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Conclusion: Despite a sustained and large amount of weight loss, people in diabetes risk cluster 5 had deterioration of
glycemia, the largest decrease of insulin secretion among the clusters and a high risk of T2D.

NGR, normal glucose range; T2D, type 2 diabetes; TULIP, Tiibingen Lifestyle Intervention Program.
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We previously identified six clusters of people at differ-
ent risks of type 2 diabetes and/or comorbidities,
of which cluster 3 (p-cell deficient) and 5 (older age,
higher BMI, severe insulin resistance) had a high risk of
progression to diabetes. We have now investigated
whether cluster 3 and 5 individuals differed from those
of the other clusters in changes in insulin sensitivity,
insulin secretion, and the development of type 2 diabe-
tes during a long-term reduction of body weight. A total
of 190 participants completed a 24-month lifestyle in-
tervention in the Tiibingen Lifestyle Intervention Pro-
gram (TULIP) and were followed up for 8.7 + 1.6 years.
Sixty participants had a weight loss =3% (mean reduc-
tion of 8%) at the long-term follow-up. Of them, cluster
5 participants (n = 17) had a larger increase of adjusted
fasting glycemia compared with the cluster group
1,2,4,6 (n = 33) and cluster 3 (n = 10) and a larger in-
crease of adjusted 2-h glucose levels compared with
cluster 3 (all P < 0.05). In cluster 5, a larger decrease of
adjusted insulin secretion compared with cluster 3 (P =
0.01) and cluster group 1,2,4,6 (P = 0.05) was observed.
Forty-one percent of cluster 5 participants (0% in clus-
ter group 1,2,4,6 and 10% in cluster 3) developed type 2
diabetes. In conclusion, despite a sustained and large
amount of weight loss, diabetes risk cluster 5 participants

ARTICLE HIGHLIGHTS

e There may be heterogeneity in the response to a life-
style intervention to prevent type 2 diabetes.

e This study investigated whether participants of Tubin-
gen Lifestyle Intervention Program (TULIP) type 2 dia-
betes risk clusters 3 and 5, who have a very high risk
of diabetes, benefit from long-term weight loss follow-
ing a 2-year lifestyle intervention.

e Diabetes risk cluster 5 participants had an impaired
response regarding improvement of glycemia and in-
sulin secretion and a high risk of developing type 2 di-
abetes, despite a long-term (9-year) mean weight loss
of 8%.

o Alternative or intensified interventions should be con-
sidered for people in Tlbingen type 2 diabetes risk
cluster 5.

had deterioration of glycemia and insulin secretion and a
high risk of type 2 diabetes. If this result can be replicated
in a prospective study, people of this cluster would need
targeted prevention strategies.
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2 Long-Term Weight Loss in Diabetes Risk Clusters

Lifestyle intervention is effective in preventing the devel-
opment of type 2 diabetes in people at high risk for the
disease. Furthermore, the effect of a lifestyle intervention
for the prevention of type 2 diabetes is sustainable and
extends beyond the duration of the intervention (1-12).

We previously identified six clusters of people at differ-
ent risks of type 2 diabetes and/or comorbidities (Tiibingen
type 2 diabetes risk clusters), of which cluster 3 and 5 have
a high risk of progression to diabetes (13). While people in
cluster 3 mostly have low insulin secretion, those in cluster
5 predominantly have low insulin sensitivity, which is ini-
tially compensated by hypersecretion of insulin (13). In the
Prediabetes Lifestyle Intervention Study (PLIS), partici-
pants in all clusters had improved glycemic traits during
the 12-month lifestyle intervention, whereas insulin secre-
tion only increased in clusters 3 and 5. However, high liver
fat content in cluster 5 was associated with a failure to im-
prove insulin secretion (14).

In the Diabetes Prevention Program (DPP), short-term
(6-month) weight loss was protective against diabetes in
people with overweight or obesity, impaired fasting glyce-
mia, and impaired glucose tolerance; however, longer-term
weight loss (0-2 years) was more effective in reducing the
incidence of the disease (15). Therefore, it is important to
promote long-term weight loss in people at risk for type 2
diabetes and to investigate whether those with different
risks of type 2 diabetes differ in their response to long-
term weight loss regarding improvement in glycemia. In
the current study, we addressed this question in the Ttbin-
gen Lifestyle Intervention Program (TULIP) (16-19). We
investigated whether participants in the Tibingen type 2
diabetes risk clusters differed in changes of glycemia, insu-
lin sensitivity, and insulin secretion; the incidence of diabe-
tes during a long-term follow-up of a sustained weight loss
of >3%; and the possible mechanisms involved.

RESEARCH DESIGN AND METHODS

Participants and Study Design

A total of 413 participants were enrolled in TULIP, with 357
undergoing 9 months of intensive lifestyle intervention and
300 completing the full intervention after 24 months. We in-
vited these 300 participants via written invitation or telephone
call to a long-term follow-up visit; 190 individuals (63.3%) at-
tended this visit after a mean follow-up time (i.e., time between
baseline and long-term follow-up) of 8.7 + 1.6 years. The main
reason for not participating in the long-term follow-up was an
unknown address (16). Inclusion criteria in TULIP were at
least one of the following: family history of type 2 diabetes,
BMI >27 kg/m?, impaired glucose tolerance (blood glucose
>7.78 mmol/L), or previous diagnosis of gestational diabe-
tes mellitus. A diagnosis of diabetes or a severe, critical
mental or physical illness was an exclusion criterion. Before
enrollment, participants were given detailed information
about the procedure, aims, and risks of the study and were
informed that they could withdraw voluntarily at any time.
Ethical approval was obtained from the Medical Faculty of
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the Eberhard Karls University Tibingen, Germany, and all
participants gave written informed consent. At baseline,
anthropometric, medical history, and physical examination
data were obtained, and a 2-h 75-g oral glucose tolerance test
(OGTT) was performed. These examinations were repeated
at 9 and 24 months after the baseline visit and ~9 years
later. During the first 24 months, the participants underwent
a lifestyle intervention to improve their glucose metabolism,
as assessed by the OGTT. The aim was to reduce fat intake to
<30% and saturated fat intake to <10% of total energy in-
take and to increase fiber intake to 15 g per 1,000 kcal.
They were also asked to be physically active for at least
3 h per week, which should result in a weight loss of
>5%. To achieve this goal, all participants received
standardized and individualized dietary advice from
trained diabetes educators throughout 15 sessions, which
took place monthly for the first 9 months and then every
3 months until 24 months after the start of the study. This
study aimed to investigate whether clusters of people at
risk for type 2 diabetes differ in their long-lasting response
regarding improvement of glucose metabolism while they
maintain a reduced body weight.

Clustering of Participants

Participants were assigned to the Tiibingen type 2 diabetes
risk clusters based on the criteria developed from the
TULIP and Tubingen Diabetes Family Study data and repli-
cated in the London Whitehall II study of 6,810 individuals
(13). The clustering procedure is publicly available (20) and
requires the following measures: sex, BMI, waist circumfer-
ence, hip circumference, fasting glucose, 2-h OGTT glucose,
fasting insulin, 2-h OGTT insulin, triglycerides, HDL cho-
lesterol, and plasma glucose. The variables used to assign
participants to these clusters were those assessed at baseline
(before the intervention). We focused on cluster 3 and 5 par-
ticipants, as they have the highest risk of progression to
type 2 diabetes (13), and compared them with participants
in the other clusters (hereafter, cluster group 1,2,4,6).

OGTT

Participants underwent a 2-h, five-point, 75-g OGTT at
baseline, after 9 and 24 months of the lifestyle interven-
tion, and at the long-term follow-up. Blood samples were
taken at 0, 30, 60, 90, and 120 min. Plasma glucose was
measured with a bedside glucose analyzer (YSI, Yellow
Springs, OH) and in the laboratory with an ADVIA XPT dini-
cal chemistry analyzer (Siemens Healthineers) using the hexo-
kinase method and an immunoturbidimetric assay. Plasma
insulin, C-peptide levels, and triglycerides were determined
by immunoassay using an ADVIA Centaur XPT chemilumines-
cence immunoassay system (Siemens Healthineers, Erlangen,
Germany). Area under the curve glucose at 0-120 min
(AUCq_150) was calculated using the trapezoidal method. Pre-
diabetes and type 2 diabetes were diagnosed according to the
diagnostic criteria of the American Diabetes Association (21).
The estimation of insulin sensitivity proposed by Matsuda
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Table 1—Participant characteristics
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Characteristic Baseline 9 months 24 months 9 years
Sex (female/male), n 112/78

Age (years) 49 + 10 50 + 10 51 + 10 58 + 10
Body weight (kg) 86.3 + 17.9 83.3 + 16.7 84.6 +17.8 86.9 + 19.5
Body height (cm) 170.4 + 9.1 170.5 + 9.1 170.4 + 9.1 169.7 + 9.3
BMI (kg/m?) 29.7 + 5.4 28.6 + 5.0 291 + 5.5 30.1 +5.9
Total fat mass (Ib)? 30.4 + 11.6 27.9 + 10.6 29.2 + 11.6 349 +11.5
Visceral fat mass (Ib)® 3.5 +2.1 29+19 3.2 +21 48 + 2.7
Subcutaneous fat mass (Ib)° 9.0 + 4.7 79+ 43 6.8 + 4.2 126 + 5.4
Liver fat content (%) 6.0 + 6.9 49 + 441 48 +52 6.1+55
Fasting blood glucose (mmol/L) 53+ 0.5 52+ 0.5 53 +0.5 5.7+ 0.8
2-h Blood glucose (mmol/L) 72 +1.7 6.8 +1.8 73 +20 72 +21
Triglycerides (mg/dL) 129 + 88 121 + 83 125 + 127 133 + 141
ISI Matsuda 119+ 64 18.7 £ 7.1 124 +73 8.4 +5.1
IGlo—30 132 + 104 156 + 338 135 + 102 163 + 132
AUC_120 C-peptide to AUC1_150 Glc 303 + 86 302 + 93 297 + 87 266 + 85
Disposition index 1,391 + 1498 1,921 + 4350 1,446 + 1060 1,171 + 1032

Data are mean + SD unless otherwise indicated. 21 =104. °n=106. °n=93. 9n=99.

and DeFronzo, based on glucose (Glc) and insulin levels, was
used to determine the insulin sensitivity index (ISI) (22). The
insulinogenic index (IGIy 30 min), calculated as (Inszp — Insg)/
(Glezg — Gleg) (21), and the relative insulin secretion (disposi-
tion index), calculated as the product of ISI and IGly 39 min
(23), were used as proxies for insulin secretion. We focused on
the ratio of AUCy 159 C-peptide to AUCq 159 Glc as an index of
insulin secretion, as this index is well suited to assess f3-cell se-
cretory function (24) and exhibits low variation and high dis-
criminatory power (25).

Measurement of Body Fat Mass and Distribution and
Liver Fat Content by MRI and 'H Magnetic Resonance
Spectroscopy

Determination of whole-body fat mass and fat distribu-
tion was performed using an axial T1-weighted fast spin
echo technique, as previously described, on a 1.5-T whole-
body imager (Magnetom Sonata; Siemens Healthineers)
(17). Liver fat content was quantified by localized 'H mag-
netic resonance spectroscopy as previously described (18).

Statistical Analysis

The statistical analysis was performed using the commer-
cial software program JMP (SAS Institute, Inc., Cary, NOC).
Data are presented as mean + SD (tables) or mean +
SEM (figures). The Student t test was used for statistical
comparison and to determine significance differences be-
tween two groups with normally distributed parameters.
Parameters were tested for normal distribution using the

Shapiro-Wilk W test, and nonnormally distributed values

were logarithmically transformed to approximate a nor-
mal distribution. Multivariable linear regression analyses
were performed to identify independent relationships.
P < 0.05 was considered statistically significant.

Data and Resource Availability

The data sets generated and analyzed during the current
study are available from the corresponding author upon
reasonable request.

RESULTS

The baseline characteristics of the participants who at-
tended the long-term follow-up and who were included in
this analysis and those who were lost to long-term follow-
up are reported in Supplementary Table 1. Among the
190 participants who attended the long-term follow-up,
mean body weight decreased by 3% after 9 months of the
lifestyle intervention and was similar to the baseline body
weight after the long-term follow-up of 9 years (Table 1).
Based on the largest mean decrease in body weight, which
was observed after 9 months of the lifestyle intervention,
participants were divided into those with and without
sustained long-term effects of the intervention with re-
gard to decreased body weight (>3% or <3% weight loss,
respectively, from baseline to 9 years of follow-up).

We first investigated whether weight loss was different
in the clusters. In all 190 participants analyzed together,
weight loss (adjusted for age, sex, and the baseline weight)
was largest in cluster 5 (P = 0.03 vs. cluster group 1,2,4,6;
P = 0.13 vs. cluster 3; ANCOVA P = 0.097). No differences
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in weight loss among the clusters were observed when the
participants were divided into those with <3% (ANCOVA
P =0.44) and >3% (ANCOVA P = 0.43) weight loss.

We then studied whether changes in our main parame-
ters of interest (i.e., insulin sensitivity, insulin secretion,
the development of type 2 diabetes) differed between the
groups with <3% and >3% weight loss from baseline to
9 years of follow-up within clusters. Data for all 190 partici-
pants are shown in the Supplementary Table 2, for those
who lost <3% weight in Supplementary Table 3, and for
those who lost >3% weight in Table 1. As expected, in multi-
variable linear regression analyses within the dusters, insulin
sensitivity (adjusted for age, sex, and baseline insulin sensi-
tivity [least squares mean]) decreased less or increased more
in the groups with >3% versus those with <3% weight loss
(luster group 1,2,4,6 P = 0.0005; cluster 3 P = 0.003; cluster 5
P = 0.14), and there was no statistically significant cluster X
weight loss group interaction for change in insulin sensitiv-
ity (P = 0.28). Furthermore, in multivariable linear regres-
sion analyses, the change in insulin secretion (AUCy 199
C-peptide to AUCy 120 Glc, adjusted for age, sex, insulin se-
cretion at baseline, and insulin sensitivity at baseline and fol-
low-up) was not different between the weight loss groups
within the dusters (cluster group 1,2,4,6 P = 0.25; cluster 3
P = 0.64; cluster 5 P = 0.32), and there was no statistically
significant cluster X weight loss group interaction for change
in insulin secretion (P = 0.25). In addition, in nominal logistic
regression models, the development of type 2 diabetes (ad-
justed for age, sex, and baseline presence of prediabetes or
normal glucose regulation) was not statistically different be-
tween the weight loss groups within the clusters. However,
after adjustment for age, sex, and the baseline presence of
prediabetes or normal glucose regulation, the dusters X
weight loss group interaction for development of type 2 dia-
betes was statistically different (P = 0.01). Diabetes tended
to be higher in weight loss group <3% in cluster group
1,2,4,6 (P = 0.07); was not different between weight loss
groups in custer 3 (P = 0.26); and tended to be lower in
weight loss group <3% in duster 5 (P = 0.08). We then ana-
lyzed these two weight loss groups separately by duster
group 1,2,4,6; cluster 3; and cluster 5 and henceforth, focus
on the group of participants with a sustained weight loss of
>3% during the long-term follow-up.

Short-Term Effects of the Lifestyle Intervention

The group that lost >3% body weight from baseline to
9 years of follow-up consisted of 60 participants, of
whom 33 were in cluster group 1,2,4,6; 10 in cluster 3;
and 17 in cluster 5 (Table 2). The highest baseline weight
(93.7 + 15 kg) and the largest weight loss (8.8%) within
the first 9 months of the study were observed in cluster 5
participants (Fig. 1). Weight loss from baseline to 9 years
of follow-up was not different among the clusters (cluster
group 1,2,4,6, -8.9%; cluster 3, -8.9%; cluster 5, -8.0%;
ANOVA P = 0.80). In both high-risk clusters (3 and 5),
the baseline fasting glucose level was 5.9 mmol/L and
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decreased by 8.5% during the first 9 months, while the
baseline level in cluster group 1,2,4,6 was 5.2 mmol/L and
decreased by 1.9%. The mean baseline 2-h glucose level
during the OGTT was highest in cluster 5 (9.3 mmol/L)
and decreased more at 9 months (16.1%) compared with
cluster 3 (6.9%) and cluster group 1,2,4,6 (1.6%). Two clus-
ter 3 participants had mild diabetes (for both, only based
on elevated 2-h glucose values of 11.86 and 11.89 mmol,
respectively, during the OGTT) after 9 months from the
start of the intervention and did not have diabetes at the
end of the active phase of the intervention (24 months).
The baseline ISI was lowest in cluster 5 (4.7 arbitrary
units), only increased to 8.3 arbitrary units after 9 months,
and, thereby, was only half as high as the ISIs of the other
clusters after 9 months of the lifestyle intervention.
Liver fat content and fasting blood triglycerides, which
are strongly associated with insulin sensitivity, were high-
est in cluster 5 and largely decreased after 9 months of
the lifestyle intervention, indicating an adequate response
of triglyceride metabolism in duster 5. The ratio of AUCy_15
C-peptide to AUCq 150 Glc decreased by 6.8% in cluster 5
and increased by 1.5% in cluster 3 (Table 2).

Long-Term Effects of the Lifestyle Intervention

In the group that lost >3% body weight from baseline to
9 years of follow-up, the mean weight loss was similar
among the clusters (—7 to —8% compared with the base-
line body weight) (Table 2 and Fig. 1). An improvement
of fasting glucose levels was observed in cluster 3, and a
moderate increase of fasting glucose levels was found in
cluster group 1,2,4,6 (Table 2). In contrast, cluster 5 partici-
pants had an increase in fasting glucose levels. Subsequently,
multivariable linear regression analysis was performed, with
change in fasting glucose as the dependent variable and clus-
ter allocation as the explanatory variable of interest. The
model was adjusted for age, sex, and baseline fasting glucose
level. A significant difference between high-risk clusters 3
and 5 (P = 0.006), with a decrease of fasting glucose in clus-
ter 3 and an increase of fasting glucose in cluster 5, was ob-
served (Fig. 24). This increase of fasting glucose in cluster 5
was also larger than in cluster group 1,2,4,6 (P = 0.02).

Regarding 2-h glucose, cluster group 1,2,4,6 partici-
pants had a small increase, and both high-risk clusters
had a decrease (Table 2). In multivariable linear regression
analysis, the changes of 2-h glucose levels (adjusted for
age, sex, and baseline 2-h glucose levels) were significantly
different between the high-risk clusters (P = 0.02), with
an increase in cluster 5 (Fig. 2B).

Regarding insulin sensitivity, cluster 5 participants had
not only the lowest insulin sensitivity at baseline but also the
smallest improvement of insulin sensitivity compared with
the other clusters. In multivariable linear regression analysis,
insulin sensitivity (adjusted for age, sex, and baseline insulin
sensitivity) increased in cluster 3 (P = 0.05 vs. cluster group
1,2,4,6; P = 0.04 vs. duster 5), and the change in insulin
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75 A

70

Baseline 9 months

24 months Follow-up

——Cluster 1,2,4,6 —Cluster 3 ——Cluster5

Figure 1—Course of weight from baseline to follow-up by cluster for participants with weight loss >3% at 9 years of follow-up. Data are

mean + SEM.

sensitivity was not different between custer group 1,2,4,6
and cluster 5 (Fig. 20).

In all clusters, liver fat content and fasting blood trigly-
cerides were lower after 9 years of follow-up compared
with baseline but were still highest in cluster 5 compared
with the other clusters (Table 2). In multivariable linear
regression analysis, changes in circulating triglycerides
and liver fat content (adjusted for age, sex, and baseline
triglyceride levels or liver fat content) were not different
among the clusters.

Based on the mean ratio of AUCy 159 C-peptide to
AUCq_150 Glc, insulin secretion was found to be similar in
all clusters (Table 1). However, in the multivariable re-
gression analysis, the decrease of insulin secretion (ad-
justed for age, sex, baseline insulin secretion, and insulin
sensitivity at baseline and follow-up) was greatest in clus-
ter 5 and statistically different from cluster 3 (P = 0.01)
and duster group 1,2,4,6 (P = 0.05) (Fig. 2D). Importantly,
41% of custer 5 participants, but 0% of custer group
1,2,4,6 participants and only 10% of cluster 3 participants
developed type 2 diabetes (Table 2). No distinct differences
among the clusters were observed for changes in fasting and
2-h glucose levels and insulin sensitivity and insulin secre-
tion in the participants who did not achieve a long-term
weight loss of at least 3% (Supplementary Material).

DISCUSSION

The beneficial effects of a lifestyle intervention to prevent
type 2 diabetes in people at high risk of the disease have been
well documented (1-12). However, its long-term effects on

glycemia, insulin sensitivity, and insulin secretion among dis-
tinct pathophysiological subgroups of people at risk for type 2
diabetes remain unclear. We investigated the long-lasting ef-
fects of a lifestyle intervention on these parameters and the
incidence of type 2 diabetes in people characterized by the
Tubingen type 2 diabetes risk clusters. Because sustained
weight loss during a lifestyle intervention is considered an
important target to prevent type 2 diabetes (15), we focused
on people who achieved sustained weight loss after a mean
follow-up of nearly 9 years.

In cluster 3, which is characterized by impaired insulin
secretion with only mild insulin resistance, participants
experienced improvements of both fasting glucose and,
more strongly, 2-h glucose levels, and most cluster 3 par-
ticipants reverted to normoglycemia. In these individuals,
we also found an increase in insulin sensitivity. The de-
crease in insulin secretion in cluster 3 participants was
smallest compared with the other clusters, indicating a fa-
vorable long-term response in most individuals in this
cluster. Nevertheless, 10% of cluster 3 participants still
progressed to type 2 diabetes, despite a sustained mean
weight loss of 7% after 9 years of follow-up.

In contrast, in cluster 5, which is characterized by severe
insulin resistance with initially compensatory hypersecre-
tion of insulin, participants experienced deterioration of gly-
cemia. This occurred despite achieving the greatest initial
weight loss of all clusters within the first 9 months and a
mean weight loss of 8% after 9 years of follow-up. Unexpect-
edly, despite this large amount of weight loss, 41% of cluster
5 participants developed type 2 diabetes. In cluster 5, we
also found the largest decrease of insulin sensitivity and,
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Figure 2—Change (from baseline to 9 years of follow-up) in adjusted (for age, sex, and baseline level) logarithmic fasting plasma glucose
(A), logarithmic 2-h plasma glucose (B), and logarithmic insulin sensitivity (C) and of adjusted (for age, sex, insulin sensitivity at baseline
and follow-up, and baseline level) logarithmic AUC+_ 2o C-peptide to AUC4_120 Glc (D) by cluster for participants with weight loss >3%.

Data are mean + SEM.

more importantly, the largest decrease of insulin secretion
after the long-term follow-up. These findings suggest that
sustained moderate to large weight loss alone may be insuf-
ficient to counteract the progressive deterioration of glucose
metabolism in this high-risk group. Furthermore, impaired
triglyceride metabolism (liver and circulating triglycerides)
may not improve as expected in cluster 5 individuals, al-
though the changes in these parameters were not statisti-
cally significant among the clusters. Although percentage
weight loss was almost identical among the three clusters,
cluster 5 participants had the highest body weight at base-
line and at the 9 year follow-up visit. Thus, a larger weight
loss may be necessary to improve glucose and lipid metabo-
lism in cluster 5 individuals.

The focus of the analyses on participants who achieved
a large and sustained mean weight loss of 8% after a
very-long follow-up of 9 years is limited by the sample
size becoming small for statistical analyses. Therefore,
we also performed analyses in all 190 participants. In
these analyses, a larger weight loss (as a continuous param-
eter) during 9 years of follow-up was also associated with a
larger adjusted increase of insulin sensitivity but not with
improvement of adjusted insulin secretion within all clus-
ters. Furthermore, in these participants, a larger weight
loss (as a continuous parameter) during 9 years of follow-
up was only associated with a lower adjusted incidence of
diabetes within custer group 1,2,4,6 but not in clusters

3 or 5. These data support that people with more severe
impairment of glucose metabolism, particularly as observed
in cluster 5 participants with low insulin sensitivity and
low insulin sensitivity-corrected insulin secretion, may
need more intensified interventions.

The different responses of the parameters of glucose
metabolism to the lifestyle intervention in the diabetes
risk clusters may have resulted from the distinct patho-
physiological phenotypes that prevail in participants in
the respective clusters. The main metabolic characteristic
of cluster 3 is a deficient f-cell function in the presence
of mild insulin resistance. The decrease in the ratio of
AUCy 159 C-peptide to AUCy 159 Glc during the first 9 months
of the lifestyle intervention indicates that the moderate
compensatory insulin hypersecretion decreased, likely
due to improvement of insulin action in peripheral tissues
during weight loss. This may have resulted in relieving
B-cells from stress that is brought about by the need of
hypersecretion of insulin (26). This observation is impor-
tant, considering that p-cell function was already impaired
at baseline. Reduction of f-cell stress may delay or even
prevent the development of type 2 diabetes, which occurs
when poor P-cell function can no longer compensate for
insulin resistance (27-29).

Cluster 5, on the other hand, is dominated by severe in-
sulin resistance, which causes a very high glycemic load
to the P-cells. Hyperglycemia, brought about by insulin
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resistance and increased circulating free fatty acids (30), may
have resulted in severe hypersecretion of insulin. This may
have promoted the decrease of glucose-stimulated insulin se-
cretion that occurred during the long-term follow-up and the
development of type 2 diabetes in 41% of cluster 5 partici-
pants. Severe and long-existing hypersecretion of insulin very
likely was already present at the beginning of the lifestyle in-
tervention because all cluster 5 participants had prediabetes
at baseline. Unfortunately, adjusted insulin sensitivity in clus-
ter 5 only improved in the short term, not in the long-term
follow-up. Importantly, this decrease of adjusted insulin sensi-
tivity in the long-term follow-up occurred despite a relatively
large and sustained weight loss. Thus, in duster 5 individuals,
pathomechanisms promoting both severe insulin resistance
and impairment of B-cell function may be operative. Evidence
from our studies in people with prediabetes (PLIS) suggests
that the main driver for the decrease of insulin secretion in
cduster 5 is high liver fat content (14). In the current study,
liver fat content at baseline (adjusted for age, sex, and total
body fat mass) was much higher in cluster 5 participants com-
pared with those in custer group 1,2,4,6 (2.4-fold higher,
P =0.002) and cluster 3 (1.7-fold higher, P = 0.018). The fatty
liver, for example, releases the hepatokine fetuin-A (31),
which together with palmitate, induces proinflammatory
responses in human adipocytes and mouse macrophages,
thereby promoting insulin resistance in animals (32,33) and
most probably in humans as well (34). In addition, fetuin-A,
together with palmitate, promotes the production of the
proinflammatory and cytotoxic cytokine interleukin-1f in
macrophages within the isolated islets, and fetuin-A impairs
glucose-induced insulin secretion (35). Interestingly, baseline
fetuin-A levels (34), which were available in 50 of the 60 par-
ticipants with long-term weight loss >3%, were highest in
cluster 5 participants (mean values: 262 + 40 pg/mL for
cluster group 1,2,4,6; 246 + 53 pg/mL for cluster 3; and 290
+ 29 pg/mL for cluster 5; P = 0.01 for cluster 5 vs. cluster
group 1,2,4,6 and P = 0.06 for cluster 5 vs. cluster 3 after ad-
justment for age, sex, and the adipose tissue-related insulin
sensitivity marker adiponectin). These findings suggest that
for people in type 2 diabetes risk cluster 5, it may be more
important to focus on interventions that specifically reduce
liver fat content rather than body weight. Nevertheless, we
recently found that cluster 5 individuals largely benefited
from substantial weight loss brought about by bariatric sur-
gery in terms of improvement of insulin resistance, insulin
secretion, and prediabetes remission (36).

A limitation of our study is that the group of people
who were able to decrease their body weight over a long
follow-up is relatively small. Furthermore, although the
whole study group (N = 190) had a BMI of >35.1 kg/m?,
cluster 5 participants had the highest BMI, and nearly all
(97%) had prediabetes at baseline. The timing of onset of
diabetes may have impacted weight measures, as a higher
percentage of cluster 5 participants than those in other
clusters may have tried hard to maintain a large decrease
of body weight over the long follow-up. This may have
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resulted in a selection of high-risk people with long-term
weight loss >3% in the cluster 5. Nevertheless, in our anal-
yses, we adjusted for the baseline levels of insulin sensitiv-
ity, insulin secretion, and hyperglycemia, indicating that
the observed metabolic risk of people in cluster 5 is most
probably pathophysiologically determined. To corroborate
our conclusions, prospective studies aimed at maintaining
a relatively large amount of weight loss over a long pe-
riod in all participants (e.g., using pharmacotherapy) are
needed.

A strength of our study is that we performed precise phe-
notyping at four time points during 9 years of follow-up,
which enabled us to investigate parameters determining
changes of glycemia in our study. Another strength was that
we were able to analyze both short-term and long-term ef-
fects of a lifestyle intervention in people within different
type 2 diabetes risk clusters. This is particularly important
considering that, as of today, several effective weight loss
strategies (e.g., bariatric surgery, incretin-based pharmaco-
therapy) are being increasingly used to achieve long-term
weight loss.

In conclusion, cluster 3 participants benefited well from
long-term and sustained weight loss following a lifestyle in-
tervention, especially in terms of improvement of insulin
sensitivity. Insulin secretory function was preserved, which
is important as cluster 3 participants already had reduced
insulin secretion before the lifestyle intervention. Unfortu-
nately, cluster 5 participants did not benefit as much as
those in other clusters from the lifestyle intervention with
regard to improvement in glucose metabolism, despite a
marked sustained weight loss. If this result can be repli-
cated in a prospective study, there is a need for a more tai-
lored approach to diabetes prevention in which high-risk
phenotypes, such as cluster 5, may require more intensive
or targeted interventions.
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