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Abstract O The capacity of chronic lymphocytic leukemia cells to con-
centrate prednisolone has been evaluated in vivo and in vitro employing
a radioimmunoassay for prednisolone. No evidence to suggest that leu-
kemia cells are capable of selectively concentrating glucocorticoid was
found. The relative uptake of glucocorticoid by leukemia cells was found
to be greater in vitro than in vivo. This may be attributable to differences
in steroid bioavailability to cells. Substantially lower levels than previ-
ously reported of free prednisolone were found in plasma of patients re-
ceiving oral treatment with prednisolone. This may result from the failure
in previous studies to remove derivatives of prednisolone and other ste-
roids prior to assay for hormones.
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Glucocorticoid hormones, usually in combination with
other chemotherapeutic agents, are used extensively for
treatment of human leukemias and lymphomas. Clinical
trials have clearly shown the efficacy of including gluco-
corticoid in treatment schedules, although the therapeutic
mode of action of these steroids is still poorly understood
(1). In the main, therapeutic effects have been attributed
to the direct cytolethal and/or cytostatic action of the
steroid on malignant cells, although glucocorticoids also
have a wide variety of other effects on cells and tissues
throughout the body (1).

In previous studies with a large series of human lym-
phoid cell lines (2-6) and freshly isolated leukemia cells
from patients with chronic lymphocytic and hairy-cell
leukemia (7), it was found that human lymphoid cells are
remarkably resistant to the cytolethal and cytostatic ef-
fects of glucocorticoids in vitro despite the presence of
substantial levels of cytoplasmic glucocorticoid receptors
and evidence of uptake and binding of glucocorticoid by
target cells. In nearly every case lymphoid cells required
exposure to suprapharmacological concentration (>1076
M) of steroid for prolonged periods (>48-72 h) before
significant cytolethal or cytostatic responses resulted.
Since in therapeutic practice glucocorticoids are admin-
istered as repeated daily doses of low concentrations of
steroid (<1076 M), it seems unlikely that leukemia cells
in vivo are ever exposed to the glucocorticoid concentra-
tions required to induce cytolethal responses in vitro.
However, virtually nothing is known about target cell
concentrations of glucocorticoids in leukemia patients
during therapy and whether or not leukemia cells are ca-
pable of concentrating glucocorticoid to an extent that in
vitro conditions may be simulated.

The results of such an investigation in which the con-
centrations of free prednisolone in plasma and leukemia
cells of a small series of patients with chronic lymphocytic
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leukemia was measured at various time intervals after
administration of a single oral therapeutic dose of pred-
nisolone are reported herein. The results are compared
with the in vitro uptake of prednisolone by freshly isolated
leukemia cells. A radioimmunoassay (RIA) developed
specifically to measure prednisolone levels also indicates
that previous estimates of free prednisolone in plasma
during therapy may be grossly inaccurate.

EXPERIMENTAL

Materials—[*H]Prednisolone (25-50 Ci/mmol) was purified by TLC
before use. The xylene-based scintillation fluid contained p-bis-2-(5-
phenyloxazole)? (0.02% w/v), 2,5-diphenyloxazole® (0.3% w/v), and
isooctylphenoxypolyethoxyethanol® (25% v/v). Organic solvents* of an-
alytical grade were used as supplied. Pharmaceutical [3H]prednisolone
(5 uCi/80 mg)® was prepared commercially and used as supplied.

Patients—Ethical restrictions required the complete study to be
undertaken with 11 patients with hematologically confirmed chronic
lymphocytic leukemia. Six patients (subjects 1-6) were used for the in
vivo study and five patients (subjects 7-11) were used for the in vitro
study.

In Vivo Study—Subjects 1-4 were given a single oral dose (45 mg/m?)
of prednisolone. In two other patients (subjects 5 and 6) the oral dose of
steroid also included 5 uCi of [3H]prednisolone. Blood samples (20-25
mL) were removed from the cubital vein at intervals up to 24 h. Leukemic
lymphocytes were separated from other peripheral blood cells in a density
gradient® (8). Plasma was drawn off without agitating the cell layer and
stored at —20°C until assayed. Leukemia cells were washed twice in tissue
culture medium? containing 10% heat-inactivated fetal calf serum®, then
counted before being stored as a pellet at —20°C. Normally cells were
frozen within 1 hr of sample collection.

In Vitro Study—Leukemic lymphocytes were separated from the
peripheral blood of five previously untreated patients (subjects 7-11)
on the density gradient and washed twice with sterile tissue culture me-
dium containing 10% heat-inactivated fetal calf serum. Approximately
25 X 106 viable eells were incubated at 37°C with a saturating concen-
tration of {3H]prednisolone (7.22 £ 0.062 X 108 M) in 2 mL of growth
medium. Cells were incubated for 1, 30, 60, and 120 min after which they
were immediately centrifuged at 300Xg for 1 min at 4°C. The pellet was
washed with 3 X 2-ml aliquots of ice-cold medium and recovered by
centrifugation (300Xg for 1 min). The whole washing procedure took ~15
min to complete. After the third wash the pellet was resuspended in 2 mL
of fresh medium, and 2 X 0.5-mL aliquots, each containing 6.25 X 106
viable cells, were added to 8 mL of scintillation fluid and assayed for ra-
dioactivity in a liquid scintillation counter® (efficiency ~50%). The re-
maining fraction was centrifuged, and a 0.5-mL aliquot was removed to
determine the radioactivity of the supernatant. The latter was subtracted
from the former to determine the activity in 6.25 X 108 viable cells. The
intracellular concentration was calculated by assuming an average cell
volume of 4.22 X 10~13 L (cell diameter 7.5 nm).

Radioimmunoassay for Prednisolone—Antiserum to prednisolone
21-hemisuccinate conjugated to bovine serum albumin (9) was raised in
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Table I—Plasma and Intracellular Concentrations of Prednisolone in Chronic Lymphocytic Leukemia Patients Following a Single
Oral Dose of Prednisolone

Prednisolone Concentration, M

Subject 1h 3h 6h 9h 12h 24 h
1 Plasma 7.94 X 10~° 3.33 X 1077 1.53 X 107 1.11 X 107 ND# ND
Intracellular® 0.66 X 10~° 0.90 X 1079 0.81 X 1078 0.53 X 1078 ND ND
2 Plasma 4.83 X 1077 5.05 X 1077 2.69 X 1077 1.75 X 1077 9.16 X 10-8 1.42 X 108
Intracellular?® 1.05 X 108 2.26 X 1078 1.18 X 1078 ND 2.50 X 109 ND
3 Plasma 7.67 X 1077 5.04 X 1077 2.21 X 1077 1.65 X 1077 ND ND
Intracellular® 1.83 X 1078 1.08 X 1078 5.46 X 1079 3.88 X 102 ND ND
4 Plasma 7.53 X 1077 3.83x 1077 2.06 X 1077 1.34 X 1077 ND ND
Intracellular® 1.06 X 10~% 1.15 X 1078 7.30 X 1079 3.90 X 10-° ND ND
@ Determined assuming average cell volume 4.22 X 10713 1, (cell diameter 7 nm). ® ND = not determined.

Table II—Total and Free Prednisolone Concentrations in Plasma of Chronic Lymphocytic Leukemia Patients Receiving a Single Oral
Dose of Radioactive Prednisolone, 5 uCi

Prednisolone Concentration, M

Subject 1h 3h 6h 9h 12h 24 h
5 Total Steroid® 3.90 X 10‘? 3.30 X 106 2.30 X 10-% 1.8 X 106 1.40 X 1076 6.40 X 10-7
Free Steroid® 8.40 X 1077 ND¢ 1.87 X 107 1.09 X 1077 3.67 X 1078 1.14 X 1078
6 Total Steroide 3.90 X 10-6 2.50 X IO—f 1.80 X 10-¢ 1.40 X 10-6 1.00 X 10_‘3 2.50 X 10~7
Free Steroid?® 7.13 X 1077 5.1 X 1077 2.18 X 1077 1.03 X 1077 6.89 X 107 8.30 X 109

7 Free prednisolone plus metabolites as determined by measuring total radioactivity. b Unmetabolized prednisolone assayed by column chromatography. ¢ ND =

not determined.

New Zealand White rabbits according to the method of Exley et al. (10).
To plasma or cellular extracts (each cell pellet was resuspended, made
up to 5 mL with water, and homogenized) was added ~26,000 dpm of
[®H]prednisolone to monitor recovery. These were extracted with di-
chloromethane, and the extracts were evaporated under a steady stream
of nitrogen. The residue was reconstituted in 1 mL of benzene—ethanol
(95:5) and loaded on a hydroxypropylated cross-linked dextran chro-
matography column!? (10 X 0.8 cm) equilibrated in the above solvent
system. The column was flushed with 55 mL of the eluant (benzene-
ethanol, 95:5). The fraction that contained hydrocortisone was discarded.
The column was further eluted with 30 mL of eluant, and the fraction was
collected. This fraction contained virtually all (>99%) of the labeled
prednisolone loaded to monitor recovery; there were no breakdown
products. Aliquots (0.1 or 0.25 mL) of eluate were evaporated in triplicate
for radioimmunoassay. The reference standard tubes containing 0, 17.83,
34.7,69.4, 138.3, and 277.7 fmol of prednisolone were balanced with 0.1
or 0.25 ml of blank column eluate, and the organic phase was evaporated
in a vacaum oven at 30°C. Phosphate buffer (0.1 mL, 0.01 M, pH 7.4)
containing ~10,000 dpm of [*H|prednisolone was added to each tube, and
the tubes were thoroughly mixed. Antiserum solution (0.1 m], diluted to
1:4000 with 0.1% gelatin and 0.01% menthiolate in phosphate buffer) was
added to each tube, the contents mixed and incubated at 4°C for a min-
imum of 3 h. Dextran-coated charcoal solution (0.5 mL, 0.025% dextran
and 0.25% charcoal in phosphate buffer) was added to each tube, and the
solution was agitated and allowed to incubate for a further 10 min at 4°C.
The tubes were centrifuged at 1000Xg for 10 min at 4°C, the supernatant
was decanted into a scintillation vial containing 8 mL of scintillation fluid,
and the radioactivity was determined. A standard curve was constructed
from reference standards and the results for test samples were read di-
rectly. The results were corrected for losses and expressed finally as molar
concentrations. The intra- and interassay coefficients of variation were
<4 and 8%, respectively.

RESULTS

In Vivo Study—Figure 1 shows the mean plasma concentration of free
(unmetabolized) prednisolone during the 24-h following a single oral dose
of the glucocorticoid. A rapid rise in plasma concentration of free steroid
occurred during the first 1-3 h followed by a rapid but progressively de-
clining rate of fall in steroid level until barely detectable levels were
reached by 24 h. Table I shows concurrent plasma and intracellular leu-
kemia cell concentrations of free prednisolone during the 24-h period after
an oral dose of nonradioactive steroid. As apparent from the results, there
is nothing to suggest that leukemia cells are capable of selectively con-
centrating prednisolone. In Table II, total (unmetabolized and metabo-
lized) and free (unmetabolized) concentrations of prednisolone in plasma
of leukemia patients receiving radioactive steroid are shown. It is evident

10 Sephadex LH-20—Pharmacia Fine Chemicals AB, Uppsala, Sweden.

that prednisolone is rapidly metabolized in vivo, and 1 h after adminis-
tration <25% of the total prednisolone remaining in plasma constitutes
unmetabolized steroid.

In Vitro Study—The intracellular concentration of prednisolone in
leukemia cells as a function of time in the presence of constant extra-
cellular steroid levels is shown in Table III. During the first hour pro-
gressive uptake of steroid occurred, but by 2 h the level had declined. In
other experiments with cultured human lymphoid cell lines it was found
that a similar rise and fall in intracellular steroid levels occurred over the
same time interval (2). In no instance did intracellular concentrations
of prednisolone reach or exceed extracellular levels.

DISCUSSION

These studies represent the first attempt to measure plasma and target
cell concentrations of steroid concurrently in leukemia patients receiving
therapeutic doses of glucocorticoid. The comparative in vivo and in vitro
capacity of leukemia cells to concentrate glucocorticoid in the presence
of known extracellular steroid levels has also been studied. It is evident
that chronic lymphocytic leukemia cells do not possess the capacity for
selectively concentrating glucocorticoids in vivo or in vitro, and steroid
levels previously shown in vitro (5, 7) to be necessary for inducing cyto-
lethal or cytostatic responses were not achieved in the plasma of leukemia
patients receiving therapeutic doses of prednisolone.

The possible reasons for the apparent discrepancy between in vitro
and in vivo glucocorticoid sensitivity of human lymphoid cells have been
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Figure 1-——Mean concentration of free prednisolone in plasma of
chronic lymphocytic leukemia patients at various time intervals after
a single oral dose of prednisolone.
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Table III—Intracellular and Extracellular Concentrations of Prednisolone in Cultured Chronic Lymphocytic Leukemia Cells

Extracellular Intracellular Concentration, M
Subject Concentration, M 1 min 30 min 60 min 90 min
7 8.1X 1078 1.42 X 1078 2.72 X 1078 3.02X10°8 2.72 X 108
8 7.0 X 108 1.27 X 10-8 1.54 X 10-8 1.53 X 1078 1.46 X 10-8
9 6.8 X 10-8 1.92 X 1078 3.44 X 1078 3.42 X 1078 3.10 X 10-8
10 7.2 X 1078 1.52 X 10—8 4.06 X 10~8 3.83 x10°8 3.83 X108
11 0Xx10°8 1.82 X 108 3.37 X108 4,36 X 1078 4,06 X 108
Mean £ SD 7.22 £ 0.26 X 10-8 1.59 £ 0.08 X 1078 3.03£092x10°8 3.23 £1.52%X10°8 3.03 £ 1.07 X 1078

@ Determined assuming average cell volume 4.22 X 10713 L, (cell diameter = 7.5 nm).

Table IV—Comparative Mean Plasma Concentration (ug/100
mL) 2 of Prednisolone Following Oral Steroid Administration

Colburn DiSanto
Sampling and and
Time, Buller DeSante Sullivan Present
h (11)® (12)¢ et al. (13)P Study*
0 0 0 0 0
1.0 76.1 70.0 115.0 81.5
3.0 56.2 80.7 84.0 65.6
6.0 31.8 49.4 43.5 45.6
12.0 7.1 15.3 10.0 27.5
24.0 0 2.1 1.8 9.3

4 Calculated as equivalent to a 50-mg oral dose of glucocorticoid. ¢ Free (unme-
tabolized) steroid. ¢ Total (unmetabolized and metaholized) steroid.

discussed in detail elsewhere (1). They cannot be attributed simply to
differences in cytoplasmic receptor expression or the failure of target cells
to take up and bind steroid (2-4, 7). If the therapeutic responses to glu-
cocorticoids are mediated through direct cytolethal and/or cytostatic
actions, it is evident the mechanisms involved in vitro and in vive differ
fundamentally since glucocorticoid concentrations required to induce
these effects are of different orders of magnitude. Alternatively, in vivo
responses to glucocorticoids may be mediated at least in part by indirect
means by virtue of some synergistic action when used in combination with
other chemotherapeutic agents or through some more generalized tissue
or cellular response. Further studies to explore these possibilities are
urgently required.

It is also evident from the findings reported here that the intracellular
concentration of prednisolone in circulating leukemic lymphocytes was
always <4% of that in concurrently removed (extracellular) plasma
samples. By contrast, the relative intracellular concentration of steroid
achieved in vitro was 4-15 times greater than that in vivo although in no
instance did this reach or exceed extracellular concentrations. The rel-
atively lower uptake of steroid in vivo may be accounted for by differences
in availability of the glucocorticoid to target cells for a variety of reasons.
First, although corticosteraid-binding globulin (transcortin) in plasma
has a much lower affinity for prednisolone than hydrocortisone, free
prednisolone will be sequestered to some extent in vivo by this steroid-
binding protein. Since in vitro incubations were performed in medium
containing heat-inactivated serum no transcortin was present to impede
the uptake of steroid. In other experiments it has been found that cells
incubated in medium containing non-heat-inactivated serum (thereby
containing intact transcortin) show comparatively lower levels of steroid
uptake. Second, prednisolone would be sequestered to some extent in
vivo by adipose tissue with the production of a depot effect and reduced
levels of circulating steroid. Third, in contrast to in vitro conditions, these
results show that glucocorticoids are rapidly metabolized in vivo to
produce water-soluble derivatives (sulfates and glucuronides), thus re-
ducing the level of free steroid available for uptake by target cells. Finally,
leukemic lymphocytes in vivo normally compete with other cells and
tissues for unbound steroid in contrast to in vitro situations where leu-
kemia cells have unrestricted access to the steroid.

68 / Journal of Pharmaceutical Sciences
Vol. 73, No. 1, January 1984

In contrast to other workers (11-13), substantially lower concentrations
of free prednisolone have been found in plasma following oral adminis-
tration of the steroid. However, it is apparent from examination of results
that the total (unmetabolized and metabolized) prednisolone levels in
this study are roughly equivalent to what others have regarded as free
(unmetabolized) glucocorticoid (Table IV). This study has shown that
prednisolone is rapidly metabolized in vivo, and 1 h after oral adminis-
tration <25% of prednisolone in plasma remains as free (unmetabolized)
steroid. It must be assumed, therefore, that any discrepancies in findings
between this and other studies are the result of differences in methods
employed for assaying steroid levels. In the radioimmunoassay described
here samples are purified by chromatography prior to assay to eliminate
other cross-reacting steroids. Other workers have failed to remove such
metabolites, and it would appear that most previous estimates of plasma
concentrations of prednisolone during therapy are grossly inaccurate.
Further studies are required to establish the true pharmacokinetics of
prednisolone during steroid therapy.
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