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Abstract

Background

Autism is a disease of complex nature with a significant genetic component. The importance

of renin-angiotensin system (RAS) elements in cognition and behavior besides the interac-

tion of angiotensin II (Ang II), the main product of angiotensin-converting enzyme (ACE),

with neurotransmitters in CNS, especially dopamine, proposes the involvement of RAS in

autism. Since the genetic architecture of autism has remained elusive, here we postulated

that genetic variations in RAS are associated with autism.

Methods

Considering the relation between the three polymorphisms of ACE (I/D, rs4343 and rs4291)

with the level of ACE activity, we have investigated this association with autism, in a case-

control study. Genotype and allele frequencies of polymorphisms were determined in DNAs

extracted from venous blood of 120 autistic patients and their age and sex-matched healthy

controls, using polymerase chain reaction (PCR) and PCR–restriction fragment length poly-

morphism (PCR–RFLP) methods.

Results

There were strong associations between both DD genotype of ACE I/D and the D allele, with

autism (P = 0.006, OR = 2.9, 95% CI = 1.64–5.13 and P = 0.006, OR = 2.18, 95% CI = 1.37–

3.48 respectively). Furthermore, a significant association between the G allele of rs4343 and

autismwas observed (P = 0.006, OR = 1.84, 95%CI = 1.26–2.67). Moreover, haplotype anal-

ysis revealed an association between DTG haplotype and autism (P = 0.008).
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Conclusion

Our data suggests the involvement of RAS genetic diversity in increasing the risk of autism.

Introduction
Autism is a neuropsychiatric disability, characterized by impairments in social interaction and
communication and also by restricted repetitive and stereotyped patterns of behavior [1]. A
survey in 2014 revealed the overall prevalence of autism to be 14.7 per 1,000 (one in 68) in chil-
dren aged 8 years in the United States [2]. The prevalence of autism in Iran was estimated to be
6.2 per 1,000 in children aged 5 years [3]. Literature survey shows a marked male preponder-
ance, with the male-to-female ratio of about 4:1 in autistic patients [4]. While the exact etiology
of autism remains unknown, the significant role of genetics is not negligible.

Several lines of evidence suggest that autism is one of the most heritable neuropsychiatric
disorders [5]. Family studies have shown a sibling prevalence risk of 2%-6% which is remark-
ably higher than that in general population [6]. A number of candidate genes assumed to be
involved in the pathophysiology of autism, have been proposed in association studies in the
last few years [7–12] among which the neurotransmitter system was of great attention. Proba-
ble dysfunction of the dopamine system in the pathogenesis of autism is frequently reported [9,
13]. Serum level of homovanillic acid, the main dopamine metabolite, is shown to be elevated
in the cerebrospinal fluid of autistic patients [14]. Moreover, most autistic children are also
diagnosed with attention-deficit hyperactivity disorder (ADHD) [15]. Dysfunction of the
dopaminergic system contributes substantially to the etiology of ADHD [16, 17]. According to
a recent report, 31% of autistic children take an antipsychotic medication [18] among which
risperidone is vastly prescribed. Risperidone was shown to be well effective in treating aggres-
siveness, hyperactivity, irritability, self-injurious, stereotypic behavior, social withdrawal and
lack of interest [19, 20]. Pharmacological efficacy of this drug is primarily initiated by dopa-
mine receptor blockade [21] which further supports the role of dopamine in pathophysiology
of autism.

Renin angiotensin system (RAS) has been hypothesized to have pivotal role in some psychi-
atric and neurological diseases [22–28]. Angiotensin-converting enzyme (ACE) is the essential
enzyme in this system and catalyzes the conversion of angiotensin I (Ang I) to Ang II. ACE
also plays a major role in the degeneration of neurokinins, a family of neurotransmitters in the
central nervous system (CNS). The implication of neurokinins in psychiatric disorders is sup-
ported by their function in regulation of emotions, cognition, behavior and memory [29–32]
which are disrupted in autism. [33, 34]. Ang II, the ultimate product of RAS, is also assumed to
interact with neurotransmitters such as dopamine and serotonin in CNS which proposes a pos-
sible mechanism of action for Ang II in behavioral and cognitive processes [35, 36]. Brain Ang
II has been proposed to induce dopaminergic cell death via production of reactive oxygen spe-
cies (ROS) [37]. Besides a loss of dopamine secreting capacity, the resultant neuro-inflamma-
tory ramifications are thought to be involved in autism as well as other neurodevelopmental
conditions [38, 39]. Ang II, with pro inflammatory characteristics, exerts most of it physiologi-
cal action via two main receptors of angiotensin II type 1 and type 2 receptor which have been
found to be widely distributed in different areas of the brain associated with cognitive functions
[40] including areas affected in autism.

Activity of RAS is governed by genetic determinants in a variety of ways. It has been sug-
gested that several single nucleotide polymorphisms (SNPs) on the ACE gene such as rs4343,
rs4291 and also ACE I/D, determine the activity of this enzyme and the level of Ang II [27, 41].
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Considering the complexity of autism’s etiology and multiple parameters being involved in
this disease, of which genetic factors are more significantly involved, in this case control study,
for the first time, we have evaluated the association of three genetic variants of the ACE gene
(I/D, rs4343, rs4291) with autism.

Methods
One hundred and twenty outpatient autistic children (86 males, 34 females) age of 3 to 12
years old (mean ± S.D: 7.5±2.8) with a clinical diagnosis of autism (DSM-IV-TR) and 120 age
and sex matched healthy control cases (86 males, 34 females) from Imam Reza Hospital, Shi-
raz, Iran were included in the study between the years 2012–2014. Healthy control subjects
were from the same geographical area as our patient groups. All individuals in control group
were behaviorally and somatically healthy. They had no history of psychiatric disorders and
never took medications for psychiatric conditions. This work was carried out in accordance
with The Code of Ethics of the World Medical Association (Declaration of Helsinki) and Uni-
form Requirements for manuscripts submitted to biomedical journals. The study was approved
by the local committee of ethics of medical experiments on human subjects of Shiraz University
of Medical Sciences. Informed written consent (approved by The Institutional Ethical Commit-
tee) was obtained from parents/legal representatives of all individual participants included in
the study. Diagnosis of autism was based on DSM-IV-TR criteria, ASD Diagnostic Interview-
Revised [42], expert clinical evaluation; Clinical Global Impressions-Severity (CGI-S) rating of
4 or greater [43] and Autism Behavior Checklist (ABC) [44].

Genotyping
Genomic DNAs were extracted from whole blood leukocytes, using the salting out method
[45]. The extracted DNAs were dissolved in sterile distilled water and stored at 4°C for further
PCR analysis. PCR amplification/detection of ACE I/D was carried out using a standard proto-
col [46]. In order to avoid mistyping of ID as DD genotype, all DD genotypes were reconfirmed
by another typing system [47]. PCR amplification of rs4291 and rs4343 was performed as
described in detail previously by Firouzabadi et al. [48]. It is to mention that all of the samples
were genotyped at least twice and reconfirmed.

Statistics
The data were analyzed using SPSS1 22.0 for windows1 (SPSS Inc.,Chicago, Illinois). All
continuous variables are presented as mean ± S.D. Genotype frequencies are expressed in per-
centage (%). Hardy–Weinberg equilibrium (HWE) for the distributions of genotypes was esti-
mated by chi-square (χ2) test. Distribution of all continuous variables was tested for normal
distribution with the Kolmogorov–Smirnov test.

Pearson's chi-square or Fisher's exact test were applied to assess differences in the genotype
and allelic (respectively) distribution between groups of patients and controls. Pair-wise com-
parisons were performed by Bonferroni’s post-hoc test. Odds ratio (OR) and 95% confidence
intervals (CI) were obtained. P value<0.05 was considered as statistically significant. Relation-
ship between different haplotypes and autism was calculated using Arlequin 3.1 software pack-
age [49].

Results
One hundred and twenty children with a diagnosis of autism were molecularly genotyped for
ACE I/D and two SNPs within the ACE gene (rs4291 and rs4343). Genotypic and allelic
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distributions were compared to those obtained from 120 age and sex-matched healthy subjects
of Caucasian origin (86 males, 34 females). Genotypes were in Hardy-Weinberg Equilibrium in
control individuals (P-value for rs4291, rs4343, ACE I/D = 0.391, 0.965, 0.343 respectively).
Table 1 shows genotype distribution, allele frequencies and associations between study variants
and autism. GG genotype of rs4343 was more frequent in autistic patients (P = 0.012,
OR = 1.97, 95%CI (1.16–3.32); however after applying Bonferroni's correction this association
was not significant (adjusted P = 0.069). In addition, G allele of rs4343 was significantly associ-
ated with autism after using Bonferroni's correction [adjusted P = 0.006, OR = 1.84, 95%CI
(1.26–2.67) respectively]. On the other hand, DD genotype of ACE I/D as well as D allele of
this variant revealed a significant association with autism [adjusted P = 0.006, OR = 2.9, 95%
CI (1.64–5.13) and adjusted P = 0.006, OR = 2.18, 95% CI (1.37–3.48) respectively]. Regarding
haplotype analysis (Table 2), DTG haplotype was significantly higher in autistic patients com-
paring with healthy controls (adjusted P = 0.008). Moreover, IAA haplotype was significantly
higher in healthy subjects vs. patients group (adjusted P = 0.047).

Discussion
This is the first study examining the association of selected polymorphisms on ACE gene in a
population of autistic children. The inspiration of the present study was the significant role of
RAS in several neurological and psychiatric diseases [23, 24, 26, 27, 50] as well as in the ability
of learning and memory [51, 52].

The novel findings of our study are the significant association of two polymorphisms, [ACE
(I/D and rs4343)] located on ACE gene, with autism. The G allele of rs4343 increased the risk

Table 1. Genotype distribution and allele frequencies in depressed patients and healthy controls.

Variables Autistic patients N (%) Healthy controls N (%) P-value Adjusted P-value* OR (95%CI)

rs4291 0.033 0.182 0.56 (0.33–0.96)

AA 38 (31.6%) 54 (45%)

AT 77 (64.2%) 56 (46.7%)

TT 5 (4.2%) 10 (8.3%)

Alleles 0.335 0.913 1.23 (0.84–1.79)

A 153(63.75%) 164 (68.3%)

T 87 (36.25%) 76 (31.7%)

rs4343 0.012 0.069 1.97 (1.16–3.32)

AA 37 (30.8%) 58 (48.3%)

AG 59 (49.2%) 51 (42.5%)

GG 24 (20%) 11 (9.2%)

Alleles 0.001 0.006 1.84 (1.26–2.67)

A 133 (55.4%) 167(69.6%)

G 107(44.6%) 73 (30.4%)

ACE I/D 0.001 0.006 2.9 (1.64–5.13)

II 8 (6.7%) 10 (8.3%)

ID 17 (14.2%) 42 (35%)

DD 95 (79.2%) 68 (56.7%)

Alleles 0.001 0.006 2.18 (1.37–3.48)

I 33 (13.75%) 62 (25.8%)

D 207 (86.25%) 178(74.2%)

*: P-value after applying Bonferroni's post-hoc test.

doi:10.1371/journal.pone.0153667.t001
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of autism by 1.84 fold versus carriers of the A allele (adjusted P = 0.006; OR = 1.84; 95%
CI = 1.26–2.67). Another finding was the significant associations of DD genotype of ACE with
autism. Inheritance of two D alleles increased the risk by 2.9 fold (adjusted P = 0.006; OR = 2.9;
95% CI = 1.64–5.13). Likewise, the D allele increased the risk by 2.18 fold (adjusted P = 0.006;
OR = 2.18; 95% CI = 1.37–3.48).

As reported previously both alleles of D (ACE I/D) and G (rs4343) are assumed to be func-
tional and increase serum ACE activity and as a result, produce higher levels of Ang II [41].
Furthermore, a recent report has shown a strong association of G allele of rs4343 with higher
serum ACE concentration in a population of depressed patients. In the same study no associa-
tion was observed between rs4291 and serum ACE activity [27]. The increased ACE activity
may then explain the observed association of the mentioned polymorphisms with autism in
our population. In addition, in our study population, DTG haplotype of study variants, was sig-
nificantly higher in the patients group (adjusted P = 0.008) and IAA haplotype was signifi-
cantly higher in the control group (adjusted P = 0.047) which suggests that the two variants of
G (rs4343) and D (ACE I/D) may be linked to predisposition to autism, confirming the results
obtained from genotype analysis.

There are several explanations for the involvement of RAS in autism. Among the proposed
pathophysiological underpinning of autism, dysregulation of neurotransmitters function is
consistently reported [9–11]. RAS is thought to interact with dopamine and serotonin in the
brain and also alters neurokinins activity through ACE function [31, 32]. Neuro-inflammatory
properties of Ang II may also describe the pathophysiological implications of RAS in autism
[38, 39]. The pro inflammatory characteristics of circulating and tissue Ang II, is consistently
reported to be involved in end organ damages after acute injuries like ischemia [53]. It is
emphasized that blunting of RAS reduces the negative remodeling after myocardial infarction
for example, and improves outcomes [54]. Similar consequences of local RAS activation in the
brain may also explain the proposed role for RAS in cognitive and behavioral disorders. Brain
is affected by systemic inflammation as well, like peripheral organs [55]. Patients with autism
have been found to exhibit higher peripheral blood inflammatory biomarkers [56] which alter

Table 2. Comparison of haplotype frequencies in autistic patients and healthy individuals.

ACE I/D rs4291 rs4343 Case group Control group P-value Adjusted P-value*

D T G + 57 23.7% + 33 13.7% 0.001 0.008

- 183 76.3% - 207 86.3%

D A A + 83 34.6% + 86 35.8% 0.670 0.426

- 157 65.4% - 154 64.2%

I A A + 24 10.0% + 43 17.9% 0.006 0.047

- 216 90.0% - 197 82.1%

D A G + 41 17.1% + 26 10.8% 0.031 0.222

- 199 82.9% - 214 89.2%

I T G + 4 1.7% + 5 2.1% 1.000 1.000

- 236 98.3% - 235 97.9%

D T A + 26 10.8% + 33 13.7% 0.294 0.938

- 214 89.2% - 207 86.3%

I A G + 5 2.1% + 9 3.7% 0.271 0.920

- 235 97.9% - 231 96.3%

I T A + 0 0% + 5 2.1% 0.061 0.396

- 240 100% - 235 97.9%

*: P-value after applying Bonferroni's post-hoc test.

doi:10.1371/journal.pone.0153667.t002

Autism, Genetics, Angiotensin Converting Enzyme

PLOSONE | DOI:10.1371/journal.pone.0153667 April 15, 2016 5 / 10



the permeability of the blood–brain barrier and may result in poor maintenance of the brain’s
stability. Brain inflammation and the resultant damage [55], has major roles in the pathophysi-
ology of various psychiatric and neurological disorders [57, 58].

Immune mediators such as interleukin-6 (IL-6) exert a regulatory function in all phases of
central nervous system (CNS) development [59, 60]. Neurotropic properties of IL-6 are impor-
tant in cell differentiation and axonal guidance in CNS [59, 61]. Alongside Ang II is considered
a pleiotropic factor as well, secreted from most tissues including the brain [62]. Documents
suggest that Ang II stimulates IL-6 synthesis and release. It is also demonstrated that Ang II
and IL-6 are co-localized in atherosclerotic plaques, suggesting the potential immune modula-
tory role of Ang II in tissues [63]. Moreover dopamine synthesis is further induced in inflam-
matory conditions of the brain. IL-6 stimulates hypothalamus-pituitary-adrenal (HPA) axis
and the release of catecholamines such as dopamine [64]. The over production of Ang II is also
one of the major causes of HPA axis dysregulation which has been observed in autism [65].

Ang II mediates most of its physiological action via two main receptors: angiotensin II type
1 and type 2 receptors, vastly distributed in the areas of the brain associated with cognitive
function [40] including areas affected in autism. Implication of angiotensin receptor inhibitors
(ARBs) has shown potent central anti-inflammatory properties of these agents [58]. The sug-
gested role of inflammation in autism alongside the neuro inflammatory and oxidative actions
of Ang II on one hand, and the role of neurotransmitters in autism [9, 66] and their interac-
tions with RAS on the other hand [37, 67], constitute the justifications of our hypothesis of the
contribution of RAS in the development of autism. However, this is the first report of such
associations and needs to be replicated in other populations. Moreover to the best of our
knowledge, the suggested proposal regarding the role of RAS in pathophysiology of autism is
first described here and further evidence would saturate the idea. Inspired by the overwhelming
evidence on the serious involvement of RAS after tissue injuries, regulating the local immune
response and the overall tissue homeostasis, we believe further research is guaranteed regarding
the role of RAS in autism.

Heterogeneity in expression of phenotypes in autism and its etiology has hindered the
search for specific genes being involved in biological mechanisms that underlie its behavioral
symptoms. Genome wide association studies have not yet identified the polymorphisms in
RAS to be involved in autism. However, etiology of autism as a multifactorial disorder with the
complex interplay of genetic and enviromental effectors, needs to be viewed in a broader con-
text. Activity of the major neurohormonal systems of human body like RAS is believed to be
echoed in response to extrinsic and intrinsic insults. Genetic determinants of RAS activity then
would be prominent after the unfavorable outcome, here autism, has been occurred and may
modulate the disease course, complications and response to therapy. It is of great interest to
find out the exact pathophysiological mechanisms underlying the involvement of RAS in
autism, as a widely distributed system involved in the homeostasis of virtually all tissues. The
present study may provide some supporting evidence then.

Conclusions
To conclude, the present study indicates that ACE I/D and rs4343 polymorphisms can be a
risk factor associated with autism and this highlights the role of RAS in this illness. However,
further genetic studies in various ethnicities and populations are warranted.

Ethical approval: “All procedures performed in studies involving human participants were
in accordance with the ethical standards of the institutional and/or national research commit-
tee and with the 1964 Helsinki declaration and its later amendments or comparable ethical
standards.”

Autism, Genetics, Angiotensin Converting Enzyme

PLOSONE | DOI:10.1371/journal.pone.0153667 April 15, 2016 6 / 10



Author Contributions
Conceived and designed the experiments: NF NE AAS MB. Performed the experiments: NG
FF. Analyzed the data: EB. Wrote the paper: NE EB.

References
1. Nietzel M, Wakefield J. American Psychiatric Association Diagnostic and Statistical Manual of Mental

Disorders. CONTEMPORARY PSYCHOLOGY. 1996; 41:642–51.

2. Developmental DMNSY, Investigators P. Prevalence of autism spectrum disorder among children
aged 8 years-autism and developmental disabilities monitoring network, 11 sites, United States, 2010.
Morbidity and mortality weekly report Surveillance summaries (Washington, DC: 2002). 2014; 63(2):1.

3. Samadi SA, Mahmoodizadeh A, McConkey R. A national study of the prevalence of autism among five-
year-old children in Iran. Autism. 2012; 16(1):5–14. doi: 10.1177/1362361311407091 PMID: 21610190

4. Fombonne E. Epidemiology of pervasive developmental disorders. Pediatric research. 2009; 65
(6):591–8. doi: 10.1203/PDR.0b013e31819e7203 PMID: 19218885

5. Muhle R, Trentacoste SV, Rapin I. The genetics of autism. Pediatrics. 2004; 113(5):e472–e86. PMID:
15121991

6. Rutter M, Silberg J, O'Connor T, Simonoff E. Genetics and child psychiatry: II Empirical research find-
ings. Journal of Child Psychology and Psychiatry. 1999; 40(1):19–55. PMID: 10102725

7. Salmon B, Hallmayer J, Rogers T, Kalaydjieva L, Petersen PB, Nicholas P, et al. Absence of linkage
and linkage disequilibrium to chromosome 15q11‐q13 markers in 139 multiplex families with autism.
American journal of medical genetics. 1999; 88(5):551–6. PMID: 10490715

8. Gadow KD, Roohi J, DeVincent CJ, Hatchwell E. Association of ADHD, tics, and anxiety with dopamine
transporter (DAT1) genotype in autism spectrum disorder. Journal of Child Psychology and Psychiatry.
2008; 49(12):1331–8. doi: 10.1111/j.1469-7610.2008.01952.x PMID: 19120712

9. Nakamura K, Sekine Y, Ouchi Y, Tsujii M, Yoshikawa E, Futatsubashi M, et al. Brain serotonin and
dopamine transporter bindings in adults with high-functioning autism. Archives of general psychiatry.
2010; 67(1):59–68. doi: 10.1001/archgenpsychiatry.2009.137 PMID: 20048223

10. Hamilton PJ, Campbell NG, Sharma S, Erreger K, Hansen FH, Saunders C, et al. De novo mutation in
the dopamine transporter gene associates dopamine dysfunction with autism spectrum disorder.
Molecular psychiatry. 2013; 18(12):1315–23. doi: 10.1038/mp.2013.102 PMID: 23979605

11. Toma C, Hervás A, Balmaña N, Salgado M, Maristany M, Vilella E, et al. Neurotransmitter systems and
neurotrophic factors in autism: association study of 37 genes suggests involvement of DDC. TheWorld
Journal of Biological Psychiatry. 2013; 14(7):516–27. doi: 10.3109/15622975.2011.602719 PMID:
22397633

12. Hidding E, Swaab H, de Sonneville LM, van Engeland H, Vorstman JA. The role of COMT and plasma
proline in the variable penetrance of autistic spectrum symptoms in 22q11. 2 Deletion Syndrome. Clini-
cal Genetics. 2016.

13. Nakasato A, Nakatani Y, Seki Y, Tsujino N, Umino M, Arita H. Swim stress exaggerates the hyperactive
mesocortical dopamine system in a rodent model of autism. Brain research. 2008; 1193:128–35. doi:
10.1016/j.brainres.2007.11.043 PMID: 18177632

14. Gillberg C, Svennerholm L. CSF monoamines in autistic syndromes and other pervasive developmen-
tal disorders of early childhood. The British Journal of Psychiatry. 1987; 151(1):89–94.

15. Reiersen AM, Todd RD. Co-occurrence of ADHD and autism spectrum disorders: phenomenology and
treatment. Expert Review of Neurotherapeutics. 2008; 8(4):657–69. doi: 10.1586/14737175.8.4.657
PMID: 18416666

16. Wu J, Xiao H, Sun H, Zou L, Zhu L-Q. Role of dopamine receptors in ADHD: a systematic meta-analy-
sis. Molecular neurobiology. 2012; 45(3):605–20. doi: 10.1007/s12035-012-8278-5 PMID: 22610946

17. Volkow ND, Wang G-J, Newcorn JH, Kollins SH, Wigal TL, Telang F, et al. Motivation deficit in ADHD is
associated with dysfunction of the dopamine reward pathway. Molecular psychiatry. 2011; 16
(11):1147–54. doi: 10.1038/mp.2010.97 PMID: 20856250

18. Mandell DS, Morales KH, Marcus SC, Stahmer AC, Doshi J, Polsky DE. Psychotropic medication use
among Medicaid-enrolled children with autism spectrum disorders. Pediatrics. 2008; 121(3):e441–e8.
doi: 10.1542/peds.2007-0984 PMID: 18310165

19. McDougle CJ, Holmes JP, Carlson DC, Pelton GH, Cohen DJ, Price LH. A double-blind, placebo-con-
trolled study of risperidone in adults with autistic disorder and other pervasive developmental disorders.
Archives of general psychiatry. 1998; 55(7):633–41. PMID: 9672054

Autism, Genetics, Angiotensin Converting Enzyme

PLOSONE | DOI:10.1371/journal.pone.0153667 April 15, 2016 7 / 10

http://dx.doi.org/10.1177/1362361311407091
http://www.ncbi.nlm.nih.gov/pubmed/21610190
http://dx.doi.org/10.1203/PDR.0b013e31819e7203
http://www.ncbi.nlm.nih.gov/pubmed/19218885
http://www.ncbi.nlm.nih.gov/pubmed/15121991
http://www.ncbi.nlm.nih.gov/pubmed/10102725
http://www.ncbi.nlm.nih.gov/pubmed/10490715
http://dx.doi.org/10.1111/j.1469-7610.2008.01952.x
http://www.ncbi.nlm.nih.gov/pubmed/19120712
http://dx.doi.org/10.1001/archgenpsychiatry.2009.137
http://www.ncbi.nlm.nih.gov/pubmed/20048223
http://dx.doi.org/10.1038/mp.2013.102
http://www.ncbi.nlm.nih.gov/pubmed/23979605
http://dx.doi.org/10.3109/15622975.2011.602719
http://www.ncbi.nlm.nih.gov/pubmed/22397633
http://dx.doi.org/10.1016/j.brainres.2007.11.043
http://www.ncbi.nlm.nih.gov/pubmed/18177632
http://dx.doi.org/10.1586/14737175.8.4.657
http://www.ncbi.nlm.nih.gov/pubmed/18416666
http://dx.doi.org/10.1007/s12035-012-8278-5
http://www.ncbi.nlm.nih.gov/pubmed/22610946
http://dx.doi.org/10.1038/mp.2010.97
http://www.ncbi.nlm.nih.gov/pubmed/20856250
http://dx.doi.org/10.1542/peds.2007-0984
http://www.ncbi.nlm.nih.gov/pubmed/18310165
http://www.ncbi.nlm.nih.gov/pubmed/9672054


20. Jesner OS, Aref-Adib M, Coren E. Risperidone for autism spectrum disorder. Cochrane Database Syst
Rev. 2007; 1.

21. Katzung BG, Masters SB, Trevor AJ. Basic & clinical pharmacology. 2004.

22. Amouyel P, Richard F, Berr C, DAVID‐FROMENTIN I, Helbecque N. The renin angiotensin system and
Alzheimer's disease. Annals of the New York Academy of Sciences. 2000; 903(1):437–41.

23. Kehoe PG. Review: The renin-angiotensin-aldosterone system and Alzheimer's disease? Journal of
Renin-Angiotensin-Aldosterone System. 2003; 4(2):80–93.

24. Mertens B, Vanderheyden P, Michotte Y, Sarre S. The role of the central renin-angiotensin system in
Parkinson's disease. Journal of Renin-Angiotensin-Aldosterone System. 2009.

25. Baghai TC, Schule C, Zill P, Deiml T, Eser D, Zwanzger P, et al. The angiotensin I converting enzyme
insertion/deletion polymorphism influences therapeutic outcome in major depressed women, but not in
men. Neuroscience letters. 2004; 363(1):38–42. PMID: 15157992

26. Baghai TC, Schule C, Zwanzger P, Minov C, Zill P, Ella R, et al. Hypothalamic-pituitary-adrenocortical
axis dysregulation in patients with major depression is influenced by the insertion/deletion polymor-
phism in the angiotensin I-converting enzyme gene. Neuroscience letters. 2002; 328(3):299–303.
PMID: 12147330

27. Firouzabadi N, Shafiei M, Bahramali E, Ebrahimi SA, Bakhshandeh H, Tajik N. Association of angioten-
sin-converting enzyme (ACE) gene polymorphism with elevated serum ACE activity and major depres-
sion in an Iranian population. Psychiatry research. 2012; 200(2):336–42.

28. Gard PR. Angiotensin as a target for the treatment of Alzheimer's disease, anxiety and depression.
Expert Opinion on Therapeutic Targets. 2004; 8(1):7–14. doi: 10.1517/eott.8.1.7.26409 PMID:
14996614

29. Jaspard E, Wei L, Alhenc-Gelas F. Differences in the properties and enzymatic specificities of the two
active sites of angiotensin I-converting enzyme (kininase II). Studies with bradykinin and other natural
peptides. Journal of Biological Chemistry. 1993; 268(13):9496–503. PMID: 7683654

30. Yokosawa H, Endo S, Ogura Y, Ishii Si. A new feature of angiotensin-converting enzyme in the brain:
Hydrolysis of substance P. Biochemical and Biophysical Research Communications. 1983; 116
(2):735–42. doi: 10.1016/0006-291x(83)90586-7. PMID: 6197070

31. McKinley MJ, Albiston AL, Allen AM, Mathai ML, May CN, McAllen RM, et al. The brain renin-angioten-
sin system: Location and physiological roles. International Journal of Biochemistry and Cell Biology.
2003; 35(6):901–18. doi: 10.1016/s1357-2725(02)00306-0 PMID: 12676175

32. Hou DR, Wang Y, Zhou L, Chen K, Tian Y, Song Z, et al. Alterd angiotensin-converting enzyme and its
effects on the brain in a rat model of Alzheimer disease. Chinese Medical Journal. 2008; 121(22):2320–
3. PMID: 19080340

33. Luna B, Minshew N, Garver K, Lazar N, Thulborn K, EddyW, et al. Neocortical system abnormalities in
autism An fMRI study of spatial working memory. Neurology. 2002; 59(6):834–40. PMID: 12297562

34. Boucher J, Mayes A, Bigham S. Memory in autistic spectrum disorder. Psychological bulletin. 2012;
138(3):458. doi: 10.1037/a0026869 PMID: 22409507

35. Bohus B, de Wied D. The vasopressin deficient Brattleboro rats: a natural knockout model used in the
search for CNS effects of vasopressin. Progress in brain research. 1999; 119:555–73.

36. Gard PR. The role of angiotensin II in cognition and behaviour. European Journal of Pharmacology.
2002; 438(1–2):1–14. doi: 10.1016/s0014-2999(02)01283-9 PMID: 11906704

37. Rodriguez-Pallares J, Rey P, Parga J, Muñoz A, Guerra M, Labandeira-Garcia J. Brain angiotensin
enhances dopaminergic cell death via microglial activation and NADPH-derived ROS. Neurobiology of
disease. 2008; 31(1):58–73. doi: 10.1016/j.nbd.2008.03.003 PMID: 18499466

38. Ghanizadeh A, Akhondzadeh S, Hormozi M, Makarem A, Abotorabi-Zarchi M, Firoozabadi A. Glutathi-
one-related factors and oxidative stress in autism, a review. Current medicinal chemistry. 2012; 19
(23):4000–5. PMID: 22708999

39. Rossignol DA, Frye RE. A review of research trends in physiological abnormalities in autism spectrum
disorders: immune dysregulation, inflammation, oxidative stress, mitochondrial dysfunction and envi-
ronmental toxicant exposures. Molecular psychiatry. 2012; 17(4):389–401. doi: 10.1038/mp.2011.165
PMID: 22143005

40. Wright JW, Harding JW. Brain renin-angiotensin-A new look at an old system. Progress in Neurobiol-
ogy. 2011; 95(1):49–67. doi: 10.1016/j.pneurobio.2011.07.001 PMID: 21777652

41. Zhu X, Bouzekri N, Southam L, Cooper RS, Adeyemo A, McKenzie CA, et al. Linkage and association
analysis of angiotensin I-converting enzyme (ACE)-gene polymorphisms with ACE concentration and
blood pressure. American Journal of Human Genetics. 2001; 68(5):1139–48. doi: 10.1086/320104
PMID: 11283791

Autism, Genetics, Angiotensin Converting Enzyme

PLOSONE | DOI:10.1371/journal.pone.0153667 April 15, 2016 8 / 10

http://www.ncbi.nlm.nih.gov/pubmed/15157992
http://www.ncbi.nlm.nih.gov/pubmed/12147330
http://dx.doi.org/10.1517/eott.8.1.7.26409
http://www.ncbi.nlm.nih.gov/pubmed/14996614
http://www.ncbi.nlm.nih.gov/pubmed/7683654
http://dx.doi.org/10.1016/0006-291x(83)90586-7.
http://www.ncbi.nlm.nih.gov/pubmed/6197070
http://dx.doi.org/10.1016/s1357-2725(02)00306-0
http://www.ncbi.nlm.nih.gov/pubmed/12676175
http://www.ncbi.nlm.nih.gov/pubmed/19080340
http://www.ncbi.nlm.nih.gov/pubmed/12297562
http://dx.doi.org/10.1037/a0026869
http://www.ncbi.nlm.nih.gov/pubmed/22409507
http://dx.doi.org/10.1016/s0014-2999(02)01283-9
http://www.ncbi.nlm.nih.gov/pubmed/11906704
http://dx.doi.org/10.1016/j.nbd.2008.03.003
http://www.ncbi.nlm.nih.gov/pubmed/18499466
http://www.ncbi.nlm.nih.gov/pubmed/22708999
http://dx.doi.org/10.1038/mp.2011.165
http://www.ncbi.nlm.nih.gov/pubmed/22143005
http://dx.doi.org/10.1016/j.pneurobio.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21777652
http://dx.doi.org/10.1086/320104
http://www.ncbi.nlm.nih.gov/pubmed/11283791


42. Association AP. Diagnostic and statistical manual-text revision (DSM-IV-TRim, 2000): American Psy-
chiatric Association; 2000.

43. GuyW. ECDEU assessment manual for psychopharmacology: US Department of Health, Education,
andWelfare, Public Health Service, Alcohol, Drug Abuse, and Mental Health Administration, National
Institute of Mental Health, Psychopharmacology Research Branch, Division of Extramural Research
Programs; 1976.

44. Krug D, Arick J, Almond P. ABC—Autism behaviour checklist. Portland, OR: ASIEP Education Co.
1978.

45. Miller S, Dykes D, Polesky H. A simple salting out procedure for extracting DNA from human nucleated
cells. Nucleic acids research. 1988; 16(3):1215. PMID: 3344216

46. Rigat B, Hubert C, Corvol P, Soubrier F. PCR detection of the insertion/deletion polymorphism of the
human angiotensin converting enzyme gene (DCP1)(dipeptidyl carboxypeptidase 1). Nucleic acids
research. 1992; 20(6):1433.

47. ShanmugamV, Sell KW, Saha BK. Mistyping ACE heterozygotes. Genome Research. 1993; 3(2):120–
1.

48. Firouzabadi N, Tajik N, Shafiei M, Ebrahimi SA, Bakhshandeh H. Interaction of A-240T and A2350G
related genotypes of angiotensin-converting enzyme (ACE) is associated with decreased serum ACE
activity and blood pressure in a healthy Iranian population. European Journal of Pharmacology. 2011;
668(1):241–7.

49. Excoffier L, Laval G, Schneider S. Arlequin (version 3.0): an integrated software package for population
genetics data analysis. Evol Bioinform Online. 2005; 1:47–50.

50. Mateos L, Ismail M, Gil-Bea FJ, Leoni V, Winblad B, Björkhem I, et al. Upregulation of brain renin angio-
tensin system by 27-hydroxycholesterol in Alzheimer's disease. 2011.

51. Wright JW, Harding JW. The brain angiotensin system and extracellular matrix molecules in neural
plasticity, learning, and memory. Progress in Neurobiology. 2004; 72(4):263–93. doi: 10.1016/j.
pneurobio.2004.03.003 PMID: 15142685

52. Wright JW, Yamamoto BJ, Harding JW. Angiotensin receptor subtype mediated physiologies and
behaviors: New discoveries and clinical targets. Progress in Neurobiology. 2008; 84(2):157–81. doi:
10.1016/j.pneurobio.2007.10.009 PMID: 18160199

53. Struthers AD, MacDonald TM. Review of aldosterone-and angiotensin II-induced target organ damage
and prevention. Cardiovascular research. 2004; 61(4):663–70. PMID: 14985063

54. Bahramali E, Rajabi M, Jamshidi J, Mousavi SM, Zarghami M, Manafi A, et al. Association of ACE gene
D polymorphism with left ventricular hypertrophy in patients with diastolic heart failure: a case–control
study. BMJ open. 2016; 6(2):e010282. doi: 10.1136/bmjopen-2015-010282 PMID: 26861937

55. Dantzer R, O'Connor JC, Freund GG, Johnson RW, Kelley KW. From inflammation to sickness and
depression: when the immune system subjugates the brain. Nature reviews neuroscience. 2008; 9
(1):46–56. PMID: 18073775

56. Theoharides TC, Zhang B. Neuro-inflammation, blood-brain barrier, seizures and autism. J Neuroin-
flammation. 2011; 8(1):168.

57. Saavedra JM, Sánchez-Lemus E, Benicky J. Blockade of brain angiotensin II AT 1 receptors amelio-
rates stress, anxiety, brain inflammation and ischemia: therapeutic implications. Psychoneuroendocri-
nology. 2011; 36(1):1–18. doi: 10.1016/j.psyneuen.2010.10.001 PMID: 21035950

58. Benicky J, Sánchez-Lemus E, Honda M, Pang T, Orecna M, Wang J, et al. Angiotensin II AT1 receptor
blockade ameliorates brain inflammation. Neuropsychopharmacology. 2011; 36(4):857–70. doi: 10.
1038/npp.2010.225 PMID: 21150913

59. Deverman BE, Patterson PH. Cytokines and CNS development. Neuron. 2009; 64(1):61–78. doi: 10.
1016/j.neuron.2009.09.002 PMID: 19840550

60. Pousset F. Cytokines as mediators in the central nervous system. Biomedicine & pharmacotherapy.
1994; 48(10):425–31.

61. Nakanishi M, Niidome T, Matsuda S, Akaike A, Kihara T, Sugimoto H. Microglia‐derived interleukin‐6
and leukaemia inhibitory factor promote astrocytic differentiation of neural stem/progenitor cells. Euro-
pean Journal of Neuroscience. 2007; 25(3):649–58. PMID: 17328769

62. Saavedra JM, Armando I, Bregonzio C, Juorio A, Macova M, Pavel J, et al. A centrally acting, anxiolytic
angiotensin II AT1 receptor antagonist prevents the isolation stress-induced decrease in cortical CRF1
receptor and benzodiazepine binding. Neuropsychopharmacology. 2006; 31(6):1123–34. PMID:
16205776

63. Schieffer B, Schieffer E, Hilfiker-Kleiner D, Hilfiker A, Kovanen PT, Kaartinen M, et al. Expression of
angiotensin II and interleukin 6 in human coronary atherosclerotic plaques potential implications for
inflammation and plaque instability. Circulation. 2000; 101(12):1372–8. PMID: 10736279

Autism, Genetics, Angiotensin Converting Enzyme

PLOSONE | DOI:10.1371/journal.pone.0153667 April 15, 2016 9 / 10

http://www.ncbi.nlm.nih.gov/pubmed/3344216
http://dx.doi.org/10.1016/j.pneurobio.2004.03.003
http://dx.doi.org/10.1016/j.pneurobio.2004.03.003
http://www.ncbi.nlm.nih.gov/pubmed/15142685
http://dx.doi.org/10.1016/j.pneurobio.2007.10.009
http://www.ncbi.nlm.nih.gov/pubmed/18160199
http://www.ncbi.nlm.nih.gov/pubmed/14985063
http://dx.doi.org/10.1136/bmjopen-2015-010282
http://www.ncbi.nlm.nih.gov/pubmed/26861937
http://www.ncbi.nlm.nih.gov/pubmed/18073775
http://dx.doi.org/10.1016/j.psyneuen.2010.10.001
http://www.ncbi.nlm.nih.gov/pubmed/21035950
http://dx.doi.org/10.1038/npp.2010.225
http://dx.doi.org/10.1038/npp.2010.225
http://www.ncbi.nlm.nih.gov/pubmed/21150913
http://dx.doi.org/10.1016/j.neuron.2009.09.002
http://dx.doi.org/10.1016/j.neuron.2009.09.002
http://www.ncbi.nlm.nih.gov/pubmed/19840550
http://www.ncbi.nlm.nih.gov/pubmed/17328769
http://www.ncbi.nlm.nih.gov/pubmed/16205776
http://www.ncbi.nlm.nih.gov/pubmed/10736279


64. Pastores S, Hasko G, Vizi E, Kvetan V. Cytokine production and its manipulation by vasoactive drugs.
New horizons (Baltimore, Md). 1996; 4(2):252–64.

65. Ćurin JM, Terzić J, Petković ZB, Zekan L, Terzić IM, Šušnjara IM. Lower cortisol and higher ACTH lev-
els in individuals with autism. Journal of autism and developmental disorders. 2003; 33(4):443–8.
PMID: 12959423

66. Makkonen I, Riikonen R, Kokki H, AiraksinenMM, Kuikka JT. Serotonin and dopamine transporter bind-
ing in children with autism determined by SPECT. Developmental Medicine & Child Neurology. 2008;
50(8):593–7.

67. Medelsohn FA, Jenkins TA, Berkovic SF. Effects of angiotensin II on dopamine and serotonin turnover
in the striatum of conscious rats. Brain research. 1993; 613(2):221–9. PMID: 7514480

Autism, Genetics, Angiotensin Converting Enzyme

PLOSONE | DOI:10.1371/journal.pone.0153667 April 15, 2016 10 / 10

http://www.ncbi.nlm.nih.gov/pubmed/12959423
http://www.ncbi.nlm.nih.gov/pubmed/7514480

