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Abstract

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in Type 1 Diabetes (T1D), but a subset
of individuals remains free from macrovascular or renal complications despite decades of hyperglycaemia and a
significant risk factor burden. We used a targeted proteomic approach (Olink Cardiovascular panel Ill, targeting 92
proteins) to characterize the proteomic profile of cardiovascular resilience in T1D by comparing 92 patients with
long-standing T1D (age 59.8 [53.2, 69.1], duration 40.0 [35.0, 45.2] years) free from macrovascular complications

or nephropathy against a reference group of 57 T1D patients with accelerated vascular pathology (age 42.0 [32.0,
56.0], duration 22.0 [18.0, 27.0] years), proliferative retinopathy and/or nephropathy in relation to diabetes duration,
termed Rapid Progressors (RP). Twenty proteins differed significantly between RP and Escapers (False Discovery Rate
[FDR] < 0.05) after adjustment for age, sex, HbAlc, and eGFR: Caspase-3 was significantly higher in RP (Adjusted
difference: + 2.12 Normalized Protein eXpression [NPX], p<0.001). Proteins associated with platelet activation and
leukocyte adhesion with increased levels in RP included Junctional Adhesion Molecule A (+1.40 NPX), Glycoprotein
VI (GP6: + 1.29 NPX), and P-Selectin (+0.82 NPX) (all p<0.001). PECAM-1 (+0.55 NPX) and TNFRSF14 (+0.43

NPX), were also elevated. RP also showed higher levels of metabolic and tissue-remodelling proteins; Transferrin
Receptor (+0.53 NPX) and Fatty Acid Binding Protein 4 (+0.52 NPX), as well as higher Bleomycin Hydrolase, Trefoil
Factor 3, GDF-15, U-PAR, and Cystatin B. Conversely, von Willebrand Factor (vWF) levels (— 1.35 NPX, p<0.001)

and Paraoxonase 3 (PON3) was lower in RP (— 0.34 NPX, p=0.003). In conclusion, escaping complications in
long-term T1D appears to be associated with active molecular mechanisms. Progression is marked by apoptosis
(Caspase-3), fibrosis (CHI3L1) and platelet activation (GP6), whereas resilience is associated with a distinct signature
involving higher vVWF and PON3. These findings highlight a profound biological divergence between extreme T1D
phenotypes and provide a foundation for further research into vascular resilience.
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What is currently known?

+ CVD is the leading cause of mortality in type 1
diabetes (T1D).

+ Some patients, termed ‘Escapers, remain
complication-free for decades.

« Traditional risk factors do not fully explain this
vascular resilience.

Key research question

What proteomic signatures characterize cardiovascular
resilience in T1D Escapers?

What is new?

« Discovery of a unique proteomic signature associated
with the Escaper phenotype.

+ A proteomic signature involving PON3 and vWF
characterizes the Escaper phenotype, contrasting
with the thrombo-inflammatory profile of rapid
progressors.

Clinical influence
Defining the Escaper phenotype provides a framework
for future protection research.

Introduction

Despite significant advancements in glycaemic control
and cardiovascular risk management, cardiovascular dis-
ease (CVD) remains the leading cause of morbidity and
mortality in type 1 diabetes (T1D) [1]. While intensive
metabolic control reduces this risk, a substantial residual
risk persists, implicating molecular determinants not
fully captured by glycaemic metrics alone [2—4]. Con-
versely, clinical experience and registry data identify a
subset of individuals who, despite decades of hypergly-
caemia and significant risk factor burden, remain free
from macrovascular or renal complications.

These individuals, labelled as “Escapers’, challenge
the traditional paradigm of diabetic complications
driven solely by cumulative risk factor exposure [5]. We
recently established the rationale for the ESCAPER study,
hypothesizing that the absence of complications in these
individuals is not merely due to the lack of risk factors,
but potentially due to the presence of active protective
mechanisms or “cardiovascular resilience” [6]. While tra-
ditional risk markers/factors such as HbAlc and lipids
explain a large proportion of variance, they fail to fully
capture the biological heterogeneity seen in long-stand-
ing T1D survivors [7].

Pioneering initiatives, most notably the Joslin Medal-
ist Study [4, 8, 9], followed by Scandinavian efforts such
as the PROLONG and DIALONG studies [10-12], and
the FinnDiane 50-year cohort [13], have begun to char-
acterize these survivors, suggesting roles for specific
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genetic and metabolic factors. However, the comprehen-
sive molecular architecture underlying this resilience,
particularly regarding circulating proteomic signatures,
remains largely unexplored. To date, most biomarkers
identified in T1D are markers of damage (e.g., endothe-
lial dysfunction, inflammation) identified in cohorts with
established disease [14]. Few studies have utilized an
“extreme phenotype” approach to isolate signals of pro-
tection by contrasting those who remain complication-
free despite long diabetes duration against those with an
accelerated disease trajectory (“Rapid Progressors”).

In this exploratory analysis of the ESCAPER cohort
[6], we utilized a targeted proteomic approach (Olink
Cardiovascular panel III) to characterize the proteomic
profile of cardiovascular resilience. By comparing T1D
patients with > 30 years of complication-free duration to
a phenotype of accelerated vascular pathology, so called
Rapid progressors (RP), we aimed to identify circulating
proteins that differentiate vascular stability from vascu-
lar injury. Specifically, we sought to determine if T1D
Escapers exhibit a distinct proteomic profile, providing
a foundation for future studies investigating endogenous
vascular resilience.

Methods

Study design and participants

This cross-sectional study applied an “extreme pheno-
type” design to identify biomarkers of vascular protec-
tion. The study population included two T1D cohorts
representing opposing disease trajectories:

+ The ESCAPER Cohort (n = 113): As described
previously [6], this group comprised individuals
with long-standing T1D (> 30 years) free from
macrovascular complications (coronary heart
disease, cerebrovascular disease, aortic dissection,
peripheral arterial disease), proliferative retinopathy
and diabetic nephropathy. Background retinopathy
or microalbuminuria were not exclusion criteria.
After excluding individuals with missing baseline
covariates, the final analytical sample comprised 92
individuals.

+ The PROLONG Cohort (n = 58): A reference group
of “Rapid Progressors” (RP) was derived from the
PROLONG study [11] specifically selecting the sub-
cohort characterized by accelerated complication
progression (presenting with proliferative
retinopathy and/or nephropathy relative to diabetes
duration). After excluding individuals with missing
baseline covariates, the final analytical sample
comprised 57 individuals.
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Clinical and biochemical assessments

Detailed clinical phenotyping was performed at Skane
University Hospital (Escapers) and participating centres
(PROLONG) according to standardized protocols. Rou-
tine biochemical markers, including HbAlc and lipid
profiles, were analysed at certified clinical chemistry lab-
oratories using standard accredited methods.

Proteomic analysis

Proteomic profiling was performed using the Olink®
Target 96 Cardiovascular III panel (Olink Proteomics,
Uppsala, Sweden). This panel targets 92 proteins integral
to cardiovascular biology, inflammation, and metabolism.
The analysis utilizes Proximity Extension Assay (PEA)
technology, which combines the specificity of antibody-
based detection with the sensitivity of PCR. Protein
expression levels are reported as Normalized Protein
Expression (NPX) values on a log2 scale, where a 1-unit
increase represents a doubling of protein concentration.
Quality control (QC) was performed according to the
manufacturer’s standards. Proteins were evaluated based
on detectability and assay precision.

Statistical analysis

Baseline characteristics were compared using the Wil-
coxon rank-sum test for continuous variables and Chi-
square tests for categorical variables. Protein expression
(NPX) was compared between groups using multivari-
able linear regression (ANCOVA), adjusting for age, sex,
HbAlc, and eGFR. Age was prioritized as a covariate
over diabetes duration for cumulative exposure to avoid
multicollinearity, and eGFR was included as renal clear-
ance confounds endogenous protein levels [15].

To control for the false discovery rate (FDR) inherent in
high-throughput proteomics, p-values from the adjusted
models were corrected using the Benjamini-Hochberg
method. An FDR (q-value) <0.05 was considered statisti-
cally significant.

Table 1 Clinical characteristics of the analytical sample
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All statistical analyses were performed using R version
4.5.2. Multivariable linear models (ANCOVA) and Ben-
jamini-Hochberg false discovery rate (FDR) corrections
were computed using the base R stats package.

Ethics

All investigations in the project have been ethically
approved by The Swedish Ethical Review Authority (Dnr.
2021 -01809, 2022-00968-02, and 2023-05419-02) for the
ESCAPER study, and the Regional Ethics Review Board,
Lund, Sweden (Dnr 777/2009) for the PROLONG study.
Informed consent is a prerequisite for participation in the
study and includes consent for publication.

Results

Baseline characteristics

Clinical characteristics of the analytical sample are
presented in Table 1. The Escaper cohort (#=92) had a
median diabetes duration of 40.0 [IQR 35.0, 45.2] years,
compared to 22.0 [IQR 18.0, 27.0] years in the RP cohort
(n=57). Escapers were significantly older (p <0.001), and
had lower HbAlc (p<0.001) and eGER levels (p<0.001)
compared to RP. There were no significant differences in
sex distribution between the groups.

Proteomic analysis

All 92 proteins included in the Olink Cardiovascular III
panel passed quality control measures and were detected
above the Limit of Detection (LOD) in >75% of samples,
with high analytical precision (mean intra-assay CV 6%).

To isolate the association with the “Escaper” pheno-
type, a multivariable linear regression model adjusted for
age, sex, HbAlc, and eGFR, was applied.

The global profile of differentially regulated proteins
is visualized in Fig. 1. In total, 20 proteins were signifi-
cantly differentially expressed between RP and Escapers
(FDR<0.05) in the fully adjusted model (Table 2).

Variable Escapers (n=92) Rapid progressors (n=57) P-value
Age (years) 59.8[53.2,69.1] 42.01[32.0,56.0] <0.001
Sex 0.270
Male 55 (59.8%) 28 (49.1%)

Female 37 (40.2%) 29 (50.9%)

Diabetes duration (years) 40.0 [35.0,45.2] 22.01[18.0,27.0] <0.001
HbA1c (mmol/mol) 51.0[46.0,57.2] 75.0 [64.0, 87.0] <0.001
eGFR (mL/min/1.73 m?) 71.5[62.0,86.0] 97.2[786,116.5] <0.001
BMI (kg/mz) 2521[23.0,27.8] 25.51[228,28.1] 0.807
Systolic blood pressure (mmHg) 131.0[122.0,139.2] 126.2 [115.0, 138.1] 0.087
Diastolic blood pressure (mmHg) 74.0[69.0,78.0] 78.5[70.5,82.8] 0.004
LDL cholesterol (mmol/L) 3[1.9,2.7] 71[2.3,34] <0.001
Triglycerides (mmol/L) 0.7 [0.6,0.9] 0.9 [0.7, 1.2] <0.001

Values are presented as Median [IQR] for continuous variables and n (%) for categorical variables. P-values are calculated using Wilcoxon rank-sum test for continuous

variables and Chi-square test for categorical variables
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Fig. 1 Volcano plot of adjusted protein expression differences. The x-axis displays the log2 fold change (coefficient from the linear model), where positive
values =higher levels in rapid progressors (RP), and negative values=higher levels in Escapers. The y-axis represents the -Log10 adjusted p-value (FDR).
Proteins coloured in orange show significantly higher levels in RP (e.g., CASP-3, JAM-A), while proteins in blue show higher levels in Escapers (VWF, PON3),

adjusted for age, sex, eGFR, and HbA1c

Table 2 Differentially regulated proteins in rapid progressors (RP) versus escapers

Protein Adjusted difference (95% Cl) P-value FDR (g-value) Association
Caspase-3 (CASP-3) +2.12(1.611t02.64) <0.001 <0.001 Higher in RP
Glycoprotein VI (GP6) +1.29(0.97to 1.61) <0.001 <0.001 Higher in RP
JAM-A +140(1.01t0 1.79) <0.001 <0.001 Higher in RP
P-Selectin (SELP) +0.82(053t01.11) <0.001 <0.001 Higher in RP
von Willebrand Factor (VWF) —1.35(-1.861t0—0.86) <0.001 <0.001 Higher in Escapers
PECAM-1 +0.55(0.33t00.77) <0.001 <0.001 Higher in RP
TNFRSF14 +0.43(0.251t0 0.62) <0.001 < 0.001 Higher in RP
BLM Hydrolase +0.41(0.22t0 0.61) <0.001 0.001 Higher in RP
Transferrin receptor (TR) +0.53 (0.27 to 0.80) <0.001 0.001 Higher in RP
Trefoil factor 3 (TFF3) +0.42 (0.21 t0 0.65) <0.001 0.002 Higher in RP
U-PAR +0.27 (0.13t0 0.42) <0.001 0.003 Higher in RP
Cystatin B (CSTB) +0.39(0.16 t0 0.63) 0.001 0.009 Higher in RP
FABP4 +0.52 (0.19t0 0.86) 0.002 0.013 Higher in RP
Ep-CAM +0.76 (0.27 t0 1.23) 0.002 0.013 Higher in RP
Galectin-4 (Gal-4) +041(0.15t0 0.68) 0.003 0.016 Higher in RP
CHI3LT (YKL-40) +0.64 (0.23 t0 1.05) 0.002 0.013 Higher in RP
Paraoxonase 3 (PON3) —034(-056t0—0.11) 0.003 0.016 Higher in Escapers
GDF-15 +0.33(0.11 t0 0.56) 0.004 0.019 Higher in RP
Chemerin (RARRES2) +0.22 (0.07 t0 0.37) 0.004 0.019 Higher in RP
Cathepsin D (CTSD) +0.24 (0.07 to 0.40) 0.004 0.020 Higher in RP

Only proteins with a false discovery rate (FDR)<0.05 are shown. Adjusted difference: difference in normalized protein expression (NPX) representing rapid
progressors (RP) relative to escapers, adjusted for age, sex, HbAlc, and eGFR. Positive values indicate higher levels in RP; negative values indicate higher levels in

Escapers
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Distinct Proteomic Signatures: Progression vs. Resilience
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Fig. 2 Distribution of key differentially regulated proteins. Boxplots displaying the normalized protein expression (NPX) levels for six selected proteins in
Escapers (blue) versus rapid progressors, RP (orange). The central line represents the median, box limits indicate the interquartile range (IQR), and whis-
kers extend to 1.5x IQR. Individual data points are overlaid to visualize distribution. CASP-3, Caspase-3; GP6, Glycoprotein VI; JAM-A, Junctional adhesion

molecule A; PON3, Paraoxonase 3; SELP, P-Selectin; vVWF, von willebrand factor

Levels of Caspase-3 (CASP-3) were significantly higher
in RP compared to Escapers (Adjusted difference: +
2.12 NPX, p<0.001). The distribution of NPX values for
Caspase-3 and other key markers is presented in Fig. 2.
Similarly, proteins associated with platelet activation
and leukocyte adhesion were markedly higher in Rapid
Progressors, including Junctional Adhesion Molecule
A (JAM-A: + 1.40 NPX), Glycoprotein VI (GP6: + 1.29
NPX), and P-Selectin (SELP: + 0.82 NPX) (all p<0.001).
Other inflammatory markers, including PECAM-1
(+0.55 NPX) and TNFRSF14 (+0.43 NPX), were also
elevated.

Beyond inflammatory pathways, elevated levels of met-
abolic and tissue-remodelling proteins were observed in
RP, including Transferrin Receptor (TR: + 0.53 NPX) and
Fatty Acid Binding Protein 4 (FABP4: + 0.52 NPX). Addi-
tional proteins showing higher levels included Bleomycin
Hydrolase, Trefoil Factor 3 (TFF3), GDF-15, U-PAR, and
Cystatin B (CSTB).

Conversely, levels of von Willebrand Factor (vWF) were
significantly lower in RP compared to Escapers (Adjusted
difference: —1.35 NPX, p<0.001). Paraoxonase 3 (PON3)
was the only other protein sharing this inverse associa-
tion, being higher in Escapers (Adjusted difference: — 0.34
NPX, p=0.003).

Proteins that showed significant differences in unad-
justed analyses, but lost significance after adjustment
for eGER and age, include Tissue Plasminogen Activator

(t-PA), Notch 3, and IGFBP-2 (p>0.05). Unadjusted uni-
variate comparisons for all 92 proteins are provided in
Supplementary Table 1.

Discussion

In this exploratory study using targeted proteomics, we
identified a molecular signature characterizing “Escap-
ers’, individuals with long-standing T1D who possess
resilience to macrovascular diabetes complications and
nephropathy. By contrasting these survivors against
the RP phenotype, we identified two opposing molecu-
lar profiles: a canonical injury signature apoptosis and
platelet activation in progressors, versus a specific profile
involving von Willebrand Factor (vWF) and Paraoxonase
3 (PON3) in Escapers. This resilience profile aligns con-
ceptually with findings from the Joslin Medalist cohort,
where vascular protection was linked to specific antioxi-
dative signatures, including the PON3 homolog PON1
[9].

The proteomic profile of RP provided a robust biologi-
cal validation of our “high-risk” cohort definition. The
most significantly differentially abundant protein, Cas-
pase-3, confirms active apoptotic cell death. This finding
aligns with previous reports, where elevated circulating
Caspase-3 was strongly associated with incident diabetes
and coronary artery disease risk [16]. Beyond apopto-
sis, the RP phenotype was defined by markers of endo-
thelial stress and thrombotic risk. We observed elevated
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levels of Glycoprotein VI (GP6) and P-Selectin (SELP),
key mediators of platelet activation and leukocyte rolling
[17, 18], alongside PECAM-1. This suggests a vasculature
in a state of ongoing thrombo-inflammation, a mecha-
nism recently highlighted by Galli et al. as a key driver
of residual cardiovascular risk in coronary artery dis-
ease [2], yet evident decades before the typical onset of
macrovascular events. Furthermore, markers associated
with adverse remodelling were prominent. GDF-15, a
prognostic marker for heart failure and renal decline [19,
20], was significantly elevated in RP, as were the fibro-
sis-associated protein CHI3L1 (YKL-40) and the uroki-
nase receptor U-PAR, a strong predictor of progressive
nephropathy [21, 22]. Metabolic stress was also evident
through elevated FABP4 [23], linking adipocyte dysfunc-
tion to the vascular pathology observed in this group.

In contrast, the T1D Escaper cohort was character-
ized by higher levels of vWF and PON3. We recognize
that elevated vWF is conventionally viewed as a marker
of endothelial damage, chronic inflammation, and a pre-
dictor of future vascular events [24—27]. However, in
the present study, this elevation among Escapers occurs
without concurrent established injury and platelet acti-
vation markers (e.g., Caspase-3, SELP, GP6). In this spe-
cific, long-term complication-free cohort, elevated vWF
likely reflects preserved adaptive endothelial function
rather than injury [28]. Importantly, the Olink assay mea-
sures total vWF antigen, not activity or multimer pro-
files. Finally, as causality cannot be determined in this
cross-sectional design, the exact implications of elevated
vWF in relation to resilience require further longitudi-
nal investigation. Beyond the complex vWF signal, the
Escaper phenotype was also associated with elevated lev-
els of PON3, an enzyme localized to HDL and mitochon-
dria. PON3 exerts lactonase activity that prevents lipid
oxidation and stabilizes mitochondrial function, thereby
neutralizing oxidative stress [29, 30]. Together, the com-
bined elevation of vWF and PON3 provides a distinct
molecular signature characterizing the Escaper pheno-
type. Rather than proving a direct causal mechanism, this
profile contrasts with the active injury signature observed
in Rapid Progressors. This contrast suggests a coordi-
nated ability to manage chronic metabolic stress without
triggering thrombo-inflammation, reinforcing the valid-
ity and utility of our extreme phenotype model.

The primary strength of this study is the “extreme phe-
notype” design, allowing us to filter out biological noise
and isolate resilience factors obscured in more general
cohorts of so-called Medallists that include also survi-
vors of previous events. The alignment of our Rapid Pro-
gressor findings with established literature validates the
platform.

However, limitations exist. First, the targeted nature
of the Olink panel biases detection towards known
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cardiovascular proteins. While the identification of vWF
and PON3 within this disease-centric panel highlights
their robust association with the Escaper phenotype,
future studies utilizing untargeted proteomics (e.g., mass
spectrometry) are warranted to capture the full breadth
of the resilience proteome.

Second, the cross-sectional design precludes causal
inferences; differentially abundant proteins may repre-
sent downstream consequences of existing tissue injury.
However, capturing this in vivo landscape serves the
study’s exploratory aim: to generate mechanistic hypoth-
eses. Furthermore, while adjustment for age, sex, HbAlc,
and eGFR helps mitigate baseline imbalances, it does not
fully eliminate residual confounding. Escapers repre-
sent a highly selected population of long-term survivors.
Survivorship bias is inherent to this extreme phenotype
design and is necessary to enrich for resilience signals.
Therefore, our findings apply to long-duration T1D
patients with extreme phenotypes and may not extend to
unselected populations. Consequently, these signatures
require validation in an independent T1D cohort. Data
availability also limits the analysis. A single-point HbAlc
assessment restricts the evaluation of cumulative meta-
bolic burden. Similarly, the influence of differential treat-
ment exposure during a long duration of diabetes cannot
be ruled out. Medication at the date of sampling does not
always reflect long-term pharmacological exposure. Even
with access to such data, the inherent bi-directional con-
founding, possibly driven by confounding by indication
in progressors and healthy user bias in Escapers, would
complicate the interpretation of cross-sectional associa-
tions. Whether medications explain the divergent vWF
and PON3 levels therefore remains an important consid-
eration for future investigations.

Conclusion

Escaping major diabetes complications in long-term
T1D is associated with a distinct molecular signature
rather than simply the absence of injury markers. While
progression is marked by apoptosis (Caspase-3), fibro-
sis (CHI3L1), and platelet activation (GP6), resilience
is associated with a distinct circulating profile charac-
terized by antioxidative defence (PON3) and altered
endothelial activity (vWF). These findings highlight the
distinct biological divergence between extreme T1D phe-
notypes and provide a foundation for future longitudinal
studies investigating endogenous vascular resilience.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/512933-026-03261-6.

[SupplementaryTable] J



https://doi.org/10.1186/s12933-026-03261-6
https://doi.org/10.1186/s12933-026-03261-6

Ekstrom et al. Cardiovascular Diabetology (2026) 25:183

Acknowledgements

The Escaper Study Group consists of Anders Gottséter, Peter M Nilsson,
Hakan Arheden, Alireza Biglarnia, Anders Christensson, Ola Ekstrém, Gunnar
Engstrom, Eske Gertje, Erik Hedstrom, Cecilia Kennbdack, Agne Laucyte-
Cibulskiene, Valeriya Lyssenko, and Martin Magnusson, all at Lund University
and Skane University Hospital, Sweden.

Author contributions

AG and PMN conceptualized the study, designed the protocol, and secured
funding. O performed the statistical analysis of the proteomic data,
prepared the figures, and drafted the manuscript. VL provided clinical data
and characterization for the PROLONG cohort. ML and AC contributed to
the interpretation of data within their respective areas of expertise. AG and
PMN supervised the project and provided critical revision of the manuscript.
CK managed operations at the Clinical Research Unit. All authors read and
approved the final manuscript. The corresponding author attests that all
authors meet the authorship criteria.

Funding

Open access funding provided by Lund University. This study is supported by
unrestricted grants to AG from the Swedish Heart-Lung Foundation, Novartis
Foundation, Research Funds at Skane University Hospital, Region Skane, Hulda
Ahlmroth Foundation, and the Swedish Government under the LUA/ALF
agreement. VL is supported by the Novo Nordisk Foundation. The funders had
no role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Data availability

The datasets generated during the current study are not publicly available
due to restrictions under European data protection legislation (GDPR) and the
Swedish Ethical Review Act regarding the sharing of sensitive personal health
data. However, pseudonymized data are available from the corresponding
author upon reasonable request, subject to a formal data sharing agreement
and ethical approval.

Declarations

Competing interests

M.L.is currently an employee of Eli Lilly and Company; the research presented
in this publication was mainly conducted prior to the author's employment
at Eli Lilly and Company; Lilly had no role in the study design, data collection,
analysis, or interpretation.

Received: 22 March 2026 / Accepted: 11 June 2026
Published online: 20 June 2026

References

1. Rawshani A, Rawshani A, Franzén S, Eliasson B, Svensson AM, Miftaraj M, et al.
Mortality and cardiovascular disease in type 1 and type 2 diabetes. N Engl J
Med. 2017;376(15):1407-18. https://doi.org/10.1056/NEJMoa1608664.

2. GalliM, Abbate A, Bonaca MP, Crea F, Forte M, Frati G, et al. Residual cardiovas-
cular risk in coronary artery disease: from pathophysiology to established and
novel therapies. Nat Rev Cardiol. 2026. https://doi.org/10.1038/541569-026-0
1249-z.

3. OzglmisT, Sulaieva O, Begum MC, Ekstrém O, Jain R, Nilsson P, et al. DNA
repair and inflammatory response genes play a central role in protecting
patients with long-standing type 1 diabetes from vascular complications. J
Diabetes Complications. 2025;39(9):109112. https://doi.org/10.1016/j.jdiacom
p.2025.109112..

4. Keenan HA, CostacouT, Sun JK, Doria A, Cavellerano J, Coney J, et al. Clinical
factors associated with resistance to microvascular complications in diabetic
patients of extreme disease duration: the 50-year medalist study. Diabetes
Care. 2007;30(8):1995-7. https://doi.org/10.2337/dc06-2222.

5. Gale EA. How to survive diabetes. Diabetologia. 2009;52(4):559-67. https://do
i.0rg/10.1007/500125-009-1275-1. Located at: 19198799.

6.  Ekstrom O, Arheden H, Christensson A, Engstrom G, Hedstrom E, Kennbdck
C, et al. The ESCAPER study—exploring protective mechanisms against
cardiovascular disease in subjects at high risk: rationale, study protocol, and

20.

21.

22.

23.

24.

25.

Page 7 of 8

first results. Scand Cardiovasc J. 2025;59(1):2513865. https://doi.org/10.1080/1
4017431.2025.2513865 .

Perkins BA, Lovblom LE, Lanctot SO, Lamb K, Cherney DZI. Discoveries from
the study of longstanding type 1 diabetes. Diabetologia. 2021;64(6):1189-
200. https://doi.org/10.1007/500125-021-05403-9.

Yu MG, Gordin D, Fu J, Park K, Li Q, King GL. Protective factors and the patho-
genesis of complications in diabetes. Endocr Rev. 2024;45(2):227-52. https://
doi.org/10.1210/endrev/bnad030.

Vaisar T, Kanter JE, Wimberger J, Irwin AD, Gauthier J, Wolfson E, et al. High
concentration of medium-sized HDL particles and enrichment in HDL para-
oxonase 1 associate with protection from vascular complications in people
with long-standing type 1 diabetes. Diabetes Care. 2019;43(1):178-86. https:/
/doi.org/10.2337/dc19-0772.

Jain R, Ozgumus T, Jensen TM, du Plessis E, Keindl M, Moller CL, et al. Liver
nucleotide biosynthesis is linked to protection from vascular complications in
individuals with long-term type 1 diabetes. Sci Rep. 2020;10(1):11561. https//
doi.org/10.1038/541598-020-68130-y. 202007 14th ed.Located at.

Ozguimis T, Sulaieva O, Jessen LE, Jain R, Falhammar H, Nystrom T, et al.
Reduced expression of OXPHOS and DNA damage genes is linked to protec-
tion from microvascular complications in long-term type 1 diabetes: the
PROLONG study. Sci Rep. 2021;11(1):20735. https://doi.org/10.1038/541598-0
21-00183-z.

Holte KB, Svanteson M, Hanssen KF, Haig Y, Solheim S, Berg TJ. Undiagnosed
coronary artery disease in long-term type 1 diabetes. The dialong study. J
Diabetes Complications. 2019;33(5):383-9. https://doi.org/10.1016/j jdiacomp
.2019.01.006 .

Harjutsalo V, Barlovic DP, Gordin D, Forsblom C, King G, Groop PH, et al. Pres-
ence and determinants of cardiovascular disease and mortality in individuals
with type 1 diabetes of long duration: the finndiane 50 years of diabetes
study. Diabetes Care. 2021;44(8):1885-93. https://doi.org/10.2337/dc20-2816.
Lopes-Virella MF, Carter RE, Gilbert GE, Klein RL, Jaffa M, Jenkins AJ, et al. Risk
factors related to inflammation and endothelial dysfunction in the DCCT/
EDIC cohort and their relationship with nephropathy and macrovascular
complications. Diabetes Care. 2008;31(10):2006-12. https://doi.org/10.2337/d
c08-0659.

Christensson A, Ash JA, DeLisle RK, Gaspar FW, Ostroff R, Grubb A, et al. The
impact of the glomerular filtration rate on the human plasma proteome. Pro-
teom Clin Appl. 2018;12(3):1700067. https://doi.org/10.1002/prca.201700067.
Sun J, Singh P, Osterlund J, Orho-Melander M, Melander O, Engstrém G, et al.
Hyperglycaemia-associated Caspase-3 predicts diabetes and coronary artery
disease events. J Intern Med. 2021;290(4):855-65. https://doi.org/10.1111/joi
m.13327 . PubMed PMID: 34309093; PubMed Central PMCID: PMC7612448.
Zarbock A, Polanowska-Grabowska RK; Ley K. Platelet-neutrophil-interactions:
linking hemostasis and inflammation. Blood Rev. 2007,21(2):99-111. https//d
0i.0rg/10.1016/j.blre.2006.06.001.

Andrews RK, Berndt MC. Platelet physiology and thrombosis. Thromb Res.
2004;114(5-6):447-53. https://doi.org/10.1016/j.thromres.2004.07.020.

Zhou Z, Liu H, Ju H, Chen H, Jin H, Sun M. Circulating GDF-15 in relation to
the progression and prognosis of chronic kidney disease: a systematic review
and dose-response meta-analysis. Eur J Intern Med. 2023;110:77-85. https.//d
0i.0rg/10.1016/j.€jim.2023.01.026.

Wollert KC, Kempf T. Growth differentiation factor 15 in heart failure: an
update. Curr Heart Fail Rep. 2012,9(4):337-45. https://doi.org/10.1007/51189
7-012-0113-9.

Huang H, WuT, Mao J, Fang Y, Zhang J, Wu L, et al. CHI3L1 is a liver-enriched,
noninvasive biomarker that can be used to stage and diagnose substantial
hepatic fibrosis. OMICS J Integr Biol. 2015;19(6):339-45. https://doi.org/10.108
9/0mi.2015.0037.

Hayek SS, Sever S, Ko YA, Trachtman H, Awad M, Wadhwani S, et al.

Soluble urokinase receptor and chronic kidney disease. N Engl J Med.
2015;373(20):1916-25. https://doi.org/10.1056/NEJMoa1506362.

Basarir Sivri FN, Ciftci S. A new insight into fatty acid binding protein 4
mechanisms and therapeutic implications in obesity-associated diseases: a
mini review. Mol Nutr Food Res. 2024,68(8):2300840. https://doi.org/10.1002/
mnfr.202300840.

von Vischer UM. Willebrand factor, endothelial dysfunction, and cardiovascu-
lar disease. J Thromb Haemost. 2006;4(6):1186-93. https://doi.org/10.1111/j.1
538-7836.2006.01949.x.

Spiel AO, Gilbert JC, Jilma B.Von willebrand factor in cardiovascular disease:
focus on acute coronary syndromes. Circulation. 2008;117(11):1449-59.
https://doi.org/10.1161/CIRCULATIONAHA.107.722827.


https://doi.org/10.1056/NEJMoa1608664
https://doi.org/10.1038/s41569-026-01249-z
https://doi.org/10.1038/s41569-026-01249-z
https://doi.org/10.1016/j.jdiacomp.2025.109112
https://doi.org/10.1016/j.jdiacomp.2025.109112
https://doi.org/10.2337/dc06-2222
https://doi.org/10.1007/s00125-009-1275-1
https://doi.org/10.1007/s00125-009-1275-1
https://doi.org/10.1080/14017431.2025.2513865
https://doi.org/10.1080/14017431.2025.2513865
https://doi.org/10.1007/s00125-021-05403-9
https://doi.org/10.1210/endrev/bnad030
https://doi.org/10.1210/endrev/bnad030
https://doi.org/10.2337/dc19-0772
https://doi.org/10.2337/dc19-0772
https://doi.org/10.1038/s41598-020-68130-y
https://doi.org/10.1038/s41598-020-68130-y
https://doi.org/10.1038/s41598-021-00183-z
https://doi.org/10.1038/s41598-021-00183-z
https://doi.org/10.1016/j.jdiacomp.2019.01.006
https://doi.org/10.1016/j.jdiacomp.2019.01.006
https://doi.org/10.2337/dc20-2816
https://doi.org/10.2337/dc08-0659
https://doi.org/10.2337/dc08-0659
https://doi.org/10.1002/prca.201700067
https://doi.org/10.1111/joim.13327
https://doi.org/10.1111/joim.13327
https://doi.org/10.1016/j.blre.2006.06.001
https://doi.org/10.1016/j.blre.2006.06.001
https://doi.org/10.1016/j.thromres.2004.07.020
https://doi.org/10.1016/j.ejim.2023.01.026
https://doi.org/10.1016/j.ejim.2023.01.026
https://doi.org/10.1007/s11897-012-0113-9
https://doi.org/10.1007/s11897-012-0113-9
https://doi.org/10.1089/omi.2015.0037
https://doi.org/10.1089/omi.2015.0037
https://doi.org/10.1056/NEJMoa1506362
https://doi.org/10.1002/mnfr.202300840
https://doi.org/10.1002/mnfr.202300840
https://doi.org/10.1111/j.1538-7836.2006.01949.x
https://doi.org/10.1111/j.1538-7836.2006.01949.x
https://doi.org/10.1161/CIRCULATIONAHA.107.722827

Ekstrom et al. Cardiovascular Diabetology

26.

27.

28.

29.

(2026) 25:183

Van Paridon PCS, Panova-Noeva M, Van Oerle R, Schulz A, Prochaska JH,
Arnold N, et al. Lower levels of vVWF are associated with lower risk of cardio-
vascular disease. Res Pract Thromb Haemost. 2022;6(7):e12797. https://doi.or
9/10.1002/rth2.12797.

Haorber S, Prystupa K, Jacoby J, Fritsche A, Kleber ME, Moissl AP, et al. Blood
coagulation in prediabetes clusters-impact on all-cause mortality in individu-
als undergoing coronary angiography. Cardiovasc Diabetol. 2024;23(1):306.
https://doi.org/10.1186/512933-024-02402-z.

Strom K, Oskolkov N, Karaderi T, Kalamajski S, Mir BA, Ekstrom O, et al.
RAB3GAP2 is a regulator of skeletal muscle endothelial cell proliferation and
associated with capillary-to-fiber ratio. Cell Rep. 2026;45(2):116961. https://do
i.0rg/10.1016/j.celrep.2026.116961.

Schweikert EM, Devarajan A, Witte |, Wilgenbus P, Amort J, Férstermann U, et
al. PON3 is upregulated in cancer tissues and protects against mitochondrial

30.

Page 8 of 8

superoxide-mediated cell death. Cell Death Differ. 2012;19(9):1549-60. https:/
/doi.org/10.1038/cdd.2012.35.

Draganov DI, Teiber JF, Speelman A, Osawa Y, Sunahara R, La Du BN. Human
paraoxonases (PON1, PON2, and PON3) are lactonases with overlapping and
distinct substrate specificities. J Lipid Res. 2005;46(6):1239-47. https://doi.org
/10.1194/jIrM400511-JLR200.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1002/rth2.12797
https://doi.org/10.1002/rth2.12797
https://doi.org/10.1186/s12933-024-02402-z
https://doi.org/10.1016/j.celrep.2026.116961
https://doi.org/10.1016/j.celrep.2026.116961
https://doi.org/10.1038/cdd.2012.35
https://doi.org/10.1038/cdd.2012.35
https://doi.org/10.1194/jlr.M400511-JLR200
https://doi.org/10.1194/jlr.M400511-JLR200

	﻿Targeted proteomics of extreme vascular phenotypes in type 1 diabetes: the ESCAPER study
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Study design and participants
	﻿Clinical and biochemical assessments
	﻿Proteomic analysis
	﻿ Statistical analysis
	﻿Ethics

	﻿Results
	﻿Baseline characteristics


