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Unsweetened pineapple juice is beneficial for routine constipation. The objective of this study was to
determine the effect of bromelain (EC 3.4.22.33) isolated and purified from pineapple fruit on
constipation. A rat constipation model was established by gavage administration of loperamide
hydrochloride. The effects of bromelain on constipation in rats were evaluated in vitro and in vivo. In the
ex vivo study, the isometric force of jejunal strips and changes in intracellular Ca®* ([Ca®*]) were
measured simultaneously. The effect of bromelain on myosin light chain kinase (MLCK)-related intestinal
contraction was also studied. Bromelain significantly relieved the high visceral sensitivity and infrequent
stools in constipated rats. Bromelain also reversed the slow gastric emptying and slow intestinal transit in
constipated rats. Bromelain stimulated intestinal contraction, and the stimulatory effect was inhibited by
hemicholinium-3 and atropine, which block the synthesis of endogenous acetylcholine (ACh). The
amount of ([Ca®*]) was significantly increased by bromelain. Bromelain significantly reversed the
decreased phosphorylation of the 20 kDa regulatory light chain of myosin (p-MLC;0) and the expression
of MLCK in constipated rats. These results indicated that bromelain triggered the release of endogenous
ACh, increased [Ca®*], and enhanced p-MLC,q Vvia activation of MLCK expression, resulting in the
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Introduction

Bromelain is a protease found in pineapple plants. The
proteinases found in pineapple include fruit bromelain
(EC 3.4.22.33), stem bromelain (EC 3.4.22.32), and ananain
(EC 3.4.22.31)."2 Bromelain was reported to have a wide range of
therapeutic  benefits, including antiedematous, anti-
inflammatory, antithrombotic, fibrinolytic, and anticancer
effects.** Bromelain is a phytotherapeutic agent with high effi-
cacy and safety, with no undesired side effects after oral
administration, and has earned growing acceptance and
compliance among patients. Borrelli and colleagues reported
that stem bromelain could inhibit the contractions induced by
different spasmogenic substances in the mouse ileum.® The
results of our previous experiments indicated that fruit
bromelain could increase gut motility in mice and rats. The
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bromelain although the fibers and fluid in pineapple juice are also beneficial.

objective of this study was to characterize the effects of fruit
bromelain on constipated rats and determine the mechanisms
underlying these effects. Constipation is a common disorder
that affects approximately 20% of the population and signifi-
cantly impacts an individual's quality of life, and the current
treatment remains unsatisfactory.” Agents with low toxicity
and high efficacy possess novel mechanisms in fighting against
constipation and can be well tolerated by the affected patients.

Fruit bromelain, a 34 kDa cysteine peptidase, was purified
and identified by our research group as fruit bromelain
(EC 3.4.22.33) using high-speed counter-current chromatog-
raphy.® The stimulatory effects of bromelain on gastrointestinal
motility disorder was evaluated by establishing a constipation
rat model via gavage administration of loperamide hydrochlo-
ride.® The effects of gavage administration of bromelain on
constipation were studied because bromelain can be absorbed
in the intestine without being degraded and without losing its
pharmacological activity.’ Chronic constipation is the main
symptom of constipation in rats with low gastrointestinal
motility compared with normal controls.”** As intestinal
contractility is positively correlated with the phosphorylation of
the 20 kDa regulatory light chain of myosin (p-MLC,),"* the
effects of fruit bromelain on the extent of p-MLC,, and levels of
myosin light chain kinase (MLCK) protein were measured using

This journal is © The Royal Society of Chemistry 2017
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western blotting. The expression of MLCK mRNA was deter-
mined using quantitative reverse transcription polymerase
chain reaction (qRT-PCR). Isolated jejunal segments of rats
were selected for the measurement of contractility using a bath
recording system because the intestine is modulated by the
enteric nervous system and fulfills a pivotal role even when
isolated from the body.™

Materials and methods
Preparation of bromelain

The purified bromelain used in this study was purified from the
crude protein extract of pineapple fruit by high-speed counter-
current chromatography, as previously described.** Purified
bromelain was analyzed by SDS-PAGE, compared with the
standard protein, and identified by TOF/TOF-MS.

Ethical statement

This study was performed in strict accordance with the NIH
guidelines for the care and use of laboratory animals (NIH
Publication no. 85-23 Rev. 1985) and was approved by the
Animal Care and Ethics Committee of Dalian Medical Univer-
sity (Dalian, China).

Animals and reagents

The animals were obtained from the Experimental Animal
Center of Dalian Medical University (Certificate of Conformity
no. SCXK (Liao) 2008-0002). Eighty four Sprague-Dawley rats
(50% male and 50% female) weighing 180-220 g were randomly
divided into seven groups, including normal controls, consti-
pated rats, constipated rats treated with 5,10 and 20 mg kg™ " of
bromelain, and constipated rats treated with 5 and 20 mg kg™
of crude bromelain. The animals were acclimatized to labora-
tory conditions (23 °C, 12 h/12 h light/dark cycles, 50%
humidity, and access to food and water ad libitum) for 2 weeks
before the experiments. One rat was housed per cage. The
animal protocol was designed to minimize pain or discomfort
to the animals.

The purified fruit bromelain used in this study was isolated
and purified as detailed in our previous study.® Unless other-
wise indicated, chemicals were obtained from Sigma-Aldrich
(St. Louis, MO, USA).

Experimental model of constipation

A rat constipation model was established by gavage adminis-
tration of 3 mg kg™ of loperamide hydrochloride daily for
6 days.”™ The control rats were prepared by daily gavage
administration of DDH,O at room temperature. On the second
day after loperamide hydrochloride administration, the rats in
the bromelain-treated constipation group were gavaged with
bromelain for 7 days. The moisture content and number of fecal
pellets from all rat groups were measured daily at 09:30 h
throughout the study period. The water content was calculated
as the difference between the wet and dry weights of the pellets.

This journal is © The Royal Society of Chemistry 2017
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Evaluation of visceral sensitivity

Five abdominal withdrawal reflex (AWR) scores (0 to 4) were
used to measure the visceral sensitivity of the rats during
colorectal distension (CRD).** The CRD balloon covered with
lubricant was completely inserted into the descending colon
and rectum under ether anesthesia. The AWR was scored as
follows: AWRO, no remarkable changes in the behavior of the
rats; AWR1, immobility of the rat body or occasional clinches of
the head; AWR2, mild abdominal muscle contraction; AWR3,
lifting the abdomen off the platform or flatting of the abdomen;
AWR4, body arching or lifting the pelvic structures off the
platform. The threshold was defined as the minimal pressure
(kPa) inside the balloon when the rat showed flattening of the
abdomen (AWR3) during CRD.

Evaluation of gastric emptying and intestinal transit

Gastric emptying and intestinal transit were measured accord-
ing to previously described methods with some modifica-
tions.'”'® Briefly, 2 mL of distilled water containing 1.5%
methylcellulose and anthracotic marker (MAM) was given
intragastrically and the rats were killed by CO, inhalation after
30 min. Gastric emptying was calculated using the formula
(gavaged MAM - MAM left in gastric)/gavaged MAM. Intestinal
transit was calculated as the length traveled by the marker from
the intestine to the pylorus divided by the distance from the
pylorus to the anus.

Tissue preparation and determination of jejunal contractility

Segments of the intact tubular jejunum were prepared accord-
ing to a method described previously.' Jejunal segments were
cut into a length of approximately 2 cm (tubes) and then allowed
to equilibrate in aerated Krebs buffer for 50 min; the bath
solution was replaced every 10 min. The resting tension was set
optimally at 1.0 g. The contractile amplitude of each jejunal
segment was measured from the baseline to the peak and was
expressed as a percentage of the normal contractile amplitude.
The contractile amplitude was recorded, and identical time
intervals in each assay with the same start and stop time were
chosen to compare the amplitude before and after drug treat-
ment in different assay conditions. The mean amplitude was
calculated from six independent assays.

Western blot analysis

The phosphorylation of the 20 kDa regulatory light chain
subunit of myosin (MLC,,) and the MLCK protein content in
jejunal samples were examined using western blot analysis as
described previously.* The jejunal segments were immediately
isolated from rats and stored in liquid nitrogen. The samples
were homogenized and incubated in ice-cold homogenization
buffer for 30 min. The blots were transferred to a nitrocellulose
filter membrane and probed with phosphor-myosin light chain
2 (Ser 19) antibody (1 : 1000) (Product no. 3671, Cell Signaling
Technology, Inc. (CST) USA) and myosin light chain 2 (total
myosin light chain) antibody (1 : 1000) (Product no. 3672, CST,
USA) at 4 °C overnight with gentle shaking. For MLCK analysis,
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the blots were transferred to a nitrocellulose filter membrane
and probed with MLCK antibody (1:1000) (Product no.
ab76092, Abcam [Hong Kong] Ltd., UK). After that, the blots
were incubated with anti-rabbit IgG secondary antibody
(1 :250) for 90 min at room temperature and the bands were
detected and quantified using a MultiSpectral Imaging System
(UVP, Cambridge, UK).

Simultaneous measurement of [Ca>*]; and isometric force of
intestinal strips in situ

The isolated jejunal segments were cut into strips (length of 1 to
4 mm) without endothelium and adventitia. These strips were
mounted vertically on an organ bath filled with physiological
salt solution, gassed with 5% CO,/95% O,, and maintained at
37 °C. The isometric force of jejunal strips and changes in
intracellular Ca®>" ([Ca®];) were measured simultaneously.” The
jejunal strips were incubated with 12.5 pM of fura-2/AM.
Changes in [Ca®"]; were recorded continuously with a spectro-
fluorometer (CAM-230, Japan Spectroscopic) equipped with
a randomized optical fiber system.*

RT-PCR analysis of MLCK expression

Total RNA was extracted from jejunal segments using TRIzol®
reagent (Life Technologies, Rockville, MD, USA). For cDNA
synthesis, oligo (dT) primers were used to prime the reverse
transcription reactions. The primers (Takara Biotechnology
(Dalian) CO., LTD) were designed using published sequences to
amplify the MLCK transcripts. The reference gene GAPDH
served as an internal control. The primer sequences for PCR
were MLCK: 5-AATGGTGTTGCTGGAGATCGAGGT-3’ (forward)
and 5'-GCTGGATCAAATTGCGGTGGTTCA-3' (reverse), and
GAPDH: 5-GGCAAGTTCAATGGCACAGT-3' (forward) and 5'-
TGGTGAAGACGCCAGTAGACTC-3' (reverse). RT-PCR was per-
formed using the SYBR green method for fluorescence detection
on an ABI 7500 Fast Real-Time PCR System (Applied Bio-
systems). PCR conditions were as follows: initial denaturation
at 95 °C for 30 s followed by 40 thermal cycles at 95 °C for 5 s,
60 °C for 34 s, and 72 °C for 30 s. The amplification of MLCK was
normalized to the amplification of GAPDH mRNA in the same
sample (A“, the difference between C,,__ and C,, ). A“ was
then transformed to absolute values (27*%) and expressed as
percentage of the expression in control samples.
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Statistical analysis

One-way ANOVA was used for the comparison of three or more
groups of data. Student ¢-test was used to compare two groups of
data. Data were expressed as the mean + SD. The data followed
anormal distribution and the variance of each group was equal.
The data were further evaluated by using the Kruskal-Wallis
rank sum test. All experiments were repeated at least six times
and a P-value of less than 0.05 was considered statistically
significant.

Results
Effect of bromelain on constipation in vivo

Food intake, water intake, number of fecal pellets, water
content of fecal pellets, and weight of fecal pellets in consti-
pated rats were significantly decreased compared with those of
normal control rats, which suggests the successful establish-
ment of the constipation model. These changes were reversed in
the constipation group by gavage administration of bromelain
(Table 1).

Bromelain (Fig. 1A) at the doses of 5.0 and 20.0 mg kg *
significantly increased intestinal transit and gastric emptying in
constipated rats. Bromelain (Fig. 1A) at the doses of 5.0, 10 and
20.0 mg kg~ ' significantly increased intestinal transit and
gastric emptying in normal mice (ESI Fig. 1f). The AWR score
was used to assess rat visceral hypersensitivity. The AWR score
was significantly higher in the constipated group than that in
the normal control, suggesting that visceral hypersensitivity in
constipated rats was higher than that in normal control rats.
These changes were reversed in the constipated group by gavage
administration of bromelain (Fig. 1B).

Effects of bromelain on intestinal contraction and [Ca*];

Isolated rat jejunal segments were used to further characterize
the bromelain-induced modulation of intestinal smooth muscle
contractility. At the concentration of 2.5-80.0 pmol L™,
bromelain increased the contractile amplitude of jejunal
segments (Fig. 2A). At the concentration of 5.0-20.0 umol L™,
bromelain reversed the reduction of the contractility of jejunal
segments incubated in Krebs buffer containing a low Ca**
concentration (2.5 mmol L™ ') or in the presence of
10.0 pmol L~ norepinephrine (NE). Moreover, bromelain

Table 1 Effect of bromelain on food intake, water intake, and characteristics of fecal pellets of constipated rats®

Bromelain (5 mg kg™ ")
treatment

Normal control ~ Constipation

Bromelain (20 mg kg™ )
treatment

Bromelain (10 mg kg™ )
treatment

Food intake

Water intake

Number of fecal pellet
Water content of fecal pellet
Weight of fecal pellet

(100.0 £ 9.1)%  (96.3 + 8.2)%
(100.0 + 10.3)%  (58.3 + 6.9)°%
(100.0 + 12.6)%  (31.2 + 2.4)°%
(100.0 + 13.1)%  (53.7 + 6.2)°%
(100.0 + 10.8)%  (61.2 + 7.8)"%

(106.7 £ 11.6)%
(79.2 £ 6.3)°%
(51.3 £ 5.2)%

(73.6 £+ 8.1)% (88.3 £ 7.8)°%
(80.3 £9.1)%

(109.4 + 13.8)% (104.3 £ 11.2)%
(89.5 £ 9.2)% (93.5 £ 8.7)%
(79.6 £ 7.4)% (94.2 £ 10.5)%
(96.4 + 8.7)%
(

(93.0 £ 10.1)°% 101.6 + 12.4)%

¢ Data in normal control group are set to a relative value of 100% and expressed as the mean =+ SD. Other data are the relative values compared with
normal control. ” P < 0.01 compared with the NC. © P < 0.01 compared with the constipation group, n = 6 rats.
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Fig.1 In vivo analysis of bromelain-exerted effects on the gut function in rats with constipation (CP). (A) Effect of bromelain (5.0, 20.0 mg kg™
on gastric emptying and intestinal transit in CP rats. (B) Effects of bromelain (5.0, 20.0 mg kg™ on visceral sensitivity in CP rats. Five abdominal
withdrawal reflex (AWR) scores (0 to 4) were used to measure the visceral sensitivity of the rats during colorectal distension. In panel A, data in the
normal control group are set to a relative value of 100% (normal control, NC) and expressed as the mean + SD. The remaining data represented
the relative values compared with the NC. **P < 0.01 compared with the NC; ##P < 0.01 compared with the CP group, n = 6 rats.

reversed the decrease of the contractility of jejunal segments
isolated from constipated rats (Fig. 2B).

Histamine H1 receptor blocker diphenhydramine did not
significantly change the effect of bromelain on intestinal
contraction (Fig. 2C, upper panel). Muscarinic receptor blocker
atropine blocked bromelain-induced contraction (Fig. 2C,
upper panel). In the presence of hemicholinium-3
(0.1 pmol L%, 10 umol L"), an endogenous blocker of ACh
synthesis, the maximum effect exerted by bromelain was
significantly decreased and the dose-response curve was shifted
to the right (Fig. 2C; lower panel).

The incubation of jejunal smooth muscle strips with
5.0 pmol L™' and 20.0 pmol L™' bromelain for 5 minutes
increased the contractile force and significantly increased
[Ca*"]; from 100.0 & 12.7% to 156.2 + 12.1% and from 100.0 +
13.9% to 253.5 & 18.3%, respectively.

Effect of bromelain on p-MLC,,

The extent of myosin phosphorylation is positively correlated
with smooth muscle contraction (20). The targeted deletion of
MLCK in gastrointestinal smooth muscle resulted in severe
gastrointestinal dysmotility, characterized by weak peristalsis
and dilation of the digestive tract, suggesting that MLCK is
central to smooth muscle contraction and is required for
gastrointestinal motility (21, 22). In the present study, the
effects of bromelain on p-MLC,,, MLCK mRNA expression, and
MLCK protein levels were investigated. The extent of p-MLC,, in
constipated rats was significantly decreased compared with that
in the normal control group (from 100.0 £ 9.1% to 37.2 & 1.6%).
After gavage with bromelain (5.0, 10.0, or 20.0 mg kg~ " once
daily for 3 consecutive days), the extent of p-MLC,, was signif-
icantly increased in constipated rats treated with 20.0 mg kg™
of bromelain (from 37.2 + 1.6% to 88.3 + 6.3%) (Fig. 3A).
However, there was no significant difference in the extent of
P-MLC,, between the bromelain-treated groups and the normal
control group. MLCK mRNA expression in constipated rats was
significantly decreased compared with that in the normal
control group (from 100.0 + 6.2% to 41.2 £ 2.4%). MLCK mRNA
expression in constipated rats treated with 20.0 mg kg™ of

This journal is © The Royal Society of Chemistry 2017

bromelain was significantly increased (from 41.2 + 2.4% to
113.2 + 8.6%) (Fig. 3B). The effect of bromelain on MLCK
protein levels agreed with the results on MLCK mRNA expres-
sion (Fig. 3C). These results suggest that abnormal gastroin-
testinal hypomotility in constipated rats is closely related to the
decrease in p-MLC,,, which leads to the relaxation of the
gastrointestinal tract, and bromelain restores gastrointestinal
motility in constipated rats by increasing p-MLC,, via upregu-
lation of MLCK expression.

Comparative study with crude bromelain

As purified bromelain is the main bioactive constituent in crude
bromelain. The effects of purified bromelain on gastrointestinal
motility were also studied compared with crude bromelain.
Crude bromelain (20 mg kg™ ') also reversed the decreased
gastric emptying and intestinal transit, but the effect is lower
than that exerted by purified bromelain (Fig. 4A and B).

In the ex vivo study, 300 ug mL ™" crude also stimulated the
contractility of isolated intestinal segment, but the stimulatory
effect is lower than that exerted by purified bromelain (Fig. 5A
and B).

Discussion

In the present study, the effects of purified fruit bromelain on
constipation were investigated in vivo and ex vivo. Our results
indicated that bromelain significantly alleviated the
loperamide-induced constipation symptoms by releasing
endogenous ACh and phosphorylating Ca**-dependent myosin.

The anti-inflammatory effects of bromelain seem to be
related to the protease activity. However, other effects such as
inhibition of cell growth and metastasis are associated with
other nonproteinolytic activity.>® According to the results in this
study, we assumed that the proteolytic activity of the bromelain
may be not the main mechanism underlying bromelain induced
stimulation on gastrointestinal motility. Loperamide is
a commonly used as antidiarrheal agent, and loperamide is
used as an agent to set constipation model by inhibiting the
intestinal smooth muscle contraction and reducing bowel

RSC Adlv., 2017, 7, 45252-45259 | 45255
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Fig.2 Mechanisms underlying bromelain-induced jejunal contraction (A) effects of bromelain on jejunal contraction. (B) effects of bromelain on
jejunal contraction in different contractile states. (C) Effects of bromelain on jejunal contraction in the presence of atropine and hemicholinium-3
(HC-3), respectively. (D) Effects of bromelain on intracellular free Ca®* concentration ([Ca®*]). Data are expressed as mean =+ SD. Data in the
group not treated with bromelain were set to 100% (NC), and the remaining data corresponded to the relative value compared with the NC. (%
NC, n = 6). **P < 0.01 compared with the NC group, n = 6 tissues.

movements.> The smooth muscle contraction related mecha- activation of muscarinic receptors or histamine H1 receptor
nisms were mainly studied to uncover the mechanisms under- may be mediated by the increase in gastrointestinal motility.*
lying bromelain induced stimulation on gut motility. The In this study, bromelain-induced intestinal contraction was not
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Fig. 3 Effect of bromelain on myosin phosphorylation in rat jejunal
smooth muscle. Rats from the normal control (NC), constipation (CP)
group, and CP rats treated with bromelain were killed on day 14.
Jejunal segments from each group were isolated to determine the
effects of bromelain on the phosphorylation of the 20 kDa regulatory
light chain subunit of myosin (p-MLCyp), myosin light chain kinase
(MLCK) mRNA expression, and MLCK protein content. (A) Represen-
tative traces and statistical analysis of bromelain on the p-MLC;q. (B)
Representative traces and statistical analysis of bromelain on the
protein content of MLCK. (C) Effects of bromelain on the expression of
MLCK mRNA. The data obtained from the NC group were set to
a relative value of 100%. The remaining data corresponded to the
relative values compared with the NC. Data are expressed as the mean
+ SD. **P < 0.01 compared with the NC group, *#P < 0.01 compared
with the CP group, n = 6 experiments.

affected by histamine H1 receptor blocker diphenhydramine,
suggesting that histamine H1 receptor was not involved in the
bromelain-induced stimulation of intestinal contraction. The
bromelain-induced stimulatory effects were blocked by atropine
and hemicholinium-3. Considering that bromelain-induced

This journal is © The Royal Society of Chemistry 2017
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crude bromelain. (A) Effects of bromelain and crude bromelain on
gastric emptying in CP; (B) effects of bromelain and crude bromelain
on intestinal transit in CP. The data obtained from the NC group were
set to a relative value of 100%. The remaining data corresponded to the
relative values compared with the NC. Data are expressed as the mean
+ SD. **P < 0.01 compared with the NC group, #*#P < 0.01 compared
with the CP group, #®P < 0.01 compared with 300 ng mL™* bromelain
treated group, n = 6 rats.

contraction was significantly weaker than ACh-induced
contraction and the core structures of bromelain and ACh are
different, the stimulatory effect of bromelain on jejunal
contractility may be correlated with the stimulation of the
release of endogenous ACh. Ca** is a major signaling and
regulatory molecule in interstitial cells of Cajal and smooth
muscle cells.***” Electrical excitability in smooth muscle is
associated with a robust increase in [Ca*'];.?® In this study,
[Ca®"]; was significantly increased by bromelain treatment, and
the increased [Ca®>']; was accompanied by smooth muscle
contraction. We hypothesize that the increase in [Ca®"]; by
bromelain involves at least two mechanisms: 1 bromelain
induces the release of endogenous ACh and then promotes the
increase in [Ca’'];, and bromelain directly promotes the
increase in [Ca®;, however, these hypotheses need to be
confirmed by future studies.

The targeted deletion of MLCK in gastrointestinal smooth
muscle resulted in severe gastrointestinal dysmotility, charac-
terized by weak peristalsis and dilation of the digestive tract,
suggesting that MLCK is central to smooth muscle contraction
and is required for gastrointestinal motility.”® In the present
study, the expression of p-MLC,, and MLCK was significantly
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Fig. 5 Effect of bromelain on the contractility of constipated rat (CP) intestinal preparation compared with crude bromelain. The data obtained
from the CP group were set to a relative value of 100%. The remaining data corresponded to the relative values compared with the CP. Data are
expressed as the mean + SD. **P < 0.01 compared with the NC group, #*#P < 0.01 compared with 300 ng mL~* bromelain treated group, n = 6

rats.

increased by bromelain treatment. These results suggest that
abnormal gastrointestinal hypomotility in constipated rats is
closely related to the decrease in p-MLC,,, which leads to
relaxation of the gastrointestinal tract, and bromelain restores
gastrointestinal motility in constipated rats by increasing
P-MLC,, via upregulation of the MLCK expression.

It is known that pineapple juice is beneficial for alleviating
routine constipation, including infrequent or difficult-to-pass
stools. Carbohydrates, organic acids, fatty acids, and some
types of salt are also present in pineapple fruit. However, the
most well-known constituent with potent pharmacological
effects is bromelain.** Compared with crude bromelain, the
purified bromelain exerted stronger stimulatory effects on
gastrointestinal motility at the same dose/concentration. This
study suggests that the ameliorative effect of pineapple fruit on
constipation is partly dependent on fruit bromelain. Natural
bioactive constituents may be used in drug discovery because of
the low toxicity of these constituents.**> The results of the
present study provide new insights into constipation therapy by
bromelain.
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