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Abstract
Bromelain, a mixture of proteases derived from pineapple stem, has been reported to have therapeutic
benefits in a variety of inflammatory diseases, including murine inflammatory bowel disease. The
purpose of this work was to understand potential mechanisms for this anti-inflammatory activity.
Exposure to bromelain in vitro has been shown to remove a number of cell surface molecules that
are vital to leukocyte trafficking, including CD128a/CXCR1 and CD128b/CXCR2 that serve as
receptors for the neutrophil chemoattractant IL-8 and its murine homologues. We hypothesized that
specific proteolytic removal of CD128 molecules by bromelain would inhibit neutrophil migration
to IL-8 and thus decrease acute responses to inflammatory stimuli. Using an in vitro chemotaxis
assay, we demonstrated a 40% reduction in migration of bromelain- vs. sham-treated human
neutrophils in response to rhIL-8. Migration to the bacterial peptide analog fMLP was unaffected,
indicating that bromelain does not induce a global defect in leukocyte migration. In vivo bromelain
treatment generated a 50 – 85% reduction in neutrophil migration in 3 different murine models of
leukocyte migration into the inflamed peritoneal cavity. Intravital microscopy demonstrated that
although in vivo bromelain treatment transiently decreased leukocyte rolling, its primary long-term
effect was abrogation of firm adhesion of leukocytes to blood vessels at the site of inflammation.
These changes in adhesion were correlated with rapid re-expression of the bromelain-sensitive
CD62L/L-selectin molecules that mediate rolling following in vivo bromelain treatment and minimal
re-expression of CD128 over the time period studied. Taken together, these studies demonstrate that
bromelain can effectively decrease neutrophil migration to sites of acute inflammation and support
the specific removal of the CD128 chemokine receptor as a potential mechanism of action.
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Background
Bromelain is a natural mixture of proteolytic enzymes that is derived from pineapple stems
and has been proposed be useful for therapy of immune-mediated diseases (1,2). Bromelain
has been used either alone or in a multi-enzyme preparation, most commonly combined with
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trypsin and rutin, in multiple clinical trials in both humans and animals. The level of proof,
method of bromelain administration and dose, and quality of the studies vary, but beneficial
effects were suggested or proven in a variety of inflammatory diseases and models of
inflammation. These include the experimental allergic encephalomyelitis (EAE) model of the
human autoimmune disease multiple sclerosis (3), carrageenan-induced pleurisy in the rat
(4–6), immunologically mediated arteriosclerosis in rat aortic allografts (7), rheumatologic
diseases in mice and humans (8–13), and allergic asthma (14) and rhinitis (15). Some studies
demonstrated that bromelain had efficacy similar to standard anti-inflammatory drugs such as
dexamethasone (5,6) or non-steroidal anti-inflammatory agents (NSAIDs) (8,10,11,16). Our
previous studies showed that oral administration of 5 mg bromelain/day markedly decreased
the development and severity of inflammatory bowel disease in IL-10−/− mice (17). Bromelain
was also anecdotally reported to induce remission in 2 patients with refractory ulcerative colitis
(18).

Despite the promising results of bromelain treatment in animal models and human clinical
trials, the mechanisms that are primarily responsible for its anti-inflammatory effects are still
unclear. However, proteolytic activity is required for the anti-inflammatory effect of bromelain
on T cell activation and cytokine secretion in vitro (19–21) and in murine models of
inflammatory bowel disease in vivo (17). We previously showed that in vitro bromelain
treatment proteolytically removed at least 14 cell surface molecules that have been associated
with leukocyte adhesion and/or activation (19,22). Among the bromelain-sensitive molecules
identified were CD62L (L-selectin), CD128a (CXCR1) and CD128b (CXCR2). The latter two
molecules make up the receptor for IL-8, a chemokine that regulates neutrophil activation and
chemotaxis to sites of acute inflammation (23). Leukocyte migration to sites of inflammation
is a complex process (reviewed in 24) that first requires decreasing the velocity of leukocyte
flow in the bloodstream through selectin-mediated rolling followed by chemokine-activated
changes in integrin affinity that allow firm adhesion to the blood vessel wall. The binding of
IL-8 to its receptor on neutrophils is thought to regulate the integrin affinity changes that result
in firm adhesion, thus allowing the neutrophils to firmly adhere and then to transmigrate
through the endothelium toward the source of chemoattractant. For example, IL-8 is increased
in rectal dialysate from patients with ulcerative colitis, leading to the attraction and activation
of neutrophils that drive the colonic inflammation that is characteristic of that disease (25).
Use of anti-IL-8 antibodies to decrease adhesion and migration of neutrophils has been shown
to decrease the severity of the resulting inflammation in several different in vivo models
(reviewed in 26). The purpose of these studies was to determine the effects of bromelain on
the migration of leukocytes, particularly neutrophils, and to further elucidate the mechanisms
underlying these effects.

Materials and Methods
Reagents and Approvals

Bromelain was purchased from Sigma-Aldrich (catalog #B-4882; St. Louis, MO) or obtained
as a gift from Hong Mao Biochemicals Company, Ltd. (Nikompattana, Thailand). Antibodies
were obtained from R & D Systems (Minneapolis, MN), BD PharMingen (San Diego, CA),
or Caltag Laboratories (Burlingame, CA). Unless specified, all other reagents were obtained
from Sigma-Aldrich (St. Louis, MO), VWR (Atlanta, GA), or Invitrogen (Carlsbad, CA). All
aspects of this study that involved participation of humans in research, including the consent
form, were approved by the Institutional Review Board of Duke University Medical Center.
All animal studies were approved by the Institutional Animal Care and Use Committee of Duke
University.
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In vitro Leukocyte Migration Assays
Healthy adults were recruited as blood donors after they gave informed consent for
participation. Neutrophils (>90% purity) were obtained from their peripheral blood by density
gradient centrifugation using Histopaque-1077 and -1119 (Sigma-Aldrich). The cells obtained
were labeled with 1 µg/ml Calcein AM in PBS for 30 min at 37°C, then treated with RPMI1640
media or 100 µg/ml bromelain at 37°C for 30 min. Cells were washed, then 2 × 104 cells were
added to the upper well of each chemotaxis chamber (ChemoTx microplates, Neuro Probe Inc,
Gaithersburg, MD). The chemoattractants rhIL-8/CXCL8 (20 ng/ml) (Biosource, Camarillo,
CA) or formyl-methionyl-leucyl-proline (fMLP, 10 nM) were placed in the lower chamber.
Migration was allowed to occur for 3 hrs; cells present in the lower chamber were documented
by flow cytometry. Results were expressed as a Migration Index, defined as the number of
cells migrated in response to the stimulus divided by the number of cells migrated in response
to media alone for each treatment condition. In some experiments, leukocyte migration was
also confirmed by examining filters under fluorescence microscopy.

In vivo Leukocyte Migration Assays
Saline or 200 µg bromelain (10 mg/kg) in saline was injected intravenously (i.v.) into the tail
vein of 5–8 wk old female Balb/C mice (Jackson Laboratories, Bar Harbor, ME). Thirty
minutes later, 1 ml of 3% (w/v) thioglycollate, 300 ng/ml rhIL-8, or 1 µM fMLP was injected
intraperitoneally (i.p.) to provide an inflammatory stimulus. Mice were euthanized 6
(thioglycollate) or 4 (IL-8 or fMLP) hrs later, and peritoneal lavage was performed with 10 ml
ice-cold media containing RPMI1640, 5% fetal bovine serum, 5 mM EDTA, 10 mM HEPES,
and 10 U/ml heparin. A total cell count was obtained using a hemocytometer and cells were
further characterized by light microscopy and flow cytometry. Cytocentrifuge preparations
were stained with a modified Wright-Giemsa stain (Hema 3 stain set, Fisher Scientific,
Kalamazoo, MI) and a differential was performed. Flow cytometric analysis of peritoneal
lavage cells included antibodies against the following antigens: Gr-1/Ly-6C/G (neutrophils;
clone RB6-8C5), CD3ε (T cells; clone145-2C11), F4/80 (macrophages; clone BM8), and
CD117/c-kit (mast cells; clone 2B8). Cells with the phenotype of Gr-1+ F4/80− were identified
as neutrophils. The cytokines and chemokines present in peritoneal lavage fluid were
quantitated using a Luminex bead-based fluorescent multiplex immunoassay (BioRad,
Hercules, CA).

Intravital Microscopy
Peritoneal inflammation was elicited by injection of 1 ml of 3% thioglycollate i.p. 30 minutes
after i.v. injection of 200 µg bromelain (10 mg/kg) in 0.1 ml saline or saline alone, as for the
in vivo leukocyte migration assays. Six hours later, mice were anesthetized using Nembutal
(80 mg/kg i.p) and the tail vein was cannulated using a 30 1/2 gauge needle with PE10 tubing.
A 1 – 2 cm incision was made in the abdomen, the animal was placed in the lateral recumbent
position on the stage of a fluorescence microscope, and a segment of intestine was exteriorized
to allow visualization of mesenteric vessels. Rhodamine 6G dye (1.25 mg/kg in 100 µl saline)
was injected i.v. to visualize leukocytes. Body core temperature was maintained at 37°C
throughout the study using a temperature-controlled heating blanket (Homeothermic System,
Harvard Apparatus) placed on the microscope stage. The temperature of the intestine/
mesentery preparation was thermostatically controlled at 37°C using a circulating water bath.
Leukocyte trafficking was visualized under fluorescence microscopy using Carl Zeiss MPS
(Carl Zeiss, Hanover, MD). Fluorescence epi-illumination was provided with a 100 W
mercury-arc lamp (AttoArc HBO, Carl Zeiss, Inc) with a rhodamine filter set (excitation 545
nm and emission 610 nm). Images were captured with a SIT camera (Hamamatsu, C2400-08)
connected to an image processor (Hamamatsu Image Processor Argus, Hamamatsu Photonics)
and a videocassette recorder (JVC BR-S378U). After observations were made, mice that were
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initially pre-treated with either bromelain or saline received an i.v. dose of 200 µg bromelain
to assess its immediate effects on leukocyte migration. Bolus injection of FITC-dextran (50 µl
of 5 mg/ml; 150 kDa MW) was used to quantitate blood flow in the vessels observed. At the
conclusion of recording, mice were euthanized by barbiturate overdose and a total blood
leukocyte count was obtained. Three mice were studied under each treatment condition, with
two or more vessels examined in the majority of the mice studied.

Analysis of Bromelain Effect on Cell Surface Molecules
To assess the effects of bromelain on leukocyte expression of cell surface molecules in vivo,
mice were treated with 200 µg bromelain i.v. then euthanized immediately or 30 minutes later.
Peripheral blood was obtained from the inferior vena cava and anticoagulated using 3 mg
EDTA/ml. Leukocyte expression of bromelain-sensitive molecules was determined by flow
cytometry using antibodies against CD62L (clone MEL-14), CD128a/CXCR1 (MAB330/
clone 42705), and CD128b/CXCR2 (MAB331/clone 48311.211 or 6C6).

Statistical Analysis
Student’s t test or analysis of variance (ANOVA) was used to compare differences between
groups. A p value of ≤ 0.05 was considered to be statistically significant.

Results
Bromelain Treatment Decreases rhIL-8-Induced Migration of Human Neutrophils in vitro

Bromelain treatment has previously been shown to remove the CD128a/CXCR1 and CD128b/
CXCR2 receptors for IL-8, a chemokine that stimulates neutrophil chemotaxis and activation,
from human neutrophils (22). Therefore, we determined the effect of bromelain treatment on
IL-8-stimulated migration of human neutrophils using an in vitro chemotaxis assay. Flow
cytometry demonstrated that the bromelain treatment conditions used reduced neutrophil
CXCR1 to ~15% and CXCR2 to ~40% of that observed in sham (media)-treated neutrophils
(data not shown). As shown in Figure 1, sham-treated human neutrophils migrated robustly in
response to IL-8. In contrast, bromelain-treated neutrophils demonstrated a 40% reduction in
IL-8-induced migration. A combination of CXCR1 and CXCR2 antibodies inhibited neutrophil
migration by ~60%. This somewhat stronger inhibition by the CXCR1/CXCR2 antibody
combination is consistent with the incomplete removal of CD128a/CXCR1 and CD128b/
CXCR2 by the bromelain treatment conditions used in these studies. Importantly, neutrophil
migration stimulated by the bacterial peptide analog fMLP was unaffected by bromelain
treatment, indicating that bromelain does not induce a global defect in leukocyte migration.

Bromelain Treatment Inhibits Thioglycollate-Induced Migration of Murine Neutrophils in vivo
Since bromelain treatment specifically inhibited IL-8-mediated neutrophil migration in vitro,
we wished to determine whether similar effects were also observed in vivo. We chose to use
the well-established murine model of thioglycollate-induced peritonitis, since this normally
results in robust neutrophil migration into the peritoneal cavity by 6 hrs after thioglycollate
injection. We found that mice treated with 10 mg/kg bromelain i.v. before i.p. thioglycollate
injection had a ~70% reduction in absolute neutrophil migration into the peritoneal cavity
compared with saline-treated mice (Figure 2; p = 0.01). Wright-Giemsa-stained cytocentrifuge
preparations from these mice visually confirmed the magnitude of the reduction in neutrophil
migration into the peritoneal cavity in bromelain-treated, thioglycollate-stimulated mice
(Figure 2).
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Bromelain Treatment Does Not Reduce Peritoneal Production of Pro-Inflammatory Cytokines
and Chemokines

Bromelain treatment has previously been shown to decrease production of certain pro-
inflammatory cytokines and chemokines in vitro (20,21). Decreased production of such
mediators might decrease leukocyte migration to a site of inflammation by reducing pro-
inflammatory or chemotactic stimuli. To address this possibility, the concentrations of a panel
of 10 cytokines and chemokines (IFN-γ, TNF, IL-4, IL-6, IL-10, IL-12 p40 and p70, KC,
MCP-1, MIP-1α) were measured in peritoneal lavage fluid from unstimulated and
thioglycollate-stimulated mice using a multiplex fluorescence immunoassay. As shown in
Figure 3, the concentration of each of these cytokines/chemokines was low to non-detectable
in peritoneal lavage fluid from unstimulated mice. Thioglycollate stimulation markedly
increased the concentrations of IL-6, KC, MCP-1, and MIP-1α in peritoneal lavage fluid, with
lesser but statistically significant increases in IL-4, IL-10, IL-12 p40, IL-12 p70, and TNF.
Bromelain treatment significantly increased levels of KC (the murine homologue of IL-8) that
was present in lavage fluid (p = 0.006), but had no effect on levels of the other cytokines/
chemokines tested (Figure 3). These data indicate that the stimulus for thioglycollate-elicited
neutrophil emigration into the peritoneal cavity via the CD128a/CXCR1 and CD128b/CXCR2
receptors is not decreased in bromelain- vs. saline-treated mice over the time period examined.

Bromelain Treatment Inhibits IL-8 Induced Migration of Murine Neutrophils in vivo
Thioglycollate is a non-specific peritoneal inflammatory stimulus. To begin to determine the
mechanisms by which bromelain decreased leukocyte migration in vivo, we measured
leukocyte migration into the peritoneal cavity following i.p. injection of either rhIL-8 (which
is recognized by murine CD128a/CXCR1 and CD128b/CXCR2 receptors) or fMLP, used as
a non-specific stimulus of neutrophil chemotaxis. As seen for thioglycollate stimulation,
bromelain treatment decreased the neutrophils present in the IL-8-stimulated peritoneal cavity
by ~75% (Figure 3, left; p = 0.0001). However, in contrast to what we observed with human
neutrophils in vitro, we found that i.v. bromelain treatment also decreased leukocyte migration
by ~85% when fMLP was injected into the peritoneal cavity in vivo (Figure 3, right; p = 0.004).
It is important to note that, although fMLP has direct chemotactic activity toward neutrophils
that we exploited in our in vitro assays, in vivo fMLP injection also stimulates leukocyte
migration by inducing production of the IL-8 homologue KC within the peritoneal cavity
(27). Thus, taken together, these data are consistent with the hypothesis that bromelain may
inhibit leukocyte migration via an IL-8-dependent mechanism.

Bromelain Treatment Primarily Affects Firm Adhesion of Leukocytes to Blood Vessels in vivo
Leukocyte adhesion to blood vessels and their subsequent extravasation into inflamed tissues
is a complex process involving interactions with multiple adhesion molecules. We previously
showed that in vitro bromelain treatment removed human CD62L, a cell surface molecule that
mediates leukocyte rolling, as well as components of the human IL-8 receptor that stimulate
firm adhesion to blood vessels at the site of inflammation (19,22). Murine CD62L, CD128a/
CXCR1, and CD128b/CXCR2 are also susceptible to proteolytic removal by bromelain. Mice
deficient in CD62L/L-selection molecules that mediate leukocyte rolling have markedly
impaired migration into the inflamed peritoneal cavity (28). Removal of CD128a/CXCR1, and
CD128b/CXCR2 molecules might also be predicted to decrease leukocyte migration, by
preventing IL-8-induced changes in integrin affinity that allow firm adhesion. To further
elucidate the mechanisms by which bromelain affected leukocyte trafficking, mice were treated
in vivo with either bromelain or saline, then injected i.p. with thioglycollate to generate a
stimulus for leukocyte migration into the peritoneal cavity. The effect of bromelain treatment
on leukocyte rolling and firm adhesion (“sticking”) to mesenteric blood vessels was then
directly observed using intravital fluorescence microscopy (see supplemental videos).
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Saline-treated, thioglycollate-injected mice had a high density of leukocytes adherent to their
mesenteric blood vessels, with frequent rolling leukocytes (Table 1). In contrast, the mesenteric
vessels in mice treated with bromelain prior to thioglycollate injection showed only rare
adherent leukocytes (Table 1). The frequency of rolling leukocytes did not differ between
saline- and bromelain-treated mice (Table 1). Thus, the primary effect of bromelain treatment
given 6 hrs prior to observation was to decrease firm adhesion of leukocytes to blood vessels
in the inflamed peritoneal cavity, with minimal to no effect on leukocyte rolling.

Injection of an additional (10 mg/kg) dose of bromelain into thioglycollate-injected mice
essentially abrogated leukocyte rolling in mesenteric vessels within 10 sec of its injection into
the tail vein, in mice initially treated with saline or with bromelain (Table 1). This additional
dose of bromelain induced arrest of rolling leukocytes but did not cause detachment of the
leukocytes that were already firmly adherent to the blood vessel walls. The arrested cells are
scored as adherent, but the numbers of adherent cells/field initially and after bromelain injection
are not statistically different in saline- or bromelain-treated mice.

Effects of Bromelain on Leukocyte Cell Adhesion Molecules in vivo
Although bromelain abrogated leukocyte rolling immediately after its i.v. injection, the
intravital microscopy studies clearly showed that the primary long-term effect of in vivo
bromelain treatment was on firm adhesion. To address the mechanisms underlying these
observations, the expression of the bromelain-sensitive cell surface molecules CD62L and
CD128b/CXCR2 on murine peripheral blood leukocytes in vivo was determined by flow
cytometry either immediately or 30 min after i.v. injection of 10 mg/kg bromelain (Figure 5).
We found that CD128b was reduced to ~50% normal immediately after bromelain injection
(p = 0.05) and this level of expression was maintained over the next 30 minutes. In contrast,
although leukocyte CD62L levels also initially reduced to ~45% of normal levels by in vivo
bromelain treatment, CD62L expression returned to that seen in saline-treated mice within 30
min of bromelain injection. Based upon these observations, CD62L-mediated leukocyte rolling
would be expected to be decreased only transiently (as observed), with more long-term
suppression of the firm adhesion that is regulated by CD128 molecules, as was observed 6 hrs
after bromelain injection.

Discussion
The purpose of this work was to investigate potential mechanisms for the anti-inflammatory
activity of bromelain, particularly with respect to effects on the leukocyte trafficking that is
characteristic of acute inflammation. The reported studies demonstrate significant reductions
in the IL-8-mediated migration of bromelain- vs. sham-treated human neutrophils in vitro and
in thioglycollate-, IL-8-, and fMLP-stimulated neutrophil migration into the inflamed
peritoneal cavity of bromelain-treated mice. Although in vivo bromelain treatment transiently
decreased leukocyte rolling, its primary long-term effect was abrogation of firm adhesion of
leukocytes to blood vessels at the site of inflammation. These changes in adhesion were
correlated with transient effects on expression of the bromelain-sensitive CD62L/L-selectin
that mediate leukocyte rolling and longer lasting reduction of the expression of the CD128
molecules that regulate firm adhesion.

These studies presented here demonstrate that bromelain can effectively decrease neutrophil
migration to sites of acute inflammation and support the specific removal of the CD128
chemokine receptor as a potential mechanism for this effect (Figure 6). Human neutrophils
express CD128a/CXCR1 and a lesser number of CD128b/CXCR2 receptors. Although these
receptors are often referred to as IL-8 receptors, they also bind other CXC chemokines. In
mice, the IL-8 homologue KC serves as the primary neutrophil chemoattractant. However, the
marked and significant decreases in neutrophil migration that we observed in vivo in bromelain-
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treated mice stimulated with rhIL-8 highlight the importance of murine CD128a/CXCR1 and
CD128b/CXCR2 in the acute inflammatory response. Bromelain treatment of human
neutrophils in vitro did not affect their migration in response to fMLP (Figure 1). However we
did observe a decrease in fMLP-stimulated migration of neutrophils into the peritoneal cavity
of bromelain-treated mice in vivo (Figure 4A). The human studies were done in vitro using
purified neutrophils, whereas a variety of cell types may also have been affected by i.p. fMLP
treatment in the murine in vivo studies. We feel that the decrease in neutrophil migration
observed in our bromelain-treated mice that were stimulated with fMLP can be explained by
the significant contribution of in vivo induction of the IL-8 homologue KC to the neutrophil
migration that was previously reported for this model (27).

Although the present studies support proteolytic removal of CD128 chemokine receptors as a
mechanism for its effects on leukocyte migration, studies from our laboratory and others
suggest that multiple mechanisms likely contribute to the observed anti-inflammatory effects
of bromelain. We previously showed that at least 14 leukocyte cell surface molecules are
proteolytically removed by bromelain treatment (19,22). Each of these bromelain-sensitive
molecules has been individually shown to play a role in leukocyte adhesion and/or activation.
However, the net effect of bromelain treatment may depend on the activity of specific
proteinases within the bromelain preparations used (29) as well as on the complement of
bromelain-sensitive cell surface molecules expressed by the treated cells. Published studies
have shown mixed effects of bromelain on activation and cytokine secretion by leukocytes
(3,19,20,30,31) and colon epithelial cells (21). We found no significant decreases in the levels
of pro-inflammatory cytokines in the peritoneal lavage fluid of bromelain-treated mice. In fact,
levels of the IL-8 homologue KC were increased in peritoneal fluid, suggesting that the
chemokine stimulus to neutrophil migration is likely higher in bromelain- vs. saline-treated
mice despite the decreased neutrophil migration observed following bromelain treatment. The
peritoneal fluid of bromelain-treated mice did not exhibit the marked decreases in the
production of pro-inflammatory cytokines that have been previously reported in bromelain-
treated lymphocytes (20) and colon biopsies (32). This difference may reflect both our earlier
time point for cytokine measurement (6 hrs rather than 16 or 24 hrs) as well as biologic
differences in activation pathways of lymphocytes vs. other leukocytes and the paucity of
lymphocytes in the peritoneal cavity at the time of our analysis. The majority of inflammatory
cells present in the peritoneal cavity at the time of our analysis were neutrophils and resident
macrophages. Others have also reported activation of macrophage cytokine secretion by
bromelain (30). We hypothesize that the net effect of bromelain in any given biologic situation
depends on the cell types present, since each cell type may express different relative numbers
of bromelain-sensitive pro-inflammatory vs. anti-inflammatory surface molecules and thus
have differing net biologic responses to their proteolytic removal. Interestingly, the enhanced
secretion of the IL-8 homologue KC into the peritoneal fluid that we observed in bromelain-
treated mice is consistent with a previous report that IL-8 secretion was enhanced in
Salmonella-infected human colon epithelial cells following bromelain treatment (21).

In summary, the studies presented here demonstrate that bromelain can effectively decrease
IL-8-induced neutrophil migration both in vitro and in vivo and support proteolytic removal of
CD128 chemokine receptors as a potential mechanism for this effect. Further studies will be
necessary to determine the contribution of these effects on neutrophil influx on the ultimate
development and severity of both acute and chronic inflammatory responses.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Bromelain treatment inhibits IL-8-stimulated migration of human neutrophils in vitro
A. Calcein-labeled human neutrophils that migrated through filters in response to IL-8 or fMLP
as described in the Methods were quantitated by flow cytometry. Data shown is mean of
triplicates wells from a single experiment, representative of 5 such experiments performed.
Untreated and bromelain-treated neutrophils were tested as well as neutrophils exposed to
saturating amounts of anti-CXCR1 and -CXCR2 antibodies. * indicates p≤ 0.01 vs. untreated
cells. B. Fluorescence microscopy of the wells in the chemotaxis chamber at the conclusion of
the migration period visually illustrates the reduction observed when bromelain-treated
neutrophils migrate in response to IL-8, but not to fMLP.
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Figure 2. Bromelain treatment decreases thioglycollate-stimulated neutrophil migration in vivo
A. Data shown represent the mean ± SEM of the total (GR-1+ F4/80−) neutrophils obtained by
peritoneal lavage 6 hrs after injection of thioglycollate (for saline and bromelain-pretreated
mice; n = 5) or saline alone (for unstimulated mice; n = 4). Mice pretreated with bromelain
had a ~70% reduction in neutrophil migration into the peritoneal cavity when stimulated with
thioglycollate compared with saline-treated mice (* indicates p = 0.01). B. Flow cytometry
shows 41%, 11%, and 0.4% neutrophils in peritoneal lavage specimens from representative
saline- and bromelain-treated, thioglycollate-stimulated and unstimulated mice, respectively.
C. Wright-Giemsa-stained cytocentrifuge preparations from these mice illustrate the reduction
in neutrophil migration into the peritoneal cavity in bromelain-treated, thioglycollate-
stimulated mice, consistent with the flow cytometric data.
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Figure 3. Bromelain treatment in vivo does not decrease peritoneal expression of pro-inflammatory
cytokines and chemokines
Data shown is the mean ± SEM of the cytokine/chemokine concentration, reported as pg/ml
peritoneal lavage fluid, for unstimulated (n = 2) and saline- (n = 5) or bromelain-pretreated (n
= 6) thioglycollate-stimulated mice. Levels of most of the cytokines/chemokines tested
increased in lavage fluid from thioglycollate-stimulated vs. unstimulated mice, but were not
affected by bromelain treatment. The exception was KC (the murine homologue of IL-8), which
was significantly increased (* denotes p = 0.006) in bromelain-treated mice.
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Figure 4. Bromelain treatment decreases IL-8 and fMLP-stimulated neutrophil migration in vivo
A. Data shown is the mean ± SEM total (GR-1+ F4/80−) neutrophils present in peritoneal lavage
fluid 4 hrs after injection of rhIL-8 (n = 14 for saline-treated; n = 14 for bromelain-treated
mice) or the bacterial peptide analog fMLP (n = 13 for saline-treated; n = 10 for bromelain-
treated mice). Mice treated with bromelain had significantly reduced neutrophil migration in
response to both rhIL-8 (* denotes p = 0.0001) and fMLP (p = 0.004). B. Wright-Giemsa-
stained cytocentrifuge preparations from these mice illustrate the reduction in neutrophil
migration into the peritoneal cavity in bromelain-treated mice when stimulated with either
rhIL-8 or fMLP.
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Figure 5. Effect of bromelain treatment on cell adhesion molecules in vivo
The expression of the bromelain-sensitive cell surface molecules CD62L and CD128b/CXCR2
on murine peripheral blood leukocytes was determined by flow cytometry either immediately
or 30 min after i.v. injection of 10 mg/kg bromelain. Data shown represents the mean ± SEM
of the ratio of mean fluorescence intensity (MFI) observed for bromelain-treated mice to that
observed for saline-treated mice (n = 3/group). CD128b/CXCR2 was reduced to ~50% normal
immediately after as well as 30 minutes following bromelain injection. In contrast, although
leukocyte CD62L levels were initially reduced to ~45% by in vivo bromelain treatment, the
reduction was transient and CD62L expression had returned to that seen in saline-treated mice
by 30 min after bromelain injection. * indicates significant difference (p<0.05) compared with
saline-treated mice.
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Figure 6. Mechanism for bromelain effects on leukocyte migration
Although bromelain treatment in vivo removes CD62L, these molecules are rapidly re-
expressed and the effect of bromelain on leukocyte rolling is transient. The predominant effect
of bromelain on leukocytes is to reduce firm adhesion. We propose that longer lasting
proteolytic removal of the CD128a/CXCR1 and CD128b/CXCR2 receptors by bromelain
impairs chemokine-mediated changes in integrin affinity, resulting in the observed decrease
in firm adhesion.
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Table 1
Intravital Microscopy Reveals Differential Effects of Bromelain on Leukocyte Rolling and Firm Adhesion*

Adherent cells/field Rolling cells/sec

Saline pre-treatment
      Initial 96 ± 69 3.8 ± 0.6
      After bromelain injection 115 ± 81 0.2 ± 0.1**
Bromelain pre-treatment
      Initial 8 ± 8 4.5 ± 1.5
      After bromelain injection 62 ± 52 0.6 ± 0.4**

*
Data shown is the mean ± SEM for vessels examined in 3 mice per treatment group. Numbers of adherent and rolling cells were normalized to reflect

the area of the vessel imaged for each mouse studied. Units are arbitrary, based on the size of the microscopic field imaged.

**
indicates p < 0.03 (Student’s t test) vs. initial value
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