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High concentrations of urea were shown to induce a paradox-
ical regulatory volume decrease response with K� channel
opening and subsequent hepatocyte shrinkage (Hallbrucker, C.,
vom Dahl, S., Ritter, M., Lang, F., and Häussinger, D. (1994)
Pflügers Arch. 428, 552–560), although the hepatocyte plasma
membrane is thought to be freely permeable to urea. The under-
lying mechanisms remained unclear. As shown in the present
study, urea (100 mmol/liter) induced within 1 min an activa-
tion of �1 integrins followed by an activation of focal adhesion
kinase, c-Src, p38MAPK, extracellular signal-regulated kinases,
and c-JunN-terminal kinase. Because �5�1 integrin is known to
act as a volume/osmosensor inhepatocytes,whichbecomes acti-
vated in response to hepatocyte swelling, the findings suggest
that urea at high concentrations induces a nonosmotic activat-
ing perturbation of this osmosensor, thereby triggering a vol-
ume regulatory K� efflux. In line with this, similar to hypo-os-
motic hepatocyte swelling, urea induced an inhibition of hepatic
proteolysis, which was sensitive to p38MAPK inhibition. Molec-
ular dynamics simulations of a three-dimensional model of the
ectodomain of �5�1 integrin in water, urea, or thiourea solu-
tions revealed significant conformational changes of �5�1 inte-
grin in urea and thiourea solutions, in contrast to the simulation
of �5�1 in water. These changes lead to an unbending of the
integrin structure around the genu, which may suggest activa-
tion, whereas the structures of single domains remained essen-
tially unchanged. It is concluded that urea at high concentra-
tions affects hepaticmetabolism throughdirect activation of the
�5�1 integrin system.

Whereas urea synthesis and transport have been subjected to
intense research over many years, little attention has been paid
to potential metabolic effects of urea in liver, whose concentra-
tion in plasma is �5mmol/liter under physiological conditions
but may rise to 100 mmol/liter and more in uremia. Urea is
assumed to be metabolically inert, although urea at high con-
centrations can interfere with enzyme activities (1, 2) and pro-
tein structure (2, 3). Despite rapid equilibration across the hep-
atocyte plasma membrane via aquaporins (4), urea at high
concentrations was shown to induce hepatocyte shrinkage due
to an opening of K� channels in the plasma membrane (5).
Kinetics and pharmacological characteristics of the urea-in-

duced K� efflux from the hepatocyte were similar to those
observed during volume regulatory decrease in response to
hypo-osmotic exposure of perfused rat liver (5) but different
from the K� efflux induced by hydroperoxides (6). The �5�1
integrins, which are the predominant integrins in liver (7), were
recently identified as a volume/osmosensing element in per-
fused rat liver and rat hepatocytes (8), which mediates several
metabolic effects of hepatocyte swelling in response to hypo-
osmotic exposure or insulin (9, 10). Here, hepatocyte swelling
induces rapid activation of the �1 subunit of integrins with a
subsequent activation of focal adhesion kinase (FAK), c-Src,
and the mitogen-activated protein kinases Erk and p38MAPK

(8). Integrin-mediated p38MAPK activation was shown tomedi-
ate the inhibition of proteolysis in response to hepatocyte
swelling (9), insulin (10), and tauroursodesoxycholate (8),
and evidence has been presented that the p38MAPK pathway
participates in volume regulatory K� efflux (11). As shown in
the present study, urea at high concentrations can activate the
hepatic �1 integrin system and initiate integrin-dependent sig-
naling. Molecular dynamics simulations of the ectodomain of
�5�1 integrin revealed significant conformational changes of
the protein in urea and thiourea solutions leading to an
unbending of the integrin structure, which is required for acti-
vation (12).

EXPERIMENTAL PROCEDURES

Materials—The integrin antagonistic GRGDSP peptide (in-
tegrin-antagonistic GRGDSP hexapeptide) and the nonantago-
nistic GRGESP peptide (nonantagonistic GRGESP control
hexapeptide) were from Bachem (Heidelberg, Germany). Anti-
bodies recognizing pFAK, p-p38MAPK, pJNK1/2, and total c-
Src were from BioSource Int. (Camarillo, CA). The antibodies
raised against total FAK and total p38MAPK were from Santa
Cruz Biotechnology (Santa Cruz, CA); antibodies against p-c-
Src-Tyr418 were from Calbiochem; antibodies against total
JNK1/2 were from BD Pharmingen (San Jose, CA); antibodies
against pErk1/2 were from Cell Signaling (Beverly, MA); and
antibodies against Erk1/2 were from Upstate Biotechnology
(Lake Placid, NY). L-[4,5-3H]leucine was from Amersham Bio-
sciences. PP-2 was from Biomol (Plymouth, PA), and FITC-
coupled phalloidin was from Sigma. The polyclonal goat anti-
�5�1 integrin dimer antibody and the monoclonal mouse
anti-�1 integrin subunit active conformation antibody were
from Chemicon (Temecula, CA). All other chemicals were
fromMerck at the highest quality available.
Liver Perfusion—The experiments were approved by the

responsible local authorities. Livers from male Wistar rats
(120–150 g of body mass), fed a standard chow, were perfused
as described previously (13) in a nonrecirculating manner. The
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perfusionmediumwas the bicarbonate-buffered Krebs-Hense-
leit saline plus L-lactate (2.1 mM) and pyruvate (0.3 mM) gassed
withO2, CO2 (95:5, v/v). The temperaturewas 37 °C. In normo-
osmotic perfusions, the osmolarity was 305 mosmol/liter.
Hypo-osmotic exposure (225 mosmol/liter) was performed by
lowering theNaCl concentration in the perfusionmedium. The
addition of inhibitors to influent perfusate was made either by
use of precision micropumps or by dissolution into the Krebs-
Henseleit buffer. Viability of the perfused livers was assessed by
measuring lactate dehydrogenase leakage into the perfusate,
which did not exceed 20 milliunits min�1 g liver�1. The portal
pressure was routinely monitored with a pressure transducer
(Hugo Sachs Electronics, Hugstetten, Germany) (14). Mean
portal pressure was 3.0 � 0.1 cmH2O (n � 77). Perfusion pres-
sure changes induced upon addition of the respective stimuli
and/or inhibitors did not exceed 0.6 cm H2O. The effluent K�

concentrationwasmonitored continuously with a K�-sensitive
electrode (Radiometer, Munich, Germany); K� fluxes were
determined by planimetry of areas under curves (15).
Measurement of Proteolysis in Perfused Rat Liver—The rate

of proteolysis was assessed bymeasuring the release of 3H from
isolated perfused rat livers after prelabeling of liver proteins in
vivo by intraperitoneal injection of 150�Ci of L-[4,5-3H]leucine
16–20 h before the perfusion experiment (16). After a preper-
fusion period of 80 min, the release of the trichloroacetic acid-
soluble 3H label reached a steady state (�500 cpm min�1 g
liver�1) and was associated with effluent leucine by �95% as
shown by chromatographic analysis (17). The release of label
remained almost constant for another 80–100 min and was
seen to be derived from intracellular protein breakdown
because leucine is neither synthesized nor catabolized in liver.
In these experiments, the influent perfusate was supplemented
with unlabeled leucine (100�mol/liter) to prevent reutilization
of [3H]leucine for protein synthesis, although the addition of
unlabeled leucine had no effect on 3H-labeled release from the
liver, indicating that [3H]leucine reutilization for protein syn-
thesis was negligible. To correct for different labeling of hepatic
proteins after intraperitoneal injection in the individual perfu-
sion experiment, the rate of proteolysis was set to 100% under
normo-osmotic control conditions, and the extent of inhibition
of proteolysis was determined 30 min after institution of the
respective conditions, a time point when a new steady state had
been reached.
Tissue Processing for Western Blot Analysis—For Western

blot determinations, liver lobes from perfused liver were
excised in a way that kept portal pressure constant at the
respective time points (0, 1, 5, 15, 30, and 60 min after infusion
of hypo-osmolarity or urea) and homogenized with an Ultra-
turrax (Janke & Kunkel, Staufen, Germany) at 0 °C in lysis
buffer containing 20 mM Tris/HCl (pH 7.4), 140 mM NaCl, 10
mM NaF, 10 mM sodium pyrophosphate, 1% Triton X-100, 1
mMEDTA, 1mMEGTA, 1mM sodium vanadate, 20mM �-glyc-
erophosphate, and protease inhibitor mixture (Roche Applied
Science).
Western Blot Analysis—The lysed samples from the perfused

liver were centrifuged at 4 °C, and the supernatant was used for
SDS-PAGE and subsequent Western blot analysis. Therefore,
an identical volume of 2� gel loading buffer containing 200mM

dithiothreitol (pH 6.8) was added to the lysates. After heating to
95 °C for 5 min, the proteins were subjected to SDS-PAGE.
Following electrophoresis, gels were equilibrated with transfer
buffer (39 mM glycine, 48 mM Tris/HCl, 0.03% SDS, and 20%
methanol). Proteins were transferred to nitrocellulose mem-
branes using a semidry transfer apparatus (Amersham Bio-
sciences). Blots were blocked overnight in 1% bovine serum
albumin solubilized in 20 mM Tris/HCl (pH 7.5), containing
150 mMNaCl and 0.1% Tween 20 and then incubated for 3–4
h with the respective primary antibodies raised against
pFAK, FAK, p-c-Src-Tyr418, c-Src, p-p38MAPK, p38MAPK, pErk1/
2, Erk1/2, pJNK1/2, JNK1/2. Following washing and incubation
for 2 h with horseradish peroxidase-coupled secondary anti-
body (1:10.000), the blots were washed again and developed
using enhanced chemiluminescent detection (Amersham Bio-
sciences). Blots were then analyzed densitometrically and nor-
malized to total protein amount.
Immunofluorescence Staining of the �5�1 Integrin Dimer and

Active Conformation of �1 Integrin Subunit—Cryosections of
perfused livers were analyzed for total�5�1 integrin expression,
induction of the active conformation of the �1 integrin subunit,
and integrity of the actin cytoskeleton by using a Leica TCS-NT
confocal laser scanning system with an argon-krypton laser on
a Leica DM IRB inverted microscope (Bensheim, Germany) as
described (10). For immunohistochemistry of liver slices as pri-
mary antibodies, the polyclonal goat anti-�5�1 integrin dimer
antibody (1:100) and the monoclonal mouse anti-�1 integrin
subunit active conformation antibody (1:100) were used. To
visualize filamentous actin in order to document cell shape,
FITC-coupled phalloidin (1 �g/ml) was applied.
Homology Modeling of �5�1 Integrin—To generate a starting

structure for molecular dynamics simulations, a three-dimen-
sional model of the ectodomain of �5�1 integrin was obtained
by homology modeling. Initially, for human �2–�9 and �V as
well as �1–�8 sequences, multiple sequence alignments were
generated with ClustalW (version 2.0.12) (18). The alignments
were manually curated to optimize the alignment of cystein
residues involved in disulfide bridges. Ten homology models
eachwere then constructed for the�5 and�1 subunits using the
program MODELLER (version 7.7) (19), and the best models
were chosen according to the MODELLER score. The crystal
structure of the ectodomain of the�V�3 integrinwas used (Pro-
tein Data Bank code 1U8C) as a template, which has a resolu-
tion of 3.1 Å (12). In the template structure, the EGF1/2
domains have not been resolved, which would provide a link
between the hybrid domain and the EGF3 domain. Hence,
these domains are not available in the three-dimensionalmodel
of �5�1 integrin either. The electron density of EGF1/2 was not
well defined (12), indicating a low structural stability of these
domains. Thus, we do not expect a major role of these domains
in terms of stabilizing the bent conformation of the �5�1 inte-
grin starting structure. Furthermore, we compare the confor-
mational stability of �5�1 integrin in different solvents. The
absence of the EGF1/2 domains should have a similar effect in
all of these investigations.
Molecular Dynamics Simulations—Molecular dynamics simu-

lations were performed with the AMBER 10 suite of programs
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(20) together with the force field as described by Cornell et al.
(21) using modifications suggested by Simmerling et al. (22).

For the simulation in explicit water, the �5�1 integrin start-
ing structure was placed into an octahedral periodic box of
TIP3P water molecules (23). The distance between the edges of
the water box and the closest atom of the protein was at least 11
Å, resulting in a system of �210,000 atoms. The system was
minimized by 50 steps of steepest descent minimization fol-
lowed by 450 steps of conjugate gradient minimization. The
particle mesh Ewald method (24) was used to treat long range
electrostatic interactions, and bond lengths involving bonds to
hydrogen atoms were constrained using SHAKE (25). The time
step for allmolecular dynamics (MD)2 simulationswas 2 fs with
a direct space, nonbonded cut-off of 8 Å. Applying harmonic
restraints with force constants of 5 kcal mol�1 Å�2 to all
solute atoms, canonical ensemble (NVT, constant number of
particles (N), volume (V), and temperature (T))-MDwas car-
ried out for 50 ps, during which the system was heated from
100 to 300 K. Subsequent isothermal isobaric-ensemble (NPT,
constant number of particles (N), pressure (P), and temperature

2 The abbreviations used are: MD, molecular dynamics; RVD, regulatory vol-
ume decrease; NVT, constant number of particles (N), volume (V), and tem-
perature (T).

FIGURE 1. Hypo-osmolarity-induced activation of the �1 integrin subunit
in the perfused rat liver. Rat livers were perfused as described under “Exper-
imental Procedures,” and liver samples were taken immediately before (t � 0
min) and after 1 min of hypo-osmotic perfusion (225 mosmol/liter). As indi-
cated, the integrin antagonistic peptide GRGDSP (10 mmol/liter) was added
30 min prior to infusion of hypo-osmolarity. Immunoreactivity of the acti-
vated �1 integrin subunit or the �5�1 integrin heterodimer was assessed by
confocal laser scanning microscopy of frozen liver sections of the respective
liver samples. In line with previous studies (10), hypo-osmolarity induced
within 1 min the appearance of activated �1 integrin immunoreactivity, sug-
gesting activation of the integrin system in a GRGDSP peptide-sensitive man-
ner (right panel). Immunoreactivity of the total �5�1 integrin heterodimer (left
panel) remained unchanged under these conditions.

FIGURE 2. Urea-induced activation of the �1 integrin subunit in the perfused
rat liver. Rat livers were perfused as described under “Experimental Procedures,”
and liver samples were taken immediately before (t � 0 min) and 1 min after the
addition of either urea (100 mmol/liter; A), thiourea, or dimethylthiourea (10
mmol/liter each; B). As indicated, the integrin-antagonistic peptide GRGDSP (10
mmol/liter) was added 30 min prior to infusion of urea. Immunoreactivity of the
activated �1 integrin subunit or the �5�1 integrin heterodimer were assessed by
confocal laser scanning microscopy of frozen liver sections of the respective liver
samples. Like hypo-osmolarity, urea, thiourea, and dimethylthiourea also
induced within 1 min an increased immunoreactivity of the activated �1 integrin
conformation suggestive for an activation of the integrin system (right panel). In
contrast to hypo-osmolarity, urea-induced activation of the integrin system was
insensitive toward the integrin-antagonistic GRGDSP peptide. Immunoreactivity
of the total �5�1 integrin heterodimer (left panel) remained unchanged under
these conditions.
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(T))-MD was used for 150 ps to
adjust the solvent density. Finally,
the force constants of the harmonic
restraints on solute atom positions
were gradually reduced to zero dur-
ing 100 ps of NVT-MD. The follow-
ing 200 ns of NVT-MD at 300 K
with a time constant of 10 ps for
heat-bath coupling were used for
analysis, with conformations ex-
tracted every 20 ps.
The starting structure of �5�1

integrin for the simulations in urea
and thiourea solutions was ex-
tracted from the explicit water simu-
lation after 40 ns of simulation time.
The structurewasplaced intooctahe-
dral periodic boxes of �140mM urea
and thiourea in TIP3P water, re-
spectively, as described above for
the explicit water case. These solu-
tions had been prepared by (i) gen-
erating atomic charges for urea and
thiourea following the RESP proce-
dure (26), (ii) parameterizing urea
and thiourea using the GAFF force
field (27), and (iii) pre-equilibrating
the solvent boxes at 300 K and 1
atmosphere. After equilibration
of the protein-solvent systems as
described above, 200 ns of NVT-
MD at 300 K were performed for
production, with conformations
extracted every 20 ps.
Statistics—Results from at least

three independent experiments are
expressed as means � S.E. of the
mean, n refers to the number of
independent experiments. Results
were analyzed using Student’s t test;
p� 0.05 was considered statistically
significant.

RESULTS

Activation of the Integrin Sys-
tem by Urea and Thiourea—In
line with previous data (10), sec-
tions of normo-osmotically (305
mosmol/liter) perfused rat liver
strongly immunostained for �5�1
integrin, which is predominantly
located at the plasma membrane
(Fig. 1). Little or no immunostaining
is found under these conditions
with an antibody, which detects the
activated conformation of the �1
subunit only (Fig. 1). When, how-
ever, hypo-osmotic (225 mosmol/

FIGURE 3. Urea-induced activation of FAK, c-Src, Erk, p38MAPK and JNK in perfused rat liver. Rat livers
were perfused with urea (100 mmol/liter) as described under “Experimental Procedures” for up to 60 min.
Liver samples were taken at the time points indicated (t � 0 min, immediately before urea infusion).
Activation of FAK (�125 kDa), c-Src (�60 kDa), Erk1/2 (�44/42 kDa), p38MAPK (�38 kDa), and JNK1/2
(�46/54 kDa) was analyzed by Western blot using phosphospecific antibodies and subsequent densito-
metric analysis. Total FAK, c-Src, Erk, p38MAPK, and JNK served as respective loading control. Phosphory-
lation at t � 0 min was arbitrarily set as 1. Representative blots from at least six independent perfusion
experiments are shown. Data are given as means � S.E. of the mean. *, statistical significance compared
with the unstimulated control (i.e. t � 0 min). Urea leads to a significant activation of FAK and c-Src (A), Erk
and p38MAPK (B) as well as JNK (C) in the perfused rat liver.
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liter) perfusion is instituted, within
1 min immunoreactivity of the acti-
vated �1 conformation becomes
detectable, in line with the recently
reported activation of integrins by
hypo-osmotic hepatocyte swelling.
Hypo-osmotic �1-integrin activa-
tion was abolished in the presence
of an integrin antagonistic peptide
(i.e. GRGDSP, 10 mmol/liter) (Fig.
1) (8). As shown in Fig. 2A, a similar
response is observed, when urea
(100 mosmol/liter) was added to
influent perfusate, indicating that
the hepatic integrin system is acti-
vated by urea. Under these condi-
tions, the osmolarity in influent per-
fusate increased from 305 to 405
mosmol/liter. However, in contrast
to hypo-osmotic-induced integrin
activation, urea-induced activation
of the integrin system was insensi-
tive to an integrin-antagonistic pep-
tide (i.e. GRGDSP, 10 mmol/liter)
suggestive for an unspecific activa-
tion of the�5�1 integrin system (Fig.
2A). Thiourea (Fig. 2B) and dimeth-
ylthiourea (data not shown), respec-
tively, also induced within 1 min
immunoreactivity of the activated
�1 integrin subunit at a dose of 10
mmol/liter.
Urea Triggers Integrin-depen-

dent Signaling and Downstream
Responses—In line with urea-in-
duced integrin activation, urea also
triggered integrin-dependent sig-
naling pathways (8). Urea (100
mmol/liter) induced activation of
FAK, increased the activating phos-
phorylation of c-Src at tyrosine 418
(Fig. 3A) and activated extracellular
signal regulated kinases (Erks) and
p38MAPK (Fig. 3B) as well as JNK
(Fig. 3C). Interestingly, phosphory-
lation of JNK seems to follow a rapid
phase (1 min) followed by a slow
phase (2–30 min). This biphasic
responsemight be explained by urea
acting not only on integrins but on
other proteins as well resulting in an
unfolding protein response involv-
ing JNK activation. Significant urea-
induced p38MAPK activation was
detectable within 1 min (Fig. 3B).
Hypo-osmotic and insulin-in-

duced integrin- and p38MAPK ac-
tivation was shown recently to
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mediate an inhibition of autophagic proteolysis in perfused rat
liver (9, 10). Similar to this, urea also induced a dose-dependent
inhibition of hepatic proteolysis, which was fully reversible
upon urea withdrawal (Fig. 4, A and B). Inhibition of c-Src by
PP-2 (28) or p38MAPK by SB202190 (29), respectively, strongly
blunted the antiproteolytic effect of urea, pointing to a c-Src
and p38MAPK dependence of the process (Fig. 4, C andD). Fur-
thermore, the antiproteolytic effect of urea was strongly
blunted when integrin-dependent osmosignaling was preacti-
vated by hypo-osmotic exposure (Fig. 4E).
Urea and its thioanalogues induced a decrease of perfused

liver mass (Table 1), suggestive for induction of a regulatory
volume decrease (RVD). Such an RVD in response to urea is
accompanied by a net K� release from the liver and leads to
hepatocyte shrinkage (5). In response to urea, this RVD, as
measured by the urea-induced decrease of liver mass, was sen-
sitive to PP-2 and SB203580 (Table 1), indicating the c-Src and
p38MAPK dependence of this process, as it was shown previ-
ously for the hypo-osmolarity-induced RVD (9, 11). In contrast
to hypo-osmolarity-induced RVD (9), urea- induced RVD was
not sensitive to GRGDSP peptide (Table 1). This suggests a
ligand-independent integrin activation by urea. Furthermore,
the urea-induced, but not the hypo-osmolarity-induced
appearance of activated �1 integrin also was insensitive to inhi-
bition by GRGDSP peptide (see Fig. 2A, compare Fig. 1).

Molecular Dynamics Simulations of �5�1 Integrin in Urea
and Thiourea Solutions—The GRGDSP peptide-insensitiv-
ity of urea-induced �1 integrin activation would be compat-
ible with conformational changes of the �1 subunit triggered
by unspecific interactions with urea. Therefore, molecular
dynamics simulations of the �5�1 ectodomain were per-
formed, starting from a homology model of the ectodomain
in a bent conformation.
During the simulations, pronounced conformational changes

of the ectodomain are observed in urea and, in particular, thio-
urea solutions (�140 mM), in contrast to a simulation in water
(Fig. 5). In the latter case, the C� atom root mean square devi-
ation, which describes the extent of structural deviation with
respect to the starting structure, remains below 8 Å even after
200 ns, whereas it increases to 12 and 24 Å in the presence of
urea or thiourea, respectively (Fig. 5A). These conformational
changes do not arise from structural changes in the single
domains of the protein, as shown exemplarily for the propeller,
Calf-1, and EGF3 domains in Fig. 6; for all three different sim-
ulations, the C� atom root mean square deviation largely
remains below 3 Å during the course of the trajectory. Rather,
the conformational change originates from a straightening of
the genu, such that the head region of the �5�1 ectodomain, in
particular that formed by the propeller and �A domains, rises
from the two legs, formed by the calf-1/2 domains and the EGF
repeats (Fig. 7). The straightening is mirrored by an increase of
the bending angle to �60 ° after 200 ns in the case of �5�1
integrin in urea and thiourea solutions (Fig. 5B). In contrast,
this angle fluctuates around 50° if onlywater is used as a solvent.
Similarly, the splaying angle fluctuates�25 ° in the case of�5�1
integrin in water, whereas it shows much larger fluctuations
and a shift to values as large as 45 °, particularly in the case of
�5�1 integrin in urea solution (Fig. 5C).

DISCUSSION

As shown in the present study, urea at high concentrations
triggers the activation of the �1 integrin system and activates
downstream signaling components, such as FAK, c-Src, and
mitogen-activated protein kinases, i.e. Erk1/2 and p38MAPK.
Because �1-integrin was shown to act as a swelling-activated
volume/osmosensor in hepatocytes (8), and urea does not
induce hepatocyte swelling (5), urea apparently acts as a non-
osmotic activator of this volume/osmosensor. Urea is known to
interfere with protein structures (2, 3), and it is likely that
unspecific interference of urea with �5�1 integrin structure
promotes development of the active �1 conformation.
This view is corroborated by molecular dynamics simula-

tions of a three-dimensional model of the ectodomain of �5�1
integrin in water as well as urea and thiourea solutions. The
starting structure has a genu-flexed, bent conformation such

FIGURE 4. Urea-induced inhibition of autophagic proteolysis in the perfused rat liver. Livers from fed rats were prelabeled in vivo by intraperitoneal
injection of 150 �Ci of [3H]leucine. 3H-labeled release into effluent was monitored as a measure of hepatic proteolysis in liver perfusion experiments as
described previously (16). Because of differences in the labeling of the animals in vivo, the release of radioactivity was set to 100% during control conditions in
the identical perfusion experiment. As indicated, PP-2 (250 nmol/liter; C) or SB202190 (100 nmol/liter; D), respectively, were added 30 min prior to infusion of
urea. Data are given as means � S.E of the mean, and are from at least three separate perfusion experiments. Urea inhibited autophagic proteolysis dose-de-
pendently (A and B). Inhibition of c-Src by PP-2 (C; E) or p38MAPK by SB202190 (D; E) abolished urea-induced inhibition of autophagic proteolysis (C and D; F).
If urea was added on top of a hypo-osmotic exposure (�), urea did not lead to a further increase in inhibition of proteolysis compared with hypo-osmolarity
alone (f) (E) indicating that the effects of both stimuli are not additive.

TABLE 1
Urea-induced changes in liver mass in perfused rat liver
Rat livers were perfused as described under “Experimental Procedures.” Data are
given as mean � S.E. of the mean; n refers to the number of independent perfusion
experiments. When indicated, integrin-antagonistic GRGDSP peptide (10 mmol/
liter), nonantagonistic GRGESP control peptide (10 mmol/liter), PP-2 (250 nmol/
liter), or SB203580 (100 nmol/liter) were instituted 30 min prior to the infusion of
urea or the respective urea derivates. Liver mass was continuously monitored and
maximal change in liver mass, which was reached within 303 � 15 s (n � 77), was
determined.

Condition Change in liver mass n

% of total liver mass
Control �0.0 � 0.0 3
Urea (5 mM) �0.0 � 0.0 3
Urea (100 mM) �4.6 � 0.5 9

�GRGDSP �4.0 � 0.9 3
�GRGESP �5.1 � 0.2 3
�PP2 �2.7 � 0.3a 3
�SB203580 �1.6 � 0.8a 3

Urea (200 mM) �5.4 � 0.5 11
�SB203580 �2.6 � 0.4a 3

Methylurea (100 mM) �1.9 � 0.2 3
Dimethylurea (100 mM) �2.1 � 0.6 3
Thiourea (10 mM) �1.8 � 0.3 3
Thiourea (50 mM) �4.4 � 0.9 5

�SB203580 �1.3 � 0.8a 3
Thiourea (100 mM) �5.6 � 1.6 4
Thiourea (200 mM) �6.2 � 0.6 3
Dimethylthiourea (100 mM) �5.1 � 0.8 4
Hypo-osmolarity (�30 mM NaCl) �10.0 � 1.3 4
Hypo-osmolarity (�40 mM NaCl) �12.6 � 0.8 4

a The asterisk indicates a significant inhibition of urea-induced change in liver mass
by the respective inhibitor (p � 0.05).
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that the head of �5�1 integrin abuts the legs, as provided by the
�V�3 template (12) used for generating the model. During the
simulations, significant conformational changes are observed
for �5�1 integrin in urea and thiourea solutions, in contrast to
the simulation of �5�1 in water. These changes lead to an
unbending of the integrin structure around the genu, whereas

FIGURE 5. Unbending of the �5�1 integrin ectodomain when simulated in
urea and thiourea solution. Time series of geometric parameters of the �5�1
integrin ectodomain simulated for 200 ns in water (straight line), urea solution
(dashed line), and thiourea solution (dotted line) are shown. A, root mean
square deviation (RMSD) of C� atoms of �5�1 integrin with respect to the
respective starting structure. Arrows indicate when conformations depicted
in A–D of Fig. 7 were extracted from the trajectory of �5�1 integrin in thiourea
solution. B, bending angle whose vertex is defined by the center of geometry
(COG) of the plexin-semaphorin-integrin domain and whose endpoints are,
on the one hand, the COG of the propeller and �A domains and, on the other
hand, the COG of the calf-2 and �-tail domains. C, splaying angle whose ver-
tex is defined by the C� atom of G554 in the thigh domain and whose end-
points are, on the one hand, the COG of the calf-2 domain and, on the other
hand, the COG of the �-tail domain. A schematic depiction of both angles is
given in Fig. 7, B and C.

FIGURE 6. Structural integrity of domains of �5�1 integrin. Time series of
root mean square deviations (RMSD) of C� atoms of �5�1 integrin domains
with respect to the respective starting structure when simulated for 200 ns in
water (straight line), urea solution (dashed line), and thiorurea solution (dotted
line) are shown. A, propeller domain; B, calf-1 domain; C, EGF3 domain.
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the structures of single domains remain essentially unchanged.
According to currentmodels such a straightening of the genu is
required for activation (12), although evidence is beginning to
emerge that the degree of extension is both agonist- and inte-
grin-specific (30).
Regarding a possible mechanism, the simulations of �5�1 in

thiourea and, in particular, urea solutions reveal a splaying of
the leg regions of the � and � subunits, indicating weakened
interactions between the legs as compared with �5�1 in water.
Disruption of these interactions has been proposed to be the
first step in the pathway for inside-out signaling (31), andmuta-
tions that disrupt interactions between the � and � subunits
resulted in constitutively active integrins (30). Likewise, inter-
actions between the hybrid domain and one leg must be dis-
rupted so that the extended state can be reached. Apparently,
the urea and thiourea solutions weaken those interactions,
probably by decreasing hydrophobic interactions and interfer-
ing with hydrogen bonds (32), whereas they are not concen-
trated enough to denature single domains of �5�1 integrin.
Accordingly, of 10 regions that aremost frequently occupied by
urea during 200 ns of simulation time, four of these regions are
located in the interface between EGF3 and calf-1 domains as
well as between the hybrid domain and the EGF4 or �-tail
domains, respectively (Fig. 8).
Previously, a relatively greater denaturing effectiveness of

thiourea over urea has been reported (33), and this finding has
been explained in that thiourea binds to a protein at molar
concentrationsmuch lower than those giving comparable bind-

ing in urea solvents (34). Similarly, for urea with alkyl substitu-
ents, a retained or increased denaturing effectiveness has been
described compared with urea, although this effect is protein-
specific (33). Both of these lead one to expect a more pro-
nounced weakening of intraprotein interactions due to thiou-
rea and dimethylurea solutions compared with urea solution in
�5�1 integrin as well. In agreement with this, thiourea and di-
methylurea solutions activate �1 integrin already at a 10-fold
lower concentration than urea (Fig. 2), and thiourea is more
potentwith respect to net K� efflux fromperfused rat liver than
urea (Fig. 9). Furthermore, during molecular dynamics simula-
tions, the unbending effect of thiourea solution is much more
pronounced than that of urea solution (Fig. 5B).
In line with such an unspecific integrin activation, the

GRGDSP-containing hexapeptide, which prevents hypo-os-
motic and insulin-induced integrin activation (8, 10), did not
affect urea-induced integrin activation. In contrast to hypo-
osmotic and insulin-induced integrin activation (8, 10), urea-
induced integrin activation was accompanied by activation of
JNKs. This urea-induced JNK activation is therefore probably
notmediated via integrin-dependent volume/osmosensing and
may reflect a protein misfolding response, which is induced by
urea at high concentrations.
Urea-induced integrin activation is functionally relevant,

because urea triggers a p38MAPK-sensitive inhibition of prote-
olysis, similar to the integrin- and p38MAPK-dependent pro-
teolysis inhibition induced by hypo-osmolarity, insulin or tau-

FIGURE 7. Conformational change of the �5�1 integrin ectodomain that
leads to unbending when simulated in thiourea solution. Conformations
extracted after 40 (A), 60 (B), 80 (C), and 100 (D) ns of simulation time from the
trajectory of the �5�1 integrin ectodomain in thiourea solution are depicted
in blue. The structures are superimposed with respect to the propeller and �A
domains onto the starting structure depicted in orange a, b, c, d (circled) cor-
respond to a, b, c, d (circled) in Fig. 5A. In A, the �5�1 integrin domains are
labeled, except the EGF1–3, plexin-semaphorin-integrin, and hybrid
domains. In B and C, the black dashed lines schematically depict the bending
and splaying angles, respectively.

FIGURE 8. Regions most frequently occupied by urea around the �5�1
integrin ectodomain. Shown is a ribbon drawing of the �5�1 integrin
ectodomain together with regions that are most frequently occupied by urea
during 200 ns of simulation time (gray isocontour surfaces). Regions in the
interface between the two legs or in the interface between the hybrid domain
and one of the legs are marked by arrows. The � subunit of �5�1 integrin is
colored in green/blue, and the � subunit is colored in yellow/red.
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roursodeoxycholate (8–10). Likewise, the volume regulatory
K� efflux in response to hypo-osmotic hepatocyte swelling is
mediated via integrin-dependent p38MAPK activation (8, 11),
and the urea-induced K� efflux with subsequent hepatocyte
shrinkage is probably triggered by this signaling pathway as
well. Similarly, inhibition of either c-Src using PP-2 or p38MAPK

using SB203580 blunted the otherwise observed urea-induced
liver mass decrease, which may reflect liver cell shrinkage
(Table 1).
The role of urea-induced FAK activation for metabolic urea

effects remains unclear. Insulin-and tauroursodesoxycholate-
induced integrin activation is accompanied by FAK activation
(8, 10), whereas hypo-osmotic integrin activationwas not (9). In
summary, urea activates the �1 integrin system and can affect
hepatocellular metabolism through activation of integrin sig-
naling. This is an example for an unspecific, not volume- or
osmolarity-driven activation of a volume sensor that may be
relevant under conditions of uremia. It is worth noting that
such an activation by thiourea occurs already at concentrations
of 10 mmol/liter.
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FIGURE 9. Urea- and thiourea-induced K� fluxes in perfused rat liver. Rat
livers were perfused with either urea (E) or thiourea (f) at the different con-
centrations and net K� release in response to (thio)urea was determined by
continuously monitoring effluent K� concentration with a K�-sensitive elec-
trode and planimetry of areas under curves as described under “Experimental
Procedures.” Data are given as means � S.E. of the mean and represent n �
3–7 independent perfusion experiments for each condition.
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