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acetylcholinesterase activity in C57BL6 mice
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Abstract. Choline and methionine are precursors of acetylcholine, whose hydrolysis is catalyzed by
acetylcholinesterase (AChE). Considering the possibility of their common deficiency, we investigated
the influence of methionine-choline deprivation on AChE activity in liver and various brain regions
(hypothalamus, hippocampus, cerebral cortex and striatum) in mice fed with methionine-choline
deficient (MCD) diet. Male C57BL/6 mice (n = 28) were randomly and equally divided into follow-
ing groups: control group fed with standard diet for 6 weeks (C) and groups fed with MCD diet for
2 weeks (MCD?2), 4 weeks (MCD4) and for 6 weeks (MCD6). After the diet, mice were sacrificied
and AChE activity in liver and brain was determined spectrophotometrically. Hepatic AChE activ-
ity was higher in MCD2, MCD4 and MCD6 compared to control (p < 0.01), with most prominent
increase in MCD6. AChE activity in hypothalamus was higher in MCD4 and MCD6 vs. control (p <
0.05 and p < 0.01, respectively), as well as in MCD6 compared to MCD4 (p < 0.01). In hippocampus,
increase in AChE activity was shown in MCD6 compared to control (p < 0.01). In cortex and striatum,
increase in AChE activity was noted in MCD6 compared to control (p < 0.05). Our findings indicate
the increase of hepatic and brain AChE activity in mice caused by methionine-choline deprivation.

Key words: Acetylcholinesterase — Brain — Liver — Methionine-choline deficient (MCD) diet —
Mice

Abbreviations: ACh, acetylcholine; AChE, acetylcholinesterase; CNS, central nervous system; GSH,
glutathione; MCD, methionine-choline deficient: NAFLD, nonalcoholic fatty liver disease; NF-kB,
nuclear factor kappa B; RNS, reactive nitrogen species; ROS, reactive oxygen species; TNFa, tumor
necrosis factor a.

Introduction

Methionine is the major dietary source of methyl groups,
since this essential amino acid is the immediate precursor of
S-adenosylmethionine (SAM), which is the universal donor
in the processes of transmethylation (Stead et al. 2006; Ander-
son etal. 2012; Guéant et al. 2013). Nevertheless, methylation
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reactions play major role in biosynthesis of lipids, regulation
of metabolic pathways and detoxification processes (Stead et
al. 2006). Recent studies indicate that endogenous synthesis
of methionine is a major event in the cell life (Anderson et
al. 2012; Guéant et al. 2013). It is known that endogenous
methionine has dual source, the remethylation pathway and
the degradation of endogenous or food proteins (Guéant et
al. 2013). Homocysteine is converted to methionine upon
the action of methionine synthase, with folic acid as the
methyl-donor and vitamin Bj, as the methionine synthase
co-factor (Finkelstein 2003). Alternative metabolic pathway
is interaction of homocysteine and betaine, an oxidative
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product of choline, which occurs only in liver, kidney and
lens (Finkelstein 1990; Ueland 2011). Therefore, choline, me-
thionine and folate metabolism interact at the point at which
homocysteine is converted to methionine (Penry and Manore
2008). Deficiency of vitamin By, usually affiliated with folate
deficiency as well, is mainly observed during pregnancy or
aging (Yajnik and Deshmukh 2012). Combined vitamin
By, and folate deficiency is also associated with Alzheimer
and Parkinson diseases, thrombosis, stroke and myocardial
infarction (Selhub 2008; Smith 2008).

Choline is recognized as an essential nutrient, due to
its important role in cholinergic neurotransmission (ace-
tylcholine synthesis), synthesis of phospholipids in cell
membranes and cell-membrane signaling, as well as in
lipid-cholesterol metabolism and methylation reactions
(Penry and Manore 2008; Zeisel and da Costa 2009). Most
of the choline in organism is found in phospholipids, such
as phosphatidylcholine and sphingomyelin (Zeisel and da
Costa 2009). Though representing a smaller proportion
of the total choline pool, important metabolites of choline
include platelet-activating factor, choline plasmalogens,
lysophosphatidylcholine, phosphocholine, glycerophos-
phocholine and betaine (Zeisel 2000). In clinical practice,
choline deficiency may be a consequence of physiological
conditions (pregnancy and lactation), as well as different
disorders (alcoholism, malnutrition, fatty liver and muscle
damage) (Li and Vance 2008).

Choline is a precursor of acetylcholine (ACh), an im-
portant neurotransmitter in the peripheral and central
nervous system (CNS) (Parson et al. 1993). ACh is released
by neurons in many areas of the brain (the large pyramidal
cells of motor cortex, several different types of neurons in
the basal ganglia, as well as motor neurons that innervate
skeletal muscles, preganglionic neurons of the autonomic
nervous system, postganglionic neurons of the parasym-
pathetic nervous system, etc) (Prado et al. 2002). ACh is
also needed for normal processes of learning, memory and
behavior (Fadda et al. 2000; Hironaka et al. 2001; Cooper
et al. 2003; Stefanello et al. 2007; Alvarez et al. 2009; Zeisel
and da Costa 2009). Furthermore, there is evidence that ACh
has antiinflammatory effects, which is mediated primarily
through nicotinic ACh receptors expressed on macrophages,
so ACh receptors modulate interactions between the nerv-
ous system and the immune system (Wang et al. 2011; Das
2012). ACh reduces nuclear factor kappa B (NF-«xB) activa-
tion and decreases production of inflammatory cytokines
(Pavlovand Tracey 2004). Besides, nonneuronal cholinergic
system also plays a significant metabolic role in erythrocytes
(De Almeida and Saldanha 2010), lymphocytes (Reardon
et al. 2013), skin (Kurzen and Schallreuter 2004) and liver
(Garcia-Ayllon et al. 2012).

Acetylcholinesterase (AChE; EC 3.1.1.7) is a crucial
membrane-bound enzyme involved in cholinergic neuro-

transmission, which rapidly hydrolyzes ACh in particular
(Cooper et al. 2003). Consequentially, the activity duration
of this neurotransmitter at the synaptic clefts highly depends
on AChE activity (Prado et al. 2002). AChE is distributed in
cholinergic neurons and widely throughout the body, mainly
in erythrocytes, lymphocytes, liver and serum (Prado et al.
2002; Cooper et al. 2003). Apart from its catalytic activity in
hydrolyzing ACh, AChE affects cell proliferation, differen-
tiation and responses to various insults, including oxidative
stress (Grisaru et al. 1999; Bond et al. 2006; Bond and Green-
field 2007; Valko et al. 2007; Ghareeb and Hussein 2008;
Ghareeb et al. 2010, 2011). It also performs nonenzymatic,
trophic (e.g. stimulation of neuritogenesis and remodeling)
and neuromodulatory (promotion of long-term functional
changes in the CNS) functions (Silman and Sussman 2005;
Gralewicz 2006; Anglister et al. 2008; Greenfield et al. 2008;
Vucevié et al. 2009).

Methionine-choline deficient (MCD) diet is proven to
be one of the most reliable experimental models for non-
alcoholic fatty liver disease (NAFLD) (Rinella et al. 2008;
Itagaki et al. 2013; Stankovic et al. 2014; Machado et al.
2015). Therefore, MCD mice model of NAFLD is the base of
many other studies for examination contributing metabolic
changes, functional disorders or diagnostic options consider-
ing this disease (Canet et al. 2014; Lee et al. 2015; Luther et al.
2015; Ryu etal. 2015). On the other hand, in clinical practice,
combined methionine and choline deficiency might occur
in different pathological and physiological conditions, such
as malnutrition, vegetarianism, malabsorption syndrome,
Crohn's disease, as well as pregnancy, lactation and use of
some drugs (Zeisel and da Costa 2009).

Considering the physiological bonds of methionine and
choline with acetylcholinesterase, reliability of MCD experi-
mental mice model and clinical significance of methionine
and choline deficiency, the aim of the present study was to
investigate the influence of methionine-choline deprivation
on AChE activity in liver and various brain regions (hypotha-
lamus, hippocampus, cerebral cortex and striatum) in mice
fed with MCD diet.

Materials and Methods

Animals

The experiment was performed on male C57BL/6 mice,
6-8 weeks old, weighting on the average 23 + 3 g, which
were raised at Military Medical Academy, Belgrade, Serbia.
Animals were kept in individual cages under standard labo-
ratory conditions (ambient temperature 22 + 2°C, relative
humidity 50 + 10%, 12/12 h dark/light cycle with lights
turned on at 9.00 a.m.) with free access to tap water and
appropriate food. All experimental procedures were in full
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compliance with Directive of the European Parliament and
of the Council (2010/63EU) and approved by the Ethical
Commitee of the University of Belgrade, Serbia (Permis-
sion N° 695/2).

Experimental design

All animals (n = 28) were randomly divided into following
groups: 1. Control group fed with standard diet (960441-MP
Biomedical, CA, USA) for 6 weeks (C; n = 7). 2. Group fed
with MCD diet for 2 weeks (MCD2; n = 7). 3. Group fed
with MCD diet for 4 weeks (MCD4; n = 7). 4. Group fed
with MCD diet for 6 weeks (MCD6; n = 7). Standard diet
contained 2 g/kg choline chloride and 3 g/kg methionine,
while MCD diet had the same composition as standard chow
without methionine and choline and with expense of sucrose
(22.76%) (960439-MP Biomedical, CA, USA).

On the day prior to sacrifice, mice were fasted overnight.
After 2, 4 and 6 weeks on diet treatment, mice were sacrifi-
cied by exsanguination in ketamine anesthesia (100 mg/kg
intraperitoneally). Liver and brain samples (hypothalamus,
hippocampus, cerebral cortex and striatum) were taken for
determination of AChE activity.

Sample preparation

After decapitation, the brains were quickly removed and
four brain regions (hypothalamus, hippocampus, cerebral
cortex and striatum) were immediately homogenized in
cold-buffered sucrose medium (0.25 M sucrose, 10 mM
K/NaPOy, 1 mM ethylenediaminetetraacetic acid (EDTA),
pH 7.0) (Serva Feinbiochemica, Heidelberg, New York,
USA). After homogenization, the crude synaptosomal frac-
tion for determination of AChE activity was prepared ac-
cording to the method of Whittaker and Barker (Whittaker
and Barker 1972). Homogenates were centrifuged twice at
1000 x g for 15 min at 4°C. The supernatant was further
centrifuged at 20.000 x g for 20 min. Supernatant obtained

by this procedure represents crude synaptosomal fraction
containing membrane vesicles (microsomes) from smooth
and rough endoplasmic reticulum, Golgi and plasma mem-
brane and all of the soluble components of the cytoplasm
(Whittaker and Barker 1972).

Liver samples were homogenized on ice, in cold-
buffered 0.25 M sucrose medium (Serva Feinbiochemica,
Heidelberg, New York, USA), 10 mM phosphate buffer
(pH 7.0), and 1 mM EDTA (Sigma chemicals Ltd, St.
Louis, Missouri, USA). The homogenates were centrifuged
at 2000 x g for 15 min at 4°C. Crude sediments were dis-
solved in a sucrose medium and centrifuged. The super-
natants were transferred into the tubes and centrifuged
at 3200 x g for 30 min at 4°C. Obtained sediments were
dissolved in deionized water. After 1 hour of incubation,
the samples were centrifuged at 3000 x g for 15 min at 4°C,
and supernatants were stored at -70°C for 3 days before
starting measurement.

Determination of AChE activity

AChE activity, expressed as mol-mg prot.”! min~! x 107
was assayed by spectrophotometric method of Ellman et
al. (1961) using acetylthiocholine iodide as a substrate in
homogenates of liver, hypothalamus, hippocampus, cer-
ebral cortex and striatum. Each sample was taken from one
animal and assayed in duplicate. The rate of hydrolysis of
acetylthiocholine iodide was measured at 412 nm through
the release of the thiol compound which, when reacted
with 5,5"-dithiobis2-nitrobenzoic acid (DTNB), produced
the absorbing compound thionitrobenzoic acid (Ellman et
al. 1961).

Statistical analysis

All results are expressed as means + SD. As the normal
distribution of parameters was confirmed by Kolmogorov-
Smirnov test, one-way analysis of variance (ANOVA) with

Table 1. The effects of methionine-choline deficient (MCD) diet on the acetylcholinesterase (AChE) activity in liver and brain (hypo-
thalamus, hippocampus, cortex and striatum) after two (MCD2), four (MCD4) and six (MCD6) weeks

Groups
Control MCD2 MCD4 MCD6
Liver 439 +21.0 200.7 + 82.6** 209.2 +70.6** 334.7 + 1128+
Hypothalamus 217.2+47.5 245.6 £ 50.4 287.0 + 45.4* 597.3 + 166,31t
Hippocampus 222.4 +60.9 237.5+42.3 278.9 £ 153.0 651.7 + 146.4**
Cortex 217.0 +81.4 318.8+73.9 190.9 +50.3 363.2 £ 82.9*
Striatum 322.9+101.0 358.1 + 39.0 239.7 + 146.4 446.8 + 79.1*

Data are presented as means + standard deviation (SD) (umol acetylcholine/min/g proteins). Significance of the difference was estimated
H using analysis of variance (ANOVA) with Tukey post-hoc t-test. * p < 0.05, ** p < 0.01 vs. control group; ** p < 0.01 MCD2 group;

p <0.01 vs. MCD4 group.
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Tuckey's post hoc test was used for testing the difference
among groups. The difference was considered significant
if p < 0.05. For statistical analysis computer software SPSS
15.0 was used.

Results

The levels of AChE activity in liver and four brain regions -
hypothalamus, hippocampus, cortex and striatum, after two,
four and six weeks of methionine-choline deficient diet are
presented in Table 1.

Hepatic AChE activity was significantly higher in MCD2
(200.7 + 82.6), MCD4 (209.2 + 70.6) and MCD6 (334.7 +
112.8) in comparison with control (43.9 £ 21.0) (p < 0.01).
The most prominent increase in activity of this enzyme was
evident in mice fed with MCD for six weeks, which resulted
in significant difference between MCD6 compared to both
MCD2 and MCD4 (Fig. 1).

Further analysis revealed that activity of AChE in hy-
pothalamus was significantly higher in MCD4 (287.0 + 45.4)
and MCD6 (597.3 £ 166.3) vs. control (p < 0.05and p < 0.01,
respectively). Also, the significant increase in AChE activ-
ity was found in MCD6 compared to MCD4 in this region
(p <0.01) (Fig. 2).

Following the time-depending rise, AChE activity in hip-
pocampus has shown highly significant increase in MCD6
(651.7 £ 146.4) in comparison with control (222.4 + 60.9)
(p <0.01) (Fig. 2).

On the other hand, in cortex and striatum, the change of
AChE activity has shown slightly different pattern. Although
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Figure 1. The effects of methionine-choline deficient (MCD) diet
on acetylcholinesterase (AChE) activity in liver after two (MCD2),
four (MCD4) and six (MCD6) weeks. Significance of the difference
was estimated by using analysis of variance (ANOVA) with Tuckey
post-hoc t-test (** p < 0.01 vs. control group; ** p < 0.01 vs. MCD2;
p < 0.01 vs. MCDA4).
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Figure 2. The effects of methionine-choline deficient (MCD) diet
on acetylcholinesterase (AChE) activity in hypothalamus and
hippocampus after two (MCD?2), four (MCD4) and six (MCD6)
weeks. Significance of the difference was estimated by using analy-
sis of variance (ANOVA) with Tukey post-hoc t-test (* p < 0.05,

** p <0.01 vs. control group; 'H'p <0.01 vs. MCD4).

the increase in activity of this enzyme was registered in
MCD2 (318.8 = 73.9 and 358.1 + 39.0), as well as decline in
MCD4 (190.9 + 50.3 and 239.7 + 146.4), no significance
was proven between these groups and control in both brain
regions (217.0 + 81.4 and 322.9 + 101.0) (p > 0.05) (Fig. 3).
The significant increase in AChE activity in cortex and
striatum was noted in MCD6 (363.2 + 82.9 and 446.8 +79.1)
compared to control (p < 0.05).

800

—+—cortex
--a--striatum
600 -

400 4

200 4

AChE activity (umol min-!/mg protein-!)

control MCD2  MCD4 MCDé6

Figure 3. The effects of methionine-choline deficient (MCD) diet
on acetylcholinesterase (AChE) activity in cortex and striatum after
two (MCD2), four (MCD4) and six (MCD6) weeks. Significance of
the difference was estimated by using analysis of variance (ANOVA)
with Tukey post-hoc t-test (* p < 0.05 vs. control group).
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Discussion

Considering their wide-ranging roles in human metabolism,
methionine and choline deficiency contributes to many
diseases (malnutrition, malabsorption syndrome, Crohn's
disease), as well as in pregnancy, lactation, vegetarianism and
use of some drugs (Zeisel and da Costa 2009). However, the
exact mechanism by which methionine-choline deficiency
alters neurotransmitter equilibrium in the liver and brain
tissue is still an insufficiently explored field. From a scientific
point of view, our results represent the important findings,
since the influence of methionine-choline deprivation on
the AChE activity has not been examined neither in vitro
nor in vivo experiments.

Our investigation has shown that AChE activity in liver
was significantly higher in MCD2, MCD4 and MCD6 in
comparison with control (p < 0.01) (Fig. 1), where the most
prominent increase was evident after six weeks (Fig. 1).
AChE expression in liver tissue is closely interconnected
with oxidative stress (Ghareeb et al. 2011). Methionine de-
ficiency results in decrease of cysteine, the major precursor
of glutathione (GSH), which is the main cellular antioxidant,
while choline deprivation decreases phosphatidylcholine
portion in very low-density lipoprotein particles (VLDL),
with consequential accumulation of triacylglycerol (TAG)
in liver (Marcolin et al. 2011). However, various pathophysi-
ological processes in liver were recognized as consequences
of oxidative stress (Bianchi et al. 2000; Jorgacevic¢ et al. 2014).
Oxidants react with proteins, nucleic acids and lipids, caus-
ing lipid peroxidation, membrane damage and loss of cel-
lular calcium homeostasis, which in turn leads to enhanced
ACHhE release (Bond and Greenfield 2007; Valko et al. 2007;
Ghareeb et al. 2011). There is a scientifically-based assump-
tion that oxidative stress in relation with methionine-choline
deprivation contributes to alteration of AChE activity in our
experiment.

In current study, increase in hepatic AChE activity is in
agreement with hypothesis that this enzyme may serve as
marker of inflammation in liver (Das 2012). MCD animal
model, which is used in this experiment, is considered con-
venient basis for examining nonalcoholic steatohepatitis
(NASH) (Marcolin et al. 2011). Increased concentration of
AChE lowers ACh level, leading to reduction or absence
of its antiinflammatory activity (Das 2012). Additionally,
various studies examine a possible role of hepatic AChE on
inhibition of circulating ACh, maintenance of cellular signal
transduction and stimulation of different types of apoptosis
(Gomez et al. 2000; Silman and Sussman 2005; Gralewicz
2006; Garcia-Ayllon et al. 2012; Zhang and Greenberg 2012).
Besides, methionine deprivation stimulates synthesis and
release of tumor necrosis factor a (TNFa) and other cy-
tokines, which also contributes to inflammation (McClain
et al. 2002).

Our study indicates that nutritional methionine-choline
deprivation leads to increase in AChE activity in all investi-
gated brain regions (hypothalamus, hippocampus, cerebral
cortex and striatum) (Figures 2 and 3). In hypothalamus,
the increase in AChE activity can be observed already in
fourth week (Fig. 2). On the contrary, in other brain re-
gions, the raise of AChE activity is not detected until sixth
week of experimental procedure (Figures 2 and 3). Having
in mind that choline administration leads to increase in
brain AChE activity, due to enhancement of its precursor
concentration (induction of ACh synthesis) or central mus-
carinic response (Kilbinger and Kruel 1981), it is expected
that choline deprivation would induce decrease in AChE
activity. However, similar to our findings, published data
indicate an increase in AChE activity, especially during
prolonged utilization of choline deficient diet (Bianchi et
al. 2000; Liapi et al. 2008, 2010). Possible explanation for
the increase in AChE activity may be related to methio-
nine effect. Methionine deprivation has ability to reduce
GSH production, with consequent decline of antioxidant
capacity (Bianchi et al. 2000), while higher levels of reac-
tive oxygen and nitrogen species (ROS and RNS), impair
synaptic transmission through oxidation of key synaptic
proteins and raise AChE activity (Bond and Greenfield
2007; Ghareeb and Hussein 2008; Ghareeb et al. 2010; Xia
et al. 2011). Hypothetically, potential explanation for the
increase of AChE activity might also be compensatory hy-
peractivation of the enzyme in order to utilize the limited
amount of the substrate, ACh, caused by the lack of choline.
However, this well-known homeostatic mechanism would
need to be examined and proven in this particular proc-
ess. Besides, oxidative stress mediated by dietary choline
deprivation has been implicated as a pathway for stimu-
lating multiple pathophysiological states with significant
neurotoxic consequences (Zeisel 2000; Liapi et al. 2008;
Ghareeb et al. 2011; Jorgacevic et al. 2014).

On the other hand, the increase in AChE activity in
present MCD animal model might potentially refer to
various molecular forms of this enzyme (Grisaru et al. 1999;
Perrier et al. 2005; Vucevic et al. 2009). AChE was found in
different molecular types, depending on alternative splicing
of its transcripts and association with structural proteins (De
Oliveira et al. 2012). For example, tetramers of the “tailed”
variant (AChE-T), constitute the main form of AChE in the
mammalian brain, while in the mouse brain, stress and anti-
cholinesterase inhibitors induce the expression of unspliced
“readthrough” variant (AChE-R) mRNA which produces
a monomeric form (Perrier et al. 2005). Choline deficiency
caused the increase of AChE expression in crucial rat brain
regions (hippocampus, hypothalamus, frontal cortex and
pons) to a diverse extent (Liapi et al. 2009). Taking these
facts into consideration, results of our study may be the con-
sequence of competition between AChE variants and their
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homologs for interactions with the corresponding protein
partner in investigated tissues.

In some metabolic disorders, alteration of AChE expres-
sion is specific for certain brain regions, which can be ex-
plained by interaction of ACh with other neurotransmitters
for maintenance of physiological processes in those brain
structures (Carageorgiou et al. 2007). There are numerous
evidences that choline dietary restriction is responsible for
disturbance of cholinergic neurotransmission in brain tis-
sue, primarily in hippocampus, with consequent learning,
memory and behavior disorders (Fadda et al. 2000; Hironaka
etal. 2001; Hossain et al. 2005; Stefanello et al. 2007; Selhub
2008; Smith 2008; Trevisan et al. 2008; Alvarez et al. 2009;
Querfurth and La Ferla 2010).

As it was previously mentioned, not any study has been
conducted on methionine-choline deficiency mechanism
involving cholinergic system. Based on our results, for the
first time it can be confirmed the influence of methionine-
choline deprivation on hepatic and brain AChE activity in
mice. Our findings have shown that, due to methionine-
choline nutritional deficiency, AChE activity in liver, hy-
pothalamus, hippocampus, cerebral cortex and striatum
remains the same or increases, depending on the duration
of treatment. However, the exact mechanisms of these
time-depending and region-specific differences in AChE
expression will require further investigation.
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