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Preface

Corticosteroids came into use in the late 1940s, and today they represent an
irreplaceable pharmacological group for treating numerous chronic conditions.

Continued scientific research has enabled the identification of numerous broad-
spectrum pharmacological mechanism signals through genomic and non-genomic
pathways. The therapeutic efficacy of corticosteroids was well established in
different inflammatory disorders long before many of these mechanisms were
identified.

This book examines the biological intervention of endogenous steroids and
their rational application for some clinical therapeutic approaches in different
pathologies.

The therapeutic use of corticosteroids is not limited to the clinical applications
developed in this book. Indeed, anti-inflammatory and immunosuppressive effects
are crucial for a variety of disorders with expression in almost all organs and systems,
namely, autoinflammatory, autoimmune, and allergic conditions, among others.
This results in the availability of topical or systemic formulations, with specific and
individual bioavailability, mechanisms, and adverse effects.

In current precision medicine, the re-inventive capacity of corticosteroids is
remarkable, with a plethora of mechanisms and new potentials that make them a
pharmacological class with unique characteristics and persistently necessary for
the effective therapeutic control of more and more clinical disorders.

I would like to thank all the contributing authors for providing up-to-date reviews
and new clues for future research.

Celso Pereira, MD, PhD
Clinical Immunology,
Medicine Faculty,
University of Coimbra,
Coimbra, Portugal






Chapter1

The Interaction between
Maternal and Fetal
Hypothalamic — Pituitary -

Adrenal Axes

Aml M. Evhuma

Abstract

The Hypothalamic — Pituitary — Adrenal (HPA) Axis is a unique system that
mediates an immediate reactivity to a wide range of stimuli. It has a crucial role
in synchronizing the behavioral and hormonal responses to internal and external
threats, therefore, increases the chance of survival. It also enables the body systems
to adapt to challenges put up by the pregnancy. Since the early stages of pregnancy
and throughout delivery, HPA axis of the mother continuously navigates that of
the fetus, and both have a specific cross talk even beyond the point of delivery and
during postnatal period. Any disturbance in the interaction between the maternal
and fetal HPA axes can adversely affect both. The HPA axis is argued to be the
mechanism through which maternal stress and other suboptimal conditions during
prenatal period can program the fetus for chronic disease in later life. In this chap-
ter, the physiological and non-physiological communications between maternal and
fetal HPA axes will be addressed while highlighting specific and unique aspects of
this pathway.

Keywords: Hypothalamic-Pituitary—Adrenal Axis, glucocorticoids, maternal stress,
fetal programming, intrauterine environment

1. Introduction

It is fundamental to know that HPA axis is considered among the few body
systems that start functioning as early as 8-12 weeks of gestation [1]. This indi-
cates that HPA axis is a vital system for fetal development, where Corticotrophin
releasing hormone (CRH) and Adrenocorticotropic hormone (ACTH) are crucial
for pituitary growth, adrenal cortical differentiation and maturation, as well as
steroidogenesis in the fetus, which is driven mainly via Vascular Endothelial Growth
Factor (VEGF) and epidermal growth factor (EGF) [2, 3]. Moreover, fetal HPA axis
promotes other fetal organ structural and functional maturation such as lung, liver,
gastrointestinal tract, central nervous system (CNS) and other organs important
for postnatal thrive [4]. However, it has been found that early fetal environment
can have detrimental effects on the proper physiological response of HPA axis, and
subsequently can increase fetal risk of diseases later in life. In this chapter, possible
intrauterine influences on this crucial pathway will be explored.
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2. Development and Anatomy of the pituitary gland

The hypophysis is a blend of two tissues. Around week 3 of gestation, a finger
of ectoderm grows upward from the roof of the mouth forming a protrusion which
known as Rathke’s pouch [5]. Later, this will develop into the anterior pituitary or
adenohypophysis (Figure 1A). Simultaneously, another projection of ectodermal
tissue evaginates ventrally from the diencephalon of the developing brain and form
the posterior pituitary or neurohypophysis. As the fetus grows and develops, the
two tissues grow into one another and become tightly apposed, but their struc-
ture remains distinctly different, reflecting their differing embryological origins
(Figure 1B).

hypophysial pouch, Rathke's connecting stalk hetween pouch adenohypophysis fully
pouch, diverticulum from roof and oral cavity degencrates differentiated
elongation, contacts infundibulum, growth hormone and ACTH growth hormone levels peak,
diverticulum of prosencephalon detectable then decline
diencephalon H\ B
pouch —-—/l—— P
Figure 1.

(A) Timeline of fetal pituitary gland development. (B) Pituitary gland embryogenesis.

Based on the histological features, the adenohypophysis and neurohypophysis
are subdivided as follow: (Figure 2)

* Adenohypophysis (Anterior pituitary):

Pars distalis: It is the distal thick round part of the adenohypophysis.

Pars tuberalis: It is the longitudinal part that surrounds the infundibular stalk.
Pars intermedia: It is a thin layer of tissue that is separated from the pars
distalis by a hypophyseal cleft.

* Neurohypophysis (Posterior pituitary):
Pars nervosa: It is the thick, round distal part of the posterior pituitary.
Median eminence: It is the upper section of the neurohypophysis above the

pars tuberalis.

Infundibular stalk: It is the “stem” that connects the pars nervosa to the base of
the brain [6].
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Figure 2.
Anatomy of human pituitary gland.

3. Basic regulation of HPA Axis

The HPA axis is regulated precisely and continuously. The main CNS regulation
of HPA axis is through activation of corticotrophin releasing hormone (CRH) from
the paraventricular nuclei (PVN) whose cell bodies are located in the hypothalamus
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Figure 3.
Basic physiology of HPA axis regulation. CRH, corticotrophin releasing hormone; ACTH, adrenocorticotropic
hormone; GC, glucocorticoids.
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and also produce arginine vasopressin (AVP). Through pituitary-portal circulation
in median eminence of the hypothalamus, CRH will be secreted and carried to the
anterior loop of the pituitary gland. Subsequently, this will stimulate the secretion
of Adrenocorticotropic hormone (ACTH) into the peripheral circulation. Asa
result, the adrenal cortex will be stimulated for synthesis and secretion of glucocor-
ticoids into the blood stream (Figure 3) [7].

4. Circadian rhythm of cortisone secretion

The cortisone secretion in our circulation exhibits a specific regular rhythm
known as the circadian rhythm (Figure 4). This is because plasma cortisone level
will be high in early morning and gradually decreases in the circulation as we
approach the night, and reaches its lowest level, the nadir, during early hours of our
sleep. Then, the plasma level of cortisone gradually increases to return to its high
level. This pattern can be disrupted by many factors such as stress, disease, exercise,
and during physiological adaptation to pregnancy.

Melatonin

9:00 12:00 15:00 18:00 21:00 00:00 3:00 6:00 ©:00

Figure 4.
Circadian rhythm of cortisol secretion.

5. Molecular mechanism of glucocorticoid action

The glucocorticoid receptor (GR), a member of the nuclear steroid receptor
superfamily that acts as a ligand-dependent transcription factor to regulate the
expression of glucocorticoid-responsive genes [8].

The GR can activate or suppress gene expression depending on the glucocorti-
coid response element sequence in the promoter region of GR responsive genes or
binding DNA indirectly via other transcription factors (Figure 5). The association
of GR with various cell types, such as ovary, suggests that it has a direct impact on
gonadal reproduction [9, 10].

Glucocorticoid receptors are usually found in the cytoplasm as a complex
with heat shock proteins (HSP) 90, 70, and 23. When the glucocorticoids are
secreted from the adrenal cortex, they enter the target cell cytoplasm and mobilize
the HSP to bind the GR. This complex will then be translocated to the nucleus,
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Molecular mechanism of glucocorticoid action. GRo, glucocorticoid receptor alpha; HSPs, heat shock proteins;
GREs, glucocorticoid responsive elements; TF, transcription factor; TFREs, transcription factor responsive
elements.

where it binds to a specific DNA sequence in the promotor region of the GR
responsive genes, resulting in activation of gene expression via attracting other
transcription factors, which will bind to the promotor region as well as RNA poly-
merase II. GR can also modulate target gene expression through protein—protein
interaction rather than direct DNA binding [11-13].

6. Hypothalamic pituitary adrenal Axis interaction with different body
systems

The HPA axis is a very complex system that plays a crucial role in many physi-
ological and pathological processes in the human body. One of earliest evidence
that has led to the discovery of adrenal hormones and its fundamental functions
was dated back to 1855 [14]. Thomas Addison found that adrenal insufficiency
was associated with a group of manifestations that indicate dysfunction of other
systems. Among these manifestations is excess of circulating lymphocytes. This has
been confirmed in other studies that show adrenal gland removal will eventually
result in thymus gland hypertrophy [15]. Hence, the wide pharmacological use of
glucocorticoids to suppress the immune response in severe inflammation and ana-
phylactic reaction is mainly based on this interaction between the immune system
and the HPA axis. Moreover, Addison noted that other systems involved include the
gastrointestinal system (nausea, vomiting, loss of appetite and abdominal pain),
cardiovascular system (hypotension), musculoskeletal system (muscle and joint
pain and extreme fatigue), integumentary system (hyperpigmentation and hair
loss), nervous system (irritability, depression and behavioral abnormality) and
endocrine system (hypoglycemia).
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7. Interaction between HPA Axis and reproductive hormones

It has been found that the HPA axis exhibits inhibitory effects on the female
reproductive system through the inhibitory effects of CRH and CRH-induced
proopiomelanocortin peptides on the hypothalamic gonadotropin-releasing
hormone secretion. Moreover, glucocorticoids will suppress pituitary secretion of
luteinizing hormone (LH) as well as ovarian production of estradiol and progester-
one, with increased peripheral tissue estrogen resistance. Therefore, it was evident
that stress, eating disorders, chronic excessive exercise, melancholic depression,
chronic alcoholism, and Cushing disease result in patients suffering from amenor-
rhea, known as hypothalamic amenorrhea. This is characterized by low follicular
stimulating hormone (FSH), LH, Estradiol (E2) and progesterone, associated
with anovulation at the same time, and hence the name hypo-gonadotrophic
hypogonadism.

On the other hand, estrogen is a profound stimulator of CRH gene promotor
region and will, therefore, cause an increase in CRH production and its end-prod-
uct, cortisone, rendering the female body in a hypercortisolism state, especially
around the ovulation time of the menstrual cycle and during the early stages of
pregnancy.

Reproductive tissue is found to be under the influence of the local HPA axis
hormones. The ovaries and the endometrium both contain CRH and its receptors
as autocoid regulators. These HPA axis components are crucial in the ovulatory
process, corpus luteum lysis, endometrial shedding in menstruation, and blastocyst
endometrial implantation, if pregnancy occurs. Placental CRH plays an important
role in the adaptation of other systems to pregnancy and acts as a parturition clock,
involved in the initiation of labor [16].

The Gonadal function is under the influence of the hypothalamic—pituitary-
gonadal (HPG) axis, which is run just parallel to HPA axis. In the HPG axis, the
Gonadotrophin-releasing hormone (GnRH) released from the hypothalamus
will be transported by the portal circulation to the anterior pituitary to enhance
and cause the release of gonadotrophic hormone, FSH, and LH. FSH will bind its
receptors and promote granulosa cell growth and release of estradiol and other
hormones like inhibin, activin and follistatin. Whereas LH will promote the oocyte
maturation, ovulation, and corpus luteum luteinization. High levels of circulating
estrogen and progesterone can cause negative feedback inhibition on hypothalamic
release of GnRH and pituitary production of FSH and LH. In situations of high
glucocorticoid release, as in stress or in Cushing disease, the individual will suffer
from hypogonadotropic hypogonadism. Glucocorticoids cause gonadal dysfunc-
tion through binding to glucocorticoid receptors in the hippocampus region of the
brain and will, subsequently, affect the individual behavior and cause inhibition
of GnRH release. This will lead to a significant reduction in FSH and LH produc-
tion with subsequent decrease in circulating estrogen and progesterone hormones.
Glucocorticoids impact the ovaries directly by inhibiting steroid hormone synthesis
or causing glucocorticoid-induced apoptosis [17, 18].

8. HPA Axis during pregnancy and labor

It is clear now that HPA axis interacts with the reproductive hormones and plays
an essential role in the normal menstrual cycle, ovulation, and embryo endome-
trial implantation. However, this interplay is very precise, necessitating a balance
between the levels of the glucocorticoids and reproductive hormones to maintain
normal fertility and reproductivity of the human being.



The Interaction between Maternal and Fetal Hypothalamic — Pituitary — Advenal Axes
DOI: http://dx.doi.org/10.5772/intechopen.98722

During early pregnancy, in human, the cortisol level is lower than that in late
pregnancy. As the pregnancy continues, the cortisol level increases, resulting in
a greater difference between nadir and peak. The lower levels of glucocorticoids
in early pregnancy are suggested to facilitate the blastocyst implantation in the
endometrium, as evidenced by higher salivary cortisol levels 1-3 weeks post-
conception found in women with miscarriage when compared to those with
continuous pregnancy.

Women with chronic stress in early pregnancy have been noted to have blunting
of cortisol levels in the morning, with no change in the nadir point of the circadian
rhythm. As pregnancy progresses to mid and late gestation, HPA control will be
altered and hypo-responsiveness to stress will also be evident. Unfortunately, the
placental production of HPA peptides will challenge precise maternal HPA axis
function assessment [19, 20].

However, in animal studies, in early pregnancy, the basal and stress-
exposed HPA axis activities were found to be similar to non-pregnant animals.
Nonetheless, in late pregnancy, pregnant rats show reduced basal activity of HPA
axis in addition to less reactivity to stress exposure. The hypo-responsiveness
in late pregnancy has been investigated in animal models. In rats, the decreased
HPA axis activity and hypo-responsiveness to stress in late pregnancy could be
due to attenuated vasopressin secretion from the hypothalamus with maintained
CRH. The lack of augmenting vasopressin effect will result in a weak response
of the anterior pituitary to CRH and subsequently, less ACTH release in basal
conditions and upon stress exposure. Moreover, there will be reduced excit-
atory input signals from the stress processing network in the limbic forebrain,
brainstem and other brain centers delivered to PVN in the hypothalamus. On the
other hand, some other experimental studies on rats found that progesterone
neuropeptide metabolite, allopregnanolone, exhibits an inhibitory effect on HPA
axis. Allopregnanolone level is higher in late pregnancy than in early pregnancy
due to higher levels of circulating progesterone hormone [21]. Other research
groups have postulated that an increased level of circulating cortisol in maternal
circulation towards the end of the pregnancy downregulates the hypothalamic
CRH release and mediates hypo-responsiveness to stress [22-24]. This HPA axis
hypo-responsiveness to stress during late pregnancy could be a biological defense
mechanism to maintain the fetus in a safe environment, clear of any detrimental
effect of stress-induced high glucocorticoid secretion [21, 25].

The fetus, also, protected from the unwanted effects of high maternal glucocor-
ticoids by placental 11 p Hydroxysteroid dehydrogenase B2 enzyme (11 HSDB2)
(Figure 6). This enzyme is responsible for inactivating 80-90% of maternal corti-
sol to inactive cortisone before delivering it to the fetal circulation. Despite all these
natural mechanisms to minimize fetal overexposure to maternal glucocorticoids,
these mechanisms fail to offer such protection during maternal stress, infection,
and inflammation. Maternal and amniotic fluid (fetal) cortisol levels were both
found to have a positive correlation, indicating that any increase in maternal serum
cortisol level will be associated with some degree of fetal cortisol levels as well (as
measured by amniotic fluid) [26].

Interestingly, it has been found across different species, including human, that
ACTH and cortisol are increased on the day of parturition [27-35]. During the first
and second stages of labor (cervical dilation and fetal expulsion, respectively), there
will be high maternal HPA axis hormones [28, 36-39]. This could be contributed to
by increased endometrial and placental CRH and ACTH, which subsequently induces
fetal HPA axis hormones secretion, including ACTH and cortisol, during the third
trimester of pregnancy and up to the time of delivery. The unique biological role of
placental CRH is to act as a stopwatch for pregnancy and determine the labor initiation
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Figure 6.
Intevaction of maternal and fetal HPA axes during pregnancy.

timing [40-42]. This was suggested by many studies which found an exponential
increase of placental CRH in maternal and fetal circulation as pregnancy progresses
(Figure 7). Moreover, higher levels of placental CRH in maternal circulation are
associated with preterm delivery, whereas pregnant women with lower levels have
longer pregnancy.

The placental CRH is a weak stimulator of maternal pituitary ACTH, therefore,
the exponential increase in placental CRH levels is not associated with an equivalent
increase in maternal cortisol levels. However, the main effect of placental CRH
would be exerted on the myometrial responsiveness to the uterotonic effect of
oxytocin and prostaglandin F2a (PGF2a). This effect of CRH is suggested to be
through the reduction in C-AMP in the myometrium. It also acts as a potent vaso-
dilator of feto-placental vessels, adding more efficacy in delivering oxytocin and
prostaglandin to the myometrium and enhancing the contractility [1]. Whereas
in fetal circulation, it acts directly on the fetal pituitary gland, stimulating ACTH
release with subsequent increase in cortisol and dehydroepiandrosterone sulphate
(DHEAS) release from fetal adrenal glands. This increase in fetal cortisol level is
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Figure7.
Placental CRH exponential increase in maternal civculation as pregnancy progress.

essential for fetal lung maturity and alveolar surfactant production. It also induces
more placental CRH production that initiate parturition onset [3, 43].

9. HPA Axis during lactation

After placental delivery, the placental-CRH levels fall sharply in the maternal cir-
culation leading to a reduction in maternal cortisol levels (Figure 7). However, because
there will be no change in glucocorticoid binding protein (GBP), the biologically
active glucocorticoid level in maternal circulation will be maintained. Despite that,
HPA axis will continue to be hyporesponsive to stress up to 1-3 months postpartum
then gradually returns to normal function [44, 45]. In contrast, the salivary cortisol
level in lactating mothers was found to be still high at 2 months after delivery [23].

Despite higher basal levels of HPA axis hormones during lactation, those women
also exhibit less HPA axis responsiveness to stress. Interestingly, this blunted
response to stress during lactation is more evident in multiparous rather than
primiparous breast-feeding mothers [46].

The effect of lactation on modulating the HPA axis in basal status and in
response to stress are postulated to be mediated through multiple neurohormonal
mechanisms, one of which is low estradiol and other sex steroids. This results in
loss of the induction effects of estradiol on the maternal adrenal cortex. Hence, this
can be translated into lower cortisol levels in response to stress during lactation as
compared to that during pregnancy [47, 48].

Moreover, suckling also can modulate HPA axis function depending on the
environmental factors of the mother. Suckling can stimulate HPA axis only in the
presence of the offspring and during early, but not late, lactation. This could be
due to high circulating levels of oxytocin [49-51] and prolactin hormones [52, 53]
during lactation. Because these hormones are known suppressors of HPA axis, they
can cause a reduction in ACTH release.

Interestingly, maternal caring of the offspring during early postpartum period
was associated with enhanced negative feedback inhibition of fetal hypothalamic
CRH and reduced stress response behaviors [54, 55].
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10. HPA Acxis role in Fetal programming of adult disease

Optimal intrauterine fetal environment is pivotal for healthy fetal organ growth
and maturation, hence subsequent proper function throughout the lifespan of the
individual. Suboptimal conditions encountered in this environment can produce
lifelong detrimental effects on the human body. This is the main concept of the fetal
programming hypothesis by Barker [56, 57].

Therefore, any type of intrauterine insult can result in fetal programming of
adult disease. This has been revealed by a bulk of epidemiological studies and
also by many animal experimental studies. Our data from maternal low protein
diet model have shown that maternal low protein diet during a specific period of
gestation can program metabolic syndrome phenotype in the offspring in later
life [58]. This metabolic phenotype was a result of altered expression of key lipid
metabolism related genes and insulin signaling pathway. Preliminary data from
our animal model and from other groups [59-61] indicates that the programming
effect was through a fetal glucocorticoid overexposure secondary to placental
11 p HSD 2B downregulation [62]. In addition to its main site in the placenta,

11 p HSD 2B is also found to be expressed in a wide range of fetal tissue such

as the brain and liver. Placental 11 p HSD 2B is crucial for protecting the fetus
from exposure to excess maternal cortisol, however, normal expression of brain
11 p HSD 2B is found to play a fundamental role in preventing depression and
other psychological disorders in later life independent from placental isoform,
suggesting a tissue specific function for 11 § HSD 2B [63]. While in liver, the
overexpression of 11 § HSD 1 enhances hepatic lipid deposition and other meta-
bolic abnormalities [64]. Additionally, it has been shown that the under expres-
sion of fetal brain 11 p HSD 2B is associated with downregulation of serotonin
(5-hydroxytryptamine) receptor type 1A (5 HT1A) which is, in turn, associated
with psychological abnormalities in later life [63]. This can explain the associa-
tion between the early separation anxiety in human infants and permanent
hypercortisonemia as well as high p endorphin later in life with psychopathic
manifestations [65].

With regard to metabolism, glucocorticoid excess has been linked to clinical
observations associated with metabolic syndrome, such as central obesity, hyper-
tension, hyperlipidemia, and glucose intolerance [66-68]. In liver, glucocorticoids
increase the activities of enzymes involved in fatty acid synthesis and promote the
secretion of lipoproteins [67, 69]. The hepatic lipogenic effect of glucocorticoids
is consistent with clinical findings that glucocorticoid therapy causes triglyceride
accumulation within the liver and is responsible for the non-alcoholic fatty liver
disease [70, 71]. Therefore, it has been suggested that prenatal exposure to maternal
glucocorticoids could be responsible, at least in part, for the development of the
offspring phenotype [62].

As these adrenal hormones have powerful programming properties during
the perinatal period, it can be speculated that long-term disturbances observed in
offspring may be, in part, mediated by maternal glucocorticoid excess. Consistent
with this hypothesis is the fact that hypertension in rats induced by maternal
dietary protein restriction can be prevented by pharmacological blockade of
glucocorticoid biosynthesis in the pregnant dam and her offspring, but reversed by
concomitant corticosterone administration [67, 72]. In low protein animal model
of adult disease, adrenalectomy resulted in the removal of the hypertensive state
in a corticosterone-dependent manner [67, 73]. This animal model has shown low
protein-exposed offspring developed disturbances of hypothalamic-pituitary—
adrenal axis activity and up-regulation of glucocorticoid-sensitive enzymes in liver
and brain [74].
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Across a wide range of human epidemiological and experimental studies and
other animal models of programming, the HPA axis is the universal target of the
different intrauterine insults through which the programming of adult disease will
be mediated [75-81].

11. Conclusion

To sum up, the HPA axis is a complex neurohormonal network that controls a
vast majority of the body physiological performance. It is not surprising that the
HPA axis develops very early in the embryo, at around 3 weeks of gestation and
ACTH become detectable at around 10 weeks of gestation. This can be translated to
the fact that the HPA axis is a crucial pathway that respond to surrounding threat to
ensure survival. HPA axis has a double phase function, i.e., in-utero and ex-utero.
During each phase it will interact differently with the environment. While the HPA
axis is controlling the other endocrine systems in the body, however, it remains
under continuous feedback loop regulation by downstream hormones. This is a pre-
cise way to maintain hormonal balance and homeostasis. During intrauterine life,
the fetal HPA axis interacts with the maternal axis through the placental barrier,
which is equipped with 11 p HSD enzyme, the placental security guard, allowing
only 10-20% of active maternal cortisol to access the fetal circulation. Regardless
of the insult encountered during intrauterine life, the HPA axis in mother and fetus
will be dysregulated and the placenta barrier mechanism impaired. The detrimental
effects will continue beyond the intrauterine life and will be conveyed later in
adult life as cardiovascular, metabolic, and psychological diseases. Maternal stress,
illness, infection, inflammation, malnutrition, and other stressors are all able to
induce fetal programming of adult disease through the HPA axis. Finally, healthy
lifestyle as an effective strategy in disease prevention should undoubtedly be started
long before the birth of the individual. The mother should start a healthy lifestyle
to ensure the wellbeing of her offspring in the adult life as soon as the pregnancy is
detected.
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Abstract

Corticosteroids still remain the anchor drugs in therapy strategies for patients
with inflammatory rheumatic diseases even though new drugs such as biologic
or targeted synthetic molecules have emerged in the past years, being the most
commonly prescribed medicines in the world due to their powerful immune-mod-
ulating properties. In this chapter, we aim to discuss the main characteristics of the
glucocorticoids, their mechanism of action and effects on the immune system given
the fact that they reduce the activation, proliferation, differentiation and survival
of inflammatory cells such as macrophages and lymphocytes. Nevertheless, of great
importance are the indications and tapering regimens, but also the adverse effects
and various methods of monitoring the corticosteroid therapy.

Keywords: corticosteroids, immune system, regimens, adverse effects

1. Introduction

The adrenal glands are composed of the medulla which secretes cathecola-
mines (adrenaline and noradrenaline) and the adrenal cortex which produces
glucocorticoids (cortisol), mineralocorticoids such as aldosterone and andogens
(dehydropiandrosterone) [1].

In the 1930s, steroidal hormones were isolated from the adrenal cortex
and synthesized a years later. Several of these structures have potent anti-
inflammatory properties, but they can also have important side effects. Chemical
analogues with improved activity and less side effects have been discovered and
are being used for the treatment of numerous inflammatory and autoimmune
diseases [2].

Although glucocorticoid (GC) is the preferred classification when using exog-
enous agents therapeutically, corticosteroids encompass both glucocorticoid and
mineralocorticoid hormones, the term corticosteroid (CS) is considered synony-
mous to glucocorticoid. Commercially available synthetic GC formulations come in
a number of chemical compositions, potencies and half-lives.

Glucocorticoids are hormones that regulate a variety of cellular functions,
including growth, homeostasis, metabolism, cognition, and inflammation. GCs are
one of the most commonly prescribed medicines in the world due to their powerful
immune-modulating properties [3].
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2. History of corticosteroid discovery and development

Thomas Addison first described the disease named after him in 1855 in London,
in which postmortem examination of patients indicated adrenal gland atrophy.
The following year, in Paris, Charles Edouard Brown-Se‘quard demonstrated that
surgical removal of the adrenals in small animals caused muscle fatigue, respiratory
insufficiency, cardiac problems and death within 12 hours [4, 5].

The Mayo Clinic’s Edward C. Kendall (1886-1972) and Zurich’s Tadeus
Reichstein (1897-1996) continued their research. Edward Calvin Kendall isolated
four steroidal compounds from adrenal extracts in 1946. He labeled them A, B,

E, and F. Later that year, Sarett synthesized compound E, known as cortisone
nowadays. Rheumatologist Philip Hench discovered the compound’s therapeutic
potential in a patient with RA [6].

On April 13, 1949, the Mayo Clinic’s Proceedings of Staff Meetings confirmed
the first therapeutic use of cortisone. The first patient, a 29-year-old married
woman in her fourth year of rheumatoid arthritis (RA), had been chosen by Philip
S. Hench (1896-1965), chief of the Rheumatology Section [7, 8]. Before September
1948, when she received the first twice daily intramuscular injections of 50 mg of
cortisone, the patient had been seen at the Mayo Clinic and had received multiple
prescriptions on many occasions. Subjective improvement was recorded after the
second injection. Although cortisone dosage was fluctuating between 50 mg and
100 mg per day, depressive and aggressive ideation became more prevalent, despite
the improving of rheumatoid symptoms by 50% [9, 10].

Thus in 1950, Hench and Kendall, along with Tadeus Reichstein, were awarded
the Nobel Prize for Medicine and Physiology for isolating with success several
steroid hormones from the adrenals [11].

3. Mechanisms of action

The CS exercise their effect following the passive diffusion through cellular
membranes, attachment to specific intracellular receptors and the formation of
a complex that will be translocated intra-nuclear and will interact directly with
certain specific DNA sequences or with other transcription factors [12, 13].

CS can exercise their effect by genomic or nongenomic mechanisms. It takes at
least 30 minutes for the clinical effects of a GC to appear while operating by genomic
mechanisms. Nongenomic mechanisms, by which GCs function within minutes,
only occur when large doses are administered, such as in pulse therapy [14].

3.1 Genomic mechanisms

The majority of glucocorticoid effects are mediated by genomic pathways,
such as binding to the GC receptor in the target cells’ cytoplasm. Since GCs are
lipophilic and their molecular mass is low, they can easily transit through the cell
membrane [15, 16].

The balance of the intracellular enzyme 11-hydroxysteroid dehydrogenase
(11-HSDs) possibly influences the sensitivity of specific tissues to GCs, in
addition to the tissue-specific intracellular density of GC receptors. Only the
isoform of the GC receptor, which is widely distributed in all target tissues, binds
to GCs. The GC receptor—GC complex is activated and subsequently transported
into the nucleus. As a dimer, it binds to sites in DNA which respond to GC, thus
being able to control the transcription of targeted genes. This process is termed
transactivation [17].
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As monomers, activated GC receptor — GC complexes interact with transcrip-
tional factors (such as activator protein (AP)-1, interferon regulatory factor (IRF)-
3, and nuclear factor-kB (NF-kB)). These transcriptional factors are prevented from
binding to their consensus sites in DNA. Transrepression is a process that results in
the downregulation of predominantly pro-inflammatory protein synthesis [18].

The hypothesis has been proposed that side effects of GCs may be based
predominantly on transactivation, whereas the anti-inflammatory effects can be
attributed to transrepression.

The binding of GC to specific sites at the DNA level, can cause suppression or
stimulation of gene transcription and numerous effects on the inflammatory process
such as:

* attachment at the level of promoter sites of the pro-inflammatory genes and
their inhibition (interleukin (IL)-1a, IL-1p);

* recruitment of transcription factors of gene promoter domains which encode
the production of anti-inflammatory factors (IKBa-transcription inhibitor
factor of NF-KB, IL-10, a-2 macroglobulin, IL-1R);

* suppression of the synthesis of most pro-inflammatory cytokines through the
inhibition of NF-KB or AP-1, indispensable for the transcription of inflamma-
tion mediators [19].

Consequences of GC interference with the phenomenon of gene transcrip-
tion consist of: stimulation of the synthesis of angiotensin conversion enzyme
or endopeptidases which neutralizes bradykinin, a central vasodilator peptide
involved in the onset angioedema. Another effect is the inhibition of the synthesis
of pro-inflammatory factors by the phagocytic cells through stimulating lipocortin
1 synthesis and, subsequently, inhibition of phospholipase A2 which is respon-
sible for the synthesis of arachidonic acid at the level of membrane phospholipid,
prostaglandins, leukotrienes and free oxygen radicals. Nevertheless the inhibition
of cyclooxygenase (COX)-2 synthesis, the inducible form of COX, responsible for
production of prostaglandins (PG) at the inflammatory site is another consequence
of the GC interference with gene transcription [20].

3.2 Nongenomic mechanisms

In addition to genomic effects, GCs exert their effects through nongenomic
pathways, represented by the interaction with selective membrane receptors
(specific nongenomic effects) or directly on the biological membranes (nonspecific
nongenomic effects).

Nongenomic effects at high doses of GCs occur much faster than genomic
effects—within minutes. Membrane-bound GC receptors are one mechanism.
Nongenomic actions which do not include GC receptors change cell function by
physicochemical interactions with biologic membranes [21].

4. Effects on the immune system

One of the main function of GCs is the inhibition of the activation, prolifera-
tion, differentiation and survival of macrophages and T lymphocytes as well
as other inflammatory cells. GCs also promote apoptosis mainly of immature
and activated T cells. Changes in cytokine synthesis and secretion are primarily
responsible for this activity.
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B lymphocytes and neutrophils, on the other hand, are less responsive to
glucocorticoids, and glucocorticoid treatment can improve their survival [22].

4.1 Leukocytes and fibroblasts

The administration of GC has an effect on the circulating neutrophil granulo-
cytes, increasing their number in the peripheral blood. This results in decreased
myelopoiesis and bone marrow release. The effects also apply to the T cells,
resulting in their redistribution. The redistribution of lymphocytes has no clinical
implications. This effect occurs after 4 to 6 hours of a single dose of prednisone
and returns to normal within 24 hours. The activity of B cells and the synthesis
of immunoglobulin are unaffected. However, the susceptibility to infection is
increased due to the effects of GCs on monocytes and macrophages. These effects
lead to a decrease in the expression of class II major histocompatibility complex
(MHC) molecules and Fc receptors. The administration of GC also affects the
fibroblasts, leading to reduced proliferation and synthesis of fibronectin and
prostaglandins [23].

4.2 Cytokines

One of the most important effects of GC therapy in chronic inflammatory
disorders is on cytokine synthesis and action. A wide range of cytokines are inhib-
ited by GC administration. GCs inhibit most Thl pro-inflammatory cytokines
such as interleukins (IL-1, IL-2, IL-3, IL-6, IL-17), but also tumor necrosis factor
(TNF), interferon-y and GM-CSF. These cytokines are thought to be responsible for
synovial proliferation, cartilage damage and bone deterioration in people with RA
[24]. GCs have controversial effects on Th2 cytokines such as IL-4, IL-10 and IL-13,
either by stimulating or having no effect on their development [25].

4.3 Pro-inflammatory enzymes

Arachidonic acid metabolism is an essential part of the inflammatory cascade.
An essential part of the cascade of inflammation is the development of prostaglan-
dins and leukotrienes, the majority of which are highly pro-inflammatory. GCs also
have an effect on the inhibition of the development of COX-2 and phospholipase
A2, induced by cytokines. This process is located in monocytes/macrophages,
fibroblasts and endothelial cells. Furthermore, in vitro and in vivo, glucocorticoids
promote the inhibition of the metalloproteinases, especially collagenase and
stromelysin. These metalloproteinases are considered the key effectors of cartilage
degradation induced by IL-1 and TNF [26].

4.4 Adhesion molecules and permeability factors

Pharmacologic doses of GCs significantly reduce plasma exudation and leu-
kocyte recruitment into inflammatory sites. Adhesion molecules regulate the
migration of inflammatory cells into the sites of inflammation, which is essential in
chronic inflammatory diseases.

GCs also exert their effect by stimulating the expression of adhesion molecules
such as intercellular adhesion molecule-1 and E-selectin through the inhibition of
pro-inflammatory cytokines. GC also have an effect on the inhibition of chemotac-
tic cytokines such as IL-8 and macrophage chemoattractant proteins which attract
immune cells to the inflammatory site. The production of nitric oxide is increased
in the sites with active inflammation by the pro-inflammatory cytokines, leading
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to an increase in blood flow, exudation and likely activation of the inflammatory
response. GCs effectively inhibit the inducible form of nitric oxide synthase
induced by cytokines [27].

5. Pharmacology

After administration, both orally and parenterally, absorption is rapid and
subsequently CS bind to 90% of plasma proteins. The binding is mainly done by
specific globulin (CBG-corticosteroid binding globulin or transcortin) and in a
reduced percentage by albumin. The biologically active form is the free cortisol
(10%), which achieves high concentrations in most tissues. Metabolism takes place
in the liver and excretion is urinary.

Medicinal products included in this class are similar in absorption rate, with
differences in half-life and intensity of anti-inflammatory effect. Depending on the
duration of action, GC can be classified into short-, medium- or long-term.

The route of administration can be:

* parenteral - intravenous pulse therapy in doses of 1-2 g, in the activity periods
of the disease, in patients with RA, systemic lupus erythematosus (SLE)
vasculitis, or intramuscular;

* oral - usually in the case of chronic GC therapy;
* intra-articular with depot preparations with local action;
* topical with variable absorption rates [28].

Systemic administration of GC therapy can be done in high doses, for a short
period, in acute situations, or chronically, with periodic dose adjustment, depend-
ing on the therapeutic response and adverse effects. Discontinuation of therapy is
considered either when the maximum therapeutic effect has been reached or in case
of inefficiency or severe adverse effects without response to the specific therapy [29].

The main pharmacological characteristics of GCs are illustrated in Table 1.

Equivalent Relative Protein Half-life in Biologic half-
GC dose GC activity binding plasma (hours) life (hours)

Short-acting

Cortisone 25 0.8 No 0.5 8-12

Cortisol 20 1 Yes 1.52 8-12

Intermediate-acting

Methylprednisolone 4 5 No >3.5 18-36
Prednisolone 5 4 Yes 2.1-35 18-36
Prednisone 5 4 Yes 34-38 18-36
Triamcinolone 4 5 Yes 2-5 18-36
Long-acting

Dexamethasone 0.75 20-30 Yes 3-45 36-54
Betamethasone 0.6 20-30 Yes 3-5 36-54

Table 1.
Characteristics of main GCs.
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6. Indications and dosing

Glucocorticoid therapy is indicated in multiple rheumatic diseases. In patholo-
gies such as inflammatory myopathies, polymyalgia rheumatic, but also in systemic
vasculitis, GCs are considered the focal point of the therapeutic strategy.

On the other hand, in systemic scleroderma, GCs are contraindicated in high
doses, due to the increased risk of scleroderma renal crisis. However, they can be of
use when systemic sclerosis is complicated by myositis or interstitial lung disease.
Glucocorticoids are used as an adjunctive treatment or not at all in the treatment of
other diseases [30].

In RA, GCs exert their effects by complementing the disease-modifying anti-
rheumatic drugs (DMARDs). GCs are helpful in reducing pain in osteoarthritis,
although they are not administered on a regular basis, with the exception of intra-
articular injections if there are symptoms of synovitis in an osteoarthritic joint.

GCs are used to treat a variety of rheumatic diseases in varying dosages.
Standardization of dosing regimens has been suggested based on pathophysiologic
and pharmacokinetic evidence:

* low dose - < 7.5 mg prednisone equivalent per day;

* medium dose - >7.5 mg and < 30 mg prednisone equivalent per day;
* high dose - > 30 mg and < 100 mg prednisone equivalent per day;

* very high dose - >100 mg prednisone equivalent per day;

* pulse therapy - >250 mg prednisone equivalent per day for one or a few days [31].

7. Systemic adverse effects of glucocorticoid therapy

It is not surprising that glucocorticoids may have a wide range of side effects
given their diverse pathways and sites of action. The majority of these side effects
are unavoidable, but the risk of most complications is dose and time dependent and
lowering GC dosage reduces the risk of complications [32].

7.1 Risk of infections

In vitro, glucocorticoids reduce neutrophil phagocytosis and bacterial destruc-
tion, but natural bactericidal and phagocytic activities are found in vivo. Monocytes
are however more susceptible; bactericidal and fungicidal activity in vivo and in
vitro is decreased during treatment with medium to large doses of glucocorticoids.
These variables can have an impact on the risk of infection. Therapy with a daily
dosage of less than 10 mg of prednisolone or its equivalent seems to have little or
only a mild elevated risk of infection, while treatment with doses of 20 to 40 mg
daily seems to have an increased risk of infection. However, if the dosage and dura-
tion of therapy is prolongued, the risk of infection also rises [33].

7.2 Cardiovascular adverse effects
Some glucocorticoids seem to have mineralocorticoid effects, such as decreased
sodium and chloride excretion and increased potassium, calcium, and phosphate

excretion. Edema, weight gain, high blood pressure and heart complications are
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also possible side effects of this action. Reduced sodium and chloride excretion can
result in heart failure.

Patients with inflammatory diseases have been linked to accelerated atheroscle-
rosis and increased cardiovascular risk. Cardiovascular mortality is linked to the
length of the disorder and the use of glucocorticoids. Because of their potentially
harmful effects on lipids, glucose tolerance, insulin production and resistance,
blood pressure and obesity, GCs can increase cardiovascular risk [34].

In vitro, GCs were found to suppress macrophage aggregation in damaged
arterial walls, potentially reducing the local inflammatory response. Low-dose
glucocorticoids can also improve inflammatory disease-related dyslipidemia.
Low-dose GCs, on the other hand, are likely to have different effects on lipids and
other cardiovascular risk factors in inflammatory disorders than medium and large
doses of GCs.

Thus, in addition to conventional cardiovascular risk factors such as diabetes
mellitus, length and level of inflammatory disease involvement, and co-therapies
such as COX-2 selective NSAIDs, moderate and high glucocorticoid doses and long
duration of therapy seem to be the most significant cardiovascular risk factors [35].

7.3 Osteoporosis

GC therapy directly influences osteoblasts, osteocytes and osteoclasts, reducing
the process of bone formation and accelerating bone resorption.

Glucocorticoid receptors are located exclusively in osteoblasts, not in osteoclasts,
the proliferation of the latter being the consequence of inhibition of osteoprotegerin
synthesis (inhibitor of osteoclast differentiation in hematopoietic cells) and stimula-
tion of RANK production, necessary for the osteoclastogenesis. High doses of GC
also stimulate RANKL synthesis by osteoblast precursors, an event that activates
osteoclast differentiation and the bone resorption process [36].

Other mechanisms involved are the decrease in the secretion of androgen and
estrogen hormones, the increase in the serum level of parathormone (consequent
to the decrease in intestinal calcium absorption and the increase in its renal
elimination).

Suppression of the osteoformation process is mediated by accelerating the
apoptosis of mature osteocytes and osteoblasts and the consequent inhibition of
osteoblast proliferation. In addition, GC influences the physiological dynamics of
parathormone secretion, antagonizes its anabolic action and inhibits the production
of insuline-like growth factor (IGF)-1 and testosterone.

Loss of bone mass is evident from the first months of administration, especially
in the first year, and mainly affects the trabecular bone, which associates a higher
risk of fracture for the vertebral site. Fracture events can occur in 30-50% of
patients and are directly related to dose, duration of administration of GCs and
patient age.

The assessment of fracture risk in the first six months after initiation of therapy
should include an assessment of risk factors and bone mineral density in selected
cases and subsequently in accordance with current recommendations. Prevention
of GC-induced osteoporosis is done by administering calcium (1000-2000 mg/day)
and vitamin D (600-800 IU/day) [37].

7.4 Aseptic osteonecrosis

Aseptic osteonecrosis is the cause of high doses compared to the administration
of small, long-term doses, and is rarely seen during prednisone therapy or equiva-
lent of below 20 mg/day [38].
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7.5 Myopathy

Cortisone myopathy can occur following the administration of any type of GC
and is the consequence of the direct catabolic effect on skeletal muscles. It is clini-
cally evident in the form of proximal muscle weakness, unaccompanied by myalgias
or changes in the serum level of muscle enzymes [39].

7.6 Gastrointestinal adverse effects

Glucocorticoids are less toxic to the upper gastrointestinal tract than NSAIDs,
but they do raise the risk of adverse gastrointestinal events like gastritis, ulcers
and gastrointestinal bleeding. The effect of glucocorticoids on gastrointestinal
events is very limited. In addition to evidence of upper gastrointestinal tract
morbidity, GCs have been linked to cases of intestinal rupture, diverticular per-
foration and pancreatitis. In rheumatology, glucocorticoids are commonly used
in conjunction with NSAIDs and the two drugs work together to increase the risk
of GI side effects [40].

7.7 Ocular adverse effects

Posterior subcapsular cataracts is a well-known side effect of long-term GC
therapy. There is no safe dosage for this complication and cataract formation has
been documented even with inhaled GC preparations. The use of glucocorticoids
has also been linked to cortical cataracts.

Patients taking glucocorticoids can develop cataracts as well as elevated intraoc-
ular pressure, which may cause vision problems. The occurrence of frank glaucoma,
particularly with low-dose therapy, is uncommon and usually occurs in patients
who are genetically predisposed [41].

7.8 Endocrine and metabolic side effects

Exogenous hypercorticism (Cushing’s syndrome) is the consequence of long-
term high doses and determines the characteristic appearance by redistribution
of adipose tissue in the chest, face (“moon facies”) and neck (“buffalo bump”),
trunk obesity, the appearance of hirsutism, acne, increased appetite, obesity and
subsequently the complications represented by osteoporosis, edema, hypertension,
growth retardation in children which require dose adjustment or alternative admin-
istration - every two days.

Adrenal insufficiency may result from suppression of the hypothalamic-pitu-
itary axis and is directly proportional to dose and duration of administration.
High-dose corticosteroids can block the suppression of ACTH release and the rapid
onset of adrenal insufficiency in approximately 5 days, lasting up to 4-6 weeks,
even at doses of 10-15 mg/day. Restoration of the hypothalamic-pituitary axis
usually occurs after 9-12 months. In order to prevent hypercorticism, it is preferred
to administer a single morning dose, the use alternative therapy every two days or
gradual reduction of the dose.

Changes in glucose metabolism represented by increased blood sugar is a
consequence of the stimulation of the process of hepatic neoglucogenesis, hepatic
production and storage of glycogen and decreased peripheral glucose utilization. It
may cause diabetes or imbalance of pre-existing diabetes. Although the “de novo”
onset of diabetes in patients with previously normal glucose levels is relatively rare,
the risk is increased in the presence of a family history of diabetes, old age or a
history of gestational diabetes.
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Changes in lipid metabolism consist in stimulating the lipolysis process and
increasing the amount of free fatty acids. The increase in insulin secretion, due to
hyperglycemia, will cause a stimulating effect on the lipid metabolism, so that the two
concomitant processes, lipolysis/lipogenesis, will cause the reorganization of adipose
tissue and the appearance of the characteristic appearance of “lemon on toothpicks”

Protein metabolism is inhibited, except for the hepatic site, with the occurrence
of side effects, especially cutaneous, muscular or of the connective tissue [42].

7.9 Cutaneous adverse effects

The most common side effects, even at low doses, are represented by the appear-
ance of bruises and skin atrophy, due to the the acceleration of protein catabolism.
In addition, facial erythema, hair fragility, acne and hirsutism may be present [43].

7.10 Neuropsychiatric adverse effects

The spectrum of symptoms is dependent on the dose and duration of admin-
istration and may be represented by anxiety, depression, psychosis, delirium,
confusion, disorientation, cognitive deficits, sleep disturbances, the appearance
of akathisia, usually of mild or moderate intensity. Psychosis is associated with the
administration of prednisone at a dose of more than 20 mg/day over a long period
of time and may require specific therapy, even under conditions of dose reduction.
Behavioral disorders can range from mild euphoria to anxiety or depression in the
case of long-term therapy [44].

8. Glucocorticoid therapy in rheumatoid arthritis

In this era of targeted treatments, therapeutic strategies, and comorbidity
management in patients with RA, the potential role of GCs in RA is important to
consider. Despite the fact that GC therapy was a significant clinical breakthrough
for RA in the 1950s, the current focus is on the treatment’s drawbacks rather than
its benefits.

The aim of RA therapies is to reduce disease activity and achieve clinical remis-
sion in the short term, but also to restrict or avoid structural damage and systemic
manifestations in the medium term. In RA, GCs have a rather rapid onset of
action, which allows time for the DMARDs exert their immunosuppressive effect.
Furthermore, GCs are also considered to have a structural impact on the affected
joints. However, clinicians tend to use them when in need of rapid symptomatic
relief for their RA patients. Thus, the benefit-to-risk ratio of GCs is still uncertain,
and their use in RA is still debatable [45].

The use of GCs therapy in RA is regulated by international rheumatology societ-
ies such as the European League Against Rheumatism (EULAR) and the American
College of Rheumatology (ACR). These societies have formulated recommenda-
tions regarding the indications of GC therapy in RA.

The 2015 ACR recommendations for early and established RA state that GC
therapy should be used in conjunction with DMARDs at the lowest possible dose
and for short periods of time, only in disease flares. Adding GCs when starting a
csDMARD, contrary to EULAR guidelines, is dependent on disease activity [46].

The benefit of GCs therapy was emphasized more in recent revisions of the
EULAR recommendations for the treatment of early arthritis and RA than in previ-
ous versions. Short-term GCs therapy can be taken into consideration in the initial
treatment strategy or subsequently if the beneficial effects of the initial strategy
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have not been considerable, as bridging therapy when a change in DMARD being
taken into account. Long-term use of GCs should be discouraged and GCs should be
progressively diminished and discontinued, normally by 3 months and only in rare
cases by 6 months [47].

These international protocols, taken together, recommend the use of GCs
for disease flares and likely at the beginning of a new conventional synthetic
DMARD (csDMARD), although specific guidance on dose, duration and length
of administration protocols is not yet standardized. A dosage of less than 10 mg/
day is considered a low dose in the United States, and GCs could be tapered in
less than 3 months, while the European threshold is 7.5 mg/day, and GCs may be
administered in conjunction with csDMARDs for up to 6 months total, with the
understanding that this duration is mostly expert-driven. Despite these discrepan-
cies, international recommendations stress the effectiveness of GCs while also
recommending that they be used at the lowest cumulative dose possible due to the
widespread understanding of potential side effects. The doses of GCs are usually
expressed in prednisone equivalents in recommendations and studies [48].

In the CareRA trial were included patients with early RA and no negative progno-
sis signs. Subsequently, they were randomly assigned to one of two treatment arms:
Methotrexate associated with GCs in one arm (30 mg/day prednisone tapered to
5 mg/day in 6 weeks) and Methotrexate without the association of GCs in the other
arm. At 16 weeks, the patients who received GCs reached Disease Activity Score in 28
Joints (DAS28) remission more compared to the Methotrexate group (65% vs. 47%,

p = 0.08). The rates of remission in the Methotrexate and GCs arm were also higher
than the Methotrexate-only arm at 1 and 2 years, but not substantially [49].

The results of the BARFOT trial at ten years have been released. The study
included 250 patients with early RA. Therapy with csDMARDs alone was compared
to csDMARD:s plus 7.5 mg/day prednisolone over the course of two years. The patients
who recieved GCs demonstrated imporved clinical results at all time points (3, 6,

12, 18, and 24 months). A four-year follow-up analysis showed no variations in the
percentage of patients in remission between the two groups. The use of bDMARDs
with and without GCs did not vary after ten years. Patients in the BARFOT cohort
were included between 1995 and 1999, before the age of biologics, thus the proportion
of patients who used a bDMARD was very limited (15% in either group) [50].

In 10 year follow-up of the BeSt study, published in 2016, 508 patients with early
active RA were randomly assigned to one of four groups: a pre-determined mainte-
nance care regimen starting with Methotrexate; a group in which sulfasalazine was
added to Methotrexate in case of therapy failure; a group following the guidelines of
the COBRA study (Sulfasalazine, Methotrexate, and GCs initially at 60 mg/day, then
gradually tapered to 7.5 mg/day in 6 weeks) and a group of patients who were admin-
istered Methotrexate and Infliximab from the beginning. In the initial study, the
protocol in the COBRA trial proved to be more efficient at three months. However, at
the 10-year follow-up, almost 50% of patients were in remission regardless of their
initial group of randomization, making it difficult to conclude on the long-term
beneficial effect of the GC treatment administered in the beginning [51].

The CAPRA-2, the double-blind, placebo controlled trial results were published
in 2012. The study included 350 patients with active RA who were randomly
assigned 2:1 to receive either modified release (MR) prednisone 5 mg or placebo
once daily in the evening in addition to their current RA DMARD therapy for
12 weeks. At week 12, the primary end point was to determine the number of
patients who improved by 20% in RA signs and symptoms based on ACR guide-
lines, respectively the ACR20. Morning pain and stiffness, the 28-joint Disease
Activity Score, and health-related quality of life were all evaluated. At week 12, the
administration of MR prednisone in conjunction with DMARD therapy proved
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higher response rates than the administration of placebo plus DMARD in the case
of ACR20 (48% vs. 29%) and ACR50 (22% vs. 10%) scores. Overall, low-dose MR
prednisone administered in concurrence with DMARD therapy lead to the improve-
ment RA signs and symptoms more quickly and significantly [52].

Results from the SEMIRA trial which included 421 patients with RA divided into
two groups: the first group (n = 128) were assigned to the continued prednisone
regimen while the second group (n = 131) were assigned to the tapered prednisone
regimen. All patients received Tocilizumab for 24 weeks with or without conven-
tional synthetic DMARD:s. In patients with low disease activity using Tocilizumab
and treatment with GCs for at least 24 weeks, continuous glucocorticoid treatment
at a dose of 5 mg per day for 24 weeks provided a safer and better solution than
gradual reduction of glucocorticoids, although two-thirds of patients were able to
safely reduce their GCs doses [53].

The CAMERA-II study’s post-trial follow-up results were released in 2017. The
study group included 236 patients with RA. CAMERA-II compared the administra-
tion of Methotrexate plus 10 mg/day prednisone for two years to a Methotrexate
and placebo group. After two years of therapy, disease activity decreased more
in the Methotrexate-GCs arm than in the Methotrexate-placebo arm on average,
but the variations seen in the first months continued to fade with time. Patients in
the Methotrexate-GCs group had initiated a biological DMARD slightly less often
than those in the Methotrexate-placebo group (31% vs. 50%) during the follow-up
analysis, with a median follow-up of about 6.6 years.

Given these findings, there is little question whether GCs will reduce disease
activity in RA patients, at least in the short term. It’s impossible to say if the
therapeutic advantage of GCs will last in the short and long term. Because of their
toxicity and limited structural impact, GCs should never be used alone and should
always be combined with DMARDs [54].

9. Glucocorticoid therapy in connective tissue diseases
9.1 Systemic lupus erythematosus

Systemic lupus erythematosus (SLE) is one of the most severe autoimmune
rheumatic diseases, with multisystemic involvement, with frequent flares and an
increased risk of death. The treatment of SLE is guided by organ damage, but most
often it is represented by a combination of hydroxychloroquine - the gold standard in
SLE - and variable doses of corticosteroids depending on the severity of the visceral
damage and often in combination with immunosuppressants agents. Early and
aggressive treatment in SLE is essential for the prevention of organ damage, the 2019
EULAR recommendations for the treatment of SLE supporting both the prevention
of organ damage and the improvement of patients’ quality of life and their long-term
survival [55]. Achieving remission or low disease activity is another important goal
in SLE management. Complete remission, defined as the absence of disease activity
in the absence of treatment with CS or immunosuppressant, is rare [56].

For the patients with active disease, CS in variable doses, in combination
with hydroxychloroquine and sometimes with immunosuppressants agents, still
represent the optimal management of SLE. Besides the anti-inflammatory and
immunosuppressive effects, the side effects of CS are well known, most of them are
time and dose dependent: osteoporosis, osteonecrosis, cataract, hyperglycemia or
coronary heart disease. Although they produce a rapid reduction in symptoms and
the recommendation is to reduce the doses <7.5 mg/day equivalent to prednisone,
or discontinued therapy, some studies have shown adverse effects even at minimal

29



Corticosteroids - A Pavadigmatic Drug Class

doses of cortisone [57]. Thus, it is recommended the administration of intravenous
methylprednisolone pulse therapy (250-1000 mg/day for 3 consecutive days)
depending on the body weight, during acute flares and also the early initiation of
immunosuppressive agents, both having the role of initiating a lower oral dose, as
well as a faster reduction of CS doses [58].

For skin damage, the first therapeutic line, in addition to avoiding exposure to
UV radiation, is represented by topical CS. Oral CS can also be used, depending on
the degree of skin damage [59].

Cardiovascular involvement in SLE is one of the main causes of death, due by
both kidney damage, that can cause cardiovascular and cerebrovascular disorders,
but also by the increased risk of developing atherosclerosis, a consequence of both
chronic inflammation and the additional risk of CS [60]. In a study of a group of
175 women with SLE, Manzi et al. identified the presence of carotid plaques in 40%
of them, which correlated with the cumulative dose of prednisone and with the
duration of therapy. Similar results were recorded in other studies that showed the
relationship between prednisone and weight gain, blood pressure or a high serum
cholesterol, correlation with sudden death or demonstration of subclinical athero-
matosis in 45% of a group of 78 Italian patients with SLE [61].

The risk of infections in SLE is caused by the activity of the disease, by severe
leukopenia and by the administration of high doses of CS in association with immu-
nosuppressants agents. The results of a 2009 case—control study showed that the
risk of severe infections was higher in the group of patients with prednisone 7.5 mg/
day vs. those who received a median dose of 2.5 mg/day thus demonstrating that the
risk of developing infections increases by 12% for every mg/day.

In summary, CSs has an importnat role in SLE, but side effects, often dependent
on dose and duration of administration, should not be overlooked. Therefore, intra-
venous pulsetherapy with methylprednisolone is preferred, with consequent faster
reduction of oral doses, and also the combination of antimalarials and immunosup-
pressive agents in the therapeutic regimen [62].

9.2 Systemic scleroderma

In systemic scleroderma, the use of CS is controversial, due to the lack of
response of vasculopathy and fibrosis to CS, and due to the increased risk of
developing scleroderma renal crisis. Itchy skin, arthralgia and myalgia in early
and very early diffuse cutaneous systemic sclerosis have been shown to respond to
low doses of CS, thus suggesting an inflammatory skin component in these stages,
characterized by perivascular and tissue infiltrates with monocytes, macrophages
and CD4 + lymphocytes. Thus, the effects of CS can be beneficial in these stages,
before the appearance of irreversible fibrotic changes. Also, doses of CS can be used
in interstitial lung disease related to systemic scleroderma. Asthenia in scleroderma
may have a good response to CS administration, although there are no studies on
this. Another benefit in patients with scleroderma is increased appetite, although
it is well known that it is considered an adverse effect of corticosteroids, in patients
with scleroderma it may be considered a benefit [63].

One of the most serious complications of systemic scleroderma is scleroderma renal
crisis (SRC). Risk factors for its occurrence are: diffuse cutaneous forms, positivity of
anti-RNA polymerase III antibodies and the use of CS. The mechanisms by which CS
can trigger SRC are given in particular by vasoconstriction caused by the stimulation
of endogenous and exogenous catecholamines by cortisol. Thus, there is a reduction
in the production of prostaglandins by the endothelium, thus causing vasospasm.
There is a decrease in juxtaglomerular perfusion by reducing the secretion of prosta-
glandin E2 (PGE2) with consecutive vasoconstriction of renal arterioles [64].
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There are many studies that have shown that CS administration is a major risk
factor for the development of SRC. Steen and Medsger in 1998 demonstrated in a
case—control study that 36% of a group of 110 patients with SRC had received doses
>15 mg/day equivalent of prednisone in the last 6 months [65]. Similar results were
recorded in another studies in France - 60% of 50 patients with SRC had received
CS with a mean duration of 2.65 months before the onset of SRC, respectively 59%
of 64 patients with SRC in a study in UK [66, 67]. Montanelli et al. showed a 1.5%
increased risk of developing SRC for each mg/day of prednisone administration
[68]. The International Renal Crisis Survey has shown an increased risk of death of
4% for each mg/day of prednisone administration [69].

In contrast, there were open-label studies, but performed on a small number of
patients with early difuse cutaneous systemic sclerosis, who not report SRC at low
doses of CS.

CS are still ones of the most used therapies in interstitial lung disease in sclero-
derma. In 2018, EUSTAR showed that 60% of patients with interstitial lung disease
were treated with CS, regardless of whether or not scleroderma was in the early
stages of the disease [70].

For cardiomyopathy in scleroderma, doses of CS <15 mg/day of the equivalent of
prednisone, alone or in combination with cyclophosphamide, have been shown to
have beneficial effects.

In conclusion, GC can be indicated in the early and very early stages of systemic
scerosis, when there is mainly inflammation, without fibrosis, indicated for skin or
musculoskeletal damage, but should be used with caution, to very low-dose and a
short time duration, to avoid CRS [71].

9.3 Inflammatory myopathies

CS are the first-line medication in polymiositis (PM) and dermatomyositis
(DM). Patients with myositis and lung interstitial disease require high doses of
CS, either 1 g methylprednisolone/day in pulse therapy - 3 consecutive days with
subsequent oral follow-up or 60 mg/day for 3-4 months with monitoring clinical
and biological parameters. Dose reduction is generally slow, usually with 5 mg/
week. Some patients may relapse at dose reduction in these situation an immu-
nosuppressive agent such as methotrexate or azathioprine may be associated; if
muscle damage decreases with decreasing CS doses, but skin involvement persists,
hydroxychloroquine may be associated [72]. High doses of CS, as well as long dura-
tion of administration, can cause glucocorticoid-induced myositis, so this condition
must be differentiated by the relaps with pain and muscle weakness. If the increase
in CS doses worsens the symptoms means it is glucocorticoid-induced myositis.
Although some studies show that high-dose CS improves the prognosis in both PM
and DM, another study has shown that mortality and morbidity in both poly- and
dermatomyositis are elevated even at high doses of CS [73].

9.4 Sjégren’s syndrome

Sj6gren’s syndrome is an autoimmune disease, characterized by the presence of
anti-Ro and anti-La antibodies, a mononuclear focal infiltrate of the exocrine glands
and whose main manifestations are xerostomia and xerophthalmia. Oral CS admin-
istration in primary Sjégren syndrome has been shown to correlate with decreased
proinflammatory cytokine levels, but with increased anti-Ro52 and anti-Ro-60
antibodies levels [74]. The same study did not show an increase in salivary volume
after CS administration, in contrast to the study by Miyawaki et al. who demon-
strated that there was a significant increase in salivary volume upon initiation of
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CS treatment, but with a reduction after 48 months of follow-up. Haldorsen et al.
showed in a study that neither the use of hydroxychloroquine nor CS influenced
salivary production [75].

Regarding the effects of CS in lowering autoantibodies levels, a small study in
a group of 20 patients with Sjégren syndrome who received low-dose of CS had
significantly reduced levels of both anti-Ro/SSA and anti- La/SSB antibodies,
an effect that maintained a 48-month follow-up in 5 patients from the group,
compared to the study of Reksten et al. which showed an increase in anti-Ro52
and anti-Ro-60 antibodies levels in patients with primary Sjogren syndrome
treated with CS [76].

For eye involvement in Sjégren syndrome, topical CS can also be used, but
for a short period of time and with caution due to the increased risk of cata-
ract, glaucoma or local infections especially during the exacerbation of sicca
keratoconjunctivitis.

For extraglandular involvement, low doses of CS may be used in combination
with hydroxychloroquine for musculoskeletal damage, arthralgias, myalgia or high
doses or pulsetherapy of methylprednisolon in glomerulonephritis.

In neurological impairment in Sj6gren syndrome, such as acute transverse myeli-
tis, the current treatment is an association of pulsetherapy of methylprednisolone
with cyclophosphamide.

The role of CS alone or in combination with other immunosuppressive agents in
the management of connective-tissue diseases is unquestionable, but it should be
used with caution, in the lowest effective dose and for as short a period of time as
possible to minimize the adverse effects [77].

10. Glucocorticoid therapy in systemic vasculitis

In the case active large vessel vasculitis, EULAR recommendations from 2018
are to initiate therapy with GCs in high doses (40-60 mg/day equivalent of
prednisone), followed by tapering of the dose in 2-3 months to 15-20 mg/day,
if the patients is in remission, and to 7.5-10 mg/day at 6 months. Subsequently,
after more than 1 year of CS therapy, it is recommended to maintain a dose of
<5 mg/day for giant cell arteritis and < 10 mg/day for Takayasu arteritis and cease
GCs therapy at 18-24 months. Therefore, for patients with no eye damage, the
administration of 1 mg/kg/day of prednisone <60 mg/day causes a significant
improvement in symptoms in 24-48 hours and a significant reduction of the
inflammatory tests.

Decreases in dose reduction of corticosteroids are common in large vessel
vasculitis, so in the case of minor relapses it is recommended to increase the dose of
glucocorticoids to the last effective dose and in case of a major relapse it is recom-
mended to increase the dose to 40-60 mg/day.

In case of acute blindness or amaurosis fugax in giant cell arteritis, it is recom-
mended to administer pulse therapy with 500 mg - 1 g/day of intravenous methyl-
prednisolone for 1-3 days followed by the administration of oral GCs, at a dose of
1 mg/kg/day, less than 60 mg/day, but the ocular damage is rarely reversible and
loss of visual acuity may persist despite initiation of GC treatment in approximately
10% of patients [78].

The treatment of polymyalgia rheumatica is based on the 2015 EULAR/ACR
recommendations. It is recommended to use the lowest effective GC dose of
12.5-25 mg/day equivalent of prednisone. It is necessary to individualize the dose
reduction according to the clinical and biological profile of each patient. The
following dose reduction principles are recommended:
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* initial decrease - to 10 mg/day equivalent of prednisone in 4-8 weeks;

* relapse therapy - increasing the dose of glucocorticoids to the dose before relapse
and gradually decreasing it in 4-8 weeks until the dose at which the relapse
occurred;

* dose reduction in case of remission - the dose of prednisone is reduced by
1 mg every 4 weeks until discontinuation of therapy, as long as remission is
maintained [79].

The therapeutic approach in polyarteritis nodosa patients with a five factor score
(FFS) of 0 is the use of GCs in monotherapy. The doses used are pulse therapy with
500-1000 mg methylprednisolone/day for 3-5 days followed by 1 mg/kg/day of oral
equivalent of prednisone in order to obtain remission, with the subsequent progres-
sive decrease of doses. In the presence of severe organ damage, cyclophosphamide
in combination with GCs is recommended in patients with FFS > 1. The recom-
mended doses are 2 mg/kgc/day orally or the administration of intravenous therapy
of 600 mg/m2 at intervals of 2—-4 weeks, for 3-6 months [80].

In ANCA-associated vasculitis, the EULAR/ERA-EDTA recommendations state
that GCs should be administered in doses of 1 mg/kg/day of equivalent of predni-
sone or in pulse therapy with methylprednisolone 1 g/day for 3 consecutive days
to induce remission associated with cyclophosphamide or rituximab. The target
is to reduce the dose to 7.5-10 mg/day equivalent of prednisone after 3 months of
treatment. To induce remission in limited forms without severe organ damage, the
use of methotrexate in doses of 20-25 mg/week or mycophenolate mofetil in doses
of 2-3 g/day in combination with GCs is recommended [81].

In the case of Behget’s disease, the treatment is based on the EULAR recom-
mendations of 2018. Thus, arterial lesions benefit from treatment with GCs in
high doses, pulse therapy with 1 g/day methylprednisolone for 3 days, followed by
of 1 mg/kg/day equivalent of prednisone and intravenous cyclophosphamide in
monthly courses, if no surgery is required.

In the case of neurological manifestations, depending on the severity of the
clinical manifestations, pulse therapy with GC in doses of 1 g/day is administered
for 7 days, followed by oral prednisone at doses of 1 mg/kgc/day for one month and
slow dose reduction by 5-10 mg every 10-15 days.

Ocular involvement benefits from topical treatment with GC or for the rapid
suppression of episodes of acute inflammation of high doses of systemic GC. In the
case of refractory cutaneous and mucosal manifestations, low doses of oral GC may

be used [82].

11. Corticosteroids in local injections for inflammatory rheumatic
disease

Injection therapy using corticosteroids in the local treatment of multiple mus-
culoskeletal disorders has been used with success for already more than 70 years,
nevertheless, only a few studies of its application in joint and periarticular lesions
based on expert opinion and outcome measures in rheumatology define efficacy
and compare local injection of corticosteroids with other treatments.

Several controversies regarding the local mechanism of action in rheumatic
conditions, dosing regimen, volume, which type of steroid, injection technique,
optimal schedule of injecting or for how long, blind or ultrasound guided place-
ment of injection have arose as most of these aspects are non-standardized.
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A decade after the first systemic use of steroid drugs, Hollander, in the USA
reported the first documented use of hydrocortisone intra-articular injections for
arthritis [83].

The rationale for injecting corticosteroids has become apparent after analyzing
side effects generated by their systemic administration. Several mechanisms of
action and pharmacological effects are proposed when injected into the joints and
soft tissues, but the premise is that injecting insoluble corticosteroid suspensions in
limited quantities, in contact with inflamed tissues will determine the up taking of
the active drug by the synovial cells, before being absorbed in lesser amount in the
blood and cleared, thus reducing the systemic effects [84].

The major effect when used in intra and periarticular injections is that of
suppressing inflammation in inflammatory rheumatic diseases such as rheumatoid
arthritis, ankylosing spondylitis, psoriatic arthritis or gout. As in systemic adminis-
tration they exert these effects mostly by modulating the transcription of multiple
genes, acting by binding on nuclear steroid receptors in order to regulate the rate
of synthesis of mRNA and proteins, subsequently reducing the production of
pro-inflammatory cytokines [85]. Administration of steroids can be done intra-
articular, in the synovial sheath of tendons for tenosynovitis, for dactilitis, bursitis
or entesitis.

Another indication for injecting local steroids is suppression of inflammatory
flares in degenerative joint disease, although benefits over disadvantages are still
subject of debate. The risk of infection, Charcot-like arthritis, aseptic osteonecrosis
or cartilage loss through altered protein synthesis may overweight the favorable
response of pain and inflammation. Still, studies sustain major improvement of
pain and inflammation in osteoarthritis of the knee after local injection of corti-
costeroids (triamcinolone hexacetonide) compared to placebo, persistent for up
to six weeks after administration. Improvement may be due also to the benefits of
joint aspiration of pathological fluid. A review of intra-articular corticosteroid for
knee osteoarthritis in terms of pain, physical function, quality of life and safety,
that searched the Cochrane Central Register of Controlled Trials (CENTRAL),
MEDLINE, and EMBASE (from inception to 3 February 2015), including 27 trials
with 1767 participants identified that intra-articular corticosteroids appeared to be
more beneficial in pain reduction than control interventions (SMD -0.40, 95% CI
-0.58 to —0.22). In terms of follow up benefits were moderate at 1 to 2 weeks after
end of treatment (SMD -0.48, 95% CI -0.70 to —0.27), small to moderate at 4 to
6 weeks (SMD -0.41, 95% CI -0.61 to —0.21), small at 13 weeks (SMD -0.22, 95% CI
-0.44 t0 0.00), and no evidence of an effect at 26 weeks (SMD -0.07, 95% CI -0.25
to 0.11). Corticosteroids have showed to be more effective also in function improve-
ment than control interventions (SMD -0.33, 95% CI -0.56 to - 0.09), while no
evidence has been proved of an effect of corticosteroids on quality of life compared
to control (SMD -0.01, 95% CI -0.30 to 0.28, 12 = 0%). Patients with corticosteroid
injections were 11% less likely to experience adverse events, 67% less likely to
withdraw because of adverse events, and 27% less likely to experience any serious
adverse event, but confidence intervals were wide and included the null effect.

There is little evidence to support another rationale for using local corticoste-
roids such as the clivage of the inflammatory damage — repair — damage cycle that
mentaines a continuous low-grade inflammatory response by inhibiting tissue
repair and scarr formation in favor of adhesion formation [86].

Several studies support a direct protective effect on the cartilage metabolism
through promotion of articular surfactant production and not related to the anti-
inflammatory effect of corticosteroids [87].

Corticosteroids used for intra-articular injections differ in terms of potency
and time of action, solubility playing an important role in choosing the best drug
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according to indication. The most frequently used corticosteroid for local adminis-
tration are illustrated in Table 2.

Local side effects of injectable corticosteroids may occur when injected too
often or when the volume and dose are not adjusted to the anatomy of the joint,
as well as when injecting the enthesis of the tendons with large quantities of
corticosteroids.

Joint infection is one of the most severe local adverse effects that is most likely
to occur between 4 days and 3 weeks after the procedure, usually in a immuno-
compromised patient or with high risk of infections such as diabetics, or patients
with joint arthroplasties or intravenous lines [88]. After injecting periarticular soft
tissues local infection and osteomyelitis may be suggested by increasing pain, local
swelling, fever or systemic signs of infection.

Synovial and subcutaneous tissue irvritation or postinjection flare usually happens
after soft tissue injection and is caused by the rapid intracellular ingestion of the
microcrystalline steroid ester, more frequent after methylprednisolone with pain
and swelling that may mimic and should be differentiated from sepsis. Pain, swell-
ing, limited range of motion and stiffness suggests transient synovitis after joint
injection. Not only the steroid itself may cause a postinjection flare, but preserva-
tives such as parabens may be incriminated in te appearance of a local irritative
reaction [89].

Steroid arthropathy is mostly linked to frecquent number of corticosteroid
injections with reports of Charcot-like joint distruction after osteoarthritic hip
injection, with conflicting evidence over the risk due to corticosteroids or rather
to the disease progression itself [90]. Most reports support the rather chondropro-
tective effect of steroids than chondrolitic, while repeating steroid injections no
sooner than 3 months seems to be safe over a period of 2 years [91].

Prolonged bleedeng at the procedural site or bruising may occur in patients tak-
ing anticoagulants, vasodilators, aspirin or NSAIDs with significant antiplatelet
activity. Anticoagulation within a therapeutical INR does not contraindicate joint
injection of corticosteroids.

Skin depigmentation is mostly due to injecting superficial lesions or when drug
refluates back through the needle tract after retraction, mostly in dark-skinned
patients. Of more interest is local atrophy of skin and subcutaneous tissue that may
appear as late as one to four months after injection bu. usually dissapears in six
months to two years [92]. Also, steroid “chalk” or “paste” deposits after substance
flocculation may be detected through surgery at the level of previously injected
joints and tendons [93], as well as soft tissue calcifications.

Injecting corticosteroids into tendons associated with tendon rupture or atrophy is
widely accepted although not well supported from studies [94]. Adjusting the dose
and the volume injected, avoiding injecting enthesis or using peppering technique
may minimise the risks (Figure1).

Duration of action Drug Equivalent of prednisone
Short-acting Hydrocortisone acetate 5mg
Intermediate-acting Methylprednisolone acetate 50 mg
Triamcinolone acetonide 50 mg
Triamcinolone hexacetonide 25mg
Long-acting Betamethasone sodium phosphate 50 mg
Table 2.

Corticosteroids frequently used for local administration.
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(b)

Figure 1.
(A) Aspiration of a Baker cyst guided by ultrasound. (B) Hyperechoic images consistant of steroid deposits
after injection.

More rare side effects are linked mostly to the injecting technique or expertise,
such as nerve damage when needling a nerve, transient paresis or needle fracture [95].

12. Conclusions

Corticosteroids still remain the anchor drugs in therapy strategies in inflam-
matory rheumatic diseases even though new drugs such as biologic or targeted
synthetic molecules have emerged in the past years. In diseases such as systemic
vasculitis, some of the connective tissue diseases such as SLE and poly/dermato-
myositis GCs are considered the first-line therapy. Thus, it is of great importance to
acknowledge the use of GCs in rheumatology.
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Chapter 3

Corticosteroids in
Otorhinolaryngology

Magdalena B. Skarzynska and Piotr H. Skarzynski

Abstract

This paper aims to present the role of the therapy of corticosteroids in
otorhinolaryngological diseases such as Meniere’s disease, partial deafness, sudden
sensorineural hearing loss, and tinnitus. The effectiveness of treatment depends on
many factors, for instance, the duration of the therapy, occurrence or not of adverse
reactions, especially in those patients with additional risk factors as comorbidities.
Additionally, the optimal way of administration has been widely discussed.

Keywords: corticosteroids, cochlear implantation, partial deafness treatment,
tinnitus, Meniere’s disease, administration, sudden sensorineural hearing loss,
cochlear implant, otorhinolaryngology

1. Introduction

Corticosteroids play an important role in the pharmacological treatment in dif-
ferent otorhinolaryngological disorders such as Sudden Sensorineural Hearing Loss
(SSNHL), Meniere’s Disease (MD), Tinnitus and as a supportive treatment in the
different ENT (ear-nose-throat) surgery procedures, including cochlear implantation
(CI). The effectiveness of therapy of corticosteroids in otorhinolaryngology depends
on many different factors. The main are: the duration of the therapy, occurrence or
not of adverse reactions, especially in those patients with additional risk factors as
comorbidities. A widely discussed challenge among ENT scientists is the optimal
way of administration of corticosteroids — local or systemic — due to the different
pharmacokinetic and pharmacodynamic properties of corticosteroids. One of these
is the effective delivery way of a drug to its place of action, because of the presence of
blood-labyrinth barrier (BLB) and the inaccessibility due to the inner ear.

2. Pharmacokinetics of corticosteroids and delivery to the inner ear

From a pharmacokinetic point of view, the inner ear can be considered to be
made up of multiple fluid compartments in hydrostatic balance (maintained by the
blood-labyrinth barrier). The pharmacokinetic process is helpfully described by the
acronym LADME (L - liberation; A — absorption; D — distribution; M — metabolism;
E — elimination). The first step — liberation — means that the drug (or its carrier)
must be water-soluble, so it can easily be carried in the blood [1].

The next pharmacokinetic step is absorption and depends on lipophilicity and
the solubility of the drug [1]. Only a few drugs can be used effectively in otorhino-
laryngological practice due to the difficulty of achieving sufficient concentrations
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in the inner ear [2]. Two groups of drugs are commonly used in clinical practice:
aminoglycosides (mainly gentamicin) in the pharmacotherapy of Meniere’s disease,
and corticosteroids (dexamethasone, triamcinolone) in pharmacotherapy for idio-
pathic sudden sensorineural hearing loss and other cases of acute hearing loss [3].

The distribution process depends on many different factors as a route of admin-
istration, mode of administration, single or repeated administration, dose, ionic
composition, pH, and osmolarity. The elimination of a drug from the body (its
clearance rate) depends on the same set of chemical and physical properties. A key
factor here is the protein binding of the drug; the greater the protein binding of the
drug, the longer its therapeutic activity. The finite binding between the protein and
the drug molecule allows the drug to gradually liberate.

As far as, the inner ear drug delivery strategies are concerned, three routes of
administration are possible: systemic (intravenous, oral), intratympanic, and intra-
cochlear [4]. Systemic administration of glucocorticoids is reasonable due to pharma-
cological properties such as the lipophilic nature of glucocorticoids and vascularity of
the middle ear mucosa [5]. Blood labyrinth barrier (BLB) and round window mem-
brane (RWM) are two main challenges in delivering drugs to the inner ear. Blood
labyrinth barrier is the most important barrier that separates the inner ear from
systemic blood circulation and, as a result, maintains the microhomeostasis in the
inner ear. This barrier protects also the integrity of the inner ear due to the presence
of efflux pumps system such as MRP-1 (multidrug resistance-related protein-1) and
P-glycoprotein. The tight junctions permit to penetrate only small lipid-soluble mol-
ecules. The concentration of corticoids in the perilymph increase when the osmotic
agent (e.g. glycerol) isadded. RWM is a soft tissue barrier which role is to separate the
inner ear from the middle ear and it is permeable to low molecular weight molecules
such as corticoids. Generally and despite the adverse effects, systemic delivery (oral,
intravenous, intramuscular routes) is still considered as the most convenient method
of drug administration and the first-line approach in the treatment of inner ear disor-
ders [4]. Additionally, both oral and intravenous route of administration is complied
with the characteristic of medical products used in this study.

The intratympanic route of administration may be performed via injection
or perfusion to the middle ear. The drawbacks of intratympanic delivery of drug
include such barriers as: anatomic barriers (RWM), loss of drug in the middle ear
cavity through the Eustachian tube and the pharmacokinetic profile of adminis-
trated drugs is unknown or variable [6, 7]. As a result, the number and percentage
of drugs that may enter the inner ear are relatively low.

The intracochlear route of drug delivery can bypass the middle ear and allows
drug to get the direct place of action. Although this strategy seems to be more risky
in terms of deafness, according to the observations of surgical procedures which
include perforation and significant manipulations [8]. Currently, there is no avail-
able safe and effective technique for intracochlear drug administration not only in
terms of medical device but also in terms of appropriate drug formulation [4].

In the summary, the inner ear is a very subtle and complicated organ from ana-
tomical and physiological point of view. Hearing loss may be one of the most danger-
ous and severe adverse effects in the inner ear caused by novel drug delivery systems.
All routes of drug administration should be carefully examined and considered.

3. Corticosteroids in cochlear implantation
In a study published in 2018, Plontke, G&tze, Rahne & Liebau compared the

effects of dexamethasone with saline (in a guinea pig model). Both substances were
administrated intravenously 60 minutes before implantation. The conclusion was
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that dexamethasone could reduce scarring in the hook region or near the electrode
tip, but they did not see any relation between dexamethasone and reduction of
fibrosis relating to cochleostomy. At the same time, in vitro studies have shown

a correlation between reduction (loss) of auditory cells after exposure to tumor
necrosis factor-alpha and dexamethasone-releasing polymer (used to coat the CI
electrode carrier) [9-12].

Cochlear implantation is a golden standard for patients who suffer from severe
to profound hearing loss. The preservation of hearing in patients who underwent
cochlear implantation depends, in the first place, on surgical technique, and in the
second place, on the selecting of the appropriate electrode. The pharmacological
treatment, such as administration of corticosteroids in different periods of cochlear
implantation, is the third important factor [6, 7]. Insertion of the frequency-
specific electrode array into the cochlea is a delicate operation and requires a very
careful surgical technique. Even with the utmost care, however, it is difficult not
to cause some tissue damage, especially in cases of partial deafness where there
are still some partially functioning hair cells. In this situation, the use of cortico-
steroids (local or systemic) is important: these drugs can reduce oxidative stress,
inflammatory reaction, and the apoptosis of hair cells due to insertion damage.

A major challenge in effectively delivering pharmacological agents to the cochlea

is its physical inaccessibility and the presence of a blood-labyrinth barrier. These
factors are especially apt for patients suffering partial deafness, where the hair cells
at the apex of the cochlea (responsible for receiving low frequencies) are anatomi-
cally remote.

4, Corticosteroids in Meniere’s disease

Symptoms of Meniere's disease are defined as recurring episodes of spontane-
ous, usually rotational vertigo, sensorineural hearing loss, tinnitus, and a feeling
of fullness or pressure in the affected ear for up to decades. The disease can be
unilateral or bilateral. The diagnosis of the disease is made based on the symptoms
present, however, it is sometimes difficult to make, because the diagnosis should
exclude other diseases that exhibit symptoms similar to Meniere's disease, such as
dizziness of other origins, occurring independently with hearing loss and tin-
nitus, and may react differently to treatment (e.g. mild positional vertigo, acute
labyrinthitis, migraine) and to hearing neuronal. The disease most often affects
adults between the ages of 30 and 60. It is estimated to affect 50-200/100,000 cases
annually in Europe [13].

Meniere’s disease is associated with anatomical changes in the inner ear: the
so-called endolymphatic swellings. The volume of the endolymph, which fills the
endolymphatic labyrinth, increases while the volume of the perilymph, which
surrounds the endolymphatic labyrinth and fills the bony labyrinth, decreases.
However, swelling occurs in many other conditions associated with hearing loss
and there is no known cause of this condition. Specific disorders associated with
swelling (such as temporal bone fracture, syphilis, end-stage otosclerosis, and audi-
tory nerve neuroma) may produce symptoms similar to those of Meniere's disease.
Meniere's disease initially progresses but changes unpredictably. It is difficult to
distinguish natural resolution from treatment effects, as dizziness resolves in 57%
of patients after 2 years and 71% after 8 years with the disease [13, 14].

The primary goal of pharmacotherapy is to reduce the frequency, duration, and
severity of vertigo attacks. The secondary goals are to stop the progression of hear-
ing loss and to reduce the occurrence of tinnitus. Unfortunately, no medication can
currently slow or stop the progression of hearing loss or stop tinnitus.
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The use of corticosteroids (CS) in the treatment of MD has been implicated
because of the presence of autoimmune disorders in the course of the disease, and the
role of the innate immune system and inflammation in the pathophysiology of MD.
Studies have revealed the presence of glucocorticoid receptors in the inner ear. The
action of corticosteroids in the course of MD is based on their anti-inflammatory and
immunosuppressive effects, as well as regulation of inner ear homeostasis [15-17].
The treatment of MD includes the use of oral dexamethasone or methylprednisolone
to reduce vomiting and vestibular symptoms, particularly in cases of marked hearing
loss, but there are no RCTs showing any long-term benefit of steroids in MD [16].
When administered by intratympanic injection, CS achieve higher concentrations in
the inner ear compared to systemic administration, with fewer systemic side effects
[16, 18]. Substances administered intratympanically include dexamethasone and
methylprednisolone, one that triamcinolone is also a therapeutic option. Studies have
shown that methylprednisolone gives higher concentrations in the endolymph and
perilymph than dexamethasone, but the latter drug may be more effective because
it is more rapidly absorbed by endocytosis into the vascular striatum and surround-
ing tissues, where it acts intracellularly [19, 20]. Several retrospective/prospective
control placebo or non-control studies have assessed intratympanic administration
of CS, with varying remission results [14, 21-31]. An RCT study by Gardufio-Anaya
et al. showed that inner ear perfusion with dexamethasone (4 mg/ml) in a group of
patients with unilateral Meniere's disease, demonstrated 82% complete control of
vertigo compared to placebo (57%) [25]. In a subsequent study using an extended-
release form of intrathecally administered dexamethasone, the form was shown to
reduce the number of definitive days with dizziness, the severity of dizziness, and the
mean daily number of dizziness compared with placebo at month 3 after drug admin-
istration [32, 33]. The systematic review combined these two RCTs with the Gardufio-
Anaya study with a total of 220 patients. The authors of this new review conclude
that there is still no solid confirmation that ITC has a positive effect in MD [16, 34].
Although the results of some studies support the conclusion that high-dose steroid
is effective in treating MD, the optimal treatment protocol has not yet been properly
established. In addition, the development of an appropriate protocol to confirm the
unequivocal efficacy of CS in MD is difficult because there is considerable variability
in patients' symptoms and over time, as well as a group of patients in the population
who do not respond to CS treatment [14, 35, 36].

5. Corticosteroids in sudden sensorineural hearing loss

Sudden sensorineural hearing loss (SSNHL) is a syndrome that develops rapidly,
with hearing loss progressing over 72 hours, hearing loss observed by at least 30
dB at 3 consecutive frequencies on tonal audiometry. It is considered an otologic
emergency requiring immediate diagnosis and treatment. The disease can occur at
any age; however, it most commonly affects patients 65 years of age or older. The
annual incidence of SSNHL is 5-27 per 100,000. According to clinical guidelines
for the treatment of SSNHL, systemic CS is recommended as initial therapy and
intratympanic CS is recommended as salvage therapy, but the latter is increasingly
used as first-line therapy. In addition, pharmacotherapeutic models combining both
routes of administration are appropriate [37]. Because of the risk of catastrophic
consequences of permanent severe hearing loss, administration of CS should be
done as soon as possible, allowing the greatest improvement to be seen within the
first two weeks, but continuing therapy for an additional 6 weeks. The mechanism
of action of CS is still uncertain, but its effect is possible due to its ability to reduce
inflammation and swelling [38]. Treatment uses a 7-14 day series of oral high doses
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of prednisone — (1 mg/kg/d max. 60 mg/d), methylprednisolone — 48 mg/d

or dexamethasone at 10 mg/d, despite possible side effects [39]. Treatment by
intratympanic injection has efficacy equivalent to systemic administration with the
benefit of reducing the proportion of adverse reactions occurring after systemic
administration as well as when oral administration is not possible or contraindi-
cated [40-46]. In addition, Crane et al. also looked at the efficacy of intratympani-
cally administered steroids against intratympanically administered steroids as
initial therapy and showed no overall superiority of intratympanically administered
steroids over systemic steroids, with the single exception of the Battaglia et al. study,
which showed an advantage of using intratympanically administered CS without

or in combination with systemic versus using systemic CS alone [39, 47, 48]. The
frequency of IT steroid administration also varies widely in different studies,

and may be self-administered by the patient through a pressure equalization tube
several times a day to physician administration from once a day to once a week or
less frequently. Intratympanic treatments include: Dexamethasone (DEX) at a dose
of 1.5-2 mg, Methylprednisolone at a dose of 25-40 mg or Triamcinolone Acetonide
at a dose of 40 mg [39, 49]. Alexander et al. in their retrospective study comparing
the response to two different doses of DEX demonstrated that in patients receiving
DEX the preferred unit dose of 24 mg/mL dexamethasone in a series of three doses
over a 1-3 week period in a variable dose from 0.5-1 mL dependent on anatomical
[50]. Given the available literature, corticosteroids may not be used to treat SSNHL
in every case. However, for a patient with severe to profound SSNHL, corticosteroid
treatment is one of the few treatment options for which there are any data indicat-
ing efficacy, although even these data are somewhat inconclusive.

6. Corticosteroids in tinnitus

Tinnitus is the perception of sound without an external stimulus. This symptom
can occur alone or with other disorders such as hearing loss. Subjective tinnitus is the
most common form of tinnitus, and globally, it can be detected in almost 10% of the
general population, and approximately 20% of adults with tinnitus require clinical
intervention. The most common site of subjective tinnitus is the cochlea, but other
auditory pathways may also be responsible. Tinnitus can occur on one or both sides
of the head and can be perceived as coming from inside the head or from outside the
head, and is most common with coexisting sensorineural hearing loss. The presence
of tinnitus has been shown to affect a patient's quality of life (QOL) in a variety of
ways, ranging from a mild deterioration in QOL to severe anxiety, depression, and
extreme life-altering events, including the presence of active suicidal thoughts.
Many different treatments for tinnitus have been described, including: tinnitus
correction, tinnitus masking, biofeedback therapy, and various pharmacological
treatments; however, these treatments have limited effectiveness. The most common
pharmacological treatments include intratympanic administration of aminoglyco-
side antibiotics and steroids. CS are used in the treatment of tinnitus due to their
anti-inflammatory and electrolyte-modifying effects. According to the available
literature, the therapeutic effect of drugs administered intratympanically occurs by
diffusion through the round window, the annular ligament of the oval window, the
capillaries, or through the lymphatic system of the inner ear. However, the effective-
ness of intratympanic therapy in the treatment of tinnitus remains limited [51, 52].
The American Academy of Otolaryngology guidelines provide detailed patient
management criteria and outline pharmacologic treatment options for patients with
varying levels of confidence and recommendations. These recommendations address
the treatment of tinnitus with intratympanic steroid injection and present models
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of pharmacotherapy using dexamethasone or methylprednisolone with or without
concomitant therapy. Based on the RCTs cited in the guideline, steroids are not
recommended for the treatment of vertigo because no treatment has shown a better
response compared to placebo [51, 53-56]. However, the scientific literature reports
positive effects of steroid treatment of tinnitus, indicating that there is still a need for
abroad investigation of the contribution of steroids to the treatment of tinnitus. Ina
study by Yaner et al. a statistically significant parameter score was obtained indicating
positive treatment effects with intratympanic dexamethasone versus placebo [52].
Subsequently, a study by Shim et al. indicates the positivity of intratympanic injec-
tion of dexamethasone as an adjunctive treatment for tinnitus in patients treated with
alprazolam [57]. The positive aspects of adding a steroid to therapy were confirmed
by Albu and Chirtes, in their RCT. The addition of dexamethasone to melatonin
therapy had a statistically significant effect on reducing tinnitus compared to mela-
tonin alone [58]. Most articles on the subject conclude that intratympanic steroid
injections are effective mostly in patients with acute tinnitus and mostly show no
effect in those with chronic tinnitus [52, 59]. The studies presented here primarily
utilize dexamethasone as the drug administered to the patient; however, it is not the
only substance used. The literature reports that intratympanic administration of
methylprednisolone has also been studied; however, data detailing the effectiveness
of each substance in the treatment of tinnitus remains scarce. Only She et al. in their
study compared the efficacy of two types of steroids together with oral carbamaze-
pine, where they found no statistically significant differences indicating the benefit
of using individual substances [55]. In opposition to these results indicating an effect
of methylprednisolone, is a study by Topak et al. who in their placebo-controlled
RCT showed that the steroid had no benefit in the treatment of subjective tinnitus of
cochlear origin refractory to treatment [56]. For the treatment of tinnitus, the effect
of subcutaneously administered triamcinolone acetonide was analyzed in an RCT

by Diao et al. However, it has no obvious benefit over placebo for subjective tinnitus
[60]. The use of steroids in the treatment of tinnitus is widespread, as illustrated by
the multitude of studies that have been conducted, but there is still a need for strong
evidence to support or exclude their use in the treatment of subjective tinnitus.

7. Practical aspects of the administration of corticosteroids in cochlear
implantation

The main aim of the present study was to compare the hearing preservation
levels of partial deafness patients following cochlear implant surgery when two
different procedures for administrating dexamethasone (or dexamethasone and
prednisone) were used with different cochlear implants. Patients enrolled in the
study suffered severe to profound hearing loss and were classified according to the
Skarzynski Partial Deafness Treatment (PDT) classification scheme [61] into two
groups: PDT-EC (Partial Deafness Treatment — Electrical Stimulation)or PDT-EAS
(Partial Deafness Treatment — Electro-Acoustic Stimulation) (Figure1).

The inclusion and exclusion criteria were in accordance with the consensus of
the international HEARRING group on hearing preservation in cochlear implanta-
tion. Study eligibility criteria were participants >18 years of age with a cochlear
duct >27.1 mm (measured by computerized tomography), with:

* hearing levels in the range of 10-120 dB HL at frequencies of 125-250 Hz;
* hearing levels of 35-120 dB HL at frequencies of 500-1,000 Hz;

* hearing levels of 75-120 dB HL at frequencies of 2,000-8,000 Hz.
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Figure 1.
Partial deafness treatment groups for cochlear implantation. ENS — Electro-natural stimulation; EC —
Electrical complement; EAS — Electrical-acoustic stimulation; ES — Electrical stimulation.

Exclusion criteria included suffering from a severe disease for which steroid
treatment could worsen the patient’s condition or where might be possible interac-
tions between the patient’s medications and steroids. Non-parametric tests were
used due to differences in the number of participants between subgroups, the small
number of participants in the study, and the violation of normal distribution of
pure tone audiometry results [62].

Patients who were enrolled in this prospective study were divided into 3
subgroups. Patients from the first subgroup underwent intravenous (IV) steroid
therapy (Figure 2). For patients in the first subgroup, dexamethasone was admin-
istrated intravenously (0.1 mg per kg of body mass) 30 minutes before the cochlear
implant surgery. The same dose was administered every 12 hours for 3 consecutive
days (6 doses). The dexamethasone used in this study was supplied in ampoules of
a2 mL solution (4 mg/mL). Before injection, the sterile contents of the ampoule
were diluted with isotonic sodium chloride solution. To standardize corticosteroid
delivery, the IV route of administration was chosen.

Patients from the second subgroup underwent combined oral and IV corti-
costeroid therapy (prolonged steroid therapy) following cochlear implantation
(Figure 3). Prednisone was administrated orally at a dose of 1 mg per kg of body
mass 3 days before surgery. Then 30 minutes before the implantation surgery, dexa-
methasone at a dose of 0.1 mg per kg of body mass was administered IV (as with
the first group). During the next 3 days, prednisone was administrated orally (1 mg
of prednisone per kg body mass). After this time, the dose was reduced by about
10 mg per day until it reached zero. To investigate the effects of prolonged steroid
administration, we chose to compare the IV and oral administration routes.

The third subgroup was a control group. Patients enrolled in this group under-
went a standard cochlear implantation procedure without steroid treatment.

The primary outcome variables were mean hearing thresholds averaged across
all 11 measured frequencies (0.125-8 kHz). A secondary outcome variable was
hearing preservation (HP). HP was calculated by comparing hearing thresholds
in the 1-year postoperative period with preoperative hearing thresholds according
to the HP formula in section 3.3 and classified into one of three levels: minimal,
partial, or complete hearing preservation.

30 minutes before 1DAY 1 DAY 2DAY 2DAY 3 DAY 3DAY
Implantation

i i e . i [
12h 12h 12h 12h 12h 0.1 mgof 12h 0.1 mgof

v administration 0.1mg of 0.1 mg of 0.1 mg of i 0.1 mg of
otmol  —P -» » -»
dexamethasone per kg bum. perkg bm. per kg b.m. per kg bm. perkgbm per kg bm.
par kg bum.
Figure 2.

Scheme of steroid administration in the first subgroup of patients.
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1 mg/ kg bum. 1 mgl kg bm, 1 ma/ kg b, dexamethasone the first group 1 mgikg bum. 1 mg per kg bm.
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about 10mg
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until it ends

Figure 3.
Scheme of administration of steroids in the second subgroup of patients.

The clinical effect of administered substances was evaluated by pure tone
audiometry over six different periods: before cochlear implant surgery (first
point), at the activation of the audio processor (second point), and 1 (third
point), 6 (fourth point), 9 (fifth point), and 12 months (sixth point) after
activation of the audio processor. There were three different periods in Medel
and Oticon implants: the preoperatively period (the first point), at the activation
of the audio processor (the second point), and 12 months after activation of the
audio processor (the third point). Non-parametric tests were used due to the
differences in size between each of the groups. Statistical analysis was performed
using IBM SPSS software v.24.0.

The mean hearing preservation rate (HP) was 52.1% (SD = 36.7) in patients
with standard steroid therapy, 71.4% (SD = 22.7) in patients with prolonged steroid
therapy, and 22.1% (SD = 33.9) in the control group. The smallest variation in hear-
ing preservation rate was observed in patients with prolonged steroid therapy.

Data concerning hearing preservation converted to three categories (minimal,
partial, complete). HP is defined as follows (Figure 4).

In this equation, PTApre is the pure tone average measured preoperatively,
PTApostis the pure tone average measured postoperatively, and PTAmax is the
maximum sound intensity generated by a standard audiometer (usually 120 dB HL)
and HP is the degree of hearing preservation as a percentage [63].

Preoperatively, there were no statistically significant differences in hearing
thresholds between patients in each of the three subgroups, including the control
group, which means that all study participants had similar hearing levels in the
preoperative period.

Deterioration of mean hearing thresholds in pure-tone audiometry (PTA) was
observed from the first follow-up interval, which is at the time of sound proces-
sor activation. Statistically significant differences were observed between the
second sub-group (combined steroid treatment: prednisone + dexamethasone)
and the control group: patients in the second study subgroup have obtained bet-
ter PTA results in low frequencies than the control group. A similar observation
was made in the measurements performed at 1, 6, 9, and 12 months after activa-
tion of the sound processor — patients who underwent the combined (prolonged)
glucocorticoid treatment had more stable hearing thresholds in all follow-up
periods (Figures 5-8).

The rate of hearing preservation was calculated following the formula based
on the PTA measurements performed 12 months after implant activation and
preoperatively. The results were then divided into three groups according to the HP
classification: minimal HP, partial HP, and complete HP. The smallest variability

PTApost — PTApre
PTAmax — PT Apre

HP = (1 )* 100 [%]

Figure 4.
Hearing preservation formula.
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Average hearing thresholds in patients from the first subgroup with standard steroid treatment in the
preoperative period, upon activation, at 1, 6, 9, and 12 months after CL
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Figure 6.

Average hearing thresholds in patients from the second subgroup with combined steroid treatment in the
preoperative period, upon activation, at 1, 6, 9, and 12 months after CL

of results and the highest overall hearing preservation rate (38%) was observed in
the second subgroup. All patients from the second subgroup (prolonged steroid
treatment) and almost 69% of patients from the first subgroup had partially or fully
preserved hearing. The majority of patients from the control group had minimal HP
at 70.6% (see Table 1 and Figure 9).
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Average hearing thresholds in patients from the third subgroup (control) with standard stevoid treatment in the
preoperative period, upon activation, at 1, 6, 9, and 12 months after CI.
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Figure 8.

Average hearing thresholds in patients with standavd steroid treatment (group 1), patients with prolonged
steroid treatment (group 2), and control (group 3) in the preoperative period, upon activation, at 1, 6, 9, and

12 months after CI.

56



Corticosteroids in Otorhinolaryngology
DOI: http://dx.doi.org/10.5772/intechopen.98636

Minimal HP Partial HP Complete HP

(0-25%) (26%-75%) (75%-100%)
Subgroup 1 5(31.2%) 7 (43.8%) 4 (25.0%)
Subgroup 2 0 (0.0%) 8 (61.5%) 5 (38.5%)
Control Group 12 (70.6%) 3 (17.6%) 2 (11.8%)

Table 1.

HP measured 12 months after implantation, in relation to the therapy applied — the number and percent of
patients.
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Figure 9.
Hearing preservation vate (HP) in three subgroups.

8. Summary

The role of glicocorticosteroids in the treatment of ENT diseases is very important.
According to the results of this study have clearly shown the effect of steroids (dexa-
methasone and dexamethasone/prednisone) in stabilizing mean hearing thresholds in
both experimental subgroups in comparison with the control subgroup during CI. In
the preoperative period, the hearing thresholds of participants in all three subgroups
were statistically indistinguishable. During the cochlear implantation, the appropri-
ate scheme of pharmacology (corticosteroids) next to the surgical technique and the
technology of cochlear implants are key in the cochlear implantation. The corticoste-
roids play an important role in the pharmacological treatment in different otorhinolar-
yngological disorders such as Sudden Sensorineural Hearing Loss (SSNHL), Meniere’s
Disease (MD), Tinnitus and as a supportive treatment in the different ENT (ear-nose-
throat) surgery procedures, including cochlear implantation (CI). The effectiveness of
therapy of corticosteroids in otorhinolaryngology depends on many different factors.
The main are: the duration of the therapy, occurrence or not of adverse reactions,
especially in those patients with additional risk factors as comorbidities.
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LADME L - liberation; A — absorption; D — distribution; M — metabolism;
E — elimination

RWM Round Window Membrane

DEX Dexamethasone

QOL Quality of Life

RCT Randomized Clinical Trial(s)
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PDT-EC Partial Deafness Treatment — Electrical Stimulation

PDT-EAS Partial Deafness Treatment — Electro-Acoustic Stimulation
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Abstract

Pharmacogenomics and pharmacotranscriptomics contribute to more efficient
and safer treatment of many diseases, especially malignancies. Acute lympho-
blastic leukemia (ALL) is the most common hematological malignancy during
childhood. Glucocorticoids, prednisone and dexamethasone, represent the basis
of chemotherapy in pediatric ALL. Therapy causes side effects in 75% of patients
and 1-3% of pediatric ALL patients die because of therapy side effects rather
than the disease itself. Due to this fact, pharmacogenomics and pharmacotrans-
criptomics have gained key positions in this field. There is a growing knowledge
of pharmacogenomics and pharmacotranscriptomics markers relevant for the
success of the glucocorticoid treatment of children with ALL. New technologies,
such as next-generation sequencing (NGS) have created a possibility for design-
ing panels of pharmacogenomics and pharmacotranscriptomics markers related
to the response to glucocorticoid drugs. Optimization of these panels through
population pharmacogenomic studies leads to new knowledge that could open the
doors widely to pre-emptive pharmacogenomic testing.

Keywords: glucocorticoids, pediatric acute lymphoblastic leukemia,
pharmacogenomics, pharmacotranscriptomics, population pharmacogenomics

1. Introduction

Personalized medicine has always been applied in good medical practice.
Nowadays, with the development of medicine and molecular biology, personalized
medicine, also known as precision medicine, has become an integral component
of modern medicine. Fascinating methodological advancements, especially an
improvement of high throughput “omics” analysis, has led to the conclusion that
genomic and transcriptomic profiling can bring about not only knowledge concern-
ing the causes of multiple diseases that aren’t traumas or infections, but also infor-
mation that could contribute to the specificities of treatment of each individual.
Thus, personalized medicine is aiming to provide the most efficient and the least
harmful (toxic) treatment protocol to each patient [1, 2].

65 IntechOpen



Corticosteroids - A Pavadigmatic Drug Class

Among the subfields which could contribute to the formation of these individual
protocols are the subfields of pharmacogenomics and pharmacotranscriptomics.

Pharmacogenomics deals with research whose results need to show if there are
any associations between the variations in the genome and the efficacy or toxic-
ity of a certain drug. Pharmacotranscriptomics deals with research that needs to
determine if there are associations between the variations in the transcriptome and
the efficacy or toxicity of a drug.

Specific genes and transcripts related to metabolizing enzyme gene variants, drug
transporter gene variants, and gene variants that have been related to a predisposi-
tion to certain adverse events, might influence the response of a patient to a drug.

According to the U.S. Food and Drug Administration (FDA), there are many
patients who would benefit if a health care provider considered pharmacogenomic
testing before prescribing an appropriate drug or drug dosage. Up to date there are
more than 50 drugs for which the gene-drug interaction data support therapeutic
management recommendations, and more than 30 drugs for which the gene-drug
interaction data indicate a potential impact on safety or response [3].

Aside from that, pharmacogenomics and pharmacotranscriptomics also try to
identify markers associated with a disease, which can be targets for new therapeu-
tics (molecularly-targeted therapy, gene-therapy).

The ultimate goal of pharmacogenomics and pharmacotranscriptomics is to
create optimal therapy strategy based on the genomic and transcriptomic profile of
a patient.

2. Pharmacogenomics and pharmacotranscriptomics of glucocorticoids
in pediatric acute lymphoblastic leukemia

2.1 Pediatric acute lymphoblastic leukemia

Pediatric acute lymphoblastic leukemia (ALL), a pathological increased pro-
liferation of lymphoid progenitors, lymphoblasts, is the most common neoplasm
among children and it is also the one with the highest rate of complete remission,
which covers up to 85% of the patients treated with modern protocols [4, 5].

Unfortunately, unwanted treatment effects occur in about 75% of patients [6].
Studies estimate that about 1-2% of pediatric ALL patients have a lethal outcome
due to treatment [7].

There are several treatment protocols for pediatric ALL, consisting of the similar
phases: remission induction and early intensification, consolidation, reinduction
and maintenance. Standard treatment protocols for pediatric ALL include several
commonly used drugs, i.e. glucocorticoids, vincristine, asparaginase, anthracy-
clines, thiopurines and methotrexate [5, 8, 9].

2.2 Glucocorticoid treatment of pediatric acute lymphoblastic leukemia

Synthetics glucocorticoids (GCs) are capable of inducing apoptosis in thy-
mocytes, monocytes, and peripheral T cells. GC drugs, prednisone and dexa-
methasone, represent the basis of chemotherapy in pediatric ALL because of their
cytotoxic and antiproliferative effect.

According to the Berlin-Frankfurt-Munster protocol, the pediatric ALL protocol
specific for Europe, GCs are used in the remission induction phase of treatment.
The primary goal of this phase is to use GCs to promote apoptosis in order to signifi-
cantly lower the number of lymphoblasts. The number of blasts in the peripheral
blood on the 8th day is an important prognostic marker. Also, GCs are used after
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the consolidation phase, if a marrow relapse during or shortly following initial
continuation chemotherapy is developed. GCs are administered in the first phase of
reinduction (day 1-36), in order to achieve a second complete remission [10].

Inter-individual differences in the efficiency and adverse effects of GCs in
children with ALL have been observed. A study on dexamethasone pharmacokinet-
ics following treatment of children with ALL showed large inter-patient variability,
with a greater than ten-fold variability in systemic drug exposure observed at a dose
of 8 mg/m2/d [11]. Also, there are still 57% of patients who have poor response to
prednisone, and resistance to prednisone has become one of the main obstacles to
achieve successful treatment outcomes in pediatric ALL [7].

It is for this reason that pharmacogenomics and pharmacotranscriptomics
became very important in GC treatment of pediatric ALL patients [12].

2.3 Pharmacogenomics markers
2.3.1 NR3C1 gene

The first pharmacogene to be studied in relation to GC sensitivity is the NR3C1
gene that encodes the glucocorticoid receptor (GR). Four variants in this gene have
been associated with variation in sensitivity to GCs, two of which contribute to a
decrease in sensitivity, while the other two contribute to an increase in sensitiv-
ity [13]. Although initially these variants were shown to have no association with
differences in response to GC therapy in childhood ALL, later studies with a greater
number of study subjects have had different findings [14].

The variant rs56149945 (N363S) is an A > G missense variant in exon 2,
which causes an asparagine to serine amino acid substitution in position 363 in
the N-terminal domain of the receptor. The minor allele of this variant has been
associated with increased sensitivity to GCs, resulting in increased body mass index
and lower bone mineral density [15]. A proposed mechanism for this sensitivity
is that the new serine residue becomes a target of phosphorylation, changing the
phosphorylation state of the receptor [16]. Microarray analysis revealed a unique,
variant-specific pattern of gene regulation for N363S when compared to wild-type
GR [17]. In a study on childhood ALL, N363S carriers were found to be more prone
to steroid-related toxicity during GC therapy, however they were also better predni-
sone responders overall, and had better 5-year event-free survival rates, supporting
the idea that this variant causes increased sensitivity [18].

The variant rs41423247 is also associated with increased sensitivity to dexameth-
asone. Itisa C > G single nucleotide variant in intron 2 that was discovered as a BclI
restriction fragment length polymorphism [19]. It was found that the minor allele
of the Bcll variant was associated with good prednisone response in pediatric ALL
patients [20]. Along with the Bcll variant, two other variants in intron 2, rs33388
and rs33389, form a three-point ACT haplotype that is associated with increased
sensitivity to GCs [21].

The linked variants rs6189/rs6190 (ER22/E23EK) have been associated with
resistance to GCs as well as lower insulin, cholesterol and CRP levels [22]. Both
variants are G > A single nucleotide substitutions, however variant rs62189 is silent,
whereas rs6190 is a missense variant that results in an amino acid change from
arginine to lysine. The variants promote expression of the GR-A isoform of GR,
which is less transcriptionally active than the GR-B isoform [23]. No significant
association of this variant with the therapeutic response to GCs has been found in
childhood ALL [14].

Another variant associated with decreased sensitivity is rs6198. Itisa A > G
single nucleotide variant in exon 9p. The variant is inside an ATTTA motif and
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promotes alternative splicing resulting in the expression of GRp. This contributes
to decreased sensitivity to GCs since GRp does not bind GCs and is transcription-
ally inactive [24]. It has been shown that the presence of the minor allele of variant
rs6198 is associated with poor response to GCs in the initial phase of remission
induction therapy in childhood ALL [25].

2.3.2 ABCB1 gene

The ABCBI1 gene (previously known as MDR1 gene) encodes a membrane
transporter P-glycoprotein (PGP), which is an efflux transporter that actively
pumps xenobiotics, including GCs, out of the cell. It has been shown that height-
ened expression of PGP can lead to resistance to GCs, making this an important
pharmacogene [26].

A C > Tsilent variant in exon 26, rs1045642 (also called 3435C > T), has been
associated with lower expression and activity of PGP in vivo. This leads to higher
plasma levels of xenobiotics being retained [27]. The proposed mechanism of
lowered expression and activity is that the minor T allele causes mRNA instability,
as well as that the presence of a rare codon that it creates, affects cotranslational
folding of PGP [28, 29]. The 3435CC genotype has been associated with signifi-
cantly lower event-free survival and overall survival in ALL patients, showing that
the presence of 3435C > T variant is associated with better treatment outcome [30].

Two other variants are in linkage disequilibrium with 3435C > T, rs1128503
(1236C > T) and rs2032582 (2677G > T/A), but it has been shown that they do not
account for the change in expression, and have not shown an association with risk
of relapse in ALL [31]. However, a rare CGT haplotype (rs1128503-rs2032582-
rs1045642) has been associated with high blast count in the initial phase of remis-
sion induction therapy [25].

2.3.3 Glutathione S-transferase (GST) genes

Three genes, GSTM1, GSTT1 and GSTP1, encode detoxification enzymes from
the glutathione S-transferase family. They catalyze the conjugation of reduced glu-
tathione and xenobiotics, which is the first step in elimination of GCs. This makes
GSTs a possible pharmacogenomic marker when it comes to GCs [32].

The main GSTM1 and GSTT1 genotype variants are inherited homozygous
deletions of the gene (null genotype), resulting in an absence of enzyme activity. The
evidence on how they affect therapy outcome in ALL is conflicting. The earliest study
found that GSTT1 null, but not GSTM1 null genotype was associated with a reduction
in risk of poor response to prednisone [33]. It was also shown that the simultaneous
deletion of both the GSTM1 and GSTT1 genes was found to be more predictive than
any other parameter of early relapse of childhood B-precursor ALL [34]. A later
study showed the GSTM1 null genotype was associated with better clinical outcome
within prednisone poor-responder patients, whereas the GSTT1 null genotype was
associated with worse outcome in the standard-risk group and within prednisone
good responders. These findings suggest that the GSTM1 null genotype has a protec-
tive role while the GSTT1 null genotype has an unfavorable effect in specific subsets
of ALL patients [35]. However, the largest study on 710 children with ALL, found no
association between GSTT1 and GSTM1 null genotypes and treatment outcome [36].

GSTP1 has two most commonly studied variants - rs1695 and rs1138272.
Variant rs1695 is a A > G missense variant that causes an isoleucine to valine
substitution in position 105 that affects the thermal stability of the enzyme
[37]. Variant rs1138272 is a nearby C > T missense variant that causes an
alanine to valine substitution in position 114. It has been shown that the GC
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(rs1695-rs1138272) haplotype was associated with a good response to GCs in the
remission induction phase of childhood ALL [25].

2.3.4 Discovery of novel variants

Though the above-mentioned variants account for some variability in response
to GC therapy, the research on GC pharmacogenomics is limited, and studies on
larger cohorts and accounting for different ALL subgroups are needed. Novel phar-
macogene variants could be essential for personalization of GC dose that results
in minimal toxicity and maximum cancer cell death [38]. Recently, genome-wide
association studies (GWAS) have attempted to discover new variants with potential
impact on pharmacogenomics variation of treatment outcome.

One of the adverse effects of GCs is hypertension. A study analyzing 203
candidate polymorphisms aimed to define the genetic risk factors for steroid-
induced hypertension. The strongest association was identified with the contactin-
associated protein-like-2, CNTNAP2 (7q35-q36), a gene whose impaired function
has been associated with blood pressure, though the mechanism of this association
is unclear. Another association with hypertension was with the missense variant
rs1137101 (LEPR GIn223Arg). It is found in the LEPR gene, that encodes the leptin
receptor, whose ligand, leptin, regulates adipose tissue mass and body weight. Three
SNPs in the CRHR1 gene were associated with hypertension. This gene encodes the
corticotropin-releasing hormone receptor that mediates the release of the adreno-
corticotropic hormone. Carriers of the major rs1876828 G and rs1876829 A alleles
and of the minor rs242941 T allele all had a higher incidence of hypertension [39].

Another important adverse effect of GC administration is osteonecrosis. A GWAS
study of SNPs in a cohort comprising 2285 children with ALL, found that the pres-
ence of minor allele at SNP rs10989692, near the glutamate receptor GRIN3A locus,
was associated with osteonecrosis. The second highest osteonecrosis-associated
ranked variant was in a similar gene, GRIK1. These findings point to the involvement
of the glutamate pathway in the pathogenesis of GC-induced osteonecrosis [40].

In a GWAS study, 440 044 SNPs were scanned on whether they contributed to
the risk of relapse in 2535 childhood ALL patients. Dexamethasone plasma clear-
ance was associated with 4 out of 134 SNPs associated with relapse, 2 of which were
within the above mentioned ABCBII gene, and both associated with higher dexa-
methasone clearance and a higher relapse risk [41].

The Cortisol Network (CORNET) consortium undertook a GWAS meta-analysis
for plasma cortisol in 12,597 Caucasian participants, and found that individual dif-
ferences in morning plasma cortisol levels amongst Europeans can be attributed to
genetic variation within a region on chromosome 14. This locus includes SERPINAS6,
which encodes the corticosteroid binding globulin (CBG), the major cortisol-
binding protein in plasma, as well as SERPINA1, which encodes al-antitrypsin, a
protein that inhibits cleavage of the reactive center loop that releases cortisol from
CBG. Three SNPs were identified, some of which were associated with total CBG
concentration, while the top hit, rs12589136, was found to influence the immuno-
reactivity of the reactive center loop of CBG [42]. Research like this gives insight
into possible new candidate-gene targets that could be included in an expanding
pharmacogenomics panel.

2.4 Pharmacotranscriptomics markers
Aside from the above-mentioned variants that directly affect expression levels,

research in the field of pharmacotranscriptomics markers of GC response is still
new and insufficient. Recently, the expression level of certain RNAs has been
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associated with drug response, trying to establish the measuring of RNA expression
as a marker of drug response that could guide therapy individualization [12]. A new
area of focus is non-coding RNAs (ncRNAs) - transcripts which are not translated
into proteins, but whose expression profile is widely altered in many malignancies.
Two types of ncRNAs have been studied in relation to GC resistance, long non-
coding RNAs (IncRNAs), which are non-coding transcripts longer than 200 nucleo-
tides, and micro-RNAs (miRNAs), which are short transcripts with an important
role as post-transcriptional regulators [43].
One IncRNA, GASS, has been shown to be associated with a poor GC response
in childhood ALL during the phase of remission induction therapy [44]. GAS5isa
regulatory tumor-suppressor IncRNA whose expression was first detected in growth-
arrested cells. One of the mechanisms by which GAS5 achieves its role is molecular
mimicry of the glucocorticoid response element (GRE). This causes GAS5 to compete
with the genomic GREs for binding of the GC-GR complex [45]. ALL patients
whose number of blasts on day 8 after the start of treatment was below 100 per pL
of peripheral blood had a higher GAS5 expression at diagnosis, and those who had
a higher ratio of GAS5 expression on day 15 versus after the start of treatment had
a higher number of blasts on day 8. This suggests that the expression level of GAS5
could be a potential marker of therapy response in remission induction therapy [44].
One study that used a computational approach based upon emerging biomedi-
cal and biological ontologies and semantic technologies was used to investigate the
roles of miRNA regulation on GC resistance in childhood ALL. It was found that
hsa-miR-142-3p and hsa-miR-17-5p are the two most promising miRNAs related
to GC resistance in pediatric ALL [46]. In another study, it was reported that T-cell
ALL patients with high expression of hsa-miR-142-3p had a shorter survival time
than those with low expression. This was explained by the oncogenic role of hsa-
miR-142-3p that was mediated by inducing resistance to GC treatment through tar-
geting GC receptor-a [47]. Down-regulated hsa-miR-17-5p was related to apoptosis
induced by dexamethasone in primary ex vivo ALL cells. Therefore, hsa-miR-17-5p
might play a role in GC-induced cell death and GC resistance in B-cell ALL [48].

2.5 Panel of pharmacogenes and pharmacogenomic variants of glucocorticoid
response

In order to design a panel of pharmacogenes and pharmacogenomics variants
related to GC therapy, several approaches have been used to identify pharmaco-
genes and pharmacogenomics markers whose pharmacogenomics potential could
be relevant for application in clinical practice [49].

Using the database PharmGKB (www.pharmgkb.org) and searching the litera-
ture on the PubMed database, 22 pharmacogenes have been selected in order to
create a panel of genes for which there is evidence of their influence on the effects
of GCs (Table1).

Further searching of databases and literature has resulted in selecting 18 pharma-
covariants for which there is evidence of influence on the effects of GCs (Table 2).

Three criteria were applied to evaluate the potential of variants to be pharma-
cogenomics markers of GCs. First, the classification was performed by the level
of evidence according to PharmGKB. Then, only variants with high minor allele
frequencies (MAF) were considered, and finally, the third criterion was the assess-
ment of the functional effect of the variant using i silico prediction algorithms that
estimate the potential influence of an amino acid substitution on the functioning of
the proteins which they encode [49].

Assignment of a level of evidence by the PharmGKB annotation scoring system
for clinical and variant annotations enables easier identification of significant
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ABCB1 FCER2 HSPA4
ADRB2 FKBP5 NCOA3
CREBBP GSTM1 NR3C1
CRHR1 GSTP1 SERPINA6
CYP3A4 GSTT1 ST13
CYP3A5 HSD11B2 STIP1
CYP3A7 HSP90AA1 TBP

TBX21

Table 1.

List of pharmacogenes related to GC therapy.

pharmacovariants. The clinical annotation score represents the sum of the scores

of all attached variant, guidelines and drug label annotations. Variant annotations
are scored depending on: phenotype category, p-value, cohort size, effect size and
weighting by study type or by association and significance. Clinical annotation scores
do not rank or compare clinical annotations within a given level of evidence. Level
1A clinical annotations designate variant-drug combinations with variant-specific
prescribing guidance in a current clinical guideline or an FDA-approved drug label
annotation, while level 1B supports the association but without variant-specific
prescribing guidance in an annotated clinical guideline or FDA drug label. Variants
level 2A belong to known pharmacogenes, listed in PharmGKB’s Very Important
Pharmacogenes (VIPs), and describe variant-drug combinations with a substantial
evidence to support their importance. Variants level 2B clinical annotations describe
variant-drug combinations with a moderate level of evidence supporting the asso-
ciation and not listed in PharmGKB’s VIPs. Level 3 clinical annotations describe
variant-drug combinations based on a single study or on preliminary results. In level
4 clinical annotations, variant-drug combinations total score is negative with no
evidence to support an association between the variant and the drug phenotype [50].

For the evaluation of the pharmacogenomic potential of the selected variants,
the level of evidence that correspond to association of each variant to drug response
is extracted from PharmGKB database. Evidence level 1 corresponds to highest
degree of certainty, while higher numbers correspond to lower degree of evidence
for a variant-drug pair. Only variants with MAF higher than 10% have been con-
sidered as good candidates for pharmacovariants. Also, only exon variants, whose
pharmacogenomics potential in GC therapy has already been confirmed in earlier
studies, have been considered.

However, none of the selected variants have enough evidence to support the
claim that they have sufficient pharmacogenomics potential in order to be included
in the protocols of treatment where GCs are used. The PharmGKB level of evidence
was 3 for several variants, but most of them had only variant annotation scores.
Even among variants that are in exons, only a few have been predicted to impact the
structure and/or function of encoded proteins (probably damaging). Some of the
variants have a high MAF. However, none of them completely fulfilled the criteria
for a pharmacogenomics variant. Therefore, there is no basis to include any of these
variants in clinical practice.

To conclude, up to now, there is not enough indication for any pharmacoge-
nomics marker to be recommended for pre-emptive genetic testing when GCs are
administered, and they cannot be introduced in clinical practice.

The transcriptome consists of various coding mRNAs and non-coding RNAs.
The content of the transcriptome is inconsistent. It depends on alternative splic-
ing, RNA editing and alternative transcription. It can vary with environmental
conditions and the time point of transcriptome profiling has to be considered
for the establishment of the transcriptome data. Therefore, the introduction of
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rs number’ Gene Variant PharmGKB? MAF? Effect*
1rs2229109 ABCB1 c1199G > A Level 3 3.3% Benign
(p.Ser400Asn)
rs1128503 ABCB1 cl1236T>C VA 41.6% NA
(p.Gly412-=)
12032582 ABCB1 ¢.2677G > T/A (p. Level 3 42.7% Benign
Ser893Ala/Thr)
151045642 ABCB1 c.3435T > C/A Level 3 51.8% Prob.*
(p.lle1145Met/Ile) Damag.
151042713 ADRB?2 c46G > A (p.Gly16Arg) Level 3 38.6% Benign
rs1695 GSTP1 c313A>G VA 66.9% Benign
(p.Ile105Val)
rs1138272 GSTP1 c341C>T VA 71% Benign
(p.Alal14Val)
1510873531 HSP90AA1 c.282C> T (p. Thr94=) VA 88.1% NA
rs6195 NR3C1 c1088A > G VA 1.8% Benign
(p.Asn363Ser)
rs104893913 NR3C1 c1433G> A VA 0.00039% Prob.
(p.Arg478His) Damag.
rs6194 NR3C1 c1767C>T VA 0.2% NA
(p.His589=)
15138896520 NR3C1 c1899G > A VA 0.0014% NA
(p.GIn633=)
1572558023 NR3C1 c198A > G (p.Pro66=) VA 0.00079% NA
1rs6196 NR3C1 c2301T>C VA 14.9% NA
(p.Asn767=)
rs6189 NR3C1 c66G> A VA 3% Benign
(p.Glu22Asp)
172542742 NR3C1 c.685G > A VA 0.1% Benign
(p.Ala229Thr)
rs6190 NR3C1 c.68G > A (p.Arg23Lys) VA 3% Benign
rs2240017 TBX21 ¢.99C > G (p.His33GlIn) Level 3 2% Benign

'vs number: a reference SNP ID number of SNPs that map to an identical location assigned by NCBL.
PharmGKB Level of Evidence: score of pharmacogenomics variant relevance that includes both clinical and variant
annotation scoves. Level 1: the highest, level 4: the lowest variant-drug evidence association. VA: variant annotation.
3MAF: minor allele frequency.
4Effect is estimated using PolyPhen-2; a tool for prediction of possible impact of an amino acid substitution on the
structure and function of a human protein based on a number of features comprising the sequence, phylogenetic and
structural information chavacterizing the substitution.
*Refers to minor allele C; NA — non applicable.

Table 2.

Pharmacovariants related to GC therapy.

pharmacotranscriptomics markers in the panel possibly used for pre-emptive test-
ing, in order to optimize GC use at the point of prescribing, will be very challenging.

2.6 Population pharmacogenomics
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The more investigations were performed in the field of pharmacogenomics, the
more prominent became the differences between different ethnical groups when it
came to drug response. Due to this fact, it was no longer possible to use data gained
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from investigating one population in order to apply it to another population [51].
A good example of variability between populations, which has pharmacogenomics
significance is the deficiency of the enzyme glucose-6-phosphate-dehydrogenase
(G6PD), responsible for the response to unwanted, toxic effects of the drug
primaquine. There is a significantly higher number of G6PD-deficient carriers in
the population the dark-skinned people of Africa, compared to the white skinned
population of America. The prevalence of this genetic marker in Africa is a result
of selective pressure, since the carriers of this variant cannot contract malaria, a
common cause of death on this continent [52].

Individualization of therapy, as a practical application of knowledge from
pharmacogenomics, has been based on studies performed on the populations of
white skinned people. When other ethnical groups were included in the clinical
investigations, the data led to the conclusion that an individual’s ethnic background
can influence the response of the individual to different therapeutics. Since the
metabolism of drugs is population-specific, data gained from studies performed on
one population cannot be extrapolated on the rest. Understanding the pharmacoge-
nomics differences between populations can be of great importance for the pharma-
ceutical industry and for reducing costs of treatment and overall performances of
health systems of any country [53].

Population pharmacogenomics studies enable the integration of pharmacoge-
nomics into health care systems around the world and give a strong support to
pre-emptive pharmacogenomics testing [54]. Transcriptome variation in the human
population has rarely been studied and there is no evidence on the studies of its
application in pharmacotrascriptomics.

2.7 Discovery of new potential pharmacogenomic markers of glucocorticoid
response

Novel high-throughput methodology for genomic profiling, especially next-gen-
eration sequencing (NGS), has provided a great amount of data that can be a source
for bioinformatics analysis. New knowledge can be gained using these modern
approaches. They can also be used for the discovery of new potential pharmacoge-
nomics markers.

Analysis of known pharmacogenes related to GC therapy for potential novel
pharmacogenomics markers can be performed using two criteria: a prediction
algorithm (such as Polyphen-2) showing that the variant affects the protein func-
tion, and the frequency of the altered (minor) allele being high.

Population pharmacogenomics study can be helpful in this effort because if the
MAF is considerably high in a certain population for some potential new pharma-
cogenomics marker, validation and clinical studies are strongly encouraged.

One of the most comprehensive human genome database, “1000 genomes” has
been searched, and two variants in known pharmacogenes related to GC therapy
that could be interesting for validation studies and clinical association studies, have
been found: FCER2 rs28364072 and NCOA3 rs2230782. Validation and clinical asso-
ciation studies are needed in order to confirm their pharmacogenomics potential.

Variant FCER2 1528364072 is located in the splice-site region and the mutations
in that intronic region could influence protein function. Its MAF is around 30% in
European populations, but as high as 60% in the population of Africa (Figure1).
Therefore, this variant is a candidate pharmacogenomics marker in the African popu-
lation and further validation and clinical studies are recommended in that population.

The effect of the variant NCOA3 rs2230782 is probably damaging, according to
PolyPhen-2 prediction tool. Its MAF in European population is 10-14% and itis a
candidate pharmacogenomics marker in this population. However, MAF for this
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Figure 1.
Distribution of FCER2 1528364072 MAF in world populations.
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Figure 2.

Distribution of NCOA3 rs2230782 MAF in world populations.

variant is very low in other populations (Figure 2). Validation and clinical associa-
tion studies regarding NCOA3 rs2230782 pharmacogenomics are recommended
only for European populations.

3. Conclusion

Big data in pharmacogenomics and pharmacotranscriptomics was produced so
far, but their implementation in clinical practice is poor. Particularly, no pharma-
cogenomics marker related to GC therapy is reliable enough to be recommended for
pre-emptive genetic testing.

A population specific pharmacogenomics landscape relevant for GC therapy
could contribute to better understanding of the inconsistency in therapy response
and could be helpful in predicting a higher risk of developing adverse reactions in
patients that need to be treated with GCs.

Research efforts in the field of pharmacogenomics and pharmacotranscrip-
tomics ought to be directed to data analysis and design of prediction models using
machine learning algorithms. Bioinformatics tools and implementation of artificial
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intelligence are expected to open the door wide for personalized treatment of

children with ALL.
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Chapter 5

Corticosteroids in
Neuro-Oncology: Management
of Intracranial Tumors and
Peritumoral Edema

Sunbul S. Ahmed

Abstract

Corticosteroids have been in use for decades and are one of the most prescribed
drugs in all specialties of medicine. Jerome Posner, in his classic textbook “Neurological
Complications of Cancer,” refers to corticosteroids as widely used drugs in neuro-
oncology leading to a remarkable decline in perioperative mortality and morbidity
rates. Being the most powerful class of tumor-induced-edema reducing agents, they are
adjuvant to chemotherapy and are also known to reduce the risk of encephalopathy and
other associated neurological deficits in patients undergoing radiation therapy. They
have been widely used in higher-than-normal doses in the management of pathologic,
immunological, and inflammatory conditions and various other diseases. Novel insights
into the mechanisms of action of corticosteroids and their effects on cancer patients are
extensively being studied. While substantial clinical improvements can be seen in cancer
patients, corticosteroids are also associated with adverse and well-characterized side
effects leading to immediate as well as long-term complications in patients. This chapter
reviews the clinical aspects of corticosteroid therapy used in neuro-oncological condi-
tions and its effects on peritumoral edema. Although there is currently insufficient infor-
mation on appropriate use, in most cases, corticosteroids are used in a supraphysiological
and pharmacological manner to minimize the symptoms of cerebral edema. Due to
limited clinical studies and evident side effects presenting synonymously with corti-
costeroid therapy, the emerging role of steroid-sparing drugs such as corticotrophin-
releasing factors, tyrosine kinase inhibitors, and VEGF inhibitors will also be discussed.

Keywords: Neuro-oncology, brain tumor, cerebral edema, corticosteroid therapy,
dexamethasone, bevacizumab

1. Introduction

Corticosteroids are synthetic analogs of a class of naturally synthesized hormone
molecules in the adrenal cortex that act as biological mediators. These hormones
play a vital role in regulating essential bodily processes such as metabolism, inflam-
mation, response to stress, and electrolyte balance.

Corticosteroids have been classified based on major effects exhibited by
them into glucocorticoids and mineralocorticoids. Glucocorticoids provide
anti-inflammatory responses by suppressing inflammation and immunity, exert
vasoconstrictive, and are responsible for the breakdown of fats, proteins, and
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carbohydrates. Cortisol is a physiological mediator well-characterized to exhibit
glucocorticoid effects in humans. Mineralocorticoids exhibit salt-retaining and
electrolyte-balancing properties. A prominent hormone, aldosterone, projects

the strongest mineralocorticoid activity. The pioneering of corticosteroids (such

as dexamethasone, prednisolone, prednisone) has revolutionized the treatment
approaches in the field of clinical oncology [1]. They mimic the action of naturally
occurring hormones, are currently one of the most prescribed drugs worldwide, and
can be used to treat several conditions such as infections, inflammatory disorders,
allergic and autoimmune diseases, shock, lowering of excessive blood calcium levels,
hypoglycemia, suppression of excess secretion from the adrenal cortex, prevention
of graft rejection, neurological disorders, hematologic disorders, skin disorders, and
corticosteroid replacement therapy [2, 3].

Steroids administered to brain tumor patients do not directly treat the tumor
but are targeted to reduce edema surrounding the tumor (induced by the tumor
itself or its treatment) thereby the mass effect and lymphoma in the central nervous
system, prevent or alleviate the symptoms of nausea, vomiting and headache post-
chemotherapy and temporarily improve other associated neurological symptoms
[1]. They can cross the blood-brain barrier and act as analgesic agents by inhibiting
the synthesis of prostaglandins thereby reducing inflammation and tissue edema is
resolved by decreasing vascular permeability. Sustained use in high doses requires
close monitoring to prevent and manage its side effects and intervene if other
complications arise.

2. Traditional approaches to steroid therapy in brain tumor patients

The introduction of steroids, 50 years ago, revolutionized therapeutic
approaches in Clinical oncology. The first use of cortisone to treat cerebral edema
developed in patients post neurosurgery was accomplished by Ingraham in 1952
[4]. About five years later, Kofman pioneered the use of prednisone for peritumoral
edema induced in patients with intracranial malignancies [5]. Dexamethasone, syn-
thesized in 1958, is based on Galcich’s experimental demonstration of brain tumor
inhibition upon administering large doses of dexamethasone [6]. Its pioneering
fundamentally changed the course of corticosteroid therapy in cancer patients and
to date has been the most commendable drug due to its conducive effects in alleviat-
ing symptoms of tumor-induced cerebral edema and offers benefits of low sodium
and water retention index thereby reducing the risk of electrolyte imbalance, low
mineralocorticoid effect, and high glucocorticoid potency [1, 7, 8].

With further advancements, exhibited antineoplastic effects of dexamethasone,
prednisone, prednisolone, and methylprednisolone against hematologic malignan-
cies, their antiedema, and anti-lymphoma properties were known [9]. The adminis-
tration of steroids has proved beneficial in rapidly relieving symptoms, minimizing
tumor-associated pain, nausea, and vomiting, and ameliorate appetite in tumor
patients [10]. Its advantageous characteristics have found immense clinical applica-
tions such as in treating patients with carcinomatous meningitis and lymphoma in
the central nervous system [11].

3. Molecular mechanisms
Corticosteroids are the mainstay of treatment for neuro-oncological conditions,

and they undergo various molecular mechanisms at the cellular level to give desired
clinical results. These mechanisms are complex and distinct and with currently
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limited evidence, are divided into genomic and non-genomic. The consensus is that
the genetic level, effects such as an increased rate of transcription known as trans-
activation, a transrepression-a process in which one protein represses the activity
of the second protein, and post-translational regulation i.e., controlling the levels
of active protein, can be seen, constituting the genomic mechanism, and producing
anti-inflammatory effects. Activating a cascade of signaling pathways constitutes
the non-genomic effects. These mechanisms mediate several side-effects, such as
diabetes and glaucoma due to transactivation while suppression of hypothalamic—
adrenal-pituitary axis due to transactivation. Both transactivation and transrepres-
sion seem to be involved in osteoporosis. Glucocorticoids bind to complementary
cytoplasmic receptors upon diffusion through the plasma membrane. The binding
of this free glucocorticoid receptor leads to the release of a heat-shock protein

90 kDa which in turn exposes two nuclear localization signals responsible for
facilitating the movement of the glucocorticoid-receptor complex into the nucleus
[12]. Specific DNA (deoxyribonucleic acid) elements called glucocorticoid response
elements (GRE) regulate the transcription of nuclear DNA. Synthesis of several
cytokines and chemokines involved in regulating inflammatory reactions such as
eotaxin and lipocortin 1 is suppressed by glucocorticoids at the level of transcription
[13]. The interaction of glucocorticoids with other transcription factors such as p53
indirectly influences their activity on their target genes [14]. The production of
proinflammatory cytokines and chemokines is controlled by transcription factors
such as NF-KB, CRE-binding proteins, among others, and leads to activation of
inflammatory pathways. Therefore, inhibiting these transcription factors induces
anti-inflammatory responses [12, 15]. To summarize the mechanism: corticoste-
roids bind to intracellular cytoplasmic receptors upon crossing the plasma mem-
brane and form the steroid-receptor complex. Consequently, the movement of the
steroid-receptor complex into the nucleus directly influences the transcription of
genes and upon interaction with other transcription factors, a non-transcriptional
regulation of other signaling cascades is mediated.

4. Vasogenic edema and Antiedema property of corticosteroids

The use of corticosteroids for the management of malignant brain tumors and
symptomatic peritumoral edema was recognized several decades ago [3]. They are
frequently prescribed to reduce the increased intracranial pressure caused due to
peritumoral fluid accumulation. Although edema occurs in patients with malignant
lesions but is also evident in cases of benign tumors such as meningiomas [16, 17].
A disruption in the blood-brain barrier leads to the flow of fluid into extracellular
spaces of brain parenchyma resulting in vasogenic edema. This disruption results
in increased permeability of the BBB primarily due to the opening of the inter-
endothelial tight junctions and increased endothelial pinocytosis and endothelial
fenestrations [18, 19]. An insufficient number of normal astrocytes, responsible
for producing factors that are required for the formation of normal BBB, results
in defects in endothelial tight junctions, production of cytokines such as vascular
endothelial growth factor (VEGF) [20], and hepatocyte growth factor [21] by both
benign and malignant brain tumors and increase tumor vessel permeability [22].
The suggested mechanism of corticosteroids is a reduction in permeability of tumor
vessels by upregulation of genes and molecules such as occludin, a tight junction
component in endothelial cells [23], and by dephosphorylating occludin and
another TJ component, zona occludens (ZO1) [24]. Another mechanism of influ-
encing the endothelial permeability is by non-transcriptional regulation of capillar-
ies that involves rearranging and attachment of vascular endothelial (VE)-cadherin
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to the cytoskeleton [25]. The permeability of the blood-brain barrier is decreased
upon steroid administration and this limits the extravasation of fluids [26, 27].

5. Treatment of Lymphomatous neoplasms

Steroids are frequently prescribed in patients with primary lymphoma in the
central nervous system or in cases of secondary lymphomatous neoplasms where
they rapidly respond by promoting cell cycle arrest and cell death by the mecha-
nism of apoptosis in a p38 mitogen-activated protein kinase (MAPK) dependent
manner in B and T cells [27-29]. Steroids are administered during the initial stages
along with chemotherapy and the clinical and radiographic response can be rapid in
cases of lymphoma and inflammatory conditions. Some preclinical studies suggest
that proliferation of some glioma cells may reduce upon dexamethasone exposure
[30]. On the other hand, certain reports suggest that steroids have no effect or
stimulate the growth of glioma cells [31, 32]. Effects of steroids can be transient and
require chemotherapy or irradiation to prevent the recurrence of the tumor [33].
Furthermore, there is no significant clinical evidence so far that proves the role of
steroids in the growth inhibition of gliomas or metastasis in humans.

6. Anti-emetic properties

Steroids are administered either singly or in combination with SHT-3 receptor
antagonists, neurokinin-1 receptor antagonists, and aprepitant for the prophylaxis
and the treatment of chemotherapy-induced nausea and vomiting and to man-
age subsequent symptoms of dehydration and electrolyte imbalance [34]. Steroid
administration leads to a reduced release of serotonin from hematocytes and this
directly affects the cellular expression of its receptors, thereby preventing nausea
and vomiting [35, 36]. The most favorable corticosteroids are methylprednisolone
and dexamethasone in patients with moderate to high emetogenic chemotherapy.

7.Dosing and tapering

Steroid administration is adjuvant to chemotherapy and all cancer patients will
receive steroid therapy at some point in their cancer treatment and may continue to
receive them through surgery, chemotherapy, radiation, and prolonged use may be
needed because of its benefits of symptomatic relief. Despite its extensive use, there
is a lack of significant clinical evidence about the choice of drug, dose, duration,
and tapering schemes.

Various clinical trials have been conducted that aim to assess the effects of doses
of 8 mg versus 16 mg dexamethasone and 4 mg versus 16 mg in patients with peri-
tumoral edema. Significant clinical improvement among all groups administered
with dexamethasone can be seen on the Karnofsky performance scale. Low doses
of dexamethasone (4-8 mg/day) are recommended to avoid developing serious
complications but they may require reinstitution after cessation of steroid therapy
[37]. Whereas higher doses of dexamethasone (16 mg/day) along with osmotherapy
(mannitol, glycerol) or surgery, may be required in adverse conditions [38]. In some
cases, higher than usual doses may be required for headaches. Current evidence hasa
lack of information about the correlation between dose and body weight or dose and
age. Attempts to standardize the steroid therapy regimen have remained unsuccessful
and it is suggested that the dosage must be altered according to the specific needs of

86



Corticosteroids in Neuro-Oncology: Management of Intracranial Tumors and Peritumoral Edema
DOI: http://dx.doi.org/10.5772/intechopen.100624

the patient depending on the size of the lesion, location, mass effect, and presenting
symptoms. It is recommended that for successful results and for preventing steroid-
associated toxicity, tapering should be considered as soon as clinically acceptable [39].
Interestingly, a longer duration of 23 weeks of steroid therapy is required for patients
with a primary brain tumor as opposed to 7 weeks that is required for secondary brain
tumors. Steroid therapy can be stopped quickly in patients that have been receiving

it for a shorter duration, usually 10-14 days. On the other hand, careful and closely
monitored tapering is required for patients with prolonged steroid use to avoid dec-
lination of their medical state and/or dependency or withdrawal effects and evident
hypercortisolism. Hydrocortisone, which is commonly prescribed in 2 doses per day
to mimic the physiological action of cortisol in patients with its deficient levels. 20 mg
and 10 mg dose administration in the morning and afternoon, respectively, are sug-
gested for patients with remarkably high cortisol insufficiency [40].

8. Side effects

Depending on the type of drug and prescribed dose, a wide spectrum of systemic
and neurological side effects can occur in response to corticosteroid therapy. While
manifestations of some side effects can be seen immediately upon administration
of corticosteroids, others may develop over time and may persist even after steroid
therapy has been terminated, such as cataract formation and osteoporosis [1]. Most
side effects are easily manageable, but some can be fatal. Patients considered at
substantial risk have impaired immune systems either due to organ transplantation
or upon undergoing chemotherapy or radiotherapy.

8.1 Systemic

Systemic side effects include a cushingoid appearance, truncal obesity, hirsut-
ism, acne, impaired wound healing, striae, nausea, anorexia, easy bruising and
capillary fragility, immunosuppression, hypertension, increased risk of infections,
respiratory muscle weakness, glucose intolerance, electrolyte disturbance, fluid
retention, peripheral edema, increased appetite, gastrointestinal bleeding, growth
retardation, cataracts, glaucoma, and visual blurring [41].

Arterial hypertension, considered as the most common side effect, occurs
in 20% of the patients. It is usually reversible and blood pressure values attain a
normal value upon cessation of steroid intake. For patients whose steroid therapy
cannot be discontinued, hypertension requires symptomatic treatment. Since the
main cause of hypertension is an abnormal increase in the volume of blood plasma
by steroids, the preferred line of treatment is the use of diuretics [42].

8.2 Gastrointestinal

Although, no significant correlation between steroid usage and gastrointestinal
bleeding has been found in clinical studies, yet histamine H2 antagonists and proton
pump inhibitors are commonly prescribed to minimize the risk of gastric ulcers,
hemorrhage, and other rare gastrointestinal problems such as pancreatitis, colon
perforation, and fatty liver disease [43-45].

8.3 Osteoporosis

An increase in cases of developing osteoporosis and avascular necrosis is
seen in patients receiving steroid therapy evident from the lumbar spine and hip

87



Corticosteroids - A Pavadigmatic Drug Class

fractures [46, 47]. Although several factors can contribute to the occurrence of
osteoporosis, yet the suggested mechanism is that due to skeletal muscles getting
directly affected by the glucocorticoids, calcium absorption is reduced leading
to hyperparathyroidism and a decrease in gonadal hormones. Molecular stud-
ies suggest a decrease in IGH-1 and prostaglandin E2, which are responsible for
stimulating bone growth [48]. Administration of phenytoin and valproic acid also
promote osteoporosis [49-51]. To prevent/manage the symptoms of osteoporosis
calcium supplements (1500 mg/day), Vitamin D (800 international units/day)
[48], and bisphosphonates such as alendronate and zoledronate are commonly
prescribed [52]. Kyphoplasty may be required in patients with severe pain from
compression fractions.

8.4 Neurological and neuropsychiatric

Common neurological side effects of corticosteroids are myopathy, visual blur-
ring, tremor, behavioral changes, headache, reduced taste and smell, and cerebral
atrophy while rare complications include psychosis, hallucinations, neck flexors,
dementia, seizures, dependency, epidural lipomatosis, and neuropathy.

Most pervasive yet mild neuropsychiatric effects such as anxiety, insomnia, irri-
tability, euphoria, and mood disturbances may develop in response to corticosteroid
therapy. Adverse effects include euphoria, steroid-induced dementia, cortical atro-
phy, cognitive dysfunction, memory loss, and psychotic episodes that may occur
but are more likely in patients with a history of psychiatric disorders. Episodes of
seizures may relapse in patients with a history of seizure disorder. Impairment in
physiology during the development of the brain such as hippocampal neurogenesis
is seen in animal models administered with corticosteroids. Similarly, predniso-
lone has been shown to negatively affect verbal memory function in humans and
long-term cognitive dysfunction is evident in children if taken in combination with
dexamethasone. However, it can be challenging to differentiate between the mani-
festations of radiation therapy, gliomas, and the increase in levels of intracranial
pressure with complications occurring due to corticosteroid use. Discontinuation or
tapering is recommended for managing steroid-induced neuropsychiatric effects as
soon as clinically acceptable. Prednisone dose must be kept lower than 40 mg/day.
The use of Neuroleptics, valproic acid, and lithium can be considered but tricyclic
antidepressants should be avoided as they can worsen the condition [53-57].

8.5 Myopathy

Although the pathophysiology of steroid myopathy remains unknown, yet it
has been shown to negatively affect the quality of life in patients. Clinical studies
suggest that steroid myopathy occurs more commonly (almost 10%) in patients
with primary brain tumors administered with fluorinated glucocorticoids such as
dexamethasone over the ones administered with non-fluorinated glucocorticoids,
such as hydrocortisone or prednisone (which may not have proven to be highly
effective in controlling cerebral edema) [58-60]. Common symptoms associated
with steroid myopathy are a proximal weakness with normal sensation and deep
tendon reflexes intact. Detection is made using electromyography. The probable
mechanism of steroid myopathy can be protein synthesis inhibition, increased
protein catabolism, and induction of the activity of glutamine synthetase [61, 62].
Development of muscle weakness may develop even upon administration of low
doses over a shorter duration and may not occur in patients even with high doses
and prolonged duration of application. Individuals without symptoms of myopathy
may also be considered at minimal risk for developing cushingoid features and fluid
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retention. In patients with steroid myopathy, the accepted standard of management
is the cessation of steroids, but it may still require months for recovery to take place.
Steroid-induced muscle wasting is demonstrated to be reduced by muscle activity
and hence exercise and muscle therapy are recommended to alleviate the symptoms
or reduce the risk of developing steroid myopathy [63].

8.6 Adrenal insufficiency (AI)

About 1% of patients receiving steroid therapy for the treatment of brain tumors
develop steroid adrenal insufficiency upon sudden glucocorticoid withdrawal. The
presenting symptoms of Al are like those of increased intracranial pressure and side
effects of antineoplastic treatment. Management of Al is focused on hydrocortisone
treatment and dosage is similar to that recommended for other major surgeries [64].

8.7 Diabetes

Diabetes occurs in up to 50% of steroid-treated patients and is the most common
form of drug-induced diabetes mellitus [65]. It is already well known that cortico-
steroids, such as dexamethasone, prednisone, and hydrocortisone, cause elevations
in blood glucose levels in both patients regardless of pre-existing diabetes. Severe
hyperglycemia may lead to acute or severe complications, such as dehydration,
impaired immune system and wound healing, increased risk of infection, ketoaci-
dosis, and acute hyperglycemic syndrome. According to the Joint British Diabetes
Association (JBDA), the predisposing factors for steroid-induced hyperglycemia as
pre-existing type 1 or 2 diabetes, obesity, family history of diabetes, among others.
Management of steroid-induced diabetes is similar to that of regular type 2 diabe-
tes, and patients consistently showing high blood sugar levels should be treated to
prevent long-term complications including cardiovascular and renal damage.

8.8 Steroid withdrawal

Continued corticosteroid therapy can be recommended for patients with
advanced or terminal diseases or those in hospice care to prevent withdrawal
symptoms including those of steroid-pseudo rheumatism, myalgia, abdominal
pain, nausea, arthralgia, and acute adrenal insufficiency (highest risk with more
than 6 weeks of administration). The occurrence of these complications with
corticosteroid discontinuation would require further medication and treatment,
aggravating the symptoms of restlessness, excessive sleepiness and can act as con-
tributing factors in relapsing of masked symptoms. It must be noted that continued
corticosteroid administration would still require managing its side effects such as
insomnia, hypertension, hyperglycemia, and psychotic episodes.

9. Immunological response to corticosteroids

Immunosuppression is common in response to dexamethasone causing inhibi-
tion of immune and inflammatory responses and therefore, posing a challenge for
the development of immunotherapeutic approaches in late-stage cancer treatment.
Risk of life-threatening fungal infections such as Pneumocystis jirovecii is elevated
with administration of moderate to high doses [66].

While the exact mechanism is unknown, dexamethasone has been shown to
promote apoptosis in T-lymphocytes [67], suggesting directive nature of T-cell
positive and negative selection in the thymus by glucocorticoids, limiting the
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activation-induced cell death during the contraction phase of an adaptive immune
response and induction of generalized thymocyte apoptosis after polyclonal T-cell
activation [68]. A shift in immune response towards a Th2 humoral response from a
Th1 cellular response is induced by influencing the levels of cytokines produced by
the lymphocytes [69]. Moreover, dexamethasone causes a reduction in the number
of splenic and lymph node B-cells and attenuation of early B-cell progenitor pro-
liferation. Glucocorticoids also enhance the activity of macrophages and promote
tolerance in dendritic cells thereby, exerting a potent anti-inflammatory effect [70].
The risk for infection may increase by steroid-induced lymphopenia but it also
limits the number of treatment strategies applied for activating the immune system
and boosting anti-tumor responses.

10. Immunotherapy

Novel immunotherapeutic agents such as ipilimumab are proving their potential
efficacy in the treatment of malignant gliomas. A studied mechanism is that it tar-
gets cytotoxic T lymphocyte-associated antigen 4 and interferes with the inhibition
of T-cell function, which subsequently translates into enhanced antitumor activity.

Current clinical developments are focusing on programmed cell death of
immune cell receptor. Hence, clinical trials are being conducted on ipilimumab,
that contains anti-programmed cell death-1 antibody, nivolumab for the treatment
of glioblastoma [71, 72]. Steroids may interfere with boosting immune response
and therefore can be counterproductive for patients delivered with vaccines.
Accordingly, several vaccination trials restrict the use of steroids at the time of
enrollment to select only patients with a suitable immunological profile.

11. Dexamethasone and phenytoin interactions

Phenytoin is prescribed prophylactically before surgery and in combination
with dexamethasone during the initial stages of primary and secondary meta-
static brain tumors. Phenytoin may exert protective effects in reducing the risk
of steroid-induced myopathy, but the mechanism remains unclear. It is suggested
that an increase in the rate of metabolic clearance of cortisol and dexamethasone
by phenytoin and decrease in half-life of dexamethasone by 50% and its metabolic
conversion to hydroxyl metabolite by the action of CYP3A4, a liver enzyme could
be the probable mechanism [73-76]. Levels of phenytoin are contrastingly altered
upon co-administration with dexamethasone [77-79]. Hence it is difficult to
measure levels of phenytoin in patients taking dexamethasone. Therefore, it also
becomes extremely important to carefully monitor levels of phenytoin and tapering
should be done as soon as the edema is successfully controlled [80].

12. Dexamethasone and chemotherapy

Administration of glucocorticoids may significantly contribute to altering the
pharmacokinetics and may restrict the action of chemotherapeutic drugs from
exerting the blood-brain barrier, therefore, limiting the desired effects. It was
hypothesized by Duan et al., that hyperglycemia (occurring in response to corticoste-
roid therapy) inhibits apoptosis and therefore promotes malignant growth, causing
proliferation of cells, speeding up the process of metastasis, and aiding resistance to
chemotherapy. Dexamethasone exerts protective effects against apoptotic action of
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temozolomide in glioma cells in vitro [81]. Ongoing experiments aim to determine
the antagonizing or synergizing action of dexamethasone with chemotherapeutic
drugs such as rapamycin and apoptotic drugs like staurosporine. Pretreatment and
subsequent cotreatment strategies for experiments have indicated an additive effect
of dexamethasone in combination with growth factor signaling inhibitors.

13. Alternatives to corticosteroids

Steroids have been shown to have limited effects of clinical significance and
there are several side effects associated with it. Therefore, a need for novel anti-
angiogenic alternatives such as Bevacizumab with strong steroid-sparing, more
effective, and less toxic characteristics, arises. It is a neutralizing antibody that
targets a specific protein called VEGF, responsible for promoting the growth and
spread of tumor blood vessels, therefore reducing peritumoral edema. A major
challenge in the action of anti-VEGF is the inhibition of the action of other drugs
administered to target the tumor since drugs similar to bevacizumab also affect
normal blood vessels. An approval for bevacizumab is still lacking and the cost
is a barrier. Other similar drugs are VEGF -receptor inhibitors such as cediranib,
sorafenib, sunitinib. In the same way, tyrosine kinase inhibitors (TKIs) such as
cediranib and cabozantinib, target vascular endothelial growth factor receptor
2 (VEGFR-2). Similarly, drugs such as corticorelin acetate, a synthetic analog of
corticotropin-releasing factor have been proved to reduce edema by directly acting
on CR1 and CR2 receptors in animal models and allows higher maximal reduction
of the dexamethasone dose compared with control-treated brain tumor patients in a
randomized trial [82-84]. Also, patients receiving corticorelin acetate are less likely
to be affected by myopathy or cushingoid appearance. There are still undergoing
trials to determine its efficacy in acute and chronic peritumoral edema. The effects
of other drugs such as boswellic acids, cyclooxygenase (COX)-2 inhibitors, and
angiotensin-II inhibitors on brain tumors is still uncertain [85-87].

14. Glucose levels in patients administered with corticosteroids

Corticosteroid use may cause hyperglycemia in almost 20-50% of patients,
therefore negatively affecting patient outcomes. A study conducted in Sunnybrook
Odette Cancer Centre in Toronto and published in Annals of Palliative Medicine,
upon categorizing patients with and without pre-existing diabetes according to the
Canadian Diabetes Association (CDA) criterion for diagnosis of diabetes, concluded
that the effects of corticosteroids are dose-dependent and tend to impact random
plasma glucose (RPG) levels more than fasting plasma glucose (FPG) levels. Ina
screening conducted by Harris et al., no correlation between risk factors for diabetes
and the patients with hyperglycemia was found, thus recommending that all cancer
patients must be screened 4-6 hours post-administration of steroids and additional
monitoring may not be required if normal results are obtained on individual tests
after initial dosing. Therefore, it seems challenging to determine patients that are at
substantial risk for developing corticosteroid-induced hyperglycemia (C-IH) and to
prevent it if typical risk factors for diabetes do not show consistency with the develop-
ment of C-TH. Previously conducted studies concluded that C-IH is common in both
patients with and without diabetes [odds ratio of 1.5 to 2.5 and 1.36 to 2.31 for develop-
ing glucocorticoid-induced hyperglycemia (GC-IH) in patients treated with a gluco-
corticoid (GC), respectively] and were strongly influenced by total GC dose, duration
of use, age, and BMI (Body Mass Index) [88, 89]. Also, steroids even leading to acute
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elevations in blood glucose levels can have significant clinical implications demanding
early identification and management in patients both with and without diabetes.

An extensive baseline examination including medical history, body weight,
height, and blood pressure for all patients is recommended by Liu et al., to deter-
mine risk factors or conditions that may be influenced by corticosteroid use. Before
the commencement of corticosteroid therapy, a blood glucose test should be con-
ducted and if the initial results deviate at baseline, then home glucose monitoring
is suggested [90]. The CDA recommends subsequent 48 hours monitoring for all
individuals starting corticosteroid therapy and maintenance of glycemic control
irrespective of the patient having pre-existing diabetes or not [91]. Interventions
and continued screening may be required if the individual test results show values
above the normal range (6-10 mmol/L). Therefore, it is extremely essential to moni-
tor patients receiving corticosteroids to prevent adverse clinical implications and
complications that may occur in the long term in non-palliative patients. Thorough
assessment and blood-sugar-lowering medications are recommended for patients
with corticosteroid-induced diabetes. Whereas patients with pre-existing diabetes
may require modifying their diabetes management regimen and consideration of
benefits and pitfalls before moving forward with corticosteroid therapy. Monitoring
guidelines for steroid-induced diabetes recommended by the Joint British Diabetes
include once-a-day monitoring for patients without diabetes and the frequency of
testing should depend on the glucose level measured. Whereas diabetic patients
should be tested 4 times a day. Although the guideline provides a well-structured
monitoring regime, yet extensive patient education and resources to supply all
patients taking steroid therapy with home capillary glucose monitoring kits are
required. A study by Zanders et al. showed that adherence to glucose-lowering drug
treatment declines following a cancer diagnosis [92]. Introducing different forms
of medications and treatment regimens may result in overall lower effectiveness to
drug treatment. To summarize, it is important to note that corticosteroids are an
essential component of standard cancer treatment, but the chronic use of corticoste-
roids may strongly influence diabetic status and negatively affect patient outcomes.
Patients prescribed corticosteroids should be closely monitored to prevent adverse
effects and to effectively manage in case of their occurrence. To optimize patient
care and outcomes, it is recommended that patients receive support and monitoring
to prevent corticosteroid-induced diabetes and complications associated with it.

15. Neuroimaging

Dramatic outcomes are seen in clinical results of over 70% of patients receiv-
ing steroid therapy for metastatic intracranial diseases with improvement in
the enhancement of the tumor, peritumoral edema, and mass effect. Computed
Tomography results show a linear decrease in edema volume with measure volume
of edema reduced to one-fourth times in 2 weeks of 4 mg/day steroid administra-
tion [93]. Magnetic resonance imaging shows a decrease in 10% edema volume
just within a week with an average reduction in the mean volume of 4.5% within
24 hours of administering the first dose [94]. A decreased contrast enhancement
with tumor is seen, suggesting partial restoration of the blood-brain barrier.

16. Drug of choice and recommendations

With the currently available evidence, dexamethasone is the most preferred
drug due to its lack of mineralocorticoid activity and with its half-life being
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36-54 hours provides longer duration relief from symptoms. There is currently
insufficient evidence to recommend a treatment for patients with asymptomatic
brain tumors without mass effect. Level 3 corticosteroids are recommended for
patients with starting dose of 4-8 mg/day dexamethasone to temporarily relieve
mild symptoms of increased ICP and edema related to mass effect and higher
doses of 16 mg/day in divided doses, may be considered for patients with moder-
ate to severe symptoms of increased ICP due to mass effect. A one-time trial of
corticosteroid must be conducted for a duration of less than a week and results
should be monitored against specific goals in particular time duration and should be
discontinued if the desired results are not achieved in that duration (for example-
1 week). If the therapy is well suited and well-tolerated, it can be prescribed up to a
dose of 16 mg/day (starting with minimum dose possible) for 2-3 weeks. If longer
administration is required, then slow and carefully monitored tapering is required
to prevent withdrawal symptoms and relapsing of initial symptoms [95-97].

17. For future investigations

Currently, there is limited information in detail about the proper use of steroids
in neuro-oncology. Although a significant clinical improvement is seen in patients,
an urgent need for studies addressing its dosage and toxicity exists. Future studies
should focus on dosing and risk factors while limiting the side effects to potentially
optimize the benefits of corticosteroid therapy.

18. Summary and discussion

Since their discovery, decades ago corticosteroids have been widely used for
the treatment of brain tumors and have been considered one of the most powerful
classes of tumor-induced edema reducing agents and contribute to minimizing
associated neurological side effects. They are prescribed to temporarily relieve
symptoms of metastatic brain tumors and only the lowest grade of recommendation
can be made for mild to moderate symptoms. Higher doses may be recommended
for patients with adverse symptoms tapered slowly over two weeks or longer.
Sustained corticosteroid administration for long durations requires close monitor-
ing to prevent associated immediate side effects and complications occurring in
the long term. Due to well-characterized complications developing in response to
steroid therapy, a need for steroid-sparing drugs such as Bevacizumab arises, but it
has its limitations. Currently, there is no standard dosing regimen recommended for
corticosteroids and they are prescribed depending on individual needs to maximize
symptomatic relief and minimize side effects. Therefore, to bring about positive
patient outcomes and to potentially optimize the benefits of corticosteroid therapy,
it is suggested that future studies should focus on appropriate dosing regimens and
approaches to minimize the occurrence of side effects taking into consideration the
risk factors that may negatively influence the medical state.
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Chapter 6

Corticosteroid Replacement

Therapy

Michael C. Onyema

Abstract

The advent of synthetic corticosteroids in the 20th century provided a vital
breakthrough in the management of adrenal insufficiency. In this chapter we review
the main indications and guidance for appropriate hormone replacement and also
look into the management of therapy during special circumstances. For decades
hydrocortisone has remained the cornerstone for glucocorticoid replacement but we
explore the alternatives including recently introduced modified-release drug prepa-
rations and the future treatment considerations currently undergoing research and
pre-clinical trials.

Keywords: Corticosteroids, Glucocorticoids, Hormone Replacement, Adrenal Crisis,
Sick Day Rules, Novel Therapies

1. Introduction

Corticosteroid replacement therapy in adrenal insufficiency namely glucocor-
ticoids such as hydrocortisone serve as life sustaining therapy therefore its appro-
priate administration when stable or unwell is of vital importance. In this chapter
we explore the indications and guidance for corticosteroid replacement therapies
including management during special circumstances such as emergencies, preg-
nancy and breastfeeding. We also look at current novel therapies and look towards
future perspectives on treatment therapies under research.

2. Overview

Adrenal insufficiency was first postulated by the physician Thomas Addison
of Guy’s Hospital London in 1855. He characterized the condition of progressive
anemia, bronze skin pigmentation and low blood pressure in disease of the ‘supra-
renal capsules’ — now known as Addison’s disease [1]. This is a condition epitomized
by insufficient production of steroid hormones from the adrenal cortex: primarily
glucocorticoids from the zona fasiculata but can also affect mineralocorticoid and
adrenal androgen production (from the zona glomerulosa and zona reticularis
respectively).

It has historically carried a high mortality rate until the advent of therapeutic
corticosteroid preparations in the mid-20th century. Life expectancy is gener-
ally considered normal with the application of appropriate replacement therapy
but there is a growing body of evidence of highlighting increased morbidity
and reduced life expectancy likely related to increased cardiovascular risk with
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hormonal over replacement and adrenal crises. Glucocorticoid administration is
essentially life sustaining therapy; some patients will also require the co-admin-
istration of mineralocorticoids drugs and the adrenal androgen dehydroepiandros-
terone (DHEA). The importance of replacement therapy is not only to starve off
symptoms of hormone deficiency (including fatigue, muscle weakness, dizziness,
weight loss, low mood, low libido) but also is imperative in maintaining key physi-
ological processes (including gluconeogenesis, immune modulation, electrolyte
balance, metabolism and haemodynamic modulation).

3. Conditions necessitating hormone replacement

Adrenal insufficiency requiring corticosteroid hormone replacement therapy is
triggered by conditions or factors interrupting the normal function of the hypotha-
lamic-pituitary—adrenal axis (HPA axis). Most causes are acquired in nature rather
than congenital and can be divided into primary adrenal insufficiency (direct adrenal
hormone synthesis dysfunction) and secondary adrenal insufficiency (inadequate ACTH
production).

Hormone deficiency is a deficit deemed unable to meet the physiological demands
of the body, most notably in response to stress. In deficiency states glucocorticoid
replacement therapy is always required. However because mineralocorticoid and
adrenal androgen production is only partially mediated by ACTH; replacement
therapy of these hormones is not usually required in secondary adrenal insufficiency.

The most common cause of primary adrenal insufficiency in the developed
world is autoimmune in nature — approximately 70% of cases [2] with antibodies
present against the 21-hydroxylase enzyme.

Other notable causes of primary adrenal insufficiency include:

* Infection (e.g. tuberculosis)

* Malignancy (e.g. adrenal metastases)

* Jatrogenic (e.g. post-adrenalectomy, ketoconazole)

* Inherited (e.g. congenital adrenal hyperplasia).

Notable causes of secondary adrenal insufficiency include:
* Pituitary tumors

* Hypothalamic/pituitary infections or inflammation (e.g. tuberculosis,
lymphocytic hypophysititis)

¢ Jatrogenic (e.g. post transpenoidal surgery, radiotherapy)
* Isolated ACTH deficiency

* Long term exogenous glucocorticoid therapy (causing suppression of
HPA axis).

Corticosteroid replacement therapy is often required lifelong but, depending on

the cause, therapy may be able to be safely withdrawn in future if adrenal function
recovers.

104



Corticosteroid Replacement Therapy
DOI: http://dx.doi.org/10.5772/intechopen.98803

4. Historical perspective

Early animal studies in 1930 proved bovine adrenal extracts could transiently
treat symptoms of adrenal insufficiency. The later production of synthetic desoxy-
corticosterone acetate in 1938 was the major step in providing a therapeutic agent
to successfully treat adrenal insufficiency. In 1950 commercial therapeutic use of
hydrocortisone was established after recognition of cortisol as the key end product
of adrenal cortex hormone synthesis [3]. To current day hydrocortisone therapy still
remains the mainstay replacement therapeutic drug.

5. Assessing for glucocorticoid deficiency

Suspicion of glucocorticoid deficiency can be initially indicated by typical symp-
tomology, hypotension and skin hyperpigmentation (in cases of primary adrenal
insufficiency associated with excess ACTH production). Baseline biochemistry can
often reveal a combination of hyponatraemia, hyperkalaemia or hypoglycaemia.
Morning cortisol and ACTH levels are useful markers in preliminary testing with
cortisol levels <140 nmol/L being indicative of deficiency. Elevated or low ACTH
levels assist in defining primary vs. secondary adrenal insufficiency respectively (an
ACTH level two-fold the upper reference range is consistent with primary adrenal
insufficiency). There is no evidence to support the role of random cortisol levels to
diagnose adrenal insufficiency [4].

A corticotropin (ACTH) stimulation test is considered the gold standard
confirmatory test in primary adrenal insufficiency. Typically baseline cortisol and
ACTH levels are taken followed by the administration of a 250 pg IV corticotropin
bolus and further monitoring of cortisol levels at 30 minutes and/or 60 minutes.
Acceptable cortisol levels indicating sufficient adrenal response remain contro-
versial. Newer monoclonal antibody cortisol immunoassays (including Roche II
Elecsys) display increased sensitivities and specificity, allowing for a diagnostic
peak cortisol threshold of >400 nmol/L [5].

In cases of secondary adrenal insufficiency an insulin tolerance test — ITT (or
insulin stress test) has proved to be more successful in detecting cortisol deficiency
in comparison to corticotropin stimulation testing in studies [6]. In testing the
aim is to induce extreme hypoglycaemia (<2.2 mmol/L) with the administration
of (0.15 units/kg soluble insulin). In normal circumstances hypoglycaemia leads
to hypersecretion of the insulin antagonizing hormones ACTH and growth hor-
mone (GH) from the anterior pituitary gland; with a subsequent cortisol rise of
<500 nmol/L is considered an inadequate response. It is a potentially harmful test
and therefore should be undertaken with care. It is contraindicated in ischaemic
heart disease, epilepsy and severe panhypopituitarism; in these circumstances
glucagon is often used instead of insulin as the stress provocation agent. Notable
scenarios for effective ITT utility include following borderline corticotropin stimu-
lation testing and following recent pituitary surgery [7].

6. Glucocorticoid replacement

Human endogenous glucocorticoid release follows a circadian rhythm i.e. an
internal process following a 24 hour cycle. There are also 60-90 minute ultradian
oscillations during the day to consider. These processes are ultimately under
the control of the hypothalamic suprachiasmatic nuclei (SCN) and subsequent
corticotropin-releasing hormone (CRH) secretion that stimulates pituitary ACTH

105



Corticosteroids - A Pavadigmatic Drug Class

synthesis variably [8]. The circadian rhythm may be altered by changes to activity,
aging, sleep and mood.

Typically in a 24 hour profile we see an early morning ACTH/cortisol peak with
declining levels during the daytime until quiescence at midnight. There is then a
brisk elevation during late sleep leading on to the early morning peak we see at the
beginning of the cycle. It is this pattern that administered glucocorticoid therapy
ideally attempts to recreate.

Hydrocortisone is the most commonly administered glucocorticoid therapeutic
agent for adrenal insufficiency. Clinic data from the UK revealed 72% of patients
were managed with hydrocortisone, 26% with prednisolone and 2% with modified
release hydrocortisone [9]. Data from the European Adrenal Insufficiency Registry.

(EU-AIR) study additionally showed that over 80% of patients were on conven-
tional hydrocortisone replacement therapy on enrolment [10].

In clinical practice the use of hydrocortisone or prednisolone are often prefer-
able due to their more predictable pharmacokinetics compared to their precursor
hormones cortisone and prednisone [9]. The normal functioning adrenal glands are
thought to produce 5-10 mg cortisol per m* body surface area/per day; this equates
to an oral hydrocortisone dose of 15-25 mg/per day for an adult [11]. Due to its short
half-life hydrocortisone is usually given in 2-3 divided doses with the largest dose in
the morning and the last dose at least 4—6 hours prior to bedtime to avoid sleep dis-
turbances. Prednisolone is a glucocorticoid analogue with a greater avidity for the
glucocorticoid (GC) receptor. Studies have shown once daily prednisolone admin-
istration to be superior to thrice-daily hydrocortisone in imitating the physiological
cortisol profile and reducing over replacement at a recommended dose of 3-5 mg
daily [12]. Other potential benefits of prednisolone include cost-effectiveness and
increased medication compliance although the comparative long-term metabolic
side effect risk between hydrocortisone and once daily prednisolone remain contro-
versial [13-15].

6.1 Novel glucocorticoid replacement therapies

Plenadren® is a novel modified-release form of hydrocortisone given European
marketing authorization in November 2011. This once daily preparation contains
both immediate-release and extended-release components with an aim to more
closely mimic the body’s physiological circadian rhythm. It can be considered an
alternative for patients who continue to feel unwell on conventional therapy, given
typically at a dose of 15-25 mg daily. Evidence from 2 randomized-controlled trials
(RCTs) has shown a reduction in CV disease risk parameters with modified release
hydrocortisone compared to conventional therapy [9]. Though Plenadren® carries
a significantly higher cost basis to the other traditional therapeutic glucocorticoid
medications and carries a higher vulnerability to malabsorption during intercurrent
gastrointestinal illness [16].

Chronocort® is another novel modified-release form of hydrocortisone with
delayed absorption, taken at night with an aim to replicate the physiological early
morning cortisol rise and circadian rhythm more closely. It has completed phase
III trials for the use in adrenal insufficiency and congenital adrenal hyperplasia;
currently awaiting licensing authorization in Europe.

Continuous subcutaneous hydrocortisone infusions (CSHI) were first used
from 2007. These offer variable hydrocortisone delivery often through traditional
‘insulin pumps’ helping to replicate the circadian rhythm most accurately compared
to oral therapies. This requires a high degree of patient education and autonomy.
Those that can benefit include those patients poorly tolerant or responsive to tablets
especially in light of gastric absorption issues. Studies using continuous infusions
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have shown better normalization of morning ACTH levels [3]. From minimal com-
parative studies there has been no consistent evidence of improvement in subjective
health outcomes. One RCT showed a mild increase in weight and fasting glucose
levels in patients on hydrocortisone infusions but it was felt likely attributable to
supra-physiological hydrocortisone dosing (based on elevated urinary and salivary
cortisol levels in comparison to the oral hydrocortisone group recipients).

The therapy remains uncommon in healthcare systems, potentially cumbersome
and is best commenced by experienced endocrine units. The Endocrine Society
2016 guidance on management of primary adrenal insufficiency suggests reserv-
ing such treatment for patients encountering major difficulties on conventional

therapy [4].

6.2 Mineralocorticoid replacement

Most patients with primary adrenal insufficiency will exhibit mineralocorticoid
deficiency. As release is also under the control of the renin-angiotensin system
(RAS) deficiencies can also be caused by reduced renin levels (hyporeninemic
hypoaldosteronism) due to conditions including diabetic nephropathy, sickle cell
anemia, myeloma and medications (e.g. NSAID, beta blockers, Ciclosporin).

Mineralocorticoids are important in circulatory homeostasis and salt balance.
Deficiencies can lead to salt craving, postural hypotension, dizziness, hyponatrae-
mia, hyperkalaemia and reduced cognition. To alleviate symptoms replacement
therapy is typically met through the use of fludrocortisone and as well advice to
increase dietary salt. The Endocrine Society 2016 guidance on management of pri-
mary adrenal insufficiency suggests a starting dose of fludrocortisone 50-100mcg in
those with confirmed deficiency (assessed by way of plasma renin and aldosterone
levels) [4]. Typically higher doses of replacement therapy are required for the more
physically active and less sedentary patient cohorts [11].

6.3 Androgen replacement

Primary adrenal insufficiency can also affect adrenal androgen reserve. In
women adrenal androgen precursors DHEA and androstenedione are major
contributors to the physiological production of potent androgens and oestogen in
the zona reticularis. Clinically deficiencies can lead to notable axillary and pubic
hair loss.

The benefits of replacement therapy are not very clear. There is some evidence
to suggest that health related quality of life markers can be improved with synthetic
DHEA in patients with primary adrenal insufficiency [3]. The Endocrine Society
notes that there is insufficient evidence to advocate routine androgen replacement
therapy but suggests a 6 month trial of DHEA for women with ongoing symptoms of
low libido, low mood and/or low energy levels despite optimized glucocorticoid and
mineralocorticoid replacement. A single DHEA dose of 25-50 mg in the morning can
be considered in the first instance [4].

7. Glucocorticoids (dose titration and monitoring)

Signs of glucocorticoid under replacement may include development of leth-
argy, nausea, headaches, muscle aches, weight loss, increased skin pigmentation
and hypotension. Biochemistry may reveal elevated potassium levels and reduced
sodium levels. On the contrary signs of over replacement may include weight gain,
facial puffiness, insomnia, and glucose intolerance. Longer term over replacement
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can lead to established hypertension, type 2 diabetes mellitus, osteoporosis and
increased overall CV risk. Stability of replacement therapy is therefore of impor-
tance to achieve and optimal dosing will vary between individuals with differences
including body composition, absorption, metabolism and protein binding,.

The Endocrine Society recommends measuring the adequacy of replacement
primarily with clinical assessment including weight, postural blood pressure,
energy levels and signs of frank glucocorticoid excess. It is advised against routine
hormonal monitoring, instead for titration of treatment based on clinical response.
In cases where malabsorption is suspected further analysis with serum or salivary
cortisol day curves are recommended as a guide for dosing [4] but there is a lack of
reliable biomarkers for treatment monitoring and notably measured concentrations
of ACTH are not a useful parameter [11, 17].

7.1 Mineralocorticoids (dose titration and monitoring)

Fludrocortisone under replacement is common and can be often seen com-
pensated by supra-physiological glucocorticoid doses which puts patients at high
risk for developing the subsequent metabolic sequelae associated with hypercor-
tisolaemia. Signs of over replacement with fludrocortisone include hypertension
and oedema. The Endocrine Society recommends reviewing replacement dosing
clinically by assessing for salt craving, postural hypotension, oedema and blood
electrolytes (aiming for normokalaemia). It is also advised the hypertension is
initially managed by dose reduction following the addition of antihypertensive
agents if necessary [4].

It is common to use plasma renin activity as a guide for appropriate
Fludrocortisone replacement although the data to support its usefulness is limited.
The ideal renin target levels lie in the upper reference range. Caution must be taken
with interpretation as levels can be affected by variables such as body position,
time of day and medications. Additionally liquorice and grapefruit potentiate the
mineralocorticoid effects of hydrocortisone and should thus be avoided [4, 11].

7.2 Androgens (dose titration and monitoring)

Adequate replacement with DHEA may be noted by improved libido, mood and
energy levels on assessment. The Endocrine Society recommends taking morning
(pre-dose) DHEAS levels to guide treatment, aiming for levels in the mid-normal
range [4]. Levels may be taken by saliva, serum or urine. There are however poten-
tial side effects of DHEA therapy related to androgen excess including hirsutism,
acne, deepened voice and hair loss. Studies have shown some benefits to bone
density, lean mass and psychological wellbeing scores [18].

8. Sick day rules, emergency advice and adrenal crises management

During periods of acute illness and physiological stress there are increased
demands of cortisol production placed on the body. Glucocorticoid doses must be
increased accordingly to match demands and prevent the onset of an adrenal crisis
(commonly evidenced by hypotension, nausea, abdominal pain, reduced con-
sciousness and electrolytes disturbances). Therefore in the presence of illness such
as infection with fever, diarrhea/vomiting, significant trauma or significant psy-
chological stress/bereavement; there is general consensus that glucocorticoid doses
should be doubled for the duration of illness/antibiotic course (patients taking
Plenadren® are best placed switching to hydrocortisone during these periods for
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better physiological cortisol profiling). Management of therapy is also of important
consideration in the perioperative setting with general advice of giving hydrocorti-
sone 100 mg IV or IM just prior to surgery or at anesthetic induction and weaning
doses back to baseline during the recovery period as applicable. Fludrocortisone
doses do not need to be routinely increased as hydrocortisone/prednisolone also
convey mineralocorticoid receptor activity which is potentiated at higher doses due
to saturation of 11p-hydroxysteroid dehydrogenase enzyme (this is not the case for
dexamethasone which does not exert mineralocorticoid activity).

At diagnosis patients should be well educated in the sick day management of
steroid therapy often provided through endocrine specialist nurses and reinforced

Steroid Emergency Card
(Adult) m

IMPORTANT MEDICAL INFORMATION FOR HEALTHCARE STAFF

THIS PATIENT IS PHYSICALLY DEPENDENT ON DAILY STEROID THERAPY
as a critical medicine. It must be given/taken as prescribed and never
omitted or discontinued. Missed doses, illness or surgery can cause
adrenal crisis requiring emergency treatment.

Patients not on daily steroid therapy or with a history of steroid usage
may also require emergency treatment.

Why steroid prescribed
Emergency Contact

When calling 999 or 111, emphasise this is a likely adrenal
insufficiency/Addison’s/Addisonian crisis or emergency AND describe
symptoms (vomiting, diarrhoea, dehydration, injury/shock).

Emergency treatment of adrenal crisis

1) Immediate 100mg Hydrocortisone i.v. or i.m. injection.
Followed by 24 hr continuous i.v. infusion of 200mg
Hydrocortisone in Glucose 5% OR 50mg Hydrocortisone i.v. or
i.m. qds (100mg if severely obese).

2) Rapid rehydration with Sodium Chloride 0.9%.

3) Liaise with endocrinology team.

% Scan here for further information or search

Figure 1.
Example of a European (UK) steroid emergency card (https://www.endocrinology.org/media/3873/steroid-
card.pdf).
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through patient specific literature and leaflets. Patients should be provided with

a supply of IM 100 mg hydrocortisone with counseling provided to patients and
carers on its emergency use. In the event of severe illness and/or inability to toler-
ate oral glucocorticoids; stat IM 100 mg hydrocortisone should be given alongside
contact to emergency medical services as these patients may require admission for
parenteral hydrocortisone, fluids and stabilization. Further advice and support

can be provided by specialist endocrine team and national support organizations
such as The Pituitary Foundation and Addison’s Self-Help Group in the UK. Steroids
emergency cards (Figure 1), bracelets and necklaces are increasingly commonplace
in Europe. The Endocrine Society suggests that all patients with adrenal insufficiency
carry medical alert identification so that medical personnel can be prompted to
increase steroids doses to avert adrenal crises and to administer parenteral hydro-
cortisone immediately in emergency circumstances [4].

An adrenal crisis if a life threating scenario that requires prompt intervention.
Data from the European Advenal Insufficiency Registry has shown an incidence rate
7.94 adrenal crises per 100 patient years [19] which is consistent with rates seen in
other studies [20]. There are no systematic dose-response studies for the appro-
priate dosing of hydrocortisone during a crisis therefore management is mostly
undertaken on an empirical basis. Underdoing of therapy can be harmful therefore
general guidance is to give 100 mg of parenteral hydrocortisone followed by a
200 mg/day infusion or 6 hourly 50 mg boluses alongside appropriate intravenous
fluid resuscitation and treatment of the intercurrent illness. To prevent future
crises it is important the preceding medical and behavioral factors are explored
including medicine concordance and knowledge of sick day rules. It is also rec-
ommended that patients with adrenal insufficiency receive an annual influenza
vaccine and pneumococcal vaccination above the age of 60, as well as continuing
to alert healthcare staff of their steroid dependent status prior to procedures or in
light of acute illness [4, 11].

9. Pregnancy and breast feeding

The diagnosis of primary adrenal insufficiency in pregnancy is a rare entity and
is a challenge to diagnose due to a degree in overlap in symptomology. The corti-
cotropin stimulation test remains the most appropriate and safe diagnostic tool. A
higher minimum post stimulation cortisol is expected during pregnancy and from
a small cohort study of healthy pregnant woman levels of 700 nmol/L, 800 nmol/L
and 900 nmol/L have been suggested as diagnostic thresholds for the first, second
and third trimesters respectively [4]. Timely diagnosis and management of this
condition are imperative for reducing maternal/foetal morbidity and mortality.

There is a gradual increase of free cortisol levels during pregnancy with a
significant influence of CRH secretion from the placenta peaking in the third
trimester (up to 2-3 fold). There is also a notable increase in estrogen driven
cortisol binding globulin levels. Therefore an increase in glucocorticoid dosing is
expected during pregnancy; with a 20-40% dose increase often necessitated after
the 24th week of gestation reflecting the physiological increased cortisol demand
in pregnancy [21].

During pregnancy hydrocortisone is the preferable glucocorticoid replace-
ment agent and dexamethasone is best avoided due to its lack of inactivation
by 11p-hydroxysteroid dehydrogenase type 2 when traversing the placenta.
Reviewing hormone replacement challenging but is best placed by assessing for
signs/symptoms of over or under replacement including weight gain/distribution,
fatigue, blood pressure and glycaemic control; with recommendation of at least
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one endocrine clinical review per trimester from The Endocrine Society [4]. Patient
education and glucocorticoid self-adjustment in relation to sick days rules remain
important in the gestational period and advice should be readily available from
endocrine specialist teams.

Plasma renin activity is not a reliable measure in judging suitability of
Fludrocortisone dosing due to physiological increments in plasma levels during
pregnancy. Therefore assessment should include review for signs/symptoms of
over or under replacement including weight gain, salt craving, blood pressure and
excessive fluid retention. Progesterone has anti-mineralocorticoid effects there-
fore fludrocortisone doses often need to be increased in the third trimester [11].
However as hydrocortisone exhibits mineralocorticoid activity, an increased dose of
hydrocortisone in the second/third trimesters may negate the need to increase the
fludrocortisone dose [21].

A delivery care plan should be made in advance from the endocrinologists for
the obstetricians. This should involve the administration of a 100 mg parenteral
hydrocortisone bolus prior to the active stage of labour followed by 6 hourly 50 mg
boluses or a continuous infusion. Cortisol requirements rapidly reduce post-
delivery. Patients can be given doubled dosing of gestational hydrocortisone doses
in the initial 24-48 hours post-delivery; with prompt down titration back to pre-
pregnancy doses if clinically stable [11, 21].

Studies exploring medicines excretion into breastmilk and subsequent effects on
infants are rare. Glucocorticoids are expressed in breast milk in minimal amounts
and are unlikely to pose any significant harm to breast feeding infants. Therefore
in most cases the benefits of replacement therapy will outweigh any potential risk.
Greater caution should be employed in those taking high dose steroid therapy i.e.
>160 mg daily hydrocortisone or > 40 mg daily prednisolone. In such cases infants
should be monitored more closely for potential signs of adrenal suppression and
consideration of delaying breast feeding until a few hours post dose administration
to minimize exposure.

10. Dosing in special circumstances

There has been minimal clinical research into the effect of exercise or prolonged
traveling on patients with adrenal insufficiency. A small randomized-control cross
over trial with pre-exercise hydrocortisone revealed no discernable benefits (in
metabolic, hormonal or QoL parameters) in short strenuous exercise compared to
placebo [22]. Generally dose increments of hydrocortisone or fludrocortisone is not
required in exercise regimens and patients should keep to the principles of warm-
ing-up, staying well hydrated and warming-down. However with very intense or
prolonged exercise (e.g. marathons) or challenging environmental conditions (e.g.
hot weather) increased doses may be warranted at 1.5 to 2 times usual dosing during
duration of exercise [23, 24]. Patients are encouraged to take extra hydrocortisone
with them (or their alternative glucocorticoid medications) when traveling abroad.
On long haul flights greater than 12 hours a doubled dose of hydrocortisone is
recommended on the day of the flight. Patients should also carry a letter from their
endocrinologist with them to enable them to bring their emergency kit along with
them. Severe psychological shock such as bereavement or a road traffic accident
may also warrant short term doubling of hydrocortisone dosing.

Studies have confirmed changes in the diurnal cortisol pattern in shift workers
[25]. Therefore with night shift workers medications should be taken in line with
their current sleep-wake cycle with the first dose taken upon waking irrespective if
this is in the evening time.
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11. Drug interactions

Drugs such as carbamazepine, phenytoin, topiramate and rifampicin induce the
hepatic CYP3A4 enzyme which increases cortisol metabolism; grapefruit juice also
has a similar effect. Drugs such as ketoconazole, etomidate, abiraterone acetate and
tyrosine kinase inhibitors are known to reduce steroidogenesis and lower cortisol
levels. Liquorice ingestion can inhibit the 118-hydroxysteroid dehydrogenase type 2
enzyme leading to cortisol led over-activation of renal mineralocorticoid receptors
causing fluid retention, hypertension, hypokalaemia and metabolic alkalosis [11].

On the contrary antiretroviral drugs such as ritonavir are potent enzyme inhibi-
tors and can commonly cause cushingoid features and adrenal suppression. Patients
on any interfering medications may need titration of hormone replacement therapy
and closer monitoring under endocrinologist review. Additionally it is important
to note that those with combined adrenal insufficiency and hypothyroidism should
receive glucocorticoid replacement therapy first as proceeding with thyroxine
initially can increase cortisol metabolism and precipitate an adrenal crisis.

12. Future perspectives

Although hydrocortisone generally remains the cornerstone of adrenal insuf-
ficiency hormone replacement. There have been advancements in delivery modali-
ties including modified released preparations (Plenadren®, Chronocort®) and
continuous subcutaneous hydrocortisone infusions (CSHI) for which further
comparative RCTs would be beneficial to further explore any benefits in metabolic
and QoL parameters. Subcutaneous 100 mg hydrocortisone has also been shown
to have similar pharmacokinetics and increased satisfaction rates in comparison to
intramuscular delivery in a randomized crossover study [26] and therefore could be
considered for increased adoption in emergencies circumstances.

Previously it was common place to manage Cushing’s disease with bilateral
adrenalectomy with occasional deployment of adrenocortical tissue autotransplan-
tation. This has shown variability in long term graft survival and degree of cortisol
production [27, 28]. This is now no longer common practice with advancements in
techniques in localizing and resecting autonomous corticotroph pituitary lesions.
Successful allotransplantation has also been described to the level of individual case
reports including simultaneous kidney-adrenal and kidney-adrenal-pancreas trans-
plantation [29, 30] and a young girl with a successfully functioning intramuscular
adrenal allograft at 3 years follow up [31]. Xenotransplantation has been explored
in more recent research with good results in pre-clinical studies with transplanted
adrenocortical cells displaying the ability to survive, become vascularized and to
supersede the hosts’ organ in secreting sufficient cortisol levels [32].

There has been growing interest and understanding in the realms of the extraction
and reprogramming of pluripotent stem cells (from human embryonic or somatic ori-
gins) towards obtaining adrenocortical resembling cells with steroidogenic properties
as observed in several pre-clinical studies. Reprogramming can be achieved through the
forced expression of steroidogenic factor 1 (SF1) allowing cells the maintained ability
to secrete steroid hormones in response to physiological and pharmacological stimuli
once transplanted into murine specimens [3]. Encapsulation devices with biocompat-
ible semi-permeable membranes have shown efficacy in type 1 diabetic undergoing
islet cell transplantation in sparing the need for immunosuppression [33] which should
pave the way for preventing rejection (without need for immunosuppression) from
transplantation of adrenocortical tissue regardless of original source. Further research
and collaboration is required to translate these therapies into relevant clinical studies.
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There are reports that 15-30% of patients can retain some corticosteroid pro-
duction even years after diagnosis [11]. Individual studies have reviewed the ability
to regenerate adrenal function with B-cell depleting therapy and tetracosactide
therapy both in isolation and combined. There is some evidence of partial or full
response and is an area which may warrant further research [34-36].

Gene therapy is another area of interest in regards to management of 21-hydrox-
ylase deficiency. With the intravenous injection of an adenoviral-Cyp21al vector
in murine studies have displayed a return to functioning enzyme production and
steroidogenesis but the effects appear to be transient [37-40]. It is yet to be seen
whether these pre-clinical findings will translate into sustained and effective treat-
ments in humans but is another area with potential for future considerations.
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