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Abstract

Background—Neutrophils (PMN) are the first cells recruited at the site of inflammation. They
play a key role in the innate immune response by recognizing, ingesting and eliminating pathogens
and participate in the orientation of the adaptive immune responses. However, in Inflammatory
Bowel Disease (IBD), transepithelial neutrophil migration leads to an impaired epithelial barrier
function, perpetuation of inflammation and tissue destruction via oxidative and proteolytic
damage. Curcumin (diferulolylmethane) displays a protective role in mouse models of IBD and in
human ulcerative colitis, a phenomenon consistently accompanied by a reduced mucosal
neutrophil infiltration.

Methods—We investigated the effect of curcumin on mouse and human neutrophil polarization
and motility in vitro and in vivo.

Results—Curcumin attenuated LPS-stimulated expression and secretion of MIP-2, IL-1p, KC
and MIP-1a in colonic epithelial cells (CEC) and in macrophages. Curcumin significantly
inhibited PMN chemotaxis against MIP-2, KC or against conditioned media from LPS-treated
macrophages or CEC, a well as the IL-8-mediated chemotaxis of human neutrophils. At non-toxic
concentrations, curcumin inhibited random neutrophil migration suggesting a direct effect on
neutrophil chemokinesis. Curcumin-mediated inhibition of PMN motility could be attributed to a
downregulation of PI3K activity, AKT phosphorylation and F-actin polymerization at the leading
edge. The inhibitory effect of curcumin on neutrophil motility was further demonstrated in vivo in
a model of aseptic peritonitis.

Conclusion—Our results indicate that curcumin interferes with colonic inflammation partly
through inhibition of the chemokine expression and through direct inhibition of neutrophil
chemotaxis and chemokinesis.
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INTRODUCTION

Aberrant immune response has been proposed as the underlying cause of Inflammatory
Bowel Disease (IBD), combining an early defect in the innate immune response followed by
a dysregulated T cell response in the chronic stage of the disease. Impaired neutrophil
recruitment has been hypothesized to contribute to the development of Crohn’s Disease
(CD). It has been postulated, that neutrophil accumulation and associated bacterial clearance
are impaired and favor the formation of granulomatous inflammation in CD (1). Although
forms of typhlitis or enterocolitis have been reported in various neutropenias or genetic
disorders with impaired granulocyte function (2), the hypothesis that inappropriate
neutrophil recruitment or function may be at least in part responsible for the onset of CD
remains controversial.

Initiating events differs from the complex mechanisms responsible for the disease
progression and relapse, which are traditionally attributed to a hyperactive adaptive immune
response to the bowel luminal contents and primarily linked to a T-cell dysfunction
accompanied by an unabated neutrophil influx. The latter leads to the formation of crypt
abscesses, a characteristic histologic lesion found particularly in patient with Ulcerative
Colitis (UC). Disproportionate and persistent inflammatory process mediated by PMN leads
to reduction of epithelial barrier function, perpetuation of inflammatory processes, and tissue
destruction via the release of free radicals and proteases. Therefore in established disease,
IBD severity seems to be directly correlated with the rate of transepithelial neutrophil
migration, their accumulation in the intestinal lumen, and neutrophil fecal excretion (3).
Neutrophils have also been proposed to be important pro-inflammatory effector cells
capable of associating with lymphocytes to foster epithelial dysfunction and injury
associated with IBD. Recently, neutrophil serine proteases have been demonstrated as
regulators of cell signaling during inflammation by enzymatic processing of TNFa, IL-1p
and IL-18 to their active forms, and even participate in activating the LPS receptor, TLR-4

(4).

Therefore, neutrophil recruitment and functions have become a target for pharmaceutical
approaches aimed at reducing relapse rate in IBD patients. While major proinflammatory
cytokines regulating T cell activation, such as TNFa, IFN-y and 1L-12/23p40 have been at
the center of attention for pharmaceutical interventions (5), strategies interfering with
neutrophil migration, particularly targeting major chemoattractant receptors such as CXCR2
and CXCR1, have also been considered (6). Such approaches could represent useful
adjuncts to other therapeutic approaches using biologics that primarily target T cells or
proinflammatory cytokines. Animal studies on the role of neutrophil recruitment in
experimental colitis present somewhat inconsistent evidence. CXCR2~/~ mice are protected
from tissue damage in chronic DSS colitis (7). Similarly, antibody blockade of CXCR2
improves symptoms of DSS colitis (8). Moreover, neutrophil depletion or inhibition of
CD11b/CD18 decreases the severity of DSS and TNBS colitis, respectively (9,10). However
other groups demonstrated that neutrophil depletion did not significantly improve acute
colitis induced by acetic acid, TNBS/Ethanol and PMA (11,12). In yet another report,
blocking of neutrophil adhesion or neutrophil depletion aggravated colitis (13).

The effect of the dried rhizome of Curcuma longa Linn, also called turmeric, on the immune
responses (both innate and adaptive) has generated considerable attention in the past decade
(14-16). Curcumin has been identified as the most active constituent of turmeric and is also
defined as an anti-inflammatory, anti-oxidant, pro-apoptotic, anti-proliferative and anti-
infectious agent (17-19). The anti-inflammatory activity of curcumin has been attributed to
its interference with the arachidonic acid cascade (20,21), regulation of several enzymes via
direct interaction (e.g COX2, 5LOX, iNOS), although its presumed primary mechanism of
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action has been ascribed to the inhibition of NF-kB (16). Curcumin was shown to be
effective in both acute and chronic models of inflammation. The potential usefulness of
curcumin in the treatment of IBD was suggested by studies in chemically induced rodent
models of colitis (22-29), and in a well-controlled ulcerative colitis clinical trial (30). In
experimental animals, curcumin significantly improves survival, colonic morphology,
dampens local cytokine and chemokine production and consistently reduces mucosal
neutrophil infiltration (26-28,31,32). The latter may be partially explained by the recently
described pro-apoptotic in vitro effects of curcumin on human neutrophils via the activation
of the p38 mitogen-activated protein kinase pathway (33), or by the curcumin-mediated
reduction in IL-8-induced Ca?* flux and reduced membrane expression of CXCR1 and
CXCR?2 via their sequestration in the vesicular compartments (34). However, the effects of
curcumin on PMN migration have not been investigated, despite its potentially significant
clinical implications.

In this report, we provide the evidence for the modulatory effects of curcumin on neutrophil
motility. These effects are not only mediated through an inhibition of chemoattractant
gradient formation, but also through modulation of PMN chemotaxis and chemokinesis in
settings where no cytotoxic effects of curcumin are observed. The mechanisms of this
modulation were traced to the reduction of PI3K activity, phosphatidylinositol (3,4,5)-
trisphosphate [PI(3,4,5)P3] synthesis, and inhibition of AKT (protein kinase B) activation,
leading to a potent inhibition of F-actin polymerization at the neutrophil leading edge. The
in vitro findings were further corroborated in an in vivo model of neutrophil migration in
aseptic peritonitis. These results provide further insight into the mechanisms of the
protection curcumin affords in chronic mucosal inflammation.

MATERIALS AND METHODS

Curcumin

98.05% pure curcumin, free of contaminating curcuminoids (demethoxy-curcumin and bis-
demethoxy-curcumin) was obtained from ChromaDex (Irvine, CA) and tested for its
efficacy in vitro with LPS-treated RAW 264.7 mouse macrophages. Curcumin was
dissolved in DMSO (Sigma Aldrich, Saint Louis, MO). In all cases, the final concentration
of DMSO in cell culture media was 0.1%.

Experimental animals and Diets

Six-week-old male BALB/c mice were obtained from Harlan Laboratories (Indianapolis, IN)
and maintained in a conventional animal facility at the University of Arizona Health
Sciences Center. Sentinel mice were routinely monitored and determined as free from
common murine pathogens (MHV, MPV, MVM, TMEV, Mycoplasma pulmonis, Sendai,
EDIM, MNV, ecto- and endoparasites). Animal use protocols were approved by the
University of Arizona Animal Care.

Model of aseptic peritonitis

Curcumin was dissolved in sterile olive oil and administered intraperitoneally (i.p.) at the
dose of 100ug/g body weight in 80ul injection volume. BALB/c mice received 3 injections
(i.p.) of olive oil (vehicle) with or without curcumin in 12h intervals. Four hours after the
last injection, peritonitis was induced by i.p. injection of 500ul of 3% (wt/vol) sterile
thioglycollate (Sigma). 3 hours later, peritoneal cavity was lavaged with 5mL of cold RPMI
1640 medium, and the number of cells was determined by Vi-Cell XR automated cell
counter and viability analyzer (Beckman Coulter, Miami, FL). Cytospins of the lavaged cells
were performed at 900 rpm for 5 min in Shandon Cytospin 111 centrifuge (Thermo Fisher
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Scientific). Giemsa staining confirmed that granulocytes represented >90% of the cells
lavaged 3 hours after thioglycollate broth injection.

YAMC cell culture and treatment

Conditionally immaortalized mouse colonic epithelial cells (YAMC) were obtained from Dr.
Robert Whitehead (Vanderbilt University) (35) and were cultured under permissive
conditions in RPMI 1640 with 2mM L-glutamine, 5% heat-inactivated fetal bovine serum
(Hyclone, Fisher, Pittsburgh, PA), 1mM sodium pyruvate, 100 U/ml penicillin, and 100 pg/
ml streptomycin, 6.25mg/L insulin and 5U/ml of recombinant murine IFNy (Pierce,
Rockford, IL) at 33°C and 5% CO,. If not indicated otherwise, media and other reagents
used for cell culture were purchased from Invitrogen (Carlsbhad, CA).

Cells were seeded in 24-well plates, 24 hours prior to the experiments, they were transferred
into 37°C in the same culture medium but without IFNy. Cells were treated with DMSO or
50uM of curcumin for 30 minutes prior to LPS from E. coli O55:B55 at 100ng/ml
(Calbiochem/Merck Chemicals, Nottingham, UK) for 4 hours. Cell culture supernatant was
collected and YAMC cells monolayer was frozen in liquid nitrogen and stored at —80°C
until RNA extraction.

Intraperitoneal macrophages selection, culture and treatment

Macrophages were collected from the peritoneum of BALB/c mice by a lavage with 5mL of
cold RPMI 1640. The number of macrophages was determined by counting adherent cells
after a 1 hour attachment period on a hemocytometer glass surface at 37°C in 5% CO,. After
collection, cells were seeded at 106 cells/well in 24-well plates and cultured overnight in
RPMI 1640 supplemented with 2mM L-glutamine 10% heat-inactivated fetal bovine serum
(Hyclone, Fisher), 100 U/ml penicillin, and 100 pg/ml streptomycin at 37°C with 5% CO».
Then, intra-peritoneal macrophages were treated with or without curcumin at 50uM 30
minutes prior to stimulation with LPS from E. coli O55:B55 at 10ng/ml (Calbiochem) for 2
hours. Cell culture supernatants were collected and stored at —80°C until analysis.
Macrophages were snap frozen in liquid nitrogen and stored at —80°C.

Real-time RT-PCR analysis

Real-time RT-PCR was used to evaluate colonic expression of MIP-2, keratinocyte
chemoattractant (KC), MIP-1a and IL-1p mRNA. Total RNA was isolated from peritoneal
macrophages or YAMC cells using TRIzol reagent (Invitrogen) and its integrity was
confirmed by denaturing agarose gel electrophoresis and calculated densitometric 18S/28S
ratio. 250ng of total RNA was reverse-transcribed using iScript cDNA synthesis kit (Bio-
Rad, Hercules, CA). Subsequently, 20 uL of the PCR reactions were set up in 96-well plates
containing 10 pl 2x 1Q Supermix (Bio-Rad), 1uL TagMan® respective primer/probe set
(Applied Biosystems, Foster City, CA), 2uL of the cDNA synthesis reaction (10% of RT
reaction) and 7uL of nuclease-free water. Reactions were run and analyzed on a Bio-Rad
iCycler iQ real-time PCR detection system. Cycling parameters were determined and
resulting data were analyzed by using the comparative C; method as means of relative
quantification, normalized to an endogenous reference (TATA Box Bonding Protein, TBP)
and relative to a calibrator (normalized C; value obtained from control mice) and expressed
as 27AACt (Applied Biosystems User Bulletin #2: Rev B “Relative Quantification of Gene
Expression”).

Chemokine Assays

MIP-2 concentrations in the supernatants from peritoneal macrophages and YAMC cell
cultures were measured by enzyme-linked immunosorbent assay (ELISA; eBioscience, San
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Diego, CA) according to the manufacturer’s protocols. KC, MIP-1a and IL-1p were
determined using the Bio-Plex Cytokine Assay (Bio-Rad) on a Luminex-100 workstation
(Liquichip; Qiagen) with MasterPlexCT software (MiraiBio, San Francisco, CA).

Neutrophil selection

Bone marrow derived neutrophils were obtained from BALB/c femurs and tibiae and
filtered through a Falcon 100-um nylon cell strainer (Becton Dickinson Labware, Franklin
Lakes, NJ). After red cell lysis in a hypotonic buffer (Becton Dickinson), cells were washed
and resuspended in complete medium (RPMI 1640; Invitrogen) supplemented with 10%
heat-inactivated fetal calf serum (Hyclone, Fisher), 2 mM L-glutamine, 100 U/ml penicillin,
and 100 pg/ml streptomycin (Invitrogen). Ly-6G positive neutrophils were purified from the
total population of bone marrow derived cells using automated magnetic separation
(autoMACS™, Miltenyi Biotec, Auburn, CA) according to the manufacturer’s instructions
with the PosseS program. Cell purity was assessed by flow cytometry using FITC-
conjugated rat anti-mouse Ly-6G and Ly-6C monoclonal antibody (BD, Pharmingen). After
selection cells were washed and resuspended in RPMI 1640, 2 mM L-glutamine, 100 U/ml
penicillin, and 100 ug/ml streptomycin (Invitrogen) and 0.1% BSA (globulin and fatty acid
free, Sigma).

Curcumin cytotoxicity assay

Potential neutrophil cytotoxicity of curcumin was determined using the ToxiLight Non-
destructive Cytotoxicity BioAssay Kit (Cambrex, Charles City, 1A) according to the
manufacturer’s instructions. This assay is based on the bioluminescent measurement of
adenylate kinase (AK) release. A loss of cell membrane integrity results in the leakage of
AK from the cytoplasm and the measurement of AK in the cell culture medium allows for
an accurate and sensitive determination of cytotoxicity. Curcumin cytotoxicity was also
examined by trypan blue dye exclusion assay using a Vi-Cell XR automated cell counter and
viability analyzer (Beckman Coulter). PMNs were incubated for 2 hours (exceeding the
maximal exposure time in our experimental settings) at 37°C with 5% CO,, with increasing
concentration of curcumin from 5uM to 100uM.

Human neutrophil separation from peripheral blood

Peripheral blood was collected from healthy volunteers. Blood was diluted 1:1 in Hank’s
balanced salt solution (without Ca* or Mg*; Invitrogen) and carefully layered onto 3ml of
Histopaque 1119 (density 1.119g/mL; Sigma) and Histopaque 1077 (density 1.077g/mL;
Sigma). After centrifugation at 800g for 40 minutes, human PMN were collected from the
interphase between Histopaque 1119 and 1077. Collected cells were washed in HBSS and
resuspended in RPMI 1640 with 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml
streptomycin (Invitrogen) and 0.1% BSA (Sigma).

Chemotaxis and chemokinesis assay

Mouse and human-derived PMN were labeled with 5mM of the fluorescent indicator
Calcein (CellTrace Calcein red-orange, AM, Molecular Probes) for 30 minutes at 37°C and
then washed in RPMI 1640, 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml
streptomycin (Invitrogen) and 0.1% BSA (Sigma). Twenty- nine microliters of chemotactic
factor: MIP-2, KC or IL-8 (Peprotech, Rocky Hill, NJ), diluted in RPMI medium or
conditioned media from YAMC cells or peritoneal macrophages were placed in the bottom
compartment of a modified 96-well Boyden chamber fitted with polycarbonate track-etch
(PCTE) membranes with 5um pore size (ChemoTX System, Neuroprobe, Gaithersburg,
MD). Calcein-stained PMN (250,000 cells/25ul) were placed directly onto the filter (top
chamber). To study the effect of curcumin on chemokinesis, MIP-2 was placed on both sites
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of the membrane at the same concentration of 20ng/ml. In some experiments, PMNs were
pretreated with 25 or 50uM of curcumin at 37°C for 30 min prior to the assay. The chamber
was placed for 1 hour at 37°C, 5% CO»,_Fluorescence, corresponding to calcein-stained
PMN in the bottom part was monitored using a Fluoroskan Ascent plate fluorometer and
Fluoroskan software (Labsystems, Thermo Fisher Scientific).

Western blot analysis

Bone marrow derived neutrophils were pretreated with curcumin (10-50uM) for 5 minutes
prior to 30-second stimulation with MIP-2 (20ng/ml). Proteins were extracted by cell lysis in
boiling Laemmlisample buffer with 2 mM B-mercaptoethanol. Proteins were fractionated by
8% SDS-PAGE and blotted on a nitrocellulose membrane for immunoblot analysis. After
overnight incubation in 1X PBS/0.1% Tween 20, primary antibody to phospho-AKT
(Ser#73, Cell Signaling, Danvers, MA) or to phospho-p44/42 MAPK (Thr292/Tyr204y (Cell
Signaling) were added. Total AKT (Cell Signaling) or total p44/42 MAPK antibodies were
used to confirm equal loading. HRP-conjugated anti-rabbit secondary antibody was used at
1:20,000 dilution (Amersham Bioscience, Piscataway, NJ). Western detection was
performed with Super Signal West Pico (Pierce). Developed films were scanned and
densitometric analysis was done using Biorad ChemiDoc XRS Imaging station and Quantity
One 4.6 software (Biorad, Hercules, CA).

PI3K activity assay

Bone marrow derived neutrophils were pretreated with curcumin (10-50uM) for 5 minutes
prior to 30-seconds stimulation with MIP-2 (20ng/ml). PI3K activity was determined by
measuring the concentration of PI(3,4,5)P3 (PIP3) using a competitive mass ELISA
(Echelon Biosciences, Salt Lake City, UT). PIP3 extraction as well as the ELISA was
performed according to the manufacturer’s protocol.

Under agarose migration assay

Under agarose neutrophil migration was performed as described (36) with minor
modifications. Glass cover slips were placed in Falcon 35mm x 10mm culture dishes and
overlaid with 3ml of 1.6% agarose solution prepared with RPMI11640 culture medium with
20% heat-inactivated FCS. After the agarose solidified, five wells 3.5 mm in diameter and
2.4mm apart were cut using a sterile silicone template and bore. The gels were allowed to
equilibrate for 1hour at 37°C, 5% CO2. For chemotaxis assay, the wells were loaded with
either neutrophils or 20ng/ml of MIP-2. In separate experiment series, DMSO or curcumin-
pretreated PMNs (1-50 uM for 30 minutes) were used. In another series, curcumin was
added directly to the gel at various concentrations.

F-actin staining

Following under-agarose assay, cells were fixed overnight in absolute methanol at 4°C,
agarose gel was then gently removed, and PMNs fixed on a glass-coverslip were
permeabilized in 1X PBS, 0.1% Triton for 20 minutes. Alexa 647-conjugated phalloidin
(Molecular Probes) was then added the cells (1:50 dilution in 1X PBS/0.1%Triton) and
incubated on ice for 30 minutes. Cells were counterstained with Sytox green (Molecular
probes) to image the nuclei. After mounting, phalloidin staining was imaged with a Bio-Rad
MRC1024ES confocal microscope (Bio-Rad).

Statistical Analysis

Statistical significance was determined by the analysis of variance (ANOVA) followed by
Fisher PLSD post-hoc test with StatView software package v.4.53 (SAS Institute, Cary,
NC). Data are expressed as mean + standard error of mean.
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Ethical Considerations

RESULTS

Animal use and blood collection from healthy human volunteers were approved by the
University of Arizona Institutional Animal Care and Use Committee, and Institutional
Review Board approval, respectively.

Curcumin inhibits LPS-stimulated expression and secretion of MIP-2, KC, IL-18 and MIP-1a
in macrophages and colonic epithelial cells

In IBD, chemokine production contributes to the exacerbation of the intestinal inflammation
and has been considered as a potential therapeutic target (37,38). Therefore, we investigated
whether curcumin inhibits the formation of neutrophil chemoattractant gradient in vitro.
MIP-2, KC, IL-1p and MIP-1a were chosen as key chemoattractants based on their
involvement in neutrophil homing to the site of inflammation, as well as based on the
previously reported microarray data (32). Epithelial YAMC cells and peritoneal
macrophages were used as models of the two primary chemokine sources in the inflamed
colonic mucosa. Both cell types were exposed to 50puM of curcumin 30 minutes prior to LPS
treatment (100ng/ml for 4 hours in YAMC colonocytes and 10ng/ml for 2 hours in
macrophages). Curcumin effectively reduced LPS-stimulated chemokine secretion in both
peritoneal macrophages and in YAMC cells (Fig. 1). The same pattern was observed in real-
time RT-PCR analysis (data not shown), thus suggesting transcriptional mechanism of
inhibition.

Curcumin has no cytotoxic effect on the bone marrow derived neutrophils

To investigate the indirect and direct effects of curcumin on neutrophils, we purified mouse
PMNs from the bone marrow using anti-Ly6G microbeads (Miltenyi Biotech). This
technique was superior to density gradient centrifugation and consistently yielded >95%
pure neutrophil population as estimated by flow cytometry (Figure 2A). To investigate the
potential harmful effects of curcumin on PMN reported in other publication (33), we
analyzed the release of adenylate kinase and performed trypan blue dye exclusion assay as a
measure of cytoxicity. Under experimental conditions used in or exceeding subsequent
experiments, curcumin had no significant cytotoxic effects on PMN at the concentrations
ranging between 10 to 100uM (Figure 2B-2C).

Curcumin inhibits neutrophil chemotaxis toward conditioned media from LPS-treated
macrophages and colonic epithelial cells

Since we analyzed macrophages and colonocytes only for the selected four chemokines, we
verified the effects of curcumin on neutrophil chemotaxis using conditioned media from the
two cell types from experiments analogous to those presented in Fig. 1. Conditioned media
from both LPS-treated macrophages and colonic epithelial cells potently attracted
neutrophils, while media from cells treated with curcumin alone or with curcumin and LPS
were ineffective (Fig. 3A,B). The inhibition of chemotaxis toward conditioned media from
cells treated with curcumin suggested that curcumin inhibited basal (unstimulated)
chemokine secretion, or that trace amounts of the non-metabolized compound remaining in
the media inhibited random neutrophil migration in the absence of chemoattractant gradient.
Since the first hypothesis was not supported by the data from any of the four analyzed
chemokines (Fig. 1), inhibition of chemokinesis appeared more likely and was tested in the
subsequent experiments.

Inflamm Bowel Dis. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Larmonier et al.

Page 8

Curcumin inhibits neutrophil chemotaxis in MIP-2 gradient

For the following experiments, MIP-2 was chosen as a functional mouse homologue of IL-8
and a chemoattractant of reference (39). Neutrophil chemotaxis was tested with increasing
concentrations of MIP-2 (5-20 ng/mL) added to the bottom compartment with DMSO or
curcumin (25 or 50 uM). Curcumin significantly inhibited neutrophil migration toward
MIP-2, with no significant difference between the effects of 25 and 50 uM of the compound
(Fig. 4A). Consistent with data from experiments with conditioned media, addition of
curcumin alone to the bottom compartment also inhibited neutrophil migration, thus further
suggesting that curcumin inhibits chemokine-independent neutrophil chemokinesis (Fig.
4B). To further confirm this observation, neutrophils were pre-treated with curcumin at 10—
50uM prior to the migration assay, washed and applied in a uniform MIP-2 concentration
(20 ng/mL in both compartments of the ChemoTX system). As anticipated, all tested
concentrations of curcumin effectively reduced the random neutrophil migration in a
homogenous chemoattractant concentration (Figure 4C), thus suggesting a direct effect on
the neutrophil chemokinesis. To verify whether curcumin inhibition of neutrophil
chemotaxis was to MIP-2, we also tested its effects in KC-driven chemotaxis. Similarly,
curcumin significantly inhibited neutrophil migration in KC gradient (Figure 4D).

Curcumin inhibits human neutrophil chemotaxis toward IL-8

The inhibitory effect of curcumin on neutrophil chemotaxis and chemokinesis was also
demonstrated using human-blood derived neutrophils and IL-8 as a reference
chemoattractant. Consistent with our previous results, addition of curcumin in the bottom
compartment of the chemotaxis chamber inhibited neutrophil migration toward IL-8 (Figure
5A). In addition, human-neutrophil pretreated with 50uM of curcumin 30min prior to the
migration assay demonstrated reduce migration toward 1L-8, albeit to a somewhat lesser
extent (Figure 5B). Human neutrophil migration in a homogenous chemoattractant
concentration was also inhibited by curcumin pretreatment (25 and 50 uM) (Figure 5C).

Curcumin inhibits MIP-2-induced F-actin polymerization in mouse neutrophils

Polymerization of actin cytoskeleton is an essential element of PMNs motility, with F-actin
formation at the leading edge guiding cell locomotion. Chemoattractants stimulate F-actin
polymerization and allow cells to migrate directionally in a concentration gradient. We
hypothesized that curcumin may exert its effects at least partially through inhibiting F-actin
polymerization. To test this hypothesis, we employed the under-agarose migration assay to
study the effect of curcumin (pretreatment with 10, 25 or 50uM) on neutrophils migration in
a MIP-2 gradient. This well established technique allows the analysis of the behavior of cell
population rather than of individual cells (36). As shown by phalloidin staining in Fig. 6A—
B, curcumin dose dependently inhibited F-actin polymerization and reduced neutrophil
migration. To test whether prolonged exposure (30 min) to curcumin is a prerequisite to
observe this phenomenon, under-agarose migration assay was also performed with untreated
neutrophils added to a well cut in agarose polymerized with addition of DMSO or 25-50uM
of curcumin (solid phase curcumin). Fig. 6C depicts a representative phalloidin staining
(red) demonstrating on-contact inhibition of F-actin polymerization in neutrophils as they
attempt to migrate toward MIP-2 gradient. These observations suggest a rapid mechanism of
inhibition of neutrophil migration, unlikely secondary to the previously reported effects of
curcumin on cell apoptosis or endocytic retention of CXCR2 (34).

Curcumin inhibits MIP-2 induced PI3K and AKT pathway but not p44/42 ERK
phosphorylation in mouse neutrophils

It has been shown previously that the response to intermediate chemokines such as MIP-2,
cellular signaling guiding F-actin polymerization and leading edge formation is governed

Inflamm Bowel Dis. Author manuscript; available in PMC 2012 February 1.
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primarily by PI3K/AKT pathway (40). PI3Ky has been implicated as a major effector of
neutrophil chemotaxis (41,42) and was reported as one of curcumin’s targets in another
model (43). To gain a mechanistic insight into the inhibitory effect of curcumin observed
with ChemoTX system and under-agarose assay, we tested the effects of curcumin on
MIP-2- induced PI3K activation and its downstream target, protein kinase B (AKT). We
therefore investigated the effect of curcumin on MIP-2-stimulated production of PIP3
utilizing a competitive ELISA assay. As depicted in Fig. 6A, MIP-2 treatment resulted in
noticeable (although not statistically significant; p=0.06) increase in total cellular PIP3
concentration, which was reversed by pretreatment with 10uM of curcumin and reduced
below the basal level (Fig. 6A). Consistent with this observation, MIP-2 significantly
induced AKT activation (as measured by Ser*’3 phosphorylation status), which was dose-
dependently reduced by 10-50uM of curcumin (Fig. 7B—C). MIP-2 also activated the
MAPK signaling cascade as measured by ERK p42/p44 activation. This pathway, however,
remained unaffected in curcumin-pretreated neutrophils, thus demonstrating specificity
toward PI3K/AKT pathway (Fig. 7B—C). Curcumin alone did not affect the baseline levels
of phospho-AKT or phospho-ERK.

Curcumin inhibits neutrophil migration in a model of aseptic peritonitis

To further confirm the effects of curcumin in PMN recruitment to an active site of
inflammation, we utilized a commonly accepted model of aseptic peritonitis. BALB/c mice
were injected intra-peritoneally with curcumin or vehicle prior to i.p. injection of sterile
thioglycollate broth (Figure 8A). We confirmed that in PBS-injected mice, the primary cells
lavaged from the peritoneum were resident macrophages, while three hours following
thioglycollate broth injection, the lavaged cell number increased 3—4 fold and was
represented primarily (>90%) by PMNs (Fig. 8B—C). Administration of curcumin prior to
thioglycollate broth injection significantly reduced peritoneal recruitment of neutrophils
(Figure 8C).

DISCUSSION

Recruitment and activation of neutrophils to the site of injury is one of the hallmarks of
active IBD. Disproportionate and persistent inflammatory process mediated by the
transepithelial migration of neutrophils leads to reduction of epithelial barrier function,
perpetuation of inflammatory processes and tissue destruction via oxidative damage and the
release of proteases.

Curcumin has been identified as the most active constituent of turmeric and is also defined
as an anti-inflammatory, anti-oxidant, pro-apoptotic, anti-proliferative and anti-infectious
agent. The anti-inflammatory activity of curcumin has been investigated in a variety of in
vitro and in vivo settings (16,19). Based on these observations, curcumin has been
extensively tested for it efficacy in the prevention and treatment of active disease in multiple
models of colitis and other autoimmune disorders such as rheumatoid arthritis (44,45). In
rheumatoid arthritis, turmeric was shown to down-regulate chemokine production in the
acute and chronic phase of the disease, and affected expression of adhesion molecules
required for the recruitment of inflammatory cells such as PMNSs to the joint (44). In our
previous studies, curcumin effectively attenuated TNBS-induced colitis in BALB/c mice
(32). In this report we provided an overview of the effects of curcumin on colonic
transcriptome using genome-wide microarray analysis of gene transcription (32). Reiteration
of this analysis focused on genes involved in neutrophil function indicated numerous genes
affected by inflammation and normalized by dietary curcumin. These include some potent
neutrophil chemoattractants: chemokines (C-X-C) ligand 1 (KC), chemokines (C-X-C)
ligand 2 (MIP-2), chemokines (C-X-C) ligand 5 (L1X), IL-1p and their associated receptors,
as well as small cytoplasmic proteins, calgranulin A (S100A8) and B (S100A9). The latter
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two are not only released by neutrophils during inflammatory reaction, but also act as potent
chemoattractants, and their inhibition effectively inhibits neutrophil migration (46).
Additionally, we identified genes involved in neutrophils diapedesis including CD43
(leukosialin) which play an essential role in maintaining neutrophils in their “non-sticky”
state (47) and was increased in curcumin-treated animals. Several other genes associated
with neutrophil migration and actin-based cytoskeleton rearrangement such as Cdc42, Arp
protein complex, WASP (Wiskott-Aldrich syndrome protein), were also downregulated by
dietary curcumin.

In the current study, we confirmed the role of curcumin in inhibiting the expression and
production of chemoattractant molecules; MIP-2, KC, MIP-1a and IL-1B by peritoneal
macrophages and colonic epithelial cells. Moreover, in addition to altering the
chemoattractant gradient formation, curcumin directly affected neutrophil chemotaxis and
chemokinesis stimulated by MIP-2, a CXCL chemokine, which along with KC is considered
to be a mouse functional homologue of I1L-8. MIP-2 signals through CXCR2, a G-protein—
coupled chemotactic receptor directing directional F-actin polymerization in the lamella
region of a migrating neutrophils (48). Downstream from the CXCRZ2, the regulation of F-
actin polymerization depends on PI3K activation and Ptdins(3,4,5)P3 production, and
involves the activation of protein kinase B (Akt/PKB) and the guanosine triphosphatases
(GTPases) Cdc42 and Rac2. Cdc42 and Rac2 form complexes with the Wiskott-Aldrich
syndrome protein (WASp) family proteins and actin-related protein 2/3 (Arp2/3) to promote
the formation of free barbed ends, which in turn initiate cytoskeletal F-actin polymerization
in the lamella region. Curcumin inhibited F-actin formation at the leading edge, an event
that could be attributed to the attenuation PI3K activity, PIP3 synthesis, and AKT
phosphorylation. This pathways has been reported as curcumin target by several other
reports, exploring the chemopreventive role of the compound in controlling cancer cell
proliferation (43). Interestingly, contrary to some reports, curcumin did not affect MIP-2
stimulated ERK phosphorylation, demonstrating a degree of specificity in mouse
neutrophils, and suggesting that initial stages MIP-2/CXCR2 signaling were not targeted by
the compound. This finding, along with “on-contact” inhibition of F-actin polymerization in
under-agarose migration assays, also argues that our findings were not mediated through
reduction of surface availability of CXCR2 recently reported by Takahashi et al. (34).

Neutrophil contribution to the pathogenesis of IBD is not definitive, with data from animal
studies often yielding contradictory results. Recent studies with CD patients suggest a defect
in the recruitment and functions of the PMNs as a causative mechanism of disease initiation.
Emerging picture, although far from being conclusive, is that neutrophils play different roles
in different phases of the disease process: (i) in the initiation phase, neutrophils play a role in
bacteria clearance limiting a possible overactive adaptive immune response; (ii) in the active
part of the disease, neutrophils play a significant pro-inflammatory and destructive role; (iii)
in the resolution phase, neutrophils may contribute to wound healing and tissue repair.
Considering the dual role of neutrophil depending on the stage of the disease, clinical
strategies based only on the inhibition of neutrophil function may need to be used with
caution in CD patients. To date, there have been no well-designed clinical trials with CD
patients involving curcumin treatment, while our own studies with mouse models of CD
(TNBS colitis in SIL/J mice or microbially-induced colitis in IL-10~/~ mice) demonstrated
no or limited effects of curcumin (32,49). On the other hand, in BALB/c mice (32) and other
less immunologically defined models of colitis (50), as well as in UC patients (51),
curcumin demonstrated a promising efficacy. It is conceivable, that part of the protective
effects of curcumin in UC is due to neutrophil inhibition. Current understanding of the
pathogenic role of neutrophils in UC appears less controversial. Functionally, compared to
controls, neutrophils from UC patients have exacerbated response to inflammatory stimuli,
such as phorbol ester, fMLP, or zymosan (52). Moreover, inflammatory mediators in the
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colon of patients with active UC stimulate the migration, activation, and survival of
neutrophils (53). IL-8, MPO, and neutrophil-related luminol-dependent fluorescence are
associated with the degree of inflammation in UC mucosa (54), and leukocytapheresis with
selective removal of granulocytes and monocytes/macrophages gains recognition as a very
safe and effective alternative to biological therapies for patients with refractory ulcerative
colitis (55).

The presented results strongly suggest that curcumin reduces neutrophil recruitment to the
inflammatory sites by affecting chemokine gradient formation as well as by the direct effect
of the compound on neutrophil polarization, chemotaxis and chemokinesis. These
mechanisms likely significantly contribute to the described protective and potent effect of
curcumin in ulcerative colitis.
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Figure 1.

ELISA for secreted MIP-2 (A) and Bio-Plex analysis for secreted KC (B), IL-1B (C) and
MIP-1a (D) in the cell culture medium of peritoneal macrophages or YAMC colonocytes
pretreated with or without curcumin (50uM) for 30 minutes at 37°C LPS prior to 2 hour (10
ng/mL; macrophages) of 4 hour (100 ng/mL, YAMC) treatment E. coli. LPS. *Statistically
significant differences (p<0.05) between values from cells treated with LPS alone and other
respective treatments (ANOVA followed by Fisher PLSD post-hoc test).
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Figure 2.

(A) Flow cytometry analysis of PMN after magnetic selection. (B) Cytotoxity assay with
PMN treated with and without curcumin at different concentrations (5 to 100uM) for 2 hours
evaluated by adenylate kinase release (RLU, relative light units). (C) Trypan blue dye
exclusion assay with PMN treated with and without curcumin at different concentrations (5
to 100uM) for 2 hours.
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Chemotaxis Assay with calcein red-orange AM stained bone marrow-derived mouse
neutrophils against conditioned medium obtained from intraperitoneal macrophages (A) or
YAMC cells (B) treated with DMSO (control), 50 pM curcumin, LPS (10 ng/mL), or LPS
with curcumin (the same treatment conditions as described in Fig. 1). *Statistically
significant differences (p<0.05) between values from cells treated with curcumin or
curcumin/LPS and control or LPS treatment; # statistically significant differences between
values from cells treated with LPS alone and other respective treatments (ANOVA followed
by Fisher PLSD post-hoc test).
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Figure 4.
(A) Chemotaxis of untreated, calcein-stained neutrophils against recombinant MIP-2 (5-20

ng/mL) without or with 25 or 50 uM curcumin in the lower chamber of the ChemoTx®
Chemotaxis System. * p<0.05 MIP-2 vs. control; # p<0.05 curcumin vs. control or
curcumin/MIP-2 vs. MIP-2 alone. (B) Chemotaxis of neutrophils pretreated with 10-50uM
of curcumin (30 min prior to the assay) against recombinant MIP-2 (20ng/mL) * p<0.05
MIP-2 vs. control; # p<0.05 Curcumin 10uM/MIP-2 vs. MIP-2 alone; t Curcumin 25 or
50uM vs. Curcumin 10uM/MIP-2 or MIP-2 alone. (C) Chemokinesis assay of PMN with
recombinant MIP-2 (20ng/mL) placed in the top and bottom chamber. PMNs were
pretreated with curcumin (10, 25 or 50puM) 30 minutes prior to the assay. * p<0.05 10—
25uM curcumin vs. DMSO; # p<0.05 50 uM curcumin vs. control or 10-20 uM curcumin
(ANOVA followed by Fisher PLSD post-hoc test). (D) Chemotaxis of untreated, calcein-
stained neutrophils against recombinant KC (75 ng/mL) without or with 25 or 50 pM
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curcumin in the lower chamber of the ChemoTx® Chemotaxis System. * p<0.05 KC vs.
control; # p<0.05 KC/curcumin vs. KC; ** control vs. curcumin alone.
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Figure 5.

(A) Chemotaxis of untreated, calcein-stained human- neutrophils against recombinant IL-8
(20 ng/mL) without or with 25 or 50 uM curcumin in the lower chamber of the ChemoTx®
Chemotaxis System. * p<0.05 IL-8 vs. control; # p<0.05 IL-8/curcumin vs. control or
curcumin/IL-8 vs. IL-8 alone. (B) Chemotaxis of neutrophils pretreated with 50uM of
curcumin (30 min prior to the assay) against recombinant 1L-8 (20ng/mL) * p<0.05 IL-8 vs.
control; # p<0.05 Curcumin 50uM/IL-8 vs. IL-8 alone or IL-8/curcumin vs. control. (C)
Chemokinesis assay of PMN with recombinant IL-8 (20ng/mL) placed in the top and bottom
chamber. PMNs were pretreated with curcumin (25 or 50uM) 30 minutes prior to the assay.
* p<0.05 10-20uM curcumin vs. DMSO; # p<0.05 50 uM curcumin vs. control or 10-25
uM curcumin (ANOVA followed by Fisher PLSD post-hoc test)
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Figure 6.
Under agarose neutrophil migration assay: F-actin was labeled after migration with

Alexa-647 conjugated phalloidin and nuclei were counterstained with sytox green and cells
were imaged under a confocal laser scanning microscope. (A) Control DMSO-treated PMN
or PMN pretreated with 10-50 pM of curcumin for 30 min prior to the assay were loaded
into different wells cut in 1.6% agarose gel. Recombinant MIP-2 (20ng/ml) was placed in
the central well. Each well was placed at equal distance from each other. High magnification
images from PMN treated with DMSO or 25 uM curcumin are depicted as crop-outs. (B)
Curcumin was homogeneously added to the gel at 25 or 50 uM. PMN or recombinant MIP-2
(20ng/ml) were loaded into adjacent, evenly spaced wells.
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(A) ELISA for PIP3 concentration (pMol/108 cells) in bone marrow derived-neutrophil
treated with 10-50pM of curcumin 5 minutes prior to a 30-second stimulation with MIP-2
(20ng/ml). (B) Western blot analysis of phospho-AKT (Ser4’3) or to phospho-p44/42

MAPK (Thr292/Tyr204) in PMNSs treated with 10-50uM of curcumin 5 minutes prior to a 30-
second stimulation with MIP-2 (20ng/ml). Total AKT and total ERK were evaluated as
loading control. * p<0.05 curcumin/MIP-2 vs. control or MIP-2 alone (ANOVA followed by
Fisher PLSD post-hoc test). (C) Densitometric analysis of AKT and (D) ERK
phosphorylation in response to MIP-2 with or without 10-50uM curcumin.
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Figure 8.

Effect of curcumin on neutrophil recruitment in thioglycollate induced aseptic peritonitis.
(A) BALB/c mice received three i.p. injections of curcumin or vehicle alone every 12 hours
in a total volume of 80ul. 4 hours after the last i.p. injection of curcumin or vehicle,
peritonitis was induced by i.p. injection of 500ul of 3% thioglycollate (wt/vol; Sigma). 3
hours later, intra-peritoneal cells lavaged with 5mL of cold RPMI 1640 and the number of
cells was determined using the Vi-Cell XR automatic cell counter and viability analyzer
(Beckman-Coulter). (B) Giemsa staining of the lavaged peritoneal cells in PBS or
thioglycolate injected mice. (C) The effect of curcumin on peritoneal neutrophil recovery in
aseptic peritonitis. * p<0.05 curcumin/thioglycollate vs. all other treatments (ANOVA
followed by Fisher PLSD post-hoc test).
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