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Objective—Bromelain, a clinically used pineapple extract and natural product, has reported antiinflammatory and immunomodulatory activities. The purpose of this study was to determine the
effect of bromelain treatment in an ovalbumin (OVA)-induced murine model of allergic airway
disease (AAD).
Methods—To establish AAD, mice were sensitized with intraperitoneal (i.p.) OVA/alum and
challenged with daily OVA aerosols. Mice were treated i.p. with either saline, 2 or 6 mg/kg bromelain,
twice daily for four consecutive days. Bronchoalveolar lavage leukocytes and cytokines, lung
histology, airway hyperresponsiveness, and lymphocyte populations via flow cytometry were
compared between groups.
Results—Bromelain treatment of AAD mice resulted in reduced total BAL leukocytes, eosinophils,
CD4+ and CD8+ T lymphocytes, CD4+/CD8+ T cell ratio, and IL-13.
Conclusion—Bromelain attenuated development of AAD while altering CD4+ to CD8+ T
lymphocyte populations. The reduction in AAD outcomes suggests that bromelain may have similar
effects in the treatment of human asthma and hypersensitivity disorders.
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1. Introduction
Asthma is one of the most common diseases of children and adults and is a major burden to
the national heath-care system. The pathophysiology of asthma is associated with: airway
inflammation, hyperresponsiveness and bronchospasm, mucus hypersecretion, and
remodeling. The inflammatory aspects of the disease are complex with mast cells, dendritic
cells, T and B lymphocytes, and eosinophils playing important roles. Increases in eosinophils
and T lymphocytes in the bronchial mucosa and bronchoalveolar lavage (BAL) fluid are
distinctive features of the inflammatory response in patients with asthma and appear to correlate
with the severity of the disease [1-3].
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The ovalbumin (OVA)-induced model of allergic airway disease (AAD) in mice has proven
to be useful in studying specific mechanisms underlying airway inflammation [4-8]. The OVAAAD model produces measurable outcomes similar to those found in humans including
increased BAL total white blood cells, eosinophils, CD4+ T lymphocytes, inflammatory
cytokines (IL-4, IL-5, and IL-13) and airway hyperresponsiveness to methacholine [9-11]. In
addition, it has been shown that depletion of CD4+ T cells in the model prevents pulmonary
eosinophilia and airway hyperresponsiveness [12].
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Despite new therapeutic advances, the effective treatment and management of asthma still
remains a high clinical priority. Botanicals such as Ananas comosus (pineapple) and their
extracts (bromelain) have been used clinically as anti-inflammatory agents in rheumatoid
arthritis, soft tissue injuries, colonic inflammation, chronic pain and asthma[13-19]. The major
mechanism of action of bromelain appears to be proteolytic in nature, although evidence also
suggests an immunomodulatory and hormone-like activity acting via intracellular signaling
pathways. In vitro studies have shown that bromelain can inhibit PMA-induced T cell
production of the Th2 cytokine IL-4, and to a lesser degree the Th1 cytokines IL-2 and IFNγ via modulation of the extracellular regulated kinase-2 intracellular signaling pathway [20].
Bromelain has also been shown to reduce cell surface receptors such as the hyaluronan receptor
CD44, which is associated with leukocyte migration and induction of proinflammatory
mediators [21-23]. Also bromelain has been shown to significantly reduce CD4+ T
lymphocytes, which are primary effectors in animal models of inflammation [24]. Despite
increased uses of natural anti-inflammatory products such as bromelain, the in vivo efficacy
and mechanisms of action have not been rigorously studied in asthma models of inflammation.
The purpose of the present study was to determine whether bromelain treatment has antiinflammatory/immunoregulatory effects in an OVA-induced murine model of AAD.

2. Materials and methods
2.1. Animals
Female C57BL/6J mice, 3-6 months of age and weighing 18-25 g, were purchased from the
Jackson Laboratory (Bar Harbor, ME), and housed conventionally in plastic cages with corncob
bedding. The animal room was maintained at 22-24°C with a daily light/dark cycle (light from
06:00 to 18:00 h). Chow and water were supplied ad libitum. The protocols for animal use
were approved by the Animal Care Committee at the University of Connecticut Health Center.
2.2. Ovalbumin sensitization and aerosol exposure protocol
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Mice were immunized with three weekly intraperitoneal(i.p.) injections of a suspension
containing 25 μg of OVA (grade V, Sigma Chemical, St. Louis, MO) and 2 mg of aluminum
hydroxide (alum) in 0.5 ml of saline. One week after the last injection the mice were exposed
to 1% aerosolized OVA in physiologic saline, 1 h/day, for 3 days (acute AAD model) [9]. The
mice were placed in plastic restraint tubes (Research and Consulting, Basel, Switzerland) for
nose-only aerosol exposure. The aerosols were generated by a BANG nebulizer (CH
Technologies, Westwood, NJ) into a 7.6-L inhalation exposure chamber to which restraint
tubes were attached. Chamber airflow was 6 L/min, and aerosol particle size of OVA was
monitored by gravimetric analysis with a Mercer cascade impactor (In-Tox Products, Moriarty,
NM). The mass median aerodynamic diameter and geometric standard deviations were 1.4 and
1.6 μm, respectively. The estimated daily inhaled OVA dose approximated 30-40 μg/mouse.
Twenty-four hours after the final aerosol exposure, the mice were killed by ketamine/xylazine
overdose and exsanguination.
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2.3. BAL fluid analysis
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At sacrifice the lungs were lavaged in situ with five 1-ml aliquots of physiologic saline. The
BAL fluid was centrifuged, the cellular pellet was washed, and the total nucleated cells were
counted with a hemocytometer using trypan blue dye exclusion as a measure of viability.
Leukocyte differentials were determined in BAL fluid using cytocentrifuged preparations
stained with May-Grünwald/Giemsa. Stained BAL slide differentials were counted in a blind
manner by three individuals. The remaining cells were analyzed phenotypically for T cell
subpopulations using specific antibodies and fluorescence flow cytometry. BAL protein
concentrations were measured in the supernatants by bicinchoninic acid (BCA) protein assay
using bovine serum albumin as a standard (Pierce Biotechnology, Rockford, IL).
2.4. BAL-flow cytometry and immunofluorescence
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BAL samples were analyzed via flow cytometry using the following fluorescence labeled
monoclonal antibodies: CD4-PerCP (RM4-5), CD8a-FITC (53-6.7), CD25-PE (PC61), and
CD44-AvCy5 (IM7) (Pharmingen, San Jose, CA). Samples were washed in PBS containing
0.2% bovine serum albumin and 0.1% NaN3. Aliquots containing 104-105 cells were incubated
with 100 μl of appropriately diluted antibodies for 30 min at 4 °C. After staining, the cells were
washed twice with the above PBS solution, and relative fluorescence intensities were
determined on a 4-decade log scale by flow cytometric analysis using a FACSCalibur (BectonDickinson, San Jose, CA).
2.5. BAL-cytokine analysis
After centrifugation to remove cells the BAL fluid component was concentrated 10-fold using
an Amicon Centriplus YM-10 filtration device (Millipore, Bedford, MA). Samples were
analyzed for the Th2 cytokines IL-4, IL-5 and IL-13 using enzyme-linked immunosorbent
assay (ELISA) kits (Pierce Biotechnology Rockford, IL; R&D Systems Minneapolis, MN)
according to the manufacturer’s directions. The limits of detection for IL-4, IL-5 and IL-13
were 6, 5, and 1.5 pg/ml, respectively.
2.6. Histology
After sacrifice, unmanipulated (not subject to BAL) and non-inflated lungs from separate
animals were removed, fixed with 10% buffered formalin, and processed in a standard manner.
Tissue sections were stained with hematoxylin and eosin, Mallory’s trichrome for collagen and
periodic acid-schiff for mucus detection [12]. Sections from all five lobes were examined in a
blind manner by three individuals and scored 0-4, four reflecting the greatest pathological
change which include: perivascular and peribronchial inflammation and thickening of the
bronchial smooth muscle layer.
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2.7. Airway hyperresponsiveness
Airway responses to methacholine were assessed by whole-body barometric plethysmography,
using the Buxco system (Buxco Electronics, Troy, NY), as previously described [12]. Mice
were evaluated for maximal enhanced pause (Penh), 12 h after the third OVA aerosol was
administered. Mice were placed in individual chambers and exposed for 2 min to aerosolized
saline or increasing concentrations of methacholine from 3 to 300 mg/ml. Respiratory system
variables including tidal volume, respiratory frequency, inspiratory and expiratory times, and
changes in box pressure were recorded before and during aerosolization and for 4 min after
each exposure. The Penh value response to methacholine was recorded at each dose. The
interpolated concentration of methacholine needed to increase the Penh value to 2 U or the
“Penh-2” was calculated. The Penh-2 value was selected as the portion of the dose-response
curve in which the greatest changes in sensitivity would be manifested.

Cell Immunol. Author manuscript; available in PMC 2008 October 31.

Secor et al.

Page 4

2.8. Peripheral white blood cell count
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Peripheral blood was collected via intravenous puncture and total white blood cells (WBCs)
were isolated using the Unopette system (Becton-Dickinson Vacutainer Systems, Franklin
Lakes, NJ) according to the manufacturer’s directions. Total WBC’s were counted on a
hemocytometer and adjusted for the dilution factor.
2.9. Natural product bromelain
A stock solution of stem bromelain (EC 3.4.22.32) 2400 GDU/GM, Lot# 1458 (Vital Nutrients
Middletown, CT) was made using 60 mg of bromelain dissolved in 250 ml physiologic saline.
Two doses of bromelain (2 and 6 mg/kg) in 0.5 ml of physiological saline were prepared from
the stock solution. Each animal received two, i.p. injections (0.5 ml) per day, 6-8 h apart,
beginning 1 day prior to aerosolization. The dosages used were based on previous animal and
human studies [13-18,20-24] and in vivo dose response studies performed in our laboratory.
Bromelain was independently tested for authenticity, potency, and contamination (Vital
Nutrients, Middletown, CT; Chroma-Dex, Santa Ana, CA).
2.10. Statistical analysis
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Statistical comparisons between groups were made with analysis of variance using StatView
4.5 (Abacus Concepts, Berkeley, CA). Dose-response data and cytokine levels were compared
by repeated measures analysis of variance. Changes in Penh-2 values before and after aerosol
exposure were made by paired t tests and were compared between groups by repeated measures
analysis of variance. All data were expressed as means standard error of the mean, and
differences were considered significant at p<0.05.

3. Results
3.1. Bromelain treatment demonstrated no in vivo toxicity
Relative to naïve-saline treated mice, naïve mice treated i.p. with 6 mg/kg of bromelain, two
times per day, for 4 consecutive days showed no observed differences in body weight, BAL
protein concentration, peripheral WBC count or lung histology (Table 1). Similar results were
obtained in comparisons made between the AAD mice and AAD-bromelain treated mice (data
not shown).
3.2. Bromelain treatment reduced BAL leukocytes in AAD

NIH-PA Author Manuscript

As previously shown [9], AAD mice displayed significant increases in BAL total leukocytes
(1.0 × 104 vs 346 × 104; p<0.001), eosinophils (0.8 × 104; vs 268 × 104; p<0.001), and
lymphocytes (0.2 × 104 vs 14 × 104; p<0.001), as compared to naïve mice (Fig. 1). As compared
to the AAD mice the AAD-bromelain treated mice had significant reductions in BAL total
leukocytes (p<0.001, Fig. 1A) and eosinophils (p<0.002, Fig. 1B) at both the 2 and the 6 mg/
kg bromelain doses. Total BAL lymphocytes in the AAD-bromelain group were also
significantly reduced at the 2 mg/kg dose (p<0.01, Fig. 1C).
3.3. Bromelain treatment reduced CD4+, CD8+, and CD4+CD25+ T cells in AAD
AAD mice showed a significant increase in total CD4+ (p<0.01) and CD8+ (p<0.01) T cells
when compared to naïve mice (Figs. 2A and B). As compared to AAD mice, CD4+ T cells
were significantly reduced in both the 2 mg/kg (p<0.001) and 6 mg/kg (p<0.01) AADbromelain mice (Fig. 2A), whereas CD8+ T cells were significantly reduced only in the 2 mg/
kg animals (p<0.05, Fig. 2B). The CD4:CD8 ratio was also altered from a ratio of 0.8 in the
AAD mice to approximately 0.3 in both AAD-bromelain treated groups. When compared to
the AAD mice, total CD4+CD25+ T cells were significantly reduced in both the 2mg/kg
(p<0.01) and 6 mg/kg (p<0.02) AAD-bromelain treated groups (Fig. 2C).
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3.4. Bromelain treatment had no effect on the expression of CD44
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CD44 expression was measured by mean fluorescence intensity (MFI) of CD44 on BAL
eosinophils and lymphocytes in the AAD and AAD-bromelain treatment groups. CD44
expression on BAL eosinophils in AAD mice (MFI: 667 U ± 112) was not significantly
different from either the 2 mg/kg (MFI: 548 U ± 75) or the 6 mg/kg (MFI: 771 U ± 101) AADbromelain treated ± mice (Fig. 3). Similarly, the CD44 expression on BAL lymphocytes was
unchanged when the AAD mice (MFI: 333 ± 56) were compared to either the 2 mg/kg (MFI:
276 ± 32) or 6 mg/kg (MFI: 394 U ± 59) AAD-bromelain treated mice.
CD44 expression was also measured on peripheral blood lymphocytes and eosinophils in naïve
and naïve-bromelain treated mice (6 mg/kg). There were no differences when MFI of CD44
was compared between these mice (data not shown).
3.5. BAL IL-5 and IL-13 levels were altered in bromelain treated AAD mice
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Inflammatory cytokines, IL-5 and IL-13, were detected at low limits in BAL from naïve mice.
In comparison, the concentrations of both cytokines were significantly elevated in AAD mice
IL-5 (p<0.0001; Fig. 4A) and IL-13 (p<0.0001; Fig. 4B). The 2 mg/kg AAD-bromelain mice
had a significantly increased BAL IL-5 concentration as compared to AAD mice (p<0.02),
whereas at the 6 mg/kg dose there was no significant change from AAD (Fig. 4A). IL-13 levels
significantly decreased in the 6 mg/kg AAD-bromelain mice (p<0.005), as compared to the
AAD mice (Fig. 4B). The BAL IL-4 concentration in both the AAD and Bromelain-AAD mice
were below the detectable limits of the ELISA (data not shown).
3.6. Bromelain treatment did not affect lung pathology
Qualitative histological evaluations were made on unmanipulated, uninflated formalin-fixed
lungs from separate groups of AAD and AAD-bromelain treated mice stained with hematoxylin
and eosin, Mallory’s trichrome and periodic acid-schiff. As previously reported [9], AAD mice
develop pathologic changes, which include perivascular and peribronchial inflammation
characterized by infiltrates of lymphocytes, plasma cells and eosinophils. Pathologic changes
were mild at this early 3 day time point and not significantly different when comparing the
Pathology score in AAD (PS 1.5), AAD-bromelain 2 mg/kg (PS 1.4), and AAD-bromelain 6
mg/kg (PS 1.6) comparisons. Naïve (PS<1.0) and naïve-bromelain 6 mg/kg (PS<1.0) treated
groups did not display differences in pathology and both presented less qualitative pathology
when compared to AAD groups.
3.7. Bromelain treatment did not affect the airway hyperresponsiveness to methacholine
challenge
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Airway responses to methacholine were assessed by whole-body barometric plethysmography
using the Buxco system. Sensitivity to aerosolized methacholine was evaluated using
increasing concentrations of methacholine from 3 to 300 mg/ml. The enhanced pause (Penh)
response did not differ between the 6 mg/kg AAD-bromelain treated mice (Fig. 5). In addition,
sensitivity to methacholine (Penh-2 value) was also similar between the two AAD groups
(bromelain 28.1±9 mg/ml versus control 40.5±29.7 mg/ml).

4. Discussion
Bromelain a cysteine protease, has been shown to have anti-inflammatory effects in other
animal disease models such as EAE and inflammatory bowel disease [18,32]. This study is the
first to demonstrate the anti-inflammatory and immunomodulating effects of the natural
product, bromelain, in a murine model of AAD.

Cell Immunol. Author manuscript; available in PMC 2008 October 31.

Secor et al.

Page 6

NIH-PA Author Manuscript

Bromelain treatment was found to be well tolerated and non-toxic in both naive and AAD mice.
There were no significant changes in body weight, BAL protein concentration, BAL total
WBC, BAL eosinophils, peripheral blood WBC count or lung histology when comparing
animals from naïve to naïve-bromelain treated groups (Table 1). Bromelain treatment
significantly reduced the primary outcomes of murine AAD: total BAL leukocytes (eosinophils
and lymphocytes), IL-13, CD4+ T cells, CD8+ T cells and CD4+CD25+ T cells, while also
altering the CD4+/CD8+ ratio. These findings indicate that systemic bromelain treatment
reduced an allergen induced localized airway inflammatory process. These results add to the
continued characterization of bromelain and its use in the management of T cell mediated
inflammatory conditions, such as asthma and autoimmunity [32].
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Antigen-activated CD4+ T cells, such as those investigated during this study, have been shown
to induce many of the characteristic features of asthma, including the secretion of cytokines
such as IL-4, IL-5, and IL-13, which regulate mucus production, inflammation and adhesion
molecules [25-27]. CD4+ T cells have also been shown to express high levels of CD44, an
adhesion molecule involved with trafficking of antigen activated lymphocytes and
granulocytes through the extracellular matrix [28,29]. CD4+ T cells expressing high levels of
CD44 accumulate in the lung in murine models of asthma [30] and stimulation through CD44
aids in activating eosinophils [31]. Bromelain treatment has previously been shown to reduce
the surface expression of CD44 without cellular toxicity [23,24,33-35]. Thus, the reduction in
BAL CD4+, CD8+, and CD4+CD25+ T cells and eosinophils noted in the AAD-bromelain
treated mice may have been due to the cleavage and reduction of CD44. However, there was
no significant difference observed in the CD44 expression on isolated BAL eosinophils (Fig.
3) or T lymphocytes (data not shown) evaluated via flow cytometry. In addition, the CD44
expression on peripheral blood T lymphocytes cells did not differ when naïve mice were
compared to naïve-bromelain treated mice (data not shown). Numerous investigators have
demonstrated the effectiveness of CD44 cleavage by bromelain or bromelain containing
compounds in in vitro systems [18,21-24,33,34]. The fact that CD44 expression of peripheral
cells or those recovered from BAL did not change suggests that cells may have either: (1) reestablished the CD44 receptor, (2) the in vivo response may be limited to the tissue matrix and
the dynamic alteration in CD44 expression may be difficult to detect in in vivo samples [23,
32], or (3) bromelain may not cleave CD44 well in vivo. Bromelain has been previously shown
to be inactivated by β2-macroglobulin thus inhibiting its ability to cleave CD44 in vivo [23,
36].
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To further investigate mechanisms by which bromelain treatment could alter AAD, the Th2
cytokines IL-5 and IL-13 were measured in BAL. IL-13 levels were significantly reduced in
the AAD-bromelain (6 mg/kg) mice as compared to the ADD mice, whereas a significant
increase in IL-5 was observed in AAD-bromelain (2 mg/kg) mice. Bromelain has not
previously been shown to effect IL-13, but Phlogenzyme, a bromelain containing preparation,
has been shown to increase the production of IL-5 from splenic T cells in an experimental
model of encephalomyelitis [32]. Since IL-5 has been shown to mediate the recruitment of
eosinophils [25], our data would suggest that IL-5 was not the primary mechanism by which
BAL eosinophils were reduced. The reduction in BAL IL-13 levels would suggest a beneficial
therapeutic effect via decreased mucus production. However, histological lung tissue
evaluation for mucus (PAS stain) was not able to differentiate any differences in PAS positive
cells. The variation in cytokine responses with the two doses of bromelain, compared with the
consistent reduction in airway inflammation, suggests that the inhibitory effect of bromelain
on murine AAD may not be directly mediated by the modulation of cytokine levels.
In summary, bromelain treatment has been shown to inhibit and modulate critical components
of the allergic airway disease response in this murine model, which includes influx of
lymphoctyes and eosinophils into the lung, reduction of CD4+, CD8+, and CD4+CD25+ T
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lymphocytes, and BAL IL-13 levels. Botanicals such as Ananas comosus and their extracts
(bromelain) are in current use as anti-inflammatory agents [37-39] and require more rigorous
evaluation in both basic science models and in properly designed clinical trials [40-42]. The
present study utilized a well established OVA-induced model of AAD [9-11]. The exact
mechanism by which bromelain reduced BAL CD4+ and CD8+ T cells and eosinophils in this
model remains elusive but does not appear to be related to the cleavage of CD44, or BAL IL-5
levels.
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Fig. 1.

The effect of bromelain treatment on BAL leukocytes. Total leukocyte counts were
significantly elevated in AAD mice as compared to naïve or naïve-bromelain treated mice.
Bromelain treatment of AAD mice significantly reduced BAL total leukocytes (A), eosinophils
(B), and lymphocytes (C). Naïve animals treated with 6 mg/kg Bromelain were similar to naïve
animals in all comparisons. Data represent means ± SEM (n = 6-8 animals per group); *p ≤
0.01 by ANOVA when comparing AAD-bromelain treated groups to the AAD group.
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Fig. 2.

The effect of bromelain treatment on BAL CD4+ and CD8+ T lymphocytes. CD4+ T
lymphocytes were significantly elevated in AAD mice as compared to naïve mice and declined
significantly in both the 2 and the 6 mg/kg AAD-bromelain treatment groups as compared to
the AAD group (A). There was a significant reduction in the CD8+ T lymphocytes only at the
2 mg/kg bromelain dose (B). Bromelain treatment significantly reduced BAL CD4+CD25+ T
cells at both doses when compared to AAD (C). Data represent means ± SEM n = 6-8 animals
per group); *p ≤ 0.05 by ANOVA when comparing naïve and AAD-bromelain treated groups
to the AAD group.
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Fig. 3.

The effect of bromelain treatment on BAL eosinophil CD44 expression. There was no
significant difference in the MFI of CD44+ on BAL eosinophils when comparing the AAD
group to the AAD-bromelain treated groups. Data represent means ± SEM (n = 6-8 animals
per group); statistical analyses by ANOVA.
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Fig. 4.

NIH-PA Author Manuscript

The effect of bromelain treatment on BAL IL-5 and IL-13 concentrations. A significant
increase in IL-5 was observed in the 2 mg/kg bromelain treated AAD mice as compared to the
AAD mice (A) and a significant decrease in IL-13 was observed when comparing the 6 mg/
kg bromelain treated AAD mice to the AAD mice (B). Data represent means ± SEM (n = 6-8
animals per group); *p ≤ 0.05 by ANOVA.
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Fig. 5.

The effect of bromelain treatment on airway hyperresponsiveness to methacholine challenge.
Penh responses to aerosolized methacholine did not differ between AAD-bromelain treated
mice (filled circles) and AAD mice (empty circles) over increasing concentrations of
methacholine from 3 to 300 mg/ml.
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18.3 ± 0.4
17.9 ± 0.3

Weight (gm)
0.95 ± 0.2
0.87 ± 0.2

BAL Total WBC (×
104)
0.8 ± 0.3
1.5 ± 0.2

BAL EOS (× 104)
90 ± 12
123 ± 30

BAL protein (μg/ml)
2228 ± 257
1775 ± 366

Whole blood WBC
(mm3)
<1.0
<1.0

Histology PS score
(grade 0-4)

All outcome measures were collected at the time of animal sacrifice. There were no significant differences when comparing the naïve-saline and naïve-bromelain treated groups (unpaired t test).
Data represent means ± SEM with 6-8 animalscompared per group.

Naïve-saline
Naïve-bromelain (6mg/kg)

Animal groups
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