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Castell, José V., Gerhard Friedrich, Cai-Steffen Kuhn,
and Georg E. Poppe. Intestinal absorption of undegraded
proteins in men: presence of bromelain in plasma after oral

intake. Am. J. Physiol.. 278 (Gastrointest. Liver Physiol.

36): G139-G146, 1997.—The human adult intestinal epithe-
" lium has traditionally been described as nonpermeable to
proteins. However, indirect evidence suggests that reduced
absorption of undegraded proteins might take place under

physiological conditions. Using bromelsin (an enzyme ob-
tained from pineapple stems) as a model protein, we studied
the extent of this mucosal permeation in 19 healthy men. The
protein was detected in plasma by immunoassay and by its
proteolytic activity after oral administration, The estimated
plasma halflife was 6-9 h. After oral multidosing (3 g/day),
plasma concentration reached as much as 5,000 pg/ml by 48
h. From the plasma concentration curve, it could be estimated
that an average of 10.8 ug of bromelain was present in
plasma in the 3- to 51-h period. The presence of undegraded
bromelain in plasma was shown unequi by immunopre-
cipitation of plasma samples with antibromelain antibodies,
followed by gel electrophoresis and immunodetection. More-
over,the enizyme retained its biological activity, at least in
part. Circulating bromelain was found associated with ap-
macroglobulin and o -antichymotrypsin. The results of this
work confirm the existence of a small but significant intesti-
nal transport of undegraded proteins in healthy men.

intestinal protein absorption; intestinal ptrmubn]:ty- food
intolerance; allergy; oral delivery of peptides
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THE INTESTINAL ABSORPTION of intact macromolecules
has been a matteér of scientific controversy for many
years. Despite early evidence showing a certain perme-
ability of the intestine for particulated substances (32,

35), the healthy adult intestinal epithelium was gener--

ally considered to be absolutely nonpermeable to large
macromolecules. More recent evidence has suggested
that absorption of macromoleculés (among them unde-
graded proteins) could occur under certain circum-
stances (8, 20, 28) and that this phenomenon could be
involved in the pathophysiology of certain intestinal
diseases (28; 34).

The axpenmental evidence of intact protein trans-
port through the intestinal epithelium of adult is weak
(20, 28). It is generally assumed that during digestion,
proteins are fully hydrolyzed by intestinal proteinases
and lysosomal enzymes of enterocytes to amino acids
(17) before they can reach the portal system. The
intestinal wall in mammals is only open in preterm
babies (2) and for a few days after birth, when immuno-
globulins from the colostrum can easily reach the blood
of the néewborn (18, 21, 36). After then, an intestinal
closure takes place that is characterized by the replace-
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ment of fetal absorptive cells by adult cells lacking this

transport ability and by the formation of tight junctions * " ‘
between neighboring epithelial cells (7). This picture: - .
can be altered in young and adult individuals under ©"

pathological circumstances [i.e., enterocolitis (25), viral:
enteritis (11, 14), gnstmententis (12), and severe burns

(9)]. Transcellular uptake of macromolecules has often 24

been considered the mechanism behind the induced
immune response to dietary components in intestinal - -
allergic diseases (6, 13, 16, 23-25, 28, 29, 33, 34),
despite the lack of convincing evidence.

Some studies have lent support to the idea that there
is a small but significant transport of biologically active

peptides and proteins through the epithelial cell wallin -
animals [i.e., factor VIII (10), thyroid stimulating hor-
mone and adrenocomcotropzc hormone (31), insulint
(27), and calcitonin (5)). However, the oécurrence and.’
extent of undegraded protein absorption in.adult hu-
mans remains to be quantified. Research on this trans-
port phenomenon would be of interest not only for a-
better understanding of pathophysiological events in = *
the intestinal epithelium butalsoforafuhn*eomldehvery
of peptides and proteins with pharmncologlcal action. =

In the present study, we have investigated the exfent
of mucosal permeation to undegraded proteins in men.
For this purpose, bromelain, a biologically active plant -
protein present in pineapple steni and fruits (26), was
chosen as a model protein. After bromelain was admin-
istered orally to human volunteers, the glama kinetics
and the nature of the protein present in:blood were-
investigated. Our study demonstrates the presence of

_intact, biologically active bromelain in the plasma of

individuals who received the protein orally and thus
lends support to the existence of a small but s:gmﬁca.nt
transmural transport of nondegraded. protems in

healthy adult humans.

MATERIALS AND METHODS

Materials. Bromelain, isolated from the stem of the p
apple plant (mol mass 2¢-26 kDa, pharmaceutical grade).
was obtained from MUCOS Pharma (Geretsreid, )
and was dissolved in double-distilled water, ﬁltered,; “and
further purified by gel-permeation chromatography through

G-25M and PD-10 columns (Pharmacia, Uppsala, Sweden). . ;
ITodobeads and N-hydroxysulfosuccinimide (C-5 long chain)s .
from Pierce (catalog:-

biotin (NHS-LC-biotin) were
nos. 28665 and 21335). '*¥¥[-Na (specific activity, 535 MBq/ug)

was obtained from Amersham-Buchler (Braunschweig, Ger-
many). Z-Arg-Arg-N-hydroxy-methylcoumarin was supplied :

by Bachem (Basel, Switzerland), Alkaline phosphatase bound~ - | -

to avidin (A-7294), alkaline phosphatase bound to extravidin’
(E-2636), nitroblue tetrazolium chloride (N-6639), and
5-bromo-4-chloro-3-indolyl phosphate (B-1026) were obtained:
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from Sigma Chemical (St. Louis, MO). The fluorogenic sub-
strate 4-methylumbelliferyl-O-phosphate was obtained from
Fluka (cat. no. 69605). Sepharose-bound anti-rabbit immu-
 noglobulin G (IgG) (Immunobeads; cat. no. 170-5602) was

obtained from Bio-Rad (Munich, Germany). Maxisorp microti-
ter plates from NUNC (Roskilde, Denmark) were used for the
assays. Fluorescence measurements were made in opaque
microtiter plates (Microfluor; Dynatech) by using a fluores-
cent microplaque reader (Titertec Fluoroscan II, ICN; excita-
tion, 355 nm; emission, 406 nm). Agarose M was from LKB
(2206-101).

Antibody production. Antibodies against bromelain were
produced in rabbits after multidermal injection of both poly-
mer-bound bromelain and Freund’s complete adjuvant emul-
sified bromelain at 2-wk intervals. Rabbits were bled after 3
mo, and the specificity of the immunoglobulin fraction against
bromelain and its lack of response against human plasma
proteins were examined by immunoelectrophoresis and West-
ern blot. The IgG fraction was purified by ammonium sulfate
precipitation and diethylaminoethyl (DEAE) chromatogra-
phy and stored as described previously (22).

Biotinylation of immunoglobulins. About 0.3 ml of DEAE-
purified rabbit IgG (30 ug) was brought to pH 8.5 by the
addition of 50 mM sodium carbonate solution. After ice
cooling, 250 ul of aqueous NHS-LC-biotin (1 mg/ml) was
added, and the reaction mixture was incubated for 1 h at 0°C.
After addition of 20 zz1 0f 0.1 M glycine and further incubation
for 20 min at room temperature, the reaction mixture was
extensively dialyzed against 50 mM phosphate buffer for 5 h.
Bovine serum albumin (BSA) was added to the labeled
immunoglobulins at a final concentration of 10 mg/ml, and
they were stored at +4°C until use (22),

Study design with human volunteers. The study was per-
formed with 19 healthy white men, aged 18-45 yr. The study
(randomized, controlled, and double-blind) was conducted at
Biodesign facilities (Freiburg), in accordance with good clini-
cal practice standards, and conformed to the “Declaration of
Helsinki” as adopted by the World Health Organization
guidelines and the German Drug Law. Informed consent was
obtained before starting the clinical study. Volunteers were
nonhabitual ethanol consumers, and they had not been
administered any medication in the days before the trial, in
particular nonsteroidal anti-inflammatory drugs or com-
pounds that could alter the permeability of the intestinal
mucosa. None of the selected individuals had first-degree
relatives with Crohn's disease.

Fifteen volunteers were given enteric-coated film tablets,
with each tablet containing 200 mg of bromelain. Four
individuals were given placebo tablets. During the first 2 days
of the trial, three tablets were administered at 0800, 1100,
1400, 1700, and 2000, followed by five tablets at 2300. On the
third day, only three tablets were administered at 0800. The
volunteers received standard meals at 0900, 1200, 1530, and
1830. A sample of 12 ml of blood was drawn by direct
venipuncture and collected in sodium citrate tubes before
each bromelain administration. Blood was also collected on
days 3, 4, and 5, following the same time schedule as
described above. After the blood was centrifuged (15 min at
2,000 g; +4°C), plasma was separated and assayed for
bromelain-specific proteolytic activity and for the presence of
immunoreactive bromelain.

Immunological quantification of bromelain in plasma. Bro-
melain was determined in human plasma using a capture
enzyme-linked immunosorbent assay. By selecting rabbit
antibodies that recognize different bromelain epitopes, a
one-species immunoglobulin sandwich enzyme-linked immu-
nosorbent assay was developed. The capture of bromelain by
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the antibodies was visualized by using avidin-bound phospha-
tase and a fluorogenic phosphatase substrate. Microtiter
plates (NUNC) were coated overnight with 200 p of a 1:4,000
dilution of rabbit IgG antibromelain (coating buffer: 0.1 M
Na,COy/NaHCO; and 0.02% NaN;, pH 9.6). Plates were
rinsed, and plasma samples, calibration probes, and controls
(20-2,000 pg protein in 200 ul) were incubated for 12-24 h at
+4°C. After extensive washing (10 mM Tris buffer, 15 mM
NaCl, and 0.05% Tween 20, pH 7.5), 200 ul of biotinylated IgG
(1:5,000 dilution) was added to ecach well, and the plate was
incubated for 2.5 h at 37°C. After repeated washing, 200 ul of
avidin-bound alkaline phosphatase (1:12,500 dilution in 10
mM Tris buffer, 150 mM NaCl, and 0.5% Tween 20, pH 7.5)
was added to each well and incubated for 1 h at 37°C, Wells
were thoroughly washed and incubated with 100 zl of the
fluorogenic substrate methylumbelliferyl-O-phosphate (0.33
mM in 0.1 M diethanolamine hydrochloride and 0.5 mM
MgCl,, pH 9.8). The incubation was stopped by transferring
the probes to opaque microtiter plates for fluorescence measur-
ing. A concentration-dependent increase in fluorescence was
observed in the 20-2,000 pg/well range. The variability was
small (<2%) when different plasma samples were used to
prepare the standards. This immunoassay allowed reproduc-
ible quantification of bromelain in human plasma down to
100 pg/ml. The interassay variation was 95-103%,

Measurement of proteolytic activity of bromelain present in
plasma samples. Microtiter plates were incubated overnight
(+4°C) by placing 200 ul of the coating solution (1:400
dilution of purified rabbit IgG antibromelain in 0.1 M sodium
carbonate containing 0.02% NaNj) into each well. The next
morning, calibration standards and controls were prepared.
The coated plates were washed, and 200 ul/well of either
plasma samples, controls, or calibration” standards were
added and incubated for 12 h at +4°C. Dilution and sampling
of probes were performed automatically (Biomek, Beckman).
Plates were washed, and 200 ul of substrate solution (0.05
mg/ml Z-Arg-Arg-N-hydroxy-methylcoumarin in 0.1 M phos-
phate buffer, 4 mM EDTA, and 8 mM cysteine) was added per
well and incubated for 4 h at 25°C. The fact that bromelain
was attached to the surface of the microwell by an adsorbed
antibody apparently did not impair the catalytic activity of
the enzyme toward small, easily diffusible substrates. The
reaction was stopped by transferring the incubation mixture
to noncoated opagque microtiter plates. Fluorescence was
measured at 355 nm excitation and 460 nm emission. The
assay showed a linear increase in fiuorescence during a 3-h
period, which was proportional to the bromelain present in
the samples. A practical limit of detection of 1 ng brome-
lain/ml plasma was recorded.

Identification of circulating bromelain in plasma of volun-
teers, One milliliter of plasma was diluted with 0.5 ml TNET
buffer (20 mM Tris, pH 7.5, 140 mM NaCl, 5 zM EDTA, 2 mM
methionine, 1% Triton X-100, and 0.02% NaNj), and 0.5 ml
DEAE chromatography-purified IgG rabbit antibromelain
(1:500 dilution) was mixed and incubated overnight at +4°C.
One hundred microliters of Sepharose-bound goat IgG anti-
rabbit IgG suspension (Immunobeads; 50 mg/ml in TNET
buffer) was added subsequently, and the mixture was incu-
bated for 2 h at 37°C. After centrifugation (100 g for 5 min),
the supernatant was discarded, and the sediment was washed
two times with 1 ml of TNET buffer and two times with 50
mM phosphate buffer, pH 7.5. Thirty microliters of dissocia-
tion buffer [1% SDS and 0.1% dithiothreitol (DTT)] was added
to the pellet and incubated for 5 min at 100°C. After centrifug-
ing (500 g for 5 min), the supernatant was analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE; under dena-
turing conditions) and blotted to polyvinylidene difluoride
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(PVDF) membranes (Immobilon, Millipore), using a semi-dry
transblot chamber (Bio-Rad) at 8 mA/cm? for 30 min. The
membranes were then incubated with 10 ml of biotinylated
- antibromelain IgG for 2 h at 37°C. After repeated washing,
the membranes were incubated with extravidin-bound alka-
line phosphatase (1:10,000 dilution) for 1 h at 87°C with
gentle shaking. For visualization, membranes were incu-
bated with a mixture of 20 ml of nitroblue tetrazolium
chloride (50 mg/ml), 10 ! of 5-bromo-4-chloro-3-indolyl phos-
phate (50 mg/ml), and 25 ml of buffer (0.1 M Tris, pH 7.2, 0.1
M NaCl, and 5 mM MgCl,). The membranes were allowed to
stand at room temperature until clearly visible blue bands
. appeared.

Binding of “*I.bromelain to human plasma proteins. Five
micrograms of bromelain (4) in 300 z1 of 50 mM phosphate
buffer, pH 7, was placed in a small tube and incubated for 10
min at 20°C with 37 MBq !?*I-Na and two lodobeads. The
mixture was subsequently applied to the top of a small PD-10
column (Pharmacia), previously equilibrated with 50 mM
phosphate buffer containing 1% BSA, to remove free iodide.
Labeled bromelain eluted with the front. The solution was
concentrated by filtration through a Centricon 10 membrane
and stored at —20°C. The estimated specific radioactivity of
the labeled protein was 4 X 108 dpm/ug, and the free **] was
<0.1%. Increasing concentrations of ***I-bromelain (1, 5, and
50 ng; ~40,000 cpm) were added to 1 ml of citrated blood of
healthy volunteers and incubated for 1-3 h at 87°C with
gentle shaking. Blood samples were centrifuged (2,000 g for
10 min), and the radioactivity of plasma and blood cells was
measured. Plasma samples were examined by gel-permeation
chromatography (Macrosphere GPC 150; 7-um column). The
alignots were analyzed by fused-rocket.immunoelectrophore-
sis to identify bromelain-binding protein(s) on agar contain-
ing 0.1% antibodies against human «s-macroglobulin, a;-
antichymotrypsin,~and a;-antitrypsin. After we washed the
plates and stained for proteins, the agar plates were scanned
for radioactivity with a Bioimaging Analyzer (Raytest).

RESULTS

Time profile of plasma concentration of bromelain
after oral administration. Plasma samples of individu-
als who were given bromelain-and placebo were as-
sayed at regular time intervals after oral intake of
compounds. In subjects who were given the enzyme, an
increase of immunoreactive bromelain in blood was
evident. In all cases, a characteristic time-dependent
concentration curve was observed, reaching a maxi-
mum after the night intake of the protein (Fig. 14).
Thereafter, the concentration decreased after a pseudo-
first-order kinetics. The individual peak blood concen-
tration of bromelain varied within the experimental
group between 2,000 and 10,000 pg/ml (Table 1), with
average mean values of 2,500—4,000 pg/ml. Individuals
who received placebo tablets showed no detectable
bromelain in their plasma at any time during the
course of the clinical experiment (Fig. 1B).

The subjects in the study showed significant variabil-
ity in their plasma concentration profiles. Conse-
quently, the pharmacokinetic parameters peak plasma
concentration (Cpa), timing of peak plasma concentra-
tion (Toa), half-life (f,), and area under the curve
(AUC) were calculated independently for each experi-
ment (Table 1), assuming a monocompartmental model
of distribution, For most volunteers, C,,,, was reached
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Fig. 1. Time course of plasma concentration of bromelain after oral
administration. A randomized, controlled, double-blind study was
performed with 19 healthy white males, aged 18-45 yr. Fifteen
volunteers were administered enteric-coated film tablets, each one
containing 200 mg of bromelain. Four were administered placebo
tablets. During the first day of the trial, 3 tablets were administered
at 0800 (time 0 of experiment), 1100, 1400, 1700, and 2000, followed
by 5 tablets at 2300, The same pattern was followed on the second
day. On the third day, only 3 tablets were administered at 0800. Blood
samples were drawn each time before bromelain administration.
Plasma was assayed for the presence of immunoreactive bromelain.
A: individual bromelain plasma levels of volunteers who received the
protein. B: medians of immunoreactive bromelain in plasma of
recipients (n = 15; O) and individuals given placebo tablets (n = 4; @).

at ~48 h, with an average mean value close to 5,000
pg/ml. To estimate the ¢y of intestinally absorbed
bromelain, we used the data of the decay phase of the
second peak of the plasma concentration curve. Results
obtained from each volunteer are tabulated in Table 1
and show quite similar ¢, values of bromelain in blood
(average value, 6.07 h).

The AUC for the period of 3-51 h was calculated from
the available experimental data. The average blood
concentration of bromelain in the period of 3-51 h, in
individuals administered the protein orally, was 10.28
ug (Table 1).

Presence of intact bromelain in plasma of human
volunteers after oral administration. To elucidate
whether the immunoreactive bromelain present in
plasma corresponded to the full-size protein, an experi-
ment was performed in which the plasma of volunteers,
drawn at the time of maximal concentration, was
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Table 1.. Pharmacokinetic data on

orally administered bromelain
Mean
Area Under Amount
Coaexs T tus the Curve, in Plasma,
Subject peml n b pgrhthmltt P
2 4317 51 6.23 62,596 7.9
3 3,874 48 6.66 97,217 12.2
4 4,069 51 741 62,964 7.9
5 4,939 5l 40,426 5.1
6 4,543 51 6.02 100,988 12,6
8- 9,466 24 710 215,12 26.9
Q 2,561 48 7.44 57,077 7.1
10 5,456 48 7.64 92,995 1.6
11 5,826 24 4.46 92,388 11.6
13 1,831 51 6.19 81,226 3.9
14 38,657 27 4.24 78,364 8.8
15 9,805 51 84,405 10.6
16 3,012 48 6.22 76,039 9.5
8 7,947 48 434 78,674 7.8
19 2,603 34 4.98 62,659 7.8
Mean 4,927 43.67 6.07 82,208 103
n 15 15 13 15 15
SD 2,432 10.56 1.22 41,956 52
RSD, % 4936 2418 20.03 51.04 51.02
Median 4,317 48.0 6.22 78,364 9.79

Cumax, peak plasma concentration; Tmax, timing of peak plasma
concentration; ty, half-life. Fifteen volunteers received enteric-coated
film tablets, each one containing 200 mg bromelain at the times
indicated in MATERIALS AND METHODS. Four individuals (1, 7, 12, and
17) received placebo tablets. Bromelain ‘was immunologically mea-
sured in blood samples drawn before bromelain administration. ¢,
could not be determined with enough accuracy in volunteers 5 and 15.

immunoprecipitated with specific antibodies. The immu-
nocomplexes were affinity-isolated with Sepharose-
bound goat anti-rabbit IgG. The complexes were disso-
ciated with SDS and DTT and subjected to SDS gel
electrophoresis followed by protein transfer of the gel to
PVDF membranes. After blots were incubated, first
with biotinylated :antibromelain antibodies and then
with extravidin-bound alkaline phosphatase, the pres-
ence of a 24-kDa protein band (Fig. 2, lanes 3-5)
became evident. This value is coincident with the
full-size bromelain molecule (lane 6). No staining was
observed in the plasma of control individuals (lane 2).

Biological activity of circulating bromelain. Having
demonstrated that a small amount of orally adminis-
tered bromelain can be found in plasma as a full-size
protein, we considered it relevant to determine whether
the protein would still retain its characteristic proteo-
'y‘tll(!‘: activity after passage through the intestinal cell
wall.

The sensitivity of the proteolytic assay could be
greatly improved by using a combination of an antibody-
mediated capture of bromelain and a specific fiuoro-
genic substrate (Z-Arg-Arg-N-hydroxy-methylcouma-
rin). Plasma samples were added to IgG antibromelain-
coated wells, and the activity of the retained enzyme
was fluorimetrically monitored. The hydrolytic activity
»f bromelain toward synthetic small-sized substrates
»vas not blocked by the presence of plasma antiprotein-
:ses (0.1 mg/ml ag-macroglobulin) or by antibromelain
mtibodies, as found in control experiments with pure
yromelain, and the assay showed a linear increase in
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fluorescence during a 3-h period, which was propor-
tional to the bromelain present in the samples.

When the plasma of volunteers was examined by this
method, a time-dependent variation in enzyme activity,
overlying that of the immunoreactive bromelain, was
found (Fig. 3). The plasma concentration, as well as the
hydrolytic activity of bromelain in individuals who
received the protein orally, showed two peaks: one at
24-28 h and another at 48-52 h. No proteolytic activity
was found in individuals who received placebo tablets.

Binding of bromelain to human plasma proteins.
Because of the existence of antiproteinases in human
plasma that are able to form complexes with a wide
array of proteinases, it was of interest to investigate
whether absorbed bromelain would be present in blood
in the free form or bound to plasma antiproteinases. To
elucidate this point, **I.bromelain was incubated with
human citrated blood. After 3 h of incubation at 37°C,
cells were separated by centrifugation, and the radioac-
tivity was measured. Most of the radioactivity (>97%)
was found in the plasma. After subsequent high-
performance gel-permeation chromatography of the
radioactive plasma, samples of the eluate were exam-
ined by fused-rocket immunoelectrophoresis on agar-
containing antibodies against aj-macroglobulin, o-
antitrypsin, and a,-antichymotrypsin. After protein
staining, plates were scanned for radioactivity. As
shown in Fig. 4, most of the radioactivity was associ-
ated with the ag-macroglobulin precipitation line of the
rocket immunoelectrophoresis and, to a lesser extent,
with that of aj-antichymotrypsin. From the high-
performance liquid chromatography radioactivity pro-
files, it became evident that =50% of bromelain was
associated with plasma proteins.

DISCUSSION

In the adult mammal, the intestinal mucosa has been
described as a barrier to the passage of proteins (20).
Because the intestinal proteinases rapidly hydrolyze
proteins, only peptides resistant to hydrolysis by the
digestive enzymes of the gastrointestinal tract might
have the chance of being absorbed into the body when
administered orally.

In newborn animals, the ability of the intestine to
absorb whole proteins is great. This seems to be of
immunologic importance in many species, including
humans (2). Nevertheless, gastric and pancreatic en-
zymes present at birth and rapidly increasing in the
perinatal period, together with the formation of tight
junctions in intestinal enterocytes (7), greatly reduce
the capability for intact transport of large peptides.
Under normal circumstances this “closure” occurs a few
days after birth (1, 21) and remains for life.

The present study was undertaken to ascertain
whether a transmural transport of proteins could take
place in the healthy adult male and, if s0, to estimate its
magnitude. To this end, we selected a medium-size (24
kDa), biologically active protein, bromelain, that was
present in pineapples (26) and for which no evidence of
oral toxicity at doses up to 12 g/day existed (G. Zbinden,
Institut fiir Toxikologie der Universitét, Zurich, Switzer-
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Fig. 2. Presence of intact bromelain in plasma after oral administration. One-milliliter sample of plasma taken at
the times of maximal concentration of bromelain (lanes 3-5) was incubated with antibromelain immunoglobulin G
(IgG), and the immunocomplexes were isolated with Sepharose-bound goat anti-rabbit IgG. Proteins were
dissociated from the agarose with 1% SDS, 0.1% dithiothreitol (DTT), analyzed by SDS-polyacrylamide gel
electrophoresis, and blotted to polyvinylidine difiuoride membranes. After incubation with biotinylated antibrome-
lain IgG and extravidin-bound alkaline phosphatase, the presence of bromelain in plasma was revealed with
§-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium chloride. Lane 1, predosage human plasma of
volunteer 6; lane 2, no plasma sample; lane 3, plasma taken on day 2 at 0800; lane 4, plasma sample taken on day 3
at 0B00; lane 5, sample taken on day 3 at 1100; and lane 6, predosage plasma of volunteer 6 containing 2.5 ng

bromelain/ml plasma.

land, personal communication April, 1988). A study was
designed in which bromelain was administered orally
to human subjects, and its presence in the blood was
investigated. A crucial point in this study was the

Arbitrary fluorescence units

Time (h)

Fig. 3. Time course of bromelain proteolytic activity in plasma after
oral intake of the enzyme. Bromelain was administered to volunteers
in a randomized, controlled, double-blind study as described in detail
in MATERIALS AND METHODS. Blood samples were drawn before each
bromelain administration. Plasma was assayed for the presence of
bromelain-specific proteclytic activity. .

development of suitable methods for a precise and
unequivocal demonstration of bromelain in the blood of
volunteers. Skepticism about former experimental evi-
dence of transmural protein absorption has been com-
mon among scientists, probably because of the limita-
tions of the methodology used (30). For this reason, the
development of sensitive, specific, and reproducible
assays for bromelain determination in plasma was of
the utmost importance. This was possible with the use
of high-affinity specific antibodies and fluorescent
probes.

The results of the pharmacokinetic experiments (Fig.
1, A and B) clearly showed an increase in the plasma
concentration of immunoreactive bromelain after its
oral administration to human volunteers. This greatly
contrasted with the values found in control subjects, in
whom no measurable bromelain was detected (Fig. 1B).

Despite the fact that the immunoassay used was
unaffected by the presence of other plasma proteins,
the measured plasma values could simply reflect the
existence of circulating immunoreactive bromelain frag-
ments. Therefore, the experiment depicted in Fig. 2
was crucial to show whether full-size bromelain was
present in blood. It clearly demonstrates that, in healthy
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Fig. 4. Binding of bromelain to nplasma. proteins,
Approximately 40,000 cpm of ***]-bromelain was
added to 1 ml of citrated blood of healthy volun-
teers and was incubated for 1-3 h at 37°C with
gentle shaking. After centrifugation, most of the
radioactivity was found in the plasma that was
subsequently subjected to high-performance lig-
uid chromatography gel-permeation chromatog-
raphy. Individual fractions were collected and
analyzed by fused-rocket immunoelectrophore-
sis. To this end, 15 ml of a 1.75% low melting
point agarose gel containing 0.1% rabbit IgG
anti-human oas-macroglobulin and rabbit IgG
anti-human aj-antichymotrypsin was poured
onto & 10 X 10 em plate, and 5-x! aliquots of each
serum fraction were applied into small holes
aligned at the bottom of the gel. The plate was
subjected to electrophoresis for 15 h (120 V),
Precipitation lines were allowed to develop for
36 h at 4°C. After repeated washing with Tris-
NaCl buffer, the agar gel was scanned for radio-
activity by using a Raytest Bioimaging Analyzer
{A) and stained for proteins (B). The experiment
revealed the existence of radioactive precipita-
tion lines corresponding fo human oy-macro-
globulin (first eluting protein; column fractions
10-17) 'and human aoj-antichymotrypsin (col-
umn fractions 20-30), thus showing an associa-
tion between bromelain and both human plasma
antiproteinases.
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adult men, a small fraction of bromelain can cross the
intestinal epithelium as whole, nondegraded protein.

By making use of the catalytic properties of brome-
lain, we were able to address the question of whether
the transcellular passage of bromelain might result in
the denaturation of the protein. Consequently, we
investigated the presence of bromelain-associated pro-
teolytic activity in the plasma of the subjects in the
study. To accurately measure this activity, we devel-
oped an antibody-mediated capture assay that com-
bined the immunologic approach with the use of a
specific fluorogenic substrate. In the plasma of individu-
als who received the placebo, the proteolytic activity
was undetectable, whereas in volunteers receiving the
enzyme orally (Fig. 3), the time course of the measur-
able proteolytic activity in plasma overlapped with that
of the immunoreactive bromelain, thus showing that
the transcellular passage of bromelain did not fully
denature the protein.

Because of its proteclytic nature, circulating brome-
lain was found associated in part with the plasma

T T T 1
20 30 40 50

Fraction number

antiproteinase ag-macroglobulin. Although this protein
is known to bind and inhibit serine proteinases, it can
bind essentially to all proteinases (3). This explains
why a significant amount of the absorbed bromelain
appears associated with this antiproteinase in the
immunoelectrophoresis experiments shown in Fig. 4.
The magnitude of this transcytosic protein transport
is quantitatively small. The peak plasma values of
bromelain ranged between 2,000 and 10,000 pg/ml. A
similar value was reported recently by Lovegrove et al.
(19), who in a pilot study with eight human subjects
found an average maximal concentration of 4,000 pg/ml
of cow milk «-lactoglobulin after a milk load. Our study,
with a much larger sample size, revealed a certain
variability in plasma bromelain concentration among
volunteers. From the AUC, it was estimated that the
total amount of bromelain present in the biood was
close to 10 ug on average. The significance of this
transport phenomenon in humans is intriguing. Be-
cause of its reduced extent, this is clearly not a mecha-
nism of nutritional significance. However, the consis-
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tency of the results presented here indicate that it is
probably a common phenomenon in healthy adults.

" Aninteresting question arises as to how a protein can
reach blood circulation in an entire, nondegraded, and
biologically active form. Mechanisms to explain intesti-
nal protein transport have been postulated (8, 28). The
existence of specific receptors on enterocytes and pro-
tein transport has been demonstrated for some growth
factors (28), but it could hardly be extended to the
transport of proteins such as bromelain. The possibility
that the intestinal transport of proteins could involve
pinocytosis was suggested early on, on the basis of
electron micrographs. Pinocytic vesicles formed by the
brush border membrane normally fuse with lysosomes
to form phagolysosomes. Only if the protein escapes
hydrolysis could it conceivably enter the extracellular
space and reach the blood stream. Finally, the follicle-
associated epithelium cells (M cells) of Peyer’s patches
could also be involved. There is evidence of the partici-
pation of these cells in the transmural transport of
particulated material (15), and it has been speculated
that they might convey macromolecular compounds for
the uptake of antigens, a process that seems specifically
concerned with immunologic intestinal defense (28).
Another possible explanation is that the time course of
bromelain absorption could be associated with en-
hanced paracellular permeability secondary to nutrient
absorption during meals.

In conclusion, the evidence presented in this report
clearly shows that the intestinal transport of unde-
graded, nondenatured proteins (here exemplified by
bromelain) can take place to a small but significant
extent in the healthy adult male. The implications of
this phenomenon are not yet clear but could be of
relevance to achieve a better understanding of the
etiology of some allergic intestinal diseases (6, 13, 186,
23, 24, 29, 33). Furthermore, a better knowledge of this
transport system might be helpful for future oral
administration of biologically active peptides and pro-
teins in humans.
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