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Glucocorticoid therapy: minimizing side effects

Carlos Alberto Longui*

Abstract
Objective: To describe the main undesirable side effects of glucocorticoid therapy, mechanisms of action and the
necessary measures to minimize side effects.

Sources: Author’s experience, supplemented with papers published in MEDLINE.

Summary of the findings: The principles for minimizing undesirable side effects of glucocorticoid therapy include:
a) only use glucocorticoids if they are essential; b) avoid the use of long-acting glucocorticoids, using short- and
intermediate-acting glucocorticoids instead; c) keep treatment as short as possible, since treatment lasting 5 to 7 days
shows fewer side effects and quick recovery of the hypothalamic-pituitary axis; d) use glucocorticoids with local activ-
ity preferentially, such as inhaled glucocorticoids; €) use in association with other drugs, especially with other more
specific anti-inflammatory or immune suppressive drugs, promoting a synergistic effect in order to avoid the use of
glucocorticoids or to reduce dosage and duration of glucocorticoid therapy; f) indicate the minimum effective dose,
respecting individual sensitivity to glucocorticoids.

Conclusion: In order to choose the best glucocorticoid schedule it is essential to understand the pharmacological
characteristics and the biological action of glucocorticoids, allowing the most adequate indication, glucocorticoid dose,
mode of administration and the duration of glucocorticoid therapy.
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Introduction

During the 1930s and 1940s, several studies showed the
effects of adrenocorticoid hormones on the balance of elec-
trolytes (mineralocorticoids), as well as on the metabolism of
carbohydrates (glucocorticoids).-? Cortisol was synthesized
in 1946, and in 1948 it was first used by Hench in the treat-
ment of rheumatoid arthritis. Unfavorable side effects arose
subsequently, limiting the therapeutic use of glucocorticoids.
In the 1950s, changes in the structure of cortisol resulted in
the manufacture of new drugs, such as prednisone and pred-
nisolone. Subsequent structural modifications of synthetic
steroids (Figure 1) enhanced glucocorticoid potency and
extended the duration of effect (Table 1), and also provided
drugs with different affinities and binding time-courses to the
glucocorticoid receptor (GR).

These new characteristics resulted in additional complica-
tions related to longer plasmatic half-life (necessary time-
course to reduce initial plasma levels of the drug by 50%) and

longer biologic half-life (residence time of the drug within the
tissue, reflecting the duration of action or therapeutic effect).
These compounds also present variations in hepatic metabo-
lization (hydroxilation, glucoronidation, sulphatation) and in
renal excretion of inactive metabolites (20% in the free non-
conjugate form). Glucocorticoids are lipophilic steroids with
bioavailability between 60 and 100% when administered
orally. Most are succinate or phosphate esters, whose conver-
sion to the active form occurs between 5 and 30 min after
intravenous injection. Plasmatic concentration depends
mostly on the capacity to bind to serum proteins, such as
transcortin e albumin.

Pediatricians must also be alert to possible drug interac-
tions (Table 2) for glucocorticoids, which can aggravate intrin-
sic diseases or bring on potentially preventable side effects.

Definitions and concepts

Some definitions and concepts?® are essential for under-
standing therapeutic effects and possible undesirable side
effects of glucocorticoids:
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Figure 1 - Chemical structure of cortisol and of main synthetic glucocorticoids, such as
prednisone, methylprednisolone and dexamethasone

Table 1 - Characteristics of half-life and affinity to receptor

Apoptotic

Plasma Biologic Binding Affinity Glucocorticoid Equivalent potency
Glucocorticoids - life (h) 1/ life (h) to CBG to receptor tpotency dose(mg) (EC50)
Cortisol 2.0 8-12 100 100 1 20 5x10-7
Prednisone* 3.2 8-12 59 5 3-4 5 n.e.
Prednisolone 3.2 8-12 Absent 220 4 5 n.e.
Methylprednisolone 2.5 18-36 Absent 1,190 5 4 1x10-7
Dexamethasone 4.0 36-54 Absent 710 25-30 0.75 5x10-8

CBG = cortisol binding globulin; n.e. = not evaluated.

* prednisone (inactive) must be metabolized (liver) to prednisolone (active) by 11BHSD type I enzyme.

TGlucocorticoid potency was established for its capacity to elevate glycemia. Anti-inflammatory potencies are proportional to the glucocorticoid potency,
although the exact proportions have not been established. The suppressive potency of hypothalamic-pituitary-adrenal axis (HPA) is similar to the gluco-
corticoid potency in single-dose evaluation, but becomes different when glucocorticoids are used chronically, as it now depends on the duration of the

effect.

- Duration of action: short (up to 12 h); intermediate (12-36
h); long (> 36 h);

Duration of treatment: short term (< 10 days); intermedi-
ate term (10-30 days); long term (> 30 days);

- Therapeutic schedule: single dose (morning or evening);
fractionated dose (2-4 times per day); alternate daily dose
(every other day); mini-pulse therapy (2.5 mg/kg
methylprednisolone); pulse therapy (10-20 mg/kg
methylprednisolone);

- Therapeutic dose: replacement (7-10 mg/m2/day

hydrocortisone); low (< 5 mg prednisone/m2/day; satura-
tion of < 50% of receptors); medium (5-20 mg prednisone/
m2/day; saturation between 50-100% of receptors); high
(> 20 mg prednisone/m2/day; saturation of 100% of
receptors). Very high doses (> 50 mg prednisone/m2/
day) and pulse therapy (> 150 mg prednisolone/m2)
present additional nongenomic effects;

- Stress dose: mild and moderate stress (2 x replacement

dose, via an oral, intramuscular or intravascular route);
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Table 2 - Interaction of glucocorticoids with other pharmaceuticals and with diseases

Influence of other pharmaceuticals on glucocorticoids

Medication [Serum] Side effects
Aspirin T T anti-inflammatory effect
Amphotericin B T | clearance
Coumarinics T T potassemia
Cyclophosphamide l T hepat. metab.
Cyclosporine l T hepat. metab.
Insulin T 1 glycemia
Isoniazid T I clearance
Oral Hypoglycemics T 1 glycemia
Influence of glucocorticoids on other pharmaceuticals

Medication [Serum] Side effects
Antiacids T | clearance
Carbamazepine T TK
Cholestyramine T T intest. absorption
Cyclosporine ! T hepat. metab.
Ephedrine T 1 clearance
Erythromycin l T hepat. elimination
Oral contraceptives l T hepat. elimination
Phenob/Hydantal T 1 cytochrome P450
Rifampicin T 1 cytochrome P450

Influence of diseases on glucocorticoid pharmacokinetics
Disease

Renal insufficiency
Nephrotic syndrome
Hepatic insufficiency
Inflammatory bowel disease
Acute lymphocytic leukemia

Obesity

Effect on glucocorticoids
T clearance
T total concentration
T clearance
variable absorption
T clearance

| clearance

severe stress (5 x substitutive dose, intramuscular or
intravascular); shock (10-15 x substitutive dose, intravas-
cular bolus, followed by continuous maintenance).

Therapeutic indications

Glucocorticoids have a broad spectrum of therapeutic
indications' 3 and may be administered as replacement
therapy in cases of adrenocorticoid insufficiency or in dis-
eases such as Cushing 's syndrome. They may also be used
in the acute treatment of both hypoglycemia and hypercalce-
mia. They can induce cell maturation (type II pneumocyte),
cell differentiation (neural crest lineages) or even cell death
(apoptosis), thus allowing their use in the treatment of
tumors, especially hematopoietic lineage tumors. However,

glucocorticoids play central roles in the treatment of diseases
involving immune and inflammatory mechanisms.
Hypoglycemia

Glucocorticoids have a hyperglycemic effect as they pro-
vide a combined action both reducing peripheral use of glu-
cose (as they reduce insulin sensitivity) and increasing
glucose production by stimulating both glucogenolysis and
gluconeogenesis. These effects are associated with muscular
proteolysis and with heterogeneous lipid metabolism abnor-
malities, combining areas of lipolysis and lipogenesis (espe-
cially visceral).

Hypercalcemia

Glucocorticoids can reduce calcemia. Acutely, they induce
calcium redistribution from intravascular to intracellular
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space. In the medium and long term, they reduce osteoblas-
tic activity, intestinal absorption and renal calcium resorp-
tion.

Tumors

Glucocorticoids can modulate cell proliferation,* as they
reduce the expressions of the heterodimer jun-fos and c-myc,
among other transcription factors that decide on cell overlife
and multiplication, determining the pause between G1 phase
and S phase of the cell cycle. They can also induce apoptotic
cell death, culminating in the activation of proteins with
nuclear activity involved in the degradation of DNA, RNA and
other structural cell proteins.

Inflammatory response and immunomodulation

They are the main indications for glucocorticoids.®® Glu-
cocorticoid action on the immune system takes place at vari-
ous points, culminating in deviation toward a T helper 2 (Th2)
type response, with anti-inflammatory characteristics depen-
dent on the increase of cytokines such as interleukins IL, IL4,
IL5, IL6, IL10, IL13, and in the granulocyte-macrophage
colony-stimulating factor (GMSF). It also induces transform-
ing growth factor (TGF@) secretion, which is able to reduce
lymphocyte T activation and cell proliferation. Glucocorti-
coids are able to inhibit pro-inflammatory cytokines, such as
interleukinsIL2 and IL12, interferon gamma (INFy) and tumor
necrosis factor (TNFa), as well as adhesion molecules such as
lipocortin-1, vascularadhesion molecules (VCAM-1) and inter-
cellular adhesion molecules (ICAM), and also enzymes, such
as inducible nitric oxide synthase (INOS), cyclooxygenase
(COX2) and phospholipase (PLA2). One of the main mecha-
nisms of modulating action of glucocorticoids on the inflam-
matory process acts on the expression rate of transcription
factors, such as nuclear factor kappa B (NFkB), inhibitory pro-
tein for NFkB (IkB), and IkB protein kinase (IKK). Nonge-
nomic glucocorticoid effects are also present, determining
histamine decrease of action, and reduction in prostaglandin
synthesis (reducing phospholipase A2) and in plasminogen
activation. In appreciating these mechanisms, itis important
to understand the molecular mechanisms of glucocorticoid
action (Figure 2) and its main interactions in cellular trans-
duction pathways.” This is the only possible way to under-
stand the main implications of glucocorticoid use in the death
or proliferation of cells (Figure 3), as well as in the modulation
of inflammatory response (Figure 4).8

Undesirable side effects

There is a long list of undesirable side effects-? associ-
ated with corticotherapy, usually related to duration of treat-
ment and use of longer-acting glucocorticoids.

Alterations in fat distribution

Centripetal obesity, moon facies, buffalo hump, supraclav-
icular fat deposition.

Glucocorticoid therapy - Longui CA

Musculoskeletal system

Osteoporosis, bone fractures, weakness, myopathy, proxi-
mal muscle atrophy; aseptic necrosis of femoral and humoral
heads.

Hypophyseal/gonadal dysfunction

Menstrual disorders, decreased libido, impotence,
hypothyroidism, growth failure and short stature (children).

Cutaneous manifestations

Violaceous striae, plethora, hyperpigmentation, hirsut-
ism or hypertrichosis, acne, ecchymosis.

Endocrine-metabolic system

Suppression of HPA axis, growth failure (in children), car-
bohydrate intolerance (insulin resistance, hyperinsulinemia,
abnormal glucose tolerance, diabetes mellitus); cushingoid
features (moon facies, facial plethora, central obesity, buf-
falo hump, acne, thin and fragile skin, violaceous striae), men-
strual disorders, impotence, hypokalemia; metabolic
alkalosis; renal calculosis.

Gastrointestinal system

Gastric irritation, peptic ulcer; acute pancreatitis (rare);
fatty infiltration of liver and hepatomegaly (rare).

Hemopoietic system

Leucocytosis (with neutrophilia); lymphocytopenia;
eosinopenia; monocytopenia.

Imunne system

Suppression of delayed hypersensitivity; suppression of
the primary antigen response; suppression of the T helper 1
(Th1) lymphocyte function and Th2 predominance.

Ophthalmic

Posterior subcapsular cataracts (more common in
children); elevated intraocular pressure; glaucoma; central
serous choroidopathy.

Neuropsychiatric disorders

Sleep disturbances and insomnia; irritability; euphoria
and depression; mania and psychosis; pseudotumor cerebri
(benign increase of intracranial pressure).

Renal system

Nephrocalcinosis; nephrolithiasis; uricosuria; euphoria
(emotional lability), insomnia, psychosis.

Cardiovascular system

Arterial hypertension; myocardial infarction (rare); cere-
brovascular accident (rare).
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Figure 2 - Mechanism of glucocorticoid action. Glucocorticoid recep-
tors are inactive in the cell cytoplasm due to their asso-
ciation with heat shock proteins. Glucocorticoids are
lipophilic esters that glide through the cell cytoplasm and,
after binding to glucocorticoid receptors, dislocate heat
shock proteins, allowing dimerization of glucocorticoid
receptors and their translocation into the cell nucleus,
where they bind to the responsive elements present in
the regulatory region of glucocorticoid-target genes.
Thus, glucocorticoids act as either transactivators or tran-
srepressors, modulating the expression of target genes

Most common signs and symptoms of endogenous
Cushing’s syndrome

Arterial hypertension; acne and hirsutism; menstrual
disorders; striae; ecchymosis; plethora.

Virtually exclusive signs and symptoms of
exogenous administration

Intracranial hypertension; glaucoma; cataracts; aseptic
bone necrosis; pancreatitis; panniculitis.

Signs and symptoms of both conditions

Obesity; osteoporosis; myopathy; carbohydrate
intolerance; psychiatric manifestations; poor wound healing.

A summary of the main undesirable side effects is shown
in Table 3.

Among the undesirable side effects of glucocorticoids in
children and adolescents, we can point out the following:

Suppression of hormone axis, especially HPA axis, with seri-
ous implications during abrupt or inadvertent glucocorti-
coid withdrawal.

Vascular effects including endothelial abnormalities and
vascular permeability and tonus alterations, which, consid-
ered together, are involved in the appearance of arterial
hypertension and features of vasculitis.

Neurological alterations associated with central nervous
system (CNS) vasculitis and interference with neurotrans-
mitters involved in appetite, sleep and behavioral alter-
ations frequently observed during corticotherapy.

Growth retardation: glucocorticoids produce important
suppressing effects on the somatothrophic axis. In long
term treatments, they reduce the hypophyseal secretion
of the growth hormone (GH) and its capacity to generate
IGF-I in hepatic and osteocartilaginous levels; they also
promote increase in IGF-I transport proteins, such as
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Figure 3 - (A) Activation of glucocorticoid receptors modulates
synthesis of transcription factors, receptors and trans-
port proteins, responsible for the regulation of cytoso-
lic calcium concentration, which is necessary to activate
the enzymes involved in the degradation of DNA and
structural cell proteins. On the other hand, glucocorti-
coids are able to inhibit stimulating factors of cell pro-
liferation and DNA repair enzymes. Considered
together, these actions can reduce cell proliferation and
induce apoptotic cell death. (B) The inflammatory pro-
cess activates cells of the immune system, which are
able to release cytokines that can stimulate cell prolif-
eration or induce apoptotic cell death. Glucocorticoids
block cell proliferation- stimulating cytokines and
increase the production of apoptotic cell death-inducing
cytokines

IGFBP1, reducing IGF-I bioavailability. As a final effect, we
can observe reduction of IGF-I local concentration and GH
action on growth cartilage. These effects are aggravated
by the inhibiting action of glucocorticoids on the growth car-
tilage, preventing maturation of resting cells (GH depen-
dent) and cell division in the proliferative layer (IGF-I
dependent).
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Figure 4 - (A) Glucocorticoid action reducing DNA acetylation
degree, with consequent decrease in the transcription
of inflammation-mediating protein-coding genes. (B)
Glucocorticoid action reducing concentration of nuclear
factor kappa B, with consequent decrease in the con-
centrations of cytokines, chemokines, enzymes and
adhesion molecules responsible for the inflammatory
response
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Affected system

Undesirable effect

Cardiovascular

Gastrointestinal

Neuropsychiatric

Ophthalmic

Musculoskeletal

Endocrine/metabolic

Imunne

Cutaneous

Vascular

Arterial hypertension

Congestive heart failure

Esophagitis, gastritis, peptic ulcer
Digestive hemorrhage

Psychiatric disorders in general
Intracranial hypertension

Glaucoma

Cataracts

Osteoporosis

Aseptic bone necrosis

Myopathies

Truncal obesity, supraclavicular

and posterior cervical fat deposition
Hirsutism, masculinization, menstrual disorders
Growth failure in children and adolescents
Hiperglycemia, dyslipidemia

Negative nitrogen, potassium and calcium balance
Sodium retention

Hypokalemia and metabolic alkalosis
Decrease in inflammatory response
Higher susceptibility to infections

Striae and acne, delayed wound healing
Vasculitides

Thromboembolism

Arteriosclerosis

Bone mass: bone mass loss is one of the main chronic com-
plications in treatment with glucocorticoids, due to unbal-
anced bone turnover caused by reduction in bone synthe-
sisandincrease in bone resorption. Asmall amount of bone
synthesis depends on decreased calcium availabilty and
decreased glucocorticoid-induced osteoblastic activity. The
increase in bone resorption is secondary to the increase in
osteoclastic number and adhesivity, as well as to the
increase in the secretion of the parathyroid hormone (PTH).
Glucocorticoids reduce osteoblasts overlife and interfere in
the osteoblast signaling to the osteoclast, preventing
adequate bone rebuilding where bone resorption is more
active.

Obesity and metabolic syndrome:®"1! increased appetite
and predominantly visceral lipogenesis are common find-
ings in patients using glucocorticoids, partially related to

S169

insulin resistance. The clinical features of iatrogenic Cush-
ing’s syndrome have much in common with the metabolic
syndrome features (centripetal obesity, glucose intoler-
ance or diabetes mellitus, dyslipidemia and arterial hyper-
tension, increasing the risk of cardiovascular events).

Imunossuppression: anti-inflammatory and immunomodu-
lating effects are among the main therapeutic tools offered
by glucocorticoids, as they reduce antigen exposition to the
immune system, diminish release of pro-inflammatory
cytokines and efficaciously eliminate the aggressor agent
and the infected cells. Therefore, when this is a long or
intense action, we are atincreased risk of developing infec-
tions, both in number and severeness.

Disproportionate cell death: part of the therapeutic effi-
cacy of glucocorticoids is due to their capability of reducing
cell proliferation rate and inducing apopotic cell death. This
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Table 4 - Pharmacologic characteristics of inhaled glucocorticoids
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Lipophilia GR affinity Binding to receptor
Fluticasone 1x 1x 10h
Beclomethasone 3x 1.5x 7.5h
Momethasone 3x 1.5x 7.5h
Budesonide 300 x 3x 5.0h
Triamcinolone 1,000 x 20 x 4.0h

is an important mechanism against neoplastic cells, how-
ever these are unspecified effects and can also reach non-
neoplastic cells. These actions can be observed in hemato-
poietic cells, collagen- and elastin- producing cells,
epidermic cells, digestive and respiratory tract mucosal
cells, muscle cells, etc. Thus, common findings are lym-
phopenia, thin skin with striae, mucosal eruptions, periph-
eral myopathy, dilated myocardiopathy, etc.

Minimizing side effects

The general principles that should be followed to mini-
mize undesirable side effects of corticotherapy include: a)
strict indication for the use of glucocorticoids must prove
essential; b) avoiding the use of long-acting glucocorticoids,
using short- and intermediate-acting glucocorticoids, such as
hydrocortisone and prednisone or prednisolone; c) shorten-
ing the treatment to the minimum necessary duration, as 5-
to 7-day treatments show few side effects and quick recovery
of hypothalamic-hypophyseal axis; d) preferring glucocorti-
coids with local activity, such as inhaled glucocorticoids
(Table 4); e) association with other pharmaceuticals, espe-
cially with other more specific anti-inflammatories or immu-
nossupressors, aiming at synergic effectsin order to avoid the
use of glucocorticoids or to reduce dosage and duration of
corticotherapy; f) offering the minimum effective dose,
respecting the individual patient sensitivity to glucocorti-
coids. Clinical experience shows great variation in this
sensitivity.*2"1* We are provided with a broad spectrum, from
complete resistance to the effects of glucocorticoids, even fol-
lowing high-dose long-term administration, to features of
hypersensitivity with massive cell death. In vivo and in vitro
tests have been carried out with the purpose of recognizing
individual patient sensitivity to glucocorticoids, thus allowing
adequate adjustment of dose.

Even optimizing corticotherapy, some undesirable side
effects will be present and need specific measures:

- Growth: reduction in longitudinal growth is a frequent cor-
ticotherapy complication and depends on the action of the
glucocorticoids on the somatothrophic axis. The use of the
GH has been able to revert or prevent low growth speed in
patients with renal insufficiency (pre- or post-transplant),

nephrotic syndrome or chronicinflammatory diseases, such
as juvenile rheumatoid arthritis. In these situations, the GH
is able to increase hepatic generation of IGF-I and IGFBP3,
increase bone IGF-I concentration and antagonize the local
glucocorticoid effects on the growth cartilage level.

- Bone mass: osteopenia or osteoporosis are possible com-
plications during chronic administration of glucocorticoids.
Prevention should be attempted, respecting the general
principles of corticotherapy. Additional calcium supple-
ment or concomitant use with vitamin D have been
approved for children and adolescents receiving treat-
ment, but their efficacy is discussible, and they might cause
hypercalciuria and urinary tract calculosis. Adequate exer-
cise should be highly recommended as an indispensable
weapon against bone and muscle loss. The use of bisphos-
phonates, decreasing excessive bone resorption, is a viable
palliative alternative for a limited period of time. The use of
the GH can minimize catabolic effect on bones and prevent
bone mass loss.

- Insulin resistance and metabolic syndrome: increased
appetite associated with glucocorticoid-induced metabolic
alterations sets a tendency toward weight gain, aggravat-
ing insulin resistance induced by the medication. Preven-
tive and therapeutic measures to fight obesity should be
considered as soon as treatment with glucocorticoids is indi-
cated. Strict surveillance on glucose tolerance is neces-
sary, especially in adolescents.

Glucocorticoid withdrawal

Weaning patients from corticotherapy should be a planned
step, since inadequate glucocorticoid withdrawal can reacti-
vate the disease under therapy or trigger an adrenal insuffi-
ciency crisis due to long suppression of the HPA axis (anorexia,
fatigue, nausea, abrupt weight loss, arthralgia, muscle weak-
ness and myalgia, arterial hypotension and hypoglycemia).

In shortterm treatments (< 10 days), irrespective of dos-
age or type of corticoid, cessation of corticotherapy should be
abrupt, shortening total length of therapy and diminishing side
effects.
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Table 5 - Protocol for glucocorticoid dose reduction and withdrawal
proposed by Samuels

Dose

prednisone/ Protocol reduc-

prednisolone tion Interval
> 20 mg 25% 4 days
10-20 mg 2.5mg 7 days
<10 mg 2.5mg 15 days

In intermediate term treatments (10-30 days), glucocor-
ticoids should be withdrawn over a period of 2 weeks, with
dose reduction every 4 days.

In long term treatments, some principles for dose reduc-
tion should be observed prior to medication withdrawal: a)
switch to short- or intermediate-acting glucocorticoids; b)
reduce number of doses, aiming at once-a-day dosing in the
morning; ¢) gradual glucocorticoid dose reduction (protocol
by Samuels, Table 5).

In the end of the protocol for dose reduction, HPA axis test-
ing can be performed with morning dosage of serum cortisol.
Rates greater than 10 mcg/dL indicate adequate recovery of
the axis and allow glucocorticoid withdrawal. Rates less than
5 mcg/dL indicate suppressed axis and need of dose reduc-
tion, with an additional waiting period of 2-4 weeks before ces-
sation. Cortisol concentration kept between 5 and 10 mcg/dL
might require adrenocorticothrophic hormone stimulation test
(Synacthen, 1 mcg/m2 intravascular bolus) to ensure adre-
nal recovery and adequate endogenous cortisol production in
the face of stressful situations.
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