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Abstract

Aims: Prednisone is a widely used glucocorticoid in the treatment of lupus, although

its dosing is often determined empirically. Prednisolone, the active metabolite of

prednisone, is found in its free form in the serum. The goal of this study was to

develop a population pharmacokinetic model in patients with systemic lupus erythe-

matosus (SLE) to forecast free prednisolone concentrations and its association with

disease activity.

Methods: A total of 66 active SLE patients (adults and children) were included, and

followed up prospectively (242 observations available). Plasma prednisolone concen-

trations were assessed using liquid chromatography-mass spectrometry, and the data

were analysed using Monolix software. The pharmacokinetic model was a one-

compartment open model with absorption lag time representing the delay for both

absorption and metabolism from inactive (prednisone) to active form (prednisolone).

This model predicted free concentrations, which were then used to calculate total

concentrations based on established binding constants.

Results: Free prednisolone clearance (CLu/F) and volume of distribution (Vu/F) were

scaled allometrically to body weight. The typical population estimates (95% confi-

dence interval) were 54 (48–62) L/h/70 kg and 235 (203–274) L/70 kg, respectively.
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Additionally, the bioavailability parameter was found to decrease non-linearly with

the dose. Prednisolone cumulative exposure was not different between patients who

responded at 3 months and those who did not.

Conclusions: Robust pharmacokinetic targets are not yet clearly defined regarding

toxicity or efficacy and are warranted in order to make a valuable contribution to

prednisolone therapeutic drug monitoring in the context of SLE.
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1 | INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease

that can lead to severe multiple organ damage and increases the inci-

dence of early atherosclerosis by a factor of nine to 50.1 Until now,

glucocorticoids have played a central role in the treatment of lupus,

significantly improving prognosis, especially during severe flare-ups

when combined with immunosuppressants such as mycophenolate

mofetil (MMF) and hydroxychloroquine. This approach has improved

10-year survival rates to 70–90%.2 However, corticosteroid treatment

remains a major cause of morbidity and mortality both in paediatric

and adult patients with SLE, and despite 60 years of experience, there

is still no consensus on optimal dosages, routes of administration and

tapering regimens.

Furthermore, there is substantial variability in clinical response to

corticosteroid therapy, likely due to the heterogeneity of SLE, drug

absorption and interactions, and environmental or genetic factors.3

Previous studies, particularly in renal transplant populations, have

demonstrated relationships between prednisolone pharmacokinetics

(PK) and clinical efficacy/toxicity.4–6 In SLE patients, only two small

series (8 children, 25 adults) have explored these relationships, sug-

gesting that SLE activity or corticosteroid toxicity might be linked to

prednisolone area under the curve (AUC).3,7 However, limited evi-

dence indicates that monitoring prednisone levels could optimize

treatment efficacy and reduce adverse events.

Variability may manifest at various stages of prednisone's com-

plex pharmacokinetics. After a significant intestinal absorption (62%–

95%),8,9 prednisone undergoes a first-pass effect in the liver, where it

is metabolized to prednisolone by 11-β Hydroxysteroid

dehydrogenase. Both prednisone and prednisolone bind to

corticosteroid-binding globulin (CBG) and albumin. CBG exhibits high

affinity but low capacity for prednisolone, while albumin has low affin-

ity but high capacity. Protein binding is significant because only free

prednisolone acts on glucocorticoid receptors10 and is either excreted

unchanged by the kidney (20%) or inactivated by liver enzymes

(80%).11,12

The goal of this study was to develop a population pharmacoki-

netic (PK) model in patients with SLE to forecast free prednisolone

concentrations and its association with disease activity.

2 | METHODS

2.1 | Study design and participants

The study was approved by the local ethics committee (Comité de

Protection des Personnes, SUD-EST IV, No. EUDRACT:

What is already known about this subject

• Glucocorticoids have played a central role in the treat-

ment of systemic lupus erythematosus (SLE), significantly

improving prognosis, especially during severe flare-ups.

• There is substantial variability in clinical response to corti-

costeroid therapy, likely due to the heterogeneity of SLE,

variability in drug pharmacokinetics and environmental or

genetic factors.

• Limited evidence indicates that monitoring prednisone

levels could optimize treatment efficacy and reduce

adverse events.

What this study adds

• Cumulative exposure to prednisolone was not signifi-

cantly different between responders and non-responders

after three months of treatment, suggesting that increas-

ing prednisone doses beyond a certain level does not

enhance clinical outcomes.

• Prednisolone bioavailability appears to decrease as pred-

nisone doses increase, meaning that increasing predni-

sone doses beyond a certain point may not improve the

effective exposure to prednisolone.

• Our data support practical guidelines which advise limit-

ing prednisone doses to a maximum of 30–60 mg/day for

lupus patients and tapering off prednisone as soon as dis-

ease control is achieved.

2 BOUAZZA ET AL.
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2017-002050-36) and registered in the clinicaltrials.gov database

under the reference NCT03187743. This was a prospective, observa-

tional, multicentre study. Patients were enrolled from 28 French pae-

diatric and adult centres at university hospitals. Consecutive patients

receiving oral prednisone for active SLE disease were enrolled

between April 2018 and January 2022. The clinical care of the

patients was not modified by the study. The regimen for standard of

care was based on the patient's disease manifestations and was in

accordance with the investigators' approach to standard treatment for

those disease signs and symptoms. The main inclusion criteria were:

(1) patients aged ≥ 6 years; (2) patients who met the American College

of Rheumatology criteria (ACR) or the Systemic Lupus International

Collaborating Clinics Classification (SLICC) for systemic lupus erythe-

matosus; (3) initiation of oral prednisone regimen at least at

0.5 mg/kg/day in combination or not with mycophenolate mofetil or

mycofenolic acid or cyclophosphamide at usual dose, including

(i) patients who received bolus of methylprednisolone the week

before and/or the week after inclusion for treating the lupus flare,

(ii) patients who were previously treated by a low-prednisone dose (≤

7.5 mg/day in patients ≥ 60 kg and ≤ 0.1 mg/kg/day in patients <

60 kg), (iii) patients who were previously treated by prednisone ≥

0.5 mg/kg/day (or > 30 mg/day for patients > 60 kg) but stopped for

at least 1 month before inclusion; (iv) patients with stable doses of

other immunosuppressive or biological drugs before inclusion (at least

15 days for azathioprine, methotrexate, tacrolimus; at least 6 months

for rituximab, belimumab) and during the 3 months of patient partici-

pation in the study. The prednisone dose to be evaluated was ≥

0.5 mg/kg/day, but the precise dosage and the tapering regimen was

determined according to the clinical judgement of the investigators.

The duration of the research period for each patient was

3 months. Three visits (which are all usual care visits) were planned

for collecting data and/or blood sampling. The first visit was the inclu-

sion visit, followed by two follow-up visits at 1 and 3 months respec-

tively. The first day of treatment with prednisone ≥ 0.5 mg/kg/day

was considered as Day 0 of the study. Prednisone was administered

orally according to the usual practices of the corresponding centres.

Score of disease activity (SELENA-SLEDAI) was collected at each visit.

PK samples were collected for the study by venipuncture during rou-

tine biological monitoring performed at study follow-up visits (inclu-

sion visit, and at 1 and 3 months). The delay between drug intake and

blood sampling was assigned randomly as part of routine care. No

venous or arterial puncture was performed specifically for the

protocol.

2.2 | Methods and measurements

Clinical information was prospectively collected from the electronic

health records. Blood samples drawn for biological analyses were used

for drug determination. Plasma was separated by centrifugation and

stored at �80 �C until analysis. Total prednisolone was assayed using

liquid chromatography coupled with tandem mass spectrometry (LC–

MS/MS; Waters®, Milford, USA). In the reported procedures,

prednisolone-d6 was used as the internal standard (IS). For sample

preparation, 200 μL of plasma samples and 10 μL of internal standard

solution were mixed with 1.5 mL of ethyl acetate. After centrifuga-

tion, the supernatant was evaporated to dryness and reconstituted

with 100 μL of mobile phase. Finally, 20 μL of each sample was

injected into the chromatographic system. An Acquity UPLC® chro-

matography system (Waters®, Milford, USA) piloted by Masslynx

software (version 4.1) was used in this method. The separation was

carried out on a KINETEX XB-C18 analytical column (50 � 2.1 mm,

1.7 μm; Waters®, Milford, USA). The mobile phase consisted of

water (0.05% formic acid, v/v; A) and methanol (0.05% formic acid,

v/v; B). The analytes were eluted using a linear gradient over

10 min. Detection was performed using a Xevo TQD triple-

quadrupole mass spectrometer (Waters®, Milford, USA) with a

heated electrospray ionization (H-ESI) ion source. Prednisolone and

prednisolone-d6 were analysed in the positive multiple reaction

monitoring (MRM) scan mode. The following transitions for quantifi-

cation were monitored: m/z 361.1 > 147.1 for prednisolone and

m/z 367.1 > 349.24 for prednisolone-d6. The method was linear in

the range of 5–500 ng/mL. The intraday and interday accuracy ran-

ged from 0.3% to 6.8%, and the intraday and interday precision ran-

ged from 3.5% to 7.1%.

2.3 | Pharmacokinetic modelling

Data were analysed using the non-linear mixed-effects modelling soft-

ware program Monolix version 2023R1 (http://lixoft.com). Parameters

were estimated using the Markov Chain Monte Carlo-Stochastic

Approximation Expectation Maximization algorithm (MCMC-SAEM).

Various structural models were tested to describe prednisolone con-

centrations, including one- or two-compartment models, first-order

absorption with potential delays, and first-order elimination.

In previous studies, non-linear (saturable) binding between corti-

costeroid binding globulin (CBG) and prednisolone was observed

depending on the available binding sites.13 A model that accounted

for non-linear total prednisolone pharmacokinetics due to saturable,

high-affinity plasma protein binding was also evaluated as follows:

Ctot ¼CU� 1þBmax= 1þK1
� CUð ÞþKnsf g

where CU and Ctot are unbound and total drug concentrations,

respectively; K1 and Bmax represent the affinity constant and binding

capacity for CBG, respectively; and Kns denotes the linear, non-

saturable binding constant for albumin. Bmax, K1 and Kns values were

set according to Petersen et al.14

Between-subject variabilities (BSV) were modelled exponentially.

For residual variability, proportional, additive and combined error

models were considered. Data below the limit of quantification (BLQ)

were managed as left-censored data by MONOLIX.

Model fitting and comparisons were based on the change in

objective function value (OFV) for nested models, and on the Bayes-

ian Information Criterion (BIC) for non-nested models.

BOUAZZA ET AL. 3
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Potential covariates influencing prednisolone pharmacokinetics

included age, sex, weight, height, serum creatinine, creatinine clear-

ance (eGFR), estimated using the MDRD formula for patients 18 years

or older and using the Schwartz formula for patients younger than

18 years old, and liver enzymes (aspartate aminotransferase [AST],

alanine aminotransferase [ALT] and gamma-glutamyl transferase

[gamma GT]). Allometric rule was used for testing total bodyweight in

the covariate model with power exponents fixed to 0.75 and 1 for CL

and V, respectively.15

Continuous covariates (COV) were evaluated using the following

equation, with clearance (CL) as an example:

CL¼ θCL� COV
median COVð Þ

� �βCLCOV
,

where θCL is the typical value of clearance for a patient with the

median covariate value and βCLCOV is the estimated influential factor for

the continuous covariate.

Binary covariates (CAT) were assessed as follows:

CL¼ θCL x βCLCAT
� �CAT

,

where βCLCAT is the estimated impact factor for the binary covariate,

CAT=0 corresponds to the reference θCL, and CAT=1 in the pres-

ence of the covariate.

Model quality was assessed by visually inspecting observed vs.

predicted (population and individual) concentration scatter plots.

Diagnostic graphics and other statistics were obtained using R soft-

ware (http://www.r-project.org). From the final model, prediction cor-

rected visual predictive check (VPC) and the normalized prediction

distribution error (NPDE) metrics were computed. Bayesian estima-

tion was used to derive individual pharmacokinetic parameter esti-

mates from the final model.

2.4 | Clinical outcomes analyses

The primary assessment criterion was SLE disease activity at Month

3 (M3) using the SELENA-SLEDAI flare composite score (range 0–

105, with 0 indicating inactive disease). The responders were defined

as patients with no flares according to SELENA-SLEDAI score. The

SELENA-SLEDAI score allows the definition of either mild/moderate

flare or severe flare. Patients with a flare of any severity at one of the

two follow-up visits were considered to have active SLE.16 Mild or

moderate flares were defined by one or several of the following:

(i) change in SLEDAI instrument score to >3; or (ii) new/worse: SLE

skin disease, nasopharyngeal ulcers, pleuritis, pericarditis, arthritis,

fever (SLE); or (iii) increase in prednisone, < 0.5 mg/kg/day); or

(iv) added non-steroidal anti-inflammatory disease or hydroxychloro-

quine for SLE disease activity; or (v) ≥1.0 increase in the Physician's

Global Assessment (PGA) score, but not to more than 2.5. Severe

flares were defined by one or several of the following: (i) change in

SELENA-SLEDAI instrument score to >12; or (ii) new/worse:, CNS-

SLE, vasculitis, platelet count <60 000; haemolytic anaemia:

Hb < 70 g/L or decrease in Hb > 30 g/L) requiring: double prednisone,

or prednisone increase to >0.5 mg/kg/day (if it occurs between two

consecutive visits of the protocol); or (iii) hospitalization for SLE

activity; or (iv) increase in prednisone > 0.5 mg/kg/day; or (v) new

cyclophosphamide, azathioprine, methotrexate for SLE activity; or

(vi) increase in the PGA score >2.5.

The cumulative area under the curve from 0 to 3 months

(AUC0-M3) (accounting for all dose modifications during the patient's

follow-up) was derived using the Bayesian estimation approach from

the population pharmacokinetic model. Both total and predicted free

prednisolone concentrations were considered. The individual expo-

sures were compared between responders and non-responders using

a Wilcoxon test. Multivariable logistic regression was also performed

in order to account for confounding factors. The following variables

were firstly assessed in univariate analysis: age, methylprednisolone

bolus administrations, concomitant drugs including immunosuppres-

sors and other biological parameters. Thereafter, the variables with

P < 0.1 were entered into the multivariable logistic regression analysis

(provided there was a minimum of five patients per level for the cate-

gorical variables).

Occurrence of adverse events related to prednisone according to

the investigator's judgement during the 3-month period follow-up

were also investigated. Adverse events of special interest were:

increased appetite, Cushing's Syndrome including hirsutism or acne,

sleep disorders and psychiatric disorders (mood changing: excitation,

sadness, aggressiveness, stress). Time-dependent covariates in a Cox

proportional-hazards regression model was performed for adverse

events data analysis. Daily AUCs throughout follow-up (AUC0-24h)

were derived for each patient and were considered as a time-

dependent covariate. Daily AUCs used in the analysis were based on

both total and unbound concentrations. Association between log

transformed AUC0-24h and instantaneous rate of adverse event occur-

rence over time was assessed using hazard ratio estimates along with

their 95% confidence interval.

2.5 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org, the com-

mon portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY, and are permanently archived in the Concise

Guide to PHARMACOLOGY 2019/20.17

3 | RESULTS

3.1 | Population characteristics, prednisolone
sampling and concentrations

A total of 66 patients (34 patients with juvenile SLE and 32 patients

with adult-onset SLE) and 242 observations were available for

4 BOUAZZA ET AL.
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analysis. Baseline characteristics of patients are displayed in Table 1.

Blood sampling was performed between 5 min and 32 h after the last

prednisone administration (median 3.3 h, interquartile range [2 h–

6.5 h]). The median number of observations available per patient was

3 and ranged from 1 to 11. There were 35 BLQ concentrations (14%

of samples).

TABLE 1 Subject characteristics (n = 66).

Variable

Systemic lupus erythematosus

Newly diagnosed 34 (51.5%)

In relapse 32 (48.5%)

Type of SLE flare

Cutaneous 35 (53.0%)

Buccal 15 (22.7%)

Articular 32 (48.5%)

Renal 49 (74.2%)

Pulmonary 9 (13.6%)

Cardiac 15 (22.7%)

Haematologic 31 (47.0%)

Neurologic 16 (24.2%)

Prednisone dose at initiation, mg/kg/day 0.94 [0.65, 1.06] (0.38, 2.3)

Age, year 23 [14.2, 31.2] (6, 63)

Sex

Male 13 (19.7%)

Female 53 (80.3%)

Bodyweight, kg 56.1 [46.8, 66.5] (17.3, 113.5)

Height, cm 162 [155, 168] (116, 180)

Ethnicity

Caucasian 19 (29.2%)

North African 10 (15.4%)

Turkish 1 (1.5%)

Asian 13 (20.0%)

Sub-Saharan African 12 (18.5%)

Central/South American 1 (1.5%)

Caribbean 7 (10.8%)

Mixed 2 (3.1%)

Methylprednisolone bolus administrations 38 (57.6%)

Mycophenolate mofetil 35 (53.0%)

Hydroxychloroquine 58 (87.9%)

Leucocytes, 109L 7 [4.7, 10.2] (2.3, 24.6)

AST, UI/L 26 [18.8, 40.5] (13, 193)

ALT, UI/L 26 [15, 40] (5, 230)

Gamma GT, UI/L 32 [18, 60] (10, 597)

Alkaline phosphatase, UI/L 73 [54.8, 88.5] (34, 211)

Creatinine, μmol/L 65 [51, 87] (24, 245)

eGFR, ml/min 100.8 [68.4, 122.1] (19.2, 238)

Albuminaemia, g/L 30.5 [24.0, 34.6] (14.9, 43.9)

Proteinuria, g/L 0.71 [0.27, 2.2] (0, 11.2)

Creatinuria, mg/l 734.5 [510.7, 1208.5] (2.5, 2267.8)

Note: Continuous data are given as median [interquartile range] and (range), eGFR estimated glomerular filtration rate by Schwartz and MDRD formula for

paediatric and adult patients, respectively.

BOUAZZA ET AL. 5

 13652125, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1002/bcp.70103 by U

niversite de B
ordeaux, W

iley O
nline L

ibrary on [04/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3.2 | Population pharmacokinetic modelling

A one-compartment model satisfactorily described the prednisolone

PK data. The addition of a lag time in the absorption phase improved

further the model and resulted in a nine-unit drop in the OFV. There-

after, a model that accounted for non-linear total prednisolone phar-

macokinetics due to saturable, high-affinity plasma protein binding

was added. This caused a 55-unit drop in the BIC and substantially

improved the curve-fitting. Body weight effect on both clearance and

volume parameters (through allometric scaling) was found to be signif-

icant (31-unit drop in the OFV). An additional effect of administered

dose at the time of observation was also pointed out on prednisolone

bioavailability by a 14-unit drop in the OFV (P = 0.0002). No other

additional covariates resulted in a significant decrease in the OFV. A

correlation plot of covariates assessed in the population pharmacoki-

netic modelling is provided in Supplemental data file S1. Table 2 sum-

marizes the final population pharmacokinetic estimates. The

parameters were well estimated with low relative standard errors.

The prediction-corrected visual predictive check shows that the

median of observed data is well within the 90% confidence interval of

the simulated data (Figure 1). Monolix code of the final model and

goodness-of-fit plots are provided in supplemental data files S2 and

S3, respectively. The BLQ predictive check plot is provided in supple-

mental data file S4.

3.3 | Clinical outcomes analyses

At 3 months, 53 patients were responders (80.3%), while 13 (19.7%)

still had active SLE. As shown in Figure 2, no difference in cumulative

free or total prednisolone AUC0-M3 was observed between

responders and non-responders (P = 0.89 and P = 0.77 for total and

free drug, respectively). A univariate analysis of factors associated

with clinical response is provided in Table 3. Among the variables ana-

lysed, ethnicity showed a statistically significant difference between

responders and non-responders (P = 0.007). Specifically, a higher pro-

portion of responders were Caucasian (34.6%) compared to non-

responders (7.7%), while differences were less pronounced for other

ethnic groups. No significant differences were observed for age,

height or bodyweight. Similarly, the type and the status of SLE (newly

diagnosed or in relapse) did not differ significantly between the two

groups. Leucocyte count and AST baseline levels approached statisti-

cal significance (P = 0.061 and P = 0.073, respectively). In multivari-

able analysis, the best positive predictors of clinical success were both

the leucocyte levels at baseline (OR [95%CI] per 1-unit increase, 1.7

[1.04–2.3]) and hydroxychloroquine use (OR 7.9 [1.2–50]). Otherwise,

elevated aspartate aminotransferase (AST) level at baseline was asso-

ciated with higher probability of clinical failure (P = 0.013).

Regarding occurrence of adverse events, 30/66 patients (45.5%)

experienced adverse events related to prednisone during the 3-month

follow-up period: sleep disorders for 23 patients (34.8%), psychiatric

disorders for 19 patients (28.8%), increased appetite for eight patients

(12.1%) and Cushing's Syndrome including hirsutism or acne was

reported for six patients (9.1%). No serious infection was reported in

this study. Event-free probability as a function of time is provided in

Figure 3. No association between daily-predicted free or total pred-

nisolone AUC and adverse event risk was found (Table 4).

TABLE 2 Parameter estimates of the final prednisolone
population model.

Parameter Covariate effect Estimate (% rse)

Tlag (h) - 0.17 (2)

ka (h
�1) - 1.19 (1)

F (Dose/80000)βFdose 1*

βFdose - �0.28 (2)

CLU/F (L.h�1.70 kg�1) (BW/70)0.75 54.3 (7)

VU/F (L.70 kg�1) (BW/70)1 235 (8)

Bmax - 6.77*

K1 (L/nmol) - 0.0095*

Kns - 0.8*

ωCL,U - 0.35 (17)

ωBmx - 0.3*

Residual variability,

proportional

- 0.42 (7)

Note: % rse, percent relative standard error; ω, between-subject variability;

F, bioavailability; Dose, prednisone dose in nmol; βFdose, dose effect on

bioavailability (as an indication, 80 000 nmol corresponds to 30 mg of

prednisone); CLU, clearance of unbound prednisolone; VU central volumes

of distribution of unbound prednisolone; * fixed value.

F IGURE 1 Prediction corrected visual predictive check (pcVPC).
The lines show the 10th, 50th and 90th percentiles of observed data.
The areas represent the 90% confidence interval around the
simulated percentiles. Light-blue filled circles stand for pc-observed
prednisolone concentrations in responder patients, light-red filled
circles stand for pc-observed prednisolone concentrations in non-
responder patients and stars stand for below limit of
quantification data.
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4 | DISCUSSION

This study is the first to assess prospectively the pharmacokinetics of

prednisone based on compartmental analysis in a large cohort of pae-

diatric and adult patients with active SLE requiring initiation of oral

high-dose corticosteroid treatment (≥ 0.5 mg/kg/day). The plasma

protein binding of prednisolone exhibits non-linear behaviour, requir-

ing the assessment of free concentrations to linearize its pharmacoki-

netics. The model applied in this study used free concentrations

derived from established binding constants and improved significantly

the fit. The use of a high range of doses of prednisone in this cohort

allowed us to point out a dose effect on the prednisolone bioavailabil-

ity, adding to the non-linearity of its pharmacokinetics. The dose

dependency in prednisolone PK appears to be partially explained by

changes in protein binding and other mechanisms are likely to contrib-

ute. While distribution volume and clearance are typically considered

independent pharmacokinetic parameters, this distinction may not

fully apply to prednisolone. Prednisolone undergoes biotransforma-

tion in multiple tissues, including the liver, lung, kidney and skin.18–20

At higher doses, a larger fraction of the drug may distribute to tissues

with higher metabolic activity. Additionally, dose-dependent physio-

logical effects of corticosteroids may play a role. For instance, prednis-

olone has been associated with increased renal blood flow in animal

studies.21 This effect may be particularly relevant at higher doses.

Otherwise, prednisone appears to be primarily absorbed through pas-

sive diffusion in the gastrointestinal tract, but at higher doses, the dis-

solution rate or the available absorptive surface area could become

limiting factors.

Several points show the relevance of the binding model that was

used. Beyond the improvement in fit, evidenced by the significant

decrease in the BIC after adding this binding component to the model,

the most significant argument is the estimate of CLu found in the pre-

sent study that, after scaling to equivalent prednisone dose, aligns

with values reported in previous population PK analyses performed in

other disease conditions22,23 (i.e, 41 L/h and 37 L/h, respectively).

Garg and Jusko8 measured the unbound prednisolone concentration

in 12 subjects following a high oral prednisone dose of 0.8 mg/kg

(mean: 63.5 mg), which closely aligns with our study design. The

unbound clearance (CL) in their study, calculated from the reported

free prednisolone AUC, was 86 L/h. This value is comparable to the

75 L/h predicted by our model for a typical 80 kg patient (mean body

weight reported in Garg and Jusko) receiving a 63.5 mg

prednisone dose.

Interindividual variability in prednisolone pharmacokinetics was

explained mainly by total bodyweight. Prednisolone pharmacokinetics

was not linear with total bodyweight but followed an allometric rule.

The allometric model enable the extrapolation of the pharmacokinet-

ics parameters from adult to child, through the standardization of

results and it also account for the heterogeneity of weight within a

population.15 Therefore, considering an allometric relationship, a sim-

ple dose per kg adaptation may result in underdosing in the youngest

and in overdosing in the heaviest with possible increased rate of fail-

ure or adverse effects. Other factors were reported to influence pred-

nisolone PK in the literature. A sex effect was reported on serum

concentration of corticosteroid-binding globulin with women exhibit-

ing a 20% higher level compared to men.24 However, our study did

not indicate a sex effect on prednisolone pharmacokinetics parame-

ters suggesting a minor PK impact of the corticosteroid-binding globu-

lin level variations between sexes. Renal function has also been

reported to be associated with prednisolone clearance with a 54%

increase in free prednisolone AUC in patients with end-stage renal

failure compared to healthy controls.25 In our study, estimated glo-

merular filtration rate was not significantly associated with predniso-

lone clearance, but only two patient had an eGFR< 30 mL/min.

Additionally, no patients in our study had dysthyroidism, which has

been described to alter prednisolone clearance.26,27 The variability in

clinical response to corticosteroid therapy might be attributed to

genetic factors, especially to polymorphism of the multi-drug

F IGURE 2 Cumulative total (left) and free (right) prednisolone AUC0-M3 between the responders and non-responders.
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resistance (MDR)-1 and glucocorticoid nuclear receptor subfamily

3, group C, member 1 (NR3C1). Variations in NR3C1 gene have been

described and are associated with enhanced or reduced sensitivity to

cortisol.28–30 Some polymorphisms of the NR3C1 gene were associ-

ated with glucocorticoid response in paediatric patients with inflam-

matory bowel disease.31 The MDR-1 gene encodes multidrug

transporter P glycoprotein which functions as a transmembrane efflux

pump; therefore it is important in the absorption, tissue targeting and

elimination of different drugs. To date, more than 50 single nucleotide

polymorphisms (SNPs) have been identified in the MDR-1 gene. Poly-

morphisms of MDR1 are associated with glucocorticoid response in

patients with nephrotic syndrome.32 However, the rarity of the SLE

disease limits the investigation of this topic and no study investigating

the role of MDR-1 and NR3C1 gene polymorphisms in the response

to corticosteroids in lupus patients is currently available.

There is a general consensus that glucocorticoids have a wide

therapeutic index and that there can be a significant delay between

determining plasma dosage and the nuclear action in patients, which

questions the use of therapeutic drug monitoring (TDM). Herein, we

found that there is a dose-dependent effect on prednisolone bioavail-

ability, which might decrease as prednisone doses increase. This

means that increasing prednisone doses beyond a certain point may

not improve the effective exposure to prednisolone, the active metab-

olite, potentially reducing therapeutic effectiveness. One of the other

TABLE 3 Univariate analysis of baseline characteristics associated with clinical response at 3 months.

Level Non-responders (n = 13) Responders (n = 53) P-value

Systemic lupus erythematosus Newly diagnosed 7 (53.8%) 27 (50.9%)

In relapse 6 (46.2%) 26 (49.1%) 0.99

Type of SLE flare Cutaneous 8 (61.5%) 27 (50.9%) 0.71

Buccal 4 (30.8%) 11 (20.8%) 0.47

Articular 5 (38.5%) 27 (50.9%) 0.62

Renal 10 (76.9%) 39 (73.6%) 0.99

Pulmonary 3 (23.1%) 6 (11.3%) 0.36

Cardiac 3 (23.1%) 12 (22.6%) 0.99

Hematologic 6 (46.2%) 25 (47.2%) 0.99

Neurologic 2 (15.4%) 14 (26.4%) 0.50

Age, year 23 [15, 35] 23 [14, 29] 0.96

Sex Male 2 (15.4%) 11 (20.8%)

Female 11 (84.6%) 42 (79.2%) 0.99

Height, cm 164 [156, 169] 162 [155, 168] 0.44

Bodyweight, kg 60.4 [46.7, 68.4] 53.5 [47, 61] 0.42

Ethnicity Caucasian 1 (7.7%) 18 (34.6%) 0.007

North African 3 (23.1%) 7 (13.5%)

Turkish 0 (0.0%) 1 (1.9%)

Asian 1 (7.7%) 12 (23.1%)

Sub-Saharan African 2 (15.4%) 10 (19.2%)

Central/South American 0 (0.0%) 1 (1.9%)

Caribbean 4 (30.8%) 3 (5.8%)

Mixed 2 (15.4%) 0 (0.0%)

Methylprednisolone bolus administrations 6 (46.2%) 32 (60.4%) 0.54

Mycophenolate mofetil 6 (46.2%) 29 (54.7%) 0.81

Hydroxychloroquine 9 (69.2%) 49 (92.5%) 0.042

Leucocytes, 109 L 5.6 [3.3, 7.9] 7.5 [5.6, 10.7] 0.061

AST, UI/L 36 [24, 117] 24 [17.5, 36.5] 0.073

ALT, UI/L 26 [16, 74] 24.5 [14.8, 37.0] 0.21

Gamma GT, UI/L 49 [18, 101] 30 [18, 56] 0.23

Alkaline phosphatase, UI/L 75.5 [65.5, 95.2] 72.5 [54.0, 87.5] 0.34

eGFR, ml/min 95.7 [49.3, 122] 101 [70.8, 122] 0.82

Urinary protein to creatinine ratio, mg/g 814 [453.6, 1916] 1738 [402, 2719] 0.31

Note: Continuous data are given as median [25th–75th percentiles].
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main findings of the study is that cumulative exposure to prednisolone

(AUC) was not significantly different between responders and non-

responders after 3 months. This is in agreement with a previous study

performed in a small cohort of SLE patients (n = 8) that failed to

demonstrate a statistically significant link between drug exposure and

disease activity.3 These data support practical guidelines which advise

limiting prednisone doses to a maximum of 30–60 mg/day for lupus

patients and tapering off prednisone as soon as disease control is

achieved.33 This absence of association may be explained by the

complex mechanism of action of glucocorticoids but also by several

confounding factors that are difficult to control, such as intrinsic het-

erogeneity of SLE disease, different foundational drug treatments, or

environmental and genetic factors. The limited range of the exposure

metric (AUC) could also be another potential explanation. In the same

way, no association between adverse effects and prednisolone expo-

sure was observed in our cohort.

In the literature, pharmacokinetic targets are not clearly defined

regarding either toxicity issues or efficacy and are warranted to make

a valuable contribution to prednisolone TDM in the context of SLE.

We recognize certain limitations of this study. Its ability to identify

more subtle relationships between prednisolone exposure and clinical

outcomes might have been limited by the small size of the cohort, and

the short follow-up of 3 months might have been insufficient to capture

long-term outcomes, relapses or delayed adverse effects.

In conclusion, prednisolone cumulative exposure did not differ

between responders and non-responders at Month 3 post-treatment

in our cohort. These results do not support therapeutic drug monitor-

ing to optimize steroid dosing in SLE.
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