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Bioactive peptides with a variety of effects have been described from several nutritive proteins. They
exhibit antimicrobial, blood-pressure lowering, antithrombotic, immunomodulatory, and cholesterol-
modulating effects. In this study, we have examined whether peptides derived from food proteins
might influence bile acid synthesis. A reporter gene cell line that carries a cholesterol 7R-hydroxylase
promoter fragment fused to firefly luciferase (cyp7a-luc) was used to screen for nutritive peptides
affecting cyp7a expression, the enzyme catalyzing the rate-limiting step in bile acid synthesis.
Proteolytic hydrolysates were prepared from soy protein and bovine casein with pepsin, trypsin,
chymotrypsin, and elastase and size fractionated using ultrafiltration. Several bioactive hydrolysates
could be identified that inhibited luciferase expression. Also, an activation of kinase (AKT, ERK, p38-
MAPK) signaling could be observed. Selected hydrolysates were further fractionated by reversed-
phase HPLC. Bioactive HPLC-fractions were obtained from casein but not from soy hydrolysates;
however, activity could not be recovered in single peak fractions. Peptides in such fractions were
identified by mass spectrometry. Five selected peptides from RS1-casein present in active fractions
were synthesized, but none of these showed activity in the cyp7a-luc screening system. However,
two of them activated MAP-kinase signaling similar to the hydrolysates, which suggests, that these
peptides are involved in cyp7a regulation by the casein hydrolysates.
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INTRODUCTION

Epidemiological studies and animal experiments have dem-
onstrated that the source of food protein influences risk factors
to develop diseases such as atherosclerosis. This is well-
documented for proteins from soy (1, 2) and white lupin (3)
and other legumes (4–9), but also effects of milk proteins are
known (10–13). It is hypothesized that such effects depend on
the release of bioactive peptides from the nutritional proteins,
which are capable of influencing metabolic activities in target
cells. Well-documented examples are proteolytic hydrolysates
of caseins and several other nutritional proteins that contain
potent inhibitors of angiotensin I cleaving enzyme (ACE) (14–18).

In case of soy storage proteins, the R′ subunit of the 7S globulin
has been identified as the source of a peptide that was able to
increase low density lipoprotein (LDL) uptake in cultivated liver
cells (19).

Although peptides are mainly transported as di- or tripeptides
(20), there are several observations that suggest that larger
peptides are absorbed as well, thus reaching peripheral tissues.
For example, it was found that the oral administration of ACE-
inhibiting peptides, which usually comprise three to seven amino
acids (11), had hypotensive effects in rats (21). Furthermore, it
has recently been shown that immunoreactive fragments of
caseinomacropeptide, a 63 amino acid peptide that derives from
κ-casein appeared in peripheral plasma (22). For insulin, a
transport through intestinal cells was also observed (23–25).

One of the major risk factors to develop atherosclerosis is
the homeostasis of cholesterol. High LDL-cholesterol and low
HDL-cholesterol levels are associated with high incidence of
atherosclerosis and cardiovascular events (26). Uptake, synthesis,
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and degradation of cholesterol contribute to high LDL-
cholesterol levels. Soy protein has already been shown to
upregulate VLDL- and LDL-receptor in vivo, thus decreasing
LDL-cholesterol concentration (27).

We were interested whether proteolytic hydrolysates derived
from soy protein and casein are able to modulate cholesterol
degradation. The rate-limiting step in the major neutral pathway
of bile acid synthesis is catalyzed by cholesterol 7R-hydroxylase
(cyp7a). cyp7a gene expression is regulated via a feedback
mechanism, which involves signaling via the nuclear bile acid
receptor FXR, the “small heterodimeric partner” (SHP), and liver
receptor homologue-1 (LRH-1) (Figure 7) (28). cyp7a is also
regulated via a bile acid activated growth factor signal cascade
involving the fibroblast growth factor 19 (Fgf-19), its receptor
FGFR4, and c-jun N-terminal kinase (JNK) (29). Bile acids were
also found to activate the extracellular signal regulated MAPKs
(ERK), p38 MAPK, and protein kinase B (AKT) (30, 31). Last
but not least, the gene is under the control of insulin signaling
andalteredactivitywasfoundtobeassociatedwithdiabetes(32–34).

A reporter gene construct has been developed by Chiang and
co-workers (35). It is responsive to bile acid conjugates and
insulin in a stably transformed human hepatoma cell line derived
from HEP-G2. Thus, this cell line was proposed for screening
processes for novel substances regulating bile acid synthesis.
In this study, we used this cell line to evaluate whether protein
hydrolysates are capable of influencing the expression of the
cyp7a gene which would contribute to the anti- or proathero-
genic potential of food proteins such as casein and soy protein.

MATERIALS AND METHODS

Materials. Commercial food protein isolates with intact subunits,
almost free of impurities such as casein (Meggle, Wasserburg,
Germany) and soy protein isolate (Numico Research, Wageningen,
Netherlands), were used to produce physiological-like hydrolysates as
described earlier (36). Peptides C1 (QGLPQEVLNENLLR), C2 (FFVAPF-
PEVFGK), C3 (YKVPQLEIVPNS), C4 (YPELFR), and C5 (YV-
PLGTQYTDAPSFSDIPNPIGSENSEK) were synthesized by Panatecs
(Tübingen, Germany) and further purified by reversed-phase HPLC as
described for the protein hydrolysates. Pepsin derived from porcine
stomach mucosa (471 U/mg) was obtained from Sigma-Aldrich
(Taufkirchen, Germany), chymotrypsin (from bovine pancreas, 60-90
U/mg) was a product of Boehringer Mannheim, and trypsin (from
porcine pancreas, 50-80 U/mg) and elastase (from porcine pancreas,
170-200 U/mg) were obtained from Serva (Heidelberg, Germany).
Acetonitrile and trifluoroactic acid were of HPLC grade.

Preparation of Hydrolysates. A method mimicking gastrointestinal
conditions in temperature, pH value, digestion time, as well as protein
and protease concentrations has been developed to yield protein
hydrolysates expected to arise in human digestion of adults. Protein
(2.5%) solutions (0.01 M HCl) were digested with pepsin (1 mg/mL,
protein to pepsin ratio 1/25) for 3 h at pH 2 and 37 °C. After 10 min,
the pH was readjusted with HCl to pH 2. For digestion with pancreatic
proteases, sodium carbonate was added (85 mM final) and pH was
adjusted to 8 with NaOH. Hydrolysis was performed with trypsin (0.5
mg/mL, trypsin to protein ratio 1/50) and/or chymotrypsin (0.5 mg/
mL, chymotrypsin to protein ratio 1/50) and/or elastase (0.12 mg/mL,
ealastase to protein ratio 1/20) for 3-4 h at 37 °C. Hydrolysis was
carried out in a stirred ultrafiltration cell (Amicon, Millipore, Schwal-
bach, Germany) to remove low digested protein and residual protease
activity immediately after digestion by use of a membrane disk filter
with 5 kDa cutoff. Surprisingly, low levels of trypsin activity were
frequently found in the ultrafiltrate in amounts that would compromise
the cell-based assay. To inactivate this residual activity, hydrolysates
were heated for 15 min in a boiling water bath. Ultrafiltration for
separation of molecular weight fractions >5, 3-5, 1-3, and <1 kDa
was carried out in a stirred ultrafiltration cell (Amicon, Millipore,
Schwalbach, Germany) using membrane disk filters of 5, 3, and 1 kDa
cutoff.

Fractionation of Hydrolysates. Reversed-phase HPLC was carried
out on a Merck-Hitachi HPLC system with Eurospher-100, C18, 5 µm
columns (Knauer, Berlin, Germany), using a solvent system of A (5%
acetonitrile, 0.05% trifluoroacetic acid) and B [50% acetonitrile, 0.05%
trifluoroacetic acid with a gradient of 0-100% B (5-50 min)].
Chromatograms were recorded at 220 nm. For peptide “fingerprints”,
a 250 × 4 mm column was used at a flow rate of 1 mL/min. For
preparative HPLC, a column with the same stationary phase of 250 ×
20 mm with a flow rate of 5 mL/min was used. In total, 200 mg of
hydrolysate was chromatographed in four portions, and fractions were
pooled for further analysis. After lyophilization, fractions were redis-
solved in 5-10 mL of cell culture medium. If necessary, the pH was
adjusted with sodium hydroxide (1 M) to 7.4. After filter-sterilization,
the preparations were directly used for incubation experiments.

HPLC-ESI-MS and Tandem MS. The system used for HPLC-ESI-
MS consisted of a Spectra System P 4000 pump, equipped with an AS
3000 autosampler and an SN 4000 controller (Thermo Fisher, San Jose,
CA). The MS and tandem MS experiments were performed on a
Finnigan LCQ Classic ion trap mass spectrometer (Thermo Fisher, San
Jose, CA) with electrospray interface operated in the positive ion mode.
Ten microliters of each sample solution was loaded onto a Nucleosil
120-5 C18 column (125 × 2 mm, Macherey Nagel, Düren, Germany),
and peptides were eluted using a linear gradient: 5-50% acetonitrile
in 0.1% formic acid over 60 min. The column was maintained at
30 °C and the flow rate was 0.2 mL/min. Electrospray conditions were
as follows: capillary temperature, 200 °C; sheath gas flow rate, 1.2
L/min; ESI voltage, +4.5 kV; capillary voltage, 46 V; tube lens offset,
40 V. Full scans were performed between m/z 50 and 2000. Peptides
were selected manually for tandem MS experiments using collision-
induced dissociation (CID). The mass isolation window for CID was
set to 3u, depending on experimental conditions. Fragmentation was
carried out by varying the relative collision energy between 15 and
35% to achieve optimal results for [M + H]+ ions. The fragment ion
spectra were processed using Mascot Distiller (Matrix Science, London,
UK) and analyzed by searching the sequence database MSDB with
Mascot (Matrix Science) (37). The searches were taxonomically
restricted to “other mammalia”, the enzyme entry was set to “none”,
and phosphorylation of serine and threonine was
considered (38, 39).

Cell Culture and Incubation Conditions. HEP-G2 and CRL-11997
cells that were derived from HEP-G2 by transformation with the cyp7a
reporter gene were obtained from ATCC (via Promochem, Wesel,
Germany), were cultured in RPMI 1640 medium (Gibco, Karlsruhe,
Germany) supplemented with 10% fetal calf serum (FCS, Gibco,
Karlsruhe, Germany) and gentamicin (50 mg/L) at 37 °C and 5% CO2

in 25 cm2 flasks (Greiner, Germany). For gene expression studies, 7 ×
105 cells were plated per well of a 24 well plate. For analysis of
luciferase activity, cells were plated in 48-well plates and incubations
started at approximately 90% confluency. Usually, cells were incubated
for 16 h with protein hydrolysates in RPMI 1640 medium (Invitrogen,
Gibco, Karlsruhe, Germany) supplemented with 0.5% BSA (Applichem,
Darmstadt, Germany) for luciferase assays, RNA isolation, and viability
tests. Experiments were performed in six replicates per plate. Cell
viability was controlled by optical inspection and by using the MTT
[3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide] vi-
ability test (40). Absorption was measured using a microplate reader
(Tecan Spectra Fluor Plus, Crailsheim, Germany) at 595 nm.

Luciferase Assays and Western Blot. Cells were washed once with
PBS and then lysed with 25 µL passive lysis buffer (Promega,
Mannheim, Germany) for 20 min at room temperature with continuous
shaking. Twenty microliters was transferred to a white 96-well plate
(Greiner, Frickenhausen, Germany) and luminescence determined in a
Mithras multilabel reader (Bertholt, Bad Wildberg, Germany) after
injection of 90 µL of luciferase assay reagent (41). Protein concentration
was estimated from the residual cell lysate, using the BCA protein assay
(Perbioscience, Bonn, Germany), calibrated with bovine serum albumin.
Luciferase activity was expressed at relative light units per µg protein
and normalized toward the untreated controls.

In the case of Western blot analysis, cells were lysed after 15 min
incubation with hydrolysates or peptides with lysis buffer (Tris/Cl 50
mM, pH 6.8, 2% SDS, 1 mM Na3VO4, 0.1 µM ocadaic acid) protease
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inhibitor cocktail (Sigma, Deisenhofen, Germany). Mercaptoethanol
(5%) and glycerol (10%) were added for denaturation (80 °C, 20 min,
continuous shaking). After denaturing SDS–polyacrylamide electro-
phoresis (10%) proteins were transferred to supported nitrocellulose
membranes (0.45 µm, Whatman, Dassel, Germany) using a semidry
blotting apparatus (BioRad, Munich, Germany) in transfer buffer (50
mM CAPS, 1 mM 3-mercaptopropionic acid, 10% methanol, pH 10).
Membranes were stained with ponceau red for control and blocked with
TBS (Tris/Cl, 50 mM, pH 7.5, NaCl 150 mM, 2% BSA, 0.2% NP-40,
0.03% NaN3). For detection, membranes were incubated with phospho-
modification specific monoclonal rabbit antibodies (Cell Signalling
NEB, Frankfurt, Germany) overnight at 4 °C, and after three washes
in TBS-NP40, bound antibodies were detected with secondary peroxi-
dase conjugated antibodies (Dianova, Hamburg, Germany) and chemi-
luminescence-luminol reagent (Tris/Cl 50 mM, pH 8.5, 2.5 mM luminol,
400 µM p-coumaric acid) using a Fuji LAS 3000 imager. Data were
quantified using AIDA 3.5 software.

RNA Isolation and cDNA Synthesis. Culture medium was removed
and 250 µL of Trizol Reagent (Invitrogen, Karlsruhe, Germany) was
added per well for RNA extraction according to the manufacturer’s
protocol. For reverse transcription, 1.2 µg of RNA was incubated with
0.125 pmol of T18 primer (Operon, Cologne, Germany), 0.4 mM dNTPs
(GeneCraft, Münster, Germany), and 60 units Revert Aid reverse
transcriptase (MBI Fermentas, St. Leon-Roth, Germany). Reverse
transcription was performed at 42 °C for 1 h, followed by 10 min at
70 °C in a thermocycler (MWG-Biotech, Ebersberg, Germany).

RESULTS

Protein hydrolysates were prepared from bovine casein and
soy protein preparations by limited digestion, using pepsin,
trypsin, chymotrypsin, and elastase in various combinations. For
all protein sources, hydrolysates could be obtained that lowered
the activity of the cyp7a-luc reporter gene (Table 1) at a fixed
concentration of 5 mg/mL. However, activity depended on
protease combinations used for digestion and molecular mass
range of the product. It was also critical to inactivate residual
trypsin activity by heating, as low amounts of active trypsin
caused a strong reduction of luciferase activity (data not shown).
This effect became evident after 4-6 h and remained stable
for up to 24 h (data not shown). Cell vitality was usually
unaffected under assay conditions, as judged from the MTT

assay (data not shown) and optical inspection. In control
experiments with selected casein hydrolysates and insulin, the
mRNA-amount of cyp7a correlated well with reporter gene
activity (data not shown).

Active hydrolysates were further fractionated by reversed-
phase HPLC. In a first step, five fractions were collected based
on hydrophobicity as shown in Figure 1 for a casein hydroly-
sate. From several casein hydrolysates two active subfractions
could be obtained (Figure 2). When these fractions were further
separated into single peaks, the activity was lost. In the case of
soy hydrolysates, no active fractions could be identified after
chromatographic separation.

We then analyzed early signal-tranduction events that are
associated with cyp7a regulation, such as MAP-kinase signaling.
Interestingly, a strong phosphorylation of protein kinase b (PKB,
AKT) was observed for several hydrolysates, 15 min after
addition. Stress associated protein kinase (SAPK), cJUN-kinases
(JNK), p38 MAPK, and extracellular signal regulated kinase
(p42/44 ERK) were also affected (Figure 3).

Table 1. Effect of Protein Hydrolysates on cyp7a-Luciferase Expression in
HEP-G2 Cellsa

hydrolysateb concentration, mg/mL
relative specific

luciferase activity

control - 1.00 ( 0.07

Casein Hydrolysates
C//T 5.1 0.37 ( 0.07**
C//T 2.55 0.55 ( 0.04**
C//T 0.51 0.89 ( 0.06
C//P+T > 1 kDa 5 0.62 ( 0.11**
C//P+T 1-3 kDa 5 0.87 ( 0.06**
C//P+T,C >1 kDa 5 0.73 ( 0.06**
C//P+T,C 1-3 kDa 5 0.96 ( 0.05
C//P+T,C,E >1 kDa 5 0.46 ( 0.05**

Soy Hydrolysates
S//P+T > 1 kDa 5 0.35 ( 0.10*
S//P+T 1-3 kDa 5 0.50 ( 0.13*
S//P+T,C >1 kDa 5 0.59 ( 0.20*
S// P+T,C 1-3 kDa 5 0.55 ( 0.16**
S// P+ T,C,E >1 kDa 5 0.90 ( 0.17
S// P+T,C,E 1-3 kDa 5 1.04 ( 0.19

a Experiments were performed at least twice with four replicates each. Standard
deviation (SD) is given, and statistical significance was calculated according to
Student’s t test. *, p < 0.05; **, p < 0.01. b S, soy protein; C, casein; /T, digested
by trypsin; /P+T,C,E, first digested by pepsin and afterward simultaneously by
trypsin, chymotrypsin, and elastase, respectively.

Figure 1. HPLC fingerprint of casein hydrolysate C//P+T (<1 kDa).
Hydrolysates were subjected to reversed-phase HPLC as described in
Materials and Methods. Fractions I-V, corresponding to Figure 2, are
indicated.

Figure 2. Effect of fractions I-V of C//P+T (<1 kDa) on the activity on
the cyp7a-luc reporter gene. CRL-11997 cells, harboring the cyp7a-luc
reporter gene, were incubated with the fractions for 16 h and luciferase
activity and protein content were determined as described in Materials
and Methods. Error bars represent the standard deviation of four replicates
each. Significance was calculated using Student’s t test. *, p < 0.05.
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Although single peak fractions were not active in the cyp7a
reporter gene assay, we were interested in effects of single
peptides that were present in the active fractions as it could be
that such peptides were lost or diluted during the purification
of single peaks. Furthermore, because hydrolysates derived from
R-casein were as active as hydrolysates of total bovine casein,
we decided to focus on peptides derived from RS1-casein for
further studies. On the basis of the mass spectrometric deter-

mination of peptide sequences, five peptides were synthesized
that were present in most of the active fractions (Table 2, Figure
4), and their ability to alter cyp7a expression and to activate
signal-transduction pathways was tested. None of these peptides
affected cyp7a-luc expression after 6-16 h exposure, but two
peptides had effects on early events, i.e. MAP-kinase phospho-
rylation. Peptide C1 was able to activate AKT, SAPK, JNK,
and ERK signaling at concentrations of about 1 mg/mL (0.6
mM), whereas peptide C2 repressed AKT-phosphorylation at 1
mg/mL (0.7 mM) but showed weak activation of SAPK/JNK
and strong activation of ERK at this concentration. Both peptides
were also able to activate p38-MAPK; again peptide C1 was
more effective in this manner (Figures 5 and 6). Phosphorylation
of p38 MAPK was enhanced by C2 at concentrations down to
0.0016 mg/mL (ca. 10-6 M).

DISCUSSION

In recent years, a multitude of bioactive peptides has been
isolated from milk proteins (11, 42). These peptides exhibit a
variety of effects in vitro and also in vivo. They either stimulate
or antagonize opioid receptors, inhibit angiotensin converting
enzyme (ACE), support immune responses by stimulating
phagocytosis or proliferation of lymphocytes, carry calcium ions,
and have antimicrobial effects. Many of these peptides derive
from RS1-casein. These include R-casomorphins (exorphins),
R-casokinins, and caseinophosphopeptides (Figure 4).

Peptides from soy protein were described as antihyperlipide-
mic (43–45) if compared to a casein-based diet. Cholesterol
homeostasis is determined by endogenous synthesis, intestinal
uptake, degradation, and excretion (46). The accumulation of
LDL-bound cholesterol in blood plasma is considered as a major

Figure 3. MAP-kinase signaling is activated by casein hydrolysates. HEP-G2 cells were stimulated for 15 min with the hydrolysate indicated (5 mg/mL)
and phosphorylated kinases were visualized by Western blotting. For hydrolysate designations, refer to Table 1. Experiments were performed in duplicate,
and both results of a representative experiment are shown. PBS represents the solvent control, and FCS and insulin served as positive controls. For
loading control, GAPDH was included in Western blot experiments.

Table 2. Peptides Identified in Active Fractions of Casein Hydrolysates by
Mass Spectrometrya

sequence origin

DMPIQAF �-casein
DMPIQAFL �-casein
FLL �-casein
FPPQSVL �-casein
GPFPII �-casein
GPFPIIV �-casein
LGPVR �-casein
LLYQEPVLGPVR �-casein
QPEVLGVSKVKEAMA �-casein
HQGLPQEVLNENLLR C1 RS1-casein
GLPQEVLNENLLR C1 RS1-casein
LNENLLR C1 RS1-casein
NENLLR C1 RS1-casein
PQEVLNENLLR C1 RS1-casein
VAPFPEVFGK C2 RS1-casein
FVAPFPEVFGK C2 RS1-casein
PFPEVFGK C2 RS1-casein
VAPFPEVF C2 RS1-casein
YKVPQLEIVPN C3 RS1-casein
YPELFR C4 RS1-casein
AYFYPEL C4 RS1-casein
YFYPEL C4 RS1-casein
YVPLGTQYTDAPSFSDIPNPIGSENSEK C5 RS1-casein
YLGYLEQLLR RS1-casein
YQLDAYPSGAW RS1-casein
YLGYL RS1-casein
PEL RS1-casein
EPMIGVNQELAY RS1-casein
TTMPLW RS1-casein
FAL RS2-casein
FALPQY RS2-casein
FALPQYL RS2-casein
FALPQYLK RS2-casein
FPQYLQY RS2-casein
FPQYLQYL RS2-casein
WQVL κ-casein
YIPIQY κ-casein

a Peptides C1-C5 from RS1-casein and peptides containing partial sequences
are indicated in bold.

Figure 4. Sequence of bovine RS1-casein. Previously described bioactive
sequences are underlined and the five peptides that were selected as
putative bioactive compounds are indicated.
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risk factor for atherosclerosis. Cholesterol synthesis, uptake of
LDL-cholesterol by the LDL-receptor, and cholesterol degrada-
tion are regulated in a highly concerted manner, mainly by end
product feedback regulation (Figure 7). Intracellular cholesterol
levels are sensed by the SREBP system, whereas oxidized sterols
are detected by the nuclear liver-X-receptor and bile acids by
the nuclear farnesyl-X-receptor (46). If cellular cholesterol
concentrations are high, proteolytic SREBP activation is inhib-
ited; thus, expression of lipogenic enzymes and LDL-receptor
is repressed (47). Furthermore, the amount of oxidized sterols
increase with cholesterol concentration, which results in LXR
activation, which then activates bile acid synthesis by increasing
cyp7a transcription. If subsequently bile acid concentration rises,
FXR is activated, which results in cyp7a repression. Both

processes are also under hormonal control. Insulin downregu-
lates cyp7a expression while upregulating LDL-receptor tran-
scription via SREBPs. In this paper, we present evidence that
bioactive peptides released from food protein hydrolysates can
interfere with this regulation of bile acid synthesis and may result
in decreased degradation of cholesterol to bile acids.

Hydrolysates were obtained by a method that mimicked
gastrointestinal conditions. We therefore assume that these
hydrolysates are similar to the products of human digestion in
adults. On the basis of HPLC fingerprints, the method produced
a magnitude of peptides in a reproducible manner.

For the screening approach, such hydrolysates were directly
analyzed for their ability to influence the activity of a cyp7a-
luc reporter gene, which was stably introduced into the human

Figure 5. Effect of five selected peptides (1 mg/mL; corresponding to 0.6 mM C1, 0.7 mM C2 and C3, 1.2 mM C4, and 0.3 mM C5) from RS1-casein on
the phosphorylation of MAP-kinases after 15 min incubation. Me, growth medium control; PBS, solvent control. Insulin and FCS (10%) served as positive
controls. GAPDH was included as loading control.

Figure 6. Dose response of MAPK activation by casein peptides C1 and C2 after 15 min incubation time. (A) Western blots of one representative
experiment are shown. Concentrations are given in mg/mL. Fetal calf serum (FCS, 10%) and insulin were included as positive controls. (B, C, D)
Quantification of MAPK-phosphorylation. Signals are normalized to GAPDH and control experiments are set to 1. Standard error (SEM) is given.
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hepatoma cell line HEP-G2, an established model for the
analysis of cholesterol and lipid homeostasis (35). Activity of
the hydrolysates was analyzed under serum free conditions,
where repression of the reporter gene by insulin and bile acid
conjugates can be observed. Bioactive hydrolysates were
identified that decreased luciferase expression at concentrations
above 2 mg/mL, but no obvious correlation with the particular
nutritive protein and combination of proteases could be observed.

In order to isolate active peptides, the hydrolysates were
fractionated by reversed-phase HPLC. First, five fractions based
on hydrophobicity were isolated and analyzed for activity.
Interestingly, for soy protein, we could not obtain active HPLC
fractions with the cyp7a-luc assay, whereas from most active
casein hydrolysates two active fractions were isolated. An
example is shown in Figure 2. When these active casein
hydrolysate fractions were further purified into single peak
fractions, the activity in the bioassay could not be further
resolved. We have no convincing explanation for the observation
that the activity of soy protein hydrolysates could not at all be
enriched by RP-HPLC. Nevertheless, a repression of cyp7a-
luc expression might rely on unspecific effects of the hydroly-
sates, or the active compounds are simply lost during chroma-
tography. It should also be noted that soy protein was described
as hypolipidemic, and a repression of bile acid synthesis would
counteract these effect.

For the cyp7a-luc bioassay, hydrolysates and peptides were
incubated with the cells for at least 6 h, which might not be
suitable for the analysis of low amounts of pure peptide, because
the stability of isolated peptides under cell culture conditions
is limited. The half-life of peptides in HEP-G2 cell culture
supernatants depends on the peptide sequence and ranges from
2 to 6 h (F. Hirche, University of Halle, Germany, unpublished).
However, it is also possible that active compounds were lost
during chromatography and drying or that active peptide
sequences were present in a variety of peptides with diverse

hydrophobicity and could therefore not be separated by RP-
HPLC into single peaks. Indeed, shortened versions of C1 and
C2 were identified in the bioactive fractions (Table 2). Ad-
ditionally, the failure of chromatographic separation could also
be due to necessary, synergistic effects of individual compounds.

To further simplify the system, we focused on the peptides
derived from bovine RS1-casein, as we could show that active
hydrolysates could also be obtained from R-casein (data not
shown). We were able to identify five peptides that were
apparently present in most of the active R-casein hydrolysate
fractions. These peptides were synthesized and analyzed with
the cyp7a-luc reporter assay, but disappointingly, no effect could
be observed. Consistent with our theory that isolated peptides
are not stable enough to influence the cyp7a expression, we
attempted to analyze early signaling events that are involved in
bile acid synthesis or lipid metabolism in general. An early event
in insulin signal transduction is the phosphorylation of AKT
but also ERK. The activation of the JNK is also implicated in
the regulation of cyp7a. Indeed, an influence of the hydrolysates
upon phosphorylation of these kinases could be observed, which
suggests that their activation is linked with cyp7a repression,
as it is in case of insulin action. With two of the selected peptides
derived from RS1-casein, these early effects could be observed.
However, the peptides exhibited differential activation of AKT,
and peptide C1 resulted in a stronger activation of the kinases.
Interestingly, peptide 2 contained two peptide sequences that
were described as casokinin-5 and -7. As ACE inhibition cannot
be the reason for the effects of the peptides, another independent
mechanism must be responsible for the effects. One possible
mechanism is receptor-mediated activation of signaling mech-
anisms. Another hypothesis might be the uptake of the peptides
and intracellular interference with signaling events, but as kinase
signaling was evident already after 15 min of incubation, we
think that such mechanisms are unlikely. It has been proposed
by Wissler et al. (48) that casein hydrolysates contain peptides

Figure 7. Summary of signal transduction pathways regulating cyp7a expression. In the presence of bile acids, feedback inhibition of cyp7a transcription
is achieved by binding to the farnisoyl-X-receptor (FXR), which usually forms a heterodimer with the retinoid X-receptor (RXR) and then binds to the bile
acid response elements in several genes (50). It thereby activates synthesis of the small heterodimer partner (SHP-1) and fibroblast growth factor-19
(FGF-19). SHP-1 binds to liver receptor homologue 1 (LRH-1) and inactivates the hepatic nuclear factor 4 (HNF-4) and LRH-1 dependent transcription
of cyp7a (51). FGF-19 activates JNK via its receptor FGFR4 (52). Activation of JNK results in increased phosphorylation of SHP-1 and HNF-4, which
further increases cyp7a repression (53, 54). Additionally, bile acids were found to activate the kinases ERK and AKT (55), which are also parts of the
insulin signaling cascade. Long-term exposure (several hours) to insulin results in repression of the cyp7a gene. Sterol regulatory element binding protein
1c (SREBP1c) is activated by insulin and also phosphorylated by ERK (56), which results in inhibition of HNF-4. HNF-4 is phosphorylated at many
residues by several kinases, such as AMPK, PKC and p38MAPK. As a result of these phosphorylations, DNA-binding activity and biological half-life is
modulated, which results in regulation of the cyp7a gene (30).
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that exhibit insulin-like activity, and such compounds were
called casoinsulins or exinsulins. Also, a patent has been filed
by Wissler et al. describing peptide sequences from caseins that
have insulin-like structure (49). Although none of the peptides
identified in our study shares the described active sequences,
the effects of casein peptide 2, especially the activation of AKT,
is consistent with an insulin-like action on the HEP-G2 cells.
However, further experiments are needed to confirm that the
peptides indeed interact with the insulin or insulin-like growth
factor receptor to facilitate AKT phosphorylation. Also, the link
between the responses to the peptides and the primary effect
on cyp7a regulation, observed with crude and purified hydroly-
sates, should be further investigated. Last but not least, the
results from the HEP-G2 cell culture model must be tested in
feeding experiments to establish a link between casein and casein
peptide consumption and cyp7a downregulation and, further-
more, possible proatherogenic effects. Nevertheless, this study
provides evidence for the first time that casein peptides might
be able to influence bile acid synthesis mediated by MAP-kinase
signaling.
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