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Prednisolone inhibits phagocytosis by
polymorphonuclear leucocytes via steroid receptor
mediated events
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SUMMARY Prednisolone, at concentrations between 2-78 x 10- M (1 ug/ml) and 1 39 x 10-8 M
(5 x 1 0- ug/ml) exerts an inhibitory effect on the phagocytosis of latex particles by normal human
polymorphonuclear leucocytes in vitro as assessed by electron microscopical analysis. This inhibi-
tion appears to be receptor-mediated, as it is dependent upon RNA and protein synthesis and is
glucocorticoid specific.

It is widely recognised that glucocorticoids are among
the most effective anti-inflammatory agents used to
treat rheumatoid arthritis, but their precise mode of
action is still unknown. It seems likely that one of
their prime targets is the polymorphonuclear leuco-
cyte, as specific binding of steroids is exhibited by
these cells,' and it has been clearly shown that they
are fundamental both to the production of tissue
injury and to the acute inflammatory reaction.2
Tissue damage is partly caused by the release of
lysosomal enzymes following phagocytosis of par-
ticles such as immune complexes3 4 and possibly by
the formation of toxic metabolites of oxygen (02,
OW, and O ), which have been shown to deploymer-
ise hyaluronate and to degrade synovial fluid.56
The initial step common to inflammatory processes

is the phagocytosis of particles. The actions of
glucocorticoids on the process of phagocytosis would
seem of fundamental importance in understanding
the pathogenesis of rheumatoid disease and its con-
trol. However, there is little agreement about the
effect of glucocorticoids on phagocytosis. In this
study we firstly reassessed the effect of prednisolone
on particle uptake, and, having demonstrated a
significant supression of phagocytosis at therapeutic
concentrations, evaluated (a) the role of RNA and.
protein synthesis in initiating this effect and (b) the
degree of steroid specificity, in order to determine
whether or not a glucocorticoid receptor mechanism
may be operating.

Accepted for publication 22 January 1982.
Correspondence to Dr C. J. P. Jones.

Materials and methods

1. Effect ofprednisolone (1 ,ugml-S x JO4 ,uglml)
on phagocytosis
Leucocytes from heparinised blood taken from 5
healthy male volunteers were isolated by means of
dextran sedimentation, and after washing in Dul-
becco's modification of Eagle's medium (DMEM)
their concentration was adjusted to 107 cells per ml.
Trypan blue exclusion indicated a viability of over
98%. Serial dilutions of prednisolone (Upjohn) to
10-6 mg/ml were made from a fresh solution of 10
mg/ml in absolute alcohol with DMEM as diluent,
and alcohol controls matched to each steroid con-
centration were similarly prepared. 1 ml of cell sus-
pension was incubated with an equal volume of
steroid solution or matched alcoholic control at 37°C
in 5% CO2 in air for 3 hours 50 minutes. Vials were
then transferred to a shaking water bath (160
shakes/min) at 370C and given 100 ,l of 0-81 am
diameter latex particles (Difco) for exactly 10
minutes. Fixation was carried out with aliquots of
prewarmed 25% glutaraldehyde (0.2 ml) and 0 1 M
cacodylate buffer, pH 7-3 (1 8 ml), which were mixed
together immediately before use, and added to the
cell suspension to give a final glutaraldehyde con-
centration of 1 25 %. The cells were allowed to fix in
suspension for one hour at room temperature and
were then spun down and embedded in serum accord-
ing to the method of Payne and Satterfield.7 Pellets
were subsequently processed for electron micro-
scopy, embedded in Taab resin, and ultrathin sec-
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tions were examined in a Philips 301 electron micro-
scope. The grids were coded in such a way that speci-
mens were examined blind. Counts of ingested latex
particles were performed on 100 randomly selected
cells at a screen magnification of x 7100, care being
taken to count only those particles surrounded by a

complete rim of cytoplasm in order to minimise the
inclusion of particles merely adhering to the plasma
membrane. Variations in the plane of section could
not, however, exclude this possibility completely.
Particles were only counted in sections of poly-
morphonuclear leucocytes (PMNs) which included
the nucleus, and degenerate cells were excluded from
the count, as were clumps of cells or particles.
Examination of material at the ultrastructural level
enabled these criteria to be followed with ease. In this
initial set of experiments grids were counted once,
and the data analysed by the Mann-Whitney U test to
obtain a level of significance for each steroid concent-
ration and matched control. The phagocytic index
was then calculated

Particles in 100 control cells-particles in 100 test cells
x 100

Particles in 100 control cells

and combined data from each dose level were ana-

lysed by a Wilcoxon matched pairs signed rank test
(Table 1). This experiment was performed 4 times on
cells from one of the 5 subjects and twice on cells
from another.
The decision to incubate leucocytes in a cell culture

medium as opposed to the more commonly used
buffered salt solution was based partly on the finding8
that amino acids were necessary for any protein
synthesis induced by the action of the steroid. Plasma
or serum was not included in order to prevent poss-
ible interactions by factors such as complement, anti-
coagulant, or glucocorticoid-binding protein. Pilot
studies in our laboratory have since shown, however,
that at concentrations of prednisolone of ltug/ml the
presence of up to 20% serum, far from diminishing
the effect of the steroid, maintained the relative
degree of suppression when measured by both
Luminol-dependent chemiluminescence and elec-
tron microscopy (data not presented), although abso-
lute values of activity were markedly reduced.
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2. Effect ofprotein synthesis blockers on phagocytosis
after incubation with prednisolone (5 x I0-4,4gm1)
Cells from 3 healthy male volunteers were isolated as

above and preincubated in DMEM containing 5 x
101 ,ug/ml actinomycin D (Sigma), 1 ,ug/ml cyclohex-
imide (Sigma), or DMEM alone for 45 minutes
before the addition of prednisolone to a final con-
centration of 5 x 10' ,ug/ml in 0 005% alcohol, or
alcohol alone. After incubation for 3 hours 50
minutes in 5% CO2 in air at 37°C, cells were stimu-
lated with latex and processed as described in section
1 above. Each grid was coded and counted twice,
unless the range, as calculated by the formula

XIXlX2
x 200

(X1 +X2)
where xl and x2 are repeat values, was greater than
20 %, in which case the count was repeated and all the
data pooled to give an average result. (Analysis of the
data from section 1 by the Mann-Whitney U test had
already demonstrated that a difference of at least
20% between test and control was necessary before
any significant result was evident.) This experiment
was performed 8 times, 4 times on one subject, 3
times on another, and once on the remaining subject.

3. Glucocorticoid specificty
Cells from 4 healthy male volunteers were isolated as
above and incubated in the following steroids at final
concentrations of 5 x 10- and 5 x 1 3,ug/ml and
with matched alcoholic controls: prednisolone,
dexamethasone, progesterone, oestradiol-17B, and
testosterone.* After 3 hours 50 minutes the cells
were treated as above. Because 5 sets of data were

being compared with each control, control grids were
counted 6 times in order to ensure accuracy, and the
mean value was taken. Other grids were coded and
counted as described in section 2. This experiment
was performed 6 times-twice on 2 subjects and once

on 2 others.

*Prednisolone: 1,4-pregnadien-11P, 17a, 21-triol-3, 20-dione.
Dexamethasone; 1, 4-pregnadien-9-fluoro-16a-methyl-11,8, 17a,
21-triol-3, 20-dione. Progesterone; 4-pregnen-3, 20-dione.
Oestradiol-17p; 1,3,5 (10)-estratrien-3, 17p-diol. Testosterone;
4-androsten-1 7f3-ol-3-one.

Table 1 Phagocytosis oflatex particles by PMNs: the size ofthe phagocytic index reflects the degree ofinhibition by
prednisolone. Results obtained using electron microscopical analysis (EM)
Prednisolone conc. No. paricles in 100 cells: No. particles in 100 cells: n p Phagocytic index
(8g/mi) test control Mean + SE

Mean + SE Mean + SE

1 2088±+17 2 424-3±69-8 9 <0 005* 44-8±6-1
5x10' 210-8±21-5 446-2±80-9 9 <0-0050 46-7±4-8
5x10' 262 0±35-3 431-4±52-8 9 <0-005' 38-3±5-2
5x103 304 4±40-3 399-2±43-2 9 <0 005' 23-9±5-2
5x107 388-7±47-1 438 3±50.0 7 >0-OSt 9-8±7-0

'Very highly significant.
tNot significant.
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58 Jones, Morris, Jayson

Results

1. Effect ofprednisolone (I ,ttglml-5 x1IY0`glml) on
phagocytosis
Incubation in 1 and 0 5 /,g/ml prednisolone
(2-78-1-39 x 10-6 M) for 4 hours produced marked
alterations in the morphology of the majority of
polymorphs. Their normally amoeboid forms with
slender pseudopodia became rounded with bleb-like
protrusions over the surface (Fig. 1.) However, it was
thought that this effect could be partly nonspecific, as
some of the alcohol controls showed similar results,
suggesting that this was the result of the incorpora-
tion of a fatty molecule into the plasma membrane of
the cells.
At concentrations of prednisolone between 1

,ug/ml - 5 x 1O` ,tg/ml (2-78 x 10-6 _1-39 x 10-
M) there was a highly significant reduction
(p<0005) in the ability of polymorphonuclear
leucocytes to phagocytose latex particles compared

A..

w

p

Fig. 1 Electron micrographs showing phagocytosis of
latex particles by PMNs after 4 hours' incubation in (a) 0 5
,uglml prednisolone in 0 005 % alcohol and (b) 0 005 %
alcohol. There is a marked reduction in particle uptake
after exposure to the steroid. (Magnification (a) x2125,
(b) x 1 615).

with control preparations (Fig. 1). In 4 experiments
maximum suppression occurred at 1 ,ug/ml pred-
nisolone, in 3 at 5 x 10-' Ag/ml, and in 2 experi-
ments 5 x 10` ,g/ml gave the greatest degree of
phagocytic inhibition. Calculation of the mean
phagocytic index indicated, however, that 5 x 10-'
,tg/ml prednisolone was, overall, the most effective
concentration (Table 1). After incubation in
steroid-containing media the number of cells devoid
of particles was greatly increased. This feature was
dose-related, with greatest reduction in uptake
occurring in the range 1 ,.g/ml -5 x 10` ,g/ml and
decreasing at lower concentrations. Estimation of the
phagocytic index confirmed this trend, with the low-
est level of prednisolone (5 x 1O` gg/ml) producing
a slight stimulation in 2 out of the 7 cases studied. In
the subject on whose cells the observations were
repeated on 4 separate occasions, although the abso-
lute values were found to vary between experiments,
the inhibiting effect of prednisolone within each
experiment was found to be comparable. This was
also the case in the subject in whom the study was
performed twice.

2. Effect ofprotein synthesis blockers on phagocytosis
after incubation with prednisolone (5 x 1O` ,uglml)
After 45 minutes' preincubation, followed by 4
hours' coincubation with 5 x 10-1 ,g/ml actinomycin
D or 1 ,ug/ml cycloheximide, the suppressive effect of
prednisolone on the phagocytosis of latex particles
was almost completely abolished (Fig. 2) and in some
cases even produced a slight stimulation of latex par-
ticle uptake. With actinomycin D the observed range
extended from a suppression of 14-9% to a stimula-
tion of 21-1% (mean 0-2% stimulation), whereas

A B C
(p < 0.005) (N.S.) (N.S.)

0 0.5 jg/ml pr.dnisolone
N 0.5 jg/ml prmdnisolone +

0.5 pg/mI actinomycin D
O.. 0.5 "g/ml prmdnisolonr +
LJ1 g/ml cydoheximide
E Matchd control

Fig. 2 Histogram showing the effect on latex particle
uptake of (a) 0 5 ,tglml prednisolone, (b) 0 5 ,uglml
prednisolone +0 5 ,ugml actinomycin D, and (c) 0 5
,uglml prednisolone +1 ,glml cycloheximide, each with
matched controls. Mean +SE of 6 experiments. (NS = not
statistically significant by Wilcoxon's matched pairs signed
ranks test).
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Prednisolone and PMN phagocytosis 59

Table 2 Total particle numbers and phagocytic indices (PI) for the 2 steroid concentrations, obtained in experiments to
determine glucocorticoid specificity. Negative values indicate phagocytic stimulation
Steroid Prednisolone Dexamethasone Progesterone Oestradiol Testosterone Control
(it/ml)

Donor S x 1 P11p 5 x 10- PI 5 x 1O' PI 5 x 1-' P1 5 x1-' PI 0-005%
Ethanol

1 262 39-2 308 28-5 503 -16-7 466 -8-1 468 -8-6 431
2 222 43-8 139 64-8 541 -37 0 357 9-6 342 13-4 395
3 92 562 175 16-7 234 -11-4 214 -1 9 213 -1-4 210
4 104 34-6 126 20-8 296 -86-2 272 -71-1 221 -39 0 159
5 448 31-1 507 22-0 677 -4-2 767 -18-0 741 -14-0 650
6 415 41-7 468 34-3 633 11-1 637 10-5 590 17-1 712

Significance (p)* <0 025 <0 025 NS NS NS

Donor S x l-3 P1 S xIO' PI S XlO- P 5 X 10-3 P1 S X 1O- P1 000005%
Ethanol

1 351 8-8 231 40 0 578 -50-1 479 -24-4 419 -8-8 385
2 349 -28-8 199 26-6 401 -48-0 312 -15-1 386 -42-2 271
3 133 26-1 125 30-6 190 -5 6 152 15-6 200 -11-1 180
4 119 55-9 177 34-4 276 -2-2 211 21-9 243 10-0 270
5 603 25 4 447 44-7 735 9 0 825 -2-1 782 3-2 808
6 279 31-4 360 11-5 465 -14-3 417 -2 5 479 -17-7 407

Significance (p)* NS <0 025 NS NS NS

*Significance as assessed by steroid versus control values using Wilcoxon's matched pairs signed ranks test. NS = not significant.

with cycloheximide the effect was slightly less
marked, the range varying between 27x4% inhibition
and 6-8% stimulation (mean 8-4% suppression).
Prednisolone alone showed a suppressive effect on
phagocytosis ranging from 27-4% to 59-8% (mean
39%), which was very highly significant (p<0005)
when analysed by the Wilcoxon's matched pairs

x

a

z

,

Oui
-i

z

z

0. 0

Fig. 3 Histogram showing relative degrees of inhibition
(prednisolone and dexamethasone) and stimulation
(progesterone, oestradiol, testosterone) ofphagocytosis
using a range ofsteroids. Mean +SE ofphagocytic indices
from 6 experiments.

signed ranks test. Results after incubation with the
protein synthesis blockers were not statistically
significant.

3. Glucocorticoid specificity
Prednisolone and dexamethasone showed a marked
inhibitory effect on latex particle uptake at the higher
concentration of 5 x 10- ,ug/ml, which was statisti-
cally significant (p<0025) when analysed by
Wilcoxon's matched pairs signed rank test.
Dexamethasone also gave a significant degree of
inhibition (p<0025) at the lower steroid concentra-
tion. However, there was no overall significant dif-
ference between test and control preparations with
progesterone, oestradiol or testosterone, and in
many instances these substances were markedly
stimulatory, though results varied between experi-
ments (Table 2). The greatest degree of inhibition
found was 21 9 %, with oestradiol, but it was only one
of 2 results that showed suppression out of the 6
experiments performed. The phagocytic indices were
calculated, and the mean plus standard error of the 6
experiments for each steroid has been plotted (Fig. 3)
to show the overall effect on phagocytosis.

Discussion

Clinical experience has shown that, in the treatment
of rheumatoid arthritis, glucocorticoids will suppress
joint inflammation, and there is some evidence to
suggest that they will delay progressive destructive
changes.9 They must, however, be administered
judiciously, as continued treatment increases the risk
of osteoporosis, liability to infection, sodium reten-
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60 Jones, Morris, Jayson

tion, and pituitary-adrenal suppression and other
side effects. The development of a steroid which pos-
sesses anti-inflammatory properties without these
undesirable side effects has not yet been achieved,
and in order to attain this it is first necessary to
establish the means whereby the steroids exert their
anti-inflammatory effect.
Our results clearly demonstrate an inhibitory

action by prednisolone on the phagocytic capacity of
polymorphonuclear leucocytes at concentrations
between 1 ug/ml and 5 x 10- 3,ug/ml (2-78 x 10-6
M-1 39 x 10` M), which covers the range of total
prednisolone plasma levels found in patients receiv-
ing long-term prednisone therapy"0 and contrasts
with earlier studies"-12 which failed to show a reduc-
tion in phagocytosis except at concentrations of
glucocorticoid at least 3 orders of magnitude greater
than those used in this study. These findings have also
been confirmed by us using Luminol-dependent
chemiluminescence. 14
Opinion has so far been divided on the effect of

glucocorticoids on phagocytosis. Some workers have
reported a marked inhibition of particle uptake in
vitro11 -1 15 16 and in vivo," whereas others have
failed to show an effect either clinically18 " or
experimentally.20 21 These differences may in part be
explained by the fact that different investigators have
employed different steroid preparations possessing,
as we have found, different potency of action. The
majority of studies have used water-soluble ester
forms of the steroid (hemisuccinate, acetate, or
phosphate), whereas our own pilot experiments
showed (data not presented) that prednisolone
sodium succinate required an equivalent of a
1000-fold increase in concentration to produce a
level of inhibition of phagocytosis comparable to that
produced by 5 x 10` u.g/ml prednisolone. Other
workers22 have found that the ester form of hydro-
cortisone required a 20-fold increase in concentra-
tion to obtain the same result as the pure steroid. It is
possible that the polymorphonuclear leucocyte is not
capable of splitting off the succinate group which is
normally removed in the liver by an esterase2" but
that with high concentrations of steroids in the ester
form there is enough of the free substance to be
effective. We have also found by time-course exper-
iments (data not presented) that an incubation period
of 3 hours is required to obtain the maximum degree
of suppression of phagocytosis by 0 5 Ag/ml pre-
dnisolone. Even after one hour's incubation there is a
barely significant difference between test and control
populations (p=0.07) when results are examined by
the Mann-Whitney U test. This lag period may
explain the failure of some previous studies, using
short incubation times,20 21 to demonstrate an effect
of glucocorticoids on phagocytosis.

The inhibition of phagocytosis which we have
described is clearly glucocorticoid-specific, steroids
other than prednisolone and dexamethasone often
producing a stimulation in particle uptake. Oes-
tradiol at a concentration of 5 x 10-,ug/ml gave the
lowest mean value of the phagocytic index, and,
although some claims have been made for an anti-
inflammatory property of natural and synthetic oes-
trogens,24 26 phagocytosis itself has been variously
reported to be suppressed,27 unaffected,28 or slightly
stimulated.29 30 Progesterone has no glucocorticoid
activity, though it competes with glucocorticoids for
receptor binding."1 As in our study, it has been shown
to stimulate phagocytosis20 and to increase subse-
quent pyrogen release,"2 while testosterone and oes-
trone impart resistence to mice after experimental
bacterial infection, suggesting more efficient
phagocytosis.
The abolition of the steroid-induced suppression of

phagocytosis after treatment with actinomycin D (an
inhibitor of RNA but not protein biosynthesis) and
cycloheximide (an inhibitor of protein biosynthesis)
together with the restriction of this action to gluco-
corticoids, strongly implies that prednisolone is
operating via classical steroid receptor-mediated
events.32 Under these conditions specific binding of
steroids to cytoplasmic receptors and their subse-
quent translocation to the nucleus is followed by an
alteration in transcriptional-translational processes
and the production of new messenger RNA. This
initiates the biosynthesis of the specific protein(s)
causing the particular cellular response. Our data are
therefore consistent with the suggestion that pre-
dnisolone initiates the biosynthesis of some protein
or polypeptide which prevents the cell from
phagocytosing normally.
Although the precise site of action remains

unclear, it has been shown in earlier studies that
anti-inflammatory steroids can prevent prosta-
glandin generation by inducing the biosynthesis of
one or more proteins with approximate molecular
weights of 30 000-40 000 daltons, which can block
the activity of phospholipase A2 in neutrophils.34
As in our study, the development of this inhibition is
dependent upon RNA and protein synthesis and can
be prevented by the action of actinomycin D and
cycloheximide. Phospholipase A2 cleaves
arachidonic acid from membrane phospholipids, and
glucocorticoids are thought to act by inhibiting the
availability of this substrate, therefore reducing
levels of the lipoxygenase and cyclo-oxygenase
metabolites of arachidonic acid such as prostaglan-
dins, leukotrienes, and thromboxanes, all of which
are potent mediators of inflammation.36 The produc-
tion of toxic oxygen moieties which are released as
by-products of both prostaglandin and leukotriene
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biosynthesis, and which have such harmful cellular
effects as DNA denaturation and the inactivation of
enzymes,3" would also be reduced by phospholipase
inhibition. It is possible that a similar inhibition of
phospholipase A2 activity may be responsible for the
failure of phagocytosis seen in this study, by reducing
the availability of membrane precursors necessary
for the biosynthesis of new plasma membrane which
must be formed to accomodate ingested particles.38
However, failure of phagocytosis may also be due to a
malfunction of the cytoskeleton (microtubules and
microfilaments), the plasma membrane, or the rela-
tionship between the two.39 Although Crabtree and
co-workers40 have described a marked reduction in
the number of Fc receptors per cell after treatment
with dexamethasone, our experimental system con-
tained no plasma proteins or antibodies, and the
uptake of latex particles was independent of Fc
receptors. Ingestion of particles is, however, an active
energy dependent event, inhibited by metabolic
poisons and requiring glycolysis and glycogenesis to
proceed,39 and it has been reported that gluco-
corticoids inhibit ATP generation4" and interfere
with glucose transport.42

Phagocytosis itself causes the release of prosta-
glandins, leukotrienes, free radicals, and lysosomal
enzymes,3 5 43 which can affect such diverse functions
as cell migration and aggregation, hexose transport,
intracellular levels of guanosine 3: 5'-cyclic mono-
phosphate (cyclic GMP) and calcium influx.36
Lysosomal enzymes of polymorphonuclear leuco-
cytes include those capable of degrading both
proteoglycan44 and collagen.45 It is apparent, there-
fore, that any reduction in phagocytosis, be it a direct
or indirect effect of glucocorticoid action, is of vital
importance in ameliorating the inflammatory process
and allowing a period of recovery to begin.

We wish thank Dr S. B. Lucas and his staff, Department of Medical
Computation, University of Manchester for assistance with the
statistical analyses, and Dr M. K. Jasani of Ciba Geigy Pharma-
ceuticals Division for helpful advice.
Dr C. J. P. Jones is supported by the Dr Hadwen Trust for

Humane Research to whom we are most grateful.
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