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ABSTRACT

BACKGROUND. Therapies can reduce the risk of heart failure (HF) development and progression in
type 2 diabetes (T2D); nevertheless, the risk of these outcomes is greater in females than in males.

METHODS. To investigate sex-differences in HF development and progression, we compared
baseline circulating proteins (Olink® Cardiovascular Il panel) in males and females with T2D and
recent acute coronary syndrome (ACS) for the outcome of heart failure hospitalization (HFH). Data
were from the placebo-controlled Examination of Cardiovascular Outcomes with Alogliptin versus
Standard of Care (EXAMINE) trial. Pathophysiological sex-differences were interpreted with network

and pathway overrepresentation analyses.
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RESULTS. The EXAMINE trial enrolled 5,380 participants (32.1% females) with biomarker data
available in 95.4% of individuals. Analyses revealed 43 biomarkers were differentially expressed in
HFH, of which 18 were sex-specific. Among these 43 biomarkers, interleukin-6 was identified as a
central node for the pathogenesis of HFH in both females and in males. Additional pathway
overrepresentation analyses demonstrated that biomarkers associated with inflammatory pathways
related to endothelial-dysfunction and cardiac fibrosis were more up-regulated in females than males
with HFH. Differential expression of 3 biomarkers (pentraxin-related protein 3, hydroxyacid oxidase
1, and carbonic anhydrase 5A) was independently associated with an increased risk of HFH in females
but not in males (interaction p<0.05).

CONCLUSION. In males and females with T2DM and ACS, interleukin-6 appears to be central in
the pathogenesis of HF. Females exhibit higher levels of circulating proteins related to immunological

pathways, reflecting sex-specific differences underlying HF development and progression.

INTRODUCTION

Heart failure is one of the most common manifestations of cardiovascular disease in people
with type 2 diabetes (T2D), and a leading cause of hospitalization and health service utilization.
The risk of heart failure development and progression in people with T2D is, moreover, markedly
increased early after an acute coronary syndrome.? Although guideline-directed medical therapies
such as sodiuni-glucose cotransporter-2 inhibitors (SGLT2i) have been shown to reduce the risk
of worsening heart failure in T2D, the excess risk of heart failure persists with treatment, and is
significantly greater in females than in males.? Furthermore, females are more predisposed to heart
failure with persevered ejection fraction (HFpEF) and poorer quality of quality of life. ldentifying
mechanistic pathways that contribute to sex differences in heart failure in T2D may aid in

distinguishing clinical phenotypes and identifying novel molecular targets for treatment.*
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Over the past several years, numerous studies have investigated the prognostic value of
circulating biomarkers (e.g., natriuretic peptides) to develop clinical tools for risk prediction.
While numerous tools have demonstrated strong prognostic performance, analyses of circulating
biomarkers in disease states have been shown to provide additional value beyond prognostication.®
Biomarkers reflect biological processes and can therefore contribute to the understanding of
pathophysiological mechanisms. To that end, knowledge-based proteomic network analyses have
been shown to be a well-validated method for investigating associations between biomarkers and
molecular pathways as a means of differentiating distinct pathophysiological phenotypes in
disease. In line with this approach, the present study aimed to study baseline circulating proteins
in patients from the Examination of Cardiovascular Outcomes with Alogliptin vs. Standard of Care
(EXAMINE) trial to investigate sex-differences in the development and progression of heart
failure in people with T2D.

METHODS
Study Cohort

Circulating proteins in patients from the EXAMINE trial were studied in this analysis. The
details of the EXAMINE trial have been previously reported.® In brief, the trial enrolled patients
across 49 countries and 898 centres. Patients had T2D, were receiving antidiabetic therapy (minus
a dipeptidyl peptidase-4 inhibitor or glucagon-like peptide-1 receptor agonist analogue) and had
had a recent acute coronary syndrome (i.e., acute myocardial infarction or unstable angina
requiring hospitalization) 15 to 90 days prior to randomization. Here, T2D was defined by having
a glycated hemoglobin level between 6.5 to 11.0%, or 7.0 to 11.0% if the patient was receiving
antidiabetic therapy with prescribed insulin. Exclusion criteria included dialysis within 14 days,

type 1 diabetes, and unstable cardiac disorders, which included class IV heart failure as defined by
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the New York Heart Association, critical valvular heart disease, uncontrolled hypertension, and
refractory angina. All patients received standard antidiabetic therapy according to regional
guidelines in addition to the investigational product. Patients had outpatient visits 1, 3, 6, 9, and
12 months after randomization then subsequently every 4 months until the end of the study.
Patients were followed for a maximum of 40 months (median, 18 months). The EXAMINE trial
was authorized by the applicable national and institutional regulatory authorities and ethical
committees, and all participants provided written informed consent.
Biomarker Panel

Blood samples and a thorough physical examination and medical history were taken at
baseline. Circulating proteins were analyzed with the Olink® Cardiovascular Il panel, which
measures 92 biomarkers associated with cardiovascular disease and immunological and
inflammatory processes.” The 92-biomarker panel reflects biological processes which include
angiogenesis, blood vessel morphogenesis, catabolic processes, cell adhesion, coagulation, heart
development, immune response, inflammatory response, MAPK cascade, platelet activation,
proteolysis, blood pressure regulation, response to hypoxia, wound healing, and peptide hormone
response. The 92-biomarker panel also includes exploratory biomarkers potentially involved in the
pathophysiology of cardiovascular disease. The names and Uniprot identification codes of the 92
biomarkers are available in Supplemental Table S1.
Outcome

The primary endpoint was heart failure hospitalization which served as a proxy for heart
failure development and progression. The EXAMINE trial defined heart failure hospitalization as
any hospital stay or emergency department visit with clinical manifestations of heart failure lasting

for more than 12 hours. Manifestations of heart failure included bibasilar rales on pulmonary
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examination, new or worsening dyspnea, orthopnea, peripheral edema, jugular venous distention,
radiographic evidence of heart failure, paroxysmal nocturnal dyspnea, new third heart sound,
ultrafiltration or dialysis, parenteral diuretic use, inotropic or vasodilator therapy, or any
mechanical or surgical intervention including heart transplantation.® A central adjudication
committee adjudicated all the recorded cardiovascular events and deaths in EXAMINE.
Biomarker Quantification

The measurement and quantification of the circulating biomarkers was done utilizing a
high-throughput multiplex immunoassay that simultaneously measures the target biomarkers. The
technology is based on a proximity extension assay.’® That is, pairs of antibodies attached to
oligonucleotides-labeled probes are introduced into microliter samples of plasma to bind to
biomarker antigen targets. Upon successful antigen-antibody binding, paired oligonucleotide-
based probes come within proximity, anneal together, and produce DNA amplicons barcoding
their respective biomarker. A Fluidigm BioMarkTM HD real-time PCR platform is then used to
quantify the DNA amplicons. The platform yields Log2 normalized protein expression (NPX)
data, whereby large values indicate a high biomarker concentration. NPX data do not represent an
absolute quantification of circulating biomarker concentrations. Additional information on the
Olink® Cardiovascular il panel is available in the Supplemental Olink® addenda.
Sample Handling

Plasma was isolated and kept at -20°C to -80°C after participant blood was taken into
EDTA-anticoagulated polypropylene tubes at local sites. The frozen samples were then delivered
to the Thrombolysis in Myocardial Infarction Clinical Trials Laboratory (Brigham and Women’s
Hospital [Boston, MA]) where they were kept at -80°C or colder prior to analysis. To minimize

degradation, the EXAMINE trial took precautions to ensure proper sample handling and storage.
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Sample handling precautions included minimizing sample freeze-thaw cycles and implementing
standardized protocols for sample collection, storage, and transportation to mitigate potential
variations in sample integrity.
Statistical Analysis

Clinical characteristics of patients with and without heart failure and T2D were presented
as means and standard deviations for continuous variables and as frequencies and percentages for
categorical variables. Clinical differences were evaluated with the independent sample t-tests for
continuous variables and chi-square test for categorical variables.’® To investigate
pathophysiological sex-differences, we first evaluated the differential expression of cardiovascular
biomarkers in males and females with and without heart failure hospitalization, respectively. That
is, we separately evaluated which biomarkers were over- or under-expressed in males and females
experiencing recurrent or incident heart failure hospitalization. This was done utilizing linear
models for microarray data analysis (limma version 3.35.2) that were corrected for test multiplicity
with the Benjamini and Hochberg method.'**? Adjustments for covariates such as age, ethnicity,
or BMI were not included in order to reflect natural differences occurring in the progression of
heart failure after ACS in individuals with T2D. Biomarkers passing an absolute log fold-change
criterion of 0.2 and a false discovery rate—corrected p-value less than 0.05 were judged as
pathophysiological biomarkers.'® To account for inherent sex-differences, we also calculated log
fold-change differences in biomarker in females versus males. This measure quantifies the
difference in differential expression of biomarkers in females with versus without heart failure
hospitalization , as well as in males with and without heart failure hospitalization, using log: fold-

change units.
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Furthermore, biomarkers displaying distinct expression patterns, such as over-expression
in females but non-differential or under-expression in males, and vice versa, were considered as
indicative of sex-specific differences. To evaluate the association between these sex-specific
biomarkers and heart failure hospitalization, interaction analyses for sex were performed with
Fine-Gray regression models.***® These models were adjusted for the competing risk of death and
well-validated risk factors for heart failure hospitalization including age, HbA1lc, body mass index
(kg/m?), systolic blood pressure, prior heart failure hospitalization, duration of diuretic use, brain
natriuretic peptide, history of myocardial infarction, hypertension, smoking status, and estimated
glomerular filtration rate.’® To avoid issues with multicollinearity with history of myocardial
infarction, type of ACS and history of coronary bypass grafting were not included in the
multivariable models.

Functional Enrichment and Network Analyses

To elucidate pathophysiological sex-differences in heart failure, biological context and
functional designations were ascribed to the biomarkers of interest. This functional enrichment
was done utilizing the Search Tecol for the Retrieval of Interacting Genes/Proteins (STRING)
database, which draws functional designations from several electronic sources including Gene
Ontology biologic processes, Kyoto Encyclopedia of Genes and Genomes (KEGG), Reactome
pathways, and WikiPathways.*’ In addition, the STRING database was used to build a knowledge-
based network analysis evaluating the association between the differentially expressed biomarkers
in males and females with vs. without heart failure hospitalization. The knowledge-based network
analysis is based on available knowledge of protein and gene interactions. Low-confidence
interactions were excluded from the network analysis. Cytoscape, version 3.8.2, was used to

analyze and organize the resultant network, and to calculate betweenness centrality, a measure
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quantifying the centrality of nodes within a network.'® Furthermore, to understand how proteins
fit within broader biological contexts, we utilized Enrichr to conduct sex-specific pathway
overrepresentation analyses using the Gene Ontology Biological Processes 2023 database.*®%!
These analyses were conducted using the backdrop of the 92 Olink biomarkers, allowing us to
discern ontological associations among significant biomarkers.

RESULTS
Clinical Characteristics

In total, 5,380 people were enrolled in the EXAMINE trial and females represented 32.1%
of the study cohort. Biomarker data was available for 95.4% (IN=5,131) of the study population.
The average age of participants was 61 + 10, and the average duration of T2D was 7.1 (interquartile
range 2.7-13.7) years with an average HbAlc of 8.0% + 1.1. From the start of recruitment (October
2009) to the date of the last patient visit (June 2013), 117 males and 78 females experienced heart
failure hospitalization.

Sex-Based Differences

Males and females who developed heart failure hospitalization during the trial were
significantly more likely to have a longer duration of T2D (men, 13.1 + 10.8 vs. 8.3 + 7.6 years;
females, 13.8 £ 11.2 vs. 10.6 + 8.6 years) and history of coronary artery bypass grafts (men, 29.1
vs. 13.6%; females 24.4 vs. 9.4%), congestive heart failure (men, 62.4 vs. 24.3%; females, 70.5
vs. 33.1%), and peripheral arterial disease (men, 22.2 vs. 8.8%; females, 23.1 vs. 9.6%). Females
who experienced heart failure hospitalization had higher body mass indices (32.0 + 8.6 vs. 30.1 £
6.0 kg/m?) compared to females who did not. Conversely, males who developed heart failure
hospitalization tended to be older (63.5 = 9.8 vs. 59.6 + 9.7 years) compared males who did not.

Results are presented in Table 1.
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Differential Biomarker Expression

Figure 1A presents the differential expression of biomarkers in individuals with versus
without heart failure hospitalization as stratified by sex. In males with versus without heart failure
hospitalization, 28 circulating biomarkers were significantly up-regulated and 1 biomarker was
significantly down-regulated. In females with versus without heart failure hospitalization, 39
biomarkers were significantly up-regulated. After addressing for overlap in differential expression,
25 non-sex-specific biomarkers and 18 sex-specific biomarkers were associated with heart failure
hospitalization, yielding a total of 43 biomarkers of interest (Figure 1B; Supplemental Table S2).
The most differentially expressed biomarkers in females versus males with heart failure
hospitalization were hydroxyacid oxidase 1 (HAOX1; Log, fold-change difference: 0.69), growth
hormone 1 (GH1; Log> fold-change difference: -0.56), and carbonic anhydrase (CA5A; Log: fold-

change difference: 0.52; Figure 2).

Knowledge-Based Network Analysis

To investigate the biological context of the differentially expressed biomarkers a network
analysis was performed with k-means clustering for the 43 differentially expressed biomarkers
(Figure 3). The network analysis revealed that the main pathophysiological drivers of heart failure
hospitalization related to inflammation, lipid metabolism, renal and cardiac homeostasis,
hemostasis, angiogenesis, and cytokine and interleukin signaling. Among the analyzed
biomarkers, cluster of differentiation 4 (CD4), interleukin 6, and renin emerged as the most central
biological nodes in the clusters related to cytokine and interleukin signalling, inflammation, and
renal and cardiac homeostasis. These biomarkers exhibited high betweenness centrality values,

indicating their significant role in connecting various components within the biological network.

Sex-Specific Knowledge-Based Network Analysis

10
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To further differentiate pathophysiological sex-differences in heart failure hospitalization,
we conducted sex-specific network analyses. The female biomarker profile had a phenotype
primarily characterized by up-regulated inflammatory activity and cytokine and interleukin
signaling, while the male biomarker profile was characterized by up-regulated metabolic, renal,
and cardiac homeostasis (Figure 2). Within the sex-specific networks (Supplemental Figure S2),
chemokine ligand 3 and thrombomodulin exhibited high betweenness centrality values in females.
However, in the male-specific network, there were no identified central biological nodes.

Pathway Overrepresentation Analysis

Ontological pathways associated with the differentially expressed biomarkers in males and
females with heart failure hospitalization are shown in Suppiemental Figure S3. Compared to
males, females experiencing heart failure hospitalization displayed a greater degree of
overrepresentation in certain pathways. These included increased positive regulation of
lymphocyte chemotaxis (GO::0140131) and regulation of natural killer cells (GO::2000501) and
eosinophils (GO::0048245). Conversely, males showed a greater degree of representation in
pathways associated with proteolysis, encompassing membrane protein ectodomain proteolysis
(GO:0006509), membrane protein intracellular domain proteolysis (G0O:0031293), and membrane
protein proteolysis (G0O:0033619). However, these findings were primarily linked to
metalloprotease 7, which exhibited minor differential expression in females compared to males
(Figure 2).

Biomarker Interaction with Sex and Heart Failure Hospitalization

After multivariable adjustment that included the competing risk of cardiovascular death, 3
biomarkers demonstrated a significant interaction with sex for the outcome heart failure
hospitalization (Figure 4). Specifically, overexpression of pentraxin-related protein and carbonic

anhydrase 5A was associated with an increased incidence of heart failure hospitalization in females
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(hazard ratio [HR]: 2.47, 95% confidence interval [95% CI] 1.62-3.77 and HR: 1.27, 95% ClI
1.06-1.52, respectively), but not in males (HR: 1.09, 95% CI 0.76-1.56 and HR: 0.93, 95% ClI
0.76-1.15; all P-interaction values < 0.05). On the other hand, overexpression of hydroxyacid
oxidase 1 was associated with a reduced incidence of heart failure hospitalization in males (HR:
0.84, 95% CI 0.73-0.96) but not in females (HR: 1.07, 95% CI 0.93-1.24; P-interaction value:

0.004).

DISCUSSION

In this study we explored sex differences in the development and progression of heart
failure hospitalization in females and males with T2D and recent acute coronary syndrome. By
analyzing the differential expression of biomarkers in males and females, several key differences
were observed. First, the data showed significant overiap in the proteomic pathogenesis of heart
failure hospitalization in males and females. Second, the data showed that compared to males,
females developing heart failure hospitalization had unique biomarkers which were differentially
regulated. Specifically, pathway overrepresentation analyses showed that immunological
pathways (e.g., leukocyte chemotaxis) were more associated with biomarkers up-regulated in
females than males. We postulate that these findings may contribute to phenotypic sex differences
in heart failure and provide insights for the prevention of heart failure development and

progression following acute coronary syndrome in T2D.
Differentially Expressed Biomarkers & the Central Role of Interlenkin-6

A key finding of our proteomic analyses was the similarity in differential biomarker
expression between males and females, indicating consistent and overlapping proteomic changes
in both groups. Notably, of the 43 biomarkers that were found to be differentially expressed in

males and females developing heart failure hospitalization, 25 were found to be up-regulated in
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both sexes. Knowledge-based network analyses of the 43 biomarkers provided additional
information on these proteins and how they interact in biological systems. A key finding here was
the fact that interleukin-6 was identified as a central hub in the pathogenesis of heart failure
hospitalization in both males and females. Interestingly, interlekin-6 has been shown to be
independently associated with the development heart failure with preserved ejection fraction
(HFpEF)?2(P®)23 The use of interleukin-6 inhibitors are also currently being evaluated as potential
treatments for patients with cardiovascular disease.?® These facts serve to validate our ontological
findings and emphasize the importance of interleukin-6 as a potential therapeutic target in heart
failure. Furthermore, the results underscore the potential involvement of interleukin-6 in the
pathogenesis of heart failure following acute coronary syndromes, particularly in females with

T2D, who exhibited increased up-regulation of this biomarker compared to males.
Targeting Sex-Specific Hubs & Pathological Pathways

To better understand phenotypic sex variations in heart failure, we also performed sex-
specific network analyses of biomarkers that were uniquely up- or down-regulated in males and
females developing heart failure hospitalization. C-C Motif Chemokine Ligand 3 (CCL3) was
identified as a central hub in the proteomic pathogenesis of heart failure hospitalization in females.
Interestingly, CCL3 has been associated to chemokinetic actions (e.g., monocyte and leukocyte
chemotaxis) and mitogenic pathways (e.g., mitogen-associated protein kinase [MAPK] cascades
and extracellular signal-regulated kinases [ERK] signaling). These facts are consistent with our
pathway over-representation analyses, which showed increased over-representation specifically
chemokinetic pathways in females developing heart failure hospitalization compared to males. The
observation that the pathogenesis of heart failure hospitalization in females seems to be primarily

mediated by such an inflammatory-chemokinetic phenotype aligns with research in this area.
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Consequently, CCL3 emerges as potentially an interesting druggable target. Moreover, recent
clinical trials of colchicine, which inhibits chemotaxis, have shown favorable cardiovascular
effects in people following myocardial infarction.?® Studies conducted in rat models of HFpEF
have also shown improvements in survival and mitigation of cardiac dysfunction with the use of
colchicine.?” Therefore, our results emphasize the potential benefits of these therapies in the
context of preventing the development and progression of heart failure following acute coronary

syndrome in individuals with T2D.
Sex-Specific Biomarkers and Heart Failure Development and Progression

Among the differentially expressed biomarkers, three were associated with a significantly
increased risk of heart failure hospitalization in females but not in males. These biomarkers were
hydroxyacid oxidase (glycolate oxidase) 1 (HAOX1), pentraxin 3 (PTX3), and carbonic anhydrase
(CA5A). Notably, CA5A demonstrated a substantial difference in up-regulation between females
and males experiencing heart failure hospitalization (Log. fold-change difference: 1.4).
Interestingly, recent studies of CASA inhibitors have reported clinical benefits, particularly in
increasing the efficacy of decongestion in acute decompensated heart failure with volume
overload.? Although these studies have not demonstrated significant sex differences in treatment
effects, numerically increased benefit has been reported in males. The combination of these
findings and the observed differences in CASA regulation may consequently suggest the existence

of sex-related variations in fluid homeostasis, which may warrant future investigation.

Pentraxin-3 has conversely been implicated in fibroblast differentiation, left ventricular
hypertrophy, and myocardial fibrosis. These findings are supported by previous research showing
that females with T2D and heart failure often demonstrate more pronounced adverse left

ventricular remodelling compared to males, as demonstrated by increased left ventricular mass,
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left ventricular wall thickness, and relative wall thickness when adjusted for height.3-*232 Studies
have shown elevated levels of PTX3 in patients with T2D and acute heart failure.3* As a result,
inhibitors of PTX3 may also constitute a potential target for preventing heart failure development
and progression after acute coronary syndromes in T2D. For instance, inhibiting the interaction of
PTX3 with its endogenous immunoglobulin y Fc receptors could prevent heart failure progression
through the inhibition of leukocyte-medicate phagocytosis and pro-inflammatory cytokine

release.3®

Lastly, HAOX1, a known mediator of peroxisome degradation and fatty acid alpha-
oxidation, emerged as the most differentially expressed biomarker between females and males
with heart failure hospitalization with significantly lower expression in males (Log2 fold-change
difference: 1.6). This is particularly interesting given previous research linking diabetic
cardiomyopathy with lipid accumulation and lipotoxicity. Moreover, studies have indicated that
impaired fatty acid alpha-oxidation, specifically in cardiomyocytes, can contribute to the
development of lipotoxicity.3” Together, these results suggest that impaired lipid metabolism may
play a significant role in heart failure hospitalization in males compared to females. Furthermore,
HAOX1 has been implicated in the metabolism of medications such as Losartan, an angiotensin
receptor blocker that has demonstrated differential dose response in females and males with heart
failure, with females responding more favorably to low-dose therapy.*®2° Therefore, future studies
investigating the interplay between HAOX1, drug metabolism, and treatment response could

contribute to the development of personalized treatment approaches for heart failure patients.

Limitations
Our study had several limitations. First, the EXAMINE trial was not designed to elucidate

sex-specific differences in the expression of biomarkers in males and females progressing to heart
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failure. Therefore, the results of this study should be primarily considered hypothesis generating
as the results do not allow causal inference. Second, the primary endpoint for this study, heart
failure progression, was defined as incident or recurrent heart failure hospitalization. Third, clinical
data were not available on patients’ ejection fractions which limited the possibility of conducting
analyses stratified to preserved or reduction ejection fraction. Fourth, there were likely some highly
correlated biomarkers in our dataset. Therefore, the use of the Benjamini-Hochberg procedure may
have led to modest reduction in statistical power. Finally, circulating proteins were analyzed with
the Olink® Cardiovascular 11 panel, which contains 92 proteins potentially associated with
cardiovascular disorders. As a result, this may be considered limited when compared to broader
proteomic analyses.
CONCLUSION

The proteomic analysis of biomarkers in individuals with T2D and heart failure
hospitalization showed significant pathophysiological sex-differences. While many biomarkers
associated with heart failure were similar between males and females, pathways related to
immunological and inflammatory processes appear to be significantly more over-represented in
females than in males. These findings provide valuable insights into the sex-specific factors
contributing to the development and progression of heart failure. They also help explain
phenotypic sex-differences in clinical outcomes associated with heart failure which include,
among females, poorer quality of life and greater adverse left ventricular remodeling. The
identification of these sex-specific differences highlights the need for the development of tailored
therapies and guidelines that consider the unique characteristics and needs of both males and
females at risk of developing incident or worsening heart failure.
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FIGURE TITLES & LEGENDS

Fig. 1. Biomarkers Differentially Expressed in males and Females with Type 2 Diabetes, Recent Acute Coronary
Syndrome, and With and Without Heart Failure Hospitalization.

Volcano plots visualize the differences in biomarker expression between two groups: males (Panel A) and females
(Panel B) who either did or did not develop heart failure hospitalization. In these plots, each unit increase in the log2
fold change represents a twofold change in biomarker levels. Additionally, higher -log10 p values indicate more
significant differences in biomarker expression between individuals who did and did not experience heart failure
hospitalization. Panel C presents a VVenn diagram illustrating the overlap in differential biomarker expression between
males and females. In total, 25 biomarkers are identified as non-sex-specific, while 18 are sex-specific.

Fig. 2. Functional Enrichment of Differentially Expressed Biomarkers in Males and Females with Type 2 Diabetes,
Recent Acute Coronary Syndrome, and With and Without Heart Failure Development.

Overview of the 25 non-sex-specific and 18 sex-specific biomarkers associated with the development of heart failure
hospitalization in males and females. Positive Log2 Fold Changes values indicate that a biomarker was more up-
regulated in females with versus without heart failure hospitalization compared to males with versus without heart
failure hospitalization. Likewise, negative values indicate greater up-regulation in males. K-means clustering was
applied to bundle the enriched network of biomarkers into biologically relevant groups.

Fig. 3. Results of Network Analysis and Functional Enrichment of Cardiovascular Biomarkers Differentially
Expressed in Males and Females With Versus Without Heart Failure and Diabetes.

The network illustrates the network of cardiovascular biomarkers that are differentially expressed in males and females
with versus without heart failure and diabetes. With the exception of HAO1, all the illustrated biomarkers are up-
regulated in males and females with versus without heart failure. Biomarkers with high opacity (i.e., high color
saturation) denote sex-specific hiomarkers, while biomarkers with low opacity (i.e., low color saturation) denote non-
specific biomarkers.

*Biomarkers specifically up-regulated in females with versus without heart failure

tBiomarkers specifically up-regulated in males with versus without heart failure

Fig. 4. Interaction Analysis of Sex-Specific Pathophysiological Biomarkers with Heart Failure Hospitalization
Amongst Males Versus Females.

The figure shows hazard ratios with 95% confidence intervals of sex-specific pathophysiological biomarkers that had
a significant interaction with sex for heart failure hospitalizations. The analyses were done with Fine and Gray
regression models accounting for the competing risk of cardiovascular death and relevant confounders including age,
HbAlc, body mass index (kg/m2), systolic blood pressure, prior heart failure hospitalization, diuretic use, history of
myocardial infraction, hypertension, smoking status, and estimated glomerular filtration rate. Abbreviations: CA5A
= Carbonic anhydrase 5A; HAOX1 = Hydroxyacid Oxidase 1; PTX3 = Pentraxin; XCL1 = Chemokine (C motif)
ligand.
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Figure 4.
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Table 1. Characteristics of Male and Females Patients with Type 2 Diabetes, Acute Coronary Syndrome, and Heart Failure

Men Females
Characteristic All Male No HFH HFH p All Females No HFH HFH p
(N=3651) (N=3534) (N=117)  vale®  (N=1729) (N=1651) (N=78) value®
Demographics
Age (years) 59.76+9.74  59.63+9.71  63.4539.84 <0.001 63.26+9.90  63.24+9.88  63.67+10.33  0.725
Body weight (kg) 85.26+18.94 85.32+18.87 83.53+21.00 0.366 ~ 75.73%17.97  75.57+17.50  79.23+25.91  0.221
Body-mass index (kg/m2) 29.1245.29  29.124524  29.24+6.56 0.839 = 30.23%6.11 30.1445.96 31.9648.61  0.069
Er:;oﬁ‘gtelgr’: é‘cg/:)”d 47.39+21.87 47.46£21.85 45.07422.50 <0259 487442224  49.00422.32  43.29+19.80  0.016
Medical History
Duration of diabetes (years) 8.40+7.75 8.25+7.58 13.11+£10.81 <0.001  10.74+8.76 10.60+8.60 13.79+£11.16  0.015
Current smoker 592 (16.21) 576 (16.30)  16(13.68) 0.529 142 (8.21) 136 (8.24) 6 (7.69) 1.000
Hypertension 2910 (79.70) 2810 (79.51) 100 (85.47) 0.145 1559 (90.17) 1486 (90.01)  73(93.59)  0.399
Myocardial infarction 3283(89.92) 3170 (89.70)  113(96.58) 0.023  1451(83.92) 1377 (83.40)  74(94.87)  0.011
i: etgcr‘\‘/zanr;?;’r:‘; coronary 2394 (65.57) 2319 (65.62) 75(64.10) 0.810 978 (56.56) 933 (56.51) 45(57.69)  0.929
gf;g?:g’g"artery bypass 514 (14.08) 480 (13.58) 34 (29.06) <0.001 174 (10.06) 155 (9.39) 19 (24.36)  <0.001
Congestive heart failure 931 (25.50) 858 (24.28) 73 (62.39) <0.001 602 (34.82) 547 (33.13) 55 (70.51) <0.001
Stroke 256 (7.01) 242 (6.85)  14(11.97) 0.051  132(7.63) 126 (7.63) 6 (7.69) 1.000
Peripheral arterial disease 337(9:23)  311(8.80)  26(22.22) <0.001 177 (10.24) 159 (9.63) 18 (23.08)  <0.001
Index ACS
Myocardial infarction 2928 (80.20) 2822 (79.85) 106 (90.60) 0.007 1224 (70.79) 1159 (70.20) 65 (83.33)  0.011
Eg:;?tg'ﬁzgggra requiring 712 (19.50) 701 (19.84) 11 (9.40) 502 (29.03) 490 (29.68) 12 (15.38)
Missing data 11 (0.30) 11 (0.31) 0(0) 3(0.17) 2(0.12) 1(1.28)
Laboratory
Glycated hemoglobin (%) 8.00£1.08  7.99+1.08  8.14+1.04 0.131  8.12+1.12 8.12+1.13 8.10£1.01  0.883
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Creatinine at baseline (mg/dL) 1.12+0.42 1.11+0.42 1.39+0.55  <0.001 0.99+0.46 0.98+0.44 1.32+0.64 <0.001
HsTnI (ng/L) 47.74+240.89 46.19+232.47 95.47+424.80 0.226 79.79+1066.79 77.18+1082.55 135.78+643.10 0.460

eGFR
Mean£SD (ml/min/1.73 m?)  73.81420.76  74.26420.55 45.07+22.50 <0.001 64.85421.52  65.54+21.32  50.274#20.69 <0.001
;,Z‘)) mi/min/1.73 M2 -N0.  ga4 0421)  828(23.43)  56(47.86) <0.001 681(39.39) 629 (38.10)  52(66.67)  <0.001

Numbers are mean + SD for numeric variables and counts (%) for categorical variables. Clinical characteristics were compared
between male and females, and between HFH and no HFH, using independent sample t-tests for continuous variables and 2 tests

for categorical variables.
Abbreviations: SD = Standard Deviation, HsTnl = High Sensitivity Troponin I, eGFR = estimated Glomerular Filtration Rate

* Difference between individuals who experienced heart failure hospitalization and those who did not
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Lay summary

This study studies the sex-specific variations in heart failure development and progression
in individuals with type 2 diabetes following acute coronary syndrome. Interleukin-6 emerged a
central driver of heart failure, offering potential therapeutic avenues applicable to both genders.
Additionally, the observed elevation of specific circulating proteins associated with
immunological pathways in female heart failure patients contributes to our understanding of the
unique pathophysiological landscape in this clinical context.

Key Point

e This research investigates sex-specific differences in the development and progression of
heart failure in individuals with type 2 diabetes (T2D) following acute coronary syndrome
(ACS).

o Interleukin-6 emerges as a central factor in the pathogenesis of heart failure, representing
a potential therapeutic target applicable to both sexes.

e Elevated levels of specific circulating proteins related to immunological pathways in
female heart failure patients provide valuable insights into the distinctive
pathophysiological mechanisms underlying heart failure progression.

Pathophysiological Sex -Differences in Heart Failure Progression after Acute Coronary

Syndrome: Insights from the EXAMINE Trial
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Out of 43 biomarkersassociated with HFH following ACS, 14 biomarkers * /] Systemic
were uniquely up- or down-regulated in females and 4 in males, inflammation
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