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Pharmacogenetics of methylphenidate response and
tolerability in attention-deficit/hyperactivity disorder
M Pagerols1,2, V Richarte2, C Sánchez-Mora1,2,3, I Garcia-Martínez1,2, M Corrales2, M Corominas2,3, B Cormand4,5,6, M Casas2,3,7,
M Ribasés1,2,3 and JA Ramos-Quiroga2,3,7

Methylphenidate (MPH) is the most frequently used pharmacological treatment in children with attention-deficit/hyperactivity
disorder. However, a considerable interindividual variability exists in clinical outcome, which may reflect underlying genetic
influences. We analyzed 57 single-nucleotide polymorphisms in 9 dopamine-related candidate genes (TH, DBH, COMT, DAT1 and
DRD1-5) as potential predictors of MPH efficacy and tolerability, and we considered prenatal and perinatal risk factors as
environmental hazards that may influence treatment effects in a gene-by-environment analysis. Our results provide evidence for
the contribution of DRD3 (P= 0.041; odds ratio (OR) = 4.00), DBH (P= 0.032; OR= 2.85), TH (P= 5.5e-03; OR= 4.34) and prenatal
smoking (P= 1.7e-03; OR= 5.10) to the clinical efficacy of MPH, with a higher risk for treatment failure in genetically susceptible
subjects whose mother smoked during pregnancy. Adverse events after MPH treatment were significantly associated with variation
in DBH (P= 6.4e-03; OR= 0.28) and DRD2 (P= 0.047; OR= 3.76). This study suggests that the dopaminergic system together with
prenatal smoking exposure may moderate MPH treatment effects.
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INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) is a childhood-
onset neuropsychiatric disorder that affects around 5% of children
and adolescents worldwide1 and causes high costs to the health-
care system and society.2

Among the variety of pharmacological options available in
ADHD treatment, methylphenidate (MPH) has shown to be
generally effective in reducing ADHD symptoms and improving
quality of life.3 However, a considerable interindividual variability
exists in clinical outcome, optimal dosage and duration of effect,4,5

which may reflect underlying genetic influences.
Most of the pharmacogenetic studies conducted so far in ADHD

patients have addressed MPH response, although genetic
moderators of tolerability may be clinically more relevant than
predictors of efficacy.6 These investigations have mainly focused
on genes related to the catecholamine neurotransmission, as MPH
is thought to exert its therapeutic effects by increasing synaptic
levels of dopamine through the inhibition of the dopamine
transporter (DAT).7 Thus the DAT1 gene has long been considered
a prime candidate that may contribute to the effectiveness and
safety of MPH. Numerous studies have investigated the 40-bp
variable number of tandem repeats (VNTR) polymorphism in the
3′-untranslated region of DAT1 as a possible source of variation in
clinical response to MPH, given its putative role in regulating
mRNA stability, nuclear transport and protein synthesis.8 However,
the results published to date are controversial,9–15 and a recent
meta-analysis based on 16 studies reported no significant
summary effect sizes.16

The involvement of the dopamine receptor D4 (DRD4) in
treatment outcome has also been extensively examined, as it
regulates dopamine synthesis, release and neuron-firing rate.17

One of the most frequently studied polymorphisms is the 48-bp
VNTR in exon 3 of DRD4. The seven-repeat allele, although
consistently associated with ADHD,18 has yielded disparate results
in pharmacogenetic studies.9,11,19,20 A second polymorphism in
DRD4, consisting in a duplication of 120 bp in the promoter
region, has been associated with improved response to MPH.12

Other investigations have evaluated the catechol-O-methyl-
transferase (COMT), which has a specific role in the catabolism of
dopamine in the prefrontal cortex. The p.Val158Met polymorph-
ism reduces the enzyme activity threefold21 and may moderate
MPH effects on ADHD symptoms.11,12,22

Few data are available regarding the impact of genetic variation
in additional dopamine receptors or enzymes involved in the
dopamine synthesis and degradation. Winsberg and Comings23

attempted to relate the DRD2 gene to the behavioral outcome of
MPH therapy in 30 African–American ADHD children but no
evidence of significant main effects was found while Tahir et al.20

reported an association between a 151-bp allele of a microsatellite
marker located 5′ from the DRD5 gene and favorable response to
MPH. Only Contini et al.24 have examined the role of DBH as a
moderator of treatment outcome among adult patients, although
the findings were negative.
The majority of studies, however, have focused on a single or

few polymorphisms that may not be functional, may be too
distant from the true causal variant or may exert an effect too
small to reliably detect an association with small sample sizes,25
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which could partially explain the absence of clear conclusions
regarding MPH response. Distinct environmental influences that
act to moderate the effects of genetic factors may also be
responsible for discrepancies in the results.
Based on previous reports pointing to the involvement of

genetic variants in the effectiveness and safety of MPH, we
performed a pharmacogenetic study to evaluate the association of
single-nucleotide polymorphisms (SNPs) across nine dopamine-
related genes with therapeutic response and risk of side effects in a
sample of ADHD pediatric subjects receiving MPH treatment. To
our knowledge, this is the first study that (1) assesses multiple SNPs
covering, in terms of linkage disequilibrium, the genes encoding
the main components of the dopamine neurotransmitter system;
(2) considers gene–gene interactions and (3) examines whether
environmental risk factors interplay with dopaminergic candidate
genes in predicting the response and adverse events to MPH.

MATERIALS AND METHODS
Subjects
The study sample included 107 ADHD pediatric patients for whom MPH
was prescribed. Subjects were required to satisfy full Diagnostic and
Statistical Manual of Mental Disorders (DSM)-IV criteria for ADHD, be o18
years of age, Spanish of Caucasian origin and have never been exposed to
MPH. Patients with an Intelligent Quotient o70 or having pervasive
developmental disorders were not eligible for the investigation. Additional
exclusion criteria included schizophrenia or other psychotic disorders;
adoption; sexual or physical abuse; birth weight o1.5 kg; any significant
neurological or systemic disease that might explain ADHD symptoms; and
clinical contra-indication to MPH. Comorbid oppositional defiant disorder,
conduct disorder, depression and anxiety disorders were allowed unless
determined to be the primary cause of ADHD symptomatology. The study
was approved by the Ethics Committee of the Hospital Universitari Vall
d’Hebron. Written informed consent was obtained from parents/caregivers.

Clinical assessment
Diagnosis of ADHD and comorbidities were established by child
psychiatrists blind to patients’ genotypes through the Present and Lifetime
version of the Kiddie Schedule for Affective Disorders and Schizophrenia
for School-Age Children. Furthermore, families were interviewed with the
Clinical Global Impression-Severity scale (CGI-S). Additional information on
clinical assessment is available in Supplementary Material.

Pharmacological intervention
Patients were treated according to the program’s recommendations of
initiating treatment with MPH at low-to-moderate dose and titrating to
higher doses until no further clinical improvement or limiting adverse effects
were observed. The mean daily dose of MPH prescribed was 1.07 mg kg− 1

(s.d. = 0.30). Risperidone was the most frequent concomitant drug.

Treatment outcome
We considered the Improvement subscale of the Clinical Global Impression
scale (CGI-I) as the primary outcome measure of treatment success. The
CGI-S scale, applied at baseline and after 8 weeks of treatment, was used as
a secondary outcome measure by both categorical and dimensional
approaches for those risk variants associated with MPH response according
to the CGI-I scale. Stimulants' side effects were elicited through systematic
questions at each visit during the first 2 months of treatment. Patients and
their parents were asked about the presence or absence of the 17
symptoms listed on the Side Effects Rating Scale developed by Barkley.26

Any reported side effect was counted as positive, independently of its
frequency or severity. Criteria used for therapeutic response evaluation can
be found in Supplementary Material.

Environmental screening
Fourteen prenatal and perinatal risk factors were assessed during an
interview with the mother in 86 study members (Supplementary Material).

Experimental procedures
The DNA isolation procedure is described elsewhere.27 We examined nine
candidate genes involved in dopaminergic neurotransmission that encode
five dopamine receptors (DRD1-5), the dopamine transporter (DAT1) and
three enzymes responsible for dopamine synthesis (TH) and degradation
(COMT and DBH). The SNP selection strategy used was published
previously.28 All SNPs were genotyped using the SNPlex Genotyping
Platform (Applied Biosystems, Foster City, CA, USA). Of the 69 SNPs initially
chosen, 12 were discarded from the analysis (Supplementary Material).

Statistical analyses
The minimal statistical power was estimated using the Genetic Power
Calculator software (http://pngu.mgh.harvard.edu/ ~ purcell/gpc). Assum-
ing a significance level of 0.05, the lowest minor allele frequency observed
in our study (0.15), and a prevalence of 0.30 and 0.39, we were able to
detect odds ratio values 42.5 for treatment failure and adverse events
with moderate-to-high statistical power (76% and 89.9%, respectively) in a
codominant model of inheritance.29,30

The presence of population stratification was previously discarded.31

Potential confounders were included as covariates based on a statistical
definition (association with both the study factor and outcome for
P⩽ 0.20).32

Genotype frequencies were tested for Hardy–Weinberg equilibrium
(Po0.01) using a Chi-square test. The effects of genetic polymorphisms on
MPH response or adverse events were examined with the SNPassoc
R package (http://www.cran.r-project.org/web/packages/SNPassoc). Those
SNPs displaying nominal associations when analyzing genotypes under a
codominant model or alleles were also studied under dominant and
recessive models. The Bonferroni correction for multiple comparisons,
considering 57 SNPs, the analysis of genotype and allele frequencies and
two different outcomes (MPH response and adverse effects), establishes
the significance threshold at P⩽ 2.2e-04.
The haplotype-based association study was restricted to genes

nominally associated with treatment outcome or adverse events in the
single-marker analysis. The best two-marker haplotype from all possible
combinations was identified for each of these genes. Additional markers
(up to four) were added in a stepwise manner to the initial two-SNP
haplotype and specific estimated haplotypes were subsequently assigned
to individuals with the PHASE 2.0 software (http://stephenslab.uchicago.
edu/software.html#phase). Significance was estimated using 10 000
permutations with the UNPHASED software (https://sites.google.com/site/
fdudbridge/software). The best two-, three- or four-marker haplotypes
identified were subsequently tested for association with the primary
outcome measure of treatment success or adverse events using the
statistical package SPSS 15.0 (SPSS, Chicago, IL, USA).
The gene-by-environment (G× E) analysis was restricted to sequence

variants identified in the pharmacogenetic study and environmental risk
factors associated with either clinical outcome or adverse events after
Bonferroni correction (significance threshold at P⩽ 3.6e-03, considering
the 14 prenatal and perinatal risk factors assessed).
Pearson’s Chi-square test, Fisher’s exact test, Student’s t-test or

non-parametric Mann–Whitney U-test were applied, where appropriate.
For additional data on statistical analyses, see Supplementary Material.

RESULTS
Subjects were predominantly male (88.8%), with an average
age at assessment of 9.36 (s.d. = 2.76) years (range 5–16).
Seventy-four percent of participants (n= 79) met DSM-IV
criteria for ADHD-combined subtype, 20.6% (n= 22) had
ADHD-inattentive subtype and 5.61% (n= 6) were diagnosed with
ADHD-hyperactive-impulsive subtype. Comorbid disorders were
present in a small number of patients (20.6%), the main ones
being disabilities in reading and writing (9.35%), oppositional
defiant disorder (6.54%) and anxiety disorders (1.87%).
Seventy-nine percent of subjects (n= 84) responded favorably

to treatment according to the CGI-I scale, while 21.5% (n= 23)
failed to show a clinical response to MPH. Responders and
non-responders were comparable with regard to age, sex, ADHD
subtype, comorbidity, use of concomitant medication, MPH dose
and drug formulation (P40.05). There were significant differences,
however, in the severity of symptoms as assessed by the CGI-S
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scale (P= 0.043), with children resistant to MPH scoring higher
at the baseline evaluation than children showing clinical
improvement.
Regarding MPH tolerability, 65.1% of patients (n= 69) presented

some treatment-related side effect, with insomnia (34.3%) and
appetite reduction (25%) being the most prevalent ones. When
subjects were divided according to the emergence of adverse
events, no significant differences were found in any of the
variables mentioned above, except for MPH dose (P= 0.050) and
the rate of comorbid conditions (P= 0.030). MPH dose was
significantly higher, whereas comorbid disorders were less
frequent in children exhibiting side effects.

MPH response according to the CGI-I scale
The single-marker analysis identified three SNPs in DRD3, DBH and
TH displaying a nominal association with the primary outcome
measure: rs2134655 (P= 0.022; odds ratio (OR) = 3.03 (1.14–8.33)),
rs2073833 (P= 0.030; OR= 6.25 (0.78–50)) and rs2070762
(P= 0.020; OR= 3.03 (1.19–7.69)), respectively (Supplementary
Table S1). We included CGI-S baseline scores as a covariate in
the analysis of rs2070762, as they were associated with both
MPH response (P= 0.043) and rs2070762 (P= 0.033), and found
that subjects homozygous for the rs2070762C allele, who started
from lower CGI-S scores than carriers of the rs2070762T
variant, had a poorer treatment response (P= 5.5e-03; OR= 4.34
(1.54–12.2)).
Consistent with the single-marker study, the multiple-marker

analysis highlighted an association between clinical outcome
and a two-marker haplotype in DRD3 (rs2134655-rs1800828;
global P-value= 0.031; Table 1a) with an overrepresentation of the
rs2134655G–rs1800828G allelic combination in the non-responders
group (Padjusted = 0.028; OR=2.40 (1.20–4.80); Table 1b). We then
considered the frequency of the rs2134655G-rs1800828G carriers
and confirmed the association between DRD3 and treatment failure
(P=0.041; OR=4.00 (0.87–18.4)). The haplotype-based analysis of
DBH also revealed a two-marker haplotype associated with MPH
response (rs1541332–rs2073833; global P-value= 0.042; Table 2a)
with an overrepresentation of the rs1541332T–rs2073833C allelic
combination among treatment-resistant patients (Padjusted = 0.049;

OR=3.43 (1.59–7.40); Table 2b). An increased frequency of this risk
haplotype carriers was observed in the non-responders group
(P=0.032; OR=2.85 (1.07–7.62)).
The combined effect of the TH rs2070762C/C genotype and the

risk haplotypes at DRD3 (rs2134655G–rs1800828G) and DBH
(rs1541332T–rs2073833C) accounted for 18.4% of the variability
in MPH response. Additionally, we explored possible interactions
between the markers identified and found no evidence support-
ing the existence of epistatic effects in the risk to develop
treatment resistance.

MPH response according to the CGI-S scale
In order to demonstrate the robustness of our findings, we
expanded our analysis to examine the effect of genetic variants in
DRD3, DBH and TH associated with the primary outcome measure
on MPH response using the CGI-S scale. In agreement with the
results observed in CGI-I scores, subjects homozygous for the
rs2070762C allele in the TH gene or carriers of the rs1541332T–
rs2073833C allelic combination in DBH showed an increased
risk for treatment failure when we considered an improvement of
at least two points on the CGI-S scale at follow-up (P= 0.017;
OR= 4.33 (1.21–15.5) and P=0.011; OR= 4.58 (1.32–15.9),
respectively). Additionally, a significant impact of s2070762
on the variation in CGI-S scores was identified, as patients
homozygous for the rs2070762C allele exhibited a smaller
symptom reduction than carriers of the T allele (P=7.1e-03; CC
genotype: mean score = 1.92 (s.d. = 0.82); CT/TT genotypes: mean
score= 2.36 (s.d. = 0.69).

Adverse events after MPH treatment
Nominally significant differences were found for rs2007153
(P= 0.016; OR= 2.07 (1.15-3.73)) and rs2797855 (P= 0.048,
under a codominant model) in DBH and rs2283265 (P= 0.013;
OR= 4.31 (1.18–15.7)) within DRD2 (Supplementary Table S1).
Patients carrying the rs2283265T allele received a significantly
higher MPH dose than subjects homozygous for the rs2283265G
variant (P= 0.061) and had an increased risk for adverse

Table 1. (a) Haplotype-based association study between 10 DRD3 SNPs and methylphenidate response and (b) haplotype distributions of rs2134655
and rs1800828

(a)

Methylphenidate responseb

Haplotypea Global P-value Best haplotype-specific P-value (adjusted P-value) OR (95% CI)

2–9 0.031 0.012 (0.028) 2.40 (1.20–4.80)
2-3-9 0.062 9.5e-03 (0.043) 2.47 (1.23–4.95)

(b)

Methylphenidate responseb

Haplotypea Non-responders Responders Haplotype-specific P-value; OR (95% CI)

2–9
A-G 7 (15.9) 53 (31.6) 0.040; 0.41 (0.17–0.98)c

G-C 8 (18.2) 40 (23.8) —

G-G 29 (65.9) 75 (44.6) 0.012; 2.40 (1.20–4.80)
χ2= 6.94; df= 2; P= 0.031

Abbreviations: CI, confidence interval; DRD3, dopamine receptor D3; OR, odds ratio; SNP, single-nucleotide polymorphism. a2-rs2134655; 3-rs9880168;
9-rs1800828. Best multiple-marker combination in bold. bDefined by a Clinical Global Impression-Improvement score ⩽ 2. cUnder-represented in non-
responders.
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effects, considering MPH dose as a covariate (P= 0.047; OR= 3.76
(1.02–13.9)).
The multiple-marker analysis revealed a three-marker

haplotype in DBH associated with the emergence of side
effects (rs2007153–rs2797853–rs77905; global P-value = 0.028;
Table 3a). The rs2007153A–rs2797853G–rs77905C haplotype
was significantly more frequent in patients tolerating the
medication (Padjusted = 0.027; OR= 0.29 (0.14–0.61); Table 3b). In
particular, carriers of this allelic combination were 61.9% less likely
to present adverse events (P= 0.020). As comorbidity was

associated with both adverse events (P= 0.030) and the DBH
haplotype (P= 0.154), we adjusted the analysis for comorbid
conditions and corroborated the protective effect of the
rs2007153A–rs2797853G–rs77905C combination (P= 6.4e-03;
OR= 0.28 (0.11–0.70)).
The additive effect of the DBH rs2007153A–rs2797853G–

rs77905C haplotype and the rs2283265T allele in DRD2 explained
15.7% of the phenotypic variance in MPH tolerability. Epistasis
analysis, however, showed no evidence of gene–gene interactions
between them.

Table 2. (a) Haplotype-based association study between 12 DBH SNPs and methylphenidate response and (b) haplotype distributions of rs1541332
and rs2073833

(a)

Methylphenidate responseb

Haplotypea Global P-value Best haplotype-specific P-value (adjusted P-value) OR (95% CI)

5–10 0.042 9.7e-03 (0.049) 3.43 (1.59–7.40)
2–5–10 0.018 0.014 (0.085) 3.23 (1.47–7.06)

(b)

Methylphenidate responseb

Haplotypea Non-responders Responders Haplotype-specific P-value; OR (95% CI)

5–10
C-C 12 (27.3) 73 (43.5) —

C-G 9 (20.5) 22 (13.1) —

T-C 15 (34.1) 22 (13.1) 9.7e-03; 3.43 (1.59–7.40)
T-G 8 (18.2) 51 (30.4) —

χ2= 8.19; df= 3; P= 0.042

Abbreviations: CI, confidence interval; DBH, dopamine beta-hydroxylase; OR, odds ratio; SNP, single-nucleotide polymorphism. a2-rs2797851; 5-rs1541332;
10-rs2073833. Best multiple-marker combination in bold. bDefined by a Clinical Global Impression-Improvement score ⩽ 2.

Table 3. (a) Haplotype-based association study between 12 DBH SNPs and adverse effects and (b) haplotype distributions of rs2007153, rs2797853
and rs77905

(a)

Adverse effects

Haplotypea Global P-value Best haplotype-specific P-value (adjusted P-value) OR (95% CI)

1–7 0.010 1.5e-03 (5.1e-03) 0.33 (0.18–0.63)
1–7–9 0.028 1.4e-03 (0.027) 0.29 (0.14–0.61)

(b)

Adverse effects

Haplotypea Presence Absence Haplotype-specific P-value; OR (95% CI)

1–7–9
A-G-C 14 (12.3) 23 (32.9) 1.4e-03; 0.29 (0.14–0.61)b

A-G-T 11 (9.6) 7 (10) —

G-A-C 7 (6.1) 4 (5.7) —

G-A-T 32 (28.1) 19 (27.1) —

G-G-C 32 (28.1) 11 (15.7) —

G-G-T 18 (15.8) 6 (8.6) —

χ2= 12.5; df= 5; P= 0.028

Abbreviations: CI, confidence interval; DBH, dopamine beta-hydroxylase; OR, odds ratio; SNP, single-nucleotide polymorphism. a1-rs2007153; 7-rs2797853;
9-rs77905. Best multiple-marker combination in bold. bUnder-represented in patients displaying adverse effects.
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Gene-by-environment interactions
We subsequently examined the effect of 14 prenatal and perinatal
risk factors on clinical outcome or adverse events and found
association between prenatal smoking and MPH response accord-
ing to the CGI-I scale (P= 1.7e-03). More than 31% of mothers
(n= 27) reported smoking cigarettes during pregnancy, and their
offspring had a poorer treatment response than those who were
not prenatally exposed to nicotine (OR= 5.10 (1.76–14.8)).
Stratified analysis, based on maternal smoking and the presence

of the risk variants identified in the pharmacogenetic study,
disentangled significant interactions between prenatal smoking
and DRD3, DBH or TH on MPH response. The risk for treatment
failure was higher for carriers of the risk variants in DRD3
(rs2134655G–rs1800828G haplotype; P= 2.2e-03; OR=17.6
(1.96-157.9)), DBH (rs1541332T–rs2073833C haplotype; P= 2.9e-04;
OR= 16.3 (2.79–94.7)) or TH (rs2070762C/C genotype; Padjusted = 7.5
e-04; OR= 18.5 (3.40–101.1)) whose mother smoked during
pregnancy (Figure 1). The joint effect of in utero exposure to
tobacco and the DBH rs1541332T–rs2073833C haplotype or the TH
rs2070762C/C genotype on MPH response was also identified
when assessed using the CGI-S scale according to the categorical
approach. Additionally, the rs2070762 significantly interplayed with
prenatal smoking on the variation in CGI-S scores (data not shown).

DISCUSSION
To our knowledge, this is the first study that examines multiple
SNPs across genes encoding the main components of the
dopaminergic system to identify genetic factors that moderate
response variability in ADHD treatment. Specifically, we aimed to
(1) identify genetic factors as potential predictors of MPH response;
(2) identify genes involved in MPH tolerability; and (3) examine
G× E interactions that may influence treatment effects. Our results
provide preliminary evidence for the contribution of DRD3, DBH, TH
and prenatal smoking to the clinical efficacy of MPH, with a higher
risk for treatment failure in genetically susceptible subjects whose
mother smoked during pregnancy. Additionally, we identified a
significant association between variation in DBH and DRD2 and
adverse events after MPH treatment.
The role of DBH as a moderator of treatment outcome is

supported by the association found with both MPH tolerability
and response according to two different scales but contradicts a
prior pharmacogenetic study.24 Although the discrepancy may be
attributed to differences in subjects’ characteristics, therapeutic
response evaluation or the polymorphisms assessed, we cannot
exclude spurious positive signals, given our limited sample size. We
also provide evidence for the involvement of DRD3 in MPH

response, which is in agreement with McCracken et al.,33 who
reported a relationship between DRD3 and clinical improvement of
hyperactive-impulsive behaviors in children with autism spectrum
disorders (ASD). This previous investigation examined six SNPs
within DRD3, including the rs2134655 variation highlighted in the
present study, but no overlap between positive signals was
identified across studies. As McCracken et al.33 considered a sample
of ASD subjects, these differences may be due to underlying
disorder neurobiology. Another interesting finding arising from our
research is the impact of rs2070762 in TH on both the responder
status and symptom scores after MPH treatment. Although the
current report is the first that examines the contribution of TH to
the variability in treatment outcome, this polymorphism has
previously been associated with ADHD28 and evidence from
in vitro assays suggests a potential regulatory activity for this
intronic variant.34 Interestingly, the enzymes encoded by TH and
DBH are involved in the dopamine synthesis and dopamine
conversion to norepinephrine, respectively, which suggests that
functional variants within these genes may moderate dopamine
availability at the synaptic cleft and therefore clinical outcome.
For the most part, pharmacogenetic research has focused on

genes presumably related to the mechanism of action of MPH,
namely DAT1, DRD4 or COMT. The sequence variants assessed in
the current investigation were selected to ensure full genetic
coverage of candidate genes, not according to their potential
functional implications. Thus we did not genotype individuals for
previously studied markers such as the 40-bp VNTR in DAT1 or the
48-bp VNTR in DRD4. However, none of the SNPs located in these
genes displayed significant associations with either MPH response
or side effects. This is in agreement with a prior meta-analysis and
several individual studies reporting that the classic candidate
genes in ADHD pharmacogenetics do not have an important role
in treatment response or adverse events.11,16,35 Conversely, we
propose that variants in genes not extensively examined, but
rational candidates given their distribution and regulatory
functions in the dopamine neurotransmitter system, may influ-
ence the ability of MPH to exert its therapeutic effects.
Additionally, studies conducted so far in ADHD patients have

emphasized the efficacy of MPH and have focused little on side
effects. Our results suggest that variants in DBH and DRD2 are
associated with MPH tolerability. The putative impact of DRD2 on
adverse events is supported by previous findings from McCracken
et al.,33 who reported an association between DRD2 and the rate
of treatment discontinuation. Moreover, the rs2283265G allele,
which increases mRNA expression of an alternative splicing variant
of DRD2,36 has recently been implicated in the emotion
dysregulation experienced by children with ASD.37 This is of
particular interest, as increased emotionality and dysphoria occur

Figure 1. Gene-by-environment analysis between DRD3, DBH, TH and prenatal smoking on methylphenidate response according to the
Clinical Global Impression-Improvement scale.
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in a subgroup of MPH-treated patients with ADHD and there is
evidence suggesting that they may be partially moderated by
genetic influences.38

Considering that evidence of a direct relation between genetic
polymorphisms and ADHD treatment has been inconsistent, we
hypothesized that clinical response to MPH may be the result of a
much more complex matrix of factors, including both genetic and
environmental risks. Although epidemiological studies have
demonstrated that exposure to various stressors, especially during
pregnancy and delivery, such as tobacco smoking, alcohol
consumption, stressful life events, and obstetrical complications
are associated with an increased risk for ADHD,39 to date only
Grizenko et al.40 examined whether the severity of maternal stress
affected the children’s response to MPH. The authors did not find
significant differences in the child’s responder status, suggesting
that it may not be related to early environmental factors. In
contrast, we revealed a strong association between prenatal
smoking and clinical outcome, where children whose mother
reported smoking cigarettes during pregnancy showed a poorer
treatment response than those who were not exposed. The
subsequent G× E analysis unraveled significant epistatic effects
between prenatal smoking and DRD3, DBH or TH on MPH
response. Similarly, earlier investigations have demonstrated that
polymorphisms in dopamine-related genes act in conjunction
with maternal smoking to modify the risk and severity of
ADHD,41,42 but no other study has explored G× E interactions
between them with regard to MPH response. A prior report,
however, assessed the joint effect of SNPs in the LPHN3 gene and
maternal smoking or stress during pregnancy in a double-blind,
placebo-controlled, cross-over trial.43 Choudhry et al.43 provided
evidence for a significant association between LPHN3 and treatment
response, which only became apparent in the group where mothers
experienced mild or minimal stress. In contrast, a complete lack of
interaction was noted with in utero exposure to tobacco.
The main strengths of our findings include (1) the recruitment

of stimulant-naive patients; (2) the exclusion of confounding
population substructures; (3) the full coverage of the dopaminer-
gic genes assessed in terms of linkage disequilibrium; (4) the
assessment of both efficacy and side effects and the use of
different outcome measures of treatment success; and (5) the
evaluation of gene–gene and G× E interactions. Some methodo-
logical aspects, however, should also be considered when
interpreting the results of the current study: (1) Our estimate of
a 20.6% comorbidity rate is in contrast with the high prevalence
reported in the literature, where approximately two-thirds of
ADHD children have impairing comorbid diagnoses.44–46 The
clinical sample was composed of Spanish ADHD children who had
never been exposed to stimulant medication and with an average
age at assessment of 9.36 years, which could explain the small
number of patients with comorbidity. Although modest, this
proportion may influence treatment outcome and thus the
presence of comorbid disorders has been considered as a
potential confounder. (2) The naturalistic design may have limited
the power of our analyses. However, the rate of response to MPH
was similar to that generally found in placebo-controlled clinical
trials, and we minimized the probability that differences between
carriers and non-carriers of the studied alleles might be attributed
to other factors by performing a comprehensive assessment of
potential confounders. (3) The lack of a strictly standardized
medication titration, although patients were treated in a compar-
able manner by the same experienced psychiatrists. (4) MPH was
administered with no control of adherence by clinicians.
(5) Information on environmental risk factors was collected
retrospectively and may therefore be subject to recall bias.
(6) Other prenatal factors, such as maternal stress during
pregnancy, or postnatal factors that we did not examine may
influence the efficacy or tolerability of MPH treatment.
(7) Variability in genes that are known to interact with the

dopaminergic system has not been considered. In this sense,
LPHN3 represents a very promising candidate, as it has shown to
confer susceptibility to ADHD and moderate MPH response, either
alone or in conjunction with environmental factors.43,47–52

In conclusion, despite the relatively limited sample size, we
identified DRD3, DBH, TH, DRD2 and prenatal exposure to nicotine
as potential predictors of MPH treatment effects. Further
pharmacogenetic studies with larger samples are required to fully
validate these results and to disentangle the impact of prenatal
smoking on clinical response to MPH in genetically susceptible
children.
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