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Abstract
Aims/hypothesis Childhood obesity is a major public health
problem in Mexico, affecting one in every three children.
Genome-wide association studies identified genetic variants
associated with childhood obesity, but a large missing herita-
bility remains to be elucidated. We have recently shown a
strong association between a highly polymorphic copy num-
ber variant encompassing the salivary amylase gene (AMY1
also known as AMY1A) and obesity in European and Asian
adults. In the present study, we aimed to evaluate the associ-
ation between AMY1 copy number and obesity in Mexican
children.
Methods We evaluated the number of AMY1 copies in 597
Mexican children (293 obese children and 304 normal weight
controls) through highly sensitive digital PCR. The effect of
AMY1 copy number on obesity status was assessed using a
logistic regression model adjusted for age and sex.

Results We identified a marked effect of AMY1 copy number
on reduced risk of obesity (OR per estimated copy 0.84, with
the number of copies ranging from one to 16 in this popula-
tion; p=4.25×10−6). The global association between AMY1
copy number and reduced risk of obesity seemed to be mostly
driven by the contribution of the highest AMY1 copy number.
Strikingly, all children with >10 AMY1 copies were normal
weight controls.
Conclusions/interpretation Salivary amylase initiates the
digestion of dietary starch, which is highly consumed in
Mexico. Our current study suggests putative benefits of high
number of AMY1 copies (and related production of salivary
amylase) on energy metabolism in Mexican children.
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Abbreviations
CNV Copy number variation
GWAS Genome-wide association study
NCTs Non-template controls
SNP Single nucleotide polymorphism

Introduction

Childhood obesity has become a major public health problem
both in westernised and more recently in developing countries
[1]. In Mexico, the prevalence of overweight or obesity
among children aged between 5 and 11 years has dramatically
increased from 26.9% in 2006 to 34.4% in 2012 [2].

Although the epidemic of obesity is attributed mainly to
changes in the environment, variations in susceptibility have
been attributed to differences in the genetic backgrounds of
individuals exposed to similar so-called ‘obesogenic’ environ-
mental pressures [3]. Indeed, the heritability of BMI has been
estimated to range between 40 and 70% [3, 4]. Moreover, at
least one in every 20 obese children carries a single mutation
(or chromosome abnormality) causing severe impairment in
appetite regulation and early-onset overweight [3].

Nevertheless, the vast majority of obese children are
thought to have a polygenic form of obesity. Recently,
genome-wide association studies (GWAS) have identified
>60 frequent single nucleotide polymorphisms (SNPs) that
slightly increase BMI [5], and some also increase the risk of
early-onset obesity [6–8]. However, <3% of the phenotypic
variance in BMI has been explained by these loci [5], sug-
gesting that other forms of DNA variation (including copy
number variation [CNV]) may explain this large missing
heritability. In this regard, we recently developed a system
biology approach for the identification of potential gene-
dosage effects, combining transcriptomics and GWAS analy-
ses in sibling-pairs discordant for obesity [9]. This approach
enabled the identification of a region mapping of both salivary
and pancreatic amylase genes (AMY1 and AMY2 [also known
as AMY1A and AMY2B], respectively), which was strongly
associated with obesity risk and fat mass [9].

Amylase is responsible for starch hydrolysis, and CNV at
this locus (ranging from one to 20 copies for AMY1) evolved
as an adaptation to dietary habits; populations with high starch
consumption carry larger number of copies than others that
have maintained an ancestral pre-agriculture way of life [10,
11]. We reported that reduced AMY1 copy number was associ-
ated with increased BMI (change in BMI per copy=0.15 kg/m2)
and obesity risk (OR per copy 1.19) in European and Asian
adult populations [9]. Furthermore, AMY1 copy number was
shown to be strongly correlated with the amount of serum
amylase [9, 10]. These results provided a presumed genetic link
between carbohydrate metabolism and obesity. However, the

contribution of AMY1 copy number to the risk of childhood
obesity remains unknown.

In the present study, we assessed the association between
AMY1 copy number and obesity risk in 597Mexican children.

Methods

Study participants We analysed 597 Mexican children (293
obese children and 304 normal weight controls) from a cohort
population fully described elsewhere [12]. The cases and
controls were optimally matched for age and sex (Table 1).

BMI-for-age was calculated and classified according to the
2000 Centers for Disease Control and Prevention growth
charts [13]. Normal weight was defined as a BMI-for-age
below the 85th percentile, while obesity was defined as a
BMI-for-age above the 95th percentile [13]. No information
on the pubertal status of the children was available.

Child assent was obtained and parents (or legal guardian)
provided written informed consent. The study was approved
by the local ethics committees of the Mexican National Health
Service (‘Instituto Mexicano del Seguro Social’, reference
number 2011-000-079) and was conducted in compliance
with the Declaration of Helsinki.

Digital PCR Digital PCR analysis was performed on the
BioMark System (Fluidigm, South San Francisco, CA,
USA) using the qdPCR 37K Digital Array (Fluidigm) accord-
ing to manufacturer’s recommendations. This digital array
consists of 48 panels, each containing 770 individual reaction
chambers. The final reaction mix for a digital panel comprised
7.2 ng DNA (DNA concentration was measured using the
Qubit dsDNA HS Assay kit [Life Technologies, Carlsbad,
CA, USA]), 2 μl TaqMan Gene Expression Master Mix (Life
Technologies), 0.4 μl 20× GE Sample Loading Reagent
(Fluidigm), 0.2 μl AMY1 TaqMan assay (Hs07226362_cn;
Life Technologies) and 0.2 μl RNase P human TaqMan Copy
Number Reference (Life Technologies). A total of 10 μl of 1×
GE Sample Loading Reagent (Fluidigm) with 4 μl sample
mix were aliquoted separately into inlet on the digital array
and were distributed throughout the partitions within each
panel using an automated IFC controller-MX (Fluidigm).
Each DNA sample was loaded in quadruplicate, with single

Table 1 Clinical characteristics of the study participants

Characteristics Obese cases Normal weight controls p

n (male/female) 293 (165/128) 304 (165/139) 0.62

Age (years) 9.5±1.7 9.5±1.8 0.88

Height (cm) 140.0±11.6 133.3±11.5 <0.001

Weight (kg) 50.2±12.9 29.9±7.6 <0.001

Data are mean ± SD
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replicate outliers removed. When the estimated copy number
of AMY1 was above 10, the amount of DNAwas reduced to
5.4 ng (in the final reaction mix) so as to avoid panel satura-
tion. These DNA samples (with AMY1 copy number ≥10)
were finally re-loaded in octuplicate, with single replicate
outliers removed. When we observed more than two outliers
within the quadruplicate or octuplicate, the digital PCR for
those samples was performed again. Outliers were defined as
follows: (1) difference in estimated copies of AMY1 ≥2; (2)
detection of >600 positive chambers for AMY1; and/or (3)
detection of <50 positive chambers for RNase P.

Of note, 11 non-template controls (NTCs) were analysed
(using reaction mix with no template DNA).We did not detect
any positive chambers in these NTCs.

We and others previously demonstrated that microfluidic
digital PCR was a sensitive method to measure highly poly-
morphic CNVs [9, 14].

Statistical analyses The median of AMY1 copy number dis-
tribution amounted to six copies. In order to have 50% of
individuals (cases and controls) in the lower half and 50% of
individuals (cases and controls) in the upper half, we random-
ly ranked individuals with six copies and assigned some of
them to the lower half and the others to the upper half.

The effect of AMY1 copy number on obesity status was
assessed using logistic regression adjusted for age and sex,
under an additive model. We have not adjusted for population
stratification. Mexicans are a mixture of Native American,
European and African ancestry. Thus, further work would be
needed to confirm that the association is not partly confound-
ed. However, the adjustment for the different states of resi-
dence of cases and controls (i.e. San Luis Potosí, Queretaro,
Tijuana, Guanajuato and Mexico city) did not change (even
slightly) the present results (data not shown).

The statistical analyses were performed with SPSS
(version 14.0, IBM, Armonk, NY, USA) and R (version
3.0, www.r-project.org/).

Results

In the 597 Mexican children investigated (including 304 nor-
mal weight controls and 293 obese cases), the estimated
number of copies of AMY1 ranged from one to 16 (Fig. 1).

Using a logistic regression model adjusted for age and sex,
we found a strong association between AMY1 copy number
and reduced risk of obesity (OR per estimated copy 0.84 [95%
CI 0.78, 0.91] having inmind that the number of copies ranges
from one to 16 in this population; p=4.25×10−6 [Fig. 1;
Table 2]). The mean number of copies of AMY1 was 6.1±
1.9 in cases compared with 7.0±2.7 in controls (Table 2).

Subsequently, we wondered whether or not the significant
effect of AMY1 copy number on obesity was homogeneous
throughout the distribution of AMY1 copy number within the
study group. The mean number of copies of AMY1 was lower
in obese cases than in normal weight controls in the lower or
upper half of AMY1 copy number distribution (4.6±1.1 vs
5.0±1.1, 7.6±1.2 vs 9.1±2.1, respectively [Table 2]). How-
ever, using a logistic regression model adjusted for age and
sex, we found that the contribution of AMY1 copy number to
obesity was much stronger in the upper half of AMY1 copy
number distribution than in the lower half (OR per estimated
copy 0.54 [95% CI 0.44, 0.65]; p=3.91×10−10 vs OR per
estimated copy 0.76 [95% CI 0.62, 0.94]; p=0.0122, respec-
tively [Table 2]). Furthermore, all participants with >10 copies
of AMY1 (n=29 [Fig. 1]) were normal weight controls. These
results suggest that the global association between AMY1 copy
number and reduced risk of obesity might be mostly driven by
the contribution of the highest AMY1 copy number in these
Mexican children.

Discussion

In the present study, we confirmed the marked contribution of
AMY1 copy number to reduced obesity risk (OR per estimated
copy 0.84). Of note, this effect was similar between the
Mexican children included in the current study and our pre-
vious meta-analysis that included 2,929 adults of European or
Asian origin (593 cases and 2,336 controls) [9]. However, in
the present study, we found that the global effect of AMY1
copy number on reduced obesity riskmay be largely driven by
the marked contribution of the highest number of AMY1
copies to obesity risk. While we did not find a significant
effect of lower AMY1 copy number on childhood obesity risk,
the highest AMY1 copy number seems to strongly protect
against obesity in Mexican children.

Salivary amylase is a monomeric calcium-binding enzyme
produced by the salivary glands that catalyses the initial
digestion of dietary starch, which represents 50% of the total

Fig. 1 Distribution of AMY1 copy number in 597 Mexican children,
including 304 normal weight controls (black bars) and 293 obese cases
(white bars)
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carbohydrate content of the US diet [15]. Importantly, Perry
et al demonstrated that populations with starchy food re-
sources carried, on average, more AMY1 copies than those
with traditional diets with few starchy foods (6.7±2.3 vs 5.4±
2.0, respectively) [10]. TheMexican population has a diet rich
in various starchy foods (comprising maize, wheat and differ-
ent varieties of common bean) [16]. In Mexico, the daily
consumption of corn tortilla has been estimated at approxi-
mately 325 g, supplying 70% of the calories and half of the
proteins, and the available starch content in the tortilla has
been estimated to be 63–73% following processing conditions
(compared with 80% for white bread) [17]. It was proposed
that higher amount of salivary amylase (which correlate with
greater numbers of AMY1 copies) confers a fitness advantage
for individuals consuming a highly starchy diet by improving
digestion in the oral cavity, stomach and intestines [10].

A growing body of research from the pharmaceutical in-
dustry has focused on products that slow the absorption of
carbohydrates (which is the greatest source of calories in most
diets) in an effort to improve glycaemic control and reduce
weight [18]. In particular, a recent clinical study showed that
the use of an inhibitor of salivary amylase (extracted from
common white bean) was associated with modest decrease in
weight (on average, 2.9 kg in 12 weeks) [19], which seems to
be in contradiction with the findings of our study. However, it
is noteworthy that the expression of AMY1 is not restricted to
salivary glands. We previously showed a high AMY1 expres-
sion in adipose tissue [9]. Therefore, salivary amylase may
also act beyond nutrient digestion in the mouth. In this respect,
a recent mouse genetic linkage study showed that a SNP
(rs29982345) close to Amy1 was significantly associated with
weight gain in >100 different strains of mice fed a high-fat,
high-sucrose diet [20]. The same SNP showed significant
a s soc i a t i on wi th an enr i chmen t o f the gene ra
Enterobacteriaceae in the gut microbiota of the mice [20],
which was reported to be correlated with obesity in humans
[21]. Therefore, salivary amylase may contribute to modula-
tion of the gastrointestinal tract function in a way that remains
to be fully explored.

Recently, a study has demonstrated that non-obese adults
with high salivary amylase activity (and high AMY1 copies)
presented with improved glycaemic control following liquid
starch ingestion (and not after oral glucose load) [22]. The
findings from that study along with our results suggest the
putative benefits of carrying a higher number of AMY1 copies
and of the highly related production of salivary amylase on
glucose and energy metabolism, in particular in populations
like Mexicans with a diet rich in starch.
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