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Scientists at the National Institutes of Health have reported that increased coffee consump-
tion is associated with a slower progression of fibrogenesis in patients with chronic and
particularly alcoholic liver disease and a reduced incidence of heptocellular carcinoma.
However, a causal mechanistic explanation was pending. New results indicate that the
methylxanthine caffeine—a major component of coffee and the most widely consumed
pharmacologically active substance in the world—might be responsible for this phenome-
non, because it inhibits the synthesis of connective tissue growth factor (CTGF/CCN2) in
liver parenchymal and nonparenchymal cells, primarily by inducing degradation of Smad2
(and to a much lesser extent Smad3) and thus impairment of transforming growth factor �
(TGF-�) signaling. CTGF and TGF-� play crucial roles in the fibrotic remodeling of various
organs, and, ultimately, carcinogenesis. This article summarizes the clinical-epidemiological
observations as well as the pathophysiological background and provides suggestions for the
therapeutic use of (methyl)xanthine derivatives in the management of fibro-/carcinogenic
(liver) diseases. (HEPATOLOGY 2009;50:970-978.)

Coca-Cola, regular coffee, and cappuccino are only
a few of the uncountable types of caffeinated bev-
erages without which modern everyday life

would be unthinkable. However, apart from the enjoy-
ment frequently associated with a tasty cup of coffee on a
Sunday morning, recent scientific reports point to the
ability of this beverage to minimize the progression of
chronic fibrogenic liver disease and the susceptibility to
develop hepatocellular carcinoma (HCC).

Liver fibrosis, most commonly caused by chronic alco-
hol abuse and hepatitis C, and characterized by replace-
ment of functional liver tissue by fibrotic scar tissue as well
as regenerative nodules which may, ultimately, result in
cirrhosis and the development of HCC, is a major health
burden worldwide.1 Disease progression and fibrogenic
activity show significant interindividual variability, allow-
ing discrimination between slow, intermediate, and rapid
fibrosers. Both environmental and host genetic factors are
suspected to modify disease susceptibility and progression
rate.2

Data on 5,994 adult patients with chronic liver disease
collected by scientists during the third National Health
and Nutrition Examination Survey (NHANES III)3,4 of
the Centers of Disease Control and Prevention proposed
a hepatoprotective effect of increased coffee consump-
tion. Similar results were obtained previously by
NHANES I as well as during a recent study by the Na-
tional Institute of Diabetes and Digestive and Kidney
Disease (Bethesda, MD).5 These studies provided evi-
dence that patients with higher coffee consumption dis-
played a milder course of fibrosis,4,5 especially in alcoholic
liver disease3,4,6 and lower serum activities of alanine ami-
notransferase and gamma glutamyl transpeptidase.3,6 Ac-
cording to NHANES III, two cups of coffee per day were
sufficient to markedly reduce the risk of fibrosis progres-
sion.4

Japanese scientists evaluating 9-year data of a total of
60,107 subjects for the association of coffee intake and the
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risk of developing HCC found that the risk of malignancy
was significantly reduced compared with subjects who did
not consume coffee.7 This was confirmed by the Japan
Collaborative Cohort Study for Evaluation of Cancer
Risk, which calculated a hazard ratio of only 0.50 for
death due to HCC for drinkers of one or more cups of
coffee per day.8 A Swedish meta-analysis evaluating the
data of 2,260 cases and 239,146 noncases confirmed this
inverse relation between coffee consumption and risk of
HCC and calculated a 43% reduced risk of developing
HCC in patients that consumed at least two cups of coffee
per day.9

Despite these striking epidemiological data, the cellu-
lar and molecular mechanisms underlying the antifibrotic
and tumor-suppressive effects of coffee consumption in
patients with chronic liver disease remains obscure.

Caffeine: Chemical Structure, Metabolism,
and Mechanism of Action

At the behest of Johann Wolfgang von Goethe, Fried-
lieb Ferdinand Runge, a pharmacochemist from Wro-
claw, Poland, was the first to look for the psychoactive
substance in coffee.10 In 1820, he finally extracted chem-
ically pure caffeine, from which the German scientists
Christoph-Heinrich Pfaff and Justus von Liebig success-
fully deduced the structural formula C8H10N4O2 by way

of burning analysis. In his 1875 professorial dissertation,
the Würzburg chemist and pharmacist Ludwig Medicus
transferred this structural formula into the chemical
structure 1,3,7-trimethylxanthine.10 However, after ma-
jor disputes with Hermann Emil Fischer, who was based
in Berlin and was the Nobel Prize winner for chemistry in
1902, Ludwig Medicus’ chemical structure only received
public acceptance after the first chemical synthesis of caf-
feine by Fischer in 1895.

Today, global consumption of caffeine has been esti-
mated at 120,000 tons per year, making it the most widely
consumed pharmacologically active substance in the
world.10 It is completely absorbed by the stomach and
small intestine within 45 minutes of ingestion, and is
eliminated by first-order kinetics.11

Caffeine is metabolized in the liver, particularly in liver
parenchymal cells (hepatocytes), by the cytochrome P450
oxidase enzyme system (CYP1A2) into the three meta-
bolic dimethylxanthines paraxanthine (1,7-dimethylxan-
thine [�84%]), theobromine (3,7-dimethylxanthine
[�12%]), and theophylline (1,3-dimethylxanthine
[�4%])12-15 (Fig. 1). Further demethylation and oxida-
tion form urates and uracil derivatives that may be recov-
ered in the urine.12,14

By virtue of its purine structure, caffeine and its pri-
mary metabolites can act on some of the same targets as

Fig. 1. Hepatocellular metabolization of caffeine by the cytochrome P450 oxidase enzyme system (subtype 1A2) into the three metabolic
dimethylxanthines paraxanthine (1,7-dimethylxanthine), theobromine (3,7-dimethylxanthine), and theophylline (1,3-dimethylxanthine). In three-
dimensional shapes, atoms are color coded: C, grey; N, dark blue; O, red; H, white.
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adenosine-related nucleosides and nucleotides—that is,
activation of intracellular ryanodine receptors (which are
the physiological target of cyclic adenosine diphosphate
ribose) as well as antagonism at adenosine receptors and
competitive inhibition of the cyclic adenosine monophos-
phate (cAMP) phosphodiesterase, converting cAMP into
non-cyclic Adenosine Monophosphate (AMP).16-20 Phys-
iologically, it is unlikely that caffeine action is due to
increased ryanodine receptor opening, because it requires
plasma concentrations above lethal dosage.20 Caffeine
furthermore is a non-selective adenosine receptor antago-
nist, with reported similar in vitro affinities for A1 (whose
activation leads to a reduction of intracellular cAMP lev-
els), and A2A receptors (elevating cAMP levels) and with
lower affinity for A3 receptors.20 However, A1 and A2A

receptors are the adenosine receptors predominantly ex-
pressed in the brain. Because of this and because of their
opposite roles in regulating cAMP dependent pathways,
the contribution of blockade of adenosine A1 and A2A

receptors to the non-central effects of caffeine is still a
matter of debate. Therefore, accumulation of cAMP
within the cell through direct inhibition of the cAMP-
PDE is currently regarded as the central pharmacological
effect of caffeine in peripheral tissues.21

cAMP was one of the first identified second messengers
transmitting signals via G-protein–coupled receptors and
protein kinase A (PKA) from the cell surface to the nucle-
us.22 In its unactivated state, PKA resides in the cyto-
plasm. Induction by cAMP liberates its catalytic subunits,
which are capable of diffusing into the nucleus where they
phosphorylate transcription factors, such as cAMP re-
sponse element binding protein.23 PKA phosphorylates
cAMP response element binding protein at serine 133,
which then transactivates cAMP-responsive genes by
binding as a dimer to a conserved (8-bp) palindromic
cAMP response element, TGACGTCA. Over 100 genes
with functional cAMP response elements have been iden-
tified so far, and a modulation of various cell signaling
processes by cAMP, directly or indirectly, has been re-
ported.24,25 Transforming growth factor (TGF)-�–in-
duced connective tissue growth factor (CTGF/CCN2)
expression is among those.26,27

CTGF/CCN2 Expression in the Liver:
Regulation and Functional Relevance

CTGF is a 36- to 38-kDa cysteine-rich, heparin-bind-
ing, and secreted protein synthesized by various cell types.
It is now classified as the second of six members of the
CCN gene family containing CTGF itself, cyr61, NOV,
and others,28 which share approximately 40% to 60%
sequence similarity and are characterized as mosaic pro-
teins that comprise four conserved structural modules.29

These modules are important for the pleiotropic func-
tions of CTGF including—among others—matrix pro-
duction, cell migration, cell adhesion, and cellular
differentiation.30,31

As may be deduced from these effects, CTGF has
reached considerable pathophysiological relevance be-
cause of its involvement in the pathogenesis of fibrotic
diseases, carcinogenesis, atherosclerosis, or skin scarring,
and other conditions with excess production of extracel-
lular matrix components.32

The competence of hepatocytes for the synthesis of
CTGF was recently shown, and that it is sensitively up-
regulated by exogenous and endogenous TGF-�.33-35

From this, hepatocytes are now recognized as a quantita-
tively important source of CTGF.

TGF-� binds to a type II receptor dimer, which re-
cruits and then phosphorylates a type I receptor dimer
(T�RI) forming a hetero-tetrameric complex with the
ligand.36 The activated type I receptor in turn phosphor-
ylates the receptor-regulated SMADs 2 and 3, which
translocate together with the coSMAD 4 to the nucleus,
where they act as transcription factors that initiate tran-
scription of specific target genes.36

CTGF gene activation by TGF-� is mediated by a
functional Smad-binding element, which resides within
the CTGF promoter.31 In hepatocytes, TGF-�–driven
CTGF gene expression is regulated primarily by Smad2
and, to a much lesser extent, Smad3.32,35

The fibro-/carcinogenic mechanisms in the liver are
dependent on an interplay of many profibrotic/antifi-
brotic, oncogenic/tumor suppressive and proinflamma-
tory/anti-inflammatory cytokines.37,38 The hierarchy of
profibrogenic growth factors most importantly includes
TGF-�, designated as a fibrogenic master cytokine with
multiple effects on extracellular matrix turnover,36,39 hep-
atocellular apoptosis,40-43 proliferation and liver regener-
ation,39,44,45 inflammation and immunosuppression,46

and, ultimately, carcinogenesis.42,47 The natural antago-
nist of many actions of TGF-� is bone-morphogenetic
protein 7 (BMP-7), a member of the TGF-� superfam-
ily.48

Even though the molecular mechanism of action of
CTGF is still not known in detail yet, a modulator role in
the epithelial-to-mesenchymal transition (EMT) of ad-
hering hepatocytes into cells with reduced intercellular
adhesion, increased motility, and mesenchymal, fibro-
blast-like properties, is discussed.49 This process is gaining
more and more importance in the pathogenetic under-
standing of hepatic fibrogenesis,50,51 but accumulating ev-
idence also points to a critical role of EMT-like events
during tumor progression and malignant transformation,

972 GRESSNER HEPATOLOGY, September 2009



endowing the incipient cancer cell with invasive and met-
astatic properties.52

The prototype of the currently most powerful inducer
of EMT is TGF-�.53 In contrast, BMP-7 not only inhib-
its EMT, but can even induce a mesenchymal-epithelial
transition.50 Recent reports gave evidence that up-regula-
tion of CTGF inhibits BMP-7 signal transduction in the
diabetic kidney.54 Furthermore, Abreu et al.49 presented
data describing CTGF as extracellular trapping protein
for BMP and TGF-�, preventing its binding to the spe-
cific BMP receptors. Of note, the opposite effect, en-
hancement of receptor binding, was observed for TGF-�.
From this, CTGF would act profibrogenic and possibly
procarcinogenic, which is supported by reports of in-
creased CTGF expression in various tumor tissues55-60 as
well as in the fibrotic liver (Fig. 2),28,61,62 and, even more
important, by recent studies, in which in vivo knockdown
of CTGF by small interfering RNA leads to substantial
attenuation of experimental liver fibrosis.63,64 Thus, mod-
ulators of CTGF expression will have a great pathogenetic
relevance for fibrosis.

Inhibition of Hepatocellular CTGF Synthesis
by Caffeine Through Enhanced Proteasomal
Degradation of the TGF-� Effector Smad 2

Recent observations have yielded evidence that caffeine
is able to enforce proteasomal Smad2 degradation by en-
hancing the activitiy of Smurf2, a member of the family of
E3 ubiquitin ligases (Fig. 3),65-67 with the consequence
that Smad2 is increasingly bound to ubiquitin and
proteasomally degraded.66,67 This finding seems to be of

particular relevance for clinical situations of TGF-� acti-
vation such as viral hepatitis and tumor growth,36,47,68,69

as degradation of Smad2 in response to TGF-� requires
receptor-mediated phosphorylation of its C-terminal
serines.66,67,70 This indicates a stimulation of proteasome-
mediated degradation which is largely specific for Smad2,
as previously observed by Lo and Massague.66 The induc-
tion of Smad3 degradation by caffeine was much less pro-
nounced, but its phosphorylation by the T�RI Alk5
receptor was clearly impaired (Fig. 3), which may be ex-
plained by the fact that Smurf2 is also able to bind the
activated TGF-� receptor complex, leading to T�RI deg-
radation, resulting in an inhibition of phosphorylation of
Smad3 and even in a partial degradation of total Smad3
protein allosterically bound to the type 1 receptor in the
Smad3/Sara (Smad anchor for receptor activation)/T�RI
kinase complex.67-71 Nevertheless, receptor-phosphory-
lated Smads do not seem to be interchangeable, and each
one seems to follow specific metabolic routes.

It is not known how caffeine triggers proteasomal deg-
radation; however, earlier works have claimed that the
cAMP/PKA dependent pathway can directly regulate the
activity of the ubiquitin-proteasome system72,73 and that
phosphorylation by PKA can alter the proteasomal deg-
radation rate of the phosphorylated protein.74,75 There-
fore, a link between hepatocellular cAMP accumulation
and ubiquitin ligase activity may be presumed.

Fig. 3. Simplified and schematic overview of the proposed signaling
pathway of caffeine-mediated CTGF suppression in hepatocytes. Caffeine
inhibits hepatocellular CTGF expression through an elevation of intracel-
lular cAMP concentrations leading to enhanced ubiquitination/proteaso-
mal degradation of the TGF-� effector Smad 2 by the ubiquitin-ligase
Smurf2, which displays high sensitivity towards this particular Smad as
well as to the TGF-� receptor complex. Also observed is an inhibition of
Smad3 phosphorylation but only little degradation of the total Smad3
protein, which is in contrast to Smad2. This may very likely be the result
of enhanced Smurf2-dependent degradation of the T�RI Alk5 receptor
complex to which Smad3 is allosterically bound upon activation by
TGF-�.

Fig. 2. Immunohistochemical demonstration of CTGF in livers of
sham-operated and bile duct–ligated rats. Localization of CTGF in cyto-
keratin 18–positive hepatocytes and in few desmin-positive (myo-)fibro-
blasts is shown.
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Prevention of N-Acetyl-D-Galactosamine-6-
Sulfate Induced Hepatic Expression of
CTGF by Intraperitoneal Application of
Caffeine

All the findings discussed above were based exclusively
on data obtained by in vitro experiments. Even more ex-
citing were the results of very recent investigations aimed
at more closely mimicking the situation of therapeutic
caffeine application, which impressively demonstrated
the capability of caffeine to suppress hepatic CTGF ex-
pression also in the experimental rat model of toxic hep-
atitis induced by N-acetyl-D-galactosamine-6-sulfate in
vivo (Fig. 4).76 It was shown that caffeine applied every 4
hours over a period of 24 hours markedly reduced D-
galactosamine–induced CTGF expression in the dam-
aged liver and reduced the spillover of hepatic-derived
CTGF into the circulation. Caffeine-treated animals were
alive and in good condition.76

Inhibiting Effect of the Primary Caffeine-
Derived Metabolites on Hepatocellular
CTGF Synthesis

The 50% inhibitory dose (ID50) of caffeine for hepa-
tocellular CTGF synthesis was calculated as being 4.42
mM (Fig. 5).77 Based on these rather high, therapeutically
impracticable concentrations, further studies were initi-
ated to investigate the respective repressive capacities of

Fig. 4. Intraperitoneal caffeine injection reduces hepatic CTGF expres-
sion following toxic liver injury by N-acetyl-D-galactosamine-6-sulfate.
Immunohistochemical detection of CTGF in liver (magnification �40).
Paraffined rat liver slices were incubated with two different polyclonal
antibodies against CTGF (lower two panels; CTGF is displayed by red
staining) and respective nonimmune control immunoglobulin factions
(upper panels).

Fig. 5. Dose response of the inhibitory capacities of caffeine and its derived metabolic methylxanthines paraxanthine, theophylline, and
theobromine against hepatocellular CTGF protein expression. Hepatocytes were cultured under serum-free conditions with indicated concentrations
of caffeine, paraxanthine, theophylline, and theobromine. Western blot analysis was performed. Blots were quantified relative to �-actin. The diagrams
display mean CTGF protein expression (CTGF/�-actin [BLU]) of triplicate determinations from four to five different cell cultures and are described as
fraction of the untreated control (%). A representative blot is demonstrated for each. Below, range diagrams, regression lines and individual 95%
confidence intervals for the correlation of CTGF protein expression and caffeine, paraxanthine, theophylline, or theobromine concentrations are given.
Circles represent the mean values of three independent experiments from one cell culture. Green, red, and blue lines indicate the concentrations of
the metabolites necessary to achieve a 25 (ID25), 50 (ID50), or 75% (ID75) inhibition of CTGF protein expression.
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the demethylated primary caffeine metabolites paraxan-
thine, theobromine, and theophylline. Paraxanthine was
identified as the most potent caffeine-derived pharmaco-
logical repressor of CTGF expression in hepatocytes, with
an ID50 of 1.15 mM—3.84-fold lower than what is ob-
served for caffeine (Fig. 5). Paraxanthine simultaneously
displayed the least cytotoxicity of all tested metabolites.77

At the toxicological threshold concentration of 1 mM for
paraxanthine,78,79 an inhibition of hepatocellular CTGF
synthesis by 44% was observed. Even in the presence of
0.13-1 �g/L exogenously added TGF-�, paraxanthine
(1.25 mM and 2.5 mM) still reduced hepatocellular
CTGF synthesis by an average of 27% and 45%.77

Transdifferentiation-Dependent Inhibition of
CTGF and Collagen �1 Type 1 Synthesis in
Rat Hepatic Stellate Cells by Paraxanthine

We learned in detail how caffeine and its primary me-
tabolite paraxanthine suppress Smad2 (and Smad3) reg-
ulated CTGF expression in hepatocytes. However, their
effect on hepatic stellate cells (HSCs), activated as a result
of hepatic injury and then undergoing transition from
quiescent vitamin A–rich cells into proliferative, fibro-
genic, and contractile myofibroblasts was not yet ad-
dressed, even though the relevance of this mesenchymal

cell type in the pathogenesis of hepatic fibrogenesis is still
considered unequivocally substantial.80

Recently, some light was shed on this burning question
by emerging data dealing with the effect of paraxanthine
on HSC activation, in addition to data on related changes
in the synthesis of extracellular matrix components by this
cell type (unpublished data by Gressner et al.). These data
showed a transdifferentiation-dependent inhibitory effect
of paraxanthine on CTGF protein expression and pro-
moter activity also in HSCs, being particularly effective in
the progressive stage of transdifferentiation. This reduc-
tion of CTGF expression was accompanied by an increas-
ing, paraxanthine-dependent inhibition of expression of
collagen �1 type 1 (Col1) but not of �-smooth muscle
actin (�-SMA) during transdifferentiation (Fig. 6) (un-
published data by Gressner et al.).

Such a transdifferentiation-dependent increasing sen-
sitivity of this mesenchymal cell type toward paraxan-
thine-induced inhibition of CTGF (and also Col1)
expression may be the result of an evolution of Smad
signaling and an enhancement in TGF-�–binding and
responsiveness during their activation and transdifferen-
tiation to myofibroblasts, facilitating an autocrine stimu-
lation by TGF-�.80 This would also explain the lacking
effect on �-SMA expression, as the transcriptional regu-

Fig. 6. Dose response of the inhibitory capacity of the caffeine-derived primary metabolite paraxanthine against CTGF synthesis in rat HSCs. (A)
Western blots of CTGF, Col1, and �-SMA of primary rat HSCs undergoing transdifferentiation in vitro (unpublished data by Gressner et al.). Cells were
cultured for 1, 2, 5, and 15 days under serum-free conditions with or without addition of indicated concentrations of paraxanthine. Primary HSC
cultures were passaged at confluency (day 7 of primary culture). �-Actin served as a loading control. (B-D) Blots were quantified relative to �-actin.
Quantifications represent the mean � standard error of the mean of three independent cultures of which a representative blot is shown in (A). (E)
CTGF reporter gene activation. HSCs cultured under serum-free conditions for 4 days were infected with Ad-hCTGF-luciferase, subjected to indicated
concentrations of paraxanthine, and cultured for another 24 hours. Cells were extracted and the luciferase activities determined. The mean � standard
deviation of three experiments are shown.

HEPATOLOGY, Vol. 50, No. 3, 2009 GRESSNER 975



lation of �-SMA in HSCs is largely TGF-�–independent,
whereas its reorganization to stress fibers during transdif-
ferentiation is not.81,82 Regardless, next to its effects in
hepatocytes, these results were the first to show the suit-
ability of paraxanthine to also antagonize transdifferentia-
tion-dependent sensitization of HSCs toward TGF-�
actions, such as induction of CTGF and Col1 expression.

Conclusions and Perspectives
Taken together, the studies introduced above point to

an important role of (methyl)xanthine derivatives such as
caffeine or paraxanthine in interrupting the TGF-�/
Smad2 (and, to a lesser extent, TGF-�/Smad3) signaling
pathway in hepatocytes as well as activated HSCs. These
findings may partially explain earlier results showing that
the activation of the TGF-� response element (T�RE),
sharing partial homology with the consensus sequence of
the cAMP response element, is inhibited in the presence
of cAMP analogs or agents elevating intracellular cAMP
concentrations. Duncan et al.83 presumed a direct inter-
action between cAMP and the T�RE; however, the pre-
sented data suggest that the phenomenon described by
Duncan et al. might not rely on a direct interaction of this
promoter sequence with cAMP, but much more on a
modulation of (phosphorylated) Smad2 (and Smad3)
concentrations by cAMP-elevating substances such as caf-
feine or paraxanthine.

Of course, the data discussed above still have limita-
tions in terms of their immediate therapeutic relevance.
For example, the specifity of caffeine and/or paraxanthine
in repressing profibrogenic (such as CTGF) but not anti-
fibrogenic (such as BMPs) target genes has not been as-
sessed yet.84 Also, the activation of other, non–PKA-
mediated hepatocellular signaling pathways by caffeine,
such as AMP-activated protein kinases,85 cannot not be
entirely excluded at present and require further evalua-
tion.

However, because the overall pivotal role of (TGF-�
and) CTGF in the pathogenesis of liver fibrosis has been
convincingly proven in experimental rat liver fibrosis with
silenced CTGF,63,64 and because a strong overexpression
of CTGF is found in both fibrotic and tumor tis-
sues,28,55-62 the findings summarized above suggest a sup-
pressive effect of caffeine, paraxanthine, or related
(methyl)xanthine derivatives also on human liver fibrosis.
This suggestion is further supported by recent data show-
ing that blocking adenosine A2A receptors reduces perito-
neal fibrosis in two independent experimental models in
vivo.86 Therefore, (dimethyl) derivatives of xanthine may
eventually be proposed as a family of drugs useful in the
treatment of chronic fibrogenic (or even carcinogenic)
disorders, not only of the liver. The presented findings

will hopefully initiate further studies in this direction.
And while they are on their way, enjoy your cup of coffee!
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