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Butyrylcholinesterase as a biochemical marker
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Abstract: Butyrylcholinesterase (BChE) is an enzyme expressed in multiple organs and abundant in plasma.
BChE can fluctuate in course of several reasons while both hypercholiensterasemia and hypocholinesterasemia
are known. Considering evidence of BChE activity alterations, hepatocellular carcinoma, chronic liver diseases
and poisoning with carbamates or organophosphates can be diagnosed by activity assay. BChE is responsible
for detoxification reactions, and the compounds such as cocaine, succinylcholine, and acetylsalicylic acid are
degraded in the body. The detoxification can be slowed in patients carrying the K variant of the enzyme. Sum-
marization of literature, discussion on the meaning of BChE in the body, and the principles of BChE assay in
samples are described in the review (Tab. 2, Fig. 8, Ref. 86). Text in PDF www.elis.sk.
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Two enzymes are entitled cholinesterases, namely butyrylcho-
linestease (BChE; EC 3.1.1.8) and acetylcholinesterase (AChE;
EC 3.1.1.7). The necessity of BChE for organism is not well un-
derstood. The fact that the enzyme is named after an artificial sub-
strate butyrylcholine confirms this. As opposed to BChE, the role
of AChE in organism is well known. The enzyme has its natural
substrate, namely the neurotransmitter acetylcholine. The substrate
is split by AChE into choline and acetate and the neurotransmis-
sion is terminated in this way. A part of central and peripheral
nervous system based on cholinergic neurotransmission is called
the cholinergic system, and AChE is an invincible part of the sys-
tem. The system plays the key role in processes such as memory,
immunity regulation, and vegetative organs regulation (1). Some
pathological processes are linked to the cholinergic system. An ef-
fort to modulate it by drugs is therefore considered a suitable way
to treat or at least suppress the diseases. E.g. Alzheimer’s disease,
myasthenia gravis, schizophrenia and inflammation can be treated
by drugs affecting the cholinergic system (1-3).

In some older sources, AChE is referred to as blood cholin-
esterase due to the fact that the bulk of its activity is localized on
the surface of erythrocytes. When hemopoiesis works well, the
decrease in blood AChE activity can be attributed to poisoning
by some of neurotoxic compounds such as organophosphorus
pesticides or nerve agents (4, 5). The disadvantage of AChE in
the poisoning diagnosis is the instability of blood and necessity
to homogenize samples for assay purposes. As opposed to that of
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AChE, the assay of BChE in plasma or serum is simpler as there
is no need to pre-treat the sample. BChE can be used as another
marker of neurotoxic compounds poisoning (6). On the other hand,
alterations in BChE activity cannot be interpreted as simply as in
case of AChE. Contrary to AChE formation in situ, BChE is pro-
duced in the liver and the assay of BChE activity is considered
also a liver function test (7).

The present work is devoted to discussion on BChE importance
in clinical diagnosis and meaning of alterations in BChE activity in
the body. The work should help to interpret results from a clinical
assay and understand the meaning of the enzyme.

Butyrylcholinesterase structure

The structure of BChE is very similar to that of AChE. The
both enzymes belong to esterase — lipase family within o/ hy-
drolase-fold superfamily (8). The most ubiquitous form of BChE
is a tetramer. Each subunit of the tetramer has 574 amino acids
and nine carbohydrates linked to nine asparagine residues. Forty
amino acids at the C-terminal are responsible for tetramerization
of subunits. The total weight of one subunit is approximately 85
kDa. Scoring similarity between AChE and BChE resulted in find-
ing that there is a 53.8 % identity between the enzymes in their
sequence (9). The tertiary structure of BChE is similar to that of
AChE. It contains three parts with key role in esteratic activity: a)
peripheral anionic site on the enzyme surface, b) narrow aromatic
gorge leading inside the enzyme and c) active site at the bottom
of aromatic gorge (10). For human BChE, Asp 70 and Tyr 332
are involved in the initial binding of charged substrates such as
butyrylcholine and allow them to penetrate inside the active site
(11). The aromatic gorge represents the major difference between
AChE and BChE. Whilst AChE has the gorge lined by 14 aromatic
amino acids residues, BChE has only 8 aromatic residues in the
gorge (12). The difference in the BChE's gorge is the reason why
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BChE can split a wide number of esters with a high turnover rate
while AChE is quite specific for acetylcholine. The importance of
the gorge was confirmed when mutant AChE was prepared. The
mutant enzyme was very similar to BChE in its substrate specific-
ity (13). The total number of aromatic amino acid residues plays a
significant role in enzyme function. Tyr 337 in AChE is replaced
by Ala 328 in human BChE resulting in differences in substrate
specificity. Although side chains of both amino acid residues are
hydrophobic, the presence of Tyr 337 along with the BChE's gorge
higher volume is implicated in lower penetration of pharmacologi-
cally important ligands such as huperzine A, edrophonium, and
acridine derivatives into the active site (14). The compounds act as
selective inhibitors for AChE with no or lower inhibitory potency
toward BChE.

The active site of human BChE contains a catalytic triad of
residues, Ser 198, Glu 325, and His 438, determining the esteratic
activity of the enzyme (15). Active serine is a common part of
serine hydrolases and it is not privileged to cholinesterases only
(16). The lysis of substrate is caused by nucleophilic substitution
as alcoholate anion attacks carbon in carboxylate moiety of esters.

Role of butyrylcholinesterase in the body

Some researchers can conclude their investigation by stating
that BChE has no fundamental role in the body. However, it is
not correct as evidence of some significant mechanisms related to
BChE has been established. The understanding of the role of BChE
in the body is complicated by the fact that unlike AChE, BChE has
no unique physiological substrate (1). The evidence of BChE was
expected to be found once butyrylcholinesterase knockout animals
were prepared. However, physical examination of BChE(+/+) and
BChE(-/-) did not prove any significant alterations in basal body
functions (17). People with BChE deficiency, i.e. patients suffering
from hypocholinesterasemia, have no or minimal BChE activity
in their plasma. Nevertheless, they can live full life. Case reports
provide no evidence that any detrimental consequence can be ex-
pected. E.g. mutations at codon 400 resulted in stop codon (18),
substitution at codon 365 resulted in a Gly-Arg substitution (19)
or mutation at codon 128 resulted in Tyr-Cys substitution (20).
The mutations had no fatal consequence.

Despite the non-life-threatening state in BChE-deficient pa-
tients, the patients become more vulnerable to some drugs as
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discussed in chapter devoted to dibucaine number. BChE is able
to split multiple drugs. Prolonged neuromuscular paralysis fol-
lowing narcosis with co-adminstration of myorelaxants given in
tracheal intubation: succinylcholine (suxamethonium) chloride or
mivacurium occurs in BChE-deficient individuals or in carriers of
K variant of BChE (see later). Thus a simple surgical procedure
may become complicated as evident from an example case report
(21). Beside succinylcholine, BChE hydrolyzes other drugs with
ester moiety, such as local anesthetics, namely procaine, dicaine,
bupivacaine (22, 23) or antipyretic/analgesic drugs such as ace-
tylsalicylic acid (24, 25). Examples of drugs” hydrolyses are de-
picted in Figure 1.

The question as to what the role of BChE was, can be answered
that it is an enzyme participating in the first phase of detoxifica-
tion reaction. Natural toxins can be split just by BChE as seen in
some examples and this task is the probable reason why BChE
gained its biological meaning. It is well documented in cocaine
(benzoylmethylecgonine), tropane alkaloid of coca plants (Eryth-
roxylum coca and E. novogratense). BChE produces a non-toxic
ecgonine methyl ester from cocaine. The BChE-catalyzed pathway
of cocaine detoxification is a pathway competing the metabolic
activation of cocaine into the more toxic norcocaine and bonzoyl
ecgonine by hepatic carboxylesterases (26, 27). The pathways
are summarized in Figure 2. The necessity of BChE for resolving
the poisoning with cocaine was reported by Duysen et al using
a model of BChE knockout mice (28). The BChE(-/-) mice had
e.g. depressed respiration for 12 hours while the BChE(+/+) ones
had recovered normal respiration rates in 30 minutes. The poison-
ing had detrimental consequences on liver tissue as well. Owing
to the BChE role in the detoxification pathways, the assessment
of plasmatic BChE activity should follow on from suspicion of
cocaine poisoning.

Another role of BChE can appear after exposure to cholinergic
compounds inhibiting AChE. After the exposure, BChE can sub-
stitute the missing activity of AChE. The substitution was proved
on AChE-deficient mice evidently resolving hyperstimulation in
hippocampus by hydrolysis of acetylcholine by BChE (29). The
suitability of BChE was proven in several experimental models.
Duysen et al proved that homozygotic mice bearing full function
of BChE(+/+) and heterozygotes BChE(+/-) were more resistant
to overdosing by drugs used in Alzheimer’s disease treatment
(-)-huprezine A and donepezil (30). Comparing to animals with
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Fig. 1. Hydrolysis of acetylsalicylic acid (A) and procaine by BChE.
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Fig. 2. Hydrolysis of cocaine by BChE (A). The competing reactions done by carboxyesterase (CE) into norcocaine (B) and benzoyl exgonine (C).

bulky BChE activity, the homozygotes BChE(-/-) are extensively
sensitive to overdosing by the drugs as the inhibited AChE is not
substituted by BChE. It can be concluded as an evidence of fact
that patients with Alzheimer’s disease and lowered level of BChE
may not tolerate drugs acting as AChE inhibitors (e.g. rivastig-
mine, galantamine, donepezil) and the therapy should be altered
according to their higher sensitivity.

Alterations in butyrylcholinesterase level

BChE is constituted in multiple organs including the central
nervous system, muscles, kidneys, heart and lungs. The bulki-
est production of BChE is common in the liver which serves as
its source thus releasing the enzyme into plasma (31-33). The
main clinical meaning of assay of BChE in plasma is that therein
BChE may alter its plasmatic level due to several reasons. Both
hypocholinesterasemia and hypercholinesterasemia are known.
The hypercholinesterasemia is quite rare. Two explanations for
hypercholinesterasemia can be given. It can be caused by either
genetic disposition or some types of hepatocellular carcinoma.
The genetic disposition to hypercholinesterasemia is rare and it
has been reported in sporadic case reports from Japan (34-36).
Hepatocellular carcinoma followed by an increase in BChE activ-
ity in the liver and hypercholinesterasemia as assayed in plasma
was reported by Tajiri et al (37). The authors infer that hypercho-
linesterasemia can be considered to be a marker of hepatocellular
carcinoma due to good selectivity of the marker.

Like hypercholiensterasemia, hypocholinesterasemia can ap-
pear in course of several reasons. Patients with increased sensitivity
to succinylcholine and mivacurium have a lowered level of BChE
activity in plasma. K variant of BChE (see in chapter devoted to
dibucaine number) is responsible for the sensitivity (38). Other
forms of familial hypocholinesterasemia can occur as well. Activ-
ity of BChE in plasma for butyrylcholine or butyrylthiocholine is
105-240 U/1 for normal health population; however, people with
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familial hypocholinesterasemia may keep their level of BChE at
about 10 U/l as reported by Liu et al (39). The authors revealed
three point mutations at positions 298 (CCA to TCA), 1410 (CGT
to CGG),and 1 615 (GCA to ACA). The first and the last mutations
caused alterations of proline to serine and alanine to threonine,
respectively. Lower (~ 30 %) activity of BChE is in people with
K variant (see later). In rare cases, hypocholinesterasemia can be
acquired by transplantation of the liver from a donor with the K
variant (40). The donation has, however, no effect on transplanta-
tion efficacy or any pertinent adverse effects.

As BChE presented in plasma is constituted in the liver, its
ability to constitute BChE can be used as a liver function test.
Once familial dysfunction of BChE is excluded, the meaning of
diagnosed hypocholinesterasemia can be interpreted as a chronic
liver disease, acute hepatitis or liver cirrhosis (41). The alterations
in BChE level are similar to albumine. Hypocholinesterasemia is
expected to be diagnosed concurrently with hypoalbuminemia and
the concurrent diagnosis of hypoalbuminemia can exclude poison-
ing with cholinesterase neurotoxins. Both hypocholinesterasemia
and hypoalbuminemia correlate well in e.g. virus hepatitis (42).
The other proteins produced in the liver such as coagulation factors
and complement components may also correlate with BChE level
(43). Simultaneously with hypocholinesterasemia, hypertransami-
nasemia as a more common marker is diagnosed in patients with
chronic liver diseases (44).

Cholinesterases can be inhibited by several chemical com-
pounds. It was extensively reviewed previously (1). From the
toxicological point of view, organophosphorus and carbamate in-
secticides (desmedipham, fenoxycarb, methiocarb, phenmedipham
and pirimicarb propamocarb currently used in European Union)
and nerve agents (e.g. sarin, soman, tabun, VX) used in chemical
warfare are the most common examples of compounds inhibiting
the activities of cholinesterases. Nevertheless, the current insecti-
cides are allowed to be used only after metabolic activation and not
directly. The drug currently used for Alzheimer’s disease rivastig-
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Tab. 1. Summarization of hypercholineasterasemia nd hypocholinesterasemia etiology.

Effect Etiology Reference
None — normal BChE activity activity 105 — 240 U/1 for butyrylthiocholine is expected in normal plasma 39
Hypercholinesterasemia — 1 of  genetic disposition 34-36
plasmatic BChE activity hepatocellular carcinoma 37
mutations at positions 298 (CCA to TCA), 1 410 (CGT to CGG), and 1 615 (GCA to ACA), activ- 39
ity in plasma ~ 10 U/I
. . 30 % lower activity of BChE in the K variant carrying individuals 63
Hypocholinesterasemia — | of . . - .
. . transplantation of liver from the K variant carrying donor 40
plasmatic BChE activity - —
virus hepatitis 42
chronic liver diseases 44
poisoning with organophosphates, carbamates or tacrine 1,48
mine and the currently withdrawn drugs metrifonate and tacrine are
inhibitors of both AChE and BChE. On the other hand, donepezil, o)
galantamlge an.d hl.lp.erzme are inhibitors of AChE whilst on?y Wth ST ~ e N, o
no or minimal inhibitory potency to BChE (1, 45). Alterations in I\Il H
==

BChE activity correlate well with poisoning symptoms (46). The
poisoning with pesticides can be revealed not only by using as-
say of BChE, but some other enzyme markers presented in serum
and plasma correlate with the BChE. In an example, Araoud and
coworkers (47) proved a contemporary decrease in BChE and
paraoxonase 1 activity in serum of Tunisian agricultural workers
accidentally poisoned with cholinesterase inhibitors. Moreover,
gamma glutamyl transferase correlates with the two mentioned
markers. It can be inferred that assay of paraoxonase 1 can con-
firm diagnosis based on assay of BChE. The suitability of BChE
for assay purposes was demonstrated e.g. on patient self-poisoned
with chlorpyrifos (48). The alterations in plasmatic level of BChE
in course of several reasons are summarized in Table 1.

Dibucaine number

In majority of population worldwide, BChE is present in A
variant. A minority of people have BChE in K variant. The K vari-
ant is not able to split some drugs with ester moiety such as suc-
cinylcholine or mivacurium. The main difference between A and
K variants is in substitution of Ala in position 539 to Thr (49, 50).
Once the patient bears the K variant of BChE, myorelaxants given
in tracheal intubation and some other surgical procedures, such
as succinylcholine and mivacurium, can cause complications and
postpone recovery from anesthesia (21). The K variant of BChE
is in a minority of people who then can be AA homozygotes, AK
heterozygotes or KK homozygotes. In an extensive research in
Germany based on 24,830 patients examined, Pestel et al revealed
1.23 % of AK heterozygotes and 0.07% of KK homozygotes (51).
The distribution of K variant can, however, differ among individual
nations. In a comparing study based on 400 patients, Hosseini et
al proved a significantly higher distribution of K variant in Iranian
population when compared to the Irish (52).

In order to examine the form of BChE, an assay of either dibu-
caine number (commonly abbreviated as DN) or fluoride number
(commonly abbreviated as FN) is suitable for their distinguish-
ing (53, 54). The assay is based either on inhibition of BChE by
dibucaine (cinchocaine) (Fig. 3) or fluoride anion. With increased
DN or FN, the probability of BChE in K variant is elevated (55).

Fig. 3. Dibucaine (cinchocaine).

An AA homozygote has DN >75. On the other hand, a KK homo-
zygote has DN <20. AK heterozygotes have DN typically in an
interval of 40—70 (56).

In addition to assay of DN as a marker of risk for anesthesia,
there is evidence that K variant can interfere in Alzheimer’s disease
therapy due to late response to cholinesterase inhibitors application
(57). Although etiology of Alzheimer’s disease is not understood,
there is evidence of link between BChE and disease development
(58, 59). The commonly accepted risk factor for Alzheimer’s dis-
ease is apolipoprotein E &4 (60). It seems that BChE correlates
with the apolipoprotein E &4 and the K variant of BChE may be
another risk factor (61). Epidemiologic investigation confirmed a
lower probability to develop Alzheimer’s disease in the K variant
of BChE-carrying people (62, 63). On the other hand, the K vari-
ant is a risk factor for fronto-temporal dementia (63). Owing to the
implication of BChE in neurodegenerative disorders and different
probability to receive the disorder when BChE is in the K vari-
ant, assay of DN is a helpful tool for anamnesis of the disorders.

Artificial substrates of butyrylcholinesterase

Beside esterase and thioesterase activity, both AChE and
BChE exert aryl acylamidase activity. Currently, there are a num-
ber of cholinesterase substrates useful for colorimetric, fluori-
metric or electrochemical assay of their activity (64). The aryl
acylamidase activity of BChE allows to use o-nitroacetanilide,
m-nitroacetanilide, o-nitrophenyltrifluoroacetamide and 3-(acet-
amido) N,N,N-trimethylanilinium as chromogenic substrates (65).
The o-nitroacetanilide is probably the most frequently used chro-
mogenic substrate from acylamides. The mechanism of o-nitro-
acetanilide is depicted in Figure 4. The main disadvantage of aryl
acylamidase activity assay lies in the fact that the specific activ-
ity of monomer of BChE is higher than that of tetramer (66, 67).
Chaotropic reagents and non-standard manipulation with samples
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Fig. 4. Aryl acylamidase activity of BChE on o-nitroacetanilide.
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Fig. 5. Esterase and thioesterase activity of BChE on conversion of butyr;
with simultanous releasing of butyric acid.

can cause an increase in assayed activity and misinterpretation
of the results.

Natural substrate of BChE is not known and the enzyme is
named after an artificial substrate, butyrylcholine. This is unlike
AChE whose substrate is acetylcholine and the Michaelis constant
is the lowest just for acetylcholine. BChE is able to split a wide
group of esters and thioesters including the endogenous acetylcho-
line. Although the name of BChE could be considered a proof that
BChE splits it in the body, butyrylcholine is not a physiologically
relevant compound. Evidence of butyrylcholine as a neurotransmit-
ter remains unconfirmed despite the fact that some authors reported
its physiological role in the nervous system (68). The splitting of
butyrylcholine and butyrylthiocholine as an example of esterase
and thioesterase activity is depicted in Figure 5.

Owing to substrate specificity, the Michaelis constant of BChE
is quite low not only for butyrylcholine and butyrylthiocholine but
also for other esters such as benzoylcholine, benzoylthiocholine,
acetylcholine, acetylthiocholine, propionylcholine, propionyl-
thiocholine, succinylcholine, succinylthiocholine and the above-
reported cocaine (69-76). Michaelis constants for artificial sub-
strates are summarized in Table 2. As seen from the latter table,

Tab. 2. Michaelis constants (Km) for selected substrates of BChE.

X

__hf\/OH +
[

CH43CH,COOH

X

—n*~-SH 1+ CH,CH,COOH
|

ylcholine (A) into choline and butyrylthiocholine (B) into thiocholine

BChE is able to split both aryl and acyl (thio)esters. The Michaelis
constant of BChE is even lower for benzoyl(thio)choline and suc-
cinythiocholine than for butyrylthiocholine. Considering acetyl-
thiocholine and butyrylthiocholine to be common substrates in
cholinesterase activity assay, butyrylthiocholine is split by BChE
with nearly a four-time greater turnover rate when compared to
acetylthiocholine.

Butyrylcholinesterase activity assay

Although there are a large number of substrates suitable for
cholinesterases activity assay, the protocol based on Ellman’s re-
agent has become an unofficial standard. The protocol uses 5,5’-di-
thio-bis-2-nitrobenzoic acid as a chromogenic reagent and acetyl
or butyrylthiocholine as a substrate. It was established by Ellman
and coworkers in the 1960s (77) and it remains usable today (78).
The principle of BChE activity assay using the Ellman’s reagent is
depicted in Figure 6. In the assay, butyrylchiocholine is split to thio-
choline and butyric acid by BChE. In the second step, thiocholine
spontaneously reacts with the Ellman’s reagent providing 5-thio-
2-nitrobenzoic acid. An isomer of the 5-thio-2-nitrobenzoic acid

Substrate Km (mmol/l) BChE Reference
Acetylcholine 0.080 An isolate from Trichinella spiralis 69
Acetylthiocholine 0.080 Human, normal type 70
Benzoylcholine 0.0080 Both normal human and K variant of BChE 71
Benzoylthiocholine 0.0084 72
Cocaine (— isomer) 0.065 Human, normal type 73
Cocaine (+ isomer) 107 ’

Butyrylthiocholine 0.021 74
Propionylthiocholine 0.76 /0.57 Human, normal type/atypical resistant to pesticides 75
Succinylthiocholine 0.003/0.011 Human, normal type/human, mutant in peripheral anionic site 76
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Fig. 6. Principle of BChE activity assay using butyrylthiocholine and Ellman’s reagent.
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Fig. 7. Principle of BChE activity assay using indoxylacetate.

which is stable in neutral and alkaline conditions provides yellow
coloration strongly absorbed at 412 nm. It should be emphasized
that the assay is suitable for AChE as well when acetylthiocholine
is used as a substrate. BChE is able to split acetylcholine, too. To
distinguish whether the sample contains BChE or AChE, a specific
inhibitor for BChE, tetraisopropyl pyrophosphoramide known also
as is0-OMPA, can be added into the sample (79).

BChE activity can be simply assayed by a titrimetric or poten-
tiometric device as butyric acid is formed from a pH-neutral com-
pound (64). Fluorogenic substrates are available for BChE activity
assay beside the chromogenic ones. The substrate indoxylacetate
provides blue-colored indigo that is to be simply measured by a
colorimetric, spectrofotometric or fluorimetric assay. The principle
of'the assay is shown in Figure 7. Accumulated indigo can be mea-
sured spectrophotometrically at 670 nm (80) or fluorimetrically
with maximal absorption at 610 nm, and emission at 653 nm (81).
Indoxylacetate is suitable for both AChE and BChE assay but the
turnover number is 2.65 times higher for BChE than for AChE
(82). Indoxylacetate was proven to be suitable for construction of

disposable sensors for a fast assay of cholinesterase’s inhibitors
using cholinesterase as a biorecognition element (83, 84)
2,6-dichloroindophenyl acetate is another substrate providing a
compound measurable spectrophotometrically and fluorimetrically
(85, 86). The formed 2,6-dichloroindole is red in acidic conditions.
Once pH is buffered into basic, the red 2,6-dichloroindole turns
into blue 2,6-dichloroindolate. No et al tested 2,6-dichloroindo-
phenyl acetate as a substrate for cholinesterase-based disposable
sensor; nevertheless, the authors stated that indoxylacetate should
be preferred as a colorimetric substrate (83). The reaction based on
2,6-dichloroindophenyl acetate is depicted in Figure 8.

Conclusion

BChE is an enzyme associated in multiple pathologies. Assay
of the enzyme can be suitable for simple proving of pathologies
or it can be used as a marker in addition to most common markers
such as transaminases in liver function test. Contrary to most of
biochemical markers, BChE activity in biological samples such as
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Fig. 8. Assay of BChE activity using 2,6-dichloroindophenyl acetate.

plasma can be easily measured using chromogenic or fluorogenic
substrates without any pretreatment of samples.

References

1. Pohanka M. Cholinesterases, a target of pharmacology and toxicology.
Biomed Pap Olomouc 2011; 155: 219-230.

2. Jones CK, Byun N, Bubser M. Muscarinic and nicotinic acetylcholine
receptor agonists and allosteric modulators for the treatment of schizophre-
nia. Neuropsychopharmacology 2012; 37: 16-42.

3. Pohanka M, Snopkova S, Havlickova K, Bostik P, Sinkorova Z, Fusek
J, Kuca K, Pikula J. Macrophage—assisted inflammation and pharmaco-
logical regulation of the cholinergic anti—inflammatory pathway. Curr Med
Chem 2011; 18: 539-551.

4. Chen A, Du D, Lin Y. Highly sensitive and selective immuno—capture/
electrochemical assay of acetylcholinesterase activity in red blood cells: a
biomarker of exposure to organophosphorus pesticides and nerve agents.
Environ Sci Technol 2012; In press.

5. Nigg HN, Knaak JB. Blood cholinesterases as human biomarkers of
organophoshorus pesticide exposure. Rev Environ Contam Toxicol 2000;
163: 29-111.

6. Rojas-Garcia AE, Medina-Diaz IM, Robledo-Marenco Mde L, Bar-
ron-Vivanco BS, Giron-Perez MI, Velazquez-Fernandez JB, Gonzalez-
Arias CA, Albores-Medina A, Quintanilla-Vega B, Ostrosky-Wegman
P, Rojas-Garcia MC, Perez-Herrera NE, Lopez-Flores JF. Hematologi-
cal, biochemical effects, and self-reported symptoms in pesticide retailers.
J Occup Environ Med 2011; 53: 517-521.

7. Boopathy R, Rajesh RV, Darvesh S, Layer PG. Human serum cholin-
esterase from liver pathological samples exhibit highly elevated aryl acyl-
amidase activity. Clin Chim Acta 2007; 380: 151-156.

8. Cygler M, Schrag JD, Sussman JL, Harel M, Silman I, Gentry MK,
Doctor BP. Relationship between sequence conservation and three—dimen-
sional structure in a large family of esterases, lipases, and realted enzymes.
Prot Sci 1993; 2: 366-382.

732

9. Lockridge O, Bartels CF, Vaughan TA, Wong CK, Norton SE, John-
son LL. Complete amino acid sequence of human serum cholinesterase. J
Biol Chem 1987; 262: 549-557.

10. Nicolet Y, Lockridge O, Masson P, Fontecilla-Camps JC, Nachon F.
Crystal structure of human butyrylcholinesterase and of its complexes with
substrate and products. J Biol Chem 2003; 278: 41141-41147.

11. Masson P, Xie W, Fromet MT, Levitsky V, Fortier PL, Albaret C,
Lockridge O. Interaction between the peripheral site residues of human bu-
tyrylcholinesterase, D70 and Y332, in binding and hydrolysis of substrates.
Biochim Biophys Acta 1999; 1433: 281-293.

12. Saxena A, Redman AM, Jiang X, Lockridge O, Doctor BP. Differences
in active site gorge dimensions of cholinesterases revealed by binding of inhib-
itors to human butyrylcholinesterase. Biochemistry 1997; 36: 14642-14651.

13. Kaplan D, Ordentlich A, Barak D, Ariel N, Kronman C, Velan B,
Shafferman A. Deos “butyrylization” of acetylcholinesterase though sub-
stitution of the six divergent aromatic amino acids in the active center gorge
generate an enzyme mimic of butyrylcholinesterase. Biochemistry 2001;
40: 7433-7445.

14. Saxena A, Redman AM Jiang X, Lockridge O, Doctor BP. Differences
in active—site gorge dimensions of cholinesterases revealed by binding of in-
hibitors to human butyrylcholinesterase. Chem Biol Interact 1999; 119: 61-69.

15. Suarez D, Diaz N, Fontecilla-Camps J, Field MJ. A computatonal
study of the deacylation mechanism of human butyrylcholinesterase. Bio-
chemistry 2006; 45: 7529-7543.

16. Sokolova NV, Nenajdenko VG, Sokolov VB, Serebryakova OG,
Makhaeva GF. Synthesis and testing of trifluoromethyl—containing phos-
phonate—peptide conjugates as inhibitors of serine hydrolases. Bioorg Med
Chem Lett 2011; 21: 7216-7218.

17. Li B, Duysen EG, Carlson M, Lockridge O. The butyrylcholinesterase
knockout mouse as a model for human butyrylcholinesterase deficiency. J
Pharmacol Exp Ther 2008; 324: 1146—1154.

18. Hidaka K, Iuchi I, Yamasaki T, Ueda N, Hukano K. Nonsence muta-
tion in exon 2 of the butyrylcholinesterase gene: a case of familial cholines-
terasemia. Clin Chim Acta 1997; 261: 27-34.



19. Sakamoto N, Maeda T, Hidaka K, Teranishi T, Toyoda M, Onishi
Y, Kuroda S, Sakaguchi K, Fujisawa T, Maeda M, Watanabe Y, Iuchi
I. Identification of missense mutation (G365R) of the butyrylcholinesterase
(BChE) gene in a Japanese patient with familial cholinesterasemia. Kobe J
Med Sci 2001; 47: 153-160.

20. Hidaka K, Iuchi I, Tomita M, Watanabe Y, Minatogawa Y, Iwasaki
K, Gotoh K, Shimizu C. Genetic analysis of a Japanese patient with butyr-
ylcholinesterase deficiency. Ann Hum Genet 1997; 61: 491-496.

21. Kaufman SE, Donnell RW, Aiken DC, Magee C. Prolonged neuromus-
cular paralysis following rapid-sequence intubation with succinylcholine.
Ann Pharmacother 2011; 45: e21.

22. Yuan J, Yin J, Wang E. Characterization of procaine metabolism as
probe for the butyrylcholinesterase enzyme investigation by simultaneous de-
termination of procaine and its metabolite using capillary electrophoresis with
electrochemiluminescence detection. J Chromatogr A 2007; 1154: 368-372.

23. Moriarty LM, Lally MN, Carolan CG, Jones M, Clancy JM, Gilmer
JF. Discovery of a “true” aspirin prodrug. J Med Chem 2008; 51: 7991-7999.

24. Galenko-Yaroshevskii AP, Derlugov LP, Ponomarev VV, Dukhanin
AS. Pharmacokinetics and pharmacodynamics of a new local anesthetic
agent. Bull Exp Biol Med 2003; 136: 170-173.

25. Masson P, Froment MT, Fortier PL, Visicchio JE, Bartels CF, Lockridge O.
Butyrylcholinesterase-catalysed hydrolysis of aspirin, a negatively charged es-
ter, and aspirin-related neutral esters. Biochim Biophys Acta 1998; 1387:41-52.

26. Duysen EG, Lockridge O. Prolonged toxic effects after cocaine chal-
lenge in butyrylcholinesterase/plasma carboxylesterase double knockout
mice: amodel for butyrylcholinesterase-deficient humans. Drug Metab Dis-
pos 2011; 39: 1321-1323.

27. Larsen NA, Turner JA, Stevens J, Rosser SJ, Basran A, Lerner RA,
Bruce NC, Wilson IA. Crystal structure of a bacterial cocaine esterase. Nat
Struct Biol 2001; 9: 17-21.

28. Duysen EG, Li B, Carlson M, Li YF, Wieseler S, Hinrichs SH, Lock-
ridge O. Increased hepatotoxicity and cardiac fibrosis in cocaine—treated
butyrylcholinesterase knockout mice. Basic Clin Pharmacol Toxicol 2008;
103: 514-521.

29. Hartmann J, Kiewert C, Duysen EG, Lockridge O, Greig NH, Klein
J. Excessive hippocampal acetylcholine levels in acetylcholinesterase—de-
ficient mice are moderated by butyrylcholinesterase activity. ] Neurochem
2007; 100: 1421-1429.

30. Duysen EG, Li B, Darvesh S, Lockridge O. Sensitivity of butyrylcho-
linesterase knockout mice to (-)-huperzine A and donepezil suggests humans
with butyrylcholinesterase deficiency may not tolerate these Alzheimer’s
disease drugs and indicates butyrylcholinesterase function in neurotrans-
mission. Toxicology 2007; 233: 60—69.

31. Manoharan I, Boopathy R, Darvesh S, Lockridge O. A medical health
report on individuals with silent butyrylcholinesterase in the Vysya commu-
nity of India. Clin Chim Acta 2007; 378: 128-135.

32. Darvesh S, Hopkins DA. Differential distribution of butyrylcholines-
terase and acetylcholinesterase in the human thalamus. Darvesh S, Hoplins
DA 2003; 463: 25-43.

33. Masson P, Lockridge O. Butyrylcholinesterase for protection from
organophosphorus poisons: Catalytic complexities and hysteretic behavior.
Arch Biochem Biophys 2010; 494: 107—120.

34. Hada T, Yamawaki M, Moriwaki Y, Tamura S, Yamamoto T, Amuro
Y, Nabeshima K, Higashino K. Hypercholinesterasemia with isoenzymic
alteration in a family. Clin Chem 1985; 31: 1997-2000.

35. Nagai K, Sakata S, Kametani M, Gomi K, Tokimitsu N, Mura K. Fa-
miliar hypercholinesterasemia. A case report. Jpn J Med 1986; 25: 313-316.

Pohanka M. Butyrylcholinesterase as a biochemical marker

36. Ohkawa J, Oimomi M, Baba S. Familiar hypercholinesterasemia. Kobe
J Med Sci 1989; 35: 39-45.

37. Tajiri J, Nishizono Y, Fujiyama S, Sagara K, Sato T, Shibata H.
Hypercholinesterasemia in patients with hepatocellular carcinoma: a new
paraneoplastic syndrome. Gastroenterol Jpn 1983; 18: 137-141.

38. Garcia DF, Oliveira TG, Molfetta GA, Garcia LV, Ferreira CA,
Marques AA, Silva WA. Biochemical and genetic analysis of butyrylcho-
linesterase (BChE) in a family, due to prolonged neuromuscular blockade
after the use of succinylcholine. Genet Mol Biol 2011; 34: 40-44.

39. Liu W, Hada T, Fukui K, Imanishi H, Matsuoka N, Iwasaki A, Hi-
gashino K. Familial hypocholinesterasemia found in a family and a new
confirmed mutation. Intern Med 1997; 36: 9-13.

40. Kawano Y, Mizuta K, Hisikawa S, Saito T, Egami S, Takatsuka
Y, Sanada Y, Fujiwara T, Yasuda Y, Ohmori M, Sakamoto K, Liu W,
Nishiguchi S, Hada T, Kawarasaki H. Successful pediatric living donor
liver transplantation from carrier to carrier of hereditary butyrylcholinestease
variant. Pediatr Transplant 2007; 11: 694-697.

41. Prellwitz W, Kapp S, Muller D. Comparative methods for the determina-
tion of the activity of serumcholinesterases (acylcholin—acyl-hydrolase E.C.
3.1.1.8) and their diagnostical value. J Clin Chem Clin Biochem 1976; 14: 93-97.

42. Jezyna C. Correlation of changes in hypocholinesterasemia and hypo-
albuminemia in virus hepatitis. Przegl Lek 1969; 25: 515-519.

43. Kemkes-Matthes B, Preissner KT, Langenscheidt F, Matthes KJ,
Muller-Berghaus G. S protein/vitronectin in chronic liver diseases: cor-
relations with serum cholinesterase, coagulation factor X and complement
component C3. Eur J Haematol 1987; 39: 161-165.

44. Duran-Ferreras E, Diaz-Narvaez F, Raffo-Marquez M. Chronic he-
patic encephalopathy in a patient with primary biliary cirrhosis. Gastroen-
terol Hepatol 2011; 34: 401-405.

45. Pohanka M. Alzheimer’s disease and related neurodegenerative dis-
orders: implication and counteracting of melatonin. J Appl Biomed 2011;
9: 185-196.

46. Abdullat IM, Battah AH, Hadidi KA. The use of serial measurement
of plasma cholinesterase in the management of acute poisoning with organo-
phosphates and carbamates. Forensic Sci Int 2006; 162: 126-130.

47. Aroud M, Neffeti F, Douki W, Najjar MF, Kenani A. Paraoxonase 1
correlates with butyrylcholinesterase and gamma glutamyl transferase in
workers chronically exposed to pesticides. J Occup Health 2010; 52: 383-388.

48. Eddleston M, Eyer P, Worek F, Sheriff MHR, Buckley NA. Predicting
outcome using butyrylcholinesterase activity in organophoshorus pesticide
self-poisoning. QJIM 2008; 101: 467—474.

49. Vaisi-Raygani A, Rahimi Z, Entezami H, Kharrazi H, Bahrhemand
F, Tavilani H, Rezaei M, Kiani A, Nomanpour B, Pourmotabbed T. Bu-
tyrylcholiensterase K variants increase the risk of coronary artery disease in
the population of western Iran. Scand J Clin Lab Invest 2008; 68: 123—129.

50. Vaisi-Raygani A, Rahimi Z, Tavilani H, Pourmotabbed T. Butyryl-
cholinesterase K variant and the APOE—epsilon 4 allele work in synergy to
increase the risk of coronary artery disease especially in diabetic patients.
Mol Biol Rep 2010; 37: 2083-2091.

51. Pestel G, Sprenger H, Rothhammer A. Frequency distribution of dibu-
caine numbers in 24,830 patients. Anaesthesis 2003; 52: 495-499.

52. Hosseini J, Firuzian F, Feely J. Ethnic differences in the frequency
distribution of serum cholinesterase activity. Ir J Med Sci 1997; 166: 10-12.

53. Akizuki S, Sudo K, Abe M, Abe I, Nakajima T, Ohnishi A, Maekawa
M. Dibucaine number (DN) and fluoride number (FN) of L330 I mutant re-
combinant cholinesterase by use of various substrates. Rinsho Byori 1999;
47: 479-480.

733



Bratisl Lek Listy 2013; 114 (12)
726-734

54. Parnas ML, Procter M, Schwarz MA, Mao R, Grenache DG. Con-
cordance of butyrylcholinesterase phenotype with genotype implications for
biochemical reporting. Am J Clin Pathol 2011; 135: 271-276.

55. Lee G, Robinson JC. Agar diffusion test for serum cholinesterase typ-
ing and incluence of temperature on dibucaine and fluoride numbers. J Med
Genet 1967; 4: 19-25.

56. Kallow W, Genest K. A method for the detection of human serum cho-
linesterase: determnation of dibucaine numbers. Can J Biochem 1957; 35:
339-346.

57. Patterson CE, Todd SA, Passmore AP. Effect of apolipoprotein E and
butyrylcholinesterase genotypes on cognitive response to cholinesterase in-
hibitor treatment at different stages of Alzheimer’s disease. Pharmacogen
J2011; 11: 444-450.

58. Darreh-Shori T, Forsberg A, Modiri N, Andreasen N, Blennow K,
Kamil C, Ahmed H, Almkvist O, Langstrom B, Nordberg A. Differential
levels of apolipoprotein E and butyrylcholinesterase show strong association
with pathological signs of Alzheimer’s disease in the brain in vivo. Neuro-
biol Aging 2011; 32: 2320.e15.

59. Sridhar GR, Rao AA, Srinivas K, Nirmala G, Lakshmi G, Suryanara-
yna D, Rao PN, Kladhar DG, Kumar SV, Devi TL, Nitesh T, Hanuman T.
Butyrylcholinesterase in metabolic syndrome. Med Hyp 2010; 75: 648—651.

60. Verghese PB, Castellano JM, Holtzman DM. Apolipoprotein E in
Alzheimer’s disease and other neurological disorders. Lancet Neurol 2011;
10: 241-252.

61. Darreh-Shory T, Modiri N, Blennow K, Baza S, Kamil C, Ahmed
H, Andreasen N, Nordberg A. The apolipoprotein E epsilon 4 allele plays
pathological roles in AD through high protein expression and interaction with
butyrylcholinesterase. Neurobiol Aging 2011; 32: 1236—1248.

62. Holmes C, Ballard C, Lehmann D, Smith AD, Beaumont H, Day IN,
Khan MN, Lovestone S, McCulley M, Morris CM, Munoz DG, O Brien
K, Russ C, Del Ser T, Warden D. Rate of progression of cognitive decline
in Alzheimer’s disease: effect of butyrylcholinesterase K gene variation. J
Neurol Neurosurg Psychiatry 2005; 76: 640—643.

63. Bizzarro A, Guglielmi V, Lomastro R, Valenza A, Lauria A, Marra
C, Silver MC, Tizlano FD, Brahe C, Masullo C. BuChE K variant is de-
creased in Alzheimer’s diasease not in fronto—temporal dementia. J Neur
Transm 2010; 117: 377-383.

64. Pohanka M, Musilek K, Kuca K. Progress of biosensors based on cho-
linesterase inhibition. Curr Med Chem 2009; 16: 1790-1798.

65. Masson P, Froment MT, Gillon E, Nachon F, Darvesh S, Schopfer
LM. Kinetic analysis of butyrylcholinesterase—catalyzed hydrolysis of ac-
etanilides. Biochim Biophys Acta 2007; 1774: 1139-1147.

66. Montenegro MF, Moral-Naranjo MT, de la Cadena MP, Campoy
FJ, Monoz-Delgado E, Vidal CJ. The level of aryl acylamidase activity
displayed by human butyrylcholinesterase depends on its molecular distri-
bution. Chem Biol Interact 2008; 175: 336-339.

67. Montenegro MF, Maria TM, de la Cadena MP, Campoy FJ, Munoz-
Delgado E, Vidal CJ. Human butyrylcholinesterase components differ in
aryl acylamidase activity. Biol Chem 2008; 389: 425-432.

68. Reubsaet JL, Ringvold A. Identification of unknown quaternary ammo-
nium compounds in corneal epithelium and aqueous humor. J Chromatogr
Sci 2005; 43: 401-405.

69. deVos T, Dick TA. Characterization of cholinesterases from the parasitic
nematode Trichinella spiralis. Comp Biochem Physiol C 1992; 103: 129-134.

734

70. Tormos JR, Wiley KL, Seravalli J, Nachon F, Masson P, Nicolet Y,
Quinn DM. The reactant state for substrate—activated turnover of acetylthio-
choline by butyrylcholinesterase is a tetrahedral intermediate. ] Am Chem
Soc 2005; 127: 14538-14539.

71. Altamirano CV, Bartels CF, Lockridge O. The butyrylcholinesterase
K-variant shows similar cellular protein turnover and quaternary interaction
to the wild-type enzyme. J Neurochem 2000; 74: 869-877.

72. Masson P, Goldstein BN, Debouzy JC, Froment MT, Lockridge O,
Schopfer LM. Damped oscillatory hysteretic behaviour of butyrylcholines-
terase with benzoylcholine as substrate. Eur J Biochem 2004; 271: 220-234.

73. Sun H, Yazal J, Lockridge O, Schopfer LM, Brimijoin S, Pang YP.
Predicted Michaelis—Menten complexes of cocaine—butyrylhcolinesterase.
Engineering effective butyrylholinesterase mutants for cocaine detoxication.
J Biol Chem 2001; 276; 9330-9336.

74. Weingand-Ziade A, Ribes F, Renault F, Masson P. Pressure—and heat
induced inactivation of butyrylcholinesterase: evidence for multiple interme-
diates and the remnant inactivation process. Biochem J 2001; 356: 487—493.

75. Reiner E, Simeon-Rudolf V, Skrinjaric-Spoljar M. Catalytic proper-
ties and distribution profiles of paraoxonase and cholinesterase phenotypes
in human sera. Toxicol Lett 1995; 82: 447-452.

76. Masson P, Xie W, Froment MT, Lockridge O. Effects of mutations
of active site residues and amino acids interacting with the W loop on sub-
strate activation of butyrylcholinesterase. Biochim Biophys Acta 2001; 1544:
166-176.

77. Ellman GL, Courtney DK, Andreas V, Featherstone RM. A new and
rapid colorimetric determination of acetylcholinesterase activity. Biochem
Pharmacol 1961; 7: 88-95.

78. Pohanka M, Pikula J, Kuca K, Kassa J. Biochemical insight into so-
man intoxication and treatment with atropine, HI-6, trimedoxime, and K203
in a rat model. Bratislava Med J 2011; 112: 539-544.

79. Pezzementi L, Nachon F, Chatonnet A. Evolution of acetylcholines-
terase and butyrylcholinesterase in the vertebrates: an atypical butyrylcho-
linesterase from the Medaka Oryzias latipes. PLoS One 2011; 6: €17396.

80. Wu ZL, Podust MLM, Guengerich FP. Expansion of substrate speci-
ficity of cytochrome P450 2A6 by random and site—directed mutagenesis. J
Biol Chem 2005; 280: 41090-41100.

81. de Melo JS, Rondao R, Burrows HD, Melo MJ, Navaratnam S, Edge
R, Voss G. Photophysics of an indigo derivative (keto and leuco structures)
with singular properties. J Phys Chem A 2006; 110: 13653-13661.

82. Pohanka M, Hrabinova M, Kuca K, Simonato JP. Assessment of
acetylcholinesterase activity using indoxylacetate and comparison with the
standard Ellman’s method. Int J Mol Sci 2011; 12: 2631-2640.

83. No HY, Kim YA, Lee YT, Lee HS. Cholinesterase—based dipstick assay
for the detection of organophosphate and carbamate pesticides. Anal Chim
Acta 2007; 594: 37-43.

84. Pohanka M. Acetylcholinesterase based dipsticks with indoxylacetate
as a substrate for assay of organophosphates and carbamates. Anal Lett, In
press, DOI: 10.1080/00032719.2011.644743.

85. Miao Y, He N, Zhu JJ. History and new developments of assays for
cholinesterase activity and inhibition. Chem Rev 2010; 110: 5216-5234.

86. Tingfa D, Shiquang Z, Mousheng T. A new micro—detection tube for
cholinesterase inhibitors in water. Environ Pollut 1989; 57: 217-222.

Received February 10, 2012.
Accepted September 20, 2013.



