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Abstract
Context: Lifestyle intervention prevents or delays type 2 diabetes (T2D) in subjects at a high risk of T2D. However, it is not known whether 
genetic variants modify the effect on incident T2D during lifestyle intervention.
Objective: To investigate whether a low or high genetic risk has effects on incident T2D in a group-based lifestyle intervention study.
Methods: The T2D-GENE trial involved 973 men from the Metabolic Syndrome in Men (METSIM) cohort, aged 50-75 years, body mass index 
≥25 kg/m2, fasting plasma glucose 5.6-6.9 mmol/L, hemoglobin A1c < 48 mmol/mol, and either a low or high genetic risk score for T2D. There 
were 2 intervention groups, a low (n = 315) and high genetic risk for T2D (n = 313). They were provided with a 3-year group-based intervention 
with access to a web portal focused on healthy diet and physical activity. There were also corresponding population-based control groups at low 
(n = 196) and high (n = 149) genetic risk for T2D who had two laboratory visits (0 and 3 years) and general health advice as a part of their METSIM 
cohort protocol. The primary outcome was incident T2D, and a secondary outcome was glycemia.
Results: The intervention significantly lowered the risk of T2D among the participants with a high genetic risk for T2D [hazards ratio (HR) 0.30, 
95% confidence interval (CI) 0.16-0.56, P < .001) whereas in the low genetic risk group the effect was not significant (HR 0.69, 95% CI 0.36-1.32, 
P = .262). The intervention effect was not significantly different between the high and low genetic risk groups (P = .135). The intervention 
significantly ameliorated the worsening of glycemia and decreased weight both in the low and high genetic risk groups.
Conclusion: Our results showed that individuals with a high genetic risk for T2D benefitted from a low-cost group-based intervention focusing 
on healthy diet and physical activity. Therefore, all individuals at risk of T2D should be encouraged to make lifestyle changes regardless of genetic 
risk.
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The prevalence of diabetes mellitus will likely increase globally 
from 537 million adults (20-79 years) to 643 million by 2030 
and 783 million by 2045, according to the International 
Diabetes Federation (1). Diabetes is and remains a serious 
and growing challenge to public health given the risk of devel-
oping several micro- and macrovascular complications.

Both genetic and environmental/lifestyle factors contribute 
to the risk of type 2 diabetes (T2D). Genome-wide association 
studies have identified >500 common variants increasing the 
risk of T2D (2, 3) Several previous studies have demonstrated 
that lifestyle intervention is effective in the prevention of T2D 
(4-9). The Finnish Diabetes Prevention Study (DPS) and 
Diabetes Prevention Program (5) showed that lifestyle inter-
vention can lower the risk of T2D by 58% compared to the 
control group. A recent systematic review and meta-analysis 

of 7 randomized controlled T2D prevention trials reported 
that the lifestyle changes lowered the risk of incident T2D 
by 53% (10). These intervention studies included participants 
with impaired glucose tolerance (IGT), and their sample size 
was <600 individuals, except for the Diabetes Prevention 
Program including 3234 participants and a mean age ranged 
from 44 to 55 years. All these trials applied an individual- 
based intervention. A Japanese trial including 641 partici-
pants with either isolated impaired fasting glucose (IFG) or 
IFG + IGT demonstrated more effective T2D prevention in 
the participants with both IFG and IGT compared to isolated 
IFG (11).

Previously published lifestyle intervention studies have in-
vestigated the significance of genetic factors on the risk of in-
cident T2D based only on single risk variants or a narrow risk 
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score (12-14). We previously showed that a genetic risk score 
(GRS) including 76 genetic risk variants significantly in-
creased the risk of incident T2D (15). The aim of the current 
study was to investigate whether the effect of lifestyle inter-
vention [healthy diet and physical activity (PA)] on the preven-
tion of T2D differs between individuals with a high or low 
genetic risk for T2D by applying a group- and internet-based 
approach to lifestyle changes.

Methods
Study Design
This T2D-GENE trial (ClinicalTrials.gov ID: NCT02709057) 
was performed at 1 site at the University of Eastern Finland, 
Kuopio, Finland. The study protocol including the calculation 
of the sample size has been previously described in detail (16). 
This trial was accepted by the Ethics Committee of the 
Hospital District of Northern Savo on February 9, 2016 
(no. 71/2016) and was performed in accordance with the 
International Declaration of Helsinki 2013 (17). Written in-
formed consent was obtained from each participant included 
in the study. The T2D-GENE trial started on April 4, 2016, 
and the last 3-year visit was on October 19, 2021. The partic-
ipants were recruited from the Metabolic Syndrome in Men 
(METSIM) study including 10 197 Finnish men, aged from 
45 to 73 years at baseline (18, 19).

Screening and Inclusion Criteria
Eligible participants of the T2D-GENE trial were individuals 
belonging to the METSIM cohort (18, 19) having IFG (fasting 
plasma glucose 5.6-6.9 mmol/L), with IGT (2-hour 
glucose 7.8-11.0 mmol/L) or without IGT (2-hour glucose 
<7.8 mmol/L), hemoglobin A1c (HbA1c) < 48 mmol/mol 
(<6.5%), age 50-75 years, body mass index (BMI) ≥25.0 
kg/m2, and a low or high GRS (≤76 or ≥80) [Supplementary 
Table S1 (20)]. The nonweighted GRS for T2D (15) was cal-
culated as a sum of 76 genetic variants known to increase 
the risk of T2D in 2016 (21, 22). The baseline measurements 
were performed in their METSIM follow-up visit. A total of 
83.6% had isolated IFG and 16.4% had both IFG and IGT.

Intervention and Control Groups
This study consisted of an intervention arm with 2 groups 
(low and high genetic risk groups) and a corresponding popu-
lation control arm with 2 groups (low and high genetic risk 
groups) (Fig. 1). A total of 628 participants fulfilling the inclu-
sion criteria were recruited in the T2D-GENE study interven-
tion arm. According to the original study design, 313 
participants in the intervention arm had a high genetic risk 
(GRS 83.3 ± 3, mean ± SD) and 315 participants had a low 
genetic risk for T2D (GRS 72.4 ± 3.1). Fourteen participants 
discontinued the intervention after the first group meeting 
and were excluded from statistical analyses. The dropouts 
(6.4%) were otherwise similar as completers but had a higher 
BMI (29.1 vs 27.8 kg/m2), waist circumference (105 vs 102 
cm), and serum triglycerides (1.32 vs 1.23 mmol/L).

Population controls (n = 589) were selected from the 
METSIM cohort having similar inclusion criteria as the par-
ticipants in the intervention group, but they were invited 
only for 3-year measurements. Baseline measurements were 
conducted as a part of the METSIM cohort protocol, similarly 
as in the intervention arm. A total of 345 of the invited 

participants were willing to attend the 3-year laboratory visit. 
Control participants were unaware that they were part of the 
T2D-GENE-study during the 3-year follow-up, and they re-
ceived general health advice as a part of the METSIM cohort 
protocol at the baseline visit. In the control arm, 149 partici-
pants had a high genetic risk (GRS 83.2 ± 2.9) and 196 a low 
genetic risk (GRS 72.5 ± 2.8) for T2D.

The trial participants, laboratory technicians, and clinical nu-
tritionists were blinded to the genetic risk of the participants.

Lifestyle Intervention
The 3-year intervention program has been previously pub-
lished (16, 23). The intervention included group sessions on 
the importance of a healthy diet and PA. In the intervention 
groups, dietary intake was measured by 4-day food records 
at baseline and 4 times during the intervention. The partici-
pants were given individual written feedback on food records 
by clinical nutritionists to support participants’ adherence to 
the health-promoting diet.

Dietary guidance in the intervention groups followed 
Nordic (24) and Finnish nutrition recommendations, empha-
sizing appropriate energy intake; meal frequency; consump-
tion of fruits, vegetables, and berries; and quality of dietary 
fat and carbohydrates, including fiber and sugar intake. 
Regarding weight management, the minimum goal for the 
participants was weight maintenance. The goal for PA was 
brisk walking or other types of PA ≥30 minutes/day at least 
5 times a week. We encouraged participants to self-report 
their weekly PA through the web portal or in paper form for 
motivation. We evaluated leisure time PA using a question-
naire that measured the frequency and duration of PA on a 
4-point scale.

The first year of the intervention included 3 group meetings
for all participants and 2 additional group meetings for partic-
ipants having BMI >28 kg/m2 at baseline. Other visits to our 
research facility were at 1, 2, and 3 years, including laboratory 
measurements. The web portal was also used to distribute ma-
terial on healthy food choices and PA and to motivate virtual 
discussion between the participants and clinical nutritionists.

Outcomes
The primary outcome of the T2D-GENE trial was incident 
diabetes defined by fasting plasma glucose ≥7.0 mmol/L or 
2-hour glucose in an oral glucose tolerance test ≥11.1
mmol/L or HbA1c ≥ 48 mmol/mol (≥6.5%) or drug treatment
for diabetes during the 3-year intervention (18). We identified
incident diabetes in the intervention arm by measuring HbA1c
at 1 year and using HbA1c and oral glucose tolerance tests at 2
and 3 years. The participants of the control arm had visits at 0
and 3 years, and their glucose tolerance status was measured
by HbA1c and an oral glucose tolerance test.

Secondary outcomes were 3-year changes in (1) glucose 
area under the curve (AUC) in an oral glucose tolerance test 
(glucose measured at 0, 30, and 120 minutes), (2) insulin se-
cretion (Disposition Index), (3) insulin sensitivity (Matsuda 
insulin sensitivity index), as previously described (18, 25).

Clinical and Laboratory Measurements
Fat mass was measured by bioimpedance (BIA 101, Akern 
SRL, Italy). Waist circumference was measured at the mid-
point between the lateral iliac crest and the lowest rib. 
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Laboratory analyses were performed after 12 hours of fasting. 
We measured HbA1c and performed an oral glucose tolerance 
test (75 g of glucose) to evaluate glucose tolerance according 
to the American Diabetes Association criteria (26). We meas-
ured plasma glucose by enzymatic hexokinase photometric as-
say (Konelab Systems Reagents, Thermo Fisher Scientific, 
Vantaa, Finland), HbA1c by Tosoh G7 glycohemoglobin ana-
lyzer (Tosoh Bioscience, Inc. San Francisco, CA, USA), insulin 
by immunoassay (Liaison Insulin, DiaSorin S.p.A, Saluggia, 
Italy, RRID:AB_3099584), and total cholesterol and low- 
density lipoprotein cholesterol by enzymatic colorimetric tests 
(Konelab Systems Reagents; Thermo Fisher Scientific, Vantaa, 
Finland).

Genotyping
Genotyping was performed using either HumanOmniExpress 
BeadChip-12v1 (Illumina, San Diego, CA, USA; 733 202 
markers) or HumanExome-12v1.1 Beadchip (Illumina, 247  
870 markers) as previously described (15).

Statistical Analyses
The sample size was calculated based on the Finnish DPS 
study, where the incidence of T2D was 3%/year in the inter-
vention group and 6%/year in the control group (5). 
Assuming similar rates of incident T2D, only 60 individuals/ 
group would have been needed to demonstrate statistically 
significant difference between the intervention and control 
groups (α = .05, β = .95). We anticipated that our group-based 
intervention might be less efficient than the individual-based 
approach in the DPS study. With half of the effect observed 
in the DPS study, 267 participants would have been needed. 
Assuming a 10% dropout rate in this trial, a sample size of 
300/each group provides 95% power to demonstrate a 

statistically significant reduction in incident T2D in the inter-
vention groups compared with the control groups.

Statistical analyses were conducted using R (v4.2.2; R Core 
Team 2022). Descriptive statistics are presented as mean 
(±SD), number (%), or median (interquartile range) for vari-
ables with absolute skewness >1. In the figures, values are 
shown as mean [95% confidence interval (CI)]. Differences 
at baseline were tested by independent samples t-test. 
Chi-squared tests were used for categorical variables. 
Cumulative incidence of T2D was estimated using Kaplan– 
Meier event curves and between-group differences using 
Cox proportional hazard regression models (R survival pack-
age, v3.4.0). Intervention and control arms were compared in 
all participants and by stratifying the analysis by GRS group. 
In both cases, the treatment arm was included as the independ-
ent variable. Intervention effect was then compared between 
the low and high GRS groups by including a treatment arm ×  
GRS group interaction term in the model. Schoenfeld resid-
uals indicated no significant violation of the proportional haz-
ard assumption. Multiple comparison correction was 
addressed with Benjamini–Hochberg false discovery rate cor-
rection (27).

Changes in laboratory measurements and dietary intake 
were tested using repeated measures linear mixed models (R 
lme4 package v1.1–31). Models were fit using the restricted 
maximum likelihood method while ignoring missing observa-
tions. Skewed variables were log10-transformed prior to stat-
istical analyses. For laboratory measurements, analyses were 
run individually for the low and high GRS groups, including 
the outcome of interest as a dependent variable, subject iden-
tifier as a random effect (random intercept) and time point 
(baseline or year 3), treatment arm (intervention or control), 
and time point × treatment arm interaction as covariates. To 
compare the effects of the intervention between low and 

Eligible participants selected from the METSIM study 
(n=1558)

Excluded (n=341)
• Not meeting inclusion criteria (n=17)
• Declined to participate (n=324)

Intervention n=628

HIGH RISK
Allocated to intervention (n=313)
• Received allocated intervention (n=303)
• Did not receive allocated intervention (n=10,

only one study visit)

LOW RISK
Allocated to intervention (n=315)
• Received allocated intervention (n=311)
• Did not receive allocated intervention (n=4,

only one study visit)

Lost to follow-up (n=28) 
• Discontinued intervention (n=18)

• Disease (n=6)
• Reason not known (n=5)
• Lack of motivation (n=3)
• Death (n=2)
• Moved to another city (n=1)
• Busy (n=1)

• Diabetes cases at 1-year (n=1), or 2-year visit
(n=8), or health care (n=1) 

Lost to follow-up (n=37)
• Discontinued intervention (n=21) 

• Disease (n=9)
• Lack of motivation (n=4)
• Reason not known (n=3)
• Death (n=2)
• Moved to another country (n=1)
• Family reasons (n=1)
• Busy (n=1)

• Diabetes cases at 1-year (n=1), or 2-year visit
(n=15) 

Completed 3-year intervention (n=275)
• including diabetes cases at 3-year visit (n=14)

Completed 3-year intervention (n=274)
• including diabetes cases at 3-year visit (n=8)

Enrollment

Control n=589

Excluded (n=244)
• Not meeting inclusion criteria 

(n=20)
• Declined to participate in 3-year

visit (n=224)

LOW RISK n=196
• Reported diabetes cases at healthcare 

during the 3-year follow up (n=3)
• Participated in 3-year visit (n=193)

• including diabetes cases (n=13)

HIGH RISK n=149
• Reported diabetes cases at healthcare 

during the 3-year follow up (n=3)
• Participated in 3-year visit (n=146)

• Including diabetes cases (n=18)

Willing to participate in the 3-
year control visit n= 345

M
E

T
SIM

-population-based 
controls 

Figure 1. Flow chart of the T2D-GENE study.
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high GRS groups, we ran similar models pooling the data from 
the low and high GRS groups and added GRS group into the 
model as time point × treatment arm × GRS group inter-
action. For dietary changes within the intervention arm, mod-
els included time point, GRS group, and time point × GRS 
group interaction as covariates.

Results
Baseline characteristics of the participants are given in 
Table 1. In the low genetic risk groups, participants belonging 
to the intervention group were older than the participants in 
the population control group (false discovery rate P = .008).

The primary outcome of the T2D-GENE trial was incident 
T2D. In the intervention arm, the conversion to diabetes was 
7.7% in the low and 7.9% in high genetic risk groups. In the 
population control arm, 8.2% of the participants in the low 
genetic risk group and 14.1% of the participants in the high 
genetic risk group developed T2D. Overall, the intervention 
lowered the risk of T2D by 52% [hazards ratio (HR) 0.48, 
95% CI 0.31-0.75, P = .001]. Among the participants with a 
high genetic risk for T2D, the intervention lowered the risk 
of T2D by 70% (HR 0.30, 95% CI 0.16-0.56, P < .001) 
whereas among the participants with a low genetic risk for 
T2D, there was no significant difference in incident T2D be-
tween the intervention and control arms (HR 0.69, 95% CI 
0.36-1.32, P = .262) (Table 2). The intervention was equally 
effective against worsening of 2-hour glucose and disposition 
index in both high and low genetic risk groups (Table 3, 
Fig. 2). Additionally, in the low genetic risk group, the inter-
vention prevented an increase in fasting glucose concentration 
and glucose AUC and a decrease in the Matsuda index. 
HbA1c increased similarly in both genetic risk groups and 
treatment arms.

The participants in the intervention arm lost more weight 
and had a larger decrease in BMI compared with the 
population controls, irrespective of genetic risk [Table 3, 
Supplementary Fig. S1 (20)]. Overall, the effects of the lifestyle 
intervention were similar in the low genetic risk and high gen-
etic risk groups with respect to anthropometric measurements.

Dietary intake of saturated fatty acids decreased and 
intakes of monounsaturated fatty acids, polyunsaturated 
fatty acids, fiber, and fruits, vegetables, and berries 
increased significantly in the intervention arm during the 
intervention, similarly in both genotype groups [P < .001, 
Fig. 3, Supplementary Table S2 (20)]. A total of 20% of the 
participants in the intervention and population control groups 
increased their PA during the 3-year study. In the intervention 
group, the participants with high genetic risk were more active 
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Table 2. Cumulative incidence of T2D in the intervention and control 
arms stratified by genetic risk for T2D

Intervention  
(%)

Control  
(%)

HR  
(95% CI) P-valuea

Low genetic risk 7.7 8.2 0.69 (0.36-1.32)  
P = .262

High genetic risk 7.9 14.1 0.30 (0.16-0.56)  
P < .001

Pb .135

Abbreviations: CI, confidence interval; HR, hazards ratio; T2D, type 2 diabetes. 
aCox regression model. 
bIntervention effect in low vs high genetic risk groups.
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compared with the participants with low genetic risk at base-
line (P = .010), but there were no differences in PA at the end 
of the 3-year intervention between the high and low genetic 
risk groups (P = .993) [Supplementary Table S3 (20)].

Discussion
The novel finding of our study was that the lifestyle interven-
tion (healthy diet, PA) significantly prevented the conversion 
to T2D in the participants with a high genetic risk for diabetes 
compared with the population controls, whereas no signifi-
cant difference between the intervention and control arms 
was observed in the participants with a low genetic risk. 
However, the intervention effect was not significantly differ-
ent between the high and low genetic risk groups (P = .135), 
suggesting that the participants having a low genetic risk for 
T2D also benefitted from lifestyle intervention. The interven-
tion significantly ameliorated worsening of 2-hour glucose, 
glucose AUC, and disposition index both in the low and 
high genetic risk groups. In the low genetic risk group, the 
intervention also prevented an increase in fasting glucose 
and a decrease in the Matsuda index. These findings suggest 
that participants in both groups benefitted from lifestyle inter-
vention irrespective of the genetic risk.

In the intervention arm, the conversion to diabetes was 
7.7% in the low and 7.9% in the high genetic risk 
groups. In the population control groups, 8.2% of the partic-
ipants in the low genetic risk group and 14.1% of the partic-
ipants in the high genetic risk group developed T2D. Our 
results are in agreement with the results of 2 previously 

published T2D prevention trials showing that lifestyle inter-
vention was particularly effective among participants carrying 
the TCF7L2 risk variant (12, 13).

The participants in the population control arm had only 2 
visits (0 and 3 years), and they were not exposed to the inter-
vention protocol. Incident T2D in the population control arm 
is probably underestimated because an oral glucose tolerance 
test was performed only twice (0 and 3 years) compared with 3 
times in the intervention groups. Overall, incident T2D was 
quite low in all study groups (7.7%-14.1%) compared to 
the Finnish DPS study, where the cumulative incident T2D 
after four years was 11% in the intervention group and 
23% in the control group (5).

We found that glycemia tended to worsen over time in both 
intervention and control arms. The adverse changes were sig-
nificantly smaller in the intervention groups compared with 
the control groups, suggesting that the intervention amelio-
rated the worsening of glycemia. The intervention significant-
ly lowered BMI and waist circumference in both genetic risk 
groups. Fat mass increased both in the intervention and con-
trol groups, which is probably attributable to aging that is as-
sociated with a decrease in muscle mass and an increase in fat 
mass (28).

We used IFG as an inclusion criterion in contrast to the ma-
jority of previous T2D prevention trials, which used IGT (5- 
9), apart from 3 Asian trials (11, 29, 30). IFG and IGT have 
different pathophysiology given the fact that genetic variants 
for fasting and 2-hour glucose are only partially identical 
(31). Previously published T2D prevention trials included par-
ticipants whose mean age was ≤56 years (5-9). Especially in 

Figure 2. Changes (mean, 95% confidence interval) in fasting glucose (A), 2-hour glucose (B), glucose area under the curve (C), hemoglobin A1c (D), 
Matsuda insulin sensitivity index, (E), and disposition index (F) at baseline and the 3-year visits in the intervention and the control groups among the 
participants with low and high genetic risk for type 2 diabetes. False discovery rate P-values are for intervention effect (Time × Arm) within the genetic 
risk group. 
Abbreviation: GRS, genetic risk score.
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elderly populations, T2D and obesity are reaching epidemic 
proportions, but clinical trial data on strategies to prevent 
T2D in the elderly are largely missing. Our trial is the first 
to show that a lifestyle intervention is successful also in partic-
ipants with a mean age ≥60 years.

Our T2D prevention program utilized a group-based ap-
proach instead of an individual-based intervention. Our re-
sults suggest that a group-based approach is efficient in the 
prevention of T2D, as reported in a previous study (32). We 
used a web portal that enabled the distribution of material 
and virtual discussion between participants and clinical 
nutritionists.

Our study has important clinical implications. We found 
that lifestyle intervention is effective for T2D prevention in in-
dividuals at high genetic risk. Lifestyle intervention is also 
beneficial in individuals with a low genetic risk when consid-
ering its effect on glycemia. This suggests that a similar life-
style intervention could be provided for all individuals at 
risk of T2D, independent of the genetic risk, and individual-
ized intervention programs are not justified based on these re-
sults. However, T2D is a heterogenous disease, and therefore 
a precise nutrition approach might be beneficial for some sub-
groups of T2D. Our group-based intervention program is sub-
stantially less costly compared to individual counseling, and it 
is applicable to primary care.

Limitations of our study are that our study included only 
men and we were not able to recruit 300 participants in the 
population control groups. We calculated that at least 189 in-
dividuals are needed in the low genetic risk groups to obtain 
significant results with α = .05, β = .95 and the HR of 0.69. 

We had 196 participants in the low genetic risk control group 
showing that our study was not underpowered to obtain stat-
istical significance also in the low genetic risk groups. Another 
limitation was that we did not have a randomized control arm. 
Instead, we had a population control arm with the same inclu-
sion criteria and duration of the follow-up as the intervention 
participants. As mentioned earlier, incident T2D in the popu-
lation control arm was probably underestimated because they 
had measurements only at baseline and year 3. Despite this 
limitation, the intervention lowered the risk of T2D by 52% 
compared with the population control.

Conclusions
Our T2D-GENE trial shows that T2D can be prevented or de-
layed by a low-cost group-based approach focusing on 
healthy diet and physical activity in middle-aged and elderly 
men, especially in the participants with a high genetic risk 
for T2D. Lifestyle intervention was equally effective in lower-
ing glycemia and weight compared to the population control 
groups in the participants with either high or low genetic 
risk for T2D. Therefore, our results suggest that all individuals 
at risk of T2D should be encouraged to make lifestyle changes 
regardless of genetic risk.
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