Clin Exp Immunol 2004; 135:440-447 doi:10.1111/.1365-2249.2004.02397 .x

PCT-233, a novel modulator of pro- and anti-inflammatory cytokine production
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SUMMARY

Plant extracts have been implicated in various immunoregulatory effects that are poorly understood.
Thus, we investigated the modulatory activity of PureCell Complex (PCT)-233, an active molecular
complex from mesophyll tissue of Spinacia oleacea on the inflammatory process. Alveolar macrophages
(AM) were treated with PCT-233 and/or budesonide, a well-known anti-inflammatory agent, before or
after being stimulated with lipopolysaccharides (LPS). Pro- and anti-inflammatory cytokine production,
tumour necrosis factor (TNF) and interleukin (IL)-10, respectively, were measured in cell-free super-
natants at different times after the treatment. PCT-233 increased unstimulated AM release of both TNF
and IL-10, whereas heat- and light-inactivated PCT-233 stimulated only the release of TNF without
affecting IL-10 production, suggesting that different mechanisms are involved in the modulation of TNF
and IL-10 release by PCT-233. The presence of LPS did not modify PCT-233-stimulated TNF produc-
tion, but the ratio TNF/IL-10 production by LPS-stimulated AM was reduced significantly in the pres-
ence of PCT-233. Pretreatment of AM with PCT-233 and budesonide before LPS stimulation reduced
TNF production at both protein and mRNA levels, whereas IL-10 production was increased. Moreover,
TNF/IL-10 ratio was reduced further with the combination PCT-233/budesonide. Interestingly, AM
treatment with PCT-233 and budesonide 18 h after LPS stimulation did not modulate TNF release sig-
nificantly but it did increase IL-10 production, and a synergistic effect was observed with the combina-
tion PCT-233/budesonide. These exciting data suggest that PCT-233 possesses some anti-inflammatory
properties, even when added during the inflammatory process, and could potentiate the effect of other
anti-inflammatory agents.
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INTRODUCTION growth suppression and neurological effects [6,7]. Furthermore,
there is evidence suggesting that BUD decreases phagocytosis of
alveolar macrophages (AM) [8]. Thus, given the side effects of
glucocorticoids, concomitant agents that can potentiate their
anti-inflammatory properties allowing the reduction of concen-
tration used could have a tremendous impact on therapeutic
treatment.

Plant extracts have been shown to have anti-inflammatory
activities [9] and several active components have been suggested
[10,11]. PureCell Complex (PCT)-233 corresponds to the isola-
tion and stabilization [12] of the photosynthetic machinery
(photosystems I and II, the cytochrome bsf complex and the
proton-translocating ATP synthetase) [13] of the thylakoid
membrane from mesophyll tissue of spinach leaves (Spinacia
olecea). PCT-233 is still active and can dissipate energy repeatedly
through an electron transport system [14]. The functional quality

Glucocorticoids are potent anti-inflammatory drugs used widely
in the treatment of various inflammatory diseases such as
asthma, rheumatoid arthritis, atopic dermatitis and inflammatory
bowel disease [1,2]. They control inflammation by increasing the
transcription of anti-inflammatory genes and decreasing the
transcription of inflammatory genes [3]. Glucocorticoids such as
budesonide (BUD) have been shown to induce production of
interleukin (IL)-10 and inhibit macrophage inflammatory pro-
tein loe (MIP-1¢), granulocyte macrophage—colony stimulating
factor (GM-CSF), IL-6 and tumour necrosis factor (TNF) pro-
duction by macrophages [4,5]. However, long-term corticoster-
oid use is associated with serious sequel including osteoporosis,
adrenal insufficiency, gastrointestinal effects, hyperlipidaemia,
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of the molecular complex can be measured by fluorescence based
on its capacity to react to light and dissipate its energy
(Fv/Fm ratio) [15].
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We have demonstrated recently that PCT-233 is able to pro-
tect IMR-32 cells (human neuroblastoma) from apoptosis caused
by the generation of reactive oxygen species (ROS) and singlet
oxygen [16]. In this model, PCT-233 efficacy was linked directly to
its intrinsic activity (Fv/Fm ratio), as shown in comparison with
heat ‘de-activated” PCT-233 [16]. Furthermore, intraperitoneal
injection of PCT-233 reduces in a concentration-dependent fash-
ion 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced ear
oedema in mice as well as carrageenan paw oedema in rats
(unpublished data). Because ROS intermediates may act as signal
transduction messengers and modulate gene transcription, partic-
ularly for proinflammatory cytokines [17], and given the redox
potential and antioxidant properties of the molecule complexes of
PCT-233, we postulated that PCT-233 modulates pro- and anti-
inflammatory cytokine production in AM.

AM play a central role in the regulation of immune and
inflammatory activities as well as in tissue remodelling in the lung
[18]. These cells are the first line of defence against infectious
agents and other immunologic insults and they can produce both
pro- and anti-inflammatory cytokines such as TNF and IL-10
[19,20]. Whereas TNF is involved in numerous inflammatory dis-
eases including septic shock, inflammatory bowel disease, rheu-
matoid arthritis and allergic airway inflammation, IL-10 plays a
protective role in these diseases [21,22]. A good balance in the
production of these cytokines is crucial to maintaining lung
homeostasis. There is increasing evidence suggesting that AM
participate to the production and maintenance of airway inflam-
mation in asthma and allergic diseases [18], and one of the mech-
anisms of corticosteroid efficacy is to down-regulate the release of
inflammatory mediators and cytokines from AM [23,24]. Thus,
given the importance of AM in maintaining lung homeostasis, we
investigated the modulatory effect of PCT-233 on cytokine pro-
duction of LPS-stimulated AM.

MATERIALS AND METHODS

PCT-233 preparation

PCT-233 was extracted from spinach leaves (Spinacia oleacea), as
described in a Canadian patent [12] and a stock solution of
100 mg/ml (5%) was prepared in phosphate buffered saline
(PBS). Further dilutions (0-05% and 0-005%) were prepared in
RPMI medium. PCT-233 integrity was evaluated by spectropho-
tometry (Beckman DU 640, Brea, CA, USA) [25] and fluorimetry
(Hansatech Instruments Ltd, UK) [15]. Endotoxin contamination
was <1 endotoxin unit according to Sigma’s E-Toxate semiquan-
titative assay (Sigma Chemical Co., St Louis, MO, USA). Further-
more, PCT-233 did not inhibit the binding of LPS to LPS-binding
protein as measured using endoblock test (Cedarlane Laborato-
ries limited, Hornby, ON, Canada) according to the manufac-
turer’s protocol. In some experiments, heat- and light-inactivated
PCT-233 was used. To confirm that the sample had been correctly
deactivated (20% of the initial activity), the maximum quantum
efficiency of photosystem II was measured with the Hansatech
fluorescence monitoring system (Hansatech Instruments Ltd,
UK).

Cell

NR8383 is an AM cell line isolated from Sprague-Dawley rats,
used previously in vitro to study macrophage-related activities
[20,26]. NR8383 cells were maintained in Ham’s F-12 media
(Invitrogen Canada Inc, Burlington, ON, Canada) as we have

described previously [26]. All experiments were performed in
RPMI-1640 medium with 5% FBS, 1% Hepes buffer, 1% penicil-
lin—streptomycin (Invitrogen Canada Inc.). After 2 h adherence in
96-well plates (Falcon; Becton Dickinson Labware, Lincoln Park,
NJ, USA) at 37°C, AM were treated with PCT-233 (0-005% and
0-05% w/v) for various periods of time (6, 18,24,72,96 and 120 h)
with and without LPS (10 and 100 ng/ml) (Salmonella enteritidis;
Sigma Chemical Co.). At the end of the treatment, cell-free super-
natants were recovered and stored at —70°C for future analysis.
Cells were also treated with LPS for 18 h before being treated
with PCT-233 and BUD (Sigma Chemical Co.) or pretreated with
PCT-233 and BUD for 18 h before LPS stimulation.

AM from Sprague-Dawley rats were isolated as described
previously [27]. Briefly, animals were anaesthetized and exsan-
guinated by cutting the abdominal aorta. The trachea was cathe-
terized with a polyethylene tube and airways were washed with
50 ml of cold PBS by repeated instillation of 8-10 ml. Cells from
rat bronchoalveolar lavage contained 96-6% =+ 0-5% AM accord-
ing to May—Griinwald-Giemsa and non-specific esterases stain-
ing. The viability always exceeded 95%.

Cytokine release and assay

IL-10 and TNF levels were measured in cell-free supernatants
using enzyme-linked immunosorbent assay (ELISA) kits for rat
(Pharmingen, San Diego, CA, USA). Plates were read on a Ther-
mo,,,x microplate reader (Molecular Devices, Menlo Park, CA,
USA). The sensitivity of ELISA was 5 pg/ml for IL-10 and 4 pg/ml
for TNF. The ratio of proinflammatory on anti-inflammatory
cytokines from the same supernatant has been calculated as fol-
lowed: level of TNF (ng/ml) divided by level of IL-10 (ng/ml).

Reverse transcription-polymerase chain reaction (RT-PCR)
AM were treated with and without PCT-233 (0-005%) and BUD
(1 nm) for 18 h before being stimulated with LPS (10 ng/ml) for
different periods of time. Cells were collected and total RNA was
extracted using TRIzol reagent (Invitrogen Canada Inc.). Total
RNA was quantified using RiboGreen™ RNA quantification
reagent (Molecular Probes Inc., Eugene, OR, USA). For comple-
mentary DNA synthesis, 1 ug of total RNA of each sample was
reverse transcribed by Moloney murine leukaemia virus RT
enzyme (Invitrogen Canada Inc.) according to the manufacturer’s
protocol. PCR was performed using Qiagen 7ag DNA poly-
merase protocol and reaction was performed in 30 ul final vol-
ume. Thirty cycles were performed which corresponded to the
linear portion of the curve. The primers used were: (1) rat
GAPDH sense: 5-GAC AAG ATG GTC AAG GTC GG-3’,and
antisense: 5-CAT GGA CTG TGG TCA TGA GC-3" (537 bp);
(2) rat TNF sense: 5S-TTC TGT CTA CTG AACTTC GGG GTG
ATC GGT CC-3’ and antisense: 5-GTA TGA GAT AGC AAA
TCG GCT GAC GGT GTG GG-3" (354 bp); (3) rat IL-10 sense:
5-TGC CAA GCC TTG TCA GAA ATG-3’, and antisense: 5'-
TGA GTG TCA CGT AGG CTT CTA-3’ [286 base pairs (bp)].
Products were run on a 2% agarose gel and stained with ethidium
bromide (5 pg/ml).

Statistical analysis

Different statistical approaches were used to analyse data. A mul-
tifactor analysis of variance was performed to investigate the
simultaneous effects of three factors for time-course data. We
defined the LPS factor with two levels: with and without LPS; the
PCT-233 factor with three levels: 0, 0-:005, and 0-:05%; the time
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factor with seven levels: 6, 18, 24, 48, 72, 96, and 120 h. Main and
interaction factor effects were included in the models (fixed
effects only). Important 2 x 2 interactions existed; the analyses of
factor effects were conducted within one factor and two-way
ANOVA was performed for the other two factors. The univariate
normality assumptions were verified with the Shapiro-Wilk tests.
The Brown-Foresythe tests were used to verify the homogeneity
of variances. Pre- and post-treatment data were analysed using a
four-way ANOVA. The results were considered significant with P-
values <0-05. All analyses were conducted using the statistical
package SAS (SAS Institute Inc., Cary, NC, USA).

RESULTS

Time-course analysis of IL-10 and TNF production in presence
of PCT-233

Toxicity tests were done using different concentrations of PCT-
233 (0-005, 0-05 and 0-1%). None of the concentrations used
affected AM viability as measured by trypan blue exclusion. To
determine the modulatory effect of PCT-233 on AM cytokine pro-
duction, NR8383 were treated with two concentrations of PCT-
233 (0-005% and 0-05%) for different periods of time (6, 18, 28,
48,72,96,and 120 h) in the presence or not of LPS (10 ng/ml), and
levels of TNF and IL-10 were measured in cell-free supernatants.
AM spontaneous release of TNF increased over time from
68-8+92 to 166-2 +28:0 pg/10° AM from 6 h to 120 h, respec-
tively. PCT-233 significantly (P < 0-001) increased TNF release in
a concentration- and time-dependent manner (Fig. 1a). The max-
imum TNF release was observed between 18 and 24 h and it
decreased at different rate depending on PCT-233 concentration.
AM released spontaneously very limited amounts of IL-10
(0-6£0-3 to 5-8 £2-3 pg/10° AM from 6 to 120 h, respectively).
However, both PCT-233 concentrations (0-005 and 0-05%) signif-
icantly (P <0-05 and P <0-001, respectively) stimulated the
release of IL-10 in a concentration- and time-dependent manner
(Fig. 1a). In contrast to TNF, the maximum IL-10 release was
observed at 72 and 96 h at 0-005 and 0-05% PCT-233, respectively.
Higher concentration of PCT-233 (0-1%) showed similar results
than 0-05% PCT-233 (data not shown).

LPS is well known to stimulate macrophages. Significant
amount of TNF was released within the first 6 h (13-3 £ 3-2 ng/10°
AM) of LPS stimulation (10 ng/ml) with a maximum at 18 h
(14-3 £1-7 ng/10° AM), whereas lower amounts of IL-10 were
released at these times (0-011 £0-003 ng/10° AM and
0-091 £ 0-020 ng/10° AM, respectively) (Fig. 1b). The maximum
release of IL-10 by LPS-stimulated AM was observed at 96 h with
0-90 £ 0-18 ng/10° AM. The stimulation of TNF and IL-10 release
by 0-05% PCT-233 was similar in the presence and absence of LPS
(Fig. 1a,b). However, LPS-stimulated TNF and IL-10 release was
significantly (P <0-001) increased by the presence of 0-005%
PCT-233 compared with PCT-233 or LPS alone. Interestingly,
PCT-233 induced a further reduction of TNF/IL-10 ratio over
time (Table 1) compared with LPS alone, suggesting a shift
toward anti-inflammatory cytokine production by PCT-233. Dif-
ferent concentrations of LPS (100 and 1000 ng/ml) were used in
combination with PCT-233 (0-005 and 0-05%) and similar results
were observed (data not shown). Intriguingly, a high concentra-
tion of PCT-233 (0-05% ) increased TNF release in the presence of
10 ng/ml LPS, whereas it inhibited TNF release in the presence of
100 ng/ml LPS, suggesting a modulation depending on the inten-
sity of the stimulus.

(@) TNF IL-10
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Fig. 1. Production of TNF and IL-10 by alveolar macrophages (AM). AM
were treated with PCT-233 (0-005% and 0-05%) without (a) and with (b)
LPS (10 ng/ml) for different periods of time (6, 18,24, 48, 72,96 and 120 h)
and cell-free supernatants were tested for TNF and IL-10 content. The
release of both TNF and IL-10 was significantly (P < 0-001) stimulated by
LPS and PCT-233 compared with control, but with different timing. Mean
* s.e.m. of eight experiments.

To determine whether active PCT-233 was necessary for mod-
ulating AM cytokine production, AM were treated with light- and
heat-deactivated PCT-233 (0-05%) for 48 h in the presence of LPS
(10 ng/ml). Active PCT-233 significantly increased both TNF and
IL-10 release from AM, whereas inactive PCT-233 did not mod-
ulate AM IL-10 release (Fig. 2), suggesting that the modulation of
TNF and IL-10 release by PCT-233 may be mediated by different
mechanisms. To understand further the role of TNF in the
increase of IL-10 release, AM were treated with different concen-
trations of anti-TNF antibody (0-1, 0-5, 1-0, and 1-5 ug/ml) at the
same time than PCT-233 and both TNF and IL-10 levels were
measured. TNF release was inhibited significantly in a concentra-
tion-dependent manner (28, 65, 92 and 98%, respectively). How-
ever, only 1-0 and 1-5 pug/ml anti-TNF significantly inhibited IL-10
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Table 1. Modulation of TNF/IL-10 ratio by PCT-233 over time

PCT-233 without LPS PCT-233 with LPS

Time (h) 0 0-005% 0-05% 0 0-005% 0-05%
6 1223 454-8 860-5 11763 723-4 909-4
18 197 242 859 1559 42-9 88-4
24 15.6 22-0 18-8 59-0 267 20-9
48 13-6 47 23 21-6 34 2:5
72 227 15 23 12-1 17 2:3
96 70-5 2-1 0-8 7-8 29 12
120 285 20 1-0 67 2-8 1-4

Alveolar macrophages were treated with PCT-233 (0-005% and 0-05%)
without and with LPS (10 ng/ml) for different periods of time (6, 18, 24,
48, 72,96 and 120 h) and cell-free supernatants were tested for TNF and
IL-10 content. The ratio was calculated by dividing TNF levels by IL-10
levels (ng/ml).
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Fig. 2. Modulation of alveolar macrophage (AM) cytokine production by
PCT-233 (PCT) and inactive PCT-233 (iPCT). AM were treated with PCT-
233 and iPCT-233 (0-05%) and LPS (10 ng/ml) for 48 h and TNF and IL-
10 levels were measured in cell-free supernatants. PCT-233 significantly
increased both TNF and IL-10 production (i P <0-002 and * P <0-02,
respectively) compared with control, whereas inactive PCT-233 signifi-
cantly (P <0-002) increased TNF release only. Mean * s.e.m. of six
experiments.

release (76% and 78%, respectively), suggesting that IL-10 pro-
duction was mediated by both TNF-dependent and -independent
mechanisms.

To confirm the effect of PCT-233 on primary cells, freshly
isolated AM from Sprague-Dawley rats were incubated with
PCT-233 for 48 h with and without LPS. Levels of TNF and
1L-10 were lower than levels from the NR8383 cell line, but
both PCT-233 and LPS stimulated the release of TNF and IL-
10 (Table 2). Furthermore, the ratio TNF/IL-10 was reduced
by PCT-233 in the presence of LPS in both cells. However,
there was a small difference observed between freshly iso-
lated AM and NR8383 AM. High PCT-233 concentration,
0-05%, did not increase IL-10 release further in AM, in con-
trast to NR8383 AM. Thus, given the similarity of the data
and to minimize the use of animals, rat N8383 cell line was

Table 2. Production of TNF and IL-10 by freshly isolated rat alveolar
macrophages (AM)

Treatment TNF (pg/10° AM) 1L-10 (pg/10° AM)
Sham 5561133 33+14
PCT -233 (0.005%) 4519-5 £ 934-8F 430-3 £112-8*
PCT-233 (0.05%) 12895-0 + 2460-8 2514 £92.0*
LPS (10 ng/ml) 4095-1 £ 998-6F 387+ 13:7*
LPS + PCT-233 (0.005%) 7119-8 £ 15779 352-5+£91-1
LPS + PCT-233 (0.05%) 13354-1 +2038-8 246-5 £108-8

Rat alveolar macrophages were purified and treated with PCT-233 with
and without LPS for 48 h and levels of TNF and IL-10 were measured. Both
concentrations of PCT-233 and LPS significantly increased TNF and IL-10
release (P <0-01 and *P < 0-05, respectively). The combination of LPS
and PCT-233 did not significantly increase PCT-233-stimulated cytokine
release.

used to investigate further the modulation of cytokine produc-
tion by PCT-233.

Modulation of LPS-stimulated TNF and IL-10 production by
pretreatment with PCT-233 and BUD

To investigate the anti-inflammatory properties of PCT-233, its
effect on LPS-stimulated AM was compared to a well-known
anti-inflammatory agent, BUD. Preliminary experiments using
different concentrations of BUD (1, 10 and 100 nM) were per-
formed and no significant difference was observed between the
concentrations used (data not shown). Thus, 1 nM BUD was used
in further experiments in combination with two concentrations of
PCT-233 (0-005 and 0:05%). AM were treated with PCT-233 and/
or BUD for 18 h before being stimulated with LPS (10 and 100 ng/
ml). Day 0 corresponds to cytokine levels prior to LPS stimula-
tion. Treatments were stopped at different times (1, 2 and 3 days)
after LPS stimulation (Fig.3). Both TNF and IL-10 were mea-
sured in cell-free supernatants. Pretreatment with PCT-233
(0-005%) and BUD significantly (P <0-001) inhibited LPS-
stimulated AM TNF release compared with control (Fig. 3a). The
inhibition caused by the combination BUD/PCT-233 (0-005%)
was similar to BUD alone, given the efficacy of BUD to inhibit
TNF release.

Pretreatment (18 h) with higher concentration of PCT-233
(0-05%) stimulated TNF release (day 0). However, the addition of
LPS at day 0 did not significantly increase the release of TNF (day
1 compared with day 0) that decreased over time (Fig. 3a). Inter-
estingly, the presence of BUD and PCT-233 reduced PCT-233-
stimulated TNF release by AM prior to LPS stimulation (day 0)
and continued to inhibit TNF release at 1,2 and 3 days after LPS
stimulation. Similar data were observed with the combination
BUD/PCT-233 (0-05%) using LPS 100 ng/ml (Fig. 3b). However,
when this concentration of LPS was added at day 0, PCT-233
(0-05%) significantly (P <0-001) inhibited LPS-stimulated TNF
release. Thus, although PCT-233 alone increases TNF release, it
inhibits LPS-stimulated TNF release.

Pretreatment with BUD did not significantly increase LPS-
stimulated IL-10 release (Fig. 3c). However, the production of IL-
10 was maintained at day 3 in the presence of BUD/PCT-233.
Pretreatment with PCT-233, alone and in combination with BUD,
significantly (P < 0-001) increased IL-10 release by AM compared
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Fig. 3. Effect of pretreatment of alveolar macrophages (AM) with PCT-
233 and budesonide (BUD) on cytokine production. AM were treated with
BUD (1 nMm) and/or PCT-233 for 18 h before being stimulated with 10 ng/
ml LPS (a) and 100 ng/ml LPS (b) and TNF was measured in cell-free
supernatants. IL-10 was also measured in cell-free supernatants when cells
were stimulated with 10 ng/ml LPS (c). Control represents AM pretreat-
ment in medium and stimulated with LPS at day 0. Data at day O corre-
spond to cytokine levels just prior to LPS stimulation. Mean + s.e.m. of
five to six experiments.

with LPS or BUD alone. However, there was no significant dif-
ference between the combination of BUD/PCT-233 and PCT-233
alone. Stimulation with higher concentrations of LPS (100 ng/ml)
gave similar results (data not shown).

BUD was more efficient than PCT-233 to inhibit TNF release,
whereas PCT-233 was more potent to stimulate IL-10 release than
BUD. Furthermore, TNF/IL-10 ratio demonstrated that PCT-233
was more effective at reducing the TNF/IL-10 ratio than was
BUD, and the lowest ratios was obtained using the BUD/PCT-233
combination (Table 3). Our results suggest that PCT-233 may
potentiate the anti-inflammatory effects of glucocorticoids.

To determine whether the reduction of TNF and the increase
of IL-10 production were reflected at mRNA level, RT-PCR was
performed on RNA isolated from sham-treated cells and cells
treated with PCT-233 and BUD. mRNA levels were investigated
at the end of the pretreatment (18 h), and 6 and 48 h after LPS
stimulation corresponding to maximum levels of TNF mRNA and
protein, respectively. Pretreatment with PCT-233 and BUD (18 h)
inhibited TNF mRNA levels in unstimulated AM (Fig. 3a). LPS
increased TNF mRNA level, which was inhibited by the presence
of PCR-233 and BUD for 6 and 48 h (Fig. 4b,c). An increase in IL-
10 mRNA levels was observed with the combination of PCT-233
and BUD at all times studied (Fig.4). These data suggest that
PCT-233 and BUD modulate AM cytokine production at both
mRNA and protein levels.

Modulation of LPS-stimulated TNF and IL-10 production by
post-treatment with PCT-233 and BUD
To investigate further the possibility that PCT-233 contributes to
the resorption of inflammation, AM were stimulated with LPS for
18 h before being treated with PCT-233 and BUD alone or in
combination (day 0). BUD and low concentration of PCT-233
(0-005%) did not modulate TNF release significantly (Fig. 5a). In
contrast, high concentration of PCT-233 (0-05% ) added 18 h after
LPS stimulation (10 ng/ml) (P < 0-01) increased AM TNF release
significantly, but the combination of BUD and PCT-233 (0-05%)
abrogated PCT-233-stimulated TNF release. However, 0-05%
PCT-233 did not significantly increase TNF release when AM
were stimulated with 100 ng/ml LPS (data not shown).

IL-10 levels were measured in the same cell-free superna-
tants. Both PCT-233 (0-005%) and BUD alone significantly

Table 3. Modulation of TNF/IL-10 ratio by PCT-233 and BUD
pretreatment

Time after LPS stimulation (days)

Pretreatment 1 2 3

Sham 49-8 12:6 162
PCT-233 (0-005%) 30 11 1-6
PCT-233 (0-05%) 13 0-5 0-5
BUD (1 nm) 4-4 29 09
BUD + PCT-233 (0-005%) 09 02 02
BUD + PCT-233 (0-05%) 03 02 0-1

Alveolar macrophages were treated with PCT-233, BUD alone or in
combination for 18 h before being stimulated with LPS (10 ng/ml) and cell-
free supernatants were collected at different times after LPS stimulation.
The ratio was calculated by dividing TNF levels by IL-10 levels (ng/ml).
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Fig. 4. Difference in mRNA levels for TNF and IL-10 in alveolar mac-
rophages (AM) treated with PCT-233 and LPS. AM were treated with
PCT-233 (0-005%) and budesonide (BUD, 1 nM) for 18 h in the absence
of LPS and RT-PCR was performed for TNF, IL-10 and GAPDH (a).
AM were treated with PCT-233 and BUD for 18 h in the absence of
LPS and stimulated with LPS for 6 h (b) or 48 h (c) and RT-PCR was
performed. Controls (CTL) represent AM without stimulation or treat-
ment. Results of a representative experiment of three experiments are
presented.

(P<0-01) increased LPS-stimulated IL-10 release (Fig.5b)
compared with LPS alone (control). However, higher concen-
tration of PCT-233 (0-05%) significantly (P < 0-001) stimulated
more IL-10 release than PCT-233 0-005% and BUD. Interest-
ingly, the BUD/PCT-233 combination potentiated IL-10 release
compared with both PCT-233 and BUD alone, suggesting that
BUD/PCT-233 may be more potent at inhibiting the inflamma-
tion than either agent alone. Similar results were observed
with higher concentration of LPS (100 ng/ml) (data not
shown).

The TNF/IL-10 ratio after LPS stimulation was 90-3. This
ratio was reduced to 17-9, 7-2 and 1-2 2 days after the addition
of 0, 0-005 and 0-05% PCT-233, respectively, showing the effi-
cacy of PCT-233 to inhibit the inflammatory response (Table 4).
BUD reduced the TNF/IL10 ratio to 6-2 two days after its addi-
tion to AM and this ratio was reduced further by the presence
of 0-005% and 0-05% PCT-233 to 1-5 and 0-7, respectively
(Table 4) showing the additive anti-inflammatory effect of
PCT-233.
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Time (days)
(b)
—&— Control -o0- BUD
—e— PCT0.005% -o- BUD + PCT 0-005%
—a— PCT 0-05% -a- BUD + PCT 0-05%

20 T
- \

Time (days)

Fig. 5. Effect of post-treatment of alveolar macrophages (AM) with
PCT-233 and budesonide (BUD) on cytokine production. AM were stim-
ulated with 10 ng/ml LPS for 18 h before being treated with PCT-233 and
BUD (1 nM) alone or in combination and TNF (a) and IL-10 (b) were
measured in cell-free supernatants. Control represents AM stimulated
with LPS without other treatment. Data at day 0 correspond to cytokine
levels just prior to PCT-233 and BUD treatment. Mean * s.e.m. of six
experiments.

DISCUSSION

IL-10, discovered more than a decade ago, represents one of the
most important immunomodulatory cytokines. IL-10 suppresses
inflammatory responses by blocking the production of proinflam-
matory mediators such as TNF, IL-18, IL-6, IL-8, MIP-1¢ and
GM-CSF [17]. Furthermore, IL-10 enhances the production of IL-
1 receptor antagonist and the expression of soluble p55 and p75
TNF receptors, suggesting that IL-10 induces a shift from produc-
tion of proinflammatory to anti-inflammatory mediators. Admin-
istration of IL-10 has been shown to ameliorate many
inflammatory diseases in murine models [28,29]. Thus, agents that

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 135:440-447



446 E. Y. Bissonnette et al.

Table 4. Modulation of TNF/IL-10 ratio by PCT-233 and BUD post-treatment over time

Time PCT-233 PCT-233 BUD + PCT-233 BUD + PCT-233
(days) LPS 0-005% 0-05% BUD 0-005% 0-05%

1 34:5 11-8 121 189 56 0-6

2 179 72 12 62 15 0-7

3 9-0 3-8 15 4-5 1-0 0-7

4 7-4 27 1-0 22 0-6 0-4

5 44 32 09 29 1-0 0-7

Alveolar macrophages were treated stimulated with LPS (10 ng/ml) for 18 h before being treated with PCT-233 and BUD (1 nM) alone or in
combination and cell-free supernatants were collected at different times. The ratio was calculated by dividing TNF levels by IL-10 levels (ng/ml).

induce IL-10 production, such as PCT-233, may be useful in anti-
inflammatory therapy.

We have demonstrated that PCT-233 increases the production
of IL-10 by AM in a concentration- and time-dependent manner.
Given that TNF increases IL-10 production [21] and that PCT-233
induces TNF production, it was essential to determine whether
TNF was responsible for IL-10 production. Our data with anti-
TNF suggest that PCT-233-induced IL-10 release is partly inde-
pendent of PCT-233-induced TNF production. Furthermore,
light- and heat-deactivated PCT-233 stimulated TNF release
without modulating IL-10 release (Fig.2) suggesting that PCT-
233-induced IL-10 production is partly independent on PCT-233-
stimulated TNF release.

Although PCT-233 induced TNF production the addition of
LPS did not increase this production further, suggesting that PCT-
233 does not potentiate an inflammatory response. In contrast,
PCT-233 (0:005%) increased LPS-stimulated IL-10 production
further, reducing the TNF/IL-10 ratio (Table 1). These results
indicate that PCT-233 should accelerate the resorption of inflam-
mation. Thus, our data suggest strongly that PCT-233 causes a
shift in cytokine balance toward anti-inflammatory cytokines in
inflammatory responses. Intriguingly, high concentration of PCT-
233 (0-05%) stimulated TNF release in presence of low concen-
tration of LPS. However, when AM were stimulated with higher
concentration of LPS causing increased level of TNF release,
PCT-233 inhibited TNF release. These data suggest that PCT-233
can modulate the inflammatory response depending on the inten-
sity of the stimulus. The increased level of IL-10 release by higher
concentrations of PCT-233 and LPS may be responsible for the
inhibition of TNF production. However, further investigations are
needed to better understand this mechanism.

BUD has been demonstrated to inhibit TNF release from
human AM when cells were treated before the addition of the
stimulus [5], whereas there are some controversies about the
modulation of IL-10 by BUD treatment [4,30,31]. Our data show
that both BUD and PCT-233 inhibit TNF production at both
mRNA and protein levels when given in pretreatment (Figs 3 and
4). Although PCT-233 increased TNF release after 18 h treatment
(Fig. 1a) it inhibited TNF mRNA level (Fig. 4a), suggesting that
TNF release may not be related to new synthesis. PCT-233 and
BUD treatment (18 h) did not modulate IL-10 production. How-
ever, the combination of PCT-233 and BUD increased IL-10
mRNA levels, which may be observed later at protein level. Thus,
PCT-233 and BUD modulate the production of TNF and IL-10 at
both mRNA and protein levels.

Although pretreatment with BUD and PCT-233 inhibited
LPS-stimulated TNF release, post-treatment did not modulate
TNF production. However, IL-10 release was increased by both
pre- and post-treatments (Fig.5). Furthermore, a potentiation
was observed with the combination BUD/PCT-233. Although
PCT-233 does not inhibit TNF release when added 18 h after LPS
stimulation, it may inhibit an ongoing inflammatory response by
reducing the TNF/IL-10 ratio. Furthermore, PCT-233 can poten-
tiate the efficacy of other anti-inflammatory agents such as BUD,
suggesting that PCT-233 is a good additive to anti-inflammatory
therapy.

Inflammatory processes are crucial for the destruction of
pathogens and virus-infected cells by activated immune cells,
which secrete a variety of proinflammatory cytokines. However,
prolonged and/or inappropriate inflammation contributes to the
pathogenesis of many diseases. Our data suggest that PCT-233 can
modulate the inflammatory disequilibrium mainly by stimulating
anti-inflammatory cytokine production thus, reducing the ratio
TNF/IL-10. It is well known that spinach is an important source of
antioxidant activity [32]; it has been suggested that such activity is
responsible for the reduced levels of proinflammatory cytokines
in animals fed with an enriched spinach diet [33]. PCT-233 com-
plex contains some flavonoids which are well known to possess
antioxidant and anti-inflammatory properties [10,11]. However,
PCT-233 has to be active to stimulate IL-10 release, suggesting
that flavonoids contained in PCT-233 are not responsible for the
stimulation of IL-10. Furthermore, antioxidants have been shown
to inhibit LPS-stimulated TNF release in macrophages [34],
whereas an increase in TNF production was observed with PCT-
233. Thus, the antioxidant property of PCT-233 may not be
involved in the modulation of TNF. However, antioxidant has
been shown to stimulate IL-10 production [35] and IL-10 has been
suggested to act as an antioxidant [36]. Thus, it will be extremely
difficult to discriminate between these two functions of PCT-233.
More investigations are needed to further understand the mech-
anisms involved in the modulation of AM cytokine production by
PCT-233.

Given the side effects of corticosteroid therapy [6,37], PCT-
233 could be a good addition to corticosteroids, reducing the
required concentration and increasing their efficacy. PCT-233
does not contain any toxic products or conservation ingredients,
nor does it have any toxic effects. The important properties of
PCT-233 are the low concentration needed to observe its anti-
inflammatory effects and efficacy when given after the inflamma-
tory response has begun. However, further investigations are
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needed to understand better its anti-inflammatory properties.
Research is in progress in our laboratory in order to elucidate the
mechanism of action.
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