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Background: Type 2 diabetes (T2D) is a multifactorial disease caused by a complex
interplay between environmental risk factors and genetic predisposition. To date, a total of
10 single nucleotide polymorphism (SNPs) have been associated with pediatric-onset
T2D in Mexicans, with a small individual effect size. A genetic risk score (GRS) that
combines these SNPs could serve as a predictor of the risk for pediatric-onset T2D.

Objective: To assess the clinical utility of a GRS that combines 10 SNPs to improve risk
prediction of pediatric-onset T2D in Mexicans.

Methods: This case-control study included 97 individuals with pediatric-onset T2D and
84 controls below 18 years old without T2D. Information regarding family history of T2D,
demographics, perinatal risk factors, anthropometric measurements, biochemical
variables, lifestyle, and fitness scores were then obtained. Moreover, 10 single
nucleotide polymorphisms (SNPs) previously associated with pediatric-onset T2D in
Mexicans were genotyped. The GRS was calculated by summing the 10 risk alleles.
Pediatric-onset T2D risk variance was assessed using multivariable logistic regression
models and the area under the receiver operating characteristic curve (AUC).

Results: The body mass index Z-score (Z-BMI) [odds ratio (OR) = 1.7; p = 0.009] and
maternal history of T2D (OR = 7.1; p < 0.001) were found to be independently associated
with pediatric-onset T2D. No association with other clinical risk factors was observed. The
GRS also showed a significant association with pediatric-onset T2D (OR = 1.3 per risk
allele; p = 0.006). The GRS, clinical risk factors, and GRS plus clinical risk factors had an
AUC of 0.66 (95% CI 0.56–0.75), 0.72 (95% CI 0.62–0.81), and 0.78 (95% CI 0.70–0.87),
respectively (p < 0.01).

Conclusion: The GRS based on 10 SNPs was associated with pediatric-onset T2D in
Mexicans and improved its prediction with modest significance. However, clinical factors,
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such the Z-BMI and family history of T2D, continue to have the highest predictive utility in
this population.
Keywords: type 2 diabetes, children, youth, genetic risk score, risk factors, obesity, body mass index
INTRODUCTION

The prevalence of type 2 diabetes (T2D) throughout Mexico in
2018 was 10.3%, one of the highest globally and rising (1).
Although information regarding the national prevalence of
pediatric-onset T2D remains unavailable, an increasing
proportion of younger individuals have been affected with
more aggressive phenotypes nowadays (2–4).

T2D is a multifactorial disease caused by a complex interplay
between genetic and environmental risk factors. Multiple non-
genetic risk factors have been associated with T2D, including age,
perinatal risk factors, ethnicity, family history, low
socioeconomic status, obesity, metabolic syndrome
components, and unhealthy lifestyle behaviors (5–7). However,
genetics has been hypothesized to play a much greater role in the
development of T2D among the younger populations (8).

Although genome-wide association and candidate gene
studies have identified hundreds of single nucleotide
polymorphism (SNPs) associated with T2D, these variants still
only explain less than 20% of the disease’s heritability (9–12).
While most of the identified SNPs have been associated with
relatively low risk for TD2, combining several markers together
through a genetic risk score (GRS) may indicate higher risk
(13–22).

Some authors have reported that a high GRS was associated
with a younger age at T2D diagnosis (23, 24). However,
insufficient information has been available regarding whether
genetic information improves prediction models for pediatric-
onset T2D. Our estimates have shown that pediatric-onset T2D
had a heritability of 50% among Mexicans (25). Endeavoring to
elucidate this genetic predisposition, our research team has
identified 10 SNPs associated with pediatric-onset T2D among
Mexicans with low individual risk [odds ratio (OR) between 1.4
and 2.2] (23, 26, 27). Integrating these genetic factors into a GRS
to be used in conjunction with classical risk factors for T2D could
be a useful approach toward improving prediction models for the
disease (12, 14–16, 28).

Given the importance of identifying risk factors for the early
development of T2D on its prevention, genetic information
could conceivably help identify individuals at high risk for
pediatric-onset T2D. The current study therefore sought to
evaluate the predictive utility of incorporating a GRS
comprising 10 SNPs into a model with clinical risk factors for
pediatric-onset T2D among Mexicans.
RESEARCH DESIGN AND METHODS

This case–control study was conducted at the Children’s
Hospital Federico Gómez, Mexico.
n.org 2
Participants
Patients aged between 8 and 18 years who lived in Mexico City’s
metropolitan area, had the last three family generations born in
Mexico, and had genetic mosaic proportions of 65% Native
American, 30% European, and 5% African were included
(29–31).

Cases included participants under 18 years of age who were
diagnosed with T2D for less than 1 month according to the
following criteria: (a) previous diagnosis and/or oral glucose
tolerance test (OGTT) according to the American Diabetes
Association criteria (32); (b) absence of anti-glutamic acid
decarboxylase and anti-insulin antibodies; (c) no clinical
features of maturity-onset diabetes among younger
participants; and (d) C-peptide ≥ 0.45 ng/ml.

Controls were recruited by requesting the participation of
friends or neighbors who were of similar age and sex but had no
family relationship with the index cases (population controls).
Control participants were characterized as non-T2D through the
OGTT. We excluded participants with impaired fasting glucose
and impaired glucose tolerance.

Enrolled participants provided written assent in addition to
written consent from their parents. This study had been
approved by the local ethics, biosafety, and research committees.

Clinical Risk Factors
Information regarding demographics and medical history from
family pedigrees over three generations were obtained from
questionnaires provided by trained research technicians. All
participants were asked to answer questions regarding any case
of diabetes in their family, relatives age at diagnosis, and
treatment and type of diabetes. T2D diagnosis among the
parents were corroborated through an OGTT in those with no
previous history of T2D. Information regarding birthweight,
gestat ional age, gestat ional diabetes exposure, and
breastfeeding onset and duration were corroborated with
information obtained from in the newborn sheet.

Diet was assessed using an adapted version of the semi-
quantitative food frequency intake questionnaire from the
previous month. As support material, the interviewer used
food replicas to standardize the types and amounts of the main
food groups consumed by the participants. The questionnaire
contained 119 food items classified into 13 groups. Participants’
food intake per day was estimated, after which the amount food
consumed was measured in terms of units (e.g., piece, cup, plate,
or spoon) and size (i.e., small, medium, or large). For analysis,
consumption frequencies were calculated in grams or milliliters
ingested per day for each food item. Energy and macronutrient
intake was determined using the Food Processor software
(version 10.10, 2012, ESHA Research Inc, Salem, OR), which
includes Mexican foods (33). Percentages of adequate energy and
March 2021 | Volume 12 | Article 647864
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macronutrient intake were calculated using recommendations
for the Mexican population.

Physical activity was assessed using a physical activity
questionnaire, which assessed intensity, frequency, and
duration of the physical activities over 1 week. Standard
procedures were performed using continuous scales of weekly
energy expenditure expressed in metabolic equivalents (MET) ×
min/day (34).

Fitness was evaluated using a modified Harvard step test,
which consisted of stepping onto and off (both feet) a stool 30 cm
high, 42 cm wide, and 38 deep for 5 min at 30 cycles per min.
Heart rates were recorded at 0, 1, and 2 min after participants
finished or prematurely stopped the exercise. The physical fitness
score was calculated from the total number seconds the exercise
was performed multiplied by 100 and divided by the sum of the 3
heart rate values (35).

Clinical and Biochemical Variables
Anthropometric data were collected using standard methods.
Body height and weight were measured using a column scale
with a stadiometer. Weight was determined using a digital scale
(Seca® 884, Hamburg, Germany) with an accuracy of 0.1 kg,
while height was determined using a stadiometer (Seca® 225,
Hamburg, Germany) with a precision of 0.1 cm. Body mass
index (BMI) was calculated as weight in kilograms divided by the
square of height in meters, after which the BMI Z-score (Z-BMI)
was calculated according to age and sex, taking the 2007 WHO
data as reference (35). Waist circumference (WC) was measured
at the midpoint between the lower costal border and the iliac
crest during the end of exhalation using a non-elastic flexible
tape to the nearest 0.1 cm (Seca® 200) in a standing position.

Blood samples were drawn after an overnight fast to measure
glucose (hexokinase method Dimension RXL.MAX, Siemens),
insulin (chemiluminescence IMMULITE 1000, Siemens, Euro,
DPC, Llanberis, UK), C-peptide (chemiluminescence
IMMULITE 1000, Siemens, Euro, DPC, Llanberis, UK), and
hemog lob in A1c (D imens ion RXL .MAX S i emens
immunoassay). Participants without diabetes underwent an
OGTT with 1.75 g/kg of anhydrous glucose (up to 75 g), with
glucose and insulin being measured 2 h after glucose
administration. To evaluate insulin resistance, the homeostatic
model assessment for insulin resistance (HOMA-IR) was
Frontiers in Endocrinology | www.frontiersin.org 3
calculated using the following formula: HOMA-IR = fasting
insulin (mU/mL) × fasting glucose (mg/dl)/405 (36).

Genotyping
SNPs were selected considering previously published data
suggest their association with pediatric-onset T2D in Mexicans
(Table 1). DNA was extracted from peripheral blood leukocytes
using commercial kits following the manufacturer’s instructions
(QIAmp96 DNA Blood, Mini/Kit, Qiagen, Germany). Purity and
concentration were assessed through spectrophotometry at 260/
280 nm (Epoch spectrophotometer, BioTek Instruments,
Winooski, VT, USA), and the integrity was checked following
0.8% agarose gel electrophoresis. SNPs were genotyped using the
TaqMan®OpenArray® system (Applied Biosystems, Foster City,
CA, USA).

Statistical Analysis
Demographic and clinical characteristics of the participants were
examined. Continuous variables were expressed as mean ±
standard deviation, whereas categorical variables were expressed
as numbers and percentages. Bivariate analyses were performed
using Student’s t-test, the Mann–Whitney U, or the Chi-square
test according to the type and distribution of the variable.

Allelic and genotypic frequencies were determined, after
which genotype distribution was confirmed from the Hardy–
Weinberg equilibrium (p > 0.05). Associations between
individual SNPs and pediatric-onset T2D were analyzed using
logistic regression adjusting for age, gender, and Z-BMI with
Bonferroni correction for multiple comparison (p < 0.05).

To examine the cumulative effect of the SNPs, an unweighted
GR was computed. Each participant was assigned 0, 1, or 2 points
according the number of risk alleles for each SNP. The GRS was
then constructed by summing the number of risk alleles,
assuming an additive genetic model and equal contribution of
each SNP to pediatric-onset T2D. Student’s t-tests were used to
compare the GR distribution between groups.

Pediatric-onset T2D risk variance was assessed using
multivariable logistic regression models and evaluated
McFadden’s pseudo R2. To develop the best prediction model
for pediatric-onset T2D, univariable analysis for each
independent variable was performed, subsequently selecting
those with a p value < 0.1 as candidate predictors for the
TABLE 1 | List of the 10 single nucleotide polymorphism considered in the genetic risk score computation.

Reported gene SNP Functional class Alleles MAF (%) Mexicans MAF (%) 1000 GP (37) OR 95% CI p Reference

SLC16A11 rs13342232 synonymous A/G 41.6 16.3 1.9 1.2-3.0 0.003 (26)
ADORA1 rs903361 intergenic A/G 27.8 37.7 1.9 1.2-3.0 0.010 (27)
CADM2 rs13078807 intron A/G 9.3 8.7 2.2 1.2-4.0 0.009 (27)
GNPDA2 rs10938397 intergenic A/G 32.5 32.6 2.2 1.4-3.7 9.0E-4 (27)
VEGFA rs6905288 downstream G/A 35.5 35.5 1.4 1.1-2.1 0.044 (27)
FTO rs9939609 intron T/A 20.6 34.0 1.8 1.0-2.3 0.039 (27)
POC5 rs2112347 upstream G/T 29.6 48.9 1.7 1.4-2.1 6.9E-4 (23)
RPS10 rs206936 intron A/G 34.6 35.5 1.5 1.2-1.8 0.005 (23)
GLIS3 rs7034200 intron A/C 35.5 44.4 2.1 1.8-2.4 1.9E-6 (23)
LINGO rs10968576 intron A/G 21.2 20.4 2.0 1.6-2.4 4.3E-4 (23)
March 2
021 | Volum
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SNP, single nucleotide polymorphism; MAF, minor allele frequency; 1000 GP, 1000 genome project; OR, odds ratio; CI, confidence interval.
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multivariable model. A multivariable model was then
constructed using the candidate predictors, with <0.05
indicating significance of the collinearity and backward
Frontiers in Endocrinology | www.frontiersin.org 4
elimination procedure for the selected predictors. Moreover,
age, gender, and fitness score (the unique objective lifestyle
variable) were forced into the final model despite not being
significant candidates for the multivariable model. The strength
of the association was measured using odd ratios (OR) and their
95% confidence intervals (CI). Finally, three models were
established: Model 1 comprising only clinical risk factors (age,
sex, Z-BMI, maternal diabetes, and fitness score); Model 2
comprising only GRS; and Model 3 comprising only clinical
risk factors plus GRS.

The fit of the models was also evaluated using the likelihood
ratio test, which compares the difference in area under the
receiver operating characteristic curve (AUC) to evaluate the
models’ ability to predict pediatric-onset T2D. Models for
clinical variables with and without GRS were compared
using the Chi-squared test. All analyses were performed using
STATA SE v11.0 statistical software (STATA Corp, College
Station, TX).
RESULTS

A total of 97 cases with pediatric-onset T2D and 83 controls were
included, with Table 2 showing the main differences in clinical
characteristics between cases and controls. Cases reported more
obesity indexes and expectedly higher glucose related traits
compared to controls. The proportion of children with a
family history of T2D history and exposure to gestational
diabetes (GD) was significantly higher among those with
pediatric-onset T2D than among controls. Moreover, cases
who had already received treatment at the time diagnosis
exhibited lower self-reported energy and macronutrient
consumption and higher physical activity (METS). However,
no difference in fitness scores objectively measured with the
modified Harvard step test was noted.

All genotyped SNPs were in Hardy-Weinberg equilibrium
and had an effect in the expected direction. The additive logistic
regression model adjusted for age, gender, and Z-BMI showed
that two SNPs were significantly associated with pediatric-onset
TABLE 2 | Clinical characteristics of cases and controls.

Trait Cases (n = 97) Controls (n = 83)

Sociodemographic and anthropometrics
Females n(%) 45 (46.4) 38 (45.2)
Age (years) 12.9 ± 2.6 12.5 ± 2.9
Weight (kg) 64.2 ± 20.3 57.15 ± 21.4*
Height (cm) 157.2 ± 13.3 152.4 ± 14.7*
BMI (kg/m2) 25.3 ± 5.3 24.4 ± 6.7
Z-BMI 1.5 ± 0.7 1.0 ± 1.1*
WC (cm) 86.5 ± 15.0 80.2 ± 19.4*
Biochemical traits
Fasting glucose (mg/dl) 149.6 ± 77.2 89.0 ± 8.5*
2-h glucose (mg/dl) – 97.4 ± 19.7
HbA1c (%) 9.6 ± 3.4 5.6 ± 0.5*
Insulin (mUI/ml) 15.0 ± 19.6 10.3 ± 9.1*
HOMA-IR 5.2 ± 0.7 2.3 ± 0.3*
C-peptide (ng/dl) 2.4 ± 2.2 2.8 ± 2.3
Family history of T2D
Mother 39 (57.1) 8 (10.3)*
Father 17 (27.4) 4 (6.9)*
Maternal grandmother 39 (40.6) 17 (21.0)*
Paternal grandmother 37 (42.5) 15 (20.3)*
Paternal grandmother 37 (42.5) 15 (20.3)*
Maternal grandfather 26 (28.0) 18 (23.4)
Paternal grandfather 19 (22.1) 19 (25.7)
Perinatal factors
Birthweight (kg) 3.3 ± 0.6 3.1± 0.5
Gestational age (weeks) 37.9 ± 1.8 37.7 ± 1.8
Exposure to GD n (%) 13 (14.1) 1 (1.3)*
Breastfeeding (months) 9.5 ± 9.8 7.4 ± 5.7
Lifestyle
kcal/day 1783 ± 910 2316 ± 1152*
% Carbohydrates 54.5 ± 8.1 54.9 ± 8.8
% Lipids 27.2 ± 8.1 30.5 ± 7.2*
Physical activity (METS) 4.2 ± 5.2 2.6 ± 4.6*
Fitness score 72.3 ± 24.7 74.1 ± 23.7
Data are means (SD) or counts (percentages), as appropriate.
*p < 0.05 according to type and distribution of the variable: Student’s t test, Mann Whitney
U or X2.
BMI, body mass index; Z-BMI, Z-score BMI; WC, waist circumference; GD, gestational
diabetes.
FIGURE 1 | Allele frequency and association between individually single nucleotide polymorphisms and pediatric-onset type 2 diabetes.
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T2D after Bonferroni correction, while and six SNPs revealed a
nominal association with pediatric-onset T2D, yielding ORs
ranging from 1.2 to 2.7 (Figure 1).

To examine the cumulative effects of the SNPs, the GRS were
compared between both groups. Accordingly, pediatric-onset
T2D cases had a significantly higher mean GRS value than
controls (Figure 2).

A multivariable logistic regression model was fitted with all
non-genetic factors evaluated. After model reduction, Z-BMI
(OR = 1.7; p = 0.009) and maternal history of T2D (OR = 7.1; p <
0.001) were identified as significant and independent clinical
predictors of pediatric-onset T2D (Model 1). No association with
any other clinical factor was observed. Moreover, Model 2
showed that the GRS was significantly associated with
pediatric-onset T2D (OR 1.3 per risk allele; p = 0.006). Finally,
Model 3 revealed the same GRS size effect after adjusting for Z-
BMI, maternal diabetes, age, gender, and fitness score (Table 3).

The McFadden’s test (Table 3) showed that the model
including only clinical variables and only GRS had a pseudo R2

of 0.15 and 0.14, respectively. Notably, the model that included
clinical variables plus GRS significantly increased the model fit to
0.21 (p < 0.01).

Figure 3 shows the AUC for pediatric-onset T2D according
to the three models. Model 3 had a better performance than
Model 1, which in turn had a better performance than Model 2
(p = 0.01). The addition of the GRS into the clinical factors
increased the AUC by 7 percentage points.
DISCUSSION

Developing prediction models for the identification of
individuals at risk for early onset T2D is important in order to
establish measures for preventing or delaying disease onset.
Recently, several studies have shown that certain SNPs were
associated with pediatric-onset T2D (23, 26, 27, 36, 38–40).
Given that such SNPs individually have low predictive ability
Frontiers in Endocrinology | www.frontiersin.org 5
for the risk of T2D, the GRS provides an opportunity to evaluate
the cumulative effects of genetic factors. Although a previous
study had shown that the GRS was associated with younger age
at T2D diagnosis (41), to the best of our knowledge, this has been
the first study to evaluate the utility of the GRS for predicting
pediatric-onset T2D among the Mexican population. Our results
are important to determine the utility of genetic factors for
identifying susceptible populations in low- to middle-
income countries.

The current study found that more than 95% of pediatric-
onset T2D cases had six or more risk alleles and a higher mean
GRS compared to controls. Although the risk per individual
allele was low (OR 1.3, CI95%: 1.1;1.6), combining the markers
could indicate great risk. These results are in agreement with the
findings of other cross-sectional and follow-up studies wherein
different GRSs were associated with T2D-related traits in adults
of different ethnic groups (OR 1.06 to 2.2 per risk allele).
However, most of the aforementioned studies included tens to
FIGURE 2 | Genetic risk score density of the 10 single nucleotide polymorphisms between cases and controls.
TABLE 3 | Logistic regression for pediatric-onset type 2 diabetes using clinical
risk factors and the genetic risk score as predictors.

OR 95% CI p

Model 1 (pseudo R2 = 0.15, p < 0.001)*
BMI (Z-score) 1.7 1.1 ; 2.5 0.009
Maternal Diabetes 7.1 2.8 ; 17.8 <0.001
Age (years) 1.1 0.9 ; 1.2 0.444
Gender (male) 1.1 0.6 ; 2.3 0.72
Fitness score 0.9 0.9 ; 1.0 0.822
Model 2 (pseudo R2 = 0.14, p < 0.001)
GRS (per risk allele) 1.3 1.1 ; 1.6 0.006
Model 3 (pseudo R2 = 0.21), p < 0.001)*
GRS (per risk allele) 1.3 1.0 ; 1.6 0.025
BMI (Z-score) 1.5 0.9 ; 2.4 0.146
Maternal Diabetes 8.5 2.8 ; 26.1 <0.001
Age (years) 1.1 0.9 ; 1.3 0.332
Gender (male) 1.2 0.5 ; 2.9 0.75
Fitness score 1.0 1.0 ; 1.0 0.778
March 2021
 | Volume 12 | Article
*McFadden’s pseudo R2, likelihood ratio p < 0.001.
OR, odds ratio; CI, confidence interval.
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hundreds of susceptibility loci (14–16, 27, 28, 42–53). Taken
together, the presented information supports the utility of the
GRS in prediction models for T2D independent of
environmental risk factors.

The present study determined the utility of GRS in improving
risk prediction models. Accordingly, out results showed that the
model including only clinical variables (Z-BMI, maternal
diabetes, age, gender, and fitness score) had pseudo R2 value of
15%, whereas incorporating the GRS increased this to 21%.
Abdullah et al. previously reported that the inclusion of a GRS
promoted an approximately 1%–2% increase in pseudo R2 (54).

Our findings showed that while the GRS had a lower
predictive ability for pediatric-onset T2D compared to clinical
factors, combining both factors prompted a modest yet
significant increase. The GRS utilized herein had a better AUC
(0.66) compared to that employed in previous reports wherein a
GRS with <10 SNPs had AUCs ranging from 0.56 to 0.59, a GRS
with 10 to 20 SNPs had AUCs of 0.55 to 0.68, and a GRS with
>30 SNPs had AUCs from 0.58 to 0.64 (55). On the other hand,
conventional risk models that included variables, such as age,
sex, BMI, physical activity level, family history of diabetes,
ethnicity, smoking status, alcohol consumption, waist
circumference, waist-to-hip ratio, and blood pressure, have
reported AUCs ranging from 0.63 to 0.96 (21). The
aforementioned findings are similar to those presented herein,
where an AUC of 0.72 was achieved for the model including Z-
BMI, maternal history of T2D, age, sex and fitness score.

Previous studies have reported that the inclusion of genetic
markers resulted in a slight improvement, with differences in
AUCs ranging from 0 to 0.12 and net reclassification of T2D risk
prediction models from −2.2% to 10.2% (21). However, the
current study obtained a 7 percentage point increase in the
Frontiers in Endocrinology | www.frontiersin.org 6
AUC after combining the GRS and clinical factors, a finding
consistent with that reported in previous studies wherein an
approximately 1 to 6 percentage point increase in AUCs for
adult-onset T2D and gestational diabetes was noted after adding
the GRS (27, 45, 54, 56–60). Larger studies have reported that a
GRS promoted a considerable improvement in the
discrimination of incident T2D, with Talmud et al. (61)
showing an 8.1% net reclassification improvement with GRS
and Läll y colleagues (62) reporting a 32.4% improvement.
Although increasing the number of SNPs included in the GRS
increase could improve its accuracy, this would come at
increased cost and model complexity.

Specific information for pediatric populations has remained
scarce, with previous reports failing to investigate the utility of
incorporating the GRS into prediction models. Vassy et al.
evaluated models for incident T2D using risk factors assessed
in adolescence (demographics, family history, physical
examination, and biomarkers) in conjunction with 38 SNPs.
Although their findings showed a hazard ratio of 1.06–1.09 per
risk allele, the addition of the GRS did not improve the
discriminative ability of the model (63). Pitkänen et al., who
examined whether the addition of a weighted GRS based on 73
genetic variants to childhood risk factors improved the
identification of T2D risk during adulthood, reported a lower
and non-significant net reclassification improvement for T2D
(2.1%, p = 0.158) (64).

Genetic risk factors, which can be measured objectively,
remain unchanged throughout the course of life. However,
genotyping carries far greater costs compared to the
measurement of conventional risk factors, which, in most
cases, requires only a medical history and physical
examination. Despite the improvement in pediatric-onset risk
FIGURE 3 | Area under the receiver operating characteristic curve for pediatric-onset type 2 diabetes.
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classification after including a GRS, the modest effects compared
to non-genetic risk factors (Z-BMI and maternal diabetes
history) need to be considered, with insufficient evidence to
recommend incorporating a GRS into clinical practice. In other
words, despite the substantial relevance of a GRS for research
studies, it provides limited clinical value to routine medical
practice given its modest benefits in improving the prediction
of T2D over traditional clinical risk factors. Other authors have
reported similar results wherein genetic information provided no
incremental value compared to standard non-invasive and
metabolic markers, such as age, positive family history, and
obesity (65).

A family history of diabetes and, in specific cases, a maternal
history of diabetes reflects not only genetic predisposition but
also shared environmental and lifestyle factors and even inclusive
fetal programming (25, 66). In fact, Do and colleagues showed
that a complete family history provides better prediction than 21
SNPs (67). Studies have indicated that a family history of T2D
remains a strong, independent, and easily assessed risk factor for
T2D (68).

Most SNPs included herein have also been associated with
obesity. However, as reported by other authors, we observed that
a genetic predisposition to obesity leads to increased risk for T2D
independent of Z-BMI (69). Other authors that have evaluated
the GRS in conjunction with non-genetic risk factors (obesity,
unhealthy life style, family history of T2D among first-degree
relatives, and socioeconomic status) have confirmed that latter
lead to increased risk of T2D (52, 70–72). These observations
highlight the need for prioritizing the prevention of
environmental exposure over unmodifiable genetic factors. The
main point that needs to be highlighted is that lifestyle
interventions have been proven effective in preventing or
delaying the T2D onset and could attenuate the effect of the
genetic variants (21, 73–81). In addition, individuals who gain
weight may be more susceptible to the cumulative impact of T2D
variants (14).

The current study evaluated environmental risk factors in
conjunction with a GRS, including SNPs previously reported to
be associated with pediatric-onset T2D in Mexicans (23, 26, 27).
However, the combined model (GRS and clinical factors) only
explained 21% of the variance between cases and control. One of
the limitations of this study is that our results may not be
generalizable to populations with different ethnic backgrounds.
Other limitations include the cross-sectional design, which
limited our ability to determine the effects of the risk factors
on the progression of T2D over time, the small number of
individuals included due to the low prevalence of the disease
among pediatric patients, the subjective measurements of
dietary patterns.

Moreover, we cannot rule out other nonadditive models as an
alternative to the unweighted GRS and whether the
incorporation of a great number of variants among the
hundreds of SNPs associated with T2D might enhance
prediction. Furthermore, we could not confirm the association
between dietary habits and the risk of pediatric-onset T2D. We
believe that the case–control design prevented us from
Frontiers in Endocrinology | www.frontiersin.org 7
identifying dietary habits that increased risk given that
nutritional management for the cases was established at the
time of diagnosis. Nonetheless, follow-up studies could perhaps
observe the effects of dietary habits on T2D risk as previously
reported (82, 83). Despite the lack of association between dietary
habits and T2D herein, the involvement of diet is obvious given
that it is the main determinant for the Z-BMI. Taken together,
larger studies employing a prospective design and including
other SNPs and more objective measures of non-genetic
factors are certainly needed.

In conclusion, the current study showed that a GRS based on
10 SNPs improved pediatric-onset T2D risk classification in
Mexicans after accounting clinical risk factors. The above, is
indicative of the clinical potential of adding genetic information
in every day clinical practice. However, clinical risk factors, such
as maternal history of diabetes and Z-BMI, which can be easily
measured in clinical practice, remain the principal risk factors.
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18. Stančáková A, Kuulasmaa T, Kuusisto J, Mohlke KL, Collins FS, Boehnke M,
et al. Genetic risk scores in the prediction of plasma glucose, impaired insulin
secretion, insulin resistance and incident type 2 diabetes in the METSIM
study. Diabetologia (2017) 60:1722–30. doi: 10.1007/s00125-017-4313-4

19. Rao P, Zhou Y, Ge SQ, Wang AX, Yu XW, Alzain MA, et al. Validation of
Type 2 diabetes risk variants identified by Genome-Wide Association Studies
in northern Han Chinese. Int J Environ Res Public Health (2016) 13:1–10.
doi: 10.3390/ijerph13090863

20. Pigeyre M, Sjaarda J, Chong M, Hess S, Bosch J, Yusuf S, et al. ACE and Type 2
diabetes risk: A Mendelian randomization study. Diabetes Care (2020)
43:835–42. doi: 10.2337/dc19-1973

21. Echouffo-Tcheugui JB, Dieffenbach SD, Kengne AP. Added value of novel
circulating and genetic biomarkers in type 2 diabetes prediction: A systematic
review. Diabetes Res Clin Pract (2013) 101:255–69. doi: 10.1016/
j.diabres.2013.03.023

22. Fontaine-Bisson B, Renström F, Rolandsson O, The MAGIC Investigators, ,
Payne F, Hallmans G, et al. Evaluating the discriminative power of multi-trait
genetic risk scores for type 2 diabetes in a northern Swedish population.
Diabetologia (2010) 53:2155–62. doi: 10.1007/s00125-010-1792-y

23. Miranda-Lora AL, Molina-Dıáz M, Cruz M, Sánchez-Urbina R, Martıńez-
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