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Abstract

Prednisolone pharmacokinetics (PK) and pharmacodynamics (PD) were investigated in relation to 

sex and race in white males, black males, white females, and black females (n = 8/group) after a 

single oral dose (0.27 mg/kg) of prednisone. The study consisted of baseline and prednisone 

phases with 32-hour sampling in each phase. Women were studied during the luteal phase of their 

menstrual cycle. Total and free plasma prednisolone concentrations were assayed by HPLC and 

ultrafiltration, and pharmacokinetic data were analyzed by compartmental fitting using 

WinNonlin. Plasma cortisol concentrations were assayed by HPLC; T-helper, T-suppressor 

lymphocyte, and neutrophil cell counts were determined by FACS and hemocytometry, and these 

pharmacodynamic data were evaluated by basic and extended indirect response models using 

ADAPT II. Total body weight–normalized free prednisolone oral clearance and apparent volume 

of distribution were higher in men compared with women, regardless of race (by22%in whites 

and40%in blacks for oral clearance, p < 0.01; by32%in whites and38% in blacks for apparent 

volume of distribution, p < 0.01). The 50% inhibitory concentration (IC50) values for T-suppressor 

cell-trafficking inhibition were higher in whites than in blacks, regardless of sex (by 125% in men 

and 208% in women, p < 0.01). The IC50 or SC50 values for effects of prednisolone on cortisol 

secretion and T-helper lymphocyte or neutrophil trafficking were not statistically different 

between men and women, blacks and whites. The findings of this study suggest that there are 

some prednisolone PK/PD differences related to sex and race. However, these differences do not 

suggest the need for dosage adjustments, and additional experiments with repeat dosing are 

needed to fully evaluate the clinical implication of these findings.

The role of sex as a factor in the pharmacokinetics and the pharmacodynamics (PK/PD) of 

drugs has become well appreciated.1 Women often exhibit modestly more rapid clearances 

of drugs metabolized by the CYP3A4 pathway (e.g., methylprednisolone2). They may also 

show alterations in the disposition of drugs in relation to the phase of the menstrual cycle 

(e.g., theophylline3), pregnancy (e.g., caffeine4), or after menopause (e.g., verapamil5). 

Women receiving oral contraceptives are likely to show more rapid clearances of conjugated 
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drugs (e.g., oxazepam) but have reduced clearances of many oxidized compounds (e.g., 

prednisolone6). Interpretation of data is sometimes complicated by the need to assess 

whether pharmacokinetic parameters are properly normalized for body weight differences 

and if the phase of the menstrual cycle was monitored.

The assessment of pharmacodynamic differences between men and women requires control 

of pharmacokinetic factors and use of appropriate methodology to relate responses to plasma 

or biophase drug concentrations. There are some notable examples of marked sex 

differences in drug efficacy. Aspirin is less effective in women in prevention of stroke, 

perhaps related to sex hormone–dependent differences in platelet aggregation.7 Women are 

more prone to develop life-threatening ventricular arrhythmia (torsades de pointes) from 

cardiovascular drugs that prolong repolarization (e.g. quinidine, procainamide).8 Opioids 

such as pentazocine show greater efficacy for pain relief in women, but the NSAID 

ibuprofen exhibits better responses in men with no sex-associated differences in kinetics.9

Racial differences in pharmacokinetics of several drugs have been demonstrated.10,11 White 

patients were found to have 50% higher methylprednisolone clearances than black patients 

in a sex- and age-matched study in renal transplant recipients.12 Black renal transplant 

patients were also found to have different toxicity profiles compared with whites.13 

Measurements of lymphocyte responsiveness to corticosteroids have demonstrated a 

diminished reactivity in cells from African Americans.14 A study with the newer 

immunosuppressant, mycophenolate mofetil, has shown the need for higher dosages in 

African American renal allograft recipients.15 In general, blacks exhibit higher renal 

allograft loss rates (15%) compared with whites (7%).16 These findings suggest that 

differences in genetic composition may result in clinically important interethnic variation in 

drug disposition and responsiveness. Furthermore, differences in ethnicity may mask 

potential sex-related effects if ethnic background is not evaluated as a contributing factor.

Corticosteroids, used extensively for their anti-inflammatory and immunosuppressive 

properties, represent a class of drugs whose PK/PD can be influenced by sex and race. 

Women were found to have a significantly higher clearance of methylprednisolone and thus 

have a lower drug exposure than do men.2 However, greater sensitivity to several 

biomarkers in women was found. Thus, pharmacodynamic differences offset a 

pharmacokinetic difference. Prednisolone, the active moiety metabolized from prednisone, 

differs in structure from methylprednisolone in lacking a 6 α-methyl group. Two studies 

have observed 23% and 21% greater clearance of free prednisolone in female compared with 

male adult subjects.17,18 Neither study, however, measured any pharmacodynamic markers 

to examine the possible difference in biological response, which may accompany these 

clearance differences. Hence, it is the purpose of this study to evaluate the role of sex and 

race in affecting prednisolone kinetics and responses after single oral doses of prednisone.

METHOD

Subjects

Four groups of 8 subjects per group gave written informed consent to participate in the study 

according to the Declaration of Helsinki. Using previous data,19 a sample size of 8 per group 
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was calculated to provide a 90%power with an alpha level of 0.05 in detecting a 25 L/h 

(26% of the reported mean) difference in free prednisolone oral clearance with a standard 

deviation of 15 L/h. The study was approved by the Kaleida Health Millard Fillmore 

Hospital Institutional Review Board (Buffalo, NY). All 32 subjects were within 20% of 

ideal body weight, between 18 and 45 years of age, and had a normal sleep-wake cycle 

(nightshift workers were excluded). All subjects were determined healthy by assessment of 

medical history, physical examination, blood chemistry, and hematological profile. None of 

the subjects had a documented allergy to corticosteroids, and none were receiving any 

concurrent medications known to alter prednisolone metabolism. All subjects were 

descendents of same-race parents. All 16womenwere premenopausal, as defined by the 

presence of monthly menstruation and absence of menopausal symptoms of the climacteric. 

None of the women were using any oral or parental hormonal contraceptives, and all were 

determined not pregnant by a urine human chorionic gonadotropin pregnancy test at the 

beginning of both baseline and prednisone phases. The study attempted to evaluate all 

women during the luteal phase of their menstrual cycles, during which estradiol and 

progesterone concentrations in the blood are relatively elevated and constant. This was 

imposed during both baseline and prednisone phases and was accomplished by a calendar 

method along with a urine ovulation testing method with the use of the Answer One-Step 

Ovulation Predictor Kit (Carter Products, New York), a monoclonal antibody test that 

detects a luteinizing hormone surge in the urine.

Procedures

Each subject was confined in the clinical research center during both the baseline phase (32 

hours, no drug) and the prednisone phase (32 hours) of the study to control for identical 

eating and sleeping times. Each study phase began at 8 a.m. and was separated by a 2-week 

period for men and an approximately 4-week period for women. Subjects were required to 

fast from 10 p.m. the evening before and for 2 hours after receiving the prednisone dose. On 

each study day, an 18-gauge angiocatheter was inserted into an arm vein to facilitate blood 

sample collections. The device was kept patent with the frequent use of a dilute heparin (10 

units/ml) solution.

During the baseline phase, plasma cortisol concentrations, T-helper and T-suppressor 

lymphocyte counts, and neutrophil cell counts were obtained. Approximately 7 ml blood 

samples were drawn into heparin-containing collection tubes at 0, 1, 2, 3, 4, 6, 8, 12, 14, 16, 

18, 20, 24, 28, and 32 hours. The blood was centrifuged at 2000 rpm for 15 minutes and the 

plasma harvested and frozen at −20°C until assayed. In addition, 3 ml blood was drawn into 

EDTA-containing tubes at 0, 1, 2, 4, 6, 8, 12, 18, 24, and 32 hours for the determination of 

T-helper and T-suppressor lymphocyte and neutrophil cell counts.

During the prednisone phase, each subject received a total body weight (TBW)–based 

prednisone dose (given as Deltasone, Pharmacia-Upjohn Co., Kalamazoo, MI) orally to 

provide similar initial blood concentrations of prednisolone in each subject and to ensure 

detectable responses. Dosing adjustment to TBW rather than to ideal body weight was 

chosen because of the strong correlation of free prednisolone clearance with the degree of 

obesity.20 The dosing scheme was as follows: 40 to 49 kg, 12.5 mg; 50 to 59 kg, 15 mg; 60 
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to 69 kg, 17.5 mg; 70 to 79 kg, 20 mg; and 80 to 89 kg, 22.5 mg. Blood samples of 

approximately 7 ml were obtained at predose; at 20 and 40 minutes; and at 1, 1.5, 2, 3, 4, 6, 

8, 12, 14, 16, 18, 20, 24, 28, and 32 hours postdose to determine plasma prednisolone and 

cortisol concentrations. The blood samples were processed as described above. In addition, 3 

ml blood was drawn into EDTA-containing tubes at predose and at 1, 2, 4, 6, 8, 12, 18, 24, 

and 32 hours postdose for the determination of T-helper and T-suppressor lymphocyte and 

neutrophil cell counts.

Bioanalysis

Plasma Corticosteroid Concentrations—Plasma prednisolone and cortisol 

concentrations were determined using the normal-phase HPLC procedure of Rose and 

Jusko,21 as updated by Jusko et al.22 Lower limits of quantitation were 5 ng/ml for 

prednisolone and 4.9 ng/ml for cortisol. Samples analyzed below the limit of quantitation 

were not used for data analysis. Intra- and interday coefficients of variation were less than 

7.5%.

Plasma Protein Binding of Prednisolone—Plasma protein binding of prednisolone 

was determined by ultrafiltration at 37°C using the Amicon Centrifree Device after spiking 

each plasma sample with trace amounts of purified 3H-prednisolone and using liquid 

scintillation counting (Packard model A1900, Downers Grove, IL) to obtain the free 

fraction.

Cell Responses—Differential and complete leukocyte counts were performed on an 

automated hemocytometer (CELL-DYN 1700, Abbott Laboratories, Abbott Park, IL). Total 

lymphocyte and segmented neutrophil counts were obtained. T-helper and T-suppressor cell 

counts were determined by reacting the whole-blood samples with anti-CD3, anti-CD4, and 

anti-CD8 antibodies and subsequently measuring fluorescence by flow cytometry (FACS 

Calibur, Becton Dickinson Immunocytometry Systems, San Jose, CA). T-helper cells were 

immunoreactive as CD3+, CD4+, and CD8−; T-suppressor cells were CD3+, CD4−, and 

CD8+.

Pharmacokinetics

The pharmacokinetics of prednisolone was described by monoexponential or biexponential 

disposition with or without an absorption time lag (tlag). Individual fittings of the 

pharmacokinetics of free prednisolone concentrations (Cp) were chosen based on the best fit 

of the following equations:

(1)

(2)
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(3)

in which

(4a,b)

Parameters obtained from the above compartmental analysis include ka (first-order 

absorption rate constant), tlag (lag time in absorption), Vc/F (apparent volume of the central 

compartment), CL/F (apparent systemic clearance), and k12 and k21 (first-order distribution 

rate constants between the central and peripheral compartments).

WinNonlin (Pharsight Corp., Apex, NC) was used for pharmacokinetic modeling of total 

and free prednisolone concentration data, with 1/y weighting used to obtain parameter 

estimates.

Pharmacodynamics

Cortisol—The suppressive effects of prednisolone on cortisol secretion were characterized 

by an indirect response model23 that was extended to consideration of biexponential 

disposition of cortisol concentrations.24 The response (R) is represented as a combination of 

responses of the system each with monoexponential disposition:

(5)

Rn is a solution of the following differential equation:

(6)

(7)

In the above equations, Ln are coefficients of the biexponential function, where L1 and L2 > 

0 and L1 + L2 = 1. The λn are slopes of the decline of R versus time plotted on a log scale, 

IC50 is the concentration of free prednisolone causing 50% cortisol suppression, and Cp(t) is 

the free prednisolone concentration at time t. The kin(t) is an asymmetric input rate function 

for endogenous circadian cortisol secretion, as described by
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(8)

where km is the mesor or mean value of cortisol secretion rate, t is the time of sampling 

following dosing, kb1 and kb2 are the first and second amplitudes of the cortisol secretion 

rate, tp1 and tp2 are the first and second acrophases or peak times of the cortisol secretion 

rate, and the ratios 2π/24 and 2π/12 convert the 24-hour and 12-hour periods into radians. 

The 12-hour period for the second cosine is chosen by visualization using FOURPHARM.25 

The periodic input function kin(t) produces one solution Rcort(t) of the same periods for the 

baseline:

(9)

The Rm is the mesor of baseline cortisol concentrations and relates to the input function 

(kin(t)) via

(10)

where Rb1 and Rb2 are the first and second amplitudes of the baseline cortisol 

concentrations, and tz1 and tz2 are the first and second acrophases of the baseline cortisol 

concentrations.

Cortisol concentrations from baseline and treatment periods were fitted simultaneously by 

the maximum-likelihood method using the ADAPT II26 program to generate the L1, L2, λ1, 

λ2, IC50, km, kb1, kb2, tp1, and tp2 parameters. Estimates of km, L1, L2, λ1, and λ2 were then 

used to calculate Rm using equation (10) to examine the sex and racial differences in mean 

values of baseline cortisol concentrations.

To assess the net suppression of cortisol secretion following prednisone administration, the 

area under the cortisol concentration curves was calculated using the linear trapezoidal rule. 

These values were used to calculate the area between baseline and effect curves (ABEC), 

determined by the following equation:

(11)

where  is the area under the baseline curve, and  is the area under the 

prednisolone response curve from 0 to 24 hours. Larger ABEC values indicate greater net 

suppression.

T-Helper and T-Suppressor Lymphocytes—Under normal physiologic conditions, 

lymphocytes equilibrate between the blood pool and extravascular compartment (such as 

lymph nodes, spleen, and bone marrow). T-lymphocyte trafficking has been shown to 

exhibit a circadian rhythm.27 The suppression of T-lymphocyte influx into blood appears to 
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be the primary mechanism28 for the observed lymphocytopenic effect of prednisolone. In 

this study, after administration of prednisolone, T-lymphocyte cell counts decreased in 

relation to inhibition of the lymphocyte trafficking between the peripheral lymphoid tissues 

and the central blood compartment by prednisolone.29 This results in accumulation of 

lymphocytes in the peripheral lymphoid tissues. As prednisolone concentrations dissipate 

from blood, lymphocyte buildup in the peripheral compartment is dumped into the blood 

compartment, resulting in a rebound phase observed in both T-helper and T-suppressor 

lymphocyte cell counts in most subjects.

The rate of change of the T-helper and T-suppressor cell counts in the precursor (P, 

extravascular compartment) and in the central blood compartment (R) over time was 

characterized as indirect and described as

(12)

(13)

(14)

(15)

where Cp is the estimated free plasma prednisolone concentration, IC50 is the free plasma 

prednisolone concentration inhibiting kp(t) by 50%, and Imax is the extent of inhibition that 

was fixed at 0.8 for both types of cells on the basis of previous observations.30 The ko is 

defined as the apparent zero-order rate constant for the production of the precursor, while 

kout represents the first-order rate constant for loss of response. The kp(t) is a time-

dependent periodic influx rate of lymphocytes into blood:

(16)

where km is the mean input rate of lymphocytes into blood, kb is the amplitude of this rate 

and tp is the time of occurence of the peak input.

Baseline and treatment periods for each cell count were fitted simultaneously by the 

maximum-likelihood method using theADAPTII26 program to generate the ko, kout, km, kb, 

tz, and IC50 parameters. Prednisolone plasma concentrations and T-helper and T-suppressor 

cell counts were shifted by 96 hours to allow zero time values to be fitted. Achievement of 

steady state prior to time zero (i.e., prior to 96 hours on adjusted scale) was ensured by 

visual inspection of fitted curves in all individual fittings. The ABEC was not calculated due 

to the rebound.

Magee et al. Page 7

J Clin Pharmacol. Author manuscript; available in PMC 2014 October 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



An additional first-order elimination rate constant was added to the precursor compartment. 

The rate constant value generated was negligible. We also explored the option of letting the 

zero-order production rate constant (ko) be the time-dependent periodic process and letting 

the first-order distribution rate constant (kp) be time independent. This model did not 

generate an appreciable difference in curve fitting compared with the final model. The 

evaluation of goodness of fit was done by comparing the sum of squared residuals as well as 

ADAPT II forms of the Akaike Information Criterion and Schwarz Criterion.

Neutrophils—Prednisolone elevates blood neutrophils.31 Accelerated release from the 

pool of mature neutrophils in the bone marrow is thought to account for neutrophilic 

leukocytosis. 31 The neutrophil model is the basic indirect response model III23 with initial 

condition, Ro = kin/kout:

(17)

The Smax value for prednisolone was fixed at 3.0 according to earlier observations.32 

Baseline levels of neutrophils were assumed to be constant with no biorhythm. Individual 

ABEC values were calculated according to equation (11). Neutrophil cell counts from 

treatment were fitted by the maximum-likelihood method using the ADAPT II26 program to 

generate the kin, kout, and SC50 parameters.

Statistical Methods

Sex- and race-based comparisons were determined by two-way ANOVA after log 

transformation of parameter estimates. Data are expressed as mean values ± SD. Statistical 

significance was defined as p < 0.05. All statistical analyses were done using SYSTAT for 

Windows, version 9.01 (SPSS, Chicago).

RESULTS

Subject Characteristics

Thirty-two healthy subjects (white males [WM], black males [BM], white females [WF], 

black females [BF]; n = 8/group) completed the study. Table I lists their de-mographic 

characteristics. All 16 females reported positive readings on ovulation predictor kits at least 

2 days prior to day 1 of the study for both baseline and treatment phases. The timing of entry 

into the study in relation to their menstrual cycle averaged 21 ± 2 days during baseline and 

20 ± 4 days during treatment phase. These timings were within the usual range of the luteal 

phase.

Pharmacokinetics

The mean plasma (± SD) concentration versus time profiles of prednisolone (total and free) 

with fitted equations following a TBW-based single oral dose of prednisone are shown in 

Figure 1 for the four groups. The pattern reflects rapid appearance of total and free 

prednisolone and their parallel decline. The PK profiles of 15/32 subjects were best fitted 
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with monoexponential disposition and 17/32 with biexponential disposition. The four 

profiles are essentially superimposible, indicating that there are no appreciable sex- or race-

based differences in the pharmacokinetic patterns of prednisolone.

The compartmental pharmacokinetic parameters of total and free prednisolone in the four 

groups and the two-way ANOVA results are summarized in Table II. The AUC (area under 

the concentration vs. time curve) of free prednisolone was significantly larger (p < 0.01) in 

the female group in both races (434 ± 69 ng•h/ml vs. 375 ± 111 ng•h/ml in whites, 497 ± 84 

ng•h/ml vs. 364 ± 66 ng•h/ml in blacks). The clearance normalized to TBW was 22% higher 

in WM and 40% higher in BM compared with females (sex effect p < 0.01). The volume of 

distribution was also higher in men, resulting in a similar elimination half-life. Norace-based 

difference was noted except for total prednisolone elimination half-life.

Figure 2 illustrates the plasma protein-binding profiles of prednisolone. Data from four 

groups superimpose well, indicating the lack of sex- or race-based differences in plasma 

protein binding of prednisolone. The concentration range for prednisolone was low, and 

binding was modestly nonlinear.

Pharmacodynamics

Endogenous Cortisol—The mean plasma (± SD) concentration versus time profiles with 

fitted curves of cortisol are shown in Figure 3 for the four groups. The circadian rhythm of 

cortisol concentration is evident from the baseline, with peak concentrations occurring 

around 8 a.m. (0 and 24 hours after dosing) and a nadir around midnight (16 hours after 

dosing). After prednisone dosing, the decline of cortisol was immediate and biexponential in 

nature before reaching a prolonged trough and subsequently resuming a circadian rhythm.

The pharmacodynamic parameter estimates for the cortisol model are listed in Table III. The 

baseline cortisol data for 1 white male subject were excluded because of his lack of 

circadian rhythm. Hence, his treatment cortisol data were fitted alone to generate 

pharmacodynamic parameters.

The IC50 value, a measure of intrinsic sensitivity to the suppressive effects of free 

prednisolone, was the lowest (most sensitive) in WM (0.631 ± 0.607 ng/ml). IC50 values for 

the other three groups were 2 to 3 times that of WM, with the highest (least sensitive) in BF 

(1.90 ± 3.55 ng/ml). However, this difference was not significant. There was also greater 

suppression observed in the men from both races, as indicated by the significantly higher 

ABEC values. The Rm values were higher in men than in women in both races. This 

parameter reflects the baseline mean cortisol concentrations.

T-Helper and T-Suppressor Lymphocytes—The mean whole-blood cell count 

profiles with fitted curves of T-helper and T-suppressor cells are shown in Figures 4 and 5 

for the four groups. The baseline cell counts showed a circadian rhythm and were generally 

well characterized as a cosine function. The nadir occurred at 8 a.m. (0 and 24 hours after 

dosing), and the acrophase was found at 2 a.m. (18 hours after dosing). This pattern is 

somewhat opposite to that of cortisol concentrations during baseline. Prednisone was given 

near the low point of the baseline circadian rhythm; nonetheless, cell concentrations 
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declined rapidly, reaching a nadir after about 5 hours. Following the nadir, cell counts 

returned toward baseline, reaching the acrophase at about 18 hours. A rebound is evident in 

Figures 4 and 5, with peak cell counts being about 116% of those during baseline. After the 

acrophase, cell counts trended toward but did not reach the baseline at the time of last 

sampling.

The pharmacodynamic parameter estimates for cell trafficking are shown in Table IV. The 

T-helper, T-suppressor, and neutrophil data from 1 white woman were excluded from the 

analysis because she showed no suppressive/stimulatory response after a 15mg dose of 

prednisone. In contrast to cortisol, WM was the least sensitive group to the suppressive 

effects of prednisolone on both T-helper and T-suppressor cell trafficking, as evident from 

their higher IC50 values. The only parameters that achieved statistical significance (p < 0.05) 

were IC50 and ko for T-suppressor cells between white and black subjects.

Neutrophils—The mean whole-blood cell count profiles with fitted curves of neutrophils 

are shown in Figure 6, and the parameter estimates are listed in Table IV for the four groups. 

Consistent with T-helper and T-suppressor lymphocyte modeling results, WM is the least 

sensitive group to the stimulatory effects of prednisolone, as evident from their highest SC50 

value. However, none of these parameter differences achieved statistical significance.

DISCUSSION

To assess sex and race as covariates in the use of prednisone, we investigated the 

pharmacokinetics and various pharmacodynamic markers in male, female, black, and white 

healthy subjects following a single oral dose of prednisone. Basic and extended indirect 

response models were used to allow quantitation of the underlying physiologic and genetic 

differences in these subjects.

The mean pharmacokinetic parameter values agree well with previous investigations.17,19 In 

our study, the TBW-normalized mean free prednisolone oral clearance in male subjects was 

significantly higher than the corresponding mean in female subjects, regardless of race (by 

22% in whites, 40% in blacks; p < 0.01, Table II). The TBW-normalized apparent volume of 

distribution was also higher in men than in women (by 32% in whites, 38% in blacks; p < 

0.01). The similarity in the direction and magnitude of the difference in oral apparent 

clearance and volume of distribution results in similar half-lives in men and women in this 

study. Meffin et al17 have reported a 21% higher free prednisolone clearance in females (p = 

0.036) after intravenous administration of prednisolone. However, this finding of a sex 

difference was weakened by confounders such as not controlling for menstrual cycle phase 

and a small sample size. It was suggested that young women have approximately 1.4 times 

the CYP3A4 activity of men.1 One would therefore expect a higher CYP3A4 substrate 

clearance (such as for prednisolone) in women than in men. However, prednisolone 

undergoes a variety of biotransformation pathways in the liver and possibly other organs, 

and thus it cannot be determined conclusively which enzyme is responsible for noted 

differences. Interestingly, the hepatic expression of the transport protein P-glycoprotein that 

seems to be functionally associated with CYP3A is higher in men compared with women.33 
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Steroid hormones, including prednisolone, have been found to interact with P-glycoprotein 

as substrates or inhibitors in a complex manner.34

The plasma prednisolone concentration reflects the absorption/metabolism of its parent 

compound, prednisone, as well as their interconversion. Bioavailability of prednisone may 

account for, in part, the observed differences in apparent prednisolone clearance. The 

similarity in the decrease of both CL/F and Vc/F (and the resulting lack of change in half-

life) in female subjects may therefore be a consequence of bioavailability (F), the common 

denominator of both parameters. This implies that women may exhibit increased 

bioavailability of prednisone relative to men. If this is true, it may also explain the opposite 

results obtained from previous investigations in which women exhibited higher clearance 

after intravenous administration of prednisolone.17,18

As mentioned above, prednisolone undergoes a variety of biotransformation processes, 

including CYP3A-catalyzed 6β-hydroxylation. A recent study, using IV and oral midazolam 

as a probe, has shown a similarity in CYP3A activity in black and white men.35 This finding 

concurs with our observation of a lack of significant racial differences in total or free 

prednisolone clearance. However, the similar clearance of prednisolone between blacks and 

whites differs from another study that showed a 37% lower methylprednisolone clearance in 

blacks.13 The two compounds often exhibit differing sensitivity to various drug interactions 

as well.20

We chose to study prednisolone PK/PD during the luteal phase of the menstrual cycle based 

on the premise that any perturbation caused by hormonal differences would be most 

apparent when the female hormone concentrations were relatively high. In fact, sex 

hormones have been shown to affect maturation and function of lymphocytes, influence 

monocyte and macrophage activity, and modulate immunoregulatory mechanisms.36–38 

Estrogen and progesterone may inhibit T-suppressor and natural killer cell functions, as 

shown by an insignificant drop in activity during the luteal phase.36,39,40 Neutrophil and 

total T-lymphocyte counts correlate inversely with estrogen level: leukocyte counts are 

lowest at the follicular estrogen peak, while monocytes and granulocytes rise during the 

luteal phase and are maximal at the progesterone peak.41

An important feature of this study is the application of indirect response models for 

quantitation of the diverse pharmacodynamic effects of prednisolone. It was necessary to 

assign Imax or Smax values because only one dose level was studied and maximal responses 

were not attained. However, these parameters were evident from previous studies, and the 

use of moderate doses allowed better opportunity to assess changes in response.

The cortisol pharmacodynamic model used in this study differed from our previous 

studies.42,43 This model extended the basic indirect response models by considering the 

biexponential decline in cortisol concentrations. This differs from the monoexponential 

patterns after doses of methylprednisolone.44 This may be caused by dual effects of 

prednisolone on adrenal suppression as well as displacement of cortisol from plasma 

protein-binding sites. The other steroids do not bind to transcortin as do cortisol and 

prednisolone.45 Another feature of this model, the dual cosine function, permitted 
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asymmetric input rates of cortisol, allowing us to capture the nonmidpoint nadir of cortisol 

as well as the abrupt increase in cortisol concentrations seen between 18 and 20 hours.

The lymphocyte pharmacodynamic model used in this study also differed from our previous 

studies.2,42,43 In this study, a model that is capable of encompassing a substantial rebound 

component, as demonstrated by the return of T-helper and T-suppressor lymphocytes 

beyond corresponding baseline cell counts, was needed. This was accomplished by use of a 

modified precursor-dependent indirect pharmacodynamic response model.46 As such, the 

pharmacodynamic parameters of km and kb have first-order (h−1) rather than zero-order units 

(cells/ml/h), and the values from the previous studies have to be converted for direct 

comparison. Such converted km and kb values are similar to those obtained in the present 

study.43

The cortisol IC50 values for the men were similar to those obtained previously.42,43 Within 

sex, blacks have higher IC50 values (106% in men,68%in women; Table III), indicating a 

potential race-based difference in sensitivity to prednisolone’s suppressive effect on cortisol 

secretion. However, this observed difference did not achieve statistical significance. Women 

in our study showed significantly (p < 0.05) lower Rm values, indicating a lower mean 

baseline cortisol concentration. This was not observed in our previous study,2 which also 

showed a threefold lower mean Rm value compared with our mean value.

In our T-helper lymphocyte model, no statistically significant differences in parameters were 

found; however, the mean T-helper lymphocyte IC50 values were higher in whites, 

regardless of sex (57% in men,15%in women). Consistent with this observation, the T-

suppressor lymphocyte IC50 was more than twofold higher in white men than in black men 

and more than three-fold higher in white women than in black women. This difference was 

statistically significant. Interestingly, we did not detect any sex difference in any of the 

parameters.

Burton et al32 reported pronounced neutrophilia after dexamethasone treatment, which may 

be the result of down-regulation of adhesion receptors, L-selectin, and CD18 expression on 

circulating neutrophils. We observed a substantial neutrophilic effect similar to those 

reported in previous studies.32,42 Compared with the SC50 value reported in a study done in 

11 white men and 1 black man, our mean SC50 value for white men was nearly threefold 

higher. However, the variability of parameters in both studies was high. In our neutrophil 

model, no statistically significant differences in parameter values were found. Consistent 

with IC50 values in the T-helper and T-suppressor cell model, the mean neutrophil SC50 

values were higher in whites, especially in white men, with a substantial twofold difference 

compared with black men.

The findings of this study indicate that PK/PD differences exist for prednisolone based on 

race and gender. However, the clinical importance of these findings is difficult to conclude. 

Women have a smaller clearance of free prednisolone with or without normalizing to TBW. 

This results in higher systemic exposure to prednisolone, as shown by higher AUC values. 

However, the volume of distribution of prednisolone is also higher in women, resulting in 

similar half-lives between men and women. Along with this, the failure to detect 
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significantly different sensitivity values (IC50 or SC50) in any of the pharmacodynamic 

measurements between the two sexes implies that men and women should receive the same 

prednisone dose because of similarity in net response. The opposite was observed for race-

based effects in prednisolone PK/PD. No significant racial difference was observed in any of 

the pharmacokinetic parameters of free prednisolone. However, whites have shown 

consistently lower sensitivities to prednisolone effects on T-helper, T-suppressor, and 

neutrophil trafficking, suggesting the need for higher doses to maintain the same 

immunosuppressive/therapeutic effects of prednisone. However, if implemented, this higher 

dosage requirement, compounded by their greater sensitivity to the adrenal suppressive 

effects as shown by a lower cortisol IC50 value, may expose whites to a greater frequency of 

untoward side effects from prednisone therapy. Last, due to the chronic nature of 

corticosteroid therapy, additional experiments with repeat dosing are desired to further 

evaluate the clinical implications of these findings.
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Figure 1. 
Time course of mean ± SD and fitted prednisolone concentrations (total prednisolone, filled 

circles; free prednisolone, open circles). The pharmacokinetic model used (top right) and 

comparative CL/F/TBW values of free prednisolone are also shown for individual subjects 

(open circles) as well as group mean values (filled triangles).

Magee et al. Page 16

J Clin Pharmacol. Author manuscript; available in PMC 2014 October 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. 
Relationship between total prednisolone concentration and percentage of prednisolone 

bound to plasma proteins. Each data point represents the percentage bound at the 

corresponding total prednisolone concentration in a subject.
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Figure 3. 
Time course of mean ± SD and fitted plasma cortisol concentrations. Symbols show 

experimental data, and lines show the fittings to the pharmacodynamic model shown above. 

The baseline phase is displayed by the solid symbols and solid lines. The prednisone phase 

is displayed by the open symbols and broken lines. The comparative free prednisolone IC50 

values of cortisol suppression are also shown for individual subjects (open circles) as well as 

group mean values (filled triangles).
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Figure 4. 
Time course of mean ± SD and fitted blood T-helper lymphocyte counts. Symbols show 

experimental data, and lines show the fittings to the pharmacodynamic model shown. 

Symbols and lines are defined in the legend of Figure 3. The comparative free prednisolone 

IC50 values of T-helper cell inhibition are also shown for individual subjects (open circles) 

as well as group mean values (filled triangles).
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Figure 5. 
Time course of mean ± SD and fitted blood T-suppressor lymphocyte counts. Symbols show 

experimental data, and lines show the fittings to the pharmacodynamic model shown. 

Symbols and lines are defined in the legend of Figure 3. The comparative free prednisolone 

IC50 values of T-suppressor cell inhibition are also shown for individual subjects (open 

circles) as well as group mean values (filled triangles).
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Figure 6. 
Time course of mean ± SD and fitted blood neutrophil counts. Symbols show experimental 

data, and lines show the fittings to the pharmacodynamic model shown. The comparative 

prednisolone SC50 values of neutrophil stimulation are also shown for individual subjects 

(open circles) as well as group mean values (filled triangles).
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Table I

Subject Demographics

White Males Black Males Black Females White Females

Age (years) 28.1 ± 8.9 33.3 ± 5.3 29.9 ± 6.6 30.1 ± 8.5

TBW (kg) 77.1 ± 6.6 74.0 ± 11.6 72.5 ± 10.6 65.3 ± 10.3

Dose/TBW (mg/kg) 0.27 ± 0.01 0.27 ± 0.01 0.27 ± 0.01 0.27 ± 0.01

Data are mean ± SD (n = 32). TBW, total body weight.
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