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Abstract

Background Type 2 Diabetes (T2D) is influenced by genetic, environmental, and ageing factors. Ageing pathways
exacerbate metabolic diseases. This study aimed to examine both clinical and genetic factors of T2D in older adults.

Methods A total of 2,909 genotyped patients were enrolled in this study. Genome Wide Association Study was con-
ducted, comparing T2D patients to non-diabetic older adults aged > 60, > 65, or > 70 years, respectively. Binomial logis-
tic regressions were applied to examine the association between T2D and various risk factors. Stepwise logistic regres-
sion was conducted to explore the impact of low HDL (HDL <40 mg/dl) on the relationship between the genetic
variants and T2D. A further validation step using data from the UK Biobank with 53,779 subjects was performed.

Results The association of T2D with both low HDL and family history of T2D increased with the age of control groups.
T2D susceptibility variants (rs7756992, rs4712523 and rs10946403) were associated with T2D, more significantly

with increased age of the control group. These variants had stronger effects on T2D risk when combined with low
HDL cholesterol levels, especially in older control groups.

Conclusions The findings highlight a critical role of age, genetic predisposition, and HDL levels in T2D risk. The find-
ings suggest that individuals over 70 years who have high HDL levels without the T2D susceptibility alleles may be

at the lowest risk of developing T2D. These insights can inform tailored preventive strategies for older adults, enhanc-
ing personalized T2D risk assessments and interventions.
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Background

Heritability of Type 2 Diabetes (T2D) ranges from
30-70% and this variability maybe due to population
differences as well as the epidemiological approaches
employed. Family history doubles the risk for siblings and
triples it for first degree relatives [1, 2].

Genetic studies, particularly GWAS (Genome Wide
Association Study) have deepened our understanding of
T2D’s genetic susceptibility across various populations.
In the Lebanese population, TCFL2 (Transcription fac-
tor 7-like 2) and CDKAL1 (Cdk5 regulatory associated
protein 1-like 1) genes have previously been reported
as having a role in T2D disease susceptibility [3]. Vari-
ants within the CDKALI locus significantly increase
T2D risk as shown in several replication studies in
diverse populations [4]. Several GWAS studies report
the association of several genes related to lipid metabo-
lism [5-7]. Increased expression of GRINA (Glutamate
Receptor, lonotropic, N-Methyl D-Aspartate-Associ-
ated Protein 1) and GPR146 (G Protein-Coupled Recep-
tor 146) are associated with reduced levels of LDL (Low
Density Lipoprotein)-cholesterol in plasma and an
increase in plasma total cholesterol levels in humans,
respectively [8]. In GPR146 deficient mice, there is a sig-
nificant decrease in the levels of total- VLDL (Very Low
Density Lipoprotein), - HDL (High Density Lipopro-
tein), and - LDL -cholesterol [9].

The exact protective role of HDL against T2D remains
debated. Abnormalities in HDL structure impair its func-
tion resulting in alterations in glucose and lipid metabo-
lism, protein glycation, lipid oxidation, and inflammation.
The diverse biological activities of HDL particles are
closely associated with their varied functions in vivo,
and these are pertinent to the pathophysiology of hyper-
glycaemia, inflammation, dyslipidemia, and vascular
dysfunction in diabetes [10, 11]. They contribute to the
maintenance and repair of endothelial tissues and regu-
late aspects of the innate and adaptive immune system
responses. The wide range of functions are frequently
mediated through signal transduction pathways and vari-
ous cell types e.g. pancreatic cells, adipocytes, smooth
muscle cells, and immunoinflammatory cells [12]. Dis-
ruption of signal pathways can lead to the inhibition of
the c-Jun N-terminal kinase pathway which has down-
stream effects on glycaemic control as well as insulin
synthesis and secretion from pancreatic beta cells. HDLs
either interact with many cell receptors activating differ-
ent pathways or they are internalized. HDL components
which include ApoAl and SI1P activate the Akt/eNOS
pathway through binding to receptors that inhibit apop-
tosis in endothelial cells hereby maintaining their integ-
rity [13-17].
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Many age-related diseases have features that resemble
premature ageing [18]. Indeed several chronic diseases
and ageing share pathophysiological processes under-
pinned by disruption of signal pathways at the molecu-
lar and cellular level [19-21]. Ageing increases T2D risk,
primarily due to the impact of agieng on insulin secre-
tion impairment and increased insulin resistance, often
associated with obesity and sarcopenia [22]. Adipose
tissue characteristically has increased cell senescence in
obesity, T2D, and in the earliest stages of ageing [23, 24].
T2D incidence increases with age, occurring most com-
monly between 55-59 years and manifesting slightly ear-
lier in men than in women [25, 26]. The US sees 9.9 cases
among every 1000 individuals annually for the age group
45-64, dropping to 8.8 for those aged over 65. Those with
exceptional longevity and their descendants showcase
better measures of physical function, lower cardiovascu-
lar risk factors, higher HDL levels, and lower triglycerides
levels [27, 28]. This aligns with earlier findings indicating
that the children of individuals with extended lifespans
exhibit better lipid profiles compared to control groups
[28, 29]. T2D results from genetic and environmental
interactions. It is probable that specific environmental
factors amplify the effects of genetic factors that contrib-
ute to individual susceptibility. Similarly, with identical
lifestyles, genetic differences can make some more prone
to developing T2D. Ageing pathways and cellular senes-
cence aggravate metabolic diseases including T2D. HDL
is suggested to serve a protective role against T2D in age-
ing populations, offsetting certain genetic susceptibilities.

While there is considerable evidence supporting the
protective role of HDL against development of T2D, the
exact mechanism remains unclear. What is known that
T2D causes changes to the HDL proteome and lipidome,
which affect a number of processes apart from altered
glucose homeostasis. Studies on adipose tissue endocrine
function and adiponectin, a marker of adipose health and
its role in metabolic processes (including HDL biogen-
esis) that underpin T2D is promising [27, 30].

Limited research has been done on the protective role
of HDL in older individuals including the molecular
pathways and mechanisms that underlie reduced risk
of T2D and favorable glucose management. This study
examined the relationship between T2D susceptibility
variants, HDL cholesterol levels, and T2D risk in older
Lebanese adults, aiming to identify those with lower T2D
risk. Focusing on the interaction between HDL, genetic
risk factors, and ageing, the study provides an insight
which may be transferable to other age-related metabolic
diseases expanding its novelty beyond T2D research and
potentially informing personalized and age-specific pre-
vention or treatment strategies.
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Methods

Subjects and data collection

This study involved 2,769 patients with type 2 diabetes
(T2D), and 3,167 subjects without diabetes aged>60
years, among whom 2,323 aged>65 years and 1,545
aged>70 years (1,527, 1,382, 1,027 and 683 genotyped,
respectively) (Supplementary Fig. 1). The gender distri-
bution was as follows: for T2D, 39.2% were female and
60.8% were male; among those without T2D aged > 60
years, 38.6% were female and 61.4% were male; in
the > 65 years group without T2D, 39.9% were female and
60.1% were male; and among those aged > 70 years with-
out T2D, 40.7% were female and 59.3% were male. The
subjects are within the FGENTCARD, which is currun-
tly within the CARDIoGRAMplusC4D consortium [3,
31, 32]. The Lebanese American University Institutional
Review Board’s ethics committee approved the study. All
the participants signed their informed consent before
beginning the study, which followed the Helsinki Decla-
ration of 1975. A questionnaire was used to gather epi-
demiological information including family history (Fx) of
diseases (Family history was considered only in patients
with first or second degree relatives). Additional clini-
cal information (such as cardiovascular disease, hyper-
tension and hyperlipidemia status), was obtained from
patients’ medical charts. Anthropometric measurements
such as height, weight, and waist circumference were
taken during the patients’ visits. Blood samples were
taken from fasting subjects for metabolic profiles and
DNA extraction. The COBAS INTEGRA 400 Plus was
used to measure levels of HDL-, LDL- cholesterol and tri-
glycerides. The Abbot Architect c1000 was used to meas-
ure blood sugar levels.

Genotyping and statistical analysis

DNA was extracted using previously established methods
[3]. Genotyping of 913,353 SNPs was performed on Illu-
mina Human 610 and 660W Quad BeadChips. Previous
analyses using the same population showed that popula-
tion stratification was not a confounder [32, 33]. Addi-
tionally, we calculated the genomic inflation factor (A)
from both the Q-Q plot and association analysis, consist-
ently yielding values around 1.077. These results, provide
further assurance regarding the absence of population
stratification. Subsequent quality control measures were
implemented using PLINK 1.9 [34, 35] (Wwww.cog-genom
ics.org/plink/1.9/), excluding SNPs (Single nucleotide
polymorphisms) with>10% missing genotyping rates,
gender discrepancy,<1% minor allele frequency (MAF)
and those deviating from Hardy—Weinberg Equilibrium
(P<0.001). These rigorous measures were undertaken
to ensure data integrity and minimize potential biases

Page 3 of 11

within the dataset. Finally, 244,609 SNPs were analyzed
for GWAS.

Statistical analysis used the R package (v4.2.2). The
continuous variables were compared with One-Way
ANOVA, including age, weight, body mass index
(BMI), LDL-cholesterol, HDL-cholesterol, and total-
cholesterol, triglyceride levels, glucose, and C-reac-
tive protein (CRP). The chi-squared (x2) test was
used to compare categorical variables. A binomial
logistic regression was utilized to assess the relation-
ship between T2D and risk factors such as male gen-
der, female gender, high BMI (categorized as BMI
levels > 25 kg/m?), low HDL (characterized by HDL
levels less than 40 mg/dL for all subjects,<40 for
men and <50 for women [36]), hypertension, hyper-
lipidemia, Fx hypertension, Fx T2D, and Fx car-
diovascular disease, taking non- diabetic subjects
aged > 60,> 65, or >70 as control groups. In addition,
the logistic regression analysis was conducted with
stratification by gender, which essentially allowed for
gender-specific analyses. This approach was chosen
to explore potential gender-specific effects on T2D
risk factors. Logistic regression, adjusted for gender,
was performed in the additive model. Significance
thresholds were defined as suggestive (P<1x107°)
and genome-wide (P<5x107%). A quantile—quantile
(Q-Q) plot was conducted to examine the distribution
of P-value. Regional association plots were generated
through LocusZoom web tool (http://locuszoom.sph.
umich.edu/locuszoom/) using the hg19/1000 genomes
Nov 2014 EUR as reference. A stepwise logistic regres-
sion assessed the interplay between T2D-associated
SNPs and the influence of low HDL by adding it to
the model. While stepwise logistic regression is used
to assess the impact of low HDL on SNP associations
with T2D, it is important to note however that there
is a risk of model overfitting and could potentially
overlook interactions with unaccounted factors, influ-
encing the interpretation of the findings. In order to
investigate whether the identified variants were asso-
ciated to T2D across a larger population with distinct
cases and controls, a validation step was performed
using data from the UK Biobank (application num-
ber 64823) with 53,779 subjects. T2D subjects were
selected based on ICD codes E11.1 to E11.9. Controls
were carefully selected as healthy individuals, focusing
on the British population. In the replication study, the
CDKALI genetic variants (rs4712523, rs7756992, and
rs10946403) were specifically targeted for their con-
sistent association with T2D across the control groups
in this population aged > 60, > 65, and > 70 years.


http://www.cog-genomics.org/plink/1.9/
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Sullivan et al. Lipids in Health and Disease (2024) 23:56 Page 4 of 11
Table 1 Comparison of clinical characteristics between T2D and control groups without diabetes stratified by age

T2D noT2D > 60 years noT2D > 65 years noT2D > 70 years P1 P2 P3
N 2769 3167 2323 1545
Age 62.61(10.25) 70.02 (6.97) 72.96 (5.76) 75.98 (4.65) <0.01 <0.01 <0.01
BMI (Kg/m?) 29.92 (5.37) 29.68 (56.75) 29.95 (66.40) 3043 (81.54) 0.82 0.98 0.75
Weight (Kg) 80.62 (15.43) 76.01 (14.61) 75.03 (14.33) 73.66 (13.43) <0.01 <0.01 <0.01
Total Cholesterol (mg/dL) 181.16 (46.78) 185.98 (46.18) 183.46 (45.07) 181.94 (45.35) <0.01 0.11 0.63
LDL Cholesterol (mg/dL) 106.23 (40.69) 111.98 (38.77) 109.86 (38.01) 108.81 (38.26) <0.01 <0.01 0.07
HDL Cholesterol (mg/dL) 39.50(11.94) 44.15 (13.90) 44.52 (14.08) 44,69 (14.45) <0.01 <0.01 <0.01
Triglyceride (mg/dL) 197.92 (131.79) 155.15 (80.71) 150.88 (75.89) 146.91 (72.39) <0.01 <0.01 <0.01
Glucose (mg/dL) 159.36 (66.96) 106.43 (33.83) 106.19 (27.74) 105.60 (24.42) <0.01 <0.01 <0.01
CRP (mg/L) 23.75 (43.67) 1539 (30.52) 16.03 (32.64) 18.26 (36.73) <0.01 0.02 0.16

Data are mean values followed by standard deviation. The p-value is generated using One-Way ANOVA. P-value is significant if p.value < 0.05

T2D Type 2 Diabetes, CRP C-Reactive Protein, BMI Body Mass Index, HDL high-density lipoprotein, LDL low-density lipoprotein, P71 p.value between T2D and noT2D > 60
years, P2 p.value between T2D and noT2D > 65 years, P3 p.value between T2D and noT2D > 70 years

Results

Association of T2D with risk factors in age-stratified control
groups

The study included 2,769 T2D patients and 3,167 con-
trols aged > 60 years, among whom 2,323 were > 65 years
and 1,545 were >70 years. Differences emerged between
T2D patients and controls in weight, triglyceride and
fasting glucose levels (Table 1).

Logistic regression (Fig. 1) assessed the association
between T2D and various risk factors, including gender,
high BMI, low HDL, hypertension, hyperlipidemia, Fx
hypertension, Fx T2D, and Fx cardiovascular disease.
The analysis revealed a positive association between
T2D and Fx T2D in all subjects taking as controls indi-
viduals without diabetes at all ages (OR=3.81 (>60),
OR=4.01 (>65) and OR=4.69 (>70); P<0.001). In
females, this association demonstrated an increased
risk, with odds ratios of OR=3.84 (>60), OR=4.21
(>65) and OR=5.01 (>70) (P<0.0001). The odds
ratios for Fx T2D increased successively with age of
control groups. Also, T2D correlated positively with
low HDL, particularly in females and with older con-
trols (in females: OR =2.44 (> 60), OR=2.57 (>65) and
OR=2.63 (>70); P<0.0001). Fx T2D was notably higher
in T2D cases (69.4%) compared to control groups
(37.7%, 36.1%, and 32.5%, respectively) (Supplementary
Table 1, Fig. 2a). T2D cases had lower HDL cholesterol
levels than the controls (39.40 mg/dl, 44.15, 44.52 and
44.69 mg/dl, respectively (P<0.01)) (Table 1, Supple-
mentary Fig. 2). This was replicated in the UK Biobank
(P<0.01) (Supplementary Fig. 3). Lower HDL levels
(<40mg/dl) were associated with T2D while higher
HDL levels (>40 mg/dl) were associated with age-spe-
cific control groups (Supplementary Table 1, Supple-
mentary Fig. 2).

Genetic insights into T2D: GWAS and replication in UK
Biobank

GWAS analysis identified SNPs associated with T2D.
In>60 controls, 4 CDKALI loci showed positive asso-
ciations (rs7756992, rs9366354, rs10946403, rs4712523;
OR=1.39, 1.34, 1.34 and 1.36, respectively (P<1x107°
In all)) while 3 other CDKALI loci showed negative asso-
ciations (rs10946415, rs4710944, rs9465895; OR=0.71,
0.73 and 0.73, respectively (P<1x107° In all)) with T2D
(Supplementary Table 2, Supplementary Fig. 4). In addi-
tion, one SNP (LOC105369844, rs11180649) was nega-
tively associated with T2D (OR=0.71, P=6.70x107°)
and two TCF7L2 loci were positively associated
(rs7903146 and rs7901695; OR=1.35 and 1.34 respec-
tively (P<1x107°)). In>65 controls, 3 CDKALI loci
had more significant associations with T2D (rs7756992,
rs4712523, and rs10946403; OR=1.40, 1.39, 1.38 and
P=2.01x10"%, 3.24x10™% and 8.86x107%, respec-
tively) (Supplementary Fig. 5). One locus in CDKALI
(rs10946415, OR=0.71; P=4.89x107%) and one IGFNI
locus (rs3738270, OR=0.74; P=8.16 x 107%°) were nega-
tively associated with T2D. In>70 controls (Fig. 2),
seven CDKAL1 SNPs were associated with T2D, with
rs11967068 showing the strongest association (OR=1.84,
P=4.03x10"%), and rs20858852 showing negative asso-
ciation with T2D (OR=0.68, P=4.95 x 107%). SNP IGFN1
(rs3738270) was negatively associated, and one ATP2B2
SNP (rs7629204) was positively associated with T2D
(OR=1.70, P=1.15x10"%) and was unique to this age
group. Comparing the three study groups, three CDKALI
SNPs (rs7756992, rs4712523, rs10946403) were found
associated with T2D across>60,> 65, and>70 control
groups (Supplementary Table 3). Notably, for rs7756992,
the ORs were 1.39 (>60), 1.40 (>65), and 1.49 (>70),
demonstrating a gradual increase in the association’s
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Fig. 1 Forest plot of the binomial logistic regression showing evidence of association between T2D and different risk factors stratified by gender,
taking (@) noT2D > 60 years, (b) noT2D > 65 years and (c) noT2D > 70 years as control groups. Cl: Confidence Interval. T2D: Type 2 Diabetes. Fx: Family
history. BMI: Body Mass Index. CVD: Cardiovascular disease
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Fig. 2 a Manhattan plot for the genome-wide association analysis with T2D using individuals aged > 70 years without diabetes as controls. b
Quantile-Quantile (Q-Q) plot of the GWAS results showing the distribution of p-values, plotted against the expected distribution. ¢ Regional
association plots for the loci associated with T2D among the older adults in the Lebanese population. GWAS: genome-wide association study. T2D:
Type 2 Diabetes. a X-axis shows chromosomal positions. Y axis represents the —log, ,(P-value obtained) by logistic regression analysis (additive
model). The horizontal solid blue line indicates the suggestive genome-wide threshold of P=1x 107. Each point denotes a Single nucleotide
polymorphism (SNP), SNPs with significance P< 1x 1078 are shown above the genome-wide significance in red. b This plot shows the association
between each tested SNP and the observed -log10 p values, plotted on the vertical axis, compared to the expected —log10 p values under the null
hypothesis. Each dot on the plot represents a SNP. The genomic control ratio (1) was 1.1238, which indicates that there is no strong effect

of systematic error, such as population stratification. ¢ Correlations between the SNPs with the lowest P value from GWAS (depicted in purple)

and nearby SNPs within a 400 kb region. The r values of the Linkage Disequilibrium (LD) heat map is based on the hg19/1000 genomes Nov 2014

EUR reference set

strength with the age of control groups. Similarly, for
rs4712523, the ORs were 1.36 (>60), 1.39 (>65), and
1.50 (>70), indicating a consistent rise in association
across these age groups. Moreover, for rs10946403, the
ORs were 1.34 (>60), 1.38 (>65), and 1.52 (>70), high-
lighting an increment in the strength of association as
the control groups’ age advanced. Alternative allele (G)
was compared between T2D subjects and each of the
specified age control groups (Supplementary Fig. 6).
Two SNPs (rs4712523, rs7756992) were replicated in
UK biobank, using individuals aged >65 without diabe-
tes as controls (OR=1.07; P=2.12%x10"% and OR=1.16;
P=9.28x 1073, respectively) (Supplementary Table 4).
However, only rs7756992 showed replication when uti-
lizing individuals aged >70 without diabetes as controls
(OR=1.14; P=0.02) (Supplementary Fig. 7 and Supple-
mentary Table 4).

Interactions of CDKAL1 genetic variants and low HDL

in age-related T2D risk

After establishing the link between the CDKALI alterna-
tive alleles and the risk of T2D, the subsequent analysis
delved into exploring the potential additive effect of low

HDL when combined with these risk alleles. This investiga-
tion aimed to uncover whether the influence of low HDL
further increased the risk of developing T2D in addition to
the presence of these alleles (Table 2). The rs10946403*GG
genotype increased T2D risk with OR=1.62 (P<0.001) for
rs10946403*GG and 1.68 (P<0.001) for rs10946403*GG
combined with low HDL. This association persisted and
intensified with age of control groups. In the>65 age
group, ORs were 1.65 (P=0.01) for rs10946403*GG and
1.71 (P<0.001) for rs10946403*GG with low HDL, dem-
onstrating consistent increments in T2D risk compared to
controls. Notably, among individuals aged >70, the ORs
were 2 (P<0.001) for rs10946403*GG and 2.06 (P<0.001)
for rs10946403*GG combined with low HDL. Therefore,
when combined with low HDL, the rs10946403 becomes
more impactful as people get older in the control groups.
Similar results were observed for rs4712523 and rs7756992.

Discussion

Age-related impact of T2D susceptibility variants and HDL
levels on T2D risk

The study investigated the association between T2D
susceptibility variants and HDL levels on the risk of
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Table 2 Impact of CDKALT genetic variants and low HDL on T2D risk factors among older adults: Stepwise logistic regression and UK

Biobank replication

Study

T2D.vs. noT2D aged > 60
T2D.vs.noT2D aged > 60
T2D.vs.noT2D aged > 60
T2D.vs.noT2D aged > 60
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged = 65
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged =70
T2D.vs.noT2D aged > 70
T2D.vs.noT2D aged >70
T2D.vs.noT2D aged =70
T2D.vs.noT2D aged > 60
T2D.vs.noT2D aged > 60
T2D.vs.noT2D aged > 60
T2D.vs.noT2D aged > 60
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged >70
T2D.vs.noT2D aged =70
T2D.vs.noT2D aged =70
T2D.vs.noT2D aged =70
T2D.vs.noT2D aged > 60
T2D.vs.noT2D aged =60
T2D.vs.noT2D aged > 60
T2D.vs.noT2D aged > 60
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged > 70
T2D.vs.noT2D aged > 70
T2D.vs.noT2D aged > 70
T2D.vs.noT2D aged >70

Study

T2D.vs.noT2D aged = 65
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged > 70
T2D.vs.noT2D aged =70
T2D.vs.noT2D aged > 70
T2D.vs.noT2D aged =70
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged > 65
T2D.vs.noT2D aged =65

SNPs+Low HDL
rs10946403GA
rs10946403GG
rs10946403GA.low HDL
rs10946403GG.low HDL
rs10946403GA
rs10946403GG
rs10946403GA.low HDL
rs10946403GG.low HDL
rs10946403GA
rs10946403GG
rs10946403GA.low HDL
rs10946403GG.low HDL
r1s4712523GA
rs4712523GG
rs4712523GA.low HDL
rs4712523GG.low HDL
rs4712523GA
rs4712523GG
rs4712523GA.low HDL
rs4712523GG.low HDL
rs4712523GA
rs4712523GG
rs4712523GA.low HDL
rs4712523GG.low HDL
1s7756992GA
1s7756992GG
rs7756992GA.low HDL
rs7756992GG.low HDL
rs7756992GA
1s7756992GG
rs7756992GA.low HDL
rs7756992GG.low HDL
1s7756992GA
1s7756992GG
rs7756992GA.low HDL
rs7756992GG.low HDL

Replication in the UK Biobank

SNPs

1s4712523GA
rs4712523GG
rs4712523GA.low HDL
rs4712523GG.low HDL
r1s4712523GA
rs4712523GG
rs4712523GA.low HDL
rs4712523GG.low HDL
rs7756992GA
1s7756992GG
rs7756992GA low HDL

OR

144
1.62
148
1.68
1.54
1.65
1.57
1.71
1.57
2.00
1.60
2.06
142
1.74
145
1.78
145
1.77
147
1.81
147
2.08
149
2.1
1.44
1.81
1.49
1.89
1.46
1.83
1.49
1.90
144
212
1.46
2.20

OR

1.04
1.18
1.04
1.19
0.95
1.38
0.94
1.38
1.06
1.28
1.06

C.l.2.5%
1.21
117
1.23
1.22
1.27
117
1.28
1.20
1.25
1.32
1.27
1.34
1.18
1.30
1.20
1.33
119
1.29
1.20
1.31
117
143
1.18
144
1.20
1.34
1.24
1.39
1.20
1.32
122
1.36
1.15
143
117
147

C.1.2.5%
1.00
1.11
1.00
1.1
0.81
1.04
0.81
1.04
1.02
1.20
1.02

C.1.97.5%
1.73
2.25
178
235
1.88
237
1.92
247
1.97
3.14
2.01
324
1.70
233
1.74
240
1.77
245
1.79
2.51
1.84
3.10
1.87
316
1.73
246
1.79
2.58
1.78
2.57
1.82
2.68
1.81
322
1.84
335

C.1.97.5%
1.08
1.26
1.08
1.27
1.1
1.85
1.1
1.86
1.10
1.38
1.10

P.value
<0.001
<0.001
<0.001
<0.001
<0.001
0.01
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

P.value
0.05
<0.001
0.07
<0.001
0.53
003
048
003
<0.001
<0.001
0.01
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Table 2 (continued)

T2D.vs.noT2D aged > 65 157756992GG.low HDL 1.29 1.20 138 <0.001
T2D.vs.noT2D aged > 70 1s7756992GA 1.05 0.90 1.24 052
T2D.vs.noT2D aged =70 1s7756992GG 1.46 1.07 2.03 0.02
T2D.vs.noT2D aged > 70 1s7756992GA.low HDL 1.05 0.90 1.23 0.55
T2D.vs.noT2D aged > 70 rs7756992GG.low HDL 146 1.07 203 0.02

T2D Type 2 Diabetes, SNPs single nucleotide polymorphisms, OR odd ratio, C.I.2.5% lower bound of the 95% confidence interval for the odds ratio, C.I.97.5% upper
bound of the 95% confidence interval for the odds ratio, G alternative allele, A reference allele, GG homozygous alternative genotype, GA heterozygous genotype, HDL

high-density lipoprotein, Low HDL HDL <40 mg/dI

developing T2D in the older adults. The uniqueness of
this study lies in the stratification of control groups based
on age [three age ranges (> 60, > 65, and > 70 years)]. This
study explores the significant associations between T2D
and Fx of T2D, notably strengthening with age among
control groups. In addition, a considerable association
was detected between T2D and low HDL cholesterol
levels, especially evident in older control groups. These
findings suggest a potential age-related impact on T2D
susceptibility and highlight the importance of monitor-
ing HDL levels with age. In addition, T2D susceptibility
variants are associated with T2D and this association
increases significantly with age of control groups.

SNPs implicated in T2D susceptibility in older adults
through GWAS

GWAS identified specific genetic variants associ-
ated with T2D. Herein, three CDKALI gene variants
(rs7756992, rs4712523 and rs10946403) were associated
with T2D, with a higher association with the age of con-
trol groups. CDKALI, functioning as a tRNA modifier
from the methylthiotransferase family, plays a crucial
role in post-translational modification of insulin follow-
ing glucose stimulation. Two variants, rs7756992 and
rs4712523, were replicated in the UK Biobank. These
variants are reportedly associated with increased T2D
risk [37-39]. Interestingly, the CDKALI gene variant
rs11967068 showed a robust association with T2D solely
when taking individuals aged >70 years as controls. This
previously unreported link might be age related and may
be specific to T2D development in older adults suggest-
ing that additional factors play a role in modulating its
susceptibility impact. Further research is required to elu-
cidate the factors influencing this association. TCF7L2
variants (rs7903146 and rs7901695) were positively asso-
ciated with T2D, primarily in the youngest age control
group. The rs7903146 impairs glucose tolerance through
glucose stimulated insulin secretion and sensitivity of the
B cell to incretins, rather than actual insulin action [40].
The relationship between this SNP and T2D has been
investigated across various ethnicities [38]. The absence
of this SNP in the other specified age controls might
be also stemming from sample size limitations. Larger

samples, like the>70 in the UK Biobank, replicated
this association. Two SNPs in ATP2B2 (ATPase Plasma
Membrane Ca** Transporting 2) and IGFNI (immuno-
globulin like and fibronectin type III domain contain-
ing 1) were associated with T2D in>70 controls. The
1s7629204 in ATP2B2 was positively associated with T2D
which could suggest a role in irregular calcium homeo-
stasis and signaling associated with both T2D and age-
ing. The rs3738270 of IGFN1 was negatively associated
with T2D in>65 and >70 controls and this association
increased with the age of the control groups. This sug-
gests a role for /GFNI in lowering T2D risk. IGFN 1
encodes a protein characterized by immunoglobulin like
and fibronectin type III domain. This protein is essen-
tial for myoblast fusion and differentiation and exhib-
its predominant expression in skeletal muscle [41]. The
reduction in both skeletal muscle mass and function
stands as a primary contributor to frailty in older adults
[42]. Decreased expression of IGFNI is associated with
muscle aging. Conversely, elevated expression of IGFNI
has been associated with enhanced performance. This
is evident from studies with aged muscle [41]. Multiple
research have highlighted the connection between mus-
cle parameters and T2D [43]. These studies consistently
report a reduction in muscle quality (strength) and mass
among individuals with T2D compared with control
groups. Specifically, older adults with diabetes exhibit a
decline in muscle mass compared to their age-matched
counterparts [44, 45]. IGFNI’s “protective” effect through
its negative association in T2D of the older age group
suggests a possible role in counteracting the functional
decline associated with age [46] which could be beneficial
in managing or preventing T2D. This may be due to its
importance in muscle health which is critical in prevent-
ing frailty and maintaining metabolic function with age.

Low HDL cholesterol and genetic variants in modulating
T2Drrisk

Furthermore, this study explored the combined effect of
low HDL and the detected genetic variants on T2D risk.
Certain SNPs (rs10946403, rs4712523, rs7756992) had
a stronger effect on T2D risk when combined with low
HDL cholesterol levels, especially in older control groups.
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This suggests that as individuals age, with the absence
of these genetic variants and the presence of high HDL,
the risk of developing T2D decreases. This triad protec-
tive mechanism, involving age, HDL and genetics, could
serve as a valuable insight for identifying individuals who
are at a reduced risk of T2D and potentially inform tar-
geted preventive strategies. Profound HDL dysfunction
is typical in T2D, linked to hypertriglyceridemia, hyper-
glycemia, inflammation and oxidative stress [47]. Healthy
lifestyle have been associated with reduced diabetes
complications. Studies have linked lifestyle behaviors,
lipid profiles, liver and renal function biomarkers, blood
pressure indices, improvements in glycemic control, and
systemic inflammatory markers. Furthermore, lifestyle
modifications such as healthy diet, physical activity and
weight loss can improve liver and renal function, the
lipid profile and endothelial dysfunction and can reduce
inflammation [47, 48], highlighting lifestyle’s role in dia-
betes risk alongside genetic predisposition [49, 50]. The
combination of factors, including the presence of specific
genetic variants, age, and adherence to a healthy lifestyle,
forms a comprehensive framework for understanding
and managing the risk of T2D.

Strengths and limitations

The strength and novelty of this study lies in the exami-
nation of genetic variants and T2D risk across ages com-
bined with HDL levels. While the sample size numbers
are lower with ageing, the results were replicated in the
UK Biobank. However, limitations include potential sam-
ple biases, limited generalizability and the incomplete
explanatory power of GWAS studies for T2D heritabil-
ity. The sample composition, predominantly older adults,
might introduce biases due to age-related variations in
genetic susceptibility and lifestyle factors. The generaliz-
ability of the findings might be limited due to the popu-
lation’s specific characteristics and the use of a specific
dataset. Moreover, GWAS limits the ability to establish
causation between identified factors and T2D, emphasiz-
ing the need for functional studies.

Conclusions

In conclusion, stratifying control group by age helps iden-
tify protective factors to older age groups. Combining
genetics, age and HDL levels is vital in assessing T2D risk
in the older adults. High HDL levels without T2D suscep-
tibility alleles may have the lowest risk in older individuals.
Identifying protective factors in older adults could poten-
tially guide interventions for T2D prevention and healthy
aging [51]. Exploring HDLs role in various metabolic
processes associated with aging may unravel its broader
impact beyond T2D susceptibility. The identification of
specific genetic variants associated with T2D susceptibility,
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particularly when combined with low HDL levels, offers a
significant opportunity for personalized risk assessment.
This insight enables healthcare providers to stratify patients
based on genetic predisposition and HDL levels, facilitating
tailored interventions and preventive measures.

Future perspectives

Future research could focus on how age-related changes
in HDL composition and function may influence the
development of T2D in older individuals. Consider-
ing the capacity of lipid-related processes to influence
both lifespan and healthspan in model organisms, they
are emerging as a promising elixir and clinical interven-
tion to enhance human lifespan [52]. By implementing
targeted strategies to manage HDL levels and address
genetic susceptibilities, clinicians can potentially mitigate
T2D risk in this aging population. These insights empha-
size the importance of personalized care and highlight
avenues for the development of more effective preventive
strategies in clinical practice.
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