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Summary

The effect of polyacryl starch microparticles on arachidonic acid metabolism in macrophage cultures and in mice was studied.
When macrophages were incubated with the microparticles, significant amounts of arachidonic acid metabolites were released. Two
of the major metabolites were identified and found to be prostaglandin E, and leukotriene C,. Intravenous administration in mice of
slowly degradable polyacryl starch microparticles, having a mean diameter of 1 pm, resulted in hepatomegaly and occasionally,
inflammatory granulomas in the liver. Rapidly degradable microparticles did not give the same response. When the mice were treated
with inhibitors of arachidonic acid metabolism, i.e. indomethacin or timegadine, the microparticle-induced hepatomegaly was partly
inhibited. The microparticle-mediated effects were compared with those obtained with a well-characterized macrophage-

activating/inflammatory agent, 1,3-8-glucan particles.

Introduction

When injected intravenously, microparticulate
drug carriers are usually rapidly phagocytosed by
the macrophages of the reticuloendothelial system
(Edman et al., 1986). However, few studies have
been made on the interaction between the carriers
and their target cells. Available data suggest that
macrophages can ingest large amounts of the car-
riers and that the i.v. uptake may result in stimula-
tion of intracellular metabolism and secretion of
different inflammatory mediators, such as reactive
oxygen intermediates (ROI), hydrolytic enzymes
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and arachidonic acid metabolites (Artursson et al.
1987a and b; Smith and Hunneyball, 1986).

Similarly, little is known of the effects of drug
carriers on the target organ (mainly the liver).
Large doses of undegradable drug carriers are
likely to saturate the macrophages and thereby
induce a (reversible) RE-blockade (Biozzi et al.,
1953). A dose-dependent hepatosplenomegaly,
combined with an inflammatory response with
infiltration of granulocytes and mononuclear cells
may follow (Edman et al., 1983; Laakso et al.,
1988).

A microparticulate drug carrier that has shown
some promise in experimental therapeutics is the
polyacryl starch microparticle. These particles have
been used as enzyme carriers in an experimental
lysosomal storage disease (Artursson et al., 1984b)
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and as carriers of antiparasitic drugs in the treat-
ment of experimental leishmaniasis in mice (Bail-
lie et al., 1987). The polyacryl starch micropar-
ticles are extensively phagocytosed by macro-
phages after i.v. injection. As a consequence of the
particle uptake, the macrophages are stimulated to
release hydrogen peroxide and interleukin-1 (IL-1)
(Artursson et al., 1987a, b). Even though the poly-
acryl starch microparticles are comprised of 95%
polysaccharide and can be dissolved upon incuba-
tion with a-amylase, a recent investigation shows
that these particles can induce dose-dependent
alterations in liver tissue (Laakso et al., 1988). In
this study some dose-dependent effects of poly-
acryl starch microparticles on the liver were in-
vestigated by the use of inhibitors of arachidonic
acid metabolism. The results suggest that poly-
acryl starch microparticles can stimulate macro-
phages to release prostaglandins and leukotrienes
and that these compounds may contribute to the
effects of the microparticles on liver tissue.

Materials and Methods

Preparation of microparticles

Microparticles were prepared from acryloyl-
substituted starch (maltodextrin, Stadex AB,
Malmo, Sweden; m.w. 5000) as described previ-
ously (Artursson et al., 1984a). Briefly, polyacryl
starch microparticles were prepared from a solu-
tion of acryloyl starch monomer (10% w/v) in
sodium phosphate buffer (0.1 M, pH 7.4) contain-
ing EDTA (1 xX107* M). Ammonium peroxidi-
sulphate (0.43 M, pH 7.4, 200 ul) was added to
the deoxygenated monomer solution (5 ml) and
the water phase was homogenized in an organic
phase consisting of toluene/chloroform (4:1, v/v,
300 ml) containing poloxamer 188 as a detergent.
Upon addition of a suvitable amount of
N,N,N’ N'-tetramethylenediamine (TEMED),
the monomer in the water droplets polymerised to
microparticles. The microparticles were freed from
the organic phase by extensive washes with dis-
tilled water and physiological saline. The micro-
particles were autoclaved and stored in sealed
injection vials until further use. Only micro-
particles that were free from endotoxins, as de-

termined with the Limulus amoebocyte assay, were
used.

By varying the amount of TEMED, micro-
particles with different sensitivity to a-amylase
(Boehringer, Mannheim, F.R.G.) were obtained
(Laakso et al., 1988). Thus, “rapidly” biodegrada-
ble microparticles, i.e. particles that are com-
pletely dissolved upon incubation with a-amylase
(0.5 mg of '“C-labelled microparticles in 10.0
IU/ml of a-amylase, 15 min; 37°C), were pro-
duced by addition of 500 pl of TEMED to the
monomer solution, while “slowly” degradable mi-
croparticles, i.e. particles that were only partly
affected during short term incubation with a-
amylase, were produced by adding 100 pl of
TEMED to the monomer solution.

Radioactive microparticles were produced by
including [*Clacryloyl starch in the monomer
solution. About 90% of the microparticles had a
diameter of 0.5-2.2 pm as determined by scan-
ning electron microscopy (Artursson et al. 1987a)
and the radioactive microparticles had a specific
activity of 1.26 X 10° cpm/mg dry weight. The
microparticles were characterized by the D-T-C
nomenclature according to Edman et al. (1980).
The microparticles had a D-T-C value of 10-0.5-0.

Glucan particles

1,3-B-Glucan particles (Lichenan; prepared
from Cetraria islandica; Sigma, St. Louis, MO),
were suspended in physiological saline, washed 3
times, autoclaved and stored in sealed injection
vials at a concentration of 10 mg/ml until further
use. The mean diameter of the particles was de-
termined with a particle counter (Coulter Counter
TA 11, Coulter Electronics) and was in the region
of 1-2 um. No particles were larger than 4 pm.

Macrophages

Resident peritoneal macrophages were col-
lected from the peritoneal cavity of 6-12 week old
male NMRI-mice (A-lab, Stockholm, Sweden), and
were seeded on cell culture dishes (Nunc, Roskilde,
Denmark; 3.5 and 1.6 cm diameter) at a density of
4 X 10° cells/ml. The macrophages were washed
and characterised as described previously (Arturs-
son et al. 1987a), giving cell cultures containing
more than 98% of macrophages. The cells were



incubated in RPMI 1640 supplemented with 10%
fetal calf serum, benzylpenicillin (100 U/ml) and
streptomycin (10 pg/ml) at 5% CO, in air and
95% humidity for 24 h before addition of the
microparticles. The cell culture media and buffers
contained <0.1 ng of endotoxin/ml, as de-
termined with a Limulus amoebolysate microas-
say (Melvaer and Fystro, 1982).

Stimulation of macrophages

After 24 in culture, the macrophages were
rinsed, counted and incubated with polyacryl
starch microparticles or glucan particles (final par-
ticle concentration 0.5 mg,/ml) for up to 3 h.

In some experiments, arachidonic acid metabo-
lism was inhibited by the addition of indometha-
cin (1xX107% M: MSD, US.A) or timegadine
(5 X 1073 M; Leo Pharmaceuticals, Malmg,
Sweden) to the medium.

[PH] Arachidonic acid assay

Two h after seeding, [*H]arachidonic acid (aa),
(New England Nuclear, F.R.G.) was added to the
macrophage cultures at a concentration of 0.5
pCi/ml. After 20 h incubation, the monolayers
were rinsed 4 times and the uptake of aa by the
macrophages was determined to be between 58
and 82%. The incorporation was higher when a
new batch of aa was used and then declined with
time, indicating decomposition of the radioactive
tracer. The cells were allowed to rest for up to 2 h
after the rinsing, before addition of the particles
(Scott et al, 1980). The culture medium was
analysed for the release of aa before and 0.25, 0.5,
1.0, 2.0 and 3.0 h after addition of 0.5 mg/ml of
the various particles.

Radioimmunoassays

Macrophages were incubated with the particles
as described above and the culture supernatants
were collected and analysed for the content of
PGE, and LTC,, using commercial available ra-
dioimmunoassay kits (New England Nuclear,
F.R.G.).

Animal experiments
Male NMRI-mice, weighing 18-22 g, were given
a single i.v. dose of microparticles or glucan par-
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ticles in one of the tail veins. To minimize the
interindividual variations, the mice were matched
according to weight so that the maximal weight
difference between the mice in a single experiment
was 2 g.

In the kinetic experiments, the mice were killed
1, 3, 5 or 7 days after the injection and the total
body weight and liver and spleen wet weights were
determined. Thin pieces of tissue specimens were
rapidly cut out from the liver and immersed in
ice-cold 5% formaldehyde in phosphate buffer
(0.15 M, pH 7.2). The specimens were embedded
in paraffin, cut at 2-3 pum, stained with haema-
toxylin and eosin and examined in the light micro-
scope (Edman et al., 1983).

In the dose-response study, the mice were in-
jected i.v. with 0.1, 0.5, 1.0 or 2.0 mg of micropar-
ticles in 200 pl of saline. All mice were sacrificed 5
days after the particle administration and were
studied as in the kinetic experiments.

In separate experiments, blood samples were
taken from the right (day 1) or the left (day 5)
orbital plexus from untreated and particle-treated
mice, and analysed for alanine-aminotransferase
and total leucocyte counts.

In some experiments, the mice were given two
daily i.v. doses of indomethacin (Confortid, 0.05
mg X 2) or two oral administrations of timegadine
in carboxymethylcellulose (CMC 2%; 1 mg/100
pl; according to the manufacturers specifications).
The drug treatment was started one day before the
injection of the particles. Indomethacin was ad-
ministered i.v. since administration of an oral dose
in CMC resulted in weight loss and even death of
some of the mice.

Alanine-aminotransferase assay
Alanine-aminotransferase (ALAT) was assayed
with a commercial kit (Boehringer Mannheim,
F.R.G.) according to the manufacturer’s specifica-
tions. Seronorm (Nyegaard, Denmark), a standard
serum with defined ALAT content, was used as
reference sample throughout the experiments.

Leucocyte counts
Total leucocyte counts were determined in the
light microscope using a Biirker chamber, after
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appropriate dilution of the blood samples in
Wright’s stain (Way et al., 1985).

Statistics

The t-test for the comparison of two indepen-
dent means was used to analyse the results. A
difference was considered significant if P < 0.05.
All figures are expressed as mean values + S.D.

Results

Characteristics of the microparticles

When ' C-labelled slowly degradable micropar-
ticles were autoclaved at 120°C for 20 min, they
became more susceptible to degradation by a-
amylase than non-treated microparticles (Table 1).
However, although their uptake by mouse peri-
toneal macrophages in vitro was not significantly
altered, the increased amylase degradation re-
sulted in a slightly decreased liver uptake after 1.v.
injection. Thus, the liver uptake of autoclaved
microparticles was 55.4 + 8.2% as compared with
67.9+0.1% for non-treated microparticles. Re-
peated autoclavation resulted in microparticles
that were completely degradable, and upon i.v.

TABLE 1

Characterization of polyacrylstarch microparticles

Auto- Degradation Macrophage Liver uptake
clavation® (%) ? uptake %) *

(% 1g/10° cells) 3
none 220+03 3.0+04 67.9+0.1
once 54.0+0.8 27+03 554482
twice 1048422 nd.’ 21.2+43

14C-Labelled microparticles, D-T-C =10-0.5-0, were prepared
with 100 ul of TEMED per 5 m! water phase as described in
Materials and Methods. Values are means +S.D.

! Microparticles were suspended in 0.15 M NaCl (10 mg/ml)
and autoclaved for 20 min at 120° C.

2 14C.labelled microparticles were incubated with a-amylase
(10 U/ml) as described in Materials and Methods (n = 5).

3 Macrophages were incubated with 0.5 mg/ml of '*C-labelled
microparticles for 2 h as described previously (Artursson and
Sjoholm, 1986; n = 5).

4 Liver uptake was expressed as % of the dose given (0.5
mg,/mouse).

5 n.d. = not determined.
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Fig. 1. Release of [*Hjarachidonic acid and metabolites from
resident (®) and stimulated (O) macrophages (n = 3) A: starch,
and B: glucan microparticles.

injection only 21.2 + 4.3% of the radioactivity was
found in the liver. Based on the results in Table 1,
the microparticles used in this study were auto-
claved once.

Release of arachidonic acid metabolites from micro-
particle-stimulated macrophages

Resident peritoneal macrophages were stimu-
lated with microparticles (0.5 mg/ml) and the
release of *H-arachidonic acid and its metabolites
was followed for 3 h (Fig. 1A). 1,3-8-Glucan
particles were used as positive controls since the
uptake of these particles has previously been shown
to stimulate macrophages leading to an increased
arachidonic acid metabolism (Czop and Austen,
1985) (Fig. 1B). Both types of particles stimulated
the macrophages to release significant amounts of
arachidonic acid metabolites. After 3 h, the micro-
particle-stimulated macrophages had released 24.3
4+ 2.1% of the total membrane-bound *H-label, as
compared with 10.8 + 2.4% for the unstimulated
cells. The corresponding values for glucan-stimu-
lated macrophages were 32.8 + 2.4% and 10.5 +
11%.



TABLE 2

Release of PGE, and LTC, from resident peritoneal macro-
phages

Stimulus PGE, LTC,
(ng/10° cells) (ng/10° cells)
none 1.6+04 0.1+0.1
starch 11.7+25 26102
starch/indomet * 32406 3.5+0.1
starch /timegad * 1.1£0.1 1.1+00
glucan 346+4.2 32104

Values are mean+S.D.

Macrophages were exposed to 0.5 mg/ml of the various stimuli
for2h (n=23).

* Indomet = indomethacin, 1X 107% M; timegad =
timegadine, 5x107° M.

The amounts of PGE, and LTC, released by
the macrophages were determined by radioim-
munoassay (see Table 2). The microparticle-
stimulated macrophages released 11.7 + 2.5 ng of
PGE,/10° cells and 2.6 + 0.2 ng/10° cells of
LTC,. Indomethacin (1 X 10~® M) was found to
be a potent inhibitor of the microparticle-induced
release of PGE,. As expected, indomethacin had
no inhibitory effect on the lipo-oxygenase path-
way, as monitored by the release of LTC,. When
timegadine, a drug that has been shown to inhibit
the biosynthesis of both cyclo-oxygenase and
lipo-oxygenase pathways (Myers and Siegel, 1983),
was included in the tissue culture medium in a
nontoxic concentration (5 X 10~° M), a total in-
hibition of PGE, and about 60% inhibition of
LTC, was obtained (Table 2).

Effects of the microparticles on liver

The effects on liver weight and liver mor-
phology of a single i.v. injection to mice of 0.5 mg
of autoclaved and endotoxin-negative micropar-
ticles, were followed for 7 days and are sum-
marized in Fig. 2. Endotoxin-positive 1,3-8-glucan
particles, known to induce hyperplasia and hyper-
trophy of RES organs (Deimann and Fahimi,
1980) were used as positive controls. Neither the
rapidly nor the slowly biodegradable starch micro-
particles induced morphological changes or hepa-
tomegaly at the aforementioned dose level. How-
ever, as expected, the 1,3-B-glucan particles in-
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duced a significant liver enlargement and occur-
rence of numerous inflammatory granulomas 3
days after injection, Fig. 2. The granulomas were
haphazardly located within the lobules and varied
considerably in size. They were mainly composed
of cells of epitheliod type, while leucocytes and
giant cells were sparse. It appeared that the
granulomas took their origin within the sinusoids.
Since a previous report from our group has shown
that slowly degradable microparticles can induce
liver changes at corresponding dose levels (Laakso
et al., 1988), the experiments were repeated with 3
different batches of slowly degradable micropar-
ticles. However, no changes in liver morphology or
liver weight were observed with these prepara-
tions.

The effects of higher doses of microparticles
and 1,3-B-glucan are summarized in Fig. 3. A
dose-dependent hepatomegaly and tendency to-
ward granuloma formation was observed for the
slowly degradable microparticles and the glucan
particles, while the rapidly degradable micropar-
ticles had no such effects. The granulomas in-
duced by the microparticles were sparse and small,
while those in the glucan-exposed livers were large,
abundant and sometimes associated with necroses
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Fig. 2. Kinetics of microparticle- (Q, O) or glucan- (®) induced
hepatomegaly and liver granulomas. Rapidly degradable (0);
slowly degradable (©) microparticles; control livers (M); n = 5.



154
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Fig. 3. Effects of various doses of rapidly degradable (O);

slowly degradable (O) microparticles and glucan (@) particles

on liver weight and liver granuloma formation, 5 days after i.v.
injection; n = 5.

of variable size. Moreover, some livers in the
groups treated with high doses of slowly biode-
gradable microparticles (i.e. 1.0 and 2.0 mg/mouse
showed no histopathological changes. Since the
rapidly biodegradable microparticles had no effect
on the liver tissue, the experiments below were
performed with slowly degradable microparticles.

TABLE 4

TABLE 3

Total blood leucocyte counts in mice treated with polyacrylstarch
or glucan microparticles

Treatment Total leucocyte counts x10~¢/ml
day 1 day 5

None 49+0.6 48+07

Starch 53+0.8 45+08

Glucan 61414 10.3+£2.6

Values are means+S.D., n= 5.

In a separate experiment, blood samples were
taken 1 and 5 days after injection of 1.0 mg of
slowly degradable microparticles and 1.0 mg of
1,3-B8-glucan. The samples were analysed for
alanine-aminotransferase (ALAT) activity and
total blood leucocyte counts. No changes in ALAT
activity could be detected in blood samples from
the particle-treated mice as compared with non-
treated animals. The glucan particles induced a
significant increase in blood leucocytes 5 days
after injection (Table 3). However, no increase was
observed in the starch microparticle-treated
animals.

Effects of the microparticles on spleen

In general, no effects of the microparticles on
the spleen were observed. Occasionally, a slight
splenomegaly could be observed in some micro-

Effects of anti-inflammatory drugs on the microparticle-mediated inflammatory response

Treatment ! Liver weight, P2 Granuloma Total leucocyte p?

% of formation counts,

body weight X 107¢/ml
None 51+0.2 - 49+11
Starch 59402 + 54+1.0
Starch /indomet 54402 <0.01 + 58412 n.s.
Starch/timegad ! 53403 <0.01 + 45415 n.s.
Glucan 72+0.5 + 80+1.5
Glucan/indomet ! 59+0.1 <0.001 + 53409 <0.01
Glucan /timegad ! 61+03 <0.01 + 51408 <0.01

Slowly degradable starch or glucan microparticles (1.0 mg) were injected i.v. to mice. The liver morphology and blood leucocyte
counts were estimated 5 days after administration of the microparticles (n = 5). Values are mean + S.D.
! The mice were treated with the various drugs as described in Materials and Methods.

2 As compared with starch- and glucan-treated livers, respectively.

n.s. = not significant.



particle-treated mice. No correlation could be
found between the dose given and the develop-
ment of splenomegaly. The splenomegaly did not
coincide with the occurrence of liver granulomas.
A possible reason for the random appearance of
splenomegaly may be endotoxin contamination of
the injection needle as a result of the contact with
the mouse tail. The spleen morphology has previ-
ously been shown to remain normal over a wide
dose range of iv. administered microparticles
(Laakso et al, 1988). Therefore, spleen mor-
phology was not further investigated in this study.

Effects of indomethacin and timegadine on the mi-
croparticle-mediated inflammation

The involvement of arachidonic acid metabo-
lites in the microparticle-induced liver changes
were studied by giving indomethacin or time-
gadine to the mice prior to the administration of
an “inflammatory dose” of microparticles or
glucan (Table 4). The mice were given the drugs
throughout the experiment. The hepatomegaly in
the indomethacin- and timegadine-treated mice
was less extensive than in untreated mice (P <
0.05). However, clear differences in the extent of
granuloma formation were not observed.

Similar results were obtained for the groups
given 1,3-B-glucan particles. Thus, mice given 1.0
mg of glucan particles and indomethacin showed a
significantly smaller increase in liver weight (5.9 +
0.1%) than mice given the same dose of glucan
without the drug (7.20 + 0.55%). A simultaneous
suppression of the number of blood leucocytes
was observed in the indomethacin and time-
gadine-treated groups.

Discussion

It is well known that macrophages can release
arachidonic acid metabolites upon phagocytosis of
particulate polysaccharides, such as zymosan or
1,3-B-glucan in vitro (Czop and Austen, 1985). It
is also known that, when these polysaccharides are
injected i.v., they will be taken up by the macro-
phages of the RES and subsequently induce an
inflammatory response in the liver. This effect is
believed to be related to the release of arachidonic
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acid metabolites by liver macrophages (Kupffer
cells) (Way et al., 1985). This raised the question
whether or not polyacryl starch microparticles had
similar effects on the macrophages as the 1,3-8-
glucan particles.

The experiments with isolated macrophage cul-
tures showed that the polyacryl starch micropar-
ticles can stimulate peritoneal macrophages to re-
lease arachidonic acid metabolites in vitro. The
reason for choosing peritoneal macrophages and
not Kupffer cells for the in vitro studies was that
the former are easier to isolate and maintain in
tissue culture without activation of the cells.

The dose-response studies showed that poly-
acryl starch microparticles had a relatively low
toxicity as compared with the glucan particles. No
morphological changes were observed in the livers
after injection of the rapidly degradable micropar-
ticles. Similarly, no structural changes were ob-
served when doses lower than 1.0 mg/mouse of
the slowly biodegradable microparticles were
given. With doses of 1.0 and 2.0 mg, small
granulomas were found in some of the mice.
Therefore, these groups were classified as
“granuloma-positive”. These results are not in
complete agreement with those by Laakso et al.
(1988) who reported that morphological changes
occurred also at lower dose levels. This dis-
crepancy may result from differences in biode-
gradability after autoclavation of the micro-
spheres. It may also be of significance that all
polyacryl starch particles used in the present study
were sterile and endotoxin-negative.

The potential contribution of arachidonic acid
metabolites to the microparticle-mediated hepatic
inflammatory response with granuloma formation
was indicated by the decrease in the liver weight
obtained in indomethacin and timegadine-treated
groups. No significant differences between the two
drugs could be observed. This does not mean that
the role of cyclo-oxygenase products in the in-
flammatory response was more significant than
that of the lipo-oxygenase products. The dif-
ferences in the inhibition of arachidonic acid
metabolism between the two drugs in vitro was
too small to allow an analysis of the relative
contribution of various arachidonic acid metabolic
pathways to the increased liver weights. The re-
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sults are in agreement with those of Way et al.
(1985) who showed that 1,3-8-glucan-induced liver
inflammation in rats could be related to
arachidonic acid metabolites. However, in contrast
to Way et al. we could not demonstrate a signifi-
cant decrease in the granuloma formation as a
result of the drug treatment. Perhaps more exten-
sive experiments with morphometric analyses may
be required in order to demonstrate significant
differences between the types of treatment.

Obviously, factors other than the release of
arachidonic acid metabolites are likely to be in-
volved in microparticle-induced inflammation
since macrophages are known to release many
products as a result of ingestion of particulate
stimuli (Nathan, 1987). Moreover, a variety of
non-macrophage-associated responses, such as
complement activation by the carrier matrix
(Artursson and Sjoholm, 1986), may also contrib-
ute to the inflammatory response.

In addition to the arachidonic acid metabolites,
reactive oxygen intermediates (ROI) and inter-
leukin-1 (IL-1) are likely to contribute to the
microparticle-mediated inflammation. Both prod-
ucts have been shown to be released from macro-
phages stimulated by polyacryl starch micropar-
ticles in vitro (Artursson et al., 1987a and b). IL-1
has recently been suggested to be a more potent
chemotactic factor than CSa and LTC, (Cybulsky
et al., 1986).

In an attempt to study the effects of ROI on
the microparticle-induced liver injury, superoxide
dismutase (SOD), an enzyme with well-known
anti-inflammatory properties (Petrone et al., 1580),
was incorporated in the microparticles. Although
the SOD-containing microparticles could inhibit
superoxide anion-mediated reduction of Nitroblue
tetrazolium upon phagocytosis in vitro, no effect
of the immobilized enzyme was observed in the in
vivo experiments (data not shown). This may be
explained by the fact that mouse Kupffer cells
have been shown to be poor producers of ROI
(Lepay et al., 1985).

In conclusion, arachidonic acid metabolites
seem to contribute to the dose-dependent side
effects of polyacryl starch microparticles in vivo.
Whether this is a general phenomenon that is also
associated with the uptake of other types of micro-

particles or an effect restricted to carbohydrate
microparticles, such as 1,4-a-glucans (starch) and
1,3-B-glucans, remains to be established.
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