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Black cumin seed, Nigella sativa L., and its oils have
traditionally been used for the treatment of asthma and
other inflammatory diseases. Thymoquinone (TQ) has
been proposed to be one of the major active components of
the drug. Since leukotrienes (LTs) are important mediators
in asthma and inflammatory processes, the effects of TQ on
leukotriene formation were studied in human blood cells.
TQ provoked a significant concentration-dependent inhi-
bition of both LTC,4 and LTB, formation from endogenous
substrate in human granulocyte suspensions with ICs,
values of 1.8 and 2.3 pM, respectively, at 15 min. Major
inhibitory effect was on the 5-lipoxygenase activity (ICsg
3 uM) as evidenced by suppressed conversion of exogen-
ous arachidonic acid into 5-hydroxy eicosatetraenoic acid
(5HETE) in sonicated polymorphonuclear cell suspen-
sions. In addition, TQ induced a significant inhibition of
LTC, synthase activity, with an ICs, of 10 pM, as judged by
suppressed transformation of exogenous LTA, into LTC,.
In contrast, the drug was without any inhibitory effect on
LTA4 hydrolase activity. When exogenous LTA, was added
to intact or sonicated platelet suspensions preincubated
with TQ, a similar inhibition of LTC, synthase activity
was observed as in human granulocyte suspensions. The
unselective protein kinase inhibitor, staurosporine failed
to prevent inhibition of LTC, synthase activity induced by
TQ. The findings demonstrate that TQ potently inhibits
the formation of leukotrienes in human blood cells. The
inhibitory effect was dose- and time-dependent and was
exerted on both 5-lipoxygenase and LTC, synthase activity.

Keywords: Nigella sativa; Thymoquinone; 5-lipoxygenase; LTC,
synthase; LTA, hydrolase; Anti-inflammatory

INTRODUCTION

The seeds of Nigella sativa, a member of the
Ranunculaceae family, are commonly known as
black seed. In folk medicine, the black seeds and

their derivatives, mainly oils, have traditionally been
used for the treatment of bronchial asthma' as well as
for local external treatment for relief of pain and
stiffness in the joints.” This indicates that the oil might
have effects on inflammatory mediators associated
with these diseases. In agreement with this, several
studies report such activities for Nigella sativa L. and
its extracts.>~® Chemically the seeds contain fixed oil
(30-33% w/w) and a volatile oil (0.43-0.73% w/w).”
The volatile oil has been shown to contain 18-24%
thymoquinone (TQ) and monoterpens, mainly
p-cymene and a-pinene (32% and 9.3% respectively).®
Also the fixed oil fraction contains a not negligible
amount of TQ, although in low concentration
(0.15%).> We and other have previously demonstrated
that this major component TQ is a potent superoxide
radical scavenger in different assays.”'” In addition
non-enzymatic inhibition of lipid peroxidation has
been reported in ox-brain phospholipid liposomes-
and rat heart homogenate -incubations in the
presence of TQ.>' In vivo pre-treatment with oral
TQ in the rat protected against oxidative damage
induced by different free radical generating agents,
including doxorubicin-induced cardiotoxicity'' and
carbon tetrachloride-provoked hepatotoxicity.'?
Moreover, Badary et al.'” showed that TQ attenuated
nephrotoxicity induced by cisplatin and potentiated
its antitumor activity. The antitumor activity of TQ
has been indicated by inhibition of benzo(a)pyrene-
induced stomach carcinogensis in mice.'*In addition,
the fixed oil of Nigella sativa and TQ have also been
reported to induce inhibition of thromboxane and
5-lipoxygenase products in rat peritoneal leukocytes
stimulated with calcium ionophore (A23187).>'
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Leukotrienes (LTs) are a family of oxygenated
metabolites of arachidonic acid, synthesized by
5-lipoxygenase enzyme.'® They are formed pre-
dominantly by inflammatory cells like polymorpho-
nuclear leukocytes, macrophages and mast cells.
During cell activation, leukotriene biosynthesis is
initiated by translocation of cytosolic phospholipase
A, and 5-lipoxygenase to the nuclear envelope and
liberation of arachidonic acid.'”'® The liberated
arachidonic acid binds to arachidonate transfer
protein, 5-lipoxygenase-activating protein (FLAP)
which facilitates presentation to 5-LO for conversion
to the epoxide LTA,. The further metabolism of LTA,4
to the biologically active leukotrienes proceeds via
two different routes. LTA, may either be utilized by
LTA, hydrolase to produce the potent neutrophil
chemo-attractant LTB,' or by membrane bound
LTC, synthase that catalyses the conjugation of LTA4
with the tripeptide glutathione, to form the asthma
mediator LTC4.20 Once formed, LTC, is exported out
of the cell facilitated by transporters such as the
multidrug resistance associated protein (MRP1).*!
The subsequent conversion of LTC4 to LTD,4 via
removal of the y-glutamyl moiety from glutathione is
catalysed by vy -glutamyl transpeptidase, an enzyme
located at the external site of the plasma membrane.
The next metabolic step results in substantial loss of
the biological activity, through the removal of glycine
resulting in LTE, formation.”? The cysteinyl-LTs bind
to specific receptors and mediate a wide variety of
inflammatory responses.”® In the airway system,
LTC, is one of the relevant mediators involved in
bronchial asthma and is responsible for many of the
observed cardinal symptoms of the disease such as
bronchoconstriction, increased mucus secretion and
edema formation. Cysteinyl-LTs antagonists are used
clinically in asthma control.**

A key proinflammatory role has been postulated
for LTB, in its ability to recruit and activate
inflammatory cells.”® It stimulates the production of
many gro—inﬂammatory mediators including cyto-
kines,1 the release of lysosomal enzymes,26 the
generation of superoxide radicals in neutrophils®
and hydrogen peroxide in human monocytes as well
as activates NADPH oxidase of human eosino-
phils.?*** These effects indicate an ability of LTBy
to accentuate free radical generation and prolong
tissue inflammation. In the light of the reported anti-
inflammatory activities of TQ and effect on eicosa-
noid generation in leukocytes, it was of interest to
investigate the effects of TQ on different enzyme-
activities involved in leukotriene-synthesis.
Thus, in the present study we investigated the
effect of TQ on leukotrienes and 5-HETE formation
from endogenous and exogenous substrate in
intact and sonicated human granulocyte suspensions
and the effect of TQ on LTC,4 synthase activity in
human platelets.

MATERIALS AND METHODS

Materials

Vacutainer® blood collection tubes were purchased
from Becton Dickinson (Rutherford, NJ. USA) and
sodium metrizoate (Lymphoprep®) was from
Nyegaard and Co (Oslo, Norway). Ionophore
A23187 was obtained from Calbiochem-Boehring
(LaJolla, CA. USA). Leukotriene A, methyl ester was
a generous gift from Dr. Robert Zipkin, Biomol
Research laboratories (Plymouth Meeting, PA. USA)
and was saponified as described®. Leukotriene B,
and C; were purchased from Biomol Research
Laboratories (Plymouth Meeting, PA. USA). Thymo-
quinone (TQ) and fatty acid-free human serum
albumin (HSA) were purchased from Sigma
Chemical Co. (St. Louis, MO. USA).

Preparation of Cell Suspension and Sonicates

Peripheral venous blood from healthy volunteers was
collected in EDTA-containing Vacutainer® blood
collection tubes. After centrifugation at 200g for
15 min, the platelet rich plasma was removed and the
granulocyte fraction was isolated according to
standard laboratory technique.®" Briefly, equal
amount of 2% dextran T500 (in saline) was added
and then allowed to stand for 30min at 4°C to
sediment erythrocytes. The leukocyte-rich upper
layer was centrifuged at 280g for 10 min. The resultant
leukocyte pellet was washed twice with PBS, and
resuspended in hypotonic ammonium chloride
(0.16 M NH4Cl, 17mM tris/HCI pH 7.4) for 30 min
to lyse any remaining erythrocytes. After centrifuga-
tion at 280g for 10 min, the cells were suspended in
PBS, and Lymphoprep® was carefully added under
the cell suspension and centrifuged for 40 min at 400g.
The obtained polymorphonuclear granulocyte pellet
was washed and suspended in PBS. The cells were
counted in a Biirker chamber and a final granulocyte
count was adjusted to 15 X 10°cells/ml. The granu-
locyte viability was about 96% as judged by the trypan
blue exclusion test.

The platelet suspensions were prepared as follows:
The blood was centrifuged at 200g for 15min and
the platelet-rich plasma was collected. Thereafter, the
platelet rich plasma was further centrifuged at 650g
for 20 min, the platelets were washed twice in 0.15M
NaCl buffered with 12mM tris/HCl, pH 7.4
containing 1.5mM EDTA. Thereafter the platelets
were resuspended in phosphate buffer saline
(PBS; 0.9mM Ca**, pH 7.4) to a final concentration
of 400 x 10°platelets/ml.

For experiments with granulocyte or platelet
sonicates, cells were sonicated (Ultrasonic disinte-
grator Mk2; power output, 50-150W) in PBS
without calcium in the presence of 1mM EDTA at
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0°C for 3 X 5s. Prior to incubation 2mM CaCl,,
0.3mg human serum albumin/ml and 1mM ATP
were added to the granulocyte sonicates and 2mM
CaCl, and 4mM glutathione were added to the
platelet sonicates.

Incubation Procedure

Intact or sonicated human granulocyte suspensions
(Iml, 15 X 10°cells/ml) were preincubated at 37°C
for 15min with or without 1-100pM of TQ.
Thereafter 10 uM LTA,, 1pM A23187 or 20 pM AA
was added. Reactions were terminated after 5 min by
adding 5 vol of ethanol (99%).

Intact or sonicated human platelet suspensions
(1ml, 400 x 10°cells/ml) were equilibrated at 37°C
for 2min with or without staurosporine prior to
preincubation with or without 1-100 uM TQ. There-
after the platelets were incubated for 5 min in the
presence of exogenous LTA,4. The production of LTC,4
was terminated by addition of 5 vol ethanol.

Purification, Identification and Quantitation
of Leukotrienes and Monohydroxy Acids

The samples dissolved in ethanol, were centrifuged
and the clear supernatants were evaporated to
dryness. The obtained residues were dissolved in
the HPLC mobile phase, and then centrifuged before
injection. Identification and quantitation of LTs were
performed by RP-HPLC using a Nova-Pak Cig
column (3.9 X 150 mm, Water Associates, Milford,
MA. USA) eluted with acetonitrile/methanol/
water/acetic acid (27:18:54:0.8 by vol., apparent pH
5.6) for leukotriene analysis or methanol/water/
acetic acid (73:27:0.01 by vol.) for mono-HETEs
analysis at flow rate of 1ml/min and a variable
wavelenght UV-detector (LDC Spectromonitor I1I) at
280 nm (LTs) or 236 nm (Mono-HETESs), connected to
an integrator (EZ ChromTM Chromatography data
system).

Statistical Analysis

Results are expressed as mean = SEM. Statistical
comparisons between different groups were carried
out by one-way analysis of variance (ANOVA)
followed by Tukey-Kramer multiple comparison
test. Significance was accepted at P < 0.05.

RESULTS
Effects of TQ on A23187-induced Leukotrienes
Formation in Human Granulocyte Suspensions

Human granulocyte cell suspensions were stimu-
lated with 1puM A23187 for 5min. In control
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FIGURE 1 Effects of TQ on leukotrienes C4 and B4 formation in
human granulocyte suspensions stimulated with A23187. Human
granulocyte cells (15 X 10°cells/ml) were pre-incubated at 37°C
with different concentrations of TQ (1-100uM) for 15min.
Thereafter, the cells were stimulated with A23187 (1 M) for
5min. The formation of LTC4 and LTB, are expressed relative to
the formation in control incubations without TQ. LTs were
identified and quantified by RP-HPLC. Each value represents the
mean of 3-4 experiments performed in duplicate. Error bars
indicate standard error of the mean. *Significantly different from
the control, P < 0.05.

incubations (without TQ) 95.5 = 8.2 (mean * SEM,
n=>5)pmol LTC4/ml and 488 = 88.5 (1 =5)pmol
LTB;/ml were formed. Preincubation of human
granulocyte cells with different concentrations of
TQ (1,3,10 and 100 wM) for 15min, prior to
stimulation with A23187 for another 5min, led to
significant reduction in LTC, and LTB, formation
(Figure 1). The inhibitory effect of TQ was found to be
concentration-dependent as compared with diluent
treated control cells. The IC5p of TQ for LTC,and LTB,
formation were 1.8 and 2.3 uM respectively.

Effects of TQ on LTA; Hydrolase and LTC,
Synthase Activity in Intact Human Granulocytes

The effect of TQ (1,3,10 and 100 puM) on LTA4
hydrolase and LTC, synthase activity in intact
granulocytes was also investigated. In control
incubations (without TQ) exogenously added LTA,
(10nM) was converted to 154.5 + 72 (n = 4) pmol
LTC4/ml and 476 +29 (n=4) pmol LTB,;/ml
Pre-treatment of granulocyte cells with different
concentrations of TQ for 15 min prior to incubation
with exogenous LTA, inhibited the LTC, synthase
activity in a concentration-dependent manner
(Figure 2) with an ICs, of approximately 10uM.
In contrast, the LTA4 hydrolase was not inhibited by
TQ (1-100uM). The LTB,; formation tended to be
enhanced reaching significant levels at 10 and 100
uM TQ (Figure 2).

Effect of TQ on 5-lipoxygenase Activity after
Incubation of Sonicated Human Granulocyte
with Exogenous Arachidonic Acid

Human granulocyte sonicates were incubated in the
presence of ATP (ImM) with or without different
concentrations of TQ for 15 min prior to incubation
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FIGURE 2 Effects of TQ on leukotriene C; synthase and
leukotriene A, hydrolase activity in human granulocyte
suspensions incubated with exogenous LTA,;. Human
granulocyte cells (15 X 10°cells/ml) were pre-incubated at 37°C
for 15 min with different concentrations of TQ (1-100 pM), prior to
incubation with LTA; (10 uM) for 5min. The formation of LTCy
and LTB, are expressed relative to formation in the control
incubations without TQ. Each value represents the mean of 3-4
experiments performed in duplicate. Error bars indicate standard
error of the mean. *Significantly different from the control,
P < 0.05.

for another 10 min with 20uM arachidonic acid.
In control incubations (without TQ) 436 * 85 (n = 4)
pmol 5-HETE/ml was formed. In the presence of
different concentrations of TQ (3, 10, 30 and 100 uM)
a concentration-dependent attenuation of 5-HETE
formation was observed with approximately 50%
inhibition at 3uM (Figure 3).

Effect of TQ on LTC, Synthase Activity in Human
Intact or Sonicated Platelets

After addition of exogenous LTA; (10nM) to the
human platelet suspension for 5 min, the formation
of 710 * 82 pmol LTC, / ml was identified.
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FIGURE 3 Effect of TQ on 5-lipoxygenase activity in human
granulocyte sonicates incubated with exogenous AA. Human
granulocyte sonicates were pre-incubated at 37° for 10 min with
different concentrations of TQ (3,10,30 and 100 uM) prior to
incubation for 10min with arachidonic acid (20 uM) in the
presence of ATP (1 mM). The formation of 5-HETE is expressed
relative to formation in control incubations without TQ. Each
value represents the mean of 4 experiments performed in
duplicate. Error bars indicate standard error of the mean.
*Significantly different from the control, P < 0.05.
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FIGURE 4 Time-course of the effect of TQ on leukotriene C4
synthase activity in human platelets. Human platelet suspensions
were preincubated at 37°C for 1-30 min with or without 10 uM TQ
prior to incubation with exogenous LTA, (10 uM) for 5 min. Values
are expressed relative to LTC, formation in the control incubations
without TQ. Each value represents the mean of 3—-4 experiments
performed in duplicate. Error bars indicate standard error of the
mean. *Significantly different from the control, P < 0.05.

Time course studies revealed that TQ inhibited the
LTC, synthase activity in a time-dependent manner.
Human platelet suspension was pre-incubated with
10uM TQ for various times (1-30min) prior to
incubation with exogenous LTA4 (10 uM) for 5min,
Inhibition of LTC, formation by TQ increased from
20 = 8 to 73 = 9% when the pre-incubation time was
increased from 1 to 30 min (Figure 4).

Preincubation with different concentrations of TQ
(1,3,10 and 100 uM) for 15min prior to addition of
exogenous LTA, inhibited platelet LTC, synthase
activity in a concentration-dependent manner and
significant inhibition of LTC, formation was found at
10 and 100 uM of TQ (Figure 5A). The ICs, value was
approximately 9 uM.

Similar inhibition of the LTC, synthase activity
was obtained in sonicated platelet suspensions

120
A B c TQ (1 uM)

BT TQ (3 uM)

80 1 ED TQ (10 uM)

B TQ (100 uM)

LTC,
(% of control)
[e3]

[}
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FIGURE 5 Effect of TQ on leukotriene C, synthase activity in
intact, sonicated or staurosporine-treated platelet suspensions.
Human platelet suspension (A), sonicated platelets (B) and platelet
suspensions treated for 2min with 1 uM staurosporine (C) were
preincubated at 37°C for 15min with and without different
concentration of TQ (1-100wM) prior to incubation with
exogenous LTA, (10 uM). Values are expressed relative to LTC,
formation in control incubations without TQ. Each value
represents the mean of 3—4 experiments performed in duplicate.
Error bars indicate standard error of the mean. *Significantly
different from the control, P < 0.05.
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preincubated with the selected concentrations
of TQ (Figure 5B).

In a subsequent experiment, intact platelet
suspensions were incubated with the non- selective
protein kinase C inhibitor, staurosporine (1 uM) for
2min before addition of different concentrations of
TQ. No prevention of the TQ-induced inhibition
of LTC,4 synthase activity in human platelet suspen-
sions could be detected in the presence of 1uM
staurosporin. A significant inhibition of LTC,4
formation was observed with 3, 10 and 100 puM TQ
(Figure 5C).

DISCUSSION

In the present investigation, thymoquinone
exhibited a potent inhibitory effect on the formation
of 5-lipoxygenase products after A23187 stimulation.
TQ inhibited both the formation of LTC, and LTB,
with ICsy values of 1.8 and 2.3 uM respectively
(Figure 1). These results are in line with previous
studies reporting that TQ inhibited 5-lipoxygenase
enzyme in rat peritoneal leukocytes® and rat
polymorph-nuclear leukocyte (PMNL)" stimulated
with A23187.

To elucidate the inhibitory effects of TQ on
leukotriene generation, we studied its effect on
different enzyme activities involved in leukotriene
synthesis. LTA, is the substrate for both LTC,
synthase and LTA, hydrolase of human granulo-
cytes. Pre-incubation of human granulocytes with
TQ for 15min prior to incubation with exogenous
LTA,4, inhibited LTC, generation (ICsy 10 pM), in
parallel with a significant increase in LTB,4 formation
(Figure 2). The inability of the drug to inhibit the
conversion of LTA, to LTB, excludes an inhibitory
effect on LTA,; hydrolase. The increased LTB,
formation could be explained with increased
availability of the substrate due to the inhibition of
LTC, synthase activity. These results revealed
inhibition of LTC, synthase and an additional more
potent inhibitory effect on LTA, formation.

To further investigate whether TQ exerts this effect
on 5-lipoxygenase, 5-lipoxygenase activating protein
(FLAP) or phospholipase A, level, sonicated human
granulocytes were incubated with exogenous
arachidonic acid.

Pre-incubation with TQ induced a significant
dose-dependent inhibition (ICsy 3 uM) on 5-HETE
formation. This indicates that TQ potently
inhibits 5-lipoxygenase activity in human granulo-
cytes, since FLAP is not needed for 5-lipoxy-
genase activity in sonicated human granulocytes.
However, an additional inhibitory effect at
phospholipaseA, level cannot be excluded. Inhibi-
tion of 5-lipoxygenase was not specific since TQ also
inhibits 12- and 15-lipoxygenase as evidenced by

decreased transformation of arachidonic acid into
12-HETE and 15-HETE (data not shown). These
results confirm previous results demonstrating
inhibition of 5-HETE formation from rat PMNL
stimulated with A23187 by TQ."

The inhibitory effect of TQ on lipoxygenase
enzymes are not due to non-specific cytotoxicity, as
confirmed by the failure of the granulocyte cells to
take up trypan blue after incubation with TQ.
The lipoxygenase reactions involve a free radical
mechanism and TQ possesses the structural element
typical for an antioxidant effect. In previous in vitro
studies we have reported that TQ is a potent
superoxide free radical scavenger, being as effective
as superoxide dismutase against superoxide radical
and has antioxidant activity in lipid peroxidation.”
Moreover, TQ inhibits in vitro lipid peroxidation
induced by Fe’*/ascorbate using rat liver homo-
genates, the ICsy value for TQ scavenging property
being in the micromolar range.'>** In addition Burits
and Bucar®® demonstrated that TQ showed a
respectable radical scavenging property against free
radicals. It could be concluded that TQ inhibits
lipoxygenase enzymes due to their antioxidant
function. It may therefore be classified as a redox
5-lipoxygenase inhibitor.

However the present study indicates that TQ also
has additional effects on LTC,4 synthase activity, as it
provoked an inhibitory effect on the enzyme activity
in human granulocytes and platelets, judged by a
significant decrease in LTC, formation from LTA,.
Since platelets lack LTA 4 hydrolase an eventual effect
on this enzyme affecting the availability of the
common substrate, is excluded.

It has been shown that LTC, synthase contains
two consensus sequences for protein kinase C
phosphorylation.** Phosphoregulation of LTC,
synthase activity via a protein kinase C (PKC)-
dependent mechanism has been reported in normal
human granulocytes,”® human platelets® as well as
in human leukemic cell lines.*® Direct activation of
PKC with nanomolar concentration of 4-phorbol-12-
myristate-13-acetate (PMA) inhibited the production
of LTC, in human granulocytes® and platelets.> We
have earlier reported that, the rather non-specific
protein kinase inhibitor, staursporine prevented
PMA-induced suppression of LTC, formation in
human platelets pre-incubated with LTA,* This
indicating that transformation of LTA, into LTC, in
human platelets could be controlled via phospho-
regulation of LTC, synthase. To elucidate whether
the inhibition of LTC4 synthase induced by TQ is
mediated via this phosphoregulatory mechanism,
staurosporine was added. However, staursporine
failed to prevent the inhibitory effect of TQ on LTC,4
synthase activity. In addition TQ exerted a similar
inhibitory effect on LTC4 synthase activity in
sonicated platelets as demonstrated on LTC,
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synthase in intact platelets. These results indicate
that TQ displays a direct inhibitory effect on LTC,4
synthase rather than interfering with signal
transduction in human blood cells.

Both inhibitions on the 5-lipoxygenase (probably
due to its scavenger effect) and on the LTC,4 synthase
activity, are in agreement with the traditional use of
TQ in asthma and as an anti-inflammatory agent.
It might also explain results from earlier studies
reporting the relaxant effects of extracts from Nigella
sativa L. on methacholine-induced contraction of the
tracheal smooth muscles of guinea pigs® and
protection against histamine-induced bronchospasm
without affecting histamine H; receptors.*

The traditional use of Nigella sativa seed in the
treatment of bronchial asthma might be due to
inhibition of LTC, synthase activity and additional
effects on 5-lipoxygenase exerted by TQ. The ICs, on
LTC, formation in granulocyte suspension was
1.8uM from endogenous substrate and 9uM in
platelet suspensions incubated with LTA4 for 15min
and decreased at longer pre-incubation times.
However to our knowledge the actual concentration
of TQ or its metabolites in human blood after ingestion
of Nigella sativa seeds has not been measured.

In conclusion, the present results demonstrate that
TQ dose-dependently inhibits leukotriene formation
in human blood cells, both on the 5-lipoxygenase and
LTC,4 synthase activity. The findings contribute to
elucidate the mechanism of action of Nigella sativa
seeds and TQ as anti-inflammatory agents, since
leukotrienes are known to play a pivotal role in the
inflammatory process.
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