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4. Rationale:

Diabetes and heart failure (HF) are highly prevalent'2? and strongly interrelated.®*
Community-based studies have shown that diabetes is a potent risk factor for HF, raising the risk
by 2 to 4-fold.>* Animal models have suggested mechanisms linking diabetes to cardiac
dysfunction (e.g., glucotoxicity, lipotoxicity, oxidative stress, advanced tissue glycation,
hyperinsulinemia), but the pathways leading from diabetes to HF in humans remain poorly
characterized.>’ Progress in refining our understanding of diabetes-related cardiac dysfunction
has been hampered by the lack of specific biological signatures.

Deep profiling using plasma proteomics can help to identify novel and clinically relevant
biomarkers that reflect newly discovered disease pathways. Animal-based proteomic studies
suggest a variety of molecular pathways linking diabetes and cardiac dysfunction; for example,
the aberrant protein O-GIcNAcylation has been identified as a unique and important contributor
to adverse remodeling in the diabetic heart.®-1! Other pathways potentially involved in diabetic
heart disease are those related to AMP activated protein kinase (AMPK), peroxisome
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proliferator-activated receptor (PPAR), sodium glucose transporter -2 (SGLT2), protein kinase C
(PKC), mitogen-activated protein kinase (MAPK), Nuclear factor kappa-light-chain-enhancer of
activated B cells (NFkB), nuclear factor erythroid 2—related factor 2 (Nrf2), cyclic adenosine 5'-
monophosphate-responsive element modulator (CREM), microRNAs (miRNA), and exosomes.®
There is a paucity of human and population-based data linking proteomic markers to diabetes-
related cardiac dysfunction. Recent data from a population-based proteomic study suggest that
there are distinct pathological pathways linking diabetes to HF.*2 However, this prior study had a
small sample size (n=1,572), lacked racial/ethnic diversity (only whites were included), relied on
a proteomic platform that was limited in the scope (only 92 proteins measured), and did not
explore subtypes of HF.12 Another small study (n=253) that mainly included whites, and used
SomaScan assays, identified 10 proteins with significantly different expression in patients with
diabetes and HF with preserved ejection fraction (HFpEF), with one of the key proteins being
apolipoprotein M.

Using SOMAScan data (~ 5000 proteins) at Visits 3 and 5 (as Visit 2 when available) in
the ARIC study, we will examine the specific proteomic signatures associated with 1) prevalent
diabetes among individuals without HF, and 2) with incident HF (including overall HF, HFpEF,
and HF with reduced ejection fraction [HFrEF]) among individuals with diabetes. This will allow
the identification of proteomic signatures that reflect mechanistic pathways specifically
associated with diabetes-related cardiac dysfunction.

5.  Main Hypothesis/Study Questions:

Main hypothesis: Much of the excess risk of HF in diabetes is explained by alterations in the
plasma proteome.

Aim 1: What are the proteomic signatures of prevalent diabetes? In other words, what are the
cross-sectional differences in plasma proteome between participants with and without diabetes?
The primary analysis will be done in the absence of HF to inform examination of HF incidence.
Aim 2: What are the proteomic risk factors for HF incidence among those with diabetes?

Aim 3: How much of the excess risk of HF associated with diabetes is explained by alterations in
the plasma proteome?

Aim 4: Are the findings (Aims 2 and 3) similar for HFpEF and HFrEF?

6. Design and analysis (study design, inclusion/exclusion, outcome and other variables of
interest with specific reference to the time of their collection, summary of data analysis,
and any anticipated methodologic limitations or challenges if present).

Design:

Cross-sectional design for Aim 1, and prospective design for Aims 2-4.

Midlife (Visit 3 and 2 when available) and late life (Visit 5) analyses will be conducted
separately. The data will be divided into a 2/3 discovery and 1/3 validation sample.

For the analysis, to adjust for multiple comparisons, we will use a Bonferroni-corrected P-value as
the significance threshold in a conservative analysis. FDR (q<0.05) will be used to examine a broader
list of proteins for pathway analyses.

Exclusions:



In addition to the Standard ARIC race-center exclusions, we will exclude individuals with
missing relevant SOMAscan data or failed QC, as well as those with missing covariate data.

For prospective analyses, exclude prevalent HF at baseline (Visit 3 in the main analysis and Visit
5 in the late life analysis)

Exposures:
SOMAScan proteins (~5,000 proteins measured using SOMAScan aptamer-based proteomics

platform). This well be guided by the QC document following the current recommended data cleaning,
focus on log protein levels, and use flag 2 to exclude unreliable data (flag2=0 for N = 4877 aptamers
excluding flag 1 catl-3: Fc mouse/Contaminants, or var<0.01 or soma qc cvba>50% at v3 or v5) —
this is the suggested list of aptamers to analyze).

Covariates:

Age, sex, race-center, current smoking, body mass index, total cholesterol, HDL-cholesterol,
systolic blood pressure, hypertension medication use, degree of glycemic control (HbA1c),
fasting blood glucose, use of diabetes medications, estimated glomerular filtration rate (eGFR),
and coronary heart disease.

Baseline:
Midlife (Visit 3 and when available Visit 2) and late-life (Visit 5) will be analyzed separately.

Outcomes:
Our outcomes include:
-For Aim 1: prevalent diabetes at baseline
-For Aims 2-4: Incident HF after baseline (including HFpEF and HFrEF)

Statistical Analysis:
We will log-transform protein levels similar to the dementia proteomics analysis.

Aim 1: We will use logistic regression with prevalence of diabetes at baseline as the outcome.
The primary analysis will focus on individuals without heart failure since that will be the risk
group of interest in the subsequent aims. We will first examine the proteins one at a time
adjusted for:
- Model 1 : unadjusted

Model 2: adjusted for age, sex, race-center

Model 3: model 2 + eGFRcr-cys

Model 4: model 3 + family history of diabetes, current smoking, body mass index,

total cholesterol, HDL cholesterol, systolic blood pressure, hypertension medication use,

physical activity and cardiovascular disease (other than HF).

Model 5: model 4 + hyperglycemia measures (HbA1c or fasting blood glucose)

Aims 2: Incidence of HF (including HFpEF and HFrEF) will be analyzed using Cox regression
models. The proteomic risk factors analyzed will be those identified during the explorations to
address Aim 1.
In all the analyses, we will assess protein associations using sequential modelling as follows:

- Model 1 : unadjusted

- Model 2 : adjusted for age, sex and race/center



- Model 3: model 2 + eGFRcr-cys

- Model 4: model 3 + smoking , body mass index, HbA1c, use of diabetes medications,
systolic blood pressure, use of blood pressure medications, total-cholesterol, HDL-
cholesterol, and coronary heart disease (time-varying in the prospective analyses)

- Model 5: model 4 + targeted assays of NT-pro-BNP and hs-TnT

Aim 3: We will compare the significant proteomic “hits” for aims 1 (diabetes) and 2 (HF risk
within diabetes) using a VVenn diagram. We will examine the extent to which the association of
prevalent diabetes at baseline is attenuated after adjustment for proteomic variables associated
with HF risk within diabetes. We may consider a formal mediation analysis but measurement
error and multiple comparisons could limit the inferences. We will also develop models for aim 3
in “one stage” (rather than building on aims 1 and 2) using elastic net to allow for a unified
unbiased framework. We will test the validity of the results using 10-fold cross validation
internally and seek external validation.

Aim 4: We will repeat the analysis in aims 2 and 3 for HFpEF and HFrEF separately and
compare hits. We will also formally test for interaction in the protein associations keeping in
mind that power could be limited.

For all analyses:

We will conduct cross-sectional analyses at both Visits 3 and Visit 5 (and Visit 2 when
available), and prospective analyses using Visits 3 and 5 (and Visit 2 when available) as
baselines. The visit 3 analyses will be the primary analysis since they will have greater power
and longer follow-up.

Replication within ARIC: In the replication analysis, we will examine which Bonferonni
significant “hits” in the development (2/3) sample were also significant in the (1/3) validation
sample at p<0.05/#hits tested. We will scrutinize models within the 2/3 development sample
using 10-fold cross-validation before taking them to the 1/3 independent validation sample. We
hypothesize that risk factors may vary across the lifecourse, consequently, we will conduct the
replication analysis separately for midlife and late-life. We will also compare the overlap (using
a Venn diagram) of proteins from midlife and late life HF analyses.

Additional analyses: We will collaborate with other groups to seek external replication as well as
add a systems biology approach to enhance our understanding of causal mechanisms.

Mendelian Randomization: We will conduct bi-directional Mendelian randomization analyses
using SNPs identified from published GWAS to validate potential causal pathways and their
direction (causes of diabetes-related cardiac dysfunction will have protein SNPs that also lead to
diabetes-related cardiac dysfunction risk vs. consequences of diabetes-related cardiac
dysfunction whereby the related GWAS SNPs will lead to alterations in proteins), as performed
in similar ARIC analyses for other conditions (e.g., dementia and kidney disease).

Early vs. late life in ARIC: As the result of the prolonged ARIC follow-up (~30 years from
midlife) the risk assessment would benefit from an inclusion of short - and long-term risk factors,




which may not be similar, as exposures vary over time. Consequently, we will assess whether the
strength of associations between proteomic risk factor and diabetes-related HF vary by decade of
follow-up. We hypothesize that the vast majority of proteomic risk factors in the first decade will
also be associated with outcomes in subsequent decades but to a lower extent. As a result, the
focus of our predictive models will be on the 10-year incidence of HF.

Prediction: We will explore the incremental value of identified “hits” in predicting HF. We will
develop predictive models in the development sample and test their discrimination and
calibration in the diabetes validation sample. We will examine 10-year risk of HF among
individuals with diabetes as the primary outcome. We use our fully adjusted model
(aforementioned Model 3) as the base model to be improved (testing change in C-statistic and
categorical NRI).

Limitations:

Soma Scan protein quantification has variable correlation with other methods of protein
quantification. Generally, about one third of the time correlations are high, one third medium and
one third very low. Inferences should be made keeping in mind this complexity of quantification
and the proteins themselves.

The lack of external validation of our results in a different cohort is a limitation of our study. We
will attempt to conduct an external validation of our analyses to other cohorts with SOMAScan
data.

The assessment of causal pathways using the mendelian randomization approach will be
somewhat limited by the paucity of GWAS data specifically on variants associated with diabetes
—related cardiac dysfunction.
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