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See Corazza GR et al on page 838 and
Wahnschaffe U et al on page 844 in the July
2007 issue of CGH.

ackground & Aims: Conjugated bile acids promote
bsorption of dietary lipids by solubilizing them in
ixed micelles. Bile acids are not considered to facili-

ate the digestion of other nutrients. Methods: The
ffect of conjugated bile acids on the rate of protein
ydrolysis by trypsin and chymotrypsin was examined

n vitro. Common dietary proteins and 2 bacterial glu-
enases (proposed oral therapies for celiac sprue) were
roteolyzed in the absence or presence of a 10 mmol/L
onjugated bile acid mixture, simulating human bile
omposition. Lipolysis products (monoolein) and fatty
cid were also evaluated to simulate postprandial intes-
inal contents. Results: Conjugated bile acids dramati-
ally enhanced the proteolysis of several dietary pro-
eins, including �-lactoglobulin, bovine serum albumin,

yoglobin, and a commercially available dietary pro-
ein supplement. For �-lactoglobulin, a cow’s milk al-
ergen that is resistant to pepsin cleavage, bile acids
nhanced its proteolysis by pancreatic proteases even
fter incubation under gastric conditions. Exposure of
rolyl endopeptidases to bile acids made them more
usceptible to pancreatic proteases under simulated in-
estinal conditions. The conjugated bile acid effect was

ost pronounced in the presence of dihydroxy bile
cids and was observable at bile concentrations below
he critical micellar concentration but to a much greater
xtent at concentrations above the critical micellar con-
entration. Conclusions: We propose that, in addition
o promoting lipid absorption, conjugated bile acids
ffect the digestion and assimilation of dietary proteins
y accelerating hydrolysis by pancreatic proteases.
hese findings have implications for intraluminal pro-

ein breakdown and assimilation in the upper small
ntestine.

typical Western diet contains approximately 100 g
protein/day.1 Protein digestion begins in the stom-

ch, where pepsin hydrolyzes proteins into oligopeptides

f widely varying sizes. Fluctuations in gastric emptying
imes, gastric pH, pepsin activity levels, and the extent of
mulsification result in variable and often incomplete
ydrolysis of protein as it exits the stomach.2–5 As a
esult, the primary site for protein digestion in humans is
he small intestine.

When gastric content enters the small intestine, the pH
ises rapidly to near neutrality due to pancreatic and
uodenal bicarbonate secretion. At the same time, under
he influence of cholecystokinin, bile and pancreatic en-
ymes are secreted into duodenal content. There are 5
ecognized pancreatic proteolytic enzymes (trypsin, chymo-
rypsin, elastase, carboxypeptidase A, carboxypeptidase B),
nd these have broad substrate specificity. The pancreatic
nzymes digest incoming proteins and polypeptides into
hort peptides (typically 2– 6 residues in length), which
re further processed by brush border oligopeptidases
nd ultimately absorbed as amino acids, dipeptides, and
ripeptides through the intestinal epithelium.6,7 A few
ietary proteins, such as glutens, are relatively resistant to
mall intestinal proteolysis. Gluten proteins have
niquely high proline (�15%) and glutamine (�30%)
ontents, 2 residues that are not preferred by endogenous
ndoproteases. As a result, many high-molecular-weight
ligopeptides (10 to �30 amino acid residues) persist in
he small intestinal lumen, some of which are capable of
riggering the inflammatory process associated with ce-
iac sprue.8 Additionally, several allergenic proteins are
lso known to be resistant to luminal pancreatic protease
igestion. For example, soybean trypsin inhibitor (STI) is
table under simulated intestinal conditions for 2 hours.9

In this study, we investigated a possible role for con-
ugated bile acids in protein digestion. Conjugated bile
cids are amphipathic molecules whose identified physi-
logic role is to solubilize the lipolysis products of di-
tary triglyceride as well as fat-soluble vitamins.10 Bile
cids also have antimicrobial effects.11 An older German
tudy reported a modest enhancement of fibrin digestion

Abbreviations used in this paper: BLG, �-lactoglobulin; BSA, bovine
erum albumin; C, chymotrypsin; FM, Flavobacterium meningosepti-
um; MX, Myxococcus xanthus; Na-GCDC, sodium glycochenodeoxy-
holate; Na-TCDC, sodium taurochenodeoxycholate; PEP, prolyl endo-
eptidase; SDS-PAGE, sodium dodecyl sulfate/polyacrylamide gel
lectrophoresis; STI, soybean trypsin inhibitor; T, trypsin.
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July 2007 BILE EFFECT ON PROTEIN DIGESTION 17
n the presence of bile acids,12 although, to our knowl-
dge, no follow-up studies have been reported in the past
0 years. In the course of our studies on the role of
acterial prolyl endopeptidases (PEPs) as potential ther-
peutic agents for celiac sprue, we observed marked dif-
erences between enzyme stability in standard simulated
ntestinal fluids (devoid of conjugated bile acids) and
ctual intestinal fluids obtained from experimental ani-
als. These differences could not be reconciled even after

arefully adjusting the pancreatic protease and brush
order membrane composition of simulated intestinal
uids to more closely reflect conditions in vivo. We there-

ore evaluated the effect of conjugated bile acids on
rotein digestion. Our findings have potential implica-
ions for understanding the mechanisms of dietary pro-
ein assimilation in human nutrition and diseases of the
pper gastrointestinal tract.

Materials and Methods
Materials
All bile acids were from Sigma (St Louis, MO)

xcept for glycoursodeoxycholate (Calbiochem, a division
f Merck KGaA, Darmstadt, Germany). All dietary proteins
xcept for gluten (Bob’s Red Mill, Milwaukie, OR), �-lac-
oglobulin (BLG; MP Biomedicals, Inc, Solon, OH), and
remium Pro-Rated dietary protein supplement (choco-

ate flavored; Wellements, Phoenix, AZ) were from Sigma.
ancreatic enzymes were from Sigma (Trypsin from Bo-
ine Pancreas, T4665; �-Chymotrypsin Type II from Bo-
ine Pancreas, C4129), while pepsin was obtained from
merican Laboratories (Omaha, NE). Additional materi-
ls included cholestyramine resin (Sigma), monoolein
TCI America, Portland, OR), and sodium oleate (JT
aker, Phillipsburg, NJ). Substrates for all chromogenic
nzyme assays, except for PEP, were from Sigma; the PEP
ubstrate (Z-Gly-Pro-p-Nitroanilide) was from Bachem
Torrance, CA). Recombinant PEPs from Flavobacterium

eningosepticum (FM) and Myxococcus xanthus (MX) and
ecombinant cysteine endoprotease EP-B2 from barley
ere purified in-house based on existing protocols.13–15

ll other materials were food or reagent grade.

Enzyme Activity Assays
All enzyme activity assays (PEP, trypsin, chymo-

rypsin, and EP-B2) were performed as described previ-
usly.15,16

Sodium Dodecyl Sulfate/Polyacrylamide Gel
Electrophoresis Analysis of Dietary Proteins
The sensitivity of dietary proteins to conjugated

ile acid–induced proteolysis was evaluated with respect
o the following conditions: (1) physiologic bile acid

ixture alone, (2) mixed micelles (conjugated bile acid/
leic acid/monoolein mixed micelles), and (3) pretreat-
ent under gastric conditions, with and without pepsin.

he impact of the physiologic human bile acid mixture a
nd bile acid/oleic acid/monoolein mixed micelles was
easured on BLG, bovine serum albumin (BSA), STI,

hicken ovalbumin, myoglobin, and a commercially avail-
ble dietary protein supplement. The impact of the gas-
ric and acidic pretreatments was performed on select
ietary proteins (BLG, BSA, myoglobin, and the dietary
rotein supplement).

Physiologic Conjugated Bile Acid Mixture
Solutions of dietary protein (4 mg/mL) and phys-

ologic bile acid mixture (40 mmol/L total bile acid) were
repared in 20 mmol/L sodium phosphate, pH 7, buffer.
he 40 mmol/L physiologic bile acid mixture contained
2.8 mmol/L sodium glycocholate, 12.8 mmol/L sodium
lycochenodeoxycholate (Na-GCDC), 6.4 mmol/L so-
ium glycodeoxycholate, 3.2 mmol/L sodium tauro-
holate, 3.2 mmol/L sodium taurochenodeoxycholate
Na-TCDC), and 1.6 mmol/L sodium taurodeoxycholate
ecause these are representative of the major bile acid
pecies in the human gut.17,18 Stock solutions of trypsin
10 mg/mL) and chymotrypsin (10 mg/mL) were pre-
ared. The dietary protein solution (50 �L), the physio-

ogic human bile acid mix (25 �L), additional 20 mmol/L
odium phosphate, pH 7, buffer (23 �L), trypsin (1 �L),
nd chymotrypsin (1 �L) were added together to obtain
he following final composition: �2 mg/mL dietary pro-
ein, 10 mmol/L physiologic bile acid mixture, and 0.1

g/mL trypsin and chymotrypsin. A conjugated bile ac-
d–free control was performed by replacing the physio-
ogic human bile acid mixture with 20 mmol/L sodium
hosphate, pH 7, buffer. In addition, for BLG, protein
tability was measured as a function of conjugated bile
cid concentration in the 0 –14 mmol/L range. To visu-
lize the initial proteolytic process, trypsin and chymo-
rypsin levels were reduced in these experiments to a final
oncentration of 0.01 mg/mL.

Conjugated Bile Acid/Oleic Acid/Monoolein
Mixed Micelles
These experiments used a concentrated bile acid/

leic acid/monoolein mixed micelle mixture in 50
mol/L sodium phosphate, pH 6.5. Na-TCDC (14.4
mol/L), sodium taurocholate (9.6 mmol/L), sodium

leate (24 mmol/L), and monoolein (12 mmol/L) were
dded to 50 mmol/L sodium phosphate, pH 6.5, buffer.
he mixture was sonicated and heated until it became
niformly turbid. A 4 mg/mL dietary protein solution
as prepared in 50 mmol/L sodium phosphate, pH 6.5.
he dietary protein solution (48 �L) was mixed with the
oncentrated bile/oleic acid/monoolein mixed micelle
ixture (50 �L), 10 mg/mL trypsin (1 �L), and 10
g/mL chymotrypsin (1 �L). The final concentrations
ere 12 mmol/L bile acids, 12 mmol/L sodium oleate, 6
mol/L monoolein, and 0.1 mg/mL trypsin and chymo-

rypsin. For these experiments, both a conjugated bile

cid– and a fatty acid/monoglyceride-free control were
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18 GASS ET AL GASTROENTEROLOGY Vol. 133, No. 1
erformed by replacing the concentrated bile/oleic acid/
onoolein mixed micelle system with 50 mmol/L so-

ium phosphate, pH 6.5, and sodium taurodeoxycholate
14.4 mmol/L) and sodium taurocholate (9.6 mmol/L) in
0 mmol/L sodium phosphate, pH 6.5, respectively.

Gastric Pretreatment (With and Without
Pepsin)
A stock solution of dietary protein (4 mg/mL) was

repared in 0.01N HCl (pH 2). Pepsin NF powder was
dded to a final concentration of 0.6 mg/mL, and the
ixture was incubated at 37°C for 30 minutes. After this

0-minute incubation, the gastric-treated dietary protein
olution (48 �L) was mixed with the 40 mmol/L physiologic
ile acid mixture (25 �L), 500 mmol/L sodium phosphate,
H 7, buffer (25 �L), 10 mg/mL trypsin (1 �L), and 10
g/mL chymotrypsin (1 �L). The final concentrations
ere as follows: �2 mg/mL dietary protein, 10 mmol/L
hysiologic bile acid mixture, and 0.1 mg/mL trypsin and
hymotrypsin. A conjugated bile acid–free control was
erformed using 20 mmol/L sodium phosphate, pH 7,
uffer. The effect of incubating the dietary proteins un-
er acidic conditions (ie, no pepsin) was also assessed.
his was performed in an identical fashion as above,
xcept that no pepsin was used and the 4 mg/mL dietary
rotein solution was prepared in 0.001N HCl (pH 3).
For sodium dodecyl sulfate/polyacrylamide gel electro-

horesis (SDS-PAGE) experiments, the final mixtures at
H 6.5 or 7 were incubated at 37°C for approximately 15
inutes. Samples (20 �L) were withdrawn at 1, 5, and 15
inutes. Each sample was quenched by adding 20 �L

aemmli solution (composition 3% [wt/vol] SDS, 32.5
mol/L Tris, pH 6.8, 50% [vol/vol] glycerol, 10% [vol/vol]

-mercaptoethanol, and 10 mg/mL bromophenol blue)
nd heating the mixture at 95°C for �5 minutes. Sam-
les were analyzed using NuPAGE 4/12% Bis-Tris gels

Invitrogen, Carlsbad, CA). For studies on the STI, the
bove protocols were modified slightly. No trypsin en-
yme was used in the digestion and additional chymo-
rypsin (0.5 mg/mL final concentration) was used. For
astric stability evaluations, samples (10 �L) were with-
rawn at various time points throughout the 30-minute

ncubation. Each sample was neutralized with 10 �L 0.1
ol/L NaHCO3 before adding 20 �L Laemmli solution.

High-Performance Liquid Chromatography
Analysis of Gluten and Conjugated Bile Acids
In vitro gluten digestion assays developed previ-

usly were modified to evaluate the sensitivity of gluten
o conjugated bile acid–induced pancreatic digestion.14,16

o simulate gastric digestion, gluten flour (45 mg) was
dded to 1.485 mL 0.01N HCl, pH 2, and incubated at
7°C for 20 minutes. Pepsin NF powder was added to
btain a 0.6 mg/mL final concentration. The mixture was

ncubated at 37°C for 30 minutes, and then a 250-�L
liquot was mixed with 125 �L 40 mmol/L physiologic

ile acid mixture (in 20 mmol/L sodium phosphate, pH t
), 121 �L 500 mmol/L sodium phosphate, pH 7, buffer,
.9 �L 50 mg/mL trypsin, and 1.9 �L 50 mg/mL chymo-
rypsin to obtain 15 mg/mL gluten, 10 mmol/L physio-
ogic bile acid mixture, and 0.375 mg/mL trypsin and
hymotrypsin at pH 7. This material was incubated at
7°C for 30 minutes. Samples (200 �L) were withdrawn
t 10 and 30 minutes during both the gastric and intes-
inal phase of the digestion. The gastric samples were
uenched by the addition of 60 �L 0.1N NaOH, and the

ntestinal samples were quenched by adding 60 �L of 2
g/mL aprotinin. High-performance liquid chromatog-

aphy analysis of the samples was performed as detailed
reviously.14

PEP Activity in the Presence of Conjugated
Bile Acids
The stability of 2 bacterial PEP enzymes was eval-

ated in a solution containing 10 mmol/L physiologic
onjugated bile acid mixture and 15 mg/mL pepsin-
igested gluten. A stock solution of pepsin-digested glu-
en (30 mg/mL) was prepared by incubating gluten with
.6 mg/mL pepsin for 60 minutes at 37°C at pH 2. After
0 minutes, sodium phosphate was added to adjust the
H to 7. Stock solutions of the physiologic conjugated
ile acid mixture (40 mmol/L) and pancreatic enzymes
10 mg/mL trypsin or 10 mg/mL chymotrypsin) were also
repared in a buffer containing 42 mmol/L HCl, 50
mol/L KCl, 50 mmol/L NaHCO3, 140 mmol/L NaCl,

.8 mmol/L MgCl2, and 2 mmol/L CaCl2. Before stability
esting, all stock solutions were adjusted to pH 7 by
ddition of 1 mol/L HCl or 1 mol/L NaHCO3. Stability
esting was performed on a 100-�L scale by mixing spec-
fied amounts of the stock solutions, equilibrating to
7°C for 5 minutes, adding the concentrated PEP stock
olution (3– 6 mg/mL), incubating at 37°C, and measur-
ng residual activity. Samples were collected at 0, 2.5, 5,
0, 15, and 30 minutes. Analogous experiments were
erformed to evaluate PEP stability in the presence of

ndividual conjugated bile acids without pancreatic en-
ymes or a gluten buffer.

Effect of Cholestyramine Resin on Conjugated
Bile Acid–Induced Enzyme Inactivation
The impact of cholestyramine resin, a bile acid

equestrant, on bile-induced inactivation of PEP enzymes
as evaluated. Na-GCDC (5 mmol/L concentration) was
ixed with varying concentrations of cholestyramine

esin (1 mg/mL or 10 mg/mL) in 20 mmol/L sodium
hosphate, pH 7, buffer. The pH of this mixture was
eadjusted to 7 after the resin addition. This mixture was
ncubated at 37°C for approximately 15 minutes with

anual agitation every 5 minutes to suspend the resin.
EP (5 �L of 1–10 mg/mL stock) was then added to this
ixture. The final mixture was incubated at 37°C with

eriodic agitation. PEP activity was measured as a func-

ion of incubation time.
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July 2007 BILE EFFECT ON PROTEIN DIGESTION 19
Effect of Bile Acids on Pancreatic Enzymes
Whether conjugated bile acids accelerate autodi-

estion of trypsin and chymotrypsin was examined. This
nalysis was performed in an analogous fashion as with
he PEP enzymes. Trypsin and chymotrypsin (1 mg/mL)
ere incubated with individual bile acids (Na-GCDC,

odium glycocholate, and sodium taurodeoxycholate) at
7°C at concentrations between 0 and 20 mmol/L in 20
mol/L sodium phosphate buffer. Enzyme activity was
easured as a function of incubation time and compared
ith a control lacking bile acids.

Results
Impact of Conjugated Bile Acids on Dietary
Protein Hydrolysis
We investigated the effect of conjugated bile acids

n the proteolysis of several dietary proteins, including
LG, BSA, STI, chicken ovalbumin, myoglobin, and glu-

en. The digestion of BLG, BSA, and myoglobin was
nhanced in the presence of 10 mmol/L physiologic bile
cid mixture (Figure 1). For these proteins, some diges-
ion was observed over 15 minutes without bile, whereas
roteolysis was appreciably accelerated in the presence of
he conjugated bile acid mixture. In contrast, the diges-

igure 1. SDS-PAGE analysis of dietary proteins that were exposed to
rypsin and chymotrypsin in the presence or absence of conjugated bile
cids. Four dietary proteins (BLG, chicken ovalbumin, BSA, and myo-
lobin) are presented. For each protein, the following treatments were
erformed: (a) protein control in 20 mmol/L sodium phosphate, pH 7

no incubation); (b) protein treated with 0.1 mg/mL trypsin and chymo-
rypsin at 37°C for 15 minutes; (c) protein treated with 0.1 mg/mL
rypsin and chymotrypsin and 10 mmol/L physiologic bile acid mixture
t 37°C for 15 minutes. All mixtures were heat deactivated and applied
nto SDS-PAGE. Protein marker is presented in lane 1.
ion rates of chicken ovalbumin (Figure 1) and STI (data m
ot shown) remained unaffected in the presence of con-
ugated bile acids. The bile acids also had no effect on
urther proteolysis of pepsin-treated gluten as shown by
igh-performance liquid chromatography analysis (data
ot shown). Results are summarized in Table 1.
To simulate physiologic conditions during digestion, a
ixed micelle system containing bile acids, monoglycer-

des (monoolein), and fatty acids (oleic acid) was pre-
ared. In the presence of mixed micelles, trypsin and
hymotrypsin accelerated the breakdown of BLG and
yoglobin relative to bile acid–free controls (see Figure 2

able 1. The Effect of Conjugated Bile Acids or Mixed
Micelles of Conjugated Bile Acids With Lipolytic
Products (Fatty Acids and Monoolein) on the
Proteolysis of Selected Dietary Proteins by Trypsin
and Chymotrypsin

Substrate

Effect of
conjugated bile

acids
Effect of

mixed micelles

ietary protein
BLG Increased Smaller increase
Myoglobin Increased Further increase
BSA Increased No effect
Chicken ovalbumin No effect No effect
STI No effect No effect
Pepsin-treated gluten No effect Not tested
Dietary protein supplement Increased Not tested

OTE. All results are relative to digestion of the particular dietary
rotein by trypsin and chymotrypsin in the absence of conjugated bile
cids or mixed micelles.

igure 2. SDS-PAGE analysis of BLG that was exposed to trypsin and
hymotrypsin in the presence or absence of conjugated bile acids or
ixed micelles containing conjugated bile acids, monoolein, and oleic

cid. The stability of BLG under 3 conditions is presented: lanes 3–5,
LG with 0.1 mg/mL trypsin and chymotrypsin, and no bile acids; lanes
–8, BLG with 0.1 mg/mL trypsin and chymotrypsin, and 12 mmol/L
onjugated bile acid mixture; lanes 9–11, BLG with 0.1 mg/mL trypsin
nd chymotrypsin, and mixed micelles. All mixtures were incubated at
7°C for specified times, followed by heat deactivation and application
nto SDS-PAGE. Protein marker is presented in lane 1, and BLG in 50

mol/L sodium phosphate buffer is presented in lane 2.
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20 GASS ET AL GASTROENTEROLOGY Vol. 133, No. 1
or BLG). The enhancement effect of the mixed micelles
n BLG was not as dramatic as that of conjugated bile
cids alone (Figure 2). In contrast, the proteolysis of
yoglobin was accelerated further in the presence of
ixed micelles as compared with bile acids alone (data

ot shown). For BSA, STI, and chicken ovalbumin, no
ifference was observed between the mixed micelle and
ile acid–free control conditions (data not shown).

The effect of preincubating dietary proteins under gas-
ric conditions was evaluated for the 3 proteins whose
igestion under simulated duodenal conditions was ac-
elerated by the presence of conjugated bile acids. For
ach protein, the impact of acidic conditions and pepsin
as evaluated separately. Protein substrates (4 mg/mL)
ere incubated at low pH (2–3) with or without pepsin

0.6 mg/mL) for 30 minutes. Samples were then neutral-
zed, and the effect of conjugated bile acids on further
ydrolysis by pancreatic proteases was assessed. For all 3
roteins, acidic pretreatment alone did not influence the
ensitivity of the proteins to bile acid–induced proteolysis
y pancreatic proteases (data not shown). For BLG, there
as also no impact of pepsin on bile-induced destabiliza-

ion (Figure 3), whereas both myoglobin and BSA were
xtensively digested by pepsin (data not shown).

The effect of conjugated bile acid concentration was
lso evaluated. BLG (2 mg/mL) was incubated with 0 –14
mol/L of physiologic bile acid mixture for 15 minutes

t 37°C, pH 7, in the presence of 0.01 mg/mL trypsin and
hymotrypsin. As little as 2 mmol/L bile accelerated pro-
ein digestion (Figure 4), although the effect was more

igure 3. SDS-PAGE analysis of acid- and pepsin-pretreated BLG
hat has been exposed to trypsin and chymotrypsin in the presence or
bsence of conjugated bile acids. Lane assignments are as follows:

ane 1, protein marker; lanes 2 and 3, BLG with 0.6 mg/mL pepsin, pH
; lanes 4–6, acid- and pepsin-pretreated BLG with 0.1 mg/mL trypsin
nd chymotrypsin; lanes 7–9, acid- and pepsin-pretreated BLG with
.1 mg/mL trypsin and chymotrypsin, and 10 mmol/L physiologic con-

ugated bile acid mixture. All mixtures were incubated at 37°C for the
pecified times, followed by heat deactivation and application onto
tDS-PAGE.
ronounced above the critical micelle concentration of
he physiologic bile acid mixture (3.5 mmol/L).19

Impact of Conjugated Bile Acids on the
Digestion of a Complex Dietary Protein
Supplement
All studies detailed previously were performed on

ietary proteins purified from the original food source.
o verify that our observations were relevant to complex
ietary protein mixtures, a commercially available dietary
rotein supplement (Premium Pro-Rated, chocolate;
5%– 80% protein content; ingredients include whey pro-
eins, casein, and egg albumin) was studied. SDS-PAGE
nalysis showed that digestion of this protein supple-
ent was significantly enhanced by bile. As seen in Figure

, the protein supplement contains 2 major protein
ands at �10 and 18 kilodaltons, both of which rapidly
isappear in the presence of 10 mmol/L physiologic bile
cid and 0.1 mg/mL trypsin and chymotrypsin. Preexpo-
ure of the protein supplement to simulated gastric con-
itions (pH 2, 0.6 mg/mL pepsin) did not alter the
bserved bile effect on the 18-kilodalton protein. In con-
rast, the �10-kilodalton protein was extensively hydro-
yzed under gastric conditions (Figure 5).

Effect of Conjugated Bile Acids on Pancreatic
Enzymes
In view of the above results, we wished to inves-

igate whether conjugated bile acids could also accelerate
he autolysis of pancreatic proteases such as trypsin and
hymotrypsin. The activity of both proteases was mea-
ured in the presence of high concentrations of individ-
al bile acids. Bile acids were found to have negligible
ffect on the activity profile of either enzyme (results not
hown).

Effect of Conjugated Bile Acids on PEP
Stability
PEPs are under consideration as potential oral

igure 4. Effect of conjugated bile acid concentration on proteolysis of
LG. BLG was incubated with 0.01 mg/mL trypsin and chymotrypsin
nd increasing levels of physiologic bile acid mixture (0–14 mmol/L). All
ixtures were incubated at 37°C for 15 minutes before heat deactiva-

ion and application onto SDS-PAGE. Protein marker is presented in
ane 1.
herapeutic agents for in vivo gluten detoxification in
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July 2007 BILE EFFECT ON PROTEIN DIGESTION 21
atients with celiac sprue. Given the variable residence
ime of food in the stomach, the ability of a PEP to
horoughly detoxify dietary gluten therefore depends on
ts continued activity after it has mixed with pancreatic
roteases and bile in the duodenum. We evaluated the
tability of 2 PEP enzymes (FM and MX) toward trypsin
nd chymotrypsin in the presence and absence of the
hysiologic conjugated bile acid mixture (10 mmol/L).
o simulate actual duodenal conditions, pepsin-digested
luten (15 mg/mL) was added to these assay mixtures.
he presence of conjugated bile acids influenced the
nzymatic activity of the 2 enzymes differently. Whereas
M PEP activity was stable in the presence of conjugated
ile acids alone, a combination of pancreatic enzymes

igure 5. Trypsin and chymotrypsin catalyzed proteolysis of a com-
lex dietary protein supplement with and without conjugated bile acids.
oth gastrically treated protein supplement (lanes 3–8) and untreated
rotein supplement (lanes 9–12) are presented. For the gastrically

reated protein supplement, the protein supplement was initially di-
ested with 0.6 mg/mL pepsin, pH 2, for 30 minutes (lanes 3 and 4). No
ile was added to these simulated gastric digests. The resulting mixture
as then digested with 0.1 mg/mL trypsin and chymotrypsin without

lanes 5 and 6) and with (lanes 7 and 8) 10 mmol/L physiologic bile acid
ixture. Untreated protein supplement was also digested in the ab-

ence (lanes 9 and 10) or presence (lanes 11 and 12) of 10 mmol/L
hysiologic bile acid mixture and 0.1 mg/mL trypsin and chymotrypsin.
ll mixtures were incubated at 37°C for specified times, followed by
eat deactivation and application onto SDS-PAGE. Protein marker is
resented in lane 1, and the protein supplement in 20 mmol/L sodium
hosphate buffer is presented in lane 2.
nd conjugated bile acids induced loss of enzymatic ac- w
ivity (Figure 6A). In contrast, MX PEP activity was lost in
he presence of conjugated bile acids alone (ie, when no
rypsin or chymotrypsin was added) (Figure 6B). In the
resence of a mixed micellar system containing oleic acid
nd monoolein, FM PEP displayed improved proteolytic
tability, whereas MX PEP rapidly lost all activity (data
ot shown). In addition, SDS-PAGE analysis (analogous
o Figure 4) showed a similar relationship between bile
oncentration and breakdown of the PEP enzymes in the
resence of pancreatic enzymes (data not shown). Pan-
reatic protease– catalyzed deactivation of yet another
ral enzyme therapy candidate (cysteine endoprotease
P-B2 from barley)15 was unaffected by conjugated bile
cids (data not shown). Thus, the range of effects of bile
n oral protease stability mirrors the range of effects
bserved on dietary proteins.

The sensitivity and quantitative accuracy of the assay
or FM PEP enzyme activity provided a convenient

ethod to examine structure activity relationships for
ndividual conjugated bile acids in the acceleration of

igure 6. Effect of conjugated bile acids on proteolysis of (A) FM PEP
nd (B) MX PEP by trypsin and chymotrypsin. Each figure presents that
tability of 3 experimental conditions: (1) 10 mmol/L physiologic conju-
ated bile acid mixture, no trypsin or chymotrypsin (�); (2) no bile, 1
g/ml trypsin and chymotrypsin (□); and (3) 10 mmol/L physiologic bile

cid mixture, 1 mg/mL trypsin, and chymotrypsin (�). All experiments

ere performed in a 15 mg/mL gluten buffer at 37°C.
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ydrolysis by pancreatic proteases. With Na-GCDC or
odium taurodeoxycholate, 2 dihydroxy conjugated bile
cids, a sharp loss of activity was observed, whereas so-
ium glycocholate, a trihydroxy conjugated bile acid, had
o impact on enzyme activity (data not shown). These
esults indicate that destabilization is more pronounced
ith the dihydroxy conjugated bile acid, at least for this

ubstrate. The greater destabilizing effect of conjugated
ihydroxy bile acids was also observed for glycoursode-
xycholate, another dihydroxy conjugated bile acid (data
ot shown).

Impact of Cholestyramine Resin on Bile-
Induced Enzyme Inactivation
Because of the widespread use of bile acid seques-

rants, we evaluated the effect of cholestyramine on con-
ugated bile acid–induced inactivation of PEP enzymes.
ddition of as little as 1 mg/mL cholestyramine resin to
mmol/L Na-GCDC significantly attenuated the loss of

EP activity, whereas addition of 10 mg/mL cholestyra-
ine completely protected FM PEP from bile-induced

ctivity loss (Figure 7).

Discussion
Our data indicate that conjugated bile acids mark-

dly accelerate the rate of trypsin- and chymotrypsin-
atalyzed cleavage of some, but not all, of a spectrum of
ietary proteins. Of the proteins studied, BLG, BSA, myo-
lobin, and a protein dietary supplement showed much
ore rapid hydrolysis by trypsin and chymotrypsin when

n the presence of conjugated bile acids (Figures 1 and 5
nd Table 1). In contrast, the hydrolysis of STI, chicken
valbumin (Figure 1), and whole gluten was not influ-
nced by the presence of bile acids (Table 1).

igure 7. Impact of cholestyramine on FM PEP susceptibility to bile-
nduced inactivation. Three experimental conditions were evaluated: (1)

mmol/L Na-GCDC, no cholestyramine control (�); (2) 5 mmol/L Na-
CDC, 1 mg/mL cholestyramine (□); and (3) 5 mmol/L Na-GCDC, 10
g/mL cholestyramine resin (�). All experiments were performed in a
0 mmol/L sodium phosphate buffer, pH 7, at 37°C. Cholestyramine
as added to the bile acid solution and incubated at 37°C for 15
tinutes before addition of the PEP enzyme.
The mixture of conjugated bile acids was also evalu-
ted with the addition of lipolysis products consisting of
leic acid and monoolein. The fatty acid/monoglyceride
ixture simulates small intestinal content during triglyc-

ride digestion. The impact of the mixed micelle mixture
n the conjugated bile acid– enhanced proteolysis was
rotein dependent (Figure 2 and Table 1). Extensive acid
nd pepsin pretreatment of a subset of dietary proteins,
ost notably BLG and the pepsin-resistant ingredient of

he dietary supplement, had no effect on their intrinsic
ydrolytic resistance toward simulated duodenal condi-
ions (Figures 3 and 5). Our study was limited to the
ffects of trypsin and chymotrypsin, and we have not
nvestigated the effect of conjugated bile acids on peptide
ond cleavage by elastase or carboxypeptidases.

Additional experiments explored what concentration
f conjugated bile acids was required for promotion of
roteolysis, as well as whether the structure of the steroid
ucleus was important. We observed that BLG hydrolysis
as moderately enhanced in the presence of submicellar

2 mmol/L) concentrations of conjugated bile acids with
arked further enhancement at concentrations above the

ritical micelle concentration (3.5 mmol/L) (Figure 4). Sim-
lar results were also observed with a PEP (data not
hown). These results suggest that conjugated bile acids
xert their effects on protein digestion as individual mol-
cules and also as micelles.

Different bile acids also showed remarkable variability
n their effect on trypsin- and chymotrypsin-catalyzed
reakdown of PEPs, for which accurate quantitative as-
ays have been developed. PEPs are potential oral thera-
eutic agents for the treatment of celiac sprue. For max-

mal efficacy, they must be reasonably resistant to the
uodenal environment. For these enzymes, conjugated
ihydroxy bile acids were more potent destabilizers than
rihydroxy acids, presumably because they are more sur-
ace active and have a greater hydrophobic surface area.20

ogether, these results suggest that certain bile acids
ccelerate protein digestion in the duodenum most likely
y destabilizing the tertiary structures of dietary proteins,
hereby making them more susceptible to attack by pan-
reatic endoproteases such as trypsin and chymotrypsin.

Bile acids appear to possess characteristics that enable
hem to facilitate the proteolysis of several digestion-
esistant dietary proteins. For example, BLG is known to
ind lipophilic molecules, including fatty acids and tri-
lycerides, in a hydrophobic cavity.21 If certain bile acids
ind to hydrophobic pocket(s) in the protein substrates,
hey may destabilize its structure, making additional in-
erior domains of the dietary protein available for lumi-
al endoprotease action. Competition for bile acid incor-
oration into the polar mixed micelle lowers the free bile
cid concentrations; this would explain our observation
hat, in the presence of fatty acids and monoglycerides,

he bile effect is attenuated (Figure 2).
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To the extent our in vitro findings can be verified in
ivo, one must consider the potential consequences of
ile-enhanced protein digestion for human nutrition and
isease. There are 4 implications of our findings. First,
or in vitro studies concerned with proteolysis, the effect
f conjugated bile acids with and without the addition of

ipolysis products should be scrutinized. Current US
harmacopeia recommendations are that dodecyl sulfate
e present in simulated small intestinal content; it is not
nown whether the effects observed in our study will be
imicked by dodecyl sulfate. Dodecyl sulfate is a polar

urfactant with a flexible alkane hydrophobic body. Bile
cids are rigid, planar amphipaths with a hydrophobic
ide and a hydrophilic side. Second, bile acid sequestrants

ay influence protein digestion by removing bile acids
rom solution. Bile acid sequestrants are known to cause
yspepsia, and our findings raise the possibility that

mpaired protein digestion might contribute. Third, in
ight of our observations reported here, the stability of
ral protein therapeutics in the presence of pancreatic
roteases and conjugated bile acids must be considered
uring product development. Lastly, dietary proteins
uch as bovine BLG are well-known allergens, especially
mong children. Our results suggest that bile acids may
educe the intestinal persistence of intact BLG, possibly
ecreasing its antigenic activity.
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