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The endocrine system consists of several highly vascularized glands that produce
and secrete hormones to maintain body homeostasis and regulate a range of bodily
functions and processes, including growth, metabolism and development. The dense
and highly vascularized capillary network functions as the main transport system for
hormones and regulatory factors to enable efficient endocrine function. The specialized
capillary types provide the microenvironments to support stem and progenitor cells,
by regulating their survival, maintenance and differentiation. Moreover, the vasculature
interacts with endocrine cells supporting their endocrine function. However, the structure
and niche function of vasculature in endocrine tissues remain poorly understood. Aging
and endocrine disorders are associated with vascular perturbations. Understanding the
cellular and molecular cues driving the disease, and age-related vascular perturbations
hold potential to manage or even treat endocrine disorders and comorbidities
associated with aging. This review aims to describe the structure and niche functions
of the vasculature in various endocrine glands and define the vascular changes in aging
and endocrine disorders.
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INTRODUCTION

The endocrine system is vital for efficient function and communication between different parts
of the body and maintenance of homeostasis (Chrousos, 2007). It consists of various organs and
glands including the gonads, pancreas and pituitary-, thyroid-, and adrenal- glands. Endocrine
organs secrete signals, known as hormones, that are essential for maintaining the homeostasis.
Many hormones in the body act on various organs, regulating a wide range of basic bodily functions.
For instance, metabolic activities of muscle, adipose tissue, liver and other organs are regulated by
insulin, adrenaline and noradrenaline. Sex development and characteristics are regulated by sex
hormones such as testosterone and estrogen. Angiotensin and renin regulate blood pressure and
renal filtration (Hiller-Sturmhöfel and Bartke, 1998; Kolka and Bergman, 2012; Maurer et al., 2016).

Hormones are transported via the bloodstream to reach their target tissues and cells. When
binding to their target receptors, they induce an intracellular signaling cascade that triggers specific
cellular responses.

The hypothalamus controls the production and secretion of numerous hormones in the pituitary
gland via neuroendocrine signals. These pituitary hormones are subsequently released into the
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bloodstream and transported to target glands where they, in
turn, trigger the release of hormones that affect organ function.
Constant feedback mechanisms along this axis enable the
regulation of hormone levels to maintain a stable system. Once
hormones from target glands reach a certain concentration in
the blood, this initiates a negative feedback loop that inhibits
further hormone release in the hypothalamus and pituitary
gland (Fliers et al., 2014; Keller-Wood, 2015; Ortiga-Carvalho
et al., 2016). There are several regulatory hormonal cascades
that rely on feedback mechanisms, including the hypothalamic-
pituitary-thyroidal (HPT) or hypothalamic-pituitary-adrenal
(HPA) axis (Hiller-Sturmhöfel and Bartke, 1998). Within these
axes, hypothalamic releasing hormones such as thyrotropin-
releasing hormone (TRH) and corticotrophin-releasing hormone
(CRH) stimulate the pituitary gland to produce thyrotropin-
stimulating hormone (TSH) and adrenocorticotrophic hormone
(ACTH). TSH and ACTH then act on their respective target
glands. TSH stimulates the release of thyroid hormones, while
ACTH promotes adrenal cortisol production. Both cortisol and
ACTH feedback on the hypothalamus and pituitary gland by
inhibiting hypothalamic and pituitary hormone release and
modulating pituitary and target gland sensitivity to hypothalamic
releasing hormones and pituitary hormones, respectively (Hiller-
Sturmhöfel and Bartke, 1998; Houshyar et al., 2001). In
addition, increased plasma levels of corticosterone and ACTH
reduce whole brain expression of glucocorticoid receptors
(Houshyar et al., 2001).

The vasculature constitutes the primary transport system
for hormones and is crucial for endocrine signaling. The
endothelium poses a structural and functional barrier for
hormone transport to their target cells. Specific changes in blood
vessels (e.g., blood volume and pressure) can affect the release
of certain hormones that, themselves can also modulate the
endothelium and its function, for instance via controlling the
production of growth factors and other hormones that regulate
angiogenesis (Hiller-Sturmhöfel and Bartke, 1998; Clapp et al.,
2009; Kolka and Bergman, 2012). Vasoactive hormones such
as insulin (Tack et al., 1996), estradiol (Gilligan et al., 1994)
and testosterone (Yue et al., 1995) are able to modulate the
vessel diameter by inducing vasodilation or -constriction, thereby
modulating the vascular surface area for exchange (Kolka and
Bergman, 2012). The endothelium itself possesses an endocrine
function and is often considered as part of the endocrine system.
For instance, endothelial cells (EC) release various vasoactive
signals such as a nitric oxide (NO) that cause vasorelaxation or
vasoconstriction (Henderson and Henderson, 1995).

Most hormones are released in pulses that cause rapid or
episodic increase in circulating concentrations. This is important
for regulation of target cell function. This pulsatile pattern of
hormone release relies on tight temporal control of hormone
secretion and entry into the bloodstream (Marie et al., 2011).
This is achieved by a complex interplay between the endothelium
and endocrine cell that ensures precise temporal uptake and
transport of hormones by the blood vessels (Marie et al., 2011).
However, the structure and function of the microvasculature in
many endocrine glands remain poorly understood. Therefore,
this review aims to describe the structure and function of

blood vessels in different endocrine glands. Secondly, this
review will define vascular perturbations in aging and various
endocrine disorders.

ANATOMY, STRUCTURE, AND
HETEROGENEITY OF BLOOD VESSELS
IN THE ENDOCRINE GLANDS

Endocrine glands are typically supplied by larger vessels that
give rise to a dense network of capillaries. This microvascular
network enables close interaction between endocrine cells and
the vasculature (Henderson and Moss, 1985; Augustin and Koh,
2017). The specialized microvascular endothelium of endocrine
glands is highly permeable to allow rapid hormone release and
response to changes in homeostasis (LeCouter et al., 2001).
Several endocrine glands, including thyroid and pituitary gland,
contain fenestrated capillaries with intracellular pores of varying
permeability that enable the exchange of nutrients, hormones and
small peptides. Sinusoidal capillaries have larger gaps between
ECs that enable the free exchange of water, plasma proteins
and other larger solutes. In sinusoidal vessels, the blood flow
decelerates to prolong the time of exchange between blood and
interstitial fluid (Augustin and Koh, 2017).

Despite advances in understanding the specialization of the
vasculature in organs such as liver and bone (Ding et al., 2014;
Kusumbe et al., 2014, 2016; Augustin and Koh, 2017), the
specialized structure and function of the vascular system in
endocrine organs remains elusive. In the following paragraphs,
we will briefly describe the anatomical structure of various
endocrine glands, including afferent and efferent large vessels and
the small capillaries.

Testis
The testes are part of the male reproductive system. Their main
functions include testosterone production and spermatogenesis,
which is essential for male fertility. Among other functions,
testosterone regulates testicular blood flow and vasomotion
(Damber et al., 1992; Collin et al., 1993). The testis is comprised
of multiple lobules containing two distinct compartments that are
closely interconnected. The interstitial compartment that makes
up around 15% of the human testicular volume contains Leydig
cells (LCs) that are the main source of testosterone (Maddocks
and Setchell, 1988; Ilacqua et al., 2018). The avascular tubular
compartment, comprised of convoluted seminiferous tubules,
occupies approximately 60-80% of the total testicular volume
in humans and is the location of spermatogenesis (Ilacqua
et al., 2018). In these tubules, nutrients are transported via
the interstitial fluid, the formation of which is regulated by
interstitial vessel permeability (Sharpe, 1983; Park et al., 2018).
Also, the tubular compartment also contains germ cells and
Sertoli cells (SCs) that reside in the basal membrane, extending
into the lumen of the seminiferous tubuli. SCs promote germ
cell maturation and adult sperm production and form the
blood-testis barrier via expression of specialized tight junctional
molecules (Ilacqua et al., 2018).
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Testicular blood supply is provided via the testicular artery
that originates from the abdominal aorta. Each lobule is
supplied with blood via one main artery that branches into an
elaborate bed of intratesticular arteries and capillaries between
the seminiferous tubules. Testicular microvasculature is closely
linked to seminiferous tubules and interstitial clusters of LCs
(Ergün et al., 1994). Arterioles are enwrapped by LCs and branch
into capillaries that innervate the wall of the seminiferous tubules,
adapting to the coiling of the tubules (Ergün et al., 1994). Upon
leaving the tubular wall, capillaries continue as post-capillary
venules that enter an intricate network of veins wrapped around
the testicular artery. This intertubular capillary network unites
into the testicular vein. The testicular vein leaves the testis,
draining into the inferior vena cava and the renal vein (Harrison
and Barclay, 1948; Lupiáñz et al., 2012).

The major functions of the testicular vasculature include
the regulation of testicular temperature and the transport of
nutrients, metabolites and hormones. It transports pituitary
gonadotropins to promote testicular spermatogenesis and
testosterone production. Conversely, testosterone is transported
to various target tissues throughout the body (Lupiáñz et al.,
2012; Ilacqua et al., 2018). Moreover, testicular hormones regulate
hypothalamic and pituitary output in classically defined feedback
mechanisms (Matsumoto and Bremner, 1987; Roser, 2008).

In mammals, testicular microvessels are locally regulated
via vasomotion, which is important for testicular function
by affecting blood flow, transvascular fluid exchange and
interstitial fluid formation (Collin et al., 2000; Lysiak et al.,
2000). In combination with the high oxygen consumption
due to spermatogenesis demands, the testicular environment
contains low oxygen levels. In line with this, rat and mouse
testis show constitutive expression of the transcription factor
hypoxia-induced factor-1 (HIF-1) that is stabilized under hypoxic
conditions and regulates oxygen homeostasis (Powell et al.,
2002; Lysiak et al., 2009; Colli et al., 2019). Hypertension
has been shown to impair testicular vasomotion, alter vascular
morphology and increase HIF-1 expression in rats, suggesting
a drop of oxygen levels in hypertensive rat testes (Colli et al.,
2019). Moreover, hypertensive rats showed increased vascular
endothelial growth factor (VEGF) levels and decreased sperm
concentration and quality, indicating an essential role for blood
pressure and vasomotion in testicular function (Colli et al.,
2019). Additionally, ECs are essential for maintaining the
spermatogonial stem cell (SSC) niche, with testicular endothelial
cells expressing organ specific growth factors that are essential
for maintaining SSC self-renewal. Disruption of key signaling
pathways of testicular endothelial cells, such as in down
syndrome, can lead to reduced fertility (Bhang et al., 2018).

Ovary
The ovaries are the female gonads located on either side of the
uterus. Anatomically, the ovary can be divided into three zones,
the cortex, medulla and hilus. The blood supply in ovaries is
provided via the ovarian artery that anastomoses with a branch
of the uterine artery. The ovarian artery splits into smaller arterial
branches that penetrate the hilus and medulla. Medullary arteries
and arterioles show pronounced coiling and branching and form

a plexus from which smaller arterioles originate that penetrate the
cortex, forming a dense and highly fenestrated vascular network.
Ovarian arteries and arterioles are accompanied by veins that
merge into the ovarian vein at the hilus. The left ovarian vein
drains into the renal vein, and the right ovarian vein drains into
the vena cava (Clement, 1987; Kozik, 2000).

Anatomically, the ovary contains a large number of growing
follicles in the cortex and medulla that modulate the vasculature
according to their changing needs during follicular development
(Brown and Russell, 2014). Within each follicle, angiogenesis
is regulated independently, forming an individual capillary
network (Fraser, 2006). Compared to the relative quiescent
nature of the vascular system in the adult, the follicular
vasculature is remarkably active, exhibiting dynamic changes
in angiogenesis, vascular permeability and blood flow during
different stages of the ovarian cycle. Before ovulation, the
dominant follicle exhibits increased blow flow and follicular
size (Acosta et al., 2003), whereas angiogenesis and vascularity
peaks during the formation of the corpus luteum (CL) after
ovulation (Brown and Russell, 2014). This continuous cyclic
remodeling of the vascular system is crucial for follicular and
luteal development and normal ovarian function (Augustin et al.,
1995; Brown and Russell, 2014).

Four-dimensional time-lapse imaging of gonad
vascularization shows a sex-specific pattern of gonadal
vasculature. In the XY gonad, mesonephric blood vessels
break down and release mesonephric ECs that migrate into
the developing testis to form the major testicular artery. These
mechanisms correlate with a rapid morphogenesis and change
in direction of testicular blood flow and may increase testicular
blood flow to enhance testosterone export during secondary
sex determination (Brennan et al., 2002; Coveney et al., 2008).
In contrast, the ovary is relatively quiescent. The ovarian
vasculature grows from pre-existing vessels independently of
mesonephric vasculature (Brennan et al., 2002; Coveney et al.,
2008). VEGFA-VEGFR2 signaling plays an important role in
gonadal morphogenesis and vasculogenesis and angiogenesis,
promoting EC survival, differentiation and migration (Bott et al.,
2006, 2010). In the ovary, VEGFA is expressed in granulosa and
theca cells in ovarian follicles, and pharmacological inhibition
of VEGFA signaling drastically reduces ovarian vascular density
by 94% and disrupts follicular development (McFee et al., 2009).
Similar experiments in rat testis demonstrate VEGFA expression
in SCs. Here, inhibition of VEGFA signaling results in a 90%
reduction of vascular density and inhibition of seminiferous tube
formation in vitro (Bott et al., 2006). Collectively, these studies
highlight the importance of VEFA in gonadal morphogenesis
and vascularization. During fertility treatment, the ovaries can
respond to Human Chorionic Gonadotropin to upregulate
VEGF, increasing vascular permeability in ECs, leading to
Ovarian hyperstimulation syndrome (Albert et al., 2002; Fang
et al., 2020).

Thyroid Gland
The thyroid gland is one of the largest endocrine glands in
the human body and resides in the lower neck, anterolaterally
to the trachea and larynx. It is composed of a left and a
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right lobe interconnected by an isthmus (Ozgur et al., 2011;
Policeni et al., 2012). Blood supply to the thyroid gland is
provided by two pairs of inferior and superior thyroid arteries
that branch from the thyrocervical arteries and the external
carotid arteries, respectively (Loevner, 1996). These inferior and
superior thyroid arteries have many anastomoses, creating a rich
basket-like capillary network around thyroid follicles (Fujita and
Murakami, 1974; Cozzolino et al., 2005). The venous system is
formed by a venal plexus that drains blood into the internal
jugular vein (via the superior and middle thyroid veins) and
the brachiocephalic vein (via the inferior thyroid vein) (Loevner,
1996; Policeni et al., 2012).

Thyroid microvasculature is heavily fenestrated with distinct
clusters of fenestrations and depends on VEGF signaling.
Inhibition of VEGF via administration of AG013736, a small
molecule inhibitor of VEGFRs drastically reduced both capillary
vascularity and fenestrations in adult mouse thyroids (Inai
et al., 2004; Kamba et al., 2006). Furthermore, thyroid
capillaries are supported pericytes that express NG2 or
PDGFRβ and consistently wrap along the length of capillaries
(Kamba et al., 2006).

The core function of the thyroid gland is the production
of essential thyroid hormones, including triiodothyronine
(T3) and thyroxine (T4), that are important in metabolic
processes. Thyroid hormone secretion is mediated via feedback
mechanisms along the hypothalamic-pituitary axis. TRH from
the hypothalamus stimulates the release of a TSH by the
pituitary that acts on the thyroid gland, promoting the thyroid
hormone secretion (Loevner, 1996; Policeni et al., 2012). In the
bloodstream, T3 and T4 are transported in their form by carrier
proteins such as thyroxine-binding globulin and albumin. Only
small fractions of of T3 and T4 exist in an unbound, active form.
While T4 is produced entirely in the thyroid gland, only a small
proportion of T3 is synthesized here, whereby the majority of T3
synthesis takes place peripherally via conversion of T4 (Loevner,
1996; Vita et al., 2019).

Pituitary Gland
The pituitary gland, also called hypophysis, is an endocrine
gland attached at the base of the hypothalamus. Despite its
small size of approximately 10mm, it is essential to maintain
homeostasis and hormonal balance and functions as the central
endocrine regulator. Anatomically, the pituitary gland consists
of two compartments that act as independent endocrine organs
with distinct cytology, outputs and regulation (Amar and
Weiss, 2003). The adenohypophysis, composed of epithelial
cells, consists of the anterior lobe and the pituitary stalk or
infundibulum that connects the pituitary gland to the brain.
The neurohypophysis describes the posterior lobe that is derived
from neural ectoderm. The anterior and posterior lobes are is
connected via the pars intermedia (Amar and Weiss, 2003).

The adenohypophysis contains acini with five types
of endocrine cells, including corticotropic, somatotropic,
mammotropic, gonadotropic and thyrotropic cells that produce
ACTH, growth hormone (GH), prolactin (PRL), luteinizing
hormone (LH) and follicle-stimulating hormone (FSH), and
TSH, respectively (Larkin and Ansorge, 2000). Although most

pituitary acini contain a mixture of these endocrine cell types,
cellular distribution is not random. While acini in the lateral
lobe contain mostly somatotrophs and lactotrophs, corticotrophs
are located primarily in the center of the adenohypophysis
(Larkin and Ansorge, 2000). The center of the acini is occupied
by non-hormone producing follicular-stellate (FS) cells that
have extended processes between the endocrine cells and are
thought to act as stem cells that give rise to endocrine cells
(Horvath and Kovacs, 2002).

The adenohypophysis is considered the most highly
vascularized mammalian tissue and is mainly supplied by a
set of superior hypophyseal arteries (SHAs) that originate from
the internal carotid artery (Page, 1982; Amar and Weiss, 2003).
The SHA branches into smaller arteries that anastomose with
branches from the contralateral SHA, forming a rich primary
plexus of fenestrated capillaries at the top of the pituitary stalk.
The fenestrated capillaries merge into venules that subsequently
drain into larger portal veins that advance into the anterior
lobe to form a secondary plexus. This secondary plexus then
drains into efferent lateral hypophyseal veins (Daniel, 1966).
Adenohypophyseal hormones in the second plexus can also
reflux to the primary plexus to modulate their own synthesis via
feedback mechanisms (Page, 1982; Amar and Weiss, 2003).

The neurohypophysis exhibits a very different histology
compared to the nested organization of endocrine cells in the
adenohypophysis. Instead, it contains axons from hypothalamic
neurons, forming a hypothalamic-hypophyseal tract. These
axon terminals release their neurosecretory products, including
oxytocin and vasopressin and are surrounded by elongated
pituicytes (Larkin and Ansorge, 2000; Le Tissier et al., 2017).
The neurohypophysis is supplied by a set of inferior hypophyseal
arteries (IHAs) that divide into ascending and descending
branches that anastomose with the branches on the contralateral
side, forming an arterial ring that receives neurosecretory
products from the axon terminals (Page, 1982; Lechan and Toni,
2000; Amar and Weiss, 2003).

Adrenal Gland
The adrenal glands are in the retroperitoneum, located above
the kidneys. Through the production of two major types of
hormones, catecholamines and steroids, they are an important
regulator of metabolic, immune and cardiovascular processes.
The adrenal gland can be divided into the cortex and medulla
which have distinct histology and function.

The adrenal cortex contains adrenocortical cells that
are organized into three subzones (zona glomerulosa, zona
fasciculata, zona reticularis). These cortical subzones exhibit
characteristic histology and secrete different steroid hormones
(Idelman, 1970; Miller and Auchus, 2011; Sun et al., 2018).
The zona glomerulosa produces mineralocorticoids that are
involved in the regulation of blood pressure and electrolyte
balance. Endocrine cells in the zona fasciculata are the source
of glucocorticoids which play an important role in metabolism
and immune response. Glucocorticoid secretion is regulated by
the hypothalamic-pituitary-adrenal (HPA) axis that includes
hypothalamic CRH. CRH stimulates pituitary corticotropes to
secrete ACTH that ultimately regulates adrenal steroidogenesis.
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The zona reticularis secretes androgens. In contrast, the
adrenal medulla produces catecholamine hormones, including
epinephrine, also known as adrenaline, and norepinephrine that
drive the stress response (Bassett and West, 1997; Vinson, 2016;
Sun et al., 2018).

The left and right adrenal glands are supplied by the left
renal artery and the inferior phrenic artery, respectively. These
arteries form an arteriolar plexus that branches into smaller
vessels, innervating the medulla and draining into a central vein
(Murakami et al., 1989; Bassett and West, 1997). The cortex
is supplied by vessels that arise from the capsular plexus and
anastomose in the zona glomerulosa. This anastomotic network
flows into sinusoidal capillaries that continue through the zona
fasciculata before draining into larger sinusoids in the zona
reticularis that run into the central vein (Idelman, 1970; Vinson
et al., 1985; Bassett and West, 1997).

Pancreas
The pancreatic gland contains small lobules, containing both
endocrine and exocrine tissue and plays a crucial role in digestion
and glucose homeostasis. The majority of pancreatic cells are
exocrine and are organized in acini that release bicarbonate
and digestive enzymes into the duodenum. Endocrine cells
makeup only 1-2% of the pancreatic tissue and are clustered
in islets of Langerhans scattered throughout the exocrine
tissue (In’t Veld and Marichal, 2010). Endocrine islet cells
can be divided into subtypes including α-, β-, δ-, and
PP-cells that secrete distinct metabolic-regulating hormones
including glucagon, insulin, somatostatin and pancreatic peptide,
respectively (Ballian and Brunicardi, 2007).

The islets of Langerhans are embedded within a dense
network of specialized microvessels that is distinct from
that of the exocrine pancreas (Goldstein and Davis, 1968;
Ballian and Brunicardi, 2007; Olerud et al., 2009). The
vascular system in these islets is crucial for islet function and
intercellular communication between endocrine and exocrine
cells (Ballian and Brunicardi, 2007) and is supported by NG2
or PDGFRβ-expressing pericytes (Kamba et al., 2006). The
capillary network in pancreatic islets highly expresses VEGFR2
and VEGFR3 and is dependent on VEGF signaling. Inhibiting
VEGF signaling leads to a drastic vascular regression of islet
capillaries in adult mice (Kamba et al., 2006). This capillary
loss can also be observed in multiple other endocrine glands,
including the adrenal, pituitary and thyroid glands. In contrast,
the vascular density of many other organs such as heart, brain,
retina, lung and skeletal muscle did not show significant changes.
These findings indicate a large proportion of VEGF-vascular beds
in the endocrine system of adult mice (Kamba et al., 2006).

Under basal conditions, islets are hyperperfused, enabling
adjustment to insulin secretion under constant blood flow
(Johansson et al., 2005). Each islet is innervated by one to
five afferent arterioles that branch into a network of capillaries
surrounding endocrine cells to enable a sufficient supply of
oxygen and nutrients (Brunicardi et al., 1996). Depending
on islet size, venous blood exits either directly into veins
or drains into the insulo-portal system to perfuse exocrine
pancreatic tissue. In turn, the exocrine tissue can also deliver

blood to islets, indicating a bilateral communication between
endocrine and exocrine pancreatic tissue (Murakami et al., 1992;
Ballian and Brunicardi, 2007).

In rodents, islets show a topographical cytoarchitecture and
microcirculation. Blood flows to the islet core, where mostly
β-cells reside and exits through venules in the periphery
(Murakami et al., 1993; Ballian and Brunicardi, 2007). The
human islets of Langerhans, however, do not show a cellular
topography. Instead, α-, β-, and δ- cells are scattered throughout
the islets without significant clustering (Cabrera et al., 2006). In
both humans and rodents, the majority of β-cells are aligned
along capillaries, and vascular cells and are organized in a
’rosette-like’ structure (Bonner-Weir, 1988; Cabrera et al., 2006;
Bonner-Weir et al., 2015).

Furthermore, β-cells exhibit a high degree of phenotypic
and functional heterogeneity with multiple studies reporting
variations in size, granularity, membrane potential, glucose
responsiveness and, insulin secretion (Dean and Matthews, 1968;
Cabrera et al., 2006; Wojtusciszyn et al., 2008; Katsuta et al.,
2012; Roscioni et al., 2016). This β-cell heterogeneity depends on
differences in the pancreatic microenvironment that is created, in
part, by distinct islet vascularization and blood perfusion patterns
(Ellenbroek et al., 2013). Whole-mount imaging and three-
dimensional analysis of islet vascular architecture demonstrate
changes in vascularization depending on size and location within
the pancreas. For example, larger islets have more vascular
penetration points than smaller islets, and central islets are
supplied by larger vessels, while peripheral islets may receive
capillaries in a polarized fashion (El-Gohary et al., 2012; Roscioni
et al., 2016). Likewise, islets also differ in blood perfusion and
can be divided into low-blood perfused islets with low oxygen
consumption and high blood perfused islets with high oxygen
consumption. Multiple in vivo studies demonstrate increased
β-cell proliferation, insulin secretion and stress susceptibility
in high-blood compared to low-blood perfused islets (Olsson
and Carlsson, 2011; Lau et al., 2012; Ullsten et al., 2015). ECs
from pancreatic islets bidirectionally communicate with β-cells
to increase glucose medicated insulin secretion (Johansson et al.,
2009). Changes in islet vasculature can influence β-cell mass and
are linked with diabetes (Staels et al., 2019).

Alonside vasculature, islets are innervated by the autonomic
nervous system that controls islets architecture and maturation.
Of interest, genetically or pharmacologically induced ablation
of the sympathetic nerve fibers in mice, significantly alters islet
architecture and impairs insulin secretion and glucose tolerance
(Borden et al., 2013). In contrast to murine islets, human islets are
sparsely innervated by autonomic axons, suggesting an indirect
regulation of hormone secretion by via sympathetic control of
local blood (Rodriguez-Diaz et al., 2011).

NICHE FUNCTIONS OF BLOOD VESSELS
IN THE ENDOCRINE SYSTEM

The microvascular blood vessel network plays an essential role
in tissue development and function via its ability to transport
nutrients and oxygen to all tissues throughout the body. The
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local microvasculature in endocrine glands interacts with local
endocrine cells to maintain their function and homeostasis
(Colin et al., 2013). ECs achieve this through the secretion of a
variety of paracrine factors such as growth factors and cytokines,
collectively termed angiocrine signals. Angiocrine signals are
crucial for stem and progenitor cell maintenance, differentiation,
and function (Colmone and Sipkins, 2008).

This vascular microenvironment is also referred to as vascular
niche, and has been described in different organs and tissues.
Vascular microenvironments are involved in a wide range of
physiological and pathological processes (Augustin and Koh,
2017). In the bone marrow, ECs have been identified as a
critical component in the maintenance of the hematopoietic
stem cell (HSC) niche (Hooper et al., 2009; Morrison and
Scadden, 2014). Here, ECs show a striking morphological
and functional diversity and growing evidence suggests an
organotypic function of endothelium that regulates development
and homeostasis. This diversity enables them to adapt to local
needs and supports distinct tissue-specific functions (LeCouter
et al., 2001; Cleaver and Melton, 2003; Nolan et al., 2013).
However, the role of vascular niches in the endocrine system
remains incompletely understood. In the following section, we
will describe the niche functions of the vasculature in different
endocrine glands (Table 1).

Angiocrine Factors in Testis
In the testis, the convoluted seminiferous tubules are surrounded
by interstitial tissue that contains blood vessels, LCs and
other perivascular cells. The basal compartment of the
seminiferous tubules contains spermatogonia in various
stages of differentiation, including spermatogonial stem cells
(SSCs) that are crucial for spermatogenesis and fertility
(Desjardins and Ewing, 1993; Russell et al., 1993; Ogawa
et al., 2005). These SSCs reside in a specialized stem cell niche
that is, at least partially, maintained by testicular endothelial
cells (TECs). TECs produce several factors to support SSCs
survival and maintenance, including glial cell line-derived
neurotrophic factor (GDNF) (Kubota et al., 2004; Bhang
et al., 2018). Endothelial GDNF production is mediated via
fibroblast growth factor 2 (FGF-2) and fibroblast growth factor
receptor 1 (FGFR1) signaling that activates the calcineurin
pathway. Transplantation of TECs in chemotherapy-treated
mice restored spermatogenesis, demonstrating an important
role for TECs in SSC self-renewal and testicular regeneration
(Bhang et al., 2018).

LCs contribute to SSC maintenance by expression colony-
stimulating factor 1 receptor (CSF1R) that promotes SSC
self-renewal (Oatley et al., 2009; Figure 1). Time-lapse imaging
of GFP-labeled undifferentiated spermatogonia demonstrates
a preferential localization of undifferentiated spermatogonia
near intertubular vessels and interstitial LCs (Yoshida et al.,
2007). Upon differentiation, spermatogonia move away
from intertubular vessels, dispersing throughout the basal
compartment of the seminiferous tubules. This relocation of
spermatgonia is accompanied by a vascular reorganization.
Transplantation of seminiferous tubules triggers the formation
of vasculature with SSCs localizing along with the newly

established vascular pattern in the graft (Yoshida et al.,
2007; Yoshida, 2018). This demonstrates a crucial role for
interstitial cells and vessels in SSC maintenance and stem cell
niche establishment.

Within the seminiferous tubules, somatic SCs also express
GDNF and have been implicated in SSC niche formation.
SSC transplantation into host mice with polythiouracil (PTU)-
induced increase in SC numbers enhanced vascular niches.
Transplanting SSCs from PTU-treated donors into normal
recipients significantly increased SSCs numbers by more than 3-
fold, indicating a key role for SCs in regulating SSC and niche
abundance (Oatley et al., 2011).

Fetal testis provides a perivascular microenvironment
for multipotent progenitor cells (Kumar and DeFalco,
2018). These perivascular multipotent progenitor cells are
Notch-active and Nestin-positive and give rise to several
interstitial cell types, including LCs, pericytes and smooth
muscle cells. Vascular inhibition disrupts Notch signaling in
these progenitors, stimulating excessive LC differentiation.
Thus, angiocrine Notch signals crucially regulate the balance
of LC differentiation, highlighting the importance of the
vasculature for interstitial progenitor cell maintenance
(Kumar and DeFalco, 2018).

Vascular Microenvironments in Ovary
Ovarian function depends on the periodic growth regression
of the ovarian vasculature and variations in blood flow rate.
Ovarian vasculature provides blood and nutrients to follicles
and the CL and regulates steroid production. Small follicles are
avascular and rely on the stromal vasculature (Mariana Di et al.,
2018). Beyond the primary stage, follicle growth requires the
formation of an individual capillary network in the thecal layer
of each follicle. Vessel formation and regression are mediated
via angiogenic factors such as VEGFA, platelet-derived growth
factor (PDGF), angiopoietins (Angs) and thrombospondin-
1 (TSP-1) that stimulate EC proliferation, migration, and
vascular stability (Tamanini and De Ambrogi, 2004; Nilsson
et al., 2006; Yang and Fortune, 2007; Abramovich et al., 2009;
Figure 1). Multiple studies demonstrate that inhibition of
angiogenesis via blockade of VEGFA signaling or administration
of antiangiogenic compounds, disrupts follicular growth and
ovulation, and completely inhibits CL vascularization (Ferrara
et al., 1998; Wulff et al., 2002; Kuhnert et al., 2008; Robinson
et al., 2009). Preovulatory follicles show an increased Ang1:Ang2
ratio (Hayashi et al., 2004) and Ang2 injection into monkey
follicles delayed follicle maturation and inhibited ovulation by
disrupting EC-pericyte interactions (Xu and Stouffer, 2005).
Perivascular cells in the endocrine system can be marked by
perivascular markers such as platelet-derived growth factor
receptor β (PDGFRβ), NG2 and α-SMA. A recent deep imaging
study by Chen et al. (2020b) visualized PDGFRβ and NG2 and
α-SMA expressing perivascular cells in multiple glands of the
endocrine system in both rodents and humans.

The antiangiogenic factor TSP-1 is upregulated during
follicular atresia in marmoset monkeys and has been suggested to
play an important role in follicular breakdown via the inhibition
of angiogenesis (Thomas et al., 2008).
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TABLE 1 | Vascular niche associated factors in the endocrine system in homeostasis, aging, and endocrine disorders.

Sl. No Factor/Signal Function Cell Type Condition References

1 Angiopoietin-1 Angiogenesis, ovarian follicular development,
ovulation

ECs, follicular cells Xu and Stouffer, 2005; Abramovich
et al., 2009

2 Angiotensin-1 Aldosterone release Adrenocortical cells Rosolowsky and Campbell, 1994;
Ansurudeen et al., 2006

3 CSFR1 SSC renewal SSC Oatley et al., 2009

4 EG-VEGF EC proliferation, migration and fenestration ECs LeCouter et al., 2001

5 Endothelin Aldosterone and corticosterone release, insulin
secretion

Adrenocortical cells, β-cells Rosolowsky and Campbell, 1994;
Belloni et al., 1996; Gregersen
et al., 1996

6 Ezh2 β-cell expansion β-cells Aging Chen et al., 2011

7 FGF-2 Mediation of endothelial GDNF, corpus luteum
vascularization

ECs Berisha et al., 2000; Bhang et al.,
2018

8 Fibronectin, laminin,
collagen

β-cell proliferation, insulin gene expression β-cells Kaido et al., 2004; Nikolova et al.,
2006

9 GDNF SSC survival and maintenance SSCs Kubota et al., 2004; Bhang et al.,
2018

10 Gja1 Pancreatic islet capillary maintenance ECs Aging Chen et al., 2020b

11 Glucocorticoids Inhibition of angiogenesis, TSP-1 production ECs Aging Logie et al., 2010; Yang et al., 2018

12 HIF-1α Angiogenesis, VEGFA secretion, oxygen
homeostasis

ECs Hypertension Gérard et al., 2009; Lysiak et al.,
2009; Colli et al., 2019

13 HGF β-cell proliferation β-cells Johansson et al., 2006

14 ICAM-1 Inflammation, immune cell recruitment Immune cells Aging Chen et al., 2020b

15 Jagged1 Pituitary stem cell maintenance Pituitary stem cells Tando et al., 2013

16 MMPs Periovulatory basement membrane breakdown,
EC invasion, ECM remodeling, fibrosis

ECM Aging, diabetes Kano et al., 2005; Su et al., 2008;
Almaça et al., 2014

17 Nitric oxide Vasodilation, corticosterone and aldosterone
production

ECs, adrenocortical cells Diabetes, aging Marin et al., 1999; Romero Maritza
et al., 2008

18 NOTCH2 Perivascular progenitor maintenance Perivascular progenitor
cells

Kumar and DeFalco, 2018

19 p53 Insulin resistance, inflammation, lypolysis Adipocytes Obesity Minamino et al., 2009; Vergoni
et al., 2016

20 PDGFβ EC proliferation and migration, pericyte
activation, β-cell maintenance

ECs, pericytes, β-cells PCOS Nilsson et al., 2006; Woad et al.,
2009; Chen et al., 2020b

21 Smad Thyroid development, EC differentiation Thyrocytes, ECs Hick et al., 2013; Villacorte et al.,
2016

22 TGF-β1 β-cell maintenance, angiogenesis β-cells, follicular cells PCOS Tal et al., 2013; Liu et al., 2015;
Jiang et al., 2018

23 Thy-1 Ovarian follicular growth, cellular differentiation Granulosa cells Bukovský et al., 1995

24 TSP-1 Inhibition of angiogenesis, TGF-β1 activation ECs PCOS Crawford et al., 1998; Thomas
et al., 2008; Liu et al., 2015

25 VEGFA Angiogenesis, ovarian follicular growth, corpus
luteum vascularization, seminiferous tube
formation

ECs Aging Ferrara et al., 1998; Berisha et al.,
2000; Klein et al., 2000; Bott et al.,
2006; Yang and Fortune, 2007;
McFee et al., 2009

26 VEGFR2 Fenestrae formation, follicular cell proliferation ECs, follicular cells Jang et al., 2017

During ovulation, the basement membrane is broken down,
enabling EC and pericyte invasion and rapid vascularization
of the developing CL. This vascularization is likely mediated
by VEGFA and FGF2 that accumulates before ovulation in
the later stages of follicular development (Berisha et al.,
2000; Robinson et al., 2009). Periovulatory breakdown of
the basement membrane requires proteases that degrade
components of the extracellular matrix (ECM). In line with
this, the metalloproteinase ADAMTS1 is transiently upregulated
in ECs (Su et al., 2008; Robinson et al., 2009). Matrix
metalloproteinases (MMPs) are also produced by pericytes that

are activated by luteal PDGF-signaling (Kano et al., 2005;
Robinson et al., 2009; Woad et al., 2009).

ECs and pericytes also play an important role in the
maintenance of ovarian stem cells (OSCs). In adult ovaries,
OSCs give rise to germ and granulosa cells and reside in a
stem cell niche in the ovarian surface epithelium (Bukovsky
et al., 2004; Flesken-Nikitin et al., 2013). Within this niche,
vascular pericytes facilitate the formation of secondary germ
cells. These germ cells migrate towards cortical vessels that
transport them to granulosa cell nests in the lower cortex to
form primordial follicles (Bukovsky, 2011). In addition, pericytes
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FIGURE 1 | Vascular niche functions in the endocrine system. In the testis, ECs release various endocrine signals to maintain SSCs and spermatogenesis. OSC
maintenance is supported by pericytes. During follicular and luteal stages of the cycle, growth factors regulate periodic growth and regression of ovarian vasculature
that is needed for follicular and luteal development. In the thyroid, angiogenic signals from TSCs and pericytes regulate angiogenesis, endothelial fenestrae formation
that is important for thyrocyte function. Pituitary ECs and pericytes promote maintenance and function of neurosecretory cells in the neurohypohysis and pituitary
stem cells in the adenohypophysis. Angiocrine signals also regulate endocrine function of the adrenal cortex, that, in turn, promotes angiogenesis via the endocrine
gland-specific growth factor EG-VEGF. In the pancreas, reciprocal interaction between ECs and β-cells is required for angiogenesis and insulin secretion. EC,
endothelial cell; SSC, spermatogonial stem cell; FGF2, fibroblast growth factor 2; GDNF, glial cell line-derived neurotrophic factor; CSF-1, colony-stimulating factor 1;
OSC, ovarian stem cell; PDGF, platelet-derived growth factor, VEGF, vascular endothelial growth factor; ANG1, angiopoietin 1; MMP, matrix metalloproteinase; TSC,
thyroid stem cell; TSH, thyrotropin-releasing hormone; BMP, bone morphogenetic protein; bFGF, basic fibroblast growth factor; NGF, nerve growth factor; EGF,
epidermal growth factor; EG-VEGF, endocrine gland-derived vascular endothelial growth factor; NO, nitric oxide; HGF, hepatocyte growth factor; IGF, insulin-like
growth factor; TSP-1, thrombospondin-1; TGF-β1, transforming growth factor β1.

release the morphoregulatory Thy-1 differentiation protein,
that is associated with cellular differentiation and macrophage
presence. Thy-1 is released among granulosa cells to initiate the
growth of resting follicles (Bukovský et al., 1995; Bukovsky, 2011).

Vascular Niches in Thyroid Gland
In the thyroid gland, follicular cells and surrounding capillaries
form an angiofollicular unit to control endocrine thyroid
function (Gérard et al., 2002; Colin et al., 2013). Independent of
TSH stimulation, angiofollicular units can induce microvascular
responses to preserve thyroid hormone synthesis. For instance,
when intracellular iodine levels drop, follicular cells increase
HIF-1α expression, which is accompanied by an increase in
ROS generation, stabilizing HIF-1α. The subsequent increase
of follicular VEGFA secretion activates neighboring ECs
and pericytes, resulting in microvascular expansion and
elevated blood flow (Gérard et al., 2009; Colin et al., 2013).
Furthermore, genetic depletion of VEGFR2 and pharmacological

blockade of VEGFA or VEGFR2 in mice demonstrates that
endothelial VEGFA-VEGFR2 signaling promotes fenestrae
formation and follicular cell proliferation (Jang et al., 2017;
Figure 1).

In adult thyroids, thyroid stem cells constitute a very small
proportion of thyroid cells. They maintain their proliferation
and differentiation ability, enabling regeneration of thyrocytes
and reconstruction of thyroid follicles (Thomas et al., 2006;
Lan et al., 2007; Gibelli et al., 2009). Folliculogenesis requires
the formation of an epithelial basement membrane which
is controlled by bone morphogenetic protein (BMP)-Smad
signaling in thyrocytes and EC invasion into the developing
thyroid (Hick et al., 2013; Villacorte et al., 2016). BMP-
Smad signaling also regulates VEGFA expression in thyroid
progenitors. Thyroid-specific double knockout of Smad1 and
Smad5 impairs thyroid development, follicle architecture,
endothelial differentiation and basement membrane assembly.
Conditioned medium from embryonic endothelial progenitor
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cells (eEPCs) rescues the observed defects in folliculogenesis.
Normal folliculogenesis further requires laminins and type
IV collagens that are produced by endothelial and epithelial
components of the angiofollicular unit (Hick et al., 2013;
Villacorte et al., 2016). These findings suggest a reciprocal
communication between ECs and thyrocytes that creates a
folliculogenic microenvironment.

Vascular Microenvironments in Pituitary
Gland
In the pituitary gland, hormone secretion is regulated by
neuroendocrine signals from the hypothalamus and peripheral
endocrine feedback mechanisms. The adult pituitary is able
to adapt relative and absolute numbers of cells from its
different endocrine cell types, enabling high adaptability of
hormonal output/input responses to changing physiological
demands (Levy, 2002; Fauquier et al., 2008). Therefore, adult
adenohypophysis harbors various stem and progenitor cell
populations. A small SOX2 and SOX9 expressing population of
multipotent pituitary stem and progenitor cells gives rise to all
pituitary endocrine cell types and parenchymal folliculostellate
cells (Andoniadou et al., 2013; Rizzoti et al., 2013). In
rodents, SOX2-positive pituitary stem and progenitor cells
are mainly located in the marginal cell layer but can also
be found in clusters scattered throughout the parenchyma
of the adenohypophysis (Fauquier et al., 2008). A majority
(85%) of SOX2-positive pituitary stem and progenitor cells
express calcium-binding protein B (S100β) and produce various
growth and angiogenic factors including VEGF (Ferrara et al.,
1987; Gospodarowicz and Lau, 1989; Yoshida et al., 2011).
S100β-positive cells in the marginal cell layer niche of transgenic
S100β-GFP mice also express Notch receptors and ligands
that are important for stem and progenitor cell maintenance
(Tando et al., 2013).

Within these marginal cell layer and parenchymal niches, stem
cells are regulated by growth factors such as basic fibroblast
growth factor (bFGF), epidermal growth factor (EGF) and nerve
growth factor (NGF) (Chen et al., 2006; Yoshida et al., 2016).
Immunostaining for endothelial and stem cell markers further
suggests the existence of a perivascular MSC population, as it has
been shown in other organs such as the bone marrow (Garcia-
Lavandeira et al., 2009, 2015; Méndez-Ferrer et al., 2010).

In the neurohypophysis, axon terminals store neurosecretory
granules containing PDGF-β that may activate pericytes that
highly express PDGFRβ. This may induce a shape conversion of
these pericytes that can extend their processes to increase vascular
protrusions, leading to a reorganization of the perivascular space
in the neurohypophysis (Miyata, 2017; Nishikawa et al., 2017;
Figure 1). Inhibition of VEGF-signaling decreased the density of
neurosecretory axonal terminals and reduced the contact with the
vasculature, indicating an important role in axonal maintenance.
The neurohypophysis further shows an expression of chondroitin
sulfate proteoglycans, that act as perivascular substrates for
neuronal migration, indicating an important role for pericytes
in support and migration of neural stem and progenitor cells
(Morita et al., 2010; Furube et al., 2014).

Blood Vessel-Derived Signals in Adrenal
Gland
The adrenal medulla is the place of catecholamine production
and mainly consists of chromaffin cells in close association
with the medullary endothelium. Coculturing adrenal medulla-
derived PC12 cells with bovine adrenal medullary ECs, stimulated
chromaffin differentiation of PC12 cells, indicating an important
role for ECs in organ-specific differentiation of the adrenal
medulla (Mizrachi et al., 1990).

The adrenal cortex represents the site of steroid hormone
production and contains various types of steroidogenic cells
originating from self-renewing populations of undifferentiated
somatic stem cell progenitors (Mitani et al., 2003). Ki67 labeling
and BrdU pulse-chase labeling experiments show that these
somatic stem cell progenitors are located in the outer cortex,
where the majority of cell proliferation takes place. Subsequently,
cells move inwardly along the cortical subzones towards the
medulla (McNicol and Duffy, 1987; Chang et al., 2013). At the
border to the medulla, they are eliminated by apoptosis (Zajicek
et al., 1986; Carsia et al., 1996; Chang et al., 2013).

The dense fenestrated adrenocortical capillaries enable close
contact of endocrine cells and ECs, which is important for
paracrine signaling between vasculature and endocrine tissue
(Thomas et al., 2003). Stimulation of human adrenocortical
cells (in HUVEC conditioned medium) with angiotensin II or
FSK significantly increases aldosterone release and sensitizes
adrenocortical endocrine cells to angiotensin II stimulation
(Ansurudeen et al., 2006). Since HUVEC conditioned medium
contains a variety of angiocrine factors, the precise mechanisms
of this effect remain largely unknown (Kanczkowski et al., 2017).
Earlier studies demonstrate that EC-derived signals such as
NO, endothelin and adrenomedullin stimulate aldosterone and
corticosterone production in adrenocortical cells (Rosolowsky
and Campbell, 1994; Belloni et al., 1996; Ehrhart-Bornstein et al.,
1998; Rosolowsky et al., 1999). This stimulation may be mediated
by NO-regulated activation of cyclic adenosine monophosphate
(cAMP) (Ansurudeen et al., 2009). Another study suggests the
involvement of a yet unknown protein of 3 KDa that may increase
aldosterone secretion through activation of the protein kinase
C (PKC) pathway (Rosolowsky and Campbell, 1994). Recently,
endothelial FGF has also been associated with the β-catenin-
induced adrenocortical activity (Schwafertz et al., 2017).

In turn, high levels of adrenocortical hormones such
as glucocorticoids and catecholamines in the adrenal
microenvironment can also influence vascular function.
For instance, high plasma steroid levels have been shown to
stimulate and sustain endothelial production of developmental
endothelial locus-1 (Del-1), that is associated with adrenal
inflammation (Kanczkowski et al., 2013).

Steroidogenic glands express a special endocrine gland-
derived VEGF, termed EG-VEGF (LeCouter et al., 2001;
Figure 1). Despite its structural distinction form VEGFA,
EG-VEGF has a similar function. EG-VEGF induces
proliferation, migration and fenestration in endocrine gland-
derived ECs and promotes extensive angiogenesis while
showing no effect on other ECs (e.g., HUVECs, human
dermal microvascular cells, adult bovine aortic and bovine
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brain capillary cells) and non-EC types (pericytes, vascular
smooth muscle cells, fibroblasts and keratinocytes), highlighting
the tissue-specific regulation of vascular proliferation and
differentiation (LeCouter et al., 2001).

Vascular Niches in Pancreas
Endocrine pancreatic islets are vascularized by a dense
and highly branched network of capillaries, whereas the
surrounding tissue contains thinner quiescent capillaries
(Zhou et al., 1996; Gorczyca et al., 2010). Islet ECs are
characterized by distinct expression of cell surface markers
that distinguishes them from the surrounding exocrine
tissue (Yao et al., 2005). These markers include nephrin
(Zanone et al., 2005), TSP-1, endostatin and the proteinase
inhibitor alpha-1 that maintains their low proliferation rate
(Lou et al., 1999; Cantaluppi et al., 2006; Mattsson et al.,
2006). A recently identified subtype of islet capillaries is
positive for CD31 and ESM-1 and shows high expression
of Endomucin. This vessel subtype secretes growth factors
involved in β-cell survival and maintenance, including
Pdgfa, Pdgfb, Igf1, Igf2, Cxcl12 and stem cell factor (SCF)
(Chen et al., 2020b).

ECs can directly affect β-cell function. For instance, islet
capillaries can upregulate insulin secretion and promote
β-cell survival via secretion of soluble factors and ECM
proteins such as laminins, fibronectin and collagen in a
β1-integrin-dependent manner (Kaido et al., 2004; Nikolova
et al., 2006; Figure 1). Treatment of VEGF-A deficient
mutant islets with vascular laminins rescued impaired β-cell
proliferation and lead to an upregulation of insulin gene
expression (Nikolova et al., 2006). These beneficial effects
were reduced when treating mutant islets with an anti-β1-
integrin blocking antibody (Nikolova et al., 2006). Endothelial
upregulation of hepatocyte growth factor (HGF) in response to
increased insulin and VEGFA levels promotes β-cell proliferation
(Crawford et al., 1998; Johansson et al., 2006). In addition,
endothelial production of the vasoconstrictor endothelin-1
promotes insulin secretion (Gregersen et al., 1996). Furthermore,
distinct expression of EC junctional adherence and cell adhesion
molecules such as E-cadherin and neuronal cell adhesion
molecule (NCAM) has been shown to correlate with β-cell
insulin secretion and may contribute to functional β-cell
heterogeneity (Domenico et al., 2007; Karaca et al., 2009;
Roscioni et al., 2016).

In contrast, TSP-1 functions as a negative regulator
of angiogenesis and β-cell proliferation (via activation of
transforming growth factor (TGF)-β1, that maintains β-cells
in a non-proliferative state) (Crawford et al., 1998; Jiang et al.,
2018). However, sustained depletion of TSP-1 impairs β-cell
function due to insufficient TGF-β1 activation (Olerud et al.,
2008; Olerud et al., 2011).

Islet β-cells exhibit an abundance of VEGFA expression that
is required for the formation of the islet-specific microvascular
network, specifically promoting the development of fenestrae
(Lammert et al., 2003). β-cell-specific inactivation of VEGFA
significantly decreased vascularity, and β-cell mass in islets
of Rip-Cre;VEGFfl/fl mice (Brissova et al., 2006; Iwashita

et al., 2007). These findings were recapitulated by EC-specific
knockout of the VEGFA receptor VEGFR2 in Vegfr2i1EC

mice, significantly decreasing the density of islet capillaries,
β-cell numbers and insulin production (Chen et al., 2020b).
These findings demonstrate a close reciprocal relationship
between islet vasculature and endocrine β-cell function
(Olerud et al., 2009).

AGING OF THE ENDOCRINE SYSTEM
AND ENDOCRINE TISSUES

Aging represents a major stress factor on cellular function
and increases the risk of age-related diseases and mortality.
It is a complex facet that remains incompletely understood.
In the endocrine system, aging induces endocrine changes
that affect overall health, metabolism, fertility, cognition, and
cardiovascular risk (Traub and Santoro, 2010; Vitale et al., 2013).

According to the “geroscience hypothesis,” aging is the
common major risk factor underlying multiple chronic
diseases (Kennedy et al., 2014; Khosla et al., 2020). Therefore,
manipulating the fundamental mechanisms of aging may prevent
or alleviate these chronic diseases. The mechanisms of aging can
be divided into nine, highly interconnected hallmarks, including
genomic instability, epigenetic alteration, telomere attrition,
exhaustion of stem cells and cellular senescence (López-Otín
et al., 2013; Khosla et al., 2020). Senescent cells typically exhibit
gene expression changes, loss of proliferative potential and often
develop a senescence-associated secretory phenotype (SASP)
(Tchkonia et al., 2013). SASP includes excessive production
of inflammatory cytokines that affect stem and progenitor cell
function, growth factors and vasopressors, that, in turn, induce
inflammation and tissue damage (Coppé et al., 2006; Xu et al.,
2015; Khosla et al., 2020).

Cellular senescence also impairs mitochondrial function and
reduction of oxygen, leading to the excessive formation of
reactive oxygen species (ROS). Elevated ROS levels induce
oxidative damage and are associated with increased cytokine
levels and chronic, subclinical inflammation, further impairing
cellular function (Vitale et al., 2013). In the following sections, we
will summarize age-related changes in the endocrine system and
their known consequences.

Age-Dependent Changes in Testis
Aging is associated with a decline in testicular function, whereby
both mice and humans exhibit decreased serum testosterone
levels and spermatogenesis (Chen et al., 1994; Harman et al.,
2001). Testosterone is crucial for endothelial function and
regulates vasodilation via upregulation of vascular androgen
receptors and production of endothelial-derived NO (Chou
et al., 1996; Hanke et al., 2001). Multiple studies have found
a link between sex steroid hormone deficiency and endothelial
dysfunction (Marin et al., 1999; Sader et al., 2003; Hougaku et al.,
2006). For instance, castrated rats showed reduced expression
and activity of endothelial NOS that was restored upon
testosterone treatment (Marin et al., 1999). Furthermore, reduced
testosterone levels cause arterial stiffness (Hougaku et al., 2006),

Frontiers in Physiology | www.frontiersin.org 10 March 2021 | Volume 12 | Article 624928

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


fphys-12-624928 March 9, 2021 Time: 11:8 # 11

Stucker et al. Endocrine System Vasculature in Aging and Disease

impair arterial reactivity and sexual function (Aversa et al., 2011)
and increase the risk and severity of cardiovascular disease and
mortality (Khaw et al., 2007; Haring et al., 2010; Li L. et al., 2012),
suggesting a protective effect of normal testosterone levels against
atherosclerosis.

In contrast to testosterone, FSH and LH levels gradually
increase with age, further promoting reduced testosterone
secretion (Veldhuis et al., 1992). Increased gonadotropin levels
may also reflect the reduced secretion of androgen and estrogen
from LCs observed in elderly males. In addition, SCs exhibit
reduced secretion of inhibin B, indicating an age-related
decline in SC function (Tenover et al., 1988). This age-related
hypogonadism is associated with decreased muscle mass and
strength and bone density to which testosterone treatment has
been identified to reverse these effects (Snyder, 2001).

Moreover, aged testes exhibit increased ROS production by LC
mitochondria, inhibiting steroidogenesis (Chen et al., 2001). Low
testicular ROS levels have important physiological functions in
the testis, contributing to the maintenance of LC proliferation
and function and regulating spermatozoa maturation (Griveau
and Lannou, 1997; Tai and Ascoli, 2011). However, age-
related increase of ROS levels impairs steroidogenesis via the
inhibition of steroidogenic enzyme expression and suppression of
mitochondrial cholesterol transfer that initiates steroidogenesis
(Lee et al., 2009). Furthermore, testicular aging also damages
seminiferous tubules and impairs sperm motility and viability
and consequently reduces male fertility (Nakamura et al.,
2010; Vitale et al., 2013; Figure 2). High ROS levels can
result in oxidation of unesterified fatty acids that are very
abundant in the cell membrane of spermatozoa, making them
highly sensitive to oxidative stress (de Lamirande et al., 1997).
Rodent models of aging show increased Ink4a/Arf expression
in multiple tissues, including testis and ovaries (Krishnamurthy
et al., 2004). The Ink4a/Arf locus encodes the cell cycle
inhibitor p16INK4a and can be used as a biomarker of
mammalian aging.

Age-Associated Changes in Ovarian
Tissue
During the process of ovarian aging, the pool of oocytes and
follicles decreases in quantity and quality (Broekmans et al., 2009;
Figure 2). Since ovarian follicular cells represent an important
source of steroid hormones, continuous reduction of follicle
numbers with age induces ovarian cycle irregularity and impairs
female fertility (Michael and Ramkumar, 2016).

In addition, oocyte maturation worsens with age, while
the rate of DNA fragmentation and concomitant apoptotic
potential increases (Fujino et al., 1996; Tatone et al., 2006).
Morphometric follicle analysis demonstrates aged follicles to
precociously enter the growth phase compared to younger
follicles (Westergaard et al., 2007). This altered follicular growth
may contribute to the qualitative and quantitative decline in
ovarian follicles with age (Tatone et al., 2008). Ultimately, the
pool of follicles is exhausted, and the menstrual cycle can no
longer be sustained during menopause (Faddy et al., 1992).
Age-related reduced oocyte quality can result in aneuploidy of

embryos, fetal death and miscarriages (Andersen et al., 2000;
Pellestor et al., 2003). According to the telomere theory of
reproductive senescence, aged oocytes may also be susceptible
to telomere shortening due to a decline in telomerase activity,
impairing fertility and reproduction (Keefe et al., 2005). Inducing
telomere shortening in TR-/- mice lacking telomerase activity
disrupts meiosis and embryonic cell cycles and promotes
embryonic apoptosis (Liu et al., 2002). In women undergoing
in vitro fertilization, telomere length in oocytes predicts embryo
fragmentation, which functions as a marker for apoptosis
(Keefe et al., 2005).

Furthermore, reduced follicle quality and ovarian function
during aging are associated with oxidative stress. Multiple
studies demonstrate increased ROS levels in granulosa cells and
oocytes, concomitant with increased levels of mitochondrial
DNA deletions and reduced expression of antioxidant enzymes
(Seifer et al., 2002; Tatone et al., 2006; Yamada-Fukunaga et al.,
2013). Endogenous ROS are required for oocyte maturation,
steroidogenesis and CL function and are produced by immune
cells and preovulatory follicles to induce ovulation (Shkolnik
et al., 2011). However, age-associated accumulation of cyclically
produced ROS may lead to DNA damage, telomere shortening
and ovarian aging (Behrman et al., 2001; Liu et al., 2003). In
line with this, antioxidants such as melatonin (Zhang et al.,
2019), coenzyme Q10 (Ben-Meir et al., 2015), and C-phycocyanin
(Li et al., 2016) have an anti-aging effect on murine oocytes
by regulating mitochondrial function. They reduce ROS levels,
reverse the decline of oocyte quality and quantity and restore
fertility during reproductive aging.

The age-related drop of follicle numbers also reduces the
production of estrogen and progesterone, causing bone loss,
hot flashes and other age-related conditions (Finkelstein et al.,
2008; Michael and Ramkumar, 2016). Estrogens are known to
have a vasodilative effect and pharmacological inhibition of
aromatase impaired flow-mediated vasodilation, demonstrating
an important regulatory role for endogenous estrogens in
endothelial function (English et al., 2001; Lew et al., 2003).
Interestingly, multiple studies demonstrate a protective role for
estrogens against oxidative stress and aging. Female rats show
significantly lower mitochondrial ROS production than male rats
and ovariectomy increased oxidative stress levels to those seen
in male rats. This could be prevented by estrogen replacement
therapy (Borrás et al., 2003). Similarly, estrogens upregulate
the expression of antioxidant enzymes and longevity-associated
genes via MAPK and NFkB activation (Jose et al., 2011).

Aging in Thyroid Gland
In the thyroid gland, aging is associated with a decrease in
tissue volume and secretion of thyroid hormones while increasing
the prevalence of various thyroid diseases (Mariotti et al.,
1993, 1995). In elderly individuals without thyroid disease,
TSH secretion and serum levels are increased while T4 levels
remain unchanged (Bremner et al., 2012) and aged mice show
decreased serum thyroid hormone levels (da Costa et al., 2001).
These findings suggest an age-associated disruption of negative
feedback pathways on the hypothalamus-pituitary-thyroid axis
(Jansen et al., 2015). Hypothyroidism and increased TSH
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FIGURE 2 | Vascular niche function in the endocrine system during aging. Young ECs secrete angiocrine signals to promote proliferation of endocrine cells and
support endocrine function. In the young endocrine system, ECs produce low ROS levels that support Leydig cell proliferation in the testis and promote ovulation
OSC maturation in the ovaries. Angiogenic growth factors from pituitary endocrine cells and others promote angiogenesis. Upon aging, endothelial ROS production
increases, impairing sperm cell motility, quality and quantity of follicular cells in the ovary and proliferation and hormone production of various endocrine cells,
including pancreatic β-cells and endocrine cells and neurosecretory axon terminals in the pituitary gland. In contrast, elevated ROS levels increase the production of
inflammatory mediators such ICAM-1 in the thyroid and increases the release of glucocorticoids from the adrenal cortex, promoting the stress response. EC,
endothelial cell; ROS, reactive oxygen species; T3, triiodothyronine; T4, thyroxine; VEGF, vascular endothelial growth factor; BCAM, basal cell adhesion molecule;
OXT, oxytocin; BMP, bone morphogenetic protein; HGF, hepatocyte growth factor; AVP, arginine vasopressin; GH, growth hormone; TSH, thyroid stimulating
hormone; ICAM-1, intercellular adhesion molecule 1; MMP, matrix metalloproteinase.

levels are associated with cognitive impairments (Hogervorst
et al., 2008), depression (Medici et al., 2014) increased fracture
risk (Blum et al., 2015), cardiovascular disease and mortality
(Rodondi et al., 2010). Surprisingly, several studies demonstrate
an association between age-related hypothyroidism and longevity
in mice and humans (Ooka and Shinkai, 1986; Atzmon et al.,
2009; Corsonello et al., 2010; Rozing et al., 2010). However, the
mechanisms underlying this association remain unclear.

Thyrocytes produce large amounts of H2O2 to synthesize
thyroid hormones, that results in thyrocytes being constantly
subjected to ROS. Protection of thyrocytes against excessive
ROS relies on an antioxidant system that is dysregulated in
aging, causing an imbalance between ROS and antioxidants that
may damage thyroid morphology and function (Vitale et al.,
2013). For instance, thyroid levels of the antioxidant selenium
decrease with age and may increase thyroid vulnerability to
oxidative stress (Akbaraly et al., 2007; Figure 2). Increased ROS

levels and oxidative stress also contributes to the development
of thyroid autoimmune diseases through fragmentation of
thyroglobulin and increased expression of intercellular adhesion
molecule 1 (ICAM-1) by thyrocytes (Duthoit et al., 2001;
Burek and Rose, 2008).

Age-Related Modulations in Pituitary
Gland
Pituitary hormone secretion exhibits complex and heterogeneous
changes during aging (van den Beld et al., 2018; Figure 2). Aging
is associated with a progressive decline in pituitary function,
due to endocrine deficiency, that, in turn, may contribute to
senescence (Vitale et al., 2013). Furthermore, aged pituitary
glands show an accumulation of oxidative products that further
contributes to aging (Kondo et al., 2001). Increased levels of
radicals are also found in the hypothalamus of aging rats,
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concomitant with reduced antioxidant capacity as measured by
glutathione peroxidase activity (Rodrigues Siqueira et al., 2005).
These findings suggest an imbalance of oxidant production and
antioxidant protection that may cause oxidative damage to cells
of the HP axis (Rodrigues Siqueira et al., 2005; Vitale et al., 2013).
In addition, aging increases apoptosis of endocrine cells in the
adenohypophysis, contributing to impaired hormone production
(Nessi et al., 1995).

For instance, pituitary aging decreases GH pulses, causing
GH deficiency and decreasing insulin-like growth factor 1 (IGF-
1) production (Aimaretti et al., 2003). GH secretion during
exercise, sleep and fasting declines with age, particularly in
company with abdominal visceral adiposity (Broglio et al., 2003;
Veldhuis et al., 2011; Veldhuis, 2013). Moreover, GH activity
is positively associated with age-related dysfunction of white
adipose tissue and senescent cell accumulation (Stout et al., 2014).
Aged GH-deficient and GH-resistant mice with homozygous
deletion of the GH receptor (GHR-/-) exhibit increased levels
of circulating GH, reduced age-related lipid redistribution and
senescent cell burden.

Prolaction secretion in pituitary mammotrophs
becomes more irregular in aged men (Kok et al., 2004;
Roelfsema et al., 2012).

In contrast, pituitary TSH secretion increases with age
and multiple population-based cohort studies demonstrate an
association of increased TSH levels with longevity (Atzmon et al.,
2009; Rozing et al., 2010; Bremner et al., 2012; Waring et al.,
2012). However, confounding factor such as decreased exercise,
reduced caloric intake or glucocorticoid exposure may suppress
TSH levels during aging (Veldhuis, 2013).

Similar to TSH levels, gonadotropin levels gradually increase
in aging men (FSH and LH) and premenopausal women (FSH)
(Tenover et al., 1988; Sowers et al., 2008). Aging is also linked
to more acidic and sialylated FSH isoforms with a higher half-life
and lower in vitro bioactivity (Loreti et al., 2009). High FSH levels
have been shown to promote osteoclast differentiation and bone
resorption in mice (Sun et al., 2006). Genetic deletion of the FSHβ

subunit (FSHβ-/- mice) or FSH receptor (FSHR-/- mice) protects
against bone loss despite severe hypogonadism, demonstrating a
contribution of FSH in hypogonadal bone loss (Iqbal et al., 2006;
Sun et al., 2006).

The effects of aging on the stress-responsive HPA-axis remain
controversial. Unstressed mean levels of ACTH are reported
to remain unchanged, decrease or increase with age (Veldhuis,
2013). These discrepant findings may be indicative of the
presence of confounding factors such as alterations in intra-
abdominal adipose tissue. Adipose tissue has been shown to
increase plasma ACTH levels and impair adrenal sensitivity
to ACTH (Ferdinand et al., 2012). In the neurohypophysis,
arginine vasopressin (AVP) secretion increases with age (Terwel
et al., 1992; Greenwood et al., 2018). Systemically AVP
triggers water reabsorption in the kidneys. Therefore, age-related
changes in AVP secretion disrupt osmoregulation and water
homeostasis (Veldhuis, 2013). Moreover, aging downregulates
renal expression of the AVP receptor V2 and the water channel
aquaporin 2 in Fischer 344 and Brown-Norway F1 hybrid rats,
impairing renal concentrating ability (Tian et al., 2004).

Age-Dependent Changes in Adrenal
Gland
Aging of the adrenal gland is associated with a gradual,
sustained increase in glucocorticoids (Yiallouris et al., 2019;
Figure 2). This age-related glucocorticoid overload may be
caused by increased hippocampal oxidative stress and decreased
negative feedback control over the HPA axis that is regulated
by glucocorticoid and mineralocorticoid receptors on the
hippocampus, hypothalamus and pituitary gland (Kobayashi
et al., 2009; Vitale et al., 2013). According to the ‘glucocorticoid
vulnerability hypothesis’, these age-related disruptions of the
HPA-axis lead to long-term exposure to increased glucocorticoid
levels that subsequently causes cognitive impairments (Cheryl,
2008), perhaps contributing to the development of age-related
neurodegenerative diseases (Yiallouris et al., 2019). Chronically
enhanced glucocorticoid levels also delay and impair the recovery
from stressful stimuli in aging (Sapolsky et al., 1983; Lorens et al.,
1990; Segar et al., 2009). Moreover, aged adrenals exhibit reduced
efficiency of the antioxidant defence system, that may further
enhance oxidative damage and senescence (Azhar et al., 1995).

In contrast, other adrenocortical hormones such as
aldosterone and the precursor of estrogens and androgens,
DHEA, progressively decrease during aging (Hegstad et al., 1983;
Orentreich et al., 1984; Labrie et al., 1997) and this decrease is
linked to an increased risk in the development of cardiovascular
mortality and mental health impairments (Yiallouris et al.,
2019). Decreased aldosterone levels are associated with reduced
renin activity (Hegstad et al., 1983; Yiallouris et al., 2019).
However, the mechanisms underlying these decreases remain
unclear. Aging also reduces adrenal androgen production
and steroidogenesis. Excessive adrenal ROS levels may cause
increased lipid peroxidation and subsequent oxidative damage of
cell membranes, particularly in steroidogenic cells that contain
high levels of lipids (Azhar et al., 1995; Traub and Santoro, 2010).

Age-Dependent Changes in Pancreatic
Tissue
The pancreas shows an age-related decline of endocrine function
that leads to an impairment in glucose homeostasis and
metabolism. Aging impairs islet β-cell function and insulin
secretion (Figure 2), while simultaneously increasing insulin
resistance (Chen et al., 1985; Christina et al., 2009) and
the incidence of type 2 diabetes (DeFronzo, 1981). The age-
dependent decline in insulin secretion is, in part, caused by
a decrease of β-cell sensitivity to incretin stimulation (Chang
and Halter, 2003), loss of Sirt1-mediated glucose stimulated
insulin secretion (Ramsey et al., 2008), decreased expression
of β-cell glucose transporter 2 (GLUT2) (Ihm et al., 2007),
decreased mitochondrial function and increased oxidative stress
(Cooksey et al., 2004).

Chronically increased ROS levels contribute to decreased
proliferation and regeneration and increased apoptosis of β-cells
and failure in β-cell function (Maedler et al., 2006; Gu et al., 2012;
Vitale et al., 2013). Pancreatic β-cells exhibit a low antioxidant
defense capacity, rendering them highly sensitive to oxidative
stress (Rashidi et al., 2009). In addition, aging decreases the
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activity of antioxidant enzymes (e.g., total superoxide dismutase,
CuZn superoxide dismutase and glutathione peroxidase), further
increasing the ROS burden (Gu et al., 2012). Moreover, aging
reduces β-cell levels of PDGFR. PDGFR signaling promotes
age-dependent β-cell proliferation via Erk1/2 phosphorylation
and activation of the histone methyltransferase Ezh2. Ezh2
levels are decreased in aged β-cells, impairing β-cell replication
(Chen et al., 2011). In line with this, conditional Cre-mediated
Pdgfra knockout (RIP-Cre; Pdgfrafl/fl mice) prevented β-cell
expansion and regeneration, while targeted activation of human
PDGFRα in β-cells (RIP-Cre; R26-PDGFRAD842V) stimulates
Erk1/2 phosphorylation and promotes Ezh2-mediated β-cell
expansion (Chen et al., 2011).

VASCULAR PERTURBATIONS DURING
AGING OF THE ENDOCRINE SYSTEM

Aging represents a major stress factor for the tissue
microenvironment, impairing vascular morphology and
function. Vascular aging and its consequences have been
extensively studied in the bone marrow microenvironment,
demonstrating impaired angiogenesis, vascular integrity and
HSC niche function (Kusumbe et al., 2014; Poulos et al.,
2017; Singh et al., 2019). In contrast, vascular aging of the
endocrine system remains poorly understood. Defining age-
related vascular changes in the endocrine system is important
to understand mechanisms that drive aging. This may facilitate
the rejuvenation of endocrine tissue by manipulation of the
vasculature (Almaça et al., 2014).

Vascular aging in the endocrine system is associated with
inflammation and fibrosis (Figure 2). For instance, aged
pancreatic islet vasculature exhibits increased macrophage
density and upregulated expression of inflammatory markers
such as ICAM-1 (Almaça et al., 2014). These findings are
supported by a recent deep imaging study, revealing increased
numbers of perivascular macrophages and fibroblasts in aged
endocrine glands (Chen et al., 2020b). Aged pancreatic islets
also contain more laminin and exhibit accumulation of fibrotic
material in the ECM of islet vasculature (Chen et al., 2020b).
In addition, aging increases the expression of MMP genes
that are involved in ECM remodeling and fibrosis (Almaça
et al., 2014). These findings demonstrate that aging causes
inflammation and fibrosis of islet vasculature, threatening
islet function. Interestingly, transplantation of aged pancreatic
islets into the eye of young mice with diabetes lead to graft
revascularization with healthy vessels, islet cell proliferation and
restoration of glucose tolerance (Almaça et al., 2014), suggesting
vascular aging as a driving force in the age-related decline of
pancreas function.

Using deep imaging of endocrine glands and 3D spatial
proteomic data, a recent study demonstrates various age-related
vascular changes in the endocrine system (Chen et al., 2020b).
Aging decreases arterial numbers and microvascular density
in pancreas, testis and thyroid in mice and humans. This is
accommodated by an abundance of hypoxic regions. Through
increasing gap junctions, aging specifically leads to a decline of

an islet capillary subpopulation involved in β-cell maintenance
and pancreatic angiogenesis. The decline of this subpopulation
correlates with a decline in β-cell proliferation during aging.
Reactivation of this subpopulation restores β-cell numbers and
self-renewal (Chen et al., 2020b).

Furthermore, aging reduces ovarian vascularization and
perifollicular blood flow as measured by power doppler
ultrasound assessment of aged ovaries (Ng et al., 2004; Costello
et al., 2006). This decline of ovarian vascularity results in a
reduced supply of oxygen, nutrients and signaling molecules
(Tatone et al., 2008; Li Q. et al., 2012). Regulation of follicular
development and oocyte quality relies on adequate vascular
supply of nutrients and signals mainly provided by perifollicular
vascularization (Li Q. et al., 2012). Consequently, reduced
oxygen supply is associated with an aged oocyte phenotype and
decreased fertilization and developmental potential of oocytes
(Van Blerkom et al., 1997; Huey et al., 1999). Aged ovaries also
show upregulated VEGF levels likely as an attempt to compensate
for hypoxia (Friedman et al., 1997; Klein et al., 2000; Tatone et al.,
2008; Fujii and Nakayama, 2010).

Similar to ovarian aging, aged testis exhibit reduced blood
flow and perfusion rate. These changes are accompanied by
alterations in arterial resistance and microvascular structure,
including impaired vasoconstriction in response to noradrenaline
and collapse of peritubular capillary networks (Takizawa and
Hatakeyama, 1978; Dominguez et al., 2011). In line with
this, testicular microvascular oxygen pressure decreases with
age. Oxygen transport from testicular microvasculature to the
interstitium requires a certain pressure gradient for diffusion.
Therefore, this age-associated decline of microvascular oxygen
may limit diffusional O2 transport from microvessels to testicular
mitochondria and hypoxic regions, thereby impairing testicular
function (Dominguez et al., 2011).

VASCULAR DYSREGULATION DURING
ENDOCRINE DISORDERS

Despite altering endocrine function and vasculature, aging
also constitutes a major risk factor for endocrine disorders
such as diabetes, osteoporosis and vascular disease (Khosla
et al., 2020). Diabetes mellitus is one of the most commonly
diagnosed endocrine disorders. It describes a group of chronic
metabolic disorders characterized by persistent high blood
sugar levels (hyperglycemia) caused by insulin resistance,
inadequate secretion of insulin or excessive secretion of glucagon
(Lipscombe and Hux, 2007; Blair, 2016). Three-dimensional
analysis of the pancreas vasculature demonstrated reduced
islet vasculature and vascular branch points in nonobese
diabetic (NOD) mice compared to wild-type mice. In addition,
NOD mice show reduced numbers of islets and β-cell mass,
suggesting a crucial role of the complex inter-islet vascular
network to maintain islet function and hormone transport
(El-Gohary et al., 2012).

Furthermore, diabetes is associated with many comorbidities
and vascular complications that are considered the leading
cause of morbidity and mortality. These vascular complications
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include atherosclerosis, hypertension, cardiovascular disease
and endothelial dysfunction (Domingueti et al., 2016).
Platelets of diabetic patients show increased aggregation
and adhesiveness. This platelet hyperactivity triggers and
promotes atherosclerosis (Tschoepe et al., 1990, 1995;
Yngen et al., 2004). In the arterial vasculature, MMP-
mediated degradation of ECM proteins is downregulated,
which increases ECM disposition and leads to pathological
vascular remodeling (Portik-Dobos et al., 2002). Endothelial
dysfunction is linked to increased vascular arginase
expression and activity and reduced endothelial production
of vasodilating NO. Arginase competes with endothelial NO
synthase (eNOS) for its substrate arginine. This reduces
arginine availability to eNOS, leading to decreased NO
production and impaired vasorelaxation. Instead, superoxide
production increases, inducing oxidative stress measured
by elevated levels of lipid peroxidation (Tawfik et al., 2006;
Romero Maritza et al., 2008).

Insulin resistance, a hallmark of type 2 diabetes, is associated
with obesity. Insulin resistance and obesity interact in a complex
system and induce a range of metabolic and proinflammatory
changes that impair vascular function and structure, increasing
the risk of vascular complications (Tounian et al., 2001; Ho et al.,
2011; DeMarco et al., 2015; Camastra et al., 2017; Petrie et al.,
2018). Activation of the cell-cycle regulator and tumor suppressor
protein p53 in adipose tissue crucially contributes to insulin
resistance and is linked to obesity.

In Ay mice, ectopic expression of agouti peptide induces
excessive calorie intake via disruption of the melanocortin
pathway, inducing senescence-like changes in adipose tissue
including an accumulation of oxidative stress increased
inflammatory cytokine production and activity of senescence-
associated beta-galactosidase (Minamino et al., 2009). A similar
study with C57BL6/J mice on a high-fat diet supports
these findings, demonstrating increased DNA oxidation,
DNA damage, reduced telomere length and increased p53
pathway activation in adipocytes (Vergoni et al., 2016).
Targeted inhibition of p53 in adipose tissue in Trp53loxP/loxP

Fabp4-Cre mice reduces inflammatory cytokine production
and improves insulin resistance, while pharmacological
activation of p53 stimulates lipolysis and reduces insulin-
induced transport of glucose, thereby enhancing inflammation
and inducing insulin resistance (Minamino et al., 2009;
Vergoni et al., 2016).

A recent study by Avram and colleagues developed a digital
biomarker for type 2 diabetes using smartphone-measured
photoplethysmography (PPG), that measures heart rate and
peripheral blood oxygen saturation (Avram et al., 2020). Here,
they developed a deep neural network that analyses smartphone-
measured PPG recordings to predict type 2 diabetes development
independent of other comorbidities.

Central diabetes insipidus (CDI) describes a deficiency of the
hormone AVP, leading to excessive thirst and production of dilute
urine. CDI is often caused by degeneration of hypothalamic
neurons and is associated with reduced local arterial blood flow
and abnormal blood supply to the posterior lobe of the pituitary
gland (Maghnie et al., 2004).

Besides diabetes, polycystic ovarian syndrome (PCOS) is
considered one of the most prevalent endocrine disorders
and is characterized by hyperandrogenism, oligomenorrhea or
amenorrhea and ovarian cysts. PCOS is often accommodated
by comorbidities such as cardiovascular disease, type-2 diabetes
and infertility (Mariana Di et al., 2018). Ovaries of women with
PCOS exhibit multiple vascular anomalies that affect follicular
blood supply, including increased VEGF levels, blood flow rate
and stromal vascularization (Agrawal et al., 1998; Abd El Aal
et al., 2005; Alcázar and Kudla, 2012). Ultrasound assessment of
ovarian morphology and blood flow in PCOS patients revealed
enlarged ovarian size that correlated with increased insulin levels
(Carmina et al., 2005). Moreover, increased ovarian blood flow
in PCOS patients correlated with elevated levels of testosterone,
estradiol and VEGF (Agrawal et al., 1998; Carmina et al., 2005).
Increased TGFβ levels and bioavailability may facilitate ovarian
angiogenesis and fibrosis in PCOS (Tal et al., 2013; Liu et al.,
2015). Furthermore, PDGF-β levels are reportedly decreased
in PCOS (Scotti et al., 2014; Di Pietro et al., 2015). Besides
stimulating angiogenesis, PDGFRβ signaling is involved in
regulating early folliculogenesis (Pinkas et al., 2008). Therefore,
decreased ovarian PDGF-β levels may contribute to deregulated
angiogenesis and abnormal accumulation of primordial follicles
(Scotti et al., 2014).

Cushing’s disease describes the overproduction of
glucocorticoids caused by ACTH-secreting pituitary
tumors. Immunohistochemical studies revealed a decreased
microvascular density and increased vessel diameter in
pituitary adenomas (Turner et al., 2000; Takano et al., 2014).
Glucocorticoids are known to inhibit angiogenesis and increase
TSP-1 levels (Logie et al., 2010; Yang et al., 2018), suggesting
that ACTH-secreting tumors may alter vascular architecture.
Cushing’s disease is associated with hypercorticism, which is
a major cause of glucocorticoid-induced osteoporosis (GIO)
(Bolanowski et al., 2015). GIO, in turn, is associated with
additional vascular changes such as a decline of PDGF-β levels
and bone-specific type H vessels, impairing both angiogenesis
and osteogenesis (Yang et al., 2018).

During a process termed endothelial-mesenchymal transition
(EndMT), ECs are able to acquire a myofibroblastic or
mesenchymal phenotype that includes a loss of cell-cell junctions
and the acquisition of migratory and invasive properties
(Lin et al., 2012). ECs lose their endothelial markers and
express mesenchymal markers such as fibroblast-specific protein
1 (FSP1) and α-smooth muscle actin. This mesenchymal
phenotype also includes a loss of cell-cell junctions and the
acquisition of migratory and invasive properties. This type
of transdifferentiation causes multiple morphological changes
and contributes to many pathological processes and diseases,
including fibrosis and tumor progression (Zeisberg et al., 2007b;
Lin et al., 2012). Using lineage tracing experiments, ECs have been
found to undergo EndMT and contribute to the progression of
cardiac fibrosis (Zeisberg et al., 2007b). This process is mediated
by TGF-β1 and Smad3-signaling that stimulates endothelial
proliferation and is able to induce the acquisition of a fibroblast-
like phenotype (Zeisberg et al., 2007a,b). In streptozotocin-
induced diabetic mice, ECs undergo EndMT and begin to express
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the fibroblast marker endothelin-1 (ET-1) which itself promotes
cardiac fibrosis and heart failure via EndMT-associated fibroblast
accumulation (Widyantoro et al., 2010). EndMT has also been
identified as a mechanism in the early development of renal
fibrosis in diabetic mice. Genetic lineage tracing demonstrated
a significant proportion of renal myofibroblasts of endothelial
origin in streptozotocin-induced diabetic Tie2-Cre;LoxP-EGFP
mice (Li et al., 2009). Furthermore, there is evidence for
EndMT as a source of cancer-associated fibroblasts that play
an important role in tumor progression and affect the tumor
microenvironment through the secretion of ECM molecules
and paracrine factors (Lin et al., 2012). In tumors of Tie2-cre;
R26Rosa-lox-Stop-lox-LacZ mice, that labels all EC-derived cells
with LacZ (β-galactosidase), a portion of FSP1+ and αSMA+

cells were LacZ positive, indicating an endothelial origin of these
fibroblasts (Zeisberg et al., 2007a).

BONE: VASCULAR HETEROGENEITY,
AGING, AND ENDOCRINE FUNCTIONS

The vasculature of the skeletal system is crucial for delivering
nutrients and oxygen to the stem and progenitor cells that
reside in specialized vascular niches in the bone marrow (BM).
Moreover, BM ECs secrete a variety of angiocrine signals to
maintain resident stem cells and regulate bone angiogenesis,
osteogenesis and hematopoiesis (Colmone and Sipkins, 2008;
Sivan et al., 2019; Stucker et al., 2020). BM ECs show a remarkable
heterogeneity based on the distinct expression pattern of vascular
cell surface markers such as CD31 (Pecam-1), Endomucin and
E-selectin (Winkler et al., 2012; Kusumbe et al., 2014). The most
abundant vessels in the BM are fenestrated sinusoidal type L
vessels that express low Endomucin and CD31 levels (Kusumbe
et al., 2014). Type H endothelium, a vessel subtype that is mainly
found in metaphyseal BM near the growth plate, is characterized
by high expression of these two markers. Type H vessels are
directly connected to arterioles and contain higher oxygen levels
and blood flow rate than type L vessels, thereby creating distinct
vascular niches in the BM (Kusumbe et al., 2014; Duarte et al.,
2018). BM ECs are associated with distinct perivascular cell types
that contribute to specialized vascular niches for hematopoietic
stem cells (HSCs). Arterioles and type H vessels are supported
by pericytes that express PDGFRβ and NG2, whereas sinusoidal
type L endothelium is surrounded by CXCL12-abundant reticular
(CAR) cells and perivascular LepR+ cells (Sugiyama et al.,
2006; Ding et al., 2012; Kunisaki et al., 2013). Furthermore,
type H endothelium is associated with osteoprogenitors and
couples osteogenesis to angiogenesis by expressing osteogenic
and angiogenic factors such as VEGF, PDGF-β and HIF-1α

(Kusumbe et al., 2014; Romeo et al., 2019; Rumney et al., 2019;
Chen et al., 2020a).

Skeletal aging induces significant morphological changes in
BM endothelium, including decreased vascular integrity and
increased leakiness (Poulos et al., 2017; Stucker et al., 2020).
Aged BM exhibits a significant reduction in arteriolar and type H
vessels as well as PDGFRβ-expressing pericytes (Kusumbe et al.,
2014, 2016; Singh et al., 2019). This age-related decline of type H

endothelium is accompanied by a reduction of osteoprogenitors,
subsequently resulting in decreased osteogenesis and bone
density (Kusumbe et al., 2016). Metabolic changes in aged
endothelium include increased hypoxia and ROS levels that
impair angiogenesis (Poulos et al., 2017). Furthermore, BM
aging reduces endothelial expression of CXCL12, SCF, and other
signals that are essential for HSC maintenance and homeostasis
(Kusumbe et al., 2016; Poulos et al., 2017).

The continuous renewal of the skeletal system suggests
that bone homeostasis is interlinked with energy metabolism
(Karsenty, 2006). This was demonstrated by the discovery
that the skeletal system was capable of secreting a range of
hormones that are important for energy metabolism and fertility.
Osteocalcin (OCN) secreted from osteoblasts modulates a range
of physiological parameters. OCN controls glucose-stimulated
insulin secretion and proliferation of β-cells in the pancreas.
Moreover, OCN signals to the muscle, live and adipocytes to
regulate insulin sensitivity (Lee et al., 2007). OCN secreted from
the bone is important in male fertility in mice and humans
by increasing testosterone synthesis in LCs (Oury et al., 2011).
Osteocalcin regulates murine and human fertility through a
pancreas-bone-testis axis (Oury et al., 2013a). Male and female
Ocn-null mice show docility and a reduction in spatial learning,
which was shown to be due to OCN being able to cross the
blood-brain barrier to stimulate hippocampal development and
neurotransmitter synthesis (Oury et al., 2013b).

Fibroblast growth factor 23 (FGF23) is produced by
osteocytes to regulate 1-alpha-hydroxylase, serum phosphate
and para-thyroid hormone (PTH), providing an important
signal in phosphate metabolism in the kidney to regulate renal
homeostasis (Urakawa et al., 2006; Ben-Dov et al., 2007; Karsenty
and Olson, 2016). It has recently been shown that lipocalin
(LPN) specifically secreted from osteoblasts regulates food intake
in mice (Mosialou et al., 2017). Furthermore, the function of
regulation lipocalin is conserved in higher-order primates to
regulate hunger (Petropoulou et al., 2020).

CONCLUSION

The endocrine system consists of various glands that produce
and secrete hormones to regulate a wide range of physiological
processes and maintain the homeostasis. As hormone
transport takes place via the bloodstream, endocrine glands
are vascularized with a dense microvascular network (Hiller-
Sturmhöfel and Bartke, 1998). This dense vascularization
pattern is crucial for sensing changes in blood composition and
transporting hormones and regulatory signals (Katoh, 2003;
Jang et al., 2017). Moreover, the microvasculature provides
a microenvironment that harbors stem and progenitor cells,
regulating their survival, maintenance and differentiation. This
vascular niche also interacts with endocrine cells to support and
maintain efficient gland function (Ballian and Brunicardi, 2007;
Colin et al., 2013).

Aging of the endocrine system significantly alters the vascular
network of the endocrine system, decreasing vascular density and
function. This vascular decline disrupts the blood and disrupts
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the tissue microenvironment, amalgamating in impairment
of endocrine gland function. Thereby, vascular changes and
associated microenvironmental alterations in the aging endocrine
system may contribute to tissue aging and may be involved in the
pathogenesis of various endocrine disorders.

AUTHOR CONTRIBUTIONS

SS wrote the original draft. SS and JD revised the review.
AK designed the review structure and edited the manuscript.

All authors contributed to the article and approved the
submitted version.

FUNDING

AK was supported by the Medical Research Council (CDA:
MR/P02209X/1), European Research Council (StG: metaNiche,
805201), Leuka (2017/JGF/001), The Royal Society (RG170326),
Kennedy Trust for Rheumatology Research (KENN 15 16 09),
and John Fell Fund OUP Research Fund (161/061).

REFERENCES
Abd El Aal, D. E. M., Mohamed, S. A., Amine, A. F., and Meki, A.-R. M. A.

(2005). Vascular endothelial growth factor and insulin-like growth factor-1 in
polycystic ovary syndrome and their relation to ovarian blood flow. Eur. J.
Obstetr. Gynecol. Reprod. Biol. 118, 219–224. doi: 10.1016/j.ejogrb.2004.07.024

Abramovich, D., Rodriguez Celin, A., Hernandez, F., Tesone, M., and Parborell, F.
(2009). Spatiotemporal analysis of the protein expression of angiogenic factors
and their related receptors during folliculogenesis in rats with and without
hormonal treatment. Reproduction 137, 309–320. doi: 10.1530/rep-08-0130

Acosta, T. J., Hayashi, K. G., Ohtani, M., and Miyamoto, A. (2003). Local changes
in blood flow within the preovulatory follicle wall and early corpus luteum in
cows. Reproduction 125, 759–767.

Agrawal, R., Conway, G., Sladkevicius, P., Tan, S. L., Engmann, L., Payne, N.,
et al. (1998). Serum vascular endothelial growth factor and Doppler blood
flow velocities in in vitro fertilization: relevance to ovarian hyperstimulation
syndrome and polycystic ovaries. Fertil. Steril. 70, 651–658. doi: 10.1016/S0015-
0282(98)00249-0

Aimaretti, G., Corneli, G., Baldelli, R., Di Somma, C., Gasco, V., Durante, C., et al.
(2003). Diagnostic reliability of a single IGF-I measurement in 237 adults with
total anterior hypopituitarism and severe GH deficiency. Clin. Endocrinol. 59,
56–61. doi: 10.1046/j.1365-2265.2003.01794.x

Akbaraly, N. T., Hininger-Favier, I., Carrière, I., Arnaud, J., Gourlet, V., Roussel,
A.-M., et al. (2007). Plasma selenium over time and cognitive decline in the
elderly. Epidemiology 18, 52–58.

Albert, C., Garrido, N., Mercader, A., Rao, C. V., Remohí, J., Simón, C., et al. (2002).
The role of endothelial cells in the pathogenesis of ovarian hyperstimulation
syndrome. Mol. Hum. Reprod. 8, 409–418. doi: 10.1093/molehr/8.5.409

Alcázar, J. L., and Kudla, M. J. (2012). Ovarian stromal vessels assessed
by spatiotemporal image correlation–high definition flow in women with
polycystic ovary syndrome: a case–control study. Ultrasound Obstetr. Gynecol.
40, 470–475. doi: 10.1002/uog.11187

Almaça, J., Molina, J., Arrojo, E., Drigo, R., Abdulreda, M. H., Jeon, W. B.,
et al. (2014). Young capillary vessels rejuvenate aged pancreatic islets.
Proc. Natl. Acad. Sci. U.S.A. 111, 17612–17617. doi: 10.1073/pnas.141405
3111

Amar, A. P., and Weiss, M. H. (2003). Pituitary anatomy and physiology.
Neurosurg. Clin. N. Am. 14, 11–23. doi: 10.1016/s1042-3680(02)00017-7

Andersen, A.-M. N., Wohlfahrt, J., Christens, P., Olsen, J., and Melbye, M. (2000).
Maternal age and fetal loss: population based register linkage study. BMJ
320:1708. doi: 10.1136/bmj.320.7251.1708

Andoniadou, C. L., Matsushima, D., Mousavy Gharavy, S. N., Signore, M.,
Mackintosh, A. I., Schaeffer, M., et al. (2013). Sox2(+) stem/progenitor cells in
the adult mouse pituitary support organ homeostasis and have tumor-inducing
potential. Cell Stem Cell 13, 433–445. doi: 10.1016/j.stem.2013.07.004

Ansurudeen, I., Kopprasch, S., Ehrhart-Bornstein, M., Willenberg, H. S., Krug,
A. W., Funk, R. H. W., et al. (2006). Vascular-adrenal Niche - endothelial cell-
mediated sensitization of human adrenocortical cells to Angiotensin II. Horm.
Metab. Res. 38, 476–480. doi: 10.1055/s-2006-948136

Ansurudeen, I., Willenberg, H. S., Kopprasch, S., Krug, A. W., Ehrhart-Bornstein,
M., and Bornstein, S. R. (2009). Endothelial factors mediate aldosterone release
via PKA-independent pathways. Mol. Cell Endocrinol. 300, 66–70. doi: 10.1016/
j.mce.2008.11.020

Atzmon, G., Barzilai, N., Hollowell, J. G., Surks, M. I., and Gabriely, I. (2009).
Extreme longevity is associated with increased serum thyrotropin. J. Clin.
Endocrinol. Metab. 94, 1251–1254. doi: 10.1210/jc.2008-2325

Augustin, H. G., Braun, K., Telemenakis, I., Modlich, U., and Kuhn, W. (1995).
Ovarian angiogenesis. Phenotypic characterization of endothelial cells in a
physiological model of blood vessel growth and regression. Am. J. Pathol. 147,
339–351.

Augustin, H. G., and Koh, G. Y. (2017). Organotypic vasculature: from descriptive
heterogeneity to functional pathophysiology. Science 357:eaal2379. doi: 10.
1126/science.aal2379

Aversa, A., Bruzziches, R., Francomano, D., Greco, E., Migliaccio, S., and Lenzi,
A. (2011). The role of steroids in endothelial function in the aging male. US
Endocrinol. 7, 145–149. doi: 10.17925/USE.2011.07.02.145

Avram, R., Olgin, J. E., Kuhar, P., Hughes, J. W., Marcus, G. M., Pletcher, M. J.,
et al. (2020). A digital biomarker of diabetes from smartphone-based vascular
signals. Nat. Med. 26, 1576–1582. doi: 10.1038/s41591-020-1010-5

Azhar, S., Cao, L., and Reaven, E. (1995). Alteration of the adrenal antioxidant
defense system during aging in rats. J. Clin. Invest. 96, 1414–1424. doi: 10.1172/
JCI118177

Ballian, N., and Brunicardi, F. C. (2007). Islet vasculature as a regulator of
endocrine pancreas function. World J. Surg. 31, 705–714. doi: 10.1007/s00268-
006-0719-8

Bassett, J. R., and West, S. H. (1997). Vascularization of the adrenal cortex: its
possible involvement in the regulation of steroid hormone release. Microsc.
Res. Techn. 36, 546–557. doi: 10.1002/(SICI)1097-0029(19970315)36:6<546::
AID-JEMT11<3.0.CO;2-O

Behrman, H. R., Kodaman, P. H., Preston, S. L., and Gao, S. (2001). Oxidative stress
and the ovary. J. Soc. Gynecol. Invest. 8, S40–S42. doi: 10.1016/s1071-5576(00)
00106-4

Belloni, A. S., Rossi, G. P., Andreis, P. G., Neri, G., Albertin, G., Pessina, A. C.,
et al. (1996). Endothelin adrenocortical secretagogue effect is mediated by the B
receptor in rats. Hypertension 27, 1153–1159. doi: 10.1161/01.hyp.27.5.1153

Ben-Dov, I. Z., Galitzer, H., Lavi-Moshayoff, V., Goetz, R., Kuro-o, M.,
Mohammadi, M., et al. (2007). The parathyroid is a target organ for FGF23 in
rats. J. Clin. Invest. 117, 4003–4008. doi: 10.1172/JCI32409

Ben-Meir, A., Burstein, E., Borrego-Alvarez, A., Chong, J., Wong, E., Yavorska,
T., et al. (2015). Coenzyme Q10 restores oocyte mitochondrial function and
fertility during reproductive aging. Aging cell 14, 887–895. doi: 10.1111/acel.
12368

Berisha, B., Schams, D., Kosmann, M., Amselgruber, W., and Einspanier, R. (2000).
Expression and localisation of vascular endothelial growth factor and basic
fibroblast growth factor during the final growth of bovine ovarian follicles.
J. Endocrinol. 167, 371–382. doi: 10.1677/joe.0.1670371

Bhang, D. H., Kim, B.-J., Kim, B. G., Schadler, K., Baek, K.-H., Kim, Y. H., et al.
(2018). Testicular endothelial cells are a critical population in the germline stem
cell niche. Nat. Commun. 9:4379. doi: 10.1038/s41467-018-06881-z

Blair, M. (2016). Diabetes mellitus review. Urol. Nurs. 36, 27–36.
Blum, M. R., Bauer, D. C., Collet, T. H., Fink, H. A., Cappola, A. R., da Costa, B. R.,

et al. (2015). Subclinical thyroid dysfunction and fracture risk: a meta-analysis.
JAMA 313, 2055–2065. doi: 10.1001/jama.2015.5161

Bolanowski, M., Halupczok, J., and Jawiarczyk-Przybyłowska, A. (2015). Pituitary
disorders and osteoporosis. Int. J. Endocrinol. 2015:206853. doi: 10.1155/2015/
206853

Frontiers in Physiology | www.frontiersin.org 17 March 2021 | Volume 12 | Article 624928

https://doi.org/10.1016/j.ejogrb.2004.07.024
https://doi.org/10.1530/rep-08-0130
https://doi.org/10.1016/S0015-0282(98)00249-0
https://doi.org/10.1016/S0015-0282(98)00249-0
https://doi.org/10.1046/j.1365-2265.2003.01794.x
https://doi.org/10.1093/molehr/8.5.409
https://doi.org/10.1002/uog.11187
https://doi.org/10.1073/pnas.1414053111
https://doi.org/10.1073/pnas.1414053111
https://doi.org/10.1016/s1042-3680(02)00017-7
https://doi.org/10.1136/bmj.320.7251.1708
https://doi.org/10.1016/j.stem.2013.07.004
https://doi.org/10.1055/s-2006-948136
https://doi.org/10.1016/j.mce.2008.11.020
https://doi.org/10.1016/j.mce.2008.11.020
https://doi.org/10.1210/jc.2008-2325
https://doi.org/10.1126/science.aal2379
https://doi.org/10.1126/science.aal2379
https://doi.org/10.17925/USE.2011.07.02.145
https://doi.org/10.1038/s41591-020-1010-5
https://doi.org/10.1172/JCI118177
https://doi.org/10.1172/JCI118177
https://doi.org/10.1007/s00268-006-0719-8
https://doi.org/10.1007/s00268-006-0719-8
https://doi.org/10.1002/(SICI)1097-0029(19970315)36:6<546::AID-JEMT11<3.0.CO;2-O
https://doi.org/10.1002/(SICI)1097-0029(19970315)36:6<546::AID-JEMT11<3.0.CO;2-O
https://doi.org/10.1016/s1071-5576(00)00106-4
https://doi.org/10.1016/s1071-5576(00)00106-4
https://doi.org/10.1161/01.hyp.27.5.1153
https://doi.org/10.1172/JCI32409
https://doi.org/10.1111/acel.12368
https://doi.org/10.1111/acel.12368
https://doi.org/10.1677/joe.0.1670371
https://doi.org/10.1038/s41467-018-06881-z
https://doi.org/10.1001/jama.2015.5161
https://doi.org/10.1155/2015/206853
https://doi.org/10.1155/2015/206853
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-624928 March 9, 2021 Time: 11:8 # 18

Stucker et al. Endocrine System Vasculature in Aging and Disease

Bonner-Weir, S. (1988). Morphological evidence for pancreatic polarity of
β-Cell within islets of langerhans. Diabetes 37:616. doi: 10.2337/diab.37.
5.616

Bonner-Weir, S., Sullivan, B. A., and Weir, G. C. (2015). Human islet morphology
revisited: human and rodent islets are not so different after all. J. Histochem.
Cytochem. 63, 604–612. doi: 10.1369/0022155415570969

Borden, P., Houtz, J., Leach, S. D., and Kuruvilla, R. (2013). Sympathetic
innervation during development is necessary for pancreatic islet architecture
and functional maturation. Cell Rep. 4, 287–301. doi: 10.1016/j.celrep.2013.06.
019

Borrás, C., Sastre, J., García-Sala, D., Lloret, A., Pallardó, F. V., and Viña, J.
(2003). Mitochondria from females exhibit higher antioxidant gene expression
and lower oxidative damage than males. Free Radic. Biol. Med. 34, 546–552.
doi: 10.1016/S0891-5849(02)01356-4

Bott, R. C., Clopton, D. T., Fuller, A. M., McFee, R. M., Lu, N., McFee, R. M., et al.
(2010). KDR-LacZ-expressing cells are involved in ovarian and testis-specific
vascular development, suggesting a role for VEGFA in the regulation of this
vasculature. Cell Tissue Res. 342, 117–130. doi: 10.1007/s00441-010-1038-9

Bott, R. C., McFee, R. M., Clopton, D. T., Toombs, C., and Cupp, A. S. (2006).
Vascular endothelial growth factor and kinase domain region receptor are
involved in both seminiferous cord formation and vascular development
during testis morphogenesis in the Rat1. Biol. Reprod. 75, 56–67. doi: 10.1095/
biolreprod.105.047225

Bremner, A. P., Feddema, P., Leedman, P. J., Brown, S. J., Beilby, J. P., Lim,
E. M., et al. (2012). Age-related changes in thyroid function: a longitudinal
study of a community-based cohort. J. Clin. Endocrinol. Metab. 97, 1554–1562.
doi: 10.1210/jc.2011-3020

Brennan, J., Karl, J., and Capel, B. (2002). Divergent vascular mechanisms
downstream of sry establish the arterial system in the XY Gonad. Dev. Biol. 244,
418–428. doi: 10.1006/dbio.2002.0578

Brissova, M., Shostak, A., Shiota, M., Wiebe, P. O., Poffenberger, G., Kantz, J., et al.
(2006). Pancreatic islet production of vascular endothelial growth factor–a is
essential for islet vascularization, revascularization, and function. Diabetes 55,
2974–2985. doi: 10.2337/db06-0690

Broekmans, F. J., Soules, M. R., and Fauser, B. C. (2009). Ovarian aging:
mechanisms and clinical consequences. Endoc. Rev. 30, 465–493. doi: 10.1210/
er.2009-0006

Broglio, F., Benso, A., Castiglioni, C., Gottero, C., Prodam, F., Destefanis, S., et al.
(2003). The endocrine response to ghrelin as a function of gender in humans
in young and elderly subjects. J. Clin. Endocrinol. Metab. 88, 1537–1542. doi:
10.1210/jc.2002-021504

Brown, H. M., and Russell, D. L. (2014). Blood and lymphatic vasculature in the
ovary: development, function and disease. Hum. Reprod. Update 20, 29–39.
doi: 10.1093/humupd/dmt049

Brunicardi, F. C., Stagner, J., Bonner-Weir, S., Wayland, H., Kleinman,
R., Livingston, E., et al. (1996). Microcirculation of the islets of
langerhans. long beach veterans administration regional medical
education center symposium. Diabetes 45, 385–392. doi: 10.2337/diab.45.
4.385

Bukovsky, A. (2011). Ovarian stem cell niche and follicular renewal in mammals.
Anat. Rec. 294, 1284–1306. doi: 10.1002/ar.21422

Bukovský, A., Caudle, M. R., Keenan, J. A., Wimalasena, J., Foster, J. S., and
Van Meter, S. E. (1995). Quantitative evaluation of the cell cycle-related
retinoblastoma protein and localization of Thy-1 differentiation protein and
macrophages during follicular development and atresia, and in human corpora
lutea. Biol. Reprod. 52, 776–792. doi: 10.1095/biolreprod52.4.776

Bukovsky, A., Caudle, M. R., Svetlikova, M., and Upadhyaya, N. B. (2004). Origin
of germ cells and formation of new primary follicles in adult human ovaries.
Reprod. Biol. Endocrinol. 2:20. doi: 10.1186/1477-7827-2-20

Burek, C. L., and Rose, N. R. (2008). Autoimmune thyroiditis and ROS.
Autoimmun. Rev. 7, 530–537. doi: 10.1016/j.autrev.2008.04.006

Cabrera, O., Berman, D. M., Kenyon, N. S., Ricordi, C., Berggren, P. O., and
Caicedo, A. (2006). The unique cytoarchitecture of human pancreatic islets has
implications for islet cell function. Proc. Natl. Acad. Sci. U.S.A. 103, 2334–2339.
doi: 10.1073/pnas.0510790103

Camastra, S., Vitali, A., Anselmino, M., Gastaldelli, A., Bellini, R., Berta, R., et al.
(2017). Muscle and adipose tissue morphology, insulin sensitivity and beta-cell

function in diabetic and nondiabetic obese patients: effects of bariatric surgery.
Sci. Rep. 7:9007. doi: 10.1038/s41598-017-08444-6

Cantaluppi, V., Biancone, L., Romanazzi, G. M., Figliolini, F., Beltramo, S.,
Ninniri, M. S., et al. (2006). Antiangiogenic and immunomodulatory effects
of rapamycin on islet endothelium: relevance for islet transplantation. Am. J.
Transplant. 6, 2601–2611. doi: 10.1111/j.1600-6143.2006.01534.x

Carmina, E., Orio, F., Palomba, S., Longo, R. A., Lombardi, G., and Lobo, R. A.
(2005). Ovarian size and blood flow in women with polycystic ovary syndrome
and their correlations with endocrine parameters. Fertil. Steril. 84, 413–419.
doi: 10.1016/j.fertnstert.2004.12.061

Carsia, R. V., Macdonald, G. J., Gibney, J. A., Tilly, K. I., and Tilly, J. L.
(1996). Apoptotic cell death in the rat adrenal gland: an in vivo and
in vitro investigation. Cell Tissue Res. 283, 247–254. doi: 10.1007/s00441005
0535

Chang, A. M., and Halter, J. B. (2003). Aging and insulin secretion. Am. J. Physiol.
Endocrinol. Metab. 284, E7–E12. doi: 10.1152/ajpendo.00366.2002

Chang, S.-P., Morrison, H. D., Nilsson, F., Kenyon, C. J., West, J. D., and
Morley, S. D. (2013). Cell proliferation, movement and differentiation during
maintenance of the adult mouse adrenal cortex. PLoS One 8:e81865. doi: 10.
1371/journal.pone.0081865

Chen, H., Cangello, D., Benson, S., Folmer, J., Zhu, H., Trush, M. A., et al.
(2001). Age-related increase in mitochondrial superoxide generation in the
testosterone-producing cells of Brown Norway rat testes: relationship to
reduced steroidogenic function? Exp. Gerontol. 36, 1361–1373. doi: 10.1016/
S0531-5565(01)00118-8

Chen, H., Gu, X., Liu, Y., Wang, J., Wirt, S. E., Bottino, R., et al. (2011). PDGF
signalling controls age-dependent proliferation in pancreatic β-cells. Nature
478, 349–355. doi: 10.1038/nature10502

Chen, H., Hardy, M. P., Huhtaniemi, I., and Zirkin, B. R. (1994). Age-related
decreased Leydig cell testosterone production in the brown Norway rat.
J. Androl. 15, 551–557.

Chen, J., Crabbe, A., Van Duppen, V., and Vankelecom, H. (2006). The notch
signaling system is present in the postnatal pituitary: marked expression and
regulatory activity in the newly discovered side population. Mol. Endocrinol.
20, 3293–3307. doi: 10.1210/me.2006-0293

Chen, J., Hendriks, M., Chatzis, A., Ramasamy, S. K., and Kusumbe, A. P. (2020a).
Bone vasculature and bone marrow vascular niches in health and disease.
J. Bone Min. Res. 35, 2103–2120. doi: 10.1002/jbmr.4171

Chen, J., Lippo, L., Labella, R., Tan, S. L., Marsden, B. D., Dustin, M. L., et al.
(2020b). Decreased blood vessel density and endothelial cell subset dynamics
during ageing of the endocrine system. EMBO J. 40:e105242. doi: 10.15252/
embj.2020105242

Chen, M., Bergman, R. N., Pacini, G., Porte, D. Jr. (1985). Pathogenesis of
age-related glucose intolerance in man: insulin resistance and decreased
beta-cell function. J. Clin. Endocrinol. Metab. 60, 13–20. doi: 10.1210/jcem-
60-1-13

Cheryl, D. C. (2008). Chronic stress-induced hippocampal vulnerability: the
glucocorticoid vulnerability hypothesis. Rev. Neurosci. 19, 395–412. doi: 10.
1515/REVNEURO.2008.19.6.395

Chou, T. M., Sudhir, K., Hutchison, S. J., Ko, E., Amidon, T. M., Collins, P.,
et al. (1996). Testosterone induces dilation of canine coronary conductance and
resistance arteries in vivo. Circulation 94, 2614–2619. doi: 10.1161/01.cir.94.10.
2614

Christina, R., Saskia, E., Irene, E., Bruno, S., Markus, W. B., Peter, P. N., et al.
(2009). Impaired islet turnover in human donor pancreata with aging. Eur. J.
Endocrinol. 160, 185–191. doi: 10.1530/EJE-08-0596

Chrousos, G. P. (2007). Organization and integration of the endocrine system: the
arousal and sleep perspective. Sleep Med. Clin. 2, 125–145. doi: 10.1016/j.jsmc.
2007.04.004

Clapp, C., Thebault, S., Jeziorski, M. C., Martínez, and De La Escalera, G. (2009).
Peptide hormone regulation of angiogenesis. Physiol. Rev. 89, 1177–1215. doi:
10.1152/physrev.00024.2009

Cleaver, O., and Melton, D. A. (2003). Endothelial signaling during development.
Nat. Med. 9, 661–668. doi: 10.1038/nm0603-661

Clement, P. B. (1987). “Anatomy and histology of the ovary,” in Blaustein’s
Pathology of the Female Genital Tract, ed. R. J. Kurman (New York, NY:
Springer), 438–470.

Frontiers in Physiology | www.frontiersin.org 18 March 2021 | Volume 12 | Article 624928

https://doi.org/10.2337/diab.37.5.616
https://doi.org/10.2337/diab.37.5.616
https://doi.org/10.1369/0022155415570969
https://doi.org/10.1016/j.celrep.2013.06.019
https://doi.org/10.1016/j.celrep.2013.06.019
https://doi.org/10.1016/S0891-5849(02)01356-4
https://doi.org/10.1007/s00441-010-1038-9
https://doi.org/10.1095/biolreprod.105.047225
https://doi.org/10.1095/biolreprod.105.047225
https://doi.org/10.1210/jc.2011-3020
https://doi.org/10.1006/dbio.2002.0578
https://doi.org/10.2337/db06-0690
https://doi.org/10.1210/er.2009-0006
https://doi.org/10.1210/er.2009-0006
https://doi.org/10.1210/jc.2002-021504
https://doi.org/10.1210/jc.2002-021504
https://doi.org/10.1093/humupd/dmt049
https://doi.org/10.2337/diab.45.4.385
https://doi.org/10.2337/diab.45.4.385
https://doi.org/10.1002/ar.21422
https://doi.org/10.1095/biolreprod52.4.776
https://doi.org/10.1186/1477-7827-2-20
https://doi.org/10.1016/j.autrev.2008.04.006
https://doi.org/10.1073/pnas.0510790103
https://doi.org/10.1038/s41598-017-08444-6
https://doi.org/10.1111/j.1600-6143.2006.01534.x
https://doi.org/10.1016/j.fertnstert.2004.12.061
https://doi.org/10.1007/s004410050535
https://doi.org/10.1007/s004410050535
https://doi.org/10.1152/ajpendo.00366.2002
https://doi.org/10.1371/journal.pone.0081865
https://doi.org/10.1371/journal.pone.0081865
https://doi.org/10.1016/S0531-5565(01)00118-8
https://doi.org/10.1016/S0531-5565(01)00118-8
https://doi.org/10.1038/nature10502
https://doi.org/10.1210/me.2006-0293
https://doi.org/10.1002/jbmr.4171
https://doi.org/10.15252/embj.2020105242
https://doi.org/10.15252/embj.2020105242
https://doi.org/10.1210/jcem-60-1-13
https://doi.org/10.1210/jcem-60-1-13
https://doi.org/10.1515/REVNEURO.2008.19.6.395
https://doi.org/10.1515/REVNEURO.2008.19.6.395
https://doi.org/10.1161/01.cir.94.10.2614
https://doi.org/10.1161/01.cir.94.10.2614
https://doi.org/10.1530/EJE-08-0596
https://doi.org/10.1016/j.jsmc.2007.04.004
https://doi.org/10.1016/j.jsmc.2007.04.004
https://doi.org/10.1152/physrev.00024.2009
https://doi.org/10.1152/physrev.00024.2009
https://doi.org/10.1038/nm0603-661
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-624928 March 9, 2021 Time: 11:8 # 19

Stucker et al. Endocrine System Vasculature in Aging and Disease

Colin, I. M., Denef, J.-F., Lengelé, B., Many, M.-C., and Gérard, A.-C. (2013).
Recent insights into the cell biology of thyroid angiofollicular units. Endocr.
Rev. 34, 209–238. doi: 10.1210/er.2012-1015

Colli, L. G., Belardin, L. B., Echem, C., Akamine, E. H., Antoniassi, M. P., Andretta,
R. R., et al. (2019). Systemic arterial hypertension leads to decreased semen
quality and alterations in the testicular microcirculation in rats. Sci. Rep.
9:11047. doi: 10.1038/s41598-019-47157-w

Collin, O., Bergh, A., Damber, J. E., and Widmark, A. (1993). Control of testicular
vasomotion by testosterone and tubular factors in rats. J. Reprod. Fertil. 97,
115–121. doi: 10.1530/jrf.0.0970115

Collin, O., Zupp, J. L., and Setchell, B. P. (2000). Testicular vasomotion in different
mammals. Asian J. Androl. 2, 297–300.

Colmone, A., and Sipkins, D. A. (2008). Beyond angiogenesis: the role of
endothelium in the bone marrow vascular niche. Transl. Res. 151, 1–9. doi:
10.1016/j.trsl.2007.09.003

Cooksey, R. C., Jouihan, H. A., Ajioka, R. S., Hazel, M. W., Jones, D. L., Kushner,
J. P., et al. (2004). Oxidative stress, beta-cell apoptosis, and decreased insulin
secretory capacity in mouse models of hemochromatosis. Endocrinology 145,
5305–5312. doi: 10.1210/en.2004-0392

Coppé, J. P., Kauser, K., Campisi, J., and Beauséjour, C. M. (2006). Secretion of
vascular endothelial growth factor by primary human fibroblasts at senescence.
J. Biol. Chem. 281, 29568–29574. doi: 10.1074/jbc.M603307200

Corsonello, A., Montesanto, A., Berardelli, M., De Rango, F., Dato, S., Mari, V.,
et al. (2010). A cross-section analysis of FT3 age-related changes in a group
of old and oldest-old subjects, including centenarians’ relatives, shows that a
down-regulated thyroid function has a familial component and is related to
longevity. Age Age. 39, 723–727. doi: 10.1093/ageing/afq116

Costello, M. F., Shrestha, S. M., Sjoblom, P., McNally, G., Bennett, M. J., Steigrad,
S. J., et al. (2006). Power doppler ultrasound assessment of the relationship
between age and ovarian perifollicular blood flow in women undergoing in vitro
fertilization treatment. J. Assist. Reprod. Genet. 23, 359–365. doi: 10.1007/
s10815-006-9067-8

Coveney, D., Cool, J., Oliver, T., and Capel, B. (2008). Four-dimensional analysis of
vascularization during primary development of an organ, the gonad. Proc. Natl.
Acad. Sci. U.S.A. 105:7212. doi: 10.1073/pnas.0707674105

Cozzolino, M. F., Pereira, K. F., and Chopard, R. P. (2005). Analysis of thyroid
gland microvascularization in rats induced by ingestion of potassium bromide:
a scanning electron microscopy study. Ann. Anat. 187, 71–76. doi: 10.1016/j.
aanat.2004.08.004

Crawford, S. E., Stellmach, V., Murphy-Ullrich, J. E., Ribeiro, S. M., Lawler, J.,
Hynes, R. O., et al. (1998). Thrombospondin-1 is a major activator of TGF-beta1
in vivo. Cell 93, 1159–1170. doi: 10.1016/s0092-8674(00)81460-9

da Costa, V. M., Moreira, D. G., and Rosenthal, D. (2001). Thyroid function and
aging: gender-related differences. J. Endocrinol. 171, 193–198. doi: 10.1677/joe.
0.1710193

Damber, J. E., Maddocks, S., Widmark, A., and Bergh, A. (1992). Testicular blood
flow and vasomotion can be maintained by testosterone in Leydig cell-depleted
rats. Int. J. Androl. 15, 385–393. doi: 10.1111/j.1365-2605.1992.tb01353.x

Daniel, P. M. (1966). The blood supply of the hypothalamus and pituitary glanD.
Br. Med. Bull. 22, 202–208. doi: 10.1093/oxfordjournals.bmb.a070474

de Lamirande, E., Jiang, H., Zini, A., Kodama, H., and Gagnon, C. (1997). Reactive
oxygen species and sperm physiology. Rev. Reprod. 2, 48–54. doi: 10.1530/ror.
0.0020048

Dean, P. M., and Matthews, E. K. (1968). Electrical activity in pancreatic islet cells.
Nature 219, 389–390. doi: 10.1038/219389a0

DeFronzo, R. A. (1981). Glucose intolerance and aging. Diabetes Care 4, 493–501.
doi: 10.2337/diacare.4.4.493

DeMarco, V. G., Habibi, J., Jia, G., Aroor, A. R., Ramirez-Perez, F. I., Martinez-
Lemus, L. A., et al. (2015). Low-dose mineralocorticoid receptor blockade
prevents western diet-induced arterial stiffening in female mice. Hypertension
66, 99–107. doi: 10.1161/hypertensionaha.115.05674

Desjardins, C., and Ewing, L. (1993). Cell and Molecular Biology of the Testis.
Oxford: Oxford University Press.

Di Pietro, M., Parborell, F., Irusta, G., Pascuali, N., Bas, D., Bianchi, M. S., et al.
(2015). Metformin regulates ovarian angiogenesis and follicular development in
a female polycystic ovary syndrome rat model. Endocrinology 156, 1453–1463.
doi: 10.1210/en.2014-1765

Ding, B. S., Cao, Z., Lis, R., Nolan, D. J., Guo, P., Simons, M., et al. (2014). Divergent
angiocrine signals from vascular niche balance liver regeneration and fibrosis.
Nature 505, 97–102. doi: 10.1038/nature12681

Ding, L., Saunders, T. L., Enikolopov, G., and Morrison, S. J. (2012). Endothelial
and perivascular cells maintain haematopoietic stem cells. Nature 481, 457–462.
doi: 10.1038/nature10783

Domenico, B., Dominique, G. R., and Philippe, A. H. (2007). Differential
expression of E-cadherin at the surface of rat β-cells as a marker of
functional heterogeneity. J. Endocrinol. 194, 21–29. doi: 10.1677/JOE-06-
0169

Domingueti, C. P., Dusse, L. M., Carvalho, M., de Sousa, L. P., Gomes, K. B.,
and Fernandes, A. P. (2016). Diabetes mellitus: the linkage between oxidative
stress, inflammation, hypercoagulability and vascular complications. J. Diabetes
Complic. 30, 738–745. doi: 10.1016/j.jdiacomp.2015.12.018

Dominguez, J. M., Davis, R. T., McCullough, D. J., Stabley, J. N., and Behnke, B. J.
(2011). Aging and exercise training reduce testes microvascular Po2 and alter
vasoconstrictor responsiveness in testicular arterioles. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 301, R801–R810. doi: 10.1152/ajpregu.00203.2011

Duarte, D., Hawkins, E. D., Akinduro, O., Ang, H., De Filippo, K., Kong,
I. Y., et al. (2018). Inhibition of endosteal vascular niche remodeling rescues
hematopoietic stem cell loss in AML. Cell Stem Cell 22, 64.e6–77.e6. doi: 10.
1016/j.stem.2017.11.006

Duthoit, C., Estienne, V., Giraud, A., Durand-Gorde, J.-M., Rasmussen, ÅK., Feldt-
Rasmussen, U., et al. (2001). Hydrogen peroxide-induced production of a 40
kDa immunoreactive thyroglobulin fragment in human thyroid cells: the onset
of thyroid autoimmunity? Biochem. J. 360, 557–562. doi: 10.1042/bj3600557

Ehrhart-Bornstein, M., Hinson, J. P., Bornstein, S. R., Scherbaum, W. A.,
and Vinson, G. P. (1998). Intraadrenal interactions in the regulation of
adrenocortical steroidogenesis. Endocr. Rev. 19, 101–143. doi: 10.1210/edrv.19.
2.0326

El-Gohary, Y., Sims-Lucas, S., Lath, N., Tulachan, S., Guo, P., Xiao, X., et al. (2012).
Three-dimensional analysis of the islet vasculature. Anat. Rec. 295, 1473–1481.
doi: 10.1002/ar.22530

Ellenbroek, J. H., Töns, H. A., de Graaf, N., Loomans, C. J., Engelse, M. A., Vrolijk,
H., et al. (2013). Topologically heterogeneous beta cell adaptation in response
to high-fat diet in Mice. PLoS One 8:e56922. doi: 10.1371/journal.pone.0056922

English, K. M., Jones, R. D., Jones, T. H., Morice, A. H., and Channer, K. S. (2001).
Gender differences in the vasomotor effects of different steroid hormones in
rat pulmonary and coronary arteries. Horm. Metab. Res. 33, 645–652. doi:
10.1055/s-2001-18689

Ergün, S., Stingl, J., and Holstein, A. F. (1994). Microvasculature of the human testis
in correlation to Leydig cells and seminiferous tubules. Andrologia 26, 255–262.
doi: 10.1111/j.1439-0272.1994.tb00799.x

Faddy, M. J., Gosden, R. G., Gougeon, A., Richardson, S. J., and Nelson,
J. F. (1992). Accelerated disappearance of ovarian follicles in mid-life:
implications for forecasting menopause. Hum. Reprod. 7, 1342–1346. doi: 10.
1093/oxfordjournals.humrep.a137570

Fang, L., Li, Y., Wang, S., Li, Y., Chang, H. M., Yi, Y., et al. (2020). TGF-β1 induces
VEGF expression in human granulosa-lutein cells: a potential mechanism for
the pathogenesis of ovarian hyperstimulation syndrome. Exp. Mol. Med. 52,
450–460. doi: 10.1038/s12276-020-0396-y

Fauquier, T., Rizzoti, K., Dattani, M., Lovell-Badge, R., and Robinson, I. C. A. F.
(2008). SOX2-expressing progenitor cells generate all of the major cell types in
the adult mouse pituitary gland. Proc. Natl. Acad. Sci. U.S.A. 105, 2907–2912.
doi: 10.1073/pnas.0707886105

Ferdinand, R., Hanno, P., Daniel, M. K., and Johannes, D. V. (2012). Diminished
adrenal sensitivity and ACTH efficacy in obese premenopausal women. Eur. J.
Endocrinol. 167, 633–642. doi: 10.1530/EJE-12-0592

Ferrara, N., Chen, H., Davis-Smyth, T., Gerber, H. P., Nguyen, T. N., Peers, D.,
et al. (1998). Vascular endothelial growth factor is essential for corpus luteum
angiogenesis. Nat. Med. 4, 336–340. doi: 10.1038/nm0398-336

Ferrara, N., Schweigerer, L., Neufeld, G., Mitchell, R., and Gospodarowicz,
D. (1987). Pituitary follicular cells produce basic fibroblast growth factor.
Proc. Natl. Acad. Sci. U.S.A. 84, 5773–5777. doi: 10.1073/pnas.84.16.
5773

Finkelstein, J. S., Brockwell, S. E., Mehta, V., Greendale, G. A., Sowers, M. R.,
Ettinger, B., et al. (2008). Bone mineral density changes during the menopause

Frontiers in Physiology | www.frontiersin.org 19 March 2021 | Volume 12 | Article 624928

https://doi.org/10.1210/er.2012-1015
https://doi.org/10.1038/s41598-019-47157-w
https://doi.org/10.1530/jrf.0.0970115
https://doi.org/10.1016/j.trsl.2007.09.003
https://doi.org/10.1016/j.trsl.2007.09.003
https://doi.org/10.1210/en.2004-0392
https://doi.org/10.1074/jbc.M603307200
https://doi.org/10.1093/ageing/afq116
https://doi.org/10.1007/s10815-006-9067-8
https://doi.org/10.1007/s10815-006-9067-8
https://doi.org/10.1073/pnas.0707674105
https://doi.org/10.1016/j.aanat.2004.08.004
https://doi.org/10.1016/j.aanat.2004.08.004
https://doi.org/10.1016/s0092-8674(00)81460-9
https://doi.org/10.1677/joe.0.1710193
https://doi.org/10.1677/joe.0.1710193
https://doi.org/10.1111/j.1365-2605.1992.tb01353.x
https://doi.org/10.1093/oxfordjournals.bmb.a070474
https://doi.org/10.1530/ror.0.0020048
https://doi.org/10.1530/ror.0.0020048
https://doi.org/10.1038/219389a0
https://doi.org/10.2337/diacare.4.4.493
https://doi.org/10.1161/hypertensionaha.115.05674
https://doi.org/10.1210/en.2014-1765
https://doi.org/10.1038/nature12681
https://doi.org/10.1038/nature10783
https://doi.org/10.1677/JOE-06-0169
https://doi.org/10.1677/JOE-06-0169
https://doi.org/10.1016/j.jdiacomp.2015.12.018
https://doi.org/10.1152/ajpregu.00203.2011
https://doi.org/10.1016/j.stem.2017.11.006
https://doi.org/10.1016/j.stem.2017.11.006
https://doi.org/10.1042/bj3600557
https://doi.org/10.1210/edrv.19.2.0326
https://doi.org/10.1210/edrv.19.2.0326
https://doi.org/10.1002/ar.22530
https://doi.org/10.1371/journal.pone.0056922
https://doi.org/10.1055/s-2001-18689
https://doi.org/10.1055/s-2001-18689
https://doi.org/10.1111/j.1439-0272.1994.tb00799.x
https://doi.org/10.1093/oxfordjournals.humrep.a137570
https://doi.org/10.1093/oxfordjournals.humrep.a137570
https://doi.org/10.1038/s12276-020-0396-y
https://doi.org/10.1073/pnas.0707886105
https://doi.org/10.1530/EJE-12-0592
https://doi.org/10.1038/nm0398-336
https://doi.org/10.1073/pnas.84.16.5773
https://doi.org/10.1073/pnas.84.16.5773
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-624928 March 9, 2021 Time: 11:8 # 20

Stucker et al. Endocrine System Vasculature in Aging and Disease

transition in a multiethnic cohort of women. J. Clin. Endocrinol. Metab. 93,
861–868. doi: 10.1210/jc.2007-1876

Flesken-Nikitin, A., Hwang, C.-I., Cheng, C.-Y., Michurina, T. V., Enikolopov,
G., and Nikitin, A. Y. (2013). Ovarian surface epithelium at the junction area
contains a cancer-prone stem cell niche. Nature 495, 241–245. doi: 10.1038/
nature11979

Fliers, E., Kalsbeek, A., and Boelen, A. (2014). Beyond the fixed setpoint of the
hypothalamus-pituitary-thyroid axis. Eur. J. Endocrinol. 171, R197–R208. doi:
10.1530/eje-14-0285

Fraser, H. M. (2006). Regulation of the ovarian follicular vasculature. Reprod. Biol.
Endocrinol. 4, 18–18. doi: 10.1186/1477-7827-4-18

Friedman, C. I., Danforth, D. R., Herbosa-Encarnacion, C., Arbogast, L., Alak,
B. M., and Seifer, D. B. (1997). Follicular fluid vascular endothelial growth factor
concentrations are elevated in women of advanced reproductive age undergoing
ovulation induction. Fertil. Steril. 68, 607–612. doi: 10.1016/S0015-0282(97)
00278-1

Fujii, E. Y., and Nakayama, M. (2010). The measurements of RAGE, VEGF,
and AGEs in the plasma and follicular fluid of reproductive women: the
influence of aging. Fertil. Steril. 94, 694–700. doi: 10.1016/j.fertnstert.2009.
03.029

Fujino, Y., Ozaki, K., Yamamasu, S., Ito, F., Matsuoka, I., Hayashi, E., et al. (1996).
DNA fragmentation of oocytes in aged mice. Hum. Reprod. 11, 1480–1483.
doi: 10.1093/oxfordjournals.humrep.a019421

Fujita, H., and Murakami, T. (1974). Scanning electron microscopy on the
distribution of the minute blood vessels in the thyroiod gland of the dog, rat and
rhesus monkey. Arch. Histol. Jpn. 36, 181–188. doi: 10.1679/aohc1950.36.181

Furube, E., Mannari, T., Morita, S., Nishikawa, K., Yoshida, A., Itoh, M.,
et al. (2014). VEGF-dependent and PDGF-dependent dynamic neurovascular
reconstruction in the neurohypophysis of adult mice. J. Endocrinol. 222, 161–
179. doi: 10.1530/joe-14-0075

Garcia-Lavandeira, M., Diaz-Rodriguez, E., Bahar, D., Garcia-Rendueles, A. R.,
Rodrigues, J. S., Dieguez, C., et al. (2015). Pituitary cell turnover: from adult
stem cell recruitment through differentiation to death. Neuroendocrinology 101,
175–192. doi: 10.1159/000375502

Garcia-Lavandeira, M., Quereda, V., Flores, I., Saez, C., Diaz-Rodriguez, E., Japon,
M. A., et al. (2009). A GRFa2/Prop1/stem (GPS) cell niche in the pituitary. PLoS
One 4:e4815. doi: 10.1371/journal.pone.0004815

Gérard, A. C., Many, M. C., Daumerie, C., Costagliola, S., Miot, F., DeVijlder,
J. J., et al. (2002). Structural changes in the angiofollicular units between
active and hypofunctioning follicles align with differences in the epithelial
expression of newly discovered proteins involved in iodine transport and
organification. J. Clin. Endocrinol. Metab. 87, 1291–1299. doi: 10.1210/jcem.87.
3.8278

Gérard, A. C., Poncin, S., Audinot, J. N., Denef, J. F., and Colin, I. M. (2009). Iodide
deficiency-induced angiogenic stimulus in the thyroid occurs via HIF- and
ROS-dependent VEGF-A secretion from thyrocytes. Am. J. Physiol. Endocrinol.
Metab. 296, E1414–E1422. doi: 10.1152/ajpendo.90876.2008

Gibelli, B., El-Fattah, A., Giugliano, G., Proh, M., and Grosso, E. (2009).
Thyroid stem cells–danger or resource? Acta Otorhinolaryngol. Italica 29,
290–295.

Gilligan, D. M., Badar, D. M., Panza, J. A., Quyyumi, A. A., et al. (1994). Acute
vascular effects of estrogen in postmenopausal women. Circulation 90, 786–791.
doi: 10.1161/01.cir.90.2.786

Goldstein, M. B., and Davis, E. A. Jr. (1968). The three dimensional architecture of
the islets of Langerhans. Acta Anat. 71, 161–171. doi: 10.1159/000143183

Gorczyca, J., Litwin, J. A., Pitynski, K., and Miodonski, A. J. (2010). Vascular system
of human fetal pancreas demonstrated by corrosion casting and scanning
electron microscopy. Anat. Sci. Int. 85, 235–240. doi: 10.1007/s12565-010-
0084-4

Gospodarowicz, D., and Lau, K. (1989). Pituitary follicular cells secrete both
vascular endothelial growth factor and follistatin. Biochem. Biophys. Res.
Commun. 165, 292–298. doi: 10.1016/0006-291x(89)91068-1

Greenwood, M. P., Greenwood, M., Romanova, E. V., Mecawi, A. S., Paterson,
A., Sarenac, O., et al. (2018). The effects of aging on biosynthetic
processes in the rat hypothalamic osmoregulatory neuroendocrine
system. Neurobiol. Aging 65, 178–191. doi: 10.1016/j.neurobiolaging.2018.
01.008

Gregersen, S., Thomsen, J. L., Brock, B., and Hermansen, K. (1996). Endothelin-1
stimulates insulin secretion by direct action on the islets of Langerhans in mice.
Diabetologia 39, 1030–1035. doi: 10.1007/BF00400650

Griveau, J. F., and Lannou, D. L. (1997). Reactive oxygen species and human
spermatozoa: physiology and pathology. Int. J. Androl. 20, 61–69. doi: 10.1046/
j.1365-2605.1997.00044.x

Gu, Z., Du, Y., Liu, Y., Ma, L., Li, L., Gong, Y., et al. (2012). Effect of aging on
islet beta-cell function and its mechanisms in Wistar rats. Age 34, 1393–1403.
doi: 10.1007/s11357-011-9312-7

Hanke, H., Lenz, C., Hess, B., Spindler, K.-D., and Weidemann, W. (2001). Effect
of testosterone on plaque development and androgen receptor expression in
the arterial vessel wall. Circulation 103, 1382–1385. doi: 10.1161/01.CIR.103.10.
1382

Haring, R., Völzke, H., Steveling, A., Krebs, A., Felix, S. B., Schöfl, C., et al. (2010).
Low serum testosterone levels are associated with increased risk of mortality
in a population-based cohort of men aged 20-79. Eur. Heart J. 31, 1494–1501.
doi: 10.1093/eurheartj/ehq009

Harman, S. M., Metter, E. J., Tobin, J. D., Pearson, J., and Blackman, M. R. (2001).
Longitudinal effects of aging on serum total and free testosterone levels in
healthy men. Baltimore longitudinal study of aging. J. Clin. Endocrinol. Metab.
86, 724–731. doi: 10.1210/jcem.86.2.7219

Harrison, R. G., and Barclay, A. E. (1948). The distribution of the testicular artery
(internal spermatic artery) to the human testis. Br. J. Urol. 20, 57–66. doi:
10.1111/j.1464-410x.1948.tb10711.x

Hayashi, K.-G., Berisha, B., Matsui, M., Schams, D., and Miyamoto, A. (2004).
Expression of mRNA for the angiopoietin-tie system in granulosa cells during
follicular development in cows. J. Reprod. Dev. 50, 477–480. doi: 10.1262/jrd.
50.477

Hegstad, R., Brown, R. D., Jiang, N.-S., Kao, P., Weinshilboum, R. M., Strong, C.,
et al. (1983). Aging and aldosterone. Am. J. Med. 74, 442–448. doi: 10.1016/
0002-9343(83)90971-3

Henderson, J., and Henderson, I. W. (1995). The endocrine function of the vascular
endothelium. J. Biol. Educ. 29, 104–109. doi: 10.1080/00219266.1995.9655428

Henderson, J. R., and Moss, M. C. (1985). A morphometric study of the endocrine
and exocrine capillaries of the pancreas. Q. J. Exp. Physiol. 70, 347–356.

Hick, A.-C., Delmarcelle, A.-S., Bouquet, M., Klotz, S., Copetti, T., Forez, C., et al.
(2013). Reciprocal epithelial:endothelial paracrine interactions during thyroid
development govern follicular organization and C-cells differentiation. Dev.
Biol. 381, 227–240. doi: 10.1016/j.ydbio.2013.04.022

Hiller-Sturmhöfel, S., and Bartke, A. (1998). The endocrine system: an overview.
Alcohol Health Res. World 22, 153–164.

Ho, C. T., Lin, C. C., Hsu, H. S., Liu, C. S., Davidson, L. E., Li, T. C.,
et al. (2011). Arterial stiffness is strongly associated with insulin resistance
in Chinese–a population-based study (Taichung Community Health Study,
TCHS). J. Atheroscler. Thromb. 18, 122–130. doi: 10.5551/jat.5686

Hogervorst, E., Huppert, F., Matthews, F. E., and Brayne, C. (2008). Thyroid
function and cognitive decline in the MRC cognitive function and ageing study.
Psychoneuroendocrinology 33, 1013–1022. doi: 10.1016/j.psyneuen.2008.05.008

Hooper, A. T., Butler, J. M., Nolan, D. J., Kranz, A., Iida, K., Kobayashi, M.,
et al. (2009). Engraftment and reconstitution of hematopoiesis is dependent on
VEGFR2-mediated regeneration of sinusoidal endothelial cells. Cell Stem Cell
4, 263–274. doi: 10.1016/j.stem.2009.01.006

Horvath, E., and Kovacs, K. (2002). Folliculo-stellate cells of the human pituitary:
a type of adult stem cell? Ultrastruct. Pathol. 26, 219–228. doi: 10.1080/
01913120290104476

Hougaku, H., Fleg, J. L., Najjar, S. S., Lakatta, E. G., Harman, S. M., Blackman, M. R.,
et al. (2006). Relationship between androgenic hormones and arterial stiffness,
based on longitudinal hormone measurements. Am. J. Physiol. Endocrinol.
Metab. 290, E234–E242. doi: 10.1152/ajpendo.00059.2005

Houshyar, H., Galigniana, M. D., Pratt, W. B., and Woods, J. H. (2001). Differential
responsivity of the hypothalamic-pituitary-adrenal axis to glucocorticoid
negative-feedback and corticotropin releasing hormone in rats undergoing
morphine withdrawal: possible mechanisms involved in facilitated and
attenuated stress responses. J. Neuroendocrinol. 13, 875–886. doi: 10.1046/j.
1365-2826.2001.00714.x

Huey, S., Abuhamad, A., Barroso, G., Hsu, M.-I., Kolm, P., Mayer, J., et al. (1999).
Perifollicular blood flow doppler indices, but not follicular pO, pCO2, or pH,

Frontiers in Physiology | www.frontiersin.org 20 March 2021 | Volume 12 | Article 624928

https://doi.org/10.1210/jc.2007-1876
https://doi.org/10.1038/nature11979
https://doi.org/10.1038/nature11979
https://doi.org/10.1530/eje-14-0285
https://doi.org/10.1530/eje-14-0285
https://doi.org/10.1186/1477-7827-4-18
https://doi.org/10.1016/S0015-0282(97)00278-1
https://doi.org/10.1016/S0015-0282(97)00278-1
https://doi.org/10.1016/j.fertnstert.2009.03.029
https://doi.org/10.1016/j.fertnstert.2009.03.029
https://doi.org/10.1093/oxfordjournals.humrep.a019421
https://doi.org/10.1679/aohc1950.36.181
https://doi.org/10.1530/joe-14-0075
https://doi.org/10.1159/000375502
https://doi.org/10.1371/journal.pone.0004815
https://doi.org/10.1210/jcem.87.3.8278
https://doi.org/10.1210/jcem.87.3.8278
https://doi.org/10.1152/ajpendo.90876.2008
https://doi.org/10.1161/01.cir.90.2.786
https://doi.org/10.1159/000143183
https://doi.org/10.1007/s12565-010-0084-4
https://doi.org/10.1007/s12565-010-0084-4
https://doi.org/10.1016/0006-291x(89)91068-1
https://doi.org/10.1016/j.neurobiolaging.2018.01.008
https://doi.org/10.1016/j.neurobiolaging.2018.01.008
https://doi.org/10.1007/BF00400650
https://doi.org/10.1046/j.1365-2605.1997.00044.x
https://doi.org/10.1046/j.1365-2605.1997.00044.x
https://doi.org/10.1007/s11357-011-9312-7
https://doi.org/10.1161/01.CIR.103.10.1382
https://doi.org/10.1161/01.CIR.103.10.1382
https://doi.org/10.1093/eurheartj/ehq009
https://doi.org/10.1210/jcem.86.2.7219
https://doi.org/10.1111/j.1464-410x.1948.tb10711.x
https://doi.org/10.1111/j.1464-410x.1948.tb10711.x
https://doi.org/10.1262/jrd.50.477
https://doi.org/10.1262/jrd.50.477
https://doi.org/10.1016/0002-9343(83)90971-3
https://doi.org/10.1016/0002-9343(83)90971-3
https://doi.org/10.1080/00219266.1995.9655428
https://doi.org/10.1016/j.ydbio.2013.04.022
https://doi.org/10.5551/jat.5686
https://doi.org/10.1016/j.psyneuen.2008.05.008
https://doi.org/10.1016/j.stem.2009.01.006
https://doi.org/10.1080/01913120290104476
https://doi.org/10.1080/01913120290104476
https://doi.org/10.1152/ajpendo.00059.2005
https://doi.org/10.1046/j.1365-2826.2001.00714.x
https://doi.org/10.1046/j.1365-2826.2001.00714.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-624928 March 9, 2021 Time: 11:8 # 21

Stucker et al. Endocrine System Vasculature in Aging and Disease

predict oocyte developmental competence in in vitro fertilization. Fertil. Steril.
72, 707–712. doi: 10.1016/S0015-0282(99)00327-1

Idelman, S. (1970). “Ultrastructure of the mammalian adrenal cortex,” in
International Review of Cytology, eds G. H. Bourne, J. F. Danlelli, and K. W.
Jeon (Cambridge, MA: Academic Press), 181–281.

Ihm, S. H., Moon, H. J., Kang, J. G., Park, C. Y., Oh, K. W., Jeong, I. K., et al.
(2007). Effect of aging on insulin secretory function and expression of beta
cell function-related genes of islets. Diabetes Res. Clin. Pract. 77(Suppl. 1),
S150–S154. doi: 10.1016/j.diabres.2007.01.049

Ilacqua, A., Francomano, D., and Aversa, A. (2018). “"The physiology of
the testis,",” in Principles of Endocrinology and Hormone Action, eds
A. Belfiore and D. LeRoith (Cham: Springer International Publishing),
455–491.

Inai, T., Mancuso, M., Hashizume, H., Baffert, F., Haskell, A., Baluk, P., et al.
(2004). Inhibition of vascular endothelial growth factor (VEGF) signaling in
cancer causes loss of endothelial fenestrations, regression of tumor vessels,
and appearance of basement membrane ghosts. Am. J. Pathol. 165, 35–52.
doi: 10.1016/S0002-9440(10)63273-7

In’t Veld, P., and Marichal, M. (2010). “Microscopic anatomy of the human islet of
langerhans,” in The Islets of Langerhans, ed. M. S. Islam (Dordrecht: Springer),
1–19.

Iqbal, J., Sun, L., Kumar, T. R., Blair, H. C., and Zaidi, M. (2006). Follicle-
stimulating hormone stimulates TNF production from immune cells to enhance
osteoblast and osteoclast formation. Proc. Natl. Acad. Sci. U.S.A. 103, 14925–
14930. doi: 10.1073/pnas.0606805103

Iwashita, N., Uchida, T., Choi, J. B., Azuma, K., Ogihara, T., Ferrara, N., et al.
(2007). Impaired insulin secretion in vivo but enhanced insulin secretion
from isolated islets in pancreatic beta cell-specific vascular endothelial growth
factor-A knock-out mice. Diabetologia 50, 380–389. doi: 10.1007/s00125-006-
0512-0

Jang, J. Y., Choi, S. Y., Park, I., Park, D. Y., Choe, K., Kim, P., et al. (2017). VEGFR2
but not VEGFR3 governs integrity and remodeling of thyroid angiofollicular
unit in normal state and during goitrogenesis. EMBO Mol. Med. 9, 750–769.
doi: 10.15252/emmm.201607341

Jansen, S. W., Akintola, A. A., Roelfsema, F., van der Spoel, E., Cobbaert, C. M.,
Ballieux, B. E., et al. (2015). Human longevity is characterised by high thyroid
stimulating hormone secretion without altered energy metabolism. Sci. Rep. 5,
11525–11525. doi: 10.1038/srep11525

Jiang, Y., Fischbach, S., and Xiao, X. (2018). The role of the TGFβ receptor signaling
pathway in adult beta cell proliferation. Int. J. Mol. Sci. 19:3136. doi: 10.3390/
ijms19103136

Johansson, A., Lau, J., Sandberg, M., Borg, L. A., Magnusson, P. U., and
Carlsson, P. O. (2009). Endothelial cell signalling supports pancreatic beta
cell function in the rat. Diabetologia 52, 2385–2394. doi: 10.1007/s00125-009-
1485-6

Johansson, M., Carlsson, P. O., Bodin, B., Andersson, A., Källskog, O., and Jansson,
L. (2005). Acute effects of a 50% partial pancreatectomy on total pancreatic and
islet blood flow in rats. Pancreas 30, 71–75.

Johansson, M., Mattsson, G., Andersson, A., Jansson, L., and Carlsson, P. O. (2006).
Islet endothelial cells and pancreatic beta-cell proliferation: studies in vitro and
during pregnancy in adult rats. Endocrinology 147, 2315–2324. doi: 10.1210/en.
2005-0997

Jose, V., Juan, G., Raul, L.-G., Khira, M. A., Mariona, J., and Consuelo,
B. (2011). Females live longer than males: role of oxidative stress.
Curr. Pharmaceut. Design 17, 3959–3965. doi: 10.2174/13816121179876
4942

Kaido, T., Yebra, M., Cirulli, V., and Montgomery, A. M. (2004). Regulation of
human beta-cell adhesion, motility, and insulin secretion by collagen IV and
its receptor alpha1beta1. J. Biol. Chem. 279, 53762–53769. doi: 10.1074/jbc.
M411202200

Kamba, T., Tam, B. Y. Y., Hashizume, H., Haskell, A., Sennino, B., Mancuso, M. R.,
et al. (2006). VEGF-dependent plasticity of fenestrated capillaries in the normal
adult microvasculature. Am. J. Physiol. Heart Circ. Physiol. 290, H560–H576.
doi: 10.1152/ajpheart.00133.2005

Kanczkowski, W., Chatzigeorgiou, A., Grossklaus, S., Sprott, D., Bornstein,
S. R., and Chavakis, T. (2013). Role of the endothelial-derived endogenous
anti-inflammatory factor Del-1 in inflammation-mediated adrenal gland
dysfunction. Endocrinology 154, 1181–1189. doi: 10.1210/en.2012-1617

Kanczkowski, W., Sue, M., and Bornstein, S. R. (2017). The adrenal gland
microenvironment in health, disease and during regeneration. Hormones
(Athens) 16, 251–265. doi: 10.14310/horm.2002.1744

Kano, M. R., Morishita, Y., Iwata, C., Iwasaka, S., Watabe, T., Ouchi, Y., et al.
(2005). VEGF-A and FGF-2 synergistically promote neoangiogenesis through
enhancement of endogenous PDGF-B-PDGFRbeta signaling. J. Cell Sci. 118(Pt
16), 3759–3768. doi: 10.1242/jcs.02483

Karaca, M., Castel, J., Tourrel-Cuzin, C., Brun, M., Géant, A., Dubois, M., et al.
(2009). Exploring functional β-Cell heterogeneity in vivo using PSA-NCAM as
a specific marker. PLoS One 4:e5555. doi: 10.1371/journal.pone.0005555

Karsenty, G. (2006). Convergence between bone and energy homeostases: leptin
regulation of bone mass. Cell Metab. 4, 341–348. doi: 10.1016/j.cmet.2006.
10.008

Karsenty, G., and Olson, E. N. (2016). Bone and muscle endocrine functions:
unexpected paradigms of inter-organ communication. Cell 164, 1248–1256.
doi: 10.1016/j.cell.2016.02.043

Katoh, R. (2003). Angiogenesis in endocrine glands: special reference to the
expression of vascular endothelial growth factor. Microsc. Res. Techn. 60,
181–185. doi: 10.1002/jemt.10256

Katsuta, H., Aguayo-Mazzucato, C., Katsuta, R., Akashi, T., Hollister-Lock, J.,
Sharma, A. J., et al. (2012). Subpopulations of GFP-marked mouse pancreatic
β-Cells differ in size, granularity, and insulin secretion. Endocrinology 153,
5180–5187. doi: 10.1210/en.2012-1257

Keefe, D. L., Franco, S., Liu, L., Trimarchi, J., Cao, B., Weitzen, S., et al. (2005).
Telomere length predicts embryo fragmentation after in vitro fertilization in
women—toward a telomere theory of reproductive aging in women. Am. J.
Obstetr. Gynecol. 192, 1256–1260. doi: 10.1016/j.ajog.2005.01.036

Keller-Wood, M. (2015). Hypothalamic-pituitary–adrenal axis-feedback control.
Compr. Physiol. 5, 1161–1182. doi: 10.1002/cphy.c140065

Kennedy, B. K., Berger, S. L., Brunet, A., Campisi, J., Cuervo, A. M., Epel, E. S.,
et al. (2014). Geroscience: linking aging to chronic disease. Cell 159, 709–713.
doi: 10.1016/j.cell.2014.10.039

Khaw, K. T., Dowsett, M., Folkerd, E., Bingham, S., Wareham, N., Luben, R., et al.
(2007). Endogenous testosterone and mortality due to all causes, cardiovascular
disease, and cancer in men: European prospective investigation into cancer
in Norfolk (EPIC-Norfolk) Prospective Population Study. Circulation 116,
2694–2701. doi: 10.1161/circulationaha.107.719005

Khosla, S., Farr, J. N., Tchkonia, T., and Kirkland, J. L. (2020). The role of cellular
senescence in ageing and endocrine disease. Nat. Rev. Endocrinol. 16, 263–275.
doi: 10.1038/s41574-020-0335-y

Klein, N. A., Battaglia, D. E., Woodruff, T. K., Padmanabhan, V., Giudice, L. C.,
Bremner, W. J., et al. (2000). Ovarian follicular concentrations of activin,
follistatin, inhibin, insulin-like growth factor I (IGF-I), IGF-II, IGF-binding
protein-2 (IGFBP-2), IGFBP-3, and vascular endothelial growth factor in
spontaneous menstrual cycles of normal women of advanced reproductive age.
J. Clin. Endocrinol. Metab. 85, 4520–4525. doi: 10.1210/jcem.85.12.7056

Kobayashi, N., Machida, T., Takahashi, T., Takatsu, H., Shinkai, T., Abe, K.,
et al. (2009). Elevation by oxidative stress and aging of hypothalamic-pituitary-
adrenal activity in rats and its prevention by Vitamin E. J. Clin. Biochem. Nutr.
45, 207–213. doi: 10.3164/jcbn.09-33

Kok, P., Roelfsema, F., Frölich, M., Meinders, A. E., and Pijl, H. (2004).
Prolactin release is enhanced in proportion to excess visceral fat in obese
women. J. Clin. Endocrinol. Metab. 89, 4445–4449. doi: 10.1210/jc.2003-03
2184

Kolka, C. M., and Bergman, R. N. (2012). The barrier within: endothelial transport
of hormones. Physiology 27, 237–247. doi: 10.1152/physiol.00012.2012

Kondo, T., Ohshima, T., and Ishida, Y. (2001). Age-dependent expression of
8-hydroxy-2’-deoxyguanosine in human pituitary gland. Histochem. J. 33, 647–
651. doi: 10.1023/A:1016354417834

Kozik, W. (2000). [Arterial vasculature of ovaries in women of various ages in light
of anatomic, radiologic and microangiographic examinations]. Ann. Acad. Med.
Stetin. 46, 25–34.

Krishnamurthy, J., Torrice, C., Ramsey, M. R., Kovalev, G. I., Al-Regaiey, K., Su, L.,
et al. (2004). Ink4a/Arf expression is a biomarker of aging. J. Clin. Invest. 114,
1299–1307. doi: 10.1172/jci22475

Kubota, H., Avarbock, M. R., and Brinster, R. L. (2004). Growth factors essential
for self-renewal and expansion of mouse spermatogonial stem cells. Proc. Natl.
Acad. Sci. U.S.A. 101, 16489–16494. doi: 10.1073/pnas.0407063101

Frontiers in Physiology | www.frontiersin.org 21 March 2021 | Volume 12 | Article 624928

https://doi.org/10.1016/S0015-0282(99)00327-1
https://doi.org/10.1016/j.diabres.2007.01.049
https://doi.org/10.1016/S0002-9440(10)63273-7
https://doi.org/10.1073/pnas.0606805103
https://doi.org/10.1007/s00125-006-0512-0
https://doi.org/10.1007/s00125-006-0512-0
https://doi.org/10.15252/emmm.201607341
https://doi.org/10.1038/srep11525
https://doi.org/10.3390/ijms19103136
https://doi.org/10.3390/ijms19103136
https://doi.org/10.1007/s00125-009-1485-6
https://doi.org/10.1007/s00125-009-1485-6
https://doi.org/10.1210/en.2005-0997
https://doi.org/10.1210/en.2005-0997
https://doi.org/10.2174/138161211798764942
https://doi.org/10.2174/138161211798764942
https://doi.org/10.1074/jbc.M411202200
https://doi.org/10.1074/jbc.M411202200
https://doi.org/10.1152/ajpheart.00133.2005
https://doi.org/10.1210/en.2012-1617
https://doi.org/10.14310/horm.2002.1744
https://doi.org/10.1242/jcs.02483
https://doi.org/10.1371/journal.pone.0005555
https://doi.org/10.1016/j.cmet.2006.10.008
https://doi.org/10.1016/j.cmet.2006.10.008
https://doi.org/10.1016/j.cell.2016.02.043
https://doi.org/10.1002/jemt.10256
https://doi.org/10.1210/en.2012-1257
https://doi.org/10.1016/j.ajog.2005.01.036
https://doi.org/10.1002/cphy.c140065
https://doi.org/10.1016/j.cell.2014.10.039
https://doi.org/10.1161/circulationaha.107.719005
https://doi.org/10.1038/s41574-020-0335-y
https://doi.org/10.1210/jcem.85.12.7056
https://doi.org/10.3164/jcbn.09-33
https://doi.org/10.1210/jc.2003-032184
https://doi.org/10.1210/jc.2003-032184
https://doi.org/10.1152/physiol.00012.2012
https://doi.org/10.1023/A:1016354417834
https://doi.org/10.1172/jci22475
https://doi.org/10.1073/pnas.0407063101
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-624928 March 9, 2021 Time: 11:8 # 22

Stucker et al. Endocrine System Vasculature in Aging and Disease

Kuhnert, F., Tam, B. Y., Sennino, B., Gray, J. T., Yuan, J., Jocson, A., et al. (2008).
Soluble receptor-mediated selective inhibition of VEGFR and PDGFRbeta
signaling during physiologic and tumor angiogenesis. Proc. Natl. Acad. Sci.
U.S.A. 105, 10185–10190. doi: 10.1073/pnas.0803194105

Kumar, D. L., and DeFalco, T. (2018). A perivascular niche for multipotent
progenitors in the fetal testis. Nat. Commun. 9:4519. doi: 10.1038/s41467-018-
06996-3

Kunisaki, Y., Bruns, I., Scheiermann, C., Ahmed, J., Pinho, S., Zhang, D., et al.
(2013). Arteriolar niches maintain haematopoietic stem cell quiescence. Nature
502, 637–643. doi: 10.1038/nature12612

Kusumbe, A. P., Ramasamy, S. K., and Adams, R. H. (2014). Coupling of
angiogenesis and osteogenesis by a specific vessel subtype in bone. Nature 507,
323–328. doi: 10.1038/nature13145

Kusumbe, A. P., Ramasamy, S. K., Itkin, T., Mäe, M. A., Langen, U. H.,
Betsholtz, C., et al. (2016). Age-dependent modulation of vascular niches for
haematopoietic stem cells. Nature 532, 380–384. doi: 10.1038/nature17638

Labrie, F., Bélanger, A., Cusan, L., Gomez, J. L., and Candas, B. (1997). Marked
decline in serum concentrations of adrenal C19 sex steroid precursors and
conjugated androgen metabolites during aging. J. Clin. Endocrinol. Metab. 82,
2396–2402. doi: 10.1210/jcem.82.8.4160

Lammert, E., Gu, G., McLaughlin, M., Brown, D., Brekken, R., Murtaugh, L. C.,
et al. (2003). Role of VEGF-A in vascularization of pancreatic islets. Curr. Biol.
13, 1070–1074. doi: 10.1016/s0960-9822(03)00378-6

Lan, L., Cui, D., Nowka, K., and Derwahl, M. (2007). Stem cells derived from goiters
in adults form spheres in response to intense growth stimulation and require
thyrotropin for differentiation into thyrocytes. J. Clin. Endocrinol. Metab. 92,
3681–3688. doi: 10.1210/jc.2007-0281

Larkin, S., and Ansorge, O. (2000). Development and Microscopic Anatomy of the
Pituitary Gland. South Dartmouth, MA: MDText.com Inc.

Lau, J., Svensson, J., Grapensparr, L., Johansson, Å, and Carlsson, P. O.
(2012). Superior beta cell proliferation, function and gene expression in a
subpopulation of rat islets identified by high blood perfusion. Diabetologia 55,
1390–1399. doi: 10.1007/s00125-012-2476-6

Le Tissier, P., Campos, P., Lafont, C., Romanò, N., Hodson, D. J., and Mollard,
P. (2017). An updated view of hypothalamic-vascular-pituitary unit function
and plasticity. Nat. Rev. Endocrinol. 13, 257–267. doi: 10.1038/nrendo.20
16.193

Lechan, R. M., and Toni, R. (2000). Functional Anatomy of the Hypothalamus and
Pituitary. South Dartmouth, MA: MDText.com Inc.

LeCouter, J., Kowalski, J., Foster, J., Hass, P., Zhang, Z., Dillard-Telm, L., et al.
(2001). Identification of an angiogenic mitogen selective for endocrine gland
endothelium. Nature 412, 877–884. doi: 10.1038/35091000

Lee, N. K., Sowa, H., Hinoi, E., Ferron, M., Ahn, J. D., Confavreux, C., et al. (2007).
Endocrine regulation of energy metabolism by the skeleton. Cell 130, 456–469.
doi: 10.1016/j.cell.2007.05.047

Lee, S.-Y., Gong, E.-Y., Hong, C. Y., Kim, K.-H., Han, J.-S., Ryu, J. C., et al. (2009).
ROS inhibit the expression of testicular steroidogenic enzyme genes via the
suppression of Nur77 transactivation. Free Radic. Biol. Med. 47, 1591–1600.
doi: 10.1016/j.freeradbiomed.2009.09.004

Levy, A. (2002). Physiological implications of pituitary trophic activity.
J. Endocrinol. 174, 147–155. doi: 10.1677/joe.0.1740147

Lew, R., Komesaroff, P., Williams, M., Dawood, T., and Sudhir, K. (2003).
Endogenous estrogens influence endothelial function in young men. Circ. Res.
93, 1127–1133. doi: 10.1161/01.RES.0000103633.57225.BC

Li, J., Qu, X., and Bertram, J. F. (2009). Endothelial-myofibroblast transition
contributes to the early development of diabetic renal interstitial fibrosis in
streptozotocin-induced diabetic mice. Am. J. Pathol. 175, 1380–1388. doi: 10.
2353/ajpath.2009.090096

Li, L., Guo, C.-Y., Jia, E.-Z., Zhu, T.-B., Wang, L.-S., Cao, K.-J., et al.
(2012). Testosterone is negatively associated with the severity of coronary
atherosclerosis in men. Asian J. Androl. 14, 875–878. doi: 10.1038/aja.2012.95

Li, Q., Geng, X., Zheng, W., Tang, J., Xu, B., and Shi, Q. (2012). Current
understanding of ovarian aging. Sci. China Life Sci. 55, 659–669. doi: 10.1007/
s11427-012-4352-5

Li, Y. J., Han, Z., Ge, L., Zhou, C. J., Zhao, Y. F., Wang, D. H., et al. (2016).
C-phycocyanin protects against low fertility by inhibiting reactive oxygen
species in aging mice. Oncotarget 7, 17393–17409. doi: 10.18632/oncotarget.
8165

Lin, F., Wang, N., and Zhang, T.-C. (2012). The role of endothelial–mesenchymal
transition in development and pathological process. IUBMB Life 64, 717–723.
doi: 10.1002/iub.1059

Lipscombe, L. L., and Hux, J. E. (2007). Trends in diabetes prevalence, incidence,
and mortality in Ontario, Canada 1995–2005: a population-based study. Lancet
369, 750–756. doi: 10.1016/S0140-6736(07)60361-4

Liu, L., Blasco, M. A., Trimarchi, J. R., and Keefe, D. L. (2002). An Essential role
for functional telomeres in mouse germ cells during fertilization and early
development. Dev. Biol. 249, 74–84. doi: 10.1006/dbio.2002.0735

Liu, L., Trimarchi, J. R., Navarro, P., Blasco, M. A., and Keefe, D. L. (2003).
Oxidative stress contributes to arsenic-induced telomere attrition, chromosome
instability, and apoptosis. J. Biol. Chem. 278, 31998–32004.

Liu, M., Gao, J., Zhang, Y., Li, P., Wang, H., Ren, X., et al. (2015). Serum
levels of TSP-1, NF-kappaB and TGF-beta1 in polycystic ovarian syndrome
(PCOS) patients in northern China suggest PCOS is associated with chronic
inflammation. Clin. Endocrinol. 83, 913–922. doi: 10.1111/cen.12951

Loevner, L. A. (1996). Imaging of the thyroid gland. Semin. Ultrasound CT MRI 17,
539–562. doi: 10.1016/S0887-2171(96)90003-7

Logie, J. J., Ali, S., Marshall, K. M., Heck, M. M., Walker, B. R., and Hadoke, P. W.
(2010). Glucocorticoid-mediated inhibition of angiogenic changes in human
endothelial cells is not caused by reductions in cell proliferation or migration.
PLoS One 5:e14476. doi: 10.1371/journal.pone.0014476

López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013).
The hallmarks of aging. Cell 153, 1194–1217. doi: 10.1016/j.cell.2013.05.039

Lorens, S. A., Hata, N., Handa, R. J., Van de Kar, L. D., Guschwan, M., Goral,
J., et al. (1990). Neurochemical, endocrine and immunological responses to
stress in young and old Fischer 344 male rats. Neurobiol. Aging 11, 139–150.
doi: 10.1016/0197-4580(90)90047-4

Loreti, N., Ambao, V., Juliato, C. T., Machado, C., Bahamondes, L., and
Campo, S. (2009). Carbohydrate complexity and proportion of serum FSH
isoforms reflect pituitary–ovarian activity in perimenopausal women and depot
medroxyprogesterone acetate users. Clin. Endocrinol. 71, 558–565. doi: 10.1111/
j.1365-2265.2009.03559.x

Lou, J., Triponez, F., Oberholzer, J., Wang, H., Yu, D., Buhler, L., et al. (1999).
Expression of alpha-1 proteinase inhibitor in human islet microvascular
endothelial cells. Diabetes 48, 1773–1778. doi: 10.2337/diabetes.48.9.1773

Lupiáñz, D. G., Real, F. M., Dadhich, R. K., Carmona, F. D., Burgos, M.,
Barrionuevo, F. J., et al. (2012). Pattern and density of vascularization in
mammalian testes, ovaries, and ovotestes. J. Exp. Zool. B Mol. Dev. Evol. 318,
170–181. doi: 10.1002/jez.b.22000

Lysiak, J. J., Kirby, J. L., Tremblay, J. J., Woodson, R. I., Reardon, M. A., Palmer,
L. A., et al. (2009). Hypoxia-inducible factor-1alpha is constitutively expressed
in murine Leydig cells and regulates 3beta-hydroxysteroid dehydrogenase type
1 promoter activity. J. Androl. 30, 146–156. doi: 10.2164/jandrol.108.006155

Lysiak, J. J., Nguyen, Q. A., and Turner, T. T. (2000). Fluctuations in rat testicular
interstitial oxygen tensions are linked to testicular vasomotion: persistence after
repair of torsion. Biol. Reprod. 63, 1383–1389. doi: 10.1095/biolreprod63.5.1383

Maddocks, S., and Setchell, B. P. (1988). The physiology of the endocrine testis.
Oxf. Rev. Reprod. Biol. 10, 53–123.

Maedler, K., Schumann, D. M., Schulthess, F., Oberholzer, J., Bosco, D., Berney, T.,
et al. (2006). Aging correlates with decreased β-Cell proliferative capacity and
enhanced sensitivity to apoptosis. Diabetes 55, 2455–2462. doi: 10.2337/db05-
1586

Maghnie, M., Altobelli, M., Di Iorgi, N., Genovese, E., Meloni, G., Manca-Bitti,
M. L., et al. (2004). Idiopathic central diabetes insipidus is associated with
abnormal blood supply to the posterior pituitary gland caused by vascular
impairment of the inferior hypophyseal artery system. J. Clin. Endocrinol.
Metab. 89, 1891–1896. doi: 10.1210/jc.2003-031608

Mariana, Di, P., Natalia, P., Fernanda, P., and Dalhia, A. (2018). Ovarian
angiogenesis in polycystic ovary syndrome. Reproduction 155, R199–R209. doi:
10.1530/REP-17-0597

Marie, S., David, J. H., Chrystel, L., and Patrice, M. (2011). Endocrine cells and
blood vessels work in tandem to generate hormone pulses. J. Mol. Endocrinol.
47, R59–R66. doi: 10.1530/JME-11-0035

Marin, R., Escrig, A., Abreu, P., and Mas, M. (1999). Androgen-dependent nitric
oxide release in rat penis correlates with levels of constitutive nitric oxide
synthase isoenzymes. Biol. Reprod. 61, 1012–1016. doi: 10.1095/biolreprod61.
4.1012

Frontiers in Physiology | www.frontiersin.org 22 March 2021 | Volume 12 | Article 624928

https://doi.org/10.1073/pnas.0803194105
https://doi.org/10.1038/s41467-018-06996-3
https://doi.org/10.1038/s41467-018-06996-3
https://doi.org/10.1038/nature12612
https://doi.org/10.1038/nature13145
https://doi.org/10.1038/nature17638
https://doi.org/10.1210/jcem.82.8.4160
https://doi.org/10.1016/s0960-9822(03)00378-6
https://doi.org/10.1210/jc.2007-0281
https://doi.org/10.1007/s00125-012-2476-6
https://doi.org/10.1038/nrendo.2016.193
https://doi.org/10.1038/nrendo.2016.193
https://doi.org/10.1038/35091000
https://doi.org/10.1016/j.cell.2007.05.047
https://doi.org/10.1016/j.freeradbiomed.2009.09.004
https://doi.org/10.1677/joe.0.1740147
https://doi.org/10.1161/01.RES.0000103633.57225.BC
https://doi.org/10.2353/ajpath.2009.090096
https://doi.org/10.2353/ajpath.2009.090096
https://doi.org/10.1038/aja.2012.95
https://doi.org/10.1007/s11427-012-4352-5
https://doi.org/10.1007/s11427-012-4352-5
https://doi.org/10.18632/oncotarget.8165
https://doi.org/10.18632/oncotarget.8165
https://doi.org/10.1002/iub.1059
https://doi.org/10.1016/S0140-6736(07)60361-4
https://doi.org/10.1006/dbio.2002.0735
https://doi.org/10.1111/cen.12951
https://doi.org/10.1016/S0887-2171(96)90003-7
https://doi.org/10.1371/journal.pone.0014476
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/0197-4580(90)90047-4
https://doi.org/10.1111/j.1365-2265.2009.03559.x
https://doi.org/10.1111/j.1365-2265.2009.03559.x
https://doi.org/10.2337/diabetes.48.9.1773
https://doi.org/10.1002/jez.b.22000
https://doi.org/10.2164/jandrol.108.006155
https://doi.org/10.1095/biolreprod63.5.1383
https://doi.org/10.2337/db05-1586
https://doi.org/10.2337/db05-1586
https://doi.org/10.1210/jc.2003-031608
https://doi.org/10.1530/REP-17-0597
https://doi.org/10.1530/REP-17-0597
https://doi.org/10.1530/JME-11-0035
https://doi.org/10.1095/biolreprod61.4.1012
https://doi.org/10.1095/biolreprod61.4.1012
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-624928 March 9, 2021 Time: 11:8 # 23

Stucker et al. Endocrine System Vasculature in Aging and Disease

Mariotti, S., Barbesino, G., Caturegli, P., Bartalena, L., Sansoni, P., Fagnoni, F., et al.
(1993). Complex alteration of thyroid function in healthy centenarians. J. Clin.
Endocrinol. Metab. 77, 1130–1134. doi: 10.1210/jcem.77.5.8077303

Mariotti, S., Franceschi, C., Cossarizza, A., and Pinchera, A. (1995). The aging
thyroid. Endocr. Rev. 16, 686–715. doi: 10.1210/edrv-16-6-686

Matsumoto, A. M., and Bremner, W. J. (1987). 4Endocrinology of the
hypothalamic-pituitary-testicular axis with particular reference to the
hormonal control of spermatogenesis. Baillière’s Clin. Endocrinol. Metab. 1,
71–87. doi: 10.1016/S0950-351X(87)80053-8

Mattsson, G., Danielsson, A., Kriz, V., Carlsson, P. O., and Jansson, L. (2006).
Endothelial cells in endogenous and transplanted pancreatic islets: differences
in the expression of angiogenic peptides and receptors. Pancreatology 6, 86–95.
doi: 10.1159/000090027

Maurer, A. J., Lissounov, A., Knezevic, I., Candido, K. D., and Knezevic, N. N.
(2016). Pain and sex hormones: a review of current understanding. Pain Manag.
6, 285–296. doi: 10.2217/pmt-2015-0002

McFee, R. M., Artac, R. A., McFee, R. M., Clopton, D. T., Smith, R. A. L., Rozell,
T. G., et al. (2009). Inhibition of vascular endothelial growth factor receptor
signal transduction blocks follicle progression but does not necessarily disrupt
vascular development in perinatal rat ovaries1. Biol. Reprod. 81, 966–977. doi:
10.1095/biolreprod.109.078071

McNicol, A. M., and Duffy, A. E. (1987). A study of cell migration in the adrenal
cortex of the rat using bromodeoxyuridine. Cell Tissue Kinet. 20, 519–526.
doi: 10.1111/j.1365-2184.1987.tb01361.x

Medici, M., Direk, N., Visser, W. E., Korevaar, T. I., Hofman, A., Visser, T. J., et al.
(2014). Thyroid function within the normal range and the risk of depression:
a population-based cohort study. J. Clin. Endocrinol. Metab. 99, 1213–1219.
doi: 10.1210/jc.2013-3589

Méndez-Ferrer, S., Michurina, T. V., Ferraro, F., Mazloom, A. R., Macarthur, B. D.,
Lira, S. A., et al. (2010). Mesenchymal and haematopoietic stem cells form a
unique bone marrow niche. Nature 466, 829–834. doi: 10.1038/nature09262

Michael, C. V., and Ramkumar, M. (2016). Positive and negative effects of cellular
senescence during female reproductive aging and pregnancy. J. Endocrinol. 230,
R59–R76. doi: 10.1530/JOE-16-0018

Miller, W. L., and Auchus, R. J. (2011). The molecular biology, biochemistry, and
physiology of human steroidogenesis and its disorders. Endocr. Rev. 32, 81–151.
doi: 10.1210/er.2010-0013

Minamino, T., Orimo, M., Shimizu, I., Kunieda, T., Yokoyama, M., Ito, T., et al.
(2009). A crucial role for adipose tissue p53 in the regulation of insulin
resistance. Nat. Med. 15, 1082–1087. doi: 10.1038/nm.2014

Mitani, F., Mukai, K., Miyamoto, H., Suematsu, M., and Ishimura, Y. (2003). The
undifferentiated cell zone is a stem cell zone in adult rat adrenal cortex. Biochim.
Biophys. Acta 1619, 317–324. doi: 10.1016/s0304-4165(02)00490-7

Miyata, S. (2017). Advances in understanding of structural reorganization in the
hypothalamic neurosecretory system. Front. Endocrinol. 8:275. doi: 10.3389/
fendo.2017.00275

Mizrachi, Y., Naranjo, J. R., Levi, B. Z., Pollard, H. B., and Lelkes, P. I. (1990).
PC12 cells differentiate into chromaffin cell-like phenotype in coculture with
adrenal medullary endothelial cells. Proc. Natl. Acad. Sci. U.S.A. 87, 6161–6165.
doi: 10.1073/pnas.87.16.6161

Morita, S., Oohira, A., and Miyata, S. (2010). Activity-dependent remodeling of
chondroitin sulfate proteoglycans extracellular matrix in the hypothalamo-
neurohypophysial system. Neuroscience 166, 1068–1082. doi: 10.1016/j.
neuroscience.2010.01.041

Morrison, S. J., and Scadden, D. T. (2014). The bone marrow niche for
haematopoietic stem cells. Nature 505, 327–334. doi: 10.1038/nature12984

Mosialou, I., Shikhel, S., Liu, J. M., Maurizi, A., Luo, N., He, Z., et al. (2017).
MC4R-dependent suppression of appetite by bone-derived lipocalin 2. Nature
543, 385–390. doi: 10.1038/nature21697

Murakami, T., Fujita, T., Miyake, T., Ohtsuka, A., Taguchi, T., and Kikuta, A.
(1993). The insulo-acinar portal and insulo-venous drainage systems in the
pancreas of the mouse, dog, monkey and certain other animals: a scanning
electron microscopic study of corrosion casts. Arch. Histol. Cytol. 56, 127–147.
doi: 10.1679/aohc.56.127

Murakami, T., Fujita, T., Taguchi, T., Nonaka, Y., and Orita, K. (1992). The blood
vascular bed of the human pancreas, with special reference to the insulo-acinar
portal system. Scanning electron microscopy of corrosion casts. Arch. Histol.
Cytol. 55, 381–395. doi: 10.1679/aohc.55.381

Murakami, T., Oukouchi, H., Uno, Y., Ohtsuka, A., and Taguchi, T. (1989). Blood
vascular beds of rat adrenal and accessory adrenal glands, with special reference
to the corticomedullary portal system: a further scanning electron microscopic
study of corrosion casts and tissue specimens. Arch. Histol. Cytol. 52, 461–476.
doi: 10.1679/aohc.52.461

Nakamura, B. N., Lawson, G., Chan, J. Y., Banuelos, J., Cortés, M. M., Hoang,
Y. D., et al. (2010). Knockout of the transcription factor NRF2 disrupts
spermatogenesis in an age-dependent manner. Free Radic. Biol. Med. 49, 1368–
1379. doi: 10.1016/j.freeradbiomed.2010.07.019

Nessi, A. C., De Hoz, G., Tanoira, C., Guaraglia, E., and Consens, G. (1995).
Pituitary physiological and ultrastructural changes during aging. Endocrine 3,
711–716. doi: 10.1007/BF03000202

Ng, E. H. Y., Chan, C. C. W., Yeung, W. S. B., and Ho, P. C. (2004). Effect of age
on ovarian stromal flow measured by three-dimensional ultrasound with power
Doppler in Chinese women with proven fertility. Hum. Reprod. 19, 2132–2137.
doi: 10.1093/humrep/deh387

Nikolova, G., Jabs, N., Konstantinova, I., Domogatskaya, A., Tryggvason, K.,
Sorokin, L., et al. (2006). The vascular basement membrane: a niche for insulin
gene expression and β Cell proliferation. Dev. Cell 10, 397–405. doi: 10.1016/j.
devcel.2006.01.015

Nilsson, E. E., Detzel, C., and Skinner, M. K. (2006). Platelet-derived growth
factor modulates the primordial to primary follicle transition. Reproduction 131,
1007–1015. doi: 10.1530/rep.1.00978

Nishikawa, K., Furube, E., Morita, S., Horii-Hayashi, N., Nishi, M., and Miyata, S.
(2017). Structural reconstruction of the perivascular space in the adult mouse
neurohypophysis during an osmotic stimulation. J. Neuroendocrinol. 29. doi:
10.1111/jne.12456

Nolan, D. J., Ginsberg, M., Israely, E., Palikuqi, B., Poulos, M. G., James, D., et al.
(2013). Molecular signatures of tissue-specific microvascular endothelial cell
heterogeneity in organ maintenance and regeneration. Dev. Cell 26, 204–219.
doi: 10.1016/j.devcel.2013.06.017

Oatley, J. M., Oatley, M. J., Avarbock, M. R., Tobias, J. W., and Brinster, R. L. (2009).
Colony stimulating factor 1 is an extrinsic stimulator of mouse spermatogonial
stem cell self-renewal. Development 136, 1191–1199. doi: 10.1242/dev.032243

Oatley, M. J., Racicot, K. E., and Oatley, J. M. (2011). Sertoli cells dictate
spermatogonial stem cell niches in the mouse testis1. Biol. Reprod. 84, 639–645.
doi: 10.1095/biolreprod.110.087320

Ogawa, T., Ohmura, M., and Ohbo, K. (2005). The niche for spermatogonial stem
cells in the mammalian testis. Int. J. Hematol. 82, 381–388. doi: 10.1532/ijh97.
05088

Olerud, J., Johansson, Å, and Carlsson, P.-O. (2009). Vascular niche of
pancreatic islets. Exp. Rev. Endocrinol. Metab. 4, 481–491. doi: 10.1586/eem.
09.25

Olerud, J., Johansson, M., Lawler, J., Welsh, N., and Carlsson, P.-O. (2008).
Improved vascular engraftment and graft function after inhibition of the
angiostatic factor thrombospondin-1 in mouse pancreatic islets. Diabetes 57,
1870–1877. doi: 10.2337/db07-0724

Olerud, J., Mokhtari, D., Johansson, M., Christoffersson, G., Lawler, J., Welsh, N.,
et al. (2011). Thrombospondin-1: an islet endothelial cell signal of importance
for β-cell function. Diabetes 60, 1946–1954. doi: 10.2337/db10-0277

Olsson, R., and Carlsson, P.-O. (2011). A low-oxygenated subpopulation of
pancreatic islets constitutes a functional reserve of endocrine cells. Diabetes 60,
2068–2075. doi: 10.2337/db09-0877

Ooka, H., and Shinkai, T. (1986). Effects of chronic hyperthyroidism on the lifespan
of the rat. Mech. Ageing Dev. 33, 275–282. doi: 10.1016/0047-6374(86)90052-7

Orentreich, N., Brind, J. L., Rizer, R. L., and Vogelman, J. H. (1984). Age changes
and sex differences in serum dehydroepiandrosterone sulfate concentrations
throughout adulthood. J. Clin. Endocrinol. Metab. 59, 551–555. doi: 10.1210/
jcem-59-3-551

Ortiga-Carvalho, T. M., Chiamolera, M. I., Pazos-Moura, C. C., and Wondisford,
F. E. (2016). Hypothalamus-pituitary-thyroid axis. Compr. Physiol. 6, 1387–
1428. doi: 10.1002/cphy.c150027

Oury, F., Ferron, M., Huizhen, W., Confavreux, C., Xu, L., Lacombe, J.,
et al. (2013a). Osteocalcin regulates murine and human fertility through
a pancreas-bone-testis axis. J. Clin. Invest. 123, 2421–2433. doi: 10.1172/jci
65952

Oury, F., Khrimian, L., Denny, C. A., Gardin, A., Chamouni, A., Goeden,
N., et al. (2013b). Maternal and offspring pools of osteocalcin influence

Frontiers in Physiology | www.frontiersin.org 23 March 2021 | Volume 12 | Article 624928

https://doi.org/10.1210/jcem.77.5.8077303
https://doi.org/10.1210/edrv-16-6-686
https://doi.org/10.1016/S0950-351X(87)80053-8
https://doi.org/10.1159/000090027
https://doi.org/10.2217/pmt-2015-0002
https://doi.org/10.1095/biolreprod.109.078071
https://doi.org/10.1095/biolreprod.109.078071
https://doi.org/10.1111/j.1365-2184.1987.tb01361.x
https://doi.org/10.1210/jc.2013-3589
https://doi.org/10.1038/nature09262
https://doi.org/10.1530/JOE-16-0018
https://doi.org/10.1210/er.2010-0013
https://doi.org/10.1038/nm.2014
https://doi.org/10.1016/s0304-4165(02)00490-7
https://doi.org/10.3389/fendo.2017.00275
https://doi.org/10.3389/fendo.2017.00275
https://doi.org/10.1073/pnas.87.16.6161
https://doi.org/10.1016/j.neuroscience.2010.01.041
https://doi.org/10.1016/j.neuroscience.2010.01.041
https://doi.org/10.1038/nature12984
https://doi.org/10.1038/nature21697
https://doi.org/10.1679/aohc.56.127
https://doi.org/10.1679/aohc.55.381
https://doi.org/10.1679/aohc.52.461
https://doi.org/10.1016/j.freeradbiomed.2010.07.019
https://doi.org/10.1007/BF03000202
https://doi.org/10.1093/humrep/deh387
https://doi.org/10.1016/j.devcel.2006.01.015
https://doi.org/10.1016/j.devcel.2006.01.015
https://doi.org/10.1530/rep.1.00978
https://doi.org/10.1111/jne.12456
https://doi.org/10.1111/jne.12456
https://doi.org/10.1016/j.devcel.2013.06.017
https://doi.org/10.1242/dev.032243
https://doi.org/10.1095/biolreprod.110.087320
https://doi.org/10.1532/ijh97.05088
https://doi.org/10.1532/ijh97.05088
https://doi.org/10.1586/eem.09.25
https://doi.org/10.1586/eem.09.25
https://doi.org/10.2337/db07-0724
https://doi.org/10.2337/db10-0277
https://doi.org/10.2337/db09-0877
https://doi.org/10.1016/0047-6374(86)90052-7
https://doi.org/10.1210/jcem-59-3-551
https://doi.org/10.1210/jcem-59-3-551
https://doi.org/10.1002/cphy.c150027
https://doi.org/10.1172/jci65952
https://doi.org/10.1172/jci65952
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-624928 March 9, 2021 Time: 11:8 # 24

Stucker et al. Endocrine System Vasculature in Aging and Disease

brain development and functions. Cell 155, 228–241. doi: 10.1016/j.cell.2013.
08.042

Oury, F., Sumara, G., Sumara, O., Ferron, M., Chang, H., Smith, C. E., et al.
(2011). Endocrine regulation of male fertility by the skeleton. Cell 144, 796–809.
doi: 10.1016/j.cell.2011.02.004

Ozgur, Z., Celik, S., Govsa, F., and Ozgur, T. (2011). Anatomical and surgical
aspects of the lobes of the thyroid glands. Eur. Arch. Oto Rhino Laryngol. 268,
1357–1363. doi: 10.1007/s00405-011-1502-5

Page, R. B. (1982). Pituitary blood flow. Am. J. Physiol. Endocrinol. Metab. 243,
E427–E442. doi: 10.1152/ajpendo.1982.243.6.E427

Park, S. A., Jeong, S., Choe, Y. H., and Hyun, Y.-M. (2018). Sensing of vascular
permeability in inflamed vessel of live animal. J. Anal. Methods Chem.
2018:5797152. doi: 10.1155/2018/5797152

Pellestor, F., Andréo, B., Arnal, F., Humeau, C., and Demaille, J. (2003).
Maternal aging and chromosomal abnormalities: new data drawn from in vitro
unfertilized human oocytes. Hum. Genet. 112, 195–203. doi: 10.1007/s00439-
002-0852-x

Petrie, J. R., Guzik, T. J., and Touyz, R. M. (2018). Diabetes, hypertension,
and cardiovascular disease: clinical insights and vascular mechanisms. Can. J.
Cardiol. 34, 575–584. doi: 10.1016/j.cjca.2017.12.005

Petropoulou, P.-I., Mosialou, I., Shikhel, S., Hao, L., Panitsas, K., Bisikirska, B.,
et al. (2020). Lipocalin-2 is an anorexigenic signal in primates. eLife 9:e58949.
doi: 10.7554/eLife.58949

Pinkas, H., Fisch, B., Rozansky, G., Felz, C., Kessler-Icekson, G., Krissi, H., et al.
(2008). Platelet-derived growth factors (PDGF-A and -B) and their receptors in
human fetal and adult ovaries. Mol. Hum. Reprod. 14, 199–206. doi: 10.1093/
molehr/gan011

Policeni, B. A., Smoker, W. R. K., and Reede, D. L. (2012). Anatomy and
embryology of the thyroid and parathyroid glands. Semin. Ultrasound CT MRI
33, 104–114. doi: 10.1053/j.sult.2011.12.005

Portik-Dobos, V., Anstadt, M. P., Hutchinson, J., Bannan, M., and Ergul, A. (2002).
Evidence for a matrix metalloproteinase induction/activation system in arterial
vasculature and decreased synthesis and activity in diabetes. Diabetes 51:3063.
doi: 10.2337/diabetes.51.10.3063

Poulos, M. G., Ramalingam, P., Gutkin, M. C., Llanos, P., Gilleran, K., Rabbany,
S. Y., et al. (2017). Endothelial transplantation rejuvenates aged hematopoietic
stem cell function. J. Clin. Invest. 127, 4163–4178. doi: 10.1172/jci93940

Powell, J. D., Elshtein, R., Forest, D. J., and Palladino, M. A. (2002). Stimulation
of hypoxia-inducible factor-1 alpha (HIF-1alpha) protein in the adult rat testis
following ischemic injury occurs without an increase in HIF-1alpha messenger
RNA expression. Biol. Reprod. 67, 995–1002. doi: 10.1095/biolreprod.101.
002576

Ramsey, K. M., Mills, K. F., Satoh, A., and Imai, S. (2008). Age-associated loss
of Sirt1-mediated enhancement of glucose-stimulated insulin secretion in beta
cell-specific Sirt1-overexpressing (BESTO) mice. Aging Cell 7, 78–88. doi: 10.
1111/j.1474-9726.2007.00355.x

Rashidi, A., Kirkwood, T. B. L., and Shanley, D. P. (2009). Metabolic
evolution suggests an explanation for the weakness of antioxidant defences
in beta-cells. Mech. Age. Dev. 130, 216–221. doi: 10.1016/j.mad.2008.
12.007

Rizzoti, K., Akiyama, H., and Lovell-Badge, R. (2013). Mobilized adult
pituitary stem cells contribute to endocrine regeneration in response to
physiological demand. Cell Stem Cell 13, 419–432. doi: 10.1016/j.stem.2013.
07.006

Robinson, R. S., Woad, K. J., Hammond, A. J., Laird, M., Hunter, M. G., and Mann,
G. E. (2009). Angiogenesis and vascular function in the ovary. Reproduction
138, 869–881. doi: 10.1530/rep-09-0283

Rodondi, N., den Elzen, W. P. J., Bauer, D. C., Cappola, A. R., Razvi, S., Walsh, J. P.,
et al. (2010). Subclinical hypothyroidism and the risk of coronary heart disease
and mortality. JAMA 304, 1365–1374. doi: 10.1001/jama.2010.1361

Rodrigues Siqueira, I., Fochesatto, C., da Silva, Torres, I. L., Dalmaz, C., and
Alexandre Netto, C. (2005). Aging affects oxidative state in hippocampus,
hypothalamus and adrenal glands of Wistar rats. Life Sci. 78, 271–278. doi:
10.1016/j.lfs.2005.04.044

Rodriguez-Diaz, R., Abdulreda, Midhat, H., Formoso, Alexander, L., Gans,
I., et al. (2011). Innervation patterns of autonomic axons in the human
endocrine pancreas. Cell Metab. 14, 45–54. doi: 10.1016/j.cmet.2011.
05.008

Roelfsema, F., Pijl, H., Keenan, D. M., and Veldhuis, J. D. (2012). Prolactin
secretion in healthy adults is determined by gender, age and body mass index.
PLoS One 7:e31305. doi: 10.1371/journal.pone.0031305

Romeo, S. G., Alawi, K. M., Rodrigues, J., Singh, A., Kusumbe, A. P., and
Ramasamy, S. K. (2019). Endothelial proteolytic activity and interaction with
non-resorbing osteoclasts mediate bone elongation. Nat. Cell Biol. 21, 430–441.
doi: 10.1038/s41556-019-0304-7

Romero Maritza, J., Platt Daniel, H., Tawfik Huda, E., Labazi, M., El-Remessy Azza,
B., Bartoli, M., et al. (2008). Diabetes-induced coronary vascular dysfunction
involves increased arginase activity. Circ. Res. 102, 95–102. doi: 10.1161/
CIRCRESAHA.107.155028

Roscioni, S. S., Migliorini, A., Gegg, M., and Lickert, H. (2016). Impact of
islet architecture on β-cell heterogeneity, plasticity and function. Nat. Rev.
Endocrinol. 12, 695–709. doi: 10.1038/nrendo.2016.147

Roser, J. F. (2008). Regulation of testicular function in the stallion: an intricate
network of endocrine, paracrine and autocrine systems. Anim. Reprod. Sci. 107,
179–196. doi: 10.1016/j.anireprosci.2008.05.004

Rosolowsky, L. J., and Campbell, W. B. (1994). Endothelial cells stimulate
aldosterone release from bovine adrenal zona glomerulosa cells. Am.
J. Physiol. 266(1 Pt 1), E107–E117. doi: 10.1152/ajpendo.1994.266.1.
E107

Rosolowsky, L. J., Hanke, C. J., and Campbell, W. B. (1999). Adrenal capillary
endothelial cells stimulate aldosterone release through a protein that is distinct
from endothelin. Endocrinology 140, 4411–4418. doi: 10.1210/endo.140.10.
7060

Rozing, M. P., Houwing-Duistermaat, J. J., Slagboom, P. E., Beekman, M., Frölich,
M., de Craen, A. J. M., et al. (2010). Familial longevity is associated with
decreased thyroid function. J. Clin. Endocrinol. Metab. 95, 4979–4984. doi:
10.1210/jc.2010-0875

Rumney, R. M. H., Lanham, S. A., Kanczler, J. M., Kao, A. P., Thiagarajan, L.,
Dixon, J. E., et al. (2019). In vivo delivery of VEGF RNA and protein to increase
osteogenesis and intraosseous angiogenesis. Sci. Rep. 9:17745. doi: 10.1038/
s41598-019-53249-4

Russell, L. D., Ettlin, R. A., Hikim, A. P. S., and Clegg, E. D. (1993). Histological
and histopathological evaluation of the testis. Int. J. Androl. 16, 83–83. doi:
10.1111/j.1365-2605.1993.tb01156.x

Sader, M. A., Griffiths, K. A., Skilton, M. R., Wishart, S. M., Handelsman, D. J., and
Celermajer, D. S. (2003). Physiological testosterone replacement and arterial
endothelial function in men. Clin. Endocrinol. 59, 62–67. doi: 10.1046/j.1365-
2265.2003.01796.x

Sapolsky, R. M., Krey, L. C., and McEwen, B. S. (1983). The adrenocortical
stress-response in the aged male rat: impairment of recovery from stress. Exp.
Gerontol. 18, 55–64. doi: 10.1016/0531-5565(83)90051-7

Schwafertz, C., Schinner, S., Kühn, M. C., Haase, M., Asmus, A., Mülders-
Opgenoorth, B., et al. (2017). Endothelial cells regulate β-catenin activity in
adrenocortical cells via secretion of basic fibroblast growth factor. Mol. Cell
Endocrinol. 441, 108–115. doi: 10.1016/j.mce.2016.11.015

Scotti, L., Parborell, F., Irusta, G., De Zuñiga, I., Bisioli, C., Pettorossi, H., et al.
(2014). Platelet-derived growth factor BB and DD and angiopoietin1 are altered
in follicular fluid from polycystic ovary syndrome patients. Mol. Reprod. Dev.
81, 748–756. doi: 10.1002/mrd.22343

Segar, T. M., Kasckow, J. W., Welge, J. A., and Herman, J. P. (2009). Heterogeneity
of neuroendocrine stress responses in aging rat strains. Physiol. Behav. 96, 6–11.
doi: 10.1016/j.physbeh.2008.07.024

Seifer, D. B., DeJesus, V., and Hubbard, K. (2002). Mitochondrial deletions in
luteinized granulosa cells as a function of age in women undergoing in vitro
fertilization. Fertil. Steril. 78, 1046–1048. doi: 10.1016/s0015-0282(02)04214-0

Sharpe, R. M. (1983). Local control of testicular function. Q. J. Exp. Physiol. 68,
265–287. doi: 10.1113/expphysiol.1983.sp002723

Shkolnik, K., Tadmor, A., Ben-Dor, S., Nevo, N., Galiani, D., and Dekel, N. (2011).
Reactive oxygen species are indispensable in ovulation. Proc. Natl. Acad. Sci.
U.S.A. 108:1462. doi: 10.1073/pnas.1017213108

Singh, A., Veeriah, V., Xi, P., Labella, R., Chen, J., Romeo, S. G., et al.
(2019). Angiocrine signals regulate quiescence and therapy resistance in bone
metastasis. JCI Insight 4:e125679. doi: 10.1172/jci.insight.125679

Sivan, U., De Angelis, J., and Kusumbe, A. P. (2019). Role of angiocrine signals in
bone development, homeostasis and disease. Open Biol. 9, 190144. doi: 10.1098/
rsob.190144

Frontiers in Physiology | www.frontiersin.org 24 March 2021 | Volume 12 | Article 624928

https://doi.org/10.1016/j.cell.2013.08.042
https://doi.org/10.1016/j.cell.2013.08.042
https://doi.org/10.1016/j.cell.2011.02.004
https://doi.org/10.1007/s00405-011-1502-5
https://doi.org/10.1152/ajpendo.1982.243.6.E427
https://doi.org/10.1155/2018/5797152
https://doi.org/10.1007/s00439-002-0852-x
https://doi.org/10.1007/s00439-002-0852-x
https://doi.org/10.1016/j.cjca.2017.12.005
https://doi.org/10.7554/eLife.58949
https://doi.org/10.1093/molehr/gan011
https://doi.org/10.1093/molehr/gan011
https://doi.org/10.1053/j.sult.2011.12.005
https://doi.org/10.2337/diabetes.51.10.3063
https://doi.org/10.1172/jci93940
https://doi.org/10.1095/biolreprod.101.002576
https://doi.org/10.1095/biolreprod.101.002576
https://doi.org/10.1111/j.1474-9726.2007.00355.x
https://doi.org/10.1111/j.1474-9726.2007.00355.x
https://doi.org/10.1016/j.mad.2008.12.007
https://doi.org/10.1016/j.mad.2008.12.007
https://doi.org/10.1016/j.stem.2013.07.006
https://doi.org/10.1016/j.stem.2013.07.006
https://doi.org/10.1530/rep-09-0283
https://doi.org/10.1001/jama.2010.1361
https://doi.org/10.1016/j.lfs.2005.04.044
https://doi.org/10.1016/j.lfs.2005.04.044
https://doi.org/10.1016/j.cmet.2011.05.008
https://doi.org/10.1016/j.cmet.2011.05.008
https://doi.org/10.1371/journal.pone.0031305
https://doi.org/10.1038/s41556-019-0304-7
https://doi.org/10.1161/CIRCRESAHA.107.155028
https://doi.org/10.1161/CIRCRESAHA.107.155028
https://doi.org/10.1038/nrendo.2016.147
https://doi.org/10.1016/j.anireprosci.2008.05.004
https://doi.org/10.1152/ajpendo.1994.266.1.E107
https://doi.org/10.1152/ajpendo.1994.266.1.E107
https://doi.org/10.1210/endo.140.10.7060
https://doi.org/10.1210/endo.140.10.7060
https://doi.org/10.1210/jc.2010-0875
https://doi.org/10.1210/jc.2010-0875
https://doi.org/10.1038/s41598-019-53249-4
https://doi.org/10.1038/s41598-019-53249-4
https://doi.org/10.1111/j.1365-2605.1993.tb01156.x
https://doi.org/10.1111/j.1365-2605.1993.tb01156.x
https://doi.org/10.1046/j.1365-2265.2003.01796.x
https://doi.org/10.1046/j.1365-2265.2003.01796.x
https://doi.org/10.1016/0531-5565(83)90051-7
https://doi.org/10.1016/j.mce.2016.11.015
https://doi.org/10.1002/mrd.22343
https://doi.org/10.1016/j.physbeh.2008.07.024
https://doi.org/10.1016/s0015-0282(02)04214-0
https://doi.org/10.1113/expphysiol.1983.sp002723
https://doi.org/10.1073/pnas.1017213108
https://doi.org/10.1172/jci.insight.125679
https://doi.org/10.1098/rsob.190144
https://doi.org/10.1098/rsob.190144
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-624928 March 9, 2021 Time: 11:8 # 25

Stucker et al. Endocrine System Vasculature in Aging and Disease

Snyder, P. J. (2001). Effects of age on testicular function and consequences of
testosterone treatment1. J. Clin. Endocrinol. Metab. 86, 2369–2372. doi: 10.
1210/jcem.86.6.7602

Sowers, M. F. R., Eyvazzadeh, A. D., McConnell, D., Yosef, M., Jannausch, M. L.,
Zhang, D., et al. (2008). Anti-mullerian hormone and inhibin B in the definition
of ovarian aging and the menopause transition. J. Clin. Endocrinol. Metab. 93,
3478–3483. doi: 10.1210/jc.2008-0567

Staels, W., Heremans, Y., Heimberg, H., and De Leu, N. (2019). VEGF-A and
blood vessels: a beta cell perspective. Diabetologia 62, 1961–1968. doi: 10.1007/
s00125-019-4969-z

Stout, M. B., Tchkonia, T., Pirtskhalava, T., Palmer, A. K., List, E. O., Berryman,
D. E., et al. (2014). Growth hormone action predicts age-related white adipose
tissue dysfunction and senescent cell burden in mice. Aging 6, 575–586. doi:
10.18632/aging.100681

Stucker, S., Chen, J., Watt, F. E., and Kusumbe, A. P. (2020). Bone angiogenesis
and vascular niche remodeling in stress, aging, and diseases. Front. Cell Dev.
Biol. 8:602269. doi: 10.3389/fcell.2020.602269

Su, S. C., Mendoza, E. A., Kwak, H. I., and Bayless, K. J. (2008). Molecular profile
of endothelial invasion of three-dimensional collagen matrices: insights into
angiogenic sprout induction in wound healing. Am. J. Physiol. Cell Physiol. 295,
C1215–C1229. doi: 10.1152/ajpcell.00336.2008

Sugiyama, T., Kohara, H., Noda, M., and Nagasawa, T. (2006). Maintenance of the
hematopoietic stem cell pool by CXCL12-CXCR4 chemokine signaling in bone
marrow stromal cell niches. Immunity 25, 977–988. doi: 10.1016/j.immuni.
2006.10.016

Sun, L., Peng, Y., Sharrow, A. C., Iqbal, J., Zhang, Z., Papachristou, D. J., et al.
(2006). FSH directly regulates bone mass. Cell 125, 247–260. doi: 10.1016/j.cell.
2006.01.051

Sun, N., Wu, Y., Nanba, K., Sbiera, S., Kircher, S., Kunzke, T., et al. (2018).
High-resolution tissue mass spectrometry imaging reveals a refined functional
anatomy of the human adult adrenal gland. Endocrinology 159, 1511–1524.
doi: 10.1210/en.2018-00064

Tack, C. J., Schefman, A. E., Willems, J. L., Thien, T., Lutterman, J. A., and Smits, P.
(1996). Direct vasodilator effects of physiological hyperinsulin-aemia in human
skeletal muscle. Eur. J. Clin. Invest. 26, 772–778. doi: 10.1046/j.1365-2362.1996.
2020551.x

Tai, P., and Ascoli, M. (2011). Reactive Oxygen Species (ROS) play a critical role
in the cAMP-Induced activation of ras and the phosphorylation of ERK1/2 in
leydig cells. Mol. Endocrinol. 25, 885–893. doi: 10.1210/me.2010-0489

Takano, S., Akutsu, H., Hara, T., Yamamoto, T., and Matsumura, A. (2014).
Correlations of vascular architecture and angiogenesis with pituitary adenoma
histotype. Int. J. Endocrinol. 2014:989574. doi: 10.1155/2014/989574

Takizawa, T., and Hatakeyama, S. (1978). Age-associated changes in
microvasculature of human adult testis. Acta Pathol. Jpn. 28, 541–554.
doi: 10.1111/j.1440-1827.1978.tb00894.x

Tal, R., Seifer, D. B., Shohat-Tal, A., Grazi, R. V., and Malter, H. E. (2013).
Transforming growth factor-beta1 and its receptor soluble endoglin are altered
in polycystic ovary syndrome during controlled ovarian stimulation. Fertil.
Steril. 100, 538–543. doi: 10.1016/j.fertnstert.2013.04.022

Tamanini, C., and De Ambrogi, M. (2004). Angiogenesis in developing follicle and
corpus luteum. Reprod. Domest. Anim. 39, 206–216. doi: 10.1111/j.1439-0531.
2004.00505.x

Tando, Y., Fujiwara, K., Yashiro, T., and Kikuchi, M. (2013). Localization of
Notch signaling molecules and their effect on cellular proliferation in adult rat
pituitary. Cell Tissue Res. 351, 511–519. doi: 10.1007/s00441-012-1532-3

Tatone, C., Amicarelli, F., Carbone, M. C., Monteleone, P., Caserta, D., Marci, R.,
et al. (2008). Cellular and molecular aspects of ovarian follicle ageing. Hum.
Reprod. Update 14, 131–142. doi: 10.1093/humupd/dmm048

Tatone, C., Carbone, M. C., Falone, S., Aimola, P., Giardinelli, A., Caserta, D., et al.
(2006). Age-dependent changes in the expression of superoxide dismutases and
catalase are associated with ultrastructural modifications in human granulosa
cells. Mol. Hum. Reprod. 12, 655–660. doi: 10.1093/molehr/gal080

Tawfik, H. E., El-Remessy, A. B., Matragoon, S., Ma, G., Caldwell, R. B., and
Caldwell, R. W. (2006). Simvastatin improves diabetes-induced coronary
endothelial dysfunction. J. Pharmacol. Exp. Therap. 319, 386–395. doi: 10.1124/
jpet.106.106823

Tchkonia, T., Zhu, Y., van Deursen, J., Campisi, J., and Kirkland, J. L.
(2013). Cellular senescence and the senescent secretory phenotype:

therapeutic opportunities. J. Clin. Invest. 123, 966–972. doi: 10.1172/jci
64098

Tenover, J. S., McLachlan, R. I., Dahl, K. D., Burger, H. G., Kretser, D. M. D., and
Bremner, W. J. (1988). Decreased serum inhibin levels in normal elderly men:
evidence for a decline in sertoli cell function with aging. J. Clin. Endocrinol.
Metab. 67, 455–459. doi: 10.1210/jcem-67-3-455

Terwel, D., Markerink, M., and Jolles, J. (1992). Age-related changes in
concentrations of vasopressin in the central nervous system and plasma of the
male Wistar rat. Mech. Ageing Dev. 65, 127–136. doi: 10.1016/0047-6374(92)
90029-d

Thomas, F. H., Wilson, H., Silvestri, A., and Fraser, H. M. (2008).
Thrombospondin-1 expression is increased during follicular atresia in the
primate ovary. Endocrinology 149, 185–192. doi: 10.1210/en.2007-0835

Thomas, M., Kéramidas, M., Monchaux, E., and Feige, J.-J. (2003). Role of
adrenocorticotropic hormone in the development and maintenance of the
adrenal cortical vasculature. Microsc. Res. Techn. 61, 247–251. doi: 10.1002/
jemt.10333

Thomas, T., Nowka, K., Lan, L., and Derwahl, M. (2006). Expression of endoderm
stem cell markers: evidence for the presence of adult stem cells in human
thyroid glands. Thyroid 16, 537–544. doi: 10.1089/thy.2006.16.537

Tian, Y., Serino, R., and Verbalis, J. G. (2004). Downregulation of renal vasopressin
V2 receptor and aquaporin-2 expression parallels age-associated defects in
urine concentration. Am. J. Physiol. Renal Physiol. 287, F797–F805. doi: 10.
1152/ajprenal.00403.2003

Tounian, P., Aggoun, Y., Dubern, B., Varille, V., Guy-Grand, B., Sidi, D., et al.
(2001). Presence of increased stiffness of the common carotid artery and
endothelial dysfunction in severely obese children: a prospective study. Lancet
358, 1400–1404. doi: 10.1016/s0140-6736(01)06525-4

Traub, M. L., and Santoro, N. (2010). Reproductive aging and its consequences for
general health. Ann. N. Y. Acad. Sci. 1204, 179–187. doi: 10.1111/j.1749-6632.
2010.05521.x

Tschoepe, D., Driesch, E., Schwippert, B., Nieuwenhuis, H. K., and Gries, F. A.
(1995). Exposure of adhesion molecules on activated platelets in patients with
newly diagnosed IDDM is not normalized by near-normoglycemia. Diabetes 44,
890–894. doi: 10.2337/diab.44.8.890

Tschoepe, D., Roesen, P., Kaufmann, L., Schauseil, S., Kehrel, B., Ostermann,
H., et al. (1990). Evidence for abnormal platelet glycoprotein expression in
diabetes mellitus. Eur. J. Clin. Invest. 20, 166–170. doi: 10.1111/j.1365-2362.
1990.tb02264.x

Turner, H. E., Nagy, Z., Gatter, K. C., Esiri, M. M., Harris, A. L., and Wass, J. A. H.
(2000). Angiogenesis in pituitary adenomas and the normal pituitary gland.
J. Clin. Endocrinol. Metab. 85, 1159–1162. doi: 10.1210/jcem.85.3.6485

Ullsten, S., Lau, J., and Carlsson, P.-O. (2015). Vascular heterogeneity between
native rat pancreatic islets is responsible for differences in survival and
revascularisation post transplantation. Diabetologia 58, 132–139. doi: 10.1007/
s00125-014-3385-7

Urakawa, I., Yamazaki, Y., Shimada, T., Iijima, K., Hasegawa, H., Okawa, K., et al.
(2006). Klotho converts canonical FGF receptor into a specific receptor for
FGF23. Nature 444, 770–774. doi: 10.1038/nature05315

Van Blerkom, J., Antczak, M., and Schrader, R. (1997). The developmental potential
of the human oocyte is related to the dissolved oxygen content of follicular fluid:
association with vascular endothelial growth factor levels and perifollicular
blood flow characteristics. Hum. Reprod. 12, 1047–1055. doi: 10.1093/humrep/
12.5.1047

van den Beld, A. W., Kaufman, J.-M., Zillikens, M. C., Lamberts, S. W. J., Egan,
J. M., and van der Lely, A. J. (2018). The physiology of endocrine systems with
ageing. Lancet Diabetes Endocrinol. 6, 647–658. doi: 10.1016/S2213-8587(18)
30026-3

Veldhuis, J. D. (2013). Changes in pituitary function with ageing and implications
for patient care. Nat. Rev. Endocrinol. 9, 205–215. doi: 10.1038/nrendo.2013.38

Veldhuis, J. D., Roelfsema, F., Keenan, D. M., and Pincus, S. (2011). Gender, age,
body mass index, and IGF-I individually and jointly determine distinct GH
dynamics: analyses in one hundred healthy adults. J. Clin. Endocrinol. Metab.
96, 115–121. doi: 10.1210/jc.2010-1669

Veldhuis, J. D., Urban, R. J., Lizarralde, G., Johnson, M. L., and Iranmanesh,
A. (1992). Attenuation of luteinizing hormone secretory burst amplitude as
a proximate basis for the hypoandrogenism of healthy aging in men. J. Clin.
Endocrinol. Metab. 75, 707–713. doi: 10.1210/jcem.75.3.1517359

Frontiers in Physiology | www.frontiersin.org 25 March 2021 | Volume 12 | Article 624928

https://doi.org/10.1210/jcem.86.6.7602
https://doi.org/10.1210/jcem.86.6.7602
https://doi.org/10.1210/jc.2008-0567
https://doi.org/10.1007/s00125-019-4969-z
https://doi.org/10.1007/s00125-019-4969-z
https://doi.org/10.18632/aging.100681
https://doi.org/10.18632/aging.100681
https://doi.org/10.3389/fcell.2020.602269
https://doi.org/10.1152/ajpcell.00336.2008
https://doi.org/10.1016/j.immuni.2006.10.016
https://doi.org/10.1016/j.immuni.2006.10.016
https://doi.org/10.1016/j.cell.2006.01.051
https://doi.org/10.1016/j.cell.2006.01.051
https://doi.org/10.1210/en.2018-00064
https://doi.org/10.1046/j.1365-2362.1996.2020551.x
https://doi.org/10.1046/j.1365-2362.1996.2020551.x
https://doi.org/10.1210/me.2010-0489
https://doi.org/10.1155/2014/989574
https://doi.org/10.1111/j.1440-1827.1978.tb00894.x
https://doi.org/10.1016/j.fertnstert.2013.04.022
https://doi.org/10.1111/j.1439-0531.2004.00505.x
https://doi.org/10.1111/j.1439-0531.2004.00505.x
https://doi.org/10.1007/s00441-012-1532-3
https://doi.org/10.1093/humupd/dmm048
https://doi.org/10.1093/molehr/gal080
https://doi.org/10.1124/jpet.106.106823
https://doi.org/10.1124/jpet.106.106823
https://doi.org/10.1172/jci64098
https://doi.org/10.1172/jci64098
https://doi.org/10.1210/jcem-67-3-455
https://doi.org/10.1016/0047-6374(92)90029-d
https://doi.org/10.1016/0047-6374(92)90029-d
https://doi.org/10.1210/en.2007-0835
https://doi.org/10.1002/jemt.10333
https://doi.org/10.1002/jemt.10333
https://doi.org/10.1089/thy.2006.16.537
https://doi.org/10.1152/ajprenal.00403.2003
https://doi.org/10.1152/ajprenal.00403.2003
https://doi.org/10.1016/s0140-6736(01)06525-4
https://doi.org/10.1111/j.1749-6632.2010.05521.x
https://doi.org/10.1111/j.1749-6632.2010.05521.x
https://doi.org/10.2337/diab.44.8.890
https://doi.org/10.1111/j.1365-2362.1990.tb02264.x
https://doi.org/10.1111/j.1365-2362.1990.tb02264.x
https://doi.org/10.1210/jcem.85.3.6485
https://doi.org/10.1007/s00125-014-3385-7
https://doi.org/10.1007/s00125-014-3385-7
https://doi.org/10.1038/nature05315
https://doi.org/10.1093/humrep/12.5.1047
https://doi.org/10.1093/humrep/12.5.1047
https://doi.org/10.1016/S2213-8587(18)30026-3
https://doi.org/10.1016/S2213-8587(18)30026-3
https://doi.org/10.1038/nrendo.2013.38
https://doi.org/10.1210/jc.2010-1669
https://doi.org/10.1210/jcem.75.3.1517359
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles


fphys-12-624928 March 9, 2021 Time: 11:8 # 26

Stucker et al. Endocrine System Vasculature in Aging and Disease

Vergoni, B., Cornejo, P. J., Gilleron, J., Djedaini, M., Ceppo, F., Jacquel, A., et al.
(2016). DNA damage and the activation of the p53 pathway mediate alterations
in metabolic and secretory functions of adipocytes. Diabetes 65, 3062–3074.
doi: 10.2337/db16-0014

Villacorte, M., Delmarcelle, A.-S., Lernoux, M., Bouquet, M., Lemoine, P., Bolsée,
J., et al. (2016). Thyroid follicle development requires Smad1/5- and endothelial
cell-dependent basement membrane assembly. Development 143, 1958–1970.
doi: 10.1242/dev.134171

Vinson, G. P. (2016). Functional zonation of the adult mammalian adrenal cortex.
Front. Neurosci. 10:238–238. doi: 10.3389/fnins.2016.00238

Vinson, G. P., Pudney, J. A., and Whitehouse, B. J. (1985). The mammalian
adrenal circulation and the relationship between adrenal blood flow and
steroidogenesis. J. Endocrinol. 105, 285–294. doi: 10.1677/joe.0.1050285

Vita, R., Di Bari, F., Perelli, S., Capodicasa, G., and Benvenga, S. (2019). Thyroid
vascularization is an important ultrasonographic parameter in untreated
Graves’ disease patients. J. Clin. Transl. Endocrinol. 15, 65–69. doi: 10.1016/j.
jcte.2019.01.001

Vitale, G., Salvioli, S., and Franceschi, C. (2013). Oxidative stress and
the ageing endocrine system. Nat. Rev. Endocrinol. 9, 228–240. doi:
10.1038/nrendo.2013.29

Waring, A. C., Arnold, A. M., Newman, A. B., Bùžková, P., Hirsch, C., and Cappola,
A. R. (2012). Longitudinal changes in thyroid function in the oldest old and
survival: the cardiovascular health study all-stars study. J. Clin. Endocrinol.
Metab. 97, 3944–3950. doi: 10.1210/jc.2012-2481

Westergaard, C. G., Byskov, A. G., and Andersen, C. Y. (2007). Morphometric
characteristics of the primordial to primary follicle transition in the human
ovary in relation to age. Hum. Reprod. 22, 2225–2231. doi: 10.1093/humrep/
dem135

Widyantoro, B., Emoto, N., Nakayama, K., Anggrahini, D. W., Adiarto, S.,
Iwasa, N., et al. (2010). Endothelial cell-derived endothelin-1 promotes cardiac
fibrosis in diabetic hearts through stimulation of endothelial-to-mesenchymal
transition. Circulation 121, 2407–2418. doi: 10.1161/circulationaha.110.938217

Winkler, I. G., Barbier, V., Nowlan, B., Jacobsen, R. N., Forristal, C. E., Patton,
J. T., et al. (2012). Vascular niche E-selectin regulates hematopoietic stem cell
dormancy, self renewal and chemoresistance. Nat. Med. 18, 1651–1657. doi:
10.1038/nm.2969

Woad, K. J., Hammond, A. J., Hunter, M., Mann, G. E., Hunter, M. G., and
Robinson, R. S. (2009). FGF2 is crucial for the development of bovine luteal
endothelial networks in vitro. Reproduction 138, 581–588. doi: 10.1530/rep-09-
0030

Wojtusciszyn, A., Armanet, M., Morel, P., Berney, T., and Bosco, D. (2008). Insulin
secretion from human beta cells is heterogeneous and dependent on cell-to-cell
contacts. Diabetologia 51, 1843–1852. doi: 10.1007/s00125-008-1103-z

Wulff, C., Wilson, H., Wiegand, S. J., Rudge, J. S., and Fraser, H. M. (2002).
Prevention of thecal angiogenesis, antral follicular growth, and ovulation in
the primate by treatment with vascular endothelial growth factor Trap R1R2.
Endocrinology 143, 2797–2807. doi: 10.1210/endo.143.7.8886

Xu, F., and Stouffer, R. L. (2005). Local delivery of angiopoietin-2 into the
preovulatory follicle terminates the menstrual cycle in rhesus monkeys. Biol.
Reprod. 72, 1352–1358. doi: 10.1095/biolreprod.104.037143

Xu, M., Palmer, A. K., Ding, H., Weivoda, M. M., Pirtskhalava, T., White, T. A.,
et al. (2015). Targeting senescent cells enhances adipogenesis and metabolic
function in old age. eLife 4:e12997. doi: 10.7554/eLife.12997

Yamada-Fukunaga, T., Yamada, M., Hamatani, T., Chikazawa, N., Ogawa, S.,
Akutsu, H., et al. (2013). Age-associated telomere shortening in mouse oocytes.
Reprod. Biol. Endocrinol. 11:108. doi: 10.1186/1477-7827-11-108

Yang, M. Y., and Fortune, J. E. (2007). Vascular endothelial growth factor stimulates
the primary to secondary follicle transition in bovine follicles in vitro. Mol.
Reprod. Dev. 74, 1095–1104. doi: 10.1002/mrd.20633

Yang, P., Lv, S., Wang, Y., Peng, Y., Ye, Z., Xia, Z., et al. (2018). Preservation of type
H vessels and osteoblasts by enhanced preosteoclast platelet-derived growth
factor type BB attenuates glucocorticoid-induced osteoporosis in growing mice.
Bone 114, 1–13. doi: 10.1016/j.bone.2018.05.025

Yao, V. J., Ozawa, M. G., Trepel, M., Arap, W., McDonald, D. M., and Pasqualini, R.
(2005). Targeting pancreatic islets with phage display assisted by laser pressure
catapult microdissection. Am. J. Pathol. 166, 625–636. doi: 10.1016/s0002-
9440(10)62283-3

Yiallouris, A., Tsioutis, C., Agapidaki, E., Zafeiri, M., Agouridis, A. P., Ntourakis,
D., et al. (2019). Adrenal aging and its implications on stress responsiveness in
humans. Front. Endocrinol. 10:54. doi: 10.3389/fendo.2019.00054

Yngen, M., Östenson, C. G., Hu, H., Li, N., Hjemdahl, P., and Wallén, N. H.
(2004). Enhanced P-selectin expression and increased soluble CD40 Ligand
in patients with Type 1 diabetes mellitus and microangiopathy: evidence for
platelet hyperactivity and chronic inflammation. Diabetologia 47, 537–540. doi:
10.1007/s00125-004-1352-4

Yoshida, S. (2018). Open niche regulation of mouse spermatogenic stem cells. Dev.
Growth Differ. 60, 542–552. doi: 10.1111/dgd.12574

Yoshida, S., Kato, T., and Kato, Y. (2016). Regulatory system for stem/progenitor
cell niches in the adult rodent pituitary. Int. J. Mol. Sci. 17:75. doi: 10.3390/
ijms17010075

Yoshida, S., Kato, T., Yako, H., Susa, T., Cai, L. Y., Osuna, M., et al.
(2011). Significant quantitative and qualitative transition in pituitary stem /
progenitor cells occurs during the postnatal development of the rat anterior
pituitary. J. Neuroendocrinol. 23, 933–943. doi: 10.1111/j.1365-2826.2011.
02198.x

Yoshida, S., Sukeno, M., and Nabeshima, Y.-I. (2007). A vasculature-associated
niche for undifferentiated spermatogonia in the mouse testis. Science 317:1722.
doi: 10.1126/science.1144885

Yue, P., Chatterjee, K., Beale, C., Poole-Wilson, P. A., and Collins, P. (1995).
Testosterone relaxes rabbit coronary arteries and aorta. Circulation 91, 1154–
1160. doi: 10.1161/01.cir.91.4.1154

Zajicek, G., Ariel, I., and Arber, N. (1986). The streaming adrenal cortex: direct
evidence of centripetal migration of adrenocytes by estimation of cell turnover
rate. J. Endocrinol. 111, 477–482. doi: 10.1677/joe.0.1110477

Zanone, M. M., Favaro, E., Doublier, S., Lozanoska-Ochser, B., Deregibus, M. C.,
Greening, J., et al. (2005). Expression of nephrin by human pancreatic islet
endothelial cells. Diabetologia 48, 1789–1797. doi: 10.1007/s00125-005-1865-5

Zeisberg, E. M., Potenta, S., Xie, L., Zeisberg, M., and Kalluri, R. (2007a). Discovery
of endothelial to mesenchymal transition as a source for carcinoma-associated
fibroblasts. Cancer Res. 67, 10123–10128. doi: 10.1158/0008-5472.Can-07-
3127

Zeisberg, E. M., Tarnavski, O., Zeisberg, M., Dorfman, A. L., McMullen,
J. R., Gustafsson, E., et al. (2007b). Endothelial-to-mesenchymal transition
contributes to cardiac fibrosis. Nat. Med. 13, 952–961. doi: 10.1038/
nm1613

Zhang, L., Zhang, Z., Wang, J., Lv, D., Zhu, T., Wang, F., et al. (2019). Melatonin
regulates the activities of ovary and delays the fertility decline in female
animals via MT1/AMPK pathway. J. Pineal Res. 66:e12550. doi: 10.1111/jpi.
12550

Zhou, Z. G., Gao, X. H., Wayand, W. U., Xiao, L. J., and Du, Y. (1996). Pancreatic
microcirculation in the monkey with special reference to the blood drainage
system of Langerhans islets: light and scanning electron microscopic study.
Clin. Anat. 9, 1–9. doi: 10.1002/(sici)1098-235319969:1<1::Aid-ca1<3.0.Co;
2-m

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

Copyright © 2021 Stucker, De Angelis and Kusumbe. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physiology | www.frontiersin.org 26 March 2021 | Volume 12 | Article 624928

https://doi.org/10.2337/db16-0014
https://doi.org/10.1242/dev.134171
https://doi.org/10.3389/fnins.2016.00238
https://doi.org/10.1677/joe.0.1050285
https://doi.org/10.1016/j.jcte.2019.01.001
https://doi.org/10.1016/j.jcte.2019.01.001
https://doi.org/10.1038/nrendo.2013.29
https://doi.org/10.1038/nrendo.2013.29
https://doi.org/10.1210/jc.2012-2481
https://doi.org/10.1093/humrep/dem135
https://doi.org/10.1093/humrep/dem135
https://doi.org/10.1161/circulationaha.110.938217
https://doi.org/10.1038/nm.2969
https://doi.org/10.1038/nm.2969
https://doi.org/10.1530/rep-09-0030
https://doi.org/10.1530/rep-09-0030
https://doi.org/10.1007/s00125-008-1103-z
https://doi.org/10.1210/endo.143.7.8886
https://doi.org/10.1095/biolreprod.104.037143
https://doi.org/10.7554/eLife.12997
https://doi.org/10.1186/1477-7827-11-108
https://doi.org/10.1002/mrd.20633
https://doi.org/10.1016/j.bone.2018.05.025
https://doi.org/10.1016/s0002-9440(10)62283-3
https://doi.org/10.1016/s0002-9440(10)62283-3
https://doi.org/10.3389/fendo.2019.00054
https://doi.org/10.1007/s00125-004-1352-4
https://doi.org/10.1007/s00125-004-1352-4
https://doi.org/10.1111/dgd.12574
https://doi.org/10.3390/ijms17010075
https://doi.org/10.3390/ijms17010075
https://doi.org/10.1111/j.1365-2826.2011.02198.x
https://doi.org/10.1111/j.1365-2826.2011.02198.x
https://doi.org/10.1126/science.1144885
https://doi.org/10.1161/01.cir.91.4.1154
https://doi.org/10.1677/joe.0.1110477
https://doi.org/10.1007/s00125-005-1865-5
https://doi.org/10.1158/0008-5472.Can-07-3127
https://doi.org/10.1158/0008-5472.Can-07-3127
https://doi.org/10.1038/nm1613
https://doi.org/10.1038/nm1613
https://doi.org/10.1111/jpi.12550
https://doi.org/10.1111/jpi.12550
https://doi.org/10.1002/(sici)1098-235319969:1<1::Aid-ca1<3.0.Co;2-m
https://doi.org/10.1002/(sici)1098-235319969:1<1::Aid-ca1<3.0.Co;2-m
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Heterogeneity and Dynamics of Vasculature in the Endocrine System During Aging and Disease
	Introduction
	Anatomy, Structure, and Heterogeneity of Blood Vessels in the Endocrine Glands
	Testis
	Ovary
	Thyroid Gland
	Pituitary Gland
	Adrenal Gland
	Pancreas

	Niche Functions of Blood Vessels in the Endocrine System
	Angiocrine Factors in Testis
	Vascular Microenvironments in Ovary
	Vascular Niches in Thyroid Gland
	Vascular Microenvironments in Pituitary Gland
	Blood Vessel-Derived Signals in Adrenal Gland
	Vascular Niches in Pancreas

	Aging of the Endocrine System and Endocrine Tissues
	Age-Dependent Changes in Testis
	Age-Associated Changes in Ovarian Tissue
	Aging in Thyroid Gland
	Age-Related Modulations in Pituitary Gland
	Age-Dependent Changes in Adrenal Gland
	Age-Dependent Changes in Pancreatic Tissue

	Vascular Perturbations During Aging of the Endocrine System
	Vascular Dysregulation During Endocrine Disorders
	Bone: Vascular Heterogeneity, Aging, and Endocrine Functions
	Conclusion
	Author Contributions
	Funding
	References


