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Background: Heart failure (HF) constitutes a significant global health challenge. The interplay between the dynamics of glucose
metabolic status transitions and the progression of HF has been minimally explored.

Objective: We assessed the impact of shifts in glucose metabolic states on the progression from stage A to stage C HF.

Methods: The Kailuan Study is a large-scale prospective cohort study. Based on data from the Kailuan Study, 41,110 stage A HF patients
were included and stratified into 6 groups based on alterations in glucose metabolic status: stable normoglycemic, stable pre-diabetes,
diabetes, normoglycemic progressing to pre-diabetes, pre-diabetes back to normoglycemic, and normoglycemic/pre-diabetes progressing to
diabetes. Utilizing the Cox proportional hazards regression model, we calculated the hazard ratios (HR) and 95% confidence intervals (CI)
associated with the transition to stage C HF among patients with stage A HF with different glucose metabolic state transitions.

Results: Our findings indicated a notably elevated risk for the progression to stage C HF within the diabetic group relative to the
stable normoglycemic group (HR, 1.87; 95% CI, 1.66 to 2.10). Additionally, an augmented risk for the progression to stage C HF was
observed in the normoglycemic/pre-diabetic to diabetic group (HR, 1.38; 95% CI, 1.15 to 1.65).

Conclusion: Both diabetes and normoglycemic/pre-diabetes progressing to diabetes are associated with heightened risks of progres-
sing from stage A to stage C HF. Conversely, the re-establishment of normoglycemic in pre-diabetes is associated with preventing HF
progression.
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Introduction

Heart failure (HF) represents a substantial global health challenge, as evidenced by data from the 2012-2015 China
Hypertension Survey, which reports an increasing prevalence of HF among Chinese adults aged 35 years or older, currently
at 1.3%." Traditional risk factors, such as hypertension, diabetes, and obesity, are well-established contributors to HF.?
Epidemiological cohort studies have consistently demonstrated that diabetes significantly elevates the risk of HF by a factor of
2 to 5> and also augments the risk of all-cause mortality post-HF diagnosis by 28% to 60%.>® Concurrently, research has
indicated that pre-diabetes is associated with a 46% heightened risk of HF.” Furthermore, it is recognized that elevated blood
glucose levels, irrespective of whether they are indicative of pre-diabetes or diabetes, confer an increased susceptibility to HF.*
The potential mechanisms linking glucose metabolism transitions and HF are multifaceted, including the altered energy
metabolism of cardiomyocytes due to long-term hyperglycemia caused by insulin resistance,® as well as the damage to the

structure and function of cardiomyocytes, and the subsequent myocardial remodeling triggered by oxidative stress.'*!!

The 2001 ACC/AHA Guidelines for the Evaluation and Management of Chronic Heart Failure in the Adult initially
categorized HF into 4 stages (A, B, C, and D), delineating the trajectory of the condition’s evolution.'? This classification was
reaffirmed in the 2022 AHA/ACC/HFSA Guideline for the Management of Heart Failure." Stage A HF is characterized by
the presence of high-risk factors without structural cardiac abnormalities or overt signs and symptoms of HF. If patients in
stage A HF do not receive early intervention, leading to structural heart abnormalities (stage B HF), their risk of developing
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symptomatic heart failure (stages C/D HF) will significantly increase.'* ' In addition, although stage C HF has signs and
symptoms of HF and structural cardiac abnormalities, standardized treatment can significantly reduce the rate of re-
hospitalization, mortality, and the risk of progressing to Stage D HF, which has the poorest prognosis.''® Therefore, stage
A and stage C HF are critical stages in the progression of HF.

However, previous studies have centered on the influence of baseline glucose metabolic status on HF risk,*’ with
minimal attention given to the interplay between glucose metabolic transitions and HF progression. This study aims to
bridge this research gap by leveraging data from the Kailuan Study to further investigate the effect of glucose metabolic
state transition on HF progression from stage A to stage C in a large sample size.

Methods
Study Design and Patients

The Kailuan Study is a large-scale prospective cohort study based on a functional community population. We recruited
patients diagnosed with stage A HF from the health screenings conducted in 2006 and 2008. The inclusion criteria were as
follows: (1) participants who underwent health screenings in 2006 and 2008; (2) subjects who met the criteria for stage A HF,
which includes the presence of hypertension, cardiovascular disease, diabetes, or obesity. The exclusion criteria were: (1) any
participant with a prior history of HF, valvular heart disease, or cardiomyopathy before the 2008 examination; (2) subjects with
incomplete fasting blood glucose (FBG) records, as illustrated in Figure 1. The study protocol was sanctioned by the Medical

75,796 participants took part in the health screenings
in 2006 and 2008.

\

A total of 43,467 participants were selected from those
who suffered from hypertension, cardiovascular
disease, diabetes, or obesity before the health
screenings in 2008.

A total of 228 cases with a history of
| heart failure, valve heart disease, and

cardiomyopathy prior to the 2008
health screenings were removed.

2129 cases with missing fasting blood
glucose data were removed.

A\
The final inclusion of the study
population was 41,110 cases.

Figure | Inclusion exclusion flowchart.
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Ethics Committee of Kailuan General Hospital (Approval No. 2018ZX10715005) and adhered rigorously to the ethical
standards of the Declaration of Helsinki. Informed consent was obtained from all participants involved in the study.

Data Collection

We gathered demographic details, including gender and age, along with information on health behaviors such as smoking
status, alcohol consumption, frequency of physical exercise, and salt habits. Additionally, we documented the medical
history of hypertension, cardiovascular disease, and diabetes, as well as the medications history, specifically, the
utilization of lipid-lowering, antihypertensive, and hypoglycemic agents. This information was systematically collected
from the study cohort through a comprehensive questionnaire. Concurrently, we also recorded anthropometric measure-
ments, including height, weight, waist circumferences, hip circumferences, systolic blood pressure (SBP), diastolic blood
pressure (DBP), and heart rate. Furthermore, we assessed various biochemical parameters: FBG, triglycerides (TG), total
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and highly
sensitive C-reactive protein (hs-CRP), following the methodologies delineated in the referenced scholarly publications."”

Relevant Definitions

Glucose metabolic state transitions are categorized into 6 groups: stable normoglycemic (twice FBG < 6.1 mmol/L with
no history of diabetes and no use of hypoglycemic medications), stable pre-diabetes (6.1 mmol/L < twice FBG < 7.0
mmol/L with no history of diabetes and no use of hypoglycemic medications), diabetes (the first FBG > 7.0 mmol/L or
the first FBG < 7.0 mmol/L but with a clear diagnosis of diabetes or use of hypoglycemic drugs), normoglycemic
progressing to pre-diabetes, pre-diabetes back to normoglycemic, and normoglycemic/pre-diabetes progressing to
diabetes. Hypertension is diagnosed based on SBP > 140 mmHg and/or DBP > 90 mmHg; if there is a history of clearly
diagnosed hypertension or use of antihypertensive medications, hypertension can also be rendered, even if SBP <
140 mmHg and DBP < 90 mmHg. Cardiovascular diseases encompass a spectrum of conditions, including coronary heart
disease (myocardial infarction, coronary stenting/bypass) and stroke (hemorrhagic stroke, ischemic stroke). The Body
Mass Index (BMI) is calculated using the formula: weight (kg)/height (m)?, BMI > 28 kg/m? is considered obese. The
waist-to-hip ratio is calculated using the formula: waist circumference (cm)/hip circumference (cm). Smoking status is
defined by the consumption of at least 1 cigarette per day on average over the past year. Alcohol consumption is
categorized based on gender-specific thresholds: men consumed >2 standard drinks/day and women consumed >1
standard drink/day on average over the past year. Regular physical exercise is defined as performing exercises at least
3 times per week, with each session enduring a minimum of 30 minutes, while occasional exercise is defined as having 1
to 2 sessions of exercise lasting over 30 minutes per week. Salt habits are stratified into three categories based on daily
intake of sodium chloride: low (<6 g), medium (6-12 g), and high (>12 g).

Outcomes

The follow-up study commenced after patients with stage A HF complete the 2008 health screenings, and the primary
endpoint was defined as the progression to stage C HF during the follow-up. The final follow-up date was set for
December 31, 2020 for participants without event occurrence. Should a participant not experience the endpoint event but
expire during the study, the expiration date was considered the endpoint of the follow-up. Trained medical staff reviewed
participants’ hospitalization data at hospitals affiliated with Kailuan Group and city-designated insurance hospitals to
confirm the occurrence of stage C HF events. Data on the first progression to stage C HF were collected, including left
ventricular ejection fraction (LVEF) and N-terminal pro B-type natriuretic peptide (NT-proBNP) (Supplementary Table 1).

Determination of Stage A HF: Participants exhibited no prior history of HF and were classified as stage A HF before
the health screenings in 2008. Definition of Stage A HF: (1) There are risk factors for HF, including hypertension,
cardiovascular disease, diabetes, or obesity. (2) The absence of symptoms or structural heart disease (including valvular
heart disease or cardiomyopathy).

Determination of Stage C HF: Participants exhibited no prior history of HF at the 2008 health screenings, with conditions
that subsequently progressed to Stage C HF during the follow-up. Definition of Stage C HF: (1) Manifestations of heart failure,
characterized by dyspnea, fatigue, and signs of fluid retention, accompanied by a distinct classification of cardiac function
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according to the New York Heart Association (NYHA) class II to IV or Killip class II to IV upon discharge; (2) LVEF not
exceeding 50%, as ascertained by two-dimensional and Doppler echocardiographic evaluation utilizing the modified Simpson
method; (3) Increased plasma levels of NT-proBNP. The diagnosis of Stage C HF necessitates the presence of condition (1) in
conjunction with at least one of the conditions (2) or (3).

Statistical Analysis

SAS9.4 statistical software was used for statistical analysis. The baseline data of the study subjects were analyzed
descriptively, and the continuous variables distributed symmetrically were expressed as mean + standard deviation, and
the comparison between groups was performed by one-way ANOVA; the skewed continuous variables were expressed as
median (interquartile range), and the comparison between groups was performed by the Kruskal-Wallis test; and the
categorical variables were expressed as percentages, and the comparison between groups was performed by chi-squared
or Fisher’ tests. Missing values for covariates were imputed by multiple interpolations.

The cumulative incidence of progression to stage C HF in patients with stage A HF with different glucose metabolic
state transitions was calculated using the Kaplan—Meier method. Differences among groups were evaluated with the Log
rank test. The hazard ratio (HR) and 95% confidence interval (CI) of progression to stage C HF in patients with stage
A HF with different glucose metabolic state transitions were analyzed by the Cox proportional risk regression model.
Model I adjusted for gender (male, female) and age. Model II additionally adjusted for smoking (yes, no), alcohol-drinker
(yes, no), frequency of physical exercise (never, occasional, regular), salt habits (low, medium, high), waist-to-hip ratio
(<0.9 for men or <0.8 for women, >0.9 for men or >0.8 for women), SBP, TG, LDL-C, and HDL-C. Model III further
adjusted for the use of lipid-lowering medications at baseline (yes, no) and the use of antihypertensive medications at
baseline (yes, no). To assess the robustness of the findings, the following sensitivity analyses were performed: (1)
defining glucose metabolic state transitions based on records from the three follow-up visits in 2006, 2008, and 2010; and
(2) repeating the multifactorial Cox regression analyses after excluding participants with a history of hypertension,
obesity, cardiovascular disease, coronary heart disease, and stroke. Two-sided tests were performed with P < 0.05 as the
difference was statistically significant.

Results

Baseline Characteristics Analysis

Among the 41,110 participants with stage A HF, the study comprised 34,151 males (83.07%) with a mean age of 53.10 +
11.59 years, and 6959 females (16.93%) with a mean age of 53.69 £ 10.00 years. Relative to the stable normoglycemic
group, the diabetic group had a higher proportion of females, age, FBG, TG, TC, LDL-C, hs-CRP, heart rate, frequency
of physical exercise, the prevalence of cardiovascular disease, the rate of lipid-lowering and antihypertensive medications
use at baseline, and the rate of lipid-lowering medications use during follow-up, while HDL-C, SBP, DBP, BMI, waist-to-
hip ratio, the proportion of smoking, the proportion of alcohol-drinker, salt intake, the prevalence of hypertension, the

prevalence of obesity, and the rate of antihypertensive medications use during follow-up are lower (Table 1).

Analysis of Cumulative Morbidity and Morbidity Density

Over a mean follow-up duration of 11.00 + 2.42 years, 1604 patients with stage A HF progressed to stage C HF. The
cumulative incidence of progression to stage C HF in the stable normoglycemic, stable pre-diabetic, diabetic, normo-
glycemic progression to pre-diabetic, pre-diabetic back to normoglycemic, and normoglycemic/pre-diabetic progression
to diabetic groups was 3.41% (826/25,669), 3.09% (26/892), 7.21% (432/6609), 4. 27% (122/3067), 3.42% (57/1759)
and 4.88% (141/3114), with statistically significant differences between the groups (P < 0.01, Figure 2). The incidence
densities were, in descending order, 2.89/1000 person-years, 2.63/1000 person-years, 6.20/1000 person-years, 3.61/
1000 person-years, 2.93/1000 person-years, 4.13/1000 person-years.
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Table | Characteristics by Different Glucose Metabolic State Transitions

Characteristics Stable Stable Diabetes Normoglycemic Pre-Diabetes Back Normoglycemic/ P-value
Normoglycemic Pre-Diabetes (n = 6609) Progressing to to Normoglycemic Pre-Diabetes
(n = 25,669) (n = 892) Pre-Diabetes (n=1759) Progressing to
(n =3067) Diabetes
(n=3114)

Male (%) 82.57 87.67 80.90 85.95 88.63 84.52 <0.01
Age (years) 5248 £ 11.72 53.05 + 10.20 55.60 = 10.11 5433 £ 11.10 51.84 + 10.82 53.70 £ 10.59 <0.01
Fasting blood glucose (mmol/L) 5.15 £ 051 6.49 £ 0.25 870 £ 3.14 641 £ 0.24 537 £ 0.51 798 £ 191 <0.01
Triglycerides (mmol/L) 1.36 (0.94-1.9¢) 1.56 (1.13-2.31) 1.49 (1.05-2.27) 1.46 (1.04-2.23) 1.43 (1.05-2.14) 1.59 (1.13-2.46) <0.01
Total cholesterol (mmol/L) 5.06 £ 1.00 536 = 1.06 523 % I.13 534+ 1.15 521 +1.03 537+ 124 <0.01
High-density lipoprotein cholesterol (mmol/L) 1.49 + 0.49 1.57 + 0.60 1.47 £ 0.44 1.57 + 0.55 1.53 + 0.43 1.52 £ 0.53 <0.01
Low-density lipoprotein cholesterol (mmol/L) 2.64 £ 0.87 2.80 + 0.81 2.73 £ 0.90 2.77 £ 0.87 275+ 0.78 2.76 £ 0.90 <0.01
Ultrasensitive C-reactive protein (mg/L) 1.80 (0.90-3.60) 1.70 (0.90-3.30) 2.09 (1.00-4.06) 1.90 (0.90-3.60) 1.90 (0.90-3.60) 2.00 (1.00-4.00) <0.01
Systolic blood pressure (mmHg) 143 £ 19 147 £ 19 140 + 21 147 £ 19 145 £ 19 140 + 20 <0.01
Diastolic blood pressure (mmHg) 9l £ 11 93+ 11 87 £ 11 92 + 11 92 £ 11 88+ 12 <0.01
Heart rate (beats) 75+ 10 79 £ 11 77 £ 11 78 £ 11 76 £ 11 77 £ 11 <0.01
Body mass index (kg/m?) 26.09 + 3.57 26.61 + 3.48 2591 £ 332 26.60 * 3.50 26.13 £ 3.38 26.17 £ 3.45 <0.01
Waist-to-hip ratio 0.76 £ 0.11 0.77 £ 0.10 075+ 0.11 0.76 + 0.10 0.76 + 0.10 0.76 £ 0.10 <0.01
Smoking (%) 40.03 37.44 34.00 38.67 41.05 39.08 <0.01
Alcohol-drinker (%) 4257 42.26 33.08 44.18 42.98 39.92 <0.01
Frequency of physical exercise (%) <0.01

Never 19.47 19.96 16.95 20.38 20.30 20.58

Occasional 58.57 60.99 59.28 56.83 62.25 57.90

Regular 21.96 19.06 23.77 2279 17.45 21.52
Salt habits (%) <0.01

Low 13.86 11.43 15.43 13.69 13.02 13.36

Medium 7328 75.11 73.13 7401 75.44 75.05

High 12.86 13.45 11.44 12.29 11.54 11.59
Hypertension (%) 86.60 90.25 64.86 89.65 90.42 65.86 <0.01
Cardiovascular disease (%) 7.00 3.8l 8.02 5.87 5.12 6.33 <0.01
Obesity (%) 3111 3571 23.73 35.58 28.24 26.98 <0.01
Lipid-lowering medications use at baseline (%) 0.75 1.23 1.65 1.34 1.48 0.58 <0.01
Lipid-lowering medications use during follow-up (%) 5.98 751 12.32 6.68 7.96 7.45 <0.01
Antihypertensive medications use at baseline (%) 23.16 22.98 23.77 24.29 21.32 21.61 0.05
Antihypertensive medications use during follow-up (%) 49.71 51.46 46.54 51.48 53.27 44.61 <0.01
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Stable normoglycemic 25,669 25546 252280 25,004 24,721 24,370 24,064 23,725 23,329 22,888 22,467 22,021 10,387
Stable pre-diabetes 892 887 875 866 857 849 840 824 808 792 778 760 354
Diabetes 6609 6537 6436 6345 6202 6044 5900 5742 5548 5361 5199 5029 2,272
Normoglycemic progressing to pre-diabetes 3,067 3,047 3,027 2987 2,950 2,904 2,864 2,810 2,760 2,691 2,619 2,560 1,112
Pre-diab back to normogly 1,759 1,747 1,727 1,702 1679 1,659 1632 1598 1575 1550 1,529 1,511 784
Normoglycemic/pre-diabetes progressing to diabetes 3,114 3,091 3,057 3,022 2,972 2,914 2,872 2,822 2,753 2,700 2,646 2,597 1,215

Figure 2 The cumulative incidence curve of progression to stage C heart failure in different glucose metabolic state transitions.

Multifactorial Cox Regression Analysis of the Effect of Different Glucose Metabolic
State Transition Scenarios on the Risk of Progression to Stage C HF in Patients with
Stage A HF

In patients with stage A HF, there was a significantly increased risk of progression to stage C HF in the diabetic group

compared with the stable normoglycemic group (HR, 1.87; 95% CI, 1.66-2.10) and an increased risk of progression to
stage C HF in the normoglycemic/pre-diabetic to diabetic group (HR, 1.38; 95% CI, 1.15-1.65) (Table 2).

Table 2 Associations of Glucose Metabolic State Transition with Risk of Progression to Stage C Heart Failure in Patients with Stage
A Heart Failure

Glucose Metabolic State Transition Events/Total Model | Model II Model 11l
Population
HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Stable normoglycemic 826/25,669 | | |

Stable pre-diabetes 26/892 0.92 (0.62-1.36) 0.68 0.87 (0.59-1.28) 0.47 0.87 (0.59-1.28) 0.47
Diabetes 432/6609 1.90 (1.69-2.14) <0.01 1.88 (1.67-2.12) <0.01 1.87 (1.66-2.10) <0.01
Normoglycemic progressing to pre-diabetes 122/3067 1.14 (0.94-1.38) 0.19 .11 (0.92-1.34) 029 1.11 (0.92-1.35) 0.27
Pre-diabetes back to normoglycemic 57/1759 1.11 (0.85-1.45) 0.46 1.05 (0.80-1.38) 0.72 1.07 (0.81-1.40) 0.64
Normoglycemic/pre-diabetes progressing to diabetes 14173114 1.39 (1.16-1.66) <0.01 1.38 (1.15-1.65) <0.01 1.38 (1.15-1.65) <0.01

Notes: Model I: adjusted for gender (male, female) and age (continuous, years). Model II: additionally adjusted for smoking (yes, no), alcohol-drinker (yes, no), frequency of
physical exercise (never, occasional, regular), salt habits (low, medium, high), waist-to-hip ratio (<0.9 for men or <0.8 for women, >0.9 for men or >0.8 for women), SBP
(continuous, mmHg), TG (continuous, mmol/L), LDL-C (continuous, mmol/L), and HDL-C (continuous, mmol/L). Model llI: further adjusted for the use of lipid-lowering
medications at baseline (yes, no) and the use of antihypertensive medications at baseline (yes, no).

Abbreviations: HR, hazard ratio; Cl, confidence interval.

https:
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Table 3 Associations of Glucose Metabolic State Transition (2006, 2008, and 2010) with Risk of Progression to Stage C Heart Failure
in Patients with Stage A Heart Failure

Glucose Metabolic State Transition Events/Total Model | Model Il Model 1l
Population
HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Stable normoglycemic 477/18,261 | | |

Stable pre-diabetes 8/199 1.41 (0.70-2.83) 0.34 1.32 (0.66-2.65) 0.44 1.37 (0.68-2.75) 0.38
Diabetes 267/4699 1.98 (1.70-2.30) <0.01 1.93 (1.66-2.25) <0.01 1.91 (1.64-2.22) <0.01
Normoglycemic progressing to pre-diabetes 76/2547 1.10 (0.87-1.40) 0.43 1.05 (0.82-1.33) 0.72 1.05 (0.83-1.34) 0.68
Pre-diabetes back to normoglycemic 68/2366 1.15 (0.89-1.48) 0.28 1.13 (0.88-1.46) 0.34 1.12 (0.87-1.45) 0.37
Normoglycemic/pre-diabetes progressing to diabetes 127/3675 1.37 (1.12-1.66) <0.01 1.33 (1.10-1.63) <0.01 1.33 (1.09-1.62) <0.01

Notes: Model I: adjusted for gender (male, female) and age (continuous, years). Model II: additionally adjusted for smoking (yes, no), alcohol-drinker (yes, no), frequency of
physical exercise (never, occasional, regular), salt habits (low, medium, high), waist-to-hip ratio (0.9 for men or <0.8 for women, >0.9 for men or >0.8 for women), SBP
(continuous, mmHg), TG (continuous, mmol/L), LDL-C (continuous, mmol/L), and HDL-C (continuous, mmol/L). Model llI: further adjusted for the use of lipid-lowering
medications at baseline (yes, no) and the use of antihypertensive medications at baseline (yes, no).

Abbreviations: HR, hazard ratio; Cl, confidence interval.

Sensitivity Analysis

Following the classification of glucose metabolic state transitions derived from three follow-up assessments conducted in
2006, 2008, and 2010 (Table 3), and the subsequent exclusion of participants with a history of cardiovascular disease, coronary
heart disease, and stroke (Table 4), the findings remained largely consistent with the primary analysis. Nonetheless, upon the
exclusion of participants with a history of hypertension, a significant reduction in the risk of progression to stage C HF was
observed within the diabetic group, and the normoglycemic/pre-diabetic progression to the diabetic group. In addition, after
excluding obese patients, the risk of progression to stage C HF in the diabetes group, and the normoglycemic/pre-diabetic
progression to the diabetic group increased from 87% and 38% to 98% and 53%, respectively (Table 4).

Discussion

In our study, we observed that alterations in glucose metabolic states significantly influence the risk of HF progression.
Specifically, diabetes was found to escalate the risk of progressing from stage A to stage C HF. Moreover, even the
transition from normoglycemic/pre-diabetes to diabetes was associated with a notably heightened risk for the progression
from stage A to stage C HF.

A principal outcome of our study indicated a substantial 87% increase in the risk of progression from stage A to stage
C HF within the diabetic group relative to the stable normoglycemic group. Intriguingly, the normoglycemic/pre-diabetic
progressing to diabetes group also demonstrated a significant 38% increase in the risk of progression to stage C HF.
Although there are no previous studies similar to ours, findings show a 106% increased risk of HF in patients with
baseline diabetes” and a 58% increased risk of HF in patients with baseline pre-diabetes”® compared with those with
normal baseline glucose metabolism. A limitation of prior studies is that they focused on single blood glucose
measurement or baseline metabolic status, overlooking the dynamic changes in glucose metabolism throughout the
follow-up. Furthermore, although previous studies have found that diabetes may further increase the risk of HF in
patients with stable coronary artery disease,”' myocardial infarction,”* and hypertension,*® they have not investigated the
risk of HF progression in these high-risk populations.

Another important finding of ours is that although the risk of progression from stage A to stage C HF was increased
by 7% in the pre-diabetic back to normoglycemia group compared with the stable normoglycemic group, it did not reach
a statistically significant difference (P = 0.64, 95% CI: 0.81-1.40). This finding holds profound clinical relevance,
particularly for the pre-diabetic group, suggesting that proactive lifestyle modifications could potentially mitigate the risk
of progression to diabetes and impede the advancement of HF from stage A to stage C. Extensive evidence from
randomized controlled trials corroborates that lifestyle interventions can decrease the likelihood of diabetes development
in pre-diabetes participants by 36%-58%.>*2® Drawing from our study and corroborative research, aggressive lifestyle
interventions or even pharmacological interventions should be given to people with pre-diabetes, especially those with
pre-diabetes in combination with other HF risk factors such as coronary heart disease, hypertension, and chronic kidney
disease, to stop the progression to diabetes or even return to normoglycemic and thus reduce the progression to HF.?’
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Table 4 Associations of Glucose Metabolic State Transition with Risk of Progression to Stage C Heart Failure in Patients with Stage A Heart Failure After Excluding Those with
a History of Hypertension, Obesity, Cardiovascular Disease, Coronary Heart Disease, and Stroke

Glucose Metabolic State Analysis | Analysis Il Analysis 1l Analysis IV Analysis V

(n = 7349) (n =27,715) (n = 38,281) (n = 40,233) (n = 39,040)

HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value HR (95% CI) P-value

Stable normoglycemic | | | | |
Stable pre-diabetes 1.20 (0.38-3.82) 0.76 0.60 (0.33—1.09) 0.09 1.00 (0.67-1.47) 0.98 0.94 (0.64-1.39) 0.77 0.92 (0.62-1.36) 0.67
Diabetes 1.53 (1.13-2.06) 0.0l 1.98 (1.72-2.29) <0.01 1.90 (1.67-2.17) <0.01 1.90 (1.68-2.15) <0.01 1.86 (1.65-2.11) <0.01
Normoglycemic progressing to pre-diabetes 1.31 (0.70-2.43) 0.40 1.24 (0.98-1.57) 0.07 1.05 (0.85-1.30) 0.65 1.09 (0.89-1.33) 0.42 1.09 (0.89-1.33) 0.40
Pre-diabetes back to normoglycemic 1.70 (0.74-3.91) 0.21 0.97 (0.68-1.37) 0.86 1.16 (0.87-1.53) 0.31 1.15 (0.87-1.50) 033 1.08 (0.82—1.43) 0.58
Normoglycemic/pre-diabetes progressing to diabetes | 0.82 (0.52-1.30) 0.40 1.53 (1.23-1.91) <0.01 1.36 (1.11-1.65) <0.01 1.34 (1.11-1.63) <0.01 1.39 (1.15-1.67) <0.01

Notes: Multivariable analyses were adjusted for gender (male, female), age (continuous, years), smoking (yes, no), alcohol-drinker (yes, no), frequency of physical exercise (never, occasional, regular), salt habits (low, medium, high), waist-
to-hip ratio (0.9 for men or <0.8 for women, >0.9 for men or >0.8 for women), SBP (continuous, mmHg), TG (continuous, mmol/L), LDL-C (continuous, mmol/L), HDL-C (continuous, mmol/L), the use of lipid-lowering medications at
baseline (yes, no) and the use of antihypertensive medications at baseline (yes, no). Analysis I: after excluding those with a history of hypertension, Analysis II: after excluding those with a history of obesity, Analysis llI: after excluding
those with a history of cardiovascular disease, Analysis IV: after excluding those with a history of coronary heart disease, Analysis V: after excluding those with a history of stroke.

Abbreviations: HR, hazard ratio; Cl, confidence interval.
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Given that diabetes is often comorbid with other diseases that are significantly linked to HF risk, we excluded patients
with hypertension, obesity, cardiovascular disease, coronary heart disease, and stroke separately to estimate the true
strength of the association between glucose metabolic state transitions and the risk of HF progression. We found no
significant increase in the risk of progression from stage A to stage C HF in the normoglycemic/pre-diabetic to the
diabetic group after excluding the hypertensive group, whereas the risk of progression from stage A to stage C HF in the
diabetic group decreased from an increase of 87% to an increase of 53%, suggesting that there may be a synergistic effect
between the effects of hypertension and glucose metabolic status and transition on the risk of HF progression. Notably,
after excluding patients with cardiovascular disease, coronary heart disease, and stroke, which are macrovascular lesions,
the risk of progression from stage A HF to stage C HF in the two groups did not change significantly from the main
analysis, suggesting that progression of our glucose metabolic status may contribute to an increased risk of HF
progression through myocardial dysfunction due to microvascular pathology, but not through macrovascular vascular
lesions.?®° Moreover, after excluding obese patients, the risk of progression to stage C HF in the diabetes group, and the
normoglycemic/pre-diabetic progression to the diabetic group increased from 87% and 38% to 98% and 53%, respec-
tively. A similar finding from previous studies that the risk of hospitalization for HF was increased by 99% in lean
diabetic patients compared with obese diabetic patients, which may be related to the higher prevalence of left ventricular
diastolic dysfunction in lean diabetic patients.*® This underscores the necessity for early screening of microvascular
complications and routine cardiac function assessments in stage A HF patients, irrespective of obesity status.

The pathological mechanisms linking the glucose metabolic state transition and the risk of HF are complex and involve
multiple aspects such as impaired glucose metabolism, microvascular lesions, myocardial interstitial fibrosis, and cardiomyo-
cyte hypertrophy.®! Firstly, long-term hyperglycemia caused by insulin resistance induces a phenotypic shift in cardiomyo-
cytes, transitioning their energy metabolism from preferential utilization of fatty acids to preferential utilization of glucose.®
This phenotypic shift consequently results in insufficient energy supply to cardiomyocytes.’ Secondly, biomolecular research
indicates that oxidative stress affects the structure and function of cardiomyocytes through multiple mechanisms. It can trigger
excessive production of reactive oxygen species in mitochondria, disrupt mitochondrial membrane potential, and lead to
mitochondrial swelling and dysfunction, which impacts myocardial energy metabolism and triggers sympathetic excitation
and sodium storage. It can also activate proteases within cardiomyocytes (such as caspases), cleaving cytoskeletal proteins
(such as desmin). This process not only disrupts the structural integrity of cardiomyocytes, leading to disordered myofibrils
and decreased myocardial compliance, but also activates signaling pathways (such as TNF-a), thereby triggering myocardial
remodeling (such as hypertrophy and fibrosis).'®!" Finally, diabetic endothelial dysfunction can lead to coronary micro-
vascular dysfunction, which in turn significantly reduces coronary blood flow reserve. This reduction in blood flow reserve can
cause myocardial ischemia and hypoxia and ultimately may lead to myocardial cell death and myocardial function
decline.**** In addition, the presence of high-risk factors for HF, such as hypertension and obesity, during the progression
of glucose metabolism can further exacerbate the deterioration of myocardial structure and function, such as ventricular
hypertrophy and myocardial fibrosis.***> Meanwhile, our results showed that metabolic indicators such as FBG, TG, TC,
LDL-C, and hs-CRP were significantly higher in the normoglycemic/pre-diabetic progression to diabetic and diabetic groups
compared with the stable normoglycemic group; therefore, we hypothesized that metabolic factors associated with pre-
diabetes may also adversely affect myocardial function through microangiopathy.

Our study carries significant clinical implications, particularly for stage A HF patients. Diabetes and normoglycemic/
pre-diabetes progression to diabetes are both associated with an increased risk of HF progression. Conversely, the
restoration of normoglycemia from pre-diabetes may mitigate this risk. This suggests that it is important to understand
the transition of glucose metabolic status in patients with stage A HF, to actively screen for microvascular lesions, to
perform cardiac function tests, and to reduce the likelihood of HF progression by implementing targeted therapies
(SGLT-2 inhibitors,*® GLP-1 agonists®’) to key populations.

There are some limitations to this study: Firstly, the classification of glucose metabolic status based on FBG, diabetes
history, and hypoglycemic medications usage may omit participants with impaired glucose tolerance or undiagnosed
diabetes, potentially leading to an underestimation of the diseases’ prevalence and their correlation with HF progression
risk.*® Secondly, the study population was limited to insured participants of Asian descent. This may restrict the
generalizability of our findings and necessitates further validation in broader and more diverse populations.
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Conclusion

In summary, diabetes, normoglycemic/pre-diabetes progression to diabetes may both associated with an increased risk of
progression from stage A to stage C HF. Conversely, the restoration of normoglycemia from pre-diabetes may mitigate
this risk. Consequently, it is essential in clinical practice to continuously monitor blood glucose levels in stage A HF
patients and to conduct a thorough assessment of their risk factors. This comprehensive approach is vital for the timely
and precise development of intervention strategies aimed at mitigating HF progression.
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