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Abstract
Background: The angiotensin-converting enzyme gene (ACE) insertion/deletion (I/D or indel) polymorphism has
long been linked to Alzheimer’s disease (AD), but the interpretation of established data remains controversial. The aim
of this study was to determine whether the angiotensin-converting enzyme is associated with the risk of Alzheimer’s
disease in Tunisian patients.
Methods: We analyzed the genotype and allele frequency distribution of the ACE I/D gene polymorphism in 60
Tunisian AD patients and 120 healthy controls.
Results: There is a significantly increased risk of AD in carriers of the D/D genotype (51.67% in patients vs. 31.67%
in controls; p = .008, OR = 2.32). The D allele was also more frequently found in patients compared with controls
(71.67% vs. 56.25%; p = .003, OR = 2.0). Moreover, as assessed by the Mini-Mental State Examination, patient D/D
carriers were more frequently found to score in the severe category of dementia (65%) as compared to the moderate
category (32%) or mild category (3%).
Conclusions: The D/D genotype and D allele of the ACE I/D polymorphism were associated with an increased risk
in the development of AD in a Tunisian population. Furthermore, at the time of patient evaluation (average age
75 years), patients suffering with severe dementia were found predominantly in D/D carriers and, conversely, the D/D
genotype and D allele were more frequently found in AD patients with severe dementia. These preliminary explora‑
tory results should be confirmed in larger studies and further work is required to explore and interpret possible alter‑
native findings in diverse populations.
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Background
Alzheimer’s disease (AD) is a common cause of morbidity and mortality among the elderly and is characterized
by progressive memory loss and cognitive dysfunction
[1]. The brains of AD patients are essentially characterized by neuronal and synaptic loss, extracellular plaques
*Correspondence: fnajiba@yahoo.fr
1
Laboratory of Molecular Biology, Department of Hematology, Military
Hospital of Tunisia, Mont Fleury, 1008 Tunis, Tunisia
Full list of author information is available at the end of the article

composed of amyloid-β peptides, and intra-neuronal
neurofibrillary tangles. Senile plaques composed mainly
of amyloid-β (Aβ) are particularly important in the
pathology of AD [2]. Among the Aβ-related genes, angiotensin-converting enzyme gene (ACE) is closely related
to the production and degradation of Aβ [3]. However,
ACE also catalyzes the formation of the vasoconstrictor
angiotensin II (Ang II) from angiotensin I. The actions
of Ang II within the central nervous system are also of
increasing interest in the context of Alzheimer’s disease
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(AD). Ang II inhibits the release of acetylcholine (ACh)
and has a pro-inflammatory effect [4].
The ACE gene is located on chromosome 17q23. The
most common polymorphism of the ACE gene is the
insertion/deletion (I/D) variant of 287 base pairs in
intron 16. This polymorphism has been suggested to be
associated with serum ACE protein levels [5], the specific
activity of the ACE protein domain [6], and the transcriptional activity of the ACE gene promoter region [7]. Furthermore, ACE may lower amyloid-β levels by promoting
its degradation and, thereby, reinforce the hypothesis of
the role of ACE in the pathogenesis of AD [8]. However,
a more nuanced hypothesis supposes divergent roles of
ACE in the degradation of Aβ. ACE may first mediate a
short-term neuroprotective action but the production
of Ang II then may lead to longer term and more wideranging deleterious consequences (i.e., hypertension,
damage to the blood–brain barrier, reduced cerebral
blood flow, Aβ deposition, inflammation, and reduced
cholinergic activity) [4]. Therefore, in either explanation
of pathogenesis, the ACE I/D polymorphism becomes an
important consideration as a risk factor for AD susceptibility. Perhaps because of these diverse actions of ACE,
potential associations with AD have been examined in a
great number of studies worldwide but have generated
equivocal results [9–11].
This current study examined the genetic polymorphism
(I/D) of the ACE gene in a group of AD individuals and
controls. The purpose was to determine the nature of the
relationship between the ACE gene and the risk of AD in
Tunisian subjects.

Methods
Study population

We studied 60 patients with AD (20 female, 40 male)
recruited from the Department of Neurology at
the Military Hospital of Tunis. The mean age was
75.18 years ± 5.31 (SD). The diagnoses of probable AD
were based upon the National Institute of Neurological
and Communicative Diseases and Stroke/Alzheimer’s
Disease and Related Disorders Association (NINCDS–
ADRDA) clinical diagnostic criteria and Diagnostic and
Statistical Manual of Mental Disorders (DSM IV) criteria
with no clinical or laboratory evidence of a cause other
than AD for dementia [12, 13]. All participants underwent a complete clinical investigation that included
medical history, neurological and neuropsychological
examinations (Mini-Mental State Examination (MMSE)
[14], clock-drawing tests, the 5-word test, auditory verbal
learning test, and Frontal Assessment Battery), screening
laboratory tests, and neuro-imaging consisting of CTscan and/or magnetic resonance imaging (MRI). MRI
scans displayed substantial reduction in the volume of
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the medial temporal lobe and hippocampus in patients
with Alzheimer’s disease as compared to controls.
Additionally, the control group consisted of 120 ageand gender-matched subjects (46 female, 74 male) with
diverse Tunisian origin similar to that of the patients
and chosen based on their medical history and physical
examination. Their cognitive function was assessed using
the MMSE examination [14] with all scores exceeding 26.
Further, the controls did not exhibit any signs of dementia and reported no family history of AD or dementia.
All participants (or their guardians) in this study gave
their fully informed consent. The study protocol was
approved by the Ethics Committee of the Military Hospital of Tunisia and has therefore been performed in
accordance with the ethical standards laid down in the
1964 Declaration of Helsinki and its later amendments.
Laboratory methods

Genomic DNA was extracted from peripheral blood leukocytes with a DNA extraction kit (QIAmp blood kit, Qiagen
GmbH [Hilden, Germany]) according to the manufacturer’s protocol. ACE genotyping was carried out by polymerase chain reaction using oligonucleotide sense primer
5′-CTG GAG ACC ACT CCC ATC CTT TCT-3′, and the
antisense primer 5′-GAT GTG GCC ATC ACA TTC GTC
AGA T-3′. DNA samples (100 ng) were subjected to 35
cycles of PCR amplification under the following conditions:
initial denaturation at 94 °C for 5 min (min), denaturation
at 94 °C for 45 s (s), annealing at 58 °C for 1 min, extension
at 72 °C for 45 s, and final extension at 72 °C for 7 min. The
PCR products were electrophoresed on a 2% agarose gel
stained with ethidium bromide to visualize three patterns:
I/I (a 490-bp fragment), D/D (a 190-bp fragment), and I/D
(both 490- and 190-bp fragments) (Fig. 1).
Statistical analysis

All analyses related to the case–control study were performed using the Statistical Package for the Social Sciences v.16 (IBM, Armonk, NY USA). Data on quantitative

Fig. 1 Agarose gel electrophoresis of PCR amplified products of the
ACE (I/D) gene polymorphism. M represents 100-bp DNA ladder; lane
3 as DD genotype (190 bp); lane 2, as II genotype (490 bp) and lane 1,
as ID genotypes (490 and 190 bp) of the ACE gene
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characteristics are expressed as mean ± SD. Differences
between cases and controls were evaluated by using the
Chi-square test or Fisher’s exact test for qualitative variables. The Chi-square goodness-of-fit test was used to
assess the genotype and allele frequencies for deviations
from Hardy–Weinberg equilibrium. The Chi-square test
of independence was used to ascertain possible dependences between MMSE scores of patients and genotypes.
In addition, the odds ratio (OR) and 95% confidence
intervals (CI) were calculated with two-by-two contingency table methods to measure the strength of associations (effect sizes). The ACE gene I/D polymorphism and
the clinical characteristics of patients were compared to
controls using Chi-square or Fisher exact tests (when cell
frequencies were small). Probability values (p values) less
than .05 were considered statistically significant.

Results
The demographic data for all subjects are presented in
Table 1. The mean ages (± SD) of the cases and controls
were 75.18 years (± 5.31) and 72.94 years ± (5.0). There
were no significant differences in any of the mean values regarding blood chemistry, including triglycerides
and cholesterol, between the AD and control groups.
MMSE scores, however, differed significantly between
patients with AD and controls (p < .001). Both the case
and control groups were in Hardy–Weinberg equilibrium
(χ2 = .014, p = .90; χ2 < 10−3, p = .99; respectively). The
ACE gene I/D genotype distributions and allele frequencies of the study groups are presented in Table 2. The
analysis of genotype frequencies revealed an over-representation of the D/D genotype among patients compared
to that of the control group (51.67% vs. 31.67%, respectively). This observation indicates an increased susceptibility of the D/D genotype carriers to AD (p = .008,
OR = 2.32). However, the difference of the I/D genotype
frequencies between patients and controls was not significant (p = .24). The I/I genotype was observed among
Table 1 Comparison of clinical variables in Alzheimer
patients and controls
Clinical variable

Patients (N = 60)
n (%)

Controls (N = 120) p value
n (%)

Gender F/M

20 (33.3)/40 (66.6)

46 (38.3)/74 (61.6)

–

Age years ± SD

75.18 ± 5.31

72.94 ± 5.0

–

–

–

MMSE

14 (6–22)

28 (> 26)

< 10−3

Tobacco use

12 (20)

30 (25)

.45

Diabetes

13 (21.6)

18 (15)

.26

Hypertension

15 (25)

20 (16.6)

.18

Age of onset
years ± SD

69 ± 4.48

Significant p values in italics

Table 2 Genotype and allele frequencies of the ACE polymorphism in AD patients and controls
ACE I/D

Patients
N = 60

n (%)

Controls
N = 120

χ2

OR [CI 95%]

p value

n (%)

II

5 (8.33)

23 (19.17)

3.57

.38 (.13–1.06)

.06

ID

24 (40.00)

59 (49.17)

1.35

.69 (.37–1.28)

.24

DD

31 (51.67)

38 (31.67)

6.7

2.32 (1.21–4.34)

.008

I

34 (28.33)

105 (43.75)

8.02

.5 (.30–.80)

.003

D

86 (71.67)

135 (56.25)

2 (1.25–3.33)

CI confidence interval, OR odds ratio, p value probability value
Significant p values are in italics

5 patients (8.33%) and 23 controls (19.17%) (p = .06).
The ACE allele frequencies revealed that the D allele was
found to be predominant among the AD group (71.67%)
while the I allele was predominant among the control
subjects (43.75%) with a statistically significant difference
(p = .003, OR = 2.0). The D allele is statistically associated with an increased risk of AD in our population.
In an effort to discern any relationship between genotypes (alleles) and the severity of dementia, Table 3
details the allocation of patient genotypes and alleles
among three categories of Mini-Mental State Examination (MMSE) scores. The Chi-square test of independence broadly indicates that these MMSE categories are
2
dependent upon genotypes (χdf
= 4 = 18.1, p = .001) and
2
alleles (χdf = 2 = 18.1, p < 10−3). In particular, the D/D
genotype appears in 65% of patients with severe dementia, in 32% with moderate dementia, and in only 3% of
those with mild dementia (as measured by the MMSE).
Conversely, there are 26 patients with severe dementia
and, of them, 77% are D/D carriers, 23% are I/D carriers, and there are no I/I carriers. Although there is a
scant number of patients (5) who are I/I carriers (8.3%
of all patients), nevertheless 3 (60%) have mild dementia, whereas none have severe symptoms. Conversely,
patients in the top scoring MMSE category (mild dementia) are more likely to be I/D carriers (67%) followed by
I/I carriers (25%). However, only 1 patient is a D/D carrier suffering with mild dementia. The effects are significant: The odds are 4 times larger for suffering severe
versus moderate symptoms (p = .04) and 37 times larger
for suffering severe versus mild symptoms (p < 10−3) for
AD patient D/D carriers as compared to non-D/D carriers. The analysis of the alleles reveals a similar trend.
Patient carriers of the D allele are predominantly sufferers of severe dementia (53%), 35% have moderate dementia, whereas 12% have mild dementia. Conversely, 88% of
those with severe dementia are D carriers. Overall, the
odds are 3.6 times higher for scoring in the lowest MMSE
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Table 3 MMSE severity by ACE I/D genotypes and alleles in Alzheimer’s patients
ACE I/D genotype
and alleles n (%)
N = 60

MMSE ranges n% (C, R, T)

Severe vs. moderate
Severe vs. mild

0–9 (severe) N = 26

10–18 (moderate) N = 22

19–23 (mild) N = 12

OR [CI 95%]

p values

II 5 (8)

0
(0, 0, 0)

2
(9, 40, 3)

3
(25, 60, 5)

–
96 [3.2–2800] (*)

.13
.002

ID 24 (40)

6
(23, 25, 10)

10
(45, 42, 17)

8
(67, 33, 13)

3.3 [.94–12]
27 [2.8–260]

.07
< 10−3

II + ID 29 (48)

6
(23, 21, 10)

12
(55, 41, 20)

11
(92, 38, 18)

4 [1.2–14]
37 [3.9–340

.04
< 10−3

DD 31 (52)

20
(77, 65, 33)

10
(45, 32, 17)

1
(8, 3, 2)

–
–

–
–

I 34 (28)

6
(12, 18, 5)

14
(32, 41, 12)

14
(58, 41, 12)

3.6 [1.2–10]
11 [3.3–35]

.02
< 10−3

D 86 (72)

46
(88, 53, 38)

30
(68, 35, 25)

10
(42, 12, 8)

–
–

DD versus II, ID, and I* genotypes; Statistics calculated using Fisher’s exact test; (*) Haldane’s correction used; CI confidence interval, % (C, R, T) column %, row %, % of
total (all % rounded to nearest whole percentage point), OR odds ratio, p value probability value
Significant p values are in italics

category (severe dementia) as compared to the moderate
category (p = .02) for D carriers. The odds are 11 times
higher for scoring in the lowest MMSE score category as
compared to the highest score category, i.e., those with
mild dementia (p < 10−3). Given the patients in this study,
with an average age at AD diagnosis of 69 years and evaluated at an average age of 75 years, those suffering severe
dementia are statistically more likely to be D/D carriers
(or D allele carriers) and, conversely, D/D (or D carriers)
are statistically more likely to suffer severe dementia.

Discussion
This study analyzed the frequencies of the ACE I/D polymorphism in AD patients in comparison with a control
group. The D/D genotype (p = .008, OR = 2.32) and D
allele (p = .003, OR = 2.0) were found to be risk factors
for AD. The inheritance of the homozygous I/I genotype
was marginally associated (p = .06) with a reduced risk
for AD and the ACE I/D heterozygotes showed no statistical differences in frequencies between subjects and
controls (p = .24).
Moreover, given the particular demographics of our
patient group, D/D carriers were more likely to score in
the lowest category of MMSE scores (severe dementia) as
compared with I/* carriers. Additionally, there were only
8 I/I carriers of whom none suffered from severe dementia as measured by the MMSE.
The ACE insertion–deletion polymorphism has been
frequently studied as a genetic risk factor for AD but
the results detailing the relationship between ACE indel
and AD are inconsistent. Conflicting results prompt
questions as to whether the polymorphism is a risk factor at all and, when answered in the affirmative, lead to

further disagreements as to which genotype(s) is (are) the
responsible risk factor(s).
Several studies have failed to find any association
implicating the I/D polymorphism as a risk factor for AD
[15–18]. In fact, a recently conducted meta-analysis suggested that the ACE I/D polymorphism is unlikely to be a
major determining factor in the development of AD [10].
In contrast, however, other studies have determined
the ACE indel polymorphism to be a risk factor for AD
but they disagree as to which allele and genotype(s) are
the responsible factor(s). For example, several studies
have revealed associations of the I allele (and/or I/D genotype) with an increased risk of AD and, conversely, the
D/D genotype with a lower risk of AD [19–26]; whereas,
there are studies in diametric opposition that implicate
the ACE D allele as a risk factor [27–30].
Here, our findings demonstrated that the ACE D allele
frequency was significantly increased in the AD group
as compared to controls. In particular, our results are in
agreement with similar research conducted with a Tunisian population where the authors reported an increased
risk of AD in D/D genotype carriers [31].
The lack of coherency among ACE-AD investigations
may be explained by the differing genetic backgrounds
among ethnicities or, in some cases, possibly intra-population heterogeneities. A meta-analysis that included
three ethnic groups (North European, South Caucasian,
and East Asian subjects) addressing the relationship
between the ACE indel polymorphism and AD has shown
ethnic-dependent results. Although all groups revealed
that the D homozygotes were at reduced risk of AD, there
was no overlap whatsoever in allelic frequencies among
the three groups. Heterozygotes were at increased risk in
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North Europeans, whereas I homozygotes were at higher
risk in East Asians [9]. There is evidence, however, that
ethnicity alone, in a genetically heterogeneous population, may not prove to be sufficient to explain conflicting
results. For example, a study from Japan found that the
ACE I/I genotype is associated with an increased prevalence of AD, only to be contradicted by other Japanese
studies [22, 32].
The present study with Tunisian subjects benefits from
the determination that populations of the Maghreb show
a substantial degree of genetic homogeneity, regardless of
culture and geography [33, 34]. This is corroborated, in
part, by the only other ACE-AD study to date with Tunisian subjects that also report commensurate genotype
frequencies with those subjects of the present study [31].
The mechanism whereby the ACE I/D polymorphism
could contribute to the development of AD pathology
remains contentious. In general, explanations can first be
parsed into two main categories that depend on the dual
character of ACE.
Serum ACE levels have been found to be associated
with ACE I/D, with the highest serum ACE levels in subjects with ACE genotype D/D and the lowest serum ACE
levels in subjects with genotype I/I [5, 18, 35, 36]. ACE
promotes the formation of angiotensin II from angiotensin I and inactivates the vasodilator bradykinin; the net
result is vasopressin activity [37, 38]. Such a perturbation
in vasoconstriction for the regulation of blood pressure
may likely influence normal cell function in many different tissues, such as in vascular endothelia which, in
turn, may cause neural cell degeneration and contribute
to the development of dementia. Increasingly, the actions
of ACE and, therefore, angiotensin II within the central
nervous system are of increasing interest in the context of
Alzheimer’s disease [4, 35, 39].
Another proposed mechanism for AD development is
explained via the amyloid hypothesis which suggests that
the deposition of beta-amyloid (Aβ) is a primary event
in the pathological cascade for AD. Research indicates
that ACE cleaves amyloid-β (Aβ) and, therefore, inhibits
amyloid-β peptide aggregation and thus plaque formation [8, 40, 41].
The alteration of activity of this enzyme in the central
nervous system (CNS) may have an impact upon the Aβ
accumulation thereby resulting in senile plaque which is
central to the pathogenesis of Alzheimer’s disease. The
research implicating the I allele as a risk factor and the
D allele as protective in AD [15, 17–22, 35] is consistent
with this hypothesis given that ACE activity is highest in
D homozygotes [5, 36].
There have been proposed several hypotheses that
attempt to reconcile the trichotomous associations of the
ACE I/D polymorphism with AD (no association versus
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D versus I as risk factors) given the dual activities of ACE
(cleavage of Aβ versus possible vascular dysfunction via
endothelia damage). The proposals include a theory of
homeostasis disruption whereby increased levels of ACE
mediate short-term Aβ clearance but that up-regulation
of Ang II in turn causes hypertension, damage to the
blood–brain barrier, reduced cerebral blood flow results
in de novo Aβ deposition, inflammation, regional white
matter volume changes, and reduced cholinergic activity [35, 42–44]. Another explanation advanced to explain
the findings of contrary associations between ACE I/D
and AD is that this polymorphism is in varying linkage
disequilibrium, depending on ethnic group, to other single nucleotide polymorphisms (e.g., rs4343, rs4335, and
rs4291) that have stronger associations with AD [31, 38,
43, 45, 46]. Yet other research, while at times finding
ACE I/D-AD associations and in other instances finding
no independent ACE I/D-AD association, has nevertheless found associations or more pronounced effects when
gene–gene interactions (e.g., ACE I/D-apolipoprotein E)
were considered [18, 35, 46]. This suggests that the ACE
I/D polymorphism may be, at a minimum, an effect modifier in the etiology of AD.
The present research also found an association of ACE
D/D carriers with the lowest MMSE scores as compared
with I carriers. Other researchers have also investigated
this association with varying results. Yip et al. did not find
any association between ACE I/D and AD [47]. Similarly,
a Danish study failed to find an association between ACE
genotypes and cognitive decline [48]. However, Richard
et al. found that DD carriers had the lowest cognitive
scores and that cognitive decline was more prevalent in
these subjects when compared with I/D subjects as a reference class (Moreover, they report that the combined
effect of the presence of at least one APOE ε4 allele and
D homozygosity was a risk factor for cognitive decline)
[49]. A Greek study reported that subjects who were double homozygous [ACE DD and TNF GG (tumor necrosis factor)] presented with significantly decreased MMSE
scores as compared to other double genotypes [50]. Similarly, a study involving an African–Caribbean population
found an association between increased age and cognitive decline was significantly stronger in people with the
ACE DD genotype [51]. In contrast, however, a study by
Chou et al. found that AD patients, homozygous for the I
allele, presented with a more rapid AD deterioration than
did those who had other ACE genotypes as measured by
the MMSE [52].
It is notable that the debate between the association of
ACE I/D and AD and the corresponding debate between
the opposing natures of ACE (and Ang II) on the central
nervous system is mirrored in the current debate over
the clinical use of ACE inhibitors (ACE-Is) in AD beyond
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their role as a treatment for hypertension. While some
research indicates that the use of ACE-Is (or angiotensin
receptor blockers) in older adults with AD is associated
with a slower rate of cognitive decline [42, 53–55], other
research cautions in the use of ACE inhibitors as they
may interfere with Aβ clearance [40, 56, 57].
Currently, only the APOE ε4 allele is widely accepted
as a risk factor for AD. However, approximately 42% of
persons with late-onset AD are not APOE ε4 carriers.
Thus, the absence of the APOE ε4 allele does not rule out
an AD diagnosis [58]. Research has also found ACE to be
over-expressed in the hippocampus, frontal cortex, and
caudate nucleus of patients with AD [55]. Consequently,
study of the ACE I/D polymorphism has become a subject of interest in the etiology of AD.
The present research would have benefited from a
larger sample size to increase the power of the results.
A larger sample would also allow stratification by AD
subtypes and allow a more detailed study of the association of genotypes with MMSE scores regressed upon
age, sex, and duration of disease. Future research directions should include investigations of variants in linkage
disequilibrium with ACE I/D, examining associations
between ACE I/D genotypes and ACE levels (peripheral
and in the central nervous system), study of gene–gene
interactions (e.g., ACE I/D with APOE), and longitudinal,
genotype association studies of MMSE score progression
and the study of disease evolution among ACE inhibitor
cohorts.

Conclusions
In summary, our study shows an association of the ACE
gene I/D polymorphism with AD in a Tunisian population. The D/D genotype confers significant susceptibility
for AD and is associated with lower MMSE scores among
AD patients as compared to other genotypes in the Tunisian population. These preliminary exploratory results
should be confirmed in a larger study and further work is
required to discern among possible differing findings in
diverse populations.
Abbreviations
ACE: angiotensin-converting enzyme; Ach: acetylcholine; Ang II: angiotensin II;
AD: Alzheimer’s disease; Aβ: amyloid-β; APOE: apolipoprotein E; CI: confidence
intervals; I/D: insertion/deletion; MMSE: Mini-Mental State Examination; MRI:
magnetic resonance imaging; NINCDS–ADRDA: National Institute of Neurolog‑
ical and Communicative Diseases and Stroke/Alzheimer’s Disease and Related
Disorders Association; OR: odds ratio.
Authors’ contributions
NFM wrote the first draft of the manuscript and contributed to the editing of
the final manuscript. IB and HD contributed to the sample collection and data
recording. AS and MM contributed to the study design, statistical analyses,
and interpretation of data. RM and BN contributed to the study design and
review of the manuscript. All authors read and approved the final manuscript.

Page 6 of 8

Author details
Laboratory of Molecular Biology, Department of Hematology, Military Hos‑
pital of Tunisia, Mont Fleury, 1008 Tunis, Tunisia. 2 Department of Neurology,
Military Hospital of Tunisia, Montfleury, Tunis 1008, Tunisia.
1

Acknowledgements
We would like to thank Dr. Christian Winchell for his precious help in correct‑
ing this manuscript.
Competing interests
The authors declare that they have no competing interests.
Availability of data and materials
All data generated during this study are included in this published article.
Consent for publication
Written informed consent form was obtained from all participants.
Ethics approval and consent to participate
The participants provided informed consent to giving a blood sample for
genetic analysis. The study protocol was approved by the ethics committee of
the Military Hospital of Tunis and has therefore been performed in accordance
with the ethical standards laid down in the 1964 Declaration of Helsinki and its
later amendments.
Funding
This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.
Received: 23 January 2017 Accepted: 8 November 2017

References
1. Mucke L. Neuroscience: Alzheimer’s disease. Nature.
2009;461(7266):895–7.
2. Selkoe DJ. Biochemistry and molecular biology of amyloid betaprotein and the mechanism of Alzheimer’s disease. Handb Clin Neurol.
2008;89:245–60.
3. Kehoe PG, Miners S, Love S. Angiotensins in Alzheimer’s disease-friend or
foe? Trends Neurosci. 2009;32(12):619–28.
4. Miners JS, van Helmond Z, Raiker M, Love S, Kehoe PG. ACE variants and
association with brain Abeta levels in Alzheimer’s disease. Am J Transl Res.
2010;3(1):73–80.
5. Biller H, Zissel G, Ruprecht B, Nauck M, Busse Grawitz A, Muller-Quern‑
heim J. Genotype-corrected reference values for serum angiotensinconverting enzyme. Eur Respir J. 2006;28(6):1085–90.
6. van Esch JH, van Gool JM, de Bruin RJ, Payne JR, Montgomery HE, Hectors
M, et al. Different contributions of the angiotensin-converting enzyme
C-domain and N-domain in subjects with the angiotensin-converting
enzyme II and DD genotype. J Hypertens. 2008;26(4):706–13.
7. Wu SJ, Hsieh TJ, Kuo MC, Tsai ML, Tsai KL, Chen CH, et al. Functional regu‑
lation of Alu element of human angiotensin-converting enzyme gene in
neuron cells. Neurobiol Aging. 2013;34(7):1921.
8. Baughman RP, Teirstein AS, Judson MA, Rossman MD, Yeager H Jr, Bresnitz
EA, et al. Clinical characteristics of patients in a case control study of
sarcoidosis. Am J Respir Crit Care Med. 2001;164(10 Pt 1):1885–9.
9. Lehmann DJ, Cortina-Borja M, Warden DR, Smith AD, Sleegers K, Prince
JA, et al. Large meta-analysis establishes the ACE insertion–deletion
polymorphism as a marker of Alzheimer’s disease. Am J Epidemiol.
2005;162(4):305–17.
10. Wang XB, Cui NH, Yang J, Qiu XP, Gao JJ, Yang N, et al. Angiotensinconverting enzyme insertion/deletion polymorphism is not a major

Fekih‑Mrissa et al. Ann Gen Psychiatry (2017) 16:41

11.
12.

13.

14.
15.

16.

17.

18.
19.
20.
21.

22.
23.
24.

25.

26.
27.
28.

29.
30.

determining factor in the development of sporadic Alzheimer disease:
evidence from an updated meta-analysis. PLoS ONE. 2014;9(10):e111406.
Wang XB, Cui NH, Gao JJ, Qiu XP, Yang N, Zheng F. Angiotensin-con‑
verting enzyme gene polymorphisms and risk for sporadic Alzheimer’s
disease: a meta-analysis. J Neural Transm (Vienna). 2015;122(2):211–24.
McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM.
Clinical diagnosis of Alzheimer’s disease: report of the NINCDS–ADRDA
Work Group under the auspices of Department of Health and Human
Services Task Force on Alzheimer’s Disease. Neurology. 1984;34(7):939–44.
Gmitrowicz A, Kucharska A. Developmental disorders in the fourth
edition of the American classification: diagnostic and statistical
manual of mental disorders (DSM IV-optional book). Psychiatr Pol.
1994;28(5):509–21.
Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical
method for grading the cognitive state of patients for the clinician. J
Psychiatr Res. 1975;12(3):189–98.
Panza F, Solfrizzi V, D’Introno A, Colacicco AM, Capurso C, Capurso A,
et al. Shifts in angiotensin I converting enzyme insertion allele frequency
across Europe: implications for Alzheimer’s disease risk. J Neurol Neuro‑
surg Psychiatry. 2003;74(8):1159–61.
Seripa D, Forno GD, Matera MG, Gravina C, Margaglione M, Palermo MT,
et al. Methylenetetrahydrofolate reductase and angiotensin convert‑
ing enzyme gene polymorphisms in two genetically and diagnostically
distinct cohort of Alzheimer patients. Neurobiol Aging. 2003;24(7):933–9.
Nacmias B, Bagnoli S, Tedde A, Cellini E, Bessi V, Guarnieri B, et al. Angio‑
tensin converting enzyme insertion/deletion polymorphism in sporadic
and familial Alzheimer’s disease and longevity. Arch Gerontol Geriatr.
2007;45(2):201–6.
Trebunova M, Slaba E, Habalova V, Gdovinova Z. ACE I/D polymorphism
in Alzheimer’s disease. Cent Eur J Biol. 2008;3(1):49–54.
Narain Y, Yip A, Murphy T, Brayne C, Easton D, Evans JG, et al. The
ACE gene and Alzheimer’s disease susceptibility. J Med Genet.
2000;37(9):695–7.
Kehoe PG, Russ C, McIlory S, Williams H, Holmans P, Holmes C, et al. Varia‑
tion in DCP1, encoding ACE, is associated with susceptibility to Alzheimer
disease. Nat Genet. 1999;21(1):71–2.
Alvarez R, Alvarez V, Lahoz CH, Martinez C, Pena J, Sanchez JM, et al.
Angiotensin converting enzyme and endothelial nitric oxide synthase
DNA polymorphisms and late onset Alzheimer’s disease. J Neurol Neuro‑
surg Psychiatry. 1999;67(6):733–6.
Hu J, Miyatake F, Aizu Y, Nakagawa H, Nakamura S, Tamaoka A, et al.
Angiotensin-converting enzyme genotype is associated with Alzheimer
disease in the Japanese population. Neurosci Lett. 1999;277(1):65–7.
Elkins JS, Douglas VC, Johnston SC. Alzheimer disease risk and genetic
variation in ACE: a meta-analysis. Neurology. 2004;62(3):363–8.
Mattila KM, Rinne JO, Roytta M, Laippala P, Pietila T, Kalimo H, et al. Dipep‑
tidyl carboxypeptidase 1 (DCP1) and butyrylcholinesterase (BCHE) gene
interactions with the apolipoprotein E epsilon4 allele as risk factors in
Alzheimer’s disease and in Parkinson’s disease with coexisting Alzheimer
pathology. J Med Genet. 2000;37(10):766–70.
Zhang JW, Li XQ, Zhang ZX, Chen D, Zhao HL, Wu YN, et al. Association
between angiotensin-converting enzyme gene polymorphism and Alz‑
heimer’s disease in a Chinese population. Dement Geriatr Cogn Disord.
2005;20(1):52–6.
Hassanin OM, Moustafa M, El Masry TM. Association of insertion–deletion
polymorphism of ACE gene and Alzheimer’s disease in Egyptian patients.
Egypt J Med Human Genet. 2014;15(4):355–60.
Farrer LA, Sherbatich T, Keryanov SA, Korovaitseva GI, Rogaeva EA, Petruk
S, et al. Association between angiotensin-converting enzyme and Alzhei‑
mer disease. Arch Neurol. 2000;57(2):210–4.
Isbir T, Agachan B, Yilmaz H, Aydin M, Kara I, Eker D, et al. Interac‑
tion between apolipoprotein-E and angiotensin-converting enzyme
genotype in Alzheimer’s disease. Am J Alzheimers Dis Other Demen.
2001;16(4):205–10.
Palumbo B, Cadini D, Nocentini G, Filipponi E, Fravolini ML, Senin U.
Angiotensin converting enzyme deletion allele in different kinds of
dementia disorders. Neurosci Lett. 1999;267(2):97–100.
Richard F, Fromentin-David I, Ricolfi F, Ducimetiere P, Di Menza C,
Amouyel P, et al. The angiotensin I converting enzyme gene as a suscep‑
tibility factor for dementia. Neurology. 2001;56(11):1593–5.

Page 7 of 8

31. Achouri-Rassas A, Ali NB, Cherif A, Fray S, Siala H, Zakraoui NO, et al. Asso‑
ciation between ACE polymorphism, cognitive phenotype and APOE E4
allele in a Tunisian population with Alzheimer disease. J Neural Transm
(Vienna). 2016;123(3):317–21.
32. Wakutani Y, Kowa H, Kusumi M, Yamagata K, Wada-Isoe K, Adachi Y, et al.
Genetic analysis of vascular factors in Alzheimer’s disease. Ann N Y Acad
Sci. 2002;977:232–8.
33. Bahri R, Esteban E, Moral P, Chaabani H. New insights into the genetic
history of Tunisians: data from Alu insertion and apolipoprotein E gene
polymorphisms. Ann Hum Biol. 2008;35(1):22–33.
34. El Moncer W, Esteban E, Bahri R, Gaya-Vidal M, Carreras-Torres R,
Athanasiadis G, et al. Mixed origin of the current Tunisian population
from the analysis of Alu and Alu/STR compound systems. J Hum Genet.
2010;55(12):827–33.
35. Tian J, Shi J, Bailey K, Harris JM, Pritchard A, Lambert JC, et al. A polymor‑
phism in the angiotensin 1-converting enzyme gene is associated with
damage to cerebral cortical white matter in Alzheimer’s disease. Neurosci
Lett. 2004;354(2):103–6.
36. Rigat B, Hubert C, Alhenc-Gelas F, Cambien F, Corvol P, Soubrier F. An
insertion/deletion polymorphism in the angiotensin I-converting
enzyme gene accounting for half the variance of serum enzyme levels. J
Clin Investig. 1990;86(4):1343–6.
37. Erdos EG, Skidgel RA. The angiotensin I-converting enzyme. Lab Invest.
1987;56(4):345–8.
38. Sayed-Tabatabaei FA, Oostra BA, Isaacs A, van Duijn CM, Witteman JC. ACE
polymorphisms. Circ Res. 2006;98(9):1123–33.
39. Kakinuma Y, Hama H, Sugiyama F, Yagami K, Goto K, Murakami K, et al.
Impaired blood–brain barrier function in angiotensinogen-deficient
mice. Nat Med. 1998;4(9):1078–80.
40. Hemming ML, Selkoe DJ. Amyloid beta-protein is degraded by cellular
angiotensin-converting enzyme (ACE) and elevated by an ACE inhibitor. J
Biol Chem. 2005;280(45):37644–50.
41. Oba R, Igarashi A, Kamata M, Nagata K, Takano S, Nakagawa H. The N-ter‑
minal active centre of human angiotensin-converting enzyme degrades
Alzheimer amyloid beta-peptide. Eur J Neurosci. 2005;21(3):733–40.
42. Soto ME, van Kan GA, Nourhashemi F, Gillette-Guyonnet S, Cesari M,
Cantet C, et al. Angiotensin-converting enzyme inhibitors and Alzhei‑
mer’s disease progression in older adults: results from the Reseau sur la
Maladie d’Alzheimer Francais cohort. J Am Geriatr Soc. 2013;61(9):1482–8.
43. Lucatelli JF, Barros AC, Silva VK, Machado Fda S, Constantin PC, Dias AA,
et al. Genetic influences on Alzheimer’s disease: evidence of interactions
between the genes APOE, APOC1 and ACE in a sample population from
the South of Brazil. Neurochem Res. 2011;36(8):1533–9.
44. Hou Z, Yuan Y, Zhang Z, Hou G, You J, Bai F. The D-allele of ACE insertion/
deletion polymorphism is associated with regional white matter volume
changes and cognitive impairment in remitted geriatric depression.
Neurosci Lett. 2010;479(3):262–6.
45. Zhang Z, Deng L, Yu H, Shi Y, Bai F, Xie C, et al. Association of angiotensinconverting enzyme functional gene I/D polymorphism with amnestic
mild cognitive impairment. Neurosci Lett. 2012;514(1):131–5.
46. Kehoe PG, Katzov H, Feuk L, Bennet AM, Johansson B, Wiman B, et al. Hap‑
lotypes extending across ACE are associated with Alzheimer’s disease.
Hum Mol Genet. 2003;12(8):859–67.
47. Yip AG, Brayne C, Easton D, Rubinsztein DC. An investigation of ACE as a
risk factor for dementia and cognitive decline in the general population. J
Med Genet. 2002;39(6):403–6.
48. Frederiksen H, Gaist D, Bathum L, Andersen K, McGue M, Vaupel JW, et al.
Angiotensin I-converting enzyme (ACE) gene polymorphism in relation
to physical performance, cognition and survival—a follow-up study of
elderly Danish twins. Ann Epidemiol. 2003;13(1):57–65.
49. Richard F, Berr C, Amant C, Helbecque N, Amouyel P, Alperovitch A. Effect
of the angiotensin I-converting enzyme I/D polymorphism on cognitive
decline. The EVA Study Group. Neurobiol Aging. 2000;21(1):75–80.
50. Georgiopoulos G, Chrysohoou C, Errigo A, Pes G, Metaxa V, Zaromytidou
M, et al. Arterial aging mediates the effect of TNF-a and ACE polymor‑
phisms on mental health in elderly individuals. Insights from IKARIA
study. QJM: monthly journal of the Association of Physicians; 2017.
51. Stewart R, Powell J, Prince M, Mann A. ACE genotype and cogni‑
tive decline in an African–Caribbean population. Neurobiol Aging.
2004;25(10):1369–75.

Fekih‑Mrissa et al. Ann Gen Psychiatry (2017) 16:41

52. Chou PS, Wu MN, Chou MC, Chien I, Yang YH. Angiotensin-converting
enzyme insertion/deletion polymorphism and the longitudinal progres‑
sion of Alzheimer’s disease. Geriatr Gerontol Int. 2017;17(10):1544–50.
53. Nelson L, Tabet N, Richardson C, Gard P. Antihypertensives, angio‑
tensin, glucose and Alzheimer’s disease. Expert Rev Neurother.
2013;13(5):477–82.
54. Li NC, Lee A, Whitmer RA, Kivipelto M, Lawler E, Kazis LE, et al. Use of
angiotensin receptor blockers and risk of dementia in a predominantly
male population: prospective cohort analysis. BMJ (Clinical research ed).
2010;340:b5465.
55. Ohrui T, Tomita N, Sato-Nakagawa T, Matsui T, Maruyama M, Niwa K, et al.
Effects of brain-penetrating ACE inhibitors on Alzheimer disease progres‑
sion. Neurology. 2004;63(7):1324–5.

Page 8 of 8

56. Jochemsen HM, Teunissen CE, Ashby EL, van der Flier WM, Jones RE, Geer‑
lings MI, et al. The association of angiotensin-converting enzyme with
biomarkers for Alzheimer’s disease. Alzheimer’s Res Ther. 2014;6(3):27.
57. AbdAlla S, Langer A, Fu X, Quitterer U. ACE inhibition with captopril
retards the development of signs of neurodegeneration in an animal
model of Alzheimer’s disease. Int J Mol Sci. 2013;14(8):16917–42.
58. Bekris LM, Yu CE, Bird TD, Tsuang DW. Genetics of Alzheimer disease. J
Geriatr Psychiatry Neurol. 2010;23(4):213–27.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

