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 Abstract
Background: Glucocorticoid Drugs (GS) (synthetic glucocorticoids) are highly selective glucocorticoid 
receptor agonists but have minimal mineralocorticoid activity. They are mainly used for the therapy of 
allergic and autoimmune diseases as anti-inflammatory and immunosuppressant agents. However, they 
often cause negative side effects, such as osteoporosis leading to bone fractures. 

Objective: This study aims to demonstrate those main processes that can induce imbalances in mineral 
homeostasis and cause osteoporosis during GS therapy from the aspect of elevated plasma level of K+. 
Dexamethasone (DXM), as a strong representative of GS was chosen as the model molecule of effects used 
in severe diseases generating strong danger signals for the organism. 

Results: In Model 1, the biochemical processes of classical stress reactions are presented in a synthesized 
way. Model 2 shows the disturbances induced by DXM leading to high plasma level of K+. In Model 3, those 
main extracellular processes are synthesized which are involved in the development of serious osteoporosis 
induced by CS therapy.

Conclusion: This is the first work emphasizing the crucial role of elevated plasma K+ level in the development 
of severe osteoporosis induced by synthetic glucocorticoids.
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Introduction
	 Osteoporosis, the most frequent form of the metabolic bone-characterized disease, is a skeletal di-
sorder characterized by compromised bone strength predisposing a person to an increased risk of fracture 
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[1]. Although osteoporosis can occur at any age and in both genders, it typically is an age-related disease 
that more frequently affects women than men [2]. However, Glucocorticoid-Induced Osteoporosis (GIOP) 
is the most common form of secondary osteoporosis [3]. Synthetic Glucocorticoids (GS) are used in a wide 
variety of disorders, including autoimmune, pulmonary and gastrointestinal diseases, as well as in patients 
following organ transplantation and with malignancies. Although the indications for glucocorticoids in 
these various conditions are clear, their use is fraught with a host of potential side effects. One organ system 
that has the potential to be profoundly affected by glucocorticoids is the skeleton [3]. The natural gluco-
corticoid molecules are steroid hormones derived from cholesterol and are secreted by the adrenal cortex. 
Their role is essential for homeostasis and many vital functions, such as growth, reproduction, immune 
and stress responses, behavior, and cell proliferation. Their cellular actions are mediated via the intracel-
lular Glucocorticoid (GR) and Mineralocorticoid (MR) receptors. Their productions are under the feed-
back control of Corticotrophin-Releasing Hormone (CHR) from brain nuclei and Adrenocortical Hormone 
(ACTH) from the anterior pituitary gland, stimulating the production of cortisol and aldosterone from the 
cortex of the adrenal gland, creating the Hypothalamus-Pituitary-Adrenal gland (HPA) axis. When danger 
signals impose stressful stimuli, the stress response starts rapidly, within seconds. It is characterized by 
augmented secretion of norepinephrine (noradrenaline) and epinephrine (adrenaline) from the elements 
of the peripheral sympathetic nervous system followed by activation of the HPA axis, which induces the 
increased release of ACTH involving the secretion of glucocorticoids (cortisol) and mineralocorticoids (al-
dosterone) from the cortex of adrenal glands [4]. 

	 Intracellularly, the mitochondria are the key components of the stress response, regulated by Ca2+, 
ATP, Reactive Oxygen Species (ROS) metabolism, and the intensity of apoptosis [5]. We recently created a 
new synthesized model named “extracellular ATP-adenosine danger cycle” [6]. Depending on the strength 
of various danger/stress signals, quantitative and qualitative changes are taking place in the cells: a) tran-
sient and repairable loss of ATP; b) “apoptosis” with irreversible loss of ATP; c) “necrosis”, with total loss of 
ATP and viability, but induction of secondary inflammation by the necrotic cells. Both ATP and adenosine 
have intracellular “metabolic” and extracellular “signal” functions. Extracellular ATP molecules mediate 
the signals of defense for the cells by emitting reactive messenger molecules (cytokines, ROS, H2O2). In 
contrast, extracellular adenosine produced from ATP serves the survival of cells and the regeneration of 
ATP pools [6].

	 Chemical modifications increased the anti-inflammatory and immunosuppressant effects of corti-
sol, resulting in the development of the family of synthetic Glucocorticoids (GS). The history of corticos-
teroid therapy started with Cortisone in 1948, followed by Hydrocortisone (1950), Prednisone (1954), 
Prednisolone (1954), Fluorocortisone (1954), Triamcinolone (1956), Methyl-prednisolone (1957), Dexa-
methasone (1958) [7]. However, the augmentation of glucocorticoid activity in these molecules led to the 
loss of their mineralocorticoid activity. Table 1 shows the various synthetic GS drugs with their glucose and 
mineralocorticoid potencies. Dexamethasone (DXM) is the strongest representative of these molecules, so 
we used it as the “model molecule” in the Figures.
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Table 1: Relative potency and mineralocorticoid activity of commonly used glucocorticoids.

Relative potency Daily dose (mg)

Steroids Glucocorticoids Mineralocorticoids

Short-Acting Cortisol 1.0 1.0 30.0

Cortisone 0.8 0.8 37.5

Prednisone 4.0 0.0 7.5

Prednisolone 4.0 0.8 7.5

Intermediate-Acting Triamcinolone 5.0 0.0 6.0

Long-Acting Bethamethasone 25.0 0.0 1.2

Dexamethasone 30.0 0.0 1.2

	 The mechanisms of GIOP are summarized as follows: rapid decrease in bone formation, increase in 
bone resorption, decreased gut absorption of calcium, increased urinary excretion of calcium, secondary 
hyperparathyroidism, decreased muscle mass, decreased bone matrix, suppression of gonadal function and 
suppression of adrenal androgen secretion [8]. In the acceleration of osteoporosis and bone fractures, glu-
cocorticoids have strong direct effects on the osteocytes (decreasing function), osteoblasts (decreasing of 
differentiation), and osteoclasts (stimulation of their genesis and function) in the bones. In addition, they 
increase the renal excretion of Ca2+ and block its intestinal reabsorption by vitamin D. The inhibitions of 
the production of insulin-like growth factor (stimulating bone formation) and the synthesis of sex hor-
mones (inhibiting bone resorption) and the appearance of myopathy all contribute to the increased risk 
of fractions [3]. However, we suppose that in the processes leading to secondary hyperparathyroidism, the 
decreased mineralocorticoid activity of synthetic glucocorticoids plays a central role. One aim of this work 
is to elucidate this idea in detail. Furthermore, we aimed to study GIOP from the aspect of “natural” stress 
response when the increased production of cortisol and aldosterone strongly coordinates the metabolic 
answers of defense against the danger signals but cooperates with Parathyroid Hormone (PTH), too. 

	 The current review presents two types of new models: a) The interactions between the ATP-adeno-
sine-related intra- and extracellular molecules and the basic stress hormones during „natural” stress situa-
tions (Model 1); b) The crucial role of deficient mineralocorticoid activity of GS drugs in the acceleration of 
osteoporosis coupled to stress responses (Model 2 & Model 3).

Model 1: “Extracellular ATP-adenosine danger cycle” and the peripheral interac-
tions of main stress hormones

	 This composition is based on our earlier work describing the elements of the “Extracellular ATP-
adenosine danger cycle” [6] during “natural” stress situations completed with the consideration of Para-
thyroid Hormone (PTH), too. The various danger signals induce “stress responses” by activating specific 
elements of central and peripheral nervous systems, activating the HPA axis, resulting in ACTH, cortisol 
and aldosterone productions. In addition, great amounts of adrenaline are produced by the medulla of the 
adrenal gland, inducing strong release of ATP and other messenger molecules from the cells acting via P2R 
purinergic receptors and serving the defense of organisms by “short term”, functionally “whip” effects. In 

Textbook of Internal Medicine, ed. Kelly WN. p: 2192,1989
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parallel, great amounts of Adenosine (Ado) are produced from ATP by the endonucleotidases acting via 
P1R purinergic receptors, preventing the overstimulation of cells and supporting their survival. In a later 
phase, both intracellular ATP and Ado take part in regenerating energy pools of ATP. Extracellular Ado also 
has anti-inflammatory and immunosuppressive effects. Our suggestion was to build it in Model 1 (Figure 
1), namely, the chance that very high doses of Ado can still increase the stress response by induction of 
ACTH from the anterior pituitary gland [9]. Adrenaline is metabolized (deaminated) by Monoamine Oxi-
dase (MAO) [10], and Adenosine Deaminase (ADA) transforms inosine from Ado [11]. Cortisol has a central 
role in the processes by stimulation of adrenaline production and controlling the production of “ACTH” 
via a negative “feedback regulation” [4]. Cortisol has anti-inflammatory and immunosuppressive capabili-
ties. Besides, cortisol can support aldosterone in the reabsorption of Na+ by the kidney, especially during 
stress response, as it has a slight mineralocorticoid potency, too [4]. However, in stressful situations, these 
processes can still be multiplied and strengthened, involving, among others, the increased production of 
Parathyroid Hormone (PTH), which is initiated by the elevated aldosterone level [12]. These extra and 
intracellular situations show that already weak forms of stress responses can accelerate bone resorption 
Figure 1 Other forms of endocrine disturbances can also occur in stress, e.g., insulin resistance [13].

Figure 1: Extracellular ATP-adenosine danger cycle” and the peripheral interactions of main stress hormones.
ACTH: Adrenocorticoid Hormone; Ado: Adenosine; ATP: Adenosine-Triphosphate; ADA: Adenosine-Deaminase; MAO: 
Monoamine Oxidase; P1R: Purinerg Receptor type 1; P2R: Purinerg Receptor type 2.

Model 2: How does dexamethasone affect the plasma levels of various hormones, 
ATP and adenosine, in stressful situations?

	 The various types of synthetic glucocorticoids are used for anti-inflammatory and immunosuppres-
sant therapies with the known risks of strong negative side effects, like osteoporosis. In this work, DXM was 
chosen as the “model molecule” to demonstrate the mechanism of the acceleration of osteoporosis initiated 
by the lack of mineralocorticoid effects leading to pathologic alterations in the plasma levels of various 
hormones. These extra and intracellular processes are synthesized in Model 2 (Figure 2). The dominating 
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effect of DXM is the blocking of ACTH production, resulting in the ceasing of cortisol and aldosterone pro-
duction in the cortex of the adrenal gland. In this dangerous situation, the urinary loss of Na+ and the plas-
ma level of K+ are increased. However, the potassium ions exert direct stimulatory effects on aldosterone 
secretion, which is only partly independent of the renin-angiotensin system. A small increase in plasma K+ 
levels already elicits a rise in plasma aldosterone levels [14]. The life-saving reaction is that the increased 
amounts of plasma K+ trigger the aldosterone production in the adrenal gland, but in an uncontrolled ele-
vated form, as the aldosterone synthesis will later be augmented by the activation of renin-angiotensin II 
system [14]. High levels of aldosterone induce high production of PTH [12], accelerating the resorption of 
bones [8]. This osteoporotic trend is further strengthened by DXM which increases the urinary and intes-
tinal loss of Ca2+ [3]. It can be apparent that the altered processes of mineral ion metabolism induced by 
DXM and other direct glucocorticoid effects can be the main factors of osteoporosis and bone fractures. 
In parallel, DXM elevates the adrenaline production by the medulla of the adrenal gland (even better than 
cortisol could be) [15], causing high extracellular levels of ATP and Ado. Simultaneously, DXM enhances the 
activity of MAO, degrading the increased amounts of adrenaline [16]. It can also be concluded that these 
changes caused by DXM and other GS molecules represent a special form of stress response, which can be 
called a “GS-induced stress situation”. The blockade of ACTH production in the pituitary gland, when even 
great amounts of extracellular Ado molecules are ineffective, is also an additional part of dysregulations. 
The other main factor is the lack of mineralocorticoid activity in the GS medicaments, leading to a series of 
pathologic states such as high K+ levels, uncontrolled increase in aldosterone and PTH synthesis, and finally, 
secondary hyperparathyroidism, which induces accelerated osteoporosis and frequent bone fractures. All 
these negative factors together can still cause complex disturbances in the regulation of stress responses 
during steroid therapy.

Figure 2: Effects of dexamethasone on the plasma levels of various hormones, ATP and adenosine in stressful situations.
ACTH: Adrenocorticoid Hormone; Ado: Adenosine; ATP: Adenosine-Triphosphate; ADA: Adenosine-Deaminase; MAO: 
Monoamine Oxidase; P1R: Purinerg Receptor type 1; P2R: Purinerg Receptor Type 2
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Model 3: The synthesized model of extracellular changes in the amounts of mineral 
ions and hormones leading to osteoporosis caused by dexamethasone therapy

	 In Model 3 (Figure 3) are demonstrated those main extracellular changes in the mineral ion meta-
bolism and hormone levels which play the main roles in the induction of accelerated osteoporosis caused 
by DXM. Accepting and using the beneficial effects of elevated glucocorticoid activity of synthetic steroids 
in the anti-inflammatory and immunosuppressant therapies, we emphasize now that in their negative side 
effects causing osteoporosis, the lack of their mineralocorticoid activity plays a crucial role. The main parts 
of pathologic changes can be attributed to this fact, including the characteristic features of osteoporosis, 
the resorption of bones and the loss of Ca2+ [3]. DXM can achieve such conditions: a) by strongly blocking 
ACTH production in the pituitary gland, leading to the stop of cortisol and aldosterone synthesis in the 
adrenal glands. This is a transient but critical state because of the total lack of urinary Na+ reabsorption 
and a toxic elevation of plasma K+ levels which can come into being. b) However, at a certain high level of K+, 
the production of aldosterone by the cortex of adrenal glands can be restarted but in a large amount and 
uncontrolled form. c) High aldosterone levels will involve a great increase in the production of PTH. This 
hormone has a central role. It regulates both bone production and Ca2+ metabolism. d) DXM can stimulate 
both PTH production and the intestinal and urinary loss of Ca2+ e) Furthermore, DXM can inhibit the pro-
duction of new bone tissue and sex hormones, which prevent bone resorption [3]. 

Figure 3: The synthesized model of extracellular changes in the amounts of mineral ions and hormones leading to osteoporosis 
caused by dexamethasone therapy.

Conclusion

	 In this review, there are two novelties. This is the first synthesis of those processes which show the 
qualitative and quantitative intracellular and extracellular changes in the molecules of the “extracellular 
ATP-adenosine danger cycle” and the plasma levels of main stress hormones during a “natural stress res-
ponse” extended by the role of parathyroid hormone. Furthermore, it is pointed out that the absence of mi-
neralocorticoid activity in the synthetic glucocorticoids leading to the high elevation of plasma K+ levels is 
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one of the main triggers of complex disturbances leading to secondary hyperparathyroidism, osteoporosis 
and frequent bone fractures.

	 The presented new models can contribute to a better understanding of the intra - and extracellular 
processes in natural stress responses and the molecular mechanisms of accelerated severe osteoporosis 
induced by synthetic glucocorticoids used as basic drugs in anti-inflammatory and immunosuppressant 
therapies. Besides, it is suggested that “GIOP can be a special, drug-induced form of stress responses.” In 
this work, DXM was used as a “model drug” because it owned the most extreme glucocorticoid and mi-
neralocorticoid features of synthetic glucocorticoids. In the actions of other members of this drug family, 
used more frequently in practice, the same tendencies are present, but to a less extent. However, in pulse 
therapy or during long lasting treatments, the lack of mineralocorticoid effects of these medicaments will 
also involve the elevation of plasma K+ levels leading to seconder hyperparathyroidism and accelerated 
osteoporosis according to the extent of disturbance caused. The simultaneous demonstration of intra- and 
extracellular processes during stress responses and GS therapy can elucidate the sensitive, tight, vital and 
signal-dependent linkage between them: the greater stress hormone signals, the stronger responses by the 
involvement of mineral ions and the molecules of ATP-adenosine cycle. Finally, this composition of earlier 
observations from a new approach due to the increased plasma levels of K+ can open a new direction in the 
therapy of GIOP [17,18].
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