ADRENAL CORTEX: EMBRYONIC DEVELOPMENT, ANATOMY, HISTOLOGY AND PHYSIOLOGY 

Nicolas C. Nicolaides, M.D., Ph.D., First Department of Pediatrics, National and Kapodistrian University of Athens Medical School, "Aghia Sophia" Children's Hospital, Athens, 11527, Greece. Email: nnicolaides@bioacademy.gr
Holger S. Willenberg, M.D., Ph.D., Professor, Department of Endocrinology, Diabetes and Rheumatology, University Hospital, Duesseldorf, Germany. E-mail: Holger.Willenberg@uni-duesseldorf.de
Stefan R. Bornstein, M.D., Ph.D., Professor, Technical University of Dresden, Medical Department, Fetscherstraße, Dresden, Germany. E-mail: Stefan.Bornstein@uniklinikum-dresden.de
George P. Chrousos, M.D., Ph.D., Professor, University Research Institute of Maternal and Child Health and Precision Medicine and UNESCO Chair of Adolescent Health Care, National and Kapodistrian University of Athens Medical School, "Aghia Sophia" Children's Hospital, Athens, 11527, Greece. E-mail: chrousos@gmail.com

Updated June 11, 2023

[bookmark: _Hlk137374612]ABSTRACT

The adrenal glands consist of the adrenal cortex and medulla, which have distinct, albeit interdependent functional properties. The adrenal cortex contains the zona glomerulosa that produces mineralocorticoids, the zona fasciculata that is the site of glucocorticoid biosynthesis, and the zona reticularis, which is responsible for the production of adrenal androgens. In this chapter, we discuss the embryonic development, anatomy, histology and physiology of the adrenal cortex.

[bookmark: _Hlk137374710]INTRODUCTION

The adrenal gland was first described by Eustachius in 1563 and its importance was later recognized by the work of Thomas Addison in 1855 and Brown-Sequard in 1856 (1-3). The latter performed a series of bilateral adrenalectomies in dogs, demonstrating that these endocrine glands were necessary for life (2, 3). In the midst of the 19th century, newly emerged histochemical techniques showed that the adrenal consists of a cortex and medulla and have divergent albeit interdependent cellular and functional properties. Indeed, the adrenal cortex consists of the zona glomerulosa, the zona fasciculata, and the zona reticularis, which respectively produce mineralocorticoids (aldosterone), glucocorticoids (cortisol in man and corticosterone in rodents), and adrenal androgens (4, 5). On the other hand, the adrenal medulla contains chromaffin cells, which are responsible for the biosynthesis and secretion of the catecholamines epinephrine and norepinephrine. Adrenal cortex hormones are steroid molecules, which are derived from cholesterol through serial conversions catalyzed by specific enzymes, the “steroid hydroxylases” that belong to the cytochrome P450 (CYP) superfamily. This biochemical process is known as “adrenal steroidogenesis” (4, 5). At the molecular and cellular level, adrenal cortex hormones mediate their pleiotropic actions through binding to their cognate receptors, which are nuclear receptors that function as ligand-activated transcription factors, influencing gene expression in a positive or negative fashion (4, 5).  

EMBRYONIC DEVELOPMENT OF ADRENAL CORTEX

The adrenal gland is composed of two embryologically distinct tissues, the cortex and medulla, arising from the mesoderm of the urogenital ridge and ectodermal neural chromaffin cells, respectively (6, 7). An isolated clump of cells appears within the urogenital ridge, known as the adrenal-gonadal primordium, at 28-30 days post conception. These cells express the transcription factor steroidogenic factor-1 (SF1 or Ad4BP or NR5A1), which contributes substantially to adrenal development and steroidogenesis. Adrenal-gonadal primordium gives rise to the fetal adrenal cortex and to Leydig cells. At 7-8 weeks of gestation, the adrenal cortex consists of a large inner zone, the fetal zone (FZ), and a small outer zone, the definitive zone (DZ) (8, 9). At the end of the 9th week of gestation, adrenals become fully encapsulated (10). The main steroid of the FZ is dehydroepiandrosterone (DHEA), as cells within this zone express the enzyme cytochrome P450 17α (CYP17A1) (7). Corticotropin-releasing hormone (CRH) secreted by the human placenta and the chromaffin cells of the adrenal medulla stimulates DHEA secretion by the FZ (11). DHEA is converted into 16-hydroxy-DHEA by the fetal liver and is converted into estriol by the placenta (12).

After birth, shrinkage of the fetal zone due to increased apoptotic activity occurs, leading to a decrease of the weight of adrenal glands by 50% (13). In the next three years, cells of the DZ and, to a lesser extent, cellular remnants of the FZ differentiate into the three functionally and histologically distinct zones: the outer zona glomerulosa, the intermediate zona fasciculata, and the inner zona reticularis (4, 5).

ANATOMY OF THE ADRENAL CORTEX

The adrenal glands are located in the retroperitoneum on the top of the kidneys. They are surrounded by a stroma of connective tissue that maintains adrenal structure, termed the “capsule” (4, 5). 

Blood Supply

With an estimated flow rate of about 5 ml per minute, though small in size, the adrenal glands are among the most extensively vascularized organs (Fig. 1). Blood supply is maintained by up to fifty arterial branches for each adrenal gland, which arise directly from the aorta, the renal arteries, and the inferior phrenic arteries. Blood is channeled into the subcapsular arteriolar plexus, and subsequently distributed to the sinusoids, that then supply the adrenal cortex and medulla.

Endothelial cells were demonstrated to interfere with adrenocortical cells through specific factors and the vasculature seems to play a crucial role for the zonation and function of the adrenal cortex.

A direct blood supply of the medulla is maintained by shunt arterioles (14, 15). After supplying the cortex and medulla, blood collects at the cortico-medullary junction and drains through the central adrenal vein to the renal vein or directly into the inferior vena cava.
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Figure 1. Extensively vascularized adrenal cortex.

Innervation

The adrenal cortex receives afferent and efferent innervation (Fig 2). A direct contact of nerve terminals with adrenocortical cells has been suggested (16) and chemoreceptors and baroreceptors present in the adrenal cortex infer efferent innervation (17, 18). Diurnal variation in cortisol secretion and compensatory adrenal hypertrophy are influenced by adrenal innervation (19, 20). Splanchnic nerve innervation has an effect in the regulation of adrenal steroid release (20).

[image: ]
Figure 2. Silver-stained nerve cells (dark spots) and fibers (dark lines).

HISTOLOGY OF THE ADRENAL CORTEX

In contrast to the fetal cortex, which is constructed from primarily the zona fetalis, the adult adrenal cortex consists of three anatomically distinct zones (Fig. 3):
1. The outer zona glomerulosa, site of mineralocorticoid production (e.g., aldosterone), mainly regulated by angiotensin II, potassium, and ACTH. In addition, dopamine, atrial natriuretic peptide (ANP) and other neuropeptides modulate adrenal zona glomerulosa function.
2. The central zona fasciculata, responsible mainly for glucocorticoid synthesis, is regulated by ACTH. In addition, several cytokines (IL-1, IL-6, TNF), neuropeptides, and catecholamines influence the biosynthesis of glucocorticoids.
3. The inner zona reticularis, site of adrenal androgen (predominantly dehydroepiandrostenedione [DHEA], DHEA sulfate [DHEA-S] and Δ4-androstenedione) secretion, as well as some glucocorticoid production (cortisol and corticosterone).
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Figure 3. Double immunostained cross-section of a human adrenal gland for 17-α-Hydroxylase and chromogranin A. zM = adrenal medulla, zR = zona reticularis, zF = zona fasciculata, zG = zona glomerulosa, Caps = adrenal capsule.

Adrenocortical cells are arranged in a cord-like manner, extending from the adrenal capsule to the medulla, and are embedded within a widespread capillary network. These cells are rich in mitochondria and smooth endoplasmic reticulum, which form an extended network of anastomosing tubules. Zona glomerulosa cells are scattered and produce and secrete aldosterone (5). The zona fasciculata contains large cells replete with lipids, the “clear cells”, which synthesize and release cortisol (5). The zona reticularis consists of cells containing lipofuscin granules, termed “compact” cells that are responsible for adrenal androgen biosynthesis and secretion. This cellular zone develops at the age of 5 years in females and 6 years in males, a physiologic process termed as “adrenarche” (5).  

In some rat species, a fourth zone can further be distinguished, the zona intermedia, between the glomerulosa and the fasciculata currently postulated to be a site of initiation of adrenocyte proliferation and differentiation and a zone containing the adrenal cortical stem cells.

However, evidence suggests that adrenocortical cells arise within or underneath the capsule under the influence of sonic hedghog signaling and move centripetally along gradients towards the border to the adrenal medulla where they form cortical islets and / or undergo apoptosis (14, 21, 22). It may even be possible that cortical cells adopt different functional states as they “wander” from their origin somewhere in the outer cortex and pass along blood vessels into the direction of the innermost cortex through the different zones.

In addition to adrenocortical cells, macrophages are distributed throughout the adrenal cortex (23). In addition to their phagocytic activity, they produce and secrete cytokines (TNFb, IL-1, IL-6) and peptides (VIP), which interact with adrenocortical cells and influence their functions (24-26). Lymphocytes are scattered in the adrenal cortex (Fig. 4), and have been shown to produce ACTH-like substances (27). It has also been shown, that immuno-endocrine interactions between lymphocytes and adrenal zona reticularis cells can stimulate dehydroepiandrosterone production (28, 29).
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Figure 4. Lymphocytes (dark spots), immunostained for CD 45.

PHYSIOLOGY OF THE ADRENAL CORTEX

The most important function of the adrenal cortex is adrenal steroidogenesis that occurs in all three cellular zones (5). This physiologic process is regulated by distinct systems, depending on steroid type produced. Aldosterone production by the zona glomerulosa depends on the activity of the renin-angiotensin system and serum potassium concentrations, and, to a lesser extent on plasma ACTH concentrations. Cortisol biosynthesis by the zona fasciculata is triggered by ACTH. Adrenal androgens are produced by the zona reticularis, which is also regulated by ACTH and other as yet unknown factors (5). 

All adrenal steroids are biosynthesized from cholesterol molecules, which are derived primarily from low-density lipoprotein (LDL) or from cholesterol esters hydrolyzed in adrenocortical cells (Fig. 5). To initiate steroidogenesis, adrenocortical cells are stimulated by several signals to increase their uptake of lipoproteins from the systemic circulation to provide the appropriate concentrations of cholesterol (30, 31). The latter is then converted into steroid molecules in serial biochemical reactions that are mediated by the “steroid hydroxylases” (5). The first and rate-limiting step in steroidogenesis begins when ACTH and/or other signals increase the expression of the “steroidogenic acute regulatory protein” (StAR), which facilitates the import of cholesterol to the inner mitochondrial membrane (30, 32, 33). Within the mitochondria, the C27 cholesterol loses six carbons and is converted into the C21 pregnenolone through the enzyme CYP11A or cholesterol desmolase (P450scc) (34). Pregnenolone moves to the cytoplasm to undergo further enzymatic conversions.

In the zona glomerulosa, pregnenolone is converted to progesterone by 3β-hydroxysteroid dehydrogenase (3β-HSD) (35). Progesterone is converted to deoxycorticosterone (DOC) through 21-hydroxylation by CYP21 or 21-hydroxylase (P450c21). DOC is then11β-hydroxylated to form corticosterone, which is converted to aldosterone through 18-hydroxylation and 18-oxidation. The last three reactions are catalyzed by the P450 enzyme CYP11B2 or aldosterone synthase (P450aldo) (Fig. 5) (36).

In the zona fasciculata, pregnenolone is converted to 17α-hydroxypregnenolone in the endoplasmic reticulum by the enzyme CYP17 or 17α-hydroxylase/17,20-lyase (P450c17) (37). 17α-Hydroxypregnenolone is then converted to 17α-hydroxyprogesterone by 3β-HSD, and the latter steroid molecule is 21-hydroxylated to form 11-deoxycortisol by CYP21. Finally, 11-deoxycortisol is enzymatically converted to cortisol by CYP11B1 or 11β-hydroxylase (P450c11), a reaction that occurs within the mitochondria (5) (Fig. 5). 

In the zona reticularis, both pregnenolone and progesterone are 17α-hydroxylated (5). 17α-Hydroxypregnenolone forms dehydroepiandrosterone (DHEA) by the enzyme CYP17. DHEA is converted to Delta4-androstenedione by 3β-HSD. Importantly, DHEA may become sulfonated to form DHEAS by the enzyme sulfotransferase SULT2A1. In the gonads, Delta4-androstenedione is converted to testosterone by 17β-hydroxysteroid dehydrogenase (38). In the ovaries of pubertal girls, CYP19 or aromatase (P450c19) catalyzes the conversion of both Delta4-androstenedione to estrone, and testosterone to 17β-estradiol (39). In androgen-target tissues, testosterone is converted to dihydrotestosterone by 5α-reductase (40) (Fig. 5).

The adrenal glands also biosynthesize 11-oxyandrogens, which are androgens that share an oxygen atom on carbon position 11 (41-44). Among them, 11- hydroxyandrostenedione is the most abundant. The C11-oxy biochemical pathway begins when Delta4-androstenedione and testosterone are converted to 11β-hydroxyandrostenedione and 11β-hydroxytestosterone, respectively, by CYP11B1 (Fig. 5). 11β-Hydroxy-testosterone is converted to 11β-hydroxy-dihydrotestosterone by the enzyme SRD5A1. 11β-Hydroxy-androstenedione forms 11-ketoandrostenedione by HSD11B. 11-Ketoandrostenedione forms 11-ketotestosterone by ACR1C3, and, then, 11-ketodihydrotestosterone by SRD5A (Fig. 5). Moreover, 11OH-dihydrotestosterone can be converted to 11-ketodihydrotestosterone by HSD11B (Fig.5) (41-44). 
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Figure 5. Schematic presentation of adrenal steroidogenesis.

Adrenal cortex hormones bind onto specific steroid receptors that belong to the nuclear receptor superfamily of transcription factors, and play fundamental roles in all physiologic functions. Indeed, glucocorticoids bind onto the glucocorticoid receptor (GR) (45), mineralocorticoids signal through the mineralocorticoid receptor (MR) (46), and adrenal androgens may bind onto the androgen receptor (AR), or, following aromatization, onto the estrogen receptor (ER) (47). 

ADRENAL CORTEX-MEDULLA INTERACTIONS

With regard to function, there is no strict separation between the steroid-producing adrenal cortex and the catecholamine-producing medulla. Several studies have provided evidence that chromaffin cells once thought to be located exclusively in the medulla, are found in all zones of the adult adrenal cortex, and that cortical cells are found in the medulla (48-50). This close anatomical co-localization is a prerequisite for paracrine interactions (Fig. 6). The interaction between adrenal cortex and medulla is also supported by clinical data (reviewed in 51). Patients with congenital adrenal hyperplasia or Addison’s disease display dysfunction of the adrenal medulla (52-54).
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Figure 6. Electromicrograph of rat adrenal gland. Chromafine cell with characteristic granules (G) in direct contact with adrenal cortical cell with characteristic mitochondria (M).
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