
RESEARCH PAPER

Forskolin, a hedgehog signalling inhibitor,
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BACKGROUND AND PURPOSE
Liver fibrosis is one of the leading causes of morbidity and mortality worldwide with very limited therapeutic options. Given the
pivotal role of activated hepatic stellate cells in liver fibrosis, attention has been directed towards the signalling pathways
underlying their activation and fibrogenic functions. Recently, the hedgehog (Hh) signalling pathway has been identified as a
potentially important therapeutic target in liver fibrosis. The present study was designed to explore the antifibrotic effects of the
potent Hh signalling inhibitor, forskolin, and the possible molecular mechanisms underlying these effects.

EXPERIMENTAL APPROACH
Male Sprague-Dawley rats were treated with either CCl4 and/or forskolin for 6 consecutive weeks. Serum hepatotoxicity markers
were determined, and histopathological evaluation was performed. Hepatic fibrosis was assessed by measuring α-SMA expression
and collagen deposition by Masson’s trichrome staining and hydroxyproline content. The effects of forskolin on oxidative stress
markers (GSH, GPx, lipid peroxides), inflammatory markers (NF-κB, TNF-α, COX-2, IL-1β), TGF-β1 and Hh signalling markers
(Ptch-1, Smo, Gli-2) were also assessed.

KEY RESULTS
Hepatic fibrosis induced by CCl4 was significantly reduced by forskolin, as indicated by decreased α-SMA expression and collagen
deposition. Forskolin co-treatment significantly attenuated oxidative stress and inflammation, reduced TGF-β1 levels and down-
regulated mRNA expression of Ptch-1, Smo and Gli-2 through cAMP-dependent PKA activation.

CONCLUSION AND IMPLICATIONS
In our model, forskolin exerted promising antifibrotic effects which could be partly attributed to its antioxidant and anti-
inflammatory effects, as well as to its inhibition of Hh signalling, mediated by cAMP–dependent activation of PKA.

Abbreviations
ALT, alanine aminotransferase; AST, aspartate aminotransferase; ECM, extracellular matrix; Gli-2, glioblastoma transcrip-
tion factor-2; HCC, hepatocellular carcinoma; Hh, hedgehog; HSCs, hepatic stellate cells; P-CREB, phosphorylated cAMP
response element-binding protein; Ptch-1, patched-1 receptor; α-SMA, α-smooth muscle actin; Smo, smoothened receptor;
TC, total cholesterol; TG, triglycerides
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Introduction
Liver fibrosis is a reversible wound healing process charac-
terized by excessive accumulation of extracellular matrix
(ECM) or scar in response to chronic liver injury (Friedman,
2003). If left untreated, fibrosis can progress into cirrhosis,
hepatocellular carcinoma (HCC) and ultimately liver fail-
ure. The main cellular source of ECM is activated hepatic
stellate cells (HSCs). Following liver injury, HSCs undergo
activation and transdifferentiation from a quiescent form
into proliferative, fibrogenic, pro-inflammatory and con-
tractile myofibroblast-like cells (Mormone et al., 2011).
Many factors play key pathogenic roles in the activation
of HSCs including ROS, lipid peroxidation products, NF-κB
and many growth factors such as TGF-β1 and pro-inflam-
matory cytokines such as TNF-α (Gressner et al., 2002;
Elsharkawy and Mann, 2007; Mormone et al., 2011).
The activation of HSCs and hepatic accumulation of
myofibroblasts represent the central pathophysiological
convergence point of multiple signalling pathways that ulti-
mately lead to liver fibrosis (He and Dai, 2015). A signalling
pathway that has recently been involved in the pathogene-
sis of liver fibrosis is the hedgehog (Hh) signalling pathway
(Yang et al., 2014).

The Hh pathway plays an important role in embryogen-
esis, tissue homeostasis, cell differentiation and prolifera-
tion. In healthy adult liver, this pathway is quiescent or
silenced where Hh ligands are absent (Omenetti et al.,
2011). In this case, the free Hh cell surface receptor
patched-1 (Ptch-1) inhibits the 7-transmembrane protein
smoothened (Smo) signalling which in turn causes the glio-
blastoma (Gli) family transcription factors (Gli-1, Gli-2 and
Gli-3) to undergo phosphorylation by various intracellular
kinases such as PKA. Finally, these Gli-phosphorylated
forms become a target for proteasomal degradation (Pan
et al., 2006; Pan et al., 2009). However, there is aberrant ac-
tivation of Hh signalling in chronic liver injury. The path-
way is initiated when Hh ligands, produced from injured
hepatocytes and cholangiocytes, interact with Ptch-1,
expressed on Hh-responsive target cells (HSCs, hepatic
myofibroblasts, liver progenitors, cholangiocytes and liver
lymphocytes) (Choi et al., 2011). This interaction de-
represses the activity of Smo, which leads to the inhibition
of PKA and other intracellular kinases, thus permitting the

nuclear translocation of Gli family transcription factors that
induce the expression of Gli target genes including several
components of the Hh pathway itself as well as genes that
regulate cell viability, proliferation and differentiation
(Hooper and Scott, 2005).

Activation of the Hh pathway increases hepatic recruit-
ment of inflammatory cells (Syn et al., 2010). It also
promotes hepatic accumulation of myofibroblasts by stimu-
lating activation of HSCs and cholangiocytes to undergo
epithelial–mesenchymal transition (Choi et al., 2009;
Omenetti and Diehl, 2011). Furthermore, various growth
factors and cytokines produced during fibrosis such as
TGF-β1 stimulate HSCs to produce Hh ligands (Javelaud
et al., 2012). The latter promotes the proliferation and
viability of myofibroblasts as well as the neighbouring Hh
responsive cells including liver progenitors, the initiators
of HCC (Yang et al., 2008).

Recent studies have reported that Hh pathway inhibitors
effectively attenuated liver fibrosis and promoted
myofibroblasts to reacquire a more quiescent phenotype
(Pratap et al., 2012; Hirsova et al., 2013). Several Hh path-
way antagonists have been identified (Mas and Ruiz i
Altaba, 2010). Forskolin, a labdane diterpenoid isolated
from the Indian plant Coleus forskohlii, functions as an Hh
pathway antagonist (Yamanaka et al., 2010). It is known
for its antioxidant, anti-inflammatory and anti-metastatic
effects (Agarwal and Parks, 1983; Niaz and Singh, 1999; Irie
et al., 2001). Forskolin increases the level of cAMP through
the activation of adenylyl cyclase, resulting in PKA
activation. This subsequently leads to Gli phosphorylation
and their proteasomal degradation (Makinodan and
Marneros, 2012). In addition, forskolin suppresses cell
proliferation and tumour growth in basal cell carcinoma
and paediatric malignancies including rhabdomyosarcoma,
hepatoblastoma and neuroblastoma through inhibition of
Hh signalling (Yamanaka et al., 2010; Makinodan and
Marneros, 2012).

Based on these earlier findings, the present study was de-
signed to assess the antifibrotic effects of forskolin in carbon
tetrachloride (CCl4)-induced liver fibrosis as well as the possi-
ble molecular mechanisms underlying these effects, includ-
ing its effect on oxidative stress, inflammation, NF-κB,
fibrosis markers and, more importantly, its effect on the Hh
signalling pathway.
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COX-2, cyclooxygenase-2
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TNF-α
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Methods

Animals
All animal care and experimental procedures complied with
the guidelines of the Ethical Committee of Faculty of Phar-
macy, Ain Shams University, Egypt and were approved by this
Committee. Animal studies are reported in compliance with
the ARRIVE guidelines (Kilkenny et al., 2010; McGrath &
Lilley, 2015).

Male Sprague-Dawley rats (8 weeks old; 150–190 g) were
obtained from El-Nile Company for Pharmaceutical and
Chemical industries, Cairo, Egypt. The animals were housed
in controlled environmental conditions (24 ± 2°C tempera-
ture, 60–70% relative humidity, 12 h light/dark cycle) and
provided with a standard pellet diet (containing not less than
20% protein, 5% fibre, 3.5% fat, 6.5% ash and a vitamin mix-
ture) and water ad libitum.

General procedures
Chronic administration of CCl4 in rats has been widely
used for experimental induction of hepatic fibrosis (Choi
et al., 2009; Shen et al., 2014). Randomisation was carried
out as follows. On arrival from El-Nile Company, animals
were assigned a group designation and weighed. A total
number of 32 animals were divided into four different
weight groups (eight animals per group). Each animal was
assigned a temporary random number within the weight
range group. On the basis of their position on the rack,
cages were given a numerical designation. For each group,
a cage was selected randomly from the pool of all cages.
Two animals were removed from each weight range group
and given their permanent numerical designation in the
cages. Then, the cages were randomized within the exposure
group. The experimenters were blinded to the treatments
given to the animals and to the biochemical and histological
analyses and the data analyses.

Experimental design
After acclimatization for 2 weeks, animals were randomly
divided into four groups of eight rats each and treated for
six consecutive weeks as follows: The first group was treated
with CCl4 (50% CCl4/corn oil; 0.5 mL·kg�1, i.p.) twice a
week to induce liver fibrosis. The second group was given
forskolin only at a dose of 10 mg·kg�1, i.p., dissolved in a
DMSO/saline solution (1:49) five times a week. The third
group was given both CCl4 and forskolin. The dose of
forskolin used here was based on the results of our prelimi-
nary study (Supporting Information). The fourth group
served as the normal control, receiving vehicles only. At
24 h after the last injection, blood samples were collected
from the retro-orbital plexus after light anaesthesia with
sodium pentobarbital (50 mg·kg�1, i.p.). Serum was separated
by centrifugation at 3000× g for 10 min and was used for the
assessment of liver functions. Rats were killed by cervical
dislocation, and livers were removed and weighed. A portion
of liver tissue was washed and homogenized to obtain a 20%
(w·v�1) homogenate, which was used for assessment of oxida-
tive stress, inflammatory and fibrogenic markers. Another
portion was placed in formalin for immunohistochemical

and histopathological analyses. The remainder was stored at
�80°C, together with the 20% homogenate, until needed.

Serum biochemistry and liver index
Serum concentrations of aspartate aminotransferase (AST), al-
anine aminotransferase (ALT), total cholesterol (TC), triglyc-
erides (TG) and albumin were determined colourimetrically
using available commercial kits (Spectrum diagnostics,
Cairo, Egypt). Liver index was calculated according to the
formula: (liver weight/body weight) × 100.

Histopathological examination
Liver samples taken from rats in the different experimental
groups were fixed in 10% formol saline for 24 h. Tissue
washing was done by tap water; then serial dilutions of
alcohol (methyl, ethyl and absolute ethyl) were used for
dehydration. Specimens were cleared in xylene and embed-
ded in paraffin at 56°C in a hot air oven for 24 h. Sections
were embedded in paraffin and sliced into 4-μm-thick
sections by a sledge microtome. The tissue sections were
collected on glass slides, deparaffinized, stained with
haematoxylin & eosin (H&E) and then examined by light
microscopy (Banchroft et al., 1996).

Quantitative immunohistochemical analysis of
NF-κB (p65), COX-2 and α-SMA
Paraffin-embedded tissue sections of 3 μm thickness were
rehydrated first in xylene and then in graded ethanol solutions.
The slides were blocked with 5% BSA in tris buffered saline
(TBS) for 2 h. Immunohistochemical analyses were performed
by a standard streptavidin–biotin–peroxidase procedure. The
sections were immunostained with one of the following
primary antibodies: rabbit polyclonal anti-rat NF-κB (p65)
(Thermoscientific, Rockford, IL, USA; NF-κB Cat. #RB-9034-
R7), rabbit polyclonal antibody to rat COX-2 (COX-2 Cat.
#RB-9072-R7; Thermoscientific) or mouse monoclonal anti-
body to rat α-SMA (α-SMA Cat.#MS-113-R7; Thermoscientific)
at a concentration of 1 μg·mL�1 and incubated overnight at
4°C. After washing the slides with TBS, the sections were incu-
bated with the corresponding biotinylated secondary antibody
for 10–15 min. After that, the horseradish peroxidase-
conjugated streptavidin solution was added and incubated at
room temperature for 10–15 min. Sections were then washed
with TBS and incubated for 5–10min in a solution of 0.02% di-
aminobenzidine containing 0.01% hydrogen peroxide.
Counterstaining was performed using haematoxylin, and the
slides were visualized under the light microscope. Immunohis-
tochemical quantification was performed by measuring the
percentage of immunopositive area using image analysis soft-
ware (ImageJ, 1.46a, NIH, Bethesda, Maryland, USA).

ELISA for TGF-β1, TNF-α, IL-1β, NF-κB (p65)
and P-CREB
Liver tissues were washed and homogenized in ice-cold PBS
(pH = 7.4) to obtain a 20% homogenate (w·v�1), which was
then centrifuged for 15 min at 3000 x g and 4°C. The superna-
tant obtained was used for measuring TGF-β1, TNF-α (R&D
Systems, Minneapolis, MN, USA) and IL-1β (Cell Biolabs, San
Diego, USA) using sandwich ELISA kits according to the manu-
facturer’s instructions. They were expressed as pg.mg�1
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protein. Protein content was also determined in the superna-
tant using a commercially available kit (Biodiagnostic, Cairo,
Egypt). NF-κB (p65) and phosphorylated cAMP response
element-binding protein (P-CREB; Ser133), a marker for cAMP-
dependent PKA activation, were measured in nuclear protein
extracts using sandwich ELISA kits from Cloud-Clone Corp.,
Houston, TX, USA, and R&D Systems, Minneapolis, MN,
USA, respectively. Nuclear protein extract was prepared from
liver tissues using NE-PER nuclear and cytoplasmic extraction
reagent kit according to the manufacturer’s protocol
(Thermoscientific). Protein concentration was determined in
the nuclear extract as well.

Hepatic oxidative stress markers
As described above, the supernatant obtained by centrifuga-
tion of the 20% homogenate was used for the assessment of
oxidative stress markers. Lipid peroxidation was determined
by estimating the level of thiobarbituric acid reactive
substances measured as malondialdehyde (MDA), according
to the method of Mihara (Mihara and Uchiyama, 1978).
MDA is a decomposition product of the process of lipid
peroxidation; thus, it is used as an indicator of this process.
Briefly, 0.5 mL of the supernatant was added to 2.5 mL of
20% trichloroacetic acid and 1.0 mL of 0.6% thiobarbituric
acid; then the mixture was heated for 20 min in a boiling
water bath. After cooling, 4 mL of n-butanol was added with
shaking. The alcohol layer was then separated by centrifuga-
tion at 500 x g for 10 min, and the absorbance was measured
at 535 nm. The results were expressed as nmol of MDA per g
of wet tissue using 1,1,3,3-tetraethoxypropane as standard.
Reduced GSH was measured using a commercial kit
(Biodiagnostic, Cairo, Egypt). In addition, GSH peroxidase
(GPx) activity was determined by a kinetic method using a
commercial kit (RANSEL, Randox Laboratories, Antrim, UK).

Markers of hepatic fibrosis
Besides TGF-β1 and α-SMA, hepatic collagen content was
assessed histologically by visualizing the blue colour of
collagen fibres using Masson’s trichrome staining as well as
biochemically through the determination of hydroxyproline
concentration using the simplified method of Reddy (Reddy
and Enwemeka, 1996). Briefly, 25 μL of 20% liver homoge-
nate was hydrolyzed in 25 μL of 2N NaOH at 120°C for
30 min. Chloramine T solution (450 μL) was then added to
the hydrolysate and left at room temperature for 25 min.
After that, 500 μL of Ehrlich’s solution was added and the
mixture was incubated at 65°C for 20 min. After cooling for
10 min, the colour developed was measured spectrophoto-
metrically at 550 nm. Results were expressed as μg·g�1 of
wet tissue.

qRT-PCR analysis of Ptch-1, Smo and Gli-2
gene expression
Total RNA was isolated from rat liver samples using Qiagen
RNeasy Mini Kit. Reverse transcription and quantitative
real-time PCR (qRT-PCR) were performed using QuantiTect
SYBR® Green PCR Kit according to the manufacturer’s proto-
col. The cycling conditions were as follows: reverse transcrip-
tion at 50°C for 30 min, initial denaturation at 95°C for
10 min, followed by 40 cycles of denaturation at 95°C for

15 s, annealing at 55°C (β-actin, Ptch-1 and Smo) or 50°C
(Gli-2) for 30 s and extension at 72°C for 30 s. The relative
mRNA level of the target genes was calculated by the com-
parative threshold cycle (Ct) method using β-actin as an
internal control for normalization. The fold change in the
expression of each target gene was calculated by the follow-
ing formula: relative quantification (RQ) = 2�ΔΔCt

. The
following primer sequences were used: β-actin forward
primer: 5′-TCA CCC ACA CTG TGC CCA TCT ATG A-3′,
β-actin reverse primer: 5′-CAT CGG AAC CGC TCA TTG
CCG ATA G-3′, Ptch-1 forward primer: 5′-ACG CTC CTT
TCC TCT TGA GAC-3′, Ptch-1 reverse primer: 5′-TGA ACT
GGG CAG CTA TGA AGT C-3′, Smo forward primer: 5′-GCC
TGG TGC TTA TTG TGG-3′, Smo reverse primer: 5′-GGT
GGT TGC TCT TGA TGG-3′, Gli-2 forward primer: 5′-ATA
AGC GGA GCA AGG TCA AG-3′, and Gli-2 reverse primer:
5′-CAG TGG CAG TTG GTC TCG TA-3′.

Data and statistical analysis
The data and statistical analysis in this study comply with the
recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015). Results are expressed as
mean ± SD. Multiple comparisons were performed using
one-way ANOVA followed by Tukey–Kramer as a post hoc test.
P < 0.05 was considered statistically significant. All analyses
were performed using Instat software package (version
3.06). Graphs were sketched using GraphPad Prism software
(version 5).

Materials
Forskolin, CCl4, DMSO, chloramine-T, p-dimethylaminoben-
zaldehyde (Ehlrich reagent), hydroxyproline, 1,1,3,3-
tetraethoxypropane and thiobarbituric acid were purchased
from Sigma Chemical Co. (St Louis, MO, USA). n-Butanol
and trichloroacetic acid were purchased from El-Nasr
Chemical Co., Cairo, Egypt. All other chemicals used were
of highest grade commercially available.

Results

Forskolin treatment inhibited histopathological
deterioration induced by CCl4
As shown in Figure 1A, liver sections obtained from both
control and forskolin-only treated group exhibited normal
hepatic architecture of the central vein and surrounding
hepatocytes, while those taken from CCl4 group involved
ballooning degeneration and fatty change in the hepatocytes
associated with strands of fibrous connective tissue, as well as
severe inflammatory cell infiltration in between and in the
portal area. Nevertheless, forskolin co-treatment effectively
restored the hepatic architecture with little inflammatory cell
infiltration and mild ballooning degeneration.

Forskolin treatment mitigated CCl4-induced
hepatic fibrogenesis
Immunohistochemical detection of α-SMA revealed exten-
sive brown staining in the CCl4 only group, amounting to
24% of the immunopositive area. However, in forskolin co-
treatment group, the positive stained area of α-SMA was
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Figure 1
Forskolin treatment decreased histopathological deterioration and hepatic fibrogenesis induced by CCl4. (A) Histopathological analysis of rat liver
sections using H&E staining (×100). Control and forskolin-only treated groups showing normal histological structure of the central vein and sur-
rounding hepatocytes. CCl4 group showing severe ballooning degeneration (black arrow), inflammatory cell infiltration (m) and fatty change (f)
associated with strands of fibrous connective tissue (blue arrow). Forskolin + CCl4 group showing reduction in histological abnormalities with only
few inflammatory cell infiltration (m) andmild ballooning degeneration (black arrow). (B) Immunohistochemical detection of α-SMA (×100). Con-
trol and forskolin-only treated groups showing minimal α-SMA expression. CCl4 group showing extensive α-SMA expression (brown stain).
Forskolin + CCl4 group showing less α-SMA expression. Quantitative image analysis for immunohistochemical staining of α-SMA expressed as per-
centage of stained area averaged across 6 different fields for each rat of at least five rats. Each column represents mean ± SD. (C,D) Effect of
forskolin on hepatic (C) TGF-β1 and (D) hydroxyproline levels. Each column represents mean ± SD (n = 7). # P <0.05; significantly different from
control group; * P<0.05; significantly different fromCCl4 group; ANOVA followed by Tukey–Kramer post hoc test. (E) Masson’s trichrome staining
of rat liver sections (×100). Control and forskolin-only treated groups showing absence of collagen fibres (stained blue). CCl4 group showing ex-
tensive collagen fibres deposition (blue stain) with pseudolobules formation (bridging fibrosis). The forskolin + CCl4 group showed fewer fibres
than the CCl4 group.
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markedly reduced (Figure 1B). ELISA analysis revealed that
TGF-β1 levels were higher in the CCl4 group than in the con-
trol group. Forskolin treatment caused a significant decrease
in TGF-β1 levels, compared with the CCl4 group (Figure 1C).
Moreover, the antifibrotic effect of forskolin was further con-
firmed by biochemical determination of hydroxyproline
levels. As seen in Figure 1D, the increase in hydroxyproline
levels induced by CCl4 was completely prevented by
forskolin co-treatment. These results confirmed those ob-
tained from the histological visualization of collagen fibres
by Masson’s trichrome stain (Figure 1E).

Forskolin treatment amended CCl4-induced
hepatic damage
As compared with the control group, ALT and AST serum
levels were significantly elevated in the CCl4 group (Table 1).
On the other hand, rats co-treated with forskolin showed a
significant decrease in the ALT and AST serum levels, com-
pared with the CCl4 group but remained significantly higher
than the control values. The CCl4 group also showed a signif-
icant rise in TC and TG, compared to the control. Notably, TC
and TG serum levels were normalized in forskolin co-treated
group. Albumin levels were reduced in the CCl4 group, com-
pared with the control but forskolin treatment returned albu-
min levels nearly to the normal value. Regarding liver index,
the increase observed in the CCl4 group, compared with the
control group, was significantly reduced by concurrent ad-
ministration of forskolin with CCl4.. No significant changes
were observed in the forskolin-only treated group in all hepa-
totoxicity markers when compared with the values from the
control group (Table 1).

Forskolin treatment attenuated CCl4-induced
oxidative stress
GSH levels and GPx activity were markedly reduced while
levels of lipid peroxides were significantly elevated in the
CCl4 group, compared with the control group. Interestingly,
forskolin co-treatment returned both GSH and MDA to the
normal levels and restored GPx activity, thus protecting
against CCl4-induced oxidative liver damage. Besides, rats
given forskolin only did not show any change in GPx activity,
GSH and MDA tissue levels when compared with the control
values (Table 2).

Forskolin treatment alleviated CCl4-induced
hepatic inflammation
As shown in Figure 2A, the marked rise in TNF-α levels ob-
served in the CCl4 group was completely blocked by forskolin
treatment. Similarly, IL-1β tissue levels were elevated in the
CCl4 group, compared with the control group. Treatment
with forskolin significantly reduced IL-1β levels, compared
with the CCl4 group (Figure 2B). In addition, the immunohis-
tochemical detection of COX-2 revealed a significant increase
in its expression in the CCl4 group as shown by the intense
brown staining, whereas minimum expression was observed
in both the control and forskolin-only treated groups.
Forskolin co-treatment significantly decreased COX-2 expres-
sion to near control levels of the immunopositive area
(Figure 2C).

Forskolin treatment reduced NF-κB expression
in hepatic tissue
ELISA analysis showed that chronic CCl4 administration
caused a substantial rise in NF-κB tissue levels, compared with
the control group. Forskolin treatment successfully reduced
NF-κB levels, compared with the CCl4 group; however, it
remained significantly higher than the control group
(Figure 3A). These results matched those obtained from im-
munohistochemistry. CCl4-intoxicated rats showed a signifi-
cant increase in hepatic NF-κB expression and treatment
with forskolin successfully attenuated this effect (Figure 3B).

Forskolin treatment activated PKA and
suppressed the extensive activation of Hh
signalling induced by CCl4
The effect of forskolin on PKA was determined by measuring
its downstream target, P-CREB. ELISA analysis revealed that
P-CREB tissue levels were significantly decreased in the CCl4
group, compared with the control group. However, a signifi-
cant increase in P-CREB levels was observed in the forskolin
co-treatment group, compared with the CCl4 group,
confirming the activation of PKA (Figure 3A). Regarding Hh
signalling, qRT-PCR analysis of Ptch-1, Smo and Gli-2 mRNA
expression in the forskolin-only treated group showed no sig-
nificant changes from the control group. Strikingly, CCl4 sig-
nificantly increased Ptch-1, Smo and Gli-2 mRNA expression,
compared with the control group. Co-treatment with
forskolin significantly down-regulated the genetic expression
of Ptch-1, Smo and Gli-2, compared with the CCl4 group

Table 1
Effect of forskolin on hepatotoxicity indices and liver index in CCl4-intoxicated rats

Group ALT (U·L�1) AST (U·L�1) TC (g·L�1) TG (g·L�1) Albumin (g·L�1) Liver index (%)

Control 9.1 ± 1.18b 16.6 ± 2.84b 0.50 ± 0.12b 0.99 ± 0.10b 42.1 ± 1.91b 2.86 ± 0.25b

CCl4 38.7 ± 3.64a 45.5 ± 2.95a 1.08 ± 0.15a 1.56 ± 0.20a 31.6 ± 3.10a 4.63 ± 0.55a

Forskolin + CCl4 22.5 ± 4.67a,b 31.3 ± 5.87a,b 0. 62 ± 0.13b 0. 86 ± 0.19b 39.1 ± 3.83b 3.24 ± 0.18b

Forskolin 11.4 ± 2.55b 18.4 ± 4.74b 0. 46 ± 0.12b 0. 95 ± 0.18b 39.2 ± 2.63b 3.23 ± 0.39b

Data presented are means ± SD (n = 8).
aP <0.05; significantly different from control group;
bP <0.05; significantly different from CCl4 group; ANOVA followed by Tukey–Kramer post hoc test.
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(Figure 4B–D), confirming the inhibitory effect of forskolin
on the Hh signalling pathway.

Discussion
Liver fibrosis is associated with high morbidity and mortality
worldwide and has very limited therapeutic options. Atten-
tion has been directed towards the emerging signalling

pathways underlying fibrosis progression and regression in
order to develop new therapies that either arrest or reverse
the fibrotic process, as even advanced fibrosis could be re-
versed (Soriano et al., 2006). Recent studies have focused on
the Hh pathway as an important target in the treatment of
liver fibrosis (Choi et al., 2011; Philips et al., 2011). Accord-
ingly, the current study aimed to investigate the potential
antifibrotic effect of the Hh pathway inhibitor, forskolin, as

Table 2
Effect of forskolin on oxidative stress markers in CCl4-intoxicated rats

Group GSH (μmol·g�1 tissue) GPx (U·g�1 tissue) MDA (nmol·g�1 tissue)

Control 3.47 ± 0.8b 99.73 ± 15.78b 27.8 ± 0.69b

CCl4 0.94 ± 0.21a 51.5 ± 3.65a 35.1 ± 3.25a

Forskolin + CCl4 3.36 ± 0.75b 87.01 ± 8.98b 27.01 ± 2.27b

Forskolin 2.98 ± 0.29b 94.83 ± 12.36b 28.2 ± 0.88b

Data presented are means ± SD (n = 8).
aP <0.05; significantly different from control group;
bP <0.05; significantly different from CCl4 group; ANOVA followed by Tukey–Kramer post hoc test.

Figure 2
Forskolin treatment reduced inflammation associated with CCl4-induced liver fibrosis. (A,B) Effect of forskolin on hepatic (A) TNF-α levels and (B)
IL-1β levels. Each column represents mean ± SD (n = 7). (C) Immunohistochemical detection of COX-2 (×200). Control and forskolin-only treated
groups showing minimal COX-2 expression. CCl4 group showing extensive COX-2 expression (brown stain). Forskolin + CCl4 group showing less
COX-2 expression. Quantitative image analysis for immunohistochemical staining of COX-2 expressed as percentage of stained area averaged
across six different fields for each rat of at least five rats. Each column represents mean ± SD. # P <0.05; significantly different from control group;
* P <0.05; significantly different from CCl4 group; ANOVA followed by Tukey–Kramer post hoc test.
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well as to elucidate the possible underlying mechanisms by
studying its effect on key events involved in hepatic fibrosis
including oxidative stress, inflammation, NF-κB, fibrogenesis
and Hh signalling.

CCl4 has been widely used for experimental induction of
hepatic fibrosis in rats (Hernandez-Munoz et al., 1990) and
this compound is metabolised by cytochrome P450 2E1,
causing the production of free radicals. These free radicals
cause lipid peroxidation of the hepatocellular membrane,
followed by release of inflammatory cytokines and, eventu-
ally, hepatocellular damage (Weber et al., 2003). The latter
was shown, in our model, by the elevation in serum ALT,
AST, TC and TG in the CCl4 group, while significantly
decreased serum albumin reflected the negative effect of
chronic CCl4 administration on hepatic synthetic function.
Co-treatment with forskolin significantly attenuated all of
these hepatic changes, indicating improved functional status
of hepatocytes as well as restored hepatocellular architecture,
shown by the H&E staining. These results confirm the hepa-
toprotective effect of forskolin that was reported previously
(Ji et al., 2012).

Liver fibrosis of any aetiology is characterized by excessive
accumulation of ECM components especially collagen, the
predominant component of this ECM (Friedman, 2003).
Chronic CCl4 administration induced liver fibrosis and colla-
gen deposition as indicated by Masson’s trichrome staining
of collagen fibres as well as increased liver hydroxyproline
content, a marker of collagen deposition. The present study
demonstrates that forskolin possesses a potent antifibrotic
activity and prevents CCl4-induced fibrogenesis. This was
confirmed by the significant decrease in liver hydroxyproline
levels that coincided histologically with the reduction of
collagen deposition, as measured with Masson’s stain.

Activation of HSCs and their transdifferentiation to
myofibroblasts represent the main pathophysiological event
in liver fibrosis. Activated HSCs are the major fibrogenic
cells in injured liver and are characterized by enhanced pro-
liferation, overproduction of ECM and de novo expression
of α-SMA, which is a marker for activated HSCs (Friedman,
2000). Therefore, antifibrotic strategies target activated
HSCs as an approach for the prevention and treatment of
liver fibrosis. The antifibrotic effect of forskolin was further

Figure 3
Forskolin treatment suppressed NF-κB expression in liver tissue. (A) NF-κB tissue levels determined by ELISA. Each column represents mean ± SD
(n = 6). (B) Immunohistochemical detection of NF-κB (×200). Control and forskolin-only treated groups showing minimal NF-κB expression.
CCl4 group showing extensive NF-κB expression (brown stain). Forskolin + CCl4 group showing less NF-κB expression. Quantitative image analysis
for immunohistochemical staining of NF-κB expressed as percentage of stained area averaged across six different fields for each rat of at least five
rats. Each column represents mean ± SD. # P <0.05; significantly different from control group; * P <0.05; significantly different from CCl4 group;
ANOVA followed by Tukey–Kramer post hoc test.
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confirmed by the significant reduction in α-SMA expres-
sion, indicating that forskolin successfully inhibited HSC
activation and the subsequent fibrogenic process. This
result is consistent with previous in vitro studies showing
that forskolin decreased collagen synthesis and suppressed
the proliferation and differentiation in human pulmo-
nary fibroblasts and activated HSCs (Mallat et al., 1996;
Liu et al., 2004).

In order to determine the possible mechanisms underly-
ing this antifibrotic effect and inhibition of HSC activation,
we examined some of the key events inducing this activation.
Oxidative stress plays an important role in hepatocellular
damage and fibrogenesis (Parola and Robino, 2001).
Damaged hepatocytes release lipid peroxidation products
and ROS that cause death of the hepatocytes, amplify the
hepatic inflammatory response as well as inducing HSC acti-
vation (Nieto et al., 2002; Nieto, 2006). The endogenous
GSH antioxidant defence system provides the first line of
defence against lipid peroxidation and ROS. GSH is an

important non-enzymatic part of this system that can di-
rectly scavenge free radicals or act as a substrate for the anti-
oxidant enzyme GPx during detoxification of lipid
peroxides and ROS (Szymonik-Lesiuk et al., 2003; Masella
et al., 2005).

CCl4 toxicity contributes to oxidative stress through pro-
duction of free radicals. This was supported by the finding
that chronic CCl4 administration significantly increased
lipid peroxides, as shown by raised MDA levels in our model,
accompanied by a significant depletion in liver GSH levels
and GPx activity (Colak et al., 2016). In agreement with pre-
vious studies, our results showed that forskolin indeed has a
potent antioxidant activity. Forskolin effectively inhibited
lipid peroxidation and restored the hepatic antioxidant
defence system as shown by the normalized levels of lipid
peroxides, GSH and GPx activity (Kamata et al., 1996; Niaz
and Singh, 1999).

Another main event involved in the fibrogenic process
is the inflammatory process initiated by Kupffer cell

Figure 4
Forskolin treatment activated PKA and blocked Hh signalling induced by chronic CCl4 administration. (A) Effect of forskolin on tissue levels of P-
CREB (marker for PKA activation). Each column represents mean ± SD (n = 6). (B–D) Effect of forskolin on mRNA expression of (B) Ptch-1, (C) Smo
and (D) Gli-2 expressed as relative quantification (RQ) compared with the control group, which was assigned a value of 1. Each column represents
mean ± SD (n = 5). # P <0.05; significantly different from control group; * P <0.05; significantly different from CCl4 group; ANOVA followed by
Tukey–Kramer post hoc test.
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activation (Racanelli and Rehermann, 2006). Following liver
injury, NF-κB and its downstream signalling are activated in
both Kupffer cells and HSCs. NF-κB is a transcription factor
that up-regulates the expression of various pro-inflammatory
cytokines such as TNF-α and IL-1β as well as pro-inflam-
matory enzymes such as COX-2. TNF-α and IL-1β cause
further activation of NF-κB, hence perpetuating the inflam-
matory cascade. Besides promoting inflammation, NF-κB
signalling is an important contributor to the activation and
survival of HSCs (Elsharkawy and Mann, 2007; Luedde and
Schwabe, 2011). Consistent with previous studies, our study
showed that CCl4 increased NF-κB expression with a subse-
quent rise in liver TNF-α, IL-1β levels as well as hepatic
COX-2 expression, thus worsening hepatic inflammation
and fibrosis (Orfila et al., 2005).

Forskolin is known to suppress TNF-α production in rat
Kupffer cells and in a mouse model of lipopolysaccharide-
induced inflammation (Irie et al., 2001; Dahle et al., 2005).
Notably, forskolin inhibited macrophage infiltration and
suppressed TNF-α and IL-1β production in a mouse model of
acute pyelonephritis (Wei et al., 2015). Moreover, Ji and his
co-workers showed that forskolin diminished neutrophil
and macrophage infiltration or activation as well as reducing
hepatocyte necrosis and apoptosis – in vivo and in vitro –

through inhibition of NF-κB and its downstream signalling
leading to suppression of multiple pro-inflammatory
cytokines including TNF-α and IL-1β (Ji et al., 2012). In this
context, cAMP/PKA activation by forskolin inhibited NF-κB
either directly or indirectly through phosphorylation of
CREB. These data were reflected in our findings that
forskolin induced an elevation in P-CREB levels, suppressed
NF-κB expression and inhibited the subsequent inflamma-
tory cascade shown by the decreased hepatic content of
COX-2, TNF-α and IL-1β.

Indeed, NF-κB promotes fibrogenesis by up-regulating the
expression of several growth factors including TGF-β1, the
most potent fibrogenic stimuli to HSCs (Friedman, 1999).
TGF-β1 produced from autocrine and paracrine sources is a
strong inducer of HSC activation, epithelial–mesenchymal
transition and collagen deposition (Inagaki and Okazaki,
2007). Notably, forskolin co-treatment significantly de-
creased liver TGF-β1 levels which may be explained by the in-
hibitory effect of forskolin on NF-κB.

The Hh signalling pathway is now identified as a novel
key player in liver fibrosis. Several types of resident liver cells
produce Hh ligands in response to chronic liver injury.
These Hh ligands activate the pathway in a range of Hh-
responsive cells including HSCs (Choi et al., 2011; Omenetti
et al., 2011). Activation of Hh signalling contributes to the
pathogenesis of liver fibrosis by promoting recruitment of
inflammatory cells and capillarization of the sinusoids
(Omenetti et al., 2009; Syn et al., 2010; Xie et al., 2013).
More importantly, several in vitro and in vivo studies con-
firmed that activity of the Hh pathway is required for
activation and transdifferentiation of quiescent HSCs into
myofibroblasts (Sicklick et al., 2005; Choi et al., 2009;
Choi et al., 2010). Hh signalling activation also promotes
the up-regulation of myofibroblast-associated genes includ-
ing α-SMA, collagen 1α1 and TGF-β1, a potent inducer of
Gli-2 transcription and Hh signalling (Choi et al., 2009;
Choi et al., 2010). Studies also revealed that inhibiting the

Hh pathway down-regulated myofibroblast-associated genes
and caused the reversal of myofibroblasts to a quiescent
phenotype, thus reducing hepatic content of myofibroblasts
and attenuating fibrosis (Choi et al., 2009; Pratap et al.,
2012). Interestingly, Philips and his co-workers proved that
inhibition of Hh pathway with vismodegib, a Smo antago-
nist, promoted the regression of both advanced liver fibrosis
and HCC (Philips et al., 2011).

In agreement with previous studies, our results showed
that liver fibrosis induced by CCl4 is associated with excessive
activation of Hh signalling as shown by increased expression
of the Hh pathway components, Ptch-1, Smo and the
transcriptional activator Gli-2, where the level of Hh pathway
activation paralleled the increase in hepatic collagen content
(Fleig et al., 2007; Choi et al., 2009; Shen et al., 2014). Activa-
tion of the Hh pathway results in Smo-dependent inhibition
of PKA. The observed reduction in P-CREB levels in fibrotic rat
livers indicates the inhibition of PKA. Recent in vitro and
in vivo studies have shown that activation of PKA by the
cAMP stimulant forskolin is sufficient to suppress Hh
signalling by indirectly antagonizing Gli-1 and Gli-2 (Cohen
et al., 2010; Yamanaka et al., 2010, Yamanaka et al., 2011;
Makinodan and Marneros, 2012). In addition, activation of
PKA by cAMP results in phosphorylation of its main down-
stream target CREB at Ser133; thus, P-CREB can be used as a
marker for activation of the cAMP/PKA system (Gonzalez
and Montminy, 1989; Makinodan and Marneros, 2012; Lee
et al., 2013).

Our findings confirming that forskolin is a potent Hh sig-
nalling inhibitor, demonstrated by the significant decrease in
Ptch-1, Smo and Gli-2 expression are consistent with earlier
studies. Forskolin indirectly inhibited Hh signalling through
increasing cAMP levels. The latter is known to induce the ac-
tivation of PKA which results in phosphorylation and
proteasomal degradation of Gli-1 and Gli-2. Forskolin-
induced cAMP-dependent PKA activation was confirmed by
the elevation in tissue levels of P-CREB(Ser133). Such inhibi-
tion of the Hh pathway would explain the observed reduc-
tion in hepatic TGF-β1, α-SMA and collagen deposition.

In light of all the previous findings, the current study
demonstrated for the first time that the Hh pathway inhibi-
tor, forskolin, has a promising antifibrotic effect. Forskolin
markedly attenuated liver fibrosis through suppressing HSC
activation. The molecular mechanisms underlying this effect
involve attenuating oxidative stress and inflammation,
inhibiting NF-κB, reducing fibrogenesis and, more impor-
tantly, inhibiting the Hh signalling pathway through cAMP-
mediated activation of PKA. The latter, in turn, caused further
attenuation of inflammation, repression of HSC activation
and, consequently, decreased liver fibrogenesis.

Because forskolin acts through increasing cAMP, a highly
versatile second messenger that regulates tissue fibrosis
through activating many downstream effectors other than
PKA, such as Epac (exchange protein activated by cAMP)
which are also involved in cAMP-mediated inhibition of tis-
sue fibrosis (Insel et al., 2012), there is a strong possibility that
the antifibrotic effect of forskolin could be also mediated
through other cAMP-binding proteins and signalling path-
ways involved in the fibrotic process. Therefore, further stud-
ies are needed to elucidate the other mechanisms underlying
the antifibrotic effects of forskolin.
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Figure S1 Effect of different doses of forskolin on serum
levels of (A) ALT and (B) AST. Each column represents mean-
± SD (n = 6). # P <0.05; significantly different from control
group; * P <0.05; significantly different from CCl4 group;
ANOVA followed by Tukey–Kramer post hoc test.
Figure S2 Histopathological analysis of rat liver sections
using H&E staining (×100). A: Control group showing normal
histological structure of the central vein and surrounding he-
patocytes. B: CCl4 group showing centrilobular necrosis (n)
with ballooning degeneration in the hepatocytes (arrow) as-
sociated with dilatation in the central vein (CV). C: Forskolin
(5 mg·kg�1) + CCl4 group showing centrilobular necrosis (n)
with ballooning degeneration (arrow) in diffuse manner
all over the hepatocytes in association with congestion in
the portal vein (PV). D: Forskolin (10 mg·kg�1) + CCl4
group showing reduction in histological abnormalities with
only ballooning degeneration (arrow) in some of the hepa-
tocytes and dilatation in the central vein (CV). E: Forskolin
(20 mg·kg�1) + CCl4 group showing centrilobular necrosis
(n) with ballooning degeneration (arrow) associated with
congestion in the portal vein (PV).
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