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Abstract

Purpose: To evaluate whether pre-treatment with rivastigmine is able to attenuate the I/R
induced lesions in rat liver.

Methods: SHAM animals or those submitted to I/R, non-treated or pre-treated with
rivastigminine (2mg/kg) either 50 or 15 minutes before ischemia, were used. After I/R
protocol, these animals were killed and their livers were harvested to measurement of the
mitochondrial swelling as well as the malondialdehyde (MDA), nitrite and nitrate tissue
concentration. Blood was also harvested for serum aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) determinations.

Results: I/R promoted a significant increase of mitochondrial swelling in the studied animals.
This increase of mitochondrial swelling was partially prevented by rivastigmine, but only if
administered 50 minutes before ischemia. No significant modification of MDA, nitrite or nitrate
tissue concentrations was observed in consequence of I/R, followed or not by rivastigmine
treatments. In addition, I/R elevated both AST and ALT. These elevations of serum enzymes
were not reversed by the different rivastigmine treatments.

Conclusions: Rivastigmine administered 50 minutes before ischemia attenuates I/R-induced
mitochondrial swelling, that indicates liver injury. This protective effect may be related to a
greater stimulation of a7nAChR present in the Kupffer cells by the non-methabolized ACh,
leading to an attenuation of I/R-induced inflammation.
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n Introduction

Lasting hepatic ischemia, which usually
occurs in liver transplants, in large partial
hepatectomies or in hemorrhagic shocks, can
trigger a series of cellular changes that can lead
to tissue death®. Actually, lack of oxygen due
to absence or reduction of tissue blood supply
immediately interrupts the flow of electrons in
the respiratory chain of mitochondria, thereby
inhibiting oxidative phosphorylation. This
process leads to reduction of the synthesis of
adenosine triphosphate (ATP). Lacking ATP,
the glycolysis is accelerated which increases
the lactate synthesis and reduces the pH in
the intracellular environment?3. In addition,
the Na*/K* ATPase inhibition affects the
ions transmembrane transport, resulting in
intracellular Na* and Ca? accumulation, which
can cause cell death®*.

Paradoxically, the cellular changes
initiated by ischemia are aggravated after
restoration of blood flow. This is because,
in reperfusion, the oxygen reintroduction
into ischemic tissue leads to the generation
of reactive oxygen species (ROS), with
mitochondria being the largest source of free
radicals in liver cells®. Actually, the process of
oxidative phosphorylation is severely affected
in the reperfusion period, since the respiratory
chain is located in the internal mitochondrial
membrane, where ROS act importantly. These
changes increase the internal mitochondrial
membrane permeability, a phenomenon named
transition of mitochondrial permeability (MPT),
resulting thus in the mitochondrial swelling®®.
MPT is aggravated by high Ca®* concentrations
andintracellular pHreductionanditsoccurrence
marks the irreversibility of cellular damage’. This
process described as ischemia and reperfusion
injury (I/R), although widely studied, involves
pathophysiological mechanisms that still need
to be better known*?°,

In reperfusion, besides the metabolic
disorder and the oxidative stress caused by
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high concentration of ROS, there is involvement
of local inflammatory response. Damage-
associated molecular patterns (DAMPs) that
are released by hepatic tissue injured in the
ischemia, act on Toll-like receptors present
on cells of the immune system, mainly in the
Kupffer cells (KCs), thereby releasing of several
pro-inflammatory cytokines such as tumor
necrosis factor (TNF-a), interleukin-1p (IL-1P),
interferon-gamma (INF-y), among others'®,
High concentrations of reactive oxygen species
can also activate the KCs''2,

Considering the importance of the
inflammatory response in I/R-induced liver
damage, drugs that inhibit cells of the immune
system are considered attractive therapeutic
alternatives to prevent such lesions. In this
context, it has been shown that acetylcholine
(ACh) released from nerve fibers may have
anti-inflammatory effects inasmuch as it
suppresses cells of the immune system through
activation of a7 nicotinic acetylcholine receptor
(a7nAChR). In fact, stimulation of a7nAChR
activates intracellular signaling pathways that
culminate in the inhibition of NF-kB factor
in immune cells, thereby suppressing the
release of proinflammatory cytokines**4. This
mechanism has been referred toin the literature
as “cholinergic anti-inflammatory pathway”.

The therapeutic potential of cholinergic
anti-inflammatory pathway in the prevention
of I/R lesions has already been investigated in
liver of animals. Pre-treatment of mice with
PNU-282987, an a7nAChR selective agonist,
suppressed the production of TNF-a and IL-18
and the expression of high-mobility group box 1
protein (HMGB1) as well as decreased the serum
transaminase levels and reduced the I/R-induced
hepaticinjury®. In addition, it was proposed that
the vagus nerve could minimize I/R-induced liver
apoptosis in mice through activating a7nAChR
on KCs possibly by preventing their excessive
ROS production®. Activation of a7nAChR by
nicotine may also prevent the hepatic injury
induced by I/R. This protection may be due
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to inhibition of the inflammatory response
through HO-1 induction?’.

Activation of the cholinergic anti-
inflammatory pathway can be done by the
use of a7nAChR receptor agonists or by vagal
stimulation. This pathway can also be stimulated
through the inhibition of ACh degradation by
acetylcholinesterase (AChE) inhibitors'®*°. By
increasing the concentration of ACh, these drugs
may increase the stimulation of a7nAChR in the
immune system cells. Anti-inflammatory actions
of AChE inhibitors were observed in animal
models of arthritis®. Thus, rivastigmine, an AChE
inhibitor used for the symptomatic treatment
of Alzheimer’s Disease, may be an interesting
alternative for the prevention of I/R lesions
because. Thus, the present study aimed to verify
if pre-treatment with rivastigmine is able to
attenuate the I/R induced lesions in rat liver.

[ Methods

This study was approved by the
institution’s Animal Experimentation Ethics
Committee (CEUA/ FMRP-USP, protocol
number 14/2006).

Twenty-five male Wistar rats (8 to 9
weeks of age) were used. These rats were
maintained in the animal facilities of FMRP-USP
under standard laboratory conditions (23°C +
1°C, 12-hour light/dark cycle), with free access
to water and pelleted rodent chow.

Experimental groups

Animals were distributed into 4 groups
of 6-7 animals: SHAM - rats subjected to
surgical and anesthetic stress with no clamping
of the hepatic pedicle during 75 min; I/R — rats
submitted to 60 min of ischemia followed by 15
min of reperfusion; Riv50-I/R - rats submitted
to 60 min of ischemia followed by 15 min of
reperfusion and treated with rivastigmine
(2mg/kg, intraperitoneally), 50 min before
of the ischemia; Rivl5-I/R - rats submitted
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to 60 min of ischemia followed by 15 min of
reperfusion and treated with rivastigmine
(2mg/kg, intraperitoneally), 15 min before of
the ischemia. The number of animals in each
group was established based on Maxwell et al.**

Surgical technique

The animals were anesthetized by
intramuscular  injection  (0.2mL/100g of
body weight) of a solution of 2% xylazine
hydrochlorideand 10%ketamine hydrochloride,
inaratio of 1:2. Following trichotomy, a median
laparotomy was performed to exposure
the liver, after dissection of the round and
falciform ligaments. The hepatic pedicle was
fully clamped with an aneurism clamp for
60 minutes, followed by reperfusion for 15
minutes (after clamp removing), in a cycle
that lasted 75 minutes. After, the animals
were killed by exsanguination. The blood was
collected by puncture of the inferior vena cava
for dosages of serum alanine aminotransferase
(ALT) and aspartate aminotransferase (AST).
Hepatic tissues were harvested for isolation
of the mitochondria required to the study of
mitochondrial osmotic swelling. Part of the
harvested hepatic tissue samples were frozen
at -70°C for determination of malondialdehyde
(MDA) and nitrite and nitrate.

Mitochondrial preparation

Mitochondria content of the liver were
isolated by differential centrifugation at 4°C.
After the surgical procedure, the livers were
immediately removed and washed in saline
solution. Then, they were placed in medium
containing 250 mM sucrose, 1 mM EGTA and
10 mM Hepes-KOH, in pH 7.2, cut in small
pieces and homogenized in Potter-Elvehjem
for 3 cycles of 15 seconds with an interval of
1 min. The homogenate was centrifuged at
770g for 5 min and the resulting supernatant
was centrifuged at 9800g for 10 min. The pellet
was suspended in 10 mL of medium containing
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250 mM sucrose, 0.3 mM EGTA and 10 mM
Hepes-KOH, pH 7.2, and centrifuged at 4500
g for 15 min. The final pellet containing the
isolated of mitochondria was suspended in
0.5 mL of medium containing 250 mM sucrose
and 10 mM Hepes-KOH pH 7.2%2. In parallel,
mitochondrial proteins were determined by
coomassie (Coomassie plus kit - Bradford
Assay) at 595 nm in a Versamax microplate
reader (Molecular Devices). The results were
expressed as mg / ml using bovine serum
albumin as standard.

Mitocondrial swelling

The repercussions of I/R on hepatic
tissues were estimated by quantification
of internal mitochondrial membrane
permeability, based on mitochondrial swelling
related to Ca*> homeostasis. Thus, the isolated
of mitochondria obtained was challenge by
20 uM calcium chloride and 1 mM potassium
phosphate. The absorbance variation was
determined at 540 nm, using a Beckman
DU-640B spectrophotometer, by the optical
density (ADO). Data obtained were interpreted
as follows: lower variation of ADO indicates
that the permeability of the mitochondrial
membrane is already increased, denoting the
presence of mitochondrial swelling. Thus, the
challenge with calcium chloride and potassium
phosphate hardly modifies its permeability?.

MDA determination

The colorimetric determination of
MDA by its reaction with thiobarbituric acid
was carried out at 532 nm in a Versamax
microplate reader (Molecular Devices), using
1,1,3,3-tetramethoxypropane (0 to 100 uM) as
a standard®.

Nitrite and nitrate determination

Nitric oxide (NO) determination was
performed by chemiluminescence in a Sievers
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NO Analyzer (GE Analytical Instruments).
The nitrate concentration was determined
by injecting 15 uL of the deproteinized liver
homogenateintoareactionchambercontaining
0.8% vanadium chloride in 1N cloridric acid at
95°C. The results obtained were expressed in
UM/mg protein, calculated from a standard
curve of sodium nitrate in concentrations of
2.5to 50 uM.

The nitrite concentration was
determined using 100 pL of deproteinized liver
homogenate and was carried out in a similar
manner to that described above, with the
presence of a solution of acidified iodine (2 g
potassium iodide plus 1.3 g iodine dissolved
in 40 mL of water plus 140 mL of acetic acid)
in the reaction chamber. This solution reduces
only nitrite to NO. The concentration of nitrite
was calculated through a curve of sodium
nitrite (2 to 0.1 uM) as standard. The results
were expressed as UM / mg protein.

ALT and AST determination

The aminotransferases were determined
by the kinetic method at 340 nm, with the
CELM SB-190 device, using the Labtest” kit.

Statistical analysis

The normality of the data was verified
by the Shapiro-Wilk test and the homogeneity
of variances by the Levene test. To parametric
data, means + standard deviation (SD) were
compared by Anova-one-way, followed by the
Bonferroni post-Hoc test. In the cases that the
normality of the data and the homogeneity of
variances were violated, the comparisons were
performed by Kruskal-Wallis non-parametric
test and values expressed as median (with
minimum and maximum values). The pair-
to-pair comparisons were performed by the
Mann-Whitney non-parametric test, with
critical values of P adjusted by Holm-Sidak
post hoc correction (P<0.012). For multivariate
analysis, values of p<0.05 were considered
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statistically significant. All data analyses were
performed using SPSS® software, version 19.0.

n Results

The data obtained show that I/R
promoted a significant increase of mitochondrial
swelling in the studied animals. This increase in
I/R-induced mitochondrial swelling was partially
reversed by rivastigmine, if administered
50 minutes before discontinuation of blood
flow. On the other hand, the increase in
mitochondrial swelling caused by I/R was not
influenced by pre-treatment with rivastigmine,
if done 15 minutes before the interruption of
blood flow (Figure 1).
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Figure 1 — Variation of inner mitochondrial

membrane permeability (indicative of mitocondrial
swelling) determined in animals SHAM or subjected
to ischemia for 60 minutes, followed by reperfusion
of 15 minutes, studied without any pharmacological
treatment (I/R) or treated with rivastigmine
(2mg/kg, intraperitonially), 50 minutes (Riv 50)
or 15 minutes (Rivl5) prior to ischemia. Values
expressed in median (with minimum and maximum
values). In parentheses, number of independent
determinations. * Significant difference in relation
to the SHAM animals; # significant difference in
relation to the I/R animals; & significant difference
in relation to the Riv50 animals. Comparisons
between the groups by the Kruskall-Wallis test,
followed by pair-to-pair comparisons by the Mann-
Whitney test, with critical values of P adjusted by
Holm-Sidak post hoc correction.
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Although MDA values increased in the
I/R group and reduced in the Rivl5 group,
none of these modifications was statistically
significant (Figure 2). The concentrations of
nitrite and nitrate were also not significantly
modified by the treatments to which the
animals were exposed (Table 1).
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Figure 2 — Malondialdeido (MDA) concentrations
determined in animals SHAM or subjected to
ischemia for 60 minutes, followed by reperfusion of
15 minutes, studied without any pharmacological
treatment (I/R) or treated with rivastigmine
(2mg/kg, intraperitonially), 50 minutes (Riv 50)
or 15 minutes (Rivl5) prior to ischemia. Values
expressed in median (with minimum and maximum
values). In parentheses, number of independent
determinations. Comparisons between the groups
by the Kruskall-Wallis test, followed by pair-to-
pair comparisons by the Mann-Whitney test, with
critical values of P adjusted by Holm-Sidak post hoc
correction.
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Table 1 — Nitrite and nitrate concentrations among the experimental groups.

Parameters

(Mol/mg protein) SHAM I/R Riv50-1/R Riv15-1/R
Nitrite 2.44 +0.90 3.68 +1.37 2.50+1.13 3.24+0.18

(n=6) (n=6) (n=6) (n=6)
Nitrate 0.62 +0.23 1.1940.55 0.70 + 0.40 0.75+0.31

(n=6) (n=6) (n=6) (n=6)

Values expressed in means + SD.
Comparisons between the groups by One-way Variance Analysis (ANOVA), followed by the Bonferroni test.
n = number of independent determinations.

I/R significantly elevated serum AST blood flow, the AST elevation was even higher.
concentrations. Treatment with rivastigmine, Similarly, I/R raised serum ALT concentrations
50 minutes before ischemia, did not reverse and the treatments with rivastigmine at both
this elevation of AST. On the other hand, when pre-ischemia times were not able to reverse
animals submitted to I/R were treated with these changes (Figure 3).

rivastigmine, 15 minutes before interruption of
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Figure 3 — Serum concentrations of aspartate aminotrasferase (AST; A) and alanine aminotransferase (B; AST)
determined in animals SHAM or subjected to ischemia for 60 minutes, followed by reperfusion of 15 minutes,
studied without any pharmacological treatment (I/R) or treated with rivastigmine (2mg/kg, intraperitonially),
50 minutes (Riv 50) or 15 minutes (Riv15) prior to ischemia. Values expressed in median (with minimum
and maximum values). In parentheses, number of independent determinations. * Significant differences in
relation to SHAM animals. Comparisons between the groups by the Kruskall-Wallis test, followed by pair-
to-pair comparisons by the Mann-Whitney test, with critical values of P adjusted by Holm-Sidak post hoc
correction.

[} Discussion pathophysiological events of I/R injury®®. In
this sense, the increment in the mitochondrial

In the present study, the repercussions swelling observed in the livers submitted to I/R

of I/R on hepatic tissue were assessed by indicates that the protocol used was effective
mitochondrial swelling. This is a fundamental and promoted the lesions under investigation.
parameterinthe present study since itindicates Once the experimental model was
mitochondrial dysfunction, one of the central effective, it was possible to evaluate the effects
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of pre-treatment with rivastigmine on the I/R-
induced lesions in the livers of the studied
animals. Considering that the peak of AChE
inhibition by rivastigmine occurs around 50
minutes®, a group of animals was treated 50
minutes before the interruption of blood flow.
Thus, in these animals, AChE blockade was
already established during ischemia. Another
group of animals was treated 15 minutes prior
to ischemia, so that the effects of rivastigmine
on AChE predominated in the reperfusion
phase. The obtained data showed that the
treatment with rivastigmine done 50 minutes
before interruption of blood flow partially
reversed the increment in mitochondrial
swelling due to I/R. Treatment done 15
minutes before ischemia had no protective
effect. These data suggest that rivastigmine,
possibly potentiating the action of cholinergic
anti-inflammatory pathway by inhibiting AChE,
may attenuate |/R-induced damage in liver.
However, for this action to occur, the AChE
inhibition must be established in the ischemia
phase. It should be noted that in this phase the
first cellular lesions occur, with the release of
DAMPs!. Apparently, early modulation upon
KCs, already in the ischemia phase, is more
likely to protect hepatic cells submitted to I/R.

It has been proposed that the reduction
of tissue oxygenation due to ischemia
interrupts the respiratory chain in the internal
mitochondrial membrane, leading to the
production of ROS, mainly when the blood
flow is reestablished during reperfusiont’. In
fact, high concentrations of ROS in tissues
exposed to I/R lead to peroxidation of lipid
cellular structures®. Thus, the quantification
of lipoperoxides in these tissues may indicate
the degree of oxidative stress imposed by
I/R. In this regard, previous animal studies
have shown that livers submitted to I/R
present elevation of MDA, a final product of
lipoperoxidation?’?®, The tissue MDA, which
indicates the degree of oxidative stress,
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increased in the I/R group, but this increment
was not statistically significant. Although
not statistically significant, this increment of
MDA suggests that tissue concentrations of
ROS are higher in livers exposed to I/R, which
may lead to activation of KCs'!. At the same
time, the inflammatory response resulting
from KCs activation may lead to increased
ROS generation and further aggravate local
oxidative stress?. Assuming that this elevation
of oxidative stress in livers submitted to
I/R has existed, a certain protective effect
of rivastigmine is evident, especially when
administered 15 minutes before ischemia. This
suggests that rivastigmine, especially in the
reperfusion phase, may have suppressed KCs
and, therefore, the inflammatory response
triggered by I/R.

I/R may also influence the local
bioavailability of nitric oxide (NO). However,
the role of NO in I/R is a bit more puzzling.
NO is produced by three isoforms of nitric
oxide synthases (NOS), endothelial (eNOS),
neuronal (hNOS) and inducible (iNOS) #. It has
been proposed that NO production by eNOS, a
constitutively expressed enzyme in the hepatic
vascular territory, has protective effects
against damage caused by I/R. On the other
hand, the inflammatory process inherent to
I/R can promote an increase in the presence of
iNOS in the liver and, consequently, a massive
production of NO, with unpredictable effects
on this organ®. In the present study, the tissue
concentrations of nitrite and nitrate, both NO
products, were quantified. It was observed
that the I/R did not significantly modify the
concentration of these NO metabolites in
the studied livers. Similarly, no I/R-induced
modification of nitrite and nitrate was observed
in animals treated with rivastigmine. Although
no significant change has been observed,
I/R-induced changes in the NO production
cannot be ruled out in the studied livers. The
obtained data show a tendency of elevation in
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the concentrations of both nitrite and nitrate,
which may indicate that differences can occur
if the ischemia and/or the reperfusion are
prolonged. If this is true, it is worth noting that
these trends of increment in nitrite and nitrate
concentrations were completely blunted in the
presence of rivastigmine. However, in order
to know the effects of rivastigmine on these
parameters, other experimental protocols are
necessary.

The here presented data suggest that
rivastigmine attenuates, at least partially,
the I/R-induced hepatic injuries. Thus, it is
corroborated the hypothesis that rivastigmine,
by blocking the degradation of ACh, suppresses
the inflammatory response due to the I/R. This
action probably culminates in the stimulation of
a7nAChR present in the KCs. This information,
naturally, may rise a big clinical interest
because it may contribute to the expansion of
the therapeutic arsenal for the treatment of
I/R, which so much impacts the success of liver
transplants. However, the data also showed that
rivastigmine treatments did not reverse ALT and
AST elevations. This suggests that rivastigime,
at least at that dose, may not be the best AChE
inhibitor to be used in order to prevent the
I/R-induced liver damage. Indeed, because it
was a pioneering study, it was decided to use
high doses of rivastigmine (2 mg/kg) in order
to ensure complete blockade of AChE in these
animals?®. These results, although unfavorable,
does not diminish the relevance of the present
study since the protective mechanism related
to AChE blockade was verifyied. However,
other experimental approaches, with the use
of other AChE inhibitors, in different doses,
are needed in order to validate this apparently
promising therapeutic resource.

[ | Conclusions
The treatment with rivastigmine
performed 50 minutes before ischemia

attenuates I/R-induced mitochondrial swelling,
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that indicates liver injury. This protective
effect may be related to a greater stimulation
of a7nAChR present in the KCs by the non-
methabolized ACh, leading to an attenuation of
theinflammatoryresponse duetol/R. However,
further studies are needed to substantiate this
hypothesis and to provide support for the use
of AChE inhibitors in the prevention of I/R-
induced hepatic injury.
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