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Forskolin (7B3-acetoxy-1a,68,9«-trihydroxy-8,13-epoxy-labd-14-en-11-one) is the first main labdane diter-
penoid isolated from the roots of the Indian Plectranthus barbatus ANDREWS and one of the most extensively
studied constituents of this plant. The unique character of forskolin as a general direct, rapid and reversible
activator of adenylyl cyclase not only underlies its wide range of pharmacological effects but also ren-
ders it as a valuable tool in the study of the role of cAMP. The purpose of this review is to provide data
presenting the utility of forskolin - as a cAMP activator - for studying the function of cAMP from different
biological viewpoints as follows: 1) Investigation on the role of cAMP in various cellular processes in differ-
ent organs such as gastrointestinal tract, respiratory tract, reproductive organs, endocrine system, urinary
system, olfactory system, nervous system, platelet aggregating system, skin, bones, eyes, and smooth
muscles. 2) Studies on the role of cAMP activation and inhibition to understand the pathogenesis (e.g.
thyroid autoimmune disorders, leukocyte signal transduction defect in depression, acute malaria infection,
secretory dysfunction in inflammatory diseases) as well as its possibly beneficial role for curing diseases
such as the regulation of coronary microvascular NO production after heart failure, the attenuation of the
development or progression of fibrosis in the heart and lungs, the augmentation of myo-protective effects
of ischemic preconditioning especially in the failing hearts after myocardial infarction, the stimulation of
the regeneration of injured retinal ganglion cells, the curing of glaucoma and inflammatory diseases, the
reducing of cyst formation early in the polycystic kidney disease, and the management of autoimmune dis-
orders by enhancing Fas-mediated apoptosis. 3) Studies on the role of cAMP in the mechanism of actions
of a number of drugs and substances such as the effect of the protoberberine alkaloid palmatine on the
active ion transport across rat colonic epithelium, the inhibitory effect of retinoic acid on HIV-1-induced
podocyte proliferation, the whitening activity of luteolin, the effect of cilostazol on nitric oxide production, an
effect that is involved in capillary-like tube formation in human aortic endothelial cells, the apoptotic effect
of bullatacin, the effects of paraoxon and chlorpyrifos oxon on nervous system. Moreover, cAMP was found
to play a role in acute and chronic exposure to ethanol, in morphine dependence and withdrawal and in
behavioral sensitization to cocaine as well as in the protection against cisplatin-induced oxidative injuries.

1. Introduction

Forskolin (78-Acetoxy-1a,68,9a-trihydroxy-8,13-epoxy-labd-
14-en-11-one) is the first main labdane diterpenoid isolated
from the roots of the Indian Plectranthus barbatus ANDREWS
and one of the most extensively studied constituents of this
plant (Alasbahi and Melzig 2010a). Forskolin was found to
possess a unique character as a direct, rapid and reversible
activator of cAMP in a variety of mammalian membranes, bro-
ken cell preparations and intact tissues (Seamon et al. 1981,
1983; Fradkin et al. 1982; Stengel et al. 1982; Daly et al. 1982;
Birnbaumer et al. 1983; Mettauer et al. 1983; Daly 1984, Sea-
mon and Wetzel 1984; Seamon 1984, 1985, 1987; Purdy et al.
1991). Adenylyl cyclase (AC) exists in at least nine differ-
ent membrane-associated isoforms (or types) and each isoform
shows distinct patterns of tissue distribution and biochemi-
cal/pharmacological properties. Forskolin is a general activator
of all but one of the adenylyl cyclase isoforms, namely, adeny-
lyl cyclase 9 (Hacker et al. 1998; Defer et al. 2000; Dahle et al.
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2005). Interaction of forskolin with different AC isoforms in
different tissues is considered responsible for a great number
of pharmacological effects of forskolin (Alasbahi and Melzig
2010b). Attempts to enhance the isoform selectivity, with the
ultimate goal of developing pharmacotherapeutic agents and/or
therapeutic strategies that target adenylyl cyclase isoforms to
regulate various neuro-hormonal signals in a highly tissue-
organ—specific manner (Ishikawa 2003; Iwatsubo et al. 2003),
have led to the development of several forskolin derivatives
such as 6-[N-(2-isothiocyanatoethyl) aminocarbonyl]-forskolin
and 6-(4-acrylbutyryl)-forskolin, which were found to enhance
the selectivity for type Il and 7-deacetyl-7-hydroxamylforskolin
or 5,6-dehydroxy-7-deacetyl-7-nicotinoylforskolin that were
found to have enhanced selectivity for type III (Ondaetal. 2001),
as well as the compounds, 6-[3-(dimethylamino)propionyl]-
forskolin (NKH477) and 6-[3-(dimethylamion)propionyl]-
14,15-dihydro-forskolin, which were reported to stimulate
cardiac adenylyl cyclase isoform type V more potently than
the other tissue adenylyl cyclases (lung, brain, kidney) versus
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forskolin (Toyaetal. 1998; Ondaetal. 2001). Recently, NKH477
has been widely used in the treatment of acute heart failure
(Alasbahi and Melzig 2010b).

The ability of forskolin to activate AC has been utilized by inves-
tigators for studying AC and cAMP formation in experiments
with different cell preparations. In addition, forskolin affinity
columns have been developed for the purification of the enzyme,
sometimes termed C, the catalyst that generates cAMP (Pfeuf-
fer et al. 1985a, 1985b; Smigel 1986). Moreover, iodinated
photoaffinity forskolin derivatives with higher specific activ-
ities have been developed such as N-(3-(4-azido-3-'>’I-phe-
nyl)propionamide)-6-aminoethylcarbamyl-forskolin and ['>I]-
2-[3-(4-hydroxy-3-iodophenyl)propanamido]-N-ethyl- 6- (ami-
nocarbonyl)-forskolin for labeling adenylyl cyclase (Morris
et al. 1991; Appel et al. 1992; Robbins et al. 1992; Sutkowski
et al. 1994). Radiolabeled forskolin was also utilized as means
to quantitate the number of molecules of adenylyl cylcase
in intact-cell preparations, to assess the impact of various
treatments on adenylyl cyclase expression and to detect the
role of heterotrimeric guanine nucleotide (G)-protein, Gs, and
cellular released agonists in contributing to the response to
forskolin (Insel and Ostrom 2003). Although forskolin has been
used in a great number of studies for more than two decades, it
still motivates scientific investigations of a variety of cellular
processes. In this paper, we briefly review the exploitation of
forskolin as a tool for studying the role of cAMP from different
biological aspects.

2. Forskolin as a tool for studying the role of cAMP in
cellular processes

In a great number of in vivo and in vitro studies, forskolin, as a
cAMP activator, has been utilized as a valuable tool to reveal the
functions of cAMP in a wide range of cellular events in various
organs. In rabbit gastric glands (Hersey et al. 1983) as well as in
dispersed rabbit parietal cells (Takahashi et al. 1983), forskolin
was found to stimulate gastric acid secretion and pepsinogen
release by activating gastric adenylyl cyclase. Forskolin was
more effective as an activator of AC than NaF and histamine and
stimulated cAMP content to levels much higher than histamine
or isoproterenol did, providing evidence for the major role of
cAMP in gastric acid secretion. Litosch et al. (1982) reported
that the addition of forskolin (0.1-10 uM) to salivary-gland
homogenates of blowfly (Calliphora erythrocephala) resulted
in an increase in cAMP accumulation and salivary secretion.
Forskolin also activated adenylyl cyclase and enhanced cyclic
AMP accumulation in slices of dog thyroid. It was found to
reproduce two known cyclic AMP-mediated thyrotropin effects
which are the activation of the thyroid secretion and of protein
iodination (Van Sande et al. 1983). Studies using forskolin have
revealed the role of rat cholangiocyte cilia as sensory organelles
containing polycystin-1, polycystin-2, and adenylyl cyclase iso-
form 6, through which luminal bile fluid flow affected both
intracellular Ca** and cAMP signaling in the cell (Masyuk et al.
2006). The importance of the intracellular cAMP signaling as
a regulator of cholangiocyte proliferation was demonstrated by
chronic administration of forskolin to normal rats. Compared to
control animals, forskolin administration to normal rats led to
an increase in the number of bile ducts, intracellular cAMP lev-
els and secretin-induced choleresis as observed in animals with
BDL (bile duct ligation). Forskolin-induced increases in cholan-
giocyte proliferation and secretion were found to be devoid of
cholangiocyte necrosis, inflammation and apoptosis. In vitro,
in pure isolated cholangiocytes, forskolin was also found to
increase cholangiocyte proliferation, which can be blocked by
inhibiting the PKA-Src-MEK-ERK1/2 pathway (Protein kinase
A — Src kinase-mitogen-activated protein kinase kinase — extra-
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cellular signal-regulated kinase 1/2-pathway) providing the first
evidence that this signaling pathway is critical for cholangio-
cytes proliferation and its modulation may be important in the
regulation of cholangiocyte growth and secretion observed in
cholestatic liver diseases (Francis et al. 2004). Maintenance
of the cholangiocyte cAMP levels by forskolin administra-
tion was reported to prevent the effects of vagotomy - in bile
duct ligated rats - on cholangiocyte proliferation, apoptosis,
and secretion, which highlights the importance of cholinergic
innervation in the regulation of biliary mass and, as mentioned
above the dependence of cholangiocyte proliferation on intra-
cellular cAMP-dependent signaling mechanisms (LeSage et al.
1999). Forskolin has demonstrated that B-adrenergic receptor
activation leads to parallel events, the cAMP accumulation and
calcium movements, which together lead to maximal secre-
tion of the rat parotid gland (Dreux et al. 1986). Forskolin as
a potent activator of cAMP-dependent fluid secretion in the
intestinal epithelium was used in the study of the differen-
tial regulation of the basolateral Na* -K*-2Cl-co-transporter
(NKCC1) expression and activity using a novel ex vivo 3D
tissue culture model of the native human colonic epithelium.
NKCC1 is regarded as a central integrator of cellular signals
that determines the secretory status of the intestinal epithelium.
Studying the differentially modulation of this secretory machin-
ery of the intestinal epithelium by the second messengers (the
intercellular Ca®* and cAMP) has revealed, for the first time,
that NKCCI was dynamically and differentially regulated by
trafficking events in response to cholinergic Ca®* signals and
cAMP, alone or in combination. The observed NKCC1 traffick-
ing events were found to be in consistence with a major role
in negatively regulating Ca®* mediated fluid secretion, promot-
ing sustained fluid secretion by elevated cAMP, and curtailing
the synergistic response invoked by co-stimulation (Reynolds
etal. 2007). Forskolin has demonstrated that the cytosolic cAMP
pool dominated over the plasma membrane cAMP pool in
the control of pulmonary microvascular endothelial cell barrier
function (Sayner and Stevens 2006). In addition to the role of
a-melanocyte stimulating hormone (a-MSH) and adrenocorti-
cotropic hormone in the regulation of melanogenesis in cultured
human melancytes and mouse melanoma cells, forskolin has
clearly confirmed the pivotal role of cAMP up-regulation that
can act on different signaling cascades which control melano-
genesis and melanocyte dendricity (Busca and Ballotti 2000). It
has been reported that the addition of forskolin to the incubation
medium of cultured pineal glands of Syrian hamsters collected
in the second half of the dark period caused a marked increase
in both cAMP and melatonin levels and consequently supported
the primary role of cAMP in the nocturnal increase of mela-
tonin production in the Syrian hamster pineal gland (Santana
et al. 1990). The ability of forskolin to potentiate the steroido-
genic effect of ovine luteinizing hormone (oLH) in chicken
granulosa cells (EDsg (ng/ml) for oLH alone =9, in combination
with 10 uM forskolin is=0.4 and in combination with 0.1 uM
forskolin and 0.1 mM 3-isobutyl-1-methylxanthine (IBMX) (a
phosphodiesterase inhibitor) is =0.1), has indicated the role of
the adenylyl cyclase-cAMP effector system, in addition to other
mechanisms, in the oLH-induced steroidogenesis (Asem and
Hertelendy 1983). Forskolin was used to reveal the function of
cAMP in the porcine oocyte-cumulus physiology. It was found
that forskolin (0-100 wM) stimulated a dose-dependent increase
in the cAMP content of cumulus masses, cumulus-enclosed
oocytes and denuded oocytes indicating that pig oocytes can
synthesize cAMP. Forskolin also stimulated progesterone secre-
tion and cumulus mass expansion with maximal increases in
both measures occurring at 6.25 M forskolin, with subsequent
dose-dependent declines up to 100 wM forskolin, while cumulus
cAMP remained elevated. This result denoted that progesterone
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secretion may be regulated by some mechanism(s) in addition
to that attributable to elevated amounts of cAMP. Moreover,
forskolin was found to induce a dose-dependent increase in het-
erologous metabolic coupling by which cumulus cAMP may be
transferred to the oocyte and cause dose-dependent increases
in percentage of germinal vesicle (% GV) of cumulus-enclosed
and denuded oocytes with 0.23 and 4.84 uM forskolin main-
tained 50% GV, respectively. Maintenance of meiotic arrest
and stimulation of oocyte-cumulus cAMP were found to be
reversible. Many of the results of this study were found to be
consistent with those obtained from studies with forskolin and
a number of other species. However, this study did not support
the hypothesis that meiotic resumption results from a reduc-
tion in intra-oocyte cAMP, but was consistent with the proposal
that some ‘factor’ other than cAMP in the oocyte may also be
involved in maintenance of meiotic arrest (Racowsky 1985).
Forskolin was also used to elucidate the role of cAMP in the reg-
ulation of catfish oocyte maturation (Haider and Chaube 1996)
and in the gonadotropes of ovariectomized rats revealing that
ovariectomy did not result in a change in the role of cAMP,
which appears to be a pivotal, but an indirect mediator of pro-
tein synthesis-dependent component of gonadotropin-releasing
hormone-stimulated luteinizing hormone secretion (Das and
Bourne 1992). Forskolin has demonstrated that cAMP medi-
ated the relaxation of a variety of smooth muscles such as
cultured human and rabbit corpus cavernosum smooth muscle
cells and strips (Palmer et al. 1994; Baba et al. 2004), rat aorta,
bovine coronary artery, canine coronary artery, guinea pig taenia
caeci, and rabbit small intestine (Muller and Baer 1983). It was
found that administration of NaHS at the concentration range
of 10-100 uM (yields ~ 3-30 uM H,S) either before, during,
or after addition of forskolin all attenuated/reversed the vasore-
laxant effect of forskolin. More importantly, H,S (5-100 pM)
also attenuated forskolin-induced cAMP accumulation. With
this pharmacological evidence, it has been demonstrated for the
first time that the contractile effect of the endogenous medi-
ator H,S observed in isolated rat aorta was, at least partially,
associated with reducing cAMP level (Lim et al. 2008). The
regulation of nicotinic acetylcholine receptor (AcChoR) phos-
phorylation by cAMP was explored by the addition of forskolin
and the phosphodiesterase inhibitor Ro 20-1724 or by addition
of cAMP analogues. Addition of the phosphodiesterase inhibitor
Ro 20-1724 for up to 1h did not influence the basal phos-
phorylation level of the AcChoR. However, treating myotube
cultures for 45 min with 20 uM forskolin in the presence of
35 uM Ro 20-1724 increased phosphorylation of the «, 8, and
&’ subunits. The concentrations of forskolin that were effec-
tive in stimulating phosphorylation of the AcChoR were in the
dose response range known to activate adenylyl cyclase in other
cell systems. It has been therefore suggested that the effect
of forskolin on phosphorylation of the AcChoR is most likely
mediated through activation of cAMP-dependent protein kinase.
The rapid time course of phosphorylation of the 8 and 8 sub-
units of the AcChoR following treatment with forskolin was
found consistent with direct phosphorylation of the AcChoR
by cAMP-dependent protein kinase. In contrast, phosphoryla-
tion of the o subunit was found to follow a much slower time
course, after a considerable lag time, and that may reflect an indi-
rect effect of cAMP-dependent protein kinase or that another
protein kinase whose activity or synthesis was regulated by
cAMP-dependent protein kinase may phosphorylate the o sub-
unit of the AcChoR. Forskolin was shown to accelerate AcChoR
desensitization in rat myotubes with a half-maximal effect that
occurred at 8 uM and was complete within 5 min after forskolin
treatment. This was found to correspond most closely to the time
course and dose dependency of 8 and &’ subunit phosphorylation
observed after stimulating muscle cell cultures with forskolin. In
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contrast, since the increase in phosphorylation of the o subunit
was found to undergo a longer time course, the stimulation of
a-subunit phosphorylation by forskolin appeared not to be cor-
related directly to AcChoR desensitization rates (Miles et al.
1987). It has also been demonstrated that both spontaneous
and PTH (parathyroid hormone)-stimulated bone resorption in
24h calvarial bone cultures was inhibited when cyclic AMP
levels were raised in the tissue by forskolin with calculated
1Csp values at 1.6 and 0.6 wmol/L respectively. The interpre-
tation that forskolin inhibited bone resorption via cyclic AMP
was supported by the findings that in 24 h cultures, forskolin-
induced inhibition of PTH-stimulated “’Ca release could be
potentiated by several structurally different phosphodiesterase
(PDE) inhibitors. The inhibitory effect of forskolin on *Ca
release from PTH-stimulated bones was significant after 3 h,
indicating that the decreased bone resorption was due to a
direct inhibitory effect on the activity of the osteoclasts. More-
over, forskolin inhibited PTH-stimulated release of H from
[3H]proline—1abelled bones, at the same concentrations as those
that inhibited 4’ Ca release indicating that not only mineral mobi-
lization, but also organic matrix degradation, was affected by
forskolin. Furthermore, forskolin-induced inhibition of bone
resorption was found to be associated with decreased lysoso-
mal enzyme release. These results strongly indicated that an
increase of cyclic AMP inhibited bone resorption and lysoso-
mal degranulation. The inhibitory action of forskolin on bone
resorption in short-term cultures (1-24 h) was found to be tran-
sient (Lerner et al. 1986). On the other hand, forskolin at a
concentration of 0.1 pmol/L was found to stimulate Ca** mobi-
lization in 6h cultures but the effect was not sustained, and
the magnitude was less than the effect by PTH at a dose giv-
ing the same cyclic AMP response (Lowik et al. 1985). Martz
and Thomas (1983) also reported that, in 2-8 h incubations,
forskolin, at a concentration of 1 wmol/L, stimulated Ca?* efflux
from a chick-embryo system. Forskolin was also found to pro-
duce a dose-dependent stimulation of *Ca (ECsy = 16 nmol/L),
and *H release in long-term cultures (120 h) (Lerner et al. 1986).
It has been demonstrated that the dissociation between the dose-
response curves for inhibition (ICsq 1.6 umol/L) and stimulation
(ECsp 16 nmol/L) on mineral mobilization by forskolin indicated
that, at low concentrations of forskolin, a delayed stimulation
without a preceding inhibition can be obtained. The stimula-
tory effect by forskolin in long-term cultures was found to be
cell-mediated, as supported by the findings that forskolin not
only stimulated mineral mobilization (**Ca, Ca®*, Pi), but also
the release of lysosomal enzymes and the degradation of bone
matrix (release of *H from [*H]proline-labelled bones, amounts
of hydroxyproline at the end of culture). Furthermore, no stimu-
lation of “>Ca release by forskolin was seen in devitalized bones.
Stimulation of 4*Ca release was blocked by calcitonin, indicat-
ing that the stimulatory effect of forskolin was at least partially
osteoclast-mediated. Indomethacin did not affect the stimula-
tory effect of forskolin on the release of *Ca, thus suggesting
that the stimulation was not prostaglandin-mediated. As indi-
cated by the studies with forskolin, dibutyryl cyclic AMP, PDE
inhibitors and cholera toxin, the initial bone-resorptive effect by
PTH was found not to be mediated by cyclic AMP; instead, the
nucleotide can be a mediator of the late bone-resorptive effect
by PTH (Lerner et al. 1986). The increase in the intracellular
cAMP by adenylyl cyclase activation caused by forskolin was
found to induce stimulation of renin release from the isolated
perfused rat kidney (Schwertschlag and Hackenthal 1982). It
has also been demonstrated that forskolin-induced transepithe-
lial Cl-secretion caused by cAMP activation of apical Cl-channel
and Na*/K*/2Cl-co-transporter in renal epithelial A6 cells was
mediated not only through a PKA-dependent pathway and a
PKA-independent pathway but also through an activation of
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protein tyrosine kinase (PTK)-dependent pathway (Niisato and
Marunaka 2001). To study the role of cAMP and the Rho-family
small GTPases in the molecular mechanism regulating the for-
mation of podocyte cell-cell contact of the renal glomerular
epithelial cells, forskolin was used to investigate the effect of
cAMP and three Rho-family small GTPases (RhoA, Cdc42,
and Racl) on the regulation of cell-cell contact formation in
a murine podocyte cell line. It has been shown that cAMP
supported the integrity of cell-cell contacts, resulting in the
closure of an intercellular adhesion zipper, accompanied by a
redistribution of cell adhesion molecules and actin-associated
proteins in a continuous linear pattern at cell-cell contacts.
The Rho-family small GTPases Racl and Cdc42 were found
to be activated during closure of the adhesion zipper, whereas
RhoA was suppressed (Gao et al. 2007). It has been demon-
strated that repetitive odor stimulation elicited a potentiation
of the subsequent responses in isolated mudpuppy olfactory
sensory neurons. This potentiation was found to be mimicked
by stimulating the cAMP pathway through the application of
a combination of (0.1 mM IBMX + 30 uM forskolin) and not
to be related to phosphorylation of ion channels since protein
kinase inhibitors could not block it. Activation of cAMP was
found to increase the intracellular [Ca®*];, which mediated the
pulse-elicited potentiation. In the first odor application, entry
of Ca** through cyclic nucleotide-gated channels was found to
be buffered, but repetitive stimulation allowed local increases
in [Ca®*];, recruiting more Ca2+—dependent C1~ channels with
each subsequent odor pulse (Zhang and Delay 2006). The ele-
vation of cAMP by a low concentration of forskolin (5 uM)
was shown to produce a phosphorylation-dependent inhibition
of outward potassium currents in rat taste receptor cells. cAMP
was also found to be effective in altering the waveform of the
gustatory action potential, implying that it may modify trans-
mission of gustatory information to the brain (Herness et al.
1997). It has been found that stimulation of mouse taste buds
with 1 uM forskolin + 100 M IBMX, which elevates cellular
cAMP, triggered Ca* transients through L-type voltage gated
Ca?* channels in 38% of presynaptic cells that lack glutamic
acid decarboxylase 67 (GAD 67). The response to elevated
cAMP was found to be a PKA-dependent influx of Ca>*. These
results indicated that GAD-lacking presynaptic cells may rep-
resent a functionally distinct set of cells within the taste bud,
in which cross-talk between cAMP and Ca®* signaling may
integrate tastant-evoked signals (Roberts et al. 2009). Several
studies on albino rabbit, monkey and human eyes have demon-
strated the ability of forskolin - via cAMP activation - to lower
intraocular pressure and to reduce aqueous humor inflow (Bar-
tels et al. 1982; Caprioli and Sears 1983, 1984; Caprioli et al.
1984; Badian et al. 1984; Burstein et al. 1984; Smith et al.
1984; Sears 1985; Seto et al. 1986; Bartels et al. 1987; Lee
etal. 1987; Meyer et al. 1987). Investigations of the intracellular
signaling that activated relaxin-3-gene-transcription in mouse
neuroblastoma cell line using forskolin indicated that relaxin 3
transcription was activated via the cAMP-PKA pathway in the
downstream of corticotropin-releasing factor R1 receptor on the
cells (Tanaka et al. 2009). In a concentration response study
using slices from rat cerebral cortex and cerebellum, which
contain mainly B;-and almost exclusively [3;-adrenoceptors,
respectively, isoproterenol and forskolin stimulations of cAMP
production were studied either alone or in combination with
increasing concentrations of forskolin and isoproterenol, respec-
tively. In the cerebral cortex isoproterenol and forskolin were
found both able to potentiate the cAMP accumulation induced
by the other compound, whereas, in the cerebellum, isopro-
terenol was found unable to increase the stimulation induced by
forskolin. These results indicated that 3,- and 3,-adrenoceptors
may display distinct mechanisms of action in the signaling
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system by which they stimulate the accumulation of cAMP
(Morin et al. 2000). It has been demonstrated that reduction
of cAMP level in cultured rat motoneurons by the adenylyl
cyclase inhibitor SQ22536 inhibited, and elevation of cAMP by
forskolin increased outgrowth and extension of neurites. These
cAMP-mediated effects were found to occur via activation of
PKA but were independent of Erk activation, which is an essen-
tial downstream component of neurotrophin signaling. These
findings provided both evidence of the key role of cAMP in pro-
moting peripheral nerve regeneration after nerve injuries as well
as indicated that this effect is unusual in not being mediated via
Erk phosphorylation (Aglah et al. 2008). Furthermore, forskolin
revealed the role of cAMP in processes such as the stimulation
of lipolysis in human adipocytes (Burns et al. 1982), and the
increase of the endothelial-type nitric oxide synthase (eNOS)
activity of human platelets by the cAMP/PKA pathway, which
is involved in nitric oxide (NO) synthesis induced by forskolin
and potentially by every anti-aggregating substance enhancing
intra-platelet cAMP via receptor-dependent and-independent
mechanisms (Russo et al. 2004). It has been illustrated that
forskolin in the presence of 10 uM IBMX, was able to inhibit
rises in the intracellular [Ca®*] evoked by thrombin and platelet-
activating factor (PAF) and to completely inhibit the aggregation
evoked by thrombin and PAF. But forskolin in this case failed
to abolish shape change induced by PAF and thrombin. More-
over, forskolin was found unable to affect the rise in [Ca?*]i
evoked by Ca?* ionophore ionomycin, but can, in the presence
of 10 uM IBMX, suppress aggregation induced by ionomycin
while shape-change persisted. These results showed that cAMP
not only suppressed the generation of Ca®* signal by natural
agonist, but also reduced the effectiveness of Ca* in producing
the aggregatory response and was ineffective in interfering with
the ability of an adequate Ca>* stimulus to produce shape change
(Sage and Rink 1985). Using forskolin to increase cAMP and to
study its role in the secretion of tissue-type plasminogen activa-
tor (tPA) and von Willebrand factor (vVWF) in cultured human
umbilical vein endothelial cells revealed that cAMP-induced
secretion represents a novel mechanism for causing regulated
secretion of tPA and vWF from endothelial cells (Hegeman et al.
1998). A dose-dependent increase in platelet cCAMP in response
to forskolin correlated with progressive inhibition of fibrinogen
binding to thrombin-stimulated human platelets was considered
as an evidence, beside others, to illustrate that the inhibition of
fibrinogen binding by prostaglandin I, — a potent activator of
platelet adenylyl cyclase and antagonist of platelet aggregation
— is linked to its effect on cAMP levels and that elevation of
platelet cAMP levels, from any cause, prevents exposure of the
fibrinogen receptor (Graber and Hawiger 1982). Studying the
role of cAMP/PKA in the regulation of bone morphogenetic
protein 4 (BMP-4)-expression in coronary arterial endothelial
cells by using forskolin has demonstrated that laminar shear
stress activated the cAMP/PKA pathway, and this pathway
down-regulated BMP-4 expression in the vascular endothelium.
Because BMP-4 can elicit endothelial activation and dysfunc-
tion, hypertension, and vascular calcification, the inhibition of
BMP-4 expression mediated by cAMP/PKA was found to con-
tribute to the anti-atherogenic and vaso-protective effects of
laminar shear stress (Csiszar et al. 2007).

3. Forskolin as a tool for studying the beneficial role of
cAMP with possible therapeutic potential for curing
diseases

Forskolin was used in a number of studies to reveal the role
of cAMP activation as a beneficial action that could be uti-
lized therapeutically, for example, Zhang et al. (2002) reported
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that stimulation of cAMP signal transduction — by a num-
ber of cAMP-increasing agents including forskolin — increased
NO release in microvessels isolated from pacing-induced fail-
ing canine hearts, perhaps via activation of cAMP dependent
PKA and the subsequent phosphorylation of eNOS by protein
kinase B through a phosphatidylinositol 3-kinase (PI3-kinase)-
mediated mechanism. The authors suggested that stimulation
of the cAMP signal transduction may be an important potential
compensatory pathway to increase myocardial microvascular
NO production after heart failure, a state in which eNOS is
down-regulated. cAMP has been identified as a negative reg-
ulator of fibroblast activation and differentiation in a number
of organs, for examples Swaney et al. (2005) have found that
forskolin (10 wM) and thus an activated cAMP/PKA pathway
was able to inhibit a-smooth muscle actin (a-SMA) protein
expression and collagen production of adult rat cardiac fibrob-
lasts (CFs) stimulated by serum or pro-fibrotic agents. Moreover,
CFs that overexpressed type 6 adenylyl cyclase was shown to
enhance forskolin-promoted cAMP formation, and forskolin-
inhibition of transforming growth factor-3 (TGF-[3)-stimulated
a-SMA expression and therefore attenuating the fibroblast-
to-myofibroblast transformation in parallel with a decrease in
collagen synthesis. cAMP elevation by forskolin was also found
to block the pro-fibrotic effects of TGF-f3 in rat cardiac fibrob-
lasts largely by inhibiting ERK1/2 and c-Jun N-terminal kinase
activation and also by reducing of cAMP response element bind-
ing protein binding protein 1 (CREB-binding protein 1 (CBP1))
recruitment to Smad transcriptional complexes (Liu et al. 2006).
Moreover, enhancement of cAMP formation in a human pul-
monary fibroblast cell line (WI-38 cells) by multiple approaches,
including direct stimulation of adenylyl cyclase by forskolin,
and overexpression of adenylyl cylcase type 6, was shown to
reduce pulmonary fibroblast cell proliferation and total colla-
gen synthesis (Liu et al. 2004). The authors (Liu et al. 2004,
2006; Swaney et al. 2005) suggested that augmenting cAMP
generation may be useful for attenuating the development or
progression of fibrosis in the heart and lungs and perhaps other
organs. Administration of forskolin to post myocardial infarc-
tion of rat hearts prior to ischemic preconditioning (IPC) was
found able to restore the myoprotective effects of IPC in terms of
the infarct size reduction. Forskolin alone, however, was found
unable to provide a myoprotective effect. These results may
indicate that AC activation is a requisite to trigger the pro-
tective effect of IPC. Since the IPC response has also been
shown to exist in human hearts the author implied that pre-
ischemic infusion of forskolin preceding IPC may prove useful
in augmenting myo-protective effects of IPC especially in the
failing hearts after myocardial infarction (Mieno et al. 2002).
Using forskolin to reveal the mechanism underlying the anti-
mitogenic action of cAMP in airway smooth muscle cells has
led to the finding that, in cultured bovine tracheal myocytes,
cAMP attenuated cyclin D; promoter activation via phosphory-
lation and activation of cAMP response element-binding protein
(CREB) and because cyclin D; is required for DNA synthesis
in these cells, the authors suggested that this is one mechanism
for cAMP-induced growth inhibition of airway smooth-muscle,
which may help to understand the potential role of human air-
ways smooth-muscle hyperplasia in the pathogenesis of human
airways disease (Musa et al. 1999). It has been shown that
cAMP-elevating agents including forskolin can inhibit epider-
mal growth factor (EGF)-, lysophosphatidic acid (LPA)- and
LPA + EGF-stimulated proliferation of cultured human airway
smooth muscle (HASM) cells indicating the involvement of
cAMP. More importantly, exchange protein directly activated
by cAMP (EPAC) rather than PKA was found to be the relevant
effector of cAMP-mediated inhibition of proliferation of HASM
cells. These findings were the first to implicate EPAC proteins as
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candidate cAMP effectors for clinically important drug effects
in the lung and raise the hope that new drugs targeted at EPAC
proteins and pathways and/or selective forskolin analogs could
be effective for preventing or reversing the hyperproliferation
of airway smooth muscle, providing therapeutic benefit beyond
that attainable with the current therapies (Kassel et al. 2008).
Forskolin, and therefore cAMP activation, was found to pro-
mote the regeneration of injured retinal ganglion cells via the
PKA-CREB and the PI3K-Akt pathways (Liang and Li 2003).
A recently developed ophthalmic delivery system of forskolin
(in situ gel forming system) has proved to be effective for the
treatment of glaucoma in albino New Zealand rabbits indicating
the role of cAMP in reducing the intraocular pressure (Gupta
and Samanta 2010).

Forskolin revealed the contribution of cAMP in a number
of anti-inflammatory processes such as the chondro-protective
effect of increased levels of cAMP in chondrocytes, which was
found to inhibit matrix metalloproteinase-mediated cartilage
degradation in an ex vivo model of bovine articular cartilage
explants (Karsdal et al. 2007), as well as the blockage of the
neuro-inflammatory process by inhibiting the induction of the
pro-inflammatory cytokines such as tumor necrosis factor-o
(TNF-o) and interleukin-1p in lipopolysaccharide-stimulated
astrocytes and microglia and the normalization of the very
long chain fatty acids (considered as metabolic abnormality) in
cultured skin fibroblasts of x-adrenoleukodystrophy (X-ALD)
(Pahan et al. 1998). These findings demonstrated the therapeu-
tic potential of compounds increasing cAMP in the treatment
of such inflammatory diseases. A study of adenylyl cyclase-
mediated responses in peripheral blood mononuclear cells from
95 drug-free patients with a major depressive episode and 69
healthy controls has demonstrated blunted cAMP response to
activation of the beta-adrenergic receptor and prostaglandin
receptor in depressed patients. On the other hand, forskolin-
generated cyclic AMPresponse, which involves direct activation
of adenylyl cyclase, was not blunted. These results indicated
an abnormality at the level of the coupling protein in these
adenylyl-coupled receptors in depressed patients (Mann et al.
1997). Forskolin also disclosed the role of the increase of cAMP
in the potentiation of Fas-induced apoptosis in normal human T
cells and activation-induced cell death in Jurkat cells providing
a rationale for investigating the possibility of using cAMP ele-
vating agents therapeutically to potentiate apoptosis in T cells
with aberrant Fas signaling and therefore be useful in the man-
agement of autoimmune disorders (Naderi and Blomhoff 2008).
In an experiment using cultured 3-cell line (HIT-T15 cells) and
2-deoxy-D-ribose (dRib) — a reducing sugar with high reactiv-
ity to produce cytotoxicity and apoptosis — cAMP-stimulating
agents including forskolin was found to protect pancreatic [3-
cells by reducing dRib-induced damage without influencing
the dRib-induced rise in intracellular H,O, levels (Koh et al.
2005). Szabo-Fresnais et al. (2008) reported that forskolin and
interleukin-1 (IL-1) synergistically enhanced interleukin-6 (IL-
6) mRNA expression in FRTL-5 thyroid cells by mechanisms
involving the cAMP/PKA pathway, both stabilization of the
IL-6 mRNA and activation of the IL-6 promoter, and activa-
tor protein 1 (AP-1) transcription factors and suggested that
such mechanisms may be involved in the development of thyroid
autoimmune disorders. Activation of cAMP system in Madin-
Darby canine kidney cell line and in human cells from normal
kidneys and from patients with autosomal dominant polycys-
tic kidney disease (ADPKD) grown in polarized monolayers
and exposed to forskolin was found to be involved in the
progressive expansion of hereditary and acquired renal cysts
(Grantham et al. 1989). Moreover, cAMP signaling was demon-
strated to play a key role in renal cyst formation by cultured
mammalian metanephric organ (Magenheimer et al. 2006) and
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collecting duct cells (Montesano et al. 2009), and this action was
found to be mediated by cystic fibrosis transmembrane regula-
tor (CFTR)- and NKCC1-dependent fluid secretion. The authors
suggested that if localized, intermittent increases in cAMP lev-
els in (ADPKD) kidneys actually trigger the early stages of cyst
formation, then a combination of therapies to inhibit both cell
proliferation and fluid secretion, including CFTR and NKCC1
inhibitors, may be effective in reducing cyst formation early in
the PKD disease process (Magenheimer et al. 2006). In contrast
to the role of an elevated cAMP mentioned above, a reversible
defect in cAMP metabolism was observed in peripheral blood
lymphocytes during acute malaria infection. The defect was
characterized by decreased intracellular cAMP levels in lym-
phocytes and by hypo-responsiveness to forskolin stimulation
of cAMP production and by a reduction in the proliferative
response of lymphocytes to concanavalin A and consequently
may underlie immunosuppression in malaria infection (Webster
et al. 1990). Moreover, inhibition of cAMP-dependent traf-
ficking of CFTR from cytoplasmic stores to the apical plasma
membrane in the SCBN cell line induced by nitric oxide pro-
vided insight into the mechanism of secretory dysfunction in
inflammatory diseases of the gut where mucosal nitric oxide is
elevated (Skinn and MacNaughton 2005).

4. Forskolin as a tool for studying the role of cAMP in
the pharmacodynamics effects of drugs

Forskolin was used to illustrate the role of cAMP in the
mechanism of the pharmacological/toxicological actions of a
number of drugs and substances, for example, concerning the
effect of the protoberberine alkaloid palmatine on active ion
transport across rat colonic epithelium, it was found that pal-
matine inhibited Ca* activated Cl -secretion through inhibiting
basolateral charybdotoxin-sensitive SK4 K* channels (Small
conductance Ca** activated K* channels), and blocked cAMP-
activated Cl -secretion by inhibiting apical CFTR Cl -channels
and basolateral chromanol 293B-sensitive KvLQT1 K* chan-
nels (voltage-gated potassium channel protein) (Wu et al. 2008).
All-trans retinoic acid (atRA) was shown to reverse the effects
of HIV-1 infection in podocytes by stimulating the retinoic
acid receptor isoform RARa- mediated cAMP/PKA activation.
Treatment with atRA was found to reduce cell proliferation rate
by causing G1 arrest and restore the expression of the differ-
entiation markers (synaptopodin, nephrin, podocin, and WT-1)
in HIV-1-infected podocytes (He et al. 2007). The whitening
activity of luteolin was found to be related to the inhibi-
tion of adenylyl cyclase involved in the signal pathway of
alpha-melanocyte stimulating hormone (alpha-MSH)-induced
melanin production in B-16 melanoma cells (Choi et al. 2008).
Investigating the effect of cilostazol on NO production in human
aortic endothelial cells (HAEC) showed that cilostazol induced
NO production by endothelial nitric oxide synthase activa-
tion via a cAMP/PKA- and PI3K/Akt-dependent mechanism
and that this effect was involved in capillary-like tube forma-
tion in HAEC (Hashimoto et al. 2006). Testing the effect of
ethanol on cAMP signal transduction in primary cultures of
rat hepatocytes has indicated that acute exposure to ethanol
had a biphasic effect on glucagon receptor-dependent cAMP
production in intact cells; 25-50 mM ethanol decreased cAMP,
whereas treatment with 100-200 mM ethanol increased cAMP.
On the other hand, chronic exposure to ethanol (50-200 mM
for 38h) was found to increase glucagon-receptor-dependent
cAMP production in hepatocytes by decreasing the quantity
of al protein at the plasma membrane and thereby decreas-
ing the inhibitory effects of Gi on adenylyl cyclase activity
(Nagy and De Silva 1992). It has been demonstrated that an
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increase in cAMP content in para-gigantocellularis (PGi) neu-
rons of morphine dependent rats resulted from enhancement
of adenylyl cyclase activity was considered as one of the cel-
lular basis of morphine dependence and withdrawal in PGi
neurons (Hassanpour et al. 2005). Co-administration of intra-
cerebroventricular injections of a water soluble form of forskolin
(7DMB-forskolin) 10 min prior to intra-peritoneal injection of
cocaine to rats, for 7 consecutive days, was found to enhance
cocaine-induced hyper-locomotor activity of rats from the third
day of experiment to day 7 compared to rats receiving cocaine
alone. When challenged with cocaine on day 14, animals
that had previously received forskolin paired with cocaine on
days 1-7 displayed similar locomotor activity to animals that
received cocaine only. These alterations in adenylyl cyclase
activity and/or cAMP levels were implied to underlie the hyper-
locomotor response to cocaine and to play a role in behavioral
sensitization (Schroeder et al. 2004). Bullatacin, a potential anti-
tumor annonaceous acetogenin, was found to induce apoptosis
as well as to cause a decrease in intracellular cAMP and cGMP
levels in 2.2.15 cells (human hepatoma HepG?2 cells trans-
fected with hepatitis B virus DNA plasmid) in a concentration
and time-dependent manner. The bullatacin-induced apoptosis
was inhibited by the addition of cAMP and cGMP elevating
agents (forskolin and S-nitrosoglutathione) indicating that a
decrease of both cAMP and cGMP levels may play a crucial
role in bullatacin-induced apoptosis in 2.2.15 cells (Chiu et al.
2003). The potent acetylcholinesterase inhibitors, paraoxon and
chlorpyrifos oxon formed from the organophosphorus insecti-
cides parathion and chlorpyrifos following biotransformation
were reported to directly inhibit forskolin-stimulated cAMP
formation in cortical slices from rats of different ages (neona-
tal, juvenile, and adult) via muscarinic receptor-dependent and
independent mechanisms and that the developing nervous sys-
tem may be more sensitive to these non-cholinesterase actions
(Olivier et al. 2001). Studying the acute and chronic effects of
morphine on forskolin-stimulated pro-enkephalin mRNA levels
in rat striatum showed that the acute effect of morphine inhib-
ited the stimulation of pro-enkephalin mRNA levels whereas
this inhibitory effect was lost by chronic effect of morphine.
These results indicated the relevance of opioid-inhibited adeny-
lyl cyclase in the control of pro-enkephalin mRNA levels, and
showed that this model is useful for studying how this signal
transduction system is attenuated during the development of
tolerance (Kluttz et al. 1995). Stimulation of cAMP by several
compounds including forskolin was found to protect rat tubular
cells against cisplatin-induced oxidative injury by obliterating
reactive oxygen species and subsequent inhibition of TNF-a
synthesis through blockade of p38 mitogen-activated protein
kinase (p38MAPK) activation (Mishima et al. 2006).

5. Conclusion

The discovery of forskolin, as a unique direct, rapid and
reversible activator of adenylyl cyclase by Seamon et al. (1981),
has provided investigators with a valuable means for in vivo
and in vitro studies of the role of cAMP not only in physi-
ological cellular processes of almost all organs of the animal
and human body but also in the pathogenesis of several diseases
such as autoimmune and inflammatory disorders. Consequently,
cAMP elevating agents have been considered by the investi-
gators as a possible valuable therapeutic potential for curing
diseases of several organs such as failing heart (e.g. regulation of
coronary microvascular NO production after heart failure), pul-
monary fibrosis (reduction of the development or progression of
fibrosis), injured retinal ganglion cells, glaucoma, inflammation
(e.g. neuro-inflammation), polycystic kidney disease (reduction
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of cyst formation) and autoimmune disorders (e.g. by enhanc-
ing Fas-mediated apoptosis). In addition, forskolin was used
in studies of the molecular basis of the action of drugs and
substances such as palmatine, luteolin, cilostazol, bullatacin,
paraoxon, chlorpyrifos oxon, and cisplatin. Moreover, forskolin
has helped to clarify the role of cAMP in acute and chronic
effects of ethanol, and in morphine dependence and withdrawal
as well as in the hyper-locomotor response to cocaine. In this
review we have shown how the utility of forskolin — as an activa-
tor of cAMP — has provided comprehensive information about
the role of cAMP in physiological and pathological processes
and shed light into the mechanisms of actions of a number of
drugs. Our review add to the extensive literature on forskolin,
which despite its use for over two decades will continue to be
an important tool in studies of the molecular and cellular basis
of biological actions.
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