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Preface

In an era of medical progress, a book that approaches cortisol from various perspec-
tives represents an ambitious undertaking relevant to practitioners, whether they are 
endocrinologists or medical professionals from other specialties.

Cortisol is one of the most essential hormones in the body’s economy due to its role in 
stress adaptation and metabolic effects.

The book delves into the physiology and pathophysiology of this hormone, present-
ing the current state of knowledge in the field and offering new perspectives with 
therapeutic implications. The first chapters are dedicated to the biology of cortisol, 
especially from the standpoint of its metabolic roles and its effects on bone, the 
cardiovascular system, the reproductive system, and the immune system. A signifi-
cant part of the book focuses on laboratory investigations and cortisol measurement 
methods, presenting some new and original methods.

From a pathological perspective, the book discusses adrenal cortex disorders induced 
by genetic defects in enzymes involved in steroidogenesis, as well as the role of gluco-
corticoid excess in the development of insulin resistance and non-insulin-dependent 
diabetes.

Finally, the book addresses the evident therapeutic properties of glucocorticoids in 
challenging conditions such as multiple sclerosis.

The book explores the mysteries of cortisol while also providing, in an easily under-
standable format, the main advances made in understanding its mechanisms of action 
and the pathology of this fascinating hormone.

I would like to express my gratitude to all the chapter authors for their courage in 
addressing this complex and fascinating pathology and for their support in this 
endeavor. We hope that this book will answer multiple questions raised by cortisol 
and provide readers with valuable information for their everyday practice.

Diana Loreta Păun
 “Carol Davila” University of Medicine and Pharmacy,

Department of Endocrinology,
Bucharest, Romania
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Chapter 1

Biological Effects of Cortisol
Vanessa Wandja Kamgang, Mercy Murkwe  
and Modeste Wankeu-Nya

Abstract

Cortisol is an essential steroid hormone, synthesized from cholesterol and released 
from the adrenal gland. Cortisol is mostly known for its implication in physiological 
changes associated with stressful circumstances. It has as main function to regulate 
our response to stress, via activation of the hypothalamic–pituitary–adrenal axis 
(HPA-axis). However, this hormone has a variety of effects on different functions 
throughout the body in normal circumstances or at its basal levels. Cortisol act on 
tissues and cells of the liver, muscle, adipose tissues, pancreas, testis, and ovaries. 
Moreso, it is also implicated in the regulation of various processes such as energy 
regulation, glucose metabolism, immune function, feeding, circadian rhythms, as 
well as behavioral processes. The body continuously monitors the cortisol levels to 
maintain steady levels (homeostasis). In this chapter, we attempt to describe the 
biological effects of cortisol on the various organs of the body in humans and other 
animal species, with emphasis on the action mechanism implicated at level of the cells 
of the main target tissues or organs.

Keywords: cortisol, steroid hormone, HPA axis, stress, biological effects

1. Introduction

Cortisol is a steroid hormone from the glucocorticoid family, produced in the 
adrenal glands [1, 2]. The secretion and release of cortisol is orchestrated by the 
hypothalamic-pituitary–adrenal (HPA) axis, one of the major neuro-endocrine 
systems of the organism. Briefly, the hypothalamic corticotropin releasing hormone 
CRH acts on the pituitary to cause release of ACTH, and ACTH then stimulates 
the adrenal gland (zona fasciculata and zona reticularis) to release glucocorticoids 
among which cortisol [3, 4]. The prominent glucocorticoid synthesized following 
the activation of the HPA axis in most mammals is cortisol; however in rodents and 
birds, corticosterone is the principal glucocorticoid secreted [5]. At optimal levels, 
cortisol works along with the other hormones of the body to maintain homeostasis. 
The secretion of cortisol follows a circadian rhythm; it is also essential for the survival 
of several living organisms [6]. Cortisol is a ubiquitous hormone, as it acts on almost 
every tissue and organs in the body (Figure 1), regulates numerous physiological 
processes including gluconeogenesis, protein catabolism, immune response, water 
balance, lipolysis, cardio-vascular function, reproduction, and skeletal growth [8]. 
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Beyond these functions, in most living organisms, cortisol has a vital function: It 
is the key hormone involved in stress response; It is implicated in the physiological 
changes observed during an adaptive response (behavioral, cognitive, and physiologi-
cal) necessary to deal with the upcoming actual stressor or stressful circumstances.

Along with other glucocorticoids (GCs), cortisol is known to display potent 
anti-inflammatory effects at pharmacological levels. Thus, glucocorticoids drugs 
are mostly used to treat inflammatory diseases nowadays. They are commonly 
prescribed to patients suffering from cancers affecting the lymphoid system such 
as lymphomas, leukemia and myelomas. They are also prescribed following organ 
transplantation to prevent rejection [9]. Because of these pleiotropic effects, the 
abnormal use of exogenous glucocorticoids as drugs may induce several adverse 
effects in the body such as growth retardation in children, immunosuppression, 
hypertension, inhibition of wound repair, osteoporosis, abdominal obesity, glau-
coma and other metabolic disturbances [10]. Patients with Cushing syndrome, 
caused by either exogenous or endogenous cortisol excess show several functional 
disorders. Too much or too little cortisol can impact the body. Elevated cortisol pro-
vokes several physiological responses, including energy mobilization and homeosta-
sis disturbance, thus implicating other actions of cortisol different from its actions 
in normal circumstances [2, 11]. An understanding of the biological actions of 
cortisol on various physiological processes may be an important step in developing 
new drugs to combat the deleterious impact of stress. The present chapter outlines 
the current knowledge on the effect of endogenous cortisol on target body cells, 
emphasis is made on the actions of cortisol under normal physiological conditions, 
(that is at baseline concentrations). We focus on some biological activity of cortisol 
on the immune system, cardiovascular system, reproductive systems, as well as its 
role in the lipid, sugar, and bone metabolism and on the sleep-wake cycle. Herein, 
to aid the understanding of the actions of cortisol, we review the various actions 
of cortisol across the tissues of the body, with emphasis on the action mechanism 
implicated at level of the cells of the main target tissues or organs [10, 12].

Figure 1. 
The main biological effects of cortisol (Modified from Johnston III et al [7]).
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2. Cortisol and immunity

The survival of an organism heavily relies on homeostasis and for mammals, the 
immune and anti-inflammatory response play a major role in the maintenance of 
a constant internal milieu [3, 13]. The anti-inflammatory action of glucocorticoid 
hormones was discovered by Hench and colleagues over 50 years ago [14, 15].

Since the immune system has been known to be influenced by glucocorticoids, 
in the past and present centuries, glucocorticoids have been used to efficiently treat 
immune-related diseases [16]. Over the last half century synthetic GCs such as 
dexamethasone and prednisolone have been indicated as efficient for the treatment 
of many autoimmune, inflammatory, allergic disorders such as rheumatoid arthri-
tis, ulcerative colitis, allergic rhinitis and are the most effective anti-inflammatory 
therapy for asthma [17]. Thus, to further improve effective therapies for various 
inflammatory diseases, the physiological pathways involved in the secretion and 
regulation of glucocorticoids as well as their action mechanism on the different com-
ponents of the immune system has been studied. Among glucocorticoids, Cortisol 
specially is known to affect several components of the immune system such as the 
production of lymphocytes and granulocytes [1, 18]. Previous findings investigating 
the mechanisms of cortisol on the immune system of pigs indicate that an increase 
in cortisol levels may cause a decrease in circulating lymphocytes and granulocytes 
[19]. The biological actions of cortisol on the immune system are mostly initiated by a 
regulatory mechanism involving the central nervous system (CNS), neuroendocrine 
system, and immune system [10, 13].

The immune system of humans among other species can be challenged by 
difficult circumstances (stressors) such as infection, external aggression (injury), 
or the physiological or psychological response to such circumstances (stress 
responses) [3]. When the body is challenged with injury, during the early onset of 
infection, neural, endocrine and cytokines send signals from the site of inflam-
mation converge to the periventricular nucleus of the hypothalamus to activate 
the secretion of corticotropin releasing hormone (CRH) into the hypophyseal 
portal system [10, 16]. For autoimmune diseases and tissue damage where various 
cytokines are produced, the secretion of cortisol also increases as the HPA axis 
is activated. Following the release of CRH, its triggers the anterior lobe of the 
pituitary gland to secrete and release the adrenocorticotropin hormone (ACTH) in 
the circulation, which then stimulate the expression and release of cortisol by the 
adrenal glands [1, 9, 20].

Previous studies have shown that changes in levels of cortisol after exercise 
or changes in circadian rhythms are marked by an increase in cytokine levels 
and production of leukocytes. Thus, after its secretion, cortisol mainly acts by 
modulating the transcription of genes involved in the inflammatory response [16]. 
The glucocorticoid receptor (GR) (NR3C1) mediates the end point tissue effect 
of glucocorticoids. After binding to their cytoplasmic receptor (GR), a ligand-
inducible transcription factor, the GC-GR complex may regulate the expression 
of gene via several mechanisms after translocation into the nucleus. But first, the 
GC-GR complex binds to the promoter region of steroid-sensitive genes of the 
glucocorticoid-response elements found in the nucleus [21]. Foremost, it switches 
off multiple activated inflammatory genes that encode cytokines, chemokines, adhe-
sion molecules inflammatory enzymes and receptors [22]. The mechanisms result in 
the decrease transcription of genes coding for
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• inflammatory cytokines such as interleukines (IL2, IL3, IL4, IL-5, IL-6, IL-13, 
IL-15), Tumornecrosis factor (TNF-α) and other factors such as GM-CSF, SCF, 
TSLPTNF-α, GM-CSF, SCF, TSLP

• Chemokines such as CCL1, CCL5, CCL8: CCL1, CCL5, CXCL8

• Various inflammatory enzymes including Inducible nitric oxide synthase, 
(iNOS), inducible cyclooxygenase, inducible phosopholipase A2 (cPLA2)

• Endothelin-1(inflammatory peptides) Inflammatory peptides: Endothelin-1

• Neurokinin-1, bradykinin B2 receptors (mediator receptors [9, 17].

In addition to the “switch off” mechanism, the major action of cortisol is to 
activate many anti-inflammatory genes [22], resulting in the increase transcription 
(trans-activation) of:

• Lipocortin-1

• β2-Adrenoceptors

• Secretory leukocyte inhibitory protein

• Glucocorticoid inducible Leucine zipper

• Anti-inflammatory or inhibitor cytokines IL-10, IL-12, IL-1 receptor agonist 
[12, 17]. The various anti-inflammatory action mechanism of cortisol also 
include the repression of the NFkB known as the major factor responsible for 
the regulation of cytokines and other elements of the immune response; thus 
resulting immunosuppression [6, 12].

3. Cortisol and glucose and lipid metabolism

3.1 Effects of cortisol and glucose metabolism

Cortisol mostly has a catabolic effect favoring liberation of energy stores, critical 
for adaptation to acute stress or illness. The maintenance of blood glucose homeo-
stasis is among the central physiological functions regulated by glucocorticoids, and 
more specifically cortisol [23]. Cortisol and the other glucocorticoids influence all 
aspects of glucose metabolism by exerting their collective effects on the liver, endo-
crine pancreas, skeletal muscle, and adipose tissue [24]. Thus, disruption in cortisol 
rhythms often leads to disease, with chronic CORT excess (hypercortisolism) com-
monly associated with the impairment of glucose metabolism and the development of 
secondary type 2 diabetes [25].

Cortisol exerts its action after uptake of free hormone from the circulation and 
binding to intracellular corticoid receptors (GRs), being members of the steroid 
receptor hormone superfamily of nuclear transcription factors that regulate various 
physiological functions [26, 27].
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In the liver, Cortisol is known to inhibit glucose utilization and accelerate hepatic 
gluconeogenesis, thereby preventing hypoglycaemia. Gluconeogenesis is the process 
by which glucose is generated from the non-carbohydrate substrates lactate, glycerol, 
and amino acids. Furthermore, cortisol also positively regulates hepatic gluconeo-
genesis, by stimulating the activation of key regulatory enzymes such as the glucose-
6-phosphatase and the phosphoenolpyruvate carboxykinase. As in inflammation, this 
is achieved through the induction of the binding of GR to the glucocorticoid response 
elements in the promoter region of several genes encoding these enzymes [28], the 
rate limiting step of gluconeogenesis. In the liver, cortisol and other GCs also induce 
glycogen formation by increasing the activity of glycogen synthase [29].

In muscles, cortisol and the other GCs mainly impair insulin-stimulated glycogen 
synthesis by decreasing the activity of glycogen synthase. They also act to promote 
insulin resistance in skeletal muscle by regulation of a few GR target genes involved 
in the insulin-signaling cascade, that may lead to the malfunctioning or an appar-
ent post-receptor defect with reduced downstream phosphoninositide-3-kinase and 
AKT activities. Further studies also showed that Cortisol may prevent hypoglycemia 
by stimulating glycogenolysis in muscle through epinephrine induced activation of 
glycogen phosphorylase [30]. Cortisol is thought to stimulate the generation of glu-
coneogenic precursors such as glycerol and gluconeogenic amino acids, by promoting 
lipolysis of triglyceride stores in adipose tissue and protein degradation in muscle [26].

In the adipocyte, cortisol acts by inhibiting glucose uptake and oxidation but also 
promotes lipolysis to provide glycerol as precursor for gluconeogenesis. The processes 
contributing to decreased glucose utilization by glucocorticoids in the adipocyte are 
less clear. However, currently, the modulation of glucose transporter GLUT4 func-
tion and the insulin signaling cascade are reported as plausible mechanisms involved 
herein [31]. Additionally, GCs are also involved in the differentiation and expansion 
of adipocyte precursors, a process that may further intensify insulin resistance and 
adipocyte dysfunction [24].

Cortisol is known as a potent regulator of the action metabolism of insulin secre-
tion by pancreatic beta cells of the pancreas. Cortisol acts as a counter-regulatory 
hormone to insulin, and it effects may create an insulin resistance [26, 32]. 
Imbalanced cortisol concentrations in glycogen storage disease type I show evidence 
for a possible link between endocrine regulation and metabolic derangement [24]. 
Cortisol may impair Glucose-stimulated insulin secretion on multiple levels [30]. 
Primarily, it promotes the degradation of glucose transporter present in β cells, 
the GLUT2 and reduces expression levels of glucokinase [24, 33]. Additionally, the 
activity of glucose-6-phosphatase (G6P) is increased, further impairing the entry of 
G6P into the glycolytic cycle [34]. Cortisol also increases glucagon secretion in α cells 
[23, 24]. Once insulin resistance occurs, due to elevated levels of cortisol, glycogenesis 
is no longer stimulated and glucose storage by the liver as glycogen is thus inhibited; 
thereby contributing to the hyperglycaemic effects of cortisol [24].

3.2 Effects of cortisol on lipid metabolism

The implication of cortisol in lipid metabolism is well known. Previous experi-
ments have shown that short-term administration of cortisol in vivo may promote 
adipose tissue lipolysis [35]. This could result from insulin resistance or inhibition of 
the action of insulin by glucocorticoid, as insulin is known to inhibit lipolysis [36]. 
Glucocorticoids are also though to promote lipolysis by stimulating lipoprotein lipase 
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(LPL), thereby increasing the activity of lipolysis itself [37, 38]. Cortisol and glucocor-
ticoids have been also shown to influence adipogenesis via the development of mature 
adipocytes, by stimulating the differentiation of pre-adipocytes into mature adipocytes 
and thus literally increasing the adipose tissue [39]. According to Lindroos et al. [40] 
Cortisol also acts by upregulating the glucocorticoid-dependent gene LIM domain only 
3 (LMO3) known to influence the expression of 11β-HSD1. Following its upregulation, 
LMO3 modulates adipocyte differentiation via PPARγ which in turn regulates a set 
of adipocyte specific genes [40]. In addition to these, cortisol also influences de novo 
lipogenesis (DNL); a process whereby endogenous free fatty acids (FFAs) are produced 
from dietary carbohydrates [41]. The increase in DNL hepatic rates may decrease the 
available cytosolic triacylglycerol (TAG) pool, thereby increasing the export of TAGs to 
adipose tissues, resulting in hepatic steatosis (fatty liver) [42].

4. Cortisol effects on bone metabolism and bone growth

4.1 Cortisol effects on bone metabolism

In chronic stress circumstances, GCs have been shown to cause several adverse 
effects on the skeleton. However, at physiological levels, GCs play an important 
anabolic role as they appear to be vital for normal skeletogenesis and bone mass 
accrual [43, 44]. In normal physiologic conditions, endogenous cortisol regulates 
the expression of target genes through GR signaling within bone cells, affecting 
bone mineral density and the rate of bone loss [44]. The effects of cortisol on bone 
depend on intracellular enzymes, namely 11β-HSDs (1 and 2), that interconvert 
(Figure 2) cortisol between its inactive and active forms i.e., cortisol and cortisone 
[45–47]. 11β -HSD1, promotes the conversion of cortisone to cortisol in the presence 
of NADPH, whereas 11β-HSD2 in the presence of its cofactor nicotinamide adenine 

Figure 2. 
Cortisol and bone metabolism: Actions of corticosteroids through the conversion of cortisone to cortisol and their 
effect in osteoclasts, osteocytes and osteoblasts (Modified from Martin et al. [45]).
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dinucleotide (NAD), potently inactivates cortisol to cortisone that is inactive in bone 
[43, 46, 48]. Previous research studies have demonstrated that the anabolic role of 
cortisol on bone mainly involves bone modeling and remodeling, as it promotes 
osteoblastogenesis to maintain the bone architecture. Osteoblasts (the bone forming 
cells) and osteocytes (long-lived cells related to osteoblasts which are resident within 
bone tissue) are the primary cortisol target cells in bones [43, 45, 49]. Within bone 
cells, via the Wnt/b-catenin pathway cortisol stimulates mesenchymal cells (usually 
derived from bone marrow) to differentiate into mature osteoblasts and thus increase 
bone formation [43]. Also, cortisol stimulates expression of a range of cellular markers 
of osteoblast function, including osteocalcin and alkaline phosphatase [47]. Cortisol 
was also proven to additionally drive differentiation of osteoclasts from mesenchymal 
precursors and enhance the bone resorption activity of mature osteoclasts [50]. The 
mechanism herein implicates the production of receptor activator of nuclear factor 
kappa-B ligand (RANKL) and the suppression of the expression of the RANKL decoy 
receptor osteoprotegerin (OPG). Although cortisol has a stimulatory effect on osteo-
blasts at low doses, they are inhibitory at higher doses, where they instead promote 
apoptosis of osteoblasts [47, 51].

4.2 Cortisol effects on bone growth

Major insights into the role of cortisol on bone are limited to their metabolism, 
although findings have shown that they appear to be essential for normal bone 
growth and maintenance though not directly implicated in endochondral ossification 
[52]. Findings show glucocorticoids among which cortisol may have negative as well 
as positive effects on bone growth. Glucocorticoids were demonstrated to inhibit 
proliferation of chondrocytes in the resting and proliferation zones of the growth 
plate of bone through the inhibition of pro-proliferative growth hormone (GH) and 
Insulin-like growth hormone 1 (IGF-I), as well as inhibition of ERK-dependent AP-1 
activation; but may increase or decrease their differentiation [52, 53].

5. Cortisol and circadian rhythm

Circadian rhythm is a pattern that occurs throughout a period of 24-h compris-
ing light-dark cycles wherein physiological functions adjust or synchronize with the 
beginning or ending of each cycle of the environment [54, 55]. As in many other 
mammals, in human, the circadian system coordinates physiology and behaviors to 
adapt daily to the environment.

Adaptation here is achieved via endogenous circadian clocks, with the central 
circadian pacemaker (CCP) located in the suprachiasmatic nucleus (SCN) of the 
hypothalamus being the main clock and other peripheral clock located in other 
tissues of the body (Figure 3). The latter will then enable the body to act like a finely 
harmonized clock. The circadian clock is sustained by linked of transcriptional–
translational feedback loops comprising clock genes namely CLOCK and BMAL1 
[57, 58]. The expression of these genes activates the synthesis of other proteins that 
act on their own targets to produce an integrated output over the 24-h cycle [56]. 
Under normal conditions or fully circadian-aligned conditions the CCP, synchronizes 
peripheral clocks throughout the body using hormonal and neural signals [8, 59] that 
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participate in the entrainment of peripheral clocks by the master genes and, hence, 
with the light: darkness cycle. Cortisol appears to be the main metabolic or hormonal 
central synchronizing signal between the CCP and peripheral clocks in body tissues. 
In mammals, cortisol secretion is also subjected to a circadian rhythm. In normal 
individuals, without the occurrence of any stressors, the secretion of cortisol follows 
a distinct pattern; with very low or undetectable levels at midnight, to progressively 
increasing levels that build up overnight to peak in the morning [ 55 ,  60 ]. Following 
this, cortisol levels then decline slowly throughout the day [ 61 ]. To date, the exact 
mechanism through which cortisol enhances the activity of the main circadian 
oscillator is not well elucidated. However, it has been shown that the pivotal role of 
cortisol in the synchronization circadian is achieved via direct interaction between 
the cell-autonomous clocks in the metabolic tissues of the body i.e., the principal 
storage sites for glycogen, protein, and fat of the liver, muscle, and adipose tissue; or 
ligand-activated glucocorticoid receptor that bind to nucleal GRE at the level of regu-
latory regions of Bmal1, Cry1, Per1 and Per2 known as core clock genes [ 8 ]. Evidence 
of the crucial role of cortisol in circadian rhythmicity of the body are demonstrated 
in cases of diseases such as Cushing syndrome characterized by increased levels of 
cortisol, may result in a disturbed circadian rhythm seen through physical frailty, 
mood disorders, impaired spatial cognition and memory deficits [ 8 ,  62 ]. Whilst 
Addison’s disease where there are reduced levels of cortisol is a condition character-
ized by attention deficit hyperactivity disorder, and dyslexia. Circadian rhythm 
impairments. Also studies to evaluate the consequences of circadian misalignment 
have shown that cortisol secretion was impaired and delayed in most individuals 
undergoing shift in behavioral cycles.  

  Figure 3.
  Schematic representation of the circadian rhythm synchronization between the central circadian pacemaker 
(CCP) and peripheral clock located in other tissues of the body. Cortisol secretion is stimulated via interactions 
between the CCP (thick blue arrow) from the suprachiasmatic master clock nuclei (SCN) and autonomic 
nervous system (yellow lines) and hypothalamic pituitary axis, (blue lines and circles). Following this, cortisol 
(red line and circles) enhances the activity of the main circadian via synchronizing systems (thick green arrow) 
comprising multiple signals from metabolic fluxes, cytokines, and peripheral modulation of the ligand-activated 
glucocorticoid receptor (modified from Minnetti et al. [ 56 ]).          
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6. Cortisol and cardiovascular system

6.1 Actions of cortisol on the heart

Among its numerous effects on different tissues of the body, cortisol is also known 
to have effects on cardiac and vascular tissues. Diseases related to excess cortisol such 
as hypercortisolism (Cushing’s syndrome) are usually associated with central obesity, 
insulin resistance, dyslipidemia, and alterations in clotting and platelet function 
but also hypertension, myocardial infarct size, ventricular remodeling post-acute 
myocardial infarction; the later representing risk factors of cardiovascular diseases 
[63–65]. The effects of cortisol on the cardiovascular system are not only linked to 
excess cortisol but cortisol is an important modulator of numerous processes with 
relevance for cardiovascular health [60, 66]. The effects of cortisol on the cardio-
vascular system are mostly potentiating effects. Further, cortisol has been shown to 
influence visceral-afferent signals or heartbeat even though the mechanisms underly-
ing this action have not yet been clearly elucidated. Previous studies on knockout mice 
suggest that glucocorticoids also regulate cardiac function through the binding of 
mineralocorticoid receptor (MR), a nuclear receptor that appear to exert antagonistic 
transcriptional regulatory effects on the contractile function of the heart [4, 67, 68].

6.2 Actions of cortisol on vascular smooth muscles

The actions of cortisol on cardiovascular system do not only affect the heart but 
also comprise effects on vascular smooth muscles. Glucocorticoids are known to 
regulate the vascular tone [69]. They have been reported to enhance or potentiate 
the action of vasoconstrictor hormones namely Angiotensin II and norepinephrine. 
The potentiation action of glucocorticoids implicates receptor and non-receptor 
mechanisms. Studies investigating the receptor mechanisms have demonstrated that 
since corticosteroids are transcription factors, they could possibly induce synthesis 
of receptors for vasoconstrictors. For instance, for α-adrenergic receptors, Storm 
and Webb [70] have demonstrated that receptor number might be increased and 
binding affinity unchanged; whereas Schiffrin et al. [71] showed that in contrast to 
α-adrenergic receptors, angiotensin II surface receptors appear to be upregulated by 
corticosteroids. The non-receptor mechanisms have been shown to target vasocon-
strictor synthesis by increasing the formation of angiotensinogen or by inducing the 
activity of angiotensin converting enzyme. In addition to increase vasoconstrictors 
synthesis, glucocorticoids may act on ion transport as to influence the membrane 
potential of vascular smooth muscle cells [69, 72].

7. Effects on the reproductive system

The biological effects of cortisol on reproduction are diverse as cortisol act in 
both male and female. In mammalian female, GR receptors are present in follicular 
cells of ovaries. Even though ovaries are site of synthesis of other steroid hormones 
namely progesterone and 17 alpha-hydroxy-progesterone but specific enzymes 
catalyzing the synthesis of cortisol are absent. In ovaries the activity of cortisol is 
modulated or regulated by the binding of other steroid hormones (progesterone and 
17 alpha-hydroxy-progesterone) on GR receptors. Consequently, when the ovar-
ian steroids bind to cortisol-binding protein receptors, there will be an increase of 
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unbound cortisol. Thus, increased levels of the latter increasing its availability to act 
on the follicles. Ovarian steroids also contribute to regulating the expression of two 
types of 11 beta-hydroxysteroid dehydrogenase (i.e. 11 beta-HSD type 1 and type 2). 
Consequently, a high concentration of cortisol available for biological action may be 
present in the preovulatory follicle just prior to ovulation [73]. Under normal physi-
ological circumstances, cortisol levels increase in the preovulatory follicle just prior 
to ovulation [74, 75]. This preovulatory increase has been shown to promote receptive 
behavior, stimulate gonadotropins and facilitate ovulation [76, 77]. It has been sug-
gested that cortisol may function to reduce the inflammatory-like reactions occurring 
in connection with ovulation [78].

In addition to its anti-inflammatory action, cortisol in the follicular fluid at 
ovulation may also affect the function of the oviduct and induce the formation and 
function of the corpus luteum, whereas the surrounding developing follicles may 
experience negative effects [73]. In cattle, findings from Komiya et al. show that 
cortisol may act to maintain corpus luteum function at early and midluteal stages by 
suppressing or regulating the apoptosis of luteal cells [79].

In females, the biological actions of cortisol are not only limited to the ovary. The 
actions of cortisol are also important in the uterine biology during pregnancy and 
labor [80]. This hormone is important for early pregnancy as previous studies have 
shown that glucocorticoids can promote proliferation in a variety of cell types in the 
uterus. Cortisol is known to increase the expression of some growth factors via the 
Wnt/β-catenin and PI3K/AKT signaling pathways and to promote proliferation of 
bovine endometrial epithelial cells (BEECs) [79]. Peterson et al. [81] demonstrated 
that dexamethasone administered at low doses to human lens epithelial cells in 
cultures may induce a moderate proliferation of these cells. The role of cortisol in the 
immune response is also crucial in establishing endometrial receptivity. In addition to 
this, cortisol may also be important during the decidualization process, as the gluco-
corticoid signaling in uterus may be required for the cell-fate decision of stromal cells 
[80]. Besides these actions, in mammals, GC levels increase towards parturition, and 
are partially involved in its onset through the promotion of prostaglandins. Studies 
in sheep have indicated that glucocorticoids may drive the shift to estrogen-primed 
contractile myometrium via the placental enzyme P450 17α-hydoxylase. Following 
this, prostaglandins may induce myometrial contractions, ripening of the cervix and 
rigger the rupture of foetal membrane [80]. In species such as cattle, goat and sheep, 
GCs are low throughout pregnancy and only rise prior to parturition [82].

In males, glucocorticoids physiological levels and stress-induced cortisol are 
known to influence the testicular function. Previous studies have shown that cortisol 
influences the production of androgens by modulating the biosynthesis of enzymes 
and testicular LH receptors [73, 83]. In adrenalectomized rats, testosterone produc-
tion was shown to increase. The number of spermatids also decreased and was 
restored after dexamethasone treatment. Moreover, in zebrafish (Danio rerio), studies 
in ex-vivo culture system demonstrated that cortisol may stimulate spermatogenesis 
i.e., spermatogonia proliferation and differentiation. This is achieved through using 
paracrine pathway (androgen independent manner) through the modulation of 
transcription of some genes involved in the testicular function. Further findings 
also demonstrated that cortisol promotes meiosis and spermiogenesis, thus increas-
ing the number of spermatozoa in the testes [84]. In a previous study carried out 
on fragments of immature Japanese eel fish, Ozaki et al. demonstrated that cortisol 
activate spermatogonia differentiation and DNA replication via 11-ketotestosterone 
[85]. Besides the testicular function, cortisol also modulates or regulates the erectile 
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function and sexual behavior in humans. In a recent study by Rahardjo et al. [86] 
demonstrated that cortisol may act as a mediator of the erectile function, by acting as 
an antagonist of the normal sexual response in adults. Their results also highlighted 
that an impaired secretion of cortisol may induce erectile dysfunction. Moreso, 
cortisol was also proven that cortisol might be an important modulator of sexual 
behavior. Although the mechanism are still unclear, Rodriguez-Nieto et al. [87] sug-
gested cortisol may act as a neuromodulator and may associates with the anteromedial 
prefrontal cortex region during the approach before sexual stimuli. It appears that the 
response to cortisol response varied among individuals in sexual inhibition and mood 
from sexual activity.

8. Conclusion

From this chapter describing the biological actions of cortisol, it can be concluded 
that cortisol plays a very important role in the various physiological processes in 
the body, important for its development and its homeostasis. Therefore, from the 
knowledge summarized herein, the importance of the use of cortisol derived drugs in 
decreasing the inflammation process is clearly understood. From this chapter it appears 
that the effects of cortisol on glucose metabolism are very vital for homeostasis as its 
various actions also influence lipid metabolism and may be at the origin of metabolic 
diseases. This chapter also shows the implication of cortisol in bone metabolism and 
growth even though more is still to be elucidated especially regarding the biological 
actions of cortisol on growth that is not very well known. The actions of cortisol on 
vascular systems, circadian rhythm and reproductive system further explains the dis-
turbances observed due to environmental stimuli (stress). Transcriptional activation, 
modification of receptors, changing enzyme activity, stimulation of release or produc-
tion, appear as the mechanisms, via which cortisol mostly exert its action; however, 
some pathways are still unknown. This suggests that many more experiments need to 
be performed to fully understand the pathways involved in the actions of cortisol in the 
different target tissues. Finally, because of all the different processes cortisol has effects 
on, there also are different possible changes in cortisol levels which may affect several 
systems in the body. Thus, corticosteroids treatments may have important adverse 
effects inhibiting processes important for the body. This confirms the necessity of 
carrying out further research on the various actions of cortisol, describing mechanisms 
involved to better corticosteroid-based treatments.

In spite of the knowledge about the biological actions of cortisol, there is still a lot 
to understand. Hence, every little discovery counts and will eventually help to explain 
physiological mechanisms in cortisol-related syndromes.
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Chapter 2

Cortisol Measurement at Point
of Care or Use: A Portable
Fluorescence Immunoassay Method
Using Capillary (Finger Prick)
Samples
John Bolodeoku and Tae Kyum Kim

Abstract

In this chapter, we describe a quantitative fluorescence immunoassay (FIA) for the
quantitative determination of cortisol in finger prick samples using a handheld device
(ichroma™ M3). It gives a signal which is directly proportional to the cortisol con-
centration in plasma samples with a performance time between 10 and 15 min. The
assay has a working range of 50–800 nmol/L. The precision of the assay (repeatability,
within-laboratory, lot to lot, between person, between sites) is <7.1%. There is very
little cross-reactivity (+/� 5%) with Cortisone, Corticosterone, Progesterone, Predni-
sone, Testosterone, Prednisolone, Deoxycortisol, DHEA, Dexamethasone. With min-
imal interference (+/� 5%) from D-glucose, L-Ascorbic acid, Bilirubin, Haemoglobin,
Cholesterol and Triglyceride. There is very good agreement between the cortisol
estimates of the bioMerieux Mini VIDAS (reference) and ichroma™ M3. In addition,
cortisol estimations could also be performed on whole blood K2-EDTA, whole blood
K3-EDTA and whole blood Li-Heparin samples. The ichroma™ cortisol method was
able to detect the circadian rhythm in a healthy volunteer using finger prick samples
and handheld device.

Keywords: assay, blood cortisol, immunoassay, method comparison, ichroma, point
of care or use testing

1. Introduction

Cortisol, often referred to as the “stress hormone,” plays a crucial role in the
body’s response to stress and regulates various physiological processes. The
measurement of cortisol levels is a significant aspect of understanding stress-related
conditions, adrenal function, and overall health. Total cortisol distribution is
composed of corticoid binding globulin cortisol (80–90%), albumin bound cortisol
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(10–15%) and free cortisol (3–5%). It enters the circulatory system and is
detectable in several body fluids such as urine, blood, sweat, interstitial fluid
(ISF), hair and saliva, with each of these body fluids having their advantages and
weaknesses [1, 2].

Cortisol has been measured in sweat. There is a strong correlation between cortisol
levels in sweat and hair. However, there is a challenge in accessing reliable and
repeatable samples to measure cortisol in sweat. In addition, there are a number of
factors that influence sweating [1].

Urinary cortisol is measured in its free form and usually a 24-h urine collection.
Thereby making the 24-h urinary free cortisol measurement, it is not affected by
diurnal variation or the confounding effect of cortisol binding proteins [2]. This
biofluid is a relatively non-invasive and painless source to detect cortisol.
However, the collection of the urine over a 24-h period and the special considerations
related to the container, can make it inconvenient and the reliability of measurement
of estimating and interpretation of free cortisol. In addition, several factors such
as pregnancy and medications can interfere with the concentration of cortisol in
urine [1].

Salivary cortisol is the most recognised source for cortisol measurement. In addi-
tion, it is also like blood cortisol has a circadian variation, with the highest levels in the
morning and lowest at midnight. Saliva can be collected quite easily. However, the
drawback to this popular source is that the cortisol present in the saliva is in the free
form and in much smaller concentrations than in the blood. In some instances, large
volumes of saliva are required [1, 3–6].

Blood for cortisol detection has been the oldest form of body fluid sampled.
Sampling blood requires the puncture of veins, sample preparation, which is a painful
and involves procedure, and causes stress prior to and during sampling that might
elevate cortisol levels and increase the turnaround time [1].

There are a number of methods to measure blood cortisol used in numerous
commercial kits and on automated laboratory platforms as immunoassays (IA) and
enzyme immunoassays (EIA), luminescence and fluorescence assays, which are avail-
able. However, there remains several problems in the so-called direct immunoassays if
pre-analytical measures are not carried out before the assay [7]. In addition, auto-
mated immunoassays measure cortisol but lack specificity and show significant
inter-assay differences [8].

Cortisol immunoassays have been shown to demonstrate good precision and cor-
relation with Liquid Chromatography Mass Spectrometry (LC-MS/MS) [6]. These
assays have high performance, are easily performed, and are cost effective. However,
they are performed on desk top analysers and use serum samples that require centri-
fugation, thereby making it a bit of a challenge for these assays to be used to measure
cortisol at point of care or use. Recently, a fluorescence immunoassay (FIA) for the
quantitative determination of cortisol was used to measure cortisol in peripheral and
cord blood [7]. Using the same FIA, the ichroma™ cortisol assay and desktop device
ichroma™ II, we determined the serum blood cortisol concentrations in a male popu-
lation attending a prostate cancer screening program between 10:00 hrs and 18:00 hrs,
showing cortisol concentrations between 98.85–643.3 nmol/L. The median concentra-
tion was 337.2 nmol/L, see Figure 1 (data on file).

The ichroma™ cortisol is a fluorescence immunoassay (FIA) for the quantitative
determination of cortisol in human whole blood using a handheld device. In this
chapter, we would show the performance characteristics of this assay and present
some data on cortisol profiles obtained using finger prick samples.
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2. Performance characteristics

2.1 Sensitivity

Limit of Blank (LoB) 5.07 nmol/L
Limit of Detection (LoD) 6.28 nmol/L
Limit of Quantitation (LoQ) 50.0 nmol/L

2.2 Specificity

2.2.1 Cross reactivity

Standards were made up at cortisol concentrations of 70, 270 and 650 nmol/L. One
set of standards were controls and another set were test standards where the following
molecules (Cortisone, Corticosterone, Progesterone, Prednisone, Testosterone, Pred-
nisolone, Deoxycortisol, DHEA and Dexamethasone) were added to the standards at
much higher concentrations than their normal physiological concentrations in the
blood. Cortisol was measured in both the control and test samples and the cross
reactivity (%) was calculated. Cross reactivity % = (mean of test samples – mean of
control samples/ mean of control samples x 100). The cross reactivity in the cortisol
70 nmol/L concentration ranged between �0.9 and 3.1%, in the 270 nmol/L concen-
tration ranged between �3.04 and 2.2% and in the 650 nmol/L concentration ranged
between �3.5 and 1.8% (see Table 1).

2.2.2 Interference

Standards were made up at cortisol concentrations of 70, 270 and 650 nmol/L.
One set of standards were controls and another set were test standards where the

Figure 1.
Showing serum cortisol concentrations from 102 males attending prostate cancer screening program using
ichroma™ cortisol reagents and ichroma™ II desk top device.
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following molecules (D-glucose, Ascorbic acid, Bilirubin (unconjugated),
Haemoglobin, Cholesterol, Triglyceride and Biotin)) were added to the
standards at much higher concentrations than their normal physiological concentra-
tions in the blood. Cortisol was measured in both the control and test samples and
the interference (%) was calculated. Interference % = (mean of test samples – mean
of control samples/ mean of control samples x 100). The acceptable interference was
+/� 5%.

The data shows that the interference in the cortisol 70 nmol/L concentration
ranged between�1.8 and 0.8%, in the 270 nmol/L concentration ranged between�2.3
and 4.3% and in the 650 nmol/L concentration ranged between �1.3 and 0.2%. All
meeting the acceptance criteria of +/�5% (see Table 2).

2.3 Precision

The precision (coefficient of variation %) was estimated for the following:

• Repeatability (within-run precision)

• Within-laboratory precision (Total precision)

• Lot to lot precision

• Between persons precision

• Between sites precision

• Between reader precision

Cortisol concentration 70 nmol/L 270 nmol/L 650 nmol/L

Cross reactant Cross-reactivity (%) Cross-reactivity (%) Cross-reactivity (%)

Cortisone �0.4 2.2 �0.4

Corticosterone 0.8 �2.4 �2

Progesterone 3.1 �0.7 0.8

Prednisone 2.1 �3.4 0.1

Testosterone �1.1 �0.5 �1.1

Prednisolone 1.2 �1.3 �3.5

Deoxycortisol 0.2 �0.1 0.8

DHEA 1.2 0.1 1.4

Dexamethasone �0.9 0.3 1.8

Cross-reactivity with Cortisone, Corticosterone, Progesterone, Prednisone,Testosterone, Prednisolone, Deoxycortisol,
DHEA, Dexamethasone is acceptably low (+/� 5%).

Table 1.
Showing cross reactivity % of cortisone, corticosterone, progesterone, prednisone, testosterone, prednisolone,
Deoxycortisol, DHEA, dexamethasone with ichroma™ cortisol assay method.
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The data shows that the coefficients of variation (CV) for repeatability, total
precision, lot to lot, between person, between site and between reader is 6.1, 6, 5.8, 6,
5.8 and 6.1%, respectively for cortisol concentration 70 nmol/L.

The data shows that the coefficients of variation (CV) for repeatability, total
precision, lot to lot, between person, between site and between reader is 5.9, 5.7, 5.9,
5.8, 6 and 4.6%, respectively for cortisol concentration 270 nmol/L.

The data shows that the coefficients of variation (CV) for repeatability, total
precision, lot to lot, between person, between site and between reader is 5.4, 5.7, 5.7,
6.1, 7.1 and 6%, respectively for cortisol concentration 560 nmol/L.

All CVs met the acceptance criteria of CV +/� 15% (Table 3).

3. Accuracy

Six standards (samples 1–6) were made up, with the expected value of 80, 220,
360, 500, 640 and 800 nmol/L of cortisol. This was measured 3 times using ichroma™
Cortisol assay and the average determined, the recovery (%) was calculated as the
average divided by the expected concentration multiplied by 100.

An acceptance criterion of recovery +/� 20% was set.
The data shows that for the expected cortisol value of 80, 220, 360, 500, 640 and

800 nmol/L, there was 99.9, 100.3, 97.6, 99.2, 98.9 and 99.8% recovered, respectively.
The recovery met the acceptance criteria of +/�20% (see Table 4).

4. Correlation

Cortisol concentrations of 100 clinical samples were independently tested with the
ichroma™ Cortisol reagents and ichroma™ M3 versus the comparator method
(bioMerieux Mini VIDAS using VIDAS Cortisol reagent). Comparability was investi-
gated with correlation coefficient analysis and Bland-Altman plots.

Cortisol concentration 70 nmol/L 270 nmol/L 650 nmol/L

Interferent Interference (%) Interference (%) Interference (%)

D-glucose �1.8 4.3 �0.1

L-Ascorbic acid 0.7 �1 �0.1

Bilirubin �0.4 �1.2 �0.6

Haemoglobin 0.8 0.1 �1.3

Cholesterol �0.2 2.8 0.2

Triglyceride �0.2 �2.3 1.2

Interference from D-glucose, L-Ascorbic acid, Bilirubin, Haemoglobin, Cholesterol and Triglyceride was minimal
(+/�5%).

Table 2.
Showing interference % of D-glucose, ascorbic acid, bilirubin (unconjugated), haemoglobin, cholesterol,
triglyceride and biotin with ichroma™ cortisol assay method.
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4.1 bioMerieux Mini VIDAS (reference) and ichroma™ M3

The samples covered a measuring range of 51.4–780.08 nmol/L. The correlation
analysis for the bioMerieux Mini VIDAS (reference) and ichroma™ M3 with samples
(n = 100), resulted in a slope of 0.9489 [95% confidence interval (CI) 0.9210–0.9636]
and an intercept of 2.527 nmol/L. The correlation coefficient was 0.9462 (Figure 2a).

The Bland-Altman difference plot of the bioMerieux Mini VIDAS (reference) and
ichroma™M3 with samples (n = 100) showed a mean bias of 21.98 nmol/L (SD�112.5
to 156.5) (Figure 2b).

Expected value (nmol/L) Lot 1 Lot 2 Lot 3 Average Recovery (%)

80 79.33 81.29 79.18 79.93 99.9

220 220.14 223.66 217.96 220.59 100.3

360 345.1 354.35 355.02 351.49 97.6

500 503.43 488.16 496.42 496 99.2

640 628.84 626.54 644.09 633.16 98.9

800 815.38 816.27 763.145 798.27 99.8

Table 4.
Showing recovery % of standards to determine accuracy.

A

Concentration (nmol/L) Repeatability Total Precision

Average CV (%) Average CV (%)

70 70.18 6.1 70.1 6

270 265.66 5.9 268.41 5.7

560 648.22 5.4 641.68 5.7

B

Concentration (nmol/L) Lot to lot precision Between –person

Average CV (%) Average CV (%)

70 69.98 5.8 69.54 6

270 269.67 5.9 270.12 5.8

560 649.34 5.7 650.87 6.1

C

Concentration (nmol/L) Between-site Between-reader

Average CV (%) Average CV (%)

70 69.57 5.8 69.86 6.1

270 271.04 6 272.39 4.6

560 641.2 7.1 645.22 6

Table 3.
Showing precision at concentration.
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According to the test results, the correlation coefficient (R) between the reference
analyser (bioMerieux Mini VIDAS) and the analyser for ichroma™ M3) met the
acceptance criteria (Slope: 1 +/� 0.1 and Correlation coefficient (R): ≥ 0.9.

5. Specimen comparability

Fifty-one samples were collected for serum measured by the reference
analyser (bioMerieux Mini VIDAS). These results were compared to the same fifty-
one samples collected in the following tubes that were measured on the ichroma™:
whole blood K2-EDTA, whole blood K3-EDTA and whole blood Li-Heparin. The
acceptance criteria (slope 1 +/1 0.1 and correlation coefficient R >/=0.9) was
determined.

The data shows that the slope for the cortisol estimations from the ichroma™ using
whole blood K2-EDTA, whole blood K3-EDTA and whole blood Li-Heparin samples
versus cortisol estimates from the serum samples using the reference analyser were
between 0.9867 and 0.9904, see Table 5.

Figure 2.
Comparison results (a) and Bland-Altman plots (b) of the bioMerieux Mini VIDAS (reference) and
ichroma™ M3.
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All slopes and correlations met the acceptance criteria (slope 1 +/1 0.1 and correla-
tion coefficient R >/=0.9).

6. Reference range

See Table 6.

6.1 Clinical applications of ichroma™ cortisol assay and M3 handheld device

Aim: The purpose of this study was to determine the blood cortisol concentrations
over a period of 24 h from finger prick sample using a handheld device.

7. Materials and methods

7.1 Reagents

See Figure 3.

Time Reference Range (nmo/L)

Morning 151.6–793.3

Afternoon 67.9–473.1

Table 6.
Showing reference ranges of assay method.

Slope Correlation (R)

Serum vs. Whole blood (K2-EDTA) 0.9886 0.9987

Serum vs. Whole blood (K3-EDTA) 0.9867 0.9989

Serum vs. Whole blood (Li-heparin) 0.9904 0.9988

Table 5.
Showing slope and correlation between serum cortisol measured using the reagents and the bioMerieux Mini
VIDAS versus the respective whole blood samples measured using the ichroma™ cortisol assay and reader.

Figure 3.
A – The cartridge contains the membrane called a test strip which has cortisol BSA conjugate an anti- mouse IgG to
test lines, and streptavidin at the control line. Dimension = 89.90 (W) � 15.75 (L) � 4.40 (H) mm B – The
detection tube has a granule containing anti cortisol fluorescent conjugator, BSA biotene fluorescent conjugate,
bovine serum albumin (BSA) as a stabiliser and sodium aside as a preservative in phosphate buffered saline
(PBS). Dimension = 11.8 (W) � 23.8 (H) mm. C – The detector diluent contains bovine serum albumin (BSA)
as a stabiliser, tween 20 as detergent, sodium azide as a preservative in phosphate buffered saline (PBS) and is in a
vial. Dimension = 20 (W) � 59 (H) mm. D � ID chip. Dimension = 24 (W) � 34 (L) � 5 (H) mm.
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7.2 Device

See Figure 4.

7.3 Test procedure

Established standard method for ichroma™ Cortisol as follows.

1.Take 150 μL of detector diluent using a pipette and dispense it to the detector
tube containing a granule. When the granule form is completely dissolved in the
tube, it becomes detection buffer.

2.(The detection buffer must be used immediately. Do not exceed 30 s.)

3.Take sample (50 μL of whole blood or 30 μL of serum/plasma/control) using
a pipette and dispense it to a tube containing the detection buffer. Close the lid
of the detector tube and mix the sample thoroughly by shaking it about 10
times.

4.(The sample mixture must be used immediately. Do not exceed 30 s.)

5.Take 75 μL of the sample mixture and dispense it into the sample well of the
cartridge.

6.Insert the sample-loaded cartridge into the slot of the i-Chamber or an incubator
(25°C).

7.Leave the sample-loaded cartridge in the i-Chamber or an incubator for 10 min.

8.Scan the sample-loaded cartridge immediately when the incubation time is over.

9.To scan the sample-loaded cartridge, insert it into the cartridge holder of the
instrument for ichroma™ tests. Ensure proper orientation of the cartridge
before pushing it all the way inside the cartridge holder. An arrow is marked on
the cartridge especially for this purpose.

Figure 4.
Showing hand-held Boditech ichroma M3 device.
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10.Press the ‘Select’ or tap the ‘Start’ button on the instrument for ichroma™ tests
to start the scanning process.

11.The instrument for ichroma™ tests will start scanning the sample-loaded
cartridge immediately.

12.Read the test result on the display screen of the instrument for ichroma™ tests.

8. Method

Finger prick samples were taken from a healthy volunteer hourly from 05:00 h to
03:00 h over a 1-month period. They were collected in lithium heparin tubes. The
cortisol measurements were made using the ichroma™ Cortisol POC method on the
handheld device (ichroma™M3) were performed immediately as described in the test
procedure.

9. Results

The 24-h cortisol profile revealed a circadian pattern starting with higher levels of
193.02–462 nmol/L in the morning (6-8 am), dropping to 93.3–157.01 nmol/L by
noon, keeping it steady in the afternoon 123.33–150.81 nmol/L dropping in the
evening till midnight at levels of 50–137.85 nmol/L Figures 5 and 6 and Table 7.

10. Discussion

Cortisol as a glucocorticoid affects the metabolism of carbohydrates, proteins, and
fats, but especially glucose. Cortisol tests are carried out on patients who have condi-
tions affecting adrenal glands. Cortisol levels follow a circadian rhythm rising in the

Figure 5.
Showing the cortisol estimations over the course of the month at the respective time.
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early hours of the day and falling later on during the day. It peaks at its highest level
between 6 and 8 AM and gradually falls, reaching its lowest point around midnight.
Cortisol levels are usually collected at 8 AM and again at 4 PM. It should be noted that
normal values may be adjusted in individuals who have worked during the night and
slept during the day for long periods of time [1–3].

Cortisol immunoassays have been able and shown to demonstrate good precision
and correlation with Liquid Chromatography Mass Spectrometry (LC-MS/MS) [6].
These assays have high performance, are easily performed, and are cost effective.
However, they are performed on desk top analysers and use serum samples that
require centrifugation, thereby making it a bit of a challenge for these assays to be
used to measure cortisol at point of care. In this chapter, we describe a quantitative
fluorescence immunoassay (FIA) for the quantitative determination of cortisol in
human whole blood/serum/plasma using a handheld device (ichroma™M3). It gives a
signal which is directly proportional to the cortisol concentration in plasma samples
with a performance time between 10 and 15 min. This technique provides a practical
measurement range of concentration range of 0–900 nmol/L. It has a working range
of 50–800 nmol/L.

A limitation of immunoassays is their specificity with interference of structurally
similar compounds, for example endogenous steroids. In addition, different immuno-
assays show high inter-assay variation [6–9]. This assay has shown very good preci-
sion <7.1% (repeatability, within-laboratory, lot to lot, between person, between sites
and between devices). In addition, there is very little cross-reactivity (+/� 5%) with
Cortisone, Corticosterone, Progesterone, Prednisone, Testosterone, Prednisolone,
Deoxycortisol, DHEA, Dexamethasone. With minimal interference (+/� 5%) from D-
glucose, L-Ascorbic acid, Bilirubin, Haemoglobin, Cholesterol and Triglyceride. There

Figure 6.
Showing the mean cortisol estimations over the course of the month at the respective time.

Time of the day Morning 6–8 am Noon 12–1 pm Afternoon 4 – 5 pm Nighttime 10–12 midnight

Cortisol (nmol/L) 193.02–462 93.3–157.01 123.33–150.81 50–56.45

Table 7.
Showing cortisol estimates over the course of the month grouped into morning (6:00–8:00 h), noon (12:00–
13:00 h), afternoon (16:00–17:00 h) and Nighttime (20:00–00:00 h).
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is very good agreement between the cortisol estimates of the bioMerieux Mini VIDAS
(reference) and ichroma™ M3. In addition, cortisol estimations could also be
performed on whole blood K2-EDTA, whole blood K3-EDTA and whole blood Li-
Heparin samples. This makes this immunoassay method quite suitable for point of
care or use testing.

The 24-h blood profiling conducted on the healthy volunteer using this point of
care our use device and method on finger prick samples revealed a circadian pattern
starting with higher levels of 193.02–462 nmol/L in the morning (6-8 am), dropping to
93.3–157.01 nmol/L by noon, keeping it steady in the afternoon 123.33–150.81 nmol/L
dropping in the evening till midnight at levels of 50–137.85 nmol/L. This pattern is
consistent with the profiles described in a number of studies [10–12] including the
normative profile described by Dmitrieva et al. study, although in this study the data
is from salivary samples which is considered an ultrafiltrate of blood which accounts
for the cortisol concentration levels are lower than what is expected in the blood. The
normative profile was the most observed profile in a study of 1101 adults living in the
US. Salivary cortisol at waking was 13.4 nmol/L, increasing to 20.4 nmol/L at 30 min
post waking, then declining to 6.0 nmol/L before lunch and dropping to 1.5 nmol/L
prior to bedtime see Figure 7.

For some time, the optimum monitoring of cortisol has been advocated to support
the replacement of cortisol in patients with adrenal insuffiency [13], to replace cortisol
appropriately. We appreciate that replacement with steroid replacement in patients
does not mimic the circadian rhythm of cortisol. This can be seen in the figure below
which shows much higher concentrations of cortisol observed in the afternoon and
mid-afternoon samples of the patient on steroids compared to the afternoon and mid-
afternoon samples of a healthy volunteer (Figure 8).

With this method, a better understanding of blood cortisol in in the patients
receiving glucocorticoid therapy, patients with abnormalities of the adrenal gland and
patients with abnormalities of the pituitary gland affecting ACTH production would
prove valuable. In addition, there would be value in monitoring and understanding
the kinetics of blood cortisol concentrations in athletes in sports medicine and under-
standing stress in many situations.

In this chapter, we have shown the performance characteristics (analytical sensi-
tivity, analytical specificity, interference, precision, accuracy, and correlation) of a

Figure 7.
Showing “normative profile” described in Dmitrieva et al. with salivary cortisol concentrations and normal profile
described by Bolodeoku et al. with blood cortisol concentrations.
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hand-held blood cortisol measuring device and assay method met the acceptance
criteria. In addition, the cortisol method was able to determine blood cortisol profiles
obtained using finger prick samples.
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Figure 8.
Showing morning, afternoon, mid-afternoon and night-time blood cortisol concentrations in a healthy volunteer
and patient taking steroids (data on file).
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Chapter 3

Distribution of Cortisol in Human
Plasma in vitro: Equilibrium
Solutions for Free Cortisol Using
Equations of Mass Conservation
and Mass Action
Richard I. Dorin and Clifford R. Qualls

Abstract

Cortisol is secreted by the human adrenal cortex and circulates in plasma as free or
protein-bound cortisol. Corticosteroid binding globulin (CBG) and albumin are the
principal binding proteins (BPs) for cortisol in human plasma. Plasma
concentrations of total cortisol (sum of protein-bound and free cortisol) are
typically measured in vitro. Determination of free cortisol adds clinical and diagnostic
value to total cortisol concentration. However, direct measurement of free cortisol
concentrations involves laborious separation methods, limiting clinical utility. The
development and application of physiologic protein-ligand binding models and equa-
tions provide an alternative approach to assessment of free cortisol concentrations
in vitro. In this chapter, we introduce a matrix notation to represent relevant mass
action and mass conservation equations. The matrix notation is also used to
summarize and compare several contemporary models of interest, including cubic,
quadratic, and quartic polynomial equations. Second, we introduce Feldman’s
equations for competitive ligand-protein binding interactions, which are
represented by matrices for multiple ligands and multiple BPs, including illustrative
2 � 2 matrix; we also discuss iterative solution strategies for coupled polynomial
equations. Third, we develop a theorem for albumin-cortisol binding and review
related assumptions that have been used to simplify polynomial equations and their
equilibrium solutions.

Keywords: cortisol, hydrocortisone, corticosteroid binding globulin, protein-ligand
binding, albumin, computer-assisted numerical methods, matrix notation

1. Introduction

“A model should be as simple as it can be but no simpler.” Albert Einstein
“All models are wrong; some are useful.” George Box
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1.1 Modeling the distribution of cortisol between free and protein-bound
compartments in human plasma at equilibrium in the test tube (in vitro)

Several mathematical models have been put forward for the purpose of
estimating equilibrium concentrations of free cortisol (XF) in the test tube (in vitro). The
minimum input data needed to estimate XF include serum/plasma concentrations of
total cortisol (XTotF) and total corticosteroid binding globulin (XTotCBG). Since XTotF is
known (measured experimentally), it is reasonable to consider that the problem is
determining XF as the fraction (or percentage) of the total cortisol, that is, (XF/XTotF).
Though the clinician is primarily interested in free cortisol concentration (XF), these
polynomial models also yield estimates of CBG-bound (XFC) and albumin-bound (XFA)
cortisol concentrations, which are generally of secondary interest.

1.2 Cortisol in captivity

Sampling of blood from the vascular volume by venipuncture is conventional and
useful. Here we use in captivity in reference to the contained environment of the
in vitro condition (and not in reference to BP-bound ligand as in Bikle et al. [1]).
Once plasma/serum is removed from the well-mixed vascular compartment and
placed in the test tube, there is no longer input or output of cortisol from the system;
that is, in vitro rates of cortisol appearance, elimination, and diffusion are all zero.
Moreover, XTotF remains constant in the test tube; that is, dXTotF/dt = 0 in vitro. By
contrast, apart from the steady state, dXTotF/dt 6¼ 0 in vivo. We also note that the
distribution of cortisol between free and protein-bound compartments quickly
reaches equilibrium (or steady state) in vitro. A modeling perspective on the relation-
ship between the dynamic and equilibrium conditions for cortisol in vitro is given in
Appendix 1.

Thus, the in vitro assessment of cortisol captures a momentary snapshot or still life
view of the dynamic, in vivo system. Despite these differences between the in vitro
and in vivo conditions, analysis of cortisol distribution between free, CBG-bound,
and albumin compartments in vitro yields information that can be usefully projected
back to the dynamic model. This transition of parameters of interest from the in vitro
equilibrium condition to the in vivo dynamic condition involves dividing association
equilibrium constants into cognate on- and off-rate constants. Thus, the in vivo
model uses on- and off-rate constants rather equilibrium association constants and
differential equations (see [2]) rather than the iterative equilibrium equations
discussed herein.

1.3 Motivations for estimating free cortisol concentrations by
numerical modeling

Plasma or serum free cortisol concentrations (XF) are generally difficult to mea-
sure, as they require pre-analytic separation procedures, such as equilibrium dialysis
or ultrafiltration, at controlled temperature (37°C). These constraints have motivated
interest in using numerical methods as an alternative approach to estimate XF. Clinical
laboratories routinely measure concentrations of total cortisol (XTotF) and total albu-
min (XTotA). Laboratory measurement of total CBG concentration (XTotCBG) is less
routine, but immunoassays are commercially available. In a typical scenario using
contemporary methods, estimates of XF can be obtained using a formula in which
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(i) XTotF and XTotCBG are measured, (ii) association rate constants are taken from the
literature, and (iii) a value for albumin concentration is assumed (or measured) [3, 4].

In the present chapter we review equations for several contemporary models for
estimation of XF, including the cubic equation (Section 2) as well as quadratic and quartic
polynomial equations (Section 3). These models all use principles of mass action andmass
conservation. However, to the extent that they focus on cortisol to the exclusion of all
other ligands that may compete for CBG and/or albumin binding, they may be regarded
as too simple. In Section 4, we review the work of Feldman and co-workers [5, 6], which
outline a system of integrated equations of mass action and conservation. These inte-
grated equations can be applied to a variety of protein-ligand binding problems, including
the binding of cortisol and other ligands to serum binding proteins (BPs), such as CBG
and albumin. We shall refer to these as Feldman equations. We also introduce an alter-
native representation of Feldman equations using nxmmatrix (K) notation. The matrix
notation is introduced for the 3-compartment model (1� 2, cubic solution) in Section 2.

1.4 Free, CBG-bound, and albumin-bound cortisol as a 3-compartment model

Aminimal model for equilibrium solutions considers a single ligand (cortisol) and its
two principal BPs in human plasma, namely CBG and albumin [2, 4, 7]. Whereas CBG-
cortisol binding is specific, high-affinity, and saturable, albumin-cortisol binding is non-
specific, low affinity, and non-saturable at physiologic concentrations of plasma cortisol
[8]. The three compartments for cortisol in the vascular (plasma) volume (in vitro)
include: (i) free (XF), (ii) CBG-bound (XFC), and (iii) albumin-bound (XFA) cortisol
(see Section 2). In this formulation, total cortisol represents the sum of three plasma
compartments (XTotF = XF + XFC + XFA), illustrating the principle of mass conservation.
An analytic solution (i.e., solution obtained using algebraic formula) for XF may be
obtained by a cubic equation, as previously described [4]. At a minimum, realistic
modeling of cortisol distribution between free, CBG-bound, and albumin-bound com-
partments in vitromust take account of the different concentrations and binding char-
acteristics of CBG and albumin. Thus, one- or two-compartment models may be too
simple to realistically represent relevant physiology of cortisol in plasma and are not
considered further in this chapter.

1.5 CBG-cortisol binding affinities are affected by temperature

CBG-cortisol binding affinity is sensitive to variation in temperature [9–13]. For
purposes of this chapter, we focus on protein-ligand binding reactions at 37°C. In
cortisol-binding studies performed using human serum at 37°C, values for the equilib-
rium dissociation constant for CBG-cortisol binding have been reported in the literature
to be in the range of 12.5–33 nmol/L [3, 14–17]. As temperature is increased from 37 to
40°C, CBG-cortisol affinity decreases substantially (by ≈50%) [9–13]. Thus, in febrile
patients, free cortisol concentrations in vivo are expected to be greater than those (i)
predicted by equations developed using affinity constants obtained for conditions at 37°
C or (ii) measured experimentally at 37°C (e.g., by equilibrium dialysis).

1.6 Competitive protein-ligand binding models for multiple BP’s and
multiple ligands

The problem of obtaining an accurate estimate of XF becomes more challenging
when one considers the possibility of other cortisol-binding proteins in human
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plasma, such as orosomucoid (α � 1-acidic glycoprotein, AAG) or elastase-cleaved
CBG [18–20]. And the problem is compounded further considering the possibilities of
ligands other than cortisol that circulate at sufficiently high concentration and bind
CBG with sufficiently high affinity that, through their collective activities, they effec-
tively compete with cortisol for CBG (and/or albumin) binding [14, 21, 22]. If ligands
that effectively compete for CBG binding are not accounted for, model predicted XF

may significantly underestimate actual (experimentally measured) XF. In Section 4
we review a generalized approach for modeling competition for CBG-cortisol (and
albumin-cortisol) binding. These are represented by the 2 � 2 matrix, with several
examples of ligands competing for CBG-cortisol binding reaction given in Section 5.
Interestingly, once the Feldman equations are applied to two (or more) ligands, they
are no longer tractable to analytic solutions. We discuss this problem of coupled
polynomial equations and solution by iteration in Section 4. In Section 4, we also
present Duality theorem that provides for transposition of matrix expression between
n � m and m � n formats. We also provide theorems for existence and uniqueness of
iterative solutions for the characteristic polynomial, which is developed more gener-
ally to existence and uniqueness of iterative solutions in Appendix 2. In Appendix 3,
we further review matrix approaches to the characteristic polynomial, which includes
use of singular value decomposition and vector-based matrix operations.

1.7 Re-parameterization of albumin-bound cortisol concentration (XFA) results in
simplifications to model equations and model solutions

Cortisol-albumin binding is characterized by low specificity and low affinity;
moreover, since concentrations of albumin (μmol/L) greatly exceed those of cortisol
(nmol/L), simplifications in modeling albumin-bound cortisol may be possible.
Indeed, Tait and Burstein as well as Coolens and co-workers suggest that the concen-
tration of albumin-bound cortisol (XFA) is linearly related to XF by a simple constant
of proportionality (N) [3, 7]. By combining two parameters as a single parameter to
estimate the concentration of XFA, Coolens’ simplification reduces the order of the
polynomial by one, such that analytic solutions using the cubic equation can now
be obtained by a simpler (quadratic) equation (see Section 2). It may be noted that
Coolens’ assumption only considers a single ligand (cortisol) binding to albumin.
Since XTotA >> XTotF, the assumption that XTotA ≈ ‘free albumin’ (XA) seems reasonable
enough. However, when one considers the myriad other ligands that bind albumin in
non-specific fashion, the assumption that XTotA ≈ XA is less certain. A general theorem
for albumin-cortisol binding, by which multiple ligands may compete for albumin-
cortisol binding, is developed in Section 6. These considerations also raise the practical
question of whether N is in fact constant (within and between individuals) and exactly
what value of N should be used as the constant of proportionality (XFA/XF).

It also is uncertain whether there is a single or multiple cortisol binding sites per
albumin molecule. In Appendix 4, we use the matrix format to represent equations for
multiple albumin-cortisol binding sites having different but independent cortisol
binding affinities.

1.8 The clinical conundrum

One might imagine that having measured concentrations of XTotF, XTotCBG, and XTotA

in hand, estimation of XF (as a percent of XTotF) should be a simple enough task. After
all, cortisol binds CBG with simple 1:1 stoichiometry and the binding properties of CBG
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and cortisol are well characterized [10, 15, 16, 23–26]. Similarly, purified albumin is
readily available and cortisol binding properties have been reported [4, 17, 27–30]. For
example, in Section 6 we review albumin-cortisol binding data obtained in a purified
solution of human serum albumin [27].

However, we find in practice that estimation of XF in human plasma using con-
temporary models remains an inexact science. These model solutions for XF often
match experimentally measured free cortisol; however, their performance may be
inconsistent in certain individuals, populations, and conditions. Changing affinities
and variation in concentrations of competing ligands in conditions such as critical
illness and septic shock may further challenge clinical application of contemporary
numerical methods to estimate XF.

Before introduction to the n � m matrix notation for Feldman equations,
let us briefly review our use of the terms equilibrium concentration and bioavailable
cortisol.

1.9 Definition of equilibrium concentrations in the test tube (which is a thought
experiment)

To be clear about what is meant by the term equilibrium (or steady state) solutions
in vitro, let us consider as a thought experiment a sample of human plasma having
median normative concentrations of CBG and albumin from which cortisol has
been removed (e.g., by charcoal adsorption). Thus, in this theoretical plasma sample
CBG ≈ 600 nmol/L, albumin ≈ 600,000 nmol/L, and total cortisol = 0 nmol/L. To
0.1 mL of this sample, let us add 1 μL of (free) cortisol at a concentration of
10,000 nmol/L, which when diluted in the 100 μL sample volume yields a final total
cortisol concentration of ≈100 nmol/L after mixing. Immediately following
addition of (free) cortisol to the sample, there is a (brief) dynamic phase during which
concentrations of XF, XFC, and XFA are rapidly changing. A new steady state is
quickly achieved in the test tube, after which period concentrations of XF, XFC, and
XFA (in the test tube) remain constant. Modeling studies suggest that steady
state occurs rapidly in this example [4]. When we speak of equilibrium solutions, we
are referring to cortisol concentrations at these equilibrium (or steady state) condi-
tions. See Appendix 1 for further discussion of dynamic and steady state conditions
in vitro.

1.10 Parsing the problem: bioavailable cortisol (XF + XFA)

In studies of in vitro testosterone distribution among free (XT), SHBG-bound
(XTS), and albumin-bound (XTA) testosterone compartments, XTS can be
separated from XT and XTA by ammonium sulfate precipitation. The term
bioavailable testosterone has been commonly used to denote the non-SHBG-bound
fraction of testosterone (i.e., free and albumin-bound testosterone), where XTotT =
XT + XTS + XTA and bioavailable testosterone (Tbioavail) = (XTotT – XTS) = (XT + XTA).
In the present chapter, we use the term bioavailable cortisol (Fbioavail) to denote the
sum of free and albumin-bound cortisol (XF + XFA). Our use of the term is
restricted to these concentrations without any intended endorsement of proposed
biological activity of albumin-bound cortisol related to capillary transit times
[31–34]. In fact, from a modeling perspective of systemic concentrations of cortisol
in vivo, XFA does not diffuse between vascular and extravascular compartments;
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rather, XFA varies in time-dependent fashion in dynamic equilibrium with XF and XFC

(in the plasma compartment) [2, 8, 35]. Nonetheless, the concept of bioavailable
cortisol may be useful to cortisol in vitro, as it parses the problem of estimating free
cortisol into two tasks. The first task is determination of the concentration of bio-
available cortisol as a fraction of (measured) total cortisol (XTotF), where bioavailable
cortisol = (XTotF – XFC) = (XF + XFA). Once bioavailable cortisol concentration has
been determined, the second task is selecting the correct constant of proportionality
(N = XFA/XF) by which bioavailable cortisol can be apportioned between XF and XFA

fractions.

2. Matrix notation for cubic equation (1 � 2 matrix)

A simple formulation of the nxm matrix shown in Table 1 includes free ligand
(row), free concentrations of BPs (columns), and protein-bound cortisol concentra-
tions (inner cells). The principle of mass action is represented by the 1:1 stoichiomet-
ric formulae in each inner cell in the matrix, where concentrations of CBG-bound
cortisol (FC) and albumin-bound cortisol (FA) are expressed as mass action formulae
using equilibrium association constants for CBG-cortisol (K11) and albumin-cortisol
(K12) binding reactions at 37°C. For example, the inner cell for steady state concentra-
tion of FC (dotted ellipse) is the product of (i) molar concentrations of the reactants,
free cortisol (F) and free CBG (C), and (ii) the equilibrium association (affinity)
constant for CBG-cortisol binding (K11). Note that the equilibrium association con-
stant is expressed in units of concentration�1 (L/nmol, nM�1). Thus, inner cell entries
are of the form K11 � C � F. By the same token, the inner cell for steady state

The three total concentrations are: total cortisol (TotF), total CBG (TotC), and total albumin (TotA) are measured
(light red). The affinity constants for CBG-cortisol (K11) and albumin-cortisol (K12) binding are obtained from the
literature or otherwise estimated (yellow). The free cortisol concentration (F) is estimated as cubic solution derived from
the equilibrium equations of Feldman and co-workers [5] (light blue). The dashed boxes and ellipses are in this table to
illustrate the discussion in the text. Briefly, ellipses enclose the mass action formulae for cortisol binding to CBG and
albumin. Boxes enclose conservation of mass formulae. The horizontal box (dotted rectangle) indicates that total cortisol
(TotF) represents the sum free (F), CBG-bound (FC), and albumin-bound (FA) cortisol. The vertical box (compound
dashed rectangle) indicates that total CBG (TotC) represents the sum of free CBG (C) and cortisol-bound CBG (FC).
The dashed box indicates that total albumin (TotA) represents the sum of free albumin (A) and cortisol-bound albumin
(FA). Feldman equations give a solution of free F as a root of a cubic polynomial [4].
Constraints: None.

Table 1.
Tutorial 1 � 2 matrix for cortisol binding equilibrium equations resulting in a cubic solution for free cortisol.
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(equilibrium) concentration of albumin-bound cortisol (FA) in vitro at 37°C (dashed
ellipse) is the product of (i) molar concentrations of the reactants, free cortisol (F)
and free albumin (A), and (ii) the equilibrium association (affinity) constant for
albumin-cortisol binding (K12). Thus, inner cell entries for albumin-cortisol binding
are in the form K12 � A � F. In Table 1 and elsewhere, we designate the equilibrium
affinity constant for CBG-cortisol binding as K11 and the equilibrium affinity constant
for albumin-cortisol binding as K12.

Although the equilibrium affinity (association) constants for CBG-cortisol
(K11) and albumin-cortisol (K12) binding reactions are useful in the matrix notation,
in other circumstances it may be preferable to consider the reciprocal, i.e. the
equilibrium dissociation constant (Kd). We use the term K11

�1, which is also equal
to 1/K11, to indicate the equilibrium dissociation constant for CBG-cortisol binding.
Similarly, we use the term K12

�1, which is equal to 1/K12, to indicate the
equilibrium dissociation constant for albumin-cortisol binding reaction. Note
that equilibrium dissociation constants are expressed in more familiar units of
concentration (nmol/L). Values abstracted from Coolens’ quadratic equation
reflect the high affinity of CBG-cortisol binding (K11

�1 = 33 nmol/L) and relatively
low affinity (K12

�1 = 330,000 nmol/L) of albumin-cortisol binding (assuming 1:1
stoichiometry).

The principle of mass conservation is also illustrated in Table 1. For example, total
concentrations of ligand (row sums, dotted rectangle) and BP (column sums, com-
pound dash and dashed rectangles), are shown in right and bottom margins, respec-
tively. Note that in the usual application of the equations, which is to obtain an
analytic solution (i.e., a solution that can be obtained by algebraic formula) for XF,
total concentrations of ligand and BPs are typically measured (red), while equilibrium
affinity constants, K11 and K12 for CBG- and albumin-cortisol binding, respectively,
are taken from literature (yellow). In the example shown in Table 1, total cortisol,
total CBG, and total albumin are measured (red); K11 and K12 are taken from the
literature (yellow); and free cortisol concentration is solved (blue) by the cubic
equation. As noted in Coolens et al. and elsewhere [3, 4, 25, 36, 37], the assumption
that given value for K11 is broadly applicable across individuals, conditions, and
clinical groups, may be inaccurate. For example, genome-wide association studies
[36, 38] and the presence of recognized polymorphisms of CBG having reduced
cortisol binding affinity in certain populations [25, 39] demonstrate that some indi-
viduals have normal concentrations of CBG, when measured by immunoassay, but
reduced cortisol binding affinity. Individual differences in glycosylation of CBG may
also influence its cortisol binding affinity, as do specific mutations associated with the
syndrome of CBG deficiency [40–42].

3. Other models that treat cortisol as the sole ligand involved in protein
binding in human plasma/serum (quadratic and quartic solutions)

In addition to the cubic equation described in Table 1, several variations on the
basic cubic model have been suggested in the literature. Note that like the cubic
equation, these variations also consider cortisol to be the sole ligand involved in
protein-binding reactions. As a result, like the cubic equation, the corresponding
solutions for XF are polynomial equations that yield analytic solutions (quadratic
solution for Coolens’ equation and quartic solution for the model proposed by Nguyen
et al. [3, 20].
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Coolens’ quadratic equation (Table 2) can still be represented as a 1 � 2 matrix.
However, in Coolens’ equation, the mass action term for XFA in the cubic equation
(dashed oval in Table 1) is re-parameterized such that (K12A*F) is simplified to
(N*F). In this formulation, N = XFA/XF = K12*A ≈ K12*XTotA. Coolens’ formula takes a
value for equilibrium dissociation constant for albumin-cortisol binding from the
literature (= 330,000 nmol/L) and assumes a normative value for serum albumin
concentrations, yielding N = 1.74 [3]. The quadratic equation can be represented in
matrix format as shown in Table 2. In Coolens’ formulation, N is viewed as propor-
tional to the concentration of total albumin concentration (XTotA), and in adaptations
of Coolens’ equation the value of N has been adjusted proportionately to measured
XTotA [3, 43]. The assumptions related to Coolens’ equation and a general theorem to
handle competition of multiple ligands for albumin-cortisol binding are further
developed in Section 7 below.

Note that Coolens’ simplification provides a simpler (quadratic) solution when
compared to the cubic equation (Table 1). This is accomplished by combining XF +
N*XF = (1 + N)XF and deleting the column for XA. This results in a 1 � 1 matrix table
and a quadratic solution. For further discussion of the degree of polynomial equations,
see Section 3 and Appendix 3.

3.1 Quartic solution

The quartic solution [20] adds a third column to the cubic solution for the addi-
tional binding protein, elastase-cleaved CBG (Ce), resulting in 1 � 3 matrix (see
Table 3). Gudman-Hoeyer and Ottesen further developed the quartic model to con-
sider multiple ligands and dynamical rates of appearance and elimination of elastase-
cleaved CBG [19]. However, the clinical relevance of the quartic model is uncertain,
especially in view of reports by Hammond and co-workers that the identification of a
putative low-affinity (elastase-cleaved) CBG using the 9G12 monoclonal antibody was
related to experimental artifact [40]. Moreover, it appears that elastase-cleaved CBG

The solution for free cortisol proposed by Coolens et al. [3] is obtained under a constraint that F is small (see constraint
listed below) [3, 7]. Coolens’ constant N replaces K12A in the mass action formula to obtain the cell entry N�F. Coolens’
assumption listed under constraints below for the 1 � 2 matrix implies A = TotA. The conservation of mass equation for
TotF leads to Coolens quadratic solution for the free concentration F. Coolens solution gives N = 1.74, but other values are
possible [3].
Constraints: Coolens assumption K12F <<1; that is, F < < K�1

12 ¼ KD, the equilibrium dissociation constant of cortisol-
albumin binding.

Table 2.
1 � 2 matrix for cortisol binding equilibrium equations resulting in Coolens’ quadratic solution.
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is rapidly cleared at local sites of inflammation, such that systemic serum concentra-
tions of elastase-cleaved CBG are unmeasurably low [41].

Quartic solution including addition binding protein (α1-acidic glycoprotein, AAG)
(1 � 3 matrix) (Table 4): In addition to CBG and albumin, α1-acid glycoprotein
(AAG), also known as orosomucoid, circulates in human plasma at a mean concentra-
tion of ≈24 μM and binds cortisol with an affinity (KD = 62,000 nM) intermediate to
CBG (KD = 33 nM) and albumin (KD = 330,000 nM) [18, 44]. Table 4 shows a 1 � 3
matrix that includes AAG as an additional binding protein. The concentration of
AAG-bound cortisol under physiologic conditions appears to be small [19]. However,
depending on the concentration of AAG and other ligands that compete with cortisol
for AAG-binding, it may contribute significantly to the pool of protein-bound cortisol.
AAG may also represent an additional source of saturable cortisol-binding under

An alternative model includes orosomucoid (α � 1-acidic glycoprotein, AAG) as an additional cortisol-binding protein
[44]. The four total concentrations are total cortisol (TotF), total CBG (TotC), total orosomucoid (TotO) and total
albumin (TotA) are measured (light red). The affinity constants for CBG-cortisol (K11), albumin-cortisol (K12), and
orosomucoid-cortisol (K13) binding are obtained from the literature or otherwise estimated (yellow). The free cortisol
concentration (F) is estimated as a root of a quartic polynomial (light blue).
Constraints: None.

Table 4.
1 � 3 matrix for equilibrium equations including orosomucoid (AAG).

For this matrix, two forms of CBG having distinct cortisol binding affinities are proposed to exist: (i) full length CBG (C)
and (ii) elastase-cleaved CBG (CeÞ.The four total concentrations are total cortisol (TotF), total CBG (TotC), total
elastase-cleaved CBG (TotCe), and total albumin (TotA) are measured (light red). The affinity constants for free cortisol
binding to intact CBG (K11), to elastase-cleaved CBG (K13), and to albumin (K12) are obtained from the literature or
otherwise estimated (yellow) [19, 20]. The free cortisol concentration (F) is estimated as the root of a quartic polynomial
as described in Nguyen et al. [20] (light blue).
Constraints: None, or in some cases that Tot Ce equals a fixed fraction of TotC.

Table 3.
1 � 3 matrix for equilibrium equations including elastase-cleaved CBG.
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conditions, such as CBG deficiency or low CBG concentrations [27]. As illustrated in
Table 4, it is the concentration of free rather than total AAG that determines the
concentration of AAG-bound cortisol. Considering the variety of other ligands that
bind AAG, concentrations of free AAG (XAAG) may be substantially reduced relative
to total AAG (XTotAAG), as discussed further in the general theorem (2 � 2 matrix) for
albumin-cortisol binding (Section 7).

Degrees of characteristic polynomials: In the above examples (single ligand, mul-
tiple BPs), note that each additional column adds one additional order of complexity
to the polynomial equations; by contrast, treatment of albumin-cortisol binding as a
constant (N) reduces the order of the polynomial by one. The degree of characteristic
polynomials is discussed further in Appendix 3.

Also note that all the models discussed thus far consider cortisol as the sole ligand;
that is, there is only one row (for cortisol only) in the n � m matrix. Consequently,
analytic solutions may be obtained by algebraic equations, such as the familiar qua-
dratic, cubic, quartic solutions discussed above. However, when there are two or more
ligands competing for protein binding, a more complex system of coupled polynomial
equations obtains. These coupled polynomial equations do not yield simple analytic
solutions; rather they require iterative procedures to obtain solutions [19, 45, 46]. For
these problems, a more general approach taking advantage of mass action and mass
conservation equations has been developed.

4. Competitive ligand-protein binding equilibrium equations (for two or
more ligands, 2 � 2 matrix) require iterative rather than analytic
solutions

Feldman’s system of coupled equilibrium equations obtained from mass action and
mass conservation equations is developed here in a matrix format for one or more
ligands and one or more binding proteins [5, 6]. This will be done for n ligands and m
binding proteins; however, the case n = 2 and m = 2, the 2 � 2 matrix, conveys the
principles needed.

To simplify the discussion, consider the equilibrium of free cortisol concentration
(F) binding to free CBG (C) and free albumin Að Þ as well as a known competitor (P)
that also binds to CBG and albumin. This equilibrium can be represented in matrix
format for a 2 � 2 matrix of affinities Kij

� �
extended to include the free concentration

on the left and top margins and total concentrations on the right and bottom margins
(Table 5). Note that it is the matrix of affinities Kij

� �
that is 2 � 2. Also note that the

bounded concentrations XFC, XFA, XPC, and XPA have been replaced by mass action
formula (assuming 1:1 stoichiometric binding). The four total concentrations give rise
to four non-linear equations and, assuming total concentrations and all affinities Kij

are known, we have four equations for the four free concentrations: F (free cortisol), P
(free competitor), C (free CBG), and A (free albumin).

This matrix is both a visual aid and a computation aid. The conservation of mass
equations are derived as row sums of the free concentration on extreme left plus the
cell entries to obtain the total concentration in the right margin:

Tot F ¼ F 1þ K11 Cþ K12 Að Þ
Tot P ¼ P 1þ K21 Cþ K22 Að Þ; and as

(1)
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column sums of the free concentration on extreme top plus the cell entries to obtain
the total concentration in the bottom margin:

Tot C ¼ C 1þ K11 F þ K21 Pð Þ
Tot A ¼ A 1þ K12 F þ K22 Pð Þ (2)

The mass action equilibrium equations are represented as the cell entries in above
matrix; for example, the CBG-bound cortisol concentration XFC is entered as K11 � F �
C in the 1,1 (upper left-hand corner cell).

Note that these 1:1 stoichiometric mass action formulae allow the F to be factored
out of the first row sum for Free F, with similar operations for all of the marginal sums
giving a very convenient form for all four conservation of mass formulae above.
For example, Feldman’s 1972 iterative equations [5], for this case, are now easily
derived from the systems of Eqs. (1) and (2) by cross dividing to obtain the system of
iterative equations Eqs. (3) and (4):

F ¼ TotF
1þ K11 Cþ K12 Að Þ

P ¼ TotP
1þ K21 Cþ K22 Að Þ

(3)

This 2 � 2 matrix illustrates equilibrium with multiple ligands and multiple binding proteins. The four total
concentrations (total cortisol (TotF), total competitor ligand (TotP), total CBG (TotC), and total albumin (TotA)) are
measured (light red). The affinity constants for CBG-cortisol (K11) and albumin-cortisol (K12) binding are obtained
from the literature or otherwise estimated (yellow). Assuming P is a specific ligand, the affinities (K21) and (K22) are also
obtained from the literature (yellow). The free cortisol (F) and free competitor (P) concentrations are estimated by
iteration of the equilibrium equations described by Feldman et al. [5] (light blue).
To explain: the solutions of free F and P are both a positive root of a cubic equation. However, the two cubic equations are
coupled (the coefficients of one equation requires knowing the solution of the other), so F and P need to be solved
simultaneously. There is no analytic solution by algebraic methods, but solutions can be obtained by iteration.
Constraints: None.

Table 5.
2 � 2 matrix for competitive ligand binding equilibrium equations with two ligands (cortisol and competitor (P))
that both bind CBG (and albumin) (iterative solution).
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where

C ¼ TotC
1þ K11 F þ K21 Pð Þ

A ¼ TotA
1þ K12 F þ K22 Pð Þ :

(4)

We call these iterative equations because guessing initial values for C and A, we
can compute F and P (the first iteration); then with F and P we can compute C and A
and then recompute F and P (the second iteration); and so on. A stopping rule can be
defined as when F and P stop changing within specified limits.

Feldman et al. also continues this development by substituting the formulas for
C and A into the equations for F and P [5] to obtain their Eq. (25). They are
complicated equations but do show that the iterative equations can be written in
terms of F and P alone. It will be somewhat simpler if we substitute the formulas
for C and A into our original version of the F equation Eqs. (1) and (2) above,
considering the P equation as a nuisance; that is, focusing on F and its equation.
We have

Tot F ¼ F 1þ K21TotC
1þ K11 F þ K21 Pð Þ þ

K22TotA
1þ K12 F þ K22 Pð Þ

� �
(5)

This suggests that the iterative solution might be computed as the roots. Roots
refer to the solutions of the polynomial equations (polynomial set equal to zero). The
characteristic polynomial is obtained by algebraically clearing fractions in Eq. (5).

To be clear about this, define the product

Π ¼ 1þ K11 F þ K21 Pð Þ 1þ K12 F þ K22 Pð Þ ¼ K11 F þ C21ð Þ K12 F þ C22ð Þ,

where C21 ¼ 1þ K21 P and C22 ¼ 1þ K22 P, both> 1:
and are constant with respect to F: Multiplying both sides of (5) by Π clears the
fractions and gives

Tot F � Π ¼ F � Πþ K21TotC � K12 F þ C22ð Þ þ K22TotA � K11 F þ C21ð Þ (6)

So, Π is a quadratic polynomial and F � Π is a cubic polynomial and the other terms
give linear polynomials or constants. This Eq. (6) is the cubic polynomial such as
obtained in Dorin et al. [4] where there was no P and C21 ¼ C22 ¼ 1. The standard
solution of the cubic equation given in [4] and given more generally here shows
existence of a solution. Also, for plausible values of F and P, the standard solution of
the cubic equation can show uniqueness of the solution.

Comments. We have focused on the equation for F, but we can repeat Eqs. (5)
and (6) for P. We then have two polynomial equations. We should also mention an
important duality; we could write equations like Eqs. (5) and (6) for free A and C and
iterate to find the solutions for A and C first, then one step computations using
Eq. (3) would give us F and P. Usually, we do not care about A and C, but you could
solve for A and C first and then compute F.

The problem with this approach in the above comment is that the polynomials
for F and P are coupled; that is, the coefficients of the F polynomial are functions of
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P and the coefficients of the P polynomial are functions of F. For example, the 1 � 2
matrix results is a cubic polynomial for which we can compute the positive root
since there is only one equation and no coupling. But for the 2 � 2 matrix there is
coupling and we cannot solve the positive root because the coefficients are unknown
since they are functions of the unknown P. Thus, we continue to need to find ligand-
protein binding equilibrium solution values iteratively. Both Mazer [45] as well as
Gudmand-Hoeyer and Ottesen [19] treat 2 � 2 cases but iterate to find solutions,
as did and Rohatagi et al. for competition of prednisolone and cortisol for CBG
binding [46].

None-the-less, we wish to save this duality theorem; it is true here and in general,
so we will wait until the next section to write it down.

4.1 Generalization to n � m matrix representation of the equilibrium
equations

The generalization of the equilibrium equations from the above case for 2 � 2
matrix to the n � m matrix is straightforward just with a cost of more notation. We
use the notation system of Feldman et al. [5] where free hormones (ligands) were
designated P1, P2, … , Pn and binding proteins were designated as Q1, Q2, … , Qm and
represent these equations in a matrix format, as shown in Table 6.

So, the conservation of mass equation for the concentration TotPi½ � is the sum of
the ith row:

TotPi ¼ Pi þ PiQ1 þ⋯þ PiQj þ⋯þ PiQm ¼ Pi þ
Xm
j¼1

PiQj

Note that Feldman et al. [5] and we assume univalent (stoichiometric) binding for
the ligand-protein binding reaction Pi þQj⇌PiQj in equilibrium. So, the mass action
equilibrium gives PiQj ¼ Kij � Pi �Qj where Kij is the association constant (affinity) of
this reaction.

Thus, the sum in the ith row becomes

Matrix n � m Q 1 ⋯ Qj ⋯ Qm

P1 K11P1Q1 ⋯ K1jP1Qj ⋯ K1mP1Qm TotP1

⋯ ⋯ ⋯ ⋯

Pi Ki1PiQ1 ⋯ KijPiQj ⋯ KimPiQm TotPi

⋯ ⋯ ⋯ ⋯

Pn Kn1PnQ1 ⋯ KnjPnQj ⋯ KnmPnQm TotPn

TotQ1 ⋯ TotQj ⋯ TotQm

The total concentrations TotPi and TotQj are measured and the nxm matrix of association constants K ¼ Kij
� �

are
known. The concentrations of free ligands P ¼ Pi½ � are to be estimated. The mass conservation equations for the n rows
and m columns together with mass action formulae yield Feldman’s iterative equations that solve for free ligand
concentrations P in left margin column [5].

Table 6.
General n � m matrix.
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TotPi ¼ Pi þ
Xm
j¼1

Kij � Pi � Qj ¼ Pi 1þ
Xm

j¼1
KijQj

� �
(7)

which generalizes Eq. (1) above and with similar expressions generalizing Eq. (2)
yields the general Feldman’s iterative equations

Pi ¼ TotPi

1þPm
j¼1KijQj

� � (8)

with

Qj ¼
TotQj

1þPn
i¼1KijPi

� � : (9)

Though the Feldman equilibrium equations treated iteratively have been used
to obtain equilibrium solutions of free ligand concentrations (P’s) [5, 6, 19, 45],
it would be helpful to consider existence and uniqueness of these solutions
more generally. Thus, we continue the development. The generalization of
Eq. (5) is

TotPi ¼ Pi 1þ
Xm

j¼1

KijTotQj

1þPn
i¼1KijPi

� �
 !

(10)

Before continuing this discussion, let us give the Duality theorem here.

4.2 Duality theorem for equilibrium matrix K

The transpose (reverse rows and columns) of the equilibrium table for the nxm
matrix K gives an equivalent equilibrium table for the mxn matrix KT. The solution(s)
of the dual matrix (table) are the same as for the original matrix.

Proof. Instead of solving for Pi first as in Eq. (10), it is equally possible to write the
analogous equations for Qj, solve for the Qj first and then solve for the Pi second using
Eq. (8). In terms of the K matrix table we only need to reverse rows and columns, that
is, use the matrix transpose KT.

Continuing the discussion of Eq. (10), a relatively simple presentation of our
system of coupled polynomials is obtained by clearing fractions where possible in
Eq. (10). So, define

Π ¼Qm
j¼1 1þPn

k¼1KkjPk
� � ¼Qm

j¼1 KijPi þ 1þPk 6¼iKkjPk

n o
¼Qm

j¼1 KijPi þ Cij
� �

where Cij ¼ 1þPm
k 6¼iKkjPk > 1 and is constant with respect to Pi:

Note that
Qm

j¼1 KijPi þ Cij
� �

could be expanded (analogous to the binomial theo-
rem) as a sum of terms, which is a m-degree polynomial in Pi provided all Kij >0; and
the constant term of this polynomial is

Qm
j¼1Cij > 1.

So, clearing of fractions in Eq. (10) by multiplying both sides by Π yields

Π Pi þ
Xm
j¼1

Kij TotQjPi

Y
ν6¼j

KiνPi þ Ciνf g ¼ TotPið Þ Π (11)
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Comment. Each Π in Eq. (11) is a polynomial where Π Pi is a m + 1 degree
polynomial and the Pi

Q
ν6¼j are m-degree polynomials; and the linear combination

of polynomials is a polynomial. Thus Eq. (11) is a (m + 1) degree polynomial
equation in Pi, provided all Kij >0. (If a Kij ¼ 0, then the degree is reduced by 1,
that is, the degree of the polynomial Eq. (11) equals the number of non-zero Kij

plus 1.)

4.3 Existence theorem for characteristic polynomial

Eq. (11) for Pi has at least one positive solution.
Proof. Eq. (11) for Pi as a (m + 1) degree polynomial in each Pi can be written as

Amþ1Pmþ1
i þ AmPm

i þ⋯þ A1P1
i þ C ¼ 0, where C ¼ � TotPið ÞQm

j¼1Cj < � TotPi <0
and Amþ1 ¼

Qm
ν¼1Kiν >0:

Descartes’ Rule of Signs for polynomials says the number of positive roots is
related to the number of sign changes of the coefficients of the polynomial. For our
(m + 1) degree polynomial, there is at least one sign change regardless of whether
coefficients A2⋯Amþ1 are positive or negative or zero. This implies there is at least one
positive solution for Pi; that is, existence of a solution is shown. Additional discussion
of Descartes’ Rule of Signs and analysis of the existence theorem is presented in
Appendix 2.

4.4 Uniqueness theorem for characteristic polynomial

Eq. (11) for Pi has exactly one positive solution.
Proof. To show uniqueness of a positive root of the characteristic polynomial

known to exist, we return to the way we obtained this characteristic polynomial. To
clear fractions, we multiplied Eq. (10) by

Q ¼ Qm
j¼1 KijPi þ Cij
� �

. Since the character-
istic polynomial is product of two functions, the roots of this polynomial are the sum
(union) of the roots of each factor. Now the m roots of

Q
are all negative. The second

factor coming from Eq. (10) is

Pi 1þ
Xm

j¼1

KijTotQj

1þPn
i¼1KijPi

� �
 !

� TotPi: As developed above this becomes

Pi 1þ
Xm
j¼1

KijTotQj

KijPi þ Cij
� �

 !
� TotPi ¼

Xm
j¼1

TotQjPi

Pi þ Bij
� �� TotPi � Pið Þwhere Bij ¼

Cij

Kij
:

Next, Pi and Pi

PiþBijð Þ are monotone increasing functions of Pi, so their sum (this

factor) is also. Now free Pi satisfies 0≤Pi ≤TotPi:So evaluating the second factor at
each end point, we have at Pi ¼ 0, factor ¼ �TotPi which is negative and at Pi ¼
TotPi, factor ¼

Pm
j¼1

TotQjTotPi

TotPiþBijð Þ which is positive. This implies there is exactly one root

(a positive root). Thus, the characteristic polynomial is the product of two factors and
has m negative roots and exactly one positive root. This is a proof of uniqueness.

Comment. One might say the proof of existence given above is not needed, since
the proof of uniqueness given here does both existence and uniqueness. Nonetheless,
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we needed the detailed development of the characteristic polynomial and the
expanded discussion of this was instructive (also see Appendix 2).

5. Clinical correlates of competition for CBG-cortisol binding

In discussing limitations of their proposed method of calculating free cortisol,
Coolens et al. acknowledge that cortisol-binding affinity of CBG may vary between
individuals [3], which has been confirmed in subsequent studies [36, 39, 47]. They
also noted the potential role of other ligands that compete for CBG-cortisol binding:
“The fact that only the interaction of cortisol with CBG is taken into consideration
constitutes a second limitation. In some conditions, significant amounts of other
steroids may interfere with this equilibrium. This will be the case during pregnancy
and also for patients with congenital adrenal hyperplasia… the proposed method
cannot be applied to umbilical cord blood, and in congenital adrenal hyperplasia [3]”.
Thus, although CBG binds cortisol with specificity, there are several other steroid
compounds that bind CBG with significant affinity. If the free concentrations of these
CBG-binding ligands are sufficiently high in the test tube, they can effectively com-
pete with CBG-cortisol binding and raise the equilibrium concentration of XF. CBG is
also the transport globulin for progesterone, which binds CBG with 3-fold lower
affinity than cortisol and at high concentrations of (free) progesterone can effectively
compete in the CBG-cortisol binding reaction. For example, as described by Hodyl
et al. very high progesterone concentrations in fetal cord blood are capable of elevat-
ing free cortisol concentrations through competition with cortisol at CBG’s hormone
binding site. This competition raised XF without CBG cleavage or altered CBG
hormone-binding affinity [21]. Similar results demonstrating competition of CBG-
cortisol binding by progesterone have been also reported elsewhere [48–51].

In addition to progesterone, other adrenal corticosteroids competitively interfere
with CBG-cortisol binding. For example, Dunn et al. observed relatively high equilib-
rium association constants for CBG binding of 11-deoxycortisol, 21-deoxycortisol, and
17-hydroxyprogesterone, with lower but significant CBG-binding affinities of aldo-
sterone, testosterone, and other compounds [14]. Although the clinical relevance of
these precursors of cortisol biosynthesis is uncertain, their combined effects may be
significant, especially when dynamic changes in their concentrations are coordinated
by ACTH. These observations may explain the observation by Barlow et al. that
Coolens’ equation significantly underestimated measured XF after synacthen stimula-
tion [52]. Similar results were reported by Vogeser et al. where underestimation of XF

by Coolens’ formula was especially notable in patients with pronounced acute phase
response [53]. In addition, testosterone and aldosterone also bind CBG, albeit with
relatively low binding affinities [14, 19, 54–56]. Pharmacologic compounds, such as
prednisolone, progesterone, medroxyprogesterone, danazol, and others also bind CBG
with significant affinity [57]. The effect of prednisolone competition for CBG-cortisol
binding and resulting increased concentrations of free cortisol has been previously
reported [22].

In vivo, cortisol is metabolized to cortisone by the 11-hydroxysteroid hydrogenase 2
(11-HSD2) enzyme expressed in kidney and other tissues. Cortisone binds CBG with
intermediate affinity [14], raising the possibility that other metabolites of cortisol
might also compete for CBG-cortisol binding. This hypothesis was further explored in
an analysis comparing women on oral contraceptive pills (OC) and healthy volunteer
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(HV) groups based on data of Perogamvros et al. [58, 59]. The data set was especially
useful for modeling cortisol distribution in vitro, since multiple measurements of
XTotF, XF, and free cortisone (XE) were obtained in the same individual at multiple
time points spanning a broad range of cortisol concentrations. Using measured con-
centrations of XTotF and XTotCBG to predict XF based on Coolens’ formula (represented
in Table 2), we compared model-predicted vs. measured concentrations of XF at each
time point. As shown in Figure 1, the residual plots (measured XF minus XF estimated
using Coolens’ formula) demonstrate the following: (i) Coolens’ formula provides a
fair but inconsistent approximation to measured XF in HV, (ii) in the OC group, XF

predicted by Coolens’ formula significantly underestimates measured concentrations
of XF, with up to 100% percent error in calculated XF, (iii) the pattern of residual error
was time-varying in both groups, but was more prominent in OC, (iv) the pattern of
residuals differed for per os (po) and iv modes of hydrocortisone administration,
roughly paralleling measured concentrations of XTotF and XF. We hypothesized that

Figure 1.
Percent error (bias) showing mean residuals (measured minus model-predicted free cortisol concentration) In
healthy volunteers (HV, blue) vs. women on oral contraceptives (OC, red) following iv bolus (20 mg) (Panel A)
and po hydrocortisone (20 mg) (Panel B). Model-predicted free cortisol concentrations (XF’) were obtained using
K11 and N values taken from literature (Coolens’ formula, see Matrix #2). XF estimated by Coolens’ formula
significantly underestimated measured XF in women on OC.
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time-varying concentrations of competitor (P) resulted in higher concentrations of
free cortisol than predicted by the Coolens’ formula, which considers cortisol as the
sole ligand involved in CBG binding (single row in Table 2).

In addition, we compared parameter solutions and residual plots for two alternative
models. These parameter solutions represent the inversematrix problem, as discussed
also later in Section 6. That is, since XF and XTotF were measured at each time point, we
used measured concentrations of XTotF and XF and assumed constancy of baseline
XTotCBG to iteratively solve for model-specific parameters of interest. In the minimal
model, represented by Table 2, these parameters include K11 and N. In the competition
model, represented by 2 � 2 Table 5, additional parameters, including affinity constant
for competitor (P) binding to CBG [K21], were obtained. Our finding that the competi-
tion model provided significantly better fit to experimental data as well as better resid-
ual plots compared to the minimal model provide additional support, albeit indirect, for
the presence of ligands (P) that compete for CBG-cortisol binding [58]. The identity of
the putative ligand(s) (P) remains speculative. However, since endogenous corticoste-
roid was suppressed in this study by antecedent administration of dexamethasone [59],
these observations raise the possibility that other ligands, for example metabolites of
cortisol (or progestin in OC), might compete for CBG-cortisol binding. As free cortisone
concentrations were also assayed at each time point and its CBG-binding affinity may be
taken from the literature [14, 59], we were able to demonstrate that the transient
increase in free cortisone concentrations observed after iv and po hydrocortisone bolus
was not of sufficient magnitude to account for the observed difference between mea-
sured and model-predicted XF (data not shown). However, it remains possible that
other cortisol metabolites may increase in tandem with free cortisone with timing
entrained by time-varying concentrations of XF, the substrate for enzymes of cortisol
metabolism. In the hypothetical example of multiple competing ligands, it may be
possible to re-parameterize their integrated effects as a composite function represented
by a harmonic mean (data not shown).

In summary, there are several validated examples of ligands that compete for CBG-
cortisol binding; these include progesterone, adrenal steroid precursors of cortisol
biosynthesis, synthetic compounds such as prednisolone, and metabolites of cortisol,
such as cortisone.

At equilibrium in the test tube, the concentration of XF is also affected by albumin-
cortisol binding. As shown in Table 2, albumin-cortisol binding may be simplified [3]
as a constant ratio (N) of albumin-bound to free cortisol (XFA/XF = K12*A). However,
whether the simplification of using total (XTotA) as a surrogate for free albumin (XA)
concentration is appropriate remains uncertain, as discussed in Section 7. Before
addressing Coolens’ assumption that XTotA ≈ XA, let us first examine some useful data
concerning the albumin-cortisol affinity constant (K12). For this purpose we revisit
albumin-cortisol binding data previously reported by Lewis et al. [27]. These experi-
ments involve binding of 3H-labeled cortisol to a purified solution of human albumin
and will assume 1:1 stoichiometry of albumin-cortisol binding. Consideration of mul-
tiple cortisol binding sites per albumin molecule is discussed in Appendix 4.

6. Albumin-cortisol binding in purified solution of human serum albumin
using data of Lewis et al.

The experiment involves addition of a small mass of 3H- labeled cortisol (E), which
is assumed to bind albumin with an affinity equal to that of endogenous (unlabeled)
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cortisol (F), to solutions of varying concentrations of purified albumin [27]. Thus, the
test tube consists of TotA and TotE, which at equilibrium also gives a free E and a free
A. The 1 � 1 matrix for 1 ligand (E) and 1 binding protein (albumin) is shown in
Table 7.

In the albumin-cortisol binding experiments of Lewis et al. [27], concentrations of
free and albumin-bound E are measured and, using known values of XTotA and the
measured values of the percent free cortisol (R), the affinity constant (K12) and
corresponding equilibrium dissociation constant K�1

12 is estimated (blue). Conserva-
tion of mass laws give

TotE ¼ E 1þ KAAð Þ, or E ¼ TotE
1þ KAA

: (12)

Rewriting Eq. (12) in terms of R = fraction that free E is of the total TotE, we have

1
R
¼ 1þ KAA: (13)

The conservation of mass in the column gives

TotA ¼ A 1þ KAEð Þ, or A ¼ TotA
1þ KAE

(14)

to be estimated.
Rewriting (14) in terms of dissociation constant KD = 1/KA, we have A ¼ KD TotA

KDþE .

For these in vitro studies reported by Lewis et al. 3H-cortisol (F) is added to varying concentrations of purified albumin
solution [27]. Added 3H-cortisol is distributed between free (measured) and albumin-bound fractions at equilibrium,
and here TotF is the amount of 3H-cortisol added to the test tube. F is measured (light red),TotF and TotA are otherwise
known (yellow). The affinity constant for albumin-cortisol binding is solved (blue) using varying concentrations of TotA,
where the fraction R = F/TotF and, according to (Feldman’s) row eq. 1/R = 1 + K11 �A. Applying Coolens’ assumption
K11 F < < 1 [3], then A = TotA. The plot of 1/R versus experimentally varied TotA provides a series of points which is
nearly linear with slope = K11. Goodness of fit of this model for the purified albumin assay can be judged by deviations
from linearity. Note that this is an inverse problem in that the total and free concentrations are measured or
experimentally known and the affinity constant K11 is to be estimated.
Constraints: K11F < < 1; note that in this experiment, N = K11 A = K11 TotA and N varies in relation to experimentally
varied TotA.

Table 7.
1 � 1 matrix for equilibrium equations for experimental cortisol binding studies using purified albumin
solution [27].
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Now Coolens’ approximation E < < KD applies, in which case A = TotA. Then
KA A ¼ KA TotA, so that Eq. (12) becomes

1
R
¼ 1þ KA TotA (15)

Note that we also use the notation KA TotA ¼ N to represent N in Coolens’ for-
mula, which in this formulation indicates that N is proportional to XTotA.

Assuming 1:1 stoichiometry of albumin-cortisol binding, a graphical estimate of KA
is obtained by plotting 1/R versus TotA and fitting the regression line where the
slope is the estimate KA. Data from Lewis et al. [27] are shown in Table 8, R
represents the free 3H-cortisol concentration expressed as a fraction of total
3H-cortisol [free 3H-cortisol]/[albumin-bound 3H-cortisol+ free 3H-cortisol].

Plotting this data and fitting a regression line gives the graph shown in the plot
associated with Table 8, which corresponds to K�1

12 ≈ 195,000 nmol/L. At median
concentrations of serum albumin (580,000 nmol/L), this K�1

12 ≈ 195,000 nmol/L
corresponds to N = 3.0. Lewis et al. addressed the issue of discrepant values for N in
purified albumin solution (3.0) vs. the lower N (1.74) for plasma/serum samples used
in Coolens’ quadratic equation human serum [27]. They note that “in physiological

TotA (g/L) R 1/R

A.

0.1 0.84 1.19

1 0.71 1.41

10 0.44 2.27

20 0.34 2.94

40 0.23 4.35

A. Data from Lewis et al. purified albumin assay [27]. The experiment involves fixed concentration of labeled cortisol
(F) added to solutions of varying concentrations of purified albumin, where the fraction R = free F/TotF. B. Associated
plot with slope K11 = 0.0771 per g/L according to eq. 1/R = 1 + K11 �TotA, applying Coolens’ assumption K11 F < < 1,
then A = TotA). The conversion to units nmol/L gives 0.0771/(15,047) = 5.124 � 10�6 per nmol/L and in terms of
dissociation constant KD = 1/5.124 � 10�6 = 195,200 nmol/L.

Table 8.
Data for free cortisol concentrations in binding studies of purified human albumin solution reported by Lewis et al.
and associated plot of transformed free cortisol (F) vs. albumin concentration.
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human albumin solutions 25% of 3H-cortisol is in the free fraction…This may suggest
that the ratio of albumin-bound to unbound cortisol is 3.0, which is slightly higher
than the value of 1.74 value used in the Coolens’ calculation of free cortisol from total
cortisol and CBG. Taken together we suggest that revision of the Coolens’ value is
probably not warranted” [27].

7. Toward a general theorem that includes competition for albumin-
cortisol binding (2 � 2 matrix)

7.1 Coolens’ simplification (re-parameterization of albumin-bound cortisol)

Coolens’ assumption re-parameterizes the equation used to estimate the concen-
tration of albumin-bound cortisol, which is represented by the inner cell indicated by
dashed oval in Table 1. In the cubic solution, the mass action equation for albumin-
bound cortisol (FA) is the product of K12*F*A, where K12 is the equilibrium affinity
constant for albumin-cortisol binding, F is the concentration of free cortisol, and A is
the concentration of free albumin. Coolens’ simplification of this equation transitions
K12*A to a single value (N). N is a constant, which makes the implicit assumption that
both K12 and A are also constant. A related assumption is that F< <K�1

12 , which
implies that F=K�1

12 is a very small number. In a simplified model that only considers
one ligand (cortisol), these assumptions suggest that TotA = free A and that free A
is unaffected by changes in F within the physiologic range of systemic cortisol
concentrations.

To visualize the re-parameterization of albumin-bound cortisol in the matrix for-
mat, we refer to Table 1 and focus on the column sum (compound box) showing that
TotA ¼ A 1þ K12Fð Þ. Given Coolens’ assumption that F< <K�1

12 and dividing through
by K�1

12 , we obtain K12 � F< < 1, so that in the column sum TotA ¼ A 1þ K12Fð Þ ffi
A 1þ 0ð Þ ¼ A, which is a constant (TotA). Now K12A ffi K12TotA ¼ N is a constant. So
we can replace K12FA in the matrix by NF, as shown in Table 2.

Coolens’ Theorem. In the 1 � 2 matrix above, if K12F< < 1, then

i. FA½ �
F½ � ¼ N is a constant,

ii. A is a constant and K12A ¼ N,

iii. A ffi TotA.

Comment. It is clear that the above theorem is intended for dynamic situations
such as occur in vivo in human physiology. For example, statement (i) above means
FA½ �
F½ � is constant, as F (and FA) vary over time. Yet, the matrix above describes

equilibrium situations such as occur in vitro (in a test tube) or as in a steady state
condition in a dynamic system. The connection is often that the equilibrium in vitro is
a representative (snapshot) in time of the dynamic process. In equilibrium in a test
tube, dynamic variables become constants, as discussed in Section 1 above. This view
might be considered accurate even in vivo, because binding takes place so quickly in
time while other time-varying processes in the in vivo dynamic system develop rela-
tively much more slowly.

Condition iii) is not absolutely necessary. See the general theorem below.
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To introduce the general theorem, we consider Coolens’ assumptions and
Coolens’simplification to the context of competitive protein-ligand binding reactions
where multiple ligands may compete with cortisol for albumin binding at one (or more)
binding sites. These considerations may be generally applicable to BP’s associated with
non-specific binding reactions in which many ligands (multiple rows in nxm matrix)
may be involved. As well, the theorem generally applies to BPs having high molar
concentration in serum relative to molar concentration of the ligand(s) of interest.
Because the concentrations of BPs, ligands, and competing ligands are constant in the
test tube, the assumption of constancy of N as ameans of simplifying numerical solutions
for XF may be most realistic in vitro. As addressed below, N may vary under different
conditions that affect the ratio of XFA/XF in vivo, including supernumerary binding
reactions that influence the concentration of free albumin (XA) as a percent of
total (XTotA).

7.2 Theorem for generalization of Coolens’ N

Without pre-condition and in all matrices and for every ligand P with the
concentration [PA] and assuming 1:1 stoichiometric ligand P-albumin binding,
we have

i. PA½ �
P ¼ NP is a constant if and only if

ii. A is a constant and then NP ¼ KPA and NP is constant.

iii. If A is constant then all mass action equations for A in the general matrix can
be replaced by NPP for every ligand P.

Proof. By the mass action equation for cortisol-albumin binding PA½ �
P½ � ¼ KPA, so

defining NP ¼ PA½ �
P½ � , we have NP is constant if and only if A is constant.

For example, without loss of generality, considering 2 � 2 matrix where ligand P is
a competitor to F in binding to A, we obtain the matrix shown in Table 5.

Writing TotA ¼ A 1þ K12F þ K22Pð Þ , a generalization of Coolen’s condition might
be K12F þ K22P≪ 1, in which case A ffi TotA is a constant. By the general theorem
above, both K12A ¼ NF and K22P ¼ NP are constants. In the 2 � 2 matrix above the
mass action equations for A can be replaced by NFF and NPP as shown by iii) in the
general theorem. The resulting 2 � 2 matrix is shown in Table 9.

To take advantage of this simplification, this 2 � 2 matrix can be collapsed into a 2
� 1 matrix, which is useful for computation purposes, as shown in Table 10.

There is one more step that could be taken to explain that this equilibrium solution
results in a cubic equation in terms of free C. Then using the solution for C, the
Feldman equations result in solutions for free F and free P. That step is to use the
Duality Theorem mentioned after the general equilibrium n � m matrix in Table 6,
which transposes rows and columns. Thus, the 2 � 1 matrix (Table 10) becomes a 1 �
2 matrix, shown in Table 11, and the characteristic polynomial is of degree m + 1 = 2 +
1 = 3, a cubic equation in C. Once the value of C is obtained, the Feldman Eq. (12) give
solutions for free F and free P (see caption of Table 11).

Corollary 1. In the 2 � 2 matrix above, if K12F≪ 1 and P is constant then the
following are true and equivalent:
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i. PA½ �
P ¼ NP is a constant if and only if

ii. A is a constant and KPA ¼ NP ,

iii. If A is constant then all mass action equations for A in the matrix can be
replaced by NPP for every ligand P including F.

By algebraic manipulation, one column from the 2 � 2 matrix (Table 9) can be combined with the marginal column of
free concentrations; thus, one column from Table 9 is eliminated, resulting in Table 10, a 2 � 1 matrix.
Constraints: General Coolens’ assumption, K12F þ K22P≪ 1:

Table 10.
2 � 1 matrix simplification by application of general Coolens’ assumption.

The three total concentrations: total cortisol (TotF), total competitor (TotP), and total CBG (TotC) are measured (light
red). The affinity constants for CBG-cortisol (K11) and albumin-cortisol (K12) binding are obtained from the literature
or otherwise estimated (yellow). Assuming P is a specific ligand, the Coolens constants for ligand-albumin binding (N21)
and (N22) may be obtained from the literature (yellow). The free cortisol and free competitor concentrations (F and P)
are estimated (light blue).
Constraints: General Coolens’ assumption, K12F þ K22P≪ 1:

Table 9.
2 � 2 matrix for cortisol binding equilibrium equations with Coolens’ approximation.
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Proof. Write TotA ¼ A 1þ K12F þ K22Pð Þ ¼ A 1þ 0þ K22Pð Þ, so that
A is constant if and only if P is constant and the rest is true by the general theorem.
Comment 1. In general, if any NP ¼ KPA were not constant then A is not constant

and then no other NP is constant. These are an all-or-none result; every KA in the A
column can be replaced by constants NP (they may be different constants) or none of
them can be replaced by constants NP.

Comment 2. In Corollary 1, for the 2 � 2 matrix, the fact that N is constant requires
A to be constant, which if A < TotA requires P to be constant seems to be difficult to
realize in vivo, but not in vitro.

Another problem may occur when A < TotA in that we may no longer know the
value of NP ¼ KPA.

Let us summarize comment 1 as corollary 2.
Corollary 2. In the general matrix, if any NP ¼ KPA were constant then all the

other NP are constants; and in vivo, if any NP ¼ KPA were not constant then all the
other NP are not constants.

Proof. Any NP ¼ KPA is constant if and only if A is constant, and A is constant if
and only if all NP ¼ KPA are constant.

Corollary 3. In the 2 � 2 matrix above, if K12F≪ 1 and K22P≪ 1 then the following
are true:

This table illustrates the application of the Duality Theorem to change the 2 � 1 matrix (Table 10) into an equivalent 1
� 2 matrix (Table 11). Using this transformation, equilibrium equations can be solved first for free CBG concentration
(C).
The conservation of mass equations are:

TotC ¼ C 1þ K11F þ K21Pð Þ
TotF ¼ F 1þN12 þ K11Cð Þ or F ¼ TotF= 1þN12 þ K11Cð Þ
TotP ¼ P 1þN22 þ K21Cð Þ or P ¼ TotP= 1þN22 þ K21C:ð Þ

Now substituting F and P formulae into the first equation and clearing fractions gives a cubic Eq. (6) in C with all
coefficients known.
Finally, this value of C can be substituted into the Feldman Eq. (12) for F and P above gives the values for free F and
free P.
Constraints: General Coolens’ assumption, K12F þ K22P≪ 1:

Table 11.
1 � 2 matrix, the transpose of 2 � 1 matrix in Table 10, for cortisol binding equilibrium equations with Coolens’
approximation.
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i. A = TotA

ii. PA½ �
P ¼ NP and FA½ �

F ¼ NF are constant and

iii. NP ¼ KPTotA and NF ¼ KFTotA .

Proof. Write TotA ¼ A 1þ K12F þ K22Pð Þ. Then TotA ¼ A 1þ 0þ 0ð Þ ¼ A,
Comment 3. In the above general theorem, we considered competition as one

competitor, P. However, one may think of this P as a composite of many competitors
P. A more formal analysis of this could be done using multiple competitors P as
multiple additional rows in our matrix.

7.3 What if there are multiple cortisol binding sites on the albumin molecule?

The albumin-cortisol binding reaction is often simplified by assumption of (1:1)
stoichiometry, whereby one molecule of albumin binds one molecule of cortisol.
However, it is possible that albumin has more than one binding site for cortisol, as has
been suggested for albumin binding of testosterone for example [60]. The matrix
approach can still be usefully applied in the example of multiple binding sites, though
care must be taken to distinguish ‘per site’ vs. ‘per molecule’ binding activities in the
matrix. This is especially critical when dealing with conservation of mass equations for
albumin in the multiple binding site model since an important operational objective of
the matrix is to relate marginal totals to measured data. In the case of albumin,
measured data is reported in molecular mass (g/L or mmol/L) rather than theoretical
number of binding sites. A matrix approach to multiple cortisol binding sites on the
albumin molecule is described in Appendix 4.

7.4 Current perspectives on albumin-cortisol binding

Competition probably affects albumin-cortisol binding and equilibrium concen-
trations of albumin-bound cortisol in vitro. The competitors having the greatest
potential impact on free cortisol concentrations are ones that circulate at high con-
centrations and bind albumin with significant affinity, such as free fatty acids [60].
Our general theorem represented in Table 9 suggests that the simplification for
albumin-bound cortisol using a constant (N) is applicable if N can be reasonably
estimated. A key element in this objective is ascertainment of free albumin (XA) as a
percent of total albumin (XTotA). By the same token, there is evidence that free A
varies in relation to total A. Thus, it appears that free albumin concentrations (XA),
and consequently values for N, are reduced in hypoalbuminemic subjects [29, 61].

Given ease of measurement of serum total albumin concentrations, it may be useful to
adjust N based on measured concentrations of XTotA. On the other hand, the impact of
variation in N on free cortisol concentration is relatively small under conditions where
most of the hormone is bound by CBG. Thus, in some formulations, such as Coolens’
quadratic equation, normative rather than measured values for XTotA are applied with
minimal impact of free cortisol estimates; similar assumptions of normative values for
XTotA and N are made in formula used to estimate free testosterone and vitamin D
concentrations [62, 63]. However, for conditions such as critical illness, septic shock, or
CBG-deficiency in which bioavailable cortisol ((XF + XFA) = F(1 + N)) represents a more
substantial fraction of XTotF, error associated with selection of an incorrect value for N has
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a more significant impact on estimated XF. Given these uncertainties concerning both the
constancy and value for N, additional investigations concerning the use of Coolens’
simplification to model albumin-bound cortisol concentrations are warranted.

8. Conclusions

We have introduced a matrix format for equilibrium (1) as a guide to writing down
the Feldman equations, (2) to represent a given equilibrium problem/discussion
in vitro or in vivo marking what is known and what is to be computed, (3) as an
illustration of several formulations given in the literature, and (4) as an aid to com-
putations/simplifications, as illustrated by Appendix 4. Although the present chapter
has focused on cortisol, it may be understood that the matrix approach described
herein is generalizable to analogous problems, including other corticosteroids of
interest, sex steroids, thyroid hormones, vitamin D metabolites, and insulin-like
growth factor 1. The approach is also generalizable to other ligand-protein binding
problems, including substrate-enzyme and antigen-antibody reactions.

The topics treated with this matrix format include:

i. Summary of contemporary models that consider cortisol as the sole ligand
involved in BP interactions. A single ligand (cortisol) in nxm matrix yields
analytic solutions using cubic (1 � 2), quartic (1 � 3), and quadratic
(1 � 2 with re-parameterization of albumin-bound cortisol) equations.

ii. Competition model for specific binding, by which multiple ligands compete for
the specific serum transport BP (CBG in this case) characterized by high-
affinity binding and limiting concentrations. In this example of specific
binding, free CBG concentrations vary widely over the physiologic range of
(free) cortisol concentrations. This results in saturable kinetics of CBG-cortisol
binding. Other ligands may also compete with cortisol for limiting
concentrations of free CBG. The competition model is represented by 2 � 2
matrix, which may be generalized to multiple ligands interacting with multiple
BPs. Clinical examples of competition for CBG-cortisol binding, including
analysis of women on OCP, were also developed using matrix notation. The
coupled polynomial equations associated with the 2� 2 matrix are not tractable
to analytic solutions; rather, they require iterative solutions.

iii. Competition model for non-specific binding, as exemplified by albumin-
cortisol binding. In this situation, the equilibrium dissociation constant for
albumin-cortisol binding (K�1

12 Þ greatly exceeds the concentration of free
cortisol (K�1

12 > >XF); consequently, the free concentration of albumin (A)
varies insignificantly over the physiologic range of free cortisol concentrations.
The albumin-cortisol binding reaction was first addressed using a 1 � 1 matrix
to represent the in vitro 3H-cortisol binding experiments reported by Lewis
et al. using purified albumin solutions [27].

iv. The matrix for non-specific binding was subsequently expanded to a general,
competitive (2 � 2) model and theorem for Coolens’ simplification, which
considers albumin-bound cortisol (XFC) as a constant ratio (N) of albumin-
bound to free cortisol concentrations. The generalized theorem raises the
possibility that, given the multiplicity of ligands that bind albumin, the
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concentration of free albumin (A) may be less than total albumin
concentration (A < TotA).

v. CBG binds cortisol with 1:1 stoichiometry, but there is a possibility of
complex stoichiometry in the case of albumin-cortisol binding. Development
of per site and per molecule matrix notation was useful for modeling the
hypothetical example of multiple, independent cortisol-binding sites per
albumin molecule. This approach was useful for multiple sites having
different affinity constants for albumin-cortisol binding. However, in order
to fulfill the objective of relating the matrix totals to measured totals (e.g.,
total albumin concentration in serum), it is important to account for sites per
molecule when applying mass conservation equations.

The recognition that ligands other than cortisol that influence CBG-cortisol binding
reactions closes a chapter on simple polynomial equations that consider cortisol as the
sole binding ligand. The generalized system of Feldman equations, represented by the 2
� 2 matrix, involves coupled polynomial equations. In the presence of other competing
ligands (P), estimation of free cortisol involves iterative rather than simple analytic
solutions. In the case of albumin-cortisol binding, themultiplicity of ligands involved in
non-specific binding challenge the assumption that free albumin is equal to total albu-
min and complicate accurate assessment of N. Thus, while N may be constant in vitro,
N may vary between individuals and vary over time and condition within an individual
subject. If N is not a constant and might vary within and between individual subjects,
the simplicity of a constant N is no longer applicable. In that case, alternative measures
to predict albumin-bound cortisol concentration or estimate N may be needed to
accurately solve free cortisol concentrations. Since XTotA is simply and routinely mea-
sured clinical laboratory, the challenge becomes determination of free albumin as a
percent of XTotA. With these (XTotA and XA) in hand, there may be an approach to
solving for affinities or Coolens’ N. Accurate assessment of N is more important in
conditions, such as critical illness or exogenous hydrocortisone administration, where
bioavailable cortisol represents a more substantial percentage of total cortisol.

In summary, the principles of mass action and conservation continue to govern the
distribution of cortisol between free and protein-bound compartments in vitro. Alterna-
tive modeling approaches (and/or alternative measurements) may be needed to resolve
the clinical problem of accurately estimating XF without having to use laborious separa-
tion methods. We hope that this chapter provides a way forward on this important task.
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Appendices

Appendix 1. A connection between dynamic model in vitro and
equilibrium solutions in vitro:

The CBG-cortisol binding reaction in our four compartment model of in vivo
cortisol distribution (2) applied to the in vitro experiment is represented by the
differential equation dFC tð Þ

dt ¼ �κ�1F tð ÞC tð Þ þ κ1C tð ÞF tð Þ, where F is the free cortisol, C
is the free CBG, and FC is CBG-bound cortisol; κ1 and κ�1 are the on and off rates of
this cortisol-CBG reaction. Rewriting this differential equation in a standard form:
dFC
dt þ κ�1FC ¼ κ1C � F, there is a well-known integral solution, and we get a convolu-
tion integral solution:

FC tð Þ ¼ κ1
κ�1

Ð t
0κ�1 exp �κ�1 t� τð Þð ÞC τð ÞF τð Þ dτ, provided we start at FC 0ð Þ ¼ 0:

We recognize that the dynamic reaction of F binding to CBG to form the bound FC
is proportional to a delayed version of the function C � F according to convolution
integral solution. The half-life of the reaction = ln 2

κ�1
which equals :69

:88= sec ¼ 0:8 seconds

for typically reported values of this off rate. The constant of proportionality is κ1
κ�1

¼
:027=nM� sec

:88= sec ¼ :03=nM, which engineers might call gain and biochemists call the affinity
or association constant of the reaction; the reciprocal =33 nM is the disassociation
constant. We also recognize that FC, C, and F are constants at equilibrium, and that
dFC
dt ¼ 0 implies FC = K11 CxF, which is the mass action equation for this reaction and is
used in the equilibrium solution in vitro.

Next as an illustration of a general result, we show that the steady state solutions of
the differential equations governing the dynamic behavior of three compartments
(free, CBG-bound and albumin-bound cortisol) in vitro, in the test tube, are the same
as the solutions of Feldman’s iterative equations for that same test tube. The
introductory sections entitled “Free, CBG-bound, and albumin-bound cortisol as a
3-compartment model” and “Cortisol in captivity” in the manuscript describe the
in vitro situation represented in a test tube. The system of three differential equations
for this 3-compartment model are

dF tð Þ
dt

¼ þκC�1 ∗ FC tð Þ � κC1 C tð Þ ∗ F tð Þ þ κA�1 ∗FA tð Þ � κA1 A tð Þ ∗ F tð Þ

dFC tð Þ
dt

¼ �κC�1 ∗FC tð Þ þ κC1 C tð Þ ∗ F tð Þ

dFA tð Þ
dt

¼ �κA�1 ∗ FA tð Þ þ κA1 A tð Þ ∗F tð Þ

(16)

where C tð Þ ¼ TotCBG� FC tð Þ and A tð Þ ¼ TotA� FA tð Þ:
The steady state solutions are these limits: lim

t!∞
F tð Þ ¼ F ∞ð Þ,

lim
t!∞

FC tð Þ ¼ FC ∞ð Þ, and lim
t!∞

FA tð Þ ¼ FA ∞ð Þ, The where clause in Eq. (4) in this

chapter also implies the limits lim
t!∞

C tð Þ ¼ C ∞ð Þ, and lim
t!∞

A tð Þ ¼ A ∞ð Þ exist.

On the other hand, the Feldman iterative equations are derived by schoolbook
algebra from the conservation of mass and mass action system of equations
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Tot F ¼ F 1þ K11 Cþ K12 Að Þ,
Tot C ¼ C 1þ K11 Fð Þ
Tot A ¼ A 1þ K12 Fð Þ

(17)

The question is are iterative solutions for the equilibrium (F, C. and A) the same as
the steady state solutions F ∞ð Þ, C ∞ð Þ, and A ∞ð Þ?

We proceed using the convolution solution obtained above for FC(t); thus under
technical conditions satisfied here, we obtain

FC ∞ð Þ ¼ lim
t!∞

FC tð Þ ¼ lim
t!∞

K11

ðt
0
κ�1 exp �κ�1 t� τð Þð ÞC τð ÞF tð Þdτ

¼ K11C ∞ð ÞF ∞ð Þ lim
t!∞

ðt
0
κ�1 exp �κ�1 t� τð Þð Þdτ

where
Ð t
0κ�1 exp �κ�1 t� τð Þð Þ dτ ¼ exp �κ�1 t� τð Þð Þ��t0 ¼ 1� e�κ�1t

and lim
t!∞

1� e�κ�1tf g ¼ 1: Thus, the steady state solutions satisfy the mass

action eq. FC ∞ð Þ ¼ K11C ∞ð ÞF ∞ð Þ: It is clear that the third equation of Eq. (16) results
in a convolution solution for FA(t) and that the steady state solutions satisfy the mass
action eq. FA ∞ð Þ ¼ K11A ∞ð ÞF ∞ð Þ:

It is now convenient to sum the 3 equations in the system of Eq. (16)
to obtain

d F tð Þ þ FC tð Þ þ FA tð Þð Þ
dt

¼ 0 for all t≥0:

This implies F(t) + FC(t) + FA(t) = a constant for all t and we recognize that the
constant is TotF. Taking the limit as t ! ∞ gives that the steady state solutions satisfy
the conservation of mass equation F ∞ð Þ þ FC ∞ð Þ þ FA ∞ð Þ ¼ TotF.

All this information implies that that the steady state solutions also satisfy the
second and third equations of Eq. (16) above and the corresponding Feldman
iteration equations and Feldman equilibrium solutions are the same as the steady state
solutions.

Comment. The usual method of setting derivatives equal zero to obtain steady
state solutions works here and works more quickly, but the above proof gives steady
state solutions directly as limits, which is instructive.

Appendix 2. Descartes’ Rule of Signs and existence and uniqueness of
iterative solutions

Cartesian side bar: Descartes’ Rule of Signs was published in 1637 by Rene Des-
cartes in his work La Geometrie. The rule states that if the non-zero terms of a single-
variable polynomial with real coefficients are ordered by descending variable expo-
nent then the number of positive roots of the polynomial is either equal to the number
of sign changes between consecutive (non-zero) coefficients or is less than it by an
even number. A root of multiplicity k is counted as k roots. A corollary is that the

61

Distribution of Cortisol in Human Plasma in vitro: Equilibrium Solutions…
DOI: http://dx.doi.org/10.5772/intechopen.1003598



number of negative roots is the number of sign changes after multiplying the coeffi-
cients of odd power terms by �1, or fewer than it by an even number. In 1828, Carl
Friedrich Gauss improved the rule by providing the proof that when there are fewer
roots of polynomials than there are variations of sign, the difference between the two
is even.

End of side bar.
We have shown existence of positive solutions for each of the coupled character-

istic polynomials by our Existence Theorem. We need to connect this with the itera-
tive solutions and note that these solutions can exist simultaneously so that we have
vector solutions for P ¼ P1,⋯,Pnð Þ:

Let vector Pν be the iterations of Eq. (8) and Qν be the iterations of Eq. (9).
Suppose that the limits lim

ν!∞
Pν ¼ P and lim

ν!∞
Q ν ¼ Q exist:Writing Feldman’s iterative

equations as the functions Pν ¼ f Q νð Þ and Q ν ¼ g Pν�1� �
, the composition is Pν ¼

f∘g Pν�1� �
and taking limits we obtain P ¼ f∘g Pð Þ, since f, g and f∘g are continuous

functions. This last equation can be solved for P as a system of coupled polynomial
equations. Coupled refers to the fact the coefficients of the polynomial in Pi depend on
the other Pk, k 6¼ i. This shows the iterative solutions are the same as the polynomial
roots. Note that the commonly used term “root” of a polynomial is a solution of the
polynomial set equal to zero.

If we are concerned the limits P and Q may not exist, then we note that each Pi
satisfies the inequalities, 0≤Pi ≤TotPi for i = 1, … , n, which is a closed (compact)
box and the Heine-Borel theorem guarantees at least one limit point P in this box and
a subsequence of Pν’s converging to this P. The same argument as above
guarantees that this P satisfies our system of coupled polynomials. In fact, for
every limit point this is true. If all the limit points were equal, then the limit
exists and is unique. Thus, the uniqueness of the iterative solutions is related to
the uniqueness of the polynomial positive roots. So, the only question remaining is:
Does the system of polynomial equations have one and only one positive solution?
Negative and imaginary solutions of the polynomials are extraneous and not possible
limits.

Comment. The existence and uniqueness of solutions of Feldman’s iterative equa-
tions does not require that we obtain analytic solutions, that is, closed form formula.
In fact, analytic solutions are readily available for the roots of polynomials of degree 4
or less, but it has been shown that the general 5th degree polynomials do not have
analytic solutions. Most think solutions should be obtained by iterative numerical
methods (or perhaps using differential equations). Fortunately, showing existence
and uniqueness of solutions does not require analytic solutions.

It is possible to show uniqueness for all nx1 matrices. Each m + 1 degree polynomial
is quadratic whose coefficients are in the pattern (þ, 0,�) that has precisely one sign
change, and Descartes’ Rule of Signs says the number of positive roots is one or less by
2 or more. Since having less is not possible, there is exactly one positive root, which is
uniqueness. The duality of the iterative equations shows uniqueness for all 1 � m
matrices.

Summary. We have now shown that the Feldman iterative solutions are the
same as the positive root(s) of the characteristic polynomial(s) and that Feldman
iterative solutions are also the same as the steady state solutions of the
corresponding differential equations (Appendix 1). We have three separate methods
for computing equilibrium values in vitro; and we have established existence and
uniqueness of these solutions.

62

Cortisol – Between Physiology and Pathology



Appendix 3. Degree of characteristic polynomials and singular value
decomposition

The degree (m + 1) of the polynomial (see Section 4) has been related to the
number of binding proteins (Qj); however, we can reverse the roles of ligands and BPs
and obtain (n + 1) degree polynomial. This points out a slight inaccuracy in the
presentation above; the truth relates to the number of Kii > 0, which is related to r
equals rank of the matrix K (r = rank(K)).

Let us fix the inaccurate discussion above about the degree of the limiting polynomial;
is it (m + 1), (n + 1), or (r = rank(K))? Since the rank of K must be less than or equal to
min (m,n) and often is less, the number of positive Kii’s may be less than (m + 1) and (n +
1).We note that the factors of the limiting polynomial for Pi involve the Kiν’s in the ith row
of K. For the product of linear factors

Q
ν6¼i KiνPi þ Ciνf g, if Kiν ¼ 0, then this term

becomes a positive constant, and the degree of the polynomial is reduced by one. This is
true for every Kiν ¼ 0 the ith row of K. The result is that the degree of characteristic
polynomial in Pi equals 1 + number of positive Kiν in the ith row of K.

For another view of the degree of the characteristic polynomial (in a different
space), we will use a matrix version of the Feldman equations and the singular value
decomposition of the matrix K. This decomposition says every nxm matrix K can be
factored as K ¼ Q1

P
QT

2 where nxn matrix Q1 and mxm matrix Q2are each ortho-
normal ( QT

1 Q1 ¼ In where In ¼ nxn identity matrix In and
QT

2 Q2 ¼ ImÞ; and where there are r (= rank(K)) positive singular values μi which

form the diagonal of
P

such that
P ¼ diag μð Þ 0

0 0

� �
. Another way of saying this is

K ¼Pr
i¼1μi pi q

T
i where pi ia a left singular nx1 vector corresponding to μi (column of

Q1Þ and qi is a right singular mx1 vector corresponding to μi (column of Q2Þ.
We may need another matrix theory development for Feldman equations. In

addition to matrix algebra, we will need the Hadamard (alternatively called Schur)
product of two matrices of the same size defined as by elementwise products; that is,
A⊙B ¼ Aij � Bij

� �
: Note that Hadamard products are commutative: A⊙B ¼ B⊙A ;

whereas the usual matrix product of square matrices is not generally commutative.
The Hadamard (Schur) product of two vectors of the same size is similarly defined as
λ⊙v ¼ λj � vj

� �
. The Schur product of a vector and a matrix follows quickly. We should

also define Schur division of vectors λ⊘v ¼ λj=vj
� �

provided vj 6¼ 0:The Schur product
of vectors can be realized in the matrix algebra using square diagonal matrices like
diag (v) whose diagonal is made up of the elements of the vector v and off diagonal
entries are all zero: λ⊙v ¼ diag vð Þ λ ¼ diag λð Þ v . Also, diag(v) 1 ¼ v, where 1 is a
vector with entries all equal to 1. Conversely, diag (v) can be realized using a Schur
product: diag vð Þ ¼ v⊙I ¼ I⊙v, where I is the usual matrix identity.

Comment. The important part of the Feldman equations in terms of matrix theory

involves diag Pð Þ K diag Qð Þ ¼ KijPiQj

h i
:

The pre-multiplication by diag(P) can be represented by P⊙K, but the post-
multiplication by diag(Q) operates on the columns of K and is not easily represented by the
Schur product⊙ since the candidate expression of K⊙Q operates on rows by commuta-
tivity and not on columns as required. Attempts at two other expressions give K diag(Q) =
K (Q⊙IÞ. This requires a distributive law for computations, which is said not to exist; or

alternatively K diag(Q) = Q⊙KT� �T
, which is also difficult to use in computations.
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Feldman Eqs. (1) and (2) with the n � m matrix K, n � 1 vector ¼ Pi½ �, and m � 1

vector Q ¼ Qj

h i
can be written as

diag Pð Þ 1n þ K diag Qð Þ1mf g ¼ TotPi½ � (18)

and

diag Qð Þ 1m þ KT diag Pð Þ1n
� � ¼ TotQj

h i
: (19)

These equations look simpler in a vector form than in the matrix form.

Pþ P⊙Kð ÞQ ¼ TotP (20)

Q þ Q⊙KT� �
P ¼ TotQ (21)

But looks are deceiving. In future work, it may be possible to use matrix algebra
augmented by Schur multiplication.

Appendix 4. Matrix application to hypothetical example of multiple
cortisol binding sites per albumin molecule: reconciliation of mass
conservation per site and per molecule with measured concentrations of
total albumin.

Rather than assume simple 1:1 stoichiometry for albumin-cortisol binding, let us
consider the more complex, hypothetical scenario where there are three independent
cortisol-binding sites per albumin molecule. The per site equilibrium can be also
analyzed using the proposed matrix notation. We parse the problem by first
discussing per site equilibrium; once the per site equilibrium has been developed, we
secondarily discuss per molecule equilibrium. The per site equilibrium is useful to
determine the concentration of albumin-bound cortisol using mass action equations,
while the per molecule equilibrium is also necessary for conservation of mass equa-
tions and relating the solution to clinical measurements in units of mass/volume (of
total albumin). In this hypothetical example, let us suppose TotA is the concentration
of albumin molecules and the 3 cortisol-binding sites per molecule are numbered 1,2,
and 3. Let each site have its own association (affinity) constant, K11, K12, K13, respec-
tively. Let total and free concentration per site be TotAi and Ai, respectively. Relating
concentrations to the number of molecules (or site #1) per unit volume justifies the
concept of per site concentration. Note that each TotAi = Ai. Considering one ligand
for this discussion, the 1 � 4 per site matrix can be drawn as (Table A1).

Theorem 1. The Feldman equations for the below matrix become

TotF ¼ F 1þ K1Cþ K11A1 þ K12A2 þ K13A3ð Þ
TotC ¼ C 1þ K1Fð Þ
TotA ¼ A1 1þ K11Fð Þ
TotA ¼ A2 1þ K12Fð Þ
TotA ¼ A3 1þ K13Fð Þ
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Comment 1. We now know that the equation for TotF has 4 columns and that the
characteristic polynomial is 5th degree, so there probably is no analytic solution; that
is, with formulas that can be evaluated. The general solution for this problem can be
obtained by iteration

Comment 2. One might think of using duality because then the 4 equations for 1
TotC and the 3 TotA lead to quadratic polynomials which can be written down.
However, the 4 quadratics are coupled with the coefficients depending on unknowns.
So, we still need to iterate to find numerical solutions.

Comment 3. Note that according to these Feldman equations, the per site free Ai are
different if and only if the per site affinities K1j are different.

Comment 4. If the 3 sites were identical, then all of the affinities K1j are the same,
the Ai are the same and ¼ F 1þ K1Cþ K11Sð Þ, where S = 3A1 and K11 is per site. Note
also the converse: if K1j are equal then the sites can be considered to be identical. This
equation for TotF leads to a cubic solution.

We have shown
Corollary 1. If the sites are identical (with respect to affinities) and independent,

then

i. the affinities for F binding to the 3 sites of Albumin are equal (to K11Þ,

ii. the three free Ai are equal and define S ¼ A1 þ A2 þ A3 ¼ 3A1,

iii. the Feldman equations collapse and with S = 3 A1 and TotA replaced be 3 TotA
is represented by the 1 � 2 matrix (Table A2)

Matrix 1 � 4 per site C=CBG A1 A2 A3

F K1C∙F K11A1∙F K12A2∙F K13A3∙F TotF

TotC TotA TotA TotA

Free albumin concentrations for each site are labeled A1, A2, and A3 concentrations, respectively. Here, free albumin
concentration at a given site is the number of unbound said sites per unit volume. Note that there is no assumption in
Table A1 that the three sites are identical with respect to their cortisol binding affinities (K11, K12, K13).
Constraints: Independent binding sites per molecule.

Table A1.
1 � 4 matrix per site for 3 independent binding sites on albumin.

Matrix 1 � 2 (cubic) C=CBG S

F K1C∙F K11S∙F TotF

TotC 3 TotA

Table A1 is simplified by the summation S = A1 + A2 + A3. The identical, independent site assumption implies S = 3A1.
This simplification reduces the 1 � 4 matrix (Table A1) to this 1 � 2 matrix.
Constraints: Independent binding sites and identical binding sites (K11 = K12 = K13).

Table A2.
1 � 2 matrix for 3 identical, independent sites simplified by summing the per site free albumin concentrations in
Table A1.
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iv. the resulting characteristic polynomial is the cubic equation reported in [4]
with TotA replaced by 3TotA.

Proof. Statement ii) is based on algebra and the rest is a matter of recognition.
Corollary 2. If Coolens’ assumptions apply, each K1jF≪ 1, then
each Ai ¼ TotAi ¼ TotA and

i. each FAi
F ¼ Ni is constant, and

ii. each Nj ¼ K1jTotA; and in this case,

the polynomial for the row F becomes Coolen’s quadratic equation, which can be
solved, provided Coolens0N is replaced by N1 þN2 þN3:

Proof. Statement i) is based on the Feldman equations TotA ¼ Ai 1þ K1jF
� � ¼

Ai 1þ 0ð Þ, under Coolen’s assumptions. Statement ii) and iii) follow from FAi
F ¼

K1jAi ¼ K1jTotA ¼ Nj.
It is instructive to draw the 1 � 4 per site matrix for this corollary (Table A3) which

can be collapsed to a 1� 2 matrix (Table A4) with theN ¼ N1 þN2 þN3: This leads to
Coolen’s quadratic equation and solution. End of Proof.

We can generalize Corollary 2 to the situation where the multiple sites are different
as long as the sites remain independent and Coolens’ assumption applies. It is clear
from the Feldman equations (Theorem 1) that the per site free albumin Ai ¼
TotA= 1þ K1iFð Þ are different and that the Coolens’ Ni ¼ K1i Ai are different, all since
the affinities K1i are different

Theorem 2. If the albumin molecules have ν independent, possibly non-identical,
sites and the Coolens’ assumption

Pν
i¼1K1iF≪ 1 applies, then

Matrix 1 � 2 (quadratic) C=CBG S

F K1C∙F N∙F TotF

TotC

Applying Coolens’ approximations to Table A1 results in three Coolens’ Ns, i.e. N1, N2, and N3. Thus, without assuming
identical sites (and/or identical affinities) Coolens’ approximations simplify Table A1 to Table A4 by S = A1 + A2 + A3

and N = N1 + N2 + N3.
Constraints: Independent binding sites and Coolens’ approximations (K1iAi ≪ 1, for i ¼ 1, 2, 3).

Table A4.
1 � 2 matrix simplification by summing free albumin’s A1, A2, and A3 and by summing Coolens’ N1, N2, and N3.

Matrix 1 � 4 C=CBG A1 A2 A3

F K1C∙F N1∙F N2∙F N3∙F TotF

TotC

The 1 � 4 matrix per site (Table A1) is simplified by Coolens’ approximation to obtain this Table A3. Note that the 3
independent sites are not required to be identical here.
Constraints: Independent binding sites and Coolens’ approximations (K1iAi ≪ 1, for i ¼ 1, 2, 3).

Table A3.
1 � 4 matrix per site for cortisol binding equilibrium equations with Coolens’ approximations.
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i. each Ai ¼ TotA and

ii. each FAi
F ¼ Ni is constant, and Ni ¼ K1iTotA

iii. the per site 1� (ν + 1) per site equilibrium matrix (analogous to the above 1�
4 matrix) collapses to a 1 � 2 matrix (as above) where

N ¼
Xν
i¼1

Ni ¼
Xν
i¼1

K1jTotA

Proof. If
Pν

i¼1K1iF≪ 1 then each K1jF≪ 1 and i) is true and Ni ¼ K1iTotA: The
Feldman equation for TotF becomes TotF ¼ F 1þ K1CþNð Þ:

Probabilistic approach to ligand-protein binding for multisite binding proteins
using Boolean logic: Note that the quantity S ¼ A1 þ A2 þ A3 ¼ 3A1 is not the same as
free Albumin (XA). XA could be defined as the concentration of albumin molecules for
which none of the three cortisol-binding sites of the albumin molecule are occupied
(bound). Nonetheless, the cubic solution that results from the above 1 � 2 matrix is
correct. To explain S, we need a further development. A given site is occupied or not,
which is a binary outcome. This means concentrations of specific configurations of
occupancy of multiple sites are like Boolean subsets and that Boolean algebra applies.
Relative concentrations (specific concentration divided by a total concentration) are
like probabilities, which means probability theory applies. The Boolean subsets are
called events and independence of the sites imply P A∩Bð Þ ¼ P Að ÞP Bð Þ, though some
care is required because probabilities are somewhat site-specific. However, this
development is beyond the scope of the present chapter.
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Chapter 4

Glucocorticoid Ablation Restores 
Glycemic and Thermogenic 
Parameters in Obesity
Orien L. Tulp

Abstract

Glucocorticoid ablation following adrenalectomy resulted in restoration of the 
impaired non-shivering thermogenesis and impaired glucose tolerance and insulin 
resistance in obese LA/Ntul//-cp rats. This is a congenic rat strain where the only 
difference between the lean and obese phenotypes was the presence of the epigenetic 
expression of obesity in an NIDDM-free animal model. Groups of young adult obese 
animals were adrenalectomized, followed by thermogenesis and glycemic assessment 
thereafter. In an additional subgroup, animals were administered insulin daily in an 
attempt to maintain the insulin resistance state. Adrenalectomy resulted in a complete 
restoration of normal resting and norepinephrine stimulated thermogenesis and an 
amelioration of the glycemic parameters of insulin resistance.

Keywords: obesity, insulin resistance, metabolomics, overnutrition, congenic rat, 
adrenalectomy

1. Introduction

The development of overweight and obese conditions is commonly associated 
with insulin resistance in man and animals along with multiple associated pathophys-
iologic comorbidities. Among the comorbidities, the insulin resistance of obesity and 
overweight conditions is strongly associated with numerous common pathophysio-
logic sequelae including but not limited to non-insulin dependent diabetes (NIDDM), 
hypertension (HTN), stroke, renal complications, certain cancers, musculoskeletal, 
and cardiovascular disorders to cite just a few of the possible complications that may 
develop over time. The prevalence of obesity and overweight conditions is increas-
ing at an alarming rate in Westernized populations, with the onset now beginning at 
earlier ages than in past generations [1–3].

The LA/Ntul//-cp rat model is a unique congenic animal model of epigenetic 
obesity. The initial expression of the obese stigmata typically begins by 5 to 6 weeks of 
age, where the affected offspring begin to express the stigmata, including an altered 
gait and outward more rounded appearance [4, 5]. The only obvious genetic differ-
ence between the lean and obese phenotypes is the autosomal recessive expression of 
the obesity (-cp) trait in one quarter of the offspring of heterozygous breeding pairs. 
Therefore all other inherited characteristics being equal, this rat strain is an excellent 
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animal model to investigate the metabolic processes contributing to the develop-
ment of an obese state and its pathophysiologic complications [4, 6]. The obese 
phenotype typically develop hyperinsulinemia and insulin resistance, elevations in 
plasma amylin, and disordered glycemic response to carbohydrate loading by early 
adulthood in both sexes, but have been found to remain free of diabetes of wither 
type throughout most or all of their projected lifespan [4, 5, 7, 8]. Dysregulation of 
glucocorticoid actions have also been found in obesity and overweight conditions, 
where they provide further impairments in the regulation of glucose uptake and 
glycemic status, and contribute to the magnitude of glucose intolerance and impaired 
thermogenesis, which like other aspects of glucose oxidation is dependent on efficient 
glucose uptake in brown adipose tissue for expression of BAT-mediated elements of 
nonshivering thermogenesis [2–16]. The closely related SHR/Ntul//-cp strain share 
the same genetic trait for obesity (the -cp trait) but unlike the LA/Ntul//-cp strain, 
the SHR/Ntul//-cp strain also develops symptoms of moderate to severe NIDDM in 
both sexes by early adulthood. In both strains the obesity trait was obtained from the 
Koletsky rat and purified via multiple rounds of back-crossing to attain the congenic 
status, whereby the only known apparent surviving trait from the Koletsky origin was 
the evidence of the expression of the autosomal recessive obesity (-cp) trait [10–19]. 
To date, the obese of both -cp strains have not been observed to reproduce due to 
unknown endocrinologic or other factors, similar to that which has been observed 
in other autosomal recessive obese rodent strains although the histologic presence of 
spermatozoa in obese LA/Ntul//-cp rats has been reported [20]. In addition, the obese 
phenotype of the LA/Ntul//-cp rats also exhibit an impaired thermogenic response to 
caloric overnutrition induced by the cafeteria diet and other thermogenic regimens, 
and which has been observed to persist throughout most if not all of the projected 
lifespan in the obese phenotype of this stain [4, 6, 8, 14–16].

While the specific biochemical mechanisms that contribute to the impaired capac-
ity for not shivering thermogenesis and caloric expenditure in the obese phenotype 
remain unclear, the thermogenic defect is presumed to contribute to their enhanced 
caloric efficiency and contribute at least in part to their propensity for excess fat 
accretion and storage in adipose tissue depots. Dysregulation of glucocorticoid 
actions involving the insulin-dependent GLUT4 transporters and insulin insensitivity 
in addition to impaired thyroidal and sympathetic actions have been reported in the 
obese of several strains, and likely contribute a role in this animal model as well [9–12, 
20–23]. Regardless of the energy mechanisms involved, the LA/Ntul//-cp rat strain 
ranks among the longest surviving obese rat strains known due to the longevity-
prone Lister/Albany/NIH background, with the lean phenotype often surviving to 
4 years or more and the obese littermates to 2.5 to 3 years under standard laboratory 
conditions [16–19]. The current investigation was designed to further elucidate the 
mechanisms of carbohydrate intolerance and its association with impaired nonshiver-
ing thermogenesis, and to determine if the metabolic derangements were associated 
with the expression of the obese trait in this rat strain. Rats were studied from the 
earliest visible onset of the expression of the obese trait throughout postweaning 
development and early adulthood. Rats typically become of reproductive age in the 
lean phenotype by early adulthood, but reproductive activity has not been observed 
in the obese phenotype. Thes physiologic developments occur at an age at which the 
onset of metabolic evidence of insulin resistance in the obese phenotype will have 
developed [20]. Michaelis et al. have demonstrated that the obese phenotype of this 
strain demonstrate little if any glycosuria throughout much of their normal lifespan 
despite the carbohydrate source in the diet being fed [7, 24].
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In human populations, familial syndromes of obesity and NIDDM often occur 
together, suggesting a possible genetic predisposition in their development, and 
consistent with an implication of a receptor defect in insulin actions, including 
possible dysregulation of the GLUT4 transporter system. However, the magnitude of 
the expression of the obesity and NIDDM parameters may differ in their molecular 
mechanisms in the two disorders. The -cp trait for obesity was originally derived from 
the Koletsky rat, and bred into the NIH colony of the SHR rat, followed by 12 or more 
cycles of backcrossing, whereby the resulting obese offspring exhibit NIDDM by early 
adulthood. The metabolic basis for the development of NIDDM has been presumed to 
occur due to a combination of a receptor and postreceptor linked activity in carbo-
hydrate metabolism implicating the insulin receptor. In contrast, when the same -cp 
trait was bred into the LA/N strain, the obese offspring developed moderate insulin 
resistance but not NIDDM, suggesting that the impairment in insulin action in that 
substrain survived as a receptor mediated effect only [6, 7, 17, 19, 25]. In the current 
investigation, the experimental design was developed in an attempt to further eluci-
date key parameters resulting in the epigenetic expression of obesity, to include the 
potential impact of the counterregulatory effects of adrenal glucocorticoid hormones 
on thermogenic and glycemic parameters.

2. Methods and materials

The rats for this investigation were obtained from Drexel University at 6 weeks 
of age. Rats were designated as lean or pre-obese on the basis of visible observa-
tion of emerging obese stigmataThe animals consisted of normally reared lean and 
obese male animals as biological littermates (1 lean plus 1 obese, n = 6 rats/treatment 
group). The preobese rats were selected based on physical characteristics, including 
typical indicators of changes in gait, stance, and palpable subcutaneous fat combined 
with lower resting VO2 measures than occurred in their lean littermates [6]. The 
animals that were selected from the above criterion were placed in shoebox cages 
lined with one inch of fresh pine shavings, changed periodically 3 times a week, and 
housed under standard laboratory conditions from 6 until 12 weeks of age. Room 
temperatures were maintained at 22–24°C with controlled humidity of 50 to 60% 
relative humidity. Ll animals received free access to Purina Chow #5012 and house 
water throughout, beginning at weaning (21 days of age) and continuously through-
out the remainder of the study. Purina chow formula # 5012 manufacturers certificate 
of analysis reported an energy density of 3.34 kcal/gram. The detailed composition 
lacked refined carbohydrates and was indicative of a low glycemic index. When 
animals were 9 to 12 weeks of age during the final 3 weeks of the study they were 
offered the highly palatable cafeteria (Café) diet thereafter in addition to the Purina 
chow diet. The Café regimen consisted ofa rotation of four tasty items each day out of 
20 total Café food items. The quantities of all foods consumed were carefully recorded 
after correction for spillage and uneaten residuals. The twenty different Café foods 
that were provided in the daily master menu included at least one reliable nutritive 
protein source.

The daily caloric Intakes were determined periodically during the 6-week study. 
Each animal was placed in an individual metabolic cage for 3 days, during which 
time all total food that had been consumed was tabulated, measured by weight, 
corrected for spillage, and resulting caloric intake during the final 2 days, while the 
data obtained during the first day discarded, thus enabling the individually housed 
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animals to acclimate to the change in environment of the metabolic cages. The Purina 
chow was ground in a homogenizer for ease in determing the accuracy of measure-
ment throughout the duration of the study. The groups of animals were also offered 
the highly palatable cafeteria (Café) diet in addition to the Purina chow during weeks 
9 through 12. The Café diet included numerous typical ‘finger foods’ such as snack 
items that included Oreo and peanut butter cookies, assorted sweets and sugary 
confections, hot dogs, white bread, popcorn, etc., and totals consumed corrected to 
account for wastage and uneaten residues each day. The net caloric intake was deter-
mined from the manufacturer’s published nutritional information for each individual 
food item consumed. Thus, the caloric intake reported includes the total Purina 
Chow plus the Café food items consumed after correction for spillage and uneaten 
remnants.

Determination of the Resting Metabolic Rates (RMR). Measurement of the RMR 
of lean and obese rats were determined in the fasted state. Measures of RMR were 
obtained with a Collins Small Animal Spirometer apparatus (WE Collins, Braintree 
MA, USA) fitted with a locally manufactured closed circuit 1 cubic foot volume 
watertight Plexiglas animal chamber [6, 8, 26–28]. All measures of VO2 were con-
ducted at thermal neutrality (30°C) by immersing the sealed canister in a constant 
temperature water bath, allowed to equilibrate for up to 15 min, and the temperature 
was kept constant by immersing the animal chamber in the temperature controlled 
circulating water bath. The data was corrected for conditions of local altitude and 
relative humidity, and expressed per kg of body weight 0.75 power to correct for 
potential differences in body composition and surface area [6, 8, 26–28]. Typically, 
with this procedure, animals were observed to explore their new surroundings for 2 
to 3 min upon initial placement in the submersible chamber, after which time they 
were observed to be resting comfortably during equilibration of the system and for 
the remainder of their occupation and measurement of RMR in the chamber. Reliable 
measures were typically obtained within 15 min of observation and continued for 
an additional 15 min segment. Animals were familiarized with the procedure prior 
to obtaining measure of record to minimize the effects of stress or training issues on 
the final results. Significant differences in body weights and this metabolizing tissues 
were observed in the two phenotypes due to the drastic differences in actual body 
composition due to the obesity [6].

Adrenalectomy. A partial (hemi-) or complete adrenalectomy (Hemi-ADX/
ADX) was performed in groups (n = 6 rats/group) of pre-obese rats as described by 
Marchington et al. In this procedure rats were subjected to pentobarbital anesthesia 
(5.5 mg/kg BW, intraperitoneally) when 6 weeks of age [29]. Briefly, the surgical 
procedure consisted of a single 1 to 1.5 cm mid-posterior incision, and the adrenals 
located by palpation and inspection followed by surgical removal in toto. The animals 
warmed on an electronic heating pad during and after the surgical procedure to pre-
vent anesthesia-induced post-surgical hypothermia. Animals were given a 0.9% NaCl 
solution supplement ad libitum in addition to house water following adrenal surgery. 
An additional group received a hemi-adrenalectomy and were treated exactly the 
same as the obese and bilateral adrenalectomy groups were treated. A final subgroup 
(n = 4) of adrenalectomized rats received a daily Lente insulin injection, starting 
at 1 U / day and ramping up to a max of 8 u/day on the final day of the study in an 
attempt to continue the magnitude of insulin resistance in the absence of the adrenal 
secretions. Animals were closely monitored daily, and were observed to survive the 
surgical procedure without difficulty. During the final dissection, the completeness of 
the adrenalectomy procedure was determined by inspection to confirm the presence 
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of one or no remaining adrenal tissue remants. All groups had 6 rats / group at the 
onset, but in the Obese+ADX + Ins group only 4 rats remained at 12 weeks of age, as 
some animals inadvertently succumbed due to apparent hypoglycemia during fasting 
and thus their data was not included in the final data computations.

Measures of glycemic status. Measures of glycemic status included a) an oral glu-
cose tolerance (OGT), plasma insulin (I), glucose (G) and the computing the I:G ratio 
of rats. In addition, the area under the OGT curve (AUC) was computed as previously 
described [7, 30]. The measures of oral glucose tolerance (OGT) were performed in 
8-h fasted animals as outlined by Tulp et al. [30] The glucose challenge consisted a 
measured quantity based on body weight of a 50% glucose solution (25 mg glucose/kg 
BW) administered slowly via gavage over a 1-min duration in fasting animals via oral 
gavage. Periodic bloods were obtained for measurement of blood glucose concentra-
tion from the tail vein in heparinized capillary tubes initially and at the 30-, 60-, 90 
and 120-min post gavage. The bloods were subjected to plasma glucose determination 
with a glucose oxidase method, and recorded as mg/dl [30]. The AUC for the glucose 
curve from 0 to 120 min was calculated as described previously [30]. Upon sacrifice, 
truncal blood were collected for measures of fasting glucose and insulin. Insulin con-
centrations were determined via solid phase radioimmunoassay. Data were analyzed 
via standard descriptive statistics, ANOVA, and Students unpaired t tests [31]. This 
study was reviewed and approved by Institutional IACUC (Institutional Animal Care 
and Use Committee prior to the investigation.

3. Results

The initial and final body weights of rats are depicted in Figure 1 at each age 
studied. These data show that the body weights of all groups were similar upon 
assignment to the respective treatment groups. In contrast, at 12 weeks of age, the 
obese and adrenalectomized obese rats were observed to be significantly greater than 
those of their unoperated lean littermates. Since all groups had the same genetic back-
ground the same diets and were housed under identical laboratory conditions with 

Figure 1. 
Body weights of rats at 6, 9 and 12 weeks of age. Data are mean ± 1 SEM, n-4-6 rats/treatment group. P = < 0.05 
obese vs. lean at each age studied. All groups were observed to gain weight with age (p = <0.05, students T test for 
paired comparisons).
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the exception of the autosomal recessive expression of the -cp trait, the differences in 
final body weights and weight gain following ADX are considered significant.

When adrenalectomized obese rats were 9 weeks of age midpoint and prior to the 
addition of the Café diet however, their body weights were still similar to those of their 
lean littermates. Upon introduction of the Café diet regimen however, the obese adre-
nalectomized rats exhibited significant hyperphagia. The hyperphagia was followed by 
additional weight gain that was equal to or greater than their unoperated obese litter-
mates by the culmination of the study at 12 weeks of age. The final data point for bode 
weights is indicated in Figures 2–4 in Figure 5, the mean weight gain between 6 and 
9 weeks of age is depicted and indicates that weight gain in both lean and obese-ADX rats 
was similar, averaging 70 grams per rat. However as noted, when the obese+adx group 
consumed the Café regimen, their weight gain during the final 3 weeks of the study 
significantly exceeded that of their lean littermates by a factor of 2.75. This rate of weight 

Figure 2. 
Orl Glucose tolerance Test in lean and obese rats at 6 weeks of age. Data are mean ± 1 SEM. * = P = <0.05 (Lean 
Vs Obese) at 60 and 90 min. P = n.s. at baseline, 30 and 120 min. *Comparisons by unpaired Student’s ‘t’ test.

Figure 3. 
The effect of ADX on glycemic responses at 9 weeks of age. The data are mean ± 1 SEM, n = 6 rats/group. The 
plasma glucose and postprandial absorptive phase of obese rats were significantly greater than the other groups at 
+30 and + 60 min (p = <0.05; students unpaired t test). WOA = weeks of age.
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gain was similar to a 2.7-fold greater rate of weight gain in the unoperated obese group. 
Thus, those rats attained a final rate of weight gain that measured equal to or greater 
than that which was observed among the other experimental groups.

The measures of Oral Glucose tolerance are depicted in Figures 2–4 and the and the 
glucose area under the glucose curves (the AUCglucose) is depicted in Figure 6. These 
data are consistent with a prolonged glycemic response in the obese phenotype that also 
included a greater magnitude of glycemic excursion at the highest glucose concentra-
tions observed than occurred in their similarly treated lean littermates. These observa-
tions are suggestive of a prolonged absorptive phase in the obese phenotype. When 
9 weeks of age, the glycemic responses and the AUCglc in the obese+ADX rats were now 
similar to their unoperated lean littermates, while only the untreated obese remained 
elevated. At 12 weeks of age, as depicted in Figure 4, the glycemic excursions in the lean 

Figure 5. 
Weight gain of rats at 6, 9 and 12 weeks of age. Data are mean ± 1 SEM, 4–6 rats/group. P = <0.05 (lean vs. obese, 
Student’s unpaired t test) at each age studied. In addition, all groups gained weight between 6 and 12 weeks of age 
(p = < 0.05, students paired comparisons t test).

Figure 4. 
Effect of ADX and diet on glycemic excursions at 12 weeks of age. Data are mean ± 1 SEM, n = 6 rats/group. 
The glycemic responses of the obese rats were significantly greater than the other groups at +30 and + 60 min 
(p = <0.05; students unpaired t test). WOA = weeks of age. OGT obtained after 3 weeks of the Café diet regimen. 
Note the difference in the vertical axis in Figure 4 vs. Figures 2 or 3 (0 to 300 in 4 vs. 0 to 250 mg/dl in 2 and 3).
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and adrenalectomized obese rats remained of similar magnitude. The unoperated obese 
continued to demonstrate a deranged glycemic response at 12 weeks of age, consistent 
with a prolonged absorptive phase, but glycosuria was absent, as was diagnostic crite-
rion indicative of NIDDM.

The data reflecting ADX of obese rats at 12 weeks of age is shown in Figure 4 
above. The glycemic responses in the unoperated lean and in the obese+ADX groups 
are similar, reflecting a normalization of the glycemic responses in the obese animals 
following the ADX procedure. In contrast, the glycemic responses in the unoperated 
obese animals continue to indicate modest glucose dysregulation, with peak glucose 
concentrations exceeding 200 mg/dl at the 30-min data point but returning to pre-
glucose administration plasma concentrations at the 120-min time point in all groups 
including the unoperated obese, Café fed animals.

The final glycemic parameters including plasma glucose, plasma insulin, and the 
Inulin to glucose ratio as an estimate of insulin resistance are shown in Table 1 and indi-
cate that fasting plasma glucose concentrations were similar in all groups, with a trend 
toward elevations in plasma glucose in the Obese+ADX + Insulin group. The greater 
value in the insulin groups is reflective of their non-fasting state, as fasting in that group 
resulted in premature hypoglycemic deaths of some animals. Plasma insulin concentra-
tions were markedly elevated in the obese phenotype but were similar to those of lean 
animals following complete adrenalectomy. In contrast, hemi-adrenalectomy resulted in 
plasma insulin concentrations that were similar to unoperated obese rats, while admin-
istration of exogenous insulin resulted in yet still greater plasma insulin concentrations 
and insulin to glucose ratios, indicative of insulin resistance in those animals.

The mean AUCglc of the different groups at 12 weeks of age is shown in Figure 6, 
in addition to the numerical mean above each bar. Note that the AUCglu of the 
unoperated lean and the obese+ADX AUCglc are virtually identical (261.2 vs. 257.25, 
respectively), indicating the ADX procedure resulted in a virtual normalization in 
the glycemic responses. In contrast, the final AUCglc in the obese, Obese+hemiADX 
and the Obese+ADX + Insulin ate similar, (315.9, 320.1 and 334.0 respectively), and 
consistent with insulin resistance of similar magnitude in the 3 groups.

Figure 6. 
Mean glucose AUC from 4-point OGT at 12 weeks of age. Data are the mean ± 1 SEM, N = 4–6 RATS/GROUP. 
Bars computed from of plasma glucose values depicted in Figure 4 above. Obese, obese + hemi-ADX and obese 
+ ADX+ insulin is similar (n.s) while glucose AUC of lean and obese + ADX are similar. Presurgical AUCglc at 
6 weeks of age from Figure 2 was 264 vs. obese 312. Numerical values above each bar above are the mean AUC at 
12 weeks of age.
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The effects of adrenalectomy on parameters of adiposity at 12 weeks of age are 
shown in Table 2 and indicate that the combined fat pad mass and percent adiposity 
of the obese animals was markedly greater than was observed in their lean littermates. 
Adrenalectomy resulted in a partial normalization in fat accretion, while fat pad mass 
and percent adiposity of the hemi-adrenalectomized rats were similar to those of 
unoperated obese rats. When adrenalectomized rats were administered supraphysi-
ologic doses of insulin however, fat pad mass and the percent adiposity exceeded that 
of the unoperated obese littermates. The insulin administration resulted in a return of 
parameters of insulin resistance, and combined with the greater overall caloric intake, 
resulted in yet greater fat accretion as predicted. The caloric efficiency in column 4 of 
the data table is consistent with a greater caloric efficiency in the obese, obese-hemi 
adrenalectomy and insulinized animals.

The levels of relative adiposity of the 5 groups are indicated in Table 2. The grams 
of the 3 fat pad depots are presented in the far-left column and the percent adiposity 
in the adjacent column. Comparing the relative adiposity with the Insulin to glucose 
ratio as an indicator of insulin resistance in Table 1, the relative adiposity corresponds 
with the magnitude of insulin resistance in each group, where the Obese+ADX is 

Group n Glucose Insulin I:G ratio

Lean 6 144.0 ± 9.0a 253 ± 20a 1.43 ± 0.16a

Obese 6 145.5 ± 15.7a 874 ± 30b 6.01 ± 1.40b

Obese Hemi-ADX 4 141.0 ± 27.0a 1060 ± 41b 7.52 ± 1.5b

Obese-ADX 6 126.3 ± 4.9a 299.5 ± 71.5a 2.40 ± 1.08a

Obese ADx + INS 3 223.0 ± 21.0b 1941 ± 110c# 8.70 ± 1.8b#

ANOVA ns# p = <0.05 p = <0.05

Effects of ADX and diet on glycemic parameters of lean and obese rats at 12 weeks of age. All data are reported as the 
mean ± 1 SEM (n = 6 rats/group). Truncal bloods were collected in heparin at 12 weeks of age. Rats in a semi-fasted 
(2–4 h) state. Different subscript letters denote distinct statistical subgroups via Student-Neuman-Keuls application for 
identification of significance in different subgroups. # = non-fasting.

Table 1. 
Glycemic parameters in lean and obese LA/Ntul//-cp rats.

Group n AT Mass, g. % Adiposity Net CE_6-9W CE 9-12W

Lean 6 5.54 ± 0.11a 1.87 ± 0.04e-2a 0.08 ± 0.01a 0.05 ± 0.01a

Obese 6 21.18 ± 2.10c 4.74 ± 0.47e-2c 0.09 ± 0.01b 0.06 ± 0.01b

Obese Hemi-ADX 4 22.04 ± 1.90c 4.85 ± 0.25e-2c 0.10 ± 0.01b 0.06 ± 0.00b

Obese-ADX 6 12.81 ± 2.30b 3.02 ± 0.54e-2b 0.08 ± 0.01a 0.05 ± 0.01a

Obese ADx + INS 4 28.2 ± 2.50c 5.29 ± 0.25e-2c 0.10 ± 0.011b 0.06 ± 0.01b

ANOVA ns p = <0.05 p = <0.05 p = <0.05

Data are mean ± 1 SEM, n = 4–6 rats/group. The mass of adipose tissue was computed as the sum of the Dorsal, 
Retroperitoneal and Epididymal fat pad depots as dissected at 12 weeks of age; The percent adiposity data in column 
two reflects the combined mass of the three depots expressed as g / g. BW x 100. CE = caloric efficiency from 6 to 
9 weeks and 9 to 12 weeks of study. The groups with different superscripts indicate statistically different subgroups at 
p = < 0.05 via Student Neuman Keuls analysis.

Table 2. 
Effects of adrenalectomy on adipose parameters in lean and obese LA/Ntul//-cp rats.
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similar to the similarly fed unoperated lean controls (Figure 7), while all other treat-
ment groups remain similarly elevated by comparison. The net caloric intake during 
weeks 6 to 9 is reflected in column 3 of Table 2 and indicates that caloric intake in 
the obese+ADX is similar to unoperated lean animals, while the caloric intake of all 
other groups was similar. The caloric efficiency indicated in the far-right column 
corresponds with the caloric intake data, consistent with the magnitude of insulin 
resistance and adiposity observed.

Rhus, the results of this investigation indicate that bot unoperated obese and obese-
adrenalectomized developing a greater magnitude of adiposity than occurred in their 
lean littermates, indicative a = of a phenotype effect on weight gain and the expression 
of obesity. The significant differences in weight gain between the phenotypes occurs 
despite their having the same genetic origins and being reared under the same environ-
ment and dietary conditions. The coexistence of insulin resistance is evident in the 
obese phenotype, as reflected by greeter plasma insulin concentrations in addition to 
an exaggerated insulin to glucose ratio in the obese. The obese phenotype exhibited 
hyperphagia and an improved efficiency of weight gain following hemi-adrenalectomy 
or adrenalectomy plus insulin replacement in an attempt to maintain a state of insulin 
resistance in the absence of adrenal secretions. In contrast, adrenalectomized obese 
animals exhibited glycemic and thermogenic parameters that were similar to those of 
their unoperated lean littermates, consistent with the impression that the counterregu-
latory effects between insulin and adrenal glucocorticoid hormones are key contribu-
tory factors in the insulin resistance and in parameters reflecting insulin sensitivity.

The Interscapular Brown adipose tissue (IBAT) depots were excised in their 
entirety after sacrifice and are depicted in Figure 8. The data indicates that the IBAT 
mass of obese rats and the proportion of IBAT mass to body weight were significantly 
greater in the obese phenotype. Neither partial or complete adrenalectomy was 
effective in restoring iBAT mass to normal, likely because increases in the IBAT mass 
associate with hyperphagia beginning soon after postweaning development, via 
processes of hypertrophy and hyperplasia [4, 13]. The IBAT to BW ratio was however 
only partially corrected since the final body weights of the adrenalectomized animals 
were intermediate between those of the lean and obese phenotype while the IBAT 
mass was similar n both groups.

Figure 7. 
Association between percent adiposity and insulin to glucose ratio. Data are mean ± 1 SEM, N = 4–6 rats/group.
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The effect of ADX on RMR is depicted in Figure 9. Measures on RMR in the lean, 
obese, and obese-adrenalectomized rats are depicted in Figure 9, and indicate that 
in lean animals, the RMR increased with age, in contrast, the RMR of obese rats 
decreased with advancing age. The RMR of the adrenalectomized obese rats however, 
attained levels similar to those of unoperated lean littermates by 12 weeks of age, 
reflective of the improvements in insulin sensitivity in those animals.

Measures of RMR at in all 5 treatment groups are depicted in Figure 10 and 
indicate that RMR of the lean animals remained similar at all 3 ages studies. In 
contrast, the RMR of the obese rats were lower at the onset at 6 weeks and increased 
only modestly with age and dietary treatment. The effects of partial and complete 
adrenalectomy were similar at 6 and 9 weeks of age, and increased when fed the 
cafeteria diet supplement at 12 weeks of age only in fully adrenalectomized animals. 
RMR increased in magnitude in the insulinized adrenalectomized obese animals to 

Figure 9. 
The effect of adrenalectomy on resting VO2 in LA/Ntul//-cp rats. Data are expressed as the mean ± 1 SEM (n = 6 
rats/treatment group). Significance was determined with a p = < 0.05 via students unpaired t test comparing lean 
vs. obese, and obese+ADX vs. obese. Final VO2 of adrenalectomized obese rats at 12 weeks of age was similar to 
lean littermates (p = n.s.).

Figure 8. 
Brown adipose tissue mass of lean and obese rats at 12 weeks of age. Data are mean ± 1 SEM, n = 4–6 rats/group. 
P = <0.05 obese vs. lean for IBAT mass and IBAT: Body weight (Students unpaired t test). WOA = weeks of age.
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levels similar to obese adrenalectomized at the 12-week time point, after 3 weeks of 
the cafeteria diet supplement, during which time they also gained excessive weight 
and greater fat accretion.

The effects of norepinephrine administration on VO2 in the various treat-
ment groups is depicted in Figure 11. The data shown are the increase in VO2 
over the RM, taken 15 min after administering the NE (100 μg/kg BW, s.c. in the 
interscapular region). In lean rats, the NE induced increase was greater at each age 
studied. In contrast, in the obese phenotype, NE had only a modest effect, initially 
about one half of the response of lean animals, and which response decreased 
at each subsequent time point. Adrenalectomy in obese animal restored the NE 
response to that of their lean littermates, while partial adrenalectomy and adre-
nalectomy followed by inulin treatment were ineffective in restoring the thermic 
response to NE.

Figure 11. 
Effect of treatment groups on NE increase in RMR at 12 weeks of age. Data are mean ± 1 SEM, n = 6 rats/
group except group obese + ADX + INS, n = 4 due to fasting induced premature deaths of 2 animals. 0 = < 
0.05 (lean vs. obese, obese hemi ADX and obese ADX + INS; p = n.s. (lean vs. obese ADX at 9 and 12 WOA; 
WOA = weeks of age.

Figure 10. 
Effect of treatment groups on RMR at 12 weeks of age. Data are mean ± 1 SEM, n = 4–6 rats/group except group 
obese + ADX + INS, where n = 4 due to fasting induced premature deaths in 2 animals.
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4. Discussion

The contributions of glucocorticoid actions on insulin-stimulated formation 
and cytoplasmic translocation of GLUT4 transporters has been well documented [9, 
32–34]. When the regulation of the transporters become disrupted due to glucocorti-
coids or other factors, the typical physiologic response is an increase in insulin secre-
tion in an apparent attempt to overcome the glucose transporter impediment. The 
cascade of metabolic events which follow contributes to the progressive development 
of insulin resistance along with its pathophysiologic sequelae. In humans and likely 
rats as well, as the level of excess glucocorticoid stimulation continues, the elevations 
in cortisol contribute to preadipocyte differentiation and additional lipid accretion. 
Thus, pathophysiologic influences on adipose tissue depots may further exaggerate 
the impact of hyperinsulinemia and insulin resistance which may extend to addi-
tional tissues including skeletal muscle, brain and others that are also dependent on 
molecular glucose for oxidative metabolism [32–34]. Therefore, pharmacologic or 
surgical ablation of adrenal glucocorticoid inhibitory activity would seem to be an 
effective strategy to restore GLUT4 transporter functions, permit the restoration of 
endoplasmic reticulum synthesis and intracellular translocation to the plasma mem-
branes, improve cellular glucose uptake and oxidation, and thus diminish the overall 
magnitude of insulin resistance in the various tissues of the obese phenotype of this 
and other genetically obese rat strains. Insulin is known to impact multiple aspects of 
energy metabolism and storage, including lipogenesis, activation of preadipocytes, 
and substrate oxidative processes, all of which may serve as primary or secondary fac-
tors that contribute to excess energy storage in adipocytes and other tissues, including 
hepatic fatty acid and glycogen synthesis and storage [35–37]..

Evidence of the onset of insulin resistance were already apparent in the obese phe-
notype by 6 weeks of age, as demonstrated by the delayed glycemic excursions during 
the oral glucose tolerance challenge. Moreover, the disordered glycemic responses 
became more exaggerated by 12 weeks of age in the same obese animals, consistent 
with a progression of the insulin resistance state. In contrast, the magnitude of 
disordered glycemic responses following bilateral adrenalectomy became normalized 
to those of their lean littermates by 12 weeks of age, consistent with a restoration of 
normal glycemic parameters following adrenal ablation. However, when a subgroup 
of the obese adrenalectomized animals were subjected to the hyperphagia inducing 
Café diet regimen plus daily insulin injections in an attempt to re-establish insulin 
resistance in the absence of adrenal glucocorticoid secretions, adiposity progressed at 
an accelerated rate and with a similar magnitude of insulin resistance. These observa-
tions are consistent with adrenal mediated contributions to the process leading to 
insulin resistance and adiposity.

Insulin resistance also is known to impede the metabolic process of non-shivering 
thermogenesis in brown adipose tissue [38–42]. Insulin resistance also contributes to 
dysregulation of lipid metabolism in both brown and white adipose tissues, where it 
impacts on activity of lipoprotein lipase, essential for the mobilization and release of 
stored triglyceride [10–14]. Brown adipose tissue is recognized as a major contributor 
to the process of non-shivering thermogenesis, and has been attributed to play a role 
in energy balance during periods of over- and under nutrition [38–42]. Brown adipose 
tissue mass increases during early prepubucent life via the processes of hyperplasia, 
and via hypertrophy of brown adipocytes beyond adolescence and during periods of 
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metabolically- or pharmacologically-mediated decreases in thermogenic activity [38, 
39, 42, 43]. Thus, the presence of insulin resistance has been shown to impair cellular 
glucose uptake in isolated brown adipocytes, and to generate deceases in resting and 
pharmacologically-stimulated alterations in thermogenic activity in isolated cells and 
in vivo responses to nutritional and pharmacologic simuli [10–12, 43]. In other stud-
ies, the presence of chronic insulin resistance was associated with the ‘unbowning’ 
of brown adipose tissue, as the numerous small lipid locules normally active during 
thermogenic activity accumulated additional lipid doing their decreased periods of 
thermogenic activity, giving way to a less intense brown coloration of the tissue [41]. 
In the present study, ablation of glucocorticoid influences via bilateral adrenalectomy 
resulted in a recovery of normal thermogenic responses by 12 weeks of age, consistent 
with adrenal glucocorticoid-induced contributions to insulin resistance and impaired 
nonshivering thermogenesis, in vivo.

Insulin resistance impedes the process of non-shivering thermogenesis, in addition 
to contributing to dysregulation of lipid metabolism in both brown and white adipose 
tissues [10–14]. Brown adipose tissue is recognized as a major contributor to the 
process of non-shivering thermogenesis, and to play a role in energy balance during 
periods of over- and under nutrition [38–42]. Brown adipose tissue mass increases 
via the processes of hyperplasia during early life, and via hypertrophy of brown 
adipocytes beyond adolescence, and during periods of metabolically- or pharmaco-
logically-mediated decreases in thermogenic activity [38, 39, 42, 43]. The presence of 
insulin resistance impaired cellular glucose uptake in isolated brown adipocytes, and 
in deceases in resting and pharmacologically-stimulated alterations in thermogenic 
activity [10–12, 43]. In other studies, the presence of chronic insulin resistance was 
associated with the ‘unbowning’ of brown adipose tissue, as the numerous small lipid 
locules normally active during thermogenic activity accumulated additional lipid 
doing their decreased periods of thermogenic activity, giving way to a less intense 
brown coloration of the tissue [41]. In addition, the thermic increases following the 
Café diet regimen are manifested by a combination of short-term neurosympathetic 
and longer-term thyroidal actions, both of which hormonal systems interact with the 
lipogenic activities that modulate energy metabolism and expenditure [36]. Thus, the 
roles of insulin and glucocorticoid hormones cannot be viewed independently with 
respect to parameters of the integrated complex regulation of energy balance in man 
and animals.
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Chapter 5

Steroidogenesis of Corticosteroids, 
Genetic Mutation, and Endocrine 
Disruption Leading to Adrenal 
Insufficiency
Ying Su, Ren-Shan Ge and Hong Xie

Abstract

Steroidogenesis, the process by which steroids are synthesized, involves a complex 
cascade of enzymatic reactions that ultimately produce hormones, such as cortisol 
and aldosterone. Cortisol is a steroid hormone that plays a critical role in the regula-
tion of various physiological processes, including metabolism, immune response, and 
stress response. Aldosterone is responsible for blood pressure and water balance. The 
biosynthesis of cortisol and aldosterone occurs primarily in the adrenal cortex and 
is processed by a series of enzymatic reactions that convert cholesterol into cortisol 
and aldosterone. Enzymes include CYP11A1, 3β-hydroxysteroid dehydrogenase 2, 
CYP11B1, CYP11B2, CYP17A1, and 21-hydroxylase. Mutations or defects in these 
enzymes can lead to impaired cortisol and aldosterone biosynthesis, thereby resulting 
in various disorders such as congenital adrenal hyperplasia, adrenal hypoplasia con-
genita, and familial glucocorticoid deficiency. Endocrine disruptors, such as phthal-
ates, bisphenols, and pesticides, affect adrenal cortex development or steroidogenesis, 
thereby causing adrenal cortex dysfunction. Understanding the complex process of 
steroidogenesis involved in cortisol and aldosterone biosynthesis can provide crucial 
insights into the pathophysiology of adrenal disorders and inform the development of 
targeted therapies to alleviate the associated symptoms.

Keywords: cortisol, aldosterone, adrenal cortex dysfunction, steroidogenesis, 
endocrine disruptors

1. Introduction

Corticosteroids are a class of steroid hormones that play critical roles in vari-
ous physiological processes in the body. They are synthesized through a complex 
process known as steroidogenesis. Corticosteroids belong to two main subclasses: 
glucocorticoids and mineralocorticoids, each with distinct functions and regula-
tion. Glucocorticoids primarily regulate metabolism, immune responses, and stress 
responses, while mineralocorticoids are mainly involved in maintaining electrolyte 
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balance and fluid homeostasis. In this chapter, we will focus on the steroidogenesis 
of corticosteroids, with an emphasis on glucocorticoid and mineralocorticoid 
biosynthesis.

2. Adrenal corticosteroid biosynthesis and regulation

2.1 Adrenal cortex anatomy

The adrenal gland is essentially divided into two endocrine glands, composed of 
two structures of different embryonic origin and function, namely the outer cortex 
and inner medulla (Figure 1). The adrenal medulla is an extension of the sympa-
thetic nervous system and consists of irregularly arranged chromaffin cells. The 
adrenal medulla is not the subject of the current chapter. The adult adrenal cortex is 
histologically and functionally divided into three distinct zones, each controlled by 
unique hormonal signals. The outer zona glomerulosa (zG) synthesizes aldosterone, a 
mineralocorticoid hormone that regulates sodium retention and blood vessel volume, 
thereby controlling blood pressure. The middle zona fasciculata (zF) synthesizes glu-
cocorticoids (cortisol in humans or corticosterone in rodents), which play a key role 
in glucose metabolism, immune responses, and stress responses. The innermost zona 
reticularis (zR) is responsible for the biosynthesis and secretion of androgens [1]. 
The adrenal is covered by a layer of capsule. Controversy has sometimes surrounded 
the existence of mouse and rat zR zones, but its presence can be clearly documented 
based on morphological criteria. However, it is worth noting that the thickness of this 
zone can vary significantly among different mouse strains [2].

According to immunohistochemistry, some researchers have described the 
presence of an intermediate zone or undifferentiated zone between zG and zF in 
rats and mice. This zone does not express corticosteroid-specific enzymes such as 

Figure 1. 
Illustration of adrenal glands. The adrenal gland comprises an inner medulla and an outer adrenal cortex. 
The cortex is covered by a thin cellular capsule. The adrenal cortex has three classical zones, the zG (zona 
glomerulosa) which is under capsule, zF (zona fasciculata) which exists between zG and zR (zona reticularis), 
and zR which is innermost of the adrenal cortex, showing distinct morphology.
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cytochrome P450 aldosterone synthase (CYP11B2) in the zG and cytochrome P450 
11β-hydroxylase (CYP11B1) in the zF [3–5].

The foetal human adrenal gland primarily consists of a specialized foetal zone that 
synthesizes precursor steroids, which can be converted to oestrogen by the placenta. 
This foetal zone is surrounded by definitive tissue. After birth, the foetal zone rapidly 
“involutes” or disappears and is replaced by the expanding definitive zone [6]. Recent 
evidence suggests that the developing mouse adrenal cortex may mainly comprise 
a foetal zone. The residue of this zone forms the so-called X zone around day 10 
postpartum, following its replacement by definitive tissue around birth [7]. Cells of 
the mouse X zone appear highly basophilic [7].

This book chapter primarily focuses on zG and zF zones, dealing with the biosyn-
thesis of corticosteroids, including cortisol/corticosterone and aldosterone.

2.2 Adrenal development

The development of the adrenal gland is a complex and fascinating process that 
begins during early embryonic development. The adrenal gland is a unique endocrine 
organ located on top of the kidneys and plays a key role in regulating various physi-
ological processes in the body. During early embryonic development, the adrenal 
gland arises from two distinct regions: the adrenal cortex and the adrenal medulla. 
These two regions have different embryological origins and functions. The adrenal 
cortex originates from the mesoderm [8], while the adrenal medulla develops from 
neural crest cells (see review [9]). This book chapter focuses on adrenal cortex 
development. The development of the adrenal gland can be divided into several 
stages, each characterized by specific cellular and molecular events. The first stage 
is known as the specification stage, during which the precursor cells are specified to 
become adrenal cortex, called the anlage of the adrenal cortex, which is first identi-
fied at 3–4 weeks of gestation in humans, due to a condensation of the coelomic 
epithelium. The next stage is the proliferation and differentiation stage, where the 
precursor cells undergo rapid proliferation and begin to differentiate into the specific 
cell types of the adrenal gland and migrate to the superior end of the mesonephros, 
and the adrenal gland is first recognizable at 4–6 weeks of gestation in humans. In 
the adrenal cortex, different zones start to form (called foetal zone and definitive 
zone) at 8–10 weeks of gestation. By late gestation, the foetal adrenal gland starts 
to develop into the early form of the adult adrenal cortex and the morphology of zG 
and zF appears. Then, the foetal zone declines and disappears during the first three 
postnatal months. Finally, the final adult zonal pattern is established and stabilized 
between 10 and 20 years of age [8].

Although there may be variations in developmental milestones and timing 
between different species, the overall processes of adrenocortical development in rats 
and mice are similar to those in humans [4, 10]. Several researchers have reported 
that the precursors of steroidogenic tissues first appear in mouse and rat embryos as 
transcription factor steroidogenic factor 1 (SF-1, also called nuclear receptor family 5 
member A1, NR5A1)-positive adrenogenital primordium at approximately E8.5-E9.5 
in mice and E11.5 in rats [4, 10, 11]. This adrenogenital primordium separates into 
distinct adrenal and gonadal primordia around E10.5-E11.5 in mice and E12.5 to 
E14.5 in rats. Medullary precursor cells migrate into the adrenal primordium around 
E12.5 in mice and E15 in rats. Subsequently, the adrenal gland becomes encapsulated 
around E14.5 in mice and E16.5 in rats [4, 10, 11].
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In rats and mice, zonation of the adrenal cortex begins in late gestation [4, 10, 11]. 
Besides, the mouse adrenal cortex also has an X zone [4, 10, 11], which exists in the 
innermost region of the cortex surrounding the medulla. The X zone first appears 
around 10 days after birth and reaches its maximum volume in males during the 
weaning period. It degenerates during puberty in males under the action of andro-
gens. However, in female mice, the X zone reaches its maximum size at around 
3 months of age and gradually degenerates with age or rapidly during the first 
pregnancy under the influence of oestrogens [7, 12, 13]. The function of the X zone 
remains unclear, but it is believed to be equivalent to the foetal zone found in human 
adrenal glands [14].

As the adrenal gland continues to develop, it undergoes morphological changes 
and establishes functional connections with other organs. One significant interac-
tion occurs between the adrenal cortex and the placenta during foetal development 
[12]. The foetal adrenal cortex produces precursor steroids that can be converted into 
oestrogens by enzymes in the placenta, contributing to the hormonal balance in the 
developing foetus [12].

The final stage of adrenal gland development is the maturation stage, during 
which the adrenal gland acquires its final structure and function. This process 
involves the refinement of hormone production, establishment of innervation, and 
vascularization of the organ. Additionally, the adrenal gland undergoes changes in 
response to various physiological and pathological stimuli throughout life.

2.3 Steroidogenesis of corticosteroids

Due to the specific structures of adrenal cortex, each adrenal cortex zone secretes 
distinct steroid hormones, including corticosteroids. Figure 2 provides an illustra-
tion of the steroidogenic pathway within each zone of the human adrenal cortex. 

Figure 2. 
Pathways of steroidogenesis in the adrenal cortex. Cholesterol is shuttled into inner membrane of the 
mitochondrion, when it is processed variously to produce different steroidogenic products including glucocorticoids 
(cortisol in humans), mineralocorticoids (aldosterone) and adrenal androgens. zG, zona glomerulosa; zF, zona 
fasciculata; zR, zona reticularis; DHEA, dehydroepiandrosterone; DHEA-S, dehydroepiandrosterone sulfate. 
Red color represents aldosterone synthesis; green color represents cortisol or corticosterone synthesis; blue color 
represents adrenal androgen synthesis.
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These pathways have distinct proteins (or enzymes) for the stepwise conversion from 
precursor cholesterol into aldosterone (mineralocorticoid) in the zG, cortisol (gluco-
corticoid) in the zF, and androgens in the zR.

The synthesis of corticosteroids starts with cholesterol, a precursor molecule that 
serves as the backbone for steroid hormone biosynthesis. In the adrenal cortex cells, 
cholesterol is present in free form or in esterified form [15]. Cholesterol in adrenal 
cortex cells is obtained from both dietary intake via several receptors and transport-
ers, including scavenger receptor member B 1 (SCARB1), also called high-density 
lipoprotein receptor [16, 17] and low-density lipoprotein receptor (LDLR), and de 
novo synthesis within the body [13].

Once inside the adrenal cortex cells, cholesterol undergoes a series of enzymatic 
reactions to convert it into corticosteroids. These reactions take place in different 
cellular compartments, including the mitochondria and the smooth endoplasmic 
reticulum. Each step of corticosteroid biosynthesis is catalyzed by specific enzymes 
expressed in a tissue-specific manner.

The first step in the biosynthesis of corticosteroids is the conversion of choles-
terol to pregnenolone. This reaction is catalyzed by the enzyme cytochrome P450 
cholesterol side-chain cleavage (CYP11A1). It occurs in the inner mitochondrial 
membrane and involves the cleavage of the side chain of cholesterol. Transportation 
of cholesterol to the inner mitochondrial membrane is the initial and limiting step 
for the biosynthesis of all corticosteroids [15]. Although the underlying mechanisms 
responsible for the transportation remain unclear, it is thought that the steroidogenic 
acute regulatory protein (STAR) plays a critical role in this cholesterol transport [18]. 
When cholesterol reaches CYP11A1, it carries out several steps of hydroxylation and 
side-chain cleavage of cholesterol to form pregnenolone, which is assisted by cofac-
tors adrenodoxin and the enzyme adrenodoxin reductase [19].

Pregnenolone serves as the precursor for the biosynthesis of both glucocorticoids 
and mineralocorticoids. Because different zone cells contain distinct other steroido-
genic enzymes, they biosynthesize distinct corticosteroids.

In the zG cells, the conversion of pregnenolone to progesterone is mediated 
by enzymes 3β-hydroxysteroid dehydrogenase/Δ5–4 isomerase 2 (3β-HSD2), and 
then progesterone is further into 11-deoxycorticosterone and corticosterone after 
enzymatic reactions catalysis by cytochrome P450 21-hydroxylase (CYP21A2) and 
CYP11B1, respectively. In the last step, CYP11B2 catalyzes aldosterone biosynthe-
sis [20].

In the zF cells, the smooth endoplasm reticulum contains cytochrome P450 
17α-hydroxylase/17–20-lyase (CYP17A1), which converts pregnenolone into 
17α-hydroxypregnenolone. CYP17A1 catalyzes two steps of reaction, including 
17α-hydroxylation, which requires coenzyme cytochrome P450 reductase (POR), 
and 17–20-lysis, which requires cytochrome b5 (b5). The 17α-hydroxypregnenolone 
is converted to 17α-hydroxyprogesterone by 3β-HSD2. After that, 
17α-hydroxyprogesterone is further converted to 11-deoxycortisol and cortisol after 
the catalysis of CYP21A2 and CYP11B1. Interestingly, the rat and mouse adrenal cor-
tex do not express CYP17A1, therefore, only glucocorticoid corticosterone is formed.

The next crucial step in cortisol level control is cortisol metabolism. This process 
is regulated by two enzymes, 11β-hydroxysteroid dehydrogenase 1 (11β-HSD1) and 
11β-hydroxysteroid dehydrogenase 2 (11β-HSD2). Both enzymes are expressed in the 
adrenal cortex [1, 21, 22]. 11β-HSD1 is responsible for the activation of biologically 
inert cortisone to active cortisol [23], while 11β-HSD2 does the opposite reaction, 
catalyzing the conversion of cortisol to cortisone [22, 24]. 11β-HSD2 selectively 
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oxidizes the 11β-hydroxy group of cortisol/corticosterone to a ketone, resulting in 
cortisol inactivation. This step plays a significant role in maintaining the appropriate 
balance between cortisol and its inactive form, cortisone, as it prevents the excessive 
buildup of cortisol in tissues with high expression of 11β-HSD2.

Once biosynthesized, mineralocorticoids like aldosterone and glucocorticoids like 
cortisol are released into the bloodstream. Cortisol binds to corticosteroid-binding 
globulin (CBG) or albumin that circulates it throughout the body. Cortisol can then 
reach its target tissues, where it exerts its effects by binding to the intracellular gluco-
corticoid receptor (NR3C1) and thereby modulating target gene expression.

2.4 Regulation of aldosterone synthesis

The biosynthesis of aldosterone is tightly regulated to maintain electrolyte bal-
ance and fluid homeostasis in the body. Several factors, including hormonal, enzy-
matic, and physiological mechanisms, contribute to the regulation of aldosterone 
biosynthesis. The renin-angiotensin-aldosterone system (RAAS) is a key hormonal 
pathway that regulates aldosterone biosynthesis. When blood pressure decreases 
or sodium levels are low, the juxtaglomerular cells in the kidneys release an enzyme 
called renin into the bloodstream. Renin acts on its substrate angiotensinogen, which 
is produced by the liver, to convert it into angiotensin I. Angiotensin I is then con-
verted into angiotensin II by the action of an enzyme called angiotensin-converting 
enzyme, predominantly found in the lungs. Angiotensin II acts as a potent stimulator 
of aldosterone biosynthesis by binding to the angiotensin II type 1 receptor (AT1 
receptor) on the cells of the adrenal cortex. Activation of the AT1 receptor triggers a 
series of intracellular signaling events that lead to increased aldosterone production. 
The key enzyme of aldosterone biosynthesis within the adrenal cortex is the enzyme 
CYP11B2.

In addition to the RAAS, other hormonal systems can also influence aldosterone 
biosynthesis. For example, plasma potassium levels directly stimulate aldosterone 
release. Hyperkalaemia (high potassium levels) stimulates aldosterone biosynthesis 
and secretion, while hypokalaemia (low potassium levels) inhibits it. Potassium 
exerts its effect through depolarization of the zG cells, leading to increased calcium 
influx and subsequent activation of various signaling pathways involved in aldoste-
rone production.

Atrial natriuretic peptide and brain natriuretic peptide, which are released by 
specialized cells in the heart, also play a role in regulating aldosterone biosynthesis. 
Atrial natriuretic peptide and brain natriuretic peptide act as inhibitors of the RAAS, 
opposing the effects of angiotensin II. They promote diuresis and natriuresis, lower-
ing blood pressure, and counteracting the stimulatory effects of angiotensin II on 
aldosterone release.

The physiological state of the body also influences aldosterone biosynthesis. 
Physical factors such as blood volume, blood pressure, and body position can affect 
aldosterone production. For instance, in conditions of low blood volume or blood 
pressure, baroreceptors detect these changes and stimulate the release of aldoste-
rone to promote sodium and water retention, thereby increasing blood volume and 
pressure.

Various genetic and molecular mechanisms also contribute to aldosterone bio-
synthesis regulation. The expression of key enzymes involved in aldosterone biosyn-
thesis, such as CYP11B2, is regulated by different transcription factors and signaling 
pathways, such as calcium/calmodulin-dependent protein kinase pathway after the 
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rapid intracellular elevation of calcium [25]. Mutations or alterations in these regula-
tory mechanisms can lead to dysregulation of aldosterone biosynthesis and result in 
disorders such as primary aldosteronism.

2.5 Regulation of cortisol/corticosterone biosynthesis

The biosynthesis and release of cortisol/corticosterone are tightly regulated by 
various mechanisms to maintain physiological homeostasis. Several factors, includ-
ing hormonal, neural, and physiological mechanisms, contribute to the regulation 
of cortisol biosynthesis. The hypothalamic-pituitary-adrenal (HPA) axis plays a 
central role in the regulation of cortisol biosynthesis. The hypothalamus releases 
corticotropin-releasing hormone (CRH) in response to various internal and external 
stressors. CRH stimulates the anterior pituitary gland to release adrenocorticotropic 
hormone (ACTH) into the bloodstream. ACTH then acts on the adrenal cortex, spe-
cifically the zF, to stimulate the biosynthesis and secretion of cortisol. ACTH binds 
to melanocortin two receptors (MC2R) on the zF cells, initiating a signaling cascade 
that leads to increases in intracellular cyclic adenosine monophosphate (cAMP) levels. 
This, in turn, activates several enzymes involved in cortisol biosynthesis, such as 
CYP11A1. The release of CRH from the hypothalamus and ACTH from the pituitary 
gland is subject to a complex feedback system to regulate cortisol production. High 
levels of cortisol inhibit the release of CRH and ACTH, thereby reducing further 
cortisol biosynthesis. Conversely, low cortisol levels stimulate the release of CRH and 
ACTH, leading to increased cortisol production. The negative feedback regulation 
of cortisol is also influenced by other factors, such as the circadian rhythm. Cortisol 
levels follow a diurnal pattern, with the highest levels occurring in the early morning 
and the lowest levels during sleep. The regulation of this circadian rhythm involves 
the interaction between the suprachiasmatic nucleus in the brain, the pineal gland, 
and the HPA axis.

Another important regulator of cortisol biosynthesis is the NR3C1. Once synthe-
sized, cortisol binds to NR3C1 in target tissues, resulting in negative feedback on the 
HPA axis. The binding of cortisol to NR3C1 inhibits the release of CRH and ACTH, 
thereby reducing cortisol biosynthesis and secretion.

Apart from the hormonal regulation, other factors influence cortisol biosynthesis. 
Stress, both physical and psychological, can trigger an increase in cortisol production. 
Stress-related signals, such as pain, injury, or emotional distress, activate the HPA 
axis [26–28] and lead to the release of cortisol to help the body cope with the stressor.

Cortisol biosynthesis is also influenced by various physiological factors. Blood 
glucose levels, for example, can impact cortisol production. Low blood glucose levels 
stimulate the release of CRH and ACTH, leading to increased cortisol biosynthesis 
and release. The immune system and inflammation can also influence cortisol levels, 
as cytokines and other inflammatory mediators can regulate HPA axis activity.

Overall, the biosynthesis and release of cortisol are tightly regulated by a com-
plex interplay of hormonal, neural, and physiological mechanisms. Various factors, 
including the HPA axis, circadian rhythm, stress, and immune system function, 
contribute to maintaining appropriate cortisol levels and ensuring proper physiologi-
cal responses to stress and metabolic demands. The biosynthesis of corticosteroids, 
especially glucocorticoids, is tightly regulated through complex feedback mechanisms 
involving the HPA axis. The HPA axis acts as a central control system, controlling the 
release of hormones involved in corticosteroid biosynthesis and regulating the body’s 
response to stress.
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3. Adrenal cortex diseases related with gene mutations

3.1 Congenital adrenal hyperplasia (CAH)

CAH (Table 1) is a group of autosomal recessive genetic disorders characterized 
by the enzymatic defects in the biosynthesis of cortisol, a vital hormone produced 
by the adrenal glands [29–31]. This condition affects the adrenal cortex, leading to 
impaired production of cortisol, along with other hormones such as aldosterone and 
adrenal androgens, because the resulting ACTH excess stimulates adrenal cortex 
growth through adrenocortical cell proliferation [32]. CAH is primarily caused 
by mutations in genes involved in steroid hormone biosynthesis, particularly the 
CYP21A2 gene [32], referred as 21-hydroxylase deficiency [33].

The CYP21A2 gene provides instructions for producing an enzyme known as 
cytochrome 21-hydroxylase, which plays a crucial role in the biosynthesis of cortisol 
and aldosterone [34]. In CAH, mutations in this gene result in reduced or absent 
21-hydroxylase activity, leading to a block in cortisol biosynthesis. As a compensatory 
mechanism, the pituitary gland produces increased amounts of ACTH to stimulate 
the adrenal glands to produce cortisol precursors. However, due to the enzymatic defi-
ciency, these precursors accumulate and are diverted to the production of androgens, 
resulting in excessive adrenal androgen release [35–38].

Empty cell Disorder Gene OMIM

Defects of corticosteroid 
steroidogenesis (congenital 
adrenal hyperplasia, CAH)

Congenital lipoid adrenal 
hyperplasia (LCAH)

STAR 201710

P450 side chain cleavage 
syndrome (CAH)

CYP11A1 118485

3β-hydroxysteroid 
dehydrogenase deficiency 

(CAH)

HSD3B2 201810

21-hydroxylase deficiency 
(CAH)

CYP21A2 201910

11β-hydroxylase deficiency 
(CAH)

CYP11B1 202010

17-hydroxylase deficiency 
(CAH)

CYP17A1 202110

P450 oxidoreductase deficiency 
(CAH)

POR 613571

Steroidogenic factor 1 deficiency NR5A1 184757

Corticosterone methyl oxidase 
type II deficiency

CYP11B2 124080

Adrenal hypoplasia 
congenita (AHC)

X-linked adrenal hypoplasia 
congenita (AHC)

NR0B1 300200

Steroidogenic factor 1 deficiency NR5A1 184757

Familial glucocorticoid 
deficiency (FGD)

Familial glucocorticoid 
deficiency (FGD)

MC2R
MRAP

202200
607398

Table 1. 
Reported monogenetic causes of primary adrenal insufficiency and associated phenotype in humans.
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The severity of CAH can vary depending on the specific mutation in the CYP21A2 
gene. The classic form of CAH is the most severe and is further classified into two 
types: salt-wasting CAH and non-salt-wasting CAH. Salt-wasting CAH, account-
ing for around 75% of cases, is characterized by a deficiency of both cortisol and 
aldosterone, leading to electrolyte imbalances and potentially life-threatening salt 
loss. Non-salt-wasting CAH involves only cortisol deficiency, with aldosterone levels 
remaining normal, leading to milder symptoms [32].

In addition to the CYP21A2 gene variants, there are other rare forms of CAH 
caused by mutations in genes such as CYP11B1 [39, 40], referred as 11β-hydroxylase 
deficiency [41, 42], and HSD3B2 [32, 43, 44], referred as 3β-hydroxysteroid dehy-
drogenase deficiency, which encode other enzymes involved in steroid biosynthesis. 
These forms of CAH are associated with different enzyme deficiencies and result in 
distinct clinical presentations.

CYP11B1 mutation refers to a genetic alteration in the CYP11B1 gene [39, 40] 
which encodes the enzyme 11β-hydroxylase [41, 42]. This enzyme is crucial for the 
biosynthesis of cortisol and aldosterone, two important adrenal steroid hormones. 
Mutations in the CYP11B1 gene can reduce or completely abolish the activity of 
11β-hydroxylase, resulting in disrupted cortisol and aldosterone biosynthesis. As a 
result, there is an accumulation of precursor molecules, such as 17-hydroxyprogester-
one and progesterone, which can be converted into adrenal androgens. The symptoms 
and severity of 11β-hydroxylase deficiency can vary depending on the specific muta-
tion and the residual enzyme activity. Common symptoms include excessive produc-
tion of adrenal androgens, leading to varying degrees of genital ambiguity in females, 
early-onset pubic hair growth in both males and females, and menstrual irregularities 
[41, 42, 45–49].

HSD3B2 mutation refers to a genetic alteration in the HSD3B2 gene, which encodes 
the enzyme 3β-HSD2 [43]. This enzyme plays a crucial role in the conversion of preg-
nenolone to progesterone in the adrenal cortex. Mutations in the HSD3B2 gene can 
lead to reduced or absent activity of the 3β-HSD2, resulting in impaired production of 
cortisol and aldosterone. This deficiency can cause an imbalance in the adrenal hor-
mone pathway, leading to elevated levels of precursor hormones such as pregnenolone 
and progesterone [32, 43, 44]. The symptoms and severity of 3β-HSD2 deficiency can 
vary depending on the specific mutation and the residual enzyme activity. Individuals 
with this form of CAH may experience symptoms such as salt-wasting, ambiguous 
genitalia in females, adrenal crises, and abnormal growth.

CYP11B2 mutation refers to a genetic alteration in the CYP11B2 gene, which 
encodes an enzyme called aldosterone biosynthesis [50]. This enzyme is responsible 
for the final step in the biosynthesis of aldosterone, a mineralocorticoid hormone pro-
duced in the adrenal cortex. Mutations in the CYP11B2 gene can lead to aldosterone 
synthase deficiency, which is a rare form of CAH known as corticosterone methyl 
oxidase type II deficiency (CMO-II) [50–52]. This deficiency affects the production of 
aldosterone, resulting in insufficient levels of this hormone. Aldosterone is important 
for regulating sodium and potassium balance in the body, as well as maintaining 
blood pressure. Consequently, individuals with CMO-II may experience symptoms 
associated with mineralocorticoid deficiency, such as salt-wasting and electrolyte 
imbalances. Additionally, reduced aldosterone levels may lead to excess production of 
precursor hormones, leading to an imbalance in the adrenal hormone pathway.

One specific form of CAH is known as STAR deficiency. STAR deficiency is a 
rare autosomal recessive disorder caused by mutations in the STAR gene [44, 53]. 
This gene provides instructions for producing the STAR, which plays a crucial role in 
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transporting cholesterol into the mitochondria of adrenal cells. Cholesterol is a key 
precursor in the biosynthesis of cortisol and other steroid hormones. In individuals 
with STAR deficiency, the impaired function of the STAR protein prevents choles-
terol from being transported effectively into the mitochondria. As a result, cortisol 
production is severely reduced or absent. The adrenal glands attempt to compensate 
by increasing ACTH secretion, leading to adrenal hyperplasia as they try to produce 
more cortisol precursors, leading to the accumulation of lipid droplets, which is 
also referred as congenital lipoid adrenal hyperplasia (CLAH). However, since the 
precursors cannot be converted into cortisol, they are eventually diverted towards the 
production of adrenal androgens, which can lead to symptoms such as early puberty 
and virilization in females. The clinical presentation of STAR deficiency varies 
depending on the severity of the mutation. Severe forms typically present in infancy 
with life-threatening adrenal crisis and salt-wasting due to the deficiency of aldoste-
rone, in addition to cortisol deficiency. Milder forms may present later in childhood or 
even adulthood, and may not have significant salt-wasting or adrenal crisis [54–58].

CYP11A1 deficiency (also referred as P450 side chain cleavage syndrome) is a rare 
genetic disorder that falls under the umbrella term of CAH. Unlike most forms of 
CAH, which are caused by specific enzyme deficiencies in the adrenal steroidogenic 
pathway, CYP11A1 deficiency results in a defect in the first and rate-limiting step of 
steroid hormone biosynthesis. Defects in the CYP11A1 gene disrupt this conversion, 
leading to impaired production of cortisol, aldosterone, and other adrenal steroid 
hormones [15, 59]. The clinical presentation of CYP11A1 deficiency can vary widely 
depending on the severity of the mutation and the residual activity of the enzyme. In 
some cases, individuals with CYP11A1 deficiency can present with ambiguous geni-
talia at birth, similar to other forms of CAH [15, 59]. However, unlike other forms of 
CAH, the deficiency in CYP11A1 affects the entire adrenal steroidogenesis pathway, 
resulting in low levels of cortisol, aldosterone, and adrenal androgens. This can cause 
salt-wasting, adrenal crises, and potentially life-threatening complications in infancy 
[15, 59].

CYP17A1 is an enzyme that plays a key role in the steroid hormone synthesis path-
way. Mutations or variants in the CYP17A1 gene can result in various forms of CAH, 
also known as 17α-hydroxylase deficiency [53, 60, 61]. This condition affects the adre-
nal glands’ ability to produce cortisol and adrenal androgens, leading to a disruption 
in the biosynthesis of these hormones [53, 60, 61]. The severity of 17α-hydroxylase 
deficiency can vary depending on the nature of the mutation. In some cases, individu-
als with this condition may have ambiguous genitalia at birth due to impaired produc-
tion of adrenal androgens. This can affect sexual development, causing individuals 
assigned female at birth to undergo masculinization during puberty. In addition, the 
reduction in cortisol production may result in adrenal insufficiency, leading to symp-
toms such as fatigue, weakness, and electrolyte imbalances [53, 60, 61]. In individuals 
with 17α-hydroxylase deficiency, the lack of cortisol feedback to the pituitary gland 
causes an increase in ACTH production. This stimulates the adrenal glands to produce 
more precursor hormones that are subsequently shunted to the production of miner-
alocorticoids, specifically aldosterone. The elevated levels of aldosterone can lead to 
hypertension and contribute to potassium wasting and low renin levels [53, 60, 61].

POR (P450 oxidoreductase) is an enzyme that plays a crucial role in the function of 
several other enzymes (CYP17A1 and CYP21A2) involved in steroid hormone biosynthe-
sis, including those responsible for cortisol and aldosterone production. Mutations in the 
POR gene can lead to a specific form of CAH known as P450 oxidoreductase deficiency 
[43, 62]. P450 oxidoreductase deficiency affects multiple enzymatic reactions related to 
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steroid hormone synthesis. The POR gene mutations can impair the activity and stability 
of the P450 oxidoreductase enzyme, leading to disruptions in various steps of the adrenal 
steroidogenesis pathway. Patients with P450 oxidoreductase deficiency may present with 
a wide range of symptoms and varying degrees of hormone deficiencies. The clinical 
presentation can include symptoms of cortisol deficiency such as fatigue, low blood 
sugar, and poor growth. Additionally, some individuals may exhibit mineralocorticoid 
deficiency symptoms such as salt-wasting, hyponatraemia (low sodium levels), and 
hyperkalaemia. One distinctive feature of P450 oxidoreductase deficiency is that it 
affects both the adrenal cortex and the gonads, leading to abnormalities in reproductive 
development. In males, this can manifest as undervirilization or ambiguous genitalia at 
birth, while in females, it can lead to primary amenorrhea or incomplete sexual develop-
ment during puberty [63]. These features distinguish P450 oxidoreductase deficiency 
from other forms of CAH.

Management of CAH involves lifelong hormone replacement therapy to replace 
cortisol and potentially aldosterone, balancing hormone levels and preventing 
adrenal crises. Additional treatments may be required to manage the physical and 
hormonal aspects of the condition, particularly in individuals with the classic form of 
CAH. Close monitoring by a multidisciplinary medical team is essential to optimize 
treatment and quality of life for individuals with CAH.

3.2 Adrenal hypoplasia congenita (AHC)

AHC (Table 1) is a rare genetic disorder characterized by hypoplasia or absence 
of the adrenal glands. This condition affects the production of cortisol and, in some 
cases, aldosterone, leading to adrenal insufficiency. AHC can be classified into two 
main types: X-linked AHC (also known as AHC type 1) and autosomal recessive AHC 
(AHC type 2). AHC type 1 is caused by mutations in the NR0B1 (nuclear receptor 
family 0 member b1) gene (also called DAX1, dosage-sensitive sex reversal, adrenal 
hypoplasia critical region, on chromosome X, gene 1) [32], while AHC type 2 is 
caused by mutations in the SF-1 gene (also known as NR5A1) [64]. These genes play 
essential roles in the development and function of the adrenal glands.

The presentation and severity of AHC can vary among individuals depending on 
the specific gene mutation and its impact on adrenal development [65]. Males with 
X-linked AHC usually have more severe symptoms, including dehydration, vomit-
ing, low blood sugar, and adrenal crises in infancy [66–68]. In contrast, females may 
have milder symptoms due to random X-inactivation and can present with primary 
amenorrhea and delayed sexual development during puberty [66–68].

In autosomal recessive AHC, both males and females can be affected, and the 
severity of symptoms can vary. Symptoms typically include adrenal insufficiency-
related manifestations such as fatigue, weakness, poor weight gain, and low blood 
pressure.

Therefore, AHC is a rare genetic disorder characterized by underdeveloped or 
absent adrenal glands, resulting in cortisol and possibly aldosterone deficiency. The 
two main types, X-linked AHC and autosomal recessive AHC are caused by mutations 
in specific genes involved in adrenal gland development and function.

3.3 Familial glucocorticoid deficiency (FGD)

FGD, also known as primary glucocorticoid resistance or autosomal recessive 
pseudohyperaldosteronism, is a rare genetic disorder characterized by the inability of 
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the body to respond properly to cortisol, resulting in adrenal insufficiency [69]. FGD 
is typically caused by mutations in MC2R. Mutations in the MC2R gene can disrupt 
the normal functioning of the MC2R protein, resulting in an impaired response to 
ACTH and subsequent cortisol deficiency [70–72]. FGD is also caused by mutations 
in the MRAP (melanocortin 2 receptor accessory protein) gene [73, 74], which is 
required for proper function and transport of the MC2R protein to the cell membrane 
location [32]. Mrap−/− knockout mice have been found to mimic the human FGD 
phenotype [73, 75]. Individuals with FGD typically present with symptoms of adrenal 
insufficiency, including fatigue, weakness, hypoglycaemia, poor weight gain, and 
potentially life-threatening adrenal crises [32]. In some cases, mineralocorticoid 
deficiency may also occur, leading to electrolyte imbalances and salt-wasting.

Diagnosis of FGD involves hormone testing to evaluate cortisol and ACTH levels. 
Genetic testing can confirm the presence of mutations in the MC2R gene or other 
relevant genes associated with ACTH signaling.

4. Corticosteroid-disrupting endocrine disruptors

Many endocrine disruptors, including perfluoroalkylated and polyfluoroalkyl-
ated substances (PFAS), phthalates, polybrominated diphenyl ethers (PBDEs), and 
insecticides, interfere with the adrenal cortex endocrine system.

4.1 Polyfluoroalkylated substances (PFAS)

PFAS are a group of synthetic chemicals that are characterized by the presence of 
fluorinated carbon chains [76, 77]. These compounds have gained significant atten-
tion due to their widespread use in various industrial and consumer products, as well 
as their persistence in the environment and potential adverse health effects [76, 77]. 
PFAS have unique properties, including water and oil repelling, heat resistance, and 
chemical stability, which make them useful in a wide range of applications. They have 
been used in the production of non-stick cookware, water-resistant textiles, firefight-
ing foams, paper and packaging materials, and many other products [76, 77]. One 
of the concerning aspects of PFAS is their persistence in the environment [76, 77]. 
These compounds do not readily break down and can remain in the environment for 
long periods of time. As a result, they have been detected in various environmental 
compartments, including air, soil, water, and wildlife. Studies have highlighted 
potential health impacts associated with PFAS exposure [76, 77]. Using human 
adrenocortical carcinoma cells HAC15, it was found that two most widely used PFAS, 
perfluorooctanoic acid (PFOA, C8) and perfluorooctane sulfonate (PFOS, C8S), can 
significantly upregulated CYP11B2 expression by several times and increased aldo-
sterone secretion via stimulating reactive oxygen species production [78]. Oral PFOS 
exposure to adult Sprague-Dawley male rats for 28 days downregulated the expression 
of corticotropin-releasing factor 1 receptor (Crf1r) in the pituitary gland and Nr3c1 
in the pituitary gland, thereby leading to the reduction of corticosterone biosyn-
thesis [79]. Using human adrenocortical carcinoma cells H295R cells, it was found 
that PFOS at 200 μM can significantly upregulate MC2R, CYP11B1 and CYP11B2 
expression, thereby increasing cortisol and aldosterone secretion [80]. Some PFAS 
are potent inhibitors of human 11β-HSD2. The inhibitory potency of PFAS depends 
on the carbon chain length and sulfur atoms. PFAS significantly inhibited human 
11β-HSD2 with a potency as C10 (half-maximal inhibitory concentration, IC50, 
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9.19 μM) > C11 (15.09 μM) > C12 (18.43 μM) > C9 (20.93 μM) > C13 (124 μM) > C14 
(147.3 μM) > other C4-C7 carboxylic acids and C8S > C7S = C10S > other sulphonic 
acids [81, 82]. PFOS and PFOA also inhibit human 11β-HSD1 activity with IC50 
values of 7.56 μM and 37.61 μM, respectively, while perfluorobutanesulfonic acid 
and perfluorohexyanesulfonic sulphonic acid do not inhibit the enzyme activity at 
250 μM [83].

4.2 Phthalates

Phthalates, also known as phthalate esters, are a group of industrial chemicals 
primarily used as plasticizers [84]. They are commonly added to plastics to make 
them more flexible, durable, and transparent. Phthalates can be found in various 
products such as vinyl flooring, adhesives, coatings, medical devices, toys, cosmet-
ics, and personal care products. Phthalates are not chemically bound to the plastics 
they are added to, which means they can easily leach out over time and be released 
into the environment or come into contact with humans through product use. As a 
result, there has been growing concern about their potential health effects. Studies 
have suggested that certain phthalates may have endocrine-disrupting properties, 
meaning they can interfere with the normal function of hormones in the body. One 
of their targets is the adrenal cortex. They have been shown to have adverse effects on 
the development and function of the adrenal cortex, which produces glucocorticoids 
and mineralocorticoids. Studies have demonstrated that exposure to phthalates 
during critical periods of adrenal gland development can lead to alterations in adrenal 
structure and function.

Phthalates have been implicated in disturbances of mineralocorticoid biosynthe-
sis. Animal studies have demonstrated that exposure to certain phthalates, such as 
the most widely used phthalate di-(2-ethylhexyl) phthalate (DEHP), can affect the 
RAAS, resulting in changes in aldosterone levels and electrolyte balance [85]. Rat 
studies have shown that prenatal exposure to certain phthalates, such as the most 
widely used phthalate DEHP can disrupt adrenal development, leading to changes in 
adrenal size and reduction of aldosterone in adult offspring [86]. A second exposure 
in the adult rat male offspring when they are exposed in utero to low levels of DEHP 
can markedly reduce serum aldosterone levels, possibly via downregulation for 
the expression of potassium channel Kcnk5 and the retinoid-X receptors Rxra and 
Rxrb [87]. This could be due to the epigenetic regulation of genes related to adrenal 
cortex steroidogenesis [88]. Although in utero exposure to DEHP at the highest 
dose (750 mg/kg) does not affect corticosterone levels of adult male offspring [86], 
other more potent phthalates such as di-pentyl phthalate can reduce aldosterone 
and corticosterone and ACTH levels after in utero exposure, although aldosterone 
is most sensitive to DPeP exposure (at 10 mg/kg) [89]. Di-pentyl phthalate disrupts 
corticosteroid biosynthesis mostly by downregulating the expression of Agtr1a, Mc2r, 
Scarb1, Cyp11a1, Hsd3b1, Cyp21, Cyp11b1, Cyp11b2, Nr5a1, and Nr4a2, possibly via 
inducing reactive oxygen species production [89].

The effects of phthalates on glucocorticoids and mineralocorticoid biosynthesis in 
puberty and adults may depend on doses and phthalate types. Rat studies have reported 
decreased levels of corticosterone, following di-butyl phthalate and DEHP exposure, 
suggesting a disruption in the function of the HPA axis [90]. Bis (2-butoxyethyl) 
phthalate exposure to male rats in puberty (from day 35 to 56 postpartum) also reduces 
serum corticosterone and aldosterone level without affecting ACTH, possibly via 
downregulating the expression of steroidogenesis-related genes (Scarb1, Star, Cyp11a1, 
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Cyp21, Cyp11b1, Cyp11b2, Nr5a1, Nr4a1, and Nr4a2) by inducing reactive oxygen species 
[91]. In contrast, other studies have shown increased glucocorticoid and ACTH levels 
after exposure to DEHP in rats at 20 and 40 days of age, indicating an activation of the 
stress response [92]. These effects on glucocorticoid levels may be linked to alterations in 
the expression and activity of enzymes involved in glucocorticoid metabolism, such as 
11β-HSD2 [93, 94]. Some phthalates with di-propyl phthalate, dibutyl phthalate, and di-
cyclohexyl phthalate also weakly inhibit human 11β-HSD2 activity [94]. Although DEHP 
does not inhibit human 11β-HSD2 while its metabolite mono-diethylhexyl phthalate can 
moderately inhibit this enzyme activity [93, 94].

It is important to note that the specific effects of phthalates on adrenal cortex devel-
opment and function may vary depending on the type of phthalate, exposure levels, 
timing, and duration of exposure. Furthermore, these effects may differ between animal 
models and humans. Studies in human populations regarding the associations between 
phthalate exposure and adrenal cortex function are limited and often rely on indirect 
measurements of hormone levels or urinary metabolites. The Hokkaido Study with 202 
mother-infant pairs showed that maternal urinary DEHP metabolites were negatively 
correlated with cord serum cortisol and cortisone levels, indicating that corticosteroid 
synthesis in the adrenal cortex of infants is reduced [95]. Overall, evidence suggests that 
phthalate exposure can disrupt adrenal cortex development and function, affecting both 
glucocorticoid and mineralocorticoid hormone systems.

4.3 Polybrominated diphenyl ethers (PBDEs)

PBDEs are a class of flame retardants that have been widely used in various consumer 
products, including electronics, textiles, plastics, and furniture. PBDEs can persist in the 
environment and bioaccumulate in organisms. Some studies suggest that certain PBDEs 
may contribute to disruptions in adrenal cortex steroidogenesis. 4-Bromodiphenyl 
ether (BDE3), the PBDE’s photodegraded metabolite increases serum aldosterone and 
corticosterone levels at 200 mg/kg without affecting adrenocorticotropic hormone level 
after male rats are exposed to this chemical from the age of day 35 to 56. The mechanism 
possibly is related with the upregulation of Cyp11b1, Scarb1, Star, Cyp11b2, Cyp21, and 
Nr5a1 expression by decreasing the phosphorylation of AMP-activated protein kinase 
and increasing peroxisome proliferator-activated receptor-gamma coactivator (PGC)-
1alpha (PGC-1α) and phosphorylated cyclic AMP-responsive element-binding protein 
[96]. Two PBDEs, 2-OH-BDE85 and 2-OH-BDE47 at a micromolar concentration induce 
transcriptional changes associated with endoplasmic reticulum stress and the unfolded 
protein response, which possibly impairs the adrenocortical secretory function in 
human H295R cells [97]. However, the exact mechanisms through which PBDEs may 
interfere with adrenal cortex steroidogenesis are still being investigated. Furthermore, 
the specific effects may vary depending on the type of PBDE compound, the dose and 
duration of exposure, and individual factors such as age and overall health. Some PBDEs 
also inhibit 11β-HSD2. BDE-47 and BDE-153 potently inhibit human 11β-HSD2, with 
IC50 values of 11.97, and 4.41 μM, respectively, while BDE-3 and BDE-47 inhibit rat 11β-
HSD2 with IC50 values of 12.42 and 5.95 μM [98]. However, all these PBDEs do not affect 
human and rat 11β-HSD1 activity [98].

4.4 Bisphenols

Bisphenols are a group of chemical compounds used in the production of various 
consumer products, including plastics and epoxy resins. One of the most well-known 
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bisphenols is bisphenol A (BPA) [99]. The potential effects of bisphenols on adrenal 
cortex steroidogenesis, which is the synthesis of steroid hormones in the adrenal 
glands, have raised concerns due to their classification as endocrine disruptors. 
Bisphenols, including BPA, have been shown to interfere with hormonal signaling 
pathways and affect the function of hormone receptors. Adrenal cortex steroidogen-
esis can be influenced by bisphenols through several mechanisms. When offspring 
is in utero exposed to BPA (25 mg BPA/kg food pellet) via diet from gestational day 
7 to 19, BPA increases adrenal gland weight, increases plasma corticosterone levels 
in both sexes, and upregulates the expression of Star and Cyp11a1 [100]. Adult male 
Wister rats exposed to BPA (10 mg/kg) for 14 days have an increase in corticosterone 
synthesis possibly via inducing reactive oxygen species since antioxidant melatonin 
can antagonize it [101]. In mouse Y1 adrenal cortex cells, treatment with low doses 
of BPA (10–1000 nM) increases the Cyp11a1 transcription, thereby increasing corti-
costerone production through the JNK/c-Jun signaling pathway [102]. In the human 
adrenal H295R cell line, BPA increases cell number and protein levels of proliferating 
cell nuclear antigen, a universal marker of cell proliferation, cyclin D1 and D2, key 
proliferation factors, as well as Shh and its key transcriptional regulator Gli1 possibly 
via activating oestrogen receptor β [103].

Bisphenols may also affect adrenal steroidogenesis by interacting with enzymes 
involved in hormone production. For example, studies have suggested that bisphenols 
can inhibit enzymes such as 11β-HSD2 [104]. Bisphenols show inhibitory potency 
against human 11β-HSD2, depending on its structure, being bisphenol FL > bisphe-
nol AP > bisphenol Z > bisphenol B > bisphenol C > bisphenol AF > BPA [104]. 
Halogenated bisphenols also potently inhibit human 11β-HSD2 activity [105].

Case-control study also shows that the maternal BPA levels are positively cor-
related with the serum cortisol levels in female infants [106]. A cross-sectional 
relationship between BPA exposure and cortisol among peripubertal boys in Canada 
shows that BPA concentrations were associated with a 16% decrease in serum cortisol 
levels [107].

4.5 Organotin

Organotin compounds are a group of chemicals that contain tin and carbon atoms 
bonded together [108]. They have been used in a variety of industrial and consumer 
applications, including as stabilizers in plastics, fungicides, and as antifouling agents 
in paints for boats and ships. However, their use has been restricted or banned in 
many countries due to their widespread environmental persistence and toxicity [109]. 
The relationship between organotin compounds and adrenal cortex steroidogenesis, 
the process involving the production of steroid hormones in the adrenal glands, has 
been the subject of research. While there is limited information specifically on this 
topic, some studies suggest that certain organotin compounds may disrupt adrenal 
cortex steroidogenesis by interfering with the function of enzymes involved in 
hormone production. Exposure of adult male Sprague Dawley rats to triphenyltin (0, 
0.5, 1, and 2 mg/kg) from age of 56 days to 86 days decreases serum corticosterone 
levels without affecting aldosterone and ACTH levels possibly by downregulating 
the expression of Scarb1, Star, Cyp11a1, Hsd3b, Cyp21, Cyp11b1, and Hsd11b1 while 
up-regulating the expression of At1, Nr4a2, and Hsd11b2 [110]. Triphenyltin in vitro 
also inhibits corticosteroid secretion by inducing ROS production in H295R cells 
[110]. Young male rats exposed to 0, 0.5, 1, or 2 mg/kg/day triphenyltin for 18 days 
also have lower corticosterone and ACTH levels, possibly due to the suppression of 
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adrenal cortex development due to the reduced expression of transcription factor 
genes (Nr4a1, Nr4a2, Nr4a3, and Ppard) [111]. Female rats exposed to tributyltin 
have also high CRH and low ACTH expression and increased plasma corticosterone 
levels [112]. Triphenyltin and tributyltin, also inhibit human 11β-HSD2 activity with 
IC50 of 3.3 and 16.5 μM [113]. This disruption can lead to alterations in the production 
and regulation of hormones such as cortisol, aldosterone, and adrenal androgens. 
However, it’s important to note that the available research on the effects of organotin 
compounds on adrenal cortex steroidogenesis is still limited and further studies are 
needed to better understand the specific mechanisms and potential health impacts.

4.6 Pesticides

The potential effects of various types of pesticides, such as insecticides, fungi-
cides, and biocides, on adrenal cortex steroidogenesis have been a subject of scientific 
investigation. Research has indicated that certain pesticides may have the potential 
to disrupt adrenal cortex steroidogenesis. These chemicals are known as endocrine 
disruptors, as they can interfere with the normal functioning of hormones in the 
body. The specific mechanisms through which pesticides disrupt adrenal function can 
vary depending on the individual compound and its mode of action. Insecticides, for 
example, have been shown to impact adrenal cortex steroidogenesis by directly affect-
ing key enzymes involved in hormone synthesis.

3-Methylsulphonyl-DDE (3-MeSO2-DDE) is a derivative of DDE (dichlorodi-
phenyldichloroethylene), which is a metabolite of the pesticide DDT (dichlorodi-
phenyltrichloroethane) [114]. 3-MeSO2-DDE is formed in the human body through 
the metabolism of DDE. Foetal mice in utero exposure to 3-MeSO2-DDE have mito-
chondrial degeneration and vacuolation in foetal adrenal cortex cells and dysfunc-
tion of corticosteroid steroidogenesis [115]. 1,1-Dichloro-2,2-bis(p-chlorophenyl) 
ethylene (p,p′-DDE) is a chemical compound that is derived from the pesticide DDT 
[116, 117]. It is formed through the breakdown of DDT in the environment or in the 
human body. p,p′-DDE is a persistent organic pollutant and has been widely detected 
in the environment, including in soil, water, and food sources [116, 117]. p,p′-DDE 
exposure (50 and 100 mg/kg) in utero to rats inhibits corticosteroid steroidogenesis in 
the foetal adrenal cortex [118].

Cis-bifenthrin is a synthetic pyrethroid insecticide commonly used for pest control 
in residential, agricultural, and public health settings [119]. Pyrethroids, including 
cis-bifenthrin, act on the nervous systems of insects, leading to paralysis and death 
[120]. Cis-bifenthrin inhibits cortisol and aldosterone biosynthesis via cAMP signal-
ing cascade in human adrenocortical H295R cells [119].

Lindane is an organochlorine pesticide that has been widely used in the past for 
insect control, particularly against lice and scabies [121]. Research investigating the 
effects of lindane on H295R cells has indicated that it can disrupt adrenal steroidogen-
esis. Specifically, lindane has been shown to interfere with the synthesis and regula-
tion of adrenal hormones, including cortisol. Lindane’s mechanism of action involves 
interference with the enzymes involved in steroid hormone synthesis and STAR 
expression [122].

Triadimefon is a fungicide that belongs to the class of triazole compounds. It is 
commonly used in agriculture and horticulture to control fungal diseases in crops and 
ornamental plants [123, 124]. After in-utero exposure to triadimefon (0, 25, 50, and 
100 mg/kg/day) for 10 days from gestational day 12 to 21, male foetal rat’s zF thick-
ness is reduced and serum aldosterone, corticosterone, and ACTH levels are reduced 
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possibly via downregulating the expression of Agtr1, Mc2r, Star, Cyp11b1, Cyp11b2, 
Igf1, and Nr5a1 after activating the reactive oxygen species through reducing the 
expression of antioxidant Sod2, Gpx1, and Cat [125]. Triadimefon also inhibits human 
and rodent 11β-HSD1 activity [126].

5. Conclusion

The steroidogenesis of corticosteroids plays a critical role in regulating various 
physiological processes in the body, including immune function, metabolism, and 
stress response. Genetic mutations in genes involved in adrenal cortex steroidogen-
esis can disrupt the synthesis and regulation of cortisol, aldosterone, and adrenal 
androgens, resulting in adrenal insufficiency and related symptoms. CAH represents 
a group of genetic disorders characterized by enzyme deficiencies that impair adrenal 
steroidogenesis. These deficiencies can lead to a range of clinical presentations and 
hormonal imbalances, depending on the specific gene mutations involved. Other 
disorders such as AHC and FGD are also due to the mutation of some critical genes 
in the adrenal cortex. In addition to genetic mutations, endocrine-disrupting com-
pounds, such as certain pesticides, fungicides, biocides, and bisphenols, can interfere 
with adrenal cortex steroidogenesis. These chemicals disrupt the normal function of 
hormones, hormone receptors, and enzyme activity, thereby impacting the synthesis 
and regulation of corticosteroids. The resulting endocrine disruption can contribute 
to adrenal insufficiency and associated health effects. Understanding the interplay 
between genetic mutations, endocrine disruption, and adrenal insufficiency is crucial 
for diagnosis, management, and prevention of related health conditions. Genetic 
testing, hormone monitoring, and tailored hormone replacement therapies are often 
employed in the management of adrenal insufficiency. Additionally, awareness of 
potential exposure to endocrine-disrupting compounds and adopting safety measures 
can help to minimize health risks. Further research is needed to explore the mecha-
nisms by which genetic mutations and endocrine-disrupting compounds impact 
adrenal cortex steroidogenesis, as well as their long-term consequences on overall 
health. This knowledge will enable the development of strategies to mitigate the 
effects of these factors and improve patient outcomes.
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ACTH adrenocorticotropic hormone
AHC adrenal hypoplasia congenita
ANP atrial natriuretic peptide
AT1 angiotensin II type 1 receptor
B5 cytochrome b5
CAH congenital adrenal hyperplasia
CMO-II corticosterone methyl oxidase type II deficiency
cAMP cyclic adenosine monophosphate
CBG corticosteroid-binding globulin
CLAH congenital lipoid adrenal hyperplasia
Crf1r corticotropin-releasing factor 1 receptor
CRH corticotropin-releasing hormone
CYP11A1 cytochrome P450 cholesterol side chain cleavage
CYP11B1 cytochrome P450 11β-hydroxylase
CYP11B2 cytochrome P450 aldosterone synthase
CYP17A1 cytochrome P450 17α-hydroxylase/17–20-lyase
CYP21A2 cytochrome P450 21-hydroxylase 2
DAX1 dosage-sensitive sex reversal, adrenal hypoplasia critical region, on 

chromosome X, gene 1
DHEA dehydroepiandrosterone
DEHP di-(2-ethylhexyl) phthalate
DPeP di-n-pentyl phthalate
FGD familial glucocorticoid deficiency
HPA hypothalamic-pituitary-adrenal axis
IC50 half maximal inhibitory concentration
Kcnk5 potassium channel 5
LDLR low-density lipoprotein receptor
NR0B1 nuclear receptor family 0 member b1
NR3C1 glucocorticoid receptor
NR5A1 nuclear receptor family 5 member A1
MC2R melanocortin 2 receptor
MRAP melanocortin 2 receptor accessory protein
PBDE polybrominated diphenyl ether
PFAS perfluoroalkylated and polyfluoroalkylated substances
PFOA perfluorooctanoic acid
PFOS perfluorooctane sulfonate
PGC-1α peroxisome proliferator-activated receptor-γcoactivator 1α
POR P450 oxidoreductase
RAAS renin-angiotensin-aldosterone system
Rxra retinoid-X receptor α
Rxra retinoid-X receptor β
SCARB1 scavenger receptor member BI
SF-1 steroidogenic factor 1
STAR steroidogenic acute regulatory protein
zF zona fasciculata
zG zona glomerulosa
zR zona reticularis
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Efficacy of Glucocorticoid Therapy 
in Different Types of Multiple 
Sclerosis Progression
Vitaliy Vasylovskyy, Tetiana Nehreba, Nataliya Voloshyna, 
Maksym Chernenko and Tetiana Pohuliaieva

Abstract

Multiple sclerosis (MS) is an autoimmune disease, affecting the central nervous 
system that causes significant disability and healthcare burden. Pulse-dosage cortico-
steroid therapy (GCT) remains the mainstay of treatment of exacerbations of multiple 
sclerosis. A total of 98 patients were examined, including 28 patients with relapsing-
remitting MS (24 women and 4 men) and 70 patients with secondary progressive MS 
(57 women and 13 men). The number of GCT therapy courses in 98 patients at all dis-
ease stages totalled 536: 98 in RR MS (9 at debuts and 89 at RRS) and 438 in SP MS (11 
at debuts, 178 at RRS and 249 at SPS). The efficacy of repeated courses of GCT therapy 
in patients with RR and SP MS was evaluated at different stages of the disease pro-
gression: debut in RR and SP MS, RRS in RR and SP MS and SPS in SP MS, including 
retrospective analysis. Important conclusions have been made about complex systemic 
reorganisation at different stages of relapsing-remitting and secondary-progredient 
types of MS, efficiency of GCT in different types of MS and stages of pathological 
process and about influence of GTC on the prognosis of the disease.

Keywords: multiple sclerosis, corticosteroid therapy, exacrbation, secondary 
progression, uncertain prognosis

1. Introduction

The modern algorithm of multiple sclerosis (MS) treatment includes management 
of exacerbations with glucocorticoids (GCT), immunotherapy with MS disease- 
modifying drugs (MS DMDs), symptomatic therapy to eliminate various clinical 
disease manifestations and adaptive strategies to develop a set of rehabilitation 
measures to reduce the degree of disability [1–8].

First-line drugs that manage MS exacerbations are GCTs (prednisolone, meth-
ylprednisolone), whose clinical effect is due to their immunosuppressive, anti-
inflammatory and anti-oedematous action. GCTs have a wide spectrum of therapeutic 
action, influencing immune reactions in various ways: by lymphocytolysis, by 
accelerating the catabolism of immunoglobulins, by reducing the production of 
pro- inflammatory cytokines (interleukins-1, −6, −8 and tumour necrosis factor-alpha 
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(TNF-α), by suppressing the transcription and enhancing the degradation of genes 
controlling the synthesis of interleukin-2, which is central to the development of the 
immune response, by improving axonal conduction, and by stabilising the perme-
ability of the blood-brain barrier (BBB). Recent studies point to the ability of GCTs 
to inhibit the formation of ‘black holesʼ (sites of neuronal death) and prevent the 
development of brain atrophy. The discovered effects of GCTs prevent early persistent 
disability by slowing the development of brain atrophy, which is accompanied by a 
steady accumulation of residual neurological deficit [9–11].

Hormonal therapy in MS is important not only as a factor suppressing the autoim-
mune process but also as a type of substitution therapy due to the development of 
glucocorticoid deficiency, which changes immunological reactivity towards increased 
allergic manifestations and contributes to the demyelination process. Hyperactivity of 
the hypothalamic-pituitary-adrenal (HPA) system in MS is caused by reduced func-
tional activity of GCT receptors and results in impaired immunoreactivity of the body. 
At the same time, the experience of using GCTs in MS accumulated over many decades 
has not solved a series of problems related to their administration. There is no consensus 
on adequate dosages, regimens, methods and duration of administration taking into 
account the severity of exacerbations, expediency of prescription in the debut and 
evaluation of the efficacy of GCT therapy in isolated use and in combination with other 
alternative treatment methods. Frequent administration of inadequate hormone regi-
mens by increasing the daily dose of the drug at the next exacerbation contributes to the 
suppression of the HPA system and the development of steroid addiction, which leads to 
persistent hormone-dependent forms and further progression of the process [1, 3, 12].

A breakthrough in this field occurred in recent decades thanks to the imple-
mentation of highly effective pulse therapy with methylprednisolone (Metypred, 
Solu-Medrol) for the management of relapses in the relapsing-remitting (RR) type 
of MS progression. The drug has a significant advantage over prednisolone due to the 
presence of a methyl group capable of penetrating the cell membrane and binding 
to intracellular receptors. Solu-Medrol (Metypred) is administered in high doses (up 
to 1000 mg) by intravenous drip for 5–7 days. The effect of the drug in the process 
of restoration of central nervous system (CNS) functions affected by demyelinating 
processes is maintained for 1.5 months due to a powerful anti-inflammatory and anti-
oedematous action, leading to a significant reduction in brain volume and normalisa-
tion of BBB permeability [1, 8, 13, 14].

2. Rationale

Until recently, the spectrum of therapeutic measures in the secondary progredient 
(SP) type of MS progression was forcefully limited to the use of cytostatics, which 
cause a significant number of complications in case of long-term treatment [15, 16]. 
Due to the therapeutic effects of GCTs, the sceptical attitude to their prescription in 
SP MS was reconsidered because, unlike RR MS, SP MS is characterised by an unfa-
vourable prognosis because of the progression of the process leading to the accumula-
tion of neurological deficit and persistent disability. It is proved that in this disease 
type, degenerative-axonal lesions are combined with autoimmune inflammatory 
changes of varying severity. Despite a different temporal algorithm of the inflamma-
tory process development and significant differences between these MS types, which 
are manifested by clinical-immunological and clinical-morphological dissociations 
(‘iceberg phenomenonʼ according to C. Poser), the activity of the demyelinating 
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process at the secondary progression stage (SPS) in SP MS can be comparable with the 
activity of relapses in RR MS. Therefore, timely and adequate administration of GCTs 
at early stages of SP MS, that is. at the debut and at the beginning of the relapsing-
remitting stage (RRS), can delay further progression of the process. This statement 
is the evidence-based justification for the use of active immunosuppressive GCT 
therapy in this category of patients at all stages of the disease progression [1, 5, 17].

3. Aim of the study

To evaluate the comparative efficacy of hormonal glucocorticoid pulse therapy 
and to develop an algorithm of differential administration at different stages of 
relapsing-remitting and secondary-progredient types of multiple sclerosis.

4. Materials and methods

The study was conducted at the Department of Autoimmune and Degenerative 
Pathology of the Nervous System at the Multiple Sclerosis Centre of the State 
Enterprise ‘Institute of Neurology, Psychiatry and Narcology of the National 
Academy of Medical Sciences of Ukraineʼ (SE INPN NAMS of Ukraine).

The study involved clinical neurological and statistical research methods. The 
clinical neurological method included retrospective analysis of the disease progression 
from the manifestation of clinical symptoms in each patient and dynamic neurological 
examination during periods of relapses and remissions at the RRS in RR MS and during 
progression and stabilisation at the SPS in SP MS. Statistical processing of the data was 
carried out using the ‘Statgraphʼ statistical software package with a defined number of 
patients (n), mean index value (M) and the standard deviation of the index (m).

A total of 98 patients were examined, including 28 patients with RR MS (24 
women and 4 men) and 70 patients with SP MS (57 women and 13 men).

The number of GCT therapy courses in 98 patients at all disease stages totalled 
536: 98 in RR MS (9 at debuts and 89 at RRS) and 438 in SP MS (11 at debuts, 178 at 
RRS and 249 at SPS).

The efficacy of repeated courses of GCT therapy in patients with RR and SP MS was 
evaluated at different stages of the disease progression: debut in RR and SP MS, RRS in 
RR and SP MS and SPS in SP MS, which are of strategic importance for the final progno-
sis of the disease. The following clinical parameters were considered at different stages 
of RR and SP MS: age at onset, disease duration, age and severity of debuts, duration of 
remission after debut, duration of RRS, number and severity of relapses at RRS, mean 
relapse rate (MRR) at RRS, duration of SPS at the end of the study, progression variants 
at SPS, duration of remissions (stabilisation) after the first and before the last GCT 
course in RR and SP MS, progression rate in RR and SP MS, dynamics of EDSS disability 
scale scores after the first and before the last GCT course in RR and SP MS [18–20].

5. Results

At the time of evaluation of GCT treatment efficacy, the age of patients and 
disease duration in RR MS were significantly lower than in SP MS (p < 0.05), whereas 
the age of debut in the two disease types was not significantly different (Table 1).
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The pattern of debut severity in RR and SP MS was alternating, mild debuts were 
predominant in RR and moderate debuts were predominant in SP MS. Accordingly, a 
comparative assessment of debut severity between the two types of disease showed a 
significant predominance of mild debuts in RR and moderate debuts in SP MS; severe 
debuts were rare in all patients with almost equal incidence (Table 2).

GCT pulse therapy at the debut stage was performed in only 21 (21.4%) of 98 
patients, including in 9 (32.1 ± 8.8)% of 28 with RR and in 12 (17.1 ± 4.5)% of 70 with 
SP MS. Such a low percentage, especially in patients with future SP MS (2 times less), 
was due to untimely diagnosis of MS (Table 3).

The experience of GCT administration proved its high efficacy in mild and moder-
ate debuts, especially in RR MS. The first course of the GCT therapy resulted in rapid 
and significant regression of neurological symptoms and full clinical remission. In the 
group of patients with severe debuts, which were extremely rare, especially in RR MS, 

Parameter RR (n = 28) SP (n = 70)

abs. value % abs. value %

Mild debuts 16 57.2 ± 9.31 19 27.5 ± 7.41

Moderate debuts 10 35.7 ± 9.02 44 62.5 ± 8.12

Severe debuts 2 7.1 ± 4.8 7 10.0 ± 5.1

Notes: n, number of patients; M, mean value; m, standard deviation; 1p < 0.05 – significant differences in the 
frequency of mild debuts between RR and SP MS; 2p < 0.05 – significant differences in the frequency of moderate 
debuts between RR and SP MS.

Table 2. 
Debuts of varying severity in RR and SP MS, M ± m.

Parameter RR (n = 28) SP (n = 70)

Mean age 39.2 ± 2.01 45.9 ± 2.51

Mean disease duration 9.5 ± 1.22 19.8 ± 2.32

Mean age at onset 29.5 ± 2.1 27.6 ± 2.0

Notes: n, number of patients; M, mean value; m, standard deviation; 1p < 0.05 – significant differences in age between 
RR and SP MS; 2p < 0.05 – significant differences in disease duration between RR and SP MS.

Table 1. 
Age, disease duration and age at onset in RR and SP MS (years), M ± m.

Percentages

Parameter RR (n = 28) SP (n = 70)

abs. value % abs. value %

After GCT administration in RR 9 32.1 ± 8.8 — —

Without GCT administration in RR 19 67.9 ± 8.8 — —

After GCT administration in SP — — 12 17.1 ± 4.5

Without GCT administration in SP — — 58 82.9 ± 4.5

Notes: n – number of patients; M – mean value; m – standard deviation.

Table 3. 
GCT pulse therapy at the debut stage in patients with RR and SP MS, M ± m.
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the recovery from debuts was prolonged and accompanied by minimal regression of 
neurological deficit with the outcome of incomplete clinical remission despite GCT 
administration.

Despite the high efficacy of the first GCT therapy course, no significant differ-
ences in the duration of remission after the debut were found in patients with RR 
and SP MS, whereas this parameter was significantly higher in patients with SP MS 
without GCT administration (Table 4).

The specific features of the RRS (duration, frequency and severity of relapses and 
neurological deficit accumulation rate) play a key role in triggering the process of 
RRS to SPS transformation. The implementation of this process requires a complex 
selective structural reorganisation of clinical indicators at RRS, among which the 
severity of relapses is of particular significance. An increase in the frequency of 
severe relapses during the RRS is a trigger that accelerates the RRS to SPS transforma-
tion [19, 21].

According to its duration, RRS was divided into short (2 to 5 years), moderate (5 
to 8 years) and long (more than 8 years). The average duration of RRS at the back-
ground of repeated hormonal therapy courses was (6.8 ± 0.8) years in RR MS and 
(10.4 ± 3.9) years in SP MS. Thus, at the time of pulse therapy efficacy evaluation, the 
duration of RRS was shorter (p > 0.05) in RR MS than in SP MS due to the incomplete 
nature of the relapse process and indicated the absence of an immediate threat of its 
transformation into SPS.

Neurological symptoms during exacerbation periods at the RRS affected the lead-
ing functional systems with predominance of pyramidal and cerebellar syndromes. 
As a rule, relapses of different severity (mild, moderate and severe) alternated in 
the vast majority of patients as the RRS progressed. Mild relapses were characterised 
by rapid rates of clinical symptom development, short duration (no more than 
3–4 weeks), mono- or oligosyndromic symptoms with minimal signs of rapidly 
regressing neurological deficit. In moderate relapses, oligo- or polysyndromic symp-
toms prevailed with the formation of moderate neurological deficit and its subsequent 
regression at moderate rates (up to 2 or more months). In severe relapses, pronounced 
polysyndromic symptoms developed and their partial regression occurred at a slower 
rate (within 3 or more months), as a rule with the outcome of short and incomplete 
clinical remissions.

19 of 28 patients with RR MS and 47 of 70 patients with SP MS were first admin-
istered GCT therapy at the RRS. As a consequence, all patients with RR MS and 59 of 
70 patients with SP MS received GCT therapy at the debut or at the RRS. The other 11 
patients with SP MS first received hormonal therapy at the SPS due to the absence of 
the RRS.

Percentages

Parameter RR (n = 28) SP (n = 70)

After GCT administration 3.5 ± 1.3 5.7 ± 2.8

Without GCT administration 2.6 ± 0.81 6.2 ± 2.91

Notes: n – number of patients; M, mean value; m, standard deviation; 1p < 0.05 – significant differences in the 
duration of remission after debuting in SP MS without GCT administration.

Table 4. 
Duration of remission after debut depending on the administration of the first GCT therapy course in RR and SP 
MS, М ± m.
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A total of 267 GCT therapy courses were administered at the RRS in both patient 
groups: 89 courses for RR MS (72 for moderate relapses and 17 for severe relapses) 
in 67.8% of patients and 178 courses for SP MS (104 for moderate relapses and 74 for 
severe relapses) in 84.3% of patients. The mean number of courses per patient was 3.1 
for RR MS and 3.0 for SP MS.

Thus, hormonal therapy at the RRS covered the vast majority of patients with 
moderate to severe relapses. In mild relapses, patients did not receive GCT therapy 
despite a significant proportion of this subgroup having radiological activity based 
on MRI. Violation of the protocol, according to which hormonal therapy is recom-
mended for all relapses regardless of their severity, led to an increase in the frequency 
and severity of relapses, accumulation of residual neurological deficits, shortened 
RRS duration and increased risk of RRS transformation into secondary progression.

The total number of relapses at the RRS in all patients at the background of 
repeated courses of GCT therapy was 505, including 139 (27.5%) in RR MS and 366 
(72.5%) in SP MS. The average number of relapses per patient was 4.9 in RR MS and 
6.3 in SP MS. The prevalence of relapses at the RRS in patients with SP MS indicates 
a more unfavourable development of the process and can serve as one of the clinical 
markers of probable RRS to SPS transformation.

The analysis of the frequency of relapses of different severity (mild, moder-
ate, severe) showed no significant differences between RR and SP MS. During the 
entire RRS in the two types of disease progression, the relapses of moderate sever-
ity prevailed with the same incidence; mild relapses were more frequent in RR MS 
(p > 0.05); severe relapses prevailed in SP MS (p > 0.05). A significant predominance 
of moderate over severe and mild over severe relapses was observed in RR MS. In 
turn, moderate relapses were significantly more frequent than mild or severe relapses 
in SP MS (Table 5).

The mean relapse rate (MRR – the ratio of the number of relapses to the RRS 
duration) was not significantly different between the studied patient groups and was 
0.9 ± 0.1 for RR MS and 1.1 ± 0.2 for SP MS (MRR for each patient ranged from 0.1 to 
2.8). Decreasing MRR (<1.0) indicated infrequent relapses and longer RRS duration, 
increasing MRR (>1.0) was associated with more frequent relapses and shorter RRS 
duration (Table 6).

Relapses were significantly more frequent in SP MS with MRR > 1.0 than with 
MRR < 1.0, whereas there was just a trend between these two parameters in RR MS 
(р > 0.005) (Table 6).

Percentages

Relapse severity at the RR stage RR (n = 28) SP (n = 59)

Mild 35.9 ± 9.12 28.8 ± 5.93

Moderate 51.9 ± 9.41 49.1 ± 6.53,4

Severe 12.2 ± 6.21,2 22.1 ± 5.44

Notes: n, number of patients; M, mean value; m, standard deviation; 1p < 0.05 – significant differences in the 
incidence of moderate and severe relapses in RR MS; 2p < 0.05 – significant differences in the incidence of mild and 
severe relapses in RR MS; 3p < 0.05 – significant differences in the incidence of mild and moderate relapses in SP MS; 
4p < 0.05 – significant differences in the incidence of moderate and severe relapses in SP MS.

Table 5. 
Severity of relapses at the relapsing-remitting stage (RRS) in RR and SP MS at the background of repeated GCT 
therapy courses, М ± m.
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The clinical effect under the influence of GCT therapy courses was characterised 
by differentiated regression of neurological deficit. This led to conditional distinction 
between ‘well-controlledʼ and ‘poorly controlled ʼ symptoms in each functional system. 
In the pyramidal syndrome, spastic tonus disorders were primarily subject to reverse 
development, while recovery of leg strength depended on the severity of paresis. In 
the cerebellar-atactic syndrome, ‘well-controlledʼ symptoms included a decrease in the 
amplitude of horizontal nystagmus and shakiness when walking, as well as an improve-
ment in the performance of the finger-nose test. Performance of the patellofemoral 
test and static ataxia in the Romberg test were much less frequently subject to reverse 
development. The regression of sensory disorders was differentiated and depended on 
their nature. The most ‘well-controlledʼ symptoms were disorders of pain sensitivity 
and astereognosis, whereas normalisation of proprioceptive and temperature sensitiv-
ity was slow and, as a rule, partial. In stem disorders, vestibular syndrome, vertical 
nystagmus and facial muscle dysfunctions as a result of facial nerve damage were more 
often subjected to significant regression; less frequently, various oculomotor disorders 
were observed. Sphincter disorders, depending on the degree of their decompensation, 
were usually subject to partial regression with significant individual differences.

Thus, the analysis of GCT pulse therapy efficacy indicates that a ‘dissociation 
syndromeʼ with selective and differentiated regression of clinical symptoms in 
separate functional systems was developed during RRS at relapses of varying severity 
in patients with RR and SP MS.

The process of RRS to SPS transformation occurred as the efficacy of hormonal 
therapy decreased and proceeded at different rates in different patients. At the time of 
assessment of GCT treatment results in 70 patients with SP MS, the average duration 
of SPS was (7.2 ± 1.4) years (ranging from 3 to 17 years).

The number of GCT therapy courses at SPS in 70 patients with SP MS was 249, 
which on average corresponded to 3.5 courses per patient. There were no significant 
differences in the average frequency of courses during RRS and SPS in SP MS (3.0 and 
3.5, respectively).

Clinical analysis of the SPS identified the main variants and rates of progression, 
which indicate its complex structural and functional organisation and are of strategic 
importance for further disease development and prognosis.

Three main variants of progression have been identified: steady, proceeding with-
out clinically marked stabilisation periods; relapsing, in the form of abrupt exacerba-
tions, resembling relapses, recovery from which was accompanied by stabilisation 
periods of different duration; and progressive, representing an alternation of the 
periods of slow progression of neurological symptoms and stabilisation of different 
duration [7, 20, 21].

Percentages

MRR RR (n = 28) SP (n = 70)

<1.0 0.6 ± 0.3 0.5 ± 0.11

>1.0 1.5 ± 0.9 1.6 ± 0.71

Notes: n, number of patients; M, mean value; m, standard deviation; 1p < 0.05 – significant difference between MRR 
<1.0 and MRR >1.0 in SP MS.

Table 6. 
Mean relapse rate at the relapsing-remitting stage in RR and SP MS at the background of repeated GCT therapy 
courses, М ± m.
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The first two variants (steady and relapsing), usually unfavourable, are character-
ised by the development of gross and persistent polysyndromic neurological symp-
toms, absence or relative rarity of dissociation syndromes and a high progression rate. 
As a result of such development, a deep disability degree and therapeutic resistance 
to GCT therapy of varying degrees are developed. The progressive variant of pro-
gression is more favourable in comparison with the first two and is characterised by 
the absence of gross neurological deficit, higher efficacy of pathogenetic therapy, 
longer period of residual working ability and better sociopsychological adaptation. 
The nature of further progression was determined not only by the variants but also 
by the intensification rates of neurological symptoms – rapid, moderate and slow. In 
rapid rates, steady and relapsing variants or their alternation prevail; in moderate and 
especially slow rates, progressive variants prevail.

The analysis of clinical features of the SPS revealed interdependence between the 
MRR at RRS and variants of secondary progression. The most favourable progressive 
variant of progression (40.0 ± 5.8) %, which prevailed in patients with MRR <1.0, 
was the most frequent (Table 7).

The second most frequent variant of progression was the most unfavourable 
one, that is. steady (30.0 ± 5.4) %, which occurred in one half of the patients at 
MRR > 1.0, and in the second half at the SPS development, which followed remission 
after the debut, bypassing the RRS. The relapsing variant, which has an intermedi-
ate position between the previous variants in terms of its prognostic significance, 
was observed in (24.3 ± 4.5) % of patients. In this category of patients, MRR < 1.0 
and MRR > 1.0 were almost equally frequent. Very rarely, in (5.7 ± 2.8) % of cases, 
alternation of different variants of progression throughout the course of SPS was 
observed (Table 7).

When assessing GCT treatment efficacy in RR and SP MS at the beginning (after 
the first course) and at the end (before the last course), the following parameters 
were taken into account: mean remission duration (MRD) and (or) stabilisation dura-
tion, the dynamics of scores on the EDSS disability scale and the rate of progression.

In RR MS, a comparative assessment of MRD was performed after the first and 
before the last GCT course at the end of the study when the RRS was not completed 
and there was no immediate risk of transformation into SPS. The studies showed 
a significant prevalence of MRD after the first course – (2.8 ± 0.8) years (ranging 
from 6 months to 10 years) versus the last course – (1.5 ± 0.2) years (ranging from 
4 months to 3 years).

Parameter SP MS (n = 70)

abs. value %

Progressive variant 28 40.0 ± 5.81,2

Relapsing variant 17 24.3 ± 4.51,3

Steady variant 21 30.0 ± 5.44

Alternation of different variants 4 5.7 ± 2.82,3,4

Notes: n, number of patients; M, mean value; m, standard deviation; 1p < 0.05 – significant differences between 
progressive and relapsing variants of progression; 2p < 0.05 – significant differences between progressive variant 
and alternation of different variants of progression; 3p < 0.05 – significant differences between relapsing variant 
and alternation of different variants of progression; 4p < 0.05 – significant differences between steady variant and 
alternation of different variants of progression.

Table 7. 
Progression variants in SP MS.



127

Efficacy of Glucocorticoid Therapy in Different Types of Multiple Sclerosis Progression
DOI: http://dx.doi.org/10.5772/intechopen.1003220

In SP MS, the MRD or stabilisation duration during the SPS was significantly 
longer (1.8 ± 0.5) years (ranging from 3 months to 5 years) after the first course than 
before the last course (1.0 ± 0.1) years (ranging from 2 months to 2 years). A com-
parative analysis of this parameter between the two disease types, a tendency towards 
predominance after the first course and a significant predominance before the last 
course was noted in patients with RR MS.

The prevalence of MRD at the initial stages of the disease and its significant 
decrease at the end of the study despite repeated courses of hormonal therapy indi-
cates the depression of the HPA system with the development of steroid addiction, 
which in some patients leads to the depletion of adaptation-compensatory processes 
and increased risk of transformation into SPS.

The above finding is supported by the increased degree of neurological deficit 
according to the EDSS disability scale in the two disease types. In RR MS, the mean 
disability score was (2.1 ± 1.1) points (ranging from 1.0 to 3.0 points) after the first 
course of GCT therapy and (3.5 ± 0.7) points (ranging from 2.0 to 4.5 points) before 
the last course. In SP MS, the EDSS score was (3.1 ± 0.4) points (ranging from 2.8 
to 5.0 points) after the first course and (6.0 ± 0.9) points (ranging from 5.5 to 7.0 
points) before the last course at the end of the study. Comparative analysis of the 
mean EDSS score after the first and before the last course of GCT therapy shows 
a deepening of neurological deficit, especially in patients with SP MS at the SPS 
(p < 0.05).

The negative dynamics of EDSS scores corresponds to such an integral indicator 
as the rate of progression (the sum of the difference of scores on the EDSS disability 
scale between the first and before the last GCT course for each patient in relation to 
the total number of patients), which was 1.1 in RR MS and 2.3 in SP MS.

Based on the findings, criteria for the efficacy of GCT treatment in RR and 
SP MS were developed. High (61.0 ± 9.2) % and moderate (39.0 ± 9.2) % efficacy 
was obtained for RR MS, and moderate (30.0 ± 5.4) %, low (30.0 ± 5.4) % and no 
(40.0 ± 5.8) % efficacy was obtained for SP MS.

With high efficacy of GCT therapy, the risk of transformation into SPS was 
considered minimal, and the MRR was less than 1.0. The treatment process in these 
patients was accompanied by a decrease in the duration of debuts and complete clini-
cal remission after the debut. At the background of increasing RRS duration, mild 
(more often) and moderate (less often) short or mid-duration relapses, complete 
remissions between relapses with minimal residual neurological deficit (EDSS not 
more than 2.0 points), long-term preservation of full (more often) or partial (less 
often) working ability prevailed. With moderate efficacy, patients with RR MS were 
not at immediate risk of transformation to SPS either (with MRR values of less than 
1.0 (more often) and more than 1.0 (less often)). However, despite repeated courses 
of GCT therapy, the course of the RRS was less favourable in contrast to patients with 
high treatment efficacy. This was manifested by an increase in the duration of the 
debut, predominance of incomplete clinical remissions after the debut, an increase in 
the frequency of relapses of moderate severity during the RRS, a gradual increase in 
neurological deficit (EDSS from 2.0 to 3.0 points) in remissions between relapses and 
partial loss of working ability (Table 8).

Differences in MRD in patients with high and moderate efficacy after the first 
and before the last GCT course were not significant. Low rate of progression (1.1) 
correlated with insignificant negative dynamics of EDSS disability score between the 
first and before the last GCT course (from 2.1 ± 1.1 to 3.5 ± 0.7), which was mainly 
attributed to patients with moderate efficacy.
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In SP MS, there was no high efficacy at the background of repeated courses of GCT 
therapy. Moderate efficacy was obtained in patients with MRR < 1.0 and MRR > 1.0, 
whose clinical symptoms at the background of GCT therapy were characterised by 
incomplete remissions after the management of debuts of different severity and dura-
tion, development of the RRS of different duration, against which moderate relapses 
prevailed. After transformation into SPS, which occurred at a slow pace, progressive 
(more often) or relapsing (less often) variants of progression were predominant with 
neurological deficit (< 6.0 points on the EDSS scale) and partial or complete loss of 
working ability (Table 8).

Low efficacy was characterised by the development of a short RRS after the 
management of severe or moderate long-term debuts and incomplete and short-term 
remission. During the RRS, there was a regular tendency to more frequent and more 
severe relapses (MRR > 1.0) with a steady accumulation of neurological deficit. As 
a result, there was an inevitable transformation into SPS, occurring in the form of 
relapsing (more often) or steady (less often) variants of progression with persistent 
neurological deficit (from 5.5 to 6.5 points on the EDSS scale) and complete loss of 
working ability.

There was no efficacy in some patients with MRR > 1.0. In part of these patients, 
RRS was absent and SPS developed immediately after a prolonged and severe debut. 
This category of patients was characterised by a steady variant of progression that 
developed rapidly, high scores (more than 6.5 on the EDSS scale) with profound 
disability and complete loss of working ability (Table 8). The comparison of treat-
ment results with the nature of prognosis depending on the disease type indicates that 
patients with an uncertain prognosis are characterised by moderate treatment effi-
cacy, whereas an unfavourable prognosis prevails in patients with low or no efficacy.

6. Discussion of results

The conducted study indicate that hormonal therapy was the most effective in 
patients with RR MS. Under the influence of repeated courses of GCT therapy, high 
and moderate efficacy of treatment was achieved in the form of positive dynamics of 
most clinical parameters. At different stages of RR MS, there was a rapid and com-
plete regression of the leading syndromes in the debuts, completeness and duration 
of remission after the debut increased, the number of patients with MRR <1.0 rose, 
the duration of the RRS increased, the frequency and severity of relapses decreased 

Parameter RR (n = 28) SP (n = 70)

abs. value % abs. value %

High 17 61.0 ± 9.2 — —

Moderate 11 39.0 ± 9.2 21 30.0 ± 5.4

Low — — 21 30.0 ± 5.4

No efficacy — — 28 40.0 ± 5.8

Notes: n, number of patients; M, mean value; m, standard deviation.

Table 8. 
GCT therapy efficacy in RR and SP MS.
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and minimal neurological deficit was preserved at the background of low progression 
rate. As a result of the above reorganisation, the duration of the RRS was prolonged 
and the immediate risk of RRS to SPS transformation was averted.

In SP MS, hormonal therapy was less effective and was assessed according to three 
gradations as moderate, low or no efficacy. With moderate efficacy, the SPS developed 
later after the onset of the disease compared to low efficacy. In this process, which was 
accompanied by a complex structural rearrangement of the leading clinical indica-
tors, the duration of remission after the debut increased, the number of patients with 
MRR >1.0 decreased, the duration of the RRS increased against the background of 
reduced number of severe relapses, and there was a slow accumulation of neurologi-
cal deficit. The positive dynamics of these parameters under the influence of GCT 
treatment were partial and differentiated, and despite significant individual differ-
ences, led to the development of a progressive variant of progression, which has a 
more favourable prognostic value.

In patients with low or no efficacy of GCT therapy, recovery from debuts was 
prolonged and accompanied by minimal regression of neurological deficit and 
short remission after the first attack. The duration of the RRS was shorter and the 
frequency of severe relapses was higher than in the group of patients with moderate 
efficacy. This led to an increase in the number of patients with a high MRR, steady 
accumulation of neurological deficit, increased rate of progression and rapid develop-
ment of the SPS, whose structure is dominated by unfavourable variants of progres-
sion (steady and relapsing).

The analysis of the dynamics of clinical symptoms at different stages of RR and 
SP MS under the influence of repeated courses of GCT therapy indicates that the 
treatment efficacy is closely related to the nature of the disease prognosis. It is known 
that, in the overwhelming majority of patients, RR MS has a favourable character. 
However, a variety of variants should be distinguished in RR MS, differing in their 
clinical course and prognostic significance. Thus, the presence of clinical markers 
indicating the risk of transformation into SP MS leads to treating the current progno-
sis in RR MS as uncertain. Progredient types of disease, including SP MS, are usually 
characterised by a rapid accumulation of neurological deficit due to the progression of 
the process with the development of a high degree of disability and an unfavourable 
prognosis in the vast majority of patients. However, a relatively ‘benignʼ or uncertain, 
variant of prognosis should also be distinguished in SP MS, which is characterised 
by longer RRS, progressive variant of progression with long periods of stabilisation, 
slow accumulation of neurological deficit and positive response to various methods 
of pathogenetic therapy (GCT, MS DMDs, etc.). Consequently, the prognosis, as an 
expected result of the previous course of the demyelinating process, depends on the 
clinical interpretation of the entire disease pattern, including retrospective analysis of 
disease stages [7, 20, 22, 23].

Clinical and mathematical analysis for the evaluation of the studied indicators 
in different types of MS resulted in the development of clinical criteria for differ-
ent prognosis variants: favourable and uncertain for RR MS and unfavourable and 
uncertain for SP MS [23–25].

A comparison of treatment results with the prognosis in RR MS indicates a favour-
able prognosis with high efficacy and an uncertain prognosis with moderate efficacy 
of repeated courses of GCT. In SP MS, uncertain prognosis prevailed in patients with 
moderate efficacy, while low or no efficacy under the influence of GCT treatment 
suggested an unfavourable prognosis.
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7. Conclusions

1. Under the influence of repeated courses of GCT therapy, clinical parameters 
undergo a complex systemic reorganisation at different stages of relapsing- 
remitting and secondary-progredient types of MS.

2. As a result of retrospective analysis of the dynamics of clinical parameters occur-
ring in the course of relapsing-remitting and secondary-progredient MS, criteria 
for the efficacy of hormonal GCT therapy were developed: high and moderate 
efficacy for the relapsing-remitting type; moderate, low and no efficacy for the 
secondary-progredient type.

3. Treatment efficacy in repeated GCT courses is closely associated with the na-
ture of prognosis (favourable, unfavourable, uncertain) obtained as a result of 
clinical and mathematical analysis of indicators characterising different types 
of MS. In the relapsing-remitting type, high efficacy prevailed for the favour-
able prognosis, and moderate efficacy prevailed for the uncertain prognosis; 
in the secondary-progredient type, moderate efficacy correlated with the 
uncertain prognosis, and low or no efficacy correlated with the unfavourable 
prognosis.

4. High efficacy of GCT therapy in patients with relapsing-remitting MS with a 
favourable prognosis was characterised by complete clinical remissions after the 
debut, predominance of mild short relapses at the relapsing stage, minimal neu-
rological deficit, low progression rate, long-term preservation of working ability 
and minimal risk of transformation into the secondary-progredient type. With 
moderate efficacy of GCT therapy in patients with an uncertain prognosis, the 
probability of transformation into the secondary-progredient type increased due 
to decreased compensatory reserves of the body. In this process, the duration of 
debut and the prevalence of incomplete clinical remissions after debut increased. 
At the relapsing-remitting stage, relapses of moderate severity prevailed against 
the background of a gradual increase in neurological deficit with partial loss of 
working ability.

5. In the secondary-progredient type, the efficacy of treatment with repeated 
courses of GCT was significantly lower than in the relapsing-remitting type, 
but the process of transformation of the relapsing-remitting stage into second-
ary progression occurred at different rates and was characterised by significant 
individual differences. In the case of an uncertain prognosis, moderate efficacy 
prevailed, which led to a decrease in the number of severe relapses against the 
background of increased duration of the relapsing-remitting stage and the de-
velopment of a more favourable progressive variant of progression. The unfa-
vourable prognosis was characterised by low or no efficacy. These subgroups of 
patients showed no positive dynamics of most clinical parameters at all stages 
of the disease. As a result, a steady or recurrent variant of progression, a pro-
nounced neurological deficit, and a high degree of disability were developed.

6. The expediency of timely administration of and treatment with repeated courses 
of GCT pulse therapy in patients with relapsing-remitting MS with a favourable 
and uncertain prognosis and in patients with the secondary-progredient type 
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with an uncertain prognosis has been proved. In case of low efficacy in patients 
with secondary-progredient MS type and an unfavourable prognosis, it is neces-
sary to develop new approaches to the MS treatment strategy.
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