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The objective of this work was to investigate whether
impaired insulin secretion can be restored by lifestyle
intervention in specific subphenotypes of prediabetes.
We assigned 1,045 participants from the Prediabetes
Lifestyle Intervention Study (PLIS) to six recently estab-
lished prediabetes clusters. Insulin secretion was as-
sessed by a C-peptide–based index derived from oral
glucose tolerance tests and modeled from three time
points during a 1-year intervention. We also analyzed
the change of glycemia, insulin sensitivity, and liver fat.
All prediabetes high-risk clusters (cluster 3, 5, and 6)
had improved glycemic traits during the lifestyle inter-
vention, whereas insulin secretion only increased in
clusters 3 and 5 (P < 0.001); however, high liver fat in
cluster 5 was associated with a failure to improve

insulin secretion (Pinteraction < 0.001). Thus, interventions
to reduce liver fat have the potential to improve insulin
secretion in a defined subgroup of prediabetes.

Prediabetes is a heterogenous condition comprising sub-
phenotypes with different risks of diabetes and its compli-
cations (1). From its two key features, insulin resistance
and impaired insulin secretion, insulin resistance can be
clearly improved by lifestyle intervention (LI); however, it
is not known whether LI can improve insulin secretion in
specific subphenotypes of reduced insulin secretion (2). Re-
cently, we described six clusters of prediabetic metabolism
(1). Two of these clusters (clusters 3 and 5) have a high risk
of progression to diabetes. Another group (cluster 6) has an

1German Center for Diabetes Research (DZD), Neuherberg, Germany
2Division of Diabetology, Endocrinology and Nephrology, Department of Internal
Medicine IV, Eberhard-Karls University T€ubingen, T€ubingen, Germany
3Institute for Diabetes Research and Metabolic Diseases of the Helmholtz Center
Munich at the University of T€ubingen, T€ubingen, Germany
4Department of Endocrinology and Diabetology, Medical Faculty and University
Hospital, Heinrich Heine University D€usseldorf, D€usseldorf, Germany
5Institute for Clinical Diabetology, German Diabetes Center, Leibniz Center for
Diabetes Research at Heinrich Heine University D€usseldorf, D€usseldorf, Germany
6Division of Endocrinology and Diabetology, Department of Internal Medicine I,
Ulm University Hospital, Ulm, Germany
7Department for Diagnostic Laboratory Medicine, Institute for Clinical Chemistry and
Pathobiochemistry, University Hospital of T€ubingen, T€ubingen, Germany
8Section on Experimental Radiology, Department of Radiology, University of
T€ubingen, T€ubingen, Germany
9Department of Medicine I and Clinical Chemistry, University Hospital of Heidelberg,
Heidelberg, Germany
10Institute for Diabetes and Cancer, IDC Helmholtz Center Munich, and Joint
Heidelberg-IDC Translational Diabetes Program, Neuherberg, Germany
11Department of Endocrinology & Metabolism, Charit�e Universit€atsmedizin Berlin,
Berlin, Germany

12Department of Experimental Diabetology, German Institute of Human Nutrition
Potsdam-Rehbr€ucke, Nuthetal, Germany
13Department of Medicine, Endocrinology and Nephrology, Universit€at Leipzig,
Leipzig, Germany
14Institute of Nutritional Medicine, School of Medicine, Technical University of
Munich, Munich, Germany
15Diabetes Center, Medical Department 4, LMU University Hospital, Ludwig-
Maximilians-University Munich, Munich, Germany
16Department of Internal Medicine III, Technische Universit€at Dresden, Dresden,
Germany
17Division of Endocrinology, Children’s Hospital Boston, Harvard Medical School,
Boston, MA

Corresponding author: Hans-Ulrich H€aring, hu.haering@magenta.de

Received 9 May 2022 and accepted 12 December 2022

This article contains supplementary material online at https://doi.org/10.2337/
figshare.21720137.

© 2023 by the American Diabetes Association. Readers may use this article
as long as the work is properly cited, the use is educational and not for
profit, and the work is not altered. More information is available at https://
www.diabetesjournals.org/journals/pages/license.

M
E
T
A
B
O
L
IS
M

362 Diabetes Volume 72, March 2023

D
ow

nloaded from
 http://diabetesjournals.org/diabetes/article-pdf/72/3/362/697229/db220441.pdf by guest on 27 Septem

ber 2023

mailto:hu.haering@magenta.de
https://doi.org/10.2337/figshare.21720137
https://doi.org/10.2337/figshare.21720137
https://www.diabetesjournals.org/journals/pages/license
https://www.diabetesjournals.org/journals/pages/license
http://crossmark.crossref.org/dialog/?doi=10.2337/db22-0441&domain=pdf&date_stamp=2023-02-03


intermediate risk of diabetes as these individuals are capa-
ble of compensating insulin resistance via hyperinsulinemia
over years. In this study, we retrospectively stratified partici-
pants of a large multicenter study into these novel clusters
of prediabetic metabolism (1) and investigated whether LI
improved their insulin secretion and other glycemic traits.

RESEARCH DESIGN AND METHODS

Study Population
The Prediabetes Lifestyle Intervention Study (PLIS) is a ran-
domized, controlled, multicenter trial testing the efficacy of
different intervention intensities in individuals with predia-
betes (ClinicalTrials.gov identifier NCT01947595) (2). Par-
ticipants with prediabetes were divided into a group with a
low risk or a group with a high risk for diabetes progression.
The low-risk group was then randomized to a control or con-
ventional LI, whereas the high-risk group was randomized to
a conventional or intensive LI for 1 year. While the control
arm had only one 30-min consultation session with a dieti-
tian, participants in the conventional and intensified arms
received 8 or 16 recurring counseling sessions, respectively.
The intention of counseling was to decrease body mass by
5% through reducing fat and increasing fiber intake. Partici-
pants with the conventional and intensified intervention
were also motivated to perform 3 and 6 h of exercise per
week, respectively. Postprandial glucose (glucose at 120 min
after a glucose challenge) was the primary end point of the
study. Secondary end points were insulin sensitivity, liver
fat, and insulin secretion.

Assignment to Metabolic Clusters
Participants in the intention-to-treat analysis were assigned
to metabolic clusters based on several variables: area under
the curve (AUC)0–120 glucose, insulin sensitivity, insulin
secretion (ratio of AUC0–30C-peptide to AUC0–30glucose),
HDL-cholesterol, visceral fat volume, subcutaneous fat vol-
ume, liver fat content, and type 2 diabetes polygenic risk
score, as described previously (1). Insulin and C-peptide were
measured using the ADVIA Centaur XP Immunoassay Sys-
tem. Liver fat content was assessed with 1H MRS, as de-
scribed previously (2). Missing variables were imputed using
multivariable imputation with chained equations (3), and
complete cases set for the required variables was achieved
forN = 1,045 (see Supplementary Table 1).

Outcome Measures
Standardized 75-g oral glucose tolerance tests (OGTTs) were
performed at baseline after 6 months and 12 months of LI.
Insulin sensitivity was assessed by the Matsuda index from
5-point insulin and glucosemeasurements (4). Results of the
per-protocol analysis of the low-risk and high-risk groups of
PLIS did not show an effect of LI on insulin secretion mea-
sured by an insulin-based index. We measured C-peptide as
a post hoc analysis of the study to assess insulin secretion
by ratio of AUC0–120C-peptide to AUC0–120glucose, as this

index had a lower coefficient of variation while still achieving
high discrimination (5).

Statistics
Computations were performed with R 3.6.1 software. The
change of outcome measures during LI was modeled with
generalized linear mixed models applying the participant as
a random effect using the lme4 library. Fixed-effects covari-
ates comprised the intervention group and its interaction
term with time, sex, age, BMI, and time (since randomiza-
tion). Insulin sensitivity was log-transformed when analyzed
as an outcome. For insulin secretion, further adjustment was
performed for insulin sensitivity. To test how liver fat affects
the change in insulin secretion, we fitted the interaction of
time and liver fat, measured at the beginning and at the end
of the trial, on insulin secretion in different prediabetes clus-
ters. All tests were two-sided with an a level of 0.05. Accord-
ing to simulations performed with the simr package (6), the
statistical power to detect the change of insulin secretion in
cluster 5 (b = 10,Ngroups = 213,Nmeasurements = 594) was 76%
(95% CI 66–84).

Data and Resource Availability
Data of the PLIS study are currently not publicly available.
Making the data publicly available without additional con-
sent or ethical approval might compromise participant pri-
vacy and the original ethical approval. The R code that
supports this analysis is specific for the data set of the
PLIS study and available upon request.

RESULTS

All participants of the PLIS cohort met the criteria for
prediabetes and �82% (856 of 1,045) were assigned to
the previously described high-risk clusters 3, 5, or 6. The
baseline characteristics of participants stratified for meta-
bolic clusters are summarized in Supplementary Table 2.
Owing to the low number of participants assigned to the
metabolically healthy obese cluster (cluster 4, n = 8), this
group was excluded from further analyses. There were no
differences in renal function across the clusters that could
impact assessment of insulin secretion through reduced
C-peptide clearance (Supplementary Table 2). Before the
intervention, cluster 3 had the lowest insulin secretion in-
dependent from insulin sensitivity (P < 3.69 * 10�6) (see
Supplementary Table 2), and cluster 5 had the lowest in-
sulin sensitivity compared with all other clusters (see
Supplementary Table 3).

We analyzed the change in key glycemic traits during LI
incorporating all evaluation points (baseline 6 months, ex-
cept for liver fat, and 12 months). Glycemia, insulin sensi-
tivity, and liver fat content were improved by LI in all three
high-risk clusters (3, 5, and 6), independent from sex, age,
BMI, and the type of LI (P< 0.001) (see Fig. 1A–C). Insulin
secretion improved independently from insulin sensitivity
and the above-mentioned covariates in clusters 3 and 5.
However, insulin secretion did not change during LI in
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Figure 1—Cluster-specific change of glycemia (A), insulin sensitivity (B), liver fat (C), and insulin secretion (D) during LI with influence of liver
fat on change of insulin secretion during LI (E). Subpanels 1–6 indicate the respective prediabetes clusters. Traits are shown as residuals
from generalized linear mixed models adjusted for sex, age, BMI, time × intervention (control, conventional, or intensive), and in the case of
insulin secretion, additionally for insulin sensitivity as fixed effects. Effect sizes (b) and P values are provided for the term time. Cluster-wise
interactions between hepatic fat content and time in generalized linear mixed models are shown as marginal effects by plotting the modeled
change of insulin secretion for low (mean � SD), mid (mean) and high (mean1 SD) hepatic fat content. Effect sizes (b) and P values are pro-
vided for the interaction between liver fat and time.
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participants in cluster 6, which is characterized by hyperin-
sulinemia, (see Fig. 1D). Unadjusted insulin secretion also
did not increase or decrease during the LI (P = 0.4).

We tested the hypothesis that the change of liver fat
content—modeled as an interaction of time and MRS-
derived hepatic fat content at study start and end—
modulates insulin secretion using generalized linear mixed
models with the fixed-effect terms: sex, age, BMI, insulin
sensitivity, intervention, time × intervention, and time.
There was a significant interaction between time and liver
fat within cluster 5, but not within the other tested clusters.
The results suggest that lower liver fat during LI was associ-
ated with an increase of insulin secretion, whereas higher
liver fat levels inhibited this improvement of insulin secre-
tion (Fig 1E). In contrast, with similarly constructedmodels,
there was no interaction with BMI in any tested cluster, sug-
gesting that BMI does not impact the change of insulin se-
cretion in eithermetabolic cluster (Supplementary Fig. 1).

We also computed insulin secretion using the alternative
index ratio of AUC0–30C-peptide to AUC0–30glucose that
was used at the original cluster assignment. This index po-
tentially involves hepatic insulin resistance (7) and yielded
similar results (Supplementary Fig. 2).

DISCUSSION

The data show that all previously defined high-risk clus-
ters of prediabetes are amenable for improvement of gly-
cemia, insulin sensitivity, and liver fat content through
LI; however, insulin secretion only improves in clusters 3
and 5. These two clusters are characterized by low insulin
secretion for their respective insulin sensitivity. Of note,
cluster 3, with only moderate insulin resistance and insu-
linopenia, also improves insulin secretion. Insulin secre-
tion did not increase in cluster 6 during LI, which aligns
with the observation that individuals in this cluster al-
ready have prominent hyperinsulinemia. The lack of a
decrease of insulin secretion (neither without nor with
adjustment for insulin sensitivity) in cluster 6 suggests
that hyperinsulinemia was not mitigated by LI. Further
studies are needed to investigate the causes and therapeu-
tic possibilities of hyperinsulinemia in this cluster.

Cluster 5 is characterized by insulin resistance, excessive
liver fat content, and inadequate insulin secretion (1). Our
data suggest that liver fat content, but not body weight loss,
is an important modulator of b-cell function. Cell culture
models show that a metabolic milieu characterized by a fatty
liver and insulin resistance promotes inflammatory cytokine
production in adipose tissue adjacent to the pancreatic islets,
which is in turn detrimental to insulin secretion (8). There-
fore, lowering liver fat has the potential to relieve compro-
mised b-cell function in this prediabetes subphenotype.

Deterioration in b-cell function precedes the onset of
type 2 diabetes (9), and increasing insulin secretion has
been associated with lower diabetes risk in participants of
the Diabetes Prevention Program (10). An improvement
of b-cell function paralleling liver fat reduction has

already been shown in patients with diabetes (11), but
has not yet been reported in prediabetes (12). Therapeutic
strategies addressing hepatic fat reduction could be piv-
otal in improving insulin secretion and thereby prevent-
ing hyperglycemia in a subset of patients on a trajectory
toward type 2 diabetes.

The assessment of a C-peptide–based insulin secretion in-
dex in this study allowed us to determine insulin secretion
without interference from hepatic insulin clearance. How-
ever, even this OGTT-based index could inherently capture
insulin resistance due to the physiologically intertwined na-
ture of insulin secretion and insulin resistance. Also, we ret-
rospectively analyzed data from an interventional study with
different treatment arms, such that despite careful adjust-
ment for treatment, a residual confoundingmight remain.

Our work identifies clusters of patients with prediabetes
who respond to LI with better b-cell function and delin-
eates a group with particular benefits from liver fat reduc-
tion. Therapeutic modalities reducing liver fat content
should be prospectively tested in future studies for high-
risk individuals to prevent diabetes and its complications.
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