleus and subsequently induces expression of 
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the small heterodimer partner (SHP). SHP is involved in bile 
acids synthesis by downregulating the gene transcription of 
cholesterol 7 alpha-hydroxylase (CYP7A1), a rate-limiting 
enzyme in bile acid synthesis. The activation of TGR5 triggers 
the production of intracellular cAMP and secondary active 
the mitogen activated protein kinase signaling pathway to 
perform different functions in various organs. For instance, 
TGR5 is expressed in rodent and human pancreatic islets and 
regulates insulin secretion (162). TGR5 in enteroendocrine L 
cells stimulates secretion of GLP-1 (163). In addition, TGR5 may 
regulate energy homeostasis through activating deiodinases to 
convert the prohormone thyroxine (T4) into the active hormone  
triiodothyronine (T3) (164, 165).

Circulating bile acids’ concentrations after meal ingestion are 
decreased in obese subjects compared to lean controls (166). This 
difference is no longer significant after bariatric surgery (167, 168).  
The effects of SG on body weight and glucose tolerance are attenu-
ated in the absence of FXR (169) and in TGR5 knock-out mice 
(170). In a diet-induced obesity mouse model, diversion of bile 
flow to the ileum produces similar metabolic benefits to RYGB 
(171), while the ability of RYGB to decrease body weight and 
improve glucose tolerance is substantially reduced in the absence 
of FXR. Bile acids may stimulate insulin secretion via activation 
of FXR and inhibition of ATP-dependent K  +  channels (172). 
It has been suggested that the changes in bile acid composition 
and concentrations induced by bariatric surgery can contribute to 
metabolic changes via FXR and TGR5-signaling pathways.

However, in humans, the contribution of bile acid changes to 
metabolic improvements after bariatric procedures is less clear. 
One study reported that total plasma bile acid concentrations 
increased twofold after RYGB but decreased after AGB, despite 
similar weight loss (173). Longitudinal study suggests that there 
are two phasic increases in plasma bile acid concentrations in a 
cohort of RYGB patients at 1 month and up to 24 months after 
surgery (168). This time course differs from the time course 
of metabolic resolution suggesting that they are unrelated 
phenomena.

THe GUT MiCROBiOMe

The human gut microbiome consists of 10–100 trillion of 
microorganisms, primarily bacteria, in the digestive tract (174). 
The composition of the gut microbiome influences digestion, 
absorption, inflammation, and intestinal motility. Over the past 
decade, several studies have demonstrated that gut microbial 
populations are closely associated with metabolic disorders such 
as dyslipidemia, obesity, and diabetes (175). The gut microbiome 
is established early in life (176). Exposure to antibiotics alters 
the normal distribution of intestinal flora and is associated with 
changes in metabolism in some (177) but not all studies (178). 
Diet and lifestyle and geography are the primary influencers of 
the distribution of intestinal flora (179).

In humans, gut microbiota produce glycoside hydrolases 
and polysaccharide lyases, which facilitate digestion of sucrose, 
lactose, and starch (180). Undigested polysaccharides are 
subject to fermentation by intestinal bacterial leading to the 
production of short-chain fatty acids, which can provide 5–10% 

energy consumption (181). Gut microbiota is also involved in 
signaling of FXR and TGR5 by modifying the bile acid pool 
(182). In fact, bile acids interact with gut microbiota by direct 
effects on the mucosal defense, membrane integrity, oxidative 
and pH stress to increase the growth of bile acid-metabolizing 
bacteria (183).

d-lactate acidosis is a rare complication of jejuno-ileal bypass 
surgery or patients with short bowel syndrome (SBS) (184). 
d-lactate production is mainly dependent on the colonic micro-
biome (184). Notably, in patients with SBS or after jejuno-ileal 
bypass surgery, delivery of an increased amount of undigested 
carbohydrates to the colon can result in excess d-lactate accu-
mulation (185, 186). Bacteroides thetaiotaomicron abundance is 
decreased in obese subjects compared to lean individuals (187). 
Patients with type 2 diabetes may exhibit decreased abundance 
of butyrate-producing bacteria and an increase in various oppor-
tunistic pathogens (188). Dietary fiber intake in patients with 
type 2 diabetes increases acetate and butyrate-producing bacteria 
improves glycemic control (189). Use of metformin is accompa-
nied by increased abundance of Escherichia and a decrease of 
Intestinibacter (190). Impaired glucose tolerance is reversed after 
the transfer of metformin-altered microbiota to germ-free mice 
(191). Acarbose alters bile acid metabolism through changes in 
gut microbial populations (192). This results in great interest in 
microbiota alteration on improvement of metabolic parameters. 
Recently, transplantation of fecal microbiota or “bacteriot-
herapy” seems a promising therapeutic method for metabolic  
syndrome (193).

Individuals with obesity exhibit markedly decreased abun-
dance of B. thetaiotaomicron. However, the abundance of this 
microbe increased after SG despite similar metabolic outcomes 
suggesting that this is incidental to the improvements in glucose 
metabolism after bariatric surgery (187). Randomized trials are 
warranted in the future to further assess the gut mechanism after 
bariatric surgeries in humans.

CONClUSiON

The upper gastrointestinal tract plays a primary role in the 
regulation of glucose excursions in response to meal ingestion 
by determining the rate of gastric emptying and indirectly by 
regulating appetite and satiation, barrier integrity, and nutrient 
absorption. Bariatric surgery has helped improve our knowledge 
of the mechanisms underlying gut–pancreas interactions and 
may enable development of effective dietary or pharmacological 
strategies in the management of diabetes.
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In current years, ovarian tissue cryopreservation (OTC) and transplantation is gaining

ground as a successful method of preserving fertility in young women with primarily

cancer diseases, hereby giving them a chance of becoming biological mothers later

on. However, OTC preserves more than just the reproductive potential; it restores the

ovarian endocrine function and thus the entire female reproductive cycle with natural

levels of essential hormones. In a female population with an increased prevalence in the

loss of ovarian function due to induced primary ovarian insufficiency (POI) and aging,

there is now, a need to develop new treatments and provide new opportunities to utilize

the enormous surplus of follicles that most females are born with and overcome major

health issues associated with the lack of ovarian hormones. Cell/tissue-based hormone

replacement therapy (cHRT) by the use of stored ovarian tissue could be one such

option comprising both induction of puberty in prepubertal POI girls, treatment of POI

and premature menopause, and as primary prevention at the onset of menopause. In

the current review, we explore known and entirely new applications for the potential

utilization of OTC including cHRT, social freezing, culture of immature oocytes, and a

modern ovarian resection for women with polycystic ovaries, and discuss the indications

hereof.

Keywords: ovarian tissue cryopreservation, fertility preservation, cell/tissue-based hormone replacement therapy,

induction of puberty, ovarian resection, social freezing, in vitro maturation

INTRODUCTION

The follicle constitutes the functional unit of the ovary and produces steroids and peptide
hormones to regulate the female reproductive cycle. During the follicular phase more than
90% of the available oestradiol is produced by a single selected preovulatory follicle, which
in the luteal phase is transformed to the corpus luteum that secretes progesterone in high
concentrations. The unique physical distribution of the follicular reserve within the ovary,
with the vast majority of small resting follicles located in the outer cortical region and the
growing stages of follicles located in the inner medullary region, represents a perfect opportunity
to preserve an organ function without freezing the entire organ. By isolating the cortical
region, containing 90% of the follicular reserve, human ovarian tissue has been successfully
cryopreserved for fertility preservation in young women with cancer diseases for over two
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decades. Subsequent transplantation of thawed ovarian tissue
has restored ovarian endocrine function in 95% of the patients
and resulted in the birth of over 130 children worldwide (1, 2).
Half of all the children born have been conceived by natural
conception, which highlights the exceptional ability of this
procedure to actually restore an entire organ function in contrast
to conventional fertility preserving strategies like oocyte and
embryo freezing, in which the fertility potential is fixed by the
number of oocytes retrieved and IVF is the only option to
conceive. Moreover, ovarian tissue cryopreservation (OTC) can
be performed from day to day and is therefore the only fertility
preserving strategy for girls and young women who needs to
undertake acute gonadotoxic treatment, and for prepubertal girls
who do not yet produce mature oocytes for freezing.

Primary ovarian insufficiency (POI) is defined as the cessation
of the ovarian function before the age of 40 years, and is
a common cause of infertility in women. Its incidence is
estimated to be as high as 1 in 100 by the age of 40, and 1 in
1,000 by the age of 30 years (3, 4). Spontaneous POI include
genetic, autoimmunological, inflammatory, enzyme deficiency,
metabolic, or very often idiopathic causes, whereas induced POI
occurs mainly due to oncological treatment such as surgery
(bilateral oophorectomy), chemotherapy and radiotherapy (5).
POI not only interferes with a woman’s reproductive potential,
but the cessation of sex steroid production is also associated with
an increased risk of osteoporosis, cardiovascular disease, earlier
mortality, obesity, sexual dysfunction, dementia, and cognitive
decline (6–8).

Up until now fertility preservation has been the primary
goal of OTC in young girls and women diagnosed with a
malignancy or genetic disease threatening to destroy their
ovarian reserve. However, the restoration of an organ function,
the steroidogenic capacity of the transplanted ovarian tissue
and the unique access to immature oocytes from small antral
follicles have now evoked new perspectives and ideas to expand
the utilization of OTC beyond its traditional purpose of fertility
preservation for medical reasons. These novel ideas approach
a broader population of women and include utilization of
OTC for cell/tissue-based hormone replacement therapy (cHRT),
non-medical reasons, optimizing culture systems for immature
oocytes, and performing a modern ovarian resection for women
with polycystic ovaries (Figure 1). This kind of ideas which are
technical possible, but not yet proven, will undoubtedly raise
controversy in the field and a plethora of questions concerning
the ethics, safety, cost-effectiveness, superiority, and implications
of the proposed procedures. In this paper, we aim to explore
known and entirely new applications for the utilization of OTC
and discuss the indications for such procedures.

CELL/TISSUE-BASED HORMONE
REPLACEMENT THERAPY (cHRT)

More efficient cancer treatments combined with a general
increase in life expectancy have led to a higher frequency of
POI in a growing population of cancer survivors and aging
women. It is widely accepted that the pillar of treatment of

POI is pharmacologic hormone replacement therapy (pHRT), at
least until the average age of natural menopause. Pharmacologic
HRT with estrogen alone or estrogen and progestogens in
combination is known to effectively compensate for the loss of
ovarian hormone production, but only when it is delivered at
an optimal dosage, frequency, and at an appropriate time (8, 9).
Unfortunately, pharmacological delivery methods of HRT are
not integrated into the hypothalamic-pituitary (HP) axis which
would facilitate feedback and regulation of dosage and timing of
circulating hormone levels. As such, pharmacological hormone
delivery results in consistently higher serum concentrations as
compared to those associated with normal functional ovaries.

New approaches using cHRT offer a potential physiological
solution to timely control of hormone delivery and the ability
to restore the functionality of the HPO axis. OTC can be used
as cHRT as thawed ovarian tissue grafted into the pelvis cavity
restores the natural hormone milieu and endocrine function of
the ovary which have been consistently documented by a rise
in estradiol and a decrease in FSH and LH levels returning to
premenopausal levels 4–5 months after transplantation leading
to cessation of menopausal symptoms and renewed menstrual
cycles in the vast majority of transplanted patients (1, 10,
11). Restored hormone production may even be the desired
effect rather than fertility restoration in some patients (10),
and a more appealing alternative to pHRT for some women.
In Denmark around a dozen young women who entered
menopause due to cancer treatment have had frozen/thawed
tissue transplanted only to become a “normal woman” again and
avoid menopause (10), The average duration of graft function
is approximately 5 years, but the function can persist for over
9 years (10), depending on the follicular density at the time
of OTC (2). The transplantation procedure may be repeated
multiple times in order to stretch the longevity of the tissue,
if sufficient amounts of ovarian tissue has been stored, hereby
extending the lifespan of ovarian endocrine activity up to 11
years or more (12, 13). If patients are merely in the need
of sex steroid production, a heterotopic graft site like the
abdominal wall or a subcutaneous site may be preferred over
an orthotopic site as it requires less invasive surgery and would
obviate the need for general anesthesia and a laparoscopic
procedure. A cHRT approach combining a heterotopic graft
site with multiple transplantations extending the longevity of
banked ovarian tissue can therefore facilitate prolonged ovarian
endocrine function and have implications way beyond fertility
preservation.

Inducing Puberty in Pre-pubertal POI Girls
Survivors of childhood cancer represent a rapidly growing
population of patients in which temporary or permanent
POI is a common side effect of the cytotoxic treatments.
In addition, POI often has a genetic background with more
than 50 genes in which mutations can be causative and
many other genes that may be implicated (14). These genes
can affect various processes such as gonadal development,
DNA replication/ meiosis and DNA repair, hormonal signaling,
immune function, and metabolism, and include conditions
like Turner syndrome, sickle cell anemia, thalassemia, and
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FIGURE 1 | Potential applications for ovarian tissue cryopreservation beyond fertility preservation in young women with cancer diseases. OTC, ovarian tissue

cryopreservation; cHRT, cell/tissue-based hormone replacement therapy; POI, premature ovarian insufficiency; PCOS, polycystic ovary syndrome.

galactosemia. These young girls often experience delayed puberty
or need pHRT to induce puberty to enable the pubertal
growth spurt as well as development of secondary sexual
characteristics. However, pharmacological delivery of increasing
doses of estrogen followed with progesterone only address
some aspects of puberty and does not completely match
the physiological complexity of the hormonal milieu during
puberty. Moreover, there is only limited data on the long-term
safety of exogenous hormones in childhood cancer survivors
and pHRT can cause potentially significant side effects (15,
16).

Cell/tissue-based HRT can therefore be an attractive approach
to provide a more physiological hormonal milieu for induction
of puberty in pre-pubertal POI girls. In 2012, Poirot and co-
workers published the first case report showing that stored
ovarian tissue from pre-pubertal girls can provide adequate
endogenous sex steroid hormone levels to induce puberty (17).
In this case, a 13-year old girl developed POI after being
treated for sickle-cell disease at the age of 10, and after
having 3 out of 23 stored ovarian pieces transplanted, she
entered puberty. A second case report was published shortly
after with another 13-year old girl who had developed POI
following treatment for Ewing sarcoma at the age of 9 (18).
In both cases, a unilateral oophorectomy was performed before
treatment and a small proportion of the frozen ovarian cortical
fragments (i.e., 10–20% of the stored tissue) were transplanted
to a heterotopic location in the former case and to the
remaining ovary in the latter. Puberty was successfully induced
in both girls although the graft function failed after nearly 2
years.

It can be discussed whether or not young girls should choose
to save their ovarian tissue for later use to achieve fertility
instead (19), but using only a small percentage (i.e., 10–20%)
of the stored tissue might be worth it for some young girls to
feel “normal” during a critical period of their emotional and
social life as the physical maturation process directly affects
body and brain to alter children’s needs, interests, and moods.
Several studies have suggested that young childhood cancer
survivors with POI face significant psychosexual dysfunction
and that the symptoms of POI could severely stunt social
growth and exacerbate anxiety and feelings of isolation (20,
21). Therefore, cHRT could potentially be beneficial in the
long run at both the physiological and psychological level, and
the preferred choice for some pre-pubertal POI girls in order
for them to experience the life of every other teenager and
becoming a woman with physiological levels of sex hormones.
However, the preferred treatment for young girls with POI
is still pHRT, as it is cheap, simple, and ready available and
does not include any surgical intervention. Moreover, the
theoretical superiority of physiological hormone levels over
the pharmacological levels for induction of puberty has not
been proven in any human clinical trials and awaits further
research.

Achieving or Postponing Natural
Menopause
One century ago the average life expectancy corresponded to
the natural age of menopause around the age of 50 years,
however, nowadays the majority of women live beyond 80 years
in many developed countries, and the demographic structure
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is changing toward an increasingly aging population in which
women will spend 30–40% of their lives being postmenopausal.
In combination with the increasing population of cancer
survivors experiencing POI these developments in society calls
for preventive strategies to alleviate and decrease short- and long-
term consequences and health risks associated with the lack of
ovarian endocrine function.

The use of pHRT has been vigorously debated for several
decades. In the 1980’s and 90’s pHRT was administered to
millions of women to relieve menopausal symptoms and by the
mid-1990s estrogen became the biggest-selling prescription drug
in the US. However, it all changed with the publication of the
results from the Women’s Health Initiative (WHI) randomized
clinical trials in 2002 (22), suggesting pHRT to cause an increased
risk of breast cancer, after which many women discontinued
pHRT or avoided starting pHRT at all ages, including before age
50 years (23, 24). One of the big misunderstandings was that the
results from the WHI studies were inappropriately extrapolated
from women in the late postmenopausal stage (aged >60 years)
to younger women in the early stage of postmenopause (50–
59 years), and even further to women experiencing premature
or early natural menopause. The WHI study was built upon
numerous observational studies and clinical trials consistently
demonstrating benefits in the prevention of chronic diseases,
which include reduced coronary heart disease (CHD) and
mortality, when pHRT was initiated near the onset of menopause
(25–30). TheWHI study was therefore designed to test the effects
of pHRT in women initiating treatment a decade or more after
menopause. This is where the “timing hypothesis” comes into
play and suggest that different clinical effects occurs if hormones
are initiated close to the onset of menopause compared with
several years later (31). Basic and animal studies together with
clinical studies have now shown that the timing of pHRT can
be crucial with respect to especially CHD, cognitive decline, and
dementia (8, 31–34). In 2005, theMulti-Institutional Research on
Alzheimer Genetic Epidemiology study showed that the risk of
dementia was reduced in women who initiated hormonal therapy
at age 50–63 years, but was not reduced in women who started
hormonal treatment at ages 64–71 or 72–99 years (35).

Reassessment of clinical trials in women initiating pHRT
close to the onset of menopause together with more recent
studies and meta-analyses now show a long list of benefits
with estrogen alone therapy, and risks are considered rare.
Beyond symptomatic relief, improvements in quality of life and
a reduction in osteoporosis, estrogen-based therapy has now
been shown to be cost-effective and have a very favorable risk–
benefit profile in healthy women under the age of 60. Specifically,
estrogen alone therapy have been shown to consistently decrease
CHD in women under 60 years of age by up to 40% and to
decrease all-cause mortality by 20–40% (36–38). Moreover, a
long-term follow up on the WHI study showed that estrogen
alone therapy resulted in a significant decrease in the total risk
of cancer by 20% in women aged 50–59 years (39).

The majority of studies show benefits with estrogen alone
rather than with estrogen plus progestogen, however, no
particular HRT regimen can currently be advocated (31).
Moreover, the use of age-appropriate estrogen doses has been

reported to be crucial to maximize cardiovascular benefits
while minimizing risk of adverse effects such as venous
thromboembolism and stroke (32). This is where cHRT comes
into the picture and we hypothesize that transplantation of
stored ovarian tissue could be used to restore endocrine ovarian
function at the onset of menopause or for women entering
menopause prematurely. In 2015, we proposed that ovarian
tissue frozen in the young years could be transplanted back
at the time of menopause to provide continued endogenous,
physiological levels of steroid production to postponemenopause
(40). A small portion of stored ovarian tissuemay be transplanted
subcutaneously during local anesthesia multiple times providing
menstrual cycles for a prolonged period, using the woman’s
own tissue and follicles to sustain menstrual cycles with natural
variations in the whole armamentarium of hormones. In this
way, natural fertility will also be avoided and prevent senior
women to conceive spontaneously. Recent animal studies have
demonstrated that supraphysiological plasma levels of estrogen
were required for pHRT to achieve benefits in bone health that
were comparable to those achieved by cHRT (using ovarian cell
constructs) at much lower plasma hormone concentrations (41).
Such studies suggest a potential benefit of physiological secreted
sex steroid hormones under the control of the HPO axis at which
effects can be obtained at lower and safer plasma levels.

In theory, cHRT using OTC at a young age could be used
as a physiological solution to prevent the massive medical
legacy of osteoporosis and menopause-related conditions in
the large population of aging women, however, currently the
majority of women would probably not subject themselves to
an elective surgery purely for delaying menopause and it can
be argued whether or not any women would prefer to have
regular menstrual cycles up to 60 years of age, when readily
available pHRT compounds can deliver the hormones without
the bleeding. Nevertheless, OTC could potentially be justified
in some women already undergoing pelvic surgery for other
reasons for example, a Caesarean section or an appendectomy
where ovarian tissue could be collected and frozen as an adjunct.
This is, however, also an approach which is highly debatable and
may not be ethically and medically appropriate as no studies
have been conducted that directly or indirectly compare the
benefit and disadvantage of ovarian tissue removal for future
cHRT.

The group of women for whom the use of cHRT are most
likely to become a clinical option initially is the thousands
of women worldwide who have already had ovarian tissue
frozen for fertility preservation due to different malignancies
and genetic conditions. For various reasons, a large number of
these women will not have used their stored tissue by the time
they reach menopause, either prematurely or at the natural age
of menopause. Some of these women might wish to use their
store tissue for postponing menopause or to achieve natural
menopause which is nowadays recommended by many scientific
societies (8, 31). Studies have shown that women who become
postmenopausal before the age of 50 years and do not receive
any treatment have an increased risk for cardiovascular disease-
related mortality compared to women receiving pHRT (42–46).
Other studies have shown an almost doubled long-term risk of
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cognitive impairment or dementia in women who underwent
oophorectomy beforemenopause (47). A risk that was eliminated
if estrogen therapy was initiated after the surgery and continued
up to age 50 years or longer (47), which is advertising a need
for sustained ovarian function up to at least the age of natural
menopause.

However, many concerns and unanswered questions exist; Is
it safe? To whom is the risk-benefit profile actually favorable?
Are physiological hormones better than pharmaceutical? Careful
consideration of risks and benefits, individually structured
counseling and close monitoring are needed for each woman
who may want to use their ovarian tissue for primary prevention
or postponing menopause. To summarize, cHRT in the form
of stored ovarian tissue or ovarian cell constructs (41, 48, 49)
could potentially be used at the onset of natural or induced
menopause as an ideal time to institute preventative strategies
that could potentially increase the quality and length of women’s
lives. However, this is again technical possible but not proven in a
clinical setting with women in this age group, and it can be argued
that pHRT should be preferred in all cases as it is the cheapest
and simplest way to provide hormones, and no real evidence for
the superiority of physiological hormone levels exists. Therefore,
more research in the area of physiological and pharmacological
hormones is needed in order for this potential application to be
adopted clinically in the future.

OTC FOR NON-MEDICAL REASONS

In many countries women also have the opportunity to preserve
their fertility due to personal reasons and hereby postpone
childbearing. The increasing age of childbearing observed in
most high-income countries is often depicted as a result of
women selectively choosing to pursue a career and other life
goals before having children, however, evidence now suggests
that the primary reason is the lack of a partner who is willing
to commit to parenthood (50, 51). The traditional method of
fertility preservation for these social indications is vitrification of
mature oocytes. In recent studies, it has become evident that most
of the women who cryopreserve oocytes for non-medical reasons
are in their mid to late 30 s, well educated, socio-economically
advantaged and single (52–54). Data concerning the reproductive
experiences and outcomes of this growing group of women is still
very limited, but two severe issues with today’s policy for non-
medical oocyte freezing have emerged. First of all, women are
too old when they decide to store oocytes as the mean age at the
time of freezing is around 37 years (53, 55), whichmay be deemed
suboptimal (56). Additionally, one in five patients in this group
is a low responder and combined with the advanced maternal
age this results in one quarter of the women having fewer than
8–10 mature oocytes frozen which is considered necessary for a
reasonable chance of success (57). The second issue is that the
majority of the women with frozen oocytes do not come back
to collect them and the utilization rate of the stored oocytes
is currently below 10% (53, 55). Collectively, it appears that
especially reproductive aged womenmay only to a limited extend
benefit from this approach.

A proposition would be to use OTC as an alternative to
oocyte vitrification in connection with fertility preservation for
non-medical reasons. In contrast to mature oocytes, transplanted
ovarian tissue will give the woman the opportunity to conceive
spontaneously without IVF, which many women and their
potential future partners would probably appreciate. If the
woman ends up not needing the stored ovarian tissue for fertility,
then the tissue is not wasted, but could instead be used as
cHRT to alleviate postmenopausal symptoms later on or avoiding
POI. Thus, OTC may serve multiple purposes depending on
the need for either fertility or endocrine function and provide a
better justification of such intervention. In addition, by storing
ovarian tissue, and not just a fixed number of mature oocytes,
a range of potential new treatments, which are currently being
developed, might become available for these patients in the
future. These treatments include in vitro follicle activation (58),
culture of human preantral follicles (48, 59, 60), autologous
transfer of mitochondria to oocytes (61), and in vitromaturation
of immature oocytes (62).

OTC requires at least two surgical procedures to collect and
graft ovarian tissue and it might be overwhelming and excessive
for some patients. Therefore, OTC may only be a preferable
option over oocyte vitrification for some groups of patients in
particular women of advanced maternal age with a low ovarian
reserve or poor responders which require multiple cycles of
controlled ovarian stimulation. For these groups of patients, their
future use of stored ovarian tissue could potentially be enhanced
by in vitro follicle activation (IVA) in which the resting pool
of follicles is activated mechanically and/or biochemically prior
to transplantation. In 2013, Kawamura et al. were the first to
test IVA in a clinical setting and enabled POI patients without
menstrual cycles for several years to conceive with their own
oocytes by activating a residual pool of resting follicles (58). This
technique has so far resulted in three live births in Japan and two
pregnancies in other clinics (58, 63–65).

Taken together, oocyte cryopreservation is the clinical
available option for non-medical freezing, but it can be argued
that women seeking fertility preservation for non-medical
reasons should be presented with both fertility preserving options
and the potential beneficial applications for cHRT and future
use, and then the woman can help decide which method is most
suitable for her. It should be highlighted that age is the most
limiting and critical factor for both methods, and the success
rate always depends hereof, which means that the issue with low
ovarian reserve will apply for both methods, and low return rates
are probably an inevitable factor in this group of women.

A MODERN OVARIAN RESECTION FOR
ANOVULATORY PCOS WOMEN

A completely new way of utilizing OTC is in the context
of surgical treatment for anovulatory women with polycystic
ovaries. Polycystic ovary syndrome (PCOS) is one of the
most common endocrine disorders among women in their
reproductive age and is a predominant cause of anovulatory
infertility. In 1930s, Stein and Leventhal developed the ovarian
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wedge resection (OWR) in which the ovarian volume was
surgically reduced during laparotomy (66). For decades OWR
was the only treatment for PCOS as it effectively restored regular
menstrual cyclicity for a period of time in 80–90% of women
with PCOS and allowed conception in 45–65% of those who
underwent surgery (66). However, the procedure later became
less popular due to significant side effects; primarily a significant
incidence of postoperative pelvic adhesion formation adding
to the infertility-issue (67–69). Furthermore, follow-up studies
revealed that OWR was not always curative and a significant
number of women, 30–35%, reverted into a state of anovulation
or oligo-ovulation (69, 70). With the introduction of clomiphene
citrate (CC) and human menopausal gonadotropins in the 1960s
the surgical treatment of PCOS was less used, and today CC
is used as the first-line therapy for ovulation induction in
women with anovulatory PCOS (71, 72). However, 10–15%
of women are CC-resistant and will not ovulate in response
to CC, and in those who do respond, not all will conceive.
Laparoscopic ovarian drilling (LOD) using a unipolar electrode
is currently recommended as a successful second-line treatment
for ovulation induction in women with CC-resistant PCOS,
as it has been shown to be just as effective as gonadotropin
treatment, but less expensive and not associated with an increased
risk of multiple pregnancy, ovarian hyperstimulation syndrome
(OHSS) or pregnancy loss (71, 73–75). In the 1980’s the
first studies on LOD showed that ovulation was restored in
92% of patients, with a pregnancy rate of up to 80% (76).
Furthermore LOD allows multiple attempts of conception,
but without intensive monitoring, and is preferred by the
majority of patients (75). The main shortcomings of LOD
are postoperative adhesion formations and the potential risk
of affecting the ovarian reserve in case of excessive damage
(75).

We therefore hypothesize that the development of a modern
version of an ovarian resection in which ovarian biopsies are
excised surgically during laparoscopy and subsequently frozen
could potentially provide an alternative to traditional LOD and
OWR in CC-resistant women with PCOS. In this case, the
surgical intervention should be performed in a way in which
whole pieces of cortical and medullary tissue is removed in
amounts similar to what is destroyed during LOD, and the
ovarian cortex could then be isolated and frozen to preserve
the follicles for potential later use instead of wasting them when
performing LOD or OWR. Thus, in cases were too much tissue is
removed during the surgical procedure the stored ovarian tissue
can be grafted as back-up, or potentially be used for cHRT if
the patient later on enters menopause prematurely or for fertility
at an advanced reproductive age. In 1970’s it was incidentally
noted that ovarian biopsy alone (taken for diagnostic purposes)
could induce regular menstrual cyclicity and conception in some
women with PCOS (77), and in 1980’s OWR was also performed
through multiple ovarian biopsies and reported successful using
a laparoscopic approach with less adhesion formations (78).
Like LOD the proposed modern version of an ovarian resection
through excision of ovarian biopsies would restore regular
ovulation and allow spontaneous pregnancy, and in patients
who remain anovulatory following the procedure most of them

would have an increased responsiveness of the ovary to CC-
treatment or respond less aggressively to exogenous hormone
stimulation. Taken together, the proposed procedure using OTC
to advance a surgical treatment for PCOS patients is completely
theoretical and has not been tested in a clinical setting, however,
this approach could potentially utilize the excessive—and in this
case harmful—follicle pool in a beneficial way by relieving PCOS
symptoms immediately and at the same time securing ovarian
endocrine function later on in life. The efficacy and advantages of
the proposed procedure now needs to be proven and compared to
LOD in a clinical setting to justify any potential use in the future.

OPTIMIZING CULTURE SYSTEMS FOR
IMMATURE OOCYTES

By freezing ovarian cortical tissue for fertility preservation, it
is possible to gain access to a wide range of immature oocytes,
including early preantral and small antral stage follicles, which
can be isolated and collected from surplus or donated ovarian
tissues (62, 79). This provides a rare opportunity to characterize
the basic molecular mechanisms controlling and regulating
human follicular growth and maturation in unstimulated ovaries
of fertile women (80, 81), and to develop and optimize culture
conditions for immature oocytes (59, 62), which could provide
additional fertility for young women with a wide range of
indications. Thus, utilization of immature oocytes could in this
way augment the overall fertility from the OTC procedure.
Moreover, young cancer survivors with a risk of ovarian
involvement from the underlying cancer cannot have their
stored ovarian tissue transplanted safely, and current advances in
culture systems for the earliest stages of follicles could potentially
provide fertility for these women in the future. In a recent
paper, Telfer et al. succeeded with in vitro growth of unilaminar
follicles (IVG) in a multi-step culture model which supported
the development and maturation to the Metaphase II stage
(60).

Several studies have now shown that a considerable number
of immature oocytes can be collected from small antral follicles
visible on the surface of the ovary or released to the dissection
medium during the preparation for OTC (62, 82–84). These
oocytes can be matured, vitrified and used to augment fertility
to the patient (62, 84–86). The maturation rate has been shown
to vary between ∼30 and 60% (87), and the first three live births
resulting from a cryopreserved embryo obtained from in vitro
matured (IVM) oocytes has been reported (82, 88, 89). However,
there is plenty of room for improvement and currently IVM
is mainly used as an additional fertility preserving option in
combination with OTC or to avoid OHSS in PCOS patient. A
more widely use of IVM is currently not accepted due to the
fact that implantation and developmental potential of embryos
derived from IVM oocytes has consistently been reported to be
significantly lower in comparison to in vivo matured oocytes
(90, 91).

One explanation for the inefficiency of IVM is that IVM
protocols have changed little, if any, since the first reported
birth obtained by IVM oocytes in 1994 using a non-specific
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medium (MEM) with addition of FSH, LH and estradiol as
hormones and maternal serum as supplements (92). In recent
reports, commercial maturation media have been used for
IVM in both patients with PCOS and women undergoing
fertility preservation, but there is no real evidence that the
formula is appropriate for oocyte maturation in vitro (91).
Thus, IVM in connection with OTC provides a unique
platform to compare multiple culture media compositions
and improve basal maturation conditions for IVM. Another
explanation for the decreased implantation and pregnancy
rate with the use of IVM derived embryos is insufficient
endometrial receptivity. The limited time between oocyte
recovery and embryo transfer is potentially insufficient to allow
full completion of the endometrial proliferative phase, which
could compromise the formation of a secretory endometrium
and the chances of embryonic implantation (91). A study by
De Vos et al. has shown that implantation and pregnancy
rates were much higher in replacement cycles using frozen
embryos obtained after IVM compared to cycles in which
embryos were transferred fresh after IVM (93). Thus, the
relatively lower clinical efficiency that currently characterizes
IVM might derive not exclusively from reduced oocyte quality
caused by inadequate IVM conditions, but also from inadequate
endometrial receptivity. Therefore, the notion that IVM oocytes
are intrinsically less developmentally competent will need to be
reconsidered.

Despite the current limitations, IVM continue to attract
growing interest in consideration of potential novel applications
in human ART. However, to advance more sophisticated IVM
systems able to reproducemore physiologically and efficiently the
process of oocyte maturation, we need more research material
and settings such as provided by OTC, in which we can gain a
better understanding of the biological mechanisms transforming
a fully-grown oocyte into a mature fertilizable gamete.

CONCLUSION

OTC in prepubertal girls and young women is becoming an
increasingly well-established method of fertility preservation in

many clinics worldwide. However, by storing ovarian tissue
more than just the reproductive potential is preserved. The
steroidogenic capacity and endocrine function of the tissue could
potentially expand the utilization of OTC and the ovarian reserve
to other beneficial applications throughout the female lifespan
and several indications beyond cancer. With an increasing
prevalence in loss of ovarian function due to POI and aging
we now need to explore these opportunities and outweigh the
cost-benefit and risk-benefit ratios associated with potential
new treatments. Nonetheless, it is important to recognize that
fertility and endocrine function restored with ovarian tissue
go hand in hand and that both are the result of follicular
activity.

In conclusion, the described and suggested applications for
OTC in this review are technically possible, however they
have not been validated clinically (with the exception of
puberty induction), and therefore the suggested applications

should be regarded as an optimistic view on the potential
future use of OTC. Moreover, the suggested applications
for OTC are thought provoking to many people and the
controversial opinions hereof should of course be recognized.
Finally, the burden of repeated surgical interventions in
connection with OTC must in all cases be weighed against the
simple, cheap, and readily available pHRT medications which
already exist and are administered to millions of women
worldwide.
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Neuropeptide G protein-coupled receptors (GPCRs) are overexpressed on numerous

cancer cells. In a number of tumors, such as small cell lung cancer (SCLC), bombesin

(BB) like peptides and neurotensin (NTS) function as autocrine growth factors whereby

they are secreted from tumor cells, bind to cell surface receptors and stimulate growth.

BB-drug conjugates and BB receptor antagonists inhibit the growth of a number of

cancers. Vasoactive intestinal peptide (VIP) increases the secretion rate of BB-like peptide

and NTS from SCLC leading to increased proliferation. In contrast, somatostatin (SST)

inhibits the secretion of autocrine growth factors from neuroendocrine tumors (NETs)

and decreases proliferation. SST analogs such as radiolabeled octreotide can be used

to localize tumors, is therapeutic for certain cancer patients and has been approved for

four different indications in the diagnosis/treatment of NETs. The review will focus on

how BB, NTS, VIP, and SST receptors can facilitate the early detection and treatment of

cancer.

Keywords: cancer GPCR, cancer RTK, bombesin, neurotensin, vasoactive intestinal peptide, pituitary adenylate

cyclase activating polypeptide (PACAP), somatostatin, cancer signal transduction

INTRODUCTION

Gprotein-coupled receptors (GPCRs) have 7 transmembrane (TM) domains and they interact with
G proteins comprised of α, β, and γ subunits (1). The activated GPCRs undergoes a conformation
change dissociating the G-protein into a GTP-bound α subunit and β, γ dimer. GPCRs for
bombesin (BB) and neurotensin (NTS) interact with Gq/11, whereas receptors for vasoactive
intestinal peptide (VIP) interact with Gs and somatostatin (SST) receptors interact with Gi/0 (2).
BB andNT receptors cause phosphatidylinositol (PI) turnover resulting in the elevation of cytosolic
Ca2+ and activation of protein kinase (PK) C. VIP receptors activate adenylyl cyclase resulting in
elevated cAMP whereas SST receptors reduce the elevation of cAMP stimulation caused by VIP.

Neuropeptides modulate neural activity in the brain in a paracrine manner, however,
they function as autocrine growth factors in cancer (3). BB, NTS, and VIP stimulate the
growth of small cell lung cancer (SCLC) cells whereas SST inhibits growth (3). BB and
the structurally related gastrin-releasing peptide (GRP) bind with high affinity to the GRP
receptor or BB2R; NTS binds high affinity to NTSR1; VIP binds with high affinity to
VPAC1/VPAC2 and SST as well as octreotide/lanreotide bind with high affinity to SSTR2/SSTR5
but reduced affinity to SSTR1, SSTR3, and SSTR4. The agonist-GPCR complex is internalized
and the GPCR recycle to the membrane but the peptide is metabolized in lysosomes.
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Because cancers frequently over-express GPCRs, the cancer
GPCRs can be used to deliver neuropeptide-drug conjugates into
the cancer cell (4). In contrast, GPCR antagonists bind to the
GPCR at the cell surface but are not internalized. PD176252
(GRPR antagonist) and SR48692 (NTSR1 antagonist) inhibit
cancer growth (5–7). This review will focus on how neuropeptide
GPCRs are oncotargets for the early detection and treatment of
cancer.

GRPR, NEUROMEDIN B RECEPTOR AND
BBR SUBTYPE 3

SCLC has high levels of the BB-like peptide GRP (8, 9). GRP
is derived from a 148 amino acid prepropeptide (10). After
removal of the N-terminal 23 amino acid signal sequence, pro-
GRP1−125 is metabolized by a prohormone convertase to GRP,
which contains 27 amino acids and has an amidated C-terminal.
GRP (proGRP1−27) is readily metabolized in the blood but SCLC
patients have elevated pro-GRP (11). Antibodies to proGRP31−98

have been used to detect high concentrations of proGRP (>100
pg/ml) in the serum of patients with SCLC. Because proGRP is
elevated in the serum of 71% of the SCLC patients it may be
a biomarker for SCLC (12). BB or GRP, but not proGRP bind
with high affinity to the GRPR. The C-terminal octapeptide of
BB or GRP can be neutralized by mAb 2A11. mAb2A11 inhibits
the growth of SCLC in vitro and in mouse models in vivo (13).
In a clinical trial, 2A11 was well tolerated and one patient had
SCLC remission whereas four patients had stable disease out of 13
patients treated (14). The results indicate that the GRP precursor
may be a biomarker for SCLC.

Table 1 shows that the GRPR, which is localized to
chromosome xp22, contains 384 amino acids and is a member
of the class A/Rhodopsin-like GPCR (15, 16). The neuromedin
B (NMB) R or BB1R, which is localized to chromosome 6q24,
contains 390 amino acids whereas BB receptor subtype-3 (BRS-
3), which is localized to chromosome xq26, contains 399 amino
acids. The NMBR and BRS-3 have about 50% sequence homology
with the GRPR (17, 18). The GRPR binds GRP and NMB
with high and low affinity, respectively. The NMBR binds GRP
and NMB with low and high affinity, respectively. The orphan
receptor BRS-3 binds both GRP and NMB with low affinity but
MK5046 binds with high affinity (7). The universal agonist BA1,
(D-Tyr6, β-Ala11, Phe 13, Nle14) BB6−14, binds with high affinity
to the GRPR, NMBR, and BRS-3. Numerous amino acids in TM
domains 6 and 7 as well in extracellular loops (EL) 1, 2, and 3
of the GRPR are essential for high affinity binding of GRP (4).
While the GPCRs of each family have a similar sequence, the
pharmacological profile is different.

BB-drug conjugates were synthesized which are cytotoxic for
lung cancer cells. The topoisomerase-1 inhibitor camptothecin
(CPT) was coupled with a linker to the N-terminal of BA1.
Surprisingly, the resulting CPT-L2-BA1 bound with higher
affinity to the GRPR, NMBR, and BRS-3 than did BA1 (19). CPT-
L2-BA1 was an agonist which increased PI turnover and was
internalized. The CPT-L2-BA1 was metabolized in the lysosome
leading to the release of CPT (20). Also, BB agonists have been

coupled to paclitaxel (21), doxorubicin (22), marine toxins (23),
magainin II (24), and siRNA to the GRPR (25) resulting in
decreased cancer cellular proliferation. Doxorubicin was coupled
to a GRPR antagonist and the resulting AN-215 was cytotoxic for
gastric, colon, lung, ovarian, endometrial, breast, and pancreatic
cancer (26). RC-3095, a GRPR antagonist, was tested in 25
patients with solid tumors. RC-3095 had minimal toxicity but a
partial response was only seen in 1 patient (27). Unfortunately,
these BB-drug conjugates will not only kill cancer cells, but
normal cells with excessive BBR.

BBR antagonists were developed which inhibit the growth of
cancer cells. Peptide antagonists such as RC-3095 or (Psi13,14,
Leu14)BB blocked the GRPR, and they inhibited the growth
of cancer cells (27, 28). Small molecule antagonists such as
PD168368 were synthesized which inhibit the growth of cancer
cells which have NMBR (6). Also, bantag-1 is a peptide antagonist
for BRS-3 (29). The BB receptor antagonists inhibited the growth
of lung cancer cells in vitro and in vivo using nude mice bearing
lung cancer xenografts. GRPR, NMBR, and BRS-3 mRNA was
detected in 11/13 lung cancer cell lines (7). All lung cancer cell
lines tested had at least 1 type of BBR and many cell lines had all
3 receptors.

In contrast, a high density of GRPR but not NMBR or BRS-
3 were detected in most prostate and breast cancer cells (30).
GRPR agonists were labeled with 111In, 64Cu, 99mTc, 68Ga, 18F
for imaging studies. Using a 99mTc-BB2−14 analog 14 prostatic
lesions were visualized in patients (31). Using a 99mTc-RGD-BB
analog, tumors were visualized in 6/6 breast cancer patients (32).
Using a 64Cu-BB6−14 analog, tumors were visualized in 3 of 4
prostate cancer patients (33). It remains to be determined if the
imaging of GRPR will be useful in the early detection of breast
and/or prostate cancer.

Many of the growth effects of BB-like peptides on non-
SCLC (NSCLC) cells may result from transactivation of receptor
tyrosine kinases (RTK) such as the epidermal growth factor
receptor (EGFR). Activation of the NMBR in NSCLC cells
causes PI turnover leading to increased phosphorylation of the
EGFR (Figure 1). Addition of NMB to NSCLC cells increases
the tyrosine phosphorylation of the EGFR after 1min leading
to the tyrosine phosphorylation of ERK after 2min (34). The
transactivation of the EGFR that is regulated by the NMBR
is inhibited by the tyrosine kinase inhibitor (TKI) gefitinib or
the NMBR antagonist PD168368. The transactivation process
in NSCLC cells is mediated by the EGFR ligand transforming
growth factor (TGF)α (Figure 1). The inactive precursor pro-
TGFα is metabolized by matrix metalloprotease (MMP) enzymes
in the membrane to biologically active TGFα which is secreted
and binds to the EGFR. The transactivation of the EGFR
caused by addition of NMB to NSCLC cells is inhibited by
GM6001 (MMP inhibitor) or anti-TGFα Ab. The transactivation
process requires reactive oxygen species (ROS). Addition of
N-acetyl cysteine (antioxidant) or tiron (superoxide scavenger)
impaired the ability of NMB to increase EGFR tyrosine
phosphorylation. The ROS may oxidize Cys773 of the EGFR
increasing its tyrosine kinase activity and/ or oxidize protein
tyrosine phosphatases (PTP) impairing their ability to metabolize
phosphotyrosine (35, 36). The results indicate that GPCRs
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TABLE 1 | Peptide GPCRs (human).

Receptor GRPR NMBR BRS-3 NTSR1 NTSR2 VPAC1 VPAC2 PAC1

Chromosome xp22 6q24 xq26 20q13 2p25 3p22 7q36 7p14

Amino acids 384 390 399 418 410 457 438 468

G-protein Gq Gq Gq Gq Gq Gs Gs Gs, Gq

Agonist BB, GRP NMB MK5046 NTS NTS VIP VIP Maxidillin

BA1 BA1 BA1 JMV449 Levocabastine PACAP PACAP PACAP

(Lys15, Arg16,

Leu17)VIP1−7

GRF8−27

R025-1553

Antagonist RC3095 PD168368 Bantag1 SR142948A SR142948A VIPhyb VIPhyb PACAP(6–38)

(Psi13,14,

Leu14)BB

SR48692

PD176252

FIGURE 1 | Effect of GPCR’s on RTK transactivation. GPCRs for BB and NTS couple to Gq and causes metabolism of PIP2 to DAG (activates PKC) and IP3 (elevates

cytosolic Ca2+). Addition of NTS or BB to NSCLC cells increases phosphorylation of PYK2, FAK or paxillin leading to increased cellular migration. GPCR for VIP

interact with Gs activating adenylyl cyclase and increasing cAMP. The cAMP activates PKA leading to CREB phosphorylation and altered gene expression. GPCR for

PACAP interact with both Gq and Gs. GPCR activate Src and MMP resulting in the production of EGFR ligands such as TGFα. When TGFα binds to the EGFR,

tyrosine kinase activity is increased leading to phosphorylated EGFR homodimers or EGFR-HER2 heterodimers. The RTK activates the Ras-Raf-MEK-ERK pathway

leading to increased cellular proliferation. The RTK activates the PI3K-PKD-AKT-mTOR pathway leading to increased cellular survival. The phosphorylated

EGFR/HER2 is dephosphorylated by protein tyrosine phosphatase (PTP).

regulate the transactivation of receptor tyrosin kinases (RTKs) in
NSCLC cells.

The EGFR contains 1,186 amino acids with a 621 and
extracellular domains I and III bind EGF or TGFα with high
affinity (37). The EGFR has a 23 amino acid TM domain and
a 542 intracellular domain with tyrosine kinase activity. Lys721

is essential for binding ATP and the phosphorylation of protein
substrates. Upon binding of ligand, the EGFR can undergo
homodimerization resulting in the phosphorylation of Tyr1068,
Tyr1086, Tyr1148, and Tyr1174. Alternatively, the EGFR can form
heterodimers with HER2. The MAPK and PI3K/Akt pathways
are downstream of the EGFR and are important for EGFR

mediated proliferation and cancer cellular survival, respectively.
Currently, we are investigating if GPCRs transactivate additional
RTK such as HER2, HER3 or HER4 in cancer cells.

NMB increases the proliferation of NSCLC cells. In contrast,
PD168368 and gefitinb inhibit the growth of NSCLC cells
(34). Surprisingly, combinations of the NMBR antagonist with
the EGFR TKI reduced the proliferation of NSCLC cells
in a synergistic manner. The results indicate that GPCR
antagonists potentiate the action of TKI in NSCLC. Traditionally
NSCLC which kills 130,000U.S. citizens annually is treated with
combination chemotherapy, however, the 5 year survival rate
is only 15%. The EGFR is mutated is approximately 13% of
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the NSCLC patients and those with the L858R mutation have
increased tyrosine kinase activity and sensitivity to TKI such
as gefitinib or erlotinib (38, 39). Traditionally NSCLC patients
are treated with combination chemotherapy, however, the 5 year
survival rate is only 15% (40).

NEUROTENSIN RECEPTORS

NTS is present in numerous SCLC cell lines (9, 41). NTS is
derived from a 170 amino acid precursor and metabolized to a
biologically active peptide which contains 13 amino acids (42).
NTS and its C-terminal fragment NTS8−13 bind with high affinity
to the NTSR1, which is localized to chromosome 20q13, contains
418 amino acids, and is a class A/Rhodopsin-like GPCR. Table 1
shows that the NTSR2 which is on chromosome 2p25 contains
410 amino acids and binds NTS and levocabastine with high
affinity. The NTS−-NTSR1 complex has been crystallized and
NTS8−13 sits on top of the NTS binding pocket and interacts with
TM domains 6 as well as 7 and EL 2 as well as 3 (43). Both NT and
BB receptors have short N-terminals which have little effect on
ligand binding (44). The nonpeptide NTSR1 antagonist SR48692
binds deep into the NTSR1 binding pocket and blocks the effects
of NTS agonists. Also, SR142948A blocks both the NTSR1 and
NTSR2. The NTSR3 is not a GPCR but is sortilin.

NTS binds with high affinity to SCLC cells (45). Addition
of NTS to cancer cells causes PI turnover leading to increases
PKC activity and elevation of cytosolic Ca2+ (46–48). In contrast,
the NTSR2 agonist levocabastin has little effect on lung cancer
cells. The effects of NTS on second messenger production and
proliferation was antagonized by SR48692 (5). NTS addition to
cancer cells causes phosphorylation of various proteins such as
focal adhesion kinase (FAK) or ERK (49, 50). The phosphorylated
ERK increases the expression of c-fos and c-jun leading to cellular
proliferation (51). NTS stimulates proliferation whereas SR48692
inhibits the proliferation of lung cancer cells (5). NT addition
to NSCLC cells increased EGFR tyrosine phosphorylation 5-fold
(52). NT (5 nM) half-maximally increased EGFR transactivation
after 2min. NTS or NTS8−13 but not NT1−8 or levocabastine
increase EGFR tyrosine phosphorylation. The NTSR1 regulation
of EGFR transactivation is inhibited by SR48692, gefitinib,
PP1, GM6001, TGFα antibodies and antioxidants. SR48692 and
gefitinib inhibit the proliferation of NSCLC cells in a synergistic
manner. Previously, JMV449, a NT8−13 analog, was found to
increase expression of the EGFR, HER2, and HER3 after 24 h
(53). JMV449 addition to cells increase MMP activity resulting
in HB-EGF and neuregulin 1 release, which activates the EGFR
and HER3, respectively.

NTSR1 regulates the EGFR transactivation in numerous
cancers including colon, foregut neuroendocrine, lung, and
prostate cancer (47, 52, 54, 55). Lung cancer and gastric
cancer patients whose tumors had high densities of NTSR1
had decreased survival (53, 56). Addition of NTS to NSCLC
cells caused tyrosine phosphorylation of the EGFR in a PLC-
dependent manner (52). Phosphorylated β-catenin dissociates
from E-cadherin and increases the expression of NTSR1. Wnt/β-
catenin signaling increases the expression of E-cadherin leading

to epithelial to mesenchymal transitions and cancer metastasis
(57). Recently, 3BP-227, a SR142948A analog, was radiolabeled
and used to image tumors containing NTSR1. In nude mice
containing HT29 colon cancer tumors 177Lu-3BP-227 localized
to the tumors with high tumor-to-kidney or tumor-to-liver ratios
using whole-body SPECT/CT techniques (58). In 5 out of 6
patients with ductal pancreatic adenocarcinoma tumor uptake of
177Lu-3BP-227 was observed (59). It remains to be determined
if 177Lu-3BP-227 will improve survival of patients whose tumors
are enriched in NTSR1.

VIPRs AND PITUITARY ADENYLATE
CYCLASE ACTIVATING POLYPEPTIDE
RECEPTOR

The biological activities of the VIP and PACAP family of peptides
are mediated by 3 GPCR (VPAC1, VPAC2, and PAC1), which
are members of the classB/secretin-like receptors (60). Table 1
shows that VPAC1, which is localized to chromosome 3p22,
contains 457 amino acids with a 112 amino acid N-terminal.
VPAC2, which is localized to chromosome 7q36, contains 438
amino acids with a 103 amino acid N-terminal. PAC1, which is
localized to chromosome 7p14, contains 468 amino acids with
a 125 amino acid N-terminal. PAC1 has about 50% sequence
homology with VPAC1 or VPAC2 (60). The large N-terminal
extracellular domain of PAC1 has antiparallel β-sheets and binds
to the C-terminal of PACAP (61, 62). The PAC1 receptor has 3
closed transitional states (G1-G3) and one open state named G4
(63). The N-terminal of PACAP, which activates PAC1 binds to
EL and TM domains (64). VPAC1, VPAC2, and PAC1 interact
with Gs resulting in elevated cAMP, however, PAC1 interacts with
Gq as well resulting in PI turnover (65). VIP, which contains 28
amino acids, is derived from a 170 amino acid precursor protein.
PACAP-27 as well as PACAP-38 is derived from a 176 amino
acid precursor protein and 67% of the amino acids in PACAP-
27 and VIP are identical (60). VPAC1 and VPAC2 binds VIP and
PACAP-27 or PACAP-38 with high affinity, whereas PAC1 binds
PACAP-27 or PACAP-38 with high affinity but VIP with low
affinity. Maxidillin, a 61 amino acid peptide isolated from sand
fly, binds with high affinity to PAC1 but not VPAC1 or VPAC2
(66). Recently, a number of PACAP-38 analogs were synthesized
which prefer PAC1 relative to VPAC1 or VPAC2 by over an order
of magnitude (67). VIPhybrid is a peptide antagonist which binds
with moderate affinity to VPAC1 or VPAC2, whereas, PACAP(6–
38) is a peptide antagonist for PAC1 (68). Selective non-peptide
antagonists for VPAC1, VPAC2 or PAC1 remain unknown.

VPAC1 is present in numerous cancers including breast,
colon, liver, lung, neuroblastoma, pancreatic, and prostate
cancers in high densities (69). VPAC2 is present in moderate
densities in gastric pancreatic adenocarcinomas, gastric
leiomyomas, thyroid cancer, and sarcomas (70). PAC1
is present in brain, breast, colon lung, neuroendocrine,
pancreatic, pituitary, and prostate cancer as well as
neuroblastoma/pheochromocytoma (71). In SH1SY5Y
neuroblastoma cells, numerous PAC1 splice variants (SV)
were detected in the N-terminal and intracellular loop (IL)
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3 (72). PAC1 has 18 exons and deletion of exons 5,6 or 4-6
reduce the N-terminal by 7, 21 (short) or 57 amino acids (very
short) (73). The short PAC1 but not the very short PAC1 bind
PACAP-38 with high affinity and elevate cAMP (74). Alternative
splice variants (SV) of IL3 result in the addition of an additional
28 amino acid segment (hip) to PAC1null (75). Addition of a
different set of 28 amino acids to IL3 of the PAC1 results in the
hop SV. Finally, both SVs can be added resulting in PAC1hiphop.
The order of potency to increase PI turnover was PAC1hop >

PAC1null = PAC1hiphop > PAC1hip (76). Thus binding of
PACAP and second messenger production can be altered by
PAC1 deletions and SVs.

VPAC1 can be utilized to image cancer tumors.
18F(Arg15,21)VIP localized to T47D breast cancer cells in
nude mice (77) and 64Cu-TP3982 localized to mammary tumors
in MMTVneu transgenic mice (78). 99mTc-TP3982 was used
to image breast tumors in 5 patients (79). The VPAC1-agonist
complex internalizes in cancer cells and the ligand is metabolized
in lysosomes. VPAC1 has been used to deliver VIP analogs
containing cytotoxic CPT, paclitaxel, ellipticin or geldanomycin
to cancer cells (80–83). The actions of VIP are antagonized
by peptides such as VIP10−28 or VIPhybrid (84). Addition of
VIP to cancer cells results in elevated cAMP which activates
PKA. Activation of PKA results in CREB phosphorylation
which increases nuclear oncogene expression of c-Myc leading to
increased proliferation (Figure 1). VIP increases the proliferation
of lung cancer cells whereas VIPhybrid inhibits proliferation
(84). Addition of PACAP-27 or PACAP-38 to lung cancer cells
containing VPAC1, VPAC2 or PAC1 increases cAMP, however,
it causes PI turnover in cells containing PAC1. When PI is
metabolized, ERK becomes phosphorylated. Phosphorylated
ERK increased the expression of the nuclear oncogenes c-fos
and c-jun leading to increased cancer cellular proliferation.
PACAP(6–38) inhibits the proliferation of lung cancer cells
in vitro and in vivo (85).

VIP may be a promoter of carcinogenesis. VPAC1 density is
higher in mammary cancer than adjacent normal tissue using
rat and mouse models (86). Specific binding of 125I-VIP to
mouse mammary tumors was inhibited with high affinity by
(Lys15, Arg16, Leu17) VIP1−7GRF8−27 (VPAC1 peptide agonist)
but not Ro25-1553 (VPAC2 peptide agonist). Retinoic acid, a
chemopreventive agent, down-regulates VPAC1 expression in
breast and lung cancer cells (87, 88). Finally VIPhybrid inhibits
mammary carcinogenesis in C3(1)SV40T antigen mice (89).

Addition of PACAP-27 or PACAP-38 but not VIP causes
transactivation of the EGFR in NSCLC cells (90). The PAC1
regulation of EGFR tyrosine phosphorylation is inhibited by
PACAP(6–38), gefitinib, PP2, GM6001, and ROS inhibitors.
Diphenyleneiodonium (DPI), a NADPH oxidase (NOX)
inhibitor impaired the ability of PACAP to increase EGFR
tyrosine phosphorylation. NOX-4, which produces ROS, is
present in NSCLC cells (91). PACAP-27 addition to NSCLC cells
increased ROS which was inhibited by DPI. VIP addition to
breast cancer cells increased EGFR and HER2 phosphorylation
(92). The EGFR which dimerizes, may form homodimers with
itself or heterodimers with HER2. VPAC1 regulation of EGFR
transactivation was blocked by JV-1-53 (VPAC1 antagonist),

PP2 or H89 (PKA inhibitor). In contrast, the PAC1 regulation of
EGFR transactivation in NSCLC cells was inhibited by U73122
(phospholipase C inhibitor) but not H89. The results indicate
that the EGFR can be transactivated by GPCR which interact
with Gq or Gs.

SST RECEPTORS

SST occurs endogenously in two principal forms (SST-14, SST-
28) and their action is mediated by 5 related subtypes of GPCRs
(SSTR1-5) (93, 94). SST receptors are not only widely expressed
on normal tissues, but also are frequently overexpressed by
many neoplasms, particularly NETs [i.e., carcinoids/pancreatic
neuroendocrine tumors (panNETs)] (93–95). SST has a wide
range of physiological actions and they are primarily inhibitory
(93, 94).

SST and its receptors represent the prototype for a clinically
successful peptide/peptide receptor oncotarget. It is the only
peptide-GPCR system which has multiple approved indications
(four different indications) for the treatment of a class of
human neoplasms, NETs. Furthermore, its results in NETs have
potential applicability for its clinical utility in a number of other
neoplasms.

The initial approved indication for SST analogs was its
use in hormone-excess states. Depot long-acting formulations
of synthetic SST analogs (octreotide-LAR, lanreotide autogel)
(Figure 2) are the drugs of choice to control various functional
NET syndromes due to the ectopic release of a biologically active
peptides by the NETs (93, 96–99). This includes the control of
such widely different functional NET syndromes as the carcinoid
syndrome (diarrhea, flushing) due to metastatic carcinoid tumor;
severe diarrhea due to VIPomas; rash due to glucagonomas;
acromegaly due to excessive growth hormone release primarily
by pituitary adenomas, and a number of others (93, 96–100).
Almost all (>90%) of the well-differentiated forms of these NETs
(>95%) overexpress somatostatin receptor subtype 2 which has
high affinity for octreotide and therefore it is generally effective in
controlling the hormone-excess state and in many, their growth.
Some NETs such as pituitary adenomas do not overexpress
SSTR2 with the result that octreotide/lanreotide are only effective
in 20–70% of patients (101). One solution to this has been the
development of next generation somatostatin analogs such as
pasireotide, which has high affinity for multiple subtypes (SSTR5
> SSTR2 > SSTR3 > SSTR1), which has been shown to be
effective in these patients and is approved for use in the treatment
of a acromegaly.

The second approved indication for SST analogs is for its anti-
proliferative activity on NETs. In numerous pre-clinical studies
and animal studies, it was shown that SST analogs have anti-
proliferative effects on NETs, as well as number of other human
tumors (102–107) Two double-blind Phase 3 studies (108, 109) in
patients with advanced NETs treated with lanreotide/octreotide
increased the patient’s progressive free survival (PFS), which lead
to FDA approval. Recent meta-analyses (106, 110) of SST analogs
anti-proliferative effects in all publications (106) or the above
two studies (110), in patients with advanced NETs, demonstrate
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FIGURE 2 | Structures of SST and synthetic analogs used clinically. (A) The 14 amino acid SST is shown and essential amino acids are in black. The SST synthetic

analogs, octreotide (B), and lanreotide (C), which have 8 amino acids, are approved to treat patients with neuroendocrine tumors (NETs) producing hormone-excess

states (VIPoma, carcinoid syndrome) and for their anti-proliferative activity in patients with advanced, aggressive NETs. 111 InDTPA pentetreotide (D) as well as
68GaDOTATATE (E) are used for SSTR imaging in patients with NETs. 90Y-DOTA (F) and 177Lu-DOTA (G) -labeled SST analogs are used for their antitumor activity

during PRRT by targeting the cytotoxic radiolabel to the tumor.

good anti-proliferative activity, significant benefit from their use
resulting in disease control (HR 0.51, p< 0.01), with the response
rates vs. placebo being 58 vs. 32% and a good safety profile.
In general, these studies demonstrate that SST analog treatment
in patients with advanced NETs result in a tumoristatic effect
primarily, rather than a decrease in the tumor size. SST analogs
are now recommended in recent guidelines as well as expert
reviews as one of the initial treatments for controlling tumor
growth in patients with advanced NETs, especially those with
well-differentiated NETs, and slower growth rates (99, 111–115).
Numerous in vitro and animal studies report that SST receptors
are expressed on a number of other non-endocrine tumors, and
that SST analogs have anti-proliferative activity in these tumors
(93, 94, 97, 103, 104, 107, 116, 117). No controlled trials have
established the use of SST analogs for anti-proliferative effects in
patients with non-endocrine tumors.

The third approved indication for SST analogs in patients
with NETs is for imaging of the tumor. SST receptor imaging
(SRI) was originally approved for the use of 111In-labeled
pentetreotide with SPECT/CT scanning (Octreoscan), which is
now replaced by the use of 68Ga-DOTATATE PET/CT scanning,
which has greater resolution, sensitivity and high specificity
(118–122). Almost all well differentiated NETs overexpress the
somatostatin receptor subtypes (SSTR2 > SSTR5 > SSTR3) that
bind this radiolabeled agonist with high affinity (118, 119, 123).
A systematic review (122) demonstrated that the use of 68Ga-
DOTATATE PET/CT scanning changed the management of the
patient in a mean of 44% (range, 16–71%). SRI is now essential

for the staging and management of NET patients and is the most
sensitive method to allow whole body scanning rapidly to present
a complete assessment of the extent of the tumor (112, 118, 121).

The fourth approved indication for SST analogs in patients
with NETs is their use to target cytotoxic radiolabeled SST
analogs to the tumor in patients with advanced NETs, as
an anti-tumor therapy (called PRRT for peptide receptor
radionuclide therapy) (124–127). Numerous animal studies as
well as uncontrolled studies on patients with advanced NETs,
demonstrated this approach resulted in tumor stabilization in
progressive tumors as well tumor shrinkage in a significant
number of patients with acceptable side-effects (124–127).
Various SST analogs were coupled to linkers (DOTATATE,
DOTATOC, DOTANOC) (Figure 2) and to different radiolabels
including 111Indium,90 Yttrium, and 177Lutetium (127, 128).
A recent double-blind controlled trial (129) demonstrated that
177Lutetium-DOTATATE treatment in patients with advanced
midgut carcinoids, resulted in marked increase in progression-
free survival and a preliminary result demonstrating increased
overall survival, with acceptable safely profile. This has led to
FDA approval for this treatment in patients with advanced
NETs. Almost all of the early studies performed with SRI
and PRRT used SST analogs that were agonists because of
the belief the peptide should be internalized to provide the
best imaging and radionuclide delivery to the tumor. Recent
studies demonstrate that SST receptor antagonists recognize
more binding sites on the tumor, provide superior tumor
targeting to agonists (118, 130, 131) and also demonstrate
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greater membrane binding suggesting it will be superior for
PRRT.

Unfortunately, the over-expression of SST receptors is limited
to a subset of tumors and is not seen in many of the more
frequent adenocarcinomas, such as breast, colon, lung or prostate
and therefore the specific ligands developed for NETs will
not be useful in these tumors. However, many of these other
more common tumors over-express a number of other GPCRs
including receptors for the BB, NTS, VIP/PACAP family (68,
132–134). Furthermore, in many cases selective ligands that are
radiolabeled have been developed and studies in animal models
and some cases in small numbers of humans with different
diseases, support this approach (68, 132–134). Whether in the
future they will become established for the imaging of these
tumors or for the delivery of cytotoxic substances is unknown.

CONCLUSIONS

Neuropeptide GPCR may play an important role in cancer
proliferation, angiogenesis, and metastasis. Most of the research
conducted on NTS, BB, and VIP has been at the preclinical
level. NTSR1 and BBR are class A/Rhodopsin-like receptors
which interact with Gq and cause PI turnover. Nonpeptide
antagonists are available for the BBR and NTSR which
inhibit the proliferation of cancer cells. NTS, BB, and VIP
conjugates, which kill cancer cells, have been developed. BB,
NTS or PACAP stimulate the proliferation of NSCLC cells
in an EGFR-dependent manner. The transactivation of the
EGFR is blocked by SR48692 (NTSR1 antagonist), PD176252
(GRPR antagonist) or PACAP(6–38) (PAC1 antagonist)
as well as gefitinib (EGFR TKI). The GPCR antagonists
potentiate the ability of TKI to reduce NSCLC growth
in vitro. It remains to be determined if GPCR antagonists
will potentiate the action of TKI in vivo. GPCR antagonists
potentiate the effects of chemotherapeutic drugs (135, 136).
VIPhybrid, a VPAC1 antagonist, potentiates the effects
cytotoxicity of taxol in breast cancer in vitro and in vivo.
Also, VIPhybrid potentiated the cytotoxicity of cisplatin,
doxorubicin, gemcitabine, irinotecan or vinorelbine on colon
cancer in vitro.

VIP and PACAP are class B/Secretin-like receptors which
interact with Gs and stimulate adenylyl cyclase. PAC1 has
numerous splice variants, which alter second messenger
production. VIP has been coupled to radioisotopes, e.g., 18F,
65Cu, and 99mTc to image tumors in animal models. High
affinity non-peptide antagonists need to be developed for PAC1
VPAC1 and VPAC2. The use of peptide coated nanoparticles
which contain chemotherapeutics is being investigated (137). The
GPCR can be used to direct neuropeptide coated nanoparticle
to the tumor. Recently, cholecystokinin antagonists were found
to potentiate the effects of immune checkpoint inhibitors at
impairing the growth of pancreatic tumors in vivo (138). Thus
GPCR antagonists can potentiate the effects of various drugs in
cancer treatment.

The use of SST analogs and their receptors are now an
established part of clinical practice and provide the basis

for 4 different FDA approved indications in patients with
NETs. Long acting formulations of octreotide or lanreotide
are the predominant therapeutic agents used to control excess
secretion of peptides or growth hormone causing clinical
syndromes in NET patients. Large clinical trials have recently
led to the FDA approval of lanreotide/octreotide analogs to
reduce NET growth in patients with advanced disease resulting
in increased progression-free survival. SST receptor imaging
using initially 111In-pentetreotide, and more recently, 68Ga-
DOTATATE, which takes advance of the over-expression of
SSTRs by NETs is the most sensitive method to image tumor
location/extent in these patients. Lastly, numerous animal
studies and non- prospective clinical studies, demonstrated
that patients with advanced NETs expressing SSTRs could be
treated with radiolabeled SST analogs with good antitumor
effects. Recently, a large double -blind study in patients with
advanced ileal carcinoid NETs confirmed this result leading
to FDA approval for this approach using 177Lu labeled
octreotate. The SST research shows that neuropeptide GPCRs
can be used as oncotargets to detect and treat a human
cancer.

A goal is to advance the cancer research on BB, NTS,
and VIP. SST is inhibitory in nature and was initially used
to inhibit secretions from NETs. Few effective therapies
were available and octreotide effectively controlled the
symptoms of patients with VIPomas, glucagonomas, GRFomas,
insulinomas or gastrinomas. In contrast, BB, NTS, and VIP
are stimulatory in nature and a substantial effort has been
made to improve the half-life of peptide agonists in the
blood and develop specific high affinity antagonists which
are stable. SSTRs are present in over 90% of the NETs. BB,
NTS, and VIPRs are not so universal in epithelial cancers.
By precision medicine, the overexpression of GRPCRs
for BB, NTS or VIP in the biopsy specimen will dictate
which GPCR should be targeted. To illustrate if the tumor
overexpresses NTSR1, the patient may be treated with SR48692
alone or in combination with another drug. Additional
clinical trials are needed in BB, NT, and VIP research
so that these peptide GPCR’s can be used as oncotargets
to treat epithelial cancers of the breast, colon, lung, and
prostate.
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The demonstration of metabolically active brown adipose tissue (BAT) in humans primarily

using positron emission tomography coupled to computed tomography (PET/CT) with

the glucose tracer 18-fluorodeoxyglucose (18FDG) has renewed the interest of the

scientific and medical community in the possible role of BAT as a target for the

prevention and treatment of obesity and type 2 diabetes (T2D). Here, we offer a

comprehensive review of BAT energy metabolism in humans. Considerable advances in

methods to measure BAT energy metabolism, including nonesterified fatty acids (NEFA),

chylomicron-triglycerides (TG), oxygen, Krebs cycle rate, and intracellular TG have led

to very good quantification of energy substrate metabolism per volume of active BAT

in vivo. These studies have also shown that intracellular TG are likely the primary energy

source of BAT upon activation by cold. Current estimates of BAT’s contribution to energy

expenditure range at the lower end of what would be potentially clinically relevant if

chronically sustained. Yet, 18FDG PET/CT remains the gold-standard defining method

to quantify total BAT volume of activity, used to calculate BAT’s total energy expenditure.

Unfortunately, BAT glucose metabolism better reflects BAT’s insulin sensitivity and blood

flow. It is now clear that most glucose taken up by BAT does not fuel mitochondrial

oxidative metabolism and that BAT glucose uptake can therefore be disconnected from

thermogenesis. Furthermore, BAT thermogenesis is efficiently recruited upon repeated

cold exposure, doubling to tripling its total oxidative capacity, with reciprocal reduction

of muscle thermogenesis. Recent data suggest that total BAT volume may be much

larger than the typically observed 50–150ml with 18FDG PET/CT. Therefore, the current

estimates of total BAT thermogenesis, largely relying on total BAT volume using 18FDG

PET/CT, may underestimate the true contribution of BAT to total energy expenditure.

Quantification of the contribution of BAT to energy expenditure begs for the development

of more integrated whole body in vivo methods.

Keywords: brown adipose tissue, energy metabolism, obesity, type 2 diabetes, molecular imaging, positron

emission tomography, tracer methods
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INTRODUCTION

Since 1980, the global prevalence of obesity has doubled
(1). In 2015, overweight and obesity accounted for 4 million
deaths worldwide, including 3.3 million from cardiovascular
diseases and type 2 diabetes (T2D) (1). Restricting energy intake
by reducing food consumption, increasing satiety and/or fat
malabsorption, is the chief weight-loss mechanism of most
medical and surgical treatments of obesity and has profound
anti-diabetic effects (2–5). Increasing exercise- and non-exercise
activity-related thermogenesis is the other cornerstone of
obesity and T2Dmanagement. Simultaneously targetingmultiple
mechanisms of energy homeostasis is advantageous for the
treatment of obesity (6). However, targeting energy expenditure
unrelated to physical activity remains largely underexplored.
Consequently, a number of unexploited mechanism may help fill
a gap as an adjunct to current treatments for obesity and T2D.

One emerging, highly modifiable homeostatic mechanism for
energy expenditure in humans is BAT thermogenesis. BAT may
contribute as much as 60% of “non-shivering” thermogenesis
in small mammals (7, 8), enabling their survival in the cold
without reliance on shivering to produce heat (9, 10). BAT is
currently considered a prime target for the treatment of obesity
and T2D (11–15). Although the relative role of BAT on energy
expenditure, thermogenesis and substrate utilization is dominant
in rodents, the contribution of BAT to energy homeostasis in
humans is more controversial. A detailed discussion on the
different factors implicated in BAT andWAT “browning” such as
immune cell-mediated modulation of adipose tissue sympathetic
innervation (16) [please see (17) and (18) for review] is beyond
the scope of the present review. The aim of the present article
is to review the evidence for a role of BAT in energy substrate
metabolism and thermogenesis in humans.

THE DEFINITION OF BAT

BAT is a heat-producing adipose tissue located in interscapular,
subscapular, axillary, perirenal, and periaortic regions in rodents
(19). In infants, the predominant interscapular distribution
found in small mammals also occurs (20–22), but regresses with
age and is lost at adulthood. The typical supraclavicular and
paravertebral BAT distribution seen in adults appears to develop
with puberty in boys and girls (23, 24). BAT cells differ fromwhite
adipose tissue (WAT) cells (25, 26). The former cells contain
numerous small lipid vacuoles and a large number of well-
developed mitochondria, whereas the latter are characterized by
a single large lipid vacuole and a few mitochondria. BAT cells in
WAT depots, called “beige” or “brite” adipocytes, have also been
shown in rodents and humans (26). Histologically, “beige” cells
demonstrate an intermediate phenotype between classical BAT
adipocytes and classical white adipocytes (26).

The hallmark of BAT cells at the molecular level in animals
and humans alike is the high level of expression of uncoupling
protein-1 (UCP1). UCP1 is found in the inner membrane of
BAT cells’ mitochondria (19, 27). UCP1 uncouples mitochondrial
respiration from adenosine-5′-triphosphate (ATP) synthesis
(28). When activated, it causes a leak that dissipates the

electrochemical proton gradient that builds up across the inner
mitochondrial membrane during BAT fatty acid oxidation.
This electrochemical proton gradient drives the conversion of
adenosine-5′-diphosphate (ADP) to ATP by ATP synthase. As a
consequence, the presence of active UCP1 abolishes the negative
feedback inhibition exerted by high ATP and/or low ADP levels
on mitochondrial Krebs’ cycle and respiration, leading to very
high rate of fatty acid oxidation that directly produces heat.
Because of its large amount of active UCP1 proteins, BAT is thus
the only organ that literally can “burn” fat.

UCP1 is activated by long chain fatty acids (19, 28, 29), but
the mechanism by which it uncouples mitochondrial respiration
has long been debated (30–32). UCP1 is an anion/H+ symporter
that binds avidly long chain fatty acids, making it in effect a
proton translocator (33). BAT is richly innervated by sympathetic
nervous system efferent fibers and sympathetic activation is
the physiological activator of BAT thermogenesis (19, 34–37).
The release by these fibers of noradrenaline stimulates BAT
intracellular triglyceride (TG) lipolysis, releasing long chain
fatty acids that in turn activate UCP1 and BAT thermogenesis
(Figure 1). We provided in vivo experimental evidence for
this model by showing that nicotinic acid administration,
an inhibitor of intracellular TG lipolysis, blocks acute cold-
stimulated BAT thermogenesis in rats (38) and in humans (39).
Recent investigations using genetic deletion of genes essential
for intracellular TG lipolysis in mice models have, however,
casted doubt about the essential role of intracellular TG lipolysis-
derived fatty acids to activate BAT thermogenesis (40, 41).
However, direct in vivo assessment of BAT thermogenesis was
notmeasured and BAT of these genetic mousemodels displayed a
large increase in utilization of circulating fatty acids and glucose.
It is therefore likely that intracellular TG and, if the later are
unavailable circulating fatty acids, play an important role for the
activation of BAT thermogenesis.

It is clear that BAT cells can stem from different cell lineages
and display different molecular signatures depending on whether
they are harvested from classical BAT or classical WAT depots
(42–45). This molecular signature of supraclavicular BAT depots
in humans may also be much more similar to that of “beige”
adipocytes than that of “classical BAT” of rodents (46). Despite
these differences, UCP1 content and function appear similar
between human and mouse BAT (47). The distinct molecular
signature of BAT could potentially be exploited for the in vivo
identification and quantification of BAT. For example, targeting
of a relatively BAT specific molecule, programed death ligand-1,
was recently proposed for PET imaging and to quantify BAT in
mice (48). However, from an integrative physiology and clinical
perspective, it is the unique thermogenic potential of BAT, not its
molecular signature, that matters. The presence of BAT in human
adults has been noticed earlier from pathological investigations
(49–51). Despite this early pathological description, the presence
of functional BAT in adult humans was widely acknowledged
only with the use of positron emission tomography coupled
with computed tomography (PET/CT) with the glucose analogue
18-fluoro-deoxyglucose [18FDG) (52–57). It is the very intense
metabolic activity of otherwise metabolically quiescent fat tissue,
at least with regards to glucose metabolism, that led the scientific
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FIGURE 1 | Uncoupling protein 1 (UCP1)-mediated brown adipose tissue

thermogenesis. Upper panel: Brown adipose tissue UCP1-mediated

thermogenesis is activated by fatty acids produced via norepinephrine-induced

intracellular triglyceride (TG) lipolysis during cold exposure. Middle panel:

Acute pharmacological inhibition of intracellular TG lipolysis blunts brown

adipose tissue thermogenesis via reduction of intracellular fatty acids

availability. Lower panel: Genetic deletion-mediated inhibition of intracellular

TG lipolysis in brown adipose tissues leads to increased reliance on circulating

nonesterified fatty acids (NEFA) and triglyceride (TG)-rich lipoproteins to

sustain UCP1-mediated thermogenesis. The mitochondrion illustration was

obtained free of copyright from Pixabay (www.pixabay.com, 2018).

community to finally acknowledge BAT as an organ of interest for
energy balance and as a potential therapeutic target for obesity
and T2D.

Currently, 18FDG PET/CT is considered the “gold-standard”
method to identify BAT in humans (58), although BAT glucose
metabolism does not accurately reflect BAT thermogenic activity
(see section on glucose metabolism below) (59). The presence
of BAT is defined according to the combination of two tissue
characteristics on static (whole body) 18FDG PET/CT acquisition
(Figure 2): (1) unusually high 18FDG (glucose) uptake for an
adipose tissue, i.e., 18FDG PET standard uptake value normalized
for lean mass higher than that of the upper range normally seen
in classical WAT; and (2) a tissue radio-density on CT that is
compatible with the presence of adipose tissue. Using 18FDG
PET/CT, most of the glucose-utilizing BAT volume (“18FDG
positive fat”) is constituted by multiple small adipose depots
scattered in the supraclavicular, paravertebral, pericardial, and
suprarenal regions (54, 56, 57, 60). Using 18FDG PET/CT,
measured BAT volume in humans varies over two orders of
magnitude, from a few to hundreds of milliliters (59). Three-
dimensional mapping of adipose tissue depots with 18FDG
PET/CT showed that up to 4.3% of total body adipose tissue
mass accounts for depots that may display significant glucose
uptake upon cold exposure (61). However, the proportion of this
adipose tissue mass that was demonstrated as BAT mass using
18FDG PET/CT is very small, especially in obese individuals. It
is important to note that accurate quantification of total BAT
volume of metabolic activity by the addition of numerous small
regions, typically less than 1 cm3 each, is very challenging using
PET for a number of technical reasons that were discussed in
more details elsewhere (59, 62). 18FDG positive fat sites are also
determined by a series of environmental and biological factors
including outdoor temperature preceding PET/CT scanning
procedures, age, sex, body fat content, central adiposity, the
presence of diabetes, circadian rhythm, and the use of some drugs
such as β-adrenergic blockers (54, 55, 60, 63–70). The prevalence
of spontaneously detectable 18FDG positive fat sites range from
2 to 7% in large cohorts of patients evaluated for cancer, but
reaches 70–100% during experimental cold exposure (58, 59).
18FDG positive BAT volume and/or activity also significantly
increases within weeks of cold acclimation (71–74). Glucose
uptake in BAT is profoundly influenced by insulin sensitivity
(see section on glucose metabolism below). Because of these
technical and biological reasons, 18FDG PET/CT therefore likely
underestimates true BAT volume in humans, especially in people
with obesity and T2D.

Despite emerging methods using other PET tracers (48, 75–
79), single-photon emission computed tomography (67, 80),
magnetic resonance imaging (MRI), and spectroscopy (MRS)
(81–89), near infrared spectroscopy (90, 91), contrast ultrasound
(92), microwave radiometry (93), and optoacoustic imaging (94),
18FDG PET/CT currently remains the best method to define the
presence and to measure BAT volume in humans (95–98) (99).
The lack of a method that directly measure total BAT volume and
BAT-specific thermogenesis, however, constitutes an important
gap to fill in order to accurately define the true contribution of
BAT to energy homeostasis in humans.
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FIGURE 2 | The standard definition of brown adipose tissue in vivo in humans. Brown adipose tissue is currently defined in vivo in humans by the combination of two

radiological features: (1) 18-fluorodeoxyglucose (18FDG) uptake above a set threshold higher than that usually observed in white adipose tissues using positron

emission tomography (left panels); and (2) a radio-density that is compatible with the presence of adipose tissue using computed tomography (right panels). After

intravenous (i.v.) injection of 18FDG, whole body (static) positron emission tomography scanning is performed, giving quantitative tissue bio-distribution of the tracer

into brown adipose tissues. This tissue tracer uptake is co-registered with tissue radio-density measured using computed tomography. The middle left and right

panels show positron emission tomography and computed tomography transverse views, respectively, of supraclavicular brown adipose tissue in a healthy individual

during a standardized cooling protocol. Source of illustration: Shutterstock (www.shuterstock.com, 2018, no. 100687138).

ENERGY SUBSTRATES UTILIZATION BY
BAT

Glucose
The demonstration of large increase in BAT glucose uptake
with the activation of BAT oxidative metabolism led to the
suggestion that BAT metabolic activation could be exploited
to increase glucose clearance and utilization and treat diabetes
(100, 101). This possibility was furthermore supported by recent
epidemiological observations showing an association between
increased glycosylated hemoglobin and increased incidence of
diabetes with higher outdoor temperature (68, 102). Additionally,
it was shown that the incidence of gestational diabetes rises by 6%
for every 10◦C increase in mean 30-day outdoor air temperature
(103). Cold-induced whole body glucose disposal was shown
to increase only in 18FDG BAT positive individuals (104) and
BAT activation with cold exposure is furthermore associated with
improved glucose homeostasis and insulin sensitivity in patients
with T2D (105, 106).

There are, however, obvious problems with this hypothesis.
First, cold exposure increases muscle glut4 cell membrane
expression and stimulates shivering and deep muscle glucose
uptake, even when care is applied to limit muscle shivering (105,

107). Therefore, this muscle metabolic activity likely contributes
to some cold-induced increase in whole body glucose disposal.
Second, although cold-induced BAT glucose uptake per volume
of tissue is indeed usually higher than that of other tissues in
healthy subjects (107, 108), total volume of 18FDG-positive BAT
amounts to <150ml in most healthy individuals (59). 18FDG-
positive BAT volume is also much smaller in individuals with
obesity and T2D (109). This imposes an important limitation
to the capacity of BAT metabolism to significantly impact
systemic glucose clearance. For example, using whole body
18FDG PET acquisitions during standardized cold exposure
in healthy subjects, we showed that BAT accounted for ∼1%
of total body glucose utilization as compared to ∼50% for
skeletal muscles (107) (Figure 3). Based on calculations that we
previously described (110), glucose partitioning was 4, 8, 6, and
10% in the heart, liver, visceral WAT, and sub-cutaneous WAT,
respectively (Figure 4).

Unfortunately, dynamic 18FDG PET acquisition allowing
precise quantification of BAT glucose uptake rate has been
used by only a few investigators. The group of University of
Turku in Finland has reported BAT glucose uptake rates during
acute cold exposure in the order of 90–120 nmol.g−1.min−1

in healthy individuals and of 35 nmol.g−1.min−1 in obese
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FIGURE 3 | Whole body glucose uptake into brown adipose tissues and muscles during acute cold exposure. During mild cold exposure, glucose uptake is

stimulated in brown adipose tissue, but also in several centrally-located skeletal muscles. Brown adipose tissue glucose uptake is ∼8-fold higher than that of skeletal

muscles, on average, per gram of tissue during mild cold exposure. However, total mass of brown adipose tissue is about 0.2% of that of skeletal muscles. Therefore,

brown adipose tissue and skeletal muscle glucose uptake account for ∼1 and 50%, respectively, of systemic glucose disposal. The figures presented were calculated

from previously published data in young healthy individuals, before cold acclimation (39). BAT, brown adipose tissue; SUV, standard uptake value. Source of muscle

illustration: Shutterstock (www.shuterstock.com, 2018, no. 404668558).

FIGURE 4 | Organ-specific glucose partitioning during acute cold exposure.

The figures presented were calculated from a previously published study in

young healthy individuals, before cold acclimation (39), based on calculations

that we detailed previously (110). BAT, brown adipose tissue; WATsc,

sub-cutaneous white adipose tissues; WATv, visceral white adipose tissue.

individuals (57, 111, 112). Our group at Université de Sherbrooke
reported BAT glucose uptake rates during acute cold exposure
at fasting ranging from 80 ± 14 nmol.g−1.min−1 in non-cold-
acclimated healthy individuals to 209 ± 50 nmol.g−1.min−1 in

cold-acclimated healthy individuals (39, 73, 108) (Figure 5 and
Table 1). We found BAT glucose uptake during cold exposure
in the postprandial period in the range of 50 nmol.g−1.min−1,
i.e., not very different from those measured in the fasting state
(115). Although these rates of glucose uptake are two to three-
fold higher per volume of tissue than that measured in skeletal
muscles, the much larger muscle vs. BAT mass translates into
organ-specific uptake that is two orders of magnitude higher
in the former (39). Furthermore, we found BAT glucose uptake
rates to be much lower in older, overweight subjects without
or with T2D, in the range of ∼10 nmol.g−1.min−1 (109). In
absolute terms, we found rates of BAT glucose uptake ranging
from ∼0.1 µmol/min in overweight individuals without and
with T2D to ∼3 µmol/min in healthy individuals during acute
cold exposure. Using simultaneous quantification of BAT glucose
uptake with dynamic 18FDG PET acquisition and systemic
glucose utilization with conventional glucose tracer method, we
found that acutely cold-activated BAT glucose uptake accounted
for <1% of systemic glucose turnover in healthy men (39, 108,
109). It is therefore unlikely that BAT activation may significantly
contribute to improve systemic glucose metabolism, especially in
subjects with impaired glucose metabolism.

BAT glucose uptake has been extensively used as a surrogate
marker of BAT thermogenesis in humans on the basis of
correlative observations between BAT thermogenic activity and
glucose uptake. Indeed, the presence and metabolic activity
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FIGURE 5 | Brown adipose tissue uptake of energy substrates. Total brown adipose tissue uptake of energy substrates is calculated from published quantitative,

dynamic positron emission tomography or microdialysis experiments in humans, multiplied by a typical total brown adipose tissue mass reported in the literature. Data

from (73, 108, 113), (108, 113, 114), (115), and (116) were used to calculate glucose, NEFA, dietary fatty acid, and glutamate BAT uptake, respectively. 18FDG,

18-fluorodeoxyglucose; BAT, brown adipose tissue; NEFA, nonesterified fatty acids; PET/CT, positron emission tomography coupled with computed tomography.

TABLE 1 | Upper and lower estimates of brown adipose tissue plasma glucose, nonesterified fatty acid, dietary fat, and glutamate uptake rates in humans.

Substrate Mean uptake

(nmol.g−1.min−1)

Molar mass

(g.mol−1)

Absolute uptake

assuming BAT mass

of 150g (g.day−1)

Notes References

Glucose 80 180.156 3.11 Healthy men, non-cold acclimated, acute cold exposure (39, 73, 108)

209 8.13 Healthy men, post-cold acclimation, acute cold exposure (73)

NEFA 4 275.446 0.24 Obese subjects, room temperature (114)

13 0.77 Healthy men, acute cold exposure (108, 109)

Dietary fat 3 275.446 0.18 Healthy men, postprandial and acute cold exposure (115)

Glutamate 35 147.13 1.11 Healthy men, acute cold exposure (116)

NEFA, nonesterified fatty acids.

of 18FDG positive BAT are associated with increased plasma
catecholamines and inversely related to central obesity in patients
with pheochromocytoma (117). Cold-induced BAT glucose
uptake correlates with BAT sympathetic activity in vivo (118)
and unilateral sympathetic denervation has been shown to reduce
supraclavicular BAT glucose uptake in a patient (119). In mice
however, β3-adrenergic-stimulated BAT glucose uptake does not
need the presence of UCP1 and activation of BAT thermogenesis
(120, 121). Extrapolated over a 24 h period, BAT glucose uptake
in healthy individuals in our hands sums up only to a maximum
utilization of 5 g of glucose, or ∼23 kcal. Obviously, this energy
expenditure rate assumes that BAT fully oxidizes the glucose it
takes up. The classical studies by Ma and Foster (122), however,
demonstratedmore than three decades ago that a large fraction of
glucose taken up by BAT is metabolized and released as lactate or
serves for glyceroneogenesis (123) or perhaps de novo lipogenesis
and does not contribute to increased BAT oxidative metabolism
(Figure 6). Activated BAT glucose uptake exceeds increase in
blood flow, suggesting non-thermogenic utilization of glucose by
BAT in humans (124). A recent study using the adipose tissue
microdialysis technique applied to supra-clavicular BAT also
demonstrated that a large fraction of glucose taken up by BAT
upon acute cold exposure is released as lactate in vivo in healthy

subjects (116). The later study also independently confirmed the
magnitude of glucose uptake in BAT measured by the 18FDG
PET dynamic acquisition method. Thus, glucose uptake is not
a good method to quantify BAT oxidative metabolism and
thermogenesis, even in healthy subjects.

18FDGBAT positive individuals aremore insulin sensitive and
cold-induced BAT glucose uptake and stimulation of blood flow
are blunted in obese individuals (112). BAT glucose uptake is
reduced with genetic variants associated with insulin resistance
(125), glucocorticoid treatment (126), fasting-induced insulin
resistance (127). Chronic ephedrine administration which may
induce insulin resistance leads to reduced BAT glucose uptake
despite increased weight loss (128). BAT glucose uptake tends
to be higher after bariatric surgery-induced weight loss in
obese individuals (129, 130). Exercise, which increases muscle
glucose uptake and improves whole body insulin sensitivity,
does not however necessarily lead to increase in insulin-
mediated BAT glucose uptake (131). Insulin stimulates BAT
glucose uptake without stimulating blood flow, suggesting that
insulin signaling increases BAT glucose uptake independent
of BAT thermogenic activation (111). We found that older,
overweight individuals without and with T2D display a ∼10-
fold reduction in BAT glucose uptake rate vs. young healthy
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FIGURE 6 | Glucose metabolism in brown adipose tissue. Most of the glucose

taken up by brown adipose tissue during cold exposure does not contribute to

thermogenesis. Experimental data show that approximately half of the glucose

molecules are excreted from brown adipose tissue as lactate. Most of the

remaining glucose likely contributes to glycerol production (glyceroneogenesis)

and/or fatty acid synthesis (de novo lipogenesis) for intracellular triglyceride

synthesis. The mitochondrion illustration was obtained free of copyright from

Pixabay (www.pixabay.com, 2018).

subjects despite no reduction in BAT NEFA uptake and
thermogenic activity upon acute cold exposure (109). Reduced
BAT glucose uptake is furthermore associated with increased
BAT fat content (88, 109, 132). Thus, as in lean tissues and
WAT (133), excess lipid deposition appears to be a marker of
BAT insulin resistance. Total BAT volume of 18FDG uptake
has been associated with plasma NEFA appearance rate and
oxidation and withWAT insulin sensitivity during cold exposure
(109, 134). Thus, BAT glucose uptake may be a marker of
WAT metabolic flexibility. In the presence of obesity, T2D
or other insulin resistance states, BAT glucose uptake is
an especially poor surrogate marker for BAT thermogenic
activity.

Typical BAT cells expressing UCP1, large mitochondrial
content and numerous small lipid vacuoles are present in
supraclavicular adipose depots, independent of the presence
of spontaneously active BAT based on 18FDG PET (135).
Because 18FDG PET/CT is currently the only method
capable of measuring BAT volume of metabolic activity,
the above considerations clearly point to the absence of a
reliable method to quantify BAT volume and, therefore, total
thermogenic activity in humans. Unfortunately, all of the
figures thus far reported with regards to the contribution of
BAT to fatty acid utilization and whole body thermogenesis
(see below) have been calculated using total BAT volume
from 18FDG PET/CT. Therefore, these figures are likely
underestimated, especially in subjects with any degree of insulin
resistance.

Circulating Fatty Acids
Utilization of circulating fatty acids by BAT may occur through
two different pools in circulation: (1) NEFA; and (2) triglyceride-
rich lipoproteins (TRL). Plasma NEFA are produced mostly
by WAT, either via intracellular TG lipolysis or via LPL-
mediated lipolysis of circulating TRL (i.e., NEFA spillover
of TRL into the systemic circulation) (136). The circulating
NEFA pool is tightly regulated by the sympathetic system and
circulating insulin level via β-adrenergic stimulation and insulin
signaling-mediated inhibition, respectively, of intracellular WAT
lipolysis. Although plasma membrane fatty acid transporters
(137) and local blood flow (138) are known to modify local
tissue NEFA uptake, tissue NEFA transport rate is mostly
regulated by the plasma NEFA concentration and by the tissue’s
rate of fatty acid oxidation. TRL include: (1) chylomicrons,
produced by the intestine and transporting dietary fatty acids
into the circulation; and (2) VLDL, produced by the liver
and transporting TG from NEFA and lipoprotein-derived
fatty acids recycled in the liver and fatty acids produced
de novo from carbohydrates in the liver (110, 139). These
two TRL circulating pools are mostly regulated through
clearance mainly mediated by the activity of LPL, although
increase in liver’s VLDL-TG secretion rate also contributes
to the increase of TG in circulation with obesity and T2D.
Local tissue uptake of fatty acids from circulating TRL is
mostly under the control of local tissue LPL-mediated lipolysis
(140).

As can be expected from stimulation of the sympathetic
system activity, acute cold exposure leads to robust increase in
plasma NEFA levels and appearance rate (39, 108, 109, 141).
Upregulation of genes of lipid utilization was shown in BAT
with cold exposure in humans (134). Only a few studies however
reported BAT-specific uptake rates of plasma NEFA. In all
instances, this has been performed using the PET tracer 18F-
fluoro-6-thiaheptadecanoic acid [18FTHA), a long-chain fatty
acid analog that is taken up at similar rate than palmitate and that
is trapped into the mitochondrial matrix and non-oxidative fatty
acid metabolic pathways (142). These characteristics make this
tracer, when administered intravenously, an excellent method
to measure tissue-specific plasma NEFA uptake rate, but not
tissue oxidative or non-oxidative metabolism. Using 18FTHA
PET, BAT NEFA uptake was reported similar in healthy (∼5.7
nmol.g−1.min−1) and obese subjects (∼3.9 nmol.g−1.min−1,
non-significant vs. healthy) at room temperature (Figure 5 and
Table 1), only slightly higher than the NEFA uptake rate observed
in subcutaneous neck WAT (∼4.7 and ∼3.4 nmol.g−1.min−1,
respectively) (114). In the later study, slight but significant
increase in BAT NEFA uptake rate was shown 6 months after
bariatric surgery in obese individuals (∼5.0 nmol.g−1.min−1)
(114). Interestingly, BAT NEFA uptake was inversely correlated
with age, waist circumference and percent body fat and directly
correlated with HDL cholesterol level (114). Using 18FTHA PET,
we reported BAT NEFA uptake rates ∼13 nmol.g−1.min−1 in
healthy young men acutely exposed to cold (108, 109) (Figure 5
and Table 1). We found BAT NEFA uptake in the same range as
that observed in skeletal muscles and two to three-fold higher
than that of subcutaneous WAT of the neck. In contrast to
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glucose uptake, BAT NEFA uptake per volume of tissue was
the same in older, overweight participants without or with
T2D compared to healthy young men (109). Because of the
overlap in NEFA uptake between BAT and WAT and the limited
experience with 18FTHA PET for BAT imaging, it has been thus
far impossible to use this method to measure BAT volume, as
performed using 18FDG PET/CT. Thus, current estimates of BAT
total contribution to NEFA uptake is limited by the use of 18FDG
PET/CT to measure BAT volume. Using the latter, we calculated
that BAT may metabolize ∼7 µmol.min−1 of plasma NEFA in
healthy men exposed to cold, but only 0.1 µmol.min−1 in older
overweight subjects without or with T2D (109). Extrapolated
over a 24-h period, this amounts to up to 0.6 g of fat, or <3
kcal. Using simultaneous intravenous stable isotopic palmitate
tracer, we calculated that BAT contribution to whole body NEFA
metabolism is <1% (108, 109). Given the likely underestimation
of BAT volume using 18FDG PET/CT, however, it is possible that
BAT contribution to plasma NEFA metabolism could be higher.
Cold-induced BAT NEFA uptake was shown to be associated
with BAT thermogenesis (143). Therefore, the use of BAT NEFA
uptake as a surrogate of BAT thermogenesis remains a viable
alternative to glucose uptake. However, the use of PET NEFA
tracers that can measure tissue oxidative and non-oxidative
metabolic rates, as for example 11C-palmitate, will be needed to
ensure that BAT NEFA uptake is quantitatively linked to BAT
oxidative metabolism and not fatty acid esterification into BAT
TG droplets.

Animal studies showing that activated BAT utilizes a large
fraction of circulating TRL led to the hypothesis that active
BAT may reduce circulating lipoprotein-TG and cholesterol in
humans (144, 145). Angiopoietin-like 4 (ANGPTL4) is down-
regulated in BAT during cold exposure in mice, leading to
LPL-stimulated TG lipolysis and fatty acid uptake in BAT
(146). Activated BAT in mice stimulates the formation of
lipoprotein remnants from more buoyant TRL (147). Thus, in
rodents, metabolically active BAT exerts significant impact on
circulating TRL metabolism. Lower plasma TG and increased
HDL-c has been observed in subjects with metabolically active
BAT determined by 18FDG PET/CT (148). Experimental acute
cold exposure in humans does not however lead to significant
reduction in plasma TG levels (108, 109) and may even lead to
small increase in TG and cholesterol levels in some instances
(106, 141). To our knowledge, we published the only study that
measured directly BAT uptake of fatty acids transported by TRL
in humans (115). To achieve this, we used the oral 18FTHA PET
method that we validated to measure organ-specific dietary fatty
acid uptake (149). This method measures relative tissue uptake
(partitioning) of dietary fatty acids from direct transport through
chylomicron-TG and recycling from WAT metabolism as NEFA
[see our recent review for a detailed discussion on the method
(110)]. We demonstrated significant, albeit small, BAT dietary
fatty acid uptake after administration of a standard meal during
acute cold exposure in healthy young men (115). Rate of BAT
dietary fatty acid uptake was calculated at ∼3 nmol.g−1.min−1

(Figure 5 and Table 1), two to three-fold higher than in the neck
subcutaneousWAT and skeletal muscles, respectively. Because of
the small BAT volume, again determined using 18FDG PET/CT,

BAT only contributed to 0.3% of whole body dietary fatty
acid partitioning. In contrast to what has been observed in
mice (144), BAT contribution’s to whole body dietary fatty acid
metabolism was much lower than that of the liver, the heart,
skeletal muscles, and even WAT (115). Furthermore, we found
that 4-week cold acclimation that significantly increased BAT
oxidative metabolism in the participants did not increase BAT
dietary fatty acid uptake (115). There was no relation between
BAT oxidative metabolism and BAT dietary fatty acid uptake,
suggesting that the latter is not a main energy substrate for BAT
thermogenesis in humans, at least during acute cold exposure.

Cold-induced changes in plasma concentrations of some non-
prominent fatty acids has been reported (106), but there was no
demonstration that these changes were indeed due to increase
in BAT metabolism. Cold exposure induces 12,13-dihydroxy-
9Z-octadecenoic acid production in BAT and in circulation,
which in turn may contribute to stimulate BAT fatty acid
uptake in mice (150). In a cross-sectional study in healthy
men, lysophosphatidylcholine-acyl C16:1 was shown to correlate
with BAT volume and metabolic activity assessed by 18FDG
PET/CT (151). The physiological and clinical relevance of these
observations are unclear at the moment.

Other Substrates in Circulation
BAT expresses glycerol kinase at higher levels than WAT and
thus has the potential to utilize glycerol (152). Furthermore,
this enzyme’s expression is increased in BAT by cold exposure
and β-adrenergic stimulation (153, 154). Recent experiments
in mice showed that glycerol kinase is a downstream target of
PPARγ and that its inhibition leads to reduced UCP1 expression,
isoproterenol-stimulated cellular respiration and intracellular
TG synthesis (155). A very recent study using adipose tissue
microdialysis technique applied to supra-clavicular BAT in
humans demonstrated reduced glycerol release by BAT vs. WAT
at room temperature, suggesting that glycerol can be recycled to
a greater extent in BAT compared to WAT (116).

Weir et al., using the microdialysis technique in
supraclavicular BAT, reported significantly higher uptake of
glutamate (i.e., ∼35 nmol.g−1.min−1) by this tissue (Figure 5
and Table 1) vs. WAT (i.e., ∼12 nmol.g−1.min−1) upon acute
cold exposure (116). Uptake of glutamate in BAT, but not in
WAT, was also significantly increased by acute cold exposure
in the later study (by ∼10 nmol.g−1.min−1), suggesting the
use of this substrate for energy production or, alternatively, for
anaplerosis. However, cold-induced increase in glucose uptake
was about 10-fold (by ∼120 nmol.g−1.min−1), showing that
glutamate is a minor BAT substrate compared to glucose (116).
Weir et al. also demonstrated net release of lactate (∼150–200
nmol.g−1.min−1) and pyruvate (∼5 nmol.g−1.min−1) by BAT
that increased non significantly with acute cold exposure (by
∼50 and ∼1 nmol.g−1.min−1, respectively) (116). This release
of lactate and pyruvate accounted for approximately half of the
glucose that was taken up by BAT in response to cold.

To our knowledge, there has been thus far no attempt to
quantify BAT utilization rate of ketones or amino acids in vivo
in humans. Based on cardiac utilization rate of these substrates
(156), it is however unlikely that they amount to a significant
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proportion of energy substrate utilization compared to fatty acids
and glucose under most physiological circumstances.

Intracellular Triglycerides
Intracellular TG content of BAT can be quantified using CT or
magnetic resonance imaging and spectroscopy (MRI/MRS). The
former technique, as applied currently by most groups in the
field of research on brown adipose tissue, is semi-quantitative
and can only provide relative content of lipids in a tissue by
comparing its radio-density (quantified in Hounsfield units).
MRS is the gold-standardmethod for non-invasive quantification
of tissue triglycerides (as opposed to total lipid content) and
directly reports TG vs. water content of a tissue (62). BAT CT
radio-density is strongly correlated with %TG by MRS (157).
MRI can also provide quantitative fat-to-water ratios in BAT,
that is lower than that observed in WAT (87). However, because
of the large overlap observed in fat-to-water ratios, it is not
possible to systematically distinguish metabolically active from
non-active BAT or even WAT depots using quantification of
adipose tissue fat fraction (158). These methods are sensitive
enough to demonstrate association of fat fraction in BAT with
biologically and clinically relevant end-points. For example, BAT
fat fraction has been associated with systemic insulin resistance,
central obesity or T2D (109, 114, 159) and with BAT NEFA
uptake (157). BAT fat fraction is also reduced in obese individuals
6 months after bariatric surgery and this reduction is associated
with reduction in BMI and insulin resistance (114).

Early observation demonstrated that BAT radio-density
increases rapidly during acute cold exposure in rats and humans
(160). Numerous studies have now demonstrated that BAT TG
content is hydrolyzed within 1–3 h through sympathetically-
stimulated intracellular lipolysis, as observed using CT or
MRI/MRS to monitor shifts of BAT water-to-fat ratio (73, 87,
108, 109, 115, 132, 158, 159, 161). This reduction in BAT TG
content during acute cold exposure is specific to BAT and does
not occur in WAT or in shivering muscles (Figure 7). It has
also been related to whole body insulin sensitivity (132) and
with plasma NEFA appearance rate (109). However, in contrast
to cold-stimulated BAT glucose uptake, the rapid cold-induced
reduction of BAT intracellular TG content is independent of age
and T2D status, at equivalent cold exposure (109).

Assuming a total body BATmass of 168 g [our 18FDG PET/CT
data, (108)] and cold-induced reduction of BAT TG fraction from
81 to 76% (i.e., from 136 to 128 g of TG) (132), ∼8 g of TG
(∼72 kcal) is mobilized from BAT over 2 hours of very mild cold
exposure (Figure 7). In vitro experiments have suggested that
up to 50% of fatty acids hydrolyzed by BAT could be released
into the extracellular media (162) and subsequently oxidized or
re-esterified elsewhere. It is therefore not possible to determine
the precise contribution of fatty acids released by intracellular
TG lipolysis to BAT thermogenesis currently, because the
intracellular metabolic fate of fatty acids utilized by BAT has not
yet been determined in vivo in humans. From BAT microdialysis
data, glycerol release of BAT during cold exposure amounts
to ∼22 nmol.g−1.min−1 vs. ∼10 nmol.g−1.min−1 at room
temperature (116). It is not possible to directly measure tissue
fatty acid release using microdialysis, but assuming that 3 fatty

acid molecules are produced from intracellular TG per molecule
of glycerol released, this cold-induced glycerol release (∼12
nmol.g−1.min−1) could represent up to ∼36 nmol.g−1.min−1

of fatty acids released by intracellular TG lipolysis in BAT.
Assuming a fatty acid composition of∼30 palmitate, 30 linoleate,
and 40% oleate (i.e., an average molar mass of 274.04 g.mol−1)
(163), and an average BAT mass of 168 g (108), this would sum
up to 2.4 g of fat over 24 h, or ∼21 kcal. These figures, however,
are likely underestimated given significant intracellular recycling
of glycerol by BAT (116). Therefore, current estimates of fatty
acid metabolism from BAT intracellular TG mobilization range
between ∼3 to up to 96 g over 24 h with sustained activation.
Again, these figures depend on total BAT volumemeasured using
18FDG PET/CT and, therefore, are likely underestimated. It is
also not known what proportion of these fatty acids are oxidized
directly by BAT vs. released in circulation in vivo in humans.

We have shown in animals (38) and in humans (39) that
BAT TG content is the primary source of energy that fuels BAT
thermogenesis. We used nicotinic acid to inhibit intracellular
BATTG lipolysis in vivo, and to fully arrest BATwater-to-fat ratio
shift and oxidative metabolism upon acute cold exposure. We
also showed that blocking BAT thermogenesis with nicotinic acid
reduced BAT glucose uptake by 26% (i.e., equivalent to 62mg of
glucose over the course of the study), with no change in systemic
glucose turnover (39). This reduction in glucose uptake was
most likely due to the abolished cold-induced increase in BAT
oxidative metabolism with nicotinic acid, since fatty acids from
intracellular TG activate UCP1-mediated mitochondrial energy
uncoupling (19, 28, 29). Likewise, although not measured in our
study, BATNEFA uptake was likely also driven down by nicotinic
acid-mediated inhibition of plasmaNEFA appearance fromWAT
(39). Cold-stimulated BAT blood flowwas unaffected by nicotinic
acid, demonstrating that cold-induced water-to-fat ratio shift is
indeed due to BAT TG disappearance, as opposed to increased
blood flow. Importantly, muscle shivering rose reciprocally,
compensating for the reduction in BAT thermogenesis. Given the
small magnitude of the nicotinic acid-induced reduction of BAT
glucose uptake and the currently estimated small contribution
of plasma NEFA utilization by BAT in humans (see section
Circulating fatty acids above), it is unlikely that these off-target
effects of nicotinic acid confounded nicotinic acid effect through
inhibition of intracellular TG lipolysis on BAT thermogenesis.
In mice, gene deletion of key enzymes of BAT intracellular TG
lipolysis induces a major increase in BAT utilization of fatty acids
in circulation, thus substituting for BAT TG in order to sustain
cold-induced thermogenesis (40, 41). In summary, these in vivo
evidences suggest a major role for intracellular TG as fuel for BAT
thermogenesis.

CONTRIBUTION OF BAT TO
THERMOGENESIS AND ENERGY
EXPENDITURE

Some indirect evidences suggest a significant role for BAT in
cold-induced thermogenesis in humans. Cold-induced increase
in whole body energy expenditure is related to the presence
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FIGURE 7 | Intracellular triglyceride (TG) mobilization in brown adipose tissue during cold exposure. Left panel: Brown adipose tissue (BAT), white adipose tissue

(WAT) and trapezius muscle change in radio-density during standardized acute cold exposure from previously published studies of our group (39, 73, 108, 109). Right

panel: During cold-induced brown adipose tissue metabolic activation, up to 8 g of intracellular triglycerides can be mobilized within 2 h. The metabolic fate of the fatty

acids that are mobilized is currently unknown. Although these fatty acids likely constitute most of the energy substrates driving brown adipose tissue thermogenesis, a

fraction of them may also be released in circulation to be utilized by other tissues. NEFA, nonesterified fatty acids; UCP1, uncoupling protein 1. The mitochondrion

illustration was obtained free of copyright from Pixabay (www.pixabay.com, 2018).

of 18FDG positive BAT (164, 165). Cold-stimulated BAT blood
flow is also associated with cold-induced whole body energy
expenditure (111) and is blunted in obesity (112). Seasonal
variation of cold-induced whole body energy expenditure is
larger in 18FDG BAT positive subjects (166). Total 18FDG BAT
volume is correlated with higher core body temperature during
experimental cooling procedures in one study (167). Living in
a mildly cold environment increases energy expenditure and,
using 18FDG PET, BAT activation was shown to be a significant
determinant of this response (168). We found that inhibition
of BAT thermogenesis using nicotinic acid administration
leads to reciprocal increase in muscle shivering to combat
cold, suggesting a physiologically significant role for BAT in
cold-induced thermogenesis (39). We also reported increased
skeletal muscle energy coupling with cold acclimation—which
is expected to reduce heat production at the same shivering
intensity—suggesting an important role for BAT thermogenesis
during cold acclimation (113).

Other indirect evidences suggest a role for BAT in energy
expenditure and caloric balance in humans. The presence
of metabolically active BAT assessed using 18FDG PET/CT
is associated with reduced adiposity, especially with aging
(56, 164, 169), with higher resting energy expenditure (56,
170), and with less ectopic fat deposition in the liver (171).
Athletes, however, tend to have lower BAT volume and activity
based on 18FDG PET/CT despite higher whole body energy
expenditure (172, 173). UCP1 and beta-3 adrenergic receptor
polymorphisms have been associated with lower BAT glucose
metabolic activity and increased visceral fat with aging (174).
Upstream stimulatory factor 1 deficiency that was shown to
activate BAT metabolism in mice, is associated with improved

insulin sensitivity, lipid profile and cardiometabolic risk in
humans (175). Cold acclimation that increases BAT metabolic
activity has been shown to reduce weight in some (72), but not all
studies (73, 74, 104, 105, 176). The presence of 18FDG PET BAT
predicts capsinoids, catechin-, and caffeine-stimulated whole
body energy expenditure (177, 178). Treatment with capsinoids
leads to increased BAT glucose uptake and supraclavicular
temperature determined by near-infrared spectroscopy (90).
Vagus nerve stimulation therapy associated with weight loss
increases energy expenditure, which is associated with increased
BAT glucose uptake (179). Ephedrine-stimulated BAT metabolic
activity is blunted in obesity (180). However, other studies
have found that Isoprenaline and ephedrine did not activate
BAT metabolic activity despite increasing whole body energy
expenditure in lean men (181, 182). Significant BAT contribution
to energy expenditure is nevertheless supported by the β3-
adrenergic agonist mirabegron-mediated increase in energy
expenditure (+203 ± 40 kcal/day), associated with an increase
in 18FDG BAT activity (183). However, this treatment is
also associated with increased pulse rate and blood pressure,
suggesting increased energy expenditure from the cardiovascular
system.

Hypothyroidism and hyperthyroidism are conditions
that reduce and increase, respectively, whole body energy
expenditure. Although one study reported increased BAT
glucose uptake with hyperthyroidism (184), others have reported
no change in spontaneously occurring (185) or cold-induced
BAT metabolic activity (186). Likewise, BAT activation has been
observed with cancer cachexia (187, 188). Higher 18FDG BAT
volume predicts less adipose tissue accumulation during cancer
treatment in children (189). Association was also observed
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between reduction of BAT glucose uptake and chemotherapy-
induced weight gain in women treated for breast cancer
(190).

Some role for BAT in diet-induced thermogenesis has been
proposed on the basis of preclinical studies (191). Postprandial
increase in energy expenditure was reported to be higher
in 18FDG BAT positive vs. BAT negative individuals, with
lower respiratory quotient, but without significant change
in total 24 h energy expenditure (192). BAT glucose uptake
increases after meal intake, but is not related to diet-induced
thermogenesis (193). Overfeeding, which increases energy
expenditure (194), does not activate BAT glucose uptake (195).
We showed no change in postprandial BAT dietary fatty acid
and glucose uptake during cold exposure prior to vs. after
cold acclimation for 4 weeks that activated BAT thermogenic
activity 2 to 3-fold (115). This suggests that cold-induced
BAT activation does not change organ-specific postprandial
glucose or dietary fatty acid partitioning between organs.
Interestingly, our study showed a non-statistically significant
trend toward greater cold-induced increase in BAT radio-density
postprandially after cold acclimation (115). A very recent study
from the Turku group (196) demonstrated meal-induced BAT
oxygen consumption equivalent to that observed with mild
cold stimulation, together with significant reduction of BAT
NEFA uptake and a trend toward higher BAT radio-density.
Again, this suggests a more important role for intracellular
TG vs. circulating substrates to fuel BAT thermogenesis in
humans. The study of U Din et al. (196) estimated at
∼13 kcal per day this meal-induced BAT contribution to
energy expenditure. However, this calculation extrapolated BAT
thermogenesis measured within the first postprandial hour to
the entire day, which likely overestimates the contribution of
this postprandial BAT thermogenesis to energy expenditure.
Animal studies have consistently shown a decrease in classical
BAT thermogenesis associated with a decrease in norepinephrine
turnover with prolonged fasting (197). To our knowledge,
there is no data available on the effect of prolonged or
intermittent fasting on BAT activity or thermogenesis in
humans.

The fact that BAT significantly takes up glucose, fatty acids, or
other energy substrates from the circulation, and that it rapidly
mobilizes its own TG content upon cold exposure does not prove
that BAT contributes to thermogenesis and, therefore, to energy
expenditure. Although direct BAT heat production was suggested
by infrared spectroscopy [see (99) for review], this method
cannot ascertain that heat difference measured on the surface of
the skin overlying supraclavicular BAT is indeed produced by this
organ. Likewise, measurement of BAT blood flow is an indirect
measure of BAT thermogenesis and was shown in some instances
to be dissociated from BAT thermogenesis (39). Supraclavicular
BAT biopsies have been used to show higher ex vivo thermogenic
activity in BAT vs. subcutaneous fat (134, 198). These biopsy
methods are however incapable of measuring the true in vivo
contribution of BAT to thermogenesis.

We used 11C-acetate, a tracer that allows quantification of
Krebs’ cycle rate through measure of 11CO2 BAT production
with dynamic PET acquisition to demonstrate more direct

evidence of BAT’s contribution to cold-induced thermogenesis
in humans (108). In the latter study, we found that cold-
induced increase in tissue thermogenesis was observed in BAT,
but not in neck WAT or skeletal muscles. Using this tracer,
we found that BAT thermogenesis can be increased by 2 to 3-
fold by acclimation to cold (73, 115), that it is not reduced
in T2D vs. healthy individuals despite major reduction in BAT
glucose uptake (109), and that it is blunted by inhibition of
intracellular TG lipolysis with nicotinic acid (39). However,
this method does not directly quantify BAT thermogenesis as
11CO2 tissue production is only a surrogate of tissue oxygen
consumption.

Direct measurement of BAT oxygen consumption has been
performed by the groups of Otto Muzik (199, 200) and that
of the Turku PET Centre (143) using 15O2 dynamic PET
acquisition. Using this method during very mild, short-term
[60min), but poorly controlled cold exposure, Muzik et al.
estimated BAT thermogenesis to range between 15 to 25 kcal/day
(200). The Turku group reported BAT thermogenesis figures
in the range of ∼7 kcal/day at room temperature to ∼10
kcal/day during mild cold exposure in healthy subjects (143).
Although BAT oxygen consumption per gram of tissue is 2
to 10-fold higher than that observed in WAT and skeletal
muscles at room temperature or during mild cold exposure
(143), the small BAT total tissue mass makes its relative
contribution to basal and cold-induced thermogenesis very small.
However, the small BAT total mass was again determined
using 18FDG PET, which may lead to underestimation of
the contribution of BAT to thermogenesis. Unfortunately,
the current PET scanners with a limited field of view
ranging from 16 to 24 cm in most instances do not allow
total body dynamic acquisition during 15O2 or 11C-acetate
administration. It is therefore not possible to simultaneously
measure oxidative metabolism in all organs and all adipose
tissue depots of the body. Furthermore, the very rapid
tissue metabolism of these tracers makes impossible sequential
dynamic acquisitions in different regions from the same tracer
administration and safety considerations limit the number
of sequential PET tracer administrations that can be made
as part of experimental studies in humans. Therefore, the
currently available methods cannot accurately determine total
BAT contribution to thermogenesis.

Recently, radiological 3D mapping of possibly metabolically
active adipose tissues has suggested a much greater metabolic
potential for BAT (61). Using measures of total BAT volume
from the later study (ranging from 510 to 2358ml) (61) with the
data on BAT oxidative metabolism per gram of tissue measured
by U Din et al. (143) [0.007ml.g−1.min−1 at room temperature
and 0.012ml.g−1.min−1 during cold exposure), and assuming
energy expenditure of 4.801 kcal per liter of oxygen consumed
(201) and an adipose tissue density of 0.925 g.ml−1 (202), BAT
contribution to thermogenesis could range from 27–123 kcal per
day at room temperature to 46–211 kcal per day during mild
cold exposure (Figure 8). Accurate determination of oxidative
metabolism over total body BAT volume will be critical to
quantify the true potential of BAT in energy expenditure in
humans.
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FIGURE 8 | Brown adipose tissue (BAT) oxidative metabolism and contribution to total body energy expenditure. Brown adipose tissue oxygen consumptions are

from U Din et al. (143) and brown adipose tissue-containing adipose tissue (AT) mass range is from Leitner et al. (61). Calculations were made assuming energy

expenditure of 4.801 kcal per liter of oxygen consumed (201) and an adipose tissue density of 0.925 g.ml−1 (202). AT, adipose tissue.

IS THERE A CONTRIBUTION OF WAT
BROWNING TO THERMOGENESIS AND
ENERGY EXPENDITURE?

In addition to the “classical” BAT depots, WAT “browning” (or
“beiging”) may also contribute to thermogenesis, although this
is still hotly debated (11, 203–206). A detailed discussion on
the mechanisms and cellular adaptations of WAT “browning”
is beyond the scope of this review and has been the subject
of excellent recent papers (17, 207, 208). “Beige” cells express
functional UCP1 and their development appears to be Prdm16-
dependent, as classical BAT adipocytes (26, 44, 209). In rodents,
chronic cold exposure, treatment with β3-adrenergic or PPARγ

agonists, and exercise (38, 209–213) were shown to induce
“browning” of WAT preferentially in subcutaneous depots, while
reduced “browning” is seen with aging (214).

Although more controversial, there is also some evidence for
physiologically significant WAT “browning” in humans. Ageing
is associated with reduced white adipose tissue “browning”
(169, 215, 216). Perirenal fat in women expresses UCP1
after exposure to cold environment, but difference in UCP1
expression does not translate into change in adipocyte respiration
rate (217). Visceral fat “browning” per 18FDG PET/CT and
histopathological examination has been shown in patients
with pheochromocytoma or paraganglioma, associated with
increased energy expenditure and diabetes (61, 218). Visceral
fat glucose uptake was reduced by alpha blockade and
removal of the tumor, associated with weight gain and

reversal of diabetes. Cold acclimation however does not lead
to “browning” of abdominal subcutaneous WAT in humans
(71).

Seeing WAT “browning” using molecular markers,
histological examination or even with 18FDG PET does not
necessarily imply significant contribution to thermogenesis and

energy expenditure. For example, PPARγ agonist treatment
in rodents, while inducing WAT “browning” and BAT
volume expansion, induces a reduction in sympathetic tone

and thermogenesis (219–221). Recently, treatment with
thiazolidinedione was shown to increase “browning” of
subcutaneous WAT while reducing classical BAT glucose uptake
and promoting weight gain in vivo in humans (222). We have
shown in rats that chronic cold exposure or beta-3 adrenergic

agonist treatment, while leading to robust “browning” of WAT

as assessed by histological examination, UCP1 gene and protein
expression, and mitochondrial DNA content, do not lead to

significant increase in WAT thermogenic activity as assessed by
11C-acetate PET (213). This lack of WAT thermogenic activation
contrasted with a very robust thermogenic activation of classical
BAT simultaneously assessed by 11C-acetate PET in the same
animals. It is also important to note that despite significant
WAT “browning,” WAT UCP1 expression and mitochondrial
DNA content remain one to two orders of magnitude below
that observed in classical BAT (213, 223, 224). The total volume
of WAT “browning” as well as its thermogenic activity have

yet to be measured in humans. Based on the data available, it
cannot be concluded at the moment that WAT “browning” plays
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a significant role in energy expenditure through mitochondrial
uncoupling to similar extent as in “classical BAT” depots.

WAT “browning” can nevertheless potentially contribute to
energy expenditure through activation of futile metabolic cycles.
These cycles include TG lipolysis/esterification, activation of
Na+-K+-ATPase, creatine/phosphocreatine cycling, and ATP-
dependent Ca2+ cycling (206, 225, 226). For example, in the
absence of UCP1, energy-consuming and heat-producing WAT
metabolic adaptations nevertheless occur, including smaller
multilocular lipid droplets, larger mitochondrial content, and
increased sarcoendoplasmic reticulum Ca2+-ATPase expression
(227). These adaptations are also associated with enhanced
capacity of WAT to oxidize fatty acids (227), an outcome
that can also be obtained using energy restriction or omega-3
supplementation (228). The group of Shingo Kajimura recently
demonstrated UCP1-independent increased beige fat ex vivo
glucose uptake, oxidation and thermogenesis mediated through
enhanced ATP-dependent Ca2+ cycling from sarco/endoplasmic
reticulum Ca2+-ATPase 2b and ryanodine receptor 2 (226).
UCP1-independent BAT and beige fat thermogenesis from
creatine/phosphocreatine cycling has also been demonstrated
in vitro in human and murine cells and in vivo in mice (225).

During cold exposure, there is substantial activation of
intracellular TG lipolysis in BAT and in WAT (see sections
on Circulating fatty acids and Intracellular triglycerides above).
Major stimulation of TG/fatty acid cycling is therefore expected
to occur in both tissues, especially in BAT where glycerol
can be utilized directly to a greater extent (116), and where
glyceroneogenesis (123) and glycolysis (see section Glucose)
occur at much faster rates. Of course, intracellular reesterification
of fatty acids is fueled by Krebs’ cycle and is accounted for
when BAT oxidative metabolism is measured by the 15O2 or
11C-acetate PET methods. Nevertheless, part of the fatty acids
produced by intracellular lipolysis in BAT could potentially be
reesterified in other organs, leading to some additional energy
expenditure. The extent of adipose tissue metabolic adaptation
to prolonged cold exposure or pharmacological activation of
BAT thermogenesis has not been determined thus far. However,
adaptation of WAT TG/fatty acid cycling can reach impressive
levels in humans. For example, using stable isotope tracer
methodology in morbidly obese subjects before and 3 days, 3
months and 1 year after they underwent bariatric surgery, we
showed that WAT NEFA production rate and storage capacity
can be sustained at the same level despite a more than 3-fold
reduction in adipose tissue mass (229), likely resulting in much
enhanced energy expenditure per adipose tissue mass. Whether
such WAT adaptations may contribute to chronic shift of total
body energy balance remains to be tested.

CLINICAL IMPLICATIONS OF BAT
THERMOGENESIS AND ENERGY
SUBSTRATE UTILIZATION

The obesity epidemic is mainly driven by a chronic positive
energy balance—a difference of < 0.1% between daily intake and
expenditure—that is sustained over years. The average weight

gain which when sustained over young adulthood leads to obesity
by middle age is an incremental ∼0.5–0.7 kg per year (230, 231).
On a daily basis, this is an energy surplus of a mere ∼12–17 kcal
i.e., less than a 5 g cube of sugar, for an average energy density
of 8840 kcal/kg of body (232). It is common among people who
lose weight, to experience a drop in total energy expenditure—
on average, ∼25 kcal/day per kg of weight loss (232). This
phenomenon, however, frustrates attempts by most people to
maintain healthy weight. The inter-individual variability of this
drop in energy expenditure can also significantly influence the
rate of diet-induced weight loss (232, 233). When greater weight
loss is maintained over time, the health advantages of lifestyle-
and/or bariatric surgery-induced weight loss tend to be more
significant (234–236). However, when as little as a ∼2-kg weight
loss is maintained over a span of 10 years—i.e., an average
negative balance of ∼48 kcal per day—the incidence of T2D
is curbed by as much as 18–34% (237). Therefore, small shifts
in energy balance that are sustained over time can exert major
effects on health outcomes.

As discussed above, current estimates of BAT contribution to
energy expenditure in humans are in the range of∼7–25 kcal per
day based on 15O2 PET data recorded at room temperature or
during mild acute cold exposure. Although small, these figures
may be underestimated because of the current limitations of
18FDG PET to measure total BAT volume, especially in obese
and T2D individuals. Whether enhanced TG/fatty acid recycling
could add to BAT (or “beige” adipose tissue) thermogenesis
has not been quantified in humans. It is also clear that BAT
thermogenesis can be recruited to a significant extent with cold
acclimation (73) and that its absence or stimulation lead to
changes in cold-induced muscle shivering and non-shivering
thermogenesis (39, 113). Activation of BAT thermogenesis may
therefore be useful for people with occupational cold exposure.
Attempts to activate BAT using cold over a prolonged period of
time in humans did not result in weight loss in most (73, 74, 104,
105, 176) but not all studies (72), likely because of compensatory
increase in energy intake. Circulating endocannabinoids increase
with cold exposure (238), suggesting a possible mechanism for
cold-induced increase in energy intake. It is also important to
note that obese individuals need to reach lower skin temperature
to induce cold-induced thermogenesis, due to increased body
heat generation (i.e., increased resting energy expenditure driven
by larger lean mass), not the generally falsely assumed increased
fat layer insulation (239). The well-documented beneficial effect
of chronic cold exposure on total body insulin sensitivity (74,
104, 105, 176) is driven by muscle, not BAT thermogenic activity
(107). Therefore, cold-induced activation of BAT thermogenesis
cannot by itself be proposed to shift caloric balance in humans.
However, the possibility that it may serve as an adjunct preventive
or therapeutic avenue to lifestyle interventions and/or appetite-
suppressant drugs for obesity begs further investigations.

Rodent studies have suggested that BAT and/or WAT
“browning”may be implicated in some of the beneficial metabolic
effects of physical exercise [see (208, 240–242) for recent reviews
on this topic]. At least four mechanisms have been evoked
to drive such effects. First, physical exercise is associated with
increased adrenergic stimulation, which may lead to direct
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activation of BAT thermogenesis and WAT “browning.” Second,
exercise induces secretion of myokines such as irisin or meteorin
like, cardiac natriuretic peptides, and fibroblast growth factor 21,
that have all been implicated in BATmetabolic activity (243–245).
Third, BAT-derived circulating factor such as IL-6 (246) or the
recently discovered 12,13 diHOME (247) have been implicated in
systemic metabolic improvement in mice. Fourth, exercise may
lead to improved leptin and insulin signaling in the brain, with
enhanced pro-opio-melanocortin neurons activation leading to
WAT browning (241). However, exercise has long been shown
to reduce cold-induced thermogenesis and cold acclimation in
rats (248, 249), likely because heat produced by exercise down-
regulates the sympathetic stimulatory output signal to BAT. As
mentioned above, athletes have lower BAT volume and activity
based on 18FDG PET/CT (172, 173) and BAT glucose uptake is
reduced following short-term exercise training in healthy men
(130). Different exercise duration, intensity and type can result in
different adrenergic and systemic stress responses. Furthermore,
as discussed above, BAT glucose uptake cannot be taken as
a reliable index of BAT thermogenesis. To our knowledge,
there is no study published in humans that has measured BAT
thermogenesis per se in response to exercise. It is therefore
difficult to draw definitive conclusions on the effect of exercise
on BAT thermogenic activity in humans given the data currently
available.

From epidemiological (retrospective) studies that have
been published, there seems to be a graded South-to-North
incremental prevalence of spontaneously active BAT. For
example, the reported prevalence in Boston (latitude: 42◦21′30′′

North) is 4% (54) whereas it is 6.8% in Sherbrooke (latitude:
45◦24′30′′ North) (60). As it has been discussed above, cold
acclimation leads to clear increase in BAT thermogenic activity
and capacity in humans (73) and, therefore, cold exposure is an
important driver of this South-to-North incremental prevalence
of metabolically active BAT. Whether ethnic background
differences may explain changes in BAT metabolic activity is
more controversial. For example, direct comparison between
subjects of South Asian vs. Europid descent showed either
no change in BAT 18FDG uptake (250), or reduced BAT
18FDG volume (but not activity) (170). In the latter study,
all participants were Dutch (therefore living at the same
latitude) and participants from South Asian descent also
displayed lower resting energy expenditure and lower cold-
induced non-shivering thermogenesis. The same research group
later demonstrated that this blunted thermogenic response in
subjects from South Asian descent may be due to increased
endocannabinoid tone (238). From the limited data available,
we can conclude that cold exposure is clearly linked to
differences of BAT activity between different populations, and
that genetic/ethnic background differences may also play a role
in modulating BAT metabolic responses. More data are needed
to address this issue.

Despite encouraging results of BAT metabolic activation with
a single-dose administration of mirabegron, a beta-3 adrenergic
agonist (183), this class of agents has proven ineffective for
the treatment of obesity or T2D in early clinical trials (251,
252). Furthermore, cardiovascular safety is of concern given the

increase in heart rate and blood pressure observed with this
class of medication, likely mediated through beta-1 and/or beta-2
spillover effects. Capsinoids, catechins and caffeine activate BAT
glucose uptake and whole body energy expenditure (177, 178),
but with variable results on clinical outcomes (253–256). The
effect of beta-3 adrenergic agonists, capsinoids, and catechins
on BAT thermogenesis however remains to be determined in
humans. The intriguing possibility that BAT thermogenesis could
be used as a personalized medicine approach to guide the use
of these agents for the prevention or treatment of obesity also
remains unexplored.

CONCLUSION

BAT is a fascinating organ that possesses a very large thermogenic
potential per mass of tissue. This tissue has an astounding
capacity to rapidly mobilize its own TG content upon cold
exposure. Fatty acids from this intense intracellular lipolysis
are likely the main substrates for BAT thermogenesis, although
the metabolic fate of fatty acids in BAT in vivo in humans
has not yet been reported. The contribution of BAT and
“beige” adipose tissue to thermogenesis through accelerated
TG/fatty acid cycling also need to be quantified. BAT is of
clear physiological relevance for cold-induced thermogenesis
and is integral to a multisystem adaptive response to cold. The
current estimated contribution of BAT to energy expenditure is
however low due to its small volume measured using 18FDG
PET. The latter method has major limitations for accurate
measurement of BAT volume, likely leading to underestimation
of the true contribution of this tissue to thermogenesis, especially
in individuals with obesity and T2D. The current estimates of
BAT thermogenesis are at the lower end of energy expenditure
shifts that could lead to clinical benefits if sustained without
off-target side-effects over the long term. Currently estimated
plasma glucose, NEFA or lipoprotein utilization by BAT is also
too low to be deemed of clinical relevance to treat T2D or
lipid disorders. The development of novel imaging methods
for accurate quantification of BAT volume is however required
to delineate the true potential of targeting BAT thermogenesis
to prevent and/or treat cardiometabolic disorders. With the
demonstration of a slightly higher contribution to thermogenesis,
it is still possible that metabolic activation of BAT could serve as
an effective adjunct therapeutic target to existing treatments for
obesity and T2D. Whether monitoring of the effect of clinical
interventions on BAT thermogenesis may help personalize
treatment selection for obesity and/or T2D also needs to be
addressed in future studies.
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Androgen production by the ovary is an essential requirement for normal cyclical

secretion of estradiol but its physiological role extends to important actions on

both preantral and antral follicle development, including promotion of granulosa cell

proliferation. It is likely only in mature antral follicles that androgens encourage apoptosis

and consequent follicle atresia, and this may be an important mechanism to ensure

mono-follicular ovulation in primates, including humans. Recent studies have provided

new insight into the mechanism of androgen signaling in the ovary which involves

both genomic and non-genomic effects that are complementary in effecting a cellular

response. In polycystic ovary syndrome, a condition characterized by intra-ovarian

androgen excess, aberrant development of both preantral and antral follicles is a salient

feature. We present evidence that local action of androgens plays a part in such

abnormalities. Finally, we review the role of androgens in follicle atresia and conclude

that the effects are part of the normal physiology of follicle maturation.

Keywords: androgen receptor, follicle development, apoptosis, polycystic ovary syndrome, genomic and non-

genomic actions, follicle atresia

INTRODUCTION

Whilst it is well recognized that androgens are an essential substrate for estradiol production
by the ovary, the perception persists that androgens have an adverse effect on ovarian follicular
development, even under physiological conditions but especially in an environment of androgen
excess. This review will focus on the variety of androgen action on normal ovarian function and on
the role of androgen excess in the etiology and ovarianmanifestations of polycystic ovary syndrome
(PCOS), the commonest endocrine disorder in women of reproductive age.

PHYSIOLOGY OF ANDROGEN ACTION IN THE OVARY

Androgens and Antral Follicle Function
The cyclical production of estradiol depends upon the availability of androgen, as a steroid
precursor and, of course, cyclical changes in gonadotrophins. Under the influence of tonic
levels of LH, androgens are produced by the theca cells of antral follicles. In the human
ovary, LH receptors are present in theca cells but normally only appear in granulosa cells
in mature follicles greater than 10mm in diameter (i.e., the antral follicle that is most
likely to go on to ovulate) (1). FSH receptors are present exclusively in the granulosa
cells. Androgens (predominantly androstenedione and testosterone) diffuse across the basal
lamina of the follicle to the granulosa layer where, under the control of FSH, they are
converted to estrogen by the action of CYP19 (aromatase) (2). This co-ordinated interaction
of gonadotrophins within the follicle is often referred to as the 2-cell, 2-gonadotophin process
(2). Androgens may also have a role in the demise of antral follicles that form part of the
cohort that undergo further growth in response to the early follicular phase rise in FSH
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but regress in the late follicular phase as FSH levels fall (1, 3). This
is a physiological mechanism that ensures that in humans (and
non-human primates), mono-follicular ovulation is the rule. The
ability of androgens to induce atresia in antral follicles has often
been cast as a deleterious effect, particularly under conditions of
androgen excess (notably PCOS) but the role of androgens may
be rather more nuanced than has been described, as suggested
below (see “Androgens and follicle atresia revisited”).

Androgen Receptor Expression and
Androgen Action Throughout Follicle
Development
Although androgen receptor (AR) is found in all three
components of the ovarian follicle, granulosa, theca and oocyte
(4, 5), AR RNA and protein are most abundant in granulosa
cells. In the primate ovary, there is little expression of AR
in oocyte and theca of antral follicles (6) and in the human
fetal ovary, AR expression is confined to somatic cells (7).
Gene expression in the human ovary is high in granulosa
cells of small antral follicles but reduces in pre-ovulatory
follicles (8). AR expression is present in preantral follicles in
rodent (9), ovine (10) as well as primate ovary, suggesting a
physiological role in follicle development and function over
and above the provision of substrate for estrogen production.
In the human ovary, AR gene expression can be detected
in human preantral follicles from the primary stage onwards
(11), whilst AR protein can be observed from the primordial
stage, gradually increasing during follicle development so that
100% of multi-layered, preantral follicles express AR protein
(12) (Figure 1). AR gene expression is prominent in human
antral follicles but it is noteworthy that peak expression is
in small antral follicles (of around 6mm in diameter) but is
much reduced in larger (about 15mm) antral follicles and lower

FIGURE 1 | Immunohistochemical identification of androgen receptor (AR) protein in preantral follicles of women with and without PCOS. Bars represent the

proportion of follicles that stain positive for AR protein. AR expression increased significantly with increasing stage of follicle development in both normal and PCOS

(stage effect) but here was a significantly greater abundance of AR in PCO follicles (ovary effect). From Webber (12).

still in the mature, preovulatory follicle (8). These changes in
the level of AR expression during the later stages of follicle
development may be important in terms of androgen action
on survival or loss of follicles during a normal ovulatory
cycle (see section on “Androgens and follicle atresia revisited”
below).

There is plentiful evidence to show that androgens stimulate
the growth of both preantral and antral follicles in various species
(13–20). Androgen action appears be important for normal
follicle development and function. Mice lacking AR in the ovary
have impaired follicle maturation and reduced litter size (21–23).
Recently, Walters and colleagues have shown that in a neurone-
specific AR knockout mouse, there is significant disruption
of the hypothalamic regulation of gonadotrophins, associated
with abnormalities of ovarian follicular development (24). The
potent androgen, dihydrotestosterone (DHT) stimulates protein
expression of Ki67 (a marker of cell proliferation) in granulosa
cells of mouse preantral follicles without effect on apoptosis (20).
Androgen also increases responsiveness of granulosa cells to FSH
in terms of both growth and expression of key genes involved
in steroidogenesis (15, 20, 25, 26). These results reflect those
of a seminal series of studies in primate ovary in which Bondy
and colleagues demonstrated that in vivo exposure to androgen
leads to growth of both preantral and antral follicles and was
associated with increased expression of FSH receptor (FSHR)
in granulosa cells (18, 27, 28). AR expression was found to be
positively correlated with that of Ki67 and inversely related to
apoptotic cell count (27).

In isolated, mouse preantral follicles, incubation with DHT
greatly enhances expression of the steroid acute regulatory
protein (StAR, a key regulator of steroidogenesis) in response
to FSH (20). In the same model, both testosterone and DHT
interact with members of the TGFβ superfamily, most noticeably
reducing gene expression of anti-Mullerian hormone (AMH)
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FIGURE 2 | Proposed pathways of androgen action on preantral follicle

growth. Testosterone or DHT act via the androgen receptor, increasing

granulosa cell proliferation. This may be mediated directly, or indirectly by

increased FSHR (stimulating GC proliferation) or decreased AMH (reducing

AMH inhibition). AMH can be further reduced by androgen-induced reduction

of oocyte-specific BMP, which normally stimulates AMH levels. Inset box

summarizes androgen-induced inhibition of TGFβ ligands, and type I and II

TGFβ receptors, with the exception of Alk6 Laird et al. (20).

(produced by granulosa cells) and bone morphogenetic protein-
15 (BMP-15) (produced by the oocyte) both of which may have
inhibitory effects on follicle growth (20) (although BMP-15,
particularly in the presence of GDF-9 signaling, may also have a
stimulatory action on follicle growth) (29). The positive effect of
DHT on FSHR expression and the negative effect on the growth-
inhibitory AMH and BMP-15, suggest that DHT-stimulated
growth in preantral follicles is a complex phenomenon that relies
upon a balance of endocrine and local growth factor actions
(Figure 2). Conversely, there is evidence that BMPs 4, 6, and
7 have inhibitory actions on androgen production by bovine
theca (30).

Androgen Signaling in the Ovary
The classic mode of androgen action, as for most steroids,
involves binding of androgen to AR in the cell cytoplasm and
translocation of the hormone-receptor complex to the nucleus
where it binds to a specific sequence in the promotor of the
relevant target gene and promotes gene transcription (31, 32).
Whilst there is clear evidence that this pathway is operational
in both physiological and pathological actions of androgens,
recent work suggests that the pathway(s) of androgen signaling
are more complex and involve rapid effects that do not involve
classic nuclear receptor action on transcription ie non-genomic

actions (22, 33, 34). These non-genomic actions have been
highlighted in the work of Sen and colleagues who describe
transactivation of the epidermal growth factor receptor (EGFR)
by androgen. They show that androgens can activate the MAPK
kinase pathway (by phosphorylation of ERK), which, classically,
transduces rapid growth factor signaling (33, 35–37). In this
sense, androgens appear to have growth factor properties. The
action of androgens on ERK activation appear to be mediated
by matrix metalloproteases (MMPs) and by paxillin (PXN),
an adaptor protein which is also implicated in translocation
of AR to the nucleus (22, 36). In this way, it is proposed
that genomic and non-genomic actions of androgens can be
co-ordinated and may work in concert (37). PXN is able to
induce expression of the microRNA miR-125b which has an
anti-apoptotic effect, hence promoting androgen induced follicle
survival (33).

The important finding of an interaction of androgen with the
EGFR is supported by data from our own laboratory. Exposure
of mouse preantral follicles to a combination of DHT and EGF in
culture results in stimulation of growth that is greater than either
treatment alone. Furthermore, incubation of follicles with DHT
in the presence of an EGF receptor inhibitor results in attenuation
of the growth-promoting effect of DHT, strongly suggesting that
the effect of androgen on proliferation of granulosa cells is, in
part, mediated by activation of EGFR (38).

The EGF signaling pathway is one of several growth factor-
signaling pathways with which androgens may interact. As
previously mentioned, DHT influences expression of oocyte- and
granulosa cell-derived growth factors of the TGFβ superfamily
(20). Androgen can enhance both synthesis and action of
insulin-like growth factors (IGFs) (18, 28). IGFs signal primarily
though the PI3Kinase (PI3K) pathway and recently, Sen and
colleagues have provided evidence that androgens also directly
activate the PI3K signaling pathway, leading to a complex
cascade of events that involve, in an initial and rapid effect,
phosphorylation, and thereby inhibition, of the polycomb
group protein enhancer of zeste homolog 2 (Ezh2) (34). Ezh2
appears to be a factor in regulation of LH action in the
preovulatory follicle. In the longer term (24–48 h) the micro
RNA miR-101 is induced which, in turn, greatly reduces the
expression of Ezh2 protein (34). These findings give further
support to their hypothesis that androgen action is likely to
involve both genomic and non-genomic events that are closely
co-ordinated.

ANDROGENS AND POLYCYSTIC OVARY
SYNDROME

Increased Androgen Production in PCOS
Polycystic ovary syndrome (PCOS) is the commonest endocrine
disorder in women of reproductive age (39, 40). Although
there is a wide spectrum of clinical presentation, it is typically
characterized by infrequent or absent ovulation together with
clinical and/or biochemical evidence of androgen excess. The
biochemical hall mark of PCOS is excess androgen production,
predominantly of ovarian origin (39, 41).
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Androgen Action in Polycystic Ovaries
The systemic effects of androgen excess include cutaneous
manifestations (hirsutism, acne, androgenetic alopecia) and
predisposition to metabolic derangement (including increased
risk of type 2 diabetes mellitus) (42–49). But there are also
local actions within the ovary that are characteristic of PCOS.
Anovulation in PCOS is distinguished by arrest of growth of
antral follicles at 5–8mm (50). The mechanism of follicle arrest
is complex but is likely to be due to the abnormal endocrine
environment that includes excessive secretion of LH, insulin and
androgens, all of which may contribute to premature arrest of
follicles (1, 50, 51).

There is, in addition, clear evidence for aberrant development
of preantral follicles in the ovaries of women with PCOS.
The density of preantral follicles is increased compared with
that in normal ovaries and there is a higher proportion of
primordial follicles that have been activated and have started
to grow (52) with evidence for accumulation (“stockpiling”
at the primary stage (53). Small preantral follicles in PCOS
show higher expression of the proliferation marker, mini-
chromosome maintenance protein-2 (MCM-2) than that in
size matched follicles of normal ovaries (54) and demonstrate
prolonged survival in culture (55). These changes in early
follicle development can be attributed, at least in part, to the
effects of androgen. As described above, androgens stimulate
preantral follicle growth in mice, rats, sheep, cows and
primates (16–18, 20, 56–58). In the prenatally androgenised
sheep, histological examination of ovarian cortical tissue reveals
an increase in the proportion of growing preantral follicles and
a reciprocal reduction in the proportion of primordial follicles, a
pattern that mimics that seen in human cortical tissue in women
with PCOS (52, 58).

An interesting question is whether the androgen-growth
factor interactions, referred to above, play a part in aberrant
early follicle development in PCOS. In that context, it has been
shown that both gene and protein expression of the type 1 IGF
receptor is increased in preantral follicles of women with PCOS
(59). Furthermore, there are differences between normal and
polycystic ovaries in growth responsiveness to IGF1 of follicles
during culture of cortical tissue which suggest that PCOS follicles
have been exposed to enhanced action of IGFs in vivo (59).

It remains unclear whether these aberrations in early follicle
development contribute to the characteristic arrest of antral
follicles in PCOS but the premature appearance of LH receptors
in small antral follicles may provide a clue. Androgens induce
FSHR expression and the acquisition of LH receptors in the
dominant follicle that is destined to ovulate is an FSH-dependent
event. As yet, we know little about FSHR expression in follicles of
women with PCOS but it is noteworthy that cultured granulosa
cells from small antral follicles in polycystic ovaries are hyper-
responsive to FSH in terms of estradiol production (60, 61).

Androgen and the Developmental Origins of PCOS
The impact of excess androgen extends beyond the systemic
and local effects described above Data from animal models of
PCOS suggest that exposure to excess androgen during fetal
life may play as significant part in the development of PCOS

(62–67). In rodents, exposure to androgen in postnatal life can
also reproduce some of reproductive and metabolic sequelae of
PCOS (56, 57). Studies using large animal models (sheep, rhesus
monkey) provide information that is perhaps more relevant to
human PCOS, particularly as ovarian function is similar in terms
of follicle development and mono-ovulatory cycles (62, 64, 66,
67). At critical stages during pregnancy, these animals are given
very large doses of testosterone which are sufficient to overload
the “buffering” of androgen action that occurs during normal
pregnancy [elevated maternal plasma levels of sex hormone-
binding globulin (SHBG) and activation of placental aromatase]
that prevent the fetus being exposed to excess maternal androgen.
The fetus is therefore androgenised and, in postnatal life,
shows features which replicate many of the characteristics
of PCOS including ovarian hyperandrogenism, infrequent or
absent ovulation and metabolic dysfunction (65, 66). These
findings raise the possibility that PCOS is a developmental
disorder in which “programming” by excess androgen plays
a key role—probably by epigenetic modification (64, 68). In
human development, the source of excess androgen is unlikely
to be maternal androgen (thanks to the protective effect of high,
maternal, circulating levels of SHBG and placental aromatase).
It is more plausible that, in human PCOS, the source of
excess androgen is the ovary itself. We have postulated that
the polycystic ovary is genetically predisposed to secrete excess
androgen and that androgen excess is manifest, perhaps in the
fetal ovary but more likely during the “mini-puberty” of infancy
and/or at the onset of puberty itself (64, 68, 69). Certainly, there
is strong evidence for a genetic basis of PCOS. Recent genome-
wide association studies have indeed identified loci (such as
DENND1A) that can be implicated in androgen production by
theca cells (70–73).

Further evidence to support the notion that developmental
programming by excess androgens plays a part in the origins
of PCOS comes from data in women with congenital adrenal
hyperplasia (CAH) due to 21-hydroxylase deficiency. Here,
of course, the adrenal, rather than ovary is the source of
excess androgen in fetal life and beyond. Women with a well-
established diagnosis of CAH commonly (80% or more) have
polycystic ovaries on ultrasound (74, 75) and, indeed, may have
associated endocrine abnormalities including elevated serum
levels of LH (76).

ANDROGENS AND FOLLICLE ATRESIA
REVISITED

There is, as has been illustrated in this review, ample evidence
to support the contention that androgens have a positive and,
indeed obligatory, role in normal follicle growth and function.
These phenomena call into question the widely perceived view
that androgens are predominantly detrimental to normal ovarian
function. Nevertheless, there is clear evidence that androgens
have the ability to inhibit proliferation and promote apoptosis
in mature antral follicles as, for example, shown in the rat ovary
(77). These apparently paradoxical phenomena can perhaps
be best explained by taking into account the stage of follicle
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development. In the menstrual cycle of humans and non-human
primates, mono-follicular ovulation is the rule. In such cycles,
a single, “dominant” follicle is selected from the cohort of
perhaps 5–10 small antral follicles that are recruited by the early
follicular phase rise in FSH. Thereafter, it is the follicle that is
most responsive to FSH that continues on the path to ovulation
whereas the subsidiary follicles are unable to progress because of
the negative feedback on effect on FSH of rising circulating levels
of estradiol (and inhibin) (1, 50). FSH deficiency clearly plays
a role in the atresia of the smaller follicles but, in this context,
intra-follicular androgen concentrations appear also to play an
important role.

Hillier and colleagues demonstrated a biphasic action of
androgens in the ovaries of a non-human primate, the
marmoset. In small antral follicles, androgens augmented
FSH action on aromatase activity whereas, in larger follicles,
androgen had a clear inhibitory effect (26). In a classic study,
McNatty and colleagues measured estradiol and androstenedione
concentrations in a large number of individual, healthy and
atretic human ovarian follicles. Androgen concentrations were
similar in healthy and atretic follicles but atretic follicles were
characterized by much lower levels of estradiol (3). This has
been interpreted as an indication that a high androstenedione
to estradiol ratio (i.e., an excess of androgen over estrogen)
contributes to (if not causes) follicle atresia. However, it can
also be viewed as an effect of FSH deficiency, which itself is

the major reason for demise of subsidiary follicles. Nevertheless,
the striking finding that AR expression, which is high in small
antral follicles, is drastically reduced in the healthy, preovulatory
follicle (8) points to the removal, or reduction, of a potentially
deleterious effect of androgen on granulosa cell survival and
function in the mature follicle.

SUMMARY

In this review, we have provided evidence that androgens have
a clear and important physiological role in follicle development,
at all stages, and in estrogen production by antral follicles. In
PCOS, androgen excess may contribute to aberrant preantral
and antral follicle function in PCOS although other endocrine
(and paracrine) factors play a part. The role of androgens in
causing follicle atresia, in a normal cycle, has probably been
exaggerated. FSH deficiency is likely to be the major cause of
atresia in subsidiary follicles in mono-ovulatory species but in
these estrogen deficient, androgen dominated follicles, androgen
action may contribute to follicle loss.
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The gut-brain axis represents a bidirectional communication route between the gut

and the central nervous system comprised of neuronal as well as humoral signaling.

This system plays an important role in the regulation of gastrointestinal as well as

homeostatic functions such as hunger and satiety. Recent years also witnessed an

increased knowledge on the modulation of this axis under conditions of exogenous or

endogenous stressors. The present review will discuss the alterations of neuroendocrine

gut-brain signaling under conditions of stress and the respective implications for the

regulation of food intake.

Keywords: food intake, gastrointestinal functions, gut-brain axis, hypothalamus, peptides

INTRODUCTION

Peripheral signals reach the brain via neuronal and humoral pathways. The neuronal connection
from the gut to the brain through vagal afferents originating from pseudo-unipolar cell bodies
located in the nodose ganglia is the most extensively investigated (1, 2). The vagus nerve is
composed of over 80% of afferent fibers which convey chemical and mechanosensory signals
involved in the regulation of food intake and body weight (3). Peptide hormones predominantly
produced in the gut interact with cognate G protein seven transmembrane domain receptors
localized on nodose ganglia neurons (4). The expression of these receptors is modulated by
feeding and fasting (2, 5) underlining the importance of vagal pathways in the control of energy
homeostasis.

Stress influences the expression or circulating levels of several gastrointestinal peptides involved
in the regulation of metabolic status under conditions of hunger or satiety (6). The impact of
these alterations on the stress response has subsequently been investigated. The present review
will highlight the impact of stress on peptidergic gut-brain hormones primarily involved in the
regulation of food intake along with the functional implications.

MODULATION OF GUT-BRAIN SIGNALING UNDER CONDITIONS
OF STRESS

Ghrelin
Ghrelin has been identified in the rat stomach (7) which is by far the major site of synthesis
as indicated by the pronounced decrease of circulating ghrelin levels following gastrectomy (8).
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Ghrelin is produced in gastric endocrine X/A-like cells (human
nomenclature: P/D1 cells) (9) and bears a unique fatty acid
residue on its third amino acid essential to bind to its receptor,
the growth hormone secretagogue receptor 1a (GHSR1a) (7)
now also designated as the ghrelin receptor (GRLN) (10).
The enzyme catalyzing this acylation was identified later on
and named ghrelin-O-acyltransferase (GOAT) (11, 12). Double
labeling showed that GOAT immunoreactive cells co-labeled
with ghrelin expression in rodents (13) and humans (14). In
addition, the finding that GOAT was detected in the pancreas
(15) and circulation of rodents (13) and humans (16) supports
additional extragastric acylation of the peptide.

Early on, ghrelin has been reported to stimulate food intake
after peripheral and central injection in animals (17) and
peripheral infusion in humans (18) leading to an increased
body weight after repeated injections (19). Expression of the
GHSR1a on vagal afferents and the blunting of the peptide’s
orexigenic action by vagotomy or selective reduction of the
GHSR1a in nodose ganglia support a major role of the vagus
in mediating ghrelin’s action in rats (20, 21). Nonetheless,
ghrelin was also shown to cross the blood-brain barrier in both
directions (22) indicative of an additional humoral mode of
signaling. In the hypothalamus, the GHSR1a is expressed on
neuropeptide Y (NPY)/agouti-related peptide (AgRP) neurons
of the arcuate nucleus (23, 24). Neuroanatomical and functional
studies using optogenetics indicate that ghrelin expressed in axon
terminals innervating hypothalamic nuclei increases NPY/AgRP
activity (25, 26). In addition, the ghrelin-induced stimulation
of food intake is abolished in NPY/AgRP knockout mice (27)
demonstrating an essential role of these signaling pathways in
mediating ghrelin’s orexigenic action in the hypothalamus.

The predominant form of circulating ghrelin is, however,
the non-acylated form, des-acyl ghrelin (28, 29). Des-acyl
ghrelin initially received little attention due to its lack of
affinity to the GHSR1a (7). Nonetheless, des-acyl ghrelin
exhibits several biological actions such as decreasing anxiety
after intraperitoneral injection in receptor knockout mice (30).
Peripheral or intracerebroventricular pretreatment with des-acyl
ghrelin blunts the orexigenic action of ghrelin in rats (31) and
mice (32). Des-acyl ghrelin’s action takes place in a subset
of arcuate nucleus neurons distinct from those activated by
ghrelin (32). Studies using fluorescein des-acyl ghrelin injected
intracerebroventricularly in mice demonstrate that the peptide
binds selectively and mainly on arcuate neurons in a GHSR1a
independent manner (32). However, to date the receptor
mediating des-acyl ghrelin’s effects remains to be identified.

Exposure to various acute or chronic stressors influences
ghrelin expression and circulating levels although the response
varies with the modality of stressors and experimental conditions
as detailed in a previous review (6). Tail pinch or starvation
increases gastric ghrelin mRNA expression in mice (33). Several
other acute stressors including psychological (water avoidance
stress, trier social stress test), physical (cold ambient temperature,
restraint at 18◦ C, cholecystectomy, colectomy, cold pressure test)
or metabolic (fasting) increase circulating ghrelin levels (34–43).
It is to note that in the clinical setting the acute social stress test-
induced rise in circulating ghrelin and cortisol levels was not
associated with binge eating (35). Likewise, chronic stressors such

as repeated restraint in rats, social defeat in mice or trauma in
humans also induce a sustained elevation of circulating ghrelin
levels lasting for months after the cessation of the stress making
ghrelin a persistent biomarker of chronic stress (44–50). The rise
in ghrelin may represent a compensatory action to counteract
chronic stress-induced anxiety and depression-like behavior (49,
51, 52). Indeed, ghrelin increased the rewarding aspect of food
(46) and body weight observed under these conditions, effects no
longer observed in GHSR1a knockout mice (47).

By contrast, conditions of stress associated with inflammation
decrease ghrelin expression or circulating levels (6). In
detail, immune stress triggered by intraperitoneal injection
of lipopolysaccharide results in a rapid decline in ghrelin
levels associated with a decrease in circulating GOAT protein
concentration likely contributing to the reduced acylation in rats
(53). Abdominal surgery associated with gastric inflammation
(54) decreases acyl and des-acyl ghrelin levels (55, 56) and food
intake (57) in rats, an effect blunted by rikkunshito, a herbal
medicine stimulating the release of ghrelin (58). Central vagal
stimulation, which normalizes the gastric inflammatory response
(54), prevents the reduction of plasma ghrelin (55). Chronic
inflammatory stress elicited by adjuvant-induced arthritis in
rats or rheumatoid arthritis in humans reduces circulating
ghrelin levels (59). There are also reports that a psychological
stressor such as novelty stress in mice decreases plasma
levels of ghrelin and food intake, alterations prevented by
rikkunshito (60, 61). Chronic restraint stress or exposure
to foot-shock downregulates ghrelin mRNA expression in
the mouse hypothalamus (62) and reduces plasma levels
of ghrelin in rats (63). These alterations were associated
with decreased food intake and body weight gain in mice
(62).

Whether the differential alterations of ghrelin by stressors
reflect differences in species, metabolic status and/or stressor-
related specific recruitment of central and/or peripheral
signaling pathways regulating ghrelin release (56, 64) warrant
further investigations. Moreover, it cannot be ruled out that
difference in modalities to determine ghrelin (total vs. acyl,
radioimmunoassay vs. enzyme-linked immunosorbent assay,
commercial vs. custom-made kits) might also affect the levels
reported.

However, while stressors modulate circulating ghrelin levels,
there is also evidence that ghrelin stimulates the hypothalamic-
pituitary adrenal axis (33). The peptide injected peripherally
upregulates hypothalamic corticotropin-releasing factor (CRF)
(33), a key peptide involved in the stress response (65).
Recent studies indicate that ghrelin acts via the inhibition of
hypothalamic GABAergic signaling on CRF neurons in the
paraventricular nucleus of the hypothalamus (PVN) (66). In
hypothalamic 4B cells in vitro, ghrelin stimulates CRF promoter
activity through activation of protein kinase A and phospholipase
C pathways resulting in increased CRF mRNA levels (67). These
data suggest a bidirectional interaction between CRF and the
ghrelin signaling system.

Nesfatin-1
Nesfatin-1 has been first detected in the rat hypothalamus as
an 82-amino acid peptide derived from nucleobindin2 (NUCB2)
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(68). Subsequent research showed a more widespread brain
distribution (69) as well as a 10-fold higher expression of NUCB2
mRNA in the stomach indicating that the upper gut is a major site
of production (70). Interestingly, immunohistochemical double
labeling showed that NUCB2/nesfatin-1 (the antibody recognizes
both nesfatin-1 and the full length NUCB2) co-localizes with
ghrelin indicating the production in the same gastric endocrine
cell type, namely X/A-like cells in rats (70). This finding was
later confirmed in humans where these cells are named P/D1

cells (14). Nesfatin-1 is able to reach the brain humorally but
likely also acts via the vagus nerve as intraperitoneal injection
induces Fos expression in neurons of the nucleus of the solitary
tract that receives input from vagal afferents (71). However, the
putative receptor mediating nesfatin-1’s effects is still unknown.
Converging evidence points toward a G protein-coupled receptor
(72, 73). A recent autoradiographic study indicates widespread
binding of 125I-labeled nesfatin-1 in the brain with signals in the
cortex, PVN, area postrema, dorsal motor nucleus of the vagus
nerve and cerebellum (74) supporting its centrally mediated
pleiotropic effects (75).

The anorexigenic effect of nesfatin-1 has been early on
described in several species including rats (68, 76), mice (77),
chicks (78), and goldfish (79) following intracerebroventricular
injection. In contrast to the convergent findings on the robust
food intake-reducing effects of centrally injected nesfatin-1, only
one study in mice reported an anorexigenic effect after acute
intraperitoneal injection of nesfatin-1 at high doses (71), while
other studies in rats (76) and mice (77) showed no effect.
Similarly, data following chronic peripheral administration did
not produce consistent results: while a reduction of food intake
was observed in rats (80), no effect was detected in mice (81).
Taken together, the effect of peripheral nesfatin-1 on food intake
seems less robust and may not be the primary function of
peripherally produced nesfatin-1. By contrast, consistent reports
showed that the peptide may play an important role in glucose-
stimulated pancreatic insulin release in rats (82) and humans
(83).

Convergent findings support an involvement of nesfatin-1
in the stress response. First, several stressors activate nesfatin-
1 immunoreactive neurons in the brain, namely psychological
(restraint, water avoidance stress) (84–87), physical (abdominal
surgery) (88), immunological (injection of lipopolysaccharide)
(89) as well as a combination of stressors (chronic variable mild
stress) (90). Second, water avoidance stress (91) and injection
of lipopolysaccharide (92) elevate circulating levels of nesfatin-
1 likely due to the release of the peptide associated with the
upregulation of NUCB2 mRNA expression assessed by RT-qPCR
and NUCB2/nesfatin-1 protein concentration measured by
Western blot in the stomach (92). Third, intracerebroventricular
injection of nesfatin-1 increases plasma adrenocorticotropic
hormone (ACTH) and corticosterone in rats, an effect likely
occurring in the hypothalamus as in vitro nesfatin-1 stimulates
cytosolic Ca2+ in CRF-containing cells of the PVN (86).
Therefore, nesfatin-1 exerts its stress-mediating effect likely via
downstream CRF signaling. Lastly, circulating NUCB2/nesfatin-
1 levels are positively correlated with perceived stress in a
human female obese population (93) suggesting a potential role

in the mediation of stress in humans as well. Interestingly,
suicide victims showed altered NUCB2 mRNA expression in a
midbrain nucleus implicated in stress-related mood alterations,
the Edinger-Westphal nucleus, with an 1.8-fold increase in
males and a 2.7-fold decrease in females compared to control
subjects who died without any diagnosed neurodegenerative or
psychiatric disorder (94).

Urocortins
Belonging to the CRF family, urocortins (Ucns) have been
identified, namely Ucn1, a 40-amino acid (aa) peptide sharing
45% sequence identity with rat/human (r/h) CRF (95), Ucn2,
a 39-aa peptide sharing 34% identity with r/h CRF and 42%
with r/h Ucn1 (96, 97) and Ucn3, a 38-aa peptide sharing 26%
homology with r/h CRF and 21% with r/h Ucn1 (98). Ucn1
binds to both CRF receptors, CRF1 and CRF2, with equal affinity,
whereas Ucn2 and Ucn3 bind to the CRF2 receptor with high
selectivity (99).

Besides their widespread brain distribution extensively
reviewed elsewhere (100), Ucns are also expressed in the
periphery, namely the heart, skeletal muscle, spleen, kidney,
adipose tissue, ovary, skin (101) as well as the gastrointestinal
tract including liver, pancreas, stomach, small, and large intestine
(101–108).

Peripheral injection of Ucn1 inhibits food intake in different
species including mice (109–111) and sheep (112). In rodents,
Ucn1 reduces meal frequency and size and can induce
conditioned taste aversion (113) and reduces body weight upon
repeated peripheral administration (109). Reports showed that
the food intake-reducing effect of Ucn1 is more potent compared
to that of CRF, Ucn2, Ucn3, cholecystokinin (CCK) and leptin
(109, 110, 113); moreover, a synergistic interaction between
Ucn1 and CCK on satiety has been demonstrated (114). The
anorexia induced by peripheral Ucn1 is mediated via the CRF2
receptor based on the observation that the selective CRF2
antagonists, antisauvagine-30 and astressin2-B, unlike selective
CRF1 antagonists, suppress the Ucn1-induced reduction of food
intake (110, 112, 115). The finding that CRF2 knockout mice
do not display a reduction of food intake after intraperitoneal
injection of Ucn1 further corroborates the implication of
this receptor subtype (115). The mechanism through which
peripherally injected Ucn1 influences food intake is still to be
elucidated. It is unlikely to bemediated by vagal afferent signaling
as capsaicin treatment did not alter the anorexigenic response of
the peptide in mice (110). Moreover, Ucn1 barely enters the brain
through the blood-brain barrier (116). However, CRF2 receptors
are densely expressed in brain areas outside of the blood-brain
barrier, namely the area postrema (117, 118), and neurons at this
site are activated by peripheral Ucn1 (119) suggesting a possible
pathway.

Ucn2 and Ucn3 injected peripherally also reduce ad libitum
food intake during the dark phase as well as the refeeding
response to a fast with Ucn2 being more potent compared to
Ucn3 in mice (110, 111, 114, 115, 120), rats (113), and fish
(121). The automated dark phase food intake monitoring showed
that Ucn2 reduces meal size (increased satiation), while meal
frequency (indicative of satiety) is not altered in mice (115).
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Interestingly, under re-feeding conditions after a fast, meal size
is also reduced, however, meal frequency is increased (decreased
satiety) (115). It is important to note that Ucn2, unlike Unc1, does
not induce signs of taste aversion (113) pointing toward a specific
food intake-reducing effect. Moreover, Ucn2 acts synergistically
with CCK to reduce food intake, an effect also observed in vitro
when recording gastric vagal afferent activity (114). This supports
a vagal mode of transmission corroborated by the expression of
the CRF2 receptor in the nodose ganglia (122, 123).

Various stressors upregulate the peripheral expression of
Ucns. Injection of lipopolysaccharide, an immunological stressor,
increases the expression of Ucn1, Ucn2 and Ucn3 mRNA
in gastric mucosa and submucosa plus muscle layers (107)
which is associated with the reduction of food intake under
these conditions (53). Ucn1 and Ucn3 immunoreactivity in
blood vessels and submucous neurons of the ileum is also
increased following Schistosoma mansoni-induced inflammation
(124). Likewise, blood monocyte-derived dendritic cells display
largely increased Ucn1 mRNA and protein expression following
stimulation with Bacteroides vulgatus or Fusobacterium varium
(125). There is also evidence that psychological stressors (chronic
social stress) upregulates Ucn2mRNA expression in the pig colon
(126), and maternal deprivation increases duodenal Ucn2 and
CRF2 receptor mRNA, whereas CRF1 mRNA is decreased in rats
(127).

Cholecystokinin
CCK is mainly produced in I cells scattered within the
upper small intestine with more prominent distribution
in the duodenum (128). These cells harbor the feature to
be in direct contact with other cells via pseudopods (129).
Several forms of CCK have been detected including CCK-
5,−7,−8,−18,−22,−25,−33,−39, and−58 (representing the
number of amino acids) with CCK-8 being the most commonly
studied form (128). The demonstration that CCK-58 is the only
form detected in the circulation when using a new method for
blood processing suggests that the shorter forms are products of
degradation (29).

The first described biological action of CCK was the
stimulation of gallbladder contraction along with the stimulation
of the production and release of pancreatic enzymes and
secretion [for review see Sayegh (128)]. The food intake-
suppressing effect of CCK was initially reported in rats, and
later extended to rabbits, monkeys, pigs, sheep and humans [for
review see Sayegh (128)]. Both forms of CCK, CCK-8 and CCK-
58 were shown to decrease dark phase food intake following
intraperitoneal injection in ad libitum fed rats by reducing meal
size (130). However, CCK-58 does not shorten the subsequent
inter-meal interval as observed following injection of CCK-8
providing evidence for a more sustained effect of CCK-58 (130).
Moreover, CCK also suppresses gastric emptying in rats (131) and
humans (132) contributing to its anorexigenic effect.

CCK interacts with two receptor subtypes, CCKA

(alimentary), expressed in the gastrointestinal tract and on
vagal afferents and CCKB (brain), predominantly expressed in
the brain (133). CCK is postprandially released from duodenal I
cells with lipids and proteins being the most potent stimulators

(134–136). Released CCK binds to vagal CCKA expressing
afferents and activates neurons in the nucleus of the solitary
tract to inhibit food intake, with vagotomy abolishing both the
CCK-induced neuronal activation in the brain (137) as well as
the anorexigenic effect (138).

A combination of immunological stress using infection
with Giardia lamblia and psychological stress using the water
avoidance model increases CCK levels in the colonic mucosa
of mice (139). The stress-induced visceral hypersensitivity could
be blocked using the CCKA antagonist, L-364718, and the
CCKB antagonist, L-365260 following psychological but not
immunological stress (139) giving rise to a role of CCK in visceral
sensitivity under selective stress conditions. By contrast, acute
or chronic intraperitoneal injection of CCK exerts a protective
effect on the impairment of memory functions under conditions
of chronic restraint stress (140, 141). Moreover, OLETF rat pups
lacking the CCKA display a higher separation-induced ultrasonic
vocalization (142) as a surrogate for increased experience of
stress. The link between the stress response and CCK signaling
was further corroborated by the observation that a well-
established immunological stressor, lipopolysaccharide, increases
CCK mRNA expression in PVN CRF-containing neurons
(143). Intraperitoneal injection of CCK stimulates neuronal
activation in noradrenergic A2 neurons (144) as well as increases
corticosterone levels to comparable magnitudes observed after
injection of CRF (145). Also repetitive intracerebroventricular
injections of cortagine, a CRF1 agonist, increases CCK mRNA
as well as CCKB protein expression in the mouse amygdala
and hippocampus resulting in heightened anxiety behavior as
assessed using the elevated plus maze and open field test, an
effect reversed by intracerebroventricular injection of the CCKB

antagonist, LY225910 (146). This anxiety-inducing effect of CCK
has also been observed in pharmacological provocation studies
following intracerebroventricular injection of CCK-8 in rats that
reduced exploratory behavior in the light/dark paradigm (147).
In humans, intravenous injection of CCK-4 was shown to induce
anxiety and panic symptoms (148, 149). Lastly, tail pinch stress-
induced eating in rats (150) is reduced by intracerebroventricular
injection of CCK-8 (151). Collectively these observations are
indicative of a modulation of the stress response by CCK
signaling.

Glucagon-Like Peptide 1
Glucagon-like peptide (GLP-1) is produced by endocrine L cells
of the small intestine and processed into two biologically active
forms, GLP-17−36 amide and GLP-17−37 (152) with GLP-17−36

amide being the predominant form in the human circulation
(153). GLP-1 is released postprandially with a biphasic pattern: an
early peak of GLP-1 secretion occurs ∼15min after meal intake
that involves humoral (154, 155) and vagal (156) stimulation,
while a later and larger peak is related to the direct contact of
L cells with food components (157).

Peripheral but also central administration of GLP-1, in
addition to the well-described incretin effect, results in a decrease
of food intake in animals (157–159) and humans (160). In
addition, the slowing of gastric and intestinal transit (161, 162)
is likely to contribute to the food intake-reducing effect.
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GLP-1 signals to the brain via the vagus nerve expressing
the GLP-1 receptor (163) as shown by the suppression of the
anorexigenic effect of peripherally injected GLP-1 by vagotomy
(164, 165). It is to note that GLP-1 is also expressed in the
brainstem nucleus of the solitary tract that projects to the PVN
(166), and local knockdown of the pro-glucagon gene in the
nucleus of the solitary tract increases food intake and also body
weight gain (167). Since lesioning of these connections blunts
the anorexigenic effect of peripherally injected GLP-1 (164)
the gut-vagal-brainstem-hypothalamus connection is essential
for the mediation of GLP-1’s food intake-suppressing effect.
Nonetheless, GLP-1 is able to cross the blood-brain barrier
by simple diffusion (168). However, the rapid degradation of
the peptide by circulating DPPIV (169) points toward the
importance of neural and/or paracrine signaling.

GLP-1 can modulate a number of stress responses. Under
basal conditions, GLP-17−36 amide injected peripherally
stimulates circulating corticosterone levels in mice and rats as
well as cortisol levels in healthy human subjects (170). Other
studies showed that targeted knockdown of the GLP-1 receptor
in single-minded 1-expressing neurons of the PVN reduces
hypothalamic-pituitary-adrenal axis responses to acute and
chronic stress and this was associated with reduced anxiety-like
behavior and a prevention of body weight reduction under
conditions of chronic stress (171). Similarly, injection of the
GLP-1 receptor inverse agonist, exendin-(9−39) into the dorsal
subregion of the lateral septum blocks the acute restraint
stress-induced anorexigenic effect in rats (172). While these
studies support GLP-1’s permissive role in the activation of stress
signaling pathways, other reports showed that mice lacking the
GLP-1 receptor display an increased corticosterone response to
novel environment stress (173).

Several protective effects of GLP-1 have been reported under
conditions of stress. GLP-1 injected intracerebroventricularly
prevents gastric mucosal lesions induced by a combination

of cold and restraint stress, an effect blocked by exendin-

(9−39) (174). Subcutaneous injection of liraglutide, a GLP-
1 analog, inhibits visceral allodynia induced by injection of
lipopolysaccharide or repeated water avoidance stress (175).
In humans with alcohol dependence, treatment with the
GABA-B receptor agonist, baclofen at a dose of 30 mg/day
increases circulating levels of GLP-1 (176), possibly associated
with a reduced craving for alcohol. Moreover, GLP-1 receptor
activation reverses the restraint stress-induced activation of
bone marrow sca-1highc-KithighCD48lowCD150high proliferation
of hematopoietic stem cells in mice, thereby reducing the
inflammatory response (177). In a study using geniposide as
GLP-1 agonist these anti-inflammatory effects were associated
with an amelioration of depression-like behaviors following
repeated restraint stress (178). Also in vitro GLP-17−36 prevents
various stressors (e.g., H2O2 and amyloid β1−42)-induced death
of murine hippocampal HT22 cells, an effect likely mediated via
increased phosphorylation of Akt and ERK1/2 (179).

Peptide YY
Peptide YY (PYY) is derived from L cells located in the distal
small intestine and colon (180). The peptide circulates in two
forms, PYY1−36 and PYY3−36, which is the predominant form
in the blood (181) resulting from the processing by dipeptidyl
peptidase IV (182). PYY is well established to reduce food intake
in animals and humans following peripheral injection via binding
to the Y2 receptor (183). This was demonstrated by the blunting
of the peptide’s anorexigenic effect by the Y2 antagonist, BIIE0246
(184) and knockout of the Y2 receptor (183) in rodents. The
anorexigenic gut-brain mode of action may involve the vagus
nerve and humoral pathways. The Y2 receptor is expressed on
vagal afferents (185) and vagotomy blocks the anorexigenic effect
of PYY (186) In addition, PYY can also cross the blood-brain
barrier in a non-saturable manner (187). There is evidence that
peripherally injected PYY or PYY3−36 activates brain nuclei

FIGURE 1 | Alterations of gut-brain peptides under conditions of stress and functional implications. ↓, decrease; ↑, increase; ?, unknown effect; GLP-1, glucagon-like

peptide 1; GI, gastrointestinal; HPA axis, hypothalamus-pituitary-adrenal axis; PYY, peptide YY.
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such as the nucleus of the solitary tract (188) and hypothalamic
nuclei (189) which are known to regulate food intake. In the
brain, PYY microinjected directly into the arcuate nucleus, a
nucleus involved in the regulation of food intake and expressing
the Y2 receptor (190), reduces food intake. This is achieved by
decreasing the activity of neuropeptide Y-containing neurons and
activating proopiomelanocortin-containing cells (183).

Repetitive water avoidance stress decreases circulating PYY
levels compared to non-stressed rats (191). Likewise, in humans
a well-established psychological stressor, the Trier social stress
test, reduces circulating PYY levels in normal weight and obese
women (192). However, in mice, water immersion stress results
in increased plasma PYY levels (193). Other studies showed that
mice lacking PYY have an enhanced restraint stress-induced fecal
pellet output and upper gastrointestinal transit (194); therefore,
the peptide might play a modulatory role in the stress response.
Whether the contrasting effects of stress on PYY release are
related to species or stress modality differences remains to be
further investigated.

SUMMARY

Various stressors alter the expression or circulating levels
of several gut-brain peptidergic hormones involved in the
regulation of hunger and satiety. While most anorexigenic
peptides are upregulated under conditions of stress (nesfatin-1,
Ucns, and CCK), others were shown to be differentially regulated
dependent on the type of stressors (ghrelin and PYY), and for
GLP-1 conclusive data are lacking so far. In addition, there is

a further activation of the hypothalamus-pituitary-adrenal axis
induced by specific gut peptides (ghrelin, nesfatin-1, CCK, and
GLP-1) acting via neuronal and/or humoral gut-brain signaling
highlighting the PVN as key responsive area orchestrating the
stress response. This results in an increased perception of stress
(nesfatin-1) and an alteration of anxiety and depressiveness
(ghrelin, CCK, and GLP-1) with the PVN and Edinger-Westphal
nucleus playing an important role in the behavioral responses.
Whilemost peptides contribute to stress-induced anorexia (Ucns,
CCK, and GLP-1), ghrelin can stimulate food intake under
these conditions (Figure 1). Despite the fact that our knowledge
on these regulatory pathways greatly increased during the past
years, the interactions between these peptides (114, 195) under
stress conditions should be further investigated along with the
possible translation of these findings—derived mainly from
animal models—to humans.
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The prevalence of fragility fractures increases as longevity increases the proportion of the

elderly in the community. Until recently, the majority of studies have targeted women with

osteoporosis defined as a bone mineral density (BMD) T score of < −2.5 SD, despite

evidence that the population burden of fractures arises from women with osteopenia.

Antiresorptive agents reduce vertebral and hip fracture risk by ∼50 percent during 3

years but efficacy against non-vertebral fractures, 80% of all fractures in the community,

is reported in few studies, and of those, the risk reduction is only 20–30%. Recent

advances in the use of antiresorptives and anabolic agents has addressed some of these

unmet needs. Zoledronic acid is now reported to reduce vertebral and non-vertebral

fractures rates in women with osteopenia. Studies using teriparatide demonstrate better

vertebral and clinical (symptomatic vertebral and non-vertebral) antifracture efficacy than

risedronate. Abaloparatide, a peptide sharing amino acid sequences with teriparatide,

reduces vertebral and non-vertebral fractures. Romosozumab, a monoclonal antibody

suppressing sclerostin, reduces vertebral and non-vertebral fractures within a year of

starting treatment, and does so more greatly than alendronate. Some recent studies

signal undesirable effects of therapy but provide essential cautionary insights into long

term management. Cessation of denosumab is associated with a rapid increase in bone

remodeling and the uncommon but clinically important observation of increased multiple

vertebral fractures suggesting the need to start alternative anti-resorptive therapy around

the time of stopping denosumab. Antiresorptives like bisphosphonates and denosumab

suppress remodeling but not completely. Antifracture efficacy may be limited, in part,

as a consequence of continued unsuppressed remodeling, particularly in cortical

bone. Bisphosphonates may not distribute in deeper cortical bone, so unbalanced

intracortical remodeling continues to cause microstructural deterioration. In addition,

suppressed remodeling may compromise the material composition by increasing matrix

mineral density and glycosylation of collagen. As antiresorptive agents do not restore

microstructural deterioration existing at the time of starting treatment, under some

circumstances, anabolic therapy may bemore appropriate first line treatment. Combining

antiresorptive and anabolic therapy is an alternative but whether anti-fracture efficacy is

greater than that achieved by either treatment alone is not known.

Keywords: anabolic agents, antiresorptive agents, bone fragility, fractures, microstructure, osteoporosis,

osteopenia
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INTRODUCTION

Bone remodeling, a sequential process of bone resorption and
formation, occurs throughout life renewing the composition of
the mineralized matrix volume (1). During young adulthood,
bone remodeling is balanced—an equal volume of bone is

resorbed and subsequently replaced so no net loss or gain
occurs (2). Around midlife, bone formation by the osteoblasts

of the basic multicellular units (BMUs) decreases, producing
remodeling imbalance (3). In addition, as a consequence of
the estrogen deficiency accompanying menopause, remodeling

imbalance worsens and the rate of remodeling increases—less
bone is deposited than was resorbed by each of the many
BMUs initiated upon the three (intracortical, endocortical,
trabecular) components of the endosteal (inner) bone surface (4).

Estrogen therapy, by influencing the lifespan of osteoblasts and
osteoclasts, may reverse the estradiol dependent component of
the remodeling imbalance (5–7).

There is a reduction in total mineralized bone matrix
volume and the decreasing total mineralized bone matrix
volume becomes deteriorated in its microstructure. Unbalanced
remodeling upon trabeculae cause them to thin, perforate and
disappear. Unbalanced intracortical remodeling initiated upon
the intracortical canal surfaces enlarge them, they coalesce
and fragment the cortex. With advancing age bone loss from
the trabecular compartment lessens because trabeculae with
their surfaces disappear (remodeling requires a surface to be
initiated upon). Bone loss becomes predominantly cortical
as intracortical surface area increases facilitating initiation of
unbalanced intracortical remodeling (8, 9). The microstructural
deterioration produces bone fragility out of proportion to the
bone loss producing it (10).

The burden of fragility fractures is increasing in absolute terms
because longevity is increasing the proportion of the population
over 65 years of age (11). Reducing the burden of fractures is
an unmet need because there are unresolved issues in detection
of individuals at high risk for fracture that need to be addressed
(12). For example, identifying methods able to detect individuals
at imminent risk for fracture is a challenge. Commonly used
tools such as bone densitometry lack sensitivity. A BMD T score
threshold of− 2.5 SD designated as “osteoporosis” identifies only
30–40% of women having fragility fractures (13–15).

The word “osteoporosis” is often used synonymously with
bone fragility but women with osteopenia are not free of the risk
of fracture (13, 15). Indeed, most women and men sustaining
fragility fractures have osteopenia and many have so-called
“normal” BMD (14). Women with osteopenia at risk for fracture
can be identified by measuring microstructural deterioration
(16, 17) but high-resolution imaging methods are not yet widely
available. The use of clinical risk factor assessment tools such as
FRAX have met with variable success (18, 19). Challenges also
arise in the uptake and adherence to therapy, in part, because of
concerns regarding the serious but uncommon long term adverse
effects of therapy (20, 21).

Antiresorptive agents are the first line and most commonly
used treatments for prevention and treatment of bone fragility
(22). Apart from denosumab, which virtually abolishes

remodeling, most antiresorptives slow unbalanced remodeling
so microstructural deterioration continues to occur albeit
more slowly (23). This lower rate of remodeling reduces
fracture risk compared to untreated women in whom rapid
remodeling continues to deteriorate the skeleton. This is a
relative risk reduction. In absolute terms, fracture risk does not
decrease during antiresorptive therapy because microstructural
deterioration present is not reversed and the slow continued
unsuppressed and unbalanced remodeling continues to
deteriorate bone. This, in part, may explain why fracture risk
reduction with antiresorptives is modest. Teriparatide increases
bone matrix volume predominantly through remodeling based
bone formation (24). It is likely that the anabolic effect of
abaloparatide, which acts via the same receptor as teriparatide,
is also remodeling based like teriparatide, although rigorous
assessment of its mechanism of action has not been undertaken
(25). Both reduce the risk of vertebral and non-vertebral fractures
(26, 27) but no adequately designed trials have been done to
determine whether hip fracture risk is reduced.

Several comprehensive literature reviews are available (28, 29).
We confine this manuscript to defining advances that have taken
place in existing therapies and new therapies that are available
or may become available soon, particularly the development of
anabolic agents, therapies that partly reconstruct the skeleton but
are also not without their limitations.

ANTI-RESORPTIVE THERAPY

Bisphosphonates
Bisphosphonates are currently first line treatment and the
most common antiresorptive therapy used. The antiresorptive
efficacy of bisphosphonates depend on inhibition of farnesyl
pyrophosphate (FPP) synthase, required for osteoclast resorptive
function, as well as their affinity for mineral which influences
uptake, distribution, and retention in the bone (30–33). High
affinity binding agents, like alendronate, have a reduced ability to
penetrate and distribute widely in deeper cortical matrix so that
when osteoclasts remodel cortical bone they encounter matrix
free of bisphosphonates and continue to resorb bone.

This may partly account for the finding of less reduction in
porosity with alendronate than denosumab (34). The reduction
in porosity is the net result of fewer cavities being excavated
plus the incomplete filling of the resorption cavities excavated
shortly before treatment (35). Likewise, ibandronate is avidly
bound to matrix mineral and is present in lower concentrations
in cortical than trabecular bone. Studies of ibandronate in
ovariectomized cynomolgus monkeys demonstrate reduced
remodeling and improved trabecular bone strength but not
intracortical remodeling suppression or improved cortical bone
strength (36). Lower binding affinity of risedronate than
alendronate results in wider distribution of risedronate through
the bone and may contribute to its earlier suppression of bone
remodeling as reported in animal models and claims of possible
earlier fracture risk reduction (37, 38).

Several advances have been made in the study of zoledronic
acid. This drug is usually given as an annual 5mg infusion
for 3 years. Fracture risk is reduced in postmenopausal women
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with osteoporosis, by 77% for clinical (symptomatic) vertebral
fractures, 25% for non-vertebral, and 41% for hip fractures (39).
Zoledronic acid was also associated with a 28% reduction in
mortality after hip fracture, independent of its effects on fracture
risk reduction (40, 41).

Discontinuation of zoledronic acid at 3 years, followed by no
treatment for 3 years, was associated with minimal reduction
in BMD but 30 new morphometric vertebral fractures occurred
compared to 14 in those treated for 6 years (odds ratio = 0.51; P
= 0.035) (42) In further follow-up, women treated for 6 years and
3 years off treatment did not have more fractures than women
treated for 9 years. However, the loss of the inception cohort and
small numbers of events make interpretation problematic (43).

Several very insightful studies have been published regarding
zoledronic acid treatment. In a post-hoc analysis of pooled data
from the HORIZON studies, there were comparable ∼30%
reductions in clinical fractures in those who received a single
infusion or three or more annual infusions (44). Whether
differing baseline characteristics influenced this outcome is not
clear, but given the protracted remodeling suppression with this
drug, it is of interest to determine the appropriate regimen
needed for efficacy and safety.

This has been evaluated by Reid et al. in postmenopausal
women with osteopenia randomized to a single dose of
zoledronic acid 1, 2.5, or 5mg. These doses resulted in a similar
increase in spine and hip BMD in the 2.5 and 5mg groups at 2
years but not at 5 years (45), where increases were greater in the
5mg than 2.5mg group (46).

More recently, Reid et al. addressed two important unmet
needs. There is a lack of information regarding the antifracture
efficacy of drugs given to women with osteopenia, the source
of over 60% of all fragility fractures (13). There is also little
information regarding the prevention of non-vertebral fractures,
80% of all fractures in the community (11). The investigators
evaluated 2,000 women with osteopenia, mean age 71 years,
treated with zoledronic acid 5mg or placebo every 18-months
for 4 doses. After 6 years of follow up, treated women had
a 34% reduction in non-vertebral fractures (HR 0.66, 95% CI
0.51–0.85) (47).

Denosumab
Denosumab is a fully humanized monoclonal antibody
directed against RANK-ligand, a major regulator of osteoclast
development which inhibits osteoclast recruitment, activity
and survival. Denosumab (60mg subcutaneously administered
every 6 months) produces almost complete suppression of bone
remodeling. Treatment for 3 years resulted in a 68% reduction
in vertebral fractures, 40% reduction in hip fracture and 20%
reduction in non-vertebral fractures (48).

Remodeling suppression with denosumab is greater than that
achieved with any other antiresorptive agent (49). This greater
suppression of remodeling accounts for greater increases in BMD
achieved in postmenopausal women treated with denosumab
compared to bisphosphonates (34, 50–52). Whether these BMD
differences translate to differences in fracture risk reduction
between the two groups is not known.

No trials have been conducted with a placebo control group
beyond 3 years. Because of this, whatever the fracture rate,
it is not possible to infer with confidence that fracture rates
reported are attributable to the drug rather than healthy user
bias. In the open label extension of the FREEDOM study (53),
all participants were treated with denosumab and followed up
for 7 years. Ten years of denosumab treatment was associated
with an acceptable safety profile, sustained suppression of bone
remodeling, continued increase in BMD without plateau and
“low” fracture rates. The lack of controls and the large number of
participants withdrawn from the trial, suggest that the finding of
low and further reductions in fracture rates should be cautiously
interpreted.

In the long-term group, BMD increased by 21.7% in the
lumbar spine and 9.0% in the femoral neck at 10 years compared
to FREEDOM baseline. The mechanism of increase in BMDmay
be due to progressive secondary mineralization. It is plausible
that in the face of suppressed remodeling, continued slow age-
related modeling based bone formation becomes detectable
as reported in studies of histomorphometry conducted in
cynomolgus monkeys (54, 55). Dempster et al. also report some
evidence of modest trabecular modeling based bone formation
after 3 months of denosumab therapy (56). Further studies are
needed to determine whether antiresorptive therapy permits
expression of any existing modeling based bone formation when
remodeling is suppressed.

An important insight into treatment with denosumab is
the report that cessation of denosumab caused a rapid rise in
bone remodeling markers with a transitory overshoot above
baseline, a decline in BMD in 12 months and, uncommonly, an
increased risk in multiple vertebral fractures (57, 58). Occurrence
of multiple vertebral fractures were initially reported in several
case series (59–64). In a subsequent post hoc analysis of the
FREEDOM and FREEDOM Extension trials (65), vertebral
fracture rate after discontinuation of denosumab increased to
7.1 per 100 participant years vs. 8.5 per 100 participant years
in the placebo group. In those who developed one or more
vertebral fractures, the proportion of multiple vertebral fractures
(>2) was higher in those discontinuing denosumab (60.7%) than
in those discontinuing placebo (38.7%, P = 0.049). The risk
of multiple vertebral fractures after stopping denosumab was
greatest in those with a prior vertebral fracture, either before or
during treatment (odds 3.9, 95% CI 2.1–7.2) (65). Investigators
recommend commencement of an alternative antiresorptive
agent soon after cessation of denosumab, although the agent to
use and when to start needs further evaluation.

At present, there is no evidence that the increased risk of
vertebral fractures is due to the rapid increase in remodeling. The
term “rebound” is used but cessation of remodeling suppression
produces expansion of the reversible remodeling space with
any antiresorptive (66). When an antiresorptive is stopped, the
effect has similarities to the onset of menopause. There is a
rapid increase in the number of remodeling units starting to
excavate bone and hence a rapid rise in remodeling markers.
With denosumab, given the drug is not retained in the skeleton
like bisphosphonates, the increased number of resorptive cavities
is not offset as it is with bisphosphonate cessation. With
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bisphosphonate cessation, increased resorption may lead to
release of bisphosphonate and readsorption into matrix slowing
the decrease in BMD. In the absence of denosumab, the rapid
increase in number of resorption cavities is not inhibited
and may create stress concentrators which pre-dispose to
microcrack propagation and increased vertebral fracture risk
(67, 68). Whether this increase in resorption is amplified by
rapid differentiation of existing osteoclast precursors remaining
undifferentiated until denosumab is stopped is not known.

While this “rebound” or “overshoot” in remodeling markers
is reported, remodeling returns to its pretreatment level and the
reduction in BMD returns to baseline leaving a residual higher
BMD than untreated controls (58, 69). If there was accelerated
loss of bone, beyond that found early after stopping treatment
due to many more excavated cavities than those incompletely
refilling after starting denosumab, then BMD should decline to
levels no different to untreated controls (70). Bone fragility is
likely to occur after stopping treatment because the accelerated
remodeling occurs in the setting of an already deteriorated
skeleton (as antiresorptive agents do not reverse microstructural
deterioration present at the time of starting treatment). This
is not the same after menopause where there is little, if any,
deterioration before menopause.

Selective Estrogen Receptor Modulators
Raloxifene, a selective estrogen receptor modulator (SERM),
reduces the rate of bone remodeling by about 20–30% as
determined using circulating bone remodeling markers (71). It
produces a modest transitory increase in BMD during early
treatment, as fewer new resorption cavities are excavated while
the many more cavities excavated before treatment refill, albeit
incompletely. With more protracted treatment, unbalanced
remodeling continues at 20–30% slower rate than before
treatment so microstructural deterioration continues (70). The
decline in BMD during prolonged therapy is well documented
(71, 72) and probably accounts, in part, for the modest vertebral
fracture risk reduction and lack of evidence for non-vertebral
fracture risk reduction (71).

Raloxifene appears to reduce vertebral fractures with small
and perhaps transient effects on BMD. It is of interest that
pre-clinical studies demonstrate an increase in the material
strength produced by increases in skeletal-bound water with
minimal effect on tissue mineral composition or microdamage
accumulation (73–75). These findings provide a novel target
for future pharmacological interventions to improve bone
strength and lower fracture risk. This is of particular interest
given the concerns of protracted remodeling suppression by
bisphosphonates and denosumab which are likely to pre-dispose
to loss of toughness and atypical femoral fractures (AFFs).

Treatment of osteoporosis in patients with AFFs is
challenging; withholding an antiresorptive will result in ongoing
structural decay predisposing to fragility fracture, conversely,
if an antiresorptive is continued, structural decay will slow but
material composition will be compromised predisposing to AFFs
(76). One approach may be to use a weaker antiresorptive such as
raloxifene, which improves bone toughness with minimal effects

on tissue mineral composition or microdamage accumulation.
The efficacy of raloxifene in this context has not been established.

ANABOLIC AGENTS

Teriparatide (PTH 1-34) and abaloparatide are available for clinic
use, romosozumab is a modeling based anabolic agent that is still
under investigation.

Teriparatide and Abaloparatide
The anabolic effects of PTH 1-34 are ∼70% remodeling based.
Abaloparatide, which shares amino acid sequences with both
parathyroid hormone-related protein (PTHrP) and PTH, acts
via the same receptor as teriparatide (PTHR1). Both teriparatide
and abaloparatide increase trabecular thickness and improve
trabecular microstructure (77–79). There is a transitory phase
of increased cortical porosity produced with PTH 1-34 (80, 81).
Whether the anabolic effect of abaloparatide is accompanied
by less resorptive activity and less cortical porosity needs to be
confirmed (27, 82, 83).

Parathyroid hormone analogs have consistently been reported
to reduce vertebral fractures but evidence for non-vertebral
fracture risk reduction reported by Neer et al. has not been
replicated (84). No randomized controlled studies have been
done to evaluate anti-hip fracture efficacy, an omission that needs
to be addressed.

Abaloparatide also reduces vertebral and non-vertebral
fractures (27). In a phase 3 clinical trial, 2463 ambulatory
postmenopausal women, of which 1901 completed the study,
were randomized to 18 months of abaloparatide (80 µg
daily), placebo or open-label teriparatide (20 µg daily). New
morphometric vertebral fractures occurred in 0.58% (n = 4) of
the abaloparatide group, 4.22% (n = 30) of the placebo group
(relative risk 0.14, 95% CI 0.05–0.39), and 0.84% (n = 6) of
the teriparatide group. The Kaplan-Meier estimated event rate
for non-vertebral fracture was 2.7% for abaloparatide, 4.7% for
placebo (HR 0.57, 95% CI 0.32–1.00), and 3.3% for teriparatide
(P = 0.22 compared to placebo and P = 0.44 compared to
abaloparatide) (27). Major osteoporotic fractures were reduced
with abaloparatide compared to placebo or teriparatide, Kaplan-
Meier estimated event rate for placebo was 6.2% (HR 0.30, 95%
CI 0.15–0.61) and for teriparatide was 3.1% (HR 0.45, 95% CI
0.21–0.95, P = 0.03) (27).

While these findings are encouraging, the claim that
abaloparatide produced an earlier and more efficacious fracture
risk reduction than teriparatide is problematic because of an
increase in number of subjects who fractured in the first few
weeks of treatment in the placebo and teriparatide group that is
unlikely to be associated with therapy (27). Differences in fracture
rates in the two treatment arms in the second and third 6 months
of the 18-month trial were minimal (83). In addition, evidence
that the anabolic effect is accompanied by less bone resorption
with abaloparatide than teriparatide is also not well founded (83).

Increases in BMDwith abaloparatide were greater (∼1%) than
those with teriparatide at the total hip and femoral neck at all time
points and∼2% at the lumbar spine at 6 and 12months (both P<

0.001). At 18-months, BMD in the lumbar spine was no different
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between the two groups (27). These difference in BMD at the
femoral neck and total hip were attributed to the net difference
in resorption and formation markers claimed to be surrogates of
more net bone deposition with abaloparatide than teriparatide, a
problematic interpretation for a range of reasons (83, 85).

Romosozumab
Romosozumab is a humanized monoclonal antibody against
sclerostin, an endogenous inhibitor of bone formation.
Treatment results in an increase in modeling based bone
formation and evidence of decreases in bone resorption. Two
studies support the antifracture efficacy of this anabolic agent
(86, 87). Cosman et al. enrolled 7,180 postmenopausal women
with osteoporosis to monthly romosozumab (210mg) or placebo
for 12 months followed by denosumab (60mg 6 monthly) for 12
months (86). At 12 months, risk reductions were reported for
vertebral fractures by 73% (P < 0.001), for clinical fractures by
36% (P = 0.008) and non-vertebral fractures by 24% (P = 0.10).
At 24 months, vertebral fracture risk was reduced by 75% (P <

0.001) (86).
Saag et al. (87). assigned 4,093 postmenopausal women

with osteoporosis and a fragility fracture to romosozumab
(210mg) or weekly alendronate (70mg) for 12 months then
open label alendronate in both groups. Over 24 months,
romosozumab/alendronate reduced vertebral fracture risk by
48% (P < 0.001), clinical fractures by 27% (P < 0.001), non-
vertebral fracture by 19% (P = 0.04), and hip fracture by 38%
(P = 0.02). At 12 months, romosozumab reduced new vertebral
(risk ratio 0.63, 95% CI 0.47–0.85) and clinical (HR 0.72, 95%
CI 0.54–0.96) fractures compared to alendronate. Non-vertebral
fracture risk was also reduced by 26% with romosozumab, but
this difference was not statistically significant (P = 0.06) (87).
The use of romosozumab is under FDA review after results of
the trial demonstrated a higher incidence of adjudicated serious
cardiovascular events with romosozumab (50/2040) compared
to alendronate (38/2014) at the end of 12 months, which
did not persist in the 24-month open label extension (87).
These findings were not replicated in the much larger placebo-
controlled FRAME study (88).

Recent work by McClung et al. (89). report loss of benefit of
romosozumab soon after cessation of therapy. Three hundred
and sixty-four postmenopausal women with low bone mass were
treated with romosozumab for 24 months and then randomized
to either denosumab or placebo for a further 12 months.
Treatment with romosozumab led to a continued increase in
BMD over 2 years with further accrual in those that transitioned
to denosumab, whereas BMD returned toward pre-treatment
levels in those that transitioned to placebo (89).

Given the inability of antiresorptives to reverse existing
microstructural deterioration, and the evidence that anabolic
therapy may partly restore bone microstructure, is there
evidence supporting better antifracture efficacy using anabolic
therapy than antiresorptive therapy. Kendler et al. studied 1360
postmenopausal women with severe osteoporosis randomized
to teriparatide (20 µg daily) or risedronate (35mg daily)
over 2 years (26). Overall, 72% of participants received at

least one bone targeted treatment prior to study entry, most
commonly a bisphosphonate (59% in the teriparatide group
and 57% in the risedronate group) and median duration
of bisphosphonate treatment was 3.5 years (IQR 1.1–7.0) in
the teriparatide group and 3.6 years (IQR 1.3–6.1) in the
risedronate group. At 2 years, treatment with teriparatide
resulted in a 56% (risk ratio 0.44, 95% CI 0.29–0.68) reduction
in incident vertebral fractures with a reduction in non-
vertebral fractures that did not achieve statistical significance;
25 (4.0%) in the teriparatide group vs. 38 (6.1%) in the
risedronate group (hazard ratio (HR) 0.66, 95% CI 0.39–1.10,
P = 0.10) (26). In a subgroup analyses, these changes were
consistent across a range of characteristics of the participants
(90).

Combined Antiresorptive and Anabolic
Therapy
Combining antiresorptive and anabolic therapy is a missed
opportunity for two reasons (70). First, no studies have been
done demonstrating greater antifracture efficacy than achieved
by either treatment alone. This is a valid reason for a cautionary
approach to the uptake of this regimen. The second reason is the
widely held belief that antiresorptive therapy suppresses, “blunts,”
remodeling based bone formation by PTH (91–93). This is largely
based on two influential papers and the accompanying editorial
in the New England Journal of Medicine (91, 93, 94). The notion
of blunting was based on the assumption that a higher BMD or
higher P1NP mean more bone formation and a lack of response
means less bone formation.

Comparator studies that use changes in BMD and bone
remodeling markers as the outcome variable are problematic
endpoints. Remodeling based anabolic therapy increases bone
matrix volume by replacing more fully mineralized bone with
young less fully mineralized bone. Modeling based anabolic
therapy adds young less fully mineralized bone to existing older
bone. Imaging using radiation transmission often results in a
net reduction in BMD because young less mineralized bone
transmits rather than attenuates photons leading to the inference
that bone “loss” and fragility have occurred. Antiresorptives slow
remodeling. Matrix no longer “turned over” undergoes more
complete mineralization increasing BMD leading to the inference
that bone “volume” or “mass” has increased, and that bone
strength has increased even though the matrix becomes less
ductile.

As an example, even if an increase or lack of an increase
in BMD is accepted on face value, examination of Figures 1
to 3 of the study by Black et al. does not support the notion
of blunting (91). Relative to PTH alone, combined therapy (i)
did not produce a smaller increment in spine or femoral neck
BMD, (ii) did produce a greater increase in total hip BMD, (iii)
did reduce the decline in distal radius BMD, (iv) did prevent
the reduction in total hip and femoral neck vBMD produced
by PTH alone. Curiously, the increase in total hip and femoral
neck cortical volume by PTH, a modeling effect, was prevented
by combined therapy. Moreover, combined therapy increased
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trabecular vBMD less than PTH alone but this may be a benefit,
not blunting. The antiresorptive might prevent PTH mediated
increase in intracortical remodeling, cortical porosity and the
increase in cortical fragments that look like “trabeculae” (35).
Blunting of the rise in P1NP and CTX is likely to be the
result of suppressed remodeling, not a reduction in the net
volumes of bone deposited or resorbed respectively (85). If
blunting of the BMD response was due to fewer BMUs then
blunting should be more severe with co-administration of PTH
with zolendronate, denosumab, or osteoprotegerin (OPG, an
endogenous inhibitor of RANKL) than with alendronate. The
opposite is reported, and many studies report additive effects
(95–98).

The difficulties in using BMD are also present using high-
resolution peripheral computed tomography. Tsai et al. (80).
report that combined PTH 1-34 and denosumab increased
cortical vBMD yet PTH 1-34 reduced it and denosumab had
no effect. Combined therapy increased cortical matrix mineral
density yet PTH 1-34 decreased it and denosumab had no
effect. Combined therapy had no effect on porosity yet PTH 1-
34 increased it while denosumab had no effect. These findings
do not add up, probably because there are methodological
challenges in segmenting (separating) the cortical and trabecular
compartments and quantifying porosity and trabecular density
because low image resolution and changes in matrix mineral
density influence the quantification of microstructure (8, 99).

Sequential Therapy
Anabolic to Anti-resorptive
Cessation of anabolic treatment results in loss of the benefits.
Antiresorptives maintain or increase BMD, particularly
denosumab because it is the most efficacious in suppressing
remodeling. In the DATA-Switch study, 2 years of PTH 1-34
followed by 2 years of denosumab resulted in further increases in
BMD (100). At 48 months, women treated with combined PTH
1-34 and denosumab for 2 years followed by denosumab alone
had greater gains in BMD than those treated with PTH 1-34
followed by denosumab. Whether this results in fewer fractures
is not known but it is likely that stopping any of the treatments
will result in the loss of benefits and eventual increase in fracture
risk.

In another publication of the abaloparatide trial by Miller
et al. (27), Bone et al. (101) administered alendronate after
abaloparatide which maintained the fracture risk reduction
relative to placebo also given alendronate after 18 months.
This design does not address the question of whether
stopping abaloparatide produces loss of benefits as found
with PTH, which requires an arm with abaloparatide given
placebo. Any comparisons of abaloparatide/alendronate and
placebo/alendronate is flawed as the placebo group is likely
to have undergone bone loss and microstructural deterioration
during 18 months. The likelihood is however, that stopping
abaloparatide will result in loss of benefits. This has recently
been reported with romosozumab; where stopping treatment was
accompanied by loss of the benefits achieved by the modeling
dependent anabolic effect (89).

Anti-resorptive to Anabolic
Two recent trials evaluating antiresorptive therapy followed by
an anabolic agent have been conducted (100, 102). In the DATA-
switch study, women receiving denosumab had a reduction in
hip BMD during 12 months of PTH 1-34 followed by a gradual
increase in BMD, but remained lower than women in the PTH
1-34 to denosumab group and the PTH 1-34/denosumab to
denosumab group (100). Spine BMD decreased in the first 6
months but then increased to a value no different to the above two
groups at 48 months. Bone remodeling markers increased in the
denosumab to PTH 1-34 group by over 200% relative to baseline
values. Whether bone fragility increases is difficult to determine
given the decline in BMD may be due to the replacement of
more mineralized with less mineralized new bone by remodeling
or addition of under mineralized bone by modeling which
then becomes mineralized. High remodeling is found using
anabolic agents but fracture rates do not increase, they decrease.
Nevertheless, cessation of denosumab is associated with rapid
increases in remodeling andmultiple vertebral fractures; whether
this might be prevented or worsened by PTH 1-34 is not known.

In an unblinded study comparing romosozumab (120mg
monthly) vs. PTH 1-34 (20 µg daily) in postmenopausal
women previously treated with bisphosphonates, total hip
BMD increased with romosozumab by 2.6% compared to a
decrease of 0.6% with PTH 1-34 (102). Both drugs increased
spine BMD (romosozumab 9.8% vs. PTH 1-34 5.4%). At the
hip, romosozumab increased cortical vBMD whilst PTH 1-34
decreased it. Trabecular vBMD was similarly increased with both
drugs (102). The comparison of BMD changes is problematic
given BMD may decrease when a large volume of bone that is
still unmineralized is deposited and the effects on microstructure
which contribute disproportionately to bone strength are not
taken into account.

CONCLUSION

Fragility fractures are a public health burden. Advances are
occurring, but several challenges remain unmet. Most fractures
occur in women with osteopenia yet methods of identifying
the women forming the population burden of fractures remain
to be identified. Even when women at risk are identified,
the uptake and adherence to therapy is poor for reasons
that are not well defined. Antiresorptive agents are first line
approaches to therapy even though these agents do not restore
bone volume or the microstructural deterioration present at
the time of treatment. Most, if not all, controlled trials
are 3 years duration and long-term efficacy is unknown.
Anabolic therapies have not been as comprehensively studied.
Although newer agents are emerging and vertebral fracture
risk reduction is confirmed, less evidence is available for non-
vertebral fracture risk reduction, and no anabolic agent has
been evaluated for hip fracture risk reduction in randomized
controlled studies. Bone densitometry was a good beginning
but most fractures in the community arise in persons with
a BMD T-score less reduced than −2.5 SD and so they
are not offered treatment. Whether assessment of bone
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microstructure might help identify and target therapy more
effectively remains an unmet challenge, but it is an opportunity
in need of exploration because bone fragility is caused by
microstructural deterioration.
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Roux-en-Y gastric bypass results in large and sustained weight loss and resolution of

type 2 diabetes in 60% of cases at 1–2 years. In addition to calorie restriction and

weight loss, various gastro-intestinal mediated mechanisms, independent of weight

loss, also contribute to glucose control. The anatomical re-arrangement of the small

intestine after gastric bypass results in accelerated nutrient transit, enhances the release

of post-prandial gut hormones incretins and of insulin, alters the metabolism and the

entero-hepatic cycle of bile acids, modifies intestinal glucose uptake and metabolism,

and alters the composition and function of the microbiome. The amelioration of beta

cell function after gastric bypass in individuals with type 2 diabetes requires enteric

stimulation. However, beta cell function in response to intravenous glucose stimulus

remains severely impaired, even in individuals in full clinical diabetes remission. The

permanent impairment of the beta cell may explain diabetes relapse years after surgery.

Keywords: gastric bypass surgery, beta cell function, glucagon-like peptide 1 (GLP-1), bile acids, microbiome,

sodium glucose transporter 1 (SGLt1), type 2 diabetes

The prevalence of severe obesity, defines as body mass index (BMI) above 40 kg/m2, is increasing.
It is affecting women more than men, and African American women (16.9%) more than Caucasian
(9.3%), or Hispanic (8.9%) women (1). The number of bariatric surgeries performed yearly in
the US has increased only minimally in the last few years and was estimated at 216,000 in 2016.
Hence, only a small percentage of people meeting criteria for bariatric surgery, the most efficient
and durable form of weight loss, actually benefit from it. Roux-en-Y gastric bypass (RYGB) was
the dominant type of surgery performed in the US up to 2011. Vertical sleeve gastrectomy (VSG)
is now the most performed surgery and represented 58% of all bariatric procedures in 2016 (2, 3).
However, RYGB is the surgical model that has been studied themost to investigate gut mechanisms,
independent of weight loss, thatmay contribute to post-operative glucose control. In addition, there
are more long-term data on clinical remission of type 2 diabetes (T2D) after RYGB. Hence, this
review will be more RYGB-centric.

The remarkable effect of bariatric surgery on T2D has generated considerable attention from
the surgical, as well as the research community, in the last 12 years. Non-randomized observational
studies have shown that bariatric surgery results not only in diabetes remission, but also decreases
micro- and macro-vascular complications, cardiovascular disease risk and events, non-alcoholic
steato-hepatitis (NASH) (4) and cancers (5–12). Cohort studies have shown increased longevity
after bariatric surgery (10, 13). The effect of bariatric surgery on T2D remission is of particular
interest. Both observational studies (14) and randomized controlled trials (RCTs) (15) show rates
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of remission varying from 15 to 100%, depending, in part, of
the definition of diabetes remission (16, 17). Determinants of
diabetes remission have been reviewed in meta-analysis (18) and
the IDF-ADATranslational symposium (19). Pre-intervention β-
cell function, use of insulin, known duration of T2D, HbA1C,
age, surgery type, weight loss amount, genomics biomarkers,
and the duration of follow-up after surgery remission, are all
predictors of remission (20–25). The duration of follow up is
certainly one of the key variables. In the Swedish Obesity Study
(SOS), the rate of T2D remission decreases from 72%, at 2
years, to 36% at 10 years (5). Adams et al. show a decrease
in the rate of remission from 75% at 2 years to 51% at 21
years in 84 patients with little attrition (90% follow up) (12).
Arterburn et al. using electronic medical records, studied a large
cohort of 4, 434 individuals with uncontrolled diabetes prior to
surgery; of the 68.2% patients who initially remit their diabetes
at 5 years, one third experience diabetes relapse 5–8 years after
RYGB surgery (11). Overall, clinical parameters pre-intervention,
surgery type, and post-surgery weight loss amount predict about
70% of remission rate. Predictive scores such as DiaRem (26) and
ABCD (27) have been developed.

Pooling data from observational studies (14) and RTCs (15,
28–30), the rate of T2D remission is about 60% 2 years after
RYGB. Themechanism bywhich RYGB results in this remarkable
high rate of diabetes remission is not fully elucidated. The key
question is whether diabetes remission is entirely weight loss
dependent or not. If it is weight loss driven, then research should
focus on the mechanisms, likely centrally mediated, by which
patients eat less, lose about 30% of their total body weight and
are able to keep the weight off, all goals unmatched with diet
and exercise alone (31), or with pharmacotherapy (32). If some
weight loss independent effects are at play in diabetes remission,
they are likely gut-mediated. However, although RYGB results in
many alterations of gut-mediated endocrine mechanisms, some
of which play a role in post-prandial glucose control, their role
in diabetes remission has not been fully demonstrated. The
understanding of these mechanisms is crucial as it may help
identify novel targets for the treatment of T2DM.

Calorie restriction with large (25–30%) and sustained (33–
35) weight loss, are clearly important factors in the remission of
diabetes after RYGB. They remove the chronic insult on the β-
cell resulting from nutrient excess, i.e., glucose and lipid toxicity
(36, 37), decrease inflammation (38–41), decrease fat mass and
ectopic fat depots (42–44), and improve insulin sensitivity (29),
all important modulators of metabolism. However, the benefit
of the surgery on glucose control is apparent very rapidly,
within days after RYGB surgery, prior to large amount of weight
loss (45). In addition, the clinical observations that surgeries
that alters the gastro intestinal track, such as RYGB, VSG, or
biliopancreatic diversion (BPD), result in greater and more
rapid diabetes remission than purely restrictive surgeries such as
adjusted gastric banding (AGB), have prompted investigations of
gastro-intestinal mediated mechanisms of glucose improvement.
The regulation of blood glucose is complex and necessitates
cross talk between the central nervous system, the endocrine
pancreas, the liver, and the intestine (46). The intestine is
the first line of contact with the environment, i.e., nutrient

calorie load and composition, and plays a central role in post-
prandial glucose control. The small intestine signals other organs
via nutrient sensing, glucose transport, satiety and incretin
hormones, bile acids metabolism, and the microbiome. Many of
these intestinal pathways, reviewed below, contribute to glucose
control, independent of weight loss, after RYGB (47).

The gut endocrine system regulates satiety and insulin
secretion, both key factors in body weight and glucose control
(48). Bariatric surgery alters the gut endocrine system in
a favorable way to decrease appetite and improved glucose
metabolism (49). After RYGB, ingested food empties rapidly
from the small gastric pouch into the alimentary limb, and
mix with the biliary and pancreatic exocrine secretion in the
common limb (Figure 1). The rapid emptying of the reduced
gastric pouch results in accelerated nutrient transit (50, 51)
and alters the post-prandial gastro-intestinal hormonal chain
of event. It enhances the release of satiety hormone such as
cholecystokinin (CCK) (52, 53), peptide yy (PYY) (54), glucagon
like peptide 1 (GLP-1) (55–57) and oxyntomodulin (58). A few
clinical studies, using octreotide, demonstrated the role of gut
peptides in increased satiety and decreased food reward after
RYGB surgery (59, 60) (Figure 2). The release of the incretins
GLP-1 (51, 61, 62), and of glucose dependent insulin peptide
(GIP), in some (63–65) but not all (66) studies, is also enhanced
by the accelerated transit; this improves the incretin effect on
insulin secretion (55–57, 63, 67, 68) and lowers post-prandial
glycemia (20). This exaggerated post-prandial release of GLP-1
occurs rapidly after the surgery (69), is independent of weight
loss (51, 70) and can be entirely abolished by administration
of the meal and/or glucose in the gastric remnant via a
gastrostomy (67, 68). Although mean glucose levels improved
after RYGB, the pattern of glucose levels during meals shows
greater variability with earlier and higher glucose peaks, and
lower post-prandial glycemia, at times in the hypoglycemic range,
even if often asymptomatic. A small percentage of individuals
experience debilitating neuroglycopenia after RYGB (71, 72),
in relation to altered counter regulatory hormone response
(73), increased insulin sensitivity (29) and decreased insulin
clearance (74). The infusion of the GLP-1 receptor blocker
exendin 9–39 prevents the large post-prandial insulin secretion
and corrects the post-prandial neuroglycopenia; this illustrates
the effect of endogenous GLP-1 on post-prandial glycemic
control (75). The effect of exendin 9–39 on post-prandial glucose
in individuals with normoglycemia, however, is more modest.
Although exendin 9–39 can blunt post-prandial insulin secretion
(76, 77), it results only in modest worsening of the glycemia
(77–79).

The role of enhanced endogenous GLP-1 on the control
of insulin secretion in response to oral glucose after RYGB
is well demonstrated; its long-term implication on diabetes
remission however remains elusive (79). Beta-cell function,
assessed in response to intravenous glucose stimulus, improves
only minimally and remains impaired in individuals in
clinical diabetes remission and sustained weight loss, up
to 3 years after RYGB (76). The reversal of post-prandial
hyperinsulinemic hypoglycemia by the administration of food
directly via gastrostomy in the remnant stomach, rather than
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per os, highlights the absence of permanent amelioration of
the pancreatic endocrine function years after RYGB (80, 81).
Therefore the increased meal-related insulin secretion after
RYGB depends on enteric stimulation rather than on improved
beta cells responsiveness to glucose (82) or to incretin stimuli

FIGURE 1 | Schematic representation of anatomical changes after RYGB.

(83). The persistent defect of beta cell function, overcome during
meals, may explain, in part, the potential for diabetes relapse
years after RYGB, in older patients who eat a less restrictive diet
and regain some weight.

In addition to the intestinal endocrine function, other
aspects of the gastro intestinal track play an important role in
glucose control (84). The remodeling and reprogramming of the
gastrointestinal track modifies intestinal glucose metabolism and
glucose absorption and contributes to whole body metabolism
after RYGB (85, 86). Interestingly this may not be the case
after VSG (87) (Table 1). Troy et al. show increased intestinal
gluconeogenesis after RYGB in mice, and effect abolished in
GLUT-2 knockout mice (88). Others have shown an increased
expression of genes involved in intestinal glucose transport and
gluconeogenesis, in a rat bypass model (89–91), in association
with decreased insulin resistance (92). Saeidi et al. demonstrated
in rats that the active remodeling of the gastrointestinal tract
increased intestinal cholesterol and glucose utilization, and
contributed significantly to the improvement of whole body
glucose metabolism after RYGB (93). Intestinal glucose transport
is one of the key determinants of post-prandial glucose. The
sodium-glucose transporter 1 (SGLT1) is responsible for the
sodium-dependent, active uptake of glucose across the apical
membrane of the small intestine (94). The expression of SGLT-
1 increases after duodenal jenunal bypass (DJB) in rats (90) and
after RYGB in humans (95). Baud et al. demonstrated, in a well
characterized RYGB model in mini pigs (96), that the intestinal
uptake of ingested glucose is blunted in the bile-deprived
alimentary limb (Figure 1). Glucose absorption can be restored

FIGURE 2 | Mechanistic model of improved glycemia after RYGB. RYGB improves glucose metabolism via weight loss, and via weight-independent mechanisms,

including stimulation of gut peptides, alteration of bile acids enterohepatic cycle, remodeling of the gastrointestinal track, and alteration of the microbiome. Solid lines:

evidence based mechanisms; dashed lines: possible mechanisms. RYGB, Roux-en-Y gastric bypass surgery; HGP, hepatic glucose production; BA derivation, bile

acids derivation; GI, gastro intestinal; GNG, gluconeogenesis; GLP-1, glucagon-like-peptide 1; PYY, peptide YY; OXY, oxyntomodulin; GSIS, glucose-stimulated

insulin secretion; PPG, post-prandial glucose; ↑: increase; ↓: decrease.
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TABLE 1 | Mechanisms of glycemic control after RYGB, VSG, and AGB.

RYGB VSG AGB

Weight loss +++ ++ +

Accelerated nutrient transit + + ↔

↑ GLP-1, PYY, OXY ++ +/– ↔

Bile acid derivation + – –

Circulating bile acid pool ↑ ↑/↔ ↓/↔

Remodeling GI tract + – –

Microbiome + + +

by the addition of either bile or sodium to the glucose meal, and
is blocked with phlorizin. These studies provide direct evidence
of a novel mechanism, via the reduction of active glucose-sodium
transport, of decreased post-prandial glycemia after RYGB (96).
More research is needed to understand the role of altered glucose
transport, intestinal neoglucogenesis, and re-programming of the
intestine on short and long-term glucose control after RYGB in
humans, and its contribution to diabetes remission.

The change of bile acids metabolism after RYGB has
been studied as potential mechanism of improved glucose
control after bariatric surgery (97). Bile acids are synthesized
by the liver, stored in the gallbladder and released in the
duodenum in response to ingestion of nutrient. In non-
operated individuals, after food intake, the chime, bile acids,
and pancreatic exocrine secretions mix to enhance intestinal
lipid digestion and absorption. After RYGB, in the absence of
gastric fundus and pylorus, the ingested food empties rapidly
from the gastric pouch; it then mix with bile acids and pancreatic
secretions only in the common limb (Figure 1), precluding any
duodenal absorption of nutrient (96). In addition to their role on
lipid absorption, bile acids act as signaling molecules to regulate
metabolism and inflammation (98). Bile acids are ligands of the
nuclear receptor farnesoid X receptor (FXR) and the Takeda-G-
protein- membrane receptor-5 TGR5 (99, 100), both receptors
present in several organs that regulate metabolism. The role of
the intestinal bile acids receptors as key regulators of glucose
homeostasis was reviewed recently (101). The circulating bile
acids concentrations (total molar sum) increase after RYGB in
the fasted (102–106) and postprandial (77, 107–113) states in
humans, as well as in rats and mini-pigs (114). The composition
of the bile acids pool is also altered, and could contribute
to the improvement of metabolism (106, 113). The rise of
circulating bile acids after the surgery is delayed, occurs only
a few months after the surgery and seems to be sustained
overtime (106, 111, 113, 115). The underlying mechanisms of the
elevated concentrations of circulating bile acids are unknown.
Contrary to RYGB, calorie restriction and weight loss, either
with (109) or without (112) AGB, decrease circulating bile acids
concentrations (Table 1). Therefore, the rise in circulating bile
acids after RYGB is not weight loss dependent. Experimental bile
diversion, similarly to ileal transposition (116), are associated
with increased circulating bile acids, increased postprandial
GLP-1, weight loss and improved glucose tolerance (117–119).
Possible explanations for the increased systemic pool of bile acids

after RYGB are: increased hepatic synthesis and/or intestinal
reabsorption, decreased fecal excretion and/or hepatic uptake or
change in the microbiota. The increase in the peripheral but
not in the portal circulation indicate that increase in bile acids
systemic concentration after RYGB can be explained, in part, by
a decrease of hepatic recapture, as shown after RYGB in mini
pig (120). Whether the elevated systemic concentration of bile
acids after RYGB in humans (113) is accompanied by increased
concentration of luminal bile acids is unknown. One study in rats,
show no change in luminal bile acids metabolism after RYGB
and VSG (98, 121). Intestinal FXR is an important modulator
of whole body metabolism. Pharmacological intestinal-specific
activation of FXR reduces insulin resistance and stimulates
adipose tissue browning, reduces lipids, inflammation, and
atherosclerosis, while intestinal FXR inhibition favors non-
alcoholic hepatic steatosis (NASH) (122). The effect of VSG
on the improvement of glucose tolerance is reduced in FXR
knock out (KO) mice (123). Bile acids, via activation of TGR5
signaling on the L cells, stimulate GLP-1 and participate in the
control of glucose homeostasis (124–126). TGR5 seems to be
required for the anti-hyperglycemic effect of VSG, as shown
by two independent reports of VSG in TGR-5 KO mice (127,
128).

In all, results from clinical and animal studies suggest an
important role of altered bile acids pool, composition, re-routing
and signaling that may contribute to the metabolic effects of
RYGB or VSG (Table 1). The elegant experiments of bile acids
derivation and FXR and TGR5 KO propose a role for luminal bile
acids in the improvement of metabolism after bariatric surgery.
The clinical translation of these data, however, is still elusive.
The temporal dissociation between the immediate rise of GLP-
1 and the delayed increase in circulating bile acids, makes it
less likely that the two processes are linked, at least in the early
months after RYGB. Important information on intraluminal bile
acids concentration after RYGB (or VSG) in humans is lacking.
The composition, and therefore the function of the bile acids
differs amongst species and add to the difficulty of translational
research in this field. Finally, the large variability of the circulating
concentrations of bile acids in humans studies (115) point out to
other mechanisms, perhaps diet and/or microbiome dependent,
that may modulate their composition and function.

Specific composition of the gut microbiome associates with
pathological conditions such as cardiovascular disease, and
with certain phenotypes like obesity and insulin resistance
(129, 130). The link between gut microbiota composition and
metabolic status is established through transplantation studies
in humans and animals (131). However, the mechanism by
which the gut microbiome maintains health or contributes to
diseases is unknown. The change in microbiota composition,
diversity and function is proposed as mechanism of some
of the metabolic alterations after bariatric surgery (132–138).
Transplantation of gut microbiota from RYGB mice (139) or
patients (140) to germ-free mice reduces weight, fat mass,
and induces metabolic improvements. Together, these studies
indicate a possible link between gut flora modifications and
metabolic changes after RYGB. Proposed mechanisms involve
changes in glucose transport and sensing, GLP-1, short-chain

Frontiers in Endocrinology | www.frontiersin.org 4 September 2018 | Volume 9 | Article 530132

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Laferrère and Pattou Gut Effects of Gastric Bypass

fatty acids, lipogenesis, food intake, energy expenditure, adipose
tissue metabolism, bile acids metabolism (141–146). One study
however showed no link between alteration of the microbiome
signature after RYGB and VSG and luminal metabolism of
bile acids (121). The translational applicability of germ free
mice experiments to humans is questionable. Human bariatric
microbiota studies are often short term, lack controlled condition
(diet, antibiotics and other drugs, metabolic status), favor
description of composition rather than function of microbiome,
and are based on feces, rather than luminal flora analysis.
Future research will help identify whether the pre-surgery
microbiome signature can be used to predict the metabolic
response to the surgical intervention, and /or whether the
change of microbiome composition and function can identify
novel pathways of improved metabolism after various types of
surgeries.

An important variable often overlooked in cross sectionals
studies, is the change over time of many of the mechanisms
described above. The accelerated nutrient transit time and
stimulated GLP-1 release both occur immediately after RYGB
and are sustained over time. However, the variance of the
GLP-1 response increases between 1 month and 3 years post-
surgery (147). We (113) and others (111) have demonstrated
a temporal change of the pool of circulating bile acids after
RYGB. Gut adaptation (hypertrophy, density of endocrine cells,
glucose sensing, GNG) and themicrobiome, are likely to undergo
temporal transformation, in part, diet dependent. These data
show the complexity of the gut physiology and adaptability, the
difficulty of clinical studies, and the importance of longitudinal
long-term studies for a better understanding of the contribution
of the gut on post-prandial glycemia as well as diabetes remission.

In summary, RYGB results in T2DM remission as a
result of large and sustained weight loss. RYGB also triggers
weight independent gastro-intestinal mechanisms, including the

stimulation of the incretins, the modulation of intestinal glucose
transport and metabolism, the alteration of the entero-hepatic
bile acids cycle, and change in the microbiome. These gut-
related systems are inter-related as bile diversion impairs upper
intestinal glucose uptake, nutrient malabsorption and bile acids
can stimulate GLP-1, and the microbiome modulates many of
these gastrointestinal targets. The mechanisms described above
are likely to act in concert to contribute, with weight loss
and calorie restriction, to glucose control after bariatric surgery
(Figure 2). However, more clinical research needs to be done to
understand the molecular mechanisms by which these different
systems interact to improve glucose metabolism and to result
in diabetes remission. The lack of normalization of beta cell
function in response to IV glucose stimulus may be an important
determinant of the future risk of diabetes relapse after RYGB
surgery.
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Pheochromocytomas and paragangliomas (PCCs/PGLs) are rare commonly benign

neuroendocrine tumors that share pathology features and clinical behavior in many

cases. While PCCs are chromaffin-derived tumors that arise within the adrenal medulla,

PGLs are neural-crest-derived tumors that originate at the extraadrenal paraganglia.

Pheochromocytoma-paraganglioma (PPGL) syndromes are rapidly evolving entities

in endocrinology and oncology. Discoveries over the last decade have significantly

improved our understanding of the disease. These include the finding of new hereditary

forms of PPGL and their associated susceptibility genes. Additionally, the availability

of new functional imaging tools and advances in targeted radionuclide therapy have

improved diagnostic accuracy and provided us with new therapeutic options. In this

review article, we present the most recent advances in this field and provide an update

of the biochemical classification that further reflects our understanding of the disease.

Keywords: pheochromocytoma, paraganglioma, genetics, biochemical classification, DOTATATE, PRRT

INTRODUCTION

According to the 2017 World Health Organization (WHO) classification of endocrine tumors,
pheochromocytomas (PCCs) are tumors of the chromaffin cells that arise within the adrenal
medulla (1), whereas paragangliomas (PGLs) are neural crest-derived neuroendocrine tumors
(NETs) that can originate at any level of extra-adrenal paraganglia (from the skull base to the pelvic
floor) (2). PCCs and PGLs arising from sympathetic paraganglia are characterized by catecholamine
production whereas PGLs distributed along the parasympathetic chains of the head and neck
(NHPGL) tend to be silent or pseudo-silent tumors (3–5).

The field of pheochromocytoma-paraganglioma (PPGL) is rapidly evolving. Many discoveries
over the last decade have significantly improved our understanding of the disease. The
identification of new hereditary forms of PPGL has led to the highest rate of germline susceptibility
in cancer genetics at almost 40% (6, 7). In addition, other PPGL-related genes have been discovered
and there are currently over 22 susceptibility genes identified. The genotype-phenotype correlation
shown in many studies often dictates the clinical presentation of syndromic forms of the disease.
These include associated biochemical profile, tumor location, malignant potential, aggressive
clinical behavior, and overall prognosis. Furthermore, genetic identification provides valuable
information for establishing a treatment plan and procures the rational for an appropriate guidance
for follow-up surveillance.
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The involvement of the Krebs cycle and the respiratory
chain, mainly represented by the involvement of succinate
dehydrogenase (SDH) in the etiology of PPGL, is perhaps the
most important discovery in this area. Mutations of genes that
encode any of the subunits A, B, C, or D or the complex assembly
factor 2 (AF2) account for a group of overlapping yet distinct
hereditary syndromes termed SDHx. These forms are considered
the most common of all hereditary PPGL syndromes accounting
for∼30% of them (6, 7). Over the past 6 years, ten new genes have
been discovered. These new genes include hypoxia-inducible
factor 2 alpha (HIF2A)—also known as endothelial PAS domain-
containing protein 1 (EPAS1) (8, 9), fumarate hydratase (FH)
(10), HRAS proto-oncogene (H-RAS) (11), prolyl hydroxylase
1 (PHD1)—also known as egl nine homolog 2 (EGLN2) (12),
malate dehydrogenase 2 (MDH2) (13), chromatin remodeler
ATRX (ATRX) (14, 15), H3 histone family member 3A (H3F3A)
(15), cold-shock domain containing E1 (CSDE1) (15), coactivator
3 mastermind-like (MAML3) fusion genes [upstream binding
transcription factor, RNA polymerase I] (UBTF)–MAML3 (15),
and iron regulatory protein 1 (IRP1) (16). Multiplicity regarding
mosaicism underlines also in some syndromes (8, 9, 17, 18).
Each of these genes mutations affects a specific metabolic
pathway. As a result, The Cancer Genomic Atlas (TCGA) group

Abbreviations: 3-MT; 3-methoxytyramine; 18FDA, 18F-fluorodopamine; 18F-

DOPA, 18F-fluorodopa; 18F-FDG, 18F-fluorodeoxyglucose; 68Ga, 68Galium;
90Y, 90Ytrium; 131I-MIBG, 131I-MIBG, metaiodobenzylguanidine; 111In,
111Indium; 177Lu, 177Lutethium; AFAP1, apoptosis protease activator protein

1; AKT, serine/threonine kinase; ATRX, chromatin remodeler ATRX; CT,

computerized tomography; CRG, growth regulatory factors; CSDE1, cold-

shock domain containing E1; CVD, cyclophosphamide, vincristine and

dacarbazine; DA, dopamine; DIPG, diffuse intrinsic pontine glioma; DOTA,

tetraazacyclododecanetetraacetic acid; DOTATATE, DOTA-Tyr3-octreotate;

DS, direct sequencing; E, epinephrine; EGLN1/2, egl nine homolog 1 and

2; EPAS1, PAS domain-containing protein 1; EPO erythropoietin; EpoR,

erythropoietin receptor; ERK, extracellular mitogen-activated protein kinase 1;

FDA, food and drug administration; FH, fumarate hydratase; HNPGL, head

and neck paraganglioma; GTC, giant cell tumor of the bone; GTP, guanosine-

5’-triphosphate; H3F3A, H3 histone family member 3A; NHPGL head and

neck PGL; HIF2α hypoxia-inducible factor 2 alpha; HIF2A, hypoxia-inducible

factor 2 alpha; HLPC, high-performance liquid chromatography; HLRCC,

leiomyomatosis and renal cell cancer; H-RAS, HRAS proto-oncogene; IDH1/2,

isocitrate dehydrogenase 1 and 2; IHC, immunohistochemistry; IRP1 iron

regulatory protein; MCUL, multiple cutaneous leiomyomatosis; MDH1/2, malate

dehydrogenase type 1 and 2, MAML3; coactivator 3 mastermind-like; MAPK,

mitogen-activated protein kinase; MAX, myc-associated factor X gene; Men1,

multiple endocrine neoplasia 1; LC-MS, liquid chromatography tandem-mass

spectrometry; MEK, mitogen-activated protein kinase; MLPA, multiplex ligation-

dependent probe amplification; MN, metanephrine; MRI, magnetic resonance

imaging; mRNA, messenger ribonucleic acid; mTOR, mammalian target of

rapamycin; NE norepinephrine (NE); NETs neuroendocrine tumors; NF1,

neurofibromin 1; NIH, National Institutes of Health; NMN, normetanephrine;

NET, neuroendocrine tumor; PCC, pheochromocytoma; PET, positron emission

tomography; PGLs, paraganglioma; PHD1/2, prolyl hydroxylase 1 and 2; PI3K,

phosphatidyl-inositol-3-kinase; PPGL, pheochromocytoma-paraganglioma;

PRRT, peptide receptor radionuclide therapy; RF, radiofrequency; SDH, succinate

dehydrogenase subunits A/B/C/D; SDHAF2, succinate dehydrogenase complex

assembly factor 2; SPECT, single photon emission computed tomography; SSA,

somatostatin analogs; SSTR, somatostatin receptor; TCA, tricarboxylic acid, TA,

thermoablation; TCGA, The Cancer Genomic Atlas, TFG, transcription factors

genes; TMEM127, transmembrane protein 127; TMZ, temozolomide; TSG, tumor

suppressor gene; UBTF, upstream binding transcription factor; VHL, von Hippel

Lindau; WES, whole exome sequencing; WHO, World Health Organization.

proposed a comprehensive system to classify PPGL-susceptibility
genes into a molecular level. Based on genomic analysis, the
system divides PPGL-related genes into four major clusters:
a pseudohypoxia subtype (subdivided into tricarboxylic acid
(TCA) cycle-dependent and VHL/EPAS1-dependent), a kinase-
signaling subtype, a Wnt signaling subtype, and a cortical
admixture subtype (Figure 1). These integrative efforts show that
PPGL can be driven either by germline, somatic, or fusion genes
mutations in 27, 39, and 7% of the cases, respectively (15).

GENETICS

Advances in genetics over the last decade have allowed the
implementation of whole exome sequencing (WES) in developed
countries as the new standard screening tool for genetic testing
in patients with a suspected hereditary form of PPGL. However,
the application of this technology is limited to specialized
centers in developing countries. When available, the cost of
testing is often a barrier for wide implementations of WES.
Immunohistochemistry (IHC) is an alternative method in these
cases, given its affordability and feasibility. It is used as screening
tool where negative IHC for a gene can serve as an indirect
indicator of the presence of a mutation in the gene of interest.
This technique is especially useful in the context of suspected
SDHx mutations (19–22). False-positive or false-negative results
(19–22) are not uncommon, therefore, IHC should be interpreted
with caution.

Integrative patient evaluation is essential as the clinical
presentation, along with radiological and biochemical profile
will guide clinicians toward the correct genetic diagnosis. This
holds true when WES is not readily available. In these cases
screening for specific gene or gene panels for a subgroup of
susceptibility genes can be an alternative option. Therefore,
we emphasize the importance of phenotype profile recognition
(Table 1, Figure 2).

CLUSTER 1/PSEUDOHYPOXIA SUBTYPE

1A. TCA Cycle-Related
FH:

FH is a tumor suppressor gene in the TCA cycle that encodes FH
enzyme, which converts fumarate into malate (31). Deficiency in
FH results in accumulation of the precursor metabolite fumarate,
which shares structural similarities with succinate, leading to
prolyl-hydroxylase (PHD) inactivation and HIF stabilization
(32, 33). FH has an autosomal dominant inheritance with
variable expressivity. Patients typically present with multiple
cutaneous leiomyomatosis (MCUL). Leiomyomas are smooth
muscle tumors that arise from the skin and uterus in these
patients. When associated with renal cell cancer, this syndrome
is referred to as hereditary leiomyomatosis and renal cell cancer
(HLRCC) also known as Reed’s syndrome (23). PPGL is a
rare second manifestation of the syndrome and tends to be
malignant and/or multiple and present with a predominant
noradrenergic profile. To date, only few cases have been reported
and both pathogenic germline and somatic mutations have been
described (10, 34). Age of presentation varies widely from as
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FIGURE 1 | Genetics and molecular pathways for PPGLs Pathways for the New Genes; Placing the New into Perspective. Mutations of the highlighted genes have

been discovered to play a role in the pathogenesis of PPGL. These genes can be classified in cluster 1, 2, or 3. Cluster 1 would be implemented with FH, MDH2,

PHD1 (EGLN2), EPAS1/HIF2A and the most recently discovered IRP1 that controls cellular iron metabolism and negatively regulates HIF2α mRNA translation. Cluster

2 would include H-RAS and ATRX, which belongs to the SWI/SNF family of chromatin remodeling proteins, as their upregulation will activate the RAS/RAF/ERK

signaling pathway resulting in tumor formation. Finally, cluster 3 would be implemented with both CSDE1 and UBFT fusion at MAML3. Alterations of any of this genes

will result in increase of target genes involved in Wnt receptor and Hedgehog signaling pathways.

young as 6- to 70-years-old. More recently, a study of a cohort
reported by the National Institutes of Health (NIH) revealed
co-secreting dopamine (DA) tumors in some FH mutated
patients (24).

1B. VHL/EPAS1-Related
EPAS1/HIF2A:

EPAS1 (HIF2A) is an oncogene that encodes the EPAS1; a
transcription factor related to oxygen level responses (35). In
2012, Zhuang et al. were the first to identify a gain-of-function
somatic mutation in exon 12 of EPAS1 (G1588A and C1589T)
in patients with PPGLs. These mutations caused defects on the
proline residues at the hydroxylation site of HIF-2α leading to
its reduced degradation and stabilization (8, 9). Since then, other
cases of PPGL with polycythemia have been reported. Among
them, somatic mutations of HIF2A at exon 12 are responsible
in most cases of the disease, and only one case was caused
by germline mutation of HIF2A at exon 9 (36). Furthermore,
both germlinemosaicism/somaticmutations have been described
in additional studies (18, 36). Somatic HIF2A-related PPGL
affects predominantly females and patients typically presents
with PPGL, somatostatinoma and polycythemia (Pacak-Zhuang

syndrome) (8). However, penetrance can vary from patient
to patient and incomplete forms of the disease have been
reported. In particular, the presence of somatostatinoma has
not been described in males yet. PPGLs in these patients
are often multiple or recurrent with elevated norepinephrine
(NE), normetanephrine (NMN), DA, and erythropoietin (EPO)
and once third of the patients present with metastatic disease
(37). Also, ∼70% of the patients have been found to have
ocular abnormalities with bilateral dilated capillaries and
fibrosis overlying the optic disc being the most common
findings. Therefore, an early referral to an ophthalmologist
acquainted with the retinal findings of this syndrome is strongly
recommended (38). Surgery of the PPGL, often results in an
improvement of HIF2A-induced polycythemia but treatment
of the disease still requires intermittent phlebotomies, and
control blood pressure to prevent complications resulting from
polycythemia.

Cluster 2/Kinase Signaling Group
H-RAS:

Located on chromosome 11p.15.5, H-RAS is a proto-oncogene
that, encodes H-RAS factor (also known as transforming
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protein p21). H-RAS, once bound to guanosine-5’-triphosphate
(GTP), activates the RAS/RAF/ERK signaling pathway that
will ultimately result in cell proliferation (27). Pathogenic
mutations in H-RAS were firstly identified in 2013. WES
of tumor DNA in four cases with phenotype suggesting an
underlying pathogenic genetic variant revealed the presence of
2 hotspot mutations in H-RAS (G13R and Q61K) in two of
them. In all four samples, known susceptibility genes had been
previously excluded (11). All four cases were male patients
with unilateral, sporadic/benign tumors (three PCCs and one
abdominal PGL), along with elevation in plasma catecholamines.
Further validation in a cohort of 58 additional samples obtained
showed an accumulated frequency of 6.9% (4/58) of missense
somatic mutations in H-RAS: G13R (n = 1), Q61K (n = 1), and
Q61R (n= 2) (11).

Cluster 3/WNT Signaling Group
CSDE1:

Formerly known as upstream of N-ras (UNR), CSDE1 is a
tumor suppressor gene located at chromosome 1p13.2 that
encodes CSDE1 factor, which is mainly involved in development
and has several functions including messenger RNA stability,
internal initiation of translation, cell-type-specific apoptosis and
neuronal differentiation (39, 40). The association of CSDE1
to PPGL was recently described by TCGA group in a cohort
study of 176 PPGL patients, in which four were found to
have a somatic mutation— two frameshift, and two splice-
site—, in CSDE1 (15). Underexpression of CDSE1 has been
reported in several tumors (41). Mutations in this gene
result in downregulation of the apoptosis protease activator
protein 1 (APAF1), which controls apoptosis in PCC cells
under normal conditions (42, 43). Clinically, patients presented
with sporadic cases, and some of them with recurrence
or metastatic disease proposing a more aggressive form of
PPGLs (15).

UBTF-MAML3 Fusion:
MAML3 (4q.31.1) is an oncogene that had been previously
associated with other tumor types (44, 45). On the other hand,
UBTF (17q21.31), encodes UBTF required for the expression
of rRNA subunits (46). The association of the fusion with
PPGL was identified by TCGA group in 2017 when analysis
from RNA sequencing of the same cohort mentioned above
revealed that ten tumors (eight primary, and two primary-
metastatic) were positive for a MAML3 fusion gene. Patients
presented with a unique and expansive hypomethylation
profile that was correlated with mRNA overexpression of
target genes involved in developmental pathways, such as
Wnt receptor signaling and Hedgehog signaling, that were
significantly overexpressed including miR-375, β-catenin, DVL3,
and GSK3 (15). MAML3-related PPGLs had the highest
Ki-67 index expression, and some patients presented with
aggressive disease (15). Finding UBTF-MAML3 fusion predicts
a poor prognosis, as compared with other syndromic forms of
PPGL (15).

PROPOSED CLASSIFICATION FOR NEW
GENES ACCORDING TO TCGA

Three additional genes were not included in the molecular
classification done by TCGA (15). However, based on their
signaling pathways, we believe that all three should be included as
part of the cluster 1 or pseudohypoxia signaling group for future
updates. While MDH2 is a part of the TCA cycle, both PHD1
(EGLN2) and IRP1 belong to the VHL/EPAS1-related subtype
(Figure 1) and have been very recently described.

MDH2:
MDH2 encodes the MDH2 enzyme, which catalyzes the
reversible oxidation of malate to oxaloacetate in the TCA cycle.
Deficiency of MDH2 has shown to lead to the accumulation
of malate, fumarate, and succinate on Drosophila models
(47). Thus, MDH2 should be classified as a cluster 1-TCA
cycle-related gene. In 2015, Cascon et al. were the first
to report a case with a germline mutation in MDH2: a
male patient diagnosed with multiple PGLs (13). Later, five
asymptomatic relatives were tested, and two were found to
be positive. Subsequent updates showed elevation of NE and
the presence of a hypermethylator phenotype similar to SDHx-
related PPGLs (48). Interestingly, no malate accumulation was
found on tumor cells, but a high fumarate/succinate ratio was
observed (13).

PHD1 (EGLN2):
PHD1 (EGLN2) encodes PHD1 enzyme, which in normal oxygen
conditions hydroxylates specific proline residues of the HIF-
α subunits for their subsequent degradation by proteasome.
Deficiency of this enzyme prevents degradation of HIF-α and
resulting in HIF stabilization leading to a global activation
of signaling pathways that lead to tumorigenesis (49). PHD1
should therefore be classified as cluster 1-VHL/EPAS1-related
gene. In 2008, Ladroue et al. were the first to describe the
association of mutations in PHD2 with polycythemia and
PPGLs (50). Seven years later, Yang et al. reported the first
mutation in PHD1 (EGLN2), found to be associated with
PPGL, along with an additional case with PHD2 (EGLN1)
germline mutation. These two patients presented with multiple
recurrent PPGL, polycythemia with normal or mildly elevated
EPO, and were negative for HIF2A mutation. Both patients
presented with catecholamine related symptoms including:
headaches, episodic chest pain, anxiety, and hypertension.
Both cases revealed a noradrenergic profile. In the patient
with the mutation in PHD1 (EGLN2), sensitivity of erythroid
progenitors to EPO and erythropoietin receptor (EpoR) activity
were inappropriately increased and resulted in polycythemia
with no or mild increase in EPO levels with increased EpoR
expression (12).

IRP1:
IRP1 is a tumor suppression gene that encodes IRP1, a
bi-functional protein that controls cellular iron metabolism
and negatively regulates HIF2α mRNA translation under iron-
deficient conditions (51, 52). Thus, deficiency of IRP1 increases
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FIGURE 2 | Proposed Algorithm for Evaluation and Management of PPGL Patient. *Depending on clinical status, growth acceleration, symptoms, and genetic status,

the options include: observation, systemic therapy, chemotherapy, PRRT, 131 I-MIBG, or referral to clinical trials. R0, microscopically margin-negative resection; R1,

microscopically margin-positive resection; R2, macroscopically margin-positive resection; stage IV, metastatic disease (1).

HIF2α by dissociating sequences of HIF2α mRNA from
iron-responsive element and suppressing protein translation.
Activation of HIF-2α leads to an increase of transcription of EPO
and EpoR. Recently, IRP1 association with PCC was reported by
Pang et al. in a patient with a medical history of polycythemia
vera with a proven JAK2 mutation, hypertension, diaphoresis,
and abdominal pain that led to the diagnosis of PCC years
later. An investigational gene panel consisting of 54 tumor-
associated genes was negative for patient’s peripheral blood
DNA. Subsequent tumor DNA sequencing revealed a somatic,
loss of function mutation in IRP1 located on exon 3 splicing
site (16).

Driver Mutation Gene With Unknown
Classification
H3F3A

Located on chromosome 1, H3F3A encodes the histone H3.3
protein (53). Histones are responsible for nucleosome formation,
and as a chromatin regulator, mutations of this gene will
affect DNA methylation, chromatin remodeling, or nucleosome
positioning (54). Defects in H3F3A have been linked with diffuse

intrinsic pontine glioma (DIPG) (55, 56), chondroblastoma,
and giant cell tumor of the bone (GCT) (57). Association
with PPGL was initially reported in 2013 as a case report
(58). Three years later, in 2016, Toledo et al. analyzed 43
samples of 41 patients using exome or transcriptome sequencing
and detected a postzygotic H3F3A mutation in three tumors
from one patient with a history of recurrent GCT. This
patient presented with bilateral PCCs and developed bladder
and several periaortic PGLs later. Family history of PPGL
was absent. Further analysis showed that this mutation was
identical to an oncogenic driver of sporadic GCT (c.103G
> T, p.G34W) (57, 58). Furthermore, additional variants in
other chromatin remodeling genes (KMT2B, EZH2, SETD2,
ATRX, JMJD1C, KDM2B) were reported in this study (28).
Additionally, two kinase receptor-encoding genes (MERTK,
MET) were found (28). Also, the investigators detected a somatic
mutation in the main hotspot residue of the fibroblast growth
factor receptor 1 gene (28), which is known to play a role in
other cancers, such as glioblastomas (59). Further studies are
needed to clarify the role of these genes in the pathogenesis of
PPGL.
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DISEASE MODIFYING GENE

ATRX
Located on the X chromosome, ATRX encodes the
transcriptional regulator ATRX, which belongs to the SWI/SNF
family of chromatin remodeling proteins. ATRX plays a
role in the histone deposition in telomeres, chromosome
segregation in the cell cycle and transcription regulation
(60–62). Germline mutations in ATRX have been reported
as a cause of X-linked alpha thalassemia mental retardation
syndrome (ATRX syndrome) (63). In 2015, using WES,
Fishbein et al. reported somatic ATRX mutations in two
SDHB-related frozen tumors. They found somatic ATRX
mutations in 12.6% of the samples, along with an alternative
lengthening of telomeres seen on fluorescence in situ
hybridization (FISH) and presenting with more aggressive
disease (29). Later, the first case of an ATRX driver mutation
was reported in a patient with a metastatic composite PCC-PGL,
clinically with anemia, weight loss, and hepatic metastases.
WES showed a somatic loss of function on the ATRX
gene, along with downregulation of genes involved in the
neuronal development and homeostasis (NLGN4, CD99, and
CSF2RA) and upregulation of Drosha gene related with RNA
processing and alternative lengthening of telomeres (14).
Somatic mutations have been reported in association with
co-existing mutations in the isocitrate dehydrogenase 1 and
2 (IDH 1/2) genes in both adult and pediatric patients with
astrocytic tumors (64). In addition, ATRX may play a driver
mutation role for sporadic PPGL (14) and truncated ATRX
could potentially play a synergistic role with SDHx in tumor
initiation and might be a predisposition for a more aggressive
disease (15).

Biochemical Evaluation
Biochemical evaluation has made tremendous strides forward
since the 1950’s when colorimetric assays were first implemented,
and later replaced with the more accurate high-performance
liquid chromatography (HPLC) in the 1980s. Currently,
liquid chromatography tandem-mass spectrometry (LC-MS)
has become the new gold standard due to its accuracy and
reproducibility. A value three times the upper range of normal
is a positive result. However, some patients present with
pseudo-silent PPGL and high tumor burden resulting in a
late diagnosis. Therefore, any values above the normal range
should be carefully considered as positive in the setting of
prospective screening in hereditary forms of the disease, given
early proactive surveillance has made pre-detection of tumors
very possible.

Besides screening and diagnoses, biochemical phenotype of
the tumor is a useful tool for PPGL syndromic assessment.
PPGLs can be classified according to their biochemical
profile. This classification allows the establishment of an
algorithm and addresses specific causative genes. Here, we
present an update of the different PPGL-related biochemical
phenotypes.

A- Truly biochemically silent phenotype: Often associated
with SDHx syndromes, truly silent PPGLs are mostly located in

the head and neck area (HNPGL). Among HNPGL, carotid body
tumors are the most frequent (65), followed by glomus vagale,
jugulotympanic, and laryngeal PGLs.

B- Biochemically pseudo-silent phenotype: In this category,
PPGLs present with levels of catecholamines and metanephrines
that can be “normal” or “near-normal” in a misleading way.
This category should be distinguished from group A since
PPGLs in this category are indeed catecholamine-producing
tumors. However, detection of elevated metanephrine and
normetanephrine falls below the limit of detection due to either
low tumor burden or catecholamine production fluctuations.
This usually happen in patients with very small (less than 5–
7mm) PPGLs.

C- Noradrenergic phenotype: Characterized by increased
levels of NE/NMN (66, 67), noradrenergic PPGLs are commonly
located outside the adrenals (66, 67), NE acts on both α (1 and
2) and β (1, 2, and 3) adrenoreceptors with predominant effect
on α. These patients present less frequently with paroxysmal
symptomatology. Sustained hypertension and tachycardia
are the most common symptoms. However, hypertensive
crisis, myocardial infarction, lethal tachyarrhythmia, and acute
intramural hemorrhage have been reported (68, 69). This
phenotype is commonly seen in the cluster 1/ pseudohypoxia
group (15), including both VHL and SDHxmutations (70).

D- Adrenergic phenotype: These PPGLs are characterized
by either purely elevated epinephrine (E)/metanephrine (MN)
(66), or in both E/MN and NE/NMN. This phenotype
can be accurately identified when the plasma level of free
MN is greater than 10% of the sum of NMN and MN
(66). Adrenergic PPGLs are often located in the adrenal
gland (67). Epinephrine represents a higher level of cellular
differentiation of adrenal PPGL when compared with tumors
derived from paraganglia (71, 72). Epinephrine activates α-
1 and α-2 adrenoceptors with a higher affinity compared
to NE (73) but also affects β-2 adrenoceptors. Paroxysmal
symptomatology due to a rapid metabolism (74) has been
related to the concomitant use of medications like histamine,
tricyclic antidepressants (TCA), anesthetics, and tyramine-rich
food (75). In many cases these patients are found to have
hyperglycemia and hyperlipidemia secondary to the stimulus
of lipolysis, glycogenolysis, and gluconeogenesis (68). This
phenotype is commonly seen in the cluster 2/kinase signaling
group (15).

E- Dopaminergic phenotype: These PPGLs are characterized
by high levels of DA/3-methoxytyramine (3-MT) with normal
or near-normal levels of E/MN and NE/NMN (75, 76). Tumors
are commonly extra-adrenal and primarily located in the head
and neck region (77, 78). Patients can be either asymptomatic
or have atypical symptoms like abdominal pain, diarrhea,
nausea/vomiting, hypotension, and weight loss. These symptoms
are most likely related to dopamine receptor stimulation
on the smooth muscle (79), gastrointestinal tract (80), and
central nervous system (81). This subset of patients has been
traditionally classified as biochemically “silent”. Elevated levels of
DA/3MT together with NE have been reported in approximately
65% of patients with SDHx mutations, especially in SDHB
(76, 82).
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Experts Recommendations and
Meta-Analysis
The Endocrine Society 2014 guidelines recommend initial
screening with either plasma or urine fractionated MN/NMN,
with the consensus that values three to four times higher than
the upper reference limit are almost always diagnostic for PPGLs
(83). A recent meta-analysis done by Därr et al., compared
the accuracy of plasma and urine metanephrines in 1,039
patients with PPGL. The study also compared immunoassay
methods—HPLC and LC-MS—and differences between supine
vs. seated position during sampling. Results in terms of
sensitivity/specificity/accuracy showed that supine sampling was
more sensitive in tumor detection (95 vs. 89% [p < 0.02]).
Furthermore, the supine position has a higher specificity than
24-h urine samples (95 vs. 90% [p < 0.03]) and the highest
accuracy (95%), especially when measured with HPLC and
LC-MS over immunoassay (84) as LC-MS eliminates drug
interference providing more accurate results.

When evaluating pediatric patients with PPGL, considerations
for age-adjusted reference values are crucial to determine the tests
positivity. Higher limits for E/MN along with lower limits for
NE/NMNwere seen in children when compared with adults (85).
Finally, we wish to note that LC-MS is not widely available in all
countries. Cost of technology itself as well as a lack of trained staff
stand as barriers to full implementations of LC-MS (86).

Imaging
The latest Endocrine Society Guidelines (83) emphasize that
consideration for any imaging modality in PPGLs requires
prior positive biochemical evidence of disease except for the
presence of personal or family history of HNPGL related
or not to a hereditary form of the disease. For a general
work-up, computed tomography (CT) is recommended as the
anatomic imaging modality of choice due to its excellent spatial
resolution. Magnetic resonance imaging (MRI) is recommended
for children, pregnant women, or patients with HNPGL or
metastatic disease. Regarding functional imaging the panel
of experts suggests the use of 123I-metaiodobenzylguanidine
(MIBG) scintigraphy in patients with metastatic disease when
treatment with radiotherapy using 131I-MIBG is considered or
when the risk of metastasis or recurrence of the disease is high
based on tumor size. However, if metastatic disease is confirmed,
the use of 18F-fluorodeoxyglucose (18F-FDG) positron emission
tomography hybridized with CT (PET/CT) is preferred (83).

We believe PPGL is a disease “born to be filmed” as
the availability of high-value modalities for imaging provides
a versatile algorithm to evaluate the different scenarios of
the disease: in the initial evaluation setting, in treatment
planification, and for tumor response assessment. This is due
to the expression of various transporters and receptors in
the surface of PPGL cells. Receptors that can be exploited
for imaging include the NE transporter, glucose transporter
(GLUT), amino acid transporter, and somatostatin receptor
(SSTR) (87, 88). Currently, there are three types of PET/CT
radiopharmaceuticals that exert their actions through these
receptors: 18F-FDG, 18F-fluorodopa (18F-FDOPA), and 68Galium

(68Ga)- tetraazacyclododecanetetraacetic acid (DOTA) analogs
(89–91). Functional imaging using PET/CT has proven to
be superior to 123I-MIBG SPECT not only for the higher
detection, sensitivity, localization, and resolution, but also for
reducing indeterminate or equivocal findings by about 20 to
40% (92). Among these modalities, 68Ga- DOTA-Tyr3-octreotate
(DOTATATE) PET/CT has emerged as the preferred modality
in NETs in general. This is due to the high affinity of the
radiolabeled compound for the SSTR type 2 (SSTR2) (93) that
can more accurately predict a tumor response to treatment to
radiolabeled somatostatin analogs in patients with avidity for the
tracer. In terms of tumor detection, 68Ga-DOTATATE PET/CT
has proven to be exceptional with a 98.6% overall detection rate
in patients with SDHB metastatic PPGL, superior to anatomic
imaging (CT/MRI), and other functional scans (18F-FDG, 18F-
FDOPA, and 18F-FDA PET/CT) (94). Similar results were also
observed in sporadic cases with a sensitivity of 97.6% (89, 95)
and in patients with HNPGL (96). Regarding specific mutations,
68Ga-DOTATATE PET/CT resulted inferior in the evaluation of
patients with polycythemia/PPGL— including both HIF2A and
PHD1-related tumors—(97), FH or MAX mutations. In these
patients— polycythemia associated to PPGL—, the combination
of 18F-FDOPA PET/CT and 18F-FDA PET/CT resulted superior
with a lesion-base detection rate of ∼98%, vs. 35.3% for the
68Ga-DOTATATE PET/CT group (95% CI, 25.0–47.2%) (97).
With respect to FH-related tumors, in a patient reported 68Ga-
DOTATATE PET/CT showed an overall detection of 66% when
compared to 18F-FDOPA PET/CT (98). In reference to MAX-
related PCCs, in a recent study evaluating six patients, 68Ga-
DOTATATE accuracy was lower than 18F-DOPA PET/CT (99).
Based on these studies authors suggest allocating both 18F-
FDOPA and 18F-FDA PET/CT in the diagnostic algorithm of
polycythemia/PPGL patients and designate 18F-FDOPA PET/CT
as first functional imaging modality of choice in the diagnoses
and follow-up of both MAX and FH-related patients. If the
availability of 18F-FDA and 18F-FDOPA PET/CT is limited, use of
other imaging modalities like 123I-MIBG single-photon emission
CT (SPECT) is recommended.

Regarding the pediatric population, 68Ga-DOTATATE
PET/CT has shown to be superior in a cohort of nine children
with SDHx-related PPGL with a detection rate of 98.4% when
compared to 18F-FDG PET/CT (100). However, these results
are intriguing as another study reported that the sensitivity of
68Ga-DOTATATE PET/CT is lower for abdominal lesions in
children, with a detection rate of 66.7% (100, 101), warranting
additional larger studies in this population. Thus, the use of
more than one functional imaging modality is recommended in
the pediatric group and the use of both 68Ga-DOTATATE and
18F-FDG PET/CT is highly recommended in children with small
lesions, when there is a high likelihood of metastatic disease and
in those patients with SDHxmutations.

The utility of functional imaging using somatostatin analogs,
was recently extended and exploited to open new doors for
targeted radiotherapy using the both 177Lutetium (177Lu) or
90Yttrium (90Y). The ‘so-called’ peptide receptor radionuclide
therapy (PRRT) has shown to a very effective therapeutic option
in patients with advanced midgut NETs in a phase 3 clinical
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FIGURE 3 | Schematic algorithm for identifying a possible driver mutation of the newly identified genes mutation. *Often family history is absent; **Unknown; ***Not

described yet.

trial called NETTER-1 published in 2017 (102). As a result,
177Lu-DOTATATE (Lutathera R©) has been recently approved
by the food and drug administration (FDA) for the treatment
of advanced midgut NETs. Applications of PRRT in PPGL
have been assessed also in two small cohorts of patients with
mediastinal or HNPGL (103) and with inoperable HNPGL (104),
with promising outcomes in terms of tumor response and control
of symptoms. A higher number of patients (N = 20) received four
cycles of Lutathera R© with encouraging results in terms of control
of symptoms (decreased medication requirements), circulating
chromogranin A, tumor response and control of disease with
a median progression-free survival (PFS) of 29 months (105).
When comparing PRRT with 131I-MIBG in 22 patients with
metastatic/progressive PPGL, PRRT showed increased PFS and
tumor response rate, as well as increased event-free and overall
survival (OS) (106). An ongoing prospective clinical trial at
the NIH evaluating PRRT for progressive PPGL will provide
definite answers regarding the utility and safety of PRRT in PPGL
(NCT03206060).

The role of SSTR antagonists appears to be promising in the
field of NETs. SSTR antagonists recognie more binding sites on
SSTRs allowing better tumor visualization (107). Their clinical
utility in functional imaging was first demonstrated in 2011
(108). A second-generation of SSTR2 antagonists that include

DOTA-JR11 showed higher tumor uptake when combined
with 68Ga-DOTA (1.3 times), or 68Ga-NODAGA (1.7 times)
as compared with DOTA analogs (109). In the preclinical
setting, DOTA-JR11 was superior to 177Lu in H69 cell lines,
and in vivo therapy experiments achieved a higher uptake,
median survival rate, and a longer delay in tumor growth
(110). Regarding pharmacokinetics and dosimetry, DOTA-JR11
showed very promising results when tested in human embryonic
kidney cells with a higher uptake and longer tumor residence
time. With an escalating dose DOTA-JR11 demonstrated an
improved safety profile and the potential decrease toxicity
(111). In in vitro studies including both NETs and non-
NETs, DOTA-JR11 showed a higher affinity for SSTTRs when
compared to the SSTR2 agonist 125I-Tyr3-octreotide in NETs
(2.5 to 40 times). Interestingly, the group of other non-
NETs tumors— such as breast cancer, renal cell carcinoma,
medullary thyroid cancer, and non-Hodgkin lymphoma—, was
also targeted with high affinity, potentially opening a new door
for exploring this modality in tumors where typically SSTR
have played little role, if any (112). Currently, an ongoing
clinical trial for metastatic and unresectable progressive, well-
differentiated carcinoid is trying to elucidate the role of SSTR
antagonist DOTA-JR11 both in diagnostic and therapeutic
settings (NCT02609737).
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CONCLUSION

In this article, we presented some of the latest advances
in the rapidly evolving field of PPGL and we focused on
genetic, biochemical and imaging discoveries over the last
6 years. In addition, we proposed an updated biochemical
classification and provided a novel algorithm for identifying
newly diagnosed PPGL (Figure 3). Ten new susceptibility genes
related to PPGL have been described in the last 10 years,
including new germline as well as somatic mutations. The
last can be presented as mosaicisms and result in syndromic
forms of the disease. Also, functional imaging modalities
continue to improve, and lesion-base detection studies are more
reliable and accurate. The wide availability of 68Ga-DOTATATE
PET/CT following the approval of the radiopharmaceutical
compound by the FDA, is revolutionizing the way we diagnose
not only PPGLs but also NETs in general. The expression
of SSTR2 on PPGL cells has allowed the exploitation of
this modality as a therapeutic option in these patients using
Lutathera R©, which was recently approved for use in midgut
NETs. Current ongoing clinical trials in PPGL will determine
safety, tolerability profile, and also efficacy in terms of clinical
benefit and control of disease. Hopefully the availability of
these diagnostic modalities will be more implemented in
developing countries in the future. The expense associated
with these technologies stands as a barrier; therefore, referral
to centers of excellence that specialize in PPGL is warranted
and highly advisable as implementation of theranostics into
an algorithm is required for establishing different therapeutic
options.

We are now entering a new and exciting era for PPGL that
will allow us to advance one step further toward personalized
medicine, making precision medicine for PPGL a step closer
(Figure 2).
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Recent advances in understanding the intracellular and intercellular features of adrenal

chromatin cells as stress transducers are reviewed here, along with their implications for

endocrine function in other tissues and organs participating in endocrine regulation in the

mammalian organism.

Keywords: chromaffin cell, catestatin, PACAP, interleukin 6, gap junction, NCS-Rapgef2

INTRODUCTION

It is sometimes useful to view the sprawling field of endocrinology through a narrow window
to view advances that might otherwise be lost in the larger and more chaotic picture. Here, we
take the opportunity to review briefly recent advances in our understanding of the regulation of
the mammalian adrenal medulla, the storehouse for secretion of epinephrine that is critical for
cardiovascular, neuronal, and metabolic homeostatic control, especially during stress. We compare
the accepted view of the adrenal medulla of the twentieth century, still promulgated in most
textbooks, and what we know about its function given recent information over the past decade or
so. In each of five areas, we present “foundational” data, and then review emerging information sets
that have significantly changed how the adrenal medulla is viewed as a stress-transducing endocrine
tissue, and in addition shed significant light on the function of other mammalian endocrine organs
and systems.

The first area in which significantly new developments in our understanding of chromaffin cell
function have occurred is the emergence of the neuropeptide PACAP, rather than acetylcholine,
as the physiologically dominant splanchnicoadrenomedullary synaptic neurotransmitter during
stress. A second is the discovery in adrenal medulla of a neuroendocrine-specific cyclic AMP
effector that propagates signaling for gene regulation in response to stress into the chromaffin cell.
Third, peptides found in adrenal medulla and released from it may have important paracrine and
autocrine roles, while their roles as both biomarkers and physiological actors is still unfolding. A
fourth emerging concept is that chromaffin cells of the adrenal medulla work together via altered
gap junction coupling and cellular adhesion during certain physiological states, predominantly in
stress. Finally, we are becoming aware, with acquisition of new in vivo and cell culture data, that the
adrenal medulla is not only the original “stress transducer” of the body, but also a regulatory nexus
for the secretion of peptides important in stress-inflammation interactions and in integration of
stress responding with the sensory nervous system. We will take each of these points in order, and
end by summarizing how an updated view of adrenomedullary function has illuminated endocrine
cell and organ function in general (Figure 1).
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FIGURE 1 | The adrenal medulla as a stress transducer and neuroimmunoinflammatory and cardiovascular regulator. Cytokines are delivered to receptors on

chromaffin cells as blood-borne messengers or via mobile secreting cells such as monocytes/macrophages; neurotransmitters PACAP and ACh are delivered to

receptors on chromaffin cells via the splanchnic nerve. Activation of chromaffin cell signaling pathways (see Figure 2) increase expression of genes encoding

neuropeptides (NPs), other mediators, catecholamine biosynthetic enzymes, and adhesion factors and connexins that increase cell-cell communication among

chromaffin cells, and amplify catecholamine, neuropeptide, and chromogranin output in response to stress. Secreted neuropeptides such as galanin may in turn act

upon the adrenal cortex to modulate glucocorticoid output; catecholamines act as hormones at cardiovascular and other targets; chromogranins and their derived

peptides have both autocrine and paracrine actions in the adrenal medulla and also as hormones; BAM-22P may act on receptors on sensory neurons innervating the

adrenal gland. For further explication of the figure, see the text. Note that there is some degree of species specificity to expression of cytokines and neuropeptides in

adrenal medulla, so that the schematic offered here may differ in some particulars depending on the species, including H. sapiens, under consideration (1–8). Figure

adapted from (9).

PACAP AS A STRESS TRANSMITTER AT

THE SPLANCHNICOADRENOMEDULLARY

SYNAPSE

Almost 70 years ago, Rex Coupland properly defined the
first peripheral synapse, through electron microscopical
observation, detailing the innervation of chromaffin cells
of the golden hamster adrenal medulla by the cholinergic
sympathetic pre-ganglionic fibers of the splanchnic nerve
(10). Somewhat earlier, the storage of epinephrine (and
norepinephrine) within secretory granules was characterized
(11). The morphological, cell biological, and biochemical
aspects of chromaffin cell function were integrated by several
additional observations. These included the ultrastructural

observation of the epinephrine-containing secretory granules
presenting an omega-shaped profile to the extracellular space
of the chromaffin cell by Coupland; the determination that a
large protein (chromogranin A) was contained in and secreted
from the adrenal medulla upon splanchnic nerve stimulation
[see for original pertinent literature (12, 13)]1; and finally
the observation that cholinergic and nerve stimulation was
calcium-dependent (14). A rich cascade of concepts followed,
and culminated in Douglas’s idea of stimulus-secretion coupling

1As often as possible, in the interests of brevity, review articles in which the

historical documentation of discovery can be perused, will be cited in lieu of the

primary literature.
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(15), in analogy to muscle stimulus-contraction coupling. In this
case, a transmitter released from the splanchnic nerve excited
the chromaffin cell through an ionotropic receptor, calcium
influx occurred, and exocytosis followed, with the release of
granular proteins and catecholamines into the circulation. The
transmitter released from the splanchnic nerve (and at all other
preganglionic sympathetic/sympathoadrenal synapses) of course
was acetylcholine. It caused cellular depolarization through
the nicotinic cholinergic receptor, and exocytotic secretion
ensued (16). Subsequently, the splanchnicoadrenomedullary
synapse became the paradigm for peripheral
neurotransmission at sympathetic as well as parasympathetic
ganglia.

The ability of acetylcholine to generate an action potential
by acting upon sodium channels on chromaffin cells (and
post-ganglionic sympathetic and parasympathetic neurons)
explained its secretagogue activity for epinephrine release
from the adrenal medulla (16). Similar nicotinic receptor
activation on post-ganglionic sympathetic and parasympathetic
neurons was responsible for norepinephrine and acetylcholine
release (respectively) at autonomic neuroeffector junctions
in heart, spleen, lymphatic tissue, and elsewhere throughout
the body. The possibility for additional complexity, however,
in the neurotransmitter coding of the autonomic nervous
system began to arise in the late 70s with several laboratories
exploring the long-term changes in chromaffin cells driven by
stress-induced catecholamine secretion. Wakade and colleagues
discovered that the adrenal medulla may release its entire
complement of catecholamines during a bout of secretion
lasting several hours, yet remain competent for secretion
afterwards due to heroic repletion of the gland: at the end of
a secretory bout that releases all of the epinephrine present in
the adrenal medulla at the start of secretion, there remains as
much epinephrine as before (17). The gland re-synthesizes its
entire store of accumulated epinephrine in a few hours. How
does this occur? Costa and colleagues explored the induction
of the rate-limiting enzyme for catecholamine biosynthesis,
tyrosine hydroxylase (TH), and determined that through both
transcriptional and post-translation activation mechanisms,
long-term splanchnicoadrenomedullary stimulation would
induce TH and this would in turn increase the rate of
catecholamine biosynthesis in a compensatory way (18).
Possible mechanisms for this (since nicotinic stimulation was
limited in its ability to induce TH as well as peptide synthesis
in the gland) included the activation of muscarinic cholinergic
receptors (19). Thoenen et al., however, noted that reflex
stimulation of chromaffin cells in situ by whole-animal treatment
with reserpine caused an induction of TH that could not be
blocked with nicotinic or muscarinic blockers, and opined
that either a novel type of cholinergic receptor must exist or,
presciently, that a non-cholinergic substance might be released
along with acetylcholine to allow TH induction (20). Ip and
Zigmond posited something similar at sympathetic ganglion,
where stimulation of the sympathetic trunk at 10Hz (frequency
typical of the stress response) caused in the superior cervical
ganglion the induction of TH by a mechanism that could be
pharmacologically explained only partially through an action

of acetylcholine release from preganglionic terminals (21). The
situation languished until the discovery of the neuropeptide
pituitary adenylate cyclase-activating polypeptide (PACAP)
(22) by Miyata et al. Despite its name, and its discovery as a
hypothalamic peptide able to stimulate cAMP production in
perfused anterior pituitary hemi-organs (23), three remarkable
properties of PACAP were soon discovered. First, it was
ubiquitously expressed in brain, and not only hypothalamus;
second, it was present in peripheral tissues; third, application
of PACAP in various contexts potently stimulated epinephrine
secretion from the adrenal gland in vivo, from perfused adrenal
gland ex vivo, and from chromaffin cells in culture [(24–27) and
references therein].

The development of PACAP-deficient mice allowed
characterization of antibodies that were unambiguous in
detecting PACAP (compared to its structurally similar congener
VIP) in the cholinergic nerve terminals of the splanchnic
nerve within the adrenal gland (28). The PACAP knock-out
mouse also allowed examination of the role of PACAP on
adrenomedullary performance in vivo. Reflex stimulation
of the splanchnic nerve after hypoglycemia induced by
insulin shock increased plasma epinephrine levels, and
adrenomedullary TH activity: both effects were blunted
or abolished in PACAP-deficient mice, and correction of
hypoglycemia did not occur, a fatal outcome unless prevented
by intraperitoneal injection of PACAP or glucose itself (28).
Later experiments conducted in adrenal slices ex vivo showed
that epinephrine secretion upon splanchnic nerve stimulation
at high frequency, but not at low stimulation rates, does not
occur in slices from PACAP-deficient mice or from wild-type
mice when perfused with the PACAP antagonist PACAP(6-38)
(29, 30).

What have we learned? First, PACAP is present at each
of the splanchnic nerve terminals that contain cholinergic
secretory vesicles and innervate the mouse adrenal chromaffin
cells. Second, stress-induced catecholamine secretion and
biosynthetic enzyme regulation is PACAP-dependent, regardless
of whether the stressor is metabolic/systemic (e.g., insulin-
induced hypoglycemia) or exteroceptive/psychogenic (e.g.,
restraint stress). Second, this dependence can be shown to
exist at the level of the adrenal gland itself, since adrenal slices
taken from PACAP-deficient mice, in which the morphology
and neurochemistry of the splanchnicoadrenomedullary
synapse is normal, fail to release epinephrine in response to
high-frequency stimulation of the splanchnic nerve stump,
while basal (low-frequency) catecholamine secretion is
unaffected. These experiments appear to satisfy the criterion
for PACAP as the neurotransmitter responsible for stress
transduction at the adrenomedullary synapse (see Figure 2A)
(31, 32).

How generalizable is the concept that PACAP, and not
acetylcholine, is the major autonomic stress neurotransmitter?
This involves answering two questions. First, in how many other
mammalian species is PACAP the splanchnicoadrenomedullary
transmitter? Second, is PACAP the stress transducing
transmitter at other autonomic synapses of the sympathetic
and parasympathetic nervous systems? With respect to the
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FIGURE 2 | Signaling and physiology of the chromaffin cell. (A) Acetylcholine and PACAP (sympathetic pre-ganglionic) release from splanchnic nerve and

stimulus-secretion-synthesis coupling in the chromaffin cell. (B) Mechanistic depiction of enhanced cell-cell interaction and hormone secretion under conditions of

stress in the chromaffin cell. There is as yet no direct proof for PACAP or acetylcholine as the principal mediator of what might be termed the “gap junction response.”

(C) IFN, TNF, IL-1, and IL-6 effects on cognate receptors on chromaffin cells and cellular sequelae in the chromaffin cell. Splanchnic nerve input affords synergistic as

well as antagonistic interactions between cytokines and PACAP under physiological conditions in which both stress and inflammation may play a role. Figure adapted

from (9).

first question, catecholamine secretion is provoked by PACAP,
either in vivo or in chromaffin cells in culture, in all mammals
examined so far, including mice, rats, cows, dogs, and humans
[reviewed in (27)]. Regarding the second, there is a significant
body of evidence for receptivity of sympathetic post-ganglionic
neurons, in culture, to PACAP, as evidenced by enhanced
secretion as well as signaling for gene expression (33, 34).
Post-ganglionic neurons of the system, notably in the heart, are
also PACAP responsive (35). Thus, findings in the findings in
the adrenal medulla likely herald a new perspective in adding
the neuropeptide PACAP as the third major neurotransmitter of
the autonomic nervous system, in addition to acetylcholine and
norepinephrine.

Gs-GPCR SIGNALING FOR SECRETION

AND BIOSYNTHESIS IN THE CHROMAFFIN

CELL

Hormone-secreting endocrine tissues must maintain their stores
of secreted material, catecholamines from chromaffin cells,
insulin from beta cells of the pancreas, hypophyseal hormones
from their depots in anterior pituitary cells, incretins from
endocrine cells of the gut, and so forth, in order to maintain
patency for future endocrine response. This can occur via parallel
but uncoupled processes if hormone secretion and biosynthesis
both occur at about the same constitutive rate, but this is
rarely the case, as hormone secretion tends to be episodic
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in response to metabolic and other homeostatic organismic
demands, when the endocrine cell is called upon by first
messenger secretagogues to release its characteristic hormone
into the bloodstream to act at distant sites. Timely repletion
of hormone content in endocrine tissue following a bout of
secretion in these cases can occur in one of two ways. The first is a
chronic overproduction of prohormone protein by the endocrine
cell relative to storage capacity. In this case, excess hormone
is degraded at times of low secretory demand, and diverted to
the secretory pathway at times of high secretory demand. This
type of regulation appears to be the case for chromogranin A
in adrenal medulla: because chromogranin A is a constituent of
secretory granule biogenesis itself, the chromaffin cell makes no
more chromogranin than it does secretory granules. When the
secretory granule complement is complete, excess chromogranin
is apparently degraded in the trans-Golgi network and when
the granule complement is depleted by a bout of secretion,
this excess is re-directed toward granule production, so that
chromogranin levels are maintained during secretion even when
there is no compensatory up-regulation of chromogranin mRNA
abundance compared to that of other co-secreted neuropeptides
(36, 37). For (pro)hormones that are only a fraction of the
total secretory granule protein content, however, a non-default
regulatory mechanism for compensating hormone loss through
secretion with enhanced biosynthesis must exist (this actually
includes chromogranins themselves, in cells in which they are not
the dominant secreted protein).

The concept of stimulus-secretion-synthesis coupling was
introduced into the neuroendocrine lexicon with the realization
that first messengers that act as secretagogues, facilitating
the release of stored hormones into the bloodstream, may
simultaneously signal to the endocrine cell to engage the
genetic machinery that allows repletion of hormone (38). For
hormones that are produced by prohormone processing within
the secretory granule, this is reflected in enhanced transcription
of the prohormone gene and subsequently enhanced translation
of its mRNA into prohormone protein. In the adrenal medulla, in
which secreted material is a mixture of protein (chromogranins
and neuropeptides) and small molecules (catecholamines and
ATP), stimulus-secretion synthesis coupling must accommodate
both types of secreted material. Thus, secretagogue (first-
messenger) signaling leads immediately to calcium influx,
then to activation of the secretory apparatus and release
from the cell of the contents of the secretory vesicle/granule.
Simultaneously, downstream signaling from the first messenger
must engage pathways leading to (i) stimulation of transcription
of prohormone protein-encoding genes and (ii) stimulation
of biosynthetic enzymes responsible for catecholamine and
other small-molecule biosynthesis. In the case of catecholamine
production, this means activation of both the enzymatic
activity, via phosphorylation, of the rate-limiting enzyme for
catecholamine biosynthesis, tyrosine hydroxylase (TH) and
increased production of the TH protein itself, via increased
transcription from the TH gene (39).

The detailed cellular mechanisms of signaling for hormone
repletion in the adrenal medulla was much-studied throughout
the Twentieth century and in many ways was paradigmatic for

understanding this process in other endocrine cells and tissues.
The second messenger most often evoked as mediating stimulus-
synthesis coupling is calcium, the same second messenger
that triggers secretin in most endocrine cells. However, in
the adrenal medulla, cyclic AMP was implicated early on
in both transcriptional and post-translation effects on TH
activation. Later, examination of stimulus-secretion-synthesis
coupling related to co-stored peptides such as substance P, NPY,
enkephalin, and galanin revealed that while cyclic AMP appears
(as in anterior pituitary cells such as corticotropes) to be the
main secondmessenger for activation of gene transcription of the
latter, the classical pathway to cAMP-dependent gene activation
by the third messenger protein kinase A (PKA) was insufficient
to explain how this signaling could occur.

The concept that cAMP’s actions are mediated solely through
activation of the serine/threonine protein kinase protein kinase
A (PKA) was a durable one for several decades after its
promulgation by Kuo and Greengard (40). However, toward the
end of the Twentieth century it became increasingly apparent
that not only could cAMP gate calcium channels on the surface
of specialized cells, such as those of the olfactory mucosa (41),
but that there were a plethora of cAMP-dependent and PKA-
independent actions of first messengers that strongly suggested
the existence of other cAMP effectors within mammalian,
especially neuroendocrine cells. In the late 90s, two groups
discovered two proteins among a family of Rapgef proteins
(for guanine nucleotide exchange factors activating the signaling
kinase Rap), variously called Epac1 and 2 (the currently most
common name), or Rapgef3 and 4, or cAMP-GEF1 and −2
(42–44). These proteins clearly expanded the range of cAMP
effectors withinmammalian cells from protein kinases to guanine
nucleotide exchange factors, with their own sets of downstream
effectors (mainly MAP kinases) distinct from cytoplasmic
substrates such as glycogen synthase, and nuclear transcription
factors such as CREB, activated by PKA.

Our own laboratory noted in 2012 that galanin biosynthesis
in the chromaffin cell was regulated by the stress-associated
secretagogue PACAP, via a cyclic AMP signaling pathway
independent of PKA, and requiring activation of the MAP kinase
ERK (45). The cAMP effector linking activation of adenylate
cyclase and ERK by PACAP was identified by both loss- and
gain-of-function experiments, in cellula, as the gene product
of the guanine nucleotide exchange factor Rapgef2 (46). This
enzyme had been deemed to be insensitive to regulation by
cAMP by both in vitro biochemical criteria and by sequence
comparison to known cAMP binding proteins (47, 48). However,
others had identified Rapgef2 as a cyclic nucleotide-regulated
protein in neuroendocrine (melanoma) cells (49, 50). We have
subsequently identified two mRNA variants transcribed from the
Rapgef2 gene, which we have termed NN (for non-neuronal)-
Rapgef2 and NCS (for neuritogenic cAMP sensor)-Rapgef2.
The latter transcript appears to be generated exclusively in
neuronal and endocrine cell types/tissues in adult rodents, and is
responsible for linking cAMP elevation and ERK activation not
only in chromaffin cells, but in neurons of the central nervous
system (51). Re-assessment of cAMP signaling with respect
to its parcellation between protein kinase A, and the guanine
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nucleotide exchange factors Epac and NCS-Rapgef2, is likely to
occur throughout the field of endocrinology in the coming years.
The characterization of the cellular assignments of these three
cAMP effectors in signaling not only within the adrenal medulla,
but in anterior pituitary, pancreatic islets, enterochromaffin cells,
and other endocrine and neuronal cells is presently underway in
several laboratories (51–56).

THE ROLE OF PEPTIDES SECRETED

FROM THE ADRENAL MEDULLA

As mentioned previously, the finding that the adrenal
medulla secretes bioactive neuropeptides in addition to
catecholamines was a major development for neurochemistry
and neuroendocrinology in the early 1980s, and in fact paved
the way for the discovery of the mRNAs encoding the opiate
peptides (57–60). Its historical roots exist in the discovery of
the chromogranins as secreted proteins of the adrenal medulla
(vida infra); the discovery that enkephalin peptides are a major
constituent of the secretory granules of the adrenal medulla
(57, 58); and the realization that chromogranin A is itself a
prohormone for bioactive peptides including pancreastatin,
vasostatin, catestatin, and others (61–64). The adrenal medulla-
specific proenkephalin-derived BAM-22P was identified via
systematic peptidomics analysis of the adrenal medullary
“peptide storehouse” (65). Adrenomedullin was discovered
via a specific proteomics-based search for novel cAMP-
elevating neuropeptides in pheochromocytoma peptide extracts
(66). The presence of a rich secretory cocktail, comprising
the chromogranin-derived, enkephalin-derived, and other
neuropeptides, as well as the neuropeptides substance P, galanin,
and NPY raised the important question of what the function of
such released peptides might be. The answer(s) to these questions
was initially frustrated by a lack of knowledge about where the
corresponding receptors for peptides exist, and thus whether they
were most likely to play an autocrine, paracrine, or hormonal
function in vivo (63). The molecular nature of the receptor
for catestatin, one of the CgA-derived peptides of the adrenal
medulla, is still uncertain. However, O’Connor and colleagues
were able to show convincingly that catestatin is able to modulate
acetylcholine-induced catecholamine secretion from chromaffin
cells, without affecting secretion caused by potassium or barium
depolarization or ionophore-stimulated release, suggesting that
its receptor either is, or acts immediately downstream of, the
cholinergic nicotinic receptor of the chromaffin cell (67). More
recently, it has been demonstrated in PC12 cells that catestatin
affects not only acetylcholine-induced but also PACAP-induced
catecholamine secretion, making its role in stress-related as
well as basal adrenomedullary function of likely physiological
importance (68). Likewise, substance P has been proposed as an
autocrine regulator of catecholamine secretion and biosynthesis,
based on its negative modulation of nicotinic receptor activation
in chromaffin cells (69–71).

Catestatin, however, is truly protean in its autocrine and
hormonal roles throughout the body. Perhaps the most striking
finding about catestatin is its ability to rescue a chromogranin

A-deficient phenotype in mice (72). Catestatin/chromogranin-
mediated effects permeate all functions of the adrenal chromaffin
cell (72). This includes the formation of secretory granules
themselves (73), although this function appears to be shared with
other granin proteins in chromaffin cells (74), and modulation
of catecholamine release (75). Physiologically, catestatin extends
the range of the adrenal medulla as an endocrine organ beyond
the scope of catecholamine effects on cardiovascular function
and metabolism, to endocrine (catestatin) modulation of the
secretion, metabolism, and morphology of endocrine cells which
are its targets (including the chromaffin cell) as well as its effects
on modulation of beta cell function, immune regulation, and
muscle and neuronal cellularmetabolism (76, 77). As well, several
other chromogranin A-derived peptides, including vasostatin,
have potent cardiovascular effects that make the adrenal medulla
a multi-pronged regulator of cardiovascular as well as metabolic
function, and therefore link stress transduction even more tightly
to cardiovascular and metabolic physiology (78).

The protean role of chromogranin-derived peptides, at every
level of adrenomedullary function, has opened up an important
chapter of endocrinology by sharpening appreciation for the
role of peptide hormones, and their receptors, as highly
adaptive components of the evolution of the endocrine network
through constant adaptation of peptides to new regulatory
roles, especially through tissue-specific expression of various
peptides due to cell-specific prohormone processing. Such is
the case of BAM22P. This 22-amino acid proenkephalin-derived
peptide (YGGFMRRVGRPEWWMDYQKRYG) is found almost
exclusively in the adrenal medulla, most likely because the
only partial processing of proenkephalin in the adrenal gland,
unlike in neuronal cells, results in a plethora of “incompletely”
processed peptides. These however, are not only intermediates.
Only distantly related to the mu opiate receptor, which is mainly
liganded by leu- and met-enkephalin in vivo, the BAM22P
receptor shows a more than 50-fold higher affinity for BAM22P
than for met-enkephalin, which is contained within the primary
sequence of the BAM22P peptide (79). The exclusive presence of
the BAM22P receptor in sensory neurons, and the high levels of
BAM22P in adrenal medulla, suggests that this peptide may be
a specific first messenger for adrenomedullary communication
with sensory nerves that abundantly innervate the adrenal
gland (Figure 1). A link between the major stress-transducing
endocrine organ, the adrenal medulla, and the sensory nervous
system at this anatomical locus is intriguing to consider.

THE CONCEPT OF ORGAN PLASTICITY IN

STRESS RESPONDING OF THE ADRENAL

MEDULLA

It is by now well-known that endocrine tissues develop as
“colonies” of cells devoted to a single secretory mission, but
it was initially thought that each cell within this colony acts
more-or-less independently of its neighbors in responding to
first-messenger secretagogues with hormone release: a massively
parallel rather than a highly integrated response. In the secretion
of vasopressin, however, several investigators promulgated the
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concept of “concerted” actions of the entire secretory cell cohort
(80). This seemed to account for the dynamics of secretion
in this system more comprehensively, and mechanisms of this
type are now being explored and discovered in other cell types.
“Concerted secretion” could occur by one of two (or both)
mechanisms. One of these is paracrine/autocrine regulation,
in which substances secreted from a single secretory cell
interact with receptors on the same cell (autocrine regulation)
or neighboring cells of the same (also autocrine) or another
(paracrine) type, to modulate their secretion. In any event, the
concept of autocrine/paracrine regulation was easily applied to
the adrenal medulla, in part to explain the actions of hormones
besides catecholamines (see previous section) which appeared to
be released from the adrenal medulla in too low levels to be bona
fide hormones, thus begging for an additional function to explain
their production in and secretion from chromaffin cells. A second
mode of modulating the secretory response of endocrine cells
as an organ collective consists in stimulus-dependent changes
in cellular adhesion mediating cell-cell interactions called gap
junctions that can affect secretory performance (Figure 2B). Gap
junctions are electrical connections that lower the resistance
between cells that are connected by them. Connexins are the
proteins that make up the hexameric hemichannels that form gap
junctions: when two hemichannels on adjacent cells are apposed,
a gap junction is formed. In 2001 Martin et al. (81) made the
seminar observation that connexins are expressed by rat adrenal
chromaffin cells. The history of the gap junction in adrenal
medulla and other endocrine tissues is capably summarized
by Colomer et al. (82): suffice it to say here that the initial
demonstration of the chromaffin cell gap channel was facilitated
initially by the realization that the disparate cellular resistances
of isolated chromaffin cells in culture are considerably greater
than those of chromaffin cells in intact adrenomedullary cells,
with these differences in input resistance logically inferred to
arise from the existence of gap junctions between the latter
and not the former (81, 83). A series of in vivo experiments
have been performed by the Guerineau laboratory to assess
the role(s) of gap junctions in adrenomedullary function in
vivo [summarized in (84)]. Rat adrenomedullary slices were
examined ex vivo both before and after 5 days of cold stress (85).
Morphological remodeling of both splanchnicoadrenomedullary
synapses and chromaffin cells at their borders of adjacency was
observed, along with increased dye permeation between cells
at gap junctions, and increased electrical coupling following
exogenous depolarization of individual chromaffin cells. Further
experiments have indicated that stress in vivo causes increased
catecholamine secretion in response to electrical stimulation
that is blocked by pharmacological inhibition of gap junction
formation. Detail of biochemical constitution of gap junctions,
and gap-junction dependence of stress-induced enhancement
of catecholamine secretion from chromaffin cells in vivo have
followed (82, 86). Clearly there is, in addition to a shift from
predominantly cholinergic to PACAPergic neurotransmission at
the adrenomedullary synapse from rest to stress upon initial
exposure to stressors, a profound reorganization of the gland
itself that prepares it to anticipate further challenge by stress,
and/or to protect the integrity of the gland from deleterious

effects of increased functional load. At this time, it is unclear
whether acetylcholine, PACAP or a combination of the two
transmitters mediates this organotypic adaptive response.

The role of gap junctions in adrenomedullary function is
likely to be a generalizable phenomenon, not only to other
endocrine organs (87) but also to neuronal communication:
the stress stimulus selected by Guerineau for analysis of the
adrenal medulla is one that is relatively slight for that organ
(88) but plays a major role in regulation of norepinephrine
output from post-ganglionic sympathetic nerves. It remains to
be seen if principal ganglion cells of the sympathetic nervous
system respond to stress as the adrenal medulla does, and if
PACAP, or acetylcholine, or both are the principal regulator(s)
of this important phenomenon. Of utmost importance, this
work in aggregate reminds investigators of the limitations
of studying endocrine phenomena in isolated cells, in which
there is much insight to be gained, but in which much
about how endocrine tissues actually function in vivo can be
overlooked.

ADRENOMEDULLARY FUNCTION DURING

INFLAMMATORY RESPONSES

The inflammatory response is complex and involves virtually
all organs, as cytokines are both secreted into the bloodstream
and affect tissues hormonally, and because cytokine-secreting
cells of the immune system are mobile and ubiquitous,
migrating to various locations in response to local and systemic
inflammatory challenge. The discovery of LPS and cytokine
receptors on chromaffin cells was a key event in focusing on
the role of the adrenal medulla in coordinating some aspects
of the immune response (Figure 1). Working out the pathways
for cytokine signaling and its ramifications for chromaffin
cell parachymal function, and adrenomedullary participation
in systemic inflammation, has been an intriguing enterprise,
and worth noting within the purview of “what’s new in
endocrinology.”

It was noted a number of years ago that neuropeptide
biosynthesis is complexly modulated by the cytokines IL-1 and
TNF-alpha in bovine chromaffin cells in culture, with positive
regulation of VIP biosynthesis and down-regulation of met-
enkephalin, and amplification of the effects of cyclic AMP
elevation on VIP and substance P production by both cytokines
(89). More recently, Anouar and colleagues demonstrated the
existence of TNF-alpha receptor expression in the bovine adrenal
medulla in vivo (90, 91), and the regulation of gene transcription
and peptide production of galanin and chromogranin in response
to this cytokine (91). Subsequently, Bunn and colleagues
postulated a role for TNF in inflammation-induced VIP
biosynthesis and TH induction in rodent adrenal medulla in vivo
(9, 92). A number of other studies converge to create a picture of
cytokine regulation of adrenomedullary peptide production for a
counter-regulatory role in inflammation: exposure of chromaffin
cells to cytokines or administration of LPS in vivo (S. Bunn,
personal communication) results in enhanced production of
galanin, which is reported in turn to be a positive regulator of
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glucocorticoid production in the adrenal cortex (see Figure 2C).
The inflammatory cytokines IL-1 and TNF (9) also increase
the production of IL-6 mRNA in chromaffin cells, revealing an
occult source of this anti-inflammatory peptide that implicates
a second mechanism of down-regulation of the “cytokine
storm” associated with inflammation. This anti-inflammatory
mechanism is also linked to the stress-transducing function of
the adrenal gland, emphasizing further the highly integrative role
of the adrenal medulla as stress transducer across multiple other
(metabolic, neuronal, immune) endocrine regulatory domains
(Figures 1, 2).

SUMMARY AND FUTURE PROSPECTS

The simple and classical view that the adrenal medulla
releases catecholamines under stress in response to acetylcholine
release from the splanchnic nerve provided a framework for
much fruitful investigation of the detailed cellular physiology
underlying the function of the chromaffin cell. This view has
been enriched over the past 20 years, as summarized in Figures 1,
2. The adrenal medulla is now viewed as a more complex,
and more integrative, stress transducer. Basal secretion, under
the influence solely of acetylcholine, is seen as important to
cardiovascular function as well. Additional first messengers
besides acetylcholine, including PACAP and cytokines, bring
organismic information to the chromaffin cell. The secretory
products of the chromaffin cells also have important, yet-
to-be-discovered paracrine, autocrine and hormonal roles.
These allow integration of immune, inflammatory, sensory,
and cardiovascular surveillance and regulation by the adrenal
medulla. Chromaffin cells themselves not only operate as
individual cellular elements that amplify signal transduction by
being organized into an endocrine organ, but also modulate
the performance of this cellular cohort by chromaffin cell-
chromaffin cell coordination through gap junctions. Each of
these themes is likely to be generalizable to other endocrine
organs to some degree: PACAP at sympathetic ganglia as well
as the sympathoadrenal junction; cytokine regulation of other
peripheral endocrine depots such as the pancreas; gap junction
function in pituitary and likely elsewhere; parcellated cAMP
signaling in pancreas and brain as well as the adrenal; catestatin
function throughout the cardiovascular system. Leveraging the
sense that ‘everything is connected to everything else’ (93) does
not mean, however, that the mammalian endocrine network
is chaotic, or therapeutically opaque. Rather, apprehending
directionality in endocrine regulation probably requires a better
sense of what is unique about each endocrine organ, including the
adrenal medulla, in addition to the predominant hormone that is
released from it.

Some rather large questions remain, both about the adrenal
medulla in particular, and its characteristics as an endocrine
organ in general. What are the ways in which acetylcholine and
PACAP collaborate in adrenomedullary function in homeostasis
and stress responding? Are these two messengers specialized
for “basal” or “rest and digest” vs. “stress” or “fight or flight”
responding, or is their interaction more intricate than that? Does
acetylcholine/PACAP co-transmission contribute importantly
to transmission elsewhere in the autonomic nervous system,
i.e., at both sympathetic and parasympathetic synapses? Is
the adrenomedullary stress response “looped in” to both the
immune-inflammatory and sensory nervous systems? Might this
be a potential key to immune and sensory regulation in stress and
the balance between pro- and anti-inflammatory regulation that
allows glucocorticoids and cytokines to counter-balance without
either being overcome in sepsis or autoimmune dysregulation?
Might signaling via catestatin, BAM-22P, substance P, galanin
and other secretory products of the adrenal medulla lead to
regulatory sequelae that can be exploited in disease treatment?
Are the signaling mechanisms newly discovered in the adrenal
medulla generalizable to other endocrine organs and even the
nervous system? Is metabologenomics of the chromaffin cell a
paradigm that will create diagnostic/prognostic opportunities for
endocrinopathies beyond pheochromocytoma (94, 95)? Finally,
we would be remiss not to note again that the adrenal medulla
is an organ with pronounced mammalian species differences:
how much of what we have learned about its function in rodents
and other mammals is directly applicable to H. sapiens? It is
our hope that this bouquet of questions will stimulate further
research leading to the discovery of new aspects of chromaffin cell
function. These in turn will beget additional questions, keeping
the adrenal medulla at the forefront of endocrinology, despite our
recurrent conviction that we know all we need to know about this
deceptively simple endocrine organ.
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