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Abstract

Purpose Cholinesterase inhibitors are commonly prescribed
to patients with Alzheimer’s disease (AD) to enhance
cholinergic neurotransmission. Differential response to these
treatments has been observed, and claims have been made that
individual genetic variants may influence the pharmacokinetic
and pharmacodynamic properties of these drugs. Here we
assess the effects of genetic variation at two loci involved in
the activity of cholinesterase inhibitors on longitudinal
clinical change in AD patients being treated with donepezil,
galantamine, and rivastigmine.

Methods This was an open study in which 171 Italian AD
patients treated with donepezil (#=92), galantamine (n=33),
or rivastigmine (n=46) were enrolled. Response to treatment
was quantified by grading the patient’s cognitive state (Mini-
Mental State Examination) and the patient’s ability to
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perform normal daily activities (Activities of Daily Living,
Instrumental Activities of Daily Living) at baseline and after
6 and 12 months of treatment. Genetic variation was
comprehensively characterized and analyzed at two loci:
CYP2D6, which is involved in donepezil and galantamine
metabolism, and BCHE, which codes for an enzyme
(butyrylcholinesterase) which is both target and metabo-
lizer of rivastigmine. APOE (coding for apolipoprotein E),
which is associated with the risk of AD and inefficacy of
specific AD treatments, was genotyped to control for
patient stratification. The influence of the CYP2D6 and
BCHE genotype on clinical changes after 12 months was
evaluated by several tests of association.

Results After 1 year of treatment, 29, 12, and 12 of the
patients receiving donepezil, galantamine, and rivastigmine,
respectively, showed a cognitive decrement, while eight
patients interrupted the therapy before 12 months of treatment.
No significant differences between the three treatments were
observed in terms of response and tolerability. Non-
responders show a higher proportion of BCHE and CYP2D6
mutated alleles, but genetic variation at the two loci was not
a reliable predictor of clinical changes in AD patients treated
with cholinesterase inhibitors.

Conclusions Individualized therapy based on CYP2D6 and
BCHE genotypes is unlikely to be beneficial for treating
Alzheimer’s disease patients in routine clinical practice.

Keywords pharmacogenetics - Alzheimer- CYP2D6 -
BCHE - cholinesterase inhibitors
Introduction

Alzheimer’s disease (AD) has become the most common
neurodegenerative disease worldwide, representing 60—70 %
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of all dementia cases. This disease imposes a great burden and
costs on caregivers and society alike [1]. In Italy, approxi-
mately 1.5% of the general population is estimated to suffer
from AD [2]. AD is a progressive neurodegenerative disorder
characterized by multiple cognitive deficits, including
loss of memory, judgment, comprehension, and deterio-
ration in global functioning accompanied by behavioral
and mood disturbances.

Despite intense efforts to identify risk factors, implement
preventive measures, and develop effective neuroprotection
measures against AD, first-line treatment is still limited to
temporary enhancement of cognitive abilities [3, 4]. The
most commonly used group of agents consists of the
cholinesterase inhibitors, which act by inhibiting the
enzymes acetylcholinesterase (AChE) and, in some cases,
butyrylcholinesterase (BChE), which are responsible for the
breakdown of acetylcholine at the synapse and hence favor
an enhancement of cholinergic transmission. In healthy
brains, AChE accounts for the majority of cholinesterase
activity, whereas BChE plays a minor role. Conversely,
over the course of AD, BChE activity progressively
increases and AChE partially loses its predominant role
[5]. The action of cholinesterase inhibitors results in an
accumulation of acetylcholine or prolongs its effects at the
synapse. At the present time, the three most commonly
prescribed cholinesterase inhibitors are donepezil, galant-
amine, and rivastigmine [6]. Donepezil and galantamine are
reversible or short-acting inhibitors that primarily target
AChE. Both are metabolized by two cytochrome P450
hepatic enzymes, CYP2D6 and CYP3A4. Rivatigmine is
considered a “pseudo-irreversible” or intermediate-acting
cholinesterase inhibitor that inhibits both AChE and BChE
with equal potency. It is converted to an inactive metabolite
at the site of action by cholinesterases, bypassing hepatic
metabolic pathways [6].

Variable therapeutic response to cholinesterase inhibitors
has been observed among AD patients, and the same is true
for the occurrence of adverse effects and non-compliance.
Some authors claim that one cause of differences in the
efficacy and tolerability of cholinesterase inhibitors may be
the presence of individual genetic variants that influence the
pharmacokinetic and pharmacodynamic properties of these
drugs [7]. If individuals carrying specific gene variants
respond differently to—or tolerate differently—treatment
with cholinesterase inhibitors, it would be possible to
design individualized therapies for AD patients.

Only a few studies to date have focused on the
relationship between individual genotypes and responses
to cholinesterase inhibitors in Italian patients [8—11]. For
participation in our study, we selected AD patients treated
with the three most commonly prescribed cholinesterase
inhibitors. We recorded cognitive changes and tolerability
of the three drugs over a 12-month period and assessed
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patient genotypes for CYP2D6 locus, which codes for the
most polymorphic drug metabolizing enzyme of donepezil
and galantamine, and for BCHE locus, which codes for an
enzyme which is both target and metabolizer of rivestig-
mine. The putative genetic confounder APOE (apolipopro-
tein E) was also genotyped.

Our first aim was to test if donepezil, galantamine,
and rivastigmine differ with respect to their beneficial
effects and occurrence of adverse events in the study
subjects. Secondly, we wanted to test whether genotyping
of CYP2D6 and BCHE loci would be useful in predicting
cognitive changes in our AD patients treated with
cholinesterase inhibitors.

Patients and methods
Study subjects

For this open study we recruited 171 patients between 55
and 87 years old with a clinical diagnosis of probable
AD in accordance with the criteria of the National
Institute of Neurological and Communicative Disorders
and Stroke-Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA) [12]. These criteria
include a mild-to-moderate severity, as defined by the
results of a neurological exam, an extensive neuropsychi-
atric evaluation, and an neuroimaging analysis (computer-
ized tomography or magnetic resonance imaging), and a
Mini-Mental State Examination (MMSE) [13] score of
11.0-29 at diagnosis (Table 1). MMSE values were

Table 1 Baseline characteristics of the study population

Baseline characteristics Donepezil Galantamine Rivastigmine
Number of patients at first 92 33 46
diagnosis (np)
Male 33 (36%) 13 (39%) 17 (37%)
Female 59 (64%) 20 (61%) 29 (63%)
Age (years): mean (SD) 74.6 (5.4) 74.9 (6.3) 71.0 (5.9)
Age (years): minimum— 62-86 58-87 55-80
maximum
ADLp; mean (SD)/6* 55(0.9) 5.1(1.3) 5.5 (0.8)
IADLp; mean (SD)/19* 13.0 (2.2) 12.4 (3.0) 13.1 (2.6)
MMSEp; score mean 20 (3.7) 20 (4.0) 20 (3.6)
(SD)/30*
MMSEp score mean 19.8 3.4) 19.8 (4.4) 19.5 (3.6)

(SD) corrected by age
and education [13]

ADLp, Activities of Daily Living at diagnosis; IADLp;, Instrumental
Activities of Daily Living at diagnosis; MMSEp;, Mini-Mental State
Examination at diagnosis, SD standard deviation

# Higher scores indicate better performances in normal daily activities
(ADL and IADL) or better cognitive functions (MMSE)
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corrected by age and educational level using the score-
adjustment coefficients proposed by Magni et al. [14].
After correction, the MMSE scores ranged from 12.0 to
27.7. All patients were recruited at the Alzheimer Center
of the Department of Neurology, Sant’Anna Hospital,
Ferrara. The study was approved by the Ethics Committee
of the University of Ferrara (http://www.ospfe.it/index.
phtml?id=1726), and the subjects and the caregivers
consented to the study after a full explanation of what
was involved. For each patient, age, sex, education,
presence of other disease, and use of other drugs were
recorded. The CYP drug interaction table [15] was
consulted to identify comedications possibly interacting
with CYP2D6 or CYP3A4.

Patients were divided in three groups according to the
cholinesterase inhibitor treatment: donepezil (Don), galant-
amine (Gal), rivastigmine (Riv). The treatment regimes were
as follows: patients were taking donepezil at a dose of either 5
(70 patients) or 10 mg/day (22 patients), galantamine at a
dose of 8 (8 patients), 12 (5 patients), or 16 mg/day (20
patients), and rivastigmine at a dose of <6 (17 patients), 6
(25 patients), or 9 mg/day (4 patients). Treatment efficacy
was evaluated by considering the effect of treatment on the
cognitive function (MMSE) and on the patient’s ability to
perform normal daily activities (Activites of Daily Living,
ADL [16], and Instrumental Activities of Daily Living,
IADL [17]), with a follow-up every 6 months. The
occurrence of adverse events (AEs) was also recorded.
Patients were classified as responder (R) and non-
responder (NR) based on the corrected MMSE score at
12 months post-initiation of the treatment. Considering
that AD symptoms tend to evolve over time, patients that
showed no change in MMSE (AMMSE: MMSE at
12 months — MMSE at diagnosis) or a small decrement
(decrease of the MMSE score <1.5 at the end of the first
year) after the follow up were considered to be responders.

All patients were genotyped for CYP2D6 and BCHE. We
also tested two-thirds of the patients for the presence of
APOE allele €4, which is known to be associated with the
late-onset sporadic forms of AD [18].

Genotyping
CYP2D6 (OMIM 124030)

Genomic DNA was isolated from whole blood using the
QIAamp DNA Blood Mini kit (QIAGEN, Hilden, Germany).
Genotyping of 11 polymorphic positions in the CYP2D6 gene
was performed following a protocol based on long PCR and
the single nucleotide primer extension reaction (SNaPshot;
Applied Biosystems, Foster City, CA) [19]. The same
method was used to test for the presence of the whole-gene
deletion and of multiple copies of the gene on the same

chromosome (commonly referred to as whole-gene duplica-
tion). To check for the presence of the 2549delA defining
CYP2D6*3, we performed a nested PCR-restriction fragment
length polymorphism (RFLP) analysis as previously de-
scribed [20]. A 200-bp fragment containing a BsaAl
restriction site generated by a mismatch primer was
amplified and digested with the BsaAl enzyme (New
England Biolabs, Ipswich, MA).

BCHE (OMIM 177400)

We amplified a 1,839-bp fragment that included exon 2,
using the primer pair pEx2 fwd (5'- GGCCTTTACA
GAAGCAGGTT-3' and pEx2 rev (5-CACAGGGAGTT
GAAATGCAG-3'), and a 549-bp fragment that included
exon 4, using the primer pair pEx4 fwd (5-TTCAGG
CAAAGCGAGCTAAT-3") and pEx4 rev (5-GAAATT
GAACCAGGCCATTG-3'). Of these, 700 bp (from —140
to 560) of exon 2 and the whole 549-bp fragment
(including exon 4) were re-sequenced using big dye
terminator chemistry (BigDye Terminator v3.1 Cycle
Sequencing kit; Applied Biosystems) and PCR primers.
Our aim was to test for the presence of two common non-
synonymous substitutions (rs1799807, corresponding to A-
variant Asp70Gly in exon 2, and rs1803274, corresponding
to K-variant Ala539Thr in exon 4) with a known
phenotypic effect (OMIM 177400) as well as less common
or new mutations.

APOE (OMIM 107741)

To test for the presence of two substitutions, rs429358
and rs7412, that define alleles APOEe2 (334 T/472 T; 112
Cys/158 Cys), APOE<3 (334 T/472 C; 112 Cys/158 Arg),
and APOEe4 (334 C/472 C; 112 Arg/158 Arg), we
amplified 235 bp of exon 4 in a PCR reaction using the
primer pair 3 published in Koch et al. [21]. The DNA
fragment was re-sequenced using big dye terminator
chemistry (BigDye Terminator v3.1 Cycle Sequencing
kit, Applied Biosystems).

Haplotype reconstruction

Maximum-likelihood BCHE and CYP2D6 haplotype fre-
quencies were estimated using an expectation—-maximiza-
tion (EM) algorithm implemented in Arlequin 3.1 [22].
CYP2D6-inferred haplotypes were compared with those
available on the web site of the official allele nomenclature
(http://www.cypalleles.ki.se/cyp2d6.htm). The CYP2D6*6-
defining mutation (1707 del T) was excluded from the
inference because it was present on only one chromosome
in the whole dataset. Its attribution to haplotype *6 was
based only on the official nomenclature.
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Definition of genotypic scores

For CYP2D6, the previously published “activity score”
system [23] was used to translate genotype information into
a phenotypic measure. In this way, specific CYP2D6
variants were associated with metabolic activities based
on what is known from in vivo and in vitro studies (http://
www.cypalleles.ki.se/cyp2d6.htm). In practice, a value of 1
was given to fully functional haplotypes (*/ and *2), 0 to
non-functional haplotypes (*3, *4, *5, and *6), and 0.5 to
haplotypes with reduced activity (*9, *10, and *47). Gene
duplications received twice the value assigned to the
haplotype in single copy regardless of the number of copies
of the gene on the same chromosome. The activity score of
a genotype was the sum of the values assigned to each
haplotype. Thus, the genotype activity score theoretically
ranges from O (null metabolic activity) to 4 (ultrarapid
metabolic activity). This high-resolution CYP2D6 genotyp-
ing procedure allowed us to identify seven activity score
groups, namely, 0, 0.5, 1, 1.5, 2, 2.5, and 3. However,
because only a few individuals fell in the most extreme
groups, group 0 and 0.5 (corresponding to null or almost
null activity score) at one extreme and group 2.5 and 3
(corresponding to ultrarapid activity) at the other extreme
were merged, so that only five groups were considered for
the association analyses (Fig. 1).

BCHE allele K (rs1803274) is known to cause a
reduction in the effective number of circulating BChE
molecules, and the A variant (rs1799807) actually reduces
protein activity [24, 25], but the activity of these two
alleles may differ in different parts of the body [26]. For
this reason it is impossible to define a simple activity
score system for BCHE, and so patients were divided in
carriers and non-carriers, respectively, of at least one
mutated allele.

Statistical analyses

To detect significant departure from Hardy—Weinberg
equilibrium, we used the extended version of Fisher’s
exact test implemented in Arlequin 3.01 [22]. Tests of
association between genotypes and cognitive changes
were performed taking phenotypic outcomes into account
in two ways: first, patients were divided in groups of
responders and non-responders (binary predicted variable:
R, NR after 12 months of treatment). A logistic regression
adjusted for age, sex, baseline MMSE, and comedication
(only for CYP2D6) was used to estimate odds ratios (ORs)
and 95% confidence intervals (CI) for testing for possible
association between responders/non-responders to treat-
ment and BCHE genotypes or CYP2D6 genotypic scores.
The same analysis was performed for APOE genotypes.
This set of analyses was limited to AMMSE because the
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Fig. 1 Distribution of BCHE genotypes (a) and CYP2D6 (b) in
different groups (R responders, NR non-responders) of Alzheimer’s
patients participating in this study. Don Donepezil, Gal galantamine,
Riv rivastigmine. A BCHE variant A (rs1799807), K BCHE variant K
(rs1803274), wt wild-type (no mutations). Predicted CYP2D6 enzyme
activity is based on genotype scores: 0—0.5 poor, / and 1.5
intermediate, 2 normal, 2.5-3 ultrarapid. For the number of subjects
in each genotype subgroup, see Fig. 2

definition of responders and non-responders based on
AADL and AIADL is the same as for the first index. In a
second set of analyses we used individual patients
AMMSE, AADL, and AIADL as phenotypic outcomes
(continuous predicted variable); AMMSE, AADL, and
ATIADL were checked if normally distributed by
performing a Kolmogorov—Smirnov test. AMMSE was
normally distributed, thus differences in AMMSE between
CYP2D6 and BCHE genotypes were tested by means of an
analysis of covariance (ANCOVA) to control for baseline
MMSE and age, whereas a multi-factor analysis of
variance (ANOVA) was used to control for sex (both
genes) and comedications (only for CYP2D6). Because
AADL and AIADL do not follow a normal distribution,
two non parametric tests were used to compare groups of
patients with different genotypes. Carriers and noncarriers
of at least one BCHE mutation were compared by means
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of a Mann—Whitney U test. Different groups of CYP2D6
activity scores were compared by means of a Kruskal-
Wallis ANOVA. All of the analyses were performed using
STATISTICA [27].

Results
Patient characteristics

At diagnosis, the mean corrected MMSE score among the
171 patients was 19.5, with minimum and maximum values
of 12.0 and 27.7, respectively. Patient characteristics and
cognitive state for each treatment are shown in Table 1. No
significant differences across treatments were found with
respect to ADL, IADL, and corrected MMSE at diagnosis
(KruskalfWalliS ANOVA, PADL = 011, PIADL = 059,
Puvse = 0.95, respectively) and sex (x° test, P = 0.95).
The age at diagnosis was found to be significantly different
among treatments (Kruskal-Wallis ANOVA, P=0.003)
because the average age of rivastigmine patients was lower
(Table 1). Of these 171 patients, eight changed therapy
before the end of the first year of treatment because they
experienced an AE to galantamine (3 patients, 1 switched to
donepezil and 2 to rivastigmine) or rivastigmine (5 patients:
2 switched to donepezil and 3 to galantamine). These eight
individuals were excluded from the study. Among patients
treated with donepezil, 13 were taking comedications that
may influence the activity of the CYP2D6 enzyme: 11
patients were co-treated with citalopram/escitalopram (9 R
and 2 NR to donepezil) and 2 with paroxetine (1 R and 1
NR), both CYP2D6 inhibitors. Similarly, three galantamine
patients were co-treated with citalopram and two with
paroxetine, all of them responders to galantamine. Come-
dication with CYP2D6 inhibitors was considered a possible
confounder in association analyses. None of the subjects

included in our study was comedicated with CYP2D6
inducers or with CYP3A4/5 inhibitors or inducers.

Cognitive changes and adverse events

Patients treated with donepezil, galantamine, and rivastigmine
showed an average decline in MMSE of 0.3, 0.5, and 0.2,
respectively, after 12 months of therapy. The efficacy of the
pharmacological treatment was comparable to that observed
for the same three drugs by Aguglia et al. [28] after 6 months
and for donepezil by Patterson et al. [29] after 3-9 months.
However, our study showed a lower cognitive decline
compared to other studies with follow-up of 6 months [8,
10] or >1 year [9, 30]. We did not observe significant
differences in terms of AMMSE between treatments
(Kruskal-Wallis ANOVA, P=0.71).

During the first 12 months of therapy several patients
experienced an AE to the treatment. In particular, AEs were
reported in seven (7.6%), six (18.2%), and nine (19.5%)
patients treated with donepezil, galantamine, and rivastigmine,
respectively. The most common side effects of rivastigmine
were gastrointestinal complaints (5 cases of epigastralgies and
2 of diarrhea) and, but rarely, irritability (1), vertigo (1), and
dizziness (1) were observed. Galantamine caused abdominal
pain (2 cases), dizziness (2), nausea (1), diarrhea (1),
cardiovascular event (1), rash (1), depression (1), irritability
(1), and sweating (1). Donepezil caused fewer side effects than
the other two treatments, with epigastralgy (2 cases), nausea
(1), allucination (1), fall (1), agitation (1), insomnia (1), and
dizziness (1) being the most frequently reported AEs. The
number of patients having an AE and the number of AEs do
not correspond because the same subject may have experi-
enced more than one side-effect. Even if donepezil showed a
higher tolerability, the incidence of AE was not statistically
different between the three treatment groups (Fisher’s exact
test, P = 0.08). Contrary to what has been found in other

Table 2 Distribution of APOE (apolipoprotein E) genotypes in the total sample set and across treatments

APOE  Total Donepezil Galantamine Rivastigmine

R NR TOtDON R NR TOIGAL R NR TOtRIV
e2/e2 2 (1.83) - 1 (5.56) 1(1.61) - 1 (11.11) 1 (5.0) - - -
e2/e3 3(0.92) 1(2.27) 1 (5.56) 2 (3.22) - - - 1 (5.56) - 1(3.7)
e2/e4 1 (0.92) 1 (2.27) - 1 (1.61) - - - - - -
e3/e3 59 (54.13) 22 (50.0) 10 (55.56) 32 (51.61) 5(4545) 4 (44.44) 9 (45.0) 11 (6l.11) 7(77.78) 18 (66.67)
e3/e4 37 (33.94) 17 (38.64) 4 (22.2) 21 (33.87) 5(45.45) 4(4444) 94500 52778 2 (22.22)  7(25.93)
cd/e4 7 (6.42) 3 (6.82) 2 (11.11) 5 (8.06) 1 (9.09) - 1(5.0) 1 (5.56) - 1(3.7)
Total 109 (100) 44 (100) 18 (100) 62 (100) 11 (100) 9 (100) 20 18 (100) 9 (100) 27 (100)

R, responders; NR, non-responders, DON, donepezil; GAL, galantamine; RIV, rivastigmine

Data in table are presented as the number (n), with the percentage in parenthesis
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studies[6], we did not find any dose-dependent AE for any of
the three treatments (Fisher’s exact tests, P>0.05).

APOE: a possible confounder

To control for possible patient stratification due to the
APOE genotype [18], we tested carriers and noncarriers of
APOE<4 for association with cognitive changes (Table 2).
The increasing number of APOEe4 alleles per genotype did
not increase the risk of a poor response to cholinesterase
inhibitors after 12 months (logistic regression controlling
for age, sex, and basecline MMSE; P>0.05; OR 0.68, 95%
CI 0.34-1.35) or to donepezil, galantamine, and rivastig-
mine tested separately (P>0.05; donepezil: OR 0.70, 95%
CI 0.27-1.76; galantamine: OR 0.46, 95% CI 0.07-3.34;
rivastigmine OR 0.39, 95% CI 0.05-3.02).

Description of BCHE and CYP2D6 genetic variation

Frequencies and distributions of combined BCHE and
CYP2D6 genotypes for the total sample and across treat-
ments after 12 months of therapy are summarized in
Table 3.

In our re-sequencing analysis of 1,249 bp of BCHE
coding regions, no genetic variants other than K
(rs1803274) and A (rs1799807) were detected. Of 326
chromosomes, 58 (17.8%) carried the K variant located in
exon 4, whereas the rare A variant in exon 2 was found
only on six chromosomes (1.8%). The BCHE locus did not
show any deviation from Hardy—Weinberg equilibrium.
When haplotypes were reconstructed from genotypic
information, only three haplotypes could be inferred,
namely wtwt, wtK, and AK, indicating the presence of
complete linkage disequilibrium between variants K and A.

The great majority of patients enrolled in this study were
either heterozygotes at the CYP2D6 locus or homozygous
for mutations known to be frequent in populations of
European origin, such as those defining CYP2D6*2, *4, or
*41 [31, 32] (Table 3). The only exception was the presence
of a homozygous individual for the rather rare CYP2D6*3
[32]. To rule out the possibility of an allelic drop-out in the
SNaPshot assay, we confirmed our results by a nested PCR-
RFLP analysis, testing all the CYP2C6*3 carriers (homo-
and heterozygotes) of our dataset, together with a non-*3
individual. Of the 12 CYP2D6 variants (11 SNPs and
whole-gene duplication), four significantly deviated from
the equilibrium expectation due to a deficit of heterozy-
gosity (P<0.05). Specifically, three of these variants were
in linkage disequilibrium and together define CYP2D6*2
(1661 G>C, 2850 C>T, and 4180 G>C), coding for a fully
functional enzyme, while the fourth variant alone defines
CYP2D6*3 (2549delA), coding for a null-function enzyme
(http://www.cypalleles.ki.se/cyp2d6.htm). None of these
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deviations remained significant when a Bonferroni correc-
tion for multiple tests was performed.

Candidate genes and cognitive changes

Patients defined as NR to donepezil and rivastigmine
showed a higher proportion of BCHE genotypes carrying
at least one mutation, whereas galantamine patients showed
the opposite trend (Fig. 1a). Lower CYP2D6 genotype
scores were more frequent among NRs, possibly indicating
an association between a decreased 2D6 enzymatic activity
and a faster cognitive decline (Fig. 1b). However, BCHE
and CYP2D6 trends are not significant when formally
tested by means of a logistic regression controlling for age,
sex, baseline MMSE, and comedications for CYP2D6
(BCHE: donepezil OR 2.14, 95% CI 0.75-6.11; galant-
amine OR 0.37, 95% CI 0.06-2.33; rivastigmine OR 3.86
95% CI 0.63-23.6; CYP2D6: donepezil OR 0.99, 95% CI
0.93-1.08; galantamine OR 0.97, 95% CI 0.83-1.13;
rivastigmine OR 0.92, 95% CI 0.81-1.04).

In a second group of analyses, individual changes in
MMSE, ADL, and IADL after 12 months of therapy were
treated as a continuous outcome. Figure 2 shows the
distribution of individual AMMSE in different BCHE
genotype groups (Fig. 2a) and CYP2D6 genotype score
groups (Fig. 2b). No significant differences between the
genotype groups were evident for MMSE (ANCOVA/
multi-factor ANOVA controlling for age, sex, baseline
MMSE, and comedications for CYP2D6; P>0.05), ADL
and IADL (Mann—Whitney U test and Kruskal-Wallis
ANOVA, P>0.05), suggesting that neither the BCHE nor
the CYP2D6 genotype play a relevant role in explaining the
cognitive decline of AD patients after 12 months of
treatment with cholinesterase inhibitors.

Discussion

In this open study we observed a general trend towards an
increased frequency of BCHE and CYP2D6 mutations
among AD patients treated with cholinesterase inhibitors
showing a faster cognitive decline (NR) (Fig. 1). The
tendency observed here for BCHE contrasts with the
finding that patients with dementia carrying the BCHE K
variant show a slower rate of cognitive decline and
improved attention [33]. Although none of the tests
performed in our study identified significant associations
between the BCHE and CYP2D6 genotype and the
phenotypic outcome, this finding may not be irrelevant.
The limited availability of DNA samples from well-defined
AD patients treated with cholinesterase inhibitors and
followed for 1 year led to a relative small sample size in
our study. This may have influenced our ability to detect
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CYP2D6 genotype score

«Fig. 2 Individual change in Mini-Mental State Examination scores

(AMMSE) after 12 months of donepezil (DON), galantamine (GAL) or
rivastigmine (R/V) treatment in Alzheimer’s patients with different
BCHE (a) and CYP2D6 (b) genotypes. Black symbols Average values.
A BCHE variant A (rs1799807), K BCHE variant K (rs1803274), wt
wild-type (no mutations). Predicted CYP2D6 enzyme activity based
on genotype scores: 0—0.5 poor, / and /.5 intermediate, 2 normal, 2.5—
3 ultrarapid

significant associations between genotypes and phenotypic
outcomes. However, a lack of association between BCHE
genetic variation and donepezil and rivastigmine response
was recently observed in a study in which Italian AD
patients were characterized for the BCHE K variant and for
another common intronic single nucleotide polymorphism
(SNP) (rs1355534) [9]. Based on our observations and on
those of Scacchi et al. [9], it seems reasonable to conclude
that assessing BCHE genetic variation is not useful in terms
of predicting cognitive decline in AD patients treated with
cholinesterase inhibitors. Conversely, the BCHE genotype
was shown to be a predictor of differential response between
treatments in AD patients younger than 75 years [30, 34].
The results of a recent study suggest that late response to
cholinesterase inhibitors in moderate-to-severe AD may be
associated with the BCHE genotype [29], but these con-
clusions were based on a very limited sample size, the
association was evident only for one of three recorded
responses, and multiple testing correction was not performed.

Conclusions on the CYP2D6 genotype effect are also
controversial. An evaluation of the efficacy of donepezil
after 3 months in 42 Italian AD patients showed that poor
metabolizers are better responders [8], and a similar result
was recently observed in another set of 57 Italian AD
patients after 6 months [11]. Conversely, our 92 patients
treated with donepezil showed a general tendency towards a
higher frequency of faster metabolizers in responders
(Fig. 1b, higher scores), and a similar trend was observed
for galantamine and rivastigmine. The three studies are
difficult to compare for a number of reasons. First, given
that AD symptoms tend to evolve over time, different
follow-ups are likely to lead to different results. More
specifically, the discrepancy between our results and those
of Varsaldi et al. [8] is probably the result of the presence of
all four groups of CYP2D6 metabolizers among our
patients, namely, poor, intermediate, normal, and ultrarapid
(scores of 0-0.5, 1-1.5, 2, and 2.5-3, respectively),
whereas the patients enrolled in the study of Varsaldi et
al. [8] included no poor metabolizers and only two
ultrarapid ones. A similar comparison cannot be performed
with the data presented by Seripa et al. [11], whose patients
were subdivided based on the presence/absence of muta-
tions affecting the enzyme activity. Based on this criterion,
the authors found a significant higher frequency of variants
conferring a decreased or null enzyme activity in donepezil
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responders. In other words, the results suggest that being
homozygous for CYP2D6 full-function alleles increases the
risk of being non-responders to donepezil. This observation
does not have a simple biological interpretation, and it is
difficult to reconcile with the bimodal distribution of in
vivo phenotypes always observed in Europeans, where poor
metabolizers (i.e., homozygous for null-function alleles)
represent a separate subgroup, while all the other genotypes
overlap [35]. In this respect, our choice to translate
genotypes to phenotypes by means of the activity score
system based on pharmacokinetic data may also be
problematic. To control for this, we re-analyzed our
CYP2D6 data dividing patients into two subgroups,
namely, poor metabolizers and all the rest, and the results
did not change (data not shown). A third study on Italian
AD patients found a significant association between a
CYP2D6 promoter polymorphism and response to done-
pezil [10]. Unfortunately, rs1080985 is not included in our
assay, so a comparison is not possible. The reason we
chose not to type this position is that the C > G
substitution does not define a specific CYP2D6 variant,
and its phenotypic outcome is very controversial [36-38].
However, its unconfirmed effect on the enzyme activity
does not exclude a possible phenotypic effect or a role as a
genetic marker. In the latter case, it is possible that the
causative variant is in linkage disequilibrium with
rs1080985 G. It would be worthwhile testing whether this
interesting result is reproducible in our patients.

Genetic variation at other genomic regions may have a
role in determining differential cognitive declines in AD
patients enrolled in this study. The APOEe4 allele is
known for its association with risk of AD [18]. One study
reported a lack of predicted response to the insulin
sensitizing agent rosiglitazone [39] and cholinesterase
inhibitors [40—42], although other studies do not support
this conclusions [43, 44]. As suggested by our analysis,
genetic variation at the apolipoprotein E locus did not
affect our results on the role of BCHE and CYP2D6
genotype in determining cognitive changes.

Another possible explanation for the lack of association
between CYP2D6 genetic variation and cognitive changes
in patients treated with donepezil and galantamine could be
the role played by other CYP isoenzymes in their
metabolism [6, 45]. In particular, in the presence of
CYP2D6 mutations conferring a reduced/absent enzyme
activity, the CYP3A4 isoenzyme may have a major role in
donepezil and galantamine metabolism.

In conclusion, our results show that, taken on its own,
this study of the possible effects of variation at the BCHE
and CYP2D6 loci does not seem to help predict cognitive
changes in patients treated with donepezil, galantamine, or
rivastigmine in Italy. As is the case for many complex traits,
genetic and/or nongenetic factors other than BCHE and

CYP2D6 contribute substantially to determining the ability
of AD patients to respond to treatment. Generalizing this
observation is not yet possible because it may well be that
in other populations the confounding effects of other loci
are less marked. Indeed, the contradictory outcomes of
different studies may be due to differences in the general
genetic buildup of the specific population. Future progress
may be expected only when we have a clearer idea of the
genetic architecture of drug response and of the multiple
factors contributing to it. At that point, it will also be
important to re-evaluate the limited associations between
cognitive changes, on the one hand, and BCHE and
CYP2D6 genotypes, on the other, which were identified in
this study but which did not reach statistical significance.
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