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Summary

Background Adult-onset diabetes comprises subgroups differing in pathophysiology, clinical presentation, and risk
of comorbidities. We investigated early phenotypic differences between individuals who later developed diabetes,
stratified by subgroup at diabetes diagnosis.
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Methods We conducted a pooled analysis of nine prospective European cohorts with 3309 individuals developing
incident diabetes and 13,963 age- and sex-matched controls without diabetes. Cases were assigned to previously
defined cluster-based subgroups: severe autoimmune (SAID), insulin-deficient (SIDD), or insulin-resistant
diabetes (SIRD), and moderate obesity- (MOD) or age-related diabetes (MARD). Clinical and metabolic
characteristics were retroactively assessed for three time periods (>12, 6-12, 1-6 years) before diagnosis.

Findings Despite similarly high body mass index (BMI) in MOD and SIRD at diagnosis, MOD differed from controls
already >12 years before diagnosis (31% higher than controls), while BMI increased progressively in SIRD (from 14%
to 25% higher than controls). Compared to controls in period 1-6 years, age-, sex-, and BMI-adjusted insulin-glucose
ratio was higher in SIRD, MOD and MARD at fasting (88%, 45% and 14%, respectively) and 120 min (110%, 70%,
26%) during an oral glucose tolerance test (p < 0.0001 for all), and the first-phase insulin-glucose ratio was higher
in SIRD (23% [6; 43] p = 0.0072) but lower in SIDD (-30% [-37; —22], p < 0.0001) and MARD (-29% [-34; —24],
P < 0.0001). The autoimmune subgroup SAID also exhibited features of metabolic syndrome. Despite differences in
HOMA2-B and HbAlc at diagnosis, insulin and glucose levels did not differ significantly between the SIDD and
MARD subgroups 1-6 years earlier suggesting a rapid deterioration in glycemic control in SIDD around diagnosis.

Interpretation Subgroups of diabetes display different trajectories of insulin resistance, insulin deficiency, and
features of the metabolic syndrome before diagnosis.

Funding ERC, local governments, private foundations, University of Helsinki, and Research councils of Finland and
Sweden.

Copyright © 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Type 2 diabetes can be considered an umbrella term for
a heterogeneous group of individuals who likely differ
regarding underlying biological mechanisms together
with environmental and genetic risk factors. As this
heterogeneity is recognized to influence treatment
response and risk of complications, international
guidelines now emphasize the importance of individ-
ualized treatment strategies.’'

We previously proposed a data-driven stratification
of adult-onset diabetes into five subgroups with
differing disease progression and risk of diabetes-
related complications, suggesting different pathophysi-
ological profiles.” Using unsupervised clustering based
on age at diagnosis, BMI, HbA1lc, presence of GAD-
antibodies, and HOMA?2 indices of insulin resistance
and secretion, we identified subgroups of severe auto-
immune (SAID), insulin-deficient (SIDD), and insulin-
resistant diabetes (SIRD), as well as moderate obesity-
(MOD) and age-related diabetes (MARD). This diabetes
stratification has since been replicated in at least 22
studies including ~88 000 individuals of diverse an-
cestries, making it the most widely supported data-
driven diabetes stratification to date.’

The SIDD subgroup had the highest HbAlc at
diagnosis and early signs of diabetic retinopathy.
Despite relatively good glycemic control, the SIRD
subgroup had increased risk of kidney, liver and car-
diovascular diseases, that often develop even before the

diagnosis of diabetes.>*” The MARD subgroup had the
mildest metabolic derangement. Both the SIRD and
MOD subgroups suffered from obesity at diagnosis,
with similar BMI, but the MOD subgroup had earlier
age at diagnosis of diabetes, less insulin resistance, and
fewer comorbidities.

Vast literature has shown risk factors for the devel-
opment of type 2 diabetes. Metabolic risk factors like
overweight, abdominal obesity, hypertension, and dysli-
pidemia may precede diagnosis by more than 15 years.*
However, trajectories of glycemia and other metabolic
features in individuals developing different diabetes
subgroups remain largely unknown. To our knowledge,
only one study on 215 individuals with diabetes has
characterized these subgroups before diabetes onset.”
We hypothesize that metabolic disturbances leading to
diabetes differ between the cluster-based subgroups of
adult-onset diabetes, and that this would reflect the
impact of different pathophysiological pathways in the
disease processes. We aimed at characterizing the pre-
diabetic phenotype of the subgroups regarding known
type 2 diabetes associated factors in longitudinal cohorts
of individuals initially without diabetes.

Methods

Study design

We used longitudinal cohort studies to assign in-
dividuals diagnosed with diabetes to five previously
defined subgroups and compared clinical and
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Research in context

Evidence before this study

We searched Ovid Medline for articles citing the original
2018 publication, which first defined the novel diabetes
subgroups. In addition, a structured search of Ovid Medline
was performed using both MeSH terms and keywords. The
search combined the MeSH term Diabetes Mellitus, Type 2
with keyword variants (“type 2 diabetes”, “T2D"). Concepts
related to stratification and classification were captured using
the MeSH terms Precision Medicine, Classification, Disease
Progression, and Cluster Analysis, together with keyword
terms (“stratification”, “classification”, “subtype*”,
“subgroup*”, “trajector*”, "precision medicine”, “personalized
medicine”). These terms were combined using OR within
each concept group and with AND between groups. Results
were limited to studies published from 2018 to November
2025. We found one study on prediabetic phenotype in the
new diabetes subgroups.

Type 2 diabetes is the culmination of metabolic
dysregulation that can start several years before the glucose
level reaches the diagnostic level for diabetes, which in turn
can go unnoticed for years before actual diagnosis. Clinical
type 2 diabetes represents a highly heterogeneous group of
individuals regarding anthropometrics, metabolic
disturbances, treatment response, and the development of
comorbidities, some of which can start before the diagnosis
of diabetes.

In 2018, a subgrouping based on cluster-analysis of clinical
factors was introduced to disentangle some of the
heterogeneity. Subsequently, these subgroups have been
shown to exhibit different disease outcomes and
comorbidities, some of which present early, even before the
diagnosis of diabetes. As the subgroups represent different
clinical phenotypes at diagnosis, it can be hypothesized that
this is mirrored in their phenotype prior to diagnosis, but this
has been examined in only one study so far. The key question
of this study is whether subgroups of diabetes exhibit

” o

anthropometric phenotypes before diabetes diagnosis
with matched controls who did not develop diabetes. The
analysis focused on three time periods, defined based on
current understanding of the progression of dysglyce-
mia*’ and the availability of relevant data: 1-6 years
(Period;_g), >6 to <12 years (Periods 15), or >12 years
before diagnosis (Period..;,) as illustrated in Fig. 1.

Study cohorts

We included nine European prospective cohorts with
data on phenotypes of interest prior to diabetes onset,
and clinical information measured within 5 years after
diagnosis to enable subgroup assignment of individuals
with incident diabetes (cases). Each diabetes case was
matched with 1-5 controls who did not develop diabetes
(from the same cohort except for the DiabNorth study),
based on sex, age (+5 years), and year of study entry
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different phenotypic characteristics prior to diagnosis, and if
so, could this information enhance the understanding of
pathogenetic differences in diabetes subgroups and could
any indicators serve as warning signs of more severe forms of
diabetes.

Added value of this study

This is the first multi-country study with multiple OGTT time
points prior to diagnosis addressing this research question.
The results reveal that the diabetes subgroups follow
different trajectories with varying degrees of metabolic
syndrome long before diagnosis. Compared to individuals
without diabetes, those with obesity-related diabetes
exhibited substantially and consistently greater BMI than
sex- and age-matched controls without diabetes more than
12 years prior to diagnosis, whereas individuals later to be
diagnosed with autoimmune diabetes or severe insulin-
resistant diabetes (SIRD) demonstrated a progressively
increasing BMI towards diagnosis. The blunted fold change in
the first phase insulin response during oral glucose tolerance
test, considered characteristic in early stages of diabetes, was
seen in all subgroups. However, differing from those who
later ended up in other subgroups, those later becoming
SIRD had a higher insulin-glucose ratio than matched
controls not developing diabetes, indicating compensatory
hyperinsulinemia (better beta-cell capacity) in response to
marked insulin resistance.

Implications of all the available evidence

The evidence supports pathophysiological differences
between the diabetes subgroups. Better understanding of
disease mechanisms paves the way for developing tools for
clinical practice.

Besides obesity, evaluating insulin secretion and sensitivity
could inform tools in clinical practice to predict not only
diabetes but also early comorbidities.

(10 years); individuals with impaired fasting glucose
or impaired glucose tolerance were excluded if this in-
formation was available. We excluded diabetes cases
with known secondary diabetes or maturity-onset dia-
betes of the young, if any of the clinical variables used
for subgroup assignment were missing or more than 5
SD from the mean, and individuals on insulin treat-
ment in cohorts where HOMA2 was calculated from
fasting insulin. The majority of the study participants
were of European descent.

The study comprises 3309 cases with retrospective
data for at least one of the target periods (N for cases/
controls; Period; ¢ 1250/4144; Periods_1,: 811/3692;
Period.;;: 1248/6127) [Electronic = Supplementary
Material (ESM), Table S1]. The contributing cohorts,
described in detail in the ESM, were: the Finnish Botnia
Study," The Prevalence, Prediction and Prevention of
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Phenotypes

Anthropometry, blood pressure
glucose, insulin, HOMA, lipids

Cluster assignment
Age, BMI, HbAlc
HOMA2-IR, HOMA2-B

A

>12 years
Necases: 45

|
'5 12-6 years ’

<6-1years EEDINCIHNDS

65 SAID

91 SIDD
110 249 SIRD
128 45 MOD
485 798 MARD

Fig. 1: Study overview shows the maximum number of individuals for each subgroup (cases) in each study period.

diabetes Botnia Study (The Botnia cohorts),'”” and The
METSIM study”; the Danish The Inter99 Study'; the
Swedish The DiabNorth,” The Malmé Preventive
Project (MPP),'* The MPP Rescreening, The Malméo
Diet and Cancer (MDC),”” and The MDC Rescreening
(the Malmé cohorts); the Norwegian The HUNT
Study,'® and the German KORA study.” Availability of
data across time periods and diabetes subgroups varied
between cohorts (Table S1).

Phenotypes studied prior to diagnosis of diabetes
We included diabetes related phenotypes according to
data availability before diabetes diagnosis: BMI (kg/m?),
waist-to-hip ratio (WHR), plasma/serum glucose
(mmol/]) and insulin (pmol/l) at fasting, 30 min and
120 min during an oral glucose tolerance test (OGTT)
(the standard time points for studying first phase in-
sulin secretion and glucose tolerance), HOMA2 esti-
mates of insulin resistance (HOMA2-IR) and beta-cell
function (HOMAZ2-B), systolic (SBP) and diastolic
(DBP) blood pressure (mmHg), serum low-density li-
poprotein (LDL) cholesterol (mmol/l), high-density li-
poprotein (HDL) cholesterol (mmol/l), triglycerides
(mmol/], TG), and alanine transaminase (U/l, ALT).
Data was harmonized by conversion to SI units
when feasible. HOMA2 indices were calculated using
either fasting plasma or serum C-peptide or insulin
concentrations, using the software provided by the
Raddliffe Department of Medicine, University of Ox-
ford, UK. Estimated glomerular filtration rate (eGFR)
was calculated using the CKD-EPI formula based on
age, sex, and serum creatinine.”’ Individuals were
excluded from analyses where data was missing.

Subgroup assignment

Individuals with diabetes were assigned to five previ-
ously defined cluster-based subgroups based on clinical
variables measured within 5 years from diagnosis.
Within each cohort, GAD antibody-positive cases were
assigned to the SAID subgroup. The remaining cases
were assigned to subgroups using, sex-specifically, the
nearest centroid method, based on centroids derived
from the original ANDIS cohort cluster analysis,” which
has been shown to give 93% agreement with the

original method.” Subgroup assignment was based on
age at diagnosis, BMI, HbAlc, HOMA2-IR, and
HOMA2-B. The use of HOMA indices for subtyping
has previously been validated against gold-standard
clamp methods.”

Statistical analysis

Analyses were performed separately for each cohort and
time period using two approaches: 1) comparison of all
cases with all controls; and 2) comparison of cases ac-
cording to the future diabetes subgroup with their
respective matched controls.

Linear regression was used for continuous variables
(after natural log-transformation) and logistic regres-
sion for categorical variables. All models were adjusted
for sex, age, and BMI at the time point (BMI analyses
were adjusted for sex and age only). The results for each
time period were pooled using a random-effects model
with the restricted maximum likelihood (REML)
method, implemented in the metafor package in R.*
Results are reported only when at least two cohorts
contributed data to the subgroup during the period. The
results are reported as the difference [beta (95% confi-
dence interval)] between the cases and the controls. The
percent difference was estimated using the formula
(€"'"-1) x 100. A z-test was used to indirectly compare
the effect sizes between subgroups, based on regression
estimates and standard errors from separate models. A
p-value of less than 0.01 (adjusted for five subgroups)
was considered significant.

Ethics approval

Information regarding ethical approvals and patient con-
sent procedures for each cohort is available in the
description of each cohort in the referenced articles. Local
principal investigators were responsible for contacting
research ethics committees to obtain local or national
approvals in accordance with applicable regulations, as
well as seeking approvals from data protection officers.

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.
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Results
In general, the metabolic profile of all the cases was
unfavorable and reflected known risk factors for dia-
betes more than 12 years prior to diagnosis when
compared with the controls (EMS Figures S1A-B,
S2A-B, S3A, S4A, S5A-B, S6A, S7TA-B, S8A, S9A-B).
Table 1 summarizes the characteristics of in-
dividuals at diagnosis of incident diabetes, stratified by
diabetes subgroup. Data from the time of diagnosis is
shown separately stratified for which prediabetes time-
periods preceding diagnosis the individuals contributed
to (Period;_s, Periods 1, Period.;;). In general, the
cluster-based subgroups exhibited expected character-
istic features with SAID and SIDD showing the lowest
HOMA2-B and highest HbAlc, SIRD the highest
HOMAZ2-IR and HOMA2-B, MOD the youngest age
and the highest BMI, and MARD the oldest age as well
as the lowest BMI and HbA1c level.

BMI and anthropometrics

Exact statistics for all pooled analyses can be found in
Table S2-S3. The BMI increased compared to controls
progressively toward diagnosis in the SAID and SIRD
subgroups, while the MOD and MARD subgroups
maintained a consistently higher BMI than the controls
(Fig. 2A, ESM Figures S10-S12). The MOD subgroup

showed the largest BMI difference compared to con-
trols, exceeding their BMI by 31% [95% confidence
interval (CI) 23; 38], 28% (20; 36), and 28% (21; 36) in
Period.,, Periods_,, and Period; g, respectively. With
the increasing trend the SIRD subgroup reached a
similar difference compared to controls with a 25% (19;
31) higher BMI in Period; .

The difference in BMI-adjusted WHR compared to
controls was higher in SIRD at all periods. It was also
significantly higher in the MARD subgroup up to 12 years
before the diagnosis. The difference between MOD and
controls appeared similar to SIRD at all time-points but
the difference was not statistically significant (Fig. 2B,
ESM Figures S13-S15). There were no significant differ-
ences between the non-autoimmune subgroups.

Glycemia and insulin secretion/resistance

All non-autoimmune subgroups had significantly
higher fasting glucose levels than controls up to 12
years before diagnosis (Fig. 3A, ESM Figures S16-S18).
During Period; g the 30- and 120-min glucose response
during an OGTT was higher compared with controls in
all subgroups, without significant differences between
them (Fig. 4A, ESM Figures S19 and S20). This could
result from either a defective insulin secretory response
or impaired insulin action.

The period prior to diagnosis Data at diagnosis

>6 up to <12 years

diagnosis period.

SAID SIDD SIRD MOD MARD
1 to <6 years
N (men %) 45 (50.0) 206 (64.0) 159 (71.5) 256 (51.0) 584 (62.0)
Age, years 64.0 (56.0-71.0) 60.90 (55.5-66.0) 65.2 (60.5-71.2) 52.4 (47.6-59.9) 68.8 (62.1-74.4)
BMI, kg/m2 28.5 (24.4-31.5) 26.2 (24.9-30.9) 32.5 (30.3-35.2) 35.6 (32.6-37.7) 27.4 (24.8-30.6)
HOMA2-B 57.5 (42.1-95.6) 39.2 (33.4-51.3) 132.7 (101.1-163.0) 93.9 (66.0-103.2) 73.1 (52.5-93.9)
HOMA2-IR 1.43 (0.90-2.20) 2.36 (1.00-3.28) 3.84 (3.19-4.59) 272 (1.66-3.27) 1.83 (1.20-2.65)
HbA1c, mmol/mol 50.0 (41.0-52.3) 77.2 (72.8-87.1) 46.4 (42.5-48.3) 45.9 (42.0-53.6) 46.9 (41.0-49.7)

N (men %) 35 (62.5) 53 (70.0)

Age, years 64.2 (60.9-71.3) 62.0 (60.5-63.5
BMI, kg/m2 27.0 (25.4-30.5) 28.9 (27.2-30.6
HOMA2-B 63.6 (44.5-81.5) 26.8 (22.6-36.4)
HOMA2-IR 172 (1.32-2.48) 2.51 (1.67-3.29)
HbA1c, mmol/mol 50.8 (44.9-58.0) 99.0 (94.4-114.8)

>12 years

N (men %) 65 (41.7) 91 (56.4)

Age, years 72.9 (66.7-77.5) 67.2 (63.1-72.6)
BMI, kg/m2 25.9 (23.3-30.2) 27.3 (23.9-41.4)
HOMA2-B 73.5 (37.2-98.1) 35.7 (14.4-35.1)
HOMA2-IR 1.97 (1.39-3.15) 2.56 (1.65-3.66)
HbA1c, mmol/mol 54.3 (46.7-70.1) 104.5 (98.8-118.5)

Data are shown as the median of the cohort medians (the median of 25% and 75% percentiles). BMI, body mass index kg/mz; HOMA2-B, homeostatic model assessment
2 estimates of B-cell function; HOMA2-IR, homeostatic model assessment 2 estimates of insulin resistance; MOD/MARD, moderate obesity-/age-related diabetes; SAID/
SIDD/SIRD, severe autoimmune/insulin-deficient/insulin-resistant diabetes. Note that the groups partly overlap, as a case may have been included for more than one pre-

110 (54.1) 128 (40.1) 485 (60.9)

68.1 (60.2-73.8) 53.5 (49.7-60.4) 67.4 (61.9-73.4)
32.6 (31.1-35.4) 35.6 (32.1-39.1) 28.0 (25.9-29.9)
140.4 (110.6-161.6) 86.1 (69.1-110.4) 80.2 (58.7-103.1)
4.89 (4.00-6.35) 3.22 (2.56-3.81) 2.27 (1.78-2.79)
477 (43.1-57.2) 50.0 (43.7-58.8) 47.7 (42.4-54.9)
249 (62.5) 45 (333) 798 (61.6)

723 (67.4-77.0) 61.7 (59.0-65.0) 732 (68.5-77.8)
32.9 (30.6-35.9) 37.2 (35.9-40.2) 27.1 (24.7-29.8)
139.5 (122.1-164.0) 87.4 (71.4-107.3) 86.7 (64.6-107.5)
4.50 (4.00-6.00) 3.18 (2.65-3.64) 2.26 (1.82-3.07)
47.0 (43.4-53.0) 48.5 (46.6-55.5) 46.23 (42.04-50.4)

pre-diagnosis period they were included in.

Table 1: Pooled data (all cohorts) for the cases with incident diabetes from the time of diagnosis stratified for the subgroup of diabetes and for which
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a InBMI b InWHR
adj. sex, age adj. sex, age, BMI
(adj ge) 0.075 (adj g )
0.3
0.050
0.2 0.025 + +
& 8
2 + 2
: 0.000
0.1
—0.025
0.0 —0.050
>12 6—12 1-6 >12 6—12 1-6
Years before diabetes diagnosis Years before diabetes diagnosis
SAID @ SIDD @ SIRD @ MOD @ MARD

Fig. 2: a) BMI (adjusted for age and sex), and b) waist-hip ratio (adjusted for age, sex and BMI) during Period, ¢, Periodg_;, and
Period.;,. The Y-axis shows the difference compared with control individuals (beta and 95% confidence interval). Results for individual
cohorts can be found in ESM (ESM Figures S10-515). BMI, body mass index; MOD/MARD, moderate obesity-/age-related diabetes; SAID/SIDD/
SIRD, severe autoimmune/insulin-deficient/insulin-resistant diabetes; WHR, waist-hip-ratio.

In Period; ¢ the SIDD subgroup had 12% (2; 22)
lower HOMA2-B value (reflecting insulin secretion at
fasting) than controls (ESM Figure S6B, S21), but the
difference was only nominally significant (p = 0.016).
The 30-min insulin response during an OGTT as esti-
mated by the insulin-glucose ratio (IGR30) and
reflecting mostly first phase insulin secretion, was

a InFasting glucose
(adj. sex, age, BMI)

significantly lower in the SIDD [-30% (-37; —22)] and
MARD [-29% (—34; —24)] subgroups compared to con-
trols (Fig. 4B and ESM Figure S23). Distinctively, the
SIRD subgroup had a significantly higher IGR30
compared to controls [23% (6; 43)] and the other sub-
groups (comparison p < 0.02 for SIRD vs. other sub-
groups). Across all subgroups, the fold-change in

b InHOMA2-IR
(adj. sex, age, bmi)

0.6
0.2
0.4
S &
0.1 A
0.2
0.0 +
0.0
>12 6—12 1-6 1-6 . .
Years before diabetes diagnosis Years before diabetes diagnosis
SAID SIDD e SIRD MOD MARD

Fig. 3: a) Fasting glucose during Period, ¢, Periods 1, and Period.,, and b) HOMA2-IR during Period, ¢ adjusted for sex, age and BMI.
The Y-axis shows the difference compared with control individuals (beta and 95% confidence interval). Results for individual cohorts can be
found in ESM Figures S16-519. BMI, body mass index; HOMA2-IR, homeostatic model assessment 2 estimates of insulin resistance; MOD/
MARD, moderate obesity-/age-related diabetes; SAID/SIDD/SIRD, severe autoimmune/insulin-deficient/insulin-resistant diabetes.
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a InGlucose
(adj. sex, age, BMI)

b InInsulin/glucose ratio
(adj. sex, age, BMI)

0.4 +
0.5
0.3
] 4 ]
: : :
0.2 &
0.0
o +
0.0 —0.5
0 30 120 0 30 120
Minutes post OGTT Minutes post OGTT
SAID SIDD e SIRD MOD MARD

Fig. 4: a) Glucose during OGTT, and b) insulin-glucose ratio adjusted for age, sex, and BMI during Period;_¢. The Y-axis shows the
difference compared with control individuals (beta and 95% confidence interval). Results for individual cohorts can be found in ESM (ESM
Figures $20-S25). BMI, body mass index; MOD/MARD, moderate obesity-/age-related diabetes; SAID/SIDD/SIRD, severe autoimmune/insulin-

deficient/insulin-resistant diabetes.

insulin-glucose ratio from fasting to 30 min was
blunted but increased from 30 to 120 min (Fig. 4B,
ESM Figures S22-S24).

Regarding fasting insulin resistance in Period; g,
the HOMA2-IR was significantly higher in all sub-
groups compared to controls (Fig. 3B, ESM Figure S25),
and the insulin-glucose ratio (IGR) in all subgroups
except SAID and SIDD (Fig. 4B, ESM Figure S22). The
SIRD subgroup showed the greatest difference,
exceeding the level of the controls by 67% (52; 80) for
HOMA2-IR and by 88% (68; 112) for fasting IGR,
which differed significantly from the SIDD
(p = 1.1 x 107®) and MARD (p = 3.1 x 107") subgroups
regarding HOMA2-IR and all other subgroups
(p < 0.004) regarding IGR.

The Matsuda index reflects insulin sensitivity during
an OGTT. As a mirror image of the HOMA2-IR pattern,
the Matsuda index was lower in all subgroups
compared to controls in period; ¢ (ESM Figures S3B,
S26). The SIRD subgroup had the lowest level
at =56% (—61; —50), which was statistically significant
compared to the SIDD (p = 6.8 x 107**) and MARD
(p = 1.2 x 107) subgroups [-22% (-28; —15); —29%
(—37; —21), respectively]. Also, the insulin-glucose ratio
at 120 min during an OGTT (IGR120) was significantly
higher in all subgroups except SAID and SIDD,
compared to controls in Period;_s, with no significant
differences between subgroups (Fig. 4B, ESM
Figure S24).

Lipids, liver enzymes and blood pressure

The triglyceride level was higher in all subgroups
compared to controls during Period; 4 (Fig. 5A, ESM
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Figure S7A, S27-S29) with the MOD subgroup
showing the highest and MARD the lowest level [54%
(31; 80) vs. 21% (14; 28), p = 0.0064]. The HDL
cholesterol level was significantly lower in the SIRD,
MOD, and MARD subgroups compared to controls
already during Periods_;,, but there were no significant
differences between the subgroups (Fig. 5B, ESM S7B,
$$30-31).

The alanine transaminase level was higher in cases
than in controls in Period; 4, without significant dif-
ferences between subgroups (ESM Figure S8, S32).

Systolic blood pressure was higher in all non-
autoimmune subgroups compared to controls 1-6
years prior to the diagnosis (ESM Figure S9A, S9C,
S33). Diastolic pressure was also significantly higher
for the SIDD and MOD subgroups (ESM Figure S9B,
S9D, S34). There were no significant differences in
blood pressure between the subgroups.

Discussion
In this large, pooled analysis comprising over 3000 in-
dividuals with incident diabetes from nine European
cohorts, we retroactively examined phenotypic differ-
ences observed before the diagnosis of diabetes. The
individuals were stratified by cluster-based diabetes
subgroups assigned within five years after diagnosis.
We demonstrate abnormalities in metabolic syndrome
related factors in all subgroups compared to individuals
not developing diabetes more than 12 years prior to
diagnosis, as well as different phenotypic trajectories
between the subgroups prior to diagnosis.

Obesity is one of the strongest risk factors for both
type 1 and type 2 diabetes.””* We showed that all
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Fig. 5: a) Triglycerides, and b) HDL adjusted for sex, age and BMI during Period, ¢ Periodg_4,, and Period.,,. The Y-axis shows the
difference compared with control individuals (beta and 95% confidence interval). Results for individual cohorts can be found in ESM (ESM
Figures $26-527). BMI, body mass index; HDL, high density lipoprotein; MOD/MARD, moderate obesity-/age-related diabetes; SAID/SIDD/

SIRD, severe autoimmune/insulin-deficient/insulin-resistant diabetes.

subgroups had higher mean BMI more than 12 years
before diagnosis, compared to the age- and sex-matched
controls, but the subgroups displayed different weight
trajectories. Notably, in the MOD subgroup the BMI
was as much as 25% higher compared to controls
through all periods, whereas in the SAID and SIRD
subgroups the BMI increased gradually toward diag-
nosis ending up at similar levels for the SIRD and
MOD subgroups. The observed difference in BMI tra-
jectories may have implications for future cardiovas-
cular diseases, as the adverse effects of obesity on
cardiac structure and function vary depending on the
duration and severity of increased adiposity. There is
evidence, for example, that higher adiposity from early
adulthood onwards is associated with poorer systolic
and diastolic function in older age independent of
current adiposity.” Both the SIRD and MOD subgroups
have been shown to have higher risk of heart failure
and atrial fibrillation compared to other subgroups, in
addition, SIRD had increased age- and sex-adjusted risk
of incident myocardial infarction.” All in all, both
obesity and insulin resistance impact cardiovascular
diseases, with each condition contributing to cardio-
vascular risk through both distinct and overlapping
mechanisms. The difference in weight trajectories
could be interpreted as differences in the genetic risk
for obesity and its interplay with environment between
MOD and SIRD, as has been suggested.”* The HUNT
study has shown that polygenic risk for BMI plays a role
in the development of obesity at different timepoints of
life.”” In the original ANDIS study, polygenic risk for
BMI was most strongly associated with MOD while

polygenic risk for BMI-adjusted WHR showed the
strongest association with SIRD, but no association
with MOD.’ In the present study, sex and age adjusted
WHR was higher compared to controls in all subgroups
up to 12 years before diabetes, and even earlier in the
more obese subgroups, but the differences were
smaller than for BMI. Nominally, the SIRD subgroup
had the highest BMI-adjusted WHR, which is in line
with the known association between insulin resistance
and visceral fat, but the difference was not significant
compared to the other subgroups.

The fasting glucose level was higher in all subgroups
compared to controls up to 12 years before diagnosis,
and in MARD even earlier, supporting data from an
earlier study reporting increased levels in all non-
autoimmune subgroups (SAID was not included in
the study) even 20 years before diagnosis.” Notably, the
glucose level of the SIDD subgroup did not differ from
the other subgroups during the years preceding diag-
nosis, although they were markedly more hyperglyce-
mic (fasting glucose and HbA1lc) at diagnosis. This
suggests a rapid decline in metabolic control shortly
before diagnosis and that the observed higher incidence
of early-onset retinopathy in SIDD compared to other
subgroups may rather derive from the severity or vari-
ability of hyperglycemia than its duration.®*

Overall, the data suggests that the MARD subgroup
develops diabetes slowly over a long period. While BMI
was only a few percent higher than in the control in-
dividuals, signs of mild insulin resistance were present
already >12 years before diagnosis and remained
similar until diagnosis. Of note, even the SAID
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subgroup, defined by GADA-positivity, had higher
fasting glucose levels than the controls up to 12 years
prior to diagnosis, suggesting a similar timeline of the
development of diabetes as in the other subgroups. This
is likely explained by the large proportion of antibody
positive individuals without classical type 1 diabetes.

All subgroups were more insulin-resistant than the
controls in Period; s, shown as higher fasting insulin
and HOMA2-IR as well as lower Matsuda index during
an OGTT. Regarding all measures, the SIRD subgroup
seemed the most insulin-resistant, but the difference
compared to MOD was not significant. The age-, sex-
and BMI-adjusted HOMA2-IR was 50% higher in SIRD
compared to controls, and the IGR120 as much as 74%
higher, suggesting that these could be useful markers
for early detection, possibly also for intervention. The
observation of some degree of insulin resistance in all
subgroups is partly in line with genetic data showing
that while the distribution of the polygenic scores
reflecting insulin secretion clearly differ, those for in-
sulin resistance are shared by all non-autoimmune
subgroups.” However, in our study, even the SAID
subgroup exhibited insulin resistance.

The fold change in insulin response from fasting to
30 min was lower than in controls across all subgroups,
consistent with a blunted first-phase insulin response,
that has previously been shown in type 2 diabetes."
Despite this, the SIRD subgroup maintained a higher
IGR30 than controls indicating compensatory hyper-
insulinemia in response to marked insulin resistance.
This early insulin response may reflect preserved beta-
cell function in the context of severe insulin resistance,
a hallmark of the SIRD subgroup.

While there were significant differences in the de-
gree of obesity and insulin-resistance between the
subgroups, this did not apply to other features of the
metabolic syndrome, like high triglyceride and low
HDL-cholesterol levels, or hypertension, which were
similarly increased compared to controls in all sub-
groups, including SAID, across all time periods pre-
ceding diabetes. The elevated levels are consistent with
prior studies showing that cholesterol levels begin to
rise 15 years before diagnosis of diabetes and that low
HDL-cholesterol is associated with both metabolic
syndrome and type 2 diabetes.*” Levels of LDL- and
total cholesterol did not differ from controls at any time
point; however, the effect of possible lipid-lowering
medication could not be assessed. Antihypertensive
medication, that we could not control for, could also
mask differences between subgroups for blood pres-
sure levels.

We acknowledge that the differences observed in
our study are not sufficient for clinically relevant pre-
diction of separate diabetes subgroups before onset.
However, the observed metabolic differences prior to
the diagnosis of diabetes, aligns with previous studies
identifying clusters of individuals characterized by
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insulin resistance with high risk of kidney disease,
cardiovascular disease, mortality as well as a high in-
flammatory load,® corresponding to the SIRD sub-
group. These insights underscore the importance of
recognizing metabolic diversity before diabetes onset
based on repeated measurements and individual tra-
jectories, as it may inform early risk stratification and
targeted prevention, or treatment strategies. Our find-
ings contribute to this growing body of evidence by
showing that insulin resistance and beta-cell dysfunc-
tion are already evident across subgroups prior to
diagnosis, suggesting that stratification based on
metabolic traits may be clinically relevant even in the
phase of intermediate hyperglycemia. Of the two sub-
groups showing early comorbidities, SIRD appears to
have most potential for early identification, and thus
possibly prevention of the comorbidities. It can also be
speculated that some individuals phenotypically
resembling the SIRD subgroup but with better beta-cell
capacity, might never develop diabetes despite marked
insulin resistance. They still might be at risk of car-
diovascular complications and benefit from therapies
like SGLT2-inhibitors and incretin mimetics.

A major strength of the study lies in its use of
multiple well-established European cohorts, which
provided access to longitudinal data spanning more
than a decade prior to diabetes diagnosis. Compared to
the only previously published study," our study had a
considerably larger sample size, and the inclusion of
both fasting and glucose-stimulated insulin measure-
ments allowed for a more nuanced assessment of in-
sulin secretion and resistance patterns. Furthermore,
the study design benefited from enhanced statistical
power with multiple matched controls for each case,
improving the reliability of subgroup comparisons.

However, several limitations should be acknowl-
edged. Although the cases and controls had been
studied and followed equally well within the study co-
horts, the matched controls were expected to have a
normal glucose tolerance throughout the follow-up (not
implemented in all cohorts). This will likely render the
controls metabolically healthier than all individuals
without diabetes and could explain part of the difference
in glucose levels. While the DiabNorth study incorporated
a life-style intervention that could potentially influence
metabolic trajectories, similar elements of intervention are
inherent in all cohorts that measure metabolic parameters
and provide feedback to participants, as this often involves
lifestyle guidance. The effect of such intervention or
possible medication effects could not be analyzed; how-
ever, we observed no systematic differences between
DiabNorth and the other cohorts. Also, the number of
individuals developing SAID was small, and the avail-
ability of data was uneven across cohorts and time points,
and repeated measures were lacking. As a result, not all
cohorts contributed equally to each time period or sub-
group, which complicates longitudinal comparisons and
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may introduce bias. Individuals, whose data was included
in the earliest period (>12 years), were older at diagnosis,
due to a selection bias in the Malmé cohorts, where C-
peptide and GAD-autoantibodies were available only
after 2007.

Further, while harmonization efforts were made,
differences in cohort protocols and measurement
techniques may have introduced variability in
biomarker levels, potentially affecting subgroup classi-
fication or comparability across time points.

Another important limitation is not having data on
confounding factors, such as comorbidities and medi-
cation. Medication commonly used in individuals
without diabetes in the studied cohorts and time pe-
riods is unlikely to have significant effects on glucose
and insulin levels, but lipid-lowering and antihyper-
tensive medication could have influenced observed
trends in cholesterol and blood pressure. This lack of
information may have masked true differences between
subgroups. Finally, the study population was predomi-
nantly of northern and central European ancestry,
which limits the generalizability of the findings to other
populations. While corresponding subgroups have been
identified in other ancestries, differences in the clinical
variables used for subgroup assignment necessitates
population-specific tailoring of the method. Future
studies are required to confirm these findings and
should also aim to validate these trajectories in more
diverse populations and explore the impact of early in-
terventions tailored to subgroup characteristics.

Conclusion

This study demonstrates that phenotypic differences
between subgroups of diabetes and controls without
diabetes are evident more than a decade before diag-
nosis. These differences largely reflected subgroup
characteristics at diagnosis. The most insulin-resistant
subgroup, SIRD, exhibited marked insulin resistance
and progressive weight gain, whereas the obesity-
related subgroup was characterized by persistently
high BMI from an early time point. Notably, the auto-
immune SAID subgroup also displayed features of in-
sulin resistance and the metabolic syndrome.

These findings underscore the heterogeneity of
diabetes and highlight the potential of early identifica-
tion of subgroup-specific risk profiles. Recognizing
such patterns before diagnosis may inform targeted
prevention strategies and personalized approaches to
diabetes care.
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