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4 RESULTATS 

ARTICLE 1

L’aspirina (ASA) regula l’activitat de la 5-lipooxigenasa i del receptor activat per 

proliferadors de peroxisomes mediador de l’alliberament de CINC-1 en cèl·lules 

hepàtiques de rata: accions innovadores de la lipoxina A4 (LXA4) i de la 15-epi-LXA4

derivada de l’acció de l’ASA.

1. L’ASA produeix el redireccionament del metabolisme de l’àcid araquidònic de la biosíntesi de 

PGE2 cap a la biosíntesi de LTB4 i 15-epi-LXA4 en cèl·lules de Kupffer.

El fetge és el primer òrgan que rep tot el volum d’ASA absorbit per l’intestí i juga un paper 

important en la hidròlisi de l’àcid acetilsalicílic a salicilat. Per aquest motiu, les cèl·lules 

hepàtiques són probablement el tipus cel·lular que majoritàriament es troba amb el component 

actiu de l’ASA. En concret vam centrar el nostre estudi en les cèl·lules de Kupffer perquè 

aquests macròfags residents del fetge expressen el mRNA de la COX-1, la COX-2, la 5-LO i la 

FLAP i constitueixen la font més important d’eicosanoids en el sinusoide hepàtic. Es va 

observar que en les cèl·lules de Kupffer l’efecte inhibidor de l’ASA sobre els productes derivats 

de la COX (p. ex. la PGE2) estava associat amb un increment dosi depenent del producte de la 

5-LO, el LTB4, i de l’eicosanoid antiinflamatori, la 15-epi-LXA4. L’ASA també estimula de 

manera dosi depenent l’activitat de la 5-LO i la producció de LTB4 en la línia cel·lular de 

macròfags de rata CRL-2192. En conjunt aquests resultats concorden amb l’evidència que tot i 

que l’efecte primari de l’ASA sigui la inhibició de la COX amb una consegüent reducció de la 

formació de PGs, aquest AINE també exerceix efectes significatius en altres vies del 

metabolisme de l’AA (p. ex. en la biosíntesi de LTB4 i 15-epi-LXA4).

2. L’ASA modula el PPAR  en hepatòcits de rata.

Per estudiar la significació biològica de les accions de l’ASA en els macròfags de rata, vam 

centrar els nostres estudis en el context del sinusoide hepàtic a on trobem les KCs en contacte 

directe amb els hepatòcits. Vam dirigir els experiments  cap a l’estudi de la influència de l’ASA i 

de productes derivats de l’AA sobre els factors de transcripció gènica implicats en el control de 
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la inflamació en les KCs. En concret vam focalitzar el nostre interès en un grup d’aquests 

factors transcripcionals, la família dels PPARs, i específicament en el PPAR , la isoforma 

predominant en hepatòcits. L’ASA redueix significativament els nivells de PPAR  en hepatòcits 

de rata. El producte derivat de la 5-LO, el LTB4, la 15-epi-LXA4 i l’agonista selectiu del 

PPAR l’activador Wy-14643, disminueixen l’expressió de la proteïna del PPAR  en hepatòcits 

de rata. L’observació que l’ASA disminuïa l’expressió de la proteïna del PPAR va ser 

confirmada posteriroment en extractes nuclears de la línia cel·lular de leucòcits mononuclears 

humans (cèl·lules THP-1) indicant que aquesta propietat de l’ASA no es restringeix només al 

fetge. Contràriament la PGE2 tant sola com en combinació amb LTB4 no indueix cap canvi en 

l’expressió de la proteïna del PPAR De la mateixa manera els nivells de PPAR  en hepatòcits 

de rata en cultiu no es van veure modificats pels inhibidors selectius de COX-1 i COX-2, el SC-

560 i celecoxib respectivament.  

3. L’ASA modula la secreció de la citoquina quimioatraient induïda per neutròfils-1 (CINC-1) en 

hepatòcits de rata.

Degut a que els reguladors transcripcionals de la família dels PPARs estan involucrats en la 

modulació de diferents gens inflamatoris, incloent els membres de la família de la interleuquina-

8 (IL-8), vam avaluar els efectes de l’ASA sobre la secreció de CINC-1 (l’equivalent de rata a la 

IL-8 humana i/o el producte gènic de regulació del creixement  (GRO )) en hepatòcits de rata. 

Les incubacions d’hepatòcits de rata en cultiu amb ASA van produir una disminució dels nivells 

de CINC-1. El mecanisme pel qual l’ASA disminueix la secreció de CINC-1 és desconegut, tot i 

que l’agonista selectiu del PPAR , l’activador Wy-14643, redueix la producció de CINC-1 en 

hepatòcits de rata, implicant una acció de l’ASA a nivell de PPAR . Pel contrari, l’addició de 

LTB4 en associació amb PGE2 incrementa significativament la secreció de CINC-1 en 

hepatòcits de rata. 

4. La LXA4 i la 15-epi-LXA4 derivada de l’acció de l’ASA modulen l’activitat de la 5-LO, 

l’expressió de la proteïna del PPAR  i l’alliberament de CINC-1.

La LXA4, un eicosanoid endogen que està associat a senyals antiinflamatòries i que és generat 

per la via biosintètica que implica la lipoxigenació dual de l’AA per part de la 5- i la 15-LO o la 5- 

i la 12-LO, inhibeix significativament l’activitat de la 5-LO en macròfags. La PGE2 sola o en 

combinació amb la LXA4 disminueix significativament l’activitat de la 5-LO en macròfags. 
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Recentment s’ha vist en neutròfils que la PGE2 indueix el canvi en la biosíntesi d’eicosanoids 

de la via predominant de la síntesi de LTB4 a la via de la síntesi de LXA4. Els nostres resultats 

demostren que en macròfags de rata la LXA4 inhibeix l’activitat de la 5-LO d’una manera 

semblant a la PGE2 suggerint que aquest eicosanoid antiinflamatori endogen juga un paper 

actiu en el canvi de formació dels diferents tipus d’eicosanoids possiblement durant la fase de 

resolució de la inflamació. Per altra banda, la 15-epi-LXA4 derivada de l’ASA, un mediador 

lipídic endogen que mimetitza l’acció de la LXA4 nativa, significativament redueix els nivells de 

PPAR  i CINC-1 en hepatòcits. En resum, i perquè l’activitat de la 5-LO i els nivells de PPAR  i 

CINC-1 estan involucrats en l’extensió i la duració de la resposta inflamatòria, aquests resultats 

proporcionen mecanismes moleculars addicionals a aquestes senyals endògenes que 

proporcionen una aturada del procés inflamatori. 
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SPECIFIC AIM

The aim of this study was to explore new mechanisms of
action of aspirin (ASA) other than cyclooxygenase
(COX) and prostaglandin (PG) inhibition that may
contribute to its anti-inflammatory and antithrombotic
properties. We assessed the effects of ASA on eicosanoid-
generating pathways and its effect on peroxisome pro-
liferator-activated receptor � (PPAR�) and cytokine-
induced neutrophil chemoattractant-1 (CINC-1) levels
in rat liver cells.

PRINCIPAL FINDINGS

1. ASA switches arachidonic acid metabolism from
PGE2 to leukotriene B4 (LTB4) and 15-epi-lipoxin A4
(15-epi-LXA4) biosynthesis in rat Kupffer cells

The liver is the first organ to receive the bulk of
absorbed ASA from the gut and plays a major role in
the hydrolysis of acetylsalicylic acid to salicylate. For this
reason, hepatic cells are probably the cell types that
encounter most of ASA’s active compound. We focused
our interest in Kupffer cells because these liver resident
macrophages express COX-1, COX-2, 5-LO, and 5-LO-
activating protein (FLAP) mRNA (Fig. 1A) and consti-
tute the most important source of eicosanoids within
the liver sinusoid. In Kupffer cells, we found that the
inhibitory effect of ASA on COX-derived products (e.g.,
PGE2) was associated with a dose-dependent increase of
the 5-LO product LTB4 and the endogenous anti-
inflammatory eicosanoid 15-epi-LXA4 (Fig. 1B). ASA
also dose-dependently stimulated 5-LO activity and
LTB4 production in rat CRL-2192 macrophages. To-
gether, these findings are consistent with the notion
that although the primary effect of ASA is the inhibi-
tion of COX with a consequent reduction of PG forma-

tion, this nonsteroidal anti-inflammatory drug (NSAID)
exerts significant effects on other pathways for arachi-
donic acid metabolism (i.e., LTB4 and 15-epi-LXA4
biosynthesis).

2. ASA modulates peroxisome proliferator-activated
receptor � (PPAR�) in rat hepatocytes

To ascertain the biological significance of ASA actions
in rat macrophages, we put our findings into the
context of the liver sinusoid where Kupffer cells are in
close contact with hepatocytes. We wanted to examine
the influence of ASA and Kupffer cell-derived arachi-
donic acid products on gene transcriptional factors
implicated in the control of inflammation. We focused
our investigation on one group of such transcriptional
factors—the PPAR family—and specifically in PPAR�,
the predominant PPAR subtype in hepatocytes. As
shown in Fig. 2A, ASA significantly reduced PPAR�
levels in rat hepatocytes. The 5-LO-derived product
LTB4, a member of the novel class of ASA-triggered 15R
containing LX (15-epi-LXA4), and the selective PPAR�
agonist activator Wy-14643 decreased PPAR� protein
expression in rat hepatocytes (Fig. 2A). The observa-
tion that ASA decreases PPAR� protein expression in
rat hepatocytes was further confirmed in nuclear ex-
tracts from a human mononuclear leukocyte cell line
(THP-1 cells) (Fig. 2B), indicating that this ASA prop-
erty is not restricted to the liver scenario. Conversely
and as shown in Fig. 2C, PGE2 alone and PGE2 in
association with LTB4 did not induce any change in
PPAR� protein expression. Similarly, PPAR� levels in

1 To read the full text of this article, go to http://www.
fasebj.org/cgi/doi/10.1096/fj.02–0224fje; to cite this article,
use FASEB J. (October 4, 2002) 10.1096/fj.02–0224fje
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rat hepatocyte cultures were not modified by the selec-
tive COX-1 and COX-2 inhibitors SC-560 and celecoxib,
respectively (Fig. 2C).

3. ASA modulates the secretion of cytokine-induced
neutrophil chemoattractant-1 (CINC-1) by rat
hepatocytes

Because the PPAR family of transcriptional regulators is
involved in the modulation of various inflammatory
genes, including members of the interleukin-8 (IL-8)
family, we next evaluated the effects of ASA on the
secretion of CINC-1 [the rat counterpart of human IL-8
and/or growth-regulated gene product � (GRO�)] by
rat hepatocytes. Incubation of rat hepatocyte cultures

with ASA resulted in decreased levels of CINC-1. The
mechanism by which ASA down-regulates CINC-1 secre-
tion is unknown, although the selective PPAR� agonist
activator Wy-14643 reduced CINC-1 production in rat
hepatocytes, implying an action of ASA at the level of
PPAR�. In contrast, addition of LTB4 in association
with PGE2 significantly increased CINC-1 secretion by
rat hepatocytes.

Figure 1. A) Detection of COX-1, COX-2, 5-LO, and FLAP
mRNA expression by RT-PCR in rat Kupffer cells. m, molec-
ular weight DNA ladder. B) Effect of ASA on PGE2, LTB4 and
15-epi-LXA4 biosynthesis in rat Kupffer cells. Results repre-
sent the mean � se of 11 different experiments. *P � 0.05,
**P � 0.025, and ***P � 0.005 vs. vehicle.

Figure 2. Effect of ASA and Kupffer cell-derived arachidonic
acid metabolites on PPAR� protein expression. A) Rat hepa-
tocytes were exposed to either vehicle (0.1% ethanol), 1 mM
ASA, 1 �M LTB4, 1 �M 15-epi-LXA4-methyl ester, or 0.1 �M
Wy-14643 for 24 h at 37°C and nuclear extracts were probed
with a specific anti-murine PPAR� antiserum. B) Human
mononuclear leukocytes (THP-1 cells) were exposed to vehi-
cle (0.1% ethanol) or 1 mM ASA for 24 h at 37°C and nuclear
extracts analyzed by Western blot. C) Rat hepatocytes were
exposed to either vehicle (0.1% ethanol), 0.3 �M PGE2, 0.3
�M PGE2 in association with 1 �M LTB4, 3 �M celecoxib, or
3 �M SC-560 for 24 h at 37°C and nuclear extracts were
probed as described above. Results are representative of 12
separate experiments. *P � 0.05, **P � 0.005, and ***P �
0.001 vs. vehicle.
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4. LXA4 and ASA-triggered 15-epi-LXA4 modulate
5-LO activity, PPAR� protein expression and
CINC-1 release

LXA4, an endogenous eicosanoid that carries “stop
signals” for inflammation and is generated via biosyn-
thetic pathways that involve the dual lipoxygenation of
arachidonic acid by either 5- and 15-LO or 5- and
12-LO, significantly inhibited 5-LO activity in rat mac-
rophages. PGE2 alone and PGE2 in association with
LXA4 significantly decreased macrophage 5-LO activity.
It was recently reported in human neutrophils that
PGE2 induces a switch in eicosanoid biosynthesis from
the predominantly LTB4- and 5-LO-initiated pathway to
LXA4. Our findings demonstrating that in rat macro-
phages LXA4 inhibits 5-LO activity to a similar extent as
PGE2 suggest that this endogenous anti-inflammatory
eicosanoid plays an active role in the switching of
eicosanoid classes possibly during resolution of inflam-
mation. On the other hand, ASA-triggered 15-epi-
LXA4, an endogenous lipid-derived mediator that mim-
ics the action of native LXA4, significantly reduced
PPAR� and CINC-1 levels in hepatocytes. Taken to-
gether and because 5-LO activity and PPAR� and
CINC-1 levels are involved in the extent and duration of
the inflammatory response, these findings provide ad-
ditional molecular mechanisms for these putative en-
dogenous stop signals of inflammation.

CONCLUSIONS AND SIGNIFICANCE

ASA is an NSAID used to treat a wide variety of medical
conditions. Besides to its well-known anti-inflammatory,
analgesic, and anti-pyretic properties, ASA inhibits
platelet aggregation, is useful in preventing myocardial
infarction and stroke, has neuroprotective actions, and
decreases the incidence of cancer. Although most
pharmacological properties of ASA are related to its
ability to acetylate COX leading to irreversible inhibi-
tion of PG synthesis, the complete mechanism of action
of ASA is still a subject of debate. At high doses, for
instance, some properties of ASA are not mediated by
inhibition of COX and PGs. ASA is able to modulate
activity of the nuclear factor-�B, activator protein 1, the
heat shock transcriptional factor, and the p38 and
p44Erk1 and p42Erk2 mitogen-activated protein ki-
nases. In the current study, we provide new molecular
mechanisms underlying the pleiotropic response to
ASA by demonstrating that this NSAID promotes the
formation of endogenous anti-inflammatory compounds
(e.g., 15-epi-LXA4) and modulates 5-LO activity and
PPAR� and CINC-1 levels in rat liver sinusoidal cells.

A hypothetical scheme for the actions of ASA on
arachidonic acid metabolism in rat liver cells is illus-
trated in Fig. 3. In Kupffer cells, ASA inhibits COX and
PGE2 biosynthesis and favors the oxidation of arachi-
donic acid via the 5-LO pathway (e.g., LTB4). The
increase in LTB4 formation after ASA treatment may be

secondary to either the shunting of arachidonic acid to
the 5-LO pathway or abolishment of the inhibitory
action exerted by COX-derived products (including
PGE2) on LTB4 biosynthesis. Before ASA is extensively
hydrolyzed to salicylate in the liver and enters systemic
circulation, this NSAID triggers the release of potent
biologically active eicosanoids (i.e.,15-epi-LXA4) by
Kupffer cells. Since Kupffer cells have COX-2 and 5-LO
in place, the formation of ASA-triggered 15-epi-LXA4 in
these liver resident macrophages may occur by interac-
tion of ASA-acetylated COX-2 with 5-LO or conversion
via transcellular routes of 15R-HETE released by under-
lying hepatocytes. Unlike endothelial and epithelial
cells, the biosynthesis of 15R-HETE in hepatocytes is
initiated by COX-2-independent pathways. Regardless
of their cellular origin, liver cells are a rich source of
15-epi-LXA4 during ASA treatment. These ASA-triggered
15-epi-LXA4 may exert diverse anti-inflammatory activities
in autocrine and paracrine fashion, contributing to the
broad range of beneficial actions of ASA. In the current
investigation, we demonstrate that besides decreasing
5-LO activity in macrophages (to an extent similar to
PGE2), ASA-triggered 15-epi-LXA4 significantly inhibit
PPAR� and CINC-1 levels in underlying hepatocytes. In
rat hepatocytes, ASA directly reduces PPAR� protein
levels and the secretion of CINC-1 (Fig. 3). In contrast,
LTB4 together with PGE2 generated in Kupffer cells
stimulates CINC-1 production in adjacent hepatocytes.

Because arachidonic acid-derived products along
with gene transcriptional regulators such as PPAR� and
target genes such as CINC-1 play a central role in the
control of inflammation, our findings provide an im-
portant contribution to understanding the mechanism
of action of one of the most widely used NSAIDs: ASA.
The link between membrane-derived bioactive lipids
such as LXA4 and ASA-triggered 15-epi-LXA4 and the
modulation of 5-LO, PPAR�, and CINC-1 provides new
opportunities for investigations into cell signaling and
new targets for drug design.

Figure 3. Hypothetical scheme of ASA actions in rat liver
sinusoidal cells.

1939IMPACT OF ASPIRIN ON RAT HEPATOCYTES AND KUPFFER CELLS
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ARTICLE 2

L’inhibidor selectiu de la ciclooxigenasa-2 SC-236 redueix la fibrosi hepàtica per 

mecanismes que involucren apoptosi i activació del PPAR  en cèl·lules no parenquimals

1. L’expressió de la proteïna de COX-2 es troba incrementada en fetges de rates tractades amb 

tetraclorur de carboni (CCl4).

Es va detectar per immunohistoquímica una inducció marcada de l’expressió de la proteïna de 

COX-2 en fetges de rates tractades amb CCl4 en comparació amb els fetges de rates controls. 

2. L’inhibidor selectiu de la COX-2, l’SC-236, redueix la fibrosi hepàtica en rates tractades amb 

CCl4.

Després de l’administració de CCl4, les rates van desenvolupar esteatosi hepàtica, inflamació, 

increment del volum dels hepatòcits i necrosi. A la sisena setmana de tractament amb CCl4,

l’arquitectura del fetge es presenta extensament desorganitzada amb una pèrdua de l’estructura 

dels sinusoides. Es poden observar petites àrees d’hepatòcits sans envoltades per deposicions de 

col·lagen i ponts septals a les regions porta. L’administració de SC-236 a rates tractades amb CCl4
va exercir un efecte antifibròtic significant, com es revela de l’anàlisi histològic de les seccions de 

fetge i de la presència d’un baix contingut hepàtic d’hidroxiprolina (13.0 ± 1.4 versus 16.9 ± 1.4 

nmol/mg teixit hepàtic, P<0.05), un marcador establert de síntesi de col·lagen.  

3. El SC-236 disminueix l’activitat de la metaloproteasa (MMP)-2 i MMP-9 i l’expressió de la 

proteïna de l’actina de múscul llis (SMA)- .

A causa de que les MMPs són enzims clau en la regulació del remodelatge de la matriu 

extracel·lular i les seves activitats es correlacionen estretament amb la severitat de la fibrosi 

hepàtica, vam determinar les activitats hepàtiques de la MMP-2 i la MMP-9 per zimografia. El SC-

236 va reduir significativament l’activitat gelatinolítica de la MMP-2 hepàtica i va abolir 

completament l’activitat de la MMP-9 en rates tractades amb CCl4. A més a més, el SC-236 va 

suprimir consistentment l’expressió de la proteïna del -SMA, un marcador ben establert 

d’activació de HSCs durant la fibrogènesi hepàtica. 
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4. El SC-236 redueix els nivells hepàtics de la 15-deoxi- 12,14prostaglandina J2 (15d-PGJ2) i 

recupera l’expressió del RNA missatger del PPAR  en fetges de rates tractades amb CCl4.

En els fetges de rates tractades amb CCl4 els nivells de la 15d-PGJ2, el producte de la 

deshidratació de la PG majoritària hepàtica, la PGD2, van ser incrementats marcadament 

mentre que el  mRNA del PPAR , determinat per transcripció reversa i PCR quantitativa a 

temps real, va ser reduït significativament. Interessantment, el SC-236 va normalitzar els nivells 

de la 15d-PGJ2 i va recuperar l’expressió hepàtica del PPAR .

5. El SC-236 redueix el creixement cel·lular i indueix apoptosi en HSCs i KCs.

Per tal de caracteritzar els mecanismes cel·lulars que es desencadenen dels efectes 

antifibròtics del SC-236, vam realitzar estudis addicionals amb HSCs i KCs. Les HSCs són el 

principal tipus cel·lular responsable de la fibrogènesi hepàtica mentre que les KCs són les 

principals responsables de la inducció de COX-2 i de la biosíntesi d’eicosanoids en el fetge. El 

SC-236 va reduir de manera temps i concentració depenent la proliferació de les HSCs, un 

efecte que es va associar amb un increment del número de nuclis amb cromatina densament 

compactada, característica principal de les cèl·lules apoptòtiques. Es van observar resultats 

semblants amb KCs. L’efecte del SC-236 en la proliferació de les HSCs va ser semblant al 

reportat anteriorment pels lligants del PPAR . De fet, en HSCs, el SC-236 va inhibir la resposta 

proliferativa induïda per PDGF a una extensió semblant a l’exercida pel lligant del PPAR

rosiglitazone. 

6. El SC-236 incrementa l’expressió del mRNA del PPAR  en HSCs i activa el PPAR en un 

assaig de transactivació en base cel·lular.

Vam estudiar l’efecte de concentracions creixents de SC-236 sobre l’expressió del PPAR en

HSCs per transcripció reversa i PCR quantitativa a temps real, i vam trobar que el SC-236 

incrementava significativament els nivells de mRNA del PPAR  en aquestes cèl·lules. Finalment 

vam explorar si de la mateixa manera que altres compostos antiinflamatoris i antifibròtics, el 

SC-236 era capaç d’unir i activar el PPAR . Per tal d’evitar la interferència del receptor 

endogen, vam utilitzar un assaig reporter amb base cel·lular del PPAR  i co-transfecció amb la 

luciferasa. En aquest assaig, el SC-236 va actuar com a agonista del PPAR  de manera 

concentració depenent. Aquest efecte va ser molt potent i comparable a la inducció exercida 
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per la 15d-PGJ2, el lligant natural i activador del PPAR . En conjunt, aquests resultats 

suggereixen que l’efecte antifibròtic exercit pel SC-236 en rates tractades amb CCl4 és 

mitjançat, almenys en part, per l’activació del PPAR .
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The selective cyclooxygenase-2 inhibitor SC-236 reduces
liver fibrosis by mechanisms involving
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SPECIFIC AIMS

There is growing recognition of the importance of
inflammation in initiating the sequence of events lead-
ing to liver fibrosis. We have examined the effects of
SC-236, a selective cyclooxygenase (COX)-2 inhibitor in
experimental liver fibrosis. The investigation is com-
prised of in vivo studies of rats with carbon tetrachlo-
ride (CCl4)-induced liver injury as well as in vitro
studies of Kupffer cells and hepatic stellate cells
(HSCs), the major players in liver inflammation and
liver fibrogenesis, respectively.

PRINCIPAL FINDINGS

1. COX-2 protein expression is markedly increased
in the liver of CCl4-treated rats

Compared with controls, a marked induction of COX-2
protein expression was detected by immunohistochem-
istry in the liver of CCl4-treated rats.

2. The selective COX-2 inhibitor SC-236 reduces liver
fibrosis in CCl4-treated rats

After CCl4 administration, rats developed hepatic ste-
atosis, inflammation, hepatocyte ballooning, and ne-
crosis. Beyond the 6th wk of CCl4 treatment, liver
architecture was extensively disorganized as the sinu-
soids were no longer distinguishable; few areas of
healthy hepatocytes were present and collagen deposi-
tion with septa bridging portal regions was detected. As
shown in Fig. 1A, administration of SC-236 to CCl4-
treated rats exerted a significant antifibrotic effect, as
revealed by the histological analysis of liver sections and
the presence of a lower hepatic hydroxyproline content
(13.0�1.4 vs. 16.9�1.4 nmol/mg liver tissue, P�0.05),
an established marker of collagen synthesis.

3. SC-236 decreases matrix metalloproteinase (MMP)-2
and MMP-9 activities and �-smooth muscle actin (�-
SMA) protein expression

Since MMPs are key enzymes in the regulation of extra-
cellular matrix remodeling and their activity closely cor-
relates with the severity of liver fibrosis, we determined
hepatic MMP-2 and MMP-9 activities by zymography.
SC-236 significantly reduced hepatic MMP-2 gelatinolytic
activity and abolished MMP-9 activity in CCl4-treated
rats (Fig. 1B). SC-236 dramatically suppressed �-SMA
protein expression, a well-established marker of HSC
activation during liver fibrogenesis (Fig. 1C).

4. SC-236 reduces hepatic levels of 15-deoxy-�12,14

prostaglandin (PG) J2 (15d-PGJ2) and restores
peroxisome proliferator-activated receptor (PPAR) �
mRNA expression in the liver of CCl4-treated rats

Levels of 15d-PGJ2, the dehydration product of the major
hepatic PG, PGD2, were markedly increased whereas
PPAR� mRNA, as determined by reverse transcription
real-time quantitative PCR, was significantly abrogated
in the liver of CCl4-treated rats. SC-236 normalized 15d-
PGJ2 levels and restored PPAR� expression in the liver.

5. SC-236 reduces cell growth and induces apoptosis
in HSCs and Kupffer cells

To characterize the cellular mechanisms underlying
the hepatic antifibrotic effects of SC-236, we performed
additional studies in HSCs and Kupffer cells. HSCs are
the major cell type involved in liver fibrogenesis;
Kupffer cells are primarily responsible for COX-2 in-
duction and eicosanoid biosynthesis in the liver. As
shown in Fig. 2A, B, SC-236 reduced, in a concentra-
tion- and time-dependent manner, HSC proliferation,

1 Correspondence: DNA Unit, Hospital Clı́nic, Villarroel
170, Barcelona 08036, Spain. E-mail: jclaria@clinic.ub.es
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an effect associated with an increased number of nuclei
with densely compacted chromatin characteristic of
apoptotic cells (Fig. 2C). Similar findings were ob-
served in Kupffer cells. The effect of SC-236 on HSC
proliferation was similar to that previously reported for
PPAR� ligands. In HSCs, SC-236 inhibited the prolifer-
ative response induced by PDGF to an extent similar to
that of the PPAR� ligand rosiglitazone.

6. SC-236 increases PPAR� mRNA expression in HSCs
and activates PPAR� in a cell-based trans-activation assay

We assessed the effect of increasing concentrations of
SC-236 on PPAR� expression in HSCs by reverse tran-
scription and real-time quantitative PCR, and found
that SC-236 significantly increases PPAR� mRNA levels
in these cells. We explored whether SC-236 is able to
bind and activate PPAR�. To avoid interference from
the endogenous receptor, we used a cell-based PPAR�
and luciferase cotransfection reporter assay. SC-236 acted
in a concentration-dependent manner as a PPAR� ago-
nist. This effect was very potent and comparable to the
induction exerted by 15d-PGJ2 , the natural ligand and
activator of PPAR�. These findings suggest that the
antifibrotic effect exerted by SC-236 in CCl4-treated rats
is mediated at least in part by PPAR� activation.

CONCLUSIONS AND SIGNIFICANCE

Inflammation plays a major role in the pathogenesis of
liver fibrosis and precedes or coexists with the develop-
ment of extracellular matrix alterations in this organ.
Several anti-inflammatory strategies aimed to efficiently
prevent liver fibrosis have been tested. Unfortunately,
anti-inflammatory therapies such as glucocorticoids
and nonsteroidal anti-inflammatory drugs (NSAIDs)
have not proved consistently effective and are not
devoid of side effects (i.e., NSAIDs are not recom-
mended in patients with chronic liver disease because
of renal side effects). Therefore, novel therapeutic
approaches are needed.

A novel strategy to treat liver inflammation and related
hepatic disorders may involve the use of selective COX-2
inhibitors. This new class of anti-inflammatory com-
pounds has an efficacy similar to traditional NSAIDs but

Figure 1. Antifibrotic effects of SC-236 in CCl4-treated rats. A)
Histological assessment of liver fibrosis in CCl4-treated and
control rats. The extent of matrix deposition was measured by
Masson’s trichrome staining of liver tissue sections from
control animals (left panels, magnification �40) and 10 wk
CCl4-treated rats (right panels, �100) receiving either pla-
cebo (upper panels) or SC-236 (lower panels). Data are
representative of results obtained from 10 control and 20
CCl4-treated rats. B) Detection of hepatic MMP-2 and MMP-9
activities by zymography. Gelatin polyacrylamide gel repre-
sentative of changes in activity of MMP-2 (72 kDa) and MMP-9
(92 kDa) during the weeks of CCl4 administration (6, 8, and
10 wk) in CCl4-treated rats receiving placebo or SC-236.
Lower panel: analysis by densitometry of MMP-2 activity in
these samples. The results are the mean � se of 5 different
experiments. *P � 0.05 vs. placebo. C) Effects of SC-236 on
hepatic �-SMA protein expression in CCl4-treated rats. Liver
tissue samples from rats with CCl4-induced fibrosis treated
with (	) or without (–) SC-236 were analyzed by Western blot
using a specific antibody against �-SMA. A representative blot
is shown in the upper panel; the histogram in the lower panel
shows the results obtained from the densitometric analysis of
band intensities from 4 separate experiments (mean�se). E,
placebo; ●, SC-236; CT	, total protein from mesangial cells.
**P � 0.01 vs. placebo.

Figure 2. Effects of SC-236 on HSC growth and
survival. Concentration and time responses to
SC-236. HSCs were incubated with increasing
concentrations of SC-236 (0, 15, and 25 �M)
for 24 h (A) or grown for 0, 6, 12, and 24 h with
15 �M SC-236 (B); cell number was determined
by the MTT assay. Results are mean � se of
3 different experiments with duplicate determi-
nations. *P � 0.05, **P � 0.01 vs. untreated
cells. C) Changes in nuclear morphology associ-
ated with programmed cell death were assessed
by fluorescence microscopy in HSCs stained
with propidium iodide after 6 h of incubation at

37°C with vehicle (0.1% ethanol), SC-236 (25 �M), and 15d-PGJ2 (10 �M) alone or in combination with SC-236 (25 �M).
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with a lower incidence of adverse gastrointestinal and
renal effects. In the current study, we provide evidence
that the selective COX-2 inhibitor, SC-236, exerts a signif-
icant antifibrotic effect in rats with CCl4-induced liver
fibrosis. Our results open new avenues for the applicabil-
ity of these anti-inflammatory compounds as a novel
therapy for liver inflammation and fibrosis. Such a strat-
egy has been shown to be effective in preventing other
fibrotic disorders, including renal interstitial fibrosis, fi-
brosis of the testes, and oral submucous fibrosis.

Our study also provides molecular mechanisms for the
antifibrotic effects of SC-236 in the liver of CCl4-treated
animals. Our results support the concept that the antifi-
brogenic effects of SC-236 are mediated at least in part by
PPAR� (Fig. 3). In fact, SC-236 increased PPAR� expres-
sion in HSCs and restored its expression to normal levels
in the liver of CCl4-treated rats. PPAR� is a ligand-
activated transcription factor with a DNA binding domain
that recognizes response elements in the promoter region
of specific target genes linked to inflammation, cell pro-
liferation, apoptosis, and differentiation. PPAR� plays a
pivotal role in the progression of liver fibrosis since HSC
activation is associated with a reduction in both expres-
sion and transcriptional activity of this nuclear receptor.
In culture-activated HSCs, synthetic PPAR� ligands re-
store PPAR� and reverse the activated HSCs to the
quiescent phenotype. In vivo, administration of synthetic
PPAR� ligands (i.e., antidiabetic thiazolidinediones) to
animal models of liver fibrosis effectively reduces HSC
trans-differentiation and collagen deposition. The results
obtained in our trans-activation reporter assay are indica-
tive that SC-236 not only restores PPAR� expression, but
also works as a PPAR� ligand. This effect was very potent
and comparable to the induction exerted by 15d-PGJ2,
the natural ligand and activator of PPAR�. These findings
together with the observation that the antiproliferative
effects of SC-236 were similar to those exerted by the
PPAR� ligand rosiglitazone support the concept that the
antifibrotic properties of SC-236 are related to PPAR�.

The results of our study also indicate that SC-236
exhibits proapoptotic and growth-inhibitory properties
in HSCs and Kupffer cells (Fig. 3). Identification of
SC-236 as an apoptotic stimulus for nonparenchymal
liver cells may have pathophysiological implications.
Activated HSCs are central to liver fibrosis as the major
source of collagens I and III. During fibrotic injury,
these retinoid-rich, nonparenchymal cells proliferate
and undergo a phenotypic transformation to myofibro-
blast-like cells, a process termed activation. Therefore,
the control of HSC proliferation and apoptosis is a key
event in regulating the progression of liver fibrosis.
Strategies based on inhibition of HSC proliferation and
induction of HSC apoptosis have proved to be potential
antifibrotic approaches. On the other hand, Kupffer
cells, the resident macrophages of the liver, are well
recognized for their activity in liver inflammation and
to promote activation of HSCs through release of
paracrine factors. The presence of an increased num-
ber of activated Kupffer cells is considered to be critical
in the initiation of the inflammatory cascade leading to
liver fibrosis. Consistent with their role in liver inflam-
mation, selective depletion of macrophages during
progression of injury or reduction of Kupffer cell
survival by inhibition of the 5-lipoxygenase pathway are
associated with a remarkable antifibrotic effect. Results
of the current study suggest that inhibition of Kupffer
cell survival by SC-236 contributes to the dampening of
liver fibrogenesis. Although we did not establish the
exact mechanisms underlying the proapoptotic proper-
ties of SC-236, several molecular mechanisms, includ-
ing COX-dependent and COX-independent pathways,
are likely to be implicated.

The results of the current study bring to light the
antifibrogenic potential of the selective COX-2 inhibi-
tor SC-236 and open new avenues for the development
of novel anti-inflammatory strategies leading to an
effective therapy for liver fibrosis.

Figure 3. Summary of the proposed mecha-
nism by which SC-236 attenuates liver fibro-
sis. A) Liver injury induces COX-2 overex-
pression in Kupffer cells (KC) and initiates a
cascade of events, including massive produc-
tion of cytokines and growth factors, leading
to hepatic stellate cell (HSC) activation and
proliferation, and consequently to liver fi-
brosis. During fibrosis progression, KC pro-
liferate, thereby amplifying the release of
proinflammatory mediators. B) The selective
COX-2 inhibitor dampens liver inflamma-
tion and fibrosis by mechanisms involving
PPAR� activation, down-regulation of �-SMA
expression and MMP-2 and -9 activities and
induction of KC and HSC apoptosis.

1122 Vol. 19 July 2005 PLANAGUMÀ ET AL.The FASEB Journal
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ABSTRACT 

The importance of inflammation in initiating the sequence of events that lead to liver fibrosis is 
increasingly recognized. In this study, we tested the effects of SC-236, a selective 
cyclooxygenase (COX)-2 inhibitor, in rats with carbon tetrachloride (CCl4)-induced liver 
fibrosis. Livers from CCl4-treated rats showed increased COX-2 expression and 15-deoxy-
prostaglandin (PG)J2 (15d-PGJ2) formation, as well as decreased peroxisome proliferator-
activated receptor (PPAR)  expression. In these animals, SC-236 reduced liver fibrosis as 
revealed by histological analysis and by a reduction in hepatic hydroxyproline levels, 
metalloproteinase-2 activity, and -smooth muscle actin expression. Interestingly, SC-236 
normalized 15d-PGJ2 levels and restored PPAR  expression in the liver of CCl4-treated rats. In 
isolated hepatic stellate cells (HSCs)—the major player in liver fibrogenesis—and Kupffer 
cells—the cell type primarily responsible for increased hepatic COX-2—SC-236 exhibited 
remarkable pro-apoptotic and growth inhibitory properties. Of interest, SC-236 decreased HSC 
viability to a similar extent than the PPAR  ligand rosiglitazone. Moreover, SC-236 significantly 
induced PPAR  expression in HSCs and acted as a potent PPAR  agonist in a luciferase-reporter 
trans-activation assay. These data indicate that, by mechanisms involving non-parenchymal cell 
apoptosis and PPAR  activation, the selective COX-2 inhibitor SC-236 might have therapeutic 
potential for prevention of liver fibrosis. 

Key words: inflammation • liver injury • Kupffer cells • hepatic stellate cells • nuclear receptors 

iver fibrosis is the accumulation of connective tissue in the liver as the result of an 
imbalance between production and degradation of extracellular matrix (1, 2). Over the 
past few years, we have witnessed a remarkable advancement in the knowledge of the 

cellular and molecular mechanisms underlying this liver complication. These investigations have 
led to the concept that inflammation is a key component of the etiology of liver fibrosis because 
it precedes or coexists with the development of hepatic extracellular matrix alterations (1, 2). 

L
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Because inflammation is histologically present in virtually all forms of liver fibrosis, several 
anti-inflammatory strategies have been tested to efficiently prevent hepatic fibrogenesis. 
Glucocorticoids and colchicine, for example, are representative anti-inflammatory agents of 
potential therapeutic use in alcoholic hepatitis, although the efficacy of these drugs remains of 
unproven value as anti-fibrotic agents (3). However, nonsteroidal anti-inflammatory drugs 
(NSAIDs) appear to be useful in preventing the development of experimental liver fibrosis, 
cirrhosis, and hepatic focal lesions caused by a choline-deficient diet (4). Unfortunately, these 
drugs are not recommended in patients with liver disease because of renal side effects (5). 
Therefore, because the lack of specificity and the adverse effects of these anti-inflammatory 
therapies represent an important limitation, at present, an effective anti-inflammatory strategy 
that prevents the progression or even reverses established fibrosis still remains elusive. 

Cyclooxygenase (COX)-2 is a key executor of uncontrolled inflammation (6, 7). COX-2 is an 
inducible immediate-early gene originally identified to be up-regulated by several pro-
inflammatory stimuli, including cytokines, mitogens, and growth factors (6, 7). Over-expression 
of COX-2 has been reported in several chronic inflammatory diseases such as rheumathoid 
arthritis, Crohn’s disease, and ulcerative colitis (6, 7). Regarding the liver, up-regulation of 
COX-2 has been demonstrated in human cirrhosis as the result of active inflammation (8, 9). In 
addition, COX-2 is associated with progressive hepatic fibrosis in chronic hepatitis C infection 
(10). COX-2 has also been shown to be up-regulated in the context of necroinflammatory injury 
in rats with experimental alcoholic liver disease and rats submitted to a choline-deficient, L-
amino acid-defined diet (11–13). These findings indicate that COX-2 is an appealing target in the 
liver and, consequently, the recently developed selective COX-2 inhibitors may represent a novel 
therapeutic strategy to prevent liver fibrosis. In fact, selective COX-2 inhibitors are effective in 
the prevention of fibrotic disorders, including renal interstitial fibrosis, fibrosis of the testes, and 
oral submucous fibrosis (14–16). Given that the applicability of clinically available selective 
COX-2 inhibitors to the prevention of liver fibrogenesis has not been explored, the current study 
was aimed to evaluate the effects of SC-236, a selective COX-2 inhibitor, on experimental liver 
fibrosis.

MATERIAL AND METHODS 

Animals and experimental design 

All animal studies were conducted in accordance with the criteria of the Investigation and Ethics 
Committee of the Hospital Clínic and the European Community laws governing the use of 
experimental animals. Seventy-six male adult Wistar rats weighing 200–220 g were included in 
the fibrosis induction program by inhalation of carbon tetrachloride (CCl4) (twice weekly, 
Mondays and Fridays). Animals were fed ad libitum with standard chow and distilled water 
containing phenobarbital (0.3 g/l) as drinking fluid. The experimental study comprised two 
different drug regimens. In the first regimen (Study A), animals included in the CCl4-induction
program were randomly assigned to receive by gavage either the selective COX-2 inhibitor SC-
236 (6 mg/kg b.w. weekly; n=30), starting with an initial dose of 12 mg/kg b.w. 1 week before 
the first administration of CCl4 or placebo (0.5% carboxymethylcellulose, n=30) (Fig. 1). Two 
groups of control animals (rats not submitted to the CCl4 fibrosis-induction program), receiving 
either SC-236 (n=15) or placebo (n=15), were also included in Study A. The second drug 
regimen (Study B) consisted in giving SC-236 (6 mg/kg b.w. by gavage) three times per week 
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starting 1 week before the administration of CCl4 or placebo (0.5% carboxymethylcellulose) to 
16 male Wistar rats submitted to CCl4-induced fibrosis. In both regimens, animals were 
sacrificed in a staggered fashion under ketamine anesthesia at the 6th, 8th, and 10th week of the 
fibrosis induction program (Fig. 1). After animal sacrifice, specimens of liver tissue were 
obtained and fixed in either 4% formalin for histological analysis or molecular biology fixative 
(MBF) for immunohistochemistry studies. Portions of liver tissue were also snap-frozen in liquid 
nitrogen for further RNA and protein analysis and biochemistry measurements. 

Immunohistochemical analysis of COX-2 protein expression in the liver 

COX-2 protein expression was assessed in liver tissue from CCl4-treated and control rats. 
Following sacrifice, livers were rapidly resected and cut to the appropriate size to facilitate 
efficient fixative penetration of MBF. MBF is an aqueous buffered solution containing organic 
and inorganic salts and supplemented with a bacteriostatic and fungistatic agent that provides 
excellent preservation of tissue structure and COX antigenicity. Tissues were fixed for 24 h at 
4°C, transferred to 70% ethanol, embedded in paraffin, sectioned at 5 µm onto glass slides, and 
finally deparaffinized in xylene and re-hydrated in descending alcohols. Tissues were then 
blocked for endogenous peroxidase (3% H2O2 in MeOH) and avidin/biotin (Avidin Biotin 
Blocking Kit SP-2001). Sections were permeabilized in TNB-BB (0.1 M Tris, pH 7.5, 0.015 M 
NaCl, 0.5% blocking agent, 0.3% Triton-X and 0.2% saponin) and were incubated overnight at 
4°C with polyclonal rabbit anti-murine COX-2 serum diluted to 2.5 µg/ml. Immunoreactive 
complexes were detected using a tyramide signal amplification kit and visualized with the 
peroxidase substrate 3-amino-9-ethyl-carbazole (AEC). Control slides were treated with either 
no primary antibody or with isotype-matched IgG serum. Specificity for COX-2 was confirmed 
by preincubating COX-2 antibody with 100X recombinant COX-2 protein prior to addition to the 
slides.

Liver histology 

Formalin-fixed sections (5 µm) of the right and left liver lobes were stained with hematoxylin 
and eosin and Masson’s trichrome, coded for blind analysis, and scored by a registered 
pathologist unaware of the treatments as follows. Stage 0: Absent. Normal lobular architecture. 
Stage 1: Pericentral fibrosis (increased thickness of the central vein). Stage 2: Central 
anastomoses (some fibrous septa connecting central veins). Stage 3: Pre-cirrhotic stage (fibrous 
septa with marked distorsion of the liver lobules). Stage 4: Cirrhosis (nodule regeneration 
surrounded by broad connective tissue septa). 

Hepatic concentration of hydroxyproline 

Hydroxyproline concentration, an index of collagen content, was determined by reverse-phase 
(RP)-HPLC (17). Briefly, liver slices of approximately 40 mg were hydrolyzed in 6N HCl at 
110°C for 18 h. Hydroxyproline concentration was measured after its derivatization with 
phenylisothiocyanate. The phenylthiocarbamyl hydroxyproline derivative was injected into a C18

column using an isocratic solvent of sodium acetate (pH 4.6) for 10 min at a flow rate of 1 
ml/min. 
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Analysis of metalloproteinase (MMP)-2 and 9 activities by gelatin zymography

Liver samples were homogenized at 4ºC in a 50 mM Tris-HCl (pH 7.5) containing 0.15 mM 
NaCl, 10 mM CaCl2, 1 g/ml aprotinin, 10 g/ml leupeptin, and 10 g/ml pepstatin. The 
homogenates were centrifuged at 10000 g for 20 min at 4ºC, the supernatants collected and the 
protein content was determined by the Bradford assay. Proteins were analyzed for gelatinolytic 
activity by gelatin zymography. Briefly, supernatants from liver homogenates (50 g of protein) 
were subjected to 7% SDS-PAGE using 0.13% gelatin-containing gels. After electrophoresis, 
gels were washed twice for 15 min in 2.5% Triton X-100 to remove the SDS and were incubated 
at 37ºC during 22 h in 5 mM CaCl2, 50 mM Tris-HCl (pH 8.0), 0.02% NaN3, and 2 M ZnCl. 
Gels were subsequently stained in Coomassie blue and destained in equilibrated buffer (3% 
glycerol, 10% acetic acid and 40% methanol). Bands of 62, 72, and 92 kDa, which correspond to 
the active and latent forms of MMP-2 and to the active form of MMP-9, respectively, were 
scanned and the activities in the gel slabs were quantified using an image analysis program 
(Phoretix software). 

Analysis of -smooth muscle actin ( -SMA) protein expression 

Total liver tissue protein was extracted in lysis buffer containing 20 mM Tris-HCl, pH 7.4, 1% 
Triton X-100, 10% glycerol, 137 mM NaCl, 2 mM EDTA, and protease inhibitors [PMSF (100 
µM) and leupeptin, pepstatin A, and aprotinin, 1 µg/ml each]. Thereafter, the lysate was 
centrifuged at 3000 g for 5 min, the supernatant was collected, and total protein concentration 
was determined by the MicroBCA™ protein assay. Aliquots from each sample containing equal 
amounts of protein (10 µg) were resuspended in SDS-containing Laemmli sample buffer, heated 
at 100ºC for 5 min, electrophoresed on 10% SDS-PAGE, and transferred overnight to 
polyvinylidene difluoride membranes. Gels were stained with Coomassie to visualize loading 
differences and membranes submitted to Ponceau S staining to monitor the efficiency of the 
transfer. The blots were subsequently blocked for 1 h in Tris-buffered saline (TBS: 20 mM Tris-
HCl, pH 7.4, and 0.5 M NaCl) containing 5% nonfat dry milk and 0.5% Tween 20, followed by 
incubation for 2 h with a mouse monoclonal antibody specific for -SMA (1:5000 dilution). 
After being washed three times for 5 min each with 0.1% Tween 20 in TBS, the blots were 
incubated for 1 h at room temperature with a sheep anti-mouse secondary antibody conjugated to 
horseradish peroxidase (1:10000 dilution). The blots were finally washed as previously described 
and bands visualized by an enhanced chemiluminescence detection system. 

Analysis of peroxisome proliferator-activated receptor (PPAR)  mRNA expression by 
reverse transcription and real-time quantitative PCR 

Total RNA was extracted with Trizol reagent according to the manufacturer’s instructions. RNA 
concentration was assessed in a UV-spectrophotometer and its integrity tested on a 6000 
LabChip in a 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA). First-strand cDNA was 
generated from 1 g of total RNA with an AMV reverse-transcriptase system. Real-time 
quantitative PCR was performed with an ABI Prism 7900 Sequence Detection System (Applied 
Biosytems, Foster City, CA) using the fluorescent Taqman methodology. A ready-to-use primer 
and probe set pre-designed by Applied Biosystems (Assay-on-demand Gene Expression Product 
Number Rn00440945_m1, Pparg) was used for the detection of rat PPAR . A primer and probe 
set for rat -actin mRNA was used for normalization (Assay-on-demand Gene Expression 
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Product Number Rn00667869_m1, Actb). The thermal cycling conditions comprised 2 min at 
50ºC, 10 min at 95ºC, and 40 cycles of 15 sec denaturation at 95ºC, and 60 sec 
annealing/extension at 60ºC. Relative quantitation was accomplished by calculating the cycle 
threshold (Ct), the PCR cycle at which the fluorescence arises above the background signal. The 
ratio between the Ct value for PPAR  and the respective Ct value for -actin was then calculated, 
and the quantity of target messenger was obtained from a standard curve. 

Measurement of 15-deoxy- 12,14PGJ2 (15d-PGJ2) by enzyme immunoassay (EIA) 

Liver tissue samples were homogenized in 0.1 M phosphate buffer, acidified to pH ~3.5, 
transferred into a syringe, and loaded onto C18-silica reverse-phase cartridges. Ethyl acetate-
eluted materials were concentrated under a stream of N2 and 15d-PGJ2 levels determined by a 
highly specific EIA. 

PPAR  transactivation assay 

A fusion protein containing the yeast GAL4 DNA-binding domain linked to the ligand-binding 
domain of PPAR  (PPAR -GAL4 plasmid) and a luciferase reporter construct containing four 
copies of a GAL4 upstream activating sequence (UASG) and a thymidine kinase (tk) promoter 
(MH100-tk-luc plasmid) were kindly provided by R. Evans (Salk Institute, La Jolla, CA). This 
chimeric PPAR  activates transcription through a heterologous response element and allows 
PPAR  activity to be assayed independently of endogenous receptors (18). 

To determine the ability of SC-236 to activate PPAR , COS 7 cells (1.5×104 cells/well) were 
plated in 12-well plates at 70% confluence and co-transfected with 1 ml of DMEM containing 
0.3 g of the luciferase reporter construct MH100-tk-luc, 0.1 g of PPAR -GAL4, and 0.002 g
of -gal expression vector pCMV (an internal control plasmid containing a cytomegalovirus 
promoter) by using the Effectene® transfection reagent at a ratio of 1:10 to DNA, according to 
the manufacturer’s instructions. Thirty hours after transfection, the medium was removed from 
cells and washed twice with DPBS with Ca++ and Mg++ before addition of vehicle (0.5% 
ethanol), increasing concentrations of 15d-PGJ2 (1, 3, and 10 M) and SC-236 (3 and 10 M) 
alone or in combination with 15d-PGJ2 (1 µM) for 18 h. At the end of the incubation, cells were 
harvested in luciferase lysis buffer, and light units from firefly luciferase and -gal activities 
were measured in a Lumat LB 9507 luminometer (Berthold, Bad Wildbad, Germany). Luciferase 
values were expressed as relative light units (RLU) and normalized to the level of -gal activity. 
Changes in PPAR  activity were expressed as “fold induction” relative to the vehicle control 
values.

To determine the capacity of hepatic lipid extracts to activate PPAR , lipid components from 
liver tissue were extracted according to the two-step Bligh and Dyer method (19). Briefly, liver 
samples (0.2–0.5 g) were homogenized in 1 ml Tris/HCl (30 mM pH 7.4), followed by the 
addition of 3.75 ml of chloroform/methanol (1:2, v/v), and mixed for 10 min. Subsequently, 
chloroform (1.25 ml) was added and mixed for 1 min followed by water (1.25 ml) and mixing 
for another minute. Samples were then left standing for 30 min at room temperature, and the 
lower organic phase was collected. Thereafter, chloroform (1.88 ml) was added to the remaining 
aqueous phase residue, mixed, and centrifuged at 800 g for 5 min at room temperature. The 
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lower phase was again collected, pooled with the first organic phase, and dried under a N2

stream. After evaporation, the lipid extract was dissolved in methanol-water (1:45, v/v), 
transferred into a syringe, acidified to pH 3.5, and loaded onto C18-silica reverse-phase 
cartridges. Materials were eluted from the cartridge with hexane, concentrated under a stream of 
N2, resuspended in DMSO, and tested in the trans-activation assay. 

Kupffer cell isolation and culture 

Male wistar Rats weighing 200–300 g were anesthetized with ketamine (50 mg/kg b.w.) and 
liver cells were isolated by in situ collagenase perfusion through the portal vein as described 
elsewhere (20, 21). Briefly, livers were perfused for 20 min at a flow rate of 14 ml/min at 37°C 
with HBSS without calcium and magnesium containing 10 mmol/L HEPES (pH 7.4) and 1 
mmol/L EGTA, followed by 5 min with HBSS containing 10 mmol/L HEPES (pH 7.4), 1.3 
mmol/L CaCl2 and 0.6% BSA, and then 10 min with a 0.05% collagenase (A type) solution 
containing 10 mmol/L HEPES (pH 7.4) and 1.3 mmol/L CaCl2. The resultant digested liver was 
excised and minced, and the dispersed cells were passed through nylon mesh filters (100 µm). 
The hepatic cell suspension was centrifuged twice at 50 g for 5 min, and the supernatant was 
centrifuged again at 800 g for 10 min at 4ºC. The obtained pellet was resuspended in DPBS and 
centrifuged at 800 g for 24 min through a 25%/50% Percoll gradient at 4ºC. The interface of the 
gradient was seeded on 35-mm tissue culture plates and incubated at 37°C for 30 min. Cell 
monolayers adhered to the dishes were characterized as Kupffer cells and cultured in RPMI 1640 
medium supplemented with 2 mM L-glutamine, penicillin (50 U/ml), streptomycin (50 µg/ml), 
and 5% FCS in a humidified 5% CO2 incubator at 37 °C. 

Hepatic stellate cell (HSC) isolation and culture

HSCs were isolated from male Wistar rats by in situ perfusion with pronase and collagenase 
(22). Briefly, livers were perfused through the portal vein for 20 min at a flow rate of 14 ml/min 
at 37°C with HBSS without calcium and magnesium, followed by 10 min with Gey’s balanced 
salt solution (GBSS) containing 0.003% DNase, 0.02% collagenase (A type), and 0.2% pronase. 
The resultant digested liver was excised and minced and shaked at 37ºC for 10 min with GBSS 
containing 0.003% DNase, 0.006% collagenase, and 0.02% pronase, and the dispersed cells 
passed through nylon mesh filters (100 µm). The hepatic cell suspension was centrifuged 1000 g
for 10 min at room temperature and the pellet was resuspended in GBSS and centrifuged again at 
1000 g for 10 min at room temperature. The obtained pellet was resuspended in GBSS, 
centrifuged at 1000 g for 15 min through a 13% Nycodenz gradient at room temperature. The 
interface of the gradient was seeded on 35-mm tissue culture plates and incubated at 37°C in 
Iscove’s modified Dulbecco’s medium supplemented with 10% FCS, 2 mM L-glutamine, 
penicillin (50 U/ml), streptomycin (50 µg/ml), insulin (100 IU/ml), 0.1 mM non-essential amino 
acids, and 0.1 mM sodium pyruvate in a humidified 5% CO2 incubator at 37°C. Experiments 
were performed after the first serial passage when cells already showed morphological features 
of culture-activated HSCs. 

Cell growth assay

To ascertain the effects of SC-236 on cell growth, rat macrophages (CRL-2192, 1 105 cells/well) 
and HSCs (5 104 cells/well) were seeded in 24-well plates in 1 ml of complete RPMI 1640 
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medium and Iscove’s modified Dulbecco’s medium, respectively, at 37°C in a 5% CO2

atmosphere. Cells were serum-deprived for 1 h and incubated in serum-free media in the 
presence of vehicle (0.5% ethanol) or increasing concentrations of SC-236 (10, 15, and 25 µM) 
for 6–24 h at 37ºC. In some experiments, HSCs were serum-deprived and pre-incubated with 
SC-236 (10 and 25 µM), rosiglitazone (5 M), or vehicle for 15 min and then exposed to PDGF 
(50 ng/ml) for 18 h at 37ºC. Cell growth was determined by adding 20 µl of MTT (5 mg/ml) to 
each well for 4 h and subsequent lysis of the cells with 200 µl of isoamyl alcohol and shaking for 
20 min. The absorbance at 570 nm was measured in a multi-well plate reader (Molecular 
Devices, Menlo Park, CA). 

Apoptosis assays 

Changes in nuclear morphology were assessed by fluorescence microscopy in Kupffer cells and 
HSCs growing in 8-well Lab-Tek® Chamber Slides™ in RPMI 1640 medium and Iscove’s 
modified Dulbecco’s medium, respectively. Cells were exposed to vehicle (0.1% ethanol), 1% 
ethanol, increasing concentrations of SC-236 (25 and 50 µM), and 15d-PGJ2 (10 µM) alone or in 
combination with SC-236 (25 µM) for 6 h, and thereafter washed twice with DPBS and fixed 
with 3% formaldehyde for 20 min at room temperature. Following a further fixation and 
permeabilization in ice-cold 100% methanol for 20 min, cells were gently washed three times 
and then stained for 10 min with 50 g/ml propidium iodide in a DPBS solution containing 200 

g/ml RNase A. Coverslips were mounted and nuclei morphology was analyzed by fluorescence 
microscopy. Apoptosis was also assessed in CRL-2192 cells growing in 8-well Lab-Tek®

Chamber Slides™ in RPMI 1640 medium and exposed to vehicle (0.1% ethanol), gadolinium 
chloride (270 µM), SC-236 (25 and 50 µM), and 15d-PGJ2 (10 µM) alone or in combination 
with SC-236 (25 µM), as described above. Apoptosis in Kupffer and CRL-2192 cells was 
confirmed by optical microscopy in Diff-Quik®-stained cytospin preparations. 

Materials 

Animals were from Charles River (Saint Aubin les Elseuf, France). C18-silica columns were 
purchased from Waters Associates (Milford, MA). Gelatin, MTT, Nycodenz, GBSS, propidium 
iodide and monoclonal anti- -SMA (clone 1A4) were from Sigma (St. Louis, MO). Iscove’s 
modified Dulbecco’s medium was from Biological Industries (Kibbutz Beit Haemek, Israel). 
Rosiglitazone was from Cayman (Ann Arbor, MI). The Trizol reagent was from Invitrogen 
(Carlsbad, CA); 30% acrylamide/bis solution and Bio-Safe™ Coomassie were from Bio-Rad 
(Hercules, CA). Percoll and the ECL system were from Amersham (Buckinghamshire, UK). 
Immobilon-P membranes were from Millipore (Bedford, MA). The avidin/biotin blocking kit 
was from Vector Laboratories (Burlingame, CA). The murine COX-2 antibody was from Oxford 
Biomedical Research (Oxford, MI). The first-strand cDNA synthesis kit was from Promega 
(Madison, WI). The PPAR  and -actin Assays-on-demand were from Applied Biosystems 
(Foster City, CA). The Lab-Tek® Chamber Slides™ were from Nalge Nunc International 
(Naperville, IL). Diff-Quik® was from Dade Behring (Düdingen, Switzerland). SC-236 was 
provided by Pfizer (St. Louis, MO). Collagenase (A type), pronase, DNase, and RNase were 
from Roche (Basel, Switzerland). The 15d-PGJ2 EIA kit was from Assay Designs (Ann Arbor, 
MI).
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Statistical analysis of the results was performed using the analysis of variance and the paired and 
unpaired Student's t-test. Results were expressed as mean ± SEM, and differences were 
considered significant at a P < 0.05. 

RESULTS 

To evaluate the contribution of COX-2 to the pathogenesis of liver fibrosis, the selective COX-2 
inhibitor SC-236 was administered to CCl4-treated and control rats and the effects were 
compared with those of placebo. Comparable body weight gains were observed throughout the 
study in all groups of animals (data not shown). A marked induction of COX-2 protein 
expression was detected by immunohistochemistry in the liver of CCl4-treated rats (Fig. 2). 
These animals developed hepatic steatosis, inflammation, hepatocyte ballooning, and necrosis. 
Beyond the 6th week of CCl4-treatment, the liver architecture was extensively disorganized, as 
the sinusoids were no longer distinguishable, and few areas of healthy hepatocytes were present 
(Fig. 3A, upper right panel). The examination of the Masson’s trichrome-stained liver sections 
revealed extensive collagen deposition with septa bridging portal regions (Fig. 3A, upper right 
panel). The administration of SC-236 to CCl4-treated rats significantly reduced the degree of 
liver fibrosis (Fig. 3A, lower right panel), an inhibitory effect that was more pronounced in the 
drug regimen of Study B than in that of Study A (Table 1). Interestingly, none of the animals 
treated with SC-236 for 6 weeks in Study B developed liver fibrosis (Table 1). No histological 
alterations were observed during the entire study period in control rats treated with placebo or 
SC-236 (Fig. 3A, upper and lower left panels). The anti-fibrotic properties of SC-236 in CCl4-
treated animals were biochemically confirmed by measuring hepatic hydroxyproline content. In 
both drug regimens (Studies A and B), the hepatic content of this marker of collagen synthesis 
was significantly lower in CCl4-treated rats receiving SC-236 than in those receiving placebo 
(Table 2).

Given that MMPs are key enzymes in the regulation of extracellular matrix remodeling and that 
their activity closely correlates with the severity of liver fibrosis (23), we next compared MMP-2 
and MMP-9 activities in liver tissue samples obtained from CCl4-treated rats receiving SC-236 
with those receiving placebo. As shown in Fig. 3B, both the 72 kDa gelatinase A (MMP-2) and 
the 92 kDa gelatinase B (MMP-9) gelatinolytic activities were detected by zymography in rat 
liver samples. As compared to placebo, hepatic MMP-2 gelatinolytic activity was decreased in 
rats treated with the selective COX-2 inhibitor SC-236, an effect that reached statistical 
significance at the 8th week of SC-236 treatment (Fig. 3B). Interestingly, at the 10th week of 
CCl4 treatment, MMP-9 activity was completely abolished by SC-236 (Fig. 3B).

To provide further evidence of the anti-fibrotic properties of SC-236 in CCl4-treated animals, we 
used Western blot analysis to determine the effects of this compound on hepatic -SMA protein 
expression, a well-established marker of HSC activation during liver fibrogenesis (1, 2). As 
shown in Fig. 3C, and as compared to placebo, SC-236 dramatically suppressed -SMA
expression in CCl4-treated rats. 

We next analyzed the levels of 15d-PGJ2, the dehydration product of the major hepatic PG, 
PGD2, and the mRNA expression of PPAR  in the liver of control and CCl4-treated rats 
receiving either SC-236 or placebo. As compared to control animals, hepatic levels of 15d-PGJ2

were markedly increased (Fig. 4A), whereas PPAR  expression was significantly abrogated (Fig. 
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4B) in CCl4-treated rats. Interestingly, SC-236 normalized 15d-PGJ2 levels and restored PPAR
expression in the liver (Fig. 4). Moreover, liver tissue extracts from CCl4-injured rats treated 
with SC-236 had a higher PPAR  activity than those receiving placebo (data not shown). 

In order to characterize the cellular mechanisms underlying the hepatic anti-fibrotic effects of 
SC-236, we performed additional studies in isolated non-parenchymal liver cells, namely 
Kupffer cells and HSCs. We first performed experiments in Kupffer and CRL-2192 cells because 
cells of the macrophage lineage are responsible for COX-2 induction in pro-inflammatory states 
and the main source of PGs and other eicosanoids in the liver (12, 24, 25). As shown in Fig. 5A,
SC-236 strongly inhibited, in a time- and concentration-dependent manner, macrophage 
viability. Furthermore, the inhibitory actions of SC-236 on macrophage cell number were 
associated with induction of apoptosis. As shown in Fig. 5B, propidium iodide staining of 
Kupffer cells incubated with increasing concentrations of SC-236 showed an increased number 
of nuclei with densely compacted chromatin characteristic of apoptotic cells. Ethanol at a 
concentration of 1%, a well-established inductor of macrophage apoptosis, was used as a positive 
control (Fig. 5B). Moreover, 15d-PGJ2 elicited potent apoptotic actions in rat Kupffer cells and 
this cyclopentenone PG further enhanced the apoptotic effect of SC-236 (Fig. 5B). Similar 
changes in cell morphology were observed in CRL-2192 cells (data not shown). 

We also assessed the effects of SC-236 on the growth and viability of HSCs, the major cell type 
involved in liver fibrogenesis (1, 2). Incubation of HSCs with increasing concentrations of SC-
236 resulted in a concentration and time-dependent inhibition of HSC proliferation (Fig. 6A and 
B). SC-236, either alone or in combination with 15d-PGJ2, induced a marked pro-apoptotic effect 
in HSCs in culture (Fig. 6C). Moreover, the stimulation of HSC proliferation by PDGF was 
virtually eliminated by SC-236 at concentrations of 25 µM (Fig. 7). The inhibitory effect of SC-
236 on HSC proliferation was similar to that previously reported for PPAR  ligands (26–28). In 
fact, in HSCs, SC-236 inhibited the proliferative response induced by PDGF to a similar extent 
that the PPAR  ligand rosiglitazone, although their effects were not synergic (Fig. 7). 

To better define the mechanisms of action of SC-236, we evaluated whether this compound 
modifies PPAR  expression in isolated HSCs. To this end, HSCs were grown in the presence of 
increasing concentrations of SC-236 and total RNA was extracted and PPAR  expression 
determined by reverse transcription and real-time quantitative PCR. As shown in Fig. 8A, SC-
236 significantly increased PPAR  mRNA expression in HSCs. In addition, we explored whether 
SC-236, similar to other anti-inflammatory and anti-fibrotic compounds (29), can bind and 
activate PPAR . In order to avoid the interference from the endogenous receptor, we tested the 
compounds in a cell-based PPAR -GAL4 and luciferase co-transfection reporter assay. In this 
assay, SC-236 acted in a concentration-dependent manner as a PPAR  agonist (Fig. 8B). At 
concentrations of 10 µM, SC-236 increased the activity of this nuclear receptor to a similar 
extent to that of the natural PPAR  ligand 15d-PGJ2 (Fig. 8B). Furthermore, these two 
compounds acted synergically in the activation of PPAR  (Fig. 8B).

DISCUSSION 

Our study provides evidence of the existence of a marked induction of COX-2 expression in 
livers from CCl4-treated rats, which is consistent with previous reports showing over-expression 
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of COX-2 during necro-inflammatory changes in rats with alcoholic liver disease and rats 
induced to liver fibrosis by a choline-deficient, L-amino acid-defined diet (11–13). In humans, 
increased levels of COX-2 have been reported in patients with chronic hepatitis and liver 
cirrhosis (8–10). Current evidence point to Kupffer cells as being the cell type primarily 
responsible for increased COX-2 in the liver. In fact, these liver resident macrophages are 
uniquely positioned as the predominant inflammatory effector cells in this organ and possess 
both COX-2 expression and most of the hepatic capacity to produce arachidonic acid-derived 
lipid mediators (12, 20, 21, 24, 25, 30). However, the contribution of other non-parenchymal 
liver cells to COX-2 over-expression in CCl4-treated livers cannot be completely excluded. For 
instance, HSCs show COX-2 expression in culture, which is induced during the transition toward 
an activated phenotype and after stimulation with TNF , IL-1  or TGF- 1 (31–33). 

The selective COX-2 inhibitor, SC-236, exhibited pro-apoptotic and growth inhibitory properties 
in HSCs and Kupffer cells. These actions were similar to those previously reported in other cell 
types exposed to SC-236 or celecoxib (34, reviewed in 35). The identification of SC-236 as an 
apoptotic stimulus for non-parenchymal liver cells may have pathophysiological implications. In 
this regard, activated HSCs are central to liver fibrosis as the major source of collagens I and III 
(1, 2). During fibrotic injury, these retinoid-rich non-parenchymal cells proliferate and undergo a 
phenotypic transformation to myofibroblast-like cells, a process termed “activation”. Therefore, 
the control of HSC proliferation and apoptosis is a key event in regulating the progression of 
liver fibrosis. Indeed, strategies based on inhibition of HSC proliferation and induction of HSC 
apoptosis have proven to be potential anti-fibrotic approaches (26, 36, 37). On the other hand, 
Kupffer cells, the resident macrophages of the liver, are well recognized for their activity in liver 
inflammation and to promote activation of HSCs through release of paracrine factors (1, 2, 25, 
38). Therefore, the presence of an increased number of activated Kupffer cells is considered to 
be a critical event in the initiation of the inflammatory cascade leading to liver fibrosis (20, 25, 
39). Consistent with the role of macrophages in liver inflammation, their selective depletion 
during progression of injury or reduction of Kupffer cell survival by inhibition of the 5-
lipoxygenase pathway is associated with a remarkable anti-fibrotic effect (20, 40). The results of 
the current study suggest that inhibition of Kupffer cell survival by SC-236 also contributes to 
dampen liver fibrogenesis. The mechanisms by which SC-236 induces apoptosis are not well 
defined, but several molecular mechanisms, including COX-dependent [modulation of PG 
biosynthesis (41)] and COX-independent pathways [regulation of activator protein-1 (42), 
inhibition of serine/threonine protein kinase B (Akt) phosphorylation (43) and down-regulation 
of protein kinase C (34)], have been suggested. 

A major finding of the current study was that the selective COX-2 inhibitor, SC-236, increased 
PPAR  expression in HSCs and restored its expression to normal levels in the liver of CCl4-
treated rats. PPAR  is a ligand-activated transcription factor with a DNA binding domain that 
recognizes response elements in the promoter region of specific target genes linked to 
inflammation, cell proliferation, apoptosis, and differentiation (18, 44–46). PPAR  plays a 
pivotal role in the progression of liver fibrosis since HSC activation is associated with a 
reduction in both expression and transcriptional activity of this nuclear receptor (26, 27). In 
culture-activated HSCs, synthetic PPAR  ligands restore PPAR  and reverse the activated HSCs 
to the quiescent phenotype (26–28). In vivo, the administration of synthetic PPAR  ligands (i.e., 
antidiabetic thiazolidinediones) to animal models of liver fibrosis effectively reduces HSC 

Page 10 of 27
(page number not for citation purposes)



transdifferentiation and collagen deposition (47). Furthermore, the results obtained in our trans-
activation reporter assay are indicative that SC-236 not only restores PPAR  expression but also 
works as a PPAR  ligand. This effect was very potent and comparable with the induction exerted 
by 15d-PGJ2, the natural ligand and activator of PPAR . This feature appears to be not exclusive 
of SC-236 since similar actions have recently been described with other structurally related 
selective COX-2 inhibitors (21, 48). These findings, together with the observation that the anti-
proliferative effects of SC-236 were similar to those exerted by the PPAR  ligand rosiglitazone, 
support the concept that the anti-fibrotic properties of SC-236 are mediated, at least in part, by 
PPAR  activation. 

Our results indicate that 15d-PGJ2 is generated in vivo in rat livers and that hepatic 15d-PGJ2

levels are dramatically increased in CCl4-treated rats. 15d-PGJ2 is a downstream metabolite 
produced by dehydration of PGD2 (49), which is formed abundantly in the liver and is 
considered the major hepatic COX product (25). Apparently, in vivo, the dominant source of 
15d-PGJ2 formation is COX-2 (50). Indeed, in our study the increased hepatic 15d-PGJ2

production in CCl4-treated rats was significantly abrogated by the selective COX-2 inhibitor, SC-
236, confirming that this PG metabolite is predominantly generated via COX-2. In the liver, 
COX-2-derived 15d-PGJ2 has been shown to enhance allyl alcohol-induced hepatocyte death 
(51), thus, inhibition of this non-enzymatic product of PGD2 by SC-236 may confer further 
hepato-protection. It is important to note that despite 15d-PGJ2 is a natural ligand of PPAR , we 
observed a discrepancy between the concentrations of 15d-PGJ2 and the degree of PPAR
expression and activation in the liver of CCl4-treated rats receiving SC-236, suggesting a 15d-
PGJ2-independent PPAR  activation pathway in this organ. 

In summary, the results of the current study bring to light the anti-fibrogenic potential of the 
selective COX-2 inhibitor SC-236. These drugs are now available for clinical use with a similar 
efficacy to that of conventional NSAIDs but with lower incidence of adverse gastrointestinal and 
renal effects (52, 53). Consequently, our results open new avenues for the potential use of 
selective COX-2 inhibitors as a novel therapy for liver inflammation and fibrosis. Our results 
also provide new clues on the cellular mechanisms underlying the hepato-protective effects of 
SC-236, which include inhibition of hepatic MMP-2 and 9 activities and -SMA levels as well 
as stimulation of PPAR  and induction of apoptosis in HSCs (Fig. 9). SC-236 also promotes 
apoptosis in Kupffer cells, which is believed to result in a diminished release of pro-
inflammatory mediators (Fig. 9). These mechanisms are probably mediated, at least in part, by 
the ability of SC-236 to bind and activate PPAR .
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Table 1 

Histological assessment of the degree of liver fibrosis in CCl4-treated rats receiving either placebo or SC-
236.

Weeks of CCl4 treatment

6 8 10

STUDY A 
   

    Placebo (n=30) 0.80 ± 0.29 1.90 ± 0.31 3.10 ± 0.24 

    SC-236 (n=30) 0.80 ± 0.31 2.20 ± 0.20 2.40 ± 0.36 

P-value NS NS <0.05 

STUDY B 
   

Placebo (n=6) 2.50 ± 0.50 4.00 ± 0.00 3.50 ± 0.50 

SC-236 (n=10) 0.00 ± 0.00 2.00 ± 0.58 2.25 ± 0.25 

P-value <0.05 <0.05 NS 

CCl4-treated rats were randomly assigned to receive either placebo (0.5 % carboxymethylcellulose) or SC-236 (6 mg/kg b.w., p.o.) and dosed weekly 
(Study A) or three times per week (Study B), starting one week before the first administration of CCl4. Animals were sacrificed in a staggered fashion 
at the 6th, 8th, and 10th week of the CCl4 induction program and liver sections histologically analyzed and scored according to the parameters 
established under Material and Methods. Data are expressed as mean ± SEM.

Page 17 of 27
(page number not for citation purposes)



Table 2 

Hepatic hydroxyproline concentrations in CCl4-treated rats receiving either placebo or SC-236.

Weeks of CCl4 treatment

6 8 10

STUDY A    

    Placebo (n=30) 12.7 ± 1.5 16.9 ± 1.4 18.6 ± 1.4 
    SC-236 (n=30) 11.5 ± 1.6 13.0 ± 1.4 21.1 ± 2.1 

P-value NS <0.05 NS 

STUDY B

    Placebo (n=6) 7.0 ± 0.6 18.8 ± 3.2 16.9 ± 4.3 
    SC-236 (n=10) 10.4 ± 0.5 10.3 ± 0.8 10.6 ± 2.3 

P-value NS <0.05 NS 

CCl4-treated rats were randomly assigned to receive either placebo (0.5 % carboxymethylcellulose) or SC-236 (6 mg/kg b.w., p.o.) and dosed weekly 
(Study A) or three times per week (Study B), starting one week before the first administration of CCl4. Animals were sacrificed in a staggered fashion 
at the 6th, 8th, and 10th week of the CCl4 induction program and hydroxyproline levels determined as described in Material and Methods. 
Hydroxyproline levels are given in nmol/mg liver tissue and expressed as mean ± SEM.
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Fig. 1 

Figure 1. Schematic diagram of the experimental design for Study A. Sixty male adult Wistar rats were submitted to the 
fibrosis induction protocol by inhalation of CCl4. These animals were divided into two groups, which received either the 
selective COX-2 inhibitor SC-236 (6 mg/kg b.w., p.o.) or placebo (0.5% carboxymethylcellulose), starting one week before 
the first administration of CCl4. After 6, 8, and 10 weeks of CCl4 treatment, the animals were sacrificed in a staggered 
fashion and liver tissue samples were collected for further analysis.
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Fig. 2 

Figure 2. Immunohistochemical analysis of COX-2 protein expression in livers from control and CCl4-treated rats. Liver 
samples from control and CCl4-treated rats (10 weeks) were fixed with MBF, embedded in paraffin, sectioned at 5 µm onto 
glass slides, and incubated with a polyclonal rabbit anti-murine COX-2 serum. Positive COX-2 staining was visualized 
with the peroxidase substrate AEC. (Original magnification: ×100; inset: ×400).
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Fig. 3 

Figure 3. Anti-fibrotic effects of SC-236 in CCl4-treated rats. A) Histological assessment of liver fibrosis in CCl4-treated
and control rats. The extent of matrix deposition was measured by Masson´s trichrome staining of liver tissue sections from 
control animals (left panels) (magnification ×40) and 10-week CCl4-treated rats (right panels) (magnification ×100)
receiving either placebo (upper panels) or SC-236 (lower panels). These data are representative of results obtained from 
10 control and 20 CCl4-treated rats. B) Detection of hepatic MMP-2 and MMP-9 activities by zymography. Gelatin 
polyacrilamide gel representative of changes in activity of MMP-2 (72 kDa) and MMP-9 (92 kDa) along the weeks of CCl4

administration (6, 8, and 10 weeks) in CCl4-treated rats receiving placebo or SC-236. The lower panel shows the analysis 
by densitometry of MMP-2 activity in these samples. The results are the mean ± SEM of five different experiments. *P < 
0.05 versus placebo. C) Effects of SC-236 on hepatic α-SMA protein expression in CCl4-treated rats. Liver tissue samples 
from rats with CCl4-induced fibrosis treated with (+) or without (–) SC-236 were analyzed by Western blot using a specific 
antibody against α-SMA. A representative blot is shown in the upper panel whereas the histogram in the lower panel 
shows the results obtained from the densitometric analysis of band intensities from four separate experiments (mean ± 
SEM). (�) placebo, (�) SC-236. CT+, total protein from mesangial cells. **P < 0.01 versus placebo.
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Fig. 4 

Figure 4. A) Hepatic levels of 15d-PGJ2 in control (CT, n=5) and CCl4-treated rats receiving placebo (CH, n=10), or SC-
236 (CH+SC-236, n=10). Liver tissue samples from control and 8-week CCl4-treated rats were homogenized, extracted in 
C18-silica reverse-phase cartridges, and 15d-PGJ2 levels determined by a highly specific EIA. Results are expressed as 
mean ± SEM with duplicate determinations. *P < 0.01 versus CT group; a, P < 0.025 versus CH group. B) PPARγ mRNA 
expression was determined by reverse-transcription real-time quantitative PCR in liver tissue from the three groups of 
animals (CT, CH, and CH+SC-236). Results are expressed as mean ± SEM with duplicate determinations. *P < 0.05 versus 
CT group.
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Fig. 5 

Figure 5. Effects of SC-236 on Kupffer cell number and survival. A) Cell number was evaluated by the MTT assay as 
described in Material and Methods. Rat macrophages were treated with vehicle (0.5% ethanol) (�) and increasing 
concentrations of SC-236 (10 (�), 15 (�), and 25 (�) µM) for 0, 6, 12, and 24 h at 37ºC. Cell number was expressed as 
percentage (%) with respect to baseline. B) Apoptotic changes in nuclear morphology were assessed by fluorescence 
microscopy in Kupffer cells stained with propidium iodide after incubation with vehicle (0.1% ethanol), 1% ethanol, SC-
236 (25 and 50 µM), 15d-PGJ2 (10 µM) alone, or in combination with SC-236 (25 µM) for 6 h at 37ºC.
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Fig. 6 

Figure 6. Effects of SC-236 on HSC growth and survival. Concentration- and time-responses to SC-236. HSCs were 
incubated with increasing concentrations of SC-236 (0, 15, and 25 µM) for 24 h (A) or grown for 0, 6, 12, and 24 h with 
15 µM SC-236 (B), and cell number was determined by the MTT assay. Results are the mean ± SEM of three different 
experiments with duplicate determinations. *P < 0.05 and **P < 0.01 versus untreated cells. C) Changes in nuclear 
morphology associated with programmed cell death were assessed by fluorescence microscopy in HSCs stained with 
propidium iodide after 6 h of incubation at 37ºC with vehicle (0.1% ethanol), SC-236 (25 µM), and 15d-PGJ2 (10 µM) 
alone or in combination with SC-236 (25 µM).
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Fig. 7 

Figure 7. Comparison of the effects of SC-236 and rosiglitazone on HSC proliferation. Serum-starved HSCs were pre-
incubated with SC-236 (10 and 25 µM) and rosiglitazone (5 µM) for 15 min before exposure to PDGF (10 ng/ml) for 18 h 
at 37ºC. HSC number was evaluated by the MTT assay as described in Materials and Methods. Results are the mean ± SEM
of three different experiments with duplicate determinations. *P < 0.05 and **P < 0.01 versus untreated cells.
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Fig. 8 

Figure 8. Effects of SC-236 on PPARγ mRNA expression and PPARγ activity. A) HSCs were exposed to increasing 
concentrations of SC-236 (0, 10, and 25 µM) for 6 h at 37°C and PPARγ mRNA expression was measured by reverse 
transcription real-time quantitative PCR. Results are the mean ± SEM of three different experiments with duplicate 
determinations. *P < 0.05 versus untreated cells. B) The binding and activation of PPARγ by SC-236 was assessed in a 
cell-based luciferase reporter transactivation assay after an incubation of 18 h with increasing concentrations of SC-236 (3 
and 10 µM) alone or in combination with 15d-PGJ2 (1 µM). Luciferase activity was normalized to the level of β-gal
activity and results expressed as fold induction relative to untreated cells. Results are the mean ± SEM of four different 
experiments with duplicate determinations. *P < 0.05 and **P < 0.001 versus vehicle. a, P < 0.05 and b, P < 0.025 versus 
15d-PGJ2 alone.
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Fig. 9 

Figure 9. Summary of the proposed mechanism by which SC-236 attenuates liver fibrosis. A) Liver injury induces COX-
2 over-expression in Kupffer cells (KC) and initiates a cascade of events, including the massive production of cytokines 
and growth factors, leading to hepatic stellate cell (HSC) activation and proliferation and consequently to liver fibrosis. In 
addition, during fibrosis progression, KC proliferate, thereby amplifying the release of pro-inflammatory mediators. B) The 
selective COX-2 inhibitor dampens liver inflammation and fibrosis by mechanisms involving PPARγ activation, down-
regulation of α-SMA expression, and MMP-2 and -9 activities and induction of KC and HSC apoptosis.
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