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Background and purpose: Hepatic encephalopathy is a neuropsychiatric syndrome caused by liver failure. In view of the
effects of cannabinoids in a thioacetamide-induced model of hepatic encephalopathy and liver disease and the beneficial effect
of capsaicin (a TRPV1 agonist) in liver disease, we assumed that capsaicin may also affect hepatic encephalopathy.
Experimental approach: Fulminant hepatic failure was induced in mice by thioacetamide and 24 h later, the animals were
injected with one of the following compound(s): 2-arachidonoylglycerol (CB1, CB2 and TRPV1 receptor agonist); HU308 (CB2

receptor agonist), SR141716A (CB1 receptor antagonist); SR141716A+2-arachidonoylglycerol; SR144528 (CB2 receptor
antagonist); capsaicin; and capsazepine (TRPV1 receptor agonist and antagonist respectively). Their neurological effects were
evaluated on the basis of activity in the open field, cognitive function in an eight-arm maze and a neurological severity score.
The mice were killed 3 or 14 days after thioacetamide administration. 2-arachidonoylglycerol and 5-hydroxytryptamine (5-HT)
levels were determined by gas chromatography-mass spectrometry and high-performance liquid chromatography with
electrochemical detection, respectively.
Results: Capsaicin had a neuroprotective effect in this animal model as shown by the neurological score, activity and cognitive
function. The effect of capsaicin was blocked by capsazepine. Thioacetamide induced astrogliosis in the hippocampus and the
cerebellum and raised brain 5-hydroxytryptamine levels, which were decreased by capsaicin, SR141716A and HU-308.
Thioacetamide lowered brain 2-arachidonoylglycerol levels, an effect reversed by capsaicin.
Conclusions: Capsaicin improved both liver and brain dysfunction caused by thioacetamide, suggesting that both the
endocannabinoid and the vanilloid systems play important roles in hepatic encephalopathy. Modulation of these systems may
have therapeutic value.
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Introduction
Fulminant hepatic failure (FHF), a serious form of liver
injury caused by infectious agents, drugs or toxins, may be

accompanied by hepatic encephalopathy (HE), a neuropsy-
chiatric syndrome (Lee et al., 2005; Shawcross and Jalan,
2005). The pathogenesis of HE is a complex process involving
multiple neurotransmitter systems, astrocyte dysfunction, as
well as changes in cerebral perfusion (Ahboucha and Butter-
worth, 2007; Morgan et al., 2007). Clinical trials of a variety of
treatments for HE have been disappointing (Shawcross and
Jalan, 2005). Administration of thioacetamide (TAA) to rats
induces acute liver failure with histological appearance and
biochemical characteristics similar to cirrhosis in man. The
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hepatotoxicity of TAA is due to the generation of free radicals
and oxidative stress (Zimmerman et al., 1989). Liver cirrhosis
impairs the conversion of ammonia into urea and high levels
of ammonia are toxic to the nervous system and affect gamma-
aminobutyric acid (GABA)-ergic neurotransmission and, sub-
sequently, neurological function (Fitz, 2002). Hence, rodents
treated with TAA are used as animal models of HE (Zimmerman
et al., 1989; Fernández-Martínez et al., 2004; Gabbay et al.,
2005; Avraham et al., 2006; 2008a; Dagon et al., 2007)

The endocannabinoids are neuromodulators, conferring a
neuroprotective effect in cerebral insults (Panikashvili et al.,
2006; Mechoulam and Shohami, 2007). Two cannabinoid
receptors, CB1 and CB2, have been characterized and cloned,
and CB1 receptors are highly expressed in the brain, whereas
CB2 receptors are found mostly in the periphery (Pertwee,
1997; receptor nomenclature follows Alexander et al., 2008).
Endocannabinoids mediate via CB1 receptors, the vasodilata-
tion associated with liver cirrhosis (Batkai et al., 2001),
leading to fibrogenic effects in the liver (Teixeira-Clerc et al.,
2006; 2008). Activation of the vascular CB1 receptors located
on the splanchnic and hepatic vascular endothelium is
involved in the vasodilated state associated with cirrhosis
(Varga et al., 1998). However, activation of CB2 receptors has
an anti-fibrogenic effect (Julien et al., 2005). In some disease
states, CB2 receptors are upregulated in the central nervous
system (CNS), particularly in glial cells (Benito et al., 2003).

Panikashvili et al. (2001) have shown that following brain
injury, levels of the endocannabinoid, 2-arachidonoylglycerol
(2-AG) are enhanced significantly, attaining a 10-fold increase
after 4 h and declining thereafter. Also, 2-AG alleviated oxida-
tive stress, inhibited NF-kappa B, protected the blood brain
barrier, attenuated inflammatory response and ameliorated
neurological deficits (Panikashvili et al., 2006; Mechoulam and
Shohami, 2007). We have already shown that 2-AG has neu-
roprotective effects in experimental HE (Avraham et al., 2006).

Anorexia resulting from a loss of appetite, a typical symptom
observed in experimental and human cirrhosis, may be asso-
ciated with altered brain 5-hydroxytryptamine (5-HT) metabo-
lism (Blundell, 1992). Indeed, brain 5-HT levels increase in
TAA-treated rats and may play an important role in the patho-
genesis of cachexia associated with TAA-induced cirrhosis
(Haider et al., 2004).

We have studied the etiology of cerebral dysfunction in a
murine model of HE, induced by either bile duct ligation
(BDL) or TAA administration. We showed that stimulation of
the AMP-activated protein kinase (AMPK) is a compensatory
response to liver failure and that it was regulated by endocan-
nabinoids. As CB2 receptor signalling is apparently a cerebral
stress response mechanism, its effects on AMPK make it a
promising target for the treatment of HE by manipulation of
the cannabinoid system (Dagon et al., 2007).

Capsaicin (8-methyl-N-vanillyl-6-nonenamide), the active
component of hot peppers (Archer and Jones, 2002), has
anti-inflammatory properties (Kim et al., 2003). It causes pro-
apoptotic effects in cancer cells (Lee et al., 2004). It also acts on
neural cells via vanilloid receptors subtype 1 (TRPV1), a cation
channel widely distributed in the CNS. This effect can be
blocked by capsazepine (Caterina and Julius, 2001). Di Marzo
et al. (1998) raised the possibility of an interaction between
the endocannabinoid system and capsaicin-like compounds,

on the basis of structural similarities (Di Marzo et al., 1998).
Indeed, both anandamide and 2-AG directly activate the
TRPV1 receptor (Golech et al., 2004). There are several indica-
tions that suggest a possible therapeutic potential of capsaicin
in the treatment of hepatic failure (Li et al., 2003).

In our previous study we showed that both endocannab-
inoids and capsaicin are useful in the treatment of FHF in mice.
The CB1 receptor antagonist SR141716A, the CB2 receptor
agonist HU308 and 2-AG, reduced inflammation and pro-
moted regeneration within a single day after their administra-
tion following TAA. The levels of liver enzymes increased after
TAA administration and these levels were reversed by admin-
istration of SR141716A and 2-AG (either alone or combined),
or HU308, but not by administration of SR144528. These
observations indicate a CB2 receptor-mediated benefit.
However, we noted that in CB2 receptor null mice, 2-AG still
modulated liver function (i.e. reversed levels of liver enzymes),
indicating that the effect is not solely mediated by CB2 recep-
tors and we showed that this effect is in part mediated by the
TRPV1 receptors. Capsaicin improved both liver pathology
and function in wild-type mice treated with TAA, whereas
capsazepine impaired it. Hence, stimulation of either the CB2

or the TRPV1 receptor may have therapeutic potential in these
hepatic injury models (Avraham et al., 2008a).

In the present work we examined the effect of endocannab-
inoids and capsaicin on HE recovery in order to help under-
stand the disease mechanism and thus suggest new
therapeutic modalities. We found that both the endocannab-
inoid system, as reported previously by us, and the vanilloid
system, as reported now, play an important role in HE.

Methods

Mice
All animal care and experimental protocols were approved by
the Institutional Committee for the use of animals (number
MD-89.52–4). Eight- to 10-week-old female Sabra mice (29–
32 g) were randomly assigned into six to seven groups of 10
mice. The food provided was Teklad Certified Global 18%
Protein Rodent Diet + Fat (Sterilizable) 2018SC+F (Teklad,
Wilmington, DE, USA). Mice were killed by decapitation. Fol-
lowing their rapid removal and dissection, brains were either
frozen and kept at -70°C, or were fixed in paraformaldehyde
(4%) in phosphate-buffered saline (PBS; pH 7.0) and embed-
ded in paraffin.

Induction of hepatic failure
We adapted the rat model of acute liver failure induced by
TAA to mice (Zimmerman et al., 1989; Gabbay et al., 2005;
Avraham et al., 2006; 2008a; Dagon et al., 2007; Magen et al.,
2008). TAA (Sigma-Aldrich, St. Louis, MO, USA) dissolved in
sterile normal saline solution was injected by the intraperito-
neal (i.p.) route as a single dose of 200 mg·kg-1. Twenty-four
hours later all animals were injected (subcutaneously) with
0.5 mL solution of 0.45% NaCl, 5% dextrose and 0.2% KCl in
order to prevent hypovolemia, hypokalemia and hypoglyce-
mia. The mice were intermittently exposed to infrared light in
order to prevent hypothermia (Avraham et al., 2006).
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Administration of cannabinoid agonists, antagonists
and capsaicin
Endocannabinoids and their CB receptor antagonists were
dissolved in a vehicle solution composed of ethanol, emul-
phor and saline in a ratio of 1:1:18, respectively. 2-AG,
HU-308 and SR141716A were injected in a dose of 5 mg·kg-1

once only after TAA treatment, based on previous experi-
ments (Avraham et al., 2006; 2008a). Capsaicin and cap-
sazepine were administered at a dose of 1.25 mg·kg-1 as
described by Lu et al. (2005). The solutions were injected i.p.
1 day after TAA administration. Control mice were injected
with vehicle. The treatment and sampling schedule is shown
in Figure 1.

Brain tissue
The brain was cut along the midline and separated into two
pieces containing brain and cerebellum hemispheres. Both
pieces were embedded en bloc in paraffin and 6 mm sagittal
sections were adhered on slides. Serial sections were taken in
15 groups of slides (10 slides each, three pairs of sections per
slide) at 100 mM intervals. From each group of slides, two
were randomly selected and processed for haematoxylin and
eosin staining for morphological examination (a total of 30
slides). Adhered slides were used for immunohistochemical
detection of glial fibrillary acidic protein (GFAP) (a total of
90 sections), according to standard protocol. Briefly, paraffin
sections were deparaffinized, hydrated in xylene and alcohol
solutions and rinsed with TBS. Citrate buffer (pH.6) was used
for antigen retrieval. The endogenous peroxidase was
blocked with H2O2 (0.3% in PBS). Sections were then incu-
bated in blocking buffer for 1 h. A series of reselected sec-
tions were then treated with primary antibody against GFAP
(DakoCytomation, Glostrup Denmark) and then with goat
anti rabbit antibody (Vector, Burligame, CA, USA) as a sec-
ondary antibody.

Immunoreactions were visualized with the avidin–biotin
complex (Vectastain) and the peroxidase reaction was visual-
ized with diaminobenzidine (DAB) (Vector labs, Burlingame,
CA, USA) as chromogen. Sections were finally counterstained

with haematoxylin and examined by either light or fluores-
cent microscopy (Zeiss Axioplan 2, Oberkochen, Baden-
Wuerttemberg, Germany). Images were captured with a
digital camera (Nikon DS-5Mc-L1, Tokyo, Japan) mounted on
a microscope. Astrocytic reaction was evaluated semi-
quantitatively in the hippocampus and cerebellum of both
hemispheres, with a light microscope. At each area, a total of
six randomly selected high power visual fields, per section,
were evaluated. A square with 100 square subdivisions, of
930.25 mm2 each, as defined by an ocular morphometric grid
adjusted at the prefrontal lens, was centred on each visual
field. The scores of the areas studied represented subjective
assessments of staining intensity and numbers of labelled
cells, and data were expressed as mean surface covered by
GFAP positive cells and their processes in mm2. Two indepen-
dent observers, unaware of sample identities, performed all
quantitative assessments. In cases where significant discrep-
ancies were obvious between the two observers, the evalua-
tion was repeated by a third observer.

Assessment of neurological function
Neurological function was assessed by a 10-point scale based
on reflexes and task performance (Chen et al., 1996): exit
from a circle 1 m in diameter in less than 1 min, seeking,
walking a straight line, startle reflex, grasping reflex, righting
reflex, placing reflex, corneal reflex, maintaining balance on a
beam 3, 2 and 1 cm in width, climbing onto a square and a
round pole. For each task failed or for an abnormal reflex
reaction a score of 1 was assigned. Thus, a higher score indi-
cates poorer neurological function. The neurological score
was assessed 1 day after TAA injection (day 2). The mice were
then divided between treatment groups so that each group
had a similar baseline neurological score after TAA injection.
The post-treatment neurological score was assessed 1 day after
administration of the agonist or the antagonist or the vehicle
(day 3). The following measures were particularly sensitive to
TAA: walking a straight line, maintaining balance on a beam
3, 2 and 1 cm in width and climbing onto a square and a
round pole.
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Figure 1 Time course of treatments and of evaluations of different variables. 2-AG, 2-arachidonoylglycerol; i.p., intraperitoneal; TAA,
thioacetamide.
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Assessment of activity
The activity test was performed on day 4. Activity was
assessed in the open field (20 ¥ 30 cm field divided into 12
squares of equal size) as described previously (Fride and
Mechoulam, 1993). Two mice were observed simultaneously
for 5 min. Locomotor activity was recorded by counting the
number of crossings by the mice at 1 minute intervals. Results
are presented as the mean number of crossings per minute.

Cognitive function
Cognitive function studies were performed 7 days after the
induction of hepatic failure (days 8–12) by TAA. The animals
were placed in an eight-arm maze, which is a scaled-down
version of that developed for rats (Pick and Yanai, 1983). We
used water deprivation and a reward of 50ml of water pre-
sented at the end of each arm. Water deprivation was
achieved by limiting water consumption overnight. Animals
were divided between treatment groups so that each group
had a similar baseline neurological score after TAA induction.
The mice were tested (number of entries) until they made
entries into all eight arms or until they completed 24 entries,
whichever came first. Hence, the lower the score, the better
the cognitive function. Food and water were given at the
completion of the test. Maze performance was calculated per
each day for five consecutive days. Results were presented as
area under the curve (AUC) utilizing the formula: (day 2 + day
3 + day 4 + day 5) - 4*(day 1). The AUC method was used
previously (Avraham et al., 1996; 2006). The validity of the
AUC method was also approved by presenting the results as
the number of entries, until all eight arms were visited or 24
entries made. The results were the same.

Determination of 2-AG
Determination of 2-AG was performed 14 days after TAA
administration as described by Hanuš et al. (2003). In brief,
immediately after decapitation, whole brains were weighed
and placed in glass tubes containing 7 mL chloroform–
methanol (2:1) and manually homogenized for 1–2 min.
Vacuum filtration was carried out. The solvents were evapo-
rated to dryness. Pre-coated TLC silica gel plates were used to
separate 2-AG and mono-arachidin (1-arachidinyl glycerol as
an internal standard) from other lipids. Synthetic 2-AG and
mono-arachidin were applied alongside the experimental
samples, dissolved in chloroform, to help in their identifica-
tion in the lipid sample.

Gas chromatography-mass spectrometry (GC-MS) analysis
For quantitative analysis the samples were analyzed by
GC-MS in a Hewlett-Packard G1800A GCD system (Palo Alto,
CA, USA) with a HP-5971 gas chromatograph with electron
ionization detector as described (Hanuš et al. 2003).

Measurement of 5-HT
Mice were killed 14 days after TAA injection. The whole brain
was immediately dissected out and kept at -70°C for all mea-
surements. Whole brains were weighed and placed in glass

tubes containing 0.1 M HClO4 and dehydroxybenzylamine
(DHBA) as an internal standard and sonicated for 1–2 min
and centrifuged, the supernatant was separated and evaluated
for 5-HT levels by high-performance liquid chromatography/
electrochemical detection (HPLC/ECD) as described
(Avraham et al., 1996). Separate groups of mice were used for
all analyses.

Data analysis
All data are expressed as mean � standard error of the mean.
Statistical analyses were performed using one-way analysis of
variance, following by Tukey’s or Bonferroni post hoc test
corrected for multiple comparisons.

Materials
Endocannabinoids were synthesized as previously reported
(Mechoulam et al., 1995). The antagonists were kindly sup-
plied by the National Institute of Drug Abuse.

Results

Induction of FHF and encephalopathy
We have shown (Avraham et al., 2008a) that 2 days after
injecting mice with TAA (200 mg·kg-1), there are clear signs of
hepatic failure with 30- to 40-fold increases in plasma levels of
the hepatic enzymes, alanine amino transferase (ALT) and
aspartate amino transferase (AST), accompanied by less dra-
matic but still significant increases in plasma total bilirubin
(3.7-fold) and ammonia (2.7-fold). In the present study, we
assessed development of encephalopathy, at the same time (2
days) after TAA, by measuring the neurological scores (higher
score is equivalent to poorer neurological function). As shown
in Figure 2, the score was significantly higher in mice injected
with TAA, in relation to control mice (P < 0.001) and this
increase was reversed following capsaicin (P < 0.01). Although
neither SR141716A nor SR144528 significantly modulated the
effect of capsaicin, the scores in these groups were also not
different from the score after TAA alone. However, the ben-
eficial effect of capsaicin was clearly reversed by the TRPV1
receptor antagonist, capsazepine (P < 0.05). Note that giving
capsazepine alone to TAA-treated animals did not affect the
raised neurological scores in this group.

Brain immunohistochemistry
Astrogliosis was evaluated at the area of cerebellum and hip-
pocampus in control and TAA-treated animals on day 3
(Figures 3 and 4). The TAA treatment induced intensive GFAP
staining and increased process complexity (i.e. more pro-
cesses, increased branching). These changes were minimal in
samples from TAA-treated mice subsequently given capsaicin,
or SR141716A (CB1 receptor antagonist) or HU308 (CB2 recep-
tor agonist) (summary data in Figure 5; P < 0.001), whereas
treatment with the CB2 receptor antagonist (SR144528) or the
CB1 receptor agonist noladin (data not shown) did not alter
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either the number or the morphology of activated astroglia,
compared with those in mice injected with TAA only
(Figure 5).

Is the beneficial effect of capsaicin on neurological score,
activity and cognitive function mediated by the CB1, CB2 or
vanilloid receptors?
TAA-treated mice had a higher neurological severity (NSS)
score, indicating neurological impairment (P < 0.001), dimin-
ished motor activity (P < 0.05) and impaired cognitive function
(P < 0.001) compared with the control mice. Treatment with
capsaicin reversed neurological function (P < 0.01), motor
activity (P < 0.01) and cognitive function (P < 0.05) to control
values (Figures 2, 6, 7), whereas capsazepine co-administered
with capsaicin abolished the effect of capsaicin. Caspazepine
alone had no effect on the impairment produced by TAA.

Following TAA treatment, the beneficial effect of capsaicin
on neurological function (Figure 2) and activity (Figure 6),
but not on cognitive function (Figure 7), was impaired by
both SR141716A and SR144528 (P < 0.05). Capsazepine
administration impaired the beneficial effect of capsaicin not
only on the neurological score and activity (P < 0.05), but also
on cognitive function (P < 0.001) (Figures 2, 6, 7). Thus, the
effect of capsaicin on neurological score, activity and cogni-
tive function was mediated by both TRPV1 and CB receptors.
Treatment with SR141716A (Avraham et al., 2006) alone
resulted in significantly improved neurological score, activity
and cognitive function whereas treatment with SR144528
alone was not effective (not shown).

Do capsaicin and endocannabinoids affect brain 5-HT levels?
TAA increased brain 5-HT levels significantly (P < 0.001).
SR141716A (P < 0.05), capsaicin (P < 0.05), 2-AG and HU308

(P < 0.001) returned these increased 5-HT levels to control
values. Blocking the CB1 receptor did not change the effect of
the capsaicin treatment (Figure 8).

Effects on brain 2-AG levels
2-AG levels in whole brain were decreased 14 days after TAA
administration (P < 0.001) and reversed by capsaicin treat-
ment almost to control levels (P < 0.05). Blocking the CB1 or
the CB2 receptors had no significant effect on the beneficial
effect of capsaicin (Figure 9), although there seemed to be a
trend towards reversal of capsaicin.

Discussion

Capsaicin, a TRPV1 agonist, has a neuroprotective role in HE
Administration of TAA to mice induced acute liver failure,
which led to CNS changes related to those seen in HE (Zim-
merman et al., 1989; Gabbay et al., 2005; Avraham et al., 2006;
2008a; Dagon et al., 2007; Magen et al., 2008; Izzo and Camil-
leri, 2008). As agonists of the vanilloid and the CB2 receptor
systems were found to ameliorate liver damage in FHF
(Avraham et al., 2008a), we investigated their possible poten-
tial in treating HE. The principal finding in the present study is
that capsaicin, a TRPV1 agonist, has a neuroprotective role in
HE. This was supported by the following observations. First,
TAA administration caused impaired neurological score,
decreased activity and diminished cognitive function. Low
dose capsaicin reversed these effects to almost to control
levels, whereas capsazepine, a TRPV1 antagonist, reduced the
beneficial effect of capsaicin indicating that the effects
observed were vanilloid receptor-mediated. Second, TAA
administration induced astrogliosis in both hippocampus and
cerebellum. Capsaicin, SR141716A (a CB1 receptor antagonist)
and HU308 (a CB2 receptor agonist), ameliorated astrogliosis,
whereas SR144528 (a CB2 receptor antagonist) and noladin (a
CB1 agonist) did not have any effect. Third, TAA increased
brain 5-HT levels and capsaicin, SR141716A, HU308 and 2-AG
reversed this effect of TAA on brain 5-HT. Fourth, brain levels of
2-AG decreased 14 days after TAA administration and capsaicin
reversed this effect. Lastly, the effect of capsaicin on the neu-
rological score, activity and 5-HT levels was impaired by
SR141716A – which probably competes with capsaicin for
binding to the vanilloid receptor and by SR144528, which
probably blocked the beneficial effect of endogenous 2-AG via
the CB2 receptors. Cognitive function was not impaired either
by SR141716A or by SR144528, presumably indicating that a
maximal effect was attained by capsaicin. Capsazepine alone
did not affect either the neurological score or cognitive func-
tion, but it did reduce the activity score (P < 0.05) (not shown).

Antagonism of CB1 receptors and agonism at CB2 receptors have
a neuroprotective role in HE, and capsaicin administration
normalizes brain 2-AG levels
In a previous study of ours, the effects of endocannabinoids
on activity, as well as on neurological and cognitive functions
in HE, were studied. Encephalopathic mice treated with
SR141716A or 2-AG or both, showed improved neurological

Figure 2 The effect of capsaicin, capsazepine, capsaicin +
SR141716A, capsaicin +SR144528 and capsaicin + capsazepine on
the neurological score. Sixty mice were given 200 mg·kg-1 thioaceta-
mide (TAA), whereas control mice received saline (n = 10). Neuro-
logical score was assessed on day 3 after treatment. Capsaicin caused
significant improvement in neurological score (P < 0.01) whereas
capsaicin + capsazepine (P < 0.05) impaired the beneficial effect of
capsaicin. Capsazepine given alone (P < 0.05) did not produce any
effect. The maximum neurological deficit score in an animal is 10.
Statistical analysis was performed as described in the Methods
section. Data are presented as mean � standard error of the mean
(n = 10 per group). Bars with same letter (a–c) represent group means
that are significantly different. *P < 0.05, **P < 0.01, ***P < 0.001.
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function, activity and cognitive function compared with
untreated controls. SR141716A showed a dose-response
improvement of neurological function. HU308 treatment
improved neurological score via the CB2 receptors. CNS levels
of endogenous 2-AG measured 2 days after TAA administra-
tion were found to be elevated when compared with healthy
controls (Avraham et al., 2006). However, in the current
study, brain levels of 2-AG were found to be markedly
decreased 14 days after TAA (Figure 9). Capsaicin administra-
tion normalized brain 2-AG levels mostly through the TRPV1
receptor, apparently in part through the CB1 and CB2 recep-
tors (Figure 9).

In a previous report, using a model of brain injury, levels of
2-AG increased significantly, up to tenfold, 4 h after the
injury, and declined thereafter. Administration of 2-AG alle-
viated oxidative stress, inhibited NF-kappa B, protected the
blood-brain-barrier, attenuated neuroinflammatory response
and ameliorated neurological deficits (Panikashvili et al. 2001;
Panikashvili et al., 2006; Mechoulam and Shohami, 2007).

Furthermore, our previous studies have shown neuroprotec-
tive effects of 2-AG in experimental HE (Avraham et al., 2006).
We have shown also that 2-AG probably plays a role in the
pathophysiological changes in the liver, heart, lung and
kidney that follow BDL, an animal model of chronic liver
disease (Avraham et al., 2008b).

Modulation of increased 5-HT levels following
TAA administration
Anorexia, one of the most typical symptoms observed in
experimental and human cirrhosis, is assumed to be associ-
ated with altered brain 5-HT metabolism. Hence, increased
brain 5-HT concentration in TAA treated rats, may be relevant
to the pathogenesis of anorexia associated with TAA-induced
cirrhosis (Haider et al., 2004). We now show that increased
brain 5-HT levels were reversed by SR141716A, 2-AG, HU308
and capsaicin. Decreased 5-HT levels may therefore be asso-
ciated with increased appetite.

Figure 3 Astrogliosis in the cerebellum in saline-treated animals (A) and following thioacetamide (TAA) administration (B–F). Samples from
mice with hepatic encephalopathy induced by TAA showed intensive glial fibrillary acidic protein (GFAP) staining and increased process
complexity (i.e. more processes, increased branching). These changes were minimal in mice given TAA followed by capsaicin (C) or the CB1

receptor antagonist (SR141716A) (D) or the CB2 receptor agonist (HU308) (E). Note that administration of the CB2 receptor antagonist
(SR144528) (F) to mice treated with TAA, did not alter either the number or the morphology of activated astroglia compared with TAA-treated
animals (B).
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The complex therapeutic mechanism involves both the
cannabinoid and the vanilloid systems
The amelioration of astrogliosis following treatment with
either SR141716A, HU308 or capsaicin, as well as the modu-
lation of brain 5-HT levels by the same agents, as well as 2-AG,
clearly indicate the complexity of the mechanism(s) involved.
Previous findings have also shown that both endocannab-
inoids and capsaicin improve liver function and histopathol-
ogy (Avraham et al., 2008a). These results may be related to
those in a recent publication by Fioravanti et al. (2008), who
showed that constitutive activity at the CB1 receptor is
required to maintain the TRPV1 receptor in a ‘sensitized’ state
responsive to chemical stimuli.

We have confirmed now that a very low dose of capsaicin
improves neurological function, activity and cognitive func-
tion, whereas its antagonist capsazepine reverses the capsaicin
improvement. It seems that part of the effect of capsaicin is
mediated also via the CB1 and CB2 receptors and that
SR141716A also competes with capsaicin for the vanilloid
receptors.

Thus, the simultaneous blockade of CB1 receptors and stimu-
lation of both the CB2 and vanilloid receptors has the best
therapeutic effect on the liver. The treatment was very effec-
tive, as it was given 1 day after TAA administration and showed
therapeutic effects on brain histopathology and function, liver
enzyme levels as well as on liver pathology, on day 3.

Our studies are in agreement with those of Teixeira-Clerc
et al. (2006; 2008) and Lotersztajn et al. (2008), who identified
the CB1 receptor as a molecular target for the treatment of liver
fibrosis. Our data suggest that TRPV1 receptors might also be
involved, although in our experiments an anti-fibrotic effect
could not be confirmed morphologically, as the animals
were killed a short time after TAA administration. Moreover,
our findings raise the possibility of using TRPV1 agonists to
treat HE.

Lotersztajn’s group (2008) showed that cirrhosis was asso-
ciated with increased number of fibrogenic cells regulated
by cannabinoid receptors (Teixeira-Clerc et al., 2006). CB2

receptor-mediated suppression of fibrosis is in agreement with
our findings and the beneficial effect of HU308 on HE (Julien

Figure 4 Astrogliosis in the hippocampus in saline-treated animals (A) and following thioacetamide (TAA) administration (B–F). Samples from
mice with HE induced by TAA showed intensive GFAP staining and increased process complexity (i.e. more processes, increased branching).
These changes were minimal in mice given TAA followed by capsaicin (C); or the CB1 receptor antagonist (D) or the CB2 receptor agonist (E)
treatment. Note that administration of the CB2 receptor antagonist (F) did not alter either the number or the morphology of activated astroglia
compared with TAA-treated animals (B).
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et al., 2005; Lotersztajn et al., 2008). Earlier studies by Kunos’
group showed that endocannabinoids acting at CB1 receptors
in the hepatic vasculature may mediate the vasodilated state
and hypotension that accompany advanced liver cirrhosis
(Batkai et al., 2001). Thus, CB1 receptor blockade may improve
the prognosis of cirrhotic individuals not only by delaying the
fibrotic process, but also by improving the associated haemo-
dynamic abnormalities (Varga et al., 1998; Batkai et al., 2001;
Kunos et al., 2006).

The therapeutic effect on brain is either independent or due to
liver recovery
Decreased inflammatory cell infiltration was noticed follow-
ing HU308, SR141716A and capsaicin treatment (Figures 3–5).
However, administration of a CB2 receptor antagonist did not

Figure 5 Quantitative evaluation of astrocytic activation in the brain
samples illustrated in Figures 3 and 4. Activation of astrocytes was
assessed by the area of glial fibrillary acidic protein (GFAP) staining
and data represent the mean (with standard error mean) area
covered by astrocytes per visual field in the hippocampus and cer-
ebellum. The statistical test performed was the two-sided Fisher’s
exact test. ‡Significant difference (P < 0.001) between saline-treated
controls and all other groups: *Significant difference (P < 0.001)
between the group given thioacetamide (TAA) only and those given
treatment after TAA (capsaicin or SR141716A or HU 308 or
SR2144528).

Figure 6 The effect of capsaicin, capsazepine, capsaicin +
SR141716A, capsaicin + SR144528 capsaicin + capsazepine on the
activity score. Sixty mice were given 200 mg·kg-1 thioacetamide
(TAA), whereas control mice received saline (n = 10). Activity score
was assessed on day 4 by the open-field test. TAA caused significant
decrease in activity score (P < 0.05) whereas capsaicin reversed it
significantly (P < 0.01) Blocking the CB1 or the CB2 receptors reversed
the beneficial effect of capsaicin (P < 0.05). Statistical analysis was
performed as described in the methods. Data are presented as mean
� standard error of the mean (n = 10 per group). Bars with same
letter (a–c) represent group means that are significantly different.
*P < 0.05, **P < 0.01.

Figure 7 The effect of capsaicin, capsazepine, capsaicin +
SR141716A, capsaicin + SR144528 capsaicin + capsazepine on the
cognitive function. Sixty mice were given 200 mg·kg-1 thioacetamide
(TAA), whereas control mice received saline (n = 10). The cognitive
function was assessed by the eight arm maze beginning on day 8.
The score was calculated as the area under the curve (AUC) averaged
for the performance in the maze for five consecutive days. TAA
induction caused significant deterioration in performance (P <
0.001). Capsaicin (P < 0.05) capsaicin + SR141716A (P < 0.05),
capsaicin + SR144528 (P < 0.05) significantly improved cognitive
function whereas capsazepine (P < 0.001) and capsaicin + cap-
sazepine (P < 0.001) impaired it. Statistical analysis was performed as
described in the methods. Data are presented as mean � standard
error of the mean (n = 10 per group). Bars with same letter (a–e)
represent group means that are significantly different. *P < 0.05,
** P < 0.01, ***P < 0.001.

Figure 8 The effect of SR141716A, 2-arachidonoylglycerol (2-AG),
HU308, capsaicin, SR141716A + capsaicin on brain 5-HT levels.
Sixty mice were given 200 mg·kg-1 thioacetamide (TAA), whereas
control mice received saline (n = 10). Fourteen days after TAA admin-
istration mice were killed and 5-HT levels were evaluated using high-
performance liquid chromatography/electrochemical detection. TAA
administration increased significantly brain 5-HT levels (P < 0.001).
SR141716A (P < 0.05), 2-AG (P < 0.001), HU308 (P < 0.001), capsaicin
(P < 0.05) and SR141716A + capsaicin reversed brain 5-HT to control
levels. Statistical analysis was performed as described in the methods.
Data are presented as mean � standard error of the mean (n = 10 per
group). Bars with same letter (a,b) represent group means that are
significantly different. *P < 0.05, **P < 0.01, ***P < 0.001.
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result in an anti-inflammatory effect. These findings may
indicate that the anti-inflammatory effect of these reduced
compounds may, at least partly, be related to the improved
function of the liver and are CB2 receptor-mediated.

The regenerative capacity of liver was increased following
all but capsaicin treatment, a finding that may be correlated
with the reduced hepatic cell injury noticed in this group of
animals. Histological findings indicate that the CB2 receptor-
mediated anti-inflammatory effect may be related to the
improved functional outcome of the remaining intact and
regenerating hepatic cells following TAA administration.
However, in the case of capsaicin, an additional factor might
be the protection of the hepatic cells. Whether this effect is
related to the concomitant anti-inflammatory effect of this
compound and/or to a direct protective mechanism could not
be clarified in the present study. The beneficial effect of cap-
saicin on reducing ammonia levels in our previous article
(Avraham et al., 2008a) might clarify a possible mechanism.

In a previous study of ours (Dagon et al., 2007), a
D9-tetrahydrocannabinol (THC)-related, AMPK-mediated
improvement of cerebral function (but not of hepatic func-
tion) was reported. However, our current results indicate that
low dose of capsaicin affects both liver and brain function
shortly after TAA administration, without side effects.

Astrogliosis following TAA administration and the effect of
capsaicin, HU308 or SR141716A
Astrogliosis is a phenomenon that develops in various CNS
disorders. Reactive astrocytes are involved in neuronal survival
and regeneration. Major reactive changes of astrocytes in vivo
are the upregulation of the intermediate filaments, GFAP and
vimentin, with accompanying cellular hypertrophy and/or
hyperplasia (Eng and Ghirnikar, 1994; Röhl et al., 2007). The

cellular and molecular mechanisms leading to astrogliosis are
still not completely understood. In general, microglia, which
are normally in a quiescent status, become activated by differ-
ent stimuli associated with neuropathological changes of the
CNS. This activation precedes or accompanies astrogliosis
(Herber et al., 2006). Glutamine is synthesized in astrocytes
from ammonia and glutamate and causes brain swelling that
correlates with neuropsychological deterioration. As a result,
alterations of astrocytic–neuronal cross-talk occur, affecting
brain function (Shawcross and Jalan, 2005; Ahboucha and
Butterworth, 2007).

At the molecular level, cytokines predominantly secreted
by microglia seem to play an important role as triggers and
modulators of astrogliosis and within the CNS. The effect of
single cytokines on the induction of astrogliosis has been
examined in several studies. Prominent representatives of
proinflammatory cytokines such as IL-1 and TNFa have
been shown to induce, enhance or accompany astrogliosis
in vivo (Balasingam et al., 1994). In the present work acti-
vated astrocytes at the areas of hippocampus and cerebel-
lum, in particular, following TAA administration, were
detected. However, capsaicin, HU308 or SR141716A treat-
ment resulted in the amelioration of astrogliosis. 2-AG levels
increase within 3 days following TAA administration and
decrease thereafter below the control levels over 14 days
post-HE induction. Likewise, brain 5-HT levels increase sig-
nificantly following TAA administration, which parallels the
observations of lack of appetite and decrease in weight in
humans with HE.

In conclusion, the effects of capsaicin, HU308 or
SR141716A, were due to both cerebral and hepatic actions. As
capsaicin, SR141716A and HU308 have the advantage of
access through the blood–brain barrier; the brain itself may be
a direct therapeutic target. However, an indirect benefit for
the brain via liver recovery, cannot be excluded.
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