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Non-alcoholic fatty liver induces insulin resistance and metabolic
disorders with development of brain damage and dysfunction
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Abstract In the present study we investigated the effect of
the non-alcoholic fatty liver disease (NAFLD) on the
alterations in the activity of neurotransmitters catabolizing
enzymes and energy catabolising enzymes, prooxidants,
endogenous antioxidants and proinflammatory cytokines in
brain tissue of NAFLD rats. Rats were intraperitonealy
injected with CCl4 solution at a dose of (0.021 mole/Kg,
20 uL, body weight) three times weekly for four weeks.
Acetylcholine esterase (AChE), monoamine oxidase
(MAO), prooxidant/ antioxidants status, ATPase, lipid
profile and glucose level were estimated spectrophotomet-
rically while inflammatory markers; interleukin 6 and tumor
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necrosis factor alpha (IL6 and TNF-x) and insulin were
assessed by ELISA technique. Our results showed that the
induced NAFLD and insulin resistance (IR) were accompa-
nied with hyperglycemia and hyperlipidemia and lowered
brain glucose level with elevated ATPase activity, prooxidant
status (TBARS level, xanthine oxidase and cytochrome 2E1
activities), and inflammatory markers. Through the induction
period AChE activity was significantly increased compared to
control in blood, liver and brain tissues. Also, MAO activity
was significantly increased in both brain and liver tissue but
decreased in serum compared with control. These biochemical
data were supported with pathophysiological analysis that
showed severe neurodegeneration, pyknosis acuolations and
cavitations. These observations warrant the reassessment of
the conventional concept that the NAFLD with IR progression
may induce disturbances in activities of neurotransmitters
catabolising enzymes and energy production accompanied
with oxidative stress and metabolic disorders, acting as
relative risk factors for brain dysfunction and damage with
the development of age-associated neurodegenerative diseases
such as Alzheimer's disease.

Keywords NAFLD - Insulin resistance - Brain
dysfunction - AChE - MAO

Introduction

Non-alcoholic fatty liver disease (NAFLD) is ranging from
simple steatosis (lipid accumulation in liver, mainly triglycer-
ides) to steatohepatitis (NASH) accompanied with various
metabolic syndromes inform of insulin resistance, increased
risk of type 2 diabetes, and cardiovascular diseases due to
lipoperoxidative stress pathway stimulation (Marchesini et al.
2003; Eckel et al. 2005; Musso et al. 2009).
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Insulin plays an important role in brain functions
through glucose uptake modulation in central nervous
system (CNS) (Bingham et al. 2002). It also modulates
levels of classic neurotransmitters such as acetylcholine
(ACh) and affects membrane potentials, neuronal physiol-
ogy, and long-term potential, all of which influences the
synaptic remodelling processes thought to underlie memory
formation (Craft and Watson 2004; Watson and Craft 2006;
Angelini et al. 2010). Thus, insulin may modulate cognitive
functions through effects on neurotransmission.

Moreover, insulin resistance and chronic hyperinsuli-
nemia down-regulate the insulin transport to brain with
brain insulin deficient state which associated with age
related memory impairments and Alzheimer’s disease
(AD) (Baura et al. 1996; McGarry and Dobbins 1999;
Neuschwander-Tetri et al. 2003; Sanyal et al. 2001;
Biessels and Kappalle 2005; Craft 2005). Defects in
insulin signalling and peripheral insulin resistance have
been linked to intrahepatocellular lipid accumulation
(McGarry 2002). The oversupply of lipid to peripheral
tissues might contribute to the development of insulin
resistance through the increased availability of lipids (in
form of free fatty acids and elevated intracellular lipids) to
peripheral tissues induces insulin resistance by promoting
the accumulation of one or more fat-derived metabolites
capable of inhibiting insulin action (Chavez and Summers
2003; McGarry 2002).

Such mechanism had evidenced a particularly tight
inverse correlation between intrahepatic triglyceride con-
tents and insulin sensitivity measured by whole body
glucose disposal during euglycemic-hyperinsulinemic
clamp (Hwang et al. 2007; Korenblat et al. 2008).
Consequently, reduction of intrahepatic lipid contents
(80%) by a moderately hypocaloric very-low-fat diet (3%)
in patients with obesity and T2DM enhanced insulin
sensitivity by normalizing insulin suppression of hepatic
glucose production but had no effects on peripheral insulin
sensitivity (Petersen et al. 2005).

Insulin resistance and subsequent hyperinsulinemia may
result in alterations in the hepatic pathways of uptake,
synthesis, degradation, and secretion of free fatty acids
(Browning and Horton 2004) This overloading of the liver
with lipids is believed to render the liver more susceptible
to a “second or multiple hits,” which then results in liver
damage and disease progression (Day and James 1998;
Diehl 2002; McCullough 2004).

Moreover, TNF-oc and other proinflammatory cytokines
have central role in the development of obesity-associated
insulin resistance and fatty liver by inhibition of insulin-
stimulated glucose disposal, (Plomgaard et al. 2005) and
certain TNF-o polymorphisms are associated with suscep-
tibility to insulin resistance and NAFLD, (Valenti et al.
2002; Tokushige et al. 2007) supporting the importance of
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this cytokine in the interaction among inflammation, insulin
signaling, and fat accumulation.

The molecular events resulting in intrahepatic lipid
accumulation and growth of lipid droplets are poorly
understood, but may arise from (1) increased uptake of
lipids, (2) elevated de novo synthesis of fatty acids, (3)
impaired lipoprotein synthesis or secretion, and/or (4)
reduced fatty acid oxidation (Farrell and Larter 2006).
Moreover, NAFLD is a very serious disorder leading to
hepatic failure and encephalopathy due to increased
ammonia production, false neurotransmitters, activation of
benzodiazepine receptor and oxidative stress (Angulo 2007;
Johansen et al. 2007).

Carbon tetrachloride (CCly), tetrachloromethane, is a well-
established hepatotoxin, which is widely used to study the
mechanism of toxic liver injury such as acute necrosis and
chronic fibrosis in laboratory animals (Yu et al. 2002). CCly
is reductively bioactivated by cytochrome P450 2EI1 into a
trichloromethyl radical (*CCls), which, in the presence of
oxygen, is subsequently converted into a peroxyl radical
(*OOCCl;) (Weber et al. 2003). Once the free radical is
formed, it reacts with various biologically important sub-
stances such as amino acids, nucleic acids, and lipids then
causes lipid peroxidation, membrane damage, and loss of
hepatocellular calcium homeostasis. Oxidative stress induces
tissue inflammation and necrosis which in turn alters cell
membrane permeability, integrity and structure leading to cell
membrane damage (Choudhary et al. 1996).

Our previous studies showed that the increase in brain
oxidative stress status such as resulting from diabetes or
long term lead exposure altered brain acetylcholine esterase
(AChE) activity (Ghareeb and Hussein 2008; Ghareeb et al.
2010a). Furthermore, it was reported that oxidative damage
to rat synapses contributes to cognitive deficits (Hsu and
Guo 2002).

Monoamine oxidase (MAO), an enzyme that catalyzes
the oxidation of monoamines, is vital to the inactivation of
monoaminergic neurotransmitters such as dopamine, nor-
adrenaline and serotonin (Hare 1928). It has been found an
association between NAFLD progression and the increase
in the activity of MAO. Furthermore, the MAO activity
alteration is linked with increased reactive oxygen species
(ROS) production. MAO dysfunction is thought to be
responsible for a number of neurological disorders and have
recently received attention with regard to aging and age-
related diseases like AD and others. In addition, mitochon-
dria are responsible for adenosine triphosphate (ATP)
metabolism because it produces ATP through the oxidative
phosphorylation, and degrades ATP through the ATPase
action (Calabrese et al. 2001). Brain contains a large
number of mitochondria. It is well demonstrated that
mitochondria dysfunction is implicated in the pathogenesis
of a number of diseases (Beal 2005).
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In the present study we investigated the correlation
between the induction and progression of NAFLD to insulin
resistance and its subsequent risk factors for brain tissue
dysfunction through studying oxidative stress incidence that
could lead to alteration in the activity of proinflammatory
molecules, energy levels and neurotransmitter catabolising
enzymes.

Materials and methods
Materials

CCly, NAD", Dimethylaminobenzylaldehyde reagent, Inor-
ganic pyrophosphatase (PPase), Tris—HCI, 2-(N-morpho-
lino) ethane sulphonic acid (Mes), Pyrophosphate, Methyl
green, triton X-305, Thiobarbituric acid (TBA), Cumene H,O,,
Reduced glutathione (GSH), 5,5'-dithiobis 2-nitrobrnzoic acid
(DTNB), p-Hydroxydiphenyl, Trichloroacetic acid, Acetalde-
hyde, Sodium tungstate, Foline reagent, Xanthine, Benzyl-
amine, ATP, Acetylthiocholine iodide (ACTI) were purchased
from Sigma Chemical Company (St. Louis, Mo, USA). Rat
TNF-«, IL-6 and insulin kits were purchased from BioVision,
USA. All the other reagents were of analytical grade and
highest purity commercial kits (Diamon, Egypt).

Methods
Animals and experimental design

All animal procedures were performed according to the
Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health (Institute of Laboratory
Animal Resources 1996). Female Sprague—Dawley rats
(weighed from 200 to 250 g) were obtained from the animal
house of Faculty of Medicine, Alexandria University, Egypt.
The rats were maintained at approximately 23-25°C with a
12-h light/dark cycle and received basal diet and tap water for
1 week (acclimation period).

CCl, was mixed with a concentration of 1.6% (V/V) in
olive oil for administration according to standard protocol.
After a period of acclimation, 30 rats were housed in metal
standard cages, and then divided into two experimental
groups as follows: Group 1 (control): consisted of six
rats which were intraperitonealy injected with olive oil
as vehicle (1.2 mL/Kg) three times weekly for 4 weeks
and served as untreated control group. Group 2
(NAFLD induced groups) which consisted of 24 rats;
. This group was subdivided into four groups, first
week group; was administered CCly for 1 week, second
week group; received CCly for 2 weeks, third week
group; injected with CCly for 3 weeks and finally fourth
week group was intraperitonealy administered CCl, for

4 weeks. The first and second week groups represented
the NAFLD induction groups while the third and fourth
week groups represented the NAFLD progression groups.
By the end of each induction period rats were sacrificed
after anesthesia with diethylether inhalation, blood was
collected and sera were separated to measure the lipid
profile, insulin resistance markers while brain and liver
tissues were quickly removed and placed in chilled
phosphate buffer, pH 7.4. The tissue was freed from
adhering blood by repeated washing with the same buffer.
Brain and liver tissues were subdivided into to longitude
section one part was fixed in 10% formalin for histolog-
ical study while the other part was frozen at —80°C until
further investigations.

Preparation of lipid supernatant

0.1 g of brain tissue was homogenized with 1 mL of
chloroform-methanol mixture (2:1, v/v) using polytron. The
homogenate was centrifuged at 2500 rpm for 15 min then
the supernatant was obtained. The residue was washed with
1 mL solvent mixture, vortexed, centrifuged and then the
supernatants were combined, stored at —20°C.

Preparation of tissue supernatant

Brain and liver tissues were weighed and homogenized
directly in nine volumes of cold phosphate buffer using
Potter-Elvehjem type glass-Teflon homogenizer. To separate
the nuclear debris, the tissue homogenates were centrifuged
at 3000 rpm for 15 min at 4°C. Brain supernatant was used
for determination of insulin, AChE, MAO, lipid peroxida-
tion, GSH, GPx, XO, TNF-«, IL6, cytochrome 2EI,
ATPase, Pi and PPi. Liver supernatant was used for
determination of AChE and MAO activities.

Estimation of brain total lipid

Ten microlitre of lipid supernatant, standard solution or
distilled water was added to 2 mL H,SO, and mixed well.
The tubes were covered with marble and let to stand in
boiling water bath for 10 min then cooled. In another four
test tubes, 50 pL of pervious solutions were mixed to
1.5 mL color reagent (phosphoric acid, 14 M and vaniline,
10 mM) and let to stand at room temperature for 30 min.
The absorbance was measured at 530 nm against blank
(Zollner and Kirsch 1962).

Determination of serum and brain triglycerides (TG)
and cholesterol

Ten microlitre of serum or lipid supernatant or standard TG
solution was added to 1 mL colour reagent and the tubes
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were incubated at 25°C for 10 min. The absorbance was
measured at 500 nm against blank (Fossati and Prencipe
1982). While, estimation of serum and brain cholesterol
was carried out as follow, 10 pL of serum or lipid
supernatant or standard cholesterol solution was added to
1 mL color reagent, and then incubated at 25°C for 10 min.
The absorbance was measured at 500 nm against blank
reagent (Watson 1960).

Determination of serum and brain glucose level

In three test tubes, 10 uL serum or brain supernatant, 10 uL
standard or 10 pL water was added to 1 mL working
reagent and mixed well. All test tubes were incubated at
25°C for 20 min. The absorbances of standard (As) and test
(At) were read against blank at 505 nm (Hjelm and De
Verdier 1963).

Determination of brain total protein concentration

In two test tubes, 10 pL brain supernatant or water were
added to 4 mL working biuret reagent and vortex for
1 min then incubated for 10 min at room temperature.
Foline- Ciocalteau, 125 puL was added to the mixtures
then all test tubes were incubated for 30 min at room
temperature. The absorbance was read against blank at
759 nm (Plummer 1978).

Estimation of brain lipid peroxidation

The malondialdehyde content, a measure of lipid perox-
idation, was assayed in the form of thiobarbituric acid-
reactive substances by the method described by Wills
(1965). Briefly, 500 uL of brain supernatant was added to
I mL TCA and mixed well then the solutions were
centrifuged at 3000 rpm for 10 min. One milliliter of the
supernatant was added to 0.5 mL of TBA and boiled for
10 min in boiling water bath then cooled. The absorbance
of serum or homogenate was read at 532 nm against blank.

For tissue TBARS level (nmol/g wet tissue)=at/0.156 x
10, Where; the sample dilution was ten.

Determination of endogenous antioxidants in brain

such as, glutathione peroxidase (Gpx), reduced glutathione
(GSH), xanthine oxidase (XO) activities: Glutathione
peroxidase (Gpx)

Fifty microlitre brain supernatant was added to 100 puL
GSH (GSH, 5 mg was dissolved in 10 mL Tris—HCI
buffer, 50 mM, pH 7.6), 100 uL cumene H,0, (cumene
H,0,, 50 pL was mixed with 10 mL Tris—HCI buffer,
50 mM, pH 7.6) and 750 pL Tris—HCI and incubated at
37°C for 10 min. One mL TCA (15%) was added
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centrifuged at 3000 rpm for 20 min and then the super-
natants were separated off. One mL supernatant was added
to 2 mL Tris—-HCI, 0.4 mM, pH 8.9 and 100 pL DTNB
(DTNB, 0.0198 g was dissolved in 5 mL methanol) and
incubated for 5 min. The absorbance was measured at
412 nm against distilled H,O. The activity of GPx was
calculated according to Paglia and Valentine (1967) with
the following equation: GPx activity(U/g wet tissue) =
A x6.2x100/13.1 x 0.05 x 10. Reduced glutathione
(GSH) was assayed by the method of Jollow et al.
(1974). Briefly, 0.1 mL of brain supernatant (10%) was
precipitated with 0.1 mL of 4% sulphosalicylic acid. The
samples were kept at 4°C for at least 1 h and then
subjected to centrifugation at 1200xg for 10 min at 4°C.
The assay mixture contained 0.1 mL supernatant, 2.7 mL
phosphate buffer (0.1 M, pH 7.4) and 0.2 mL DTNB
(0.1 mM, pH 8) in a total volume of 3 mL. The yellow
color developed was measured immediately at 412 nm.
Xanthine oxidase (XO) activity: In two test tube, 30 pL
buffer and 60 pL water (control) or stock solution (test)
[Xanthine,0.038 M, dissolved in distilled water by adding
alkali and gentle heating then 1: 125 dilution of stock is
used] was added to 0.5 mL brain supernatant and
incubated for 40 min at 37°C. 0.1 mL of this solution
was mixed with 0.1 mL Na- tungstate, 0.5 mL water and
0.1 mL H,SO,4 complete to 1 mL and incubated for 1 h at
37°C then centrifuged at 3000 rpm for 10 min. 0.15 mL of
supernatant was mixed with 0.75 mL water and 0.3 mL
Foline reagent and 1.5 mL Na-carbonate and absorbance
was measured at 650 nm (Montgomery and Dymock
1961). Activity of xanthine oxidase was determined using
the following equation; Concentration of xanthine in
control or test = A/A s * concentration of standard*480
Xanthine oxidase activity (Lmole/h/g tissue) = (Concentra-
tion of control-concentration of test)/0.284* xanthine M.Wt.

Determination of brain adenosine triphosphatase (ATPase)
activity

Two hundred microlitre buffer (5 mM MgCI2, 80 mM
NaCl, 20 mM KCIl, 40 mM Tris—HCI buffer, pH 7.4) was
added to 20 pL brain supernatant and preincubated for
5 min at 37°C. Then 20 uL ATP (10 mM) was added and
incubated for 30 min. To the solution, 200 pL TCA
(10%) was added and centrifuged at 3000 rpm, for
10 min. To 50 pL of supernatant, 5 mL ammonium
molybdate- methyl green mixture (5.8 mL molybdate,
1.7 mL methyl green, and 1.3 triton X305/NaOH and
1 mL water) was added, mixed well and incubated for
10 min at room temperature. Absorbance of samples and
standards were measured at 630 nm against blank
(Litwack et al. 1953). Enzyme specific activities were
expressed as nmol Pi released/min/mg protein.
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Estimation of supernatant pyrophosphate (PPi)

One hundred microlitre of brain supernatant was added to
100 uL Mes [2-(N-morpholino) ethane sulphonic acid
(Mes)/sodium fluoride (0.2 M/0.1 M), pH 5.8] and 5 uL
PPase solution [Inorganic pyrophosphatase (PPase)/
MgCL,/Tris—HCI (50 U/ml/40 mM/0.1 M), pH 7], mixed
well and incubated for 15 min at 25°C (incubation mixture).
Fifty microlitre of incubation mixtures were added to 5 mL
solution 4 [Tris/MgCl,/pyrophosphate (0.05 M, pH 8.5/
0.2 mM/0.5 mM)] and 5 mL ammonium molybdate- methyl
green mixture (5.8 mL molybdate, 1.7 mL methyl green,
and 1.3 triton x305/NaOH and 1 mL water), mixed well
and incubated for 10 min at room temperature. The
absorbances of samples and standards were measured at
630 nm against blank (Candeiasa et al. 2009). The
concentration of pyrophosphate was calculated with the
following equation; PPi concentration (mg/dl) = At/As X
concentration of standard.

Estimation of brain inorganic phosphate (Pi)

Eight hundred microlitre of blank reagent (sulphuric acid,
0.36 M and NaCl, 154 mM) was added to 40 puL brain
supernatant. Then 400 pL of phosphorus reagent (ammonium
molybdate, 3.5 mM, H,SOy4, 0.36 mM and NaCl, 154 mM)
was added and incubated for 5 min at 37°C. The absorbances
of standard and test were measured at 340 nm against blank
(Drake et al. 1979). The sample Pi level was calculated
with the following equation; Sample Pi (mg/dl) = At/As x
concentration of standard.

Determination of Cytochrome 2E1 (CYP2EI)

CYP2ELI activity was determined in brain supernatant by
the hydroxylation of aniline into p-aminophenol (Srivastava
et al. 2002; Robin et al. 2005). The p-aminophenol was
converted into a blue complex with an absorption peak at
630 nm.

Estimation of AChE and MAO activities

AChE was measured according to Ellman et al. (1961). The
assay system contained, in a final volume of 1 mL:
100 mM phosphate buffer, pH 8, 75 mM ACTI. The brain,
liver supernatant or serum was pre-incubated with the assay
medium for 15 min at 37°C, then added 0.32 mM DTNB as
a second substrate. The reaction was started by the addition
of DTNB then the increase in absorbance at 412 nm was
recorded for 5 min at 37°C with 5 s intervals. While MAO
activity: 667 ul of 500 uM p-tyramine and 133 pl
potassium phosphate buffer pH 7.6 were added to 100 pl
brain, liver supernatant or sreum. The absorbance was

measured at 250 nm against air after 30 s and 90 s. The
activity of MAO was calculated according to Sandler et al.
(1981) with the following equation: MAO activity (U/1) =
AA X total volume x 1000/32.2x sample volume x 0.5.

Determination of TNF-a and IL-6 in brain supernatant

Assayed by the method described in the commercial TNF-«
ELISA kit purchased from Ray Biotech, USA. The TNF-«
level was carried out by the enzyme-linked immunosorbent
assay (ELISA), using the anti-Rat TNF-« precoated micro-
plates (12x8 microwell strips). Absorbance was measured
immediately at 450 nm against blank using an ELISA
reader (BioTek, USA). IL-6 in brain supernatant: Assayed
by the method described in the commercial IL-6 ELISA kit
purchased from RayBiotech, USA. The IL-6 was deter-
mined by ELISA using the anti-Rat IL-6 pre-coated
microplates (12x8 microwell strips) following the above
mentioned procedure in TNF- «.

Determination of insulin in serum and brain supernatant

Twenty five microlitre of standard, control, serum or
brain supernatant was dispensed into appropriate wells,
then 25 pl enzyme conjugate (mouse monoclonal anti-
insulin conjugated to biotin) was dispensed into each
well and incubated for 30 min at room temperature. The
wells were rinsed three times with diluted wash solution.
Fifty microlitre of enzyme complex (Streptavidin HRP
Complex) was added to each well then were incubated
for 30 min at room temperature. The wells were rinsed
three times with diluted wash solution. Fifty microlitre of
substrate solution (TMB) was added to each well then
incubated for 15 min at room temperature. The enzymatic
reaction was stopped by adding 50 pl of stop solution (0.5 M
H2S04) to each well. OD was read at 450 nm with a
microtiter plate reader within 10 min after adding the stop
solution.

Calculation of HOMA-IR and HOMA-3

The homeostatic model assessment (HOMA) was used to
quantify insulin resistance and beta-cell function, this model
was calculated by the following equation, HOMA — IR =
(Glucose (mg/dL)*Insulin (pg/mL))/405 HOMA — % =
(360*Insulin/Glucose — 63) .

Histopathological examination
Hematoxylin-eosin stain was used for liver and brain
cells: Portions of liver or brainwere fixed in 10% neutral

buffered formalin for 48 h. Specimens were dehydrated
and embedded in paraffin, sectioned and stained with
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hematoxylin and eosin (H&E) for histopathological
examination.

Statistical analysis

Data are expressed as the mean + S.D. One-way analysis of
variance (ANOVA) followed by Student Newman-Keuls
test, which was provided by Primer Biostatistics program
(Version 5). The differences were considered statistically
significant at P-value <0.05.

Results

In the present study, we investigated the complications of
fatty liver during NAFLD stages in two forms of induction
(during first and second weeks) and progression (through
third and fourth weeks) on brain tissue to assess the relation
between NAFLD development and brain damage/dysfunc-
tions incidence through induced insulin resistance and
deficiency of insulin signalling..

The insulin resistance markers, on the one hand, were
firstly assessed during the induction and progression period
and it was found that CCl,; administration increased blood
glucose level, insulin level, and HOMA IR, on the other
hand, HOMA- {3 started to decrease from the first weeks
until reached the maximum reduction at fourth weeks.
Moreover, Cholesterol and triglycerides levels were not
altered at the first week then slightly increased at the second
weeks and reached to the maximum levels at fourth weeks
when compared to control levels, at p<0.05 (Table 1).

The incidence of NAFLD proved with the histological
investigation that represented in Fig. 1. After 1 week of
CCl, administration, fat droplets (steatosis) appeared intra-
hepatocytes, this case was accompanied with necrosis after
2 week of CCl; administration and inflammation was

detected in the third week. Finally, the severity of steatosis,
necrosis, and inflammation were elevated in the fourth
week of the progression stage.

Table 2 shows the alterations that took place in the levels
of the brain glucose, protein and lipid profile (cholesterol,
triglycerides and total lipid) due to NAFLD induction (first
and second weeks) and progression (third and fourth weeks).
On the one hand, during the induction and progression
stages, the level of glucose was markedly decreased while
protein content and lipid profile were significantly increased
than those of control levels, at p<0.05. On the other hand,
brain insulin level did not affect through the induction stage
but it significantly elevated through the progression period as
shown in Table 2, at p<0.05.

Brain prooxidants, described in terms of TBARS and
the activity of xanthine oxidase, were significantly
increased in a range of 2—7 and 5-14 folds though the
induction and progression periods, respectively when
compared to control level. On the other hand, the
antioxidants parameters, GSH and GPx were markedly
decreased through the disease induction and progression,
as shown in Fig. 2.

The alteration in prooxidants/antioxidants status was
linked with alteration in energy status where it was found
that the brain ATPase gradually increased in the levels of
31% to 228% through the induction and progression period.
This elevation associated with suddenly decrease in brain
inorganic phosphate level from the first week. Otherwise,
the level of inorganic pyrophosphate was unaffected by
disease induction or progression (Fig. 3).

The NAFLD induction and progression showed a
progressive alteration in brain inflammatory markers as
shown in Table 3. Cytochrome P450 (CYP 2El) activity
was strongly increased at all time intervals of studied stages
where it was increased by 47, 46, 71 and 90% respectively
from the first to the fourth weeks (Table 3).

Table 1 Effect of NAFLD induction and progression on blood insulin, glucose and TG levels

Parameters Control NAFLD Induction NAFLD Progression

First week Second week Third week fourth week
Glucose mg/DI 70.9+13.9° 110.5+14.3° 168.1+16.9° 239.5+19.6¢ 279.1422.7°
Insulin pg/mL 9.4+1.6 10.4+1.3° 13.6+2.1° 14.5+2.01° 18.7+3.1°
HOMA IR mg/dL 1.62+0.05% 2.8440.05° 5.45+0.08° 8.57+0.1¢ 12.940.2°
HOMA-B% 483+10.5¢ 79+5.9 47+9.4° 29+1.6° 3142.12
Cholesterol mg/dL 168.7+7.8* 170+5.5° 188.1+9.1° 230+14.5° 283.6+24.4¢
Triglycerides mg/dL 161.5+15.2° 160.8+14.7° 180.4+8.7° 190.7+12.4° 239.8+17.2¢

Values are expressed as means + SE of Rat groups

Within the row, means with different letters (superscripts) (a, b, ¢, d or e) were significantly different at p<0.05. Mean with letter (a) was
significantly the lowest value while mean with the letter (¢) was significantly the highest value. If two or three groups have the same letters that

means there is no significant difference detected at p<0.05
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Fig. 1 Effect of the NAFLD
induction and progression on
liver histology. Hematoxylin-
eosin staining showed the cells
in a longitudinal section at
magnification 400x of light
microscope: (a) Control (b) first
week (c¢) second week (d) third
week (e) Fourth week. Solid
arrow shows steatosis, dashed
arrow shows necrosis and dotted
arrow shows inflammation

TNF-« levels were potentially increased in brain by
approximately 2 folds for the first week, 2.6 folds for the

Table 2 Effect of NAFLD progression on brain glucose level, lipid profile and protein content

second week, 3.2 folds for the third week and 3.8 folds at
the fourth week interval (Table 3). In the same manner,

Parameters Control NAFLD induction NAFLD Progression

Second week Third week fourth week
Glucose mg/g 52.9+1.7° 42+2.3° 40+3.7° 28.6+2°
Protein mg/g 35+8° 50+1.3° 68+8° 70+8¢
Cholesterol mg/g 110+£21% 203+8.8° 238.7+34.9 336+35¢
Triglycerides mg/g 435+0.75" 34.543.5¢ 45.67+4.7° 43.2+42¢
Total lipid g/g 0.14+0.005° 0.27+0.003¢ 0.31+0.004¢ 0.39+0.01¢
Insulin pg/g 1.4+0.2° 1.5+0.1° 3.5+0.9° 5.7+0.4°

Values are expressed as means = SE of Rat groups

Within the row, means with different letters (superscripts) (a, b, ¢, d or e) were significantly different at p<0.05. Mean with letter (a) was
significantly the lowest value while mean with the letter (¢) was significantly the highest value. If two or three groups have the same letters that

means there is no significant difference detected at p<0.05
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Fig. 2 TBARS, GSH, GPx kvl and enTymabe
and XO. Means with different Jetniy
letters (a, b, c, d or e) were .45
significantly different at p<0.05. d
Mean with letter (a) was 40
significantly the lowest value
while mean with the letter (e) 15
was significantly the highest
value. Letters b, ¢ and d within a
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from a and e, as well as b letter
is significantly lower than ¢ and 25
¢ lower than d letter at p<0.05.
Groups with the same letters 20
are not significantly different at
p<0.05 15
10
5
0
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brain IL-6 levels were potentially heightened from the first
to the fourth weeks, respectively by 1.8, 1.7, 2.5 and 3.1
folds in comparison to the control group at p<0.05
(Table 3).

The levels of acetylcholine esterase (AChE) and mono-
amine oxidase (MAO) in serum, liver and brain tissues
were shown in Table 4. NAFLD induction and progression

Fig. 3 ATPase (nmol/min), PPi

(mg/g) and Pi (mg/g*107").

Means with different letters (a, b 2 5
or ¢) were significantly different

at p<0.05. Mean with letter (a)

was significantly the lowest

value while mean with the letter

(c) was significantly the highest 20
value. Letter b is significantly

lower than ¢ at p<0.05. If two or

three groups within the same

series have the same letters that 15
means there is no significant

difference detected at p<0.05
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and level
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increased AChE activity in brain, liver and serum. While,
MAO activity was increased in brain and liver tissue and
was decreased in serum along the induction and progression
stages.

Finally the brain histopathological examination that is
represented in Fig. 4 showed that normal cellular architec-
ture in the control group (Fig. 4a). During the first week of

O Control
OFirst week

B Sacond week
8 Third week

8 Fourth week

1R
H—

Fi{mg/g)
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Table 3 Effect of NAFLD progression on brain inflammatory status
Parameters Control NAFLD Induction NAFLD Progression

First week Second week Third week Fourth week
TNF-x pelg 111+£43° 214+71° 290499° 359+102¢ 430+123°
IL6 pg/g 106+9* 197+29° 186+15° 267+39° 325+60¢
Cytochrome 2E1 2.1+0.13% 3.1+0.17° 3+0.1° 3.6+0.12° 4+0.2¢

umol/mL/mim/mg

Values are expressed as means + SE of Rat groups

Within the row, means with different letters (superscripts) (a, b, ¢, d or e) were significantly different at p<0.05. Mean with letter (a) was
significantly the lowest value while mean with the letter (¢) was significantly the highest value. If two or three groups have the same letters that

means there is no significant difference detected at p<0.05

NAFLD induction, severe neurodegenerative changes with
pyknosis and vacuolations was observed (Fig. 4b) that
associated with cavitations in the second week of induction
period (Fig. 4c). Furthermore, during the third week
(NAFLD progression, neurodegeneration with eosinophilic
cells, pyknosis and vacuolations were shown in Fig. 4d.
Finally, severe neurodegeneration, pyknosis acuolations and
cavitations was observed during the fourth week (Fig. 4¢).

Discussion

Non-alcoholic fatty liver disease (NAFLD) is being
increasingly recognized as a common liver disorder that
represents the hepatic manifestation of the metabolic
syndrome related to obesity, insulin resistance, type II
diabetes, hypertension and hyperlipidemia. NASH is the
progressive form of liver injury that carries a risk for
progressive fibrosis, cirrhosis, and end-stage liver disease.
Indeed, hepatic lipid accumulation results from an imbal-
ance between lipid availability (from circulating lipid
uptake or de novo lipogenesis) and lipid disposal (via fatty

acid oxidation or triglyceride-rich lipoprotein secretion) and
eventually triggering lipoperoxidative stress and hepatic
injury (Samuel et al. 2004; Shoelson et al. 2006; Samuel et
al. 2007; De Luis et al. 2008; Musso et al. 2009). In our
study, the increased insulin levels (hyperinsulinemia) with
increased homeostatic model assessment of insulin resis-
tance (HOMA-IR) and decreased homeostatic model
assessment of beta cell function (HOMA-f3) indices were
matched with the significant increased levels of cholesterol
and triglycerides in the progression state of NAFLD and
owned to decrease in mitochondrial beta-oxidation of fatty
acids and increased hepatic uptake of fatty acids. The
significant increased insulin resistance favoured its role in
accumulation of free fatty acids in the liver and predispos-
ing oxidative stress through stimulating microsomal lipid
peroxidases (Anania and Parekh 2007; Musso et al. 2009).

Moreover, our results revealed the role of lipid accumula-
tion and lipid peroxidation in brain tissue accompanied with
stimulating and induction of CYP 2E1 with sever oxidative
stress status, which is characterized by high levels of
thiobarbituric acid-reactive substances and xanthine oxidase,
respectively (TBARS and XO) and low antioxidants levels

Table 4 Effect of NAFLD progression on AChE and MAO activity in Brain, liver tissues and serum

Tissue Parameters Control NAFLD Induction NAFLD Progression
First week Second week Third week Fourth week
Brain AChE U/min*10™* 0.14+0.01° 0.19+0.07° 0.24+0.006" 0.27+0.03¢ 0.29+0.02¢
MAO IU/mg 0.5+0.04° 1.2+0.54° 1.4+0.2° 1.6+0.3° 2.4+0.2°
Liver AChE U/min*10™* 0.13+0.01° 0.14+0.03* 0.14+0.01° 0.17+0.05° 0.19+0.02¢
MAO IU/mg 0.93+0.3* 2.1+0.2° 1.94+0.3° 2.03+0.2° 1.9+0.3°
Serum AChE U/min*10™* 0.03+0.009? 0.05+0.003° 0.06+0.003° 0.09+0.008¢ 0.1+0.009¢
MAO IU/mg 38.1+6.6¢ 33.7+1.5¢ 10.8+0.7° 8.6+0.3° 5.3+0.5°

Values are expressed as means + SE of Rat groups.

Within the row, means with different letters (superscripts) (a, b, ¢, d or e) were significantly different at p<0.05. Mean with letter (a) was
significantly the lowest value while mean with the letter (¢) was significantly the highest value. If two or three groups have the same letters that

means there is no significant difference detected at p<0.05
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Fig. 4 Effect of the NAFLD
induction and progression on
brain histology. Hematoxylin-
eosin staining shows the cells
in a longitudinal section at
magnification 400x of light
microscope for (a) Control

(b) first week (c¢) second week
(d) third week (e) Fourth week

reduced glutathione and glutathione peroxidise (GSH and
GPx, respectively) in the progression stages of NAFLD.
Moreover, the increased level of ROS effects on endogenous
antioxidant system by reducing the intracellular concentration
of GSH and decreases the activities of superoxide dismutase
(SOD), catalase (CAT) and GPx (Halliwell and Gutteridge
2000). The mechanisms of oxidative stress in NAFLD have
been focused on generation of prooxidants such as mito-
chondrial release of reactive oxygen species (Pessayre et al.
2002; Perez-Carreras et al. 2003), induction of microsomal
cytochrome P450 (CYP) (Robertson et al. 2001), peroxi-
somal production of hydroperoxide (Perez-Carreras et al.
2003; Reddy 2001) or the inflammatory process itself.
Cytochrome P450, in particular, CYP2EL, is characterized
as a free enzyme with high pro-oxidant activity, with a
potential source of oxidative stress in NASH (Macdonald et
al. 2001; Robertson et al. 2001; Weltman et al. 1998; Seki et
al. 2002; Emery et al. 2003; Videla et al. 2004). Furthermore,
several in vitro and in vivo studies indicated that insulin

@ Springer

resistance (IR) enhanced lipid peroxidation, reduced
NADPH, CYP P450, and GSH level that mediated severe
cellular damage in different tissues through metabolic
activation to highly reactive substances such as free radicals
(Marchesini et al. 2003). The increased hepatic activity of
CYP P450 2E1 was reported in type 2 diabetes patients
(Bosetti et al. 2002) and in patients with NASH (Hummel et
al. 2006). Due to the remarkable increase in ketone bodies in
patients with type II diabetes is considered CYP 2El
inducers which could be an important source for ROS in
hepatocytes, in the cytosol and mitochondria. So increased
mitochondrial expression of CYP 2E1 could play a pivotal
role in ROS generation and augment lipid peroxidation to
release more reactive aldehydes that exert further mtDNA
oxidation and respiratory chain polypeptides reduction
(Aleynik et al. 1997).

Furthermore, the increased CYP2E1 and produced
reactive oxygen species accompanied with oxidative stress
cause nuclear factor kappa (NF-kf3) activation which
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induces the synthesis of tumor necrosis factor-oc (TNF- o)
(Eckel et al. 2005, Qi Cao et al. 2005). The intracellular and
molecular mechanisms responsible for TNF-«-induced
insulin resistance and lipid overloading of liver cells have
been increasingly elucidated and appear to involve both
activation of stress-related protein kinases, such as Jun
N-terminal kinase (JNK), as well as the inhibitor kappa beta
kinase beta (IKK 3)/NF-«B pathway. Furthermore, selective
low-grade activation of the IKK(3/NF-«kB pathway in liver
cells results in a state of subacute chronic inflammation
with increased production of cytokines, such as TNF-a and
interleukin (IL)-6, and both hepatic and systemic insulin
resistance (Cai et al. 2005).

The remarkable increased lipid peroxidation products
and cytokines involved in the progression of NAFLD
through activity of apoptosis and necrosis leading to cell
death and supporting the importance of this cytokines in the
interaction among inflammation, decreased insulin signal-
ing and sensitivity with fat accumulation in liver (Angulo
2007). This overloading of liver with lipids is believed to
render the liver more susceptible to a second hits which
results in liver damage and disease progression (Ahboucha
and Butterworth 2008). The increased cytokine IL-6 have
played a significant role in the development of insulin
resistance and fatty liver. Serum IL-6 levels were elevated
in animal models with NAFLD, as well as alcoholic liver
disease (Plummer 1978; Paglia and Valentine 1967).
Moreover, IL-6 has recently been shown to be unregulated
in the liver of NAFLD and positively correlated with both
the inflammatory activity and the stage of fibrosis (Hjelm
and De Verdier 1963; Jollow et al. 1974). Furthermore,
several in vitro and in vivo studies have shown that the
liver is the major target for IL-6 actions where it inhibits
insulin signaling, resulting in increased hepatic gluconeo-
genesis, subsequent hyperglycemia, and compensatory
hyperinsulinemia (Zhao and Alkon 2001).

Our brain tissue data showed that through disease
induction and progression; brain glucose level was
decreased while cholesterol, triglycerides, total lipid and
total protein were increased. Several studies reported that
high serum and brain cholesterol levels enhance amyloid
3-peptide (AP) formation and facilitated its deposition
into plaques. Therefore, NASH indicated to be a
significant role for cholesterol in pathophysiology of
AD (Cibickova et al. 2009). Furthermore, cholesterol
influences the activity of the enzymes involved in the
metabolism of the amyloid precursor protein and in the
production of A3 but the mechanism by which cholesterol
affects AP production and metabolism is not fully
understood (Rojo et al. 2000).

Furthermore, the disruptions of the neurotransmitter
acetylcholine were recorded in the progression stage of
NAFLD and were parallel with the observed inhibition of

AChE activity (Bardov et al. 1990). Accordingly, the
decreased GSH is obviously related to the reduction of
AChE due to oxidative inactivation of the enzyme thiols
and formation of disulfide bonds resulting in reduction in
ACh (Zheng et al. 1988). So, insulin resistance, subsequent
hyperinsulinemia, and hyperlipidemia are associated with
increased oxidative stress, elevated inflammatory markers
and increased risk for AD and other neurodegenerative
disease (Watson and Craft 2006).

Lam et al. (2008) proved the direct relationship
between liver disorder and nerve impulse alterations; they
found that CCl,-induced fibrosis in rat increased AChE-
positive nerve fibers three fold than that of control.
Moreover, several investigators proved that personality
changes and memory deficits are largely attributed to
deficiency in cholinergic neurotransmission which returns
to AChE hyperactivity (Hu et al. 2003). Thereby our
animal model could be had memory deficit due to the
apparently AChE hyperactivity showed in serum, liver and
brain tissues especially at the third week in the stage of
NAFLD progression and NASH development. Thus, to
some extent, insulin acts as its own counter-regulatory
hormone, with CNS insulin producing features of insulin
resistance (Banks 2004). Thus, in the CNS, insulin
participates in the regulation of feeding behavior and
energy homeostasis, neuronal maintenance, neurogenesis,
and neurotransmitter regulation. In addition, it has a role
on cognitive functions as supported by neuronal activity,
and in the control of aging-related processes (Craft and
Watson 2004).

On the one hand, chronic hyperinsulinemia has a negative
influence on memory, since type Il Diabetes Mellitus has been
associated with long-term impairment in cognitive function in
humans and animal model studies. On the other hand, acute
hyperinsulinemia increases of peripheral or brain insulin have
an enhanced memory performance effect (Craft et al. 1999;
Ott et al. 1999; Reger et al. 2008).

Monoamine oxidase (MAOs) play a vital role in the
inactivation of neurotransmitters, MAO dysfunction (too
much or too little MAO activity) is thought to be
responsible for a number of neurological disorders, depres-
sion (Meyer et al. 2006), schizophrenia (Schildkraut et al.
1976), substance abuse, attention deficit disorder,
migraines, and irregular sexual maturation.

Our results revealed a significant increase in MAO
activity in brain tissue along induction and progression
periods of NAFLD. In spite of brain enzyme activity
positive increment, the activity of the enzyme was
progressively decreased serum along the induction period.
As we measured the total enzyme activity, we postulated
that this discrepancy is due to enzyme isoforms, where
there are two types of MAO, MAO-A and MAO-B. Both of
MAO-A and MAO-B are found in neurons and astroglia.
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While outside the central nervous system; MAO-A is found
in the liver, gastrointestinal tract, and placenta and MAO-B
is mostly found in blood platelets (Fowler et al. 1998).

The fluctuations in the present study for the amount of
MAO concentration and per se activity is mainly affected
by the steatosis in the stages of NAFLD induction and
increased in the progression stage of the NAFLD as the
biochemical activity of monoamine oxidase generates
hydroxyl radicals, very toxic members of the oxygen free
radical group, that may be involved in neurodegenerative
disorders such as Parkinson’s disease. Monoamine oxidase
inhibitors are one of the major classes of drug prescribed
for the treatment of depression, although they are last-line
treatment due to risk of the drug’s interaction with diet or
other drugs. Excessive levels of catecholamines (epineph-
rine, norepinephrine, and dopamine) may lead to a
hypertensive crisis, and excessive levels of serotonin may
lead to serotonin syndrome. Inhibiting monoamine oxidase
with selegiline (1-deprenyl) seems to have neuroprotective
actions but this may be due to inducing the release of
neuronal growth factors rather than by preventing the
formation of free radicals (Ghareeb et al. 2010b).

Furthermore, ATPase activity showed a surprising and
interesting positive increment along the induction period. In
disagreement with our results, several investigators revealed
that insulin-amyloid protein directly inhibits Cl- ATPase, Na-K
ATPase and Ca ATPase (Vives-Bauza et al. 2006).

Scheme 1 The speculated
mechanism for Alzheimer
disease AD development as a
complication of NAFLD/IR
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In addition, Caro et al. (2009) reported that over-
expression of CYP2E] inhibited microsomal Ca®-ATPase.
However, it was (Hattori et al. 1998) reported that Mg
ATPase was increased by 25% in AD patients than control
subjects. We speculated that IR is the key factor in this
unexpected increment, as long as it shifts the metabolic
pathways toward gluconeogenesis and lipolysis both of
which uses cellular storage energy (ATP) by the action of
ATPase. However, an increased sensitivity of NASH livers
to stressors was demonstrated in animal models of NASH,
which displayed significantly increased mitochondrial ROS
production and impaired ATPase activity in response to
ischemia-reperfusion injury (Serviddio et al. 2008).

Finally our histopathological study (Fig. 4) supported
our biochemical parameters where the brain tissue damage
was associated with NAFLD/IR induction and progression
took place and characterized by severe neurodegenerative
changes with pyknosis and vacuolations, cavitations,
accumulation of eosinophilic cells and acuolations. So, we
tried to speculate the mechanism of NASH as risk factor for
AD (Scheme 1) through the progression of NAFLD and its
accompanied alterations in the activities of neurotransmitters
catabolizing enzymes and energy depletion due to the
oxidative stress and inflammation induction, all, these factors
may induce brain dysfunction with increased brain damage.
All, these factors may induce brain dysfunction with
increased brain damage. In conclusion, we tried to establish
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the polygenic and interrelated pathways elucidated the link
between obesity, insulin resistance, hepatic steatosis, and the
progression to parenchymal necroinflammation and fibrosis
through the hypothesis that, insulin may modulate cognitive
functions through effects on neurotransmission and acetyl-
choline function and memory formation and cholinergic
blockade impairs memory.
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