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Abstract

The pharmacokinetics of prednisolone given
intravenously were studied in 11 children with
relapsed steroid responsive nephrotic syn-
drome, and four control subjects. The clear-
ance of both total and unbound drug was
decreased in these children and the unbound
fraction of the drug in plasma was signifi-
cantly correlated with the degree of hypo-
albuminaemia. We conclude that changes in
the clearance of prednisolone and altered pro-
tein binding might account for some of the
variability in both therapeutic responses and
the incidence of toxicity in patients treated
with standard dosage regimens.

The introduction of glucocorticoid treatment of
steroid responsive nephrotic syndrome reduced
the mortality appreciably, but there was still
considerable morbidity, with about one third of
all patients having at least two relapses within
six months of the initial episode. A further third
continued to relapse less frequently, while the
remainder had no relapses at all.! These differ-
ences in outcome have not been explained
pathophysiologically, and there is a degree of
prognostic variability despite treatment with
standardised regimens of glucocorticoid drugs.
Insufficient drug treatment might fail to
suppress the disease adequately; on the other
hand, Leisti and Koskomies found a strong
association between severe hypothalamic-
pituitary-adrenal suppression and a high risk of
early relapse.? The degree of hypothalamic-
pituitary-adrenal suppression is proportional to
the dose of glucocorticoid in subjects who do
not have nephrotic syndrome so that an exces-
sive dose of glucocorticoids could predispose to
early relapse.?

The variable prognosis of steroid responsive
nephrotic syndrome might be explained by
variations in the way the body handles glucocor-
ticoid drugs. There is considerable potential for
pharmacokinetic variability both within and
between patients. Glucocorticoids circulate
bound to plasma albumin,* transcortin,’ and
a,-acid glycoprotein,® and it is thought that
only the unbound drug is pharmacologically
active.* Varying degrees of hypoproteinaemia
always occur in steroid responsive nephrotic
syndrome, and Lewis et al drew attention to the
clinical importance of this by showing that there
was an increased incidence of toxic effects of
glucocorticoids in hypoalbuminaemic subjects.”
The signs of cushingoid toxic effects vary
among children with steroid responsive nephro-
tic syndrome, some patients developing severe

complications while others are unaffected
despite being given standard doses of pred-
nisolone. :

To examine the possibility that the variable
prognosis of patients with steroid responsive
nephrotic syndrome treated with prednisolone
might be associated with changes in the phar-
macokinetics of prednisolone, we have studied
the kinetics of this drug given intravenously to
children with acute nephrosis, using total and
unbound plasma concentration times.

Patients and methods

STUDY DESIGN

Intravenous pharmacokinetic studies were
performed on 11 children with relapses of
steroid responsive nephrotic syndrome. Their
median age was 10 years (range 4-16) and their
median plasma albumin concentration was 23
g/l (range: 16-33 g/1) (table 1). Prednisolone was
given as an intravenous bolus injection of pred-
nisolone phosphate (Codelsol; Merk, Sharpe
and Dohme) 30-64 mg (median: 60 mg). Ten
3 ml blood samples were taken through an
indwelling intravenous cannula at 10, 15, 20,
25, 30, 60, 90, 120, 240, and 360 minutes after
the injection of prednisolone. Patients were
selected for the study because they were
expected to be able to tolerate the experimental
protocol and in addition, the patients or their
parents, or both, had given consent. Ethical
approval was given by Leeds Eastern District
ethics committee.

Four volunteers aged 14-30 years who did
not have nephrosis were also studied after
having received a bolus injection of 60 mg of
prednisolone. All had normal plasma albumin
concentrations between 43-49 g/l (table 1).

MEASUREMENT OF PLASMA PREDNISOLONE
CONCENTRATIONS

Total prednisolone concentrations were
measured by high performance liquid chro-
matography® using a 30 cmx39 mm inside
diameter stainless steel 10 pm porous silica
column with a mobile phase consisting of
dichloromethane: ethanol:water:glacial acetic
acid (500:30:30:1% v/v) at a flow rate of
2 ml/min and ultraviolet detection at 254 nm.
The interassay coefficient of variation was 5:3%
(n=23) at 100 ng/ml and the limit of detection
was 5 ng/ml.

Unbound prednisolone concentrations were
measured after ultrafiltration.” A sample of
plasma (1 ml) was placed in a Centrifree ultra-
filtration chamber (Amicon) and centrifuged at
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Table 1 Details of children with nephrosis and control subjects

Case No Age Sex Dose of prednisolone Plasma albumin
concentration (gl/l)
mg mgim?
Children with nephrosis:
1 Male 65 42-5 30
2 11 Female 30 28-8 31
3 10 Male 60 618 18
4 16 Male 60 37'S 25
5 4 Male 45 672 23
6 S Male 48 60-0 28
7 11 Male 64 44-8 20
8 8 Female 60 61-8 23
9 12 Male 64 50-0 16
10 9 Female 60 465 33
11 8 Male 60 659 16
Control subjects:
12 30 Male 60 30-7 43
13 14 Male 60 455 45
14 30 Male 60 312 45
15 30 Male 60 328 49
Mean (SD)
for children
with nephrosis 97 (3:3) 56:0 (10-2) 51-5 (12°1) 239 (5-8)
Mean (SD)
for control subjects 260 (6'9) 600 (0) 351 (6°0) 455 (2-2)

1500 g for 25 minutes at 37°C in a 35° fixed
angle head. The resultant filtrate was analysed
for prednisolone concentration by high per-
formance liquid chromatography.

PHARMACOKINETIC ANALYSIS

The disappearance of both total and unbound
prednisolone from plasma following intra-
venous injection was initially analysed using the
‘C-STRIP’ computer programme.'® This indi-
cated that the decline of both total and unbound
plasma prednisolone concentrations with time
was biexponential. Consequently, the intra-
venous concentration time data was fitted to a
biexponential equation (C=Ae *+Be %)
using non-linear regression analysis. This pro-
cedure gave estimates of A and B, the intercepts
at time zero of the two exponential phases, and
a and B, the respective slopes of each exponen-
tial phase. The kinetics of both bound and
unbound prednisolone were described in terms
of: () the half life (t%2(8)) of the terminal
exponential phase of the concentration time
data; (#1) the apparent volume of distribution:
V=dose/AUC B (where AUC is the area under
the concentration time curve from time zero to
infinity); and (i) the plasma clearance (Cl).
Cl=dose/AUC. The area under the concentra-
tion time curve was calculated from the
equation: AUC=A/a+B/B. To estimate the per-
centage of prednisolone unbound in plasma
during the concentration time profile, an
averaged value was calculated. Percentage
unbound in plasma=AUC,Xx100/AUC,, where
AUC, and AUC, are the areas under the concen-
tration time curves for the unbound and total
drug, respectively.

STATISTICAL ANALYSIS

Stepwise multiple linear regression analysis was
used to discover which variables were related to
each pharmacokinetic measurement and to rate
these variables in order of their importance.!!
Pharmacokinetic measurements (area under the

concentration time curve, plasma clearance,
volume of distribution, and half life (§)) were
treated as dependent variables, which were
regressed on dose as a function of both surface
area and body weight, body weight, surface
area, plasma albumin concentration, and age of
the subject. Only terms that were significant in
the regression equation at the 5% level were
subsequently used.

Results are given as mean (SD) and the signi-
ficance of differences between groups were
assessed by the Mann-Whitney U test. A prob-
ability of <0-05 was accepted as significant.
Clearance and apparent volume of distribution
are expressed in terms of body surface area
to permit comparisons to be made between
children with nephrosis and control subjects.

Results

Representative profiles of total and unbound
prednisolone concentration times after a 60
mg/m? intravenous dose of prednisolone are
shown in fig 1. Both curves are characterised by
an initial rapid distribution phase (a) followed
by a slower elimination phase () and this
pattern was repeated in all subjects studied.
Analysis of these data with the ‘C-STRIP’
programme showed that a biexponential equa-
tion was the best fit for each subject studied.
The pharmacokinetic measurements of both
total and unbound prednisolone in patients with
nephrosis and volunteers are shown in tables 2
and 3, respectively, and each pharmacokinetic
measurement is discussed below.

AREA UNDER THE CONCENTRATION TIME CURVE
AND PLASMA CLEARANCE

Tables 2 and 3 show that there was no differ-
ence between area under the concentration time
curve for total concentration of the drug for
patients with nephrosis and volunteers.
Although the area under the concentration
curve for the unbound drug was 84% greater in
the group of patients with nephrosis compared
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Figure I Disappearance
from plasma of total and
unbound prednisolone after
intravenous administration.
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Table 2 Pharmacokinetic measurements calculated from the total and unbound concentration of prednisolone (28-8-67-2 mgim?) in children with nephrosis

Case No Area under concentration  Area under conc Total pl Plasma clearance  Total volume Volume of distribution: ~ Half life
time curve for total time curve for unbound clearance of unbound drug  of distribution of unbound drug t(B)
concentration of drug concentration of drug of drug (lIhim?) (Im?) UIm?) (hours)
(mglh/l) (mglh/l) (l/him?)

1 3-8 1-7 31 7-0 44 73-8 27
2 42 10 19 79 280 411 29
3 62 40 2:8 43 35-1 577 24
4 41 20 2:6 5:2 313 42-5 2-4
5 5:6 32 34 59 242 439 14
6 5-0 2:4 33 7:1 22-5 55-0 13
7 36 2:1 34 60 30-7 650 1-8
8 55 36 31 4-8 258 29-8 19
9 5:4 34 2:6 42 250 35-1 19

10 36 1-1 47 15-1 421 65°1 2-0

11 5:2 2:6 32 65 165 484 2:2

Mean (SD) 47 (0'9) 2:5* (1-0) 31 (0:7) 6:7** (2'9) 29-6 (8:0) 50-7* (13-8) 2:1 (0-5)

*p>0-01; **p>0-001 compared with value calculated for total prednisolone.

Table 3 Pharmacokinetic measurements calculated from the total and unbound plasma concentrations of prednisolone (30-7—45-S mgim? given intravenously)
in control subjects

Case No Area under concentration  Area under conc Total pl. Plasma clearance  Total volume Volume of distribution:  Half life
time curve for total time curve for unbound clearance of unbound drug  of distribution of unbound drug ()
concentration of drug concentration of drug of drug (Uhim?) (UIm?) (Um?) (hours)
(mg/h/l) (mgl/hll) (Ilhim?)

12 4-4 1-1 7-4 303 41-0 107-0 3-8

13 42 15 107 29-7 288 50-8 2-7

14 37 1-4 89 23-3 26°S 63-2 2:1

15 34 1-3 96 245 286 103-0 2-1

Mean (SD) 39 (0'5) 1-3** (0-2) 911 (1'4) 27:0**t (3:6) 31-2 (6'6) 81-0* (28-2) 2:7 (0:8)

*p<0-01; **p<<0-001 compared with value calculated for total prednisolone; +p<0-01 compared with total plasma clearance and plasma clearance of unbound drug for
children with nephrosis (table 2).

with the volunteers, this increase was not signi-
ficant. Both total plasma clearance and plasma
clearance of the unbound drug were, however,
significantly less (p<0-01) than their corres-
ponding mean values in the volunteers (tables 2
and 3). Multiple linear regression analysis did
not find any variables that correlated with total
plasma clearance in patients with nephrosis, but
clearance of the unbound drug was significantly

related to plasma albumin concentration
(r=0-69, p<0:05) (fig 2).

APPARENT VOLUME OF DISTRIBUTION

Total volume of distribution was similar in the
two groups when corrected for body size, but
the volume of distribution of the unbound drug
in the patients with nephrosis was 37% less than
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Figure2 Percentage
fraction of unbound
prednisolone and plasma
albumin concentration in
children with nephrosis.
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the mean value for the volunteers (tables 2 and
3). There was, however, no significant differ-
ence between the two groups. In patients with
nephrosis both total volume of distribution and
volume of distribution of the unbound drug
were significantly correlated with body weight
(p<<0-001).

HALF LIFE OF PREDNISOLONE

The half life of prednisolone in both groups is
shown in tables 2 and 3, respectively; there was
no difference between the two study groups.
The dose of prednisolone/kg body weight was
the only variable to be significantly correlated
with half life in patients with nephrosis
(r=068; p<0-05). It is unlikely, however, that
this correlation is of importance because neither
total plasma clearance nor total volume of distri-
bution were dependent on the dose of drug
given.

PERCENTAGE OF UNBOUND PREDNISOLONE

In patients with nephrosis the mean of the con-
centration averaged value of the percent of drug
unbound was 50 (13)% (n=11), and in volun-
teers it was 30 (7-:0)% (n=4), though this differ-
ence was not significant.

The variation in percentage of unbound
prednisolone and its correlation with plasma
albumin concentration in patients with a relapse
of nephrosis is shown in fig 2. As expected the
relationship between these two variables was
inverse (r=-0'78; p<0-01), which suggests
that as plasma albumin concentrations decrease,
there is a concomitant increase in the fraction of
unbound prednisolone. The intercept at zero
albumin concentration, gives a value for per-
centage of unbound prednisolone of about 92%,
which suggests that the bulk of prednisolone is
bound to albumin in the range of doses tested in
this study. There was no significant correlation
between the percentage of unbound predniso-
lone and total volume of distribution, volume of
distribution of unbound drug, half life, and
total clearance of the drug. There was, however,
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an inverse correlation between the percentage of
unbound predinsolone and the clearance of
unbound prednisolone (r=-—0-74; p<<0-001).

Discussion

We found a mean half life of 2:1 (0:5) hours in
both groups which is in agreement with other
studies that have reported 1:4 to 3-5 hours.!?
The half life of prednisolone in children with
nephrosis was not significantly different from
that in the controls. In contrast, the clearance of
both total and unbound drug was less in the
children with nephrosis than in the controls.
This emphasises the importance of not using
half life alone to describe elimination, as this
measurement is also influenced by the apparent
volume of distribution. The volumes of distri-
bution of total and unbound drug tended to be
lower in patients with nephrosis, and this prob-
ably accounts for the lack of any difference in
half life between the two groups. The reason for
the reduced clearance of prednisolone in the
patients is not clear, but it may be related to the
difference in age between the patients and
volunteers, or it may be that the elimination
of prednisolone is impaired in children with
nephrosis.

In this study we found a significant inverse
correlation between the concentration averaged
percentage of unbound prednisolone, and the
plasma albumin concentration in children with
nephrosis. A similar association between the
proportion of drug in the unbound form and
plasma albumin concentration has previously
been shown in individual plasma samples as
opposed to the complete concentration time that
we used.!® 14

Interestingly total clearance of prednisolone
was not correlated with either the plasma
albumin concentration or percentage of
unbound prednisolone. This suggests either
that total clearance of the drug is not dependent
on the fraction of unbound drug, or that the
clearance of unbound prednisolone decreases
as the percentage of unbound prednisolone
increases. The latter explanation seems more
likely, because a significant inverse relationship
was found between the percentage of unbound
prednisolone and the plasma clearance of the
unbound drug in children with nephrosis. Total
clearance would not change, because this mea-
surement is related to the unbound fraction and
clearance of the unbound drug through the
relationship: total clearance equals the unbound
fraction multiplied by the clearance of the
unbound drug. Thus if the percentage of
unbound prednisolone increased and clearance
of the unbound drug decreased in proportion,
no change would be expected in total clearance.

Prednisolone is largely cleared by the liver
and the plasma clearance of unbound drug is a
measure of the intrinsic clearance by this organ.
Intrinsic clearance is dependent on the meta-
bolic activity of the liver and as clearance of the
unbound drug decreases with increasing
severity of hypoalbuminaemia, it seems likely
that the ability of the liver to eliminate pred-
nisolone is impaired in children with active
nephrosis. Liver function may be deranged in
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nephrotic syndrome as shown by the distur-
bance in the regulation of plasma lipids and its
apparently limited ability to synthesise plasma

albumin.
What is the clinical relevance of the reduction

of clearance of the unbound drug and the
increase in the percentage of prednisolone that
is unbound in children with nephrosis? Both
these changes are likely to make more unbound
active drug available to target tissues. Leisti and
Koskomies showed that patients who developed
severe hypothalamic pituitary adrenal suppres-
sion after treatment with prednisolone are likely
to relapse in the first year.? Furthermore there
is a direct association between the dose of pre-
dnisolone given and the degree of hypothalamic
pituitary adrenal suppression in subjects who do
not have nephrosis, and so increased availability
of unbound prednisolone would be expected to
cause a high degree of hypothalamic pituitary
adrenal suppression thereby increasing the
chances of developing frequent relapses of the
disease.? Leisti and Koskomies emphasised the
importance of minimising prednisolone dosage
to avoid causing suppression of the hypothala-
mic pituitary adrenal axis. The better progres-
sion of a group of children whose prednisolone
was gradually tapered down compared with a
more sudden cessation may be because the
hypothalamic pituitary adrenal axis was allowed
to recover in the former group.!® Simply reduc-
ing the duration of treatment with prednisolone
is too crude an approach, as shown in a recent
study.'® It is likely therefore that tailoring the
dose of prednisolone to an individual patient’s
requirements by relating it to plasma albumin
concentration and to hypothalamic pituitary
adrenal suppression will be the most successful
approach to reducing the number of further
relapses of nephrosis.

Lewis et al showed that there was an
increased risk of glucocorticoid toxicity in
hypoalbuminaemic patients, and suggested that
this was the result of increased availability of
glucocorticoids through decreased protein
binding.” It is notable that nephrotic children
receiving similar doses of prednisolone show
variable degrees of toxicity, which again may be
mediated through variable clearance and
protein binding.

Rane and Wilson suggested that paediatric
doses should be calculated using surface area
because this variable correlates with several
physiological ~ factors influencing  drug
disposition.'”” In this study the dose of
prednisolone/kg body weight was more closely
correlated with pharmacokinetic measurements
than dose/unit surface area. Prednisolone is
prescribed for children with nephrosis by some
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paediatricians using body weight, and by others
using surface area; we advocate the former.

In conclusion, the results of this study
suggest that decreased plasma clearance of total
and unbound prednisolone, together with vari-
able protein binding, are important factors in
determining the exposure of tissues to the phar-
macologically active form of prednisolone in
children with nephrosis. Furthermore in these
patients the clearance of unbound prednisolone
decreases with the severity of hypoalbu-
minaemia. Thus it might be advisable to reduce
the dosage in accordance with albumin concen-
tration. Additional work is required to charac-
terise fully the disposition of prednisolone in
children with active nephrosis, particularly
when it is given orally and to assess the implica-
tions of the observations reported here for the
clinical use of prednisolone.
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