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ABSTRACT

Prediabetes is defined as a condition of abnor-
mal glucose metabolism, characterised by
plasma glucose above normal range but not as
high as required for the diagnosis of diabetes
mellitus (DM). It represents a heterogeneous
entity of intermediate glucose metabolism,
including impaired fasting glucose, impaired
glucose tolerance, and borderline glycated hae-
moglobin. Prediabetes is being increasingly
recognised as an important metabolic state not

only predisposing to a higher probability of
future progression to DM, but also to an
increased risk of different micro- and
macrovascular complications. The recently
proposed sub-phenotyping of individuals at
increased risk of type 2 DM, which distinguishes
six different clusters, offers the opportunity for
the improvement in screening, prevention, and
treatment algorithms. Such progress should also
enable more efficient and cost-effective strate-
gies aimed at decreasing the disease burden
associated with prediabetes.
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Key Summary Points

Prediabetes is defined as a condition of
abnormal glucose metabolism,
characterised by plasma glucose above
normal range but not as high as required
for the diagnosis of diabetes mellitus.

Prediabetes is recognised as an important
metabolic state predisposing to a higher
probability of future progression to
diabetes mellitus and to an increased risk
of different micro- and macrovascular
complications.

The recently proposed sub-phenotyping of
individuals at increased risk of type 2
diabetes mellitus offers the opportunity
for improved screening, prevention, and
treatment algorithms.

This novel clustering should enable more
efficient and cost-effective strategies
aimed at decreasing the disease burden
associated with prediabetes.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.14447841.

COMMENTARY

Prediabetes is defined as a condition of abnor-
mal glucose metabolism: plasma glucose (PG) is
above the normal range but not as high as
required for the diagnosis of diabetes mellitus
(DM) [1]. According to current American Dia-
betes Association guidelines [2], diagnosis of
prediabetes is based on the measurements of
fasting PG (FPG), 2-h PG during a 75-g oral
glucose tolerance test (OGTT), and glycated
haemoglobin (HbA1c). Prediabetes represents a

heterogeneous entity of intermediate glucose
metabolism abnormalities, including impaired
fasting glucose (FPG C 5.6 mmol/l
and\ 7.0 mmol/l), impaired glucose tolerance
(2-h PG C 7.8 mmol/l and\11.1 mmol/l), and
as borderline HbA1c (C 5.7% and\6.5%) [2].

Prediabetes is increasingly being recognised
as an important metabolic state predisposing to
type 2 DM (T2DM), chronic diabetic complica-
tions, and cardiovascular diseases [3, 4]. The
main mechanisms underlying the transition
from normal glucose tolerance (NGT) to predi-
abetes include increased insulin resistance (IR)
and reduced pancreatic b-cell function [5, 6].
Other perturbations are now known to include
lipolysis, glucagon secretion, and decreased
incretin effect [5, 6].

The prevalence of prediabetes varies accord-
ing to the diagnostic criteria and the popula-
tions studied [7]. However, there is agreement
that this prevalence is on the rise, suggesting
that effective screening and timely interven-
tions will be required [7]. In general, only 10%
of subjects with prediabetes progress to T2DM
each year [3]. Others remain in the same inter-
mediate hyperglycaemic state during lifespan,
or even reverse to NGT [3, 8]. Accordingly, we
need an adequate tool to identify subjects at
high risk of future T2DM and/or vascular
complications.

Of note, DM may be much more heteroge-
neous than usually appreciated, and so Ahlqvist
et al. [9] attempted to make a refined classifi-
cation of adult-onset diabetes subgroups and
their association with outcomes, with the aims
to provide a useful tool for individualised
treatment and to identify subjects with
increased risk of complications [9]. Glutamate
decarboxylase antibodies (GADA), age at diag-
nosis, body mass index (BMI), HbA1c, b-cell
function and IR (using homoeostasis model
assessment [HOMA] 2 estimates [HOMA2-B and
HOMA2-IR] based on C-peptide concentration)
are the six parameters evaluated [9]. Based on
these, five different clusters have been defined
[9]: cluster 1, with early-onset disease, relatively
low BMI, poor metabolic control, insulin defi-
ciency, and presence of GADA, marked as severe
autoimmune diabetes; cluster 2, with low age at
onset, relatively low BMI, low insulin secretion,
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poor metabolic control, and absence of GADA,
marked as severe insulin-deficient diabetes;
cluster 3, with IR and high BMI, marked
as severe insulin-resistant diabetes; cluster 4,
with obesity but no IR, marked as mild obesity-
related diabetes; cluster 5, characterised by older
age and modest metabolic derangements,
marked as mild age-related diabetes. Of note,
based on prospective data on the development
of complications from patient records, subjects
in cluster 3 exhibit significantly higher risk of
diabetic kidney disease than those in clusters 4
and 5 [9]; subjects in cluster 2 exhibited the
highest risk of retinopathy [9]. This sub-strati-
fication of DM has been recognised as a
promising first step in the development of pre-
cision medicine in DM [8].

In a similar fashion, Wagner et al. [10] have
recently identified six distinct clusters of sub-
phenotypes of individuals who are at increased
risk for T2DM. The initial clustering and iden-
tification of sub-phenotypes was enabled by
using data of 899 participants at increased risk
of DM (history of prediabetes, family history of
DM, BMI[27 kg/m2, or history of gestational
diabetes) from the Tuebingen Family study and
Tuebingen Lifestyle Program study [10]. Analy-
sis was based on data for preselected pheno-
typing variables including glucose challenge,
insulin sensitivity and insulin secretion (using
AUC0-30 C-peptide/AUC0-30 glucose and the
Matsuda index, both derived from 2-h OGTT),
high-density lipoprotein (HDL) cholesterol,
liver fat content (assessed by 1HMR-spec-
troscopy), subcutaneous and visceral fat volume
(using magnetic resonance tomography-based
measurement), and a polygenic risk score for
T2DM risk (63 of the top 94 diabetes-related
genetic variants shown in one of the large-scale
genome-wide association studies [11] were
genotyped) [10]. The clustering was replicated
among 6810 individuals from the occupational
Whitehall II cohort using similar variables,
including glycaemia during glucose challenge,
insulin sensitivity and insulin secretion (calcu-
lated from glucose and insulin values at fasting
and at 120 min of a 2-h OGTT), fasting insulin,
fasting triglycerides, waist circumference, hip
circumference, BMI, and HDL cholesterol
[10, 12]. In the longitudinal analysis, all

subjects with available data were followed for
the development of diabetes, nephropathy,
cardiovascular endpoints, and all-cause
mortality.

Based on metabolic characteristics and risk
profiles, the following six sub-phenotypes have
been identified: cluster 1, including individuals
at low risk; cluster 2, including individuals at
very low risk; cluster 3, including individuals
characterised by b-cell failure; cluster 4,
including obese individuals at low risk; cluster
5, including individuals characterised by IR and
fatty liver who are at high risk; cluster 6,
including individuals characterised bya high
amount of visceral fat and an increased risk of
nephropathy who are at high risk [10].

Shortly, according to data from the longitu-
dinal analysis, patients in clusters 1, 2, and 4
have a low risk of developing DM and low
mortality compared with those in the other
three clusters: most subjects in cluster 2 were
slim and exhibited a very low risk of developing
diabetes complications [10]. Subjects in cluster
4, although overweight, had relatively healthy
metabolisms, due to storage of body fat in sub-
cutaneous depots; conversely, subjects in cluster
3 had genetic risk factors for DM (higher fre-
quency of the diabetes-associated G-allele of
MTNR1B rs10830963 compared with cluster 1)
and were characterised by poor insulin secretion
and moderately elevated visceral fat compart-
ments [10]. Although their mortality risk is
moderate, they had a high risk of developing
DM, cardiovascular complications, and kidney
disease [9]. In cluster 5, the hallmarks were high
fat liver content and severe IR, high risks of DM,
cardiovascular complications, and nephropa-
thy, and a relatively higher mortality rate [10].
Finally, subjects in cluster 6 were characterised
by a high level of visceral fat, especially in the
kidneys, and although their risk of DM was
relatively low compared to those among clusters
3 and 5, their risks of nephropathy and mor-
tality were high; cluster 6 exhibits IR, but lower
liver fat content and higher insulin secretion
compared with cluster 5 [10]. Additionally, the
pathophysiological classification of diabetes-re-
lated genetic variants [13] suggested a lower
presence of b-cell-related risk alleles in cluster 6
[10].
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What, then, does this very novel classifica-
tion contribute in practice? Considering that
subjects in clusters 1, 2 and 4 have a low risk of
developing DM and low mortality, it seems
reasonable only to monitor them as often as
their level of risk dictates and to make proper
management of clinical and laboratory param-
eters. By contrast, subjects in clusters 3, 5, and 6
require immediate interventional measures.
Importantly, aggressive lifestyle interventions
are necessary in clusters 3 and 5 [14]. As one
step forward, an appropriate pharmacological
therapy might be considered in selected predi-
abetes subjects [15, 16], particularly with the use
of agents with proven cardio-renal benefit in
T2DM, such as glucagon-like peptide-1 receptor
agonists and sodium-glucose cotransporter-2
inhibitors, in order to provide an effective pre-
vention of chronic complications and to assure
a long healthy life to such subjects [17–19]. The
need to protect kidney function appears espe-
cially important in cluster 6, while the need to

prevent cardiovascular complications appears
especially important in clusters 3 and 5 [10]
(Fig. 1).

The important limitation of the new classi-
fication is the lack of ethnic diversity of the
investigated populations analysed in the study,
and therefore such findings may only be appli-
cable to white European populations. Also, in
routine practice it may be not easy to distin-
guish some of the proposed clusters by using
simple and widely available clinical and labo-
ratory data. This imposes a need for further
studies verifying this classification using more
basic anthropometric and laboratory parame-
ters. As far as applied interventions are con-
cerned, it is still questionable how to potentially
monitor and measure their effects. What should
the specific aims and outcomes be, especially if
the intervention involves usage of pharmaco-
logic treatments? Future trials assessing the
effectiveness of different therapeutic measures

Fig. 1 Suggested approaches among different clusters of subjects at high risk of type 2 diabetes mellitus
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among different clusters should elucidate these
ambiguities.

However, this interesting clustering brings
clinicians a new tool for precise risk assessment
among very heterogeneous groups of individu-
als at increased risk of T2DM. This should allow
a timely identification of those in need of
immediate intervention and selection of an
appropriate therapeutic approach. It should also
enable the avoidance of a burden on the health
system associated with excessive measures
aimed at those at low risk, although their tran-
sition to some of the high risk clusters could
occur over the course of time. Anyway, this
novel clustering of subjects at increased risk of
T2DM undoubtedly represents a solid founda-
tion for procreation of precision medicine also
in prediabetes.

In conclusion, the recently proposed sub-
phenotyping of individuals at increased risk of
T2DM potentially allows much more precise
cardiometabolic profiling and offers improve-
ments in screening, prevention, and treatment
algorithms. Such progress should also enable
more efficient and cost-effective strategies
aimed at decreasing the disease burden associ-
ated with prediabetes. This is of particular
importance during the prolonged pandemic we
are still facing caused by the novel severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-
2) infection, and its related diseases, coron-
avirus disease 2019 (COVID-19), since it is of
crucial importance to keep subjects at risk of
T2DM under proper control and prevent cardio-
renal-metabolic complications, with diabetes
being a main comorbidity associated with more
severe forms of COVID-19 and associated mor-
tality [20–22]. Future studies should address the
potential association of different clusters of
both diabetes and prediabetes with incidence
and severity of COVID-19.
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