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Pharmacological application of caffeine inhibits
TGF-b-stimulated connective tissue growth factor expression

in hepatocytes via PPARc and SMAD2/3-dependent pathwaysq
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Background/Aims: Epidemiological studies suggest that coffee drinking is inversely correlated with the risk of develop-

ment of liver fibrosis but the molecular basis is unknown.

Methods: We investigated the pharmacological mechanisms involved in caffeine-dependent regulation of CTGF expres-

sion, an important modulator protein of fibrogenic TGF-b, in rat hepatocytes using Western-blot, co-immunoprecipita-

tions, reporter-gene-assays and ELISAs.

Results: It is demonstrated that caffeine, similar to 8-Br-cAMP, suppresses CTGF expression, decreases SMAD2 pro-
tein levels and inhibits SMAD1/3-phosphorylation. The SMAD2 level can be restored by a proteasome inhibitor. Addition-

ally, caffeine leads to an up-regulation of PPARc expression, that enhances the inhibitory effect of the natural PPARc
agonist 15-PGJ2 on CTGF expression by inducing a dissociation of the SMAD2/3-CBP/p300-transcriptional complex.

Conclusions: We show that caffeine strongly down-modulates TGF-b-induced CTGF expression in hepatocytes by stim-

ulation of degradation of the TGF-b effector SMAD 2, inhibition of SMAD3 phosphorylation and up-regulation of the

PPARc-receptor. Long-term caffeinization might be an option for anti-fibrotic trials in chronic liver diseases.

� 2008 European Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.
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1. Background and aims

Liver fibrosis is one of the major health burdens
worldwide having a great socio-economical impact. Dis-
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inter-individual variability, allowing discrimination
between slow, intermediate and rapid fibrosers. Both,
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to modify disease susceptibility and progression rate [1].
Large population-based epidemiological studies, includ-
ing NHANES I and III and a recent publication by the
NIDDK/NIH have shown that higher coffee/caffeine
consumption by patients with chronic liver diseases is
associated with a milder course of fibrosis [2,3], espe-
cially in alcohol abusers [3–5] and with a decrease in ala-
nine-aminotransferase (ALT) and c-glutamyltransferase
(GGT) activities [4,5]. But up to now, cellular and
molecular mechanisms of a possible anti-fibrotic action
of caffeine remain obscure.

It is firmly established that the fibrogenic process in
the liver is prominently regulated by transforming
growth factor-b1 (TGF-b1) [6–8]. Besides hepatic stel-
late cells (HSC), which are induced by TGF-b to trans-
differentiate to myofibroblasts and to synthesize an
array of extracellular matrix molecules, hepatocytes
(PC) are increasingly recognized as an important cell
type involved in the fibrogenic process [6–8]. TGF-b dri-
ven apoptosis and mesenchymal transition of PC to
fibroblasts (or fibroblast like cells) are recent examples
for the pathogenetic relevance of parenchymal liver cells
in addition to HSC [9].

We and others had previously reported that PC sub-
stantially synthesize connective tissue growth factor
(CTGF/CCN2) during culture and in injured liver, that
CTGF is sensitively up-regulated by TGF-b [10,11] and
that PC are likely to be the major cellular source of
CTGF in the liver [12]. CTGF, a member of the
CYR61/CTGF/NOV (CCN) superfamily of secreted,
cysteine-rich glycoproteins is suggested as an important
downstream modulator protein of TGF-b amplifying
the profibrogenic action of this cytokine in a variety of
tissues [13].

It consists of four functionally specialized modules
with a proteinase-sensitive hinge region between mod-
ules II and III [14]. Its molecular mechanism of action
is still not known in detail, but it might adversely regu-
late the binding of TGF-b and its natural antagonist
bone morphogenetic protein (BMP) to their cognate
receptors [15]. Its crucial role in fibrogenesis is docu-
mented by strong up-regulation in fibrotic liver tissue
[16–18], and even more importantly by recent studies,
in which knock-down of CTGF by siRNA lead to sub-
stantial attenuation of experimental liver fibrosis [19,20].
Thus, modulators of CTGF expression will have a great
pathogenetic relevance for fibrosis. Cyclic adenosine
mono phosphate (cAMP) was identified as one inhibitor
of CTGF induction by TGF-b in extrahepatic tissues
and cells, but the molecular mechanisms remain not suf-
ficiently clarified [21].

In the present study, we investigated the pharmaco-
logical effect of caffeine on CTGF as the profibrogenic
downstream modulator of TGF-b actions. The experi-
ments are based on the known effect of methylxanthines
to elevate intracellular cAMP levels by inhibiting phos-
phodiesterase activity [22]. We present data showing
that caffeine inhibits hepatocellular CTGF expression
by promoting proteasomal degradation of the TGF-b
signal mediator SMAD2, by the inhibition of phosphor-
ylation of SMAD3 (and SMAD1) and by the up-regula-
tion of PPARc receptor expression, thus sensitizing PC
towards the natural PPARc ligand 15-PGJ2.
2. Materials and methods

2.1. Materials

15-PGJ2 (PG-050) and troglitazone (GR-210) were from Biomol
(Hamburg, Germany), 8Br-cAMP (B5386) and caffeine (#27602) were
from Sigma–Aldrich (St. Louis, MO), MG-132 (#47790) from Calbio-
chem (Darmstadt, Germany), rhTGF-b1 (240-B) from R&D Systems
(Minneapolis, MN), and PKI (PKA-PKI-100) from Biaffin (Kassel,
Germany).

Following antibodies for Western blotting or immunohistochemis-
try were used:

Rabbit anti-SMAD3 (ab28379), rabbit anti-CREB (phospho
S129 + S133) (ab10564), rabbit anti-SMURF2 (ab53316), rabbit
anti-CREB (ab5803), mouse anti-PPARc 1 + 2 [A3409A] – ChIP
grade (ab41928) were all from Abcam (Cambridge, UK); goat anti-
CTGF/CCN2 (L-20, sc-14939) and mouse anti-histone H1 (AE-4; sc-
8030) from Santa Cruz (Santa Cruz, CA); rabbit anti-p-SMAD3
(Ser423/425)/p-SMAD1 (Ser463/465) (#9514), rabbit anti-p-SMAD2
(Ser465/467) (#3101) and rabbit anti-SMAD2 (#3102) from Cell Sig-
nalling/New England Biolabs (Ipswich, MA); mouse anti-CBP/p300
(P2859) from Sigma–Aldrich, and mouse anti-b-actin from Cymbus
Bioscience (Southampton, UK).

2.2. Animals

Adult male Sprague–Dawley rats (body weight 180–320 g) had free
access to a standard laboratory chow diet and normal tap water
throughout the experimental period. All animals received care and
treatment in compliance with the German Animal Protection Act,
which is in accordance with the German Research Council’s criteria.

2.3. Isolation and culture of hepatocytes

PC were isolated from rats by the two-step collagenase method of
Seglen [23] modified as described before [24]. Cells were purified and
cultured in complete absence of (TGF-b containing) fetal calf serum
(FCS). The viability of the final cell suspension, checked by trypan blue
exclusion, was around 85%, cell recovery was 20–50 � 107 cells/liver,
and contamination with nonparenchymal cells was less than 2%.

PC were seeded in 2 ml TGF-b free GIBCOTM HepatoZYME-SFMTM

(Invitrogen, Carlsbad, CA) without FCS on type I collagen (BD Bio-
science, Franklin Lakes, NJ) coated plastic dishes (BD Bioscience)
with a density of 5.4 � 104 cells/cm2. The medium was supplemented
with 4 mmol/L L-glutamine, penicillin (100 IU/ml), and streptomycin
(100 mg/ml) (all from Cambrex, East Rutherford, NJ) and cells were
cultured at 37 �C in a humidified atmosphere of 5% CO2 and 95%
air. The first change of the medium was 1 h after seeding, and unat-
tached PC were washed off with Dulbecco’s Modified Eagle’s Medium
(DMEM) (Cambrex). Additions of caffeine, 8-Br-cAMP, rh TGF-b1,
and 15-PGJ2 are described in the legends of figures.

2.4. Nuclear protein isolation

PC cultured in 65 cm2 dishes were washed three times with PBS,
subjected to 500 ll lysis buffer, 30 ml (20 mmol/l Hepes, pH 7.4,
10 mmol/l KCl, 0.2% Nonident P-40 (NP-40), 1 mmol/l EDTA,
10 ml/l glycerol + CompleteTM + phosphatase inhibitor [1:100]),
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scraped off from the plates and then transferred into 1.5 ml Eppendorf
tubes. After 10 min on ice, and centrifugation at 8000g for 2 min, the
supernatant was removed and the pellet gently resuspended in 250 ll
nuclear extraction buffer (20 mmol/l Hepes, pH 7.4, 420 mmol/l NaCl,
1 mmol/l EDTA, 20% glycerol + CompleteTM + phosphatase inhibitor
[1:100]). After further incubation for 30 min on ice with mild agitation,
and centrifugation at 8000g for 2 min, supernatants were collected and
stored at �70 �C until use.

2.5. Sodium dodecyl sulfate–polyacrylamide gel

electrophoresis (SDS–PAGE) and Western blotting

Preparations of cytoplasmic cell extracts, determination of pro-
tein concentrations, and Western-blot analysis were performed
exactly as previously described [12,25]. Densitometric quantification
of the blot results was done with the Lumi-Imager (Roche, Mann-
heim, Germany) and the LumiAnalyst 3.0 Software (Roche). Where
necessary, blots were stripped with 5 ml of Restore Plus Stripping
Buffer (Pierce Biotechnology, Rockford, IL) for 15 min at room
temperature, washed with TBST, blocked with StartingBlock T20
Blocking Buffer in TBS (Pierce Biotechnology) and reprobed with
the specific first antibody.

2.6. RT-PCR of PPARc

Total cellular RNA was extracted with the Qiagen RNeasy Mini
Kit (Qiagen, Hilden, Germany). cDNA was reverse-transcribed using
the Superscript III First-Strand cDNA synthesis kit (Invitrogen).
RT-PCR was performed using the Perkin Elmer Thermocycler PCR
System (Perkin Elmer, Waltham, MA) and the following primers were
directed against the mRNA encoding the rat (Sprague–Dawley)
PPARc [Pparg] gene as located on chromosome 4q42: Forward: 50-
CAT AAA GTC CTT CCC GCT GA-30; reverse: 50-GAA ACT
GGC ACC CTT GAA AA-30 (both from MWG Biotech, Ebersberg,
Germany). The specific amplicon size of PPARc was 197 bp.

In general, 2 ll cDNA in 27.25 lL of RNAse free water and 10 ll
Q-Solution (Qiagen) were mixed with 1 ll dNTPs (10 mM each; Qia-
gen), 2.5 ll of 10� Coral Load PCR buffer (Qiagen), 2 ll of 10 lM for-
ward primer, 2 ll of 10 lM reverse primer and 0.25 ll of Hot Star Taq
Plus polymerase (1.25 U/reaction; Qiagen). The following PCR condi-
tions were used: 95 �C/4 min, 95 �C/1 min, followed by 40 cycles at
95 �C/15 s and 58 �C/1 min, 72 �C/1.5 min, 72 �C/10 min and stopped
at 4 �C. PCR products were separated on 2% agarose gels and visual-
ized under UV-light.

2.7. Co-immunoprecipitation

For co-immunoprecipitation (Co-IP) PC were cultured for 24 h
with or without the addition of rh TGF-b1 (5 ng/ml) or 15-PGJ2

(10 lM), respectively.
Cells were lysed in Co-IP lysis buffer (20 mM Tris–HCl [pH 7.5],

100 mM NaCl, 0.5% (v/v) NP-40, 0.5 mM EDTA) with 1� protease
inhibitor cocktail EDTA-free (CompleteTM, Roche) and sheared
through a 27 gauge syringe needle.

CBP/p300 in the total protein was precipitated using a protein G
immunoprecipitation kit (IP50-IKT; Sigma) as previously described
[26] and the precipitate subjected to SDS–PAGE as described above.
The blotted membranes containing the CBP/p300 precipitate were
probed with either rabbit anti-SMAD2 antibody or rabbit anti-
SMAD3 antibody.

2.8. hCTGF/CCN2-promotor-luciferase gene reporter

assay

The vector pGL3-hCTGF-luc was cloned as previously described
[12]. PC were simultaneously transfected with 200 ng of hCTGF/
CCN2-luc and 20 pg of promoterless Renilla-luciferase as internal
standard using FuGENE 6TM according to the manufacturer’s instruc-
tions (Roche). At specific time points, hCTGF/CCN2-luciferase activ-
ities were determined with Dual-GloTM luciferase assay (Promega,
Madison, WI) according to the manufacturer’s protocol and normal-
ized to Renilla-luciferase. Results are presented as luciferase activity
relative to Renilla-luciferase activity.

2.9. Determination of cAMP concentration

The quantitative determination of cAMP concentrations in hepato-
cyte lysates was performed using a colorimetric competitive ELISA
system (KGE002, R&D Systems) according to the manufacturer’s
instructions.

2.10. Statistical analysis

For statistical analysis, SPSS 11.0 (SPSS, Chicago, IL) was used,
applying two-tailed unpaired Student’s t tests with a p value for signif-
icance set at least at 0.05.
3. Results

3.1. Caffeine and cAMP reduce CTGF expression in

cultured hepatocytes

As previously reported for non-liver cell types [27–
29] we tested the effects of cAMP on TGF-b-driven
CTGF expression in PC. TGF-b efficiently induced
CTGF expression (Fig. 1A) and transcriptional activa-
tion of the pGL3-hCTGF-luc reporter gene (Fig. 1B),
which on protein level was dose-dependently inhibited
by the membrane-permeable 8-Br-cAMP. Similarly,
treatment of PC with pharmacological concentrations
of caffeine, adapted to those previously published in
experimental studies of the hepatobiliary system
[30,31], strikingly reduced TGF-b-driven CTGF pro-
tein expression (Fig. 1C) and transactivation of
pGL3-hCTGF-luc (Fig. 1D). Caffeine added simulta-
neously with 8-Br-cAMP abolished almost any CTGF
expression (Fig. 1C). Caffeine-dependent suppression
of CTGF could be reversed by a specific inhibitor of
the catalytic subunit of protein kinase A (PKI;
Fig. 1E). Prompted by this finding, we tested the effect
of caffeine on the phosphorylation of the cAMP target
protein CREB. Caffeine and 8-Br-cAMP equally lead
to phosphorylation of CREB at serine 133, while
not affecting CREB phosphorylation at serine 129
(Fig. 1F).

To determine if caffeine is able to relevantly elevate
intracellular cAMP levels in PC to a similar extent as
described for other cell systems [22,32], we quantita-
tively determined cAMP concentrations in hepatocyte
lysates. Caffeine raised pre-existent intracellular cAMP
levels by approximately 24% while TGF-b alone had
no significant effect on cAMP concentrations. Also, it
was not able to inhibit the caffeine-dependent increase
of intracellular cAMP levels as shown by an increase
of cAMP levels by 25% after concomitant application
of caffeine and TGF-b (Table 1).



Fig. 1. (A) Western blots of CTGF of PC cultured under serum-free conditions with or without (co)addition of TGF-b1 (5 ng/ml) and indicated

concentrations of 8-Br-cAMP. Analysis was as described in Section 2. Representative blots of three independent experiments are shown. b-Actin served as

loading control. (B) CTGF/CCN2 reporter gene activation. PC cultured under serum-free conditions for 24 h were simultaneously transfected with

hCTGF/CCN2-luciferase and promoterless Renilla-luciferase as internal standard and subjected to TGF-b1 (5 ng/ml) in the absence and presence of 8-Br-

cAMP (100 lM) 16 h after transfection and cultured for further 24 h. CTGF-luciferase activities are given relative to Renilla-luciferase activity. Mean

values ± SD of fours experiments are shown. *p < 0.05 versus control. (C) Western blots of PC cultured for 24 h under serum-free conditions in the

presence or absence of TGF-b1 (5 ng/ml), caffeine (5 mM), and 8-Br-cAMP (100 lM), respectively. A representative blot of four independent cultures is

shown. (D) CTGF/CCN2 reporter gene activation. PC treated as described in (B) were subjected to TGF-b1 (5 ng/ml) in the absence and presence of

caffeine (5 mM) and cultured for further 24 h. CTGF-luciferase activity relative to Renilla-luciferase is given. Mean values ± SD of five experiments are

shown. *p < 0.05 versus control. (E) Western blots of PC cultured for 24 h under serum-free conditions in the presence or absence of caffeine (5 mM),

protein kinase A inhibitor PKI (250 nM) in the absence or presence of TGF-b1 (5 ng/ml). The demonstrated blot was reproduced with three independent

cultures. (F) Western blots of phospho-CREB of PC cultured for 24 h under serum-free conditions. PC received TGF-b1 (5 ng/ml), caffeine (5 mM), and

8-Br-cAMP (100 lM), respectively, under various combinations. Nuclear lysates were probed for the phosphorylation sites at serine 133 and 129,

respectively, in the CREB protein and for histone H1 expression used as internal standard. A representative blot of three experiments is shown. [This

figure appears in colour on the web.]
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3.2. Caffeine and cAMP differentially affect SMAD2 and

SMAD3 signalling pathways

Since CTGF is a SMAD2/3 regulated TGF-b target
gene, we next tested 8-Br-cAMP and caffeine for their
ability to affect SMAD2/3 protein levels and their sta-
tus of phosphorylation applying Western-blot analysis
(Fig. 2A). 8-Br-cAMP clearly reduced SMAD2 protein
levels dose-dependently but not its specific phosphory-
lation (related to total SMAD protein) under TGF-b
stimulation. This is in contrast to SMAD1 and
SMAD3. Their phosphorylation was inhibited strongly
but the protein levels of SMAD3 remained stable
(Fig. 2A). Quite similar effects were found with caffeine
(Fig. 2B and C), which clearly shows no change of
specific SMAD2 phosphorylation but a strong
reduction of total SMAD2 protein level. These data
suggest a cAMP-mediated inhibition of SMAD2/3 sig-
nalling by caffeine, based on different, SMAD-specific
mechanisms.

We proved that inhibition of the proteasome/ubiq-
uitination-dependent SMAD2-degradation pathway by



Table 1

Effect of caffeine (5 mM) on hepatocellular cAMP levels in the presence

and absence of TGF-b1 (5 ng/ml) in cells cultured for 12 h

cAMP in lysates was determined by ELISA and referred to total DNA.
Shown are means of quadruple determinations of three individual
cultures. *p < 0.05 versus control.

Fig. 2. (A) Western blots of phosphorylated and unphosphorylated SMAD2 a

cultured for 24 h under serum-free conditions with or without the additio

Representative blots of four independent experiments are shown. (B) Western

presence or absence of caffeine (5 mM) with addition of TGF-b1 (5 ng/ml) (left

The quantifications of p-SMAD2 and total SMAD2 are shown (middle panel).

Shown is a representative result out of three independent cultures. (C) Western

cultured as described above with or without the addition of TGF-b1 (5 ng/ml) or

are BLU of SMAD3 and total SMAD3 relative to b-actin (middle panel). The

representative result out of three independent cultures. [This figure appears in
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MG-132 partially prevented caffeine-dependent reduc-
tion of SMAD2 protein levels, and, hence, of its phos-
phorylation under TGF-b stimulation (Fig. 3A). As
expected, the protein level of SMAD3 was not affected
by MG-132. However, TGF-b stimulated phosphory-
lation of SMAD3 in the absence and presence of caf-
feine is clearly enhanced by the proteasome inhibitor
(Fig. 3A).

Prompted by this observation, we next investigated
whether caffeine causes increased SMURF consumption
through enforced proteasome degradation of the cova-
lently interacting partners SMURF2 and SMAD2. This
is confirmed by the observation that caffeine indeed
causes a reduction of intracellular SMURF2 levels by
about 40% (Fig. 3B).
nd SMAD3, the latter antibody cross-reacting with SMAD1. PC were

n of TGF-b1 (5 ng/ml) and indicated concentrations of 8-Br-cAMP.

blots of p-SMAD2 and total SMAD2 in PC cultured as above in the

). Blots were quantified relative to b-actin using the lumi Imager System.

The right graph shows the ratio of p-SMAD2 to total SMAD2 protein.

blot of p-SMAD3/1 (cross-reacting antibody) and total SMAD3 in PC

caffeine (5 mM), respectively. Blots were quantified as described. Shown

right panel shows the ratio of p-SMAD3 to SMAD3 protein. Shown is a

colour on the web.]



Fig. 3. (A) Western blots of p-SMAD2, p-SMAD3/1, SMAD2, and SMAD3 of PC cultured for 24 h under serum-free conditions with or without additions of

TGF-b1 (5 ng/ml), caffeine (5 mM), and the proteasome/ubiquitination inhibitor MG-132 (50 lM), respectively. Blots are representative for three independent

experiments. Average quantification of the three independent Western blots by densitometric analysis is shown on the right. *p < 0.05 versus control. Each bar

represents means ± standard deviation. (B) Western blots of SMURF2 in PC cultured as described in (A). Blots were quantified relative to b-actin using the lumi

Imager System. Mean values ± SD of four experiments. *p < 0.05 versus control. Caff. = caffeine. [This figure appears in colour on the web.]
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3.3. Caffeine stimulates PPARc receptor expression

Previous studies pointed to CREB as a regulator of
PPARc expression [33], which in turn downregulates
CTGF expression [34]. Thus, we tested whether caffeine
affects PPARc expression and by this exerts inhibitory
signals on CTGF synthesis in PC.

TGF-b itself has a short-time effect on PPARc recep-
tor expression in PC (strongly after 1 h but only slightly
Fig. 4. (A) Western blot of PPARc in nuclear lysates of PC cultured under se

TGF-b1 (5 ng/ml) in the absence or presence of caffeine (5 mM). Nuclear lysate

mean PPARc/histone H1 quantification ratio in four representative blots ± stan

PCR for PPARc in cultured PC. RT-PCR with 24 cycles was performed using

out of three independent cultures is shown. [This figure appears in colour on th
after 24 h; Fig. 4A). Caffeine also stimulated PPARc
expression, but in contrast to TGF-b, continuously over
the 24 h incubation period. Interestingly, caffeine greatly
augmented PPARc expression at 24 h in the presence of
TGF-b, when the cytokine alone had only a weak resid-
ual effect (Fig. 4A). To investigate whether the stimulat-
ing effect of TGF-b on PPARc expression is the result of
increased synthesis/transcription, reduced degradation
or enhanced nuclear translocation,we performed RT-
rum-free conditions. Cells were treated for 1 h, 6 h, 12 h, and 24 h with

s were probed for PPARc and histone H1 used as internal standard. The

dard deviation is given below each lane. *p < 0.05 versus control. (B) RT-

primers for PPARc as described in Section 2. One representative result

e web.]
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PCR with specific primers directed against the PPARc-
encoding mRNA of hepatocytes subjected to TGF-b
and/or caffeine (Fig. 4B). The mRNA levels of the
PPARc receptor directly reflected protein levels, sug-
gesting a regulation of PPARc protein amounts on the
transcriptional level (Fig. 4B).

3.4. Caffeine sensitizes hepatocytes towards the inhibitory

action of the natural PPARc ligand 15-PGJ2 on CTGF

expression

The finding of a caffeine-dependent up-regulation of
PPARc receptor density in PC suggests a sensitization
of PC towards the prototypical natural (physiological)
PPARc-ligand 15-PGJ2.
Fig. 5. (A) CTGF/CCN2 reporter gene activation in PC cultured under serum-fr

CCN2-luciferase and promoterless Renilla-luciferase as internal control and sub

(10 lM) in indicated combinations. CTGF-luciferase activities are shown relativ

are shown. *p < 0.05 versus control. (B) Western blots of CTGF of PC cultured

(10 lM). b-Actin served as internal standard. The right graph demonstrates t

plotted from four replicates. (C) Western blots of CTGF of PC cultured for 2

(5 lM). b-Actin served as loading control. Average quantification of the three in
*p < 0.05 versus control. Each bar represents means ± standard deviation. (D

SMAD2, and SMAD3 of PC cultured for 24 h under serum-free conditions w

respectively. Blots are representative for three experiments. (E) Co-immunopre

treated with 15-PGJ2. PC were cultured for 24 h as described with or without

precipitated for CBP/p300 with a monoclonal anti-p300/CBP antibody and

respectively. Equity of CBP/p300 amounts in each lane was proven by strippin

mean SMAD2/3/CBP/p300 quantification ratio in three representative blots ± st

figure appears in colour on the web.]
We analysed whether 15-PGJ2 alone is able to reduce
TGF-b-dependent CTGF expression and noticed a
reduction by about 60% (Fig. 5A and B). Concomitant
application of caffeine strongly sensitized PC towards
15-PGJ2-dependent inhibitory effects on CTGF-lucifer-
ase reporter gene expression and CTGF protein expres-
sion, leading to a strongly suppressed hepatocellular
CTGF level (Fig. 5A and B). The results obtained with
15-PGJ2 were confirmed by using the synthetic PPARc
agonist troglitazone (Fig. 5C).

To further assess the mechanism underlying PPARc-
dependent reduction of TGF-b stimulated CTGF
expression in PC, we investigated the effect of 15-PGJ2

on TGF-b induced SMAD signalling. However, 15-
PGJ2 had effects neither on SMAD2/3 protein levels
ee conditions for 24 h cells were simultaneously transfected with hCTGF

jected to TGF-b1 (5 ng/ml) and caffeine (5 mM) with or without 15-PGJ

e to Renilla-luciferase activity. Mean values ± SD of three experiment

for 24 h with or without TGF-b1 (5 ng/ml), caffeine (5 mM) or 15-PGJ

he mean CTGF/b-actin quantification ratios. Standard deviations were

4 h with or without TGF-b1 (5 ng/ml), caffeine (5 mM) or troglitazone

dependent Western blots by densitometric analysis is shown on the right

) Western blots of p-SMAD2, p-SMAD3/1 (cross-reacting antibody)

ith or without the addition of TGF-b1 (5 ng/ml) and 15-PGJ2 (10 lM)

cipitation of SMAD2/SMAD3 and CBP/p300 in lysates of cultured PC

TGF-b1 (5 ng/ml) or 15-PGJ2 (10 lM), respectively. Cell lysates were

then subjected to Western-blot analysis for SMAD2 and SMAD3

g and reprobing the demonstrated Western blot against CBP/p300. The

andard deviation is given below each lane. *p < 0.05 versus control. [Thi
/
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nor on their phosphorylation status (Fig. 5D). That may
be explained by the fact that PPARc might interfere
with the interaction between SMAD2/3 and the target
gene, as suggested for non-liver cell types [35]. Thus,
we performed co-immunoprecipitations of CBP/p300
and SMAD2/SMAD3 (Fig. 5E), respectively, of PC
treated with 15-PGJ2 to test its potential effect on
sequestration of the transcriptional complex of CBP/
p300 with SMAD2 and SMAD3, respectively. Activa-
tion of the PPARc receptor by 15-PGJ2 in the presence
of TGF-b resulted in a sequestration of both, SMAD2
and SMAD3 from the CBP/p300 transcriptional com-
plex, the latter being a prerequisite for efficient TGF-b
signalling in many cell types [36]. This dissociating effect
was also noticed but less pronounced in the absence of
TGF-b. TGF-b alone did not affect the binding of
SMAD2 or 3 to CBP/p300.
4. Conclusions

This experimental study was motivated by a number
of well established clinical–epidemiological reports by
the NIH/NIDDK showing inverse relationships
between coffee drinking and the development of liver
fibrosis [2,3], coffee consumption and activities of serum
ALT and GGT as markers of liver injury [4,5] and even
coffee intake and the risk of developing hepatocellular
carcinoma [37]. Thus, coffee seems to have an overall
protective effect on the liver but the molecular basis is
obscure. Keeping in mind that such epidemiological
observations might have a wide array of potential causes
and, indeed, might be only indirectly related to coffee
consumption per se, we focused this study on some
molecular effects of the major compound of coffee, i.e.
caffeine (1,3,7-trimethylxanthine) and compared these
with those of cAMP, whose intracellular concentrations
are known to be raised by caffeine [32]. The psychoactive
substance caffeine is efficiently metabolized in the liver
(parenchymal cell) to its major metabolite paraxanthine.
Thus, absorbed caffeine is concentrated in the liver, in
particular in PC. Therefore, relatively high concentra-
tions of caffeine (and its metabolites) should be sus-
pected in PC of regular coffee consumers, which might
be effective on several signalling pathways, in particular
on cAMP-dependent activation of PKA [32]. With
respect to the claimed anti-fibrotic effects of coffee (sus-
pected to be caused by caffeine) we studied its pharma-
cological influence on the important downstream
modulator CTGF of TGF-b, the well established pro-
fibrogenic master cytokine [6]. In parallel, 8-Br-cAMP
was used to establish a relationship between the effects
of caffeine and its well known role as inhibitor of
cAMP-phosphodiesterase [38], in particular, as a num-
ber of previous studies have shown that cAMP-elevating
agents are able to affect stellate cell proliferation, which
could participate in their supposed anti-fibrogenic
action [39–41].

We could identify three possible mechanisms of how
pharmacological concentrations of caffeine, by raising
intracellular cAMP levels, affects the inhibition of hepa-
tocellular CTGF expression: (i) reduction of the steady
state concentration of total SMAD2 protein, (ii)
decreased phosphorylation of SMAD3 (both SMAD2
and SMAD3 are Alk5-receptor-dependently phosphory-
lated mediators of TGF-b signalling to CTGF [11,12]),
and (iii) up-regulation of the PPARc-receptor resulting
in enhanced sensitivity of PC towards physiological
PPARc ligands such as 15-PGJ2.

The decrease of SMAD2 protein accompanied by the
consumption of SMURF2, a member of the family of
E3 ubiquitin ligases [42,43], was reversed by the
MG-132 inhibitor of the proteasome–ubiquitination
pathway. This observation indicates a stimulation of
proteasome-mediated degradation specifically of
SMAD2 by caffeine. Such a high degree of specificity
was shown recently for SMURF2, which degraded pref-
erentially SMAD1 and SMAD2 but not SMAD3
[42,43]. The latter SMAD protein level was not affected
at all by caffeine, whereas phosphorylation was quite
sensitively diminished. Consequently, caffeine-inhibited
SMAD3 phosphorylation was only very slightly restored
by MG-132, whereas SMAD2 phosphorylation was
nearly fully reversible due to the restoration of an
almost normal SMAD2 protein level. The differential
effects of caffeine on phosphorylation of SMAD3 and
protein levels of SMAD2, respectively, suggest the
important conclusion that both receptor-phosphory-
lated SMADs are not interchangeable and each one fol-
lows specific metabolic routes. The degradation of
SMAD2 in response to TGF-b requires receptor-medi-
ated phosphorylation of the C-terminal serines [42,43],
which would suggest a normal or even stimulated
Alk5-dependent phosphorylation but enhanced or even
stimulated ubiquitination involving SMURF2 as an
E3-ubiquitin ligase. Details of these highly specified
effects of caffeine, which are fully mimicked by 8-Br-
cAMP, need to be clarified in further studies.

The up-regulation of PPARc-receptor expression by
caffeine, in particular in combination with TGF-b, was
identified as a further important mechanism of the
inhibitory effects of caffeine on CTGF expression in
PC. Fu et al. proposed two mechanisms that might be
involved in TGF-b-dependent regulation of PPARc-
promoter activity: Early stimulation by TGF-b is very
likely mediated via the MEK1/EGR pathway, which
in the time course is overcome by an inhibitory effect
of SMAD3/4 on the PPARc-promoter [44]. As we show
that caffeine inhibits SMAD3 phosphorylation, this
model might provide an explanation for why concomi-
tant application of TGF-b and caffeine works synergis-
tically on PPARc receptor expression.
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By upregulating PPARc-receptor expression, caffeine
greatly enhances the sensitivity of PC towards the inhib-
itory action of 15-PGJ2 on CTGF expression. The pro-
totypical natural PPARc ligand 15-PGJ2, which is found
in increasing concentrations in the serum of bile duct
ligated rats [45], was by itself inhibitory on TGF-b
induced CTGF synthesis and transcription. However,
as expected from the results given above, 15-PGJ2 was
much more effective in the presence of caffeine. Our data
suggest that the 15-PGJ2 stimulated PPARc-receptor
transmits its inhibitory effects by causing a dissociation
of the SMAD2/3 – CBP/p300 transcriptional complex,
thus interfering with TGF-b signal transduction to the
target gene, i.e. CTGF promoter [36]. This proposition
draws upon an earlier work by Schiller et al., who
already suggested that the suppression of TGF-b/
SMAD signalling and resulting gene transactivation by
cAMP-elevating agents occurs via PKA-dependent,
CREB mediated disruption of SMAD-CBP/p300 com-
plexes [46]. However, controversial data on the role of
CBP/p300 in CTGF promoter activation are communi-
cated, depending on the cell type [35,47–49].

Taken together, our study points to several mechanisms
on how caffeine might act on the suppression of liver fibro-
sis. These findings may partially explain earlier results
showing that the activation of the TGF-b response element
(TbRE), sharing partial homology with the consensus
sequence of the cAMP response element (CRE) [21], is
inhibited by cAMP analogs or agents elevating intracellular
cAMP levels [21]. Previously, a direct interaction between
cAMP and the TbRE was thus suggested [21]. However,
our data propose that the reduced activation of the TbRE
might not be due to a direct interaction of cAMP, but based
on a modulation of (phosphorylated) SMAD levels (by
cAMP) and transcriptional activity (by PPARc).

The overall pivotal role of CTGF in the fibrogenic
process has been proven convincingly in experimental
rat liver fibrosis with silenced CTGF [19,20]. Suggested
by these important findings one might speculate on a
suppressive effect of caffeine and cAMP analogs on
experimental or even human liver fibrosis, which could
eventually propose methylxanthines as a family of drugs
useful in the treatment of fibrotic disorders. Our results
hopefully initiate studies in this direction.
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