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Abstract

Glucocorticoids are potent anti-inflammatory and immunosuppressant medications and remain the 

mainstay of systemic lupus erythematosus (SLE) therapy. The potency of a specific 

glucocorticoid, i.e., the dose of glucocorticoid that is required to produce a specific effect, is 

dependent on its pharmacokinetic (PK) and pharmacodynamic (PD) properties. In this review, we 

summarize the PK/PD properties of commonly used glucocorticoids in an attempt to better 

delineate their role in the management of children with childhood-onset SLE (cSLE). We also 

address glucocorticoid side effects as these play a major role when deciding on the dose, 

frequency, and duration of use. A better understanding of the pharmacology of glucocorticoids 

appears useful to achieve improved outcomes in the management of cSLE.
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Introduction

Since Philip Hench introduced glucocorticoids into clinical medicine in 1949 [1], these 

powerful anti-inflammatory medications are commonly prescribed in rheumatology. The 

pleiotropic effects of glucocorticoids are advantageous in the treatment of many autoimmune 

diseases. As such glucocorticoids have been used in the treatment of systemic lupus 

erythematosus (SLE) since the 1950s [2–5]. Indeed, either used alone or in combination with 

other immunosuppressive agents, glucocorticoids remain the cornerstone of chronically 

active SLE and are commonly used in the setting of SLE flares [6]. A deeper understanding 

of the pharmacology of specific glucocorticoids is needed along with the physician’s 

medical decision to guide the most appropriate treatment regimen for patients with 

childhood-onset SLE (cSLE). The purpose of this review is to provide a high-level summary 

of the pharmacology of glucocorticoids with a focus on their use in rheumatology in general, 

and cSLE in particular. We searched the PubMed/Medline database, using indexing 

(Medical subHeadings, MeSH) terms ‘Systemic Lupus Erythematosus, childhood-onset’, 

‘glucocorticoids’, ‘pharmacology’, ‘pharmacokinetics’, ‘adverse effects’, and searched 

through references of the articles to establish a deeper understanding of glucocorticoids 

pharmacology and their application in cSLE.

Natural and synthetic glucocorticoids - pharmacology

The term ‘glucocorticoids’ is a composite of glucose, cortex, and steroid. It was coined to 

point out the role of these compounds in the regulation of glucose metabolism, their 

synthesis in the adrenal cortex, and the steroidal chemical structure [7]. So-called natural or 

endogenous glucocorticoids, i.e., glucocorticoids naturally produced by the adrenal cortex, 

include cortisol - the biologically active hormonal compound and cortisone - a biologically 

inactive form of cortisol. Cortisol production and secretion are regulated by the 

hypothalamic-pituitary-adrenal (HPA) axis in response to the adrenocorticotropic hormone 

(ACTH) secretion by the pituitary gland [8] (Figure 1). Synthetic glucocorticoids used in the 

treatment of cSLE include prednisone, prednisolone, hydrocortisone, and 

methylprednisolone (6-α methylprednisolone); the latter is chemically identical to 

prednisolone with the exception of a carbon group at position 6 [9]. The structure of the 

synthetic glucocorticoid hydrocortisone is chemically identical to that of the endogenous 

glucocorticoid cortisol [10].

The enzyme 11-beta-hydroxysteroid-dehydrogenase (11β-HSD) converts biologically active 

forms of synthetic and endogenous glucocorticoids into their biologically inactive forms and 

vice versa [11]. As such 11β-HSD transforms the biologically active prednisolone (or 

dehydrocortisol) to its inactive form prednisone (or dehydrocortisone), and vice versa [12]. 

Healthy adults produce about 10 mg of cortisol daily [13]. Cortisol levels show a circadian 

pattern, with peak plasma concentrations reached in the morning between 6:00am and 

9:00am while cortical concentrations are lowest at night between 8:00pm and 2:00am [13].

In general, synthetic glucocorticoids are more potent than natural glucocorticoids (Figure2), 

due to their pharmacokinetic (PK) and pharmacodynamic (PD) properties [14]. The potency 

of a specific glucocorticoid, i.e., the dose needed to produce a particular biologic effect, is 
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determined by its PK and PD parameters. The glucocorticoid PK properties include the time 

course for its absorption, distribution, metabolism, and excretion from the body, while its PD 

characteristics pertain to biochemical and physiologic effects on cell types and organs [15].

Glucocorticoid pharmacokinetics - absorption

Oral administration is the most commonly used form of systemic glucocorticoid intake in 

the treatment of cSLE. Irrespective of concurrent food intake, the absorption of 

glucocorticoids is excellent, ranging from 60 to 100% [10]. The solubility of glucocorticoids 

in both lipid (fat) and water enhances absorption by the gastrointestinal tract, especially if 

the hydroxyl group of the synthetic glucocorticoids is acetylated, e.g. hydrocortisone. The 

addition of phosphate groups to synthetic glucocorticoids increases their aqueous solubility. 

Prednisolone sodium phosphate, the oral or ophthalmic preparation of commercially 

available prednisolone, is a classic example of a phosphate prodrug with high water 

solubility (>30 times greater than prednisolone without phosphate group) [16]. Intravenous 

administration bypasses the gastrointestinal absorption process and allows for a more rapid 

onset of action as compared to oral administration [17, 18].

Glucocorticoid pharmacokinetics - distribution

Endogenous and some synthetic glucocorticoids have a high affinity to transcortin, also 

known as corticosteroid binding globulin (CBG) [19]. Hydrocortisone and prednisolone 

have a higher affinity to transcortin than albumin, while albumin has a higher binding 

capacity than transcortin. Indeed, transcortin becomes fully saturated with plasma cortisol 

concentrations exceeding 200 ug/L, or equivalent doses of hydrocortisone or prednisolone of 

20 mg, rendering the excess cortisol, hydrocortisone or prednisolone to be either bound to 

albumin or remain unbound [20]. In healthy individuals, more than 90% of circulating 

cortisol is bound tightly to transcortin [8], and about 5% of cortisol circulates in the unbound 

state in the plasma, while the remaining 5% is loosely bound to serum albumin or remains 

unbound [19].

The PK of prednisolone and prednisone are dose-dependent, given nonlinear protein 

binding. Therefore, with increasing concentrations from 200 μg/L to 800 μg/L protein 

binding of prednisolone decreases non-linearly from 95% to 60–70% [21]. Conversely, the 

PK of methylprednisolone is strictly linear, likely because it does not bind to transcortin but 

only binds to albumin [22].

Glucocorticoid pharmacokinetics - metabolism

The primary sites of cortisol metabolism in humans are the liver, kidneys and specific target 

tissues, including the lungs, adipose tissues, vascular beds, ovaries, and the central nervous 

system. Cytosolic and microsomal enzymes, such as cytochrome 450, 5α/5β reductase, 

3α/3β oxidoreductase, and 11β-HSD, play an important role in the hepatic metabolism of 

cortisol [23]. There are two isoenzymes, 11β-HSD1 and 11β-HSD2 [11]: 11β-HSD1 is 

widely distributed in the glucocorticoid target tissues and acts as a reductase, catalyzing the 

conversion of hormonally inactive cortisone to hormonally active cortisol, and may 

contribute to the tissue hypersensitivity to glucocorticoids [24]; and 11β-HSD2 is only 

expressed in classic mineralocorticoid target tissues (kidney, colon, sweat glands and the 
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placenta). Cushing disease results from absent or markedly decreased 11β-HSD2 activity 

[25].

As mentioned earlier cortisol and cortisone can be converted by the action of the enzyme 

11β-HSD. Both cortisone and cortisol can be acted upon by 5α and 5β-reductases and 3α 
hydroxysteroid dehydrogenase, ultimately leading to the generation of tetrahydrocortisone 

(THE), 5β-tetrahydrocortisol (THF), and 5α-tetrahydrocortisol (allo-THF) [26].

Glucocorticoid pharmacokinetics - excretion

The inactive glucuronide and sulphate metabolites of glucocorticoids are eliminated via the 

kidneys. Only less than 1% of cortisol is excreted unchanged in the urine. The clearance of 

prednisolone is 210 mL/min per 1.73 m2, with an elimination half-life of approximately 3 

hours [27, 28]. Clearance varies with the time of the day. Both prednisolone and 

methylprednisolone clearances are lower by 18 to 28% in the morning compared to the 

evening [28]. The above differences with glucocorticoid metabolism help explain the 

clinically noted variations in efficacy when the drug is given at different times of the cortisol 

diurnal rhythm and provides a rationale why morning intake of glucocorticoids is preferred.

Glucocorticoid pharmacodynamics- mechanisms of action and resistance

Only free or unbound glucocorticoids can interact with corticosteroid receptors and reach 

sites of action. Glucocorticoids exert their actions principally via intracellular receptors 

which belong to the nuclear receptor superfamily and regulate the transcription of target 

genes [29]. Two principal types of corticosteroid receptors have been identified, the 

mineralocorticoid receptor (MR) and the glucocorticoid receptor (GR), both belonging to the 

nuclear receptor superfamily [30]. The GR, also known as NR3C1 (nuclear receptor 

subfamily 3, group C, member 1) is bound to receptor-associated proteins, including heat-

shock proteins. Binding of glucocorticoids to the GR results in dissociation of molecular 

chaperones from the GR. The MR has a higher affinity to glucocorticoids than the GR. 

Indeed, the Kd constant, which represents the concentration at which 50% of binding sites of 

receptors are occupied by drug, is 0.5–2 nM for the MR as compared to 10–20 nM for the 

GR. Thus, the MRs are responsible for mediating the effects of very low concentrations of 

glucocorticoids, while the GRs mediate the glucocorticoid biological effects once the MRs 

are saturated in the setting of free cortisol levels over 300 nM [29].

While the GRs are widely distributed throughout the body and present in almost all cell 

types, the MRs are principally localized to the distal renal tubules and cells/tissues 

concerned with Na+/K+ balance (e.g., sweat glands, parotid glands, and colon) [20, 31]. 

MRs are also located on neurons in specific brain regions, such as the limbic system, 

entorhinal cortex and, to a lesser extent, the hypothalamus. The ultimate process by which 

glucocorticoids would exert their anti-inflammatory effects would depend on their 

interaction with the respective GR or MR in a given tissue, i.e., the extent (capacity) of 

receptor binding and/or downstream physiological signaling mechanisms [32].

There are four recognized mechanisms that mediate the therapeutic effects of 

glucocorticoids: (1) the classic genomic mechanisms due to activation of cytosolic 

glucocorticoid receptors; (2) secondary non-genomic mechanisms provoked by the cytosolic 
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glucocorticoid-GR complex (GC-GR complex); (3) non-genomic effects of membrane-

bound GR; and (4) nonspecific, nongenomic effects caused by interactions with cellular 

membranes, including mitochondrial membranes [33–36].

According to the classic genomic theory of action, glucocorticoid molecules are highly 

lipophilic molecules that easily diffuse through the plasma membrane prior to binding to 

specific GRs which are located in the cell cytoplasm to form the GC-GR complex. This 

complex translocates into the nucleus, where it modulates the transcriptional activity of 

glucocorticoid responsive genes either by ‘transrepression’ or by ‘transactivation’ [35]. In 

‘transrepression’, the GC-GR complex interferes with the activity of pro-inflammatory 

transcription factors such as activator protein 1 (AP-1), nuclear factor kB (NF-kB) and 

several signal transducers and activators of transcription (STATs), leading to down-

regulation of pro-inflammatory protein synthesis. In ‘transactivation,’ the GC-GR complex 
binds to specific gene sequences, also called glucocorticoid-response elements (GREs), 
leading to the up-regulated synthesis of certain regulatory proteins via transcriptional 

activation [34]. The anti-inflammatory effects of glucocorticoids depend mainly on 

‘transrepression’ with a few exceptions such as the upregulation of Annexin A1 (lipocortin 

1) [37]. Conversely, adverse effects and metabolic actions of glucocorticoid therapy are 

mostly the result of ‘transactivation’ (Figure 3).

Anti-inflammatory effects of glucocorticoids are mainly based on classic genomic pathways 

of glucocorticoids. These take hours to days to lead to changes at the cell, tissue or organ 

level. The extent of GR saturation is directly dependent on GC dosage. At prednisolone 

equivalent dosages of >100 mg/day, the GR becomes 100% saturated, leading to the 

emergence of non-genomic mechanisms [38, 39]. Non-genomic effects of glucocorticoids do 

not require protein synthesis and occur rapidly within seconds or minutes. Therefore, non-

genomic effects are thought to play an important role in mediating the therapeutic effects of 

intermediate to high doses of glucocorticoids, including high-dose pulse glucocorticoids 

[40]. Rapid immunosuppressive and anti-inflammatory effects of glucocorticoids are likely 

the result of non-genomic mechanisms. For instance, membrane-bound GRs, which mediate 

non-genomic glucocorticoid effects, are upregulated in patients with SLE and by 

inflammatory stimuli. Conversely, membrane-bound GRs are down regulated upon 

glucocorticoid exposure, suggesting a negative feedback loop [41]. Glucocorticoids increase 

the glomerular filtration rate, proximal tubular epithelial sodium transport, and free water 

clearance. Another effect of glucocorticoids is to counteract the increases in permeability 

and dilation of the capillary blood vessels with inflammation [20, 31]. Table 1 summarizes 

key PK/PD parameters of commonly used glucocorticoids.

Patient & treatment factors that may impact the pharmacological properties of 
glucocorticoids

Besides dosing, the PK/PD properties of glucocorticoids are influenced, among others, by 

the patient sex, race, age, and concurrent medications used for SLE [14].

Indeed, white patients were found to have 50% higher methylprednisolone clearance than 

black patients in a sex and age matched study in renal transplant recipients [42]. Even after 

adjustment for body weight, free prednisolone oral clearance and apparent volume of 
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distribution were higher in men compared with women, regardless of race [43]. The oral 

clearance was higher by 22% in white men compared to white women and by 40% in black 

men compared to black women [43]. The apparent volume of distribution was higher by 

32% in white men compared to white women and by 38% in black men compared to black 

women [43]. Further, plasma clearance of unbound prednisolone decreases during adulthood 

[12]. Patients with hepatic or renal failure and renal transplant recipients show increased 

unbound prednisolone concentrations [44].

The PK of the glucocorticoids shows a circadian pattern. A specific glucocorticoid dose 

taken in the morning results in higher mean plasma concentrations than the very same dose 

taken in the evening [45]. Twice-daily administration of glucocorticoids has a higher total 

immunosuppressive effect but may also have adverse effects due to more significant 

suppression of the HPA axis [46].

Further, the female hormonal status influences the PK of glucocorticoids. During the luteal 

phase of the menstrual cycle, the methylprednisolone clearance is higher in women (0.45 

versus 0.29 L/hr/kg) and the elimination half-life shorter (1.7 versus 2.6 hours) than in men 

[47]. A significantly smaller 50% inhibitory concentration (IC) value (0.1 versus 1.7 ng/ml) 

was seen in women as compared to men for suppression of cortisol secretion, indicating 

increased glucocorticoid sensitivity among women [47]. When considering increased 

clearance and increased glucocorticoid sensitivity together, it is generally presumed that 

there is a similar net response to methylprednisolone in men and women [47].

Multiple medications interact with the PK properties of glucocorticoids. The clearance of 

mycophenolate mofetil (MMF) is increased by glucocorticoids. This is because 

glucocorticoids induce uridine diphosphate glucuronosyl transferase, the enzyme involved in 

the MMF metabolism. Conversely, lowering or even discontinuing glucocorticoids will 

reduce the apparent plasma MMF clearance and thus enhance the bioavailability of 

mycophenolic acid, the pharmacologically active compound, after MMF intake [48]. 

Cyclophosphamide is converted by mixed-function oxidase enzymes (cytochrome P450 

system) in the liver to its active metabolites. Glucocorticoids inhibit hepatic microsomal 

enzymes, resulting in a slower conversion of cyclophosphamide into its metabolites, 

consequently reducing its therapeutic and toxic effects [20, 31].

Individual responsiveness to therapy varies among patients with SLE, some patients 

requiring dose escalation to achieve adequate clinical response, suggesting the existence of 

glucocorticoid resistance. Several mechanisms for steroid resistance have been 

hypothesized. First, variability in the expression of GR has been linked to patterns of 

resistance [49]. A small study showed that increased expression of GR beta, a splice variant 

of GR, was related to high SLE activity as measured by the SLEDAI [50]. There are also 

specific genetic polymorphisms that help explain variability of GR expression and 

glucocorticoid responsiveness [51]. A second proposed mechanism underlying 

glucocorticoid resistance is the transport of intracellular steroids outside of the cell by 

membrane transporters. Patients with SLE with high disease activity who are considered 

resistant to glucocorticoids were found to have increased expression of the membrane 

associated transporter P-glycoprotein on lymphocytes [52]. The overproduction of nuclear 
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factor kappa-B by activated plasmacytoid dendritic cells may be another source of 

glucocorticoid resistance in SLE [53].

Glucocorticoid use in SLE: past and present

Glucocorticoids are widely used for the management of SLE and have drastically improved 

the prognosis of this disease. The earliest report of a series of SLE patients receiving 

glucocorticoid treatment was published in 1952 [3, 4]. In this report, 18 patients were treated 

with high-dose of cortisone (200–300 mg/day) and tapering of cortisone occurred as SLE 

manifestations improved. During follow-up for 3 to 20 months, 12 patients survived, and 6 

patients died of uncontrolled disease. These results were considered very promising, and 

authors even speculated that some patients might maintain remission indefinitely after 

corticosteroid treatment [4]. In 1967, a study at the Mayo clinic reported a definite trend 

toward prolonged survival among SLE patients who received high doses of prednisone (60–

80 mg) compared to others not receiving prednisone or those receiving low-dose prednisone 

only (<40 mg/day) [54]. In 1977, Urman & Rothfield compared two SLE cohorts and 

reported that glucocorticoid therapy was associated with improved survival [55]. Two years 

later, investigators from the Massachusetts General Hospital showed that glucocorticoids 

were associated with improved survival among very ill (high-risk) patients [56]. Since the 

1970’s very high doses of intravenous methylprednisolone (30 mg/kg/dose) are being used 

yielding rapid control of SLE associated inflammation, and leading to markedly sustained 

improvement of renal function among patients with lupus nephritis [57]. Taken together, the 

use of glucocorticoids, especially if combined with other immunosuppressants has led to a 

significant reduction of SLE related mortality, with 5-year and 10-year survival considerably 

increased from 74.8% to 94.8% and 63.2% to 91.4%, respectively [58].

The dose and duration of glucocorticoid therapy are essential considerations when treating 

SLE. Glucocorticoid regimens depend, among others, on the type of organ system 

involvement and the severity of symptoms [59]. The intensity of glucocorticoid therapy has 

been categorized into low intensity for prednisone equivalent doses <7.5 mg daily; medium 

intensity for doses ranging between 7.5 mg and 30 mg; high intensity for daily doses of 30 

mg to 100 mg; and very high intensity for those exceeding 100 mg. The term ‘steroid pulse 

therapy’ is used when daily doses exceed 250 mg [7].

Glucocorticoids can be used for treating nearly every manifestation of SLE, although 

evidence guiding dose and duration of therapy remains limited. When systemic symptoms of 

SLE such as fever, fatigue, weight loss and lymphadenopathy occur in isolation, low to 

medium-dose glucocorticoids are often effective with the addition of hydroxychloroquine 

[39, 60]. Severe mucocutaneous manifestations often necessitate the use of medium to high 

dosages of glucocorticoids [39, 60]. When treating musculoskeletal manifestations up to 20 

mg daily of prednisone are frequently used, and chronic low-dose glucocorticoids may 

occasionally be sufficient [60]. Myositis generally requires higher doses of glucocorticoids, 

especially in the initial treatment phase, with the addition of steroid sparing medications for 

severe or persistent symptoms [60]. More severe manifestations such as leukopenia, 

thrombocytopenia, antibody mediated hemolytic anemia, or aplastic anemia are typically 

treated with high-dose or pulse glucocorticoid therapy and immunosuppressive medications 
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[60]. Pericarditis generally responds to moderate-dose steroid therapy while myocarditis is 

uncommon and requires high doses for effective control with concomitant aggressive 

immunosuppressants [60]. For severe pulmonary manifestations, such as pulmonary 

hemorrhage, pulse steroid is often administered along with cyclophosphamide whereas 

serositis is generally controlled with low to moderate dosing of glucocorticoids [60]. 

Shrinking lung disease, a rare complication, typically responds well to moderate to high-

dose steroids, whereas pulmonary hypertension and interstitial lung disease are less likely to 

be steroid responsive [60]. Potentially severe gastrointestinal manifestations respond well to 

high-dose or pulse-dose glucocorticoids after other causes like infections are excluded [60]. 

Neuropsychiatric SLE (NPSLE) manifestations are potentially severe and oftentimes 

debilitating. Generally, glucocorticoid doses are dependent on the severity of symptoms but 

evidence-based dosing regimens are lacking [61]. Glucocorticoids are the first-line 

immunosuppressants indicated for severe or progressive NPSLE such as acute confusional 

state, myelitis, psychosis, and refractory seizures. Expert opinion supports the use of high-

dose or pulse steroids in conjunction with aggressive immunosuppressive therapy for the 

treatment of NPSLE [61].

Use of glucocorticoids in SLE is best described for the treatment of lupus nephritis (LN). 

Pulse intravenous glucocorticoids (500–1,000 mg methylprednisolone daily for 3 doses) in 

combination with immunosuppressive therapy followed by daily oral glucocorticoids (0.5–1 

mg/kg/day) have been recommended for induction therapy of adult patients with 

proliferative LN [62]. When cellular crescents are identified on renal biopsy, oral 

glucocorticoids exceeding 1 mg/kg/day are recommended. For adults with Class V LN and 

nephrotic range proteinuria, the suggested initial dose of prednisone is 0.5 mg/kg/day 

combined with MMF 2–3 gm total daily dose [62]. In recent years, the concept of “treat-to-

target” therapy has been introduced with disease remission considered the ideal target when 

treating SLE patients in clinical trials and practice [63–65]. In treat-to-target therapy, 

glucocorticoid tapering is intended to reach disease remission. Particular concerns include 

the use of high doses of glucocorticoids, given the sizable risk of glucocorticoid related 

damage accrual. Glucocorticoid dosing is based on physician experience - or eminence - and 

remains non-standardized. There is no single evidence-based widely accepted 

recommendation for the reduction in glucocorticoid dose after successful control of the 

active disease manifestations, nor are there controlled studies to address glucocorticoid 

dosing in SLE [59, 66]. Nonetheless, it is generally accepted that for prolonged treatment, 

the glucocorticoid dosage should be kept to a minimum, and tapering should be attempted 

when remission or low disease activity states have been achieved [67].

Glucocorticoid use in childhood-onset SLE

Around 10–15% of all SLE patients experience disease onset during childhood, with cSLE 

patients experiencing more severe phenotypes, and more common kidney and 

neuropsychiatric involvement [59, 66]. Failure to achieve and maintain disease remission in 

children with LN reduces the overall 10-year survival by an estimated 15% [68]. The 

Childhood Arthritis and Rheumatology Research Alliance (CARRA) recommend three 

distinct regimens for glucocorticoid dosing for the treatment of children with proliferative 

LN [69]. All three glucocorticoid regimens allow the use of three high-dose 
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methylprednisolone pulses (30 mg/kg/dose up to 1,000 mg/dose) at the time of induction 

therapy initiation. The common goal for these three glucocorticoid regimens is to achieve a 

daily dose of oral glucocorticoid between 10 and 20 mg upon completion of the induction 

therapy after 24 weeks (or 6 months) [69]. In 2017, the SHARE (Single Hub and Access 

point for pediatric Rheumatology in Europe) initiative recommended that low-dose 

prednisone (<0.5 mg/kg/day) could be considered in Class I LN. First-line treatment of Class 

II LN consists of prednisone at a starting dose of 0.25–0.5 mg/kg/day, with a maximum of 

30 mg/day followed by a tapering schedule over a total duration of 3–6 months. In case of 

severe disease, intravenous methylprednisolone pulses and high-dose prednisone (initially 1–

2 mg/kg/day, gradually weaned) should be added to the treatment of LN [70, 71]. However, 

cSLE treatment approaches can vary among clinicians even within the same center [72], 

cSLE management remains dramatically variable, and additional efforts are needed to 

standardize treatment strategies.

Adverse effects of glucocorticoids

It is well known that glucocorticoids produce a broad spectrum of adverse effects at many 

organ levels (Table 2). Children may be even more susceptible to adverse events associated 

with glucocorticoid use than adults. Hirsutism, moon facies, buffalo hump, acne, striae and 

weight gain are well recognized side effects of glucocorticoids. Some side effects such as 

myopathy and hyperlipidemia occur with large doses of glucocorticoids. Skeletal growth 

inhibition, HPA-axis suppression, glucocorticoid induced osteonecrosis, cataract, acne, skin 

bruising, and weight gain have been reported to occur with chronic low-dose glucocorticoid 

use [73, 74]. Increased susceptibility to major infections is another notable adverse effect 

especially at higher glucocorticoid doses [75]. Psychological and behavioral disorders, 

including disturbances of mood, cognition, and psychosis, are also known steroid side 

effects and tend to occur early in the course of treatment and are dose dependent [76].

Previous reports from the Hopkins Lupus Cohort have demonstrated a reduced risk of organ 

damage associated with average doses of prednisone <6 mg/day [77]. It has been suggested 

that prednisone at <7.5 mg/day does not increase overall or glucocorticoid related damage in 

patients with SLE and that methylprednisolone pulses are not associated with new damage 

accrual in patients with SLE [78]. The relevance of low-dose glucocorticoid exposure on 

SLE damage is unclear given contradictory results from available studies [78, 79].

The strongest associations for glucocorticoid associated damage were observed with the 

development of cataracts, osteoporotic fractures, and cardiovascular damage. 

Glucocorticoids are proposed independent risk factors for cardiovascular diseases [80].

Data from the Toronto cohort showed that 49% of damage accrual in adults with SLE is 

likely to be attributable to glucocorticoid use [81]. In contrast to the damage in patients with 

adult-onset SLE, which is often steroid related (e.g. cataract, osteoporosis), damage in cSLE 

has been predominantly disease related, highlighting the severity of the disease and the 

relatively good tolerance of children under aggressive treatment [82]. In a study to identify 

risk factors for damage in cSLE, 66 patients with newly diagnosed cSLE were assessed 
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retrospectively. It was found that ongoing disease activity leads to disease damage, and 

prolonged use of high-dose corticosteroids may further increase damage [83].

In a recent study of 2,265 patients from the Hopkins Cohort, a prednisone dose ≥7.5 mg/day 

was associated with an increased risk of developing cataract, osteoporotic fractures, and 

cardiovascular damage, but not renal damage [84]. After 15 years of follow-up, they found 

that every increase in the daily prednisone dose by 1 mg increases the risk of cataract by 

3.8% and osteoporotic fractures by 4.2% [84]. Cataract and glaucoma can lead to visual 

impairment, resulting in significant disability and cost to the healthcare system [85, 86]. In 

particular, glucocorticoid exposure can lead to posterior subcapsular cataract. Similarly, 

steroid induced glaucoma, a type of open angle glaucoma occurs more frequently in 

glucocorticoid exposed patients [87]. Husher et al. have shown that the risk of glaucoma 

appears to increase for prednisone dosages over 7.5 mg per day [88] while posterior 

subcapsular cataract can develop even after chronic treatment with as little as 5 mg of 

prednisone per day [88]. Nonetheless, the relationship of dose and duration of glucocorticoid 

therapy and the development of ocular damage remains largely unknown. Although some 

observational studies found an association between glucocorticoid exposure and SLE 

damage, the amount of risk conveyed by chronic glucocorticoid exposure has not been well 

delineated. Therefore, it remains difficult to quantify the risk of ocular damage associated 

with the use of a certain glucocorticoid regimen in a way that can be used in discussions 

with patients about glucocorticoid treatment [89]. It has been recommended to screen 

patients on chronic glucocorticoid therapy for ocular toxicity at least annually, and more 

often if there are visual disturbances or a known eye pathology [90, 91].

The impact of glucocorticoids on the skeletal system, especially on the growing skeleton, 

deserves special attention. Glucocorticoids affect bone formation and slow longitudinal 

growth by reducing the proliferation of chondrocytes and inducing chondrocyte apoptosis 

[92]. Growth retardation and delayed puberty are common in children and growing 

adolescents with chronic glucocorticoid use. The suppression of linear growth in children is 

multifactorial. Chronic hypercortisolism caused by adrenal suppression results in reduced 

growth hormone secretion. The principal underlying mechanism seems to be an increase 

hypothalamic somatostatin tone [93]. Another proposed mechanism is glucocorticoid-

induced resistance of target tissues to insulin-like growth factor-I (IGF-I) and other growth 

factors [94]. Glucocorticoids also inhibit intestinal calcium absorption and increase renal 

calcium excretion. Although there is generally a period of catch-up growth once 

glucocorticoid therapy is stopped, sustained glucocorticoid treatment during childhood is 

often associated with decreased adult stature. In a study by the Pediatric Rheumatology 

International Trials Organization (PRINTO), growth and puberty were evaluated in 1,015 

children with cSLE. Growth failure and delayed puberty were observed in 15.3% and 11.3% 

of the children, respectively [95]. A study by Rygg et al. highlights the negative effects of 

glucocorticoids on height and pubertal development. Among 331 cSLE patients younger 

than 18 years of age, growth failure was seen in 14.7% of females and 24.5% of males. 

Delayed pubertal onset was seen in 15.3% and 24% of the females and males, respectively, 

while 36.1% of the females and 44% of the males had some degree of delayed pubertal 

development [96]. These detrimental effects were most pronounced in children whose cSLE 

commenced around the time of puberty, especially when treated with cumulative doses of 
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prednisone exceeding 400 mg/kg body weight [96]. It has been suggested that delayed 

puberty should be an additional domain in a pediatric version of the Systemic Lupus 

International Collaborative Clinics/American College of Rheumatology Damage Index 

(SDI) [97].

The 2000 National Institutes of Health Osteoporosis Prevention, Diagnosis, and Therapy 

Consensus Development Conference identified bone accrual during childhood as a critical 

determinant of lifelong skeletal health [80, 98]. Children with Cushing syndrome have 

delayed or arrested growth and achieve a final adult height, which is on average 7.5–8.0 cm 

below their predicted height [99, 100]. In children with rheumatic diseases exposed to 

moderate and high doses of glucocorticoids, the estimated mean height Z scores declined, 

and there was no catch-up growth during the 18-month study period [101]. The American 

College of Rheumatology guidelines for prevention or reversal of bone loss suggest that all 

patients taking glucocorticoids - at any dose with an anticipated duration of over 3 months - 

should maintain a total calcium intake of 1000 to 1200 mg/day and vitamin D intake of 600 

to 800 international units/day [102]. The same has been suggested for the treatment of 

children with cSLE [103]. The American College of Rheumatology guidelines for 

prevention or reversal of bone loss emphasize starting bisphosphonate therapy for adults 

receiving long-term glucocorticoids (≥5 mg/day prednisone or equivalent) [104].

Prolonged courses of glucocorticoids increase risk of major infections, a leading cause of 

mortality in SLE. In a nested case-control lupus cohort, prednisone dose was found to be an 

independent predictor of serious infections. The median prednisone dose in patients with 

major infections was only 7.5 mg/day. It was also noted that each increase by 10 mg/day of 

prednisone multiplied by 11 the risk of suffering a serious infection [105]. A large cohort 

study of 15,597 rheumatoid arthritis patients from a Medicare beneficiary database reported 

that glucocorticoid use doubled the rate of serious bacterial infections compared with 

methotrexate use (RR 2.1, 95% CI 1.5–3.1). There was a dose-dependent risk for prednisone 

dosages greater than 5 mg/day (≤5 mg/day, RR [1.34; 6–9 mg/day, RR 1.53; 10–19 mg/day, 

RR 2.97; ≥20 mg/day, RR 5.48; P for trend <0.0001]) [106]. Fungal, bacterial and viral 

infections may also complicate glucocorticoid use [107–109]. A multicenter study in a large 

cSLE population identified prednisone as being an independent predictor for the 

development of herpes zoster infection [109].

Finally, glucocorticoids may produce many psychological and behavioral disorders. The 

available data suggest that the psychiatric symptoms during glucocorticoid therapy include 

mania, depression, lability, and psychosis. The most common adverse effects of short-term 

glucocorticoid treatment are euphoria and hypomania, whereas long-term therapy may 

induce depressive symptoms [110]. Such disturbances are dose related and may occur 

immediately after the initiation of treatment and even after discontinuation of treatment. The 

Boston Collaborative Drug Surveillance Program found that the incidence of psychiatric 

manifestations was 1.3% in patients receiving 40 mg/day prednisone equivalent or less and 

18.4% in patients receiving doses >80 mg/day [111]. Headache, cognitive dysfunction, 

mood disturbances and seizures were reported to be the most common neuropsychiatric 

manifestations of cSLE [112]. In a study aiming to assess neuropsychiatric manifestations in 

cSLE, 41 (28%) of 146 patients developed neurological disease during a median follow-up 
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period of 6 years (range 1–20 years). The mean age at the onset of symptoms was 10.2 ± 3 

years. Headache was the most common feature (13%), cognitive disorders were diagnosed in 

17 patients (11.6%), 8.9% had psychiatric disorders, and 9.5% developed seizures [113].

Quality indicators in patients on long term glucocorticoid treatment

Quality indicators are minimum standards of medical care. It is postulated that if medical 

care follows standards suggested by the quality indicators then disease prognosis will be 

improved [114, 115]. In a study by Hollander et al, emphasis was placed on the fact that 

quality indicators proposed for adults with SLE do not sufficiently capture issues important 

to the delivery of medical care in cSLE [103]. Aspects of care that need special 

consideration in cSLE include growth and development as well as transition of care. Some 

of the quality indicators can be considered especially relevant for the surveillance of children 

with cSLE exposed to chronic glucocorticoids. Table 3 summarizes quality indicators that 

can be considered relevant for glucocorticoid surveillance in cSLE.

Conclusion

Glucocorticoids are potent anti-inflammatory and immunosuppressant medications that 

rapidly and effectively suppress the immune system. The treatments of SLE and cSLE 

remain complex and continue to rely heavily on glucocorticoids in the absence of other 

potent anti-inflammatory drugs with comparable effectiveness. Glucocorticoids need to be 

vigorously monitored to ensure their use at the lowest level, given side effects especially 

with chronic exposure. A better understanding of the pharmacology of glucocorticoids may 

assist clinicians in adjusting glucocorticoid regimens. Despite their widespread use for the 

treatment of lupus, evidence-based guidelines on initiation, tapering, and cessation of 

glucocorticoids for lupus management remain elusive. Such guidelines would likely help to 

limit glucocorticoid associated damage.
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Figure 1. Hypothalamic-pituitary-adrenal axis.
Cortisol secretion is primarily regulates by the ACTH. CRH (Corticotrophin-releasing 

hormone) is principal hypothalamic factor that stimulate the pituitary secretion of ACTH. 

Cortisol is the primary negative regulator of hypothalamic-pituitary- adrenal (HPA) axis 

activity through negative feedback upon the pituitary and the hypothalamus. Thus, both 

ACTH and CRH creation are inhibited.
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Figure 2. 
Chemical structures of natural and synthetic glucocorticoids
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Figure 3. PK/PD of glucocorticoids in human body.
GC, glucocorticoids; GR, glucocorticoid receptor; mGR, membrane glucocorticoid receptor; 

cGR, cytosolic glucocorticoid receptor; GRE, glucocorticoid-response elements; AE, 

adverse effect; AP-1, activator protein 1; NF-κB nuclear factor κB; STATs, signal 

transducers and activators of transcription.
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Table 1.

Pharmacodynamic and pharmacokinetic parameters of glucocorticoids

Glucocorticoids Potency
a

Plasma half-life
b

(minutes)

Biological
half-life (hours)

Dose equivalence
(mg)

Cortisone 1 60 8–12 25

Hydrocortisone 1 60 8–12 20

Prednisone 4 180 12–36 5

Prednisolone 4 180 12–36 5

Methylprednisolone 5 180 12–36 4

a.
Potency is a measurement of the strength of a drug that is required to produce a specific effect on the body. Potency=1/CE50. CE50 is the drug 

concentration that will achieve 50% of the maximal response.

b.
Half-life is the time required for plasma serum concentration levels of an absorbed and distributed drug to decrease by one-half.
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Table 2.

Major adverse effects of glucocorticoids

Category Adverse effect

General Growth retardation

Weight gain

Cushingoid features Moon facies, facial plethora

Central obesity

Buffalo hump

Skin Cutaneous atrophy

Increased skin fragility

Hirsutism & Acne

Striae

Musculoskeletal Myopathy

Osteoporosis

Avascular necrosis of femur head

Growth failure

Metabolic and endocrine Hyperglycemia/Diabetes

Lipolytic effects

Perturbations of serum lipoproteins

Suppression of HPA axis (adrenal insufficiency)

Delayed puberty

Gastrointestinal Gastritis

Gastrointestinal bleed or ulcer

Pancreatitis

Cardiovascular system Hypertension

Congestive heart failure

Neuropsychiatric Sleep disturbances, insomnia

Mood problems: Depression, anxiety, loss of emotional control

Euphoria and hypomania

Manic behavior

Psychosis

Ophthalmologic Cataract formation

Glaucoma

Immune system Increased infections
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Table 3.

Quality indicators for monitoring of glucocorticoid use in childhood-onset SLE
1

1 IF a patient has childhood-onset SLE on glucocorticoids, THEN the following laboratory studies should be monitored:

Complete blood count and differential, Erythrocyte sedimentation rate, C-reactive protein, Complements C3 and C4, Anti-
dsDNA antibodies, Urinalysis, Urine protein-to-creatinine ratio, Renal panel (may include sodium, potassium, HCO3, 
chlorine, BUN, creatinine), Liver function (may include AST, ALT, bilirubin, albumin)

1 IF a childhood-onset SLE patient is receiving a dose of steroids not acceptable for long-term use (> 0.15 mg/kg/day for more than 
3 months), then an attempt should be made to taper steroids

2 IF a patient with childhood-onset SLE is unable to decrease the dose of steroids acceptable for longterm use, THEN the addition 
of a steroid-sparing agent or an increased dose of an existing steroid- sparing agent should be considered

3 IF a patient has received chronic systemic steroids, THEN the patient should have bone mineral density testing documented in the 
medical record

4 IF baseline bone mineral density testing is outside of the normal limits (Z scores of −2 or less), THEN bone mineral density 
should be remeasured after 1 year

5 IF a patient is receiving any steroid therapy, THEN calcium and vitamin D supplementation should be recommended after 3 
months

6 IF a childhood-onset SLE patient is treated with corticosteroids, THEN eye screening should be done at least annually

1
Adapted from Hollander MC, Sage JM, Greenler AJ, et al. International consensus for provisions of quality-driven care in childhood-onset 

systemic lupus erythematosus. Arthritis Care Res (Hoboken). 2013; 65: 1416–23.
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