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Background & aims: Cardiometabolic traits are complex interrelated traits that result from a combination
of genetic and lifestyle factors. This study aimed to assess the interaction between genetic variants and
dietary macronutrient intake on cardiometabolic traits [body mass index, waist circumference, total
cholesterol, high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol, tri-

Iée;;l ‘Zgrcdf_isk score acylglycerol, systolic blood pressure, diastolic blood pressure, fasting serum glucose, fasting serum in-
Peru sulin, and glycated haemoglobin].

Lipids Methods: This cross-sectional study consisted of 468 urban young adults aged 20 + 1 years, and it was
HDL-C conducted as part of the Study of Obesity, Nutrition, Genes and Social factors (SONGS) project, a sub-
Carbohydrate intake study of the Young Lives study. Thirty-nine single nucleotide polymorphisms (SNPs) known to be
Gene—diet interaction associated with cardiometabolic traits at a genome-wide significance level (P < 5 x 10~8) were used to

construct a genetic risk score (GRS).

Results: There were no significant associations between the GRS and any of the cardiometabolic traits.
However, a significant interaction was observed between the GRS and carbohydrate intake on HDL-C
concentration (Pipteraction = 0.0007). In the first tertile of carbohydrate intake (<327 g/day), partici-
pants with a high GRS (>37 risk alleles) had a higher concentration of HDL-C than those with a low GRS
(<37 risk alleles) [Beta = 0.06 mmol/L, 95 % confidence interval (CI), 0.01—0.10; P = 0.018]. In the third
tertile of carbohydrate intake (>452 g/day), participants with a high GRS had a lower concentration of
HDL-C than those with a low GRS (Beta = —0.04 mmol/L, 95 % CI —0.01 to —0.09; P = 0.027). A significant
interaction was also observed between the GRS and glycaemic load (GL) on the concentration of HDL-C

Abbreviations: SONGS, Study of Obesity, Nutrition, Genes and Social factors; YLS, Young Lives Study; CVDs, cardiovascular diseases; SNPs, single nucleotide poly-
morphisms; GRS, genetic risk score; HDL-C, high-density lipoprotein cholesterol; HDL, high-density lipoprotein; LDL-C, low-density lipoprotein cholesterol; TAG, tri-
acylglycerol; TC, total cholesterol; BP, blood pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1c, glycated haemoglobin; BMI, body mass index; WC,
waist circumference; GI, glycaemic index; GL, glycaemic load; CI, confidence interval; LACP, Latin American and Caribbean populations; HR, hazard ratio; GWA, genome-wide
association; WHO, World Health Organization; FFQ, food frequency questionnaire; HWE, Hardy-Weinberg Equilibrium; SPSS, Statistical Package for the Social Sciences; SD,
standard deviation; SE, standard error; TEI, total energy intake; GOLDN, Genetics of Lipid Lowering Drugs and Diet Network.
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(Pinteraction = 0.002). For participants with a high GRS, there were lower concentrations of HDL-C across
tertiles of GL (Ptreng = 0.017). There was no significant interaction between the GRS and glycaemic index
on the concentration of HDL-C, and none of the other GRS*macronutrient interactions were significant.
Conclusions: Our results suggest that young adults who consume a higher carbohydrate diet and have a
higher GRS have a lower HDL-C concentration, which in turn is linked to cardiovascular diseases, and
indicate that personalised nutrition strategies targeting a reduction in carbohydrate intake might be
beneficial for these individuals.

© 2025 The Author(s). Published by Elsevier Ltd on behalf of European Society for Clinical Nutrition and
Metabolism. This is an open access article under the CC BY license (http://creativecommons.org/licenses/

by/4.0/).

1. Introduction

Cardiometabolic diseases including cardiovascular diseases
(CVDs) remain a threat to global public health, and in 2019, around
32 % of worldwide mortality was attributable to CVDs [1]. These
diseases place a significant burden on low- and middle-income
countries, where more than three-quarters of CVD deaths occur
[1,2]. Obesity, a key risk factor for cardiometabolic diseases has
been increasing in Latin America, affecting over 26 % of women and
21 % of men in Peru [3]. According to a study which examined
mortality and disability in Peru, using data from the Global Burden
of Disease, Injuries and Risk Factors (2019) study [4], high body
mass index (BMI) was among the key risk factors linked to
disability-adjusted life years. Similarly, a high prevalence of dysli-
pidaemia, in particular, low concentration of high-density lipo-
protein cholesterol (HDL-C) (48 %) has been reported in Latin
American and Caribbean populations (LACP) [5]. Moreover, Peru
experienced a substantial increase in fatalities related to CVDs
(77.8 %) between 2020 and 2022 [6].

Obesity is associated with increased risk of CVDs [7—12] which
is partly driven by atherogenic dyslipidaemia [9,13]. Although the
underlying mechanisms are complex, adipose tissue dysfunction
results in several metabolic and cardiovascular disturbances
including impaired lipid metabolism [13—15]. Obesity has been
linked to alterations in the concentration and distribution of high-
density lipoprotein (HDL) particles, and low levels or dysfunctional
HDL contributes to the development of CVDs [9,16,17]. A meta-
analysis of 97 prospective cohort studies with a total of 1-8
million participants [7] indicated that, in contrast to normal weight,
overweight or obesity was linked to a higher risk of coronary heart
disease and stroke, with obesity demonstrating a more substantial
impact than overweight [hazard ratio (HR) and 95 % confidence
interval (CI) for obesity vs normal weight: 1.69 (1.58—1.81) for
coronary heart disease; 1.47 (1.36—1.59) for stroke] [7]. Numerous
studies have indicated that obesity and other risk factors for car-
diometabolic diseases result from multiple factors including ge-
netic and environmental factors [18—25], and in Peru the rise in
cardiometabolic risk factors has coincided with a shift in lifestyle
pattern in which there is increased consumption of high-caloric
foods, animal-based products and sugar-sweetened beverages
[26—28] as well as a decline in physical activity [29,30].

Genome-wide association (GWA) studies have identified many
genetic variants associated with cardiometabolic traits such as
overweight/obesity, dyslipidaemia, high blood pressure and high
fasting glucose levels, however, these variants explain a small frac-
tion of variation in BMI [31—33] and blood lipid levels [34—36].
Moreover, the genetic susceptibility to cardiometabolic traits has
been shown to be impacted by lifestyle factors such as dietary intake
and physical activity level [18,19,23,37—40]. To our knowledge, no
studies have examined gene—lifestyle interactions on car-
diometabolic traits in the Peruvian population. Hence, we aimed to
assess the interaction between a genetic risk score (GRS) and dietary
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macronutrient intake on cardiometabolic traits in an urban Peruvian
young adult population. The GRS approach has been shown to be
more effective in predicting the genetic risk of complex traits, where
the effect size of single variants is often modest [19,38,40,41].

2. Methods
2.1. Study participants

This study was conducted as part of the Study of Obesity,
Nutrition, Genes and Social factors (SONGS) project, a sub-study
nested in the Young Lives Study (YLS) in Peru. The YLS is a multi-
centre longitudinal survey established in 2002 that follows two
birth cohorts (a younger cohort born in 2001-2002, and an older
cohort, born in 1994—1995) of children in Peru, India (Andhra
Pradesh and Telangana), Ethiopia and Vietnam. In Peru, the original
sample corresponds to 2053 children aged 6—18 months in 2002.
The YLS sample was selected in two stages. First, 20 clusters were
randomly selected from the universe of districts in the country,
excluding the wealthiest 5 %. Second, approximately 100 house-
holds were chosen at random in each cluster [42]. The sample
covers the diversity of living standard conditions observed in the
country [42]. Each cohort of participants was visited personally in
2002, 2006, 2009, 2013, and 2016. In 2020 and 2021, due to COVID-
19 restrictions, the YLS was administered by phone survey and
using an online virtual survey (2021) for collecting specific dietary
data in Peru [43].

Participants for this sub-study come from 12 of the original 20
clusters and include 833 urban participants that responded to the
phone survey call in 2020. The clusters were purposively chosen to
capture the diversity of the country, thus districts located in the
Coast, Highland and Jungle regions were selected. Participants were
visited by the fieldworkers between July and October 2022 to
obtain the specific data for this sub-study. From an initial sample of
833 participants, 735 participants had dietary intake data and after
excluding those with missing data for genotyping (YLS participants
that refused to provide a blood sample), 620 participants remained.
Out of the 620 participants, 468 met the inclusion criteria and were
included in the current analysis (Supplementary Figure S1). The
inclusion criterion was urban young Peruvian with no diagnosis of
chronic diseases. Participants were excluded if they had any chronic
condition such as diabetes, thyroid disorder, or polycystic ovary
syndrome (n = 148). Participants who were pregnant (n = 1) or
breastfeeding (n = 3) were also excluded.

2.2. Anthropometric, blood pressure and biochemical
measurements

Anthropometric measurements were taken by trained field-
workers. The anthropometric variables included height, weight and
waist circumference (WC) in centimetres (cm). BMI was calculated
using weight (kg) divided by height in meters (m) squared. Weight
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was measured using a digital platform balance (SECA 813) with
100-g precision and 200-kg capacity, while height was measured
using a portable stadiometer (SECA 213) with a 1-mm precision.
Finally, WC was measured using a “ergonomic circumference
measuring/retractable stainless steel” tape with a 1-mm precision.
The reference measurements were obtained following the stand-
ardised protocol by the World Health Organization (WHO) [44,45].

Blood pressure (BP) in mmHg and biochemical measurements
were taken by trained health technicians. The BP was taken from
the left hand after resting quietly in a seated position for 5 min; two
consecutive BP measurements (systolic, SBP and diastolic, DBP)
were taken 3 min apart using a digital upper-arm electronic device
(Omron HEM-7130). After two BP measurements were taken, the
mean of both SBP and DBP were calculated. Standard protocols and
validation of devices have been previously reported [46]. Fasting
serum lipids [total cholesterol (TC), triacylglycerol (TAG) and HDL-
C], glucose and glycated haemoglobin (HbA1c) were quantified by
using the RX Daytona Plus clinical chemistry analyser (Randox
Laboratories Limited, Crumlin, UK) using kits supplied by Randox.
Fasting serum low-density lipoprotein cholesterol (LDL-C) con-
centration was estimated using the Friedewald equation [47] and
non-HDL-C was calculated by subtracting HDL-C from TC. Human
insulin was measured using ELISA kits from Protein Simple (Bio-
Techne) and the Ella automated Simple Plex instrument (Protein
Simple, Bio-Techne). Briefly, plasma samples were centrifuged at
4 °C for 10 min (16,000xg) and the supernatant (50 pL) used for
analysis, following the manufacturer's instructions (samples were
diluted 1:2 prior to analysis).

2.3. Dietary assessment

Dietary intake information was assessed using an online 47-item
semi-quantitative food frequency questionnaire (FFQ) previously
validated in the YLS [48]. The internal consistency of the instruments
demonstrated good performance, with a Cronbach's alpha of 0.82 for
all food groups. For each food item, participants were asked to recall
the frequency and number of portions consumed during the last
month, as well as the number of portions consumed at each occasion,
where portion sizes of known weight (g) were selected from a series
of photographs. Field researchers input the data with usual frequency
estimated within food categories, ranging from never or rarely to
more than 5 times daily, which was later converted to number of
times per day. To estimate the quantity consumed per day (g/day), the
portion size (g) selected was multiplied by frequency per day. To
estimate the macronutrient (energy, carbohydrate, protein, fat) and
fibre intake, food composition data from the Instituto de Inves-
tigacion Nutricional database of the Centro Nacional de Alimentacién
y Nutricién (Peru), and a Latin-American food composition table from
the INCAP (Venezuela), was used.

The dietary glycaemic index (GI) for each participant was ob-
tained by multiplying the published GI value of each food item by
the amount consumed and the grams of available carbohydrate,
then adding up the values and dividing by the total daily carbo-
hydrate intake [49,50]. The glycaemic load (GL) was calculated by
multiplying the published GI value of the food item by the amount
consumed and the grams of available carbohydrate, then dividing
by 100. The values were then added up to obtain the dietary GL
[50,51].

2.4. SNP selection and genotyping

We selected a total of 39 SNPs which have shown an association
with cardiometabolic traits at a genome-wide significance level
(P < 5 x 1078 (Supplementary Table S1): alpha-ketoglutarate-
dependent dioxygenase (FTO) SNP rs1558902 [31,52—55];
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transmembrane protein 18 (TMEM18) SNP rs13021737 [31,56—60];
melanocortin 4 receptor (MC4R) SNP rs6567160 [31,59,61—63];
glucosamine-6-phosphate deaminase 2 (GNPDA2) SNP rs10938397
[31,61,64,65]; SEC16 homolog B, endoplasmic reticulum export
factor (SEC16B) SNP rs543874 [31,59,60,65,66]; BCDIN3 domain
containing RNA methyltransferase (BCDIN3D) SNP rs7138803
[31,59,60,64,65]; transcription factor AP-2 beta (TFAP2B) SNP
rs2207139 [31,58,60,64]; neuronal growth regulator 1 (NEGR1) SNP
rs3101336 [31,56—59]; adenylate cyclase 3 (ADCY3) SNP rs10182181
[31,56,57,67]; ETS variant transcription factor 5 (ETV5) SNP
rs1516725 [31,36,56,64]; glutaminyl-peptide cyclotransferase like
(QPCTL) SNP rs2287019 [31,59,65,68]; G protein-coupled receptor
class C group 5 member B (GPRC5B) SNP rs12446632 [31,59,64,67];
mitochondrial carrier 2 (MTCH2) SNP rs3817334 [56,57,66,67];
centriolar protein (POC5) SNP rs2112347 [31,59,61,65]; mitogen-
activated protein kinase 5 (MAP2K) SNP rs16951275 [31,58,69];
zinc finger CCCH-type containing 4 (ZC3H4) SNP rs3810291
[31,61,62,65]; FPGT-TNNI3K read through (FPGT-TNNI3K) SNP
rs12566985 [31,58,70]; leucine-rich repeat and immunoglobulin-
like domain-containing nogo receptor-interacting protein 2
(LINGOZ2) SNP rs10968576 [31,60,66,71]; cell adhesion molecule 1
(CADMT1) SNP 1s12286929 [31,57,59]; protein kinase D1 (PRKD1)
SNP rs12885454 [31,65,66]; AGBL carboxypeptidase 4 (AGBL4) SNP
rs657452 [31,57,60]; polypyrimidine tract binding protein 2 (PTBP2)
SNP rs11165643 [31,56,60,61]; NLR family CARD domain containing
3 (NLRC3) SNP rs758747 [31,57]; syntaxin binding protein 6
(STXBP6) SNP rs10132280 [31,59,65]; Huntingtin interacting pro-
tein 1 (HIP1) SNP rs1167827 [31,66]; cell adhesion molecule 2
(CADM2) SNP rs13078960 [31]; far upstream element binding
protein 1 (FUBP1) SNP rs12401738 [31,67]; olfactomedin 4 (OLFM4)
SNP rs12429545 [56,58,65]; RAS p21 protein activator 2 (RASA2)
SNP rs16851483 [31,58]; hypoxia inducible factor 1 subunit alpha
inhibitor (HIFIAN) SNP rs17094222 [31,66]; hepatocyte nuclear
factor 4 gamma (HNF4G) SNP rs17405819 [57,59,72]; toll like re-
ceptor 4 (TLR4) SNP rs1928295 [31,60]; neurexin 3 (NRXN3) SNP
rs7141420 [31,64]; inflammation and lipid regulator with UBA-like
and NBR1-like domains (ILRUN or C6orf106) SNP rs205262 [31];
fragile histidine triad diadenosine triphosphatase (FHIT) SNP
rs2365389 [31,66]; neuron navigator 1 (NAV1) SNP rs2820292 [31];
tripartite motif containing 66 (TRIM66) SNP rs4256980 [31,59]; erb-
b2 receptor tyrosine kinase 4 (ERBB4) SNP rs7599312 [31,53]; and
lysine acetyltransferase 8 (KAT8) SNP rs9925964 [31,57].

Blood samples for genotyping (3 ml) were collected in BD
Vacutainer® ethylenediamine tetraacetic acid (EDTA) tubes and
transported by the World Courier Company to London, UK. The
samples were collected in the fasting state through venepuncture
and stored at a controlled temperature of —80 °C during trans-
portation. Genotyping was completed by LGC Genomics, London,
UK (http://www.lgcgroup.com/services/genotyping), using the
competitive allele-specific PCR-KASP® assay.

2.5. Construction of genetic risk score (GRS)

An unweighted GRS was constructed by adding the number of
risk alleles across all the 39 SNPs for each participant. For each SNP,
a score of 0,1 or 2 was assigned to reflect the number of risk alleles
the participant carried for that SNP [0 for no risk alleles (homozy-
gous for the non-risk allele); 1 for one risk allele (heterozygote);
and 2 for two risk alleles (homozygous for the risk allele)]. The
scores for the 39 SNPs were then combined to calculate the GRS.
Thus, the GRS for each participant represented the total number of
risk alleles the participant carried from the 39 SNPs. The risk alleles
were not weighted because of insufficient information on effect
sizes of the SNPs for the Peruvian population. It has been high-
lighted that, data on effect sizes from a GWA study conducted in
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one population may not be applicable to another population
because of variations in effect sizes [23,73]. Moreover, assigning
weights to risk alleles has been reported to have little effect [41].
The risk alleles were defined as alleles which have shown an as-
sociation with altered blood lipid levels or obesity-related traits.
The risk alleles of the SNPs are shown in Supplementary Table S1.
The GRS had a median of 37 risk alleles and ranged from 27 to 49
risk alleles. Participants were grouped as low risk or high risk using
the median GRS as a cut-off point.

2.6. Statistical analysis

The means of continuous variables between men and women
were compared using independent sample t test. The results for
descriptive statistics are presented as means and standard devia-
tion. The distribution of the data was tested using Shapiro—Wilk
test and non-normally distributed variables (all the variables
except fasting glucose) were log-transformed before the analysis.
The frequencies of the alleles were determined by gene counting
and Hardy-Weinberg Equilibrium (HWE) was calculated using the
Chi-Square test. The 39 SNPs were all in HWE (P > 0.05)
(Supplementary Table S2).

The association of the GRS with the outcome variables (BMI, WC,
fasting glucose, fasting insulin, HbA1c, TC, HDL-C, LDL-C, TAG, SBP
and DBP) was examined using linear regression with adjustment
for sex, family history of diabetes, smoking status, physical activity
level and BMI wherever appropriate. To determine interactions
between the GRS and dietary macronutrient (fat, carbohydrate,
protein) and fibre intake (g/day) on the outcome variables, the
interaction term was added to the regression model. The analysis
was adjusted for sex, BMI, family history of diabetes, smoking
status, physical activity level and total energy intake. The statisti-
cally significant interaction (P < 0.05) was explored further by
stratifying participants according to tertiles of dietary intake and
examining the association of the GRS with the outcome variable in
each tertile. The Bonferroni adjusted P-value for interaction was
0.001 (1 GRS*11 outcome variables*4 dietary factors = 44 tests;
0.05/44 = 0.001). The Statistical Package for the Social Sciences
(SPSS) software (version 28; SPSS Inc., Chicago, IL, USA) was used to
perform the analyses.

3. Results
3.1. Characteristics of the study participants

The characteristics of the participants included in this study are
summarised in Table 1. The mean age of the sample was 20 + 1
years and men had significantly higher WC (P = 0.008), TAG
(P = 0.03), SBP (P = 1.0 x 10~2%), fasting glucose (P = 0.001) and
HbA1c (P = 1.92 x 10') but lower fasting insulin (P = 0.003) than
women. Men and women did not have significantly different BMI,
HDL-C, LDL-C or TC. Regarding dietary intake, men had significantly
higher intakes of energy (P = 6.8 x 10~12), total fat (P = 0.000002),
carbohydrate (P = 5.2 x 10~'4) and protein (P = 1.0 x 10~?) than
women, whereas fibre intake did not vary between sexes (P = 0.60).

3.2. Association of the GRS with cardiometabolic traits

There were no significant associations between the GRS and any
of the outcome variables after adjusting for the confounding fac-
tors, sex, family history of diabetes, smoking status, physical ac-
tivity level, and BMI wherever appropriate (Supplementary
Table S3). No regional effects were observed when participants
were stratified according to region of residence.
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3.3. Interaction of the GRS with dietary macronutrient intake on
cardiometabolic traits

A significant interaction was observed between the GRS and
carbohydrate intake on the concentration of HDL-C
(Pinteraction = 0.0007, Table 2). As shown in Fig. 1, in the first ter-
tile of carbohydrate intake (<327 g/day), participants with a high
GRS (>37 risk alleles) had a higher concentration of HDL-C than
those with a low GRS (<37 risk alleles) [Beta = 0.06 mmol/L, 95 %
confidence interval (CI) 0.01—0.10; P = 0.02]. In the third tertile of
carbohydrate intake (>452 g/day), participants with a high GRS had
a lower concentration of HDL-C than those with a low GRS
(Beta = —0.04 mmol/L, 95 % CI —0.01 to —0.09; P = 0.03). When the
effect of GL and GI were tested, a significant interaction was
observed between GRS and GL on the concentration of HDL-C
(Pinteraction = 0.002), however no significant differences were
observed when all the participants were stratified according to
tertiles of GL. For participants with a high GRS, there was a lower
concentration of HDL-C across tertiles of GL as shown in Fig. 2. No
significant interaction was identified between GRS and GI on the
concentration of HDL-C.

Although other significant interactions were observed as shown
in Table 2, four of the interactions (GRS*carbohydrate on TC,
GRS*fat on HDL-C, GRS*fat on glucose and GRS*protein on HDL-C)
were not significant after Bonferroni correction for multiple testing.
Two of the interactions (GRS*carbohydrate on serum fasting
glucose and GRS*protein on serum fasting glucose) passed the
Bonferroni correction, but no significant differences were found
when participants were stratified according to the quantity of
carbohydrate and protein intake. No regional effects were observed
when participants were stratified according to region of residence.
When the participants were stratified by sex, significant in-
teractions were observed in both men and women, as shown in
Table 2, but only two of the interactions (GRS*carbohydrate on the
concentration of HDL-C, and GRS*fat on the concentration of HDL-C
in men) met the Bonferroni threshold. However, no significant
differences were found when the participants were stratified ac-
cording to the quantity of carbohydrate and fat intake.

4. Discussion

Our study indicates that carbohydrate intake might modulate
genetic influences on HDL-C concentration in urban Peruvian young
adults. We found a significant interaction between GRS and carbo-
hydrate intake on the concentration of HDL-C where individuals
with a higher genetic risk had a lower HDL-C concentration when
their intake of carbohydrate was higher (>452 g/day). Conversely,
when the intake of carbohydrate was lower (<327 g/day), the con-
centration of HDL-C was higher. For participants with a high GRS,
there was a lower concentration of HDL-C across tertiles of GL.

4.1. Interpretation of main findings

This study builds on previous research and emphasises the po-
tential of personalised nutrition based on a GRS for the prevention
and management of lipid abnormalities in those with a high genetic
risk. Given that low HDL-C concentrations have been identified as
the most common lipid abnormality in LACP [5], and is related to a
higher risk of CVDs [74—76], our findings have considerable public
health implications. According to the dietary guidelines for Ameri-
cans (2020—2025) [77], carbohydrates should make up 45—65 % of
total daily calories. The WHO [78] also recommends that carbohy-
drates should predominantly be sourced from whole grains, vege-
tables, fruits and legumes. The mean carbohydrate intake as a
percentage of total energy intake (TEI) in the current study was 51 %,
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Table 1
Characteristics of study participants by sex.
All (n = 468) Women (n = 210) Men (n = 258) P Value
Mean SD Mean SD Mean SD

Age (years) 204 0.5 204 0.5 20.5 0.5 0.88
BMI (kg/m?) 243 4.1 24.4 42 24.2 42 0.60
WC (cm) 81.2 10.2 79.9 9.5 82.2 10.6 0.008
TAG (mmol/L) 1.1 0.7 1.0 0.6 1.1 0.7 0.03
HDL-C (mmol/L) 1.1 0.3 1.1 0.4 1.1 0.3 0.92
LDL-C (mmol/L) 2.0 0.6 1.9 0.6 2.0 0.6 0.22
TC (mmol/L) 3.6 0.9 35 1.0 3.6 0.9 0.10
SBP (mmHg) 103.5 11.0 98.5 9.1 107.5 10.7 1.0 x 107
DBP (mmHg) 66.5 75 65.9 7.0 67.0 7.8 0.07
Fasting glucose (mmol/L) 4.4 0.8 43 0.8 4.5 0.7 0.001
Fasting insulin (pmol/L) 63.0 47.8 69.7 52.3 57.5 43.0 0.003
HbA1lc (%) 5.4 0.3 5.3 0.3 5.5 0.3 1.92 x 10716
Energy (kcal/day) 3304.0 1427.7 2870.8 1116.6 3660.4 1553.4 6.8 x 10712
Kcal/kg of body weight 53.4 248 55.3 239 55.1 255 0.09
Total fat [(g/day)/% energy] 109.2 (29) 57.8 (6) 97.0 (30) 482 (6) 119.2 (28) 62.9 (7) 0.000002
Carbohydrate [(g/day)/% energy] 417.9 (51) 180.8 (8) 357.9 (50) 139.8 (8) 467.1 (52) 195.3 (8) 52 x 1071
Protein [(g/day)/% energy] 172.8 (21) 80.5 (4) 151.0 (21) 62.6 (3) 190.7 (21) 88.8 (4) 1.0 x 10~°
Protein/kg of body weight 2.8 14 2.7 14 2.9 1.5 0.14
Fiber (g/day) 11.1 7.3 10.9 7.4 113 7.3 0.60
Dietary GI 57.2 4.0 56.6 4.0 58.0 3.8 0.00003
Dietary GL 1529 83.5 139.8 59.4 186.3 81.9 2.6 x 104

Data is presented as mean + standard deviation. BMI, body mass index; WC, waist circumference; TAG, triacylglycerol; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; TC, total cholesterol; SBP, systolic blood pressure; DBP, diastolic blood pressure; HbA1lc, glycated haemoglobin; GI, glycaemic index;

GL, glycaemic load.

P values for the differences in means between men and women were calculated using independent sample t test.

which is within the recommended intake for Americans [77]. The
mean carbohydrate intake in the first tertile was 42 % of TEI while
the mean intake for the third tertile was 60 % of TEL. The mean HDL-C
concentration on the other hand was 1.10 mmol/L for both men and
women which is within the recommended level for men [>40 mg/
dL (1.03 mmol/L)], but lower than the recommended level for
women [>50 mg/dL (1.30 mmol/L)] [79]. A 1 mg/dL (0.03 mmol/L)
increase in the concentration of HDL-C has been associated with a
2—3% lower risk of coronary heart disease [80]. However, it has been
recognised that, the concentration of HDL-C does not necessarily
correlate with the function of HDL [81,82].

In line with our findings, a cross-sectional study of 8314 Korean
adults from the Ansan and Ansung cohort of the Korean Genome
and Epidemiology Study [83] observed that, among individuals
with a high GRS (third tertile of a weighted GRS using 18 SNPs),
those with a high low-carbohydrate diet score, indicating a low
carbohydrate content (64.6 % of TEI), had significantly lower risk of
low HDL-C (odds ratio, 0.759; 95 % CI, 0.625—0.923; P < 0.05) than
those with a low score [high carbohydrate content (78.8 % of TEI)].
However, it should be noted that the low carbohydrate diet score
represented a low content of carbohydrate and a high content of
protein and fat, which could have a positive effect on HDL-C
depending on the type of fat [83]. Moreover, the carbohydrate
intake (% of TEI) in the current study was lower than the Korean
study [83]. The mean carbohydrate intake in the first tertile was
42 % of TEI while the mean intake for the third tertile was 60 % of
TEI, suggesting that Peruvians might benefit from an intake of less
than 60 % of TEL Similarly, a study consisting of 920 participants
from the Genetics of Lipid Lowering Drugs and Diet Network
(GOLDN) Study in the US [84] observed a significant interaction
between genetic variants and carbohydrate intake on HDL-C con-
centration (Pjpteraction<0.001—0.038), in which individuals with the
‘GG’ genotype of potassium channel tetramerization domain con-
taining 10 (KCTD10) SNP i5642G — C and metabolism of cobalamin
associated B (MMAB) SNP 3U3527G — C; as well as those with the
‘CC or TC genotype of KCTD10 SNP V206VT — C had lower HDL-C
concentration only when they consumed diets higher in carbohy-
drates (>231 g/day) (P < 0.001—-0.011). In comparison to our study,
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the carbohydrate intake in this study [84] was lower (median
intake of 231 g/day compared to 387 g/day in the current study).
Our finding of an inverse association between GL and HDL-C con-
centration has also been reported in previous studies [85,86]. The
first study [85] consisted of 1026 adults from the Insulin Resistance
Atherosclerosis Study [85] where GL was found to be inversely
associated with the concentration of HDL-C (Beta —0.0009,
P < 0.001). Accordingly, the second study [86] which involved 5011
participants from the third National Health and Nutrition Exami-
nation Survey found a negative association between GL and the
concentration of HDL-C (P < 0.01). Collectively, these findings
demonstrate that carbohydrate intake might modulate genetic in-
fluences on HDL-C concentration in different ethnic groups.

The mechanisms linking carbohydrate intake to HDL-C con-
centrations are unclear. However, it has been suggested that a
lower carbohydrate diet might lead to an increase in HDL-C con-
centration possibly through an improvement in insulin resistance
[87]. A high carbohydrate diet, consisting mainly of refined carbo-
hydrates, was also reported to increase serum TAG concentrations
by stimulating de novo lipogenesis (fatty acid production) in the
liver and suppressing the activity of lipoprotein lipase through
increased production of apolipoprotein CIII, especially when insulin
resistance was present [88,89]. Furthermore, there is a recognised
reciprocal relationship between serum TAG and HDL-C concentra-
tions due to the exchange of neutral lipids (TAG with cholesterol
esters) between TAG-rich lipoproteins and LDL and HDL, resulting
in elevated atherogenic small dense LDL and reduced HDL [90,91].
Different types of carbohydrates however, can have varying effects
on HDL-C concentration [92] and it has been suggested that GL
serves as a measure of both the quality and quantity of dietary
carbohydrates [86]. Foods with a high GL tend to induce more
pronounced glycaemic and insulinemic reactions compared to
those with a low GL [93]. Hence, public health strategies targeting
the consumption of whole grains and fruits and vegetables might
be beneficial for the Peruvian population.

Regarding the genetic risk of low HDL-C concentration in LACP
and future prospects, a systematic review conducted by our team
[21] indicated that, the concentration of HDL-C might be influenced
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Table 2
Interaction of GRS with dietary macronutrient intake on cardiometabolic traits.
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All: GRS < 37 risk alleles (n = 228); GRS > 37 risk alleles (n = 240)

Women: GRS < 37 risk alleles (n = 107); GRS > 37 risk alleles (n = 104)
Men: GRS < 37 risk alleles (n = 138); GRS > 37 risk alleles (n = 119)

GRS * Fat (g/day)

GRS * Protein (g/day)

GRS * Fiber (g/day)

Trait
Beta Coefficient + SE (Pinteraction)
GRS * Carbohydrate (g/day)
HDL-C (mmol/L) All 0.24 + 0.07 (0.0007)
Women —0.08 + 0.11 (0.50)
Men —0.38 + 0.09 (0.00007)
LDL-C (mmol/L) All 0.07 + 0.08 (0.40)
Women —0.08 + 0.12 (0.50)
Men —0.07 + 0.11 (0.52)
TAG (mmol/L) All 0.04 + 0.11 (0.73)
Women —0.24 + 0.17 (0.16)
Men 0.03 + 0.16 (0.86)
TC (mmol/L) All 0.12 + 0.06 (0.04)
Women —0.12 + 0.10 (0.25)
Men —0.16 + 0.08 (0.05)
SBP (mmHg) All 0.12 + 0.02 (0.55)
Women 0.03 + 0.03 (0.38)
Men —0.03 + 0.03 (0.25)
DBP (mmHg) All 0.001 + 0.03 (0.97)
Women 0.02 + 0.04 (0.57)
Men —0.02 + 0.04 (0.55)
Fasting glucose (mmol/L) All 1.38 + 0.39 (0.0005)
Women —1.01 + 0.66 (0.13)
Men —1.51 + 0.53 (0.005)
Fasting insulin (pmol/L) All 0.03 +0.11 (0.81)
Women —0.001 + 0.18 (0.99)
Men —0.003 + 0.16 (0.99)
HbA1c (%) All 0.02 + 0.01 (0.07)
Women —0.01 + 0.02 (0.61)
Men —0.05 + 0.02 (0.02)
BMI (kg/m?) All 0.05 + 0.04 (0.17)
Women —0.09 + 0.06 (0.12)
Men —0.04 + 0.05 (0.46)
WC? (cm) All 0.04 + 0.03 (0.16)
Women —0.05 + 0.23 (0.84)
Men —0.03 + 0.04 (0.52)

0.14 + 0.06 (0.009)
0.02 + 0.09 (0.82)
—0.23 + 0.07 (0.0008)
0.04 + 0.06 (0.55)
~0.06 + 0.10 (0.51
~0.02 + 0.08 (0.78
~0.02 + 0.09 (0.78
~0.11 + 0.14 (0.44
0.07 + 0.12 (0.57)
0.06 + 0.05 (0.18)
~0.05 + 0.83 (0.52)
~0.07 + 0.06 (0.21)
0.004 + 0.02 (0.78)
0.00 + 0.02 (0.90)
—0.002 + 0.02 (0.93)
0.003 + 0.02 (0.86)
0.02 + 0.03 (0.53)
~0.02 + 0.03 (0.56)
0.93 + 031 (0.003)
~0.58 + 0.55 (0.29)
~0.98 + 0.38 (0.01)
~0.09 + 0.09 (0.35)
0.09 + 0.15 (0.55)
0.13 + 0.11 (0.26)
0.01 + 0.01 (0.52)
~0.00 + 0.01 (0.73)
~0.01 + 0.02 (0.69)
0.02 + 0.03 (0.47)
—0.07 + 0.05 (0.14)
0.00 + 0.04 (0.96)
0.02 + 0.02 (0.47)
~0.02 + 0.19 (0.91)
0.00 + 0.03 (0.92)

0.17 + 0.06 (0.006)
~0.05 + 0.1 (0.63)
0.24 + 0.08 (0.002)
0.06 + 0.07 (0.39)
~0.12 + 0.11 (0.31)
~0.05 + 0.09 (0.61)
~0.01 + 0.10 (0.93)
~0.17 + 0.17 (0.31)
0.05 + 0.13 (0.72)
0.09 + 0.05 (0.10)
~0.11 + 0.10 (0.25)
~0.10 + 0.07 (0.14)
0.01 + 0.02 (0.51)
0.02 + 0.03 (0.58)
~0.02 + 0.02 (0.44)
0.004 + 0.02 (0.86)
0.04 + 0.04 (0.26)
~0.03 + 0.03 (0.36)
1.19 + 0.35 (0.0008)
~1.16 + 0.63 (0.07)
~1.07 + 0.43 (0.02)
~0.07 + 0.10 (0.48)
0.13 + 0.17 (0.45)
0.09 + 0.13 (0.51)
0.02 + 0.01 (0.14)
~0.00 + 0.01 (0.92)
~0.04 + 0.02 (0.04)
0.05 + 0.03 (0.11)
~0.13 + 0.05 (0.02)
~0.02 + 0.05 (0.65)
0.04 + 0.03 (0.09)
~0.19 + 0.21 (0.39)
~0.02 + 0.03 (0.62)

0.03 + 0.05 (0.51)
~0.13 + 0.08 (0.12)
—0.04 + 0.06 (0.54)
~0.03 + 0.05 (0.63)
0.00 + 0.08 (0.98)
0.004 + 0.07 (0.95)
~0.02 + 0.08 (0.83)
~0.03 +0.13 (0.81)
~0.01 + 0.10 (0.90)
~0.002 + 0.04 (0.97)
~0.52 + 0.07 (0.48)
0.02 + 0.05 (0.72)
0.001 + 0.01 (0.94)
0.00 + 0.02 (0.99)
—0.01 + 0.02 (0.49)
0.02 + 0.02 (0.24)
~0.03 + 0.03 (0.27)
~0.03 + 0.02 (0.31)
0.41 + 0.28 (0.15)
~0.99 + 0.48 (0.04)
~0.20 + 0.34 (0.57)
~0.01 + 0.08 (0.94)
0.03 + 0.13 (0.85)
~0.01 + 0.10 (0.92)
0.02 + 0.01 (0.03)
0.00 + 0.01 (0.95)
~0.05 + 0.02 (0.002)
0.05 + 0.03 (0.06)
—0.09 + 0.04 (0.03)
~0.02 + 0.04 (0.59)
0.04 + 0.02 (0.07)
0.01 + 0.16 (0.95)
~0.02 + 0.03 (0.42)

P values were obtained from linear regression analysis with adjustment for sex, family history of diabetes, smoking status, physical activity level, total energy intake and BMI
wherever appropriate. Log-transformed variables were used for the analysis and values in bold represent significant interactions. GRS, genetic risk score; TAG, triacylglycerol;
HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total cholesterol; SBP, systolic blood pressure; DBP, diastolic blood pressure;

HbA1c, glycated haemoglobin; BMI, body mass index; WC, waist circumference.
@ 457 participants had data for waist circumference.

by interactions between genetic variants and different dietary
factors, but most of the studies had not been replicated. In Brazil-
ians, a high polyunsaturated fatty acid intake (> twice a week) was
linked to higher HDL-C concentrations in individuals without the
‘E4’ allele of apolipoprotein E (APOE), and lower concentrations in
those with the ‘E4’ allele [94], while in Costa Ricans, a high satu-
rated fatty acid intake (13.5 % energy) was associated with lower
HDL-C concentrations in carriers of the ‘E2’ allele of APOE [95]. To
promote comparison across studies and facilitate the imple-
mentation of personalised dietary guidelines, future studies should
focus on replicating previously identified gene—diet interactions.
Once findings have been replicated, the evidence can further be
strengthened by conducting genotype-based dietary intervention
studies.

4.2. Strengths and limitations

One of the strengths of our study is the use of a GRS which re-
flects an individual's overall genetic predisposition to car-
diometabolic traits by combining several genetic variants.
Moreover, our study is the first gene—diet interaction study in Peru,
capturing different regions of Peru (Coast, Highland and the Jungle),
and the first to be conducted in adolescents, an unstudied non-
Caucasian group which has an increasing prevalence of CVDs
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[96—98] and lipid abnormalities which significantly increase the
risk of developing atherosclerotic CVDs later in life [99—103].
Another strength is the employment of validated methods and
skilled professionals to evaluate dietary consumption, anthropo-
metric and biochemical measurements, thereby enhancing the
precision of the assessments. However, several limitations need to
be acknowledged, including a small sample size which could have
affected our ability to detect interactions with small effect sizes
[104,105]. The cross-sectional design also prevents establishment of
causality [23]. Moreover, we did not investigate types of carbohy-
drates which can have varying effects on cardiometabolic traits
[106,107]. Additionally, using recalled FFQ rather than weighed diet
diaries or biomarkers of intake can lead to underestimation of di-
etary intake [108,109].

4.3. Conclusions

In conclusion, our study suggests that carbohydrate intake
might modulate genetic influences on HDL-C concentration in ur-
ban Peruvian young adults. The results suggest that young adults
who consume a higher carbohydrate diet and have a higher GRS
have a lower HDL-C concentration, which in turn is linked to CVDs.
Our findings support the dietary guidelines of the WHO and indi-
cate that personalised dietary guidelines targeting a reduction in
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Overall Py eraction=0.0007

Beta=0.06 mmol/L
P=0.018
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OGRS<37 risk alleles
BGRS>37 risk alleles

Beta=—0.04 mmol/L
P=0.027

Low (5327 g/day)

GRS<37risk alleles: n=80
GRS>37 risk alleles: n=76

Medium (328 - 452 g/day)

GRS<37risk alleles: n=82
GRS>37risk alleles: n=75

High (>452 g/day)

GRS<37risk alleles: n=84
GRS>37risk alleles: n=73

Quantity of carbohydrate intake (g/day)

Fig. 1. Interaction of GRS and carbohydrate intake on HDL-C concentration. In the first tertile of carbohydrate intake (<327 g/day), participants with a high GRS (>37 risk alleles)
had higher HDL-C concentration than those with a low GRS (<37 risk alleles). However, in the third tertile of carbohydrate intake (>452 g/day), participants with a high GRS had a
lower HDL-C concentration than those with a low GRS. The analysis was adjusted for sex, BMI, family history of diabetes, smoking status, physical activity level and total energy

intake.

Overall P,¢sqciation=0-023

™

vs T3 M GRS>37risk alleles

Beta=—0.06 mmol/L

Prend=0.017 P=0.021

1.2 4
g
g
£ 081
Q
D 04
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0 ; :
T1 (s118) T2 (119-170) T3 (>170)
n=73 n=76 n=75

Tertiles of Glycaemic Load

Fig. 2. Association of glycaemic load (GL) with HDL-C concentration in individuals with a high GRS. The concentration of HDL-C was lower across tertiles of GL. The analysis was
adjusted for sex, BMI, family history of diabetes, smoking status, physical activity level and total energy intake.

carbohydrate intake might be beneficial for Peruvian individuals
with a high genetic risk. However, randomised controlled trials and
longitudinal studies with large sample sizes are required to confirm
our findings.
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