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Editorial on the Research Topic
Preventing cardiovascular complications of type 2 diabetes

The global prevalence of type 2 diabetes (T2D) continues to rise at an alarming rate,
bringing with it a myriad of health complications, the most critical of which are
cardiovascular diseases (CVD) (1). As we grapple with this public health challenge, it
becomes imperative to address the prevention of cardiovascular complications in
individuals with T2D. These complications, ranging from myocardial infarction, stroke,
heart failure, risk of cardiac rupture (Zu et al.) to peripheral artery disease, pose significant
risks not only to the quality of life but also to overall mortality. Therefore, a comprehensive
approach involving lifestyle changes, medical management, and community support is
essential for mitigating these risks.

Unveiling hidden risks: early biomarkers for
diabetes complications

Recent advances in biomarker research have opened new avenues for early detection
and prevention of diabetes-related complications, potentially revolutionizing patient care
and outcomes (2). The identification of useful biomarkers is crucial, as highlighted in this
Research Topic. Chang et al. developed a novel nomogram with a simple graphical format
for predicting the risk of cardiometabolic diseases which can be used by primary healthcare
providers for predicting CVD and preventing their progression. Another intriguing
potential approach for early diagnosis is the one explored by Tusongtuoheti et al., who
employed interpretable machine learning models to predict the risk of subclinical
atherosclerosis in patients with T2D in China. Interestingly, age, albumin, total protein,
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total cholesterol, and serum creatinine have been identified as the
top five contributing variables in this predictive model.

In the study by Cui et al, two datasets were integrated to
identify differentially expressed genes (DEGs) between controls and
type 2 diabetic cardiomyopathy cases. The team analyzed immune
cell infiltration, constructed a gene co-expression network using
weighted co-expression network analysis (WGCNA), and
conducted clustering analysis. A diagnostic model for diabetic
cardiomyopathy was subsequently developed using the least
absolute shrinkage and selection operator (LASSO), leading to the
identification of six potential biomarkers. This model was validated
using additional datasets and cell line experiments.

Lifestyle modifications: the
cornerstone of prevention

At the forefront of preventing cardiovascular complications in
T2D is the implementation of lifestyle modifications encouraging to
reduce sedentary time and break up sitting time with frequent
activity breaks. Regular structured physical activity program stands
out as one of the most effective strategies based on aerobic exercise,
resistance training and combined exercises. As highlighted by Chen
et al. in the published systematic review in this Research Topic, the
impact of concurrent aerobic and resistance training enhances
vascular health improving endothelial function and reduced
arterial stiffness in individuals with T2D even if this kind of
training may potentially exacerbate the vascular smooth muscle
dysfunction. Further data from well-designed randomized clinical
trials will undoubtedly be necessary to investigate this aspect. High-
intensity interval training (HIIT) is also effective and has the added
benefit of being very time-efficient. Rami et al.‘s research on T2D
rats demonstrated that HIIT could significantly mitigate
pathological changes in heart tissue, such as hypertrophy, fibrosis,
and apoptosis. In fact, HIIT improved molecular indices, including
the reduction of B-catenin and c-Myc proteins and an increase in
GSK3B and Bcl-2 proteins, suggesting a potential for HIIT to
manage cardiovascular complications in diabetes. Furthermore,
engaging in at least 150 minutes of moderate-intensity exercise
per week can substantially improve cardiovascular health, help
control blood sugar levels, and reduce body weight. Exercise
enhances insulin sensitivity, lowers blood pressure, and improves
lipid profiles, all of which are critical factors in reducing
cardiovascular risk (3, 4).

A heart-healthy diet is equally crucial. Diets rich in fruits,
vegetables, whole grains, lean proteins, and healthy fats, such as
the Mediterranean diet, have been shown to lower cholesterol levels,
reduce inflammation, and improve overall cardiovascular health. In
the paper of Stelling-Férez et al. the effects of oleanolic acid (OA), a
bioactive triterpenoid found in many plants, on endothelial cells
from healthy and gestational diabetes-affected pregnancies was
investigated. It demonstrated that OA reduces inflammation,
decreases monocyte adhesion, enhances angiogenesis, and
improves cell migration suggesting its potential on cardiovascular
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health as well as wound healing. Limiting the intake of processed
foods, sugars, and unhealthy fats is essential in managing both
diabetes and cardiovascular risk. Additionally, maintaining
a healthy weight is vital, as obesity is a significant risk factor
for both T2D and CVD. Even modest weight loss can lead to
substantial improvements in glycemic control and a reduction in
cardiovascular events.

Smoking cessation cannot be overstated in its importance.
Smoking exacerbates cardiovascular risk and complicates diabetes
management. Smokers with diabetes are at a higher risk of
developing heart disease compared to non-smokers, making it
imperative to promote smoking cessation programs as part of a
comprehensive diabetes management plan.

Medical management: precision
and personalization

To effectively implement personalized prevention strategies, it is
crucial to identify specific risk profiles within the T2D population
enabling healthcare providers to tailor interventions more precisely,
potentially improving patient outcomes and resource allocation in
the management of cardiovascular complications associated with
T2D. In this Research Topic, Jimeénez et al. revealed significant sex
and age-related differences in cardiovascular event incidence and
presentation among a large cohort of people living with T2D. The
findings that men have higher risks for overall CVD, coronary heart
disease, and peripheral artery disease, while women face greater risk
of heart failure, alongside the observed age-related patterns in
disease presentation, underscore the need for personalized
approaches in clinical practice.

Effective medical management is fundamental in preventing
cardiovascular complications. Regular monitoring and control of
blood glucose levels, blood pressure, and cholesterol levels
are crucial.

Glycemic control is the cornerstone of diabetes management,
with medications such as metformin, sodium-glucose cotransporter
2 inhibitors (SGLT-2i), and Glucagon like peptide-1 (GLP-1)
receptor agonists playing a pivotal role. These medications not
only lower blood glucose but also provide cardiovascular benefits,
including reduced risk of heart failure and improved kidney
function. Notably, the network meta-analysis performed by
Ghosal and Sinha published in this Research Topic examined the
effectiveness of SGLT-21i in reducing cardiovascular death across 13
cardiovascular outcome trials. The analysis confirmed SGLT-2i as a
class able to reduce CV death risk; empagliflozin emerged as the
most effective agent overall and for people with atherosclerotic
CVD, while dapagliflozin showed the best results for subjects
affected by heart failure, finally providing valuable insights for
tailoring treatment choices in different populations living with
T2D and high cardiovascular risk.

Arterial hypertension is a common comorbidity in individuals
with T2D and needs to be managed aggressively. In addition to the
well-known damages caused by arterial hypertension, it appears
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that people who simultaneously have T2D and hypertension exhibit
significant thalamic changes compared to those without
hypertension. This emphasizes the importance of managing
hypertension in people living with T2D to prevent further brain
damage (Cui et al.). Similarly, dyslipidemia should be addressed
with statins or newer lipid-lowering agents (e.g. bempedoic acid,
PCSK9 inhibitors) to reduce LDL cholesterol and improve
cardiovascular outcomes. Moreover, even though He et al. did not
find a causal relationship between serum uric acid levels and
heart failure risk in individuals with T2D, suggesting that
other factors may play a causal role in heart failure development
in this population. In addition, uric acid can activate several
pathophysiological mechanisms suggesting a possible causal role
of uric acid in the genesis and progression of CVDs. Therefore, it is
necessary to investigate and effectively treat hyperuricemia in
patients with T2D.

Regular follow-ups with healthcare providers are essential to
adjust treatment plans and ensure optimal management of all
risk factors. Adherence to prescribed medications is critical,
and healthcare providers must emphasize the importance of
compliance and regular screenings for early detection of
potential complications.

Recently, the investigation of genetic variability has garnered
significant interest for its potential to identify subgroups of people
living with T2D patients, who possess specific characteristics and
may benefit from targeted drug therapies (5).

Psychosocial and community support:
an integral component

Preventing cardiovascular complications in T2D extends
beyond medical management and lifestyle changes. Community
and psychosocial support are vital in the overall well-being and
effective management of diabetes. Support groups, educational
programs, and counseling services provide the necessary resources
and encouragement for patients to adhere to lifestyle changes and
medical regimens. Equally important, the impact of air pollution on
CVD risk across the diabetes spectrum is significant, especially in
the current context of increasing pollution levels. The review by
Bonanni et al. emphasizes the need for healthcare and urban
policies to limit exposure to fine particulate matter, as it
correlates with elevated blood glucose and HbAlc levels,
exacerbating CVD risks in people with T2D. This calls for
preventive measures such as using portable air cleaners and other
interventions to protect vulnerable populations. Another aspect of
great importance to implement is the dissemination of scientific
data by researchers and experts in the field, in order to encourage
the population to adopt a healthy lifestyle and conscious
food consumption.

Addressing the psychosocial aspects of diabetes, such as stress,
depression, and anxiety, is equally important. These factors can
negatively affect diabetes management and increase cardiovascular
risk. Integrating mental health care into diabetes management plans
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can lead to better outcomes and enhance the quality of life for
patients. Healthcare providers should screen for and address mental
health issues as part of a comprehensive diabetes care strategy.

Conclusion: a call to action

Preventing cardiovascular complications in T2D requires a
multifaceted approach. Lifestyle modifications, effective medical
management, and robust community and psychosocial support
are all critical components. By addressing these areas
comprehensively, we can significantly reduce the burden of CVD
in individuals with T2D, improve their quality of life, and extend
their life expectancy.

Healthcare professionals, policymakers, and communities must
collaborate to implement strategies that promote heart health and
diabetes management. This includes creating supportive
environments that encourage healthy lifestyles, providing access
to effective medical treatments, and offering psychosocial support.
By taking a proactive and holistic approach, we can make significant
strides in preventing cardiovascular complications in T2D and
ensuring that patients receive the comprehensive care they need
to thrive.
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Background: Type 2 diabetes is one of the most common metabolic diseases in
recent years and has become an important risk factor for cardiovascular
disorders. The first goal is to reduce type 2 diabetes, and in the case of
cardiovascular disease, the second goal is to reduce and manage that disorder.

Materials and methods: The rats were divided into 4 groups: Healthy Control
(n=8), Diabetes Control (n=8), Diabetes Training (n=8), and Healthy Training
(n=8). The protocol consisted of 8 weeks of High-intensity interval (5 sessions
per week), where the training started with 80% of the peak speed in the first week,
and 10% was added to this speed every week. To measure the level of B-catenin,
c-MYC, GSK3B, and Bcl-2 proteins using the western blot method, cardiac
pathological changes were measured using hematoxylin and eosin staining,
Masson'’s trichrome and PAS staining and apoptosis using the TUNEL method.

Findings: Histological results showed that diabetes causes significant pathological
hypertrophy, fibrosis, and severe apoptosis in heart tissue. HIIT training significantly
reduced pathological hypertrophy and fibrosis in heart tissue, and the rate of
cardiomyocyte apoptosis was greatly reduced. This research showed that diabetes
disorder increases the levels of B-catenin and c-Myc proteins and causes a
decrease in the expression of GSK3B and Bcl-2 proteins. After eight weeks of
HIIT training, the levels of B-catenin and c-Myc proteins decreased significantly,
and the levels of GSK3B and Bcl-2 proteins increased.
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Conclusion: This study showed that HIIT could be a suitable strategy to reduce
cardiomyopathy in type 2 diabetic rats. However, it is suggested that in future
studies, researchers should perform different intensities and exercises to
promote exercise goals in type 2 diabetic cardiomyopathy.

KEYWORDS

high-intensity interval training, diabetic, cardiomyopathy, exercise, physical activity

Highlights

* Today, T2DM is known as the main factor in cardiovascular
diseases, which can lead to cardiac disorders such as
fibrosis, apoptosis, and oxidative stress in heart tissue.

 Different solutions and strategies have been proposed to
reduce and treat cardiovascular disorders, one of the best
“treatments without the cost” of exercise.

e HIT can lead to the improvement of cardiomyopathy,
including the reduction of cardiac myocytes” hypertrophy
and the accumulation of collagen (fibrosis) in the heart’s
myocytes and around the arterial vessels.

* Also, HIIT improved the disorder of Purkinje fibers in the
heart tissue of type 2 diabetic rats.

* In addition, the reduction of apoptosis after HIIT in type 2
diabetic rats in heart tissue was one of the prominent
observations of the present study. Also, the reduction of
f-catenin and c-Myc protein levels as a result of HIIT in
type 2 diabetic rats indicated the positive effects of this
exercise in improving the cardiomyopathy of T2DM.

e HIIT can be a suitable strategy to reduce and manage
cardiomyopathy in people with T2DM, and to prove this,
more future studies are needed to investigate signaling
pathways and cardiac function.

1 Introduction

Type 2 diabetes (T2DM) is one of the most common metabolic
disorders worldwide, which is caused by a combination of two main
factors: defective insulin secretion by pancreatic beta cells and the
inability of insulin-sensitive tissues to respond appropriately to insulin
(1). According to the International Diabetes Federation (IDF), 9.3%
(463 million) of adults worldwide had diabetes in 2019, and this figure
is expected to increase to 10.2% (578 million) by 2030 to increase to
10.9 percent (700 million) by 2045 (2). The prevalence of T2DM
among adults and young people has caused great concern, and people
with T2DM in youth often have a more aggressive clinical course than
people with T2 diabetes in adulthood (3).

With the prevalence of T2DM worldwide, its side effects and
risks are more visible, and this has caused more concerns (3). One
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complication traditionally associated with T2DM, the risk of which
has increased significantly, is cardiovascular disease (4, 5).
Meanwhile, diabetic cardiomyopathy is one of the main and most
important complications of T2DM; the pathogenesis and clinical
features of diabetic cardiomyopathy has been well studied in the last
decade, but effective approaches to prevent and treat this disease are
limited (6). Diabetic cardiomyopathy is characterized by adverse
structural changes (including cardiac hypertrophy and fibrosis),
early diastolic dysfunction, and late systolic dysfunction (6, 7).
Diabetic cardiomyopathy occurs because of impaired glucose, and
lipid metabolism associated with diabetes, leading to increased
oxidative stress and activation of multiple inflammatory pathways
that mediate cellular and extracellular damage, pathological
remodeling of the heart, and diastolic and systolic dysfunction
(6). However, important signaling pathways are involved in
cardiomyopathy, and targeting them can effectively treat it. Bcl-2
proteins are composed of anti- and pro-apoptotic members and
play a key role in regulating apoptosis in the myocardium (8). Anti-
apoptotic proteins have been shown to protect against various
cardiac pathologies, while anti-apoptotic proteins contribute to
heart disease (8). Previous studies have revealed that canonical
Wnt/B-catenin/glycogen synthase kinase three beta (GSK3P) and c-
Myc (Myc) pathways are widely engaged in regulating various
biological processes and play critical roles in the pathogenesis of
diabetic rats with myocardial injury (9-11). The inappropriate
activation of the Wnt/B-catenin pathway resulting from B-catenin
enhancer nuclear localization is also strongly associated with
cardiomyopathy (11, 12). Also, with signaling changes in
cardiomyopathy, reactive oxygen species (ROS) caused by
metabolic disorders caused by excessive superoxide production by
the mitochondrial electron transport chain during hyperglycemia
can further worsen the disease (13). However, signaling pathways
and oxidative stress changes have caused clinical studies to focus
more on discovering therapeutic strategies for cardiomyopathy.
Looking at the history of the past, we can see that physical
exercise is one of the effective and inexpensive medicines for
treating or managing diseases (14). However, studies have focused
specifically on the effect of physical exercise and T2DM treatment
(15, 16). Different intensities of physical exercise have been
investigated to understand the impact on diabetic patients better,
but recently, high-intensity interval training (HIIT) has had a
special place among researchers (17). Physical exercise appears to
improve cardiovascular health in patients with T2DM, but its effects
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on cardiac structure and function are unknown (17). However,
HIIT is a potential treatment for modulating heart risk,
cardiomyopathy, blood pressure, and blood glucose (17), but the
reasons still need to be clearly understood. In confirmation of these
findings, the study of Chavanelle et al. (2017) showed that HIIT has
a more positive effect on blood glucose and heart structure changes
in T2DM rats compared to moderate-intensity training (18).

Finally, with the emergence of HIIT as a potential treatment for
T2DM and cardiomyopathy, many research gaps can still be filled
with further studies. In this study, we are trying to determine
whether HIIT positively affects these signaling pathways and the
histology of the heart by examining the important signaling
pathways in diabetic cardiomyopathy, oxidative stress indicators,
and histopathological changes. Therefore, we will better understand
the impact of HIIT by examining the signaling pathways.

2 Material and methods

2.1 Animals

We performed all procedures following the Guide for the Care
and Use of Laboratory Animals, 8th edition (2011). The local ethics
committee approved all procedures (Shahid Chamran University of

@ Exercise performance test

10.3389/fendo.2023.1175585

Ahvaz: EE/1401.2.24.158669/scu.ac.ir). Eight-week-old rats were
housed in individual cages with a natural light/dark cycle of
12 h:12 h and fed a standard diet. After one week of adaptation,
32 out of 40 rats were selected for the study after the running test,
and the best runners were randomly divided into healthy control
(n=8), diabetes control (n=_8), healthy training (n=8) and diabetes
training (n=8) groups (See Figure 1). All rats were dissected
simultaneously, and all procedures and experiments were
performed for all rats in accordance with each other.

2.2 Diabetes induction

Rats in the diabetes groups consumed a high-fat diet (HFD)
containing 55% of energy from lard and soybean oil, 31% of
carbohydrates, and 14% of protein for two months. The diet of
healthy rats was equivalent to 10% fats, such as soybean oil, 76%
carbohydrates, and 14% protein (19). After this period, the rats in
the diabetes groups fasted for 12 hours. Then a 35 mg/kg dose of
Streptozotocin (STZ) solution (Sigma, Germany) was injected
intraperitoneally. Two weeks after STZ (Solutions needed to
prepare STZ in Supplementary 1) injection, the blood glucose of
the animals was measured through the tail vein of the rats using a
glucometer (Roche Diagnostics K.K., Tokyo, Japan). Animals with
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FIGURE 1
Schematic view training protocol and heart tissue extraction.
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fasting blood glucose (FBG) higher than 210 mg/dl were considered
diabetic and were included in the study (19). Rats in the control
group were injected with an equivalent volume of citrate buffer.

2.3 Exercise performance test
and exercise training

An exercise performance test was taken from the rats to
formulate the training protocol. Before the start, the rats
underwent a 2-week familiarization period with the treadmill.
Then, Rats were first placed on a treadmill and warmed up for 5
minutes at a 6 m/min speed. Speed was then increased by steps of 2
m/min every 2 min until the rats were unable or unwilling to carry
on despite mild stimulation with a wooden cane. In the whole
length of the test, the slope was 20 degrees (18). After determining
the intensity and speed of the rats, the training protocol began (20).
The protocol consisted of 8 weeks of training (5 sessions per week),
where the training started with 80% of the peak speed in the first
week, and 10% was added to this speed every week. The speed
stayed the same in the final two weeks to maintain the adaptations
got. The training sessions comprised 6x2-minute training in the
first week and continued to 12x2-minute training in the seventh
and eighth weeks. After each training, a minute of active rest was
performed at a speed of 10 m/min (See Figure 1).

2.4 Heart tissue extraction

At the end of the eighth week and 48 hours after the last training
session, intraperitoneal injection of ketamine 80 and xylazine 10 mg
anesthetized the rats. Then, the heart tissue was separated under
sterile conditions and immediately transferred to a negative 70
freezer (model 88FD-2-93-A, Iran Madas Company).

2.5 Measurement of superoxide dismutase
concentration

The measurement of superoxide dismutase (SOD) activity is
based on the mechanism of inhibition of Nitrotetrazolium blue
(NBT) decline by the xanthine-xanthine oxidase system as a
superoxide producer. The optical absorption of each sample was
read at 550 nm for 5 min every 30 s. To obtain the percentage of
inhibition of NBT reduction by SOD enzyme, the formula
corresponding to the Rendox kit was used (Rendox-UK). The
activity of the enzyme was obtained by adjusting the percentage
of inhibition to the standard curve and reported based on the
international unit of protein (umol/min.g tissue).

2.6 Measurement of malondialdehyde
concentration

The concentration of Malondialdehyde (MDA) enzyme is based
on photometric principles. The basis of this method is the
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formation of MDA-TBA complex between one molecule of
malondialdehyde and two molecules of thiobarbituric acid.
Thiobarbituric acid reactive substance (TBARS) was measured
from supernatant. In summary, trichloroacetic acid and TBARS
reagent were added to the supernatant, then the mixture was placed
in an incubator at 100°C for 80 min. Afterwards, it was cooled on ice
and centrifuged at RPM 1000 for 2 min. The optical absorption was
read at 532nm. The TBARS results were expressed as MDA
equivalents using by standard tetraethanoxypropane curve.

2.7 Antibodies

[-catenin (B-catenin (E-5): sc-7963, SANTA CRUZ), GSK-33
(GSK-3B (11B9): sc-81462, SANTA CRUZ), c-Myc (c-Myc
Antibody (9E10): sc-40, SANTA CRUZ), Bcl-2 (Bcl-2 (C-2): sc-
7382, SANTA CRUZ) and HPRT (HPRT Antibody (F-1): sc-
376938, SANTA CRUZ).

2.8 Protein extraction and western
blot analysis

To measure proteins, lysis buffer was first prepared (Preparation
of lysis buffer in Supplementary File 1). Then, tissue samples were
frozen in the -70 freezer to prepare tissue homogenate and western
blot test. Also, the Bradford method was used to determine the
amount of protein in the tissue homogenate. (Analysis method in
Supplementary File 2). Then, in the next step, polyacrylamide gel
electrophoresis with SDS was used (Procedure, buffers, and
solutions required for SDS-PAGE and different steps of
polyacrylamide gel electrophoresis with SDS in Supplementary
File 3). After electrophoresis, blotting, blocking, incubation, and
emergence were performed (Buffers and solutions, transfer steps
(blotting), method, and blocking action by blocking buffer
(blocking) required in Supplementary File 3).

Also, Hematoxylin-eosin (H & E) (To examine histological
changes in cellular and structure details), TUNEL (Examining
apoptotic changes), and Masson’s trichrome and PAS staining
(Examination of histopathological changes) were used to check
changes (Staining and preparation method in Supplementary File 4).

2.9 Statistical analysis

Shapiro-Wilk test was used to check the normality of the data,
and Levene’s test was used to check the homogeneity of variances. A
mixed ANOVA (composite analysis of variance) test was used to
investigate changes in glucose and weight in different stages of
exercise. In order to check the difference between the averages in the
studied variables, a one-way ANOVA test was used, and in the next
step, Tukey’s test was used as a post hoc test. The significance level
was also considered as P<0.05. Data were analyzed using SPSS
version 25 software.
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3 Results

In this research, we investigated the histopathological and
histomorphometric changes in the heart tissue of rat T2DM
following HIIT. The histological examination of the heart tissue
of non-diabetic and diabetic rats following the HIIT was performed
using light microscopy. To evaluate the effect of HIIT on the heart,
myocardial tissue was stained with hematoxylin and eosin,
Masson’s trichrome, and PAS methods.

3.1 Changes in average weight and
blood glucose

Figures 2, 3 show the changes in average weight and blood
glucose in the weeks and stages of the training protocol. The results
of the a mixed ANOVA test showed that the weight of the rats in the
diabetes control and diabetes training groups increased significantly
from the time of the start of training and high-fat diet to before STZ
injection (P<0.001). Also, the weight of this rats showed a
significant decrease in the last week and the end of the training
protocol (P<0.001). After the end of the training, the weight of the
rats in the diabetic control group was significantly lower than all
other groups (P<0.001) (see Figure 2).

On the other hand, the statistical analysis showed that blood glucose
in the diabetes control and diabetes training increased significantly one
week after STZ injection (P<0.001). Nevertheless, at the end of the
training protocol in the diabetes training group decreased significantly
compared to the previous stage (P<0.001) (see Figure 3).

3.2 Histopathological changes,
hypertrophy, Purkinje fibers and collagen
area around arterial vessels of heart tissue

The results of H&E staining showed that the heart tissue of the
healthy control group had a normal myofibril structure, which was

10.3389/fendo.2023.1175585

observed in longitudinal and transverse sections (Figure 4, healthy
control, A and B) with healthy nuclei located in the canter
compared to the diabetes control group. In the diabetes control
group, damaged and abnormal myofibrils, faded nuclei, increased
collagen connective tissue, and hypertrophy of cardiomyocytes were
observed in longitudinal and transverse sections (Figure 4, diabetes
control, A and B). In the heart tissue of diabetes training rats, the
damage of heart tissue myofibrils has decreased, cell nuclei have
become clearer, collagen connective tissue has decreased, and
hypertrophy caused by diabetes has significantly decreased in
longitudinal and transverse sections (Figure 4, diabetes training,
A and B). Also, this research showed that the average cross-
sectional area of myocardial cells in the diabetes control group
increased significantly compared to the healthy control group
(P<0.001), and pathological hypertrophy was significantly
controlled in the diabetes training group after performing the
exercise protocol (P<0.05). The healthy training group also
showed significant physiological hypertrophy after performing the
exercise protocol (P<0.05) (Figure 4E).

The results of our study showed that in the diabetes control
group, Purkinje fibers similar to cardiomyocyte cells were
hypertrophied and their number increased significantly (P<0.001)
(Figure 4C, diabetes control). HIIT in the diabetes training group
significantly reduced the changes caused by diabetes in Purkinje
cells (P<0.001) (Figure 4C, Diabetes Training). The number, length
and width of Purkinje cells were not significantly different in
healthy control and training groups (Figure 4F).

The results of H&E staining in heart tissue showed that the
percentage of perivascular collagen area (PVCA) in the diabetes
control group was significantly increased compared to the healthy
control group (P<0.001) (Figures 4D, diabetes control). Also, the
results of this study showed that after a period of HIIT exercise, the
percentage of collagen area around the arterial vessels (PVCA) in
the diabetes training group showed a significant decrease compared
to the diabetic control group (P<0.001) (Figure 4D, Diabetes
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FIGURE 2

Weight comparison of different groups of rats participating in different stages of the training protocol. *Significant difference between diabetes
control and diabetes training groups with healthy control and healthy training groups in the stage before STZ injection; **Significant difference
between the diabetes control and diabetes training groups with the healthy control and healthy training groups at the stage of one week after STZ
injection; *Significant difference between the diabetes control group and other groups in the phase after the end of the exercise; The significance

level is p<0.05.

Frontiers in Endocrinology

13

frontiersin.org


https://doi.org/10.3389/fendo.2023.1175585
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Rami et al. 10.3389/fendo.2023.1175585
3 500
5 -@- Healthy Control
%0 400 -T— Diabetes Control
o} ~ -& Healthy Training
> -
= 300 \ —* Diabetes Training
Z %
] 200+
E =
[} =
= 1004 Lo ¢ —3
0 T T T
& &
& & &
,\;&\ ,\)\'\‘\ N
& < ¥
&o& ;&5
&F &b
&
N
FIGURE 3

Blood glucose comparison of different groups of rats in different stages of the training protocol. *Significant difference in blood glucose in diabetes
control and diabetes training groups with healthy control and healthy training groups at the stage of one week after STZ injection; **Significant
difference between diabetes training group and other groups after the end of exercise; The significance level is p<0.05.

Training). There is no significant difference was observed in the
collagen area around the arterial vessels in the healthy training and
healthy control groups (Figure 4D).

3.3 Fibrosis changes of heart tissue

In the present study, we showed the area of cardiac tissue
fibrosis by examining the extracellular matrix and collagen
accumulation using PAS and Masson’s trichrome staining. These
areas are visible in the form of collagen scaffolds. This extracellular
matrix and collagen accumulation can be seen in purple-red PAS
staining and blue in Masson’s trichrome staining (Figures 5A, 6A).
The results of PAS and Masson’s trichrome staining of the heart
tissue of rats in diabetes groups show the presence of fibrosis in the
heart tissue in the diabetes control group, which is obviously larger
than the healthy control group (P<0.001) (Figures 5A, 6A). This
issue supports the existence of diabetic cardiomyopathy in diabetic
model rats with HFD diet combined with STZ injection. The results
showed that a period of HIIT improved this pathological
abnormality in diabetic hearts with a significant reduction in the
area of cardiac tissue fibrosis in the diabetes training group (P<0.05)
(Figures 5A, 6A). Normal amounts of collagen tissue can be seen in
the healthy control and healthy training groups (Figures 5A, 6A). In
addition, the results of Masson’s trichrome staining in heart tissue
showed that the percentage of perivascular collagen area (PVCA) in
the diabetes control group was significantly increased compared to
the healthy control group (P<0.001) (Figure 6B). Also, the results of
this study showed that after a period of HIIT, the percentage of
collagen area around the arterial vessels (PVCA) in the diabetes
training group showed a significant decrease compared to the
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diabetes control group (P<0.001) (Figure 6B). The diagram of
fibrosis changes in different groups is shown in Figure 5B.

3.4 Apoptosis rate of heart tissue

The results of the present research showed that TUNEL positive
cells (apoptotic) were significantly more in the diabetes control
group than in the healthy control group (P<0.001) (Figure 7). Also,
the results of our research showed that the amount of TUNEL
positive cells in the diabetes training group showed a significant
decrease after eight weeks of HIIT activity (P<0.001) (Figure 7).
There is no significant difference was observed in the TUNEL
positive cells in the healthy control and healthy training
groups (Figure 7).

3.5 Changes in the amount of proteins
using the western blot method

The amounts of B-catenin, GSK3[3, C-myc and Bcl-2 proteins in
the heart tissue of rats in different groups are shown in Figure 8. The
results showed that the content of B-catenin and C-myc proteins
increased significantly in the diabetes control group compared to the
healthy control group (P<0.001). This difference was also significant
between the diabetes control and diabetes training groups (P<0.05),
which shows that the amount of these two proteins in the diabetes
training group has decreased significantly after HIIT. In addition, the
content of GSK3p protein in the diabetes control group significantly
decreased compared to the healthy control group (P<0.001), while the
difference in the content of this protein in the diabetes training group
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FIGURE 4

The results of Hematoxylin and Eosin (H&E)-stained cardiac tissue. (A) Longitudinal section, (B) cross-section, images represent x40 magnification
and scale bars represent 10 um. (C) Purkinje cells (fibers) and (D) Collagen area around the arterial vessels, images represent X10 magnification and
scale bars represent 50 um. (E) Diagram of cardio myocyte cross-sectional area. *Significant difference with all groups (P<0.05). **Significant
difference with all groups (P<0.001). *Significant difference with diabetic control and healthy control groups (P<0.05). (F) Diagram of Purkinje cells
(fibers), *Significant difference with diabetes control and diabetes training groups in Purkinje number cells and significant difference with diabetes
control groups in Purkinje cell length and Purkinje cell width (P<0.001). **Significant difference with all groups (P<0.001). #Significant difference in
diabetes training groups with all groups (P<0.001). Data are expressed as mean + SEM.
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FIGURE 5

(A) The results of PAS staining of rat heart tissue in diabetic and non-diabetic groups following HIIT exercises to investigate the area of cardiac tissue
fibrosis. (B) Diagram of cardiac tissue fibrosis. *Significant difference with diabetes control and diabetes training groups (P<0.001). All images
represent x10 magnification and scale bars represent 50 um. **Significant difference with all groups (P<0.001). #Significant difference with all groups

(P<0.05). Data are expressed as mean + SEM.

compared to diabetes control group was not significant (P>0.05). The
results of the present research also showed that the content of Bcl-2
protein in the diabetes control group was significantly reduced
compared to the healthy control group (P<0.001), while in the
diabetes training group, the content of this protein was significantly
increased than the diabetes control group (P<0.05), the increase in
protein content in the healthy training group compared to the healthy
control group was also significant (P<0.05).

3.6 Antioxidant changes and oxidative
stress in heart tissue

The results of the current research showed that the
concentration of superoxide dismutase (SOD) as an antioxidant
index in the diabetes control group was significantly reduced
compared to the healthy control group, and in the diabetes
training group, the concentration of SOD was significantly

Diabetes Control

Healthy Control

o=

FIGURE 6

(A) The results of Masson’s trichrome staining of rat heart tissue in diabetic and non-diabetic groups following HIIT exercises to investigate the area
of cardiac tissue fibrosis. (B) Collagen area around the arterial vessels. All images represent x10 magnification and scale bars represent 50 pm.
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Investigating the apoptosis values of cardiac myocytes of rats in diabetic and non-diabetic groups following HIIT. Green dots show TUNEL positive

cells. Fluorescent microscope images represent X200 magnification

increased compared to the diabetes control group (P<0.05). The
increase in SOD concentration in the healthy training group was
also significant compared to the healthy control group (P<0.001).
The results of our study also showed that the concentration of
malondialdehyde (MDA) as an index of oxidative stress increased
significantly in the diabetes control group compared to the healthy
control group (P<0.001). The reduction in MDA concentration in
the diabetes training group compared to the diabetes control group
was also significant (P<0.05) (Figure 9).

4 Discussion

In the present study, the results of blood glucose measurements
showed that a period of HIIT reduces blood glucose levels in
diabetic rats. In confirmation of these results, Cassidy et al. (21)
also showed that 12 weeks of HIIT led to blood glucose control in
people with T2DM by reducing HbAlc compared to the control
group (21). Adams’ study (2013) also showed that in T2DM
patients, a 2-week HIIT program increased GLUT4 protein, a
marker of insulin sensitivity, and decreased mean blood glucose
48-72 hours after exercise (22).

The results of our research showed that diabetes increases the
cross-sectional area of cardiomyocytes in the heart tissue of rats. In
line with the results of this research, Novoa et al. in 2017 (23), Wang
et al. in 2019 (24), and Lu et al. in 2021 (25) stated that diabetes
causes an increase in the cross-sectional area and thickness of
cardiomyocytes in rats. Enlargement of the heart in response to
stress, hypertension, myocardial injury, or neurohumoral
overactivation is associated with cardiac dysfunction and is
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described as pathological hypertrophy (26).Cardiac function is
initially preserved in pressure overload-induced cardiac
hypertrophy, described as the adaptive phase; however, our study
showed that HIIT significantly reduces the cross-sectional area of
cardiomyocytes in the heart tissue of rats with T2DM. Our results
are consistent with the studies of Yuan et al., 2020 and Nova et al.,
2017 is in line with the report that HIIT can reduce pathological
hypertrophy in the heart of T2DM rats (23, 27).

Our study showed that HIIT has significant positive effects on
the regeneration of cardiac capacity in T2DM rats and can
significantly reduce the fibrosis of the heart tissue of diabetic rats
and the collagen area around the arterial vessels. Besides reducing
the hypertrophy of cardiac myocytes, it reduces the accumulation of
collagen (fibrosis) in the cardiac myocytes and around the arterial
vessels. These results are consistent with the findings of Novoa et al.
in 2017 (23), Chengji Ji et al. 2019 (28), and Marchini et al., 2020
(29), Lu et al.,, 2021 (25). The presence of interstitial fibrosis and
fibrosis around arterial vessels is a common complication in
diabetes and is usually considered an important factor in
reducing contractility in the later stages (30). Previous studies
reported a decrease in contractility and relaxation and an increase
in left ventricular stiffness in STZ-treated diabetic rats. In diabetic
models, hyperglycemia disrupts the dynamic balance of collagen
synthesis and degradation in the myocardial extracellular matrix by
promoting type I and III collagen deposition through converting
cardiac fibroblasts to myofibroblasts (29). These results are in line
with our observations in the diabetic group, which led to an increase
in the level of cardiac tissue fibrosis in diabetic rats.

The results of our study regarding the Purkinje network of heart
tissue showed that in the diabetes control group, Purkinje fibers
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Evaluation of proteins content using western blot method. (A) The expression of B-catenin, C-myc, GSK3b and Bcl-2 proteins in the heart tissue of
rats in different groups. (B-E) The relative ratio of proteins to HPRT levels were determined by image J. *Significant difference in Diabetes Control
group with Healthy Control group (P<0.001). **Significant difference in Healthy Training group with all groups in Bcl-2 and GSK3 proteins and
significant difference with Diabetes Control and Diabetes Training in B-catenin and C-myc proteins (P<0.05). #Significant difference in Diabetes
Training group with all groups in B-catenin, C-myc and Bcl-2 proteins and significant difference with Health Control and Healthy Training in GSK3p3
protein (P<0.05). Data are expressed as mean + SEM.

similar to cardiomyocyte cells were hypertrophied, and their =~ Therefore, the conduction of pacemaker potentials becomes
number increased significantly. Kang, 2006 states that the normal ~ problematic. Logantha et al. reported in 2021 (32) that in heart
distribution of Purkinje fibers in the myocardium is proportional to  failure, there is extensive remodeling of the Purkinje network at the
the mass of the heart (31). Cardiac hypertrophy caused by the  structural, molecular, and electrical levels, leading to dysfunction
hypertrophic growth of cardiac myocytes leads to the unbalanced ~ and an arrhythmic substrate. Also, therapeutic strategies that
distribution of Purkinje fibers in the regenerating heart (31).  prevent heart dilatation may prevent the remodeling of Purkinje
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fibers and may be beneficial for patients with heart failure. Lanlua
et al. also reported in 2012 that cardiac myocytes and Purkinje fibers
hypertrophy in the heart of STZ-treated diabetic rats (33). In 2022,
Chaturvedi et al. reported that in diabetes, Purkinje cell protein
(PCP-4) is degraded by calpain-1, causing contractile dysfunction
that can be reduced by exercise (34). Consistent with their results,
our study showed that HIIT in diabetic rats significantly reduced
diabetes-induced changes in Purkinje cells. However, the effects of
different training interventions on the changes of Purkinje fibers
seem ambiguous and need more studies.

This research showed that the amount of TUNEL positive cells
(apoptotic) cells in the heart tissue of diabetic rats increased
significantly. Our study’s results align with the research results of
Wu et al., 2017 (35), Xi et al., 2015 (36), Ren et al., 2020 (37), and
Nova et al, 2017 (23). Previous studies have shown a close
relationship between cardiac dysfunction and myocardial
apoptosis and state that controlling myocardial apoptosis is
crucial to improving cardiac function (38, 39). The increase in
myocardial apoptosis causes the loss of contractile units and cardiac
remodeling, which leads to cardiac dysfunction. Studies have shown
that, at the cellular level, diabetes increases cardiac myocyte
hypertrophy, interstitial fibrosis, and apoptosis (40). This heart
damage process causes the production of active oxidative species
(ROS) (40). Oxidative stress exists when the production of ROS
exceeds its destruction by antioxidant systems (40).

The results of our study also indicate that the values of MDA as
an index of oxidative stress in the hearts of diabetic rats increased,
and the values of SOD as an antioxidant index decreased in the
hearts of diabetic rats. One of the causes of diabetic cardiomyopathy
(DCM) is apoptosis, caused by hyperglycemia and abnormal
disorder in plasma glucose and insulin level. In fact, long-term
hyperglycemia is one of the main causes of ROS formation, insulin
resistance, and dysregulation of cytoplasmic calcium. This case
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makes heart muscle cells susceptible to cell death and ultimately
causes changes in muscle contraction and heart failure (41).

Also, our research showed that the amount of TUNEL positive
cells and, as a result, the amount of apoptosis in diabetic rats after
eight weeks of HIIT showed a significant decrease. Consistent with
the results of our study, the results of the study by Chengji and
Xiajin (2019) (28), which investigated the effect of two types of low-
intensity and HIIT on the apoptosis of heart tissue in diabetic rats,
showed that HIIT was more effective in reducing apoptosis than
low-intensity training. In contrast, the study by Novoa et al. (2017)
(23) showed that, unexpectedly, the level of apoptosis was
significantly increased in the diabetic training group; this is when
the blood glucose level of their research samples was about 600 mg/
dL. While in the diabetes induction protocol, blood glucose levels
above 300 mg/dL have been considered as a criterion for diabetic
samples, and it seems that they used high doses of alloxan to induce
diabetes (42). The data from Novoa et al. (23) study showed that
HIIT increases apoptosis in cardiomyocytes of diabetic rats. On the
other hand, they showed that a HIIT program had a positive effect
on cardiac regeneration, which was evident as a reduction in
pathological hypertrophy caused by diabetes and a reduction in
collagen deposition (fibrosis) in cardiac tissue, but HIIT increased
apoptosis. In the study of Novoa et al. (2017) (23) the training
program continued for only four weeks, which may not be the right
time to create proper adaptations in intense training. Also, oxidative
stress indices increased significantly after exercise in diabetic rats,
which can explain the high levels of apoptosis in diabetic rats. On
the other hand, it has been shown that HIIT can be an important
factor in increased cell death. Based on the evidence, HIIT, besides
creating physiological adaptations, may be associated with an
ineffective antioxidant defense system of the body and lead to
oxidative stress and cell damage (43). Whether HIIT (more than
85% VO2 max) is harmful or beneficial to the heart remains
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controversial (44). This refers to an increase in energy consumption
and a change in the metabolism of substances, which leads to a
decrease in the efficiency of ATP synthesis (44). Tissue oxygenation
and mitochondrial respiratory chain electron leakage are reduced,
easily causing oxidative stress damage. Studies have shown that
Whnt/B-catenin signaling is important in regulating cardiac
function, but little information is available on its role in DCM
(36). It has been shown that Wnt2 participates in early
cardiogenesis and is upregulated following cardiac abnormalities
(45). As the histopathology results of our study also showed, the
DCM process is characterized by pathological hypertrophy of the
heart, myocardial remodeling and dysfunction, and myocardial
fibrosis, which in severe cases, can lead to heart failure (46).
Previous studies have shown that inhibiting NF-xB activation or
regulating GSK3 expression may, in turn, limit the transcription of
NF-xB downstream factors and the Wnt/B-catenin/GSK3f
pathways (47, 48). As a result, it improves the inflammatory
response to myocardial damage in diabetic rats. NF-xB and Wnt/
[-catenin signaling pathways are known as important regulators in
cardiac pathophysiology (12). In the molecular part, our research
showed that the amount of B-catenin and C-myc proteins increased
significantly in diabetic rats compared to the control group. At the
same time, the amounts of GSK3f and Bcl-2 proteins in diabetic
rats show a significant decrease compared to the control group (49).
C-Myc protein is an oncogenic transcription factor known to
regulate cell proliferation, differentiation, and apoptosis as well as
cell size (49) and is upregulated during experimental hypertrophy.
Since activated Wnt/B-catenin signaling has been observed during
DCM development, stabilization and increased levels of B-catenin
and its downstream target genes may lead to myocardial injury (36).
Stabilized PB-catenin facilitates p53-mediated myocardial DNA
damage and apoptosis under diabetic oxidative stress through c-
Myc upregulation (36). Studies have also shown that systemic
inhibition of GSK3[3 may cause abnormal hypertrophic growth of
the heart, possibly leading to heart failure (50). Inhibition of Wnt
signaling by activating GSK3f has also reduced the hypertrophic
response (50). In another study, Xi et al. (36) found that inhibiting
GSK3p stabilizes B-catenin, which may cause cardiac remodeling.
Their study stated that the mRNA expression of GSK3P is
decreased, and the phosphorylated form of GSK3p (P-GSK3p) is
increased in diabetic rats. On the other hand, Al-Damry et al. (51)
stated in 2018 that one of the anti-apoptotic mechanisms of AKT is
to phosphorylate and thus inactivate GSK3[3. They stated that the
decreased level of P-GSK3f in diabetic rats reflects the activity of
GSK3B. Their study stated that the p-GSK-3f protein level and the
p-GSK-3B/GSK-3f ratio were increased in the sitagliptin-treated
group, possibly attributed to the restored Akt activity. Al-Damry
et al. reported that Akt inhibits GSK-3 activity under normal
conditions by phosphorylation. However, in diabetes, the ability of
Akt to phosphorylate GSK-3 is reduced, causing GSK3f to remain
active and leading to cardiac apoptosis. In our study, the results
show a decrease in GSK3[ in diabetic rats, which is associated with
widespread apoptosis in the heart tissue of rats. On the other hand,
Pelozin et al. (52) reported in 2022 that GSK3[ is a negative
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regulator of cardiac hypertrophy. They stated that endurance
training decreased GSK3P and thus increased mTOR levels,
which is an important factor in cardiac hypertrophy. Perhaps the
reason for these contradictions in previous studies and the results of
our research is the method used to induce diabetes and the high
doses of STZ they used and not using high-fat diets and then
injecting a low dose of STZ (42). It is also possible that HIIT, despite
the significant increase in GSK3[ levels, activating other signaling
pathways such as IGF1/AKT/mTOR, is an important factor in
achieving physiological hypertrophy and controlling pathological
hypertrophy in our research results. However, other factors
probably influence the expression and transcription of GSK3p,
which were not investigated in this study and need further
investigation in the future. One of the components of apoptosis is
the increase of the pro-apoptotic protein Bax and the decrease of the
anti-apoptotic protein Bcl-2, which causes heart damage due to
exposure to oxidative stress. In 2020, Liu et al. (12) stated that the
increase in Bax/Bcl-2 ratio in diabetes increases the apoptosis
process through the activity of the P53 protein. In the present
study, HIIT intervention has decreased the amount of [-catenin
and c-Myc protein in diabetic rats. Studies have shown that -
catenin protein and the Wnt/B-catenin signaling pathway play an
important role in the pathogenesis of diabetic cardiomyopathy, and
inhibition of B-catenin and Wnt can reduce pathological
hypertrophy and myocardial fibrosis. Also, in line with the
current study’s findings, Yang and et al. (14) showed in their
study in 2017 that physical exercise at different intensities inhibits
and reduces the expression of proteins of the Wnt/B-catenin
signaling pathway in diabetic rats. Their study stated that
inactivating the Wnt/B-catenin signaling pathway reduces fat
synthesis, improves lipid metabolism, increases glucose
absorption and use, prevents muscle atrophy, and ultimately
improves insulin sensitivity. Also, the results of our research
showed that the amount of anti-apoptotic protein Bcl-2 increased
significantly after HIIT in healthy and diabetic groups. Quindry
et al. (53) also pointed to the protective function of endurance
training (70% of maximal oxygen consumption) in dealing with
myocardial apoptosis in rats after ischemia-reperfusion injury.
Consistent with the results of our study, Suri et al. (54) reported
in 2021 that Bcl-2 gene expression increased in both young and
aged rats following HIIT. These findings showed that physical
exercise protects the heart against apoptosis and can be a useful
strategy to prevent heart problems in people with diabetes. Physical
exercise can partially prevent the release of mitochondrial
cytochrome C by reducing ROS and preventing cardiac
apoptosis (54).

One of the strengths of the present study is the examination of
histological and molecular changes, in which we could show the
details of the changes after HIIT. Also, investigating signaling
pathways and different colorings was another strength of this
study in proving the effectiveness of HIIT.

On the other hand, this study also had limitations and
weaknesses. One of the weak points of the present study is the
lack of cardiac function tests such as ECG due to the lack of
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laboratory facilities. Therefore, it is suggested that in future studies,
researchers examine the functional changes of the heart
using echocardiography.

5 Conclusion

Although HIIT has been used in medical rehabilitation, the
appropriate exercise protocol for preventing cardiac events is still
debated. The various strategies used in previous studies also make it
difficult to conduct a cross-comparative analysis among them. The
results of our research have depicted only a part of the cellular,
molecular and histological interactions in the heart tissue of rats
suffering from diabetes. This study is not a decisive, solid, and
comprehensive achievement regarding the events caused by exercise
and its effects on samples with diabetes. However, what is certain is
that investigating the effects of intense sports training on sick and
healthy samples requires more research. By identifying other factors
involved in the homeostasis of cardiomyocytes, researchers can
achieve a non-pharmacological and stable strategy to help patients
with diabetes and other diseases.
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Background and aims: Cardiovascular death (CV death) is the most objective
component of the primary or secondary endpoint in cardiovascular outcome
trials (CVOTs) conducted with sodium—glucose cotransporter 2 inhibitors
(SGLT-2is). CV death is often incorporated into primary composite outcomes.
It is combined with major adverse cardiovascular events (MACEs) in trials with
atherosclerotic cardiovascular disease (ASCVD) at baseline and with
hospitalization due to heart failure (hHF) in trials with heart failure at baseline.
Unlike the primary composites, CV death reduction by itself demonstrated
significant variations among the CVOTs with SGLT-2is. Moreover, the impact
of the individual agents within the SGLT-2i group on the reduction in CV death
has not been explored objectively. This network meta-analysis was undertaken
to construct a hierarchy based on indirect pairwise comparisons and rankings
among the individual agents within SGLT-2is.

Methods: A Cochrane library-based web search yielded 13 randomized
controlled trials for analysis. Stata/BE 17.0 and RStudio 2022.07.1 Build 554
software were used to conduct a frequentist and Bayesian network meta-
analysis. The effect size was assessed based on the risk ratio (RR). Ranking of
the individual agents was performed with a frequentist approach (P-score and a
multidimensional scaling [MDS] rank system) and a Bayesian ranking (surface
under the cumulative ranking [SUCRA]).

Results: Regarding the overall data, SGLT-2is reduced the CV death risk by 12%
(RR: 0.88,95% C1 0.80-0.96). All three scoring methods resulted in empagliflozin
scoring the highest. There was a 15% RR reduction in CV death (95% CI1 0.71-1.02)
in the ASCVD and multiple cardiovascular risk factor (MRF) groups and an 11% RR
reduction in the HF group, with empagliflozin ranking the highest in the former
group and dapagliflozin in the latter.
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Conclusions: Empagliflozin ranked the highest compared to the other SGLT-2is
in the overall population and the trials including type 2 diabetes (T2D) patients
with ASCVD or MRF at baseline, while dapagliflozin ranked the highest in the trials
of patients with HF at baseline.

Systematic review registration: https://www.crd.york.ac.uk/prospero/display_
record.php?ID=CRD42022381556, identifier CRD42022381556.
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SGLT-2is, network meta-analysis, CV death, type 2 diabetes, ranking

1 Introduction

The cardiorenal benefits associated with sodium-glucose
cotransporter 2 inhibitors (SGLT-2is) are well established (1).
Practically all major diabetes, cardiac, and nephrology guidelines
recommend SGLT-2is as the first-line drug for the prevention of
atherosclerotic cardiovascular disease (ASCVD), heart failure, or
progression of diabetic kidney disease in conjunction with good
metabolic control (2-4). The initial studies of SGLT-2is were
conducted on patients with type 2 diabetes (T2D) and either
established atherosclerotic cardiovascular disease (eASCVD) or
multiple cardiovascular (CV) risk factors (MRFs) (5-7). The
primary endpoint in all these trials was a composite 3-point
major adverse cardiovascular event (MACE) comprising
cardiovascular death (CV death), non-fatal myocardial infarction
(NFMI), and non-fatal stroke (NFS), except for the DECLARE-
TIMI 58 trial, where a coprimary endpoint in the form of CV death
or hospitalization due to heart failure (hHF) was introduced (6).
Due to the differences in the types of populations recruited in these
studies, the results were heterogeneous, with MACE and CV death
benefits in the EMPAREG Outcomes trial, a MACE benefit in
CANVAS, and CV death or hHF coprimary in the DECLARE-TIMI
58 trial. Considering the significant contribution of hHF and renal
benefits in these trials, all subsequent trials utilized CV death, hHF,
or a renal composite as the primary outcome (8-14). In all these
trials, the primary outcome endpoint was achieved. As one of the
most objective endpoints, CV death featured in all these studies as
part of the primary or key secondary outcome.

The results from all the above-mentioned trials resulted in the
American Diabetes Association (ADA)/European Association for
the Study of Diabetes (EASD) 2022 guidelines recommending either
empagliflozin or canagliflozin as the SGLT-2i of choice for patients
with ASCVD or MRF and any of the three (empagliflozin,
dapagliflozin, or canagliflozin) for patients with T2D and heart
failure or diabetic kidney disease (DKD) (2). Although group
specific, these recommendations do not clarify the issues related
to the within-group choice of agents. In the absence of head-to-head
comparison between the agents, it is incumbent upon the physician
to choose among these medications, often arbitrarily.

Frontiers in Endocrinology

This network meta-analysis was designed to explore the within-
group differences of CV death benefits associated with SGLT-2is in
patients with T2D. CV death was chosen over composite endpoints
and other stand-alone endpoints because of its objective nature,
consistent reporting across the trials, and being the most
controversial outcome.

This meta-analysis was designed following the PICO question
format (shown below):

P (patient population) = Patients diagnosed with T2D.

I (intervention) = Received drugs belonging to the SGLT-2i
group.

C (control group) = Compared to placebo.

O (outcome) = The primary aim was to determine whether
there was a hierarchical choice when selecting one of the
agents from the intervention arm (I) as far as a reduction in
CV death was concerned.

2 Materials and methods

This review adhered to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) statement. Our
review protocol was prospectively registered (15).

2.1 Search strategy and eligibility criteria

This network meta-analysis was conducted using a
predetermined protocol and was reported in accordance with the
PRISMA statement. An electronic database search was conducted
by the authors (SG and BS) using the Cochrane Library without any
limitations on date or language. The search for relevant abstracts
presented at major congresses was reviewed manually. The search
headings included the following terms [(“type 2 diabetes” {MeSH},
OR “I2D”) OR (“sodium glucose cotransporter 2 inhibitors”
{MeSH}, OR “SGLT-2i" OR “empagliflozin® OR “dapagliflozin”,
OR “canagliflozin”, OR “ertugliflozin”, OR “sotagliflozin”)] AND
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[“cardiovascular death”, or “CV death”]. The full search strategy is
detailed in Figure 1.

2.2 Study selection and eligibility criteria

Having performed the preliminary web search, the screened
citations were manually sorted by the authors based on the PICO
search criteria and the prespecified eligibility criteria. The key
eligibility criteria for positive selection included phase 3
randomized controlled trials (RCTs) with the following:

* Patients with T2D.

* Age of the patients >18 years.

* Placebo as the comparator arm.

+ Studies clearly mentioning the primary outcome of interest
that conformed to our intervention requirements: MACE,
CV death or hHF, renal composite of CV death as the
primary endpoint, and CV death as part of the primary
endpoint component or as a key secondary endpoint.

10.3389/fendo.2023.1168755

Exclusion criteria:

Other types of diabetes.

Acute decompensated metabolic, cardiac, or renal
disorders.

Non-randomized controlled trials.

Age <18 years.

Active comparator arm.

Doses of SGLT-2is used in dose-finding studies. For
example, 2.5 mg of dapagliflozin.

Direct comparison between different doses of SGLT-2is. For
example, 100 versus 300 mg of canagliflozin.

2.3 Data extraction

Both authors (SG and BS) conducted the database search and
literature screening independently and compared the output. After the

removal of the duplicate citations and those not conforming to the

[ Identification of studies via databases and registers ]
§ Records identified from: Reconls isimoved bafors
© Databases screening:
o Cochrane library (n = 415) aa g:
= _ > Duplicate records removed (n
b=} Pubmed (n = 148) = 812)
§ Embase (n = 314)
A 4
r——y
Records excluded using trial as
(Rne:(gg)s screened —| a filter and not conforming to the
topic of search (n = 30)
y
Reports sought for retrieval | Reports not retrieved
2 (n=35) | (n=10)
&
2
3 \4
Reports assessed for eligibility »| Reports excluded:
(n=25) dl Reason - not fitting into the
inclusion criteria (n =4)
Reason
- did not report
outcomes of interest (n =8)
oo
v
3 Studies included in review
o
3| | n=13
)
=
o

FIGURE 1
Study selection criteria.
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predetermined inclusion criteria after screening the titles and abstracts,
the full-text articles were screened manually. Any disagreement
between the authors was settled with mutual agreement.

2.4 Risk of bias

The Cochrane Collaboration Risk of Bias 2.0 algorithm was
used to assess and report the bias associated with the individual
studies (Supplementary Figure A (2)). The citations were assessed
by all the authors, and any dispute was resolved with consensus.
Publication bias was assessed qualitatively using a funnel plot and
quantitatively using Peter’s method (Supplementary Figure A (1)).

2.5 Statistical analysis

The primary objective was to create a hierarchical model to assist
the concerned physician in choosing among the different approved
SGLT-2is for patients with T2D to reduce their risk of CV death.

Two software programs were used for performing the analysis
and preparing the graphical data. The RStudio 2022.07.1 Build 554
software was used to perform the Bayesian network analysis. Stata/
BE 17.0 software was used to conduct the pairwise meta-analysis. In
addition, multidimensional scaling (MDS) ranking was performed
with STATA. With a priori power calculation assuming a minimal
difference in effect size (risk ratio (RR)) of 10%, from at least 10
studies with 5,000 participants in each arm, an alpha of 0.05, and a
moderate degree of heterogeneity, the estimated power of this meta-
analysis was 100% (Supplementary Figure A (3)).

The planned statistical analysis included the following steps:

a. We planned to perform a baseline meta-analysis using the
overall (empagliflozin, dapagliflozin, and canagliflozin)
database and a subgroup analysis using the individual
agents. The primary aim was to identify the quantum of
benefit as evident from the effect size, along with an
estimation of the precision interval indicating the
accuracy of the measurement and the prediction interval
indicating the presence of heterogeneity (if any). The degree
of overlap of the precision intervals while comparing the
individual agents versus placebo was noted.

. The second step would involve conducting a pairwise
network meta-analysis using the overall data and then
with the individual subgroups (ASCVD or MRF and
those with HF).

. The third step included non-reshaped scoring using the
frequentist approach (P scores) and reshaped scoring using
both a frequentist (MSD rank score) and Bayesian (surface
under the cumulative ranking [SUCRA]) approach
(Supplementary Appendix B-D). This strategy was
planned to be applied to the overall population and
subsequently to both the subgroups.
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The rationale behind including the different scoring systems for
assessment was based on the consensus that a P score (without
reshaping of data) creates a rank using the effect size as the quantum
of benefit, while both the SUCRA and MDS ranking considers the
precision interval in addition to the effect size differential. Any
discrepancy between the rankings would not allow us to reach a
definitive conclusion and hence would be discarded. The top ranking
was considered significant if there was concordance between the
pairwise comparisons and among all three scoring methods. This
strategy would be extremely conservative, and any agent able to
overcome this significant burden would be considered for discussion.

3 Results
3.1 Baseline characteristics of the studies

An electronic database search yielded 13 citations that were
included in the network meta-analysis (5-14, 16-18). There were
74,804 patients included in the analysis, with 40,691 in the
intervention arm (SGLT-2is) compared to 34,113 in the placebo arm.
The mean age of the participants ranged between 62 and 71 years. The
primary endpoint was 3-P MACE in four trials (EMPAREG,
DECLARE TIMI-58, VERTIS-CV, and CANVAS). DECLARE
TIMI-58 had a coprimary endpoint (CV death or hHF) analyzed
alongside MACE. CV death or hHF was the primary endpoint in seven
trials (EMPEROR-Preserved, EMPEROR-Reduced, DECLARE TIMI-
58, DAPA-HF, DELIVER, SOLOIST-WHF, and SCORED). Three
trials (EMPA-Kidney, DAPA-CKD, and CREDENCE) had renal
composite or CV death as the primary endpoint. CV death was part
of the primary component in nine trials (EMPAREG, EMPEROR-
Preserved, EMPEROR-Reduced, DECLARE TIMI-58, DAPA-CKD,
DAPA-HF). DELIVER, CANVAS, and CREDENCE), while it was part
of the secondary outcomes in four trials (EMPA-Kidney, VERTIS-CV,
SOLOIST-WHEF, and SCORED) (Table 1).

3.2 Baseline meta-analysis including
subgroup analysis

The pooled data from all 13 citations demonstrated a 12% relative
risk (RR) reduction compared to the placebo with a 95% precision
interval of 0.80-0.96. However, there was significant heterogeneity in
the outcome, as evidenced by a prediction interval ranging between
0.69 and 1.12 (Supplementary Figure A [4: a(i)]). A sensitivity
analysis was performed using the leave-one-study strategy to
explore whether a particular study skewed the pooled effect size. In
view of the similarity of the effect size, precision interval, and
prediction interval of the sensitivity analysis, we went ahead with
the subgroup analysis (Supplementary Material E).

The p-value for interaction was not significant (p = 0.85) in the
agent-type subgroup analysis. The RR reduction was the highest
(20%, 95% CI 0.57-1.14) in the empagliflozin arm and the lowest in
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the canagliflozin arm (7%, 95% CI 0.12-7.35) (Supplementary
Figure A [4: a(ii)]).

When the inclusion criteria were T2D with established ASCVD or
MREF (renal insufficiency included as a CVD risk factor), there was a
15% RR reduction in CV death compared to placebo with a precision
interval of 0.71-1.02. The agent-specific subgroup analysis resulted in a
maximum 35% RR (95% CI 0.30-1.39) reduction in CV death with
empagliflozin and a minimum of 7% with canagliflozin (95% CI 0.12-
7.35). The p-value of interaction between the subgroups was significant
at p < 0.01 (Supplementary Figure A [4: b(i) & (ii)]).

Including trials with HF as the primary inclusion criteria, there was
an 11% RR reduction in CV death compared to placebo (95% CI 0.83-
0.96). There was significant heterogeneity associated with the outcomes
(prediction interval 0.77-1.03). The agent-type subgroup analysis
resulted in a maximum 17% RR reduction with dapagliflozin (95%
CI 0.58-1.20) and a minimum effect size of 5% with empagliflozin
(95% CI 0.65-1.35). The p-value for subgroup interactions was
significant (<0.01) (Supplementary Figure A [4: c(i) & (ii)]).

3.3 The network meta-analysis and scoring

All of the included studies had placebo as the comparative arm,
and hence, no loop was formed. The network plot had free nodes
(Supplementary Figure A [5]).

3.3.1 Overall data

The indirect pairwise comparison demonstrated a consistent
trend in favor of empagliflozin (Supplementary Figure A [6 (a)]).

The frequentist P-score constructed based on the effect size (RR
reduction) reflected the pattern encountered in the baseline meta-
analysis, with empagliflozin scoring the highest (0.895) among the
SGLT-2is as far as a reduction in CV death is concerned. The
reshaped frequentist MDS rank scores and the Bayesian SUCRA
scores were consistent with the P-score, with empagliflozin scoring
the highest (Figure 2).

10.3389/fendo.2023.1168755

The within-design heterogeneity was significant (Q: 19.84, df: 8,
p = 0.01).

3.3.2 ASCVD or MRF

Empagliflozin demonstrated a clear trend favoring it over
dapagliflozin (MD 1.45, 95% CI 1.00-2.120) and canagliflozin
(MD 1.46, 95% CI 1.01-2.11) (Supplementary Figure A [6 (b)]).

All three scoring systems indicated a clear benefit associated
with empagliflozin over all its counterparts. There was a large
difference between empagliflozin and the agent ranking second
irrespective of the method used (Figure 3).

The within-design heterogeneity was not significant (Q: 2.03, df:
3,p = 0.56).

3.3.3 HF

There was no clear trend visible in the comparison versus placebo or
the indirect pairwise comparisons (Supplementary Figure A [6 (c)]).

However, all three scoring systems were consistent in
designating dapagliflozin as the agent securing the highest
rank (Figure 4).

The within-design heterogeneity was not significant (Q: 0.24, df:
2,p = 0.88).

4 Discussion

The cardiorenal benefits of SGLT-2is and GLP1-RAs have
revolutionized the management strategy of T2D. The cardiovascular
benefits associated with SGLT-2is can be broadly divided into benefits
related to the atherosclerotic process or the pumping action of the heart
(19). The earlier trials (EMPAREG Outcomes and CANVAS)
documented MACE benefits, while all of the recent trials
(EMPEROR-Preserved, EMPEROR-Reduced, DAPA-HF, and
DELIVER) targeted heart failure as the outcome of prime importance.
One of the consistent components of the primary endpoint, MACE, or
the heart failure composite was CV death. Being the most objective and
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FIGURE 3

Ranking of CV death benefit of different SGLT-2is taking ASCVD or MRF as the baseline characteristic: (A). MDS rank score (frequentist), (B). P-score

(frequentist), (C). SUCRA (Bayesian)

clearly defined outcome, CV death reduction has been at the center of
academic controversy (20). The only cardiovascular outcome trial
(CVOT) to demonstrate CV death benefit as a part of a pre-
adjudicated, prespecified primary endpoint component was the
EMPAREG Outcomes trial. As a result, empagliflozin was assigned a
class IB recommendation as an agent preventing CV death in patients
with T2D by the 2019 European Society of Cardiology (ESC) guidelines
(3). This outcome was not replicated in any of the subsequent trials
recruiting patients with ASCVD or MRF. In contrast, all heart failure
trials with SGLT-2is were successful in achieving the primary endpoint
of CV death or hHF. However, the stand-alone endpoint of CV death
reduction was comparable to a placebo in all the heart failure trials,
except for DAPA-HF. Although there was an 18% difference in CV
death reduction compared to placebo with dapagliflozin, the outcome
was exploratory due to alpha spending.

There are no real controversies, as the primary composite outcome
benefits are concerned with the use of SGLT-2is by T2D patients with
CV risk (ASCVD as well as HF). However, the CV death benefit effect
size is heterogeneous and needs to be explored further.

A recent network meta-analysis (NMA) suggested that
empagliflozin had the highest SUCRA-based rank in terms of the
reduction in mortality (21). However, that analysis included dose-
finding studies that used both standardized doses and doses lower
than the clinically approved doses, thus confounding the results. In
addition, the distinction between patients with ASCVD/MRF and
HF was not explored in this analysis.

This network meta-analysis was undertaken to confirm the
findings from a previous meta-analysis (CV death benefits associated
with SGLT-2is) with standardized doses and to explore the unchartered
area of CV death benefits for T2D patients with ASCVD/MREF or HF.

=4 #Dapa
I:— 1.00
0.75
0.827 0.583 0.403 050
oo #Sota
2 @ 2 o
X & S & o
N = &
c < Q& B
i
078
™ @Empa
00
g
3
02s
< - ®Placebo
T T T T T 000
-1 -5 0 5] 1 o -
Unique Dimension A Treatment

FIGURE 4

Ranking of CV death benefit of different SGLT-2is taking HF as the baseline characteristic: (A). MDS rank score (frequentist), (B). P-score (frequentist),

(C). SUCRA (Bayesian).
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TABLE 1 Baseline characteristics of the studies included for analysis.

Year  Intervention Intervention/ Mean Study ASCVD/MRF Primary Ccv
placebo (n) age duration = (%) endpoint death
(years) Intervention status
arm (entire
cohort)
EMPA 2022 Empagliflozin 1,525/1,515 639 +139 20 26.1/73.9 NR Kidney disease  Other
KIDNEY (10) progression or secondary
cardiovascular outcomes
death
EMPAREG (5) 2015 Empagliflozin 4,645/2,323 63.0 + 8.6) 3.1 99.5/0.5 9.9 3-P MACE Primary
component
EMPEROR 2021 Empagliflozin 1,466/1,472 70.9 + 9.0 2.1 36/64 100 (heart CV death or Primary
PRESERVED failure with hHF component
(8) preserved
ejection
fraction
[HFpEF])
EMPEROR 2022 Empagliflozin 927/929 676 +11.6 1.3 52.8/47.2 100 (heart CV death or Primary
REDUCED (9) failure with hospitalization component
reduced due to
ejection worsening HF
fraction
[HFrEF])
DECLARE 2019 Dapagliflozin 8,582/8,578 63.9 + 6.8 42 40.5/59.5 9.9 3-P MACE Primary
TIMI-58 (6) and CV death component
or hHF
DAPA-HF (11) 2019 Dapagliflozin 1,075/1,064 662 +11.0 1.5 55.5/36.1 100 (HFrEF) CV death or Primary
[unknown: 8.4] hospitalization component
due to

worsening HF

DAPA-CKD 2020 Dapagliflozin 1,455/1,451 61.8 +12.1 24 37.8/62.2 10.9 Renal Primary

(13) composite or component
CV death

DELIVER (12) Dapagliflozin 1,578/1,572 23 NR 100 (HFpEF) CV death or Primary
hospitalization component
due to

worsening HF

CANVAS (7) 2017 Canagliflozin 5,795/4,347 63.2 + 83 3.6 64.8/35.2 13.9 3-P MACE Primary
component

CREDENCE 2019 Canagliflozin 2,202/2,199 629 £9.2 2.6 50.5/49.5 149 Renal Primary

(14) composite or component

CV death

VERTIS-CV 2020 Ertugliflozin 5,499/2,747 64.4 + 8.1 3.5 100 234 3-P MACE Key

(16) secondary
outcome

SOLOIST-WHF | 2121 Sotagliflozin 608/614 69 0.75 NR [ASCVD 79.1 CV death or Secondary

(17) (median) was an exclusion hospitalization endpoint

criterion] due to

worsening HF

SCORED (18) 2021 Sotagliflozin 5,292/5,292 69 1.3 11.5/88.5 31 CV death or Major
(Median) hospitalization secondary
due to endpoint

worsening HF

41 Finding s from our NMA with a non-significant p-value for interaction. However, there was
significant heterogeneity, indicating additional factors responsible

The baseline pooled meta-analysis indicated a 12% RR  for the outcome benefit. There was a 15% RR (95% CI 0.71-1.02)
reduction (95% CI 0.80-0.96) in CV death compared to placebo,  and an 11% RR reduction (95% CI 0.83-0.96) in the ASCVD/MRF
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and HF subgroups, respectively. Empagliflozin scored the highest
on the frequentist P score (0.895), in the MDS ranking, and the
Bayesian SUCRA scoring of the overall data, with significant
within-study design heterogeneity (p = 0.01).

Empagliflozin ranked the highest in the ASCVD and MRF
subgroups in all three-ranking systems with non-significant within-
study heterogeneity (p = 0.56). This was in accordance with the
trend observed from the indirect pairwise meta-analysis.

The picture was less clear in the pairwise network meta-analysis
regarding the preferred agent in the HF subgroup. All the three scores
were, however, consistent, indicating the superiority of dapagliflozin over
all its counterparts with non-significant within-design heterogeneity (p
= 0.88).

To summarize, the overall analysis was in favor of SGLT-2is as a
group consistent with a recent meta-analysis. However, this conclusion
was diluted by the presence of significant heterogeneity (prediction
interval 0.69-1.12). Regarding the agent that performed the best in the
ranking, our analysis mirrored that of Jiang et al, with empagliflozin
emerging as the superior choice. The additional aspect that emerged from
our analysis was that dapagliflozin scored the highest in the HF subgroup
and empagliflozin scored the highest in the ASCVD and MRF subgroups.

4.2 Limitations and strengths

One of the primary limitations of this analysis is the lack of access
to individual patient data. The entire analysis was conducted based on
published pooled analysis. The design of the indirect pairwise
comparison between agents invariably leads to inflation of the
confidence interval, which could have led to an underestimation of
the pooled effect size. Although the scoring system seems to provide a
sense of hierarchy, it is by no means a substitute for a well-conducted
head-to-head comparative study. The significant heterogeneity
associated with both the overall analysis and the subgroups makes
it extremely difficult to identify the use of SGLT-2is as the sole reason
for the CV death benefits. The frequent coexistence of ASCVD and
HF makes it impossible to choose a single agent in view of
empagliflozin being favored for ASCVD and MRF and
dapagliflozin for HF. The heterogeneity in the overall data could be
related to clinical and biochemical parameters in addition to the
differences between the agents used. This network meta-analysis
explored the differences between different SGLT-2is as a covariate
explaining the heterogeneity of CV death outcomes. However, there
is a possibility that other clinical and biochemical parameters could
also explain this heterogeneity. To avoid the issue of multiplicity and
its associated correction, a single parameter was used as the covariate.

The main strength of this analysis is the very large amount of pooled
data included in the analysis. In addition, the inclusion of RCT's as well as
a large preanalytical power was an additional strength. Despite significant
heterogeneity of the outcome benefit, we cannot deny the role of SGLT-
2is in CV death reduction. The additional contributive factors need to be
explored. In the absence of planned studies evaluating the comparative
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effectiveness of SGLT-2is for CV death reduction, a network meta-
analysis and scoring seems to be the best available option.

The difference between empagliflozin and dapagliflozin cannot be
explained by molecular structure or differences between their
pharmacodynamics and pharmacokinetics. A head-to-head 52-week
prospective trial found greater glycated hemoglobin (HbA1C) lowering
with empagliflozin compared to dapagliflozin but did not find any
difference as far as other cardio-metabolic parameters were concerned
(22). The only plausible explanation could be related to trial design. With
the EMPAREG Outcomes trial recruiting T2D patients with eASCVD in
contrast to a mixed population of eASCVD and MREF, the CV death
benefits became skewed toward empagliflozin. We could find a very
similar trend in the VERTIS-CV trial, where despite not meeting the
primary endpoint (MACE), the exploratory endpoint of CV death had a
positive trend compared to DECLARE TIMI-58 and CANVAS program.

In the HF trials, CV death as a stand-alone endpoint was exploratory
in both the empagliflozin and dapagliflozin trials. The scoring favoring
dapagliflozin was a direct result of the positive trend from the DAPA-HF
trial. Once again, the differences can only be explained based on the
baseline trial designs. Homogeneity of the baseline characteristics across
these trials could have resulted in a different inference.

5 Conclusion

SGLT-2is is associated with an impressive reduction in CV
death in patients with T2D compared to standard of care.
Empagliflozin ranked the highest in T2D patients with ASCVD or
MRF, and dapagliflozin ranked the highest in T2D patients
with HF.
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Objective: To determine the impacts of concurrent aerobic and resistance
training on vascular structure (IMT) and function (PWV, FMD, NMD) in type 2
diabetes (T2D).

Methods: The electronic databases PubMed, Web of Science Core Collection,
Cochrane Library, Embase, Scopus, CINAHL, and SPORTDiscus were
systematically searched for articles on “type 2 diabetes” and “concurrent
training” published from inception to August 2, 2022. We included randomized
controlled trials that examined the effects of concurrent training versus passive
controls on IMT, PWV, FMD and NMD in T2D.

Results: Ten studies were eligible, including a total of 361 participants. For IMT,
concurrent training showed a slight decrease by 0.05 mm (95% CI -0.11 to 0.01,
p > 0.05). concurrent training induced an overall significant improvement in FMD
by 1.47% (95% CI 0.15 to 2.79, p < 0.05) and PWV by 0.66 m/s (95% CI —0.89 to
-0.43, p < 0.01) in type 2 diabetics. However, concurrent training seemed to
exaggerate the impaired NMD (WMD = -2.30%, 95% Cl —-4.02 to —0.58, p < 0.05).

Conclusions: Concurrent training is an effective method to improve endothelial
function and artery stiffness in T2D. However, within 24 weeks concurrent
training exacerbates vascular smooth muscle dysfunction. More research is
needed to explore whether longer and/or higher-intensity concurrent training
interventions could enhance the vascular structure and smooth muscle function
in this population.

Systematic review registration: www.crd.york.ac.uk/PROSPERQO/, identifier
CRD42022350604.
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concurrent training, aerobic and resistance training, type 2 diabetes, vascular structure,
vascular function
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1 Introduction

The global incidence of diabetes is 537 million adults (20-79
years) in 2021, of which 90-95% is type 2 diabetes (T2D) (1). T2D is
a chronic condition characterized by persistent hyperglycemia and
glucose intolerance. This disease has grown up to be an extremely
serious public health problem in the world due to its high mortality,
high disability rate and high morbidity. Over time, the
hyperglycemia seen in T2D can elevate the risk of both macro-
and microvascular complications, resulting in dysfunction across
the spectrum of the heart, kidneys, eyes, and vasculature (2),
underscoring the imperative of treating T2D to reduce
complications, especially those related to micro- and
macrovascular disease, intertwined with impaired vascular
structure and function.

With the onset of T2D, subclinical manifestations of
cardiovascular pathology occur, which in turn may lead to artery
stenosis (3). Intima-media thickness (IMT) is an established index of
structural change in the artery and increased in T2D (4). Vascular
elasticity is an indicator of vascular function. Pulse wave velocity
(PWYV) is well established arterial stiffness measurement. Patients
with T2D have increased PWV when compared with nondiabetic
patients. Accelerated arterial stiffness is believed to be related to
structural changes within the media of the arterial wall caused by
abnormal calcification (5). Impaired endothelial function, long before
symptoms, seems to occur in macro- and microvascular in T2D most
extensively studied being decreased NO bioavailability (6, 7). Among
the subclinical markers, flow-mediated dilation (FMD) measurement
is considered the gold standard of endothelial function (8).
Simultaneously, vascular smooth muscle (VSM) cells, integral to
vascular physiology, exhibit functional impairment along with
intricate shifts in the intracellular biomolecular milieu within the
context of T2D (9). Nitroglycerin-mediated vasodilation (NMD) is an
index of VSM (endothelial-independent) function. Nitrates cause
smooth muscle relaxation once they enter the VSM cell through a
series of processes that include the bioconversion of nitrate to nitric
oxide, stimulation of soluble guanylate cyclase, production of cyclic
guanosine monophosphate, and a reduction in cytosolic calcium
levels (10). Arterial stiffness is affected not only by structural changes
The
components of impaired vascular structure and function are all

but also by functional variables of the artery (11, 12).

associated with cardiovascular mortality and are important markers
for evaluating early atherosclerosis development (13). Therefore,
interventions to manage and ameliorate vascular health are highly
recommended for T2D.

Exercise can effectively reduce the risk of cardiovascular and all-
cause mortality and is encouraged by guidelines for T2D. Aerobic
exercise (AE) and resistance training (RT) are currently
recommended as effective treatments in diabetes management. In
this regard, it is well-established that AE and RT induce specific
adaptations in vascular homeostasis. The most common
explanation for the beneficial effects of AT on the vascular system
is that exercise depresses the sympathetic nervous system and the
renin-angiotensin system, as well as increases shear stress (14). The
improvement of vascular health by RT may be associated with a
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reduction in risk factors affecting cardiovascular diseases such as
body fat mass, HbAlc levels, blood pressure, and inflammatory
mediators (15). Concurrent training (CT), combining AE and RT
simultaneously in the same training period, is a popular training
strategy to impact overall health. Increasing studies have
investigated a focus on the outcomes of CT in T2D for the
distinct adaptations and health benefits (16, 17). Randomized
controlled trials (RCTs) demonstrated that CT showed a higher
reduction of hemoglobin Alc, inflammatory markers and fasting
glucose than AE or RT alone (18, 19). Furthermore, CT is
considered the first choice to improve vascular health (20, 21).
However, available studies on this topic in T2D have shown
inconsistent and controversial findings. Specifically, some
evidence indicated that CT induces beneficial effects on vascular
structure and function (17, 22-25), while other studies revealed that
CT does not affect vascular function (24-30). Therefore, there is a
need for pooled data and meta-analysis to clarify the efficacy of CT
for vascular health to draw more comprehensive and robust
conclusions so that useful guidelines for T2D can be generated.

Therefore, this systematic review aimed to examine the effects of
CT on vascular structure, vascular stiffness, endothelial and VSM
function in patients with T2D by incorporating the latest evidence
and indicators, and comparison of inter-group differences to test
whether CT is beneficial to the vascular complications of type
2 diabetics.

2 Materials and methods

This systematic review and meta-analysis was conducted using
Preferred Reporting Items for Systematic Reviews and Meta-
Analysis guidelines (31) and registered with PROSPERO
(Registration ID CRD42022350604), an international prospective
registry for systematic reviews.

2.1 Search strategy and study selection

A systematic literature search for relevant studies published was
conducted in the electronic databases Cochrane Central Register of
Controlled Trials (CENTRAL), Web of Science, Scopus, PubMed
(including MEDLINE), Cumulative Index to Nursing and Allied
Health Literature (CINAHL), SPORTDiscus, US Registry of clinical
trials (www.clinicaltrials.gov) from inceptions until August 2022.
Potentially relevant key terms (and synonyms searched for by the
MeSH database) were collected through experts’ opinions, literature
review and included in the electronic databases in different
combinations using a Boolean search strategy with the operators
“AND”, “OR” and “NOT”: strength training, resistance training,
endurance training, aerobic exercise, vascular function, vascular
structure, type 2 diabetes, and concurrent training

The search syntax can be found in the Electronic
Supplementary Material (see Supplementary Table S1). We
additionally track the references of included articles and relevant
systematic reviews and meta-analyses to identify potential studies.
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2.2 Eligibility criteria

Studies eligible for inclusion in this meta-analysis are required
to fulfil the following formal criteria: peer-reviewed original
research, and full-text availability. In addition, we followed a
PICOS (population, intervention, comparator, outcome, study
design) approach to select eligibility for inclusion (Table 1). Two
authors (S.C. and Y.C.) reviewed the titles, abstracts, and/or full-
texts for each of the articles identified by the literature search after
the removal of duplicates, aiming to determine the eligibility for this
meta-analysis. During the study selection process, discrepancies
were resolved by discussion with a third author (K.Z. or H.S.).

2.3 Risk of bias and quality assessment

Two investigators (S.C. and Y.C.) independently assessed the
risk of bias in eligible studies using the Cochrane risk-of-bias tool
(RoB2) (32). The tool assesses bias in five domains: randomization
process, deviations from intended interventions, missing outcome
data, measurement of the outcome and selection of the reported
result. Each domain was scored as low risk, some concern, or high
risk. The summary score for each study was evaluated as follows (1):
low risk of bias, is that all domains were low risk; or (2) some
concerns, if > 1 domain was some concerns, but not to be at a high
risk of bias for any domain; and (3) high risk of bias, if > 1 domain
was at high risk or some concerns for multiple domains in a manner
that substantially lowers confidence in the result. Any
disagreements that arose were resolved through discussion with a
third investigator (K.Z or H.S.).

2.4 Data extraction

Two researchers (SC and YC) performed the search and
reviewed the results. The source (name of the first author and
year of publication), participant characteristics (age, sex, number),
training variables (intervention duration, frequency, session,
intensity, and total length of intervention) and main outcomes
were extracted. In the case of no agreement regarding data
extraction, a third author (K.Z.) was consulted for clarification.

TABLE 1 Study selection.

Category Inclusion criteria
. T2D, irrespective of sex and level of physical
Population o
activity
Intervention Concurrent training interventions (ie., a
combination of AE and RT)
Comparator Passive control group
Measures of vascular structure and/or
Outcome . .
function (i.e., IMT, PWV, FMD, NMD)
Study design | RCTs Non-RCTs

10.3389/fendo.2023.1216962

To compute effect size, baseline and follow-up means and standard
deviations (SDs) for measures of vascular structure or function of
both the intervention and control groups were extracted. The
extracted data were coded as outlined in Supplementary Table S2.
For each outcome, two reviewers (S.C. and Y.C.) used the Grading
of Recommendations Assessment, Development and Evaluation
(GRADE) methodology to assess the certainty of the evidence as
described elsewhere (33). GRADE ratings for each outcome started at
‘high’ due to the randomized controlled trial (RCT) design.
Downgrading was determined by the factors of risk of bias,
inconsistency, indirectness, impression and publication bias (34).

2.5 Data synthesis and statistical analysis

For studies reporting interquartile ranges, the standard
deviations were obtained using the methods described in
Cochrane Handbook for Systematic Reviews (31). For a trial
consisting of 2 CT intervention groups, two subgroups were
pooled into a single group using the formulae recommended by
the Cochrane Collaboration recommendations (31), to avoid bias
due to overweighting of individual trials.

The weighted mean differences (WMDs) with 95% Cls were
calculated using fixed-effect models, which could provide more
conservative results than random-effects models (31). Statistical
heterogeneity was evaluated using heterogeneity chi-squared (%)
and I° values. The level of heterogeneity was interpreted according
to guidelines from the Cochrane Collaboration: I* values of 25%,
50% and 75% for low, moderate, and high heterogeneity,
respectively (35). In addition, publication bias was assessed by
generating funnel plots and conducting Egger’s test (36). All the
analyses were conducted using Stata v17.0 (STATA Corp., College
Station, TX). A 2-side p < 0.05 was considered statistically
significant unless otherwise indicated.

3 Results

The results of the systematic search process are illustrated in
Figure 1. After screening study titles and eliminating duplicates,
14,139 potentially eligible studies were identified. Following the

Exclusion criteria

Individuals with major macrovascular complications (coronary artery disease, cerebral vascular disease)
or microvascular complications (e.g., nephropathy, neuropathy, retinopathy)

Single-mode training interventions (e.g., single-mode AE or RT); intervention duration < 4 weeks

Absence of a control group, active controls

No reported measures of vascular function and/or structure

T2D type 2 diabetes, AE aerobic exercise, RT resistance training, IMT intima-media thickness, PWV pulse wave velocity, FMD flow-mediated dilation, NMD nitrate-mediated dilation, RCT

randomized controlled trial.
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abstract examination, 222 studies remained. After reviewing the full
texts, 212 studies were excluded. Finally, 10 studies were eligible for
inclusion in this meta-analysis.

3.1 Description of the included studies

The 10 eligible studies included an overall sample size of 361
participants, with a mean age ranging from 17 to 65 years (mean
55.84 + 5.64 years). Out of the included studies, 193 participants
received the training intervention and 183 served as control, as one
study was a crossover trial (n = 15).

The characteristics of the included studies are summarized in
Table 2. 2 out of the 10 studies provided data for the effect of CT on
vasculature structure (17, 22), 5 studies on artery stiffness (22, 26-
29), 4 studies on vascular endothelial function (23-25, 37). 3 studies
investigated the effects of CT on VSM function (24, 25, 30). The
total length of intervention ranged from 6 to 96 weeks, and training
frequency varied from 3 to 6 sessions per week, with CT sessions
lasting from 33.1 min to 70 min.

The approaches for assessing vascular structure (IMT), arterial
stiffness (PWYV), vascular endothelial function (FMD) and VSM
function (NMD) were well described in each individual study
except the one by Okada et al. (25). Carotid intima-media
thickness was calculated as the average of both sides or single side

10.3389/fendo.2023.1216962

using carotid ultrasound. PWYV is an established metric for assessing
vascular stiffness and is measured by different methods which include
aortic arch-popliteal PWV (ap PWYV), brachial-ankle PWV (ba
PWYV), carotid-femoral PWV (cf PWV), carotid-radial PWV (cr
PWYV) and carotid-distal posterior tibial PWV (cd PWV). These
values reflect properties of central/aortic and peripheral arterial
stiffness for upper and lower limb. Fasting participants were
requested to assess FMD through ultrasound, a process wherein the
release of NO is prompted by post-ischemic reactive hyperemia,
leading to endothelium-dependent vasodilation. A rapid inflation/
deflation pneumatic cuff was placed at the forearm in FMD
measurement procedures and inflated to 200-250 mmHg to
occlude blood flow for 270-300 s. Brachial artery images of
diameter were obtained continuously 30 s before and 2—5 min after
cuff deflation. After FMD measured, brachial artery diameters were
again assessed by sublingual administration of nitroglycerin (0.4-2.5
mg) to calculate NMD using the same methods described for FMD.

3.2 Risk of bias assessment and quality of
evidence assessment

The risk of bias estimate is provided in Figure 2. Overall, two
studies presented an overall low risk of bias across the five domains
(17,22). Only one RCT showed an overall high risk of bias (29). The

[ Identification of studies via databases and registers J

Records identified (n=27,571):
2,961 from PubMed
7,036 from Web of Science Core Collection
6,531 from Cochrane Library
4,678 from Embase
5,773 from Scopus
495 from CINAHL
97 from SPORTDiscus
0 from Other sources

c
]
2
T
o
=
=
=
()
S

o

Duplicates (n = 13,497)

Records excluded (n = 13,917)
11 Not English title/abstract
Articles screened on title/abstract 2,713 Review/meta-analysis/protocol/others
(n=14,139) 70 Animal
= 3,607 No type 2 diabetes
£ 7,516 Not CT intervention
=
[0}
©
a Articles excluded (n = 212)
v 173 Not data on vascular function nor structure
Articles for full-text review 31 No RCTs/proper control groups
(n=222) 6 No full-text
2 Combined with coronary artery disease/
peripheral neuropathy
v
Reports of included studies
ke (n=10)
[0}
he)
S
= / \
=
Quantitatively studies Qualitatively studies
(n=9) (n=1)

FIGURE 1

PRISM flow chart illustrating the different phases of the search and study selection. PRISMA Preferred Reporting ltems for Systematic Reviews and

Meta-Analysis.
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TABLE 2 Characteristics of the included studies.

Training moderator variables

REfees Intensity Intensity
i tff
idur re sdur RT AT
Maiorana Moderate- 52.0 12.0 8.5+ 231+
8 3 60 Moderat FMD, NMD CT 15 NA NA NA
etal® (24), oderate to-high +20 1.94 155 465
Maiora M - 2. 12.0 = .5+ 231 +
prana 8 3 60 Moderate oderate EMD, NMD Con |15 %0 NA NA NA 0 83 3
etal' (24), to-high +2.0 1.94 1.55 4.65
Loimaala et al. Moderate- 53.6 29.3 & 142.0 + 82+ 319 +
2 4 > M PWV T 24 A A
(26), 5 60 oderate to-high » ¢ +62 37 17.0 N N 21 51
Loimaala et al. Moderate- 54.0 29.8 + 145.0 + 8.0 £ 326+
> WV
6), 52 4 260 Moderate to-high ap P Con 25 +50 36 14.0 NA NA 13 64
Loimaal . M - X 29.8 + 142 + .0 £ .2+ 1.9 +
oimaala et al. % 4 >60 Moderate odefate ap PWV CT 24 53.6 9.8 83.0 NA 8. 319
27), to-high +6.2 37 13.72 12.7 2.1 5.1
Loimaala et al. Moderate- 54.0 29.3 + 145 + 86.0 + 8.0+ 326 +
4 > M PWV 24 NA
27), %6 60 oderate to-high » Con +50 36 13.72 115 03 6.4
Okada et al. 61.9 25.7 129.0 = 74.6 £ 7.7 % 85+ 224 +
12 - A A FMD, NMD T 21
(25), > 60 N N ¢ +86 32 216 116 2.0 1.8 32
Okada et al. 64.5 245 + 126.6 = 738 £ 82+ 79 + 223+
12 3-5 60 NA NA FMD, NMD C 17
(25), on +59 29 1638 1138 16 11 37
4 28.6 125.1 £ 4+ 1+ 7+
Lee et al. (28), 6 5-6 60-70 Light Moderate ba PWV CT 23 50 8.6 > 80 8 77 NA
+7.6 34 14.0 10.1 1.7 0.7
48.5 28.1 + 1312 + 86.3 + 88+ 8.0 +
L . (28), - - Ligh M P 12 A
ee et al. (28). 6 5-6 60-70 ight oderate ba PWV Con L 79 12 78 49 26 09 N.
Barone Gibbs Moderate- 58.0 323+ 127.0 + 72.0 + 6.6 + 227 +
26 3 >45 light FMD, NMD CT 49 NA
et al. (30), to-high igh +50 53 13.0 8.0 15 59
Barone Gibbs Moderate- 56.0 335+ 126.0 + 70.0 + 6.6 £ 224 +
26 3 >45 light FMD, NMD C 63 NA
et al. (30), to-high igh on £60 13 13.0 9.0 14 53
Dobrosielski Moderate- 57.0 33.0 1269 = 724 = 7.6+ 6.6 = 219 =
26 3 >45 light f PWV CT 70
et al. (29), to-high 18 c +6.0 5.0 134 9.2 0.7 17 59
ielski - + + + + + +
Dobrosielski 26 3 .45 Moderate light FPWV Con 70 56.0 33.6 £ 126.5 + 71.1 + 83+ 6.7 + 221+
et al. (29), to-high +6.0 4.2 15.9 9.2 0.9 1.7 5.0
Kadoglou et al. Moderate- Light-to- 57.9 319 + 138.0 + 82.0 + 112 + 82+ 237 +
17), 2 4 5 to-high moderate IMT cr 2 +6.5 29 16.0 12.0 29 1.0 5.6
Kadoglou et al. Moderate- Light-to- 57.9 321+ 135.0 + 81.0 + 9.9 + 7.8 £ 229+
26 4 45 IMT C 24
a7, to-high moderate on +72 30 150 110 20 058 35
Naylor et al. Moderate- Light-to- 17.3 36.1 £ 88 + 257
12 3 60 FMD CT 8 NA NA NA
(23), to-high moderate +23 11.0 2.8 6.8
Naylor et al. 12 3 60 Moderate- Light-to- EMD Con 5 153 30.0 + NA NA NA 6.6 + 299 +
(23), to-high moderate +1.8 4.9 0.5 6.0
Magalha 33.1 Moderat IMT, CT 56.7 30.1 + 1422 + 82.6 + 49 + 27.1
eteﬁ (22126)S 52 3 +64 tz ;‘r;he- moderate cfPWV, cd @y P 1s3 57 183 103 NA 12 63
: ? - : PWYV, cr PWV o : : : : :
Magalhaes 45.0 IMT, CT 59.7 31.11 1399 = 82.0 £ 53+ 241 =
52 3 ) Moderate moderate cf PWV, cd 28 . i . . NA . .
L. (22), +7.1 , MCT +6. + 5. 13. . 2.3° .2
et al. (22) 7 PWV, cr PWV (MCT) 6.5 5.0 35 8.8 3 3
Magalhaes 33.1 IMT, 59.0 30.7 136.8 + 812 + 50+ 259 +
ot j 22) 52 3 N 6'4 Moderate- moderate of PWV, cd Con 27 N 8 1 5‘0_ 13' 4_ 1(’) 5‘ NA 2 1“_ 5»5—
. ? o PWV, cr PWV o : ! : . :

idur intervention duration (weeks), tfre training frequency (sessions/week), sdur session duration (min), N number of participants, FBG fasting blood glucose, HbA . hemoglobin Alc, VOzpear
peak oxygen consumption. NA, not applicable.

Crossover trial.

*Skewed value are presented as median + inter quartile range.

remaining 7 studies were classified as of some concerns (23-28, 37). The GRADE system was used to assess the quality of the
Results from the risk of bias assessment using funnel plot evidence. The evaluation results are presented in Supplementary
asymmetry are displayed in Supplementary Figures 1A-D. Egger’s ~ Table S3. In Summary, the quality of the evidence was rated as
test of the intercept provided no evidence for funnel plot asymmetry ~ moderate for IMT, PWV, EMD, and NMD due to the small
and potential publication bias (all p > 0.05). sample size.
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Risk of bias assessment.

3.3 Meta-analysis

3.3.1 Effects of CT on vascular structure in T2D

Two studies enrolling 97 patients made comparison between
the effect of CT on IMT (17, 22). The result of meta-analysis showed
that CT could not significantly influence the vascular structure
(IMT). The pooled eftect size was not significant (WMD = —0.05
95% CI -0.11 to 0.01, p = 0.11) and without the heterogeneity
(I = 0%, p = 0.82; Figure 3A).

3.3.2 Effects of CT on vascular function in T2D
Arterial stiffness (PWYV), vascular endothelial function (FMD)
and smooth muscle function (NMD) were included in 8 RCTs (22,
23, 25-30). As the study by Maiorana et al. was a crossover trial, it
would be analyzed in the discussion (38). Seven RCTs enrolling 249
subjects from five studies were analyzed with PWV (22, 26-29).
There was an efficacy decrease (WMD = -0.66, 95% CI -0.89 to
~0.43, p < 0.001) and low heterogeneity (I*> = 0%, p = 0.71;
Figure 3B) in PWV. Both FMD and NMD were expressed as
percentage changes from baseline to maximal dilation. Three
studies assessed FMD enrolling 163 T2D patients were included
(23, 25, 30). After data pooling, the result of our meta-analysis
showed that CT led to a significant increase in FMD by 1.49% (95%
CI 0.15% to 2.83%, p = 0.03) without heterogeneity (I* = 0%, p =
0.42; Figure 3C). For NMD, two trials enrolling 150 patients with
T2D were included (25, 30). Meta-analysis demonstrated that CT
could significantly influence the NMD. The pooled effect size was
significant (WMD = -2.37%, 95% CI —4.22% to —0.53%, p = 0.01)
and with low heterogeneity (I = 23.65%, p = 0.25; Figure 3D).
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4 Discussion

Our meta-analysis revealed that vascular function adaptation in
response to CT might precede structural remodeling in T2D
patients. Here, we showed that CT tended to improve the
vascular structure (IMT) and significantly enhanced vascular
function (PWV, FMD) of T2D patients. However, impaired VSM
cell function (NMD) was not alleviated following CT.

In diabetes, thickening and stiffening are early markers of vascular
damage (4). Firstly, we investigated the influence of CT on the
vascular structure. Results showed that CT tended to reduce IMT
by 0.05 mm in T2D patients. IMT has been identified to be strongly
and positively associated with the progression of atherosclerosis (4).
For every Imm increase in carotid artery IMT, the risk of diabetic
retinopathy increases by 2.9 times (39), but IMT varies according to
exercise type and intensity. Kadoglou et al. (17) reported that AE
considerably attenuated IMT progression in T2D patients, while CT
did not confer any change. However, Magalhées et al. (22) showed
that high-intensity AE combined with RT improves IMT more than
low-intensity AE combined with RT. This finding is consistent with
investigations conducted on obese subjects, where neither aerobic nor
anaerobic exercises for 12 weeks yielded noteworthy alterations in
IMT (40). Conversely, IMT exhibited a reduction over the same
duration of CT (41). Long-term exercise training, on the one hand,
alters the shear stress of blood vessels by modulating local blood flow
and increases the sensitivity of ion channels in endothelial cells (14).
On the other hand, it enhances endogenous antioxidant defense,
alters the underlying wall structure, and induces vasodilation, thereby
bolstering NO bioavailability (6).
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FIGURE 3

Pooled effects of CT groups vs. control groups on changes in vascular structure and function: (A) vascular structure index (IMT); (B) vascular function
index (PWV); (C) vascular function index (FMD); (D) vascular function index (NMD). The squares represent the mean difference for each trial. The
diamond represents the pooled mean difference across all trials. ? represents cf PWV, P represents cd PWV, € represents cr PWV.

A meta-analysis of 17 longitudinal studies (42) found that each
Im/s increase in resting aortic stiffness corresponds to a 14%, 15%,
and 15% increase in the risk of CVD events, CVD mortality, and all-
cause mortality, respectively, adjusting for traditional CVD risk
factors. Our results showed that arterial stiffness decreased by
0.66 m/s in T2D patients following CT, which is much more than
thiazolidinediones (43). On the one hand, this decrease may be
related to a function of structural changes in the arteries. Exercise
inhibits the development of advanced glycation end products,
reduces glucose forms cross-links with collagen proteins within
the arteries, and therefore, restores the important balance between
elastin and collagen (44). Exercise reduces the generation of reactive
oxygen species and inflammation, further promoting the
restoration of the structural and functional integrity of vascular
wall (44). Alternatively, it could be related to the amelioration of
endothelial dysfunction. Endothelial dysfunction can contribute to
arterial stiffness in diabetic hypertensive individuals (45).
Vasoconstriction in healthy subjects can shift the pressure load
bearing toward elastin, unloading stiff collagen. But in individuals
with T2DM who have impaired arterial function, vasoconstriction
presumably leads to an increase in functional stiffness (46). FMD is
a predictor of arterial stiffening (8). Interestingly, a recent meta-
analysis of aerobic exercise plus machine-assisted RT failed to
provide significant improvement in PWV (0.54 m/s) (47),
suggesting that the disturbance of long-term RE to vascular
health varies according to population, exercise intensity and
frequency. Here, we found that CT had little structural impact,
and then we hypothesized that this change in PWV might be related
to an increase in endothelial function. It has also been suggested
that diabetes-related endothelial dysfunction precedes changes in
morphology and structural vessels (48). The increase in FMD
(1.49%) observed in T2D subjects might be indicative of
restoration of conduit artery endothelial function since a similar
extent of FMD impairment has been repeatedly observed in T2D

Frontiers in Endocrinology

subjects compared with control non-diabetic subjects (45).
Accordingly, in addition to the previously reported beneficial
effect of AE or RT on FMD in T2D, CT can be considered a
valuable strategy to improve endothelial function in this population
(21, 49). Moreover, a meta-analysis of 14 prospective studies
including 5,547 subjects demonstrated that a 1% increase in FMD
was associated with a 13% reduction in the incidence of
cardiovascular events (50), thus the 1.47% increase in FMD could
indicate a significant effect of exercise interventions on
cardiovascular health in T2D patients. Interestingly, as the
exercise duration increased, the trend for FMD amelioration was
suppressed, which was consistent with the previous review (51).
However, as there are fewer included studies, long-term prospective
studies are required to determine whether the endothelial function-
enhancing effect of exercise is preserved over time and related to a
reduced risk of atherosclerosis and CVD in T2D.

In addition to the endothelium, VSM needs to be considered as a
potential cause of vascular dysfunction in T2D (52). As T2D
progresses, both endothelium-dependent and endothelium-
independent vasodilation impairments coexist. However, the
pooled effect showed an exacerbating VSM dysfunction (2.37%
reduction) in T2D following CT intervention, which was
inconsistent with our previous hypothesis. A previous meta-
analysis found that exercise, including CT, AT and RT, had no
effect on the NMD of T2D for comparing exercise and control groups
(51). Furthermore, the time-dependent adaptation in vascular
function of exercise in T2D was observed by monitoring FMD and
NMD 2-weekly for 8 weeks of exercise. It was found that there was a
tendency for FMD to increase and NMD to decrease with time-
course, but no significant differences. However, when corrected for
endothelium-independent dilation, the FMD/NMD increased across
the exercise training programme, resulting in a time-dependent
improvement in diabetic endothelial function (53). Some research
also supports the notion that exercise-induced adaptions are more
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pronounced in the endothelial function in arteries compared with
VSM function (24, 51). Short-term vigorous exercise exacerbated
VSM dysfunction, and reduction in impaired NMD only occurred
when exercise intervention lasted longer than 12 weeks (54). With
increasing duration, the improvement becomes more evident, which
is consistent with our findings that 24 weeks of CT significantly
improved the impaired NMD compared with 12 weeks of CT.
Nevertheless, this endothelium-independent dysfunction has to be
interpreted with caution, given that the endothelium-dependent
response includes, at least in part, the function of VSM. The effect
of exercise on VSM function may involve the following mechanisms.
The mechanical stress stimulation caused by skeletal muscle
contraction on blood vessels is related to the type and intensity of
exercise, resulting in differences in blood flow shear stress (14), and
thereby inducing different degrees of NO release (6). The response to
shear stress and the degree of muscle fiber recruitment may be the key
to the effectiveness of training. In addition, exercise training,
especially RT combined with high-intensity interval aerobics,
thickens skeletal muscle capillary thinning due to capillary
hemodynamic changes, alters endothelial and VSM cell
phenotypes, and enhances glycemic control (19). It is conceivable
that longer and/or more intense exercise training programmes could
enhance VSM function in T2D patients.

Our results were based on studies that investigated the effect of
CT on vascular health, with no emphasis on the mechanistic aspects
(e.g., critical pathways of VSM cells signal transduction). Of note, the
current research on potential physiological mechanisms has become a
hot spot in the field of sports science. As the rate of exercise
prescription in the field of chronic disease intervention rises, our
findings showed that improvements in vascular function preceded
structural remodeling following CT, highlighting the importance of
CT in the overall population of T2D. These improvements include
the enhancement of endothelial function and reduction of arterial
stiffness, but the effective improvement of impaired NMD and
remodeling of the vascular structure requires longer intervention.

Despite the effects of CT on structure and vascular function in
T2D having been comprehensively investigated, some limitations
should be considered when interpreting the results of the analysis.
Firstly, only ten studies met the inclusion criteria, one of which was
not eligible for the conducted analyses due to a crossover
randomized trial (24). These were limited by small sample sizes,
for fewer than 50 participants should not be powerful enough.
Secondly, few studies reported exercise adherence, which can mask
the actual effects of exercise and widen the differences among
studies. Finally, some variances existed in the measurements’
parts for PWV. Due to the small sample size, all results of PWV
were pooled in our review, so this needs to be considered when
applying the results.

5 Conclusion

Although individual trials on the effects of CT on vascular
function in T2D subjects have shown partially conflicting results,
the current meta-analysis suggests that CT is an effective method to
improve vascular function (including vascular endothelial function
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and artery stiffness). Increases of this magnitude would be expected
to substantially restore the impaired vascular function commonly
found in T2D. Although the relationship between vascular structure
and endothelial function in the progression of T2D is still not well
understood, the effect of CT on vascular endothelial function
precedes structural changes. Future research will be needed to
clarify whether longer and/or more intense CT interventions may
improve vascular health overall in patients with T2D.
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Effects of hypertension on
subcortical nucleus
morphological alternations in
patients with type 2 diabetes

Feng Cui™, Zhi-Qiang Ouyang®, Yi-Zhen Zeng™,
Bing-Bing Ling™, Li Shi®, Yun Zhu', He-Yi Gu*, Wan-Lin Jiang®,
Ting Zhou', Xue-Jin Sun', Dan Han* and Yi Lu™

!Department of Medical Imaging, Laboratory of Brain Function, First Affiliated Hospital of Kunming
Medical University, Kunming, Yunnan, China, ?Department of Endocrinology, First Affiliated Hospital
of Kunming Medical University, Kunming, Yunnan, China

Objectives: Type 2 diabetes mellitus(T2DM) and hypertension(HTN) are
common comorbidities, and known to affect the brain. However, little is
known about the effects of the coexisting HTN on brain in T2DM patients. So
we aim to investigate the impact of HTN on the subcortical nucleus
morphological alternations in T2DM patients.

Materials & methods: This work was registered by the clinicaltrials.gov (grant
number NCT03564431). We recruited a total of 92 participants, comprising 36
only T2DM patients, 28 T2DM patients with HTN(T2DMH) and 28 healthy
controls(HCs) in our study. All clinical indicators were assessed and brain
image data was collected for each participant. Voxel-based morphometry
(VBM), automatic volume and vertex-based shape analyses were used to
determine the subcortical nucleus alternations from each participant's 3D-T1
brain images and evaluate the relationship between the alternations and clinical
indicators.

Results: T2DMH patients exhibited volumetric reduction and morphological
alterations in thalamus compared to T2DM patients, whereas T2DM patients
did not demonstrate any significant subcortical alterations compared to HCs.
Furthermore, negative correlations have been found between thalamic
alternations and the duration of HTN in T2DMH patients.

Conclusion: Our results revealed that HTN may exacerbate subcortical nucleus
alternations in T2DM patients, which highlighted the importance of HTN
management in T2DM patients to prevent further damage to the brain health.
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type 2 diabetes mellitus, hypertension, volume analysis, shape analysis,
subcortical nucleus

42 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fendo.2023.1201281/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1201281/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1201281/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1201281/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2023.1201281&domain=pdf&date_stamp=2023-09-13
mailto:lyrix0214@gmail.com
https://doi.org/10.3389/fendo.2023.1201281
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2023.1201281
https://www.frontiersin.org/journals/endocrinology

Cui et al.

1 Introduction

Diabetes mellitus (DM) is a chronic and non-infectious disease
that has seen a significant increase in incidence over recent years,
with the International Diabetes Federation (IDF) reporting a 16%
rise in the number of DM patients over the past two years (1).
Alongside the classical clinical symptoms commonly associated
with DM, including polydipsia, polyuria and weight loss,
additional studies on brain health have revealed clinical
manifestations of cognitive decline in individuals with DM, such
as reduced executive function or decision-making ability. This
cognitive impairment is particularly prevalent among individuals
with T2DM, which constitutes around 90% of all DM cases (2).

In fact, abnormal brain structures are often responsible for
cognitive impairment with clinical symptoms. Prior investigations
have observed volume reduction in multiple cortical and/or
subcortical regions in individuals with T2DM (3, 4). Although some
studies have reported inconsistent findings, most have cited atrophy in
the prefrontal cortex (5, 6) and medial temporal cortex, particularly in
the hippocampus (6, 7). Furthermore, functional magnetic resonance
imaging (fMRI) studies have uncovered a significant decrease in
functional connections within the hippocampus of T2DM patients
(8). Thus, both structural and functional abnormalities in these brain
regions may play a role in the development and manifestation of
cognitive impairment among T2DM patients.

Currently, the potential mechanisms underlying the subcortical
gray matter alterations in T2DM patients are gradually becoming
clear. Longitudinal studies with autopsy confirmation have
established a link between T2DM and cardiovascular and
cerebrovascular disease (CVD) (9), while vascular risk factors
have been identified as important contributors to brain defects in
T2DM patients (10, 11). HTN, in particular, has emerged as a
significant factor, with approximately 75% of self-reported T2DM
patients being afflicted by this condition (12). Indeed, HTN has
been shown to independently affect brain structures, and the longer
duration of HTN is associated with the smaller whole brain volumes
(13). Moreover, a longitudinal study of middle-aged HTN patients
has revealed thinning of the insular, frontal and temporal cortex
in those with long-term exposure to this condition (14). In
young HTN patients, cumulative systolic blood pressure (SBP)
exposure has been negatively correlated with the morphological
changes in subcortical regions such as the putamen, nucleus
accumbens, pallidum, and thalamus (15). Importantly, structural
abnormalities in several brain regions observed in HTN patients,
including the frontal temporal cortex and basal nucleus, are also
evident in T2DM patients. However, it remains unclear whether
these defects are caused by HTN, T2DM, or their related
complications. Furthermore, most previous T2DM studies have
failed to regulate these factors, resulting in potentially biased
outcomes. Only a recent study has examined the effect of HTN
on cortex alterations in T2DM patients, confirming that coexisting
HTN accelerates the reduction in cortex thickness, with a significant
association between thinner cortex and cognitive decline in these
patients (16). However, cognitive impairment may not be restricted
to defects in the cortex alone, with other studies identifying
associations between cognition and subcortical nucleus defects
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such as the thalamus (17), caudate nucleus (18), putamen (19),
and hippocampus (20, 21). We, therefore, suspect that coexisting
HTN may also impact subcortical nucleus, which could have
implications for the cognitive function of T2DM patients.

Our study aims to investigate whether concurrent HTN
exacerbates subcortical nuclei abnormalities in T2DM patients.
VBM, automatic volume and vertex-based analyses (22) will be
utilized to precisely locate and visualize subcortical nuclei
alternations. Furthermore, we will evaluate the correlation
between clinical features and subcortical nuclei structural
abnormalities using neuropsychological tests and relevant
clinical indicators.

2 Materials and methods
2.1 Participants

This was a prospective study, and the ethics committee of the
First Affiliated Hospital of Kunming Medical University had
approved the study protocol. In this study, 28 T2DM patients and
36 T2DM patients with HTN were recruited by the Department of
Endocrinology at the First Affiliated Hospital of Kunming Medical
University between June 2021 and March 2022. According to the
2010 edition of American Diabetes Association guidelines for
diagnosis and treatment, T2DM was diagnosed by two
experienced endocrinologists. The diagnosis of HTN was based
on the criteria of 1999 World Health Organization-International
Society of Hypertension Guidelines for the management of HTN.
Blood pressure (BP) was recorded as the average of all
measurements collected by a 24-hour ambulatory BP monitor.
The exclusion criteria for T2DM were as follow: (a) Secondary
diabetes and chronic diabetic complications such as clinical diabetic
nephropathy, proliferative diabetic retinopathy, painful or
symptomatic diabetic neuropathy (b) Mental disorders such as
depression, epilepsy, Parkinson’s disease or schizophrenia (c)
Previous central nervous system (CNS) injuries such as cerebral
infarction, cerebral hemorrhage, brain tumor and brain trauma (d)
Abuse of alcohol, drug addiction or other psychoactive agents.
Besides, a total of 28 healthy controls (HCs), matched for
age, gender and number of years of education, were recruited
at the same time. They were also interviewed to affirm that there
was no history of psychiatric illness, brain injury or drug abuse.
All the participants were right-handed and provided signed
informed consent.

All subjects’ blood samples were collected in the morning after
fasting more than 10 hours overnight. General demographic and
biomedical data of each participant were recorded by standard
measurement method before magnetic resonance imaging.

The sample size was defined on the basis of results of a “Post
hoc” power analysis, computed with G Power 3.1 [Parameters:
effect size f(U) = 0.4; oL err prob = 0.05; power (1-f err prob) =
0.93]. And output of the analysis revealed that a group sample size
of at least 28 patients would have a 93% power to detect such a
difference as statistically significant at a level (o) of 0.05 in the
present study.
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2.2 Neuropsychological assessments

All participants underwent a series of neuropsychological tests,
including Mini Mental-Status Examination (MMSE) (23), Digital
Symbol Substitution Test (DSST) (24), Hamilton Depression Scale
(HAMD) (25) and Hamilton Anxiety Scale (HAMA) (26). The
MMSE was used to assess general cognitive function of each
participant. The DSST was involved in assessing the advanced
cognitive functions, including executive function, attention and
information processing speed. The HAMD and HAMA were used
to evaluate the depression and anxiety of each subject. All
neuropsychological tests were administered to all participants by
the same and experienced psychiatric professional.

2.3 Data acquisition

All participants were scanned on a 3T Trio MRI system (GE
Discovery 750w 3.0T) equipped with a 32-channel phase-array head
coil. All participants were requested to remain calm, keep their eyes
closed and avoid any movement during the image acquisition. Axial
T1/T2-weighted images and T2 fluid attenuated inversion recovery
(T2-FLAIR) images were performed to eliminate significant
structural abnormalities of each subject. A high-resolution 3D fast-
spoiled gradient recalled acquisition (FSPGR) sequence was acquired
with the following parameters: rotation time (TR)/echo time (TE):
8.7/3.2ms, slice thickness: 1.0 mm, field of view (FOV): 256 mm x
256 mm, matrix size: 256 x 256, flip angle: 12°, slice number: 160 with
no gap, and scan duration: 4 minutes 23 seconds. All sections were
acquired parallel to the anterior—posterior commissure line.

2.4 Voxel-based morphometry analysis

Structural data of all subjects were processed by FMRIB
Software Library (FSL, version5.0, http://www.fmrib.ox.ac.uk/fsl).
A voxel-based morphometry (VBM) analysis in FSL was simplified
to four steps: Brain Extraction, Tissue Segmentation, Spatial
Normalization, Modulation and Smoothing. In the third step, we
chose the non-linear registration instead of the linear registration to
normalize our data. Especially, in the fourth step, we chose the 3mm
sigma of isotropic Gaussian kernel for the smoothing of all grey
matter images. Other steps were performed with the default options.

2.5 Subcortical grey matter
volumetric analysis

Each subject’s 3D-FSPGR images was automatically segmented
to the amygdala, accumbens, caudate, pallidum, putamen nucleus,
hippocampus and thalamus by FMRIB’s Integrated Registration
and Segmentation Tool (FIRST) (22), part of the FSL. FIRST was a
deformable Active Appearance Model (AAM) based on a Bayesian
framework, significantly different from VBM, it depended directly
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on the geometry/location of the structure boundary, not on the
classification or smoothing extents of the tissue type. Because the
quality of the automatic segmentation would affect the subsequent
vertex-based analysis and statistical results, each step should be
carefully examined, and corrected if necessary.

Meanwhile, the original volume of each subcortical nucleus
would be obtained automatically at this stage. In order
to eliminate the difference in head size among subjects, the
brain image extracted from the single whole-head input data,
and non-linear registered to the MNI152 space, which used for
normalization of head size (27).

2.6 Shape analysis of subcortical
grey matter

Vertex-based shape analysis was performed after the automatic
segmentation. In this stage, the first step was to perform two-stage
linear registration of the training data to achieve a more robust and
accurate pre-alignment of the subcortical structure. Then a
probabilistic math model was trained to collect the shape and
intensity parameters of the training data. When applied to the
new data, the math model is registered to the native space using the
inverse transform, and then vertex analysis was performed by
carrying out a multivariate test on the three-dimensional
coordinates of corresponding vertices (22). Each vertex was
analyzed independently to check the difference in the three-
dimensional parameters. These differences are visualized by
subsequent statistical analysis.

2.7 Statistical analysis

All demographic, biomedical and neuropsychological data tests
were processed in SPSS, version 26.0 (SPSS, Chicago, IL, USA). An
unpaired two-sample t-test was performed to continuous variables
in this study. Moreover, a chi-square test was using for categorical
variables and a nonparametric Mann-Whitney U test for non-
normally distributed variables. All tests were 2-sided, and a p< 0.05
was considered statistically significant. Continuous variables were
expressed as mean * standard deviation (SD), and as medians +
interquartile ranges (IQR) for other variables.

In this study, the effect of T2DM and T2DMH on the
subcortical nucleus was evaluated separately. Firstly, in order to
access the volume difference between the T2DM and HCs, an
analysis of covariance (ANCOVA) was conducted for the
normalized volume data of each structure (28). Age, gender and
the duration of DM were regarded as covariates and a p < 0.05 was
considered statistically significant. Meanwhile, VBM and vertex-
based analyses were respectively used to access the morphometry
and shape difference of each structure between the T2DM and
HCs in FSL. Similarly, age, gender and the duration of DM were
regarded as covariates again. Clusters were identified using a
threshold-free cluster enhancement (TFCE) by running 5000
random permutations. The cluster-wise threshold was setting at p
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< 0.05 with a family wise error (FWE) correction. Subsequently, the
same step applied between the T2DM and T2DMH.

Correlations between the volume/shape difference and the
cognitive impairment or related clinical characteristics were
performed with a partial correlation analysis. The volume
difference-based correlation analysis was accessed in SPSS. Different
from the volume analysis, the shape difference -based correlation
analysis was calculated in Permutation Analysis of Linear Model
(PALM, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/PALM) (28), which was
a tool that allowed inference using permutation methods, offering a
number of features not available in other analysis software. p value
was still corrected by FWE.

TABLE 1 Characteristics of study participants.

Characteristics

10.3389/fendo.2023.1201281

3 Results

3.1 Demographic, biomedical and
neuropsychological characteristics

The demographic biomedical and neuropsychological
characteristics of all subjects were shown in Table 1. There was no
significant difference in demographic characteristics between groups (p
>0.05) except for a higher average age in the T2DMH than the T2DM
(p = 0.005). However, in the comparison of biological and
neuropsychiatric characteristics, multiple indicators were statistically
different among groups. Compared with the HCs, several

T2DM-HCs T2DMH-T2DM

Demographic characteristics

t/x2 P

t/x2 P

Age, mean (SD),years 50.46 (6.374) 49.19 (5.879) 54.39 (7.87) -0.826 0.412 2.920 0.005*
Sex (Male/Female) 26/10 15/13 18/10 2.38 0.189 0.462 0.341
Education level, mean (SD),year 10.86 (3.932) 11.00 (3.381) 11.14 (2.84) 0.156 0.876 0.180 0.858
BMI, mean (SD), kg/m2 23.70 (2.52) 24.27 (2.56) 25.15 (2.19) 0.893 0.376 1.336 0.187
Hand (left/right) 0/28 0/36 0/28 - - - -
Diabetes-related clinical characteristics
Time since diagnosis of T2DM, mean (SD), years - 5.31 (5.21) 8.43 (6.59) - - 2.117 0.038*
HbA,.,mean (SD), % (mmol/mol) - 9.13 (2.44) 8.59 (1.97) - - -0.966 0.338
FPG, mean (SD), mmol/l 4.87 (0.37) 7.63 (3.41) 6.93 (3.03) 4.823 <0.001* -0.854 0.357
FI, mean (SD), pmol/l 10.93 (7.70) 7.64 (3.80) 11.92 (4.94) -2.244 0.028* 3.929 <0.001*
HOMA-IR, mean (SD) 2.43 (2.05) 2.67 (1.85) 4.04 (2.92) 0.498 0.620 2.170 0.036*
HOMA-beta, mean (SD),% 162.19 (74.56) 55.97 (44.07) 85.08 (102.58) -7.109 <0.001* 1.533 0.130
LnHOMA-IR 0.75 (0.43) 0.71 (0.85) 1.16 (0.65) -0.251 0.803 2.294 0.025*
LnHOMA -beta 5.01 (0.39) 3.71 (0.84) 4.30 (0.66) 8215 <0.001* 3.082 0.003*
Blood Pressure
Time since diagnosis of HTN, mean (SD), years - - 6.79 (5.36) - - - -
Systolic, mean (SD), mmHg 117.18 (12.51) 114.83 (12.79) 132.25 (13.29) -0.735 0.465 5313 <0.001*
Diastolic, mean (SD), mmHg 77.36 (9.67) 74.75 (7.65) 82.46 (7.60) -1.205 0.233 4.013 <0.001*
Vascular risks
Your 10-year risk (%) 9.55 (7.35) 18.29 (9.93) 34.23 (16.79) 4.05 <0.001* 4453 <0.001*
Vascular age, year 54.21 (10.08) 66.58 (12.75) 80.86 (6.08) 4.209 <0.001* 5.909 <0.001*
IMT, mean (SD), mm - 0.87 (0.17) 0.94 (0.22) - -
Lipid profiles
TC, mean (SD), mmol/l 4.82 (0.67) 4.60 (1.06) 4.29 (0.92) -0.95 0.346 -1.216 0.229
TG, mean (SD), mmol/l 1.61 (0.77) 2.59 (1.82) 4.60 (1.06) 2926 0.005* 0.173 0.863
LDL-c, mean (SD), mmol/l 1.35 (0.56) 2.90 (0.85) 2.68 (0.72) 8.722 <0.001* -1.087 0.281
(Continued)
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TABLE 1 Continued

T2DM-HCs T2DMH-T2DM

Characteristics
t/y2 P t/y2 P

HDL-c, mean (SD), mmol/l 3.27 (0.93) 1.04 (0.25) 1.02 (0.27) -12.407 <0.001* -0.245 0.808
Renal function
BUN, mean (SD), mmol/l 4.52 (0.97) 4.41 (1.06) 4.54 (1.15) -0.411 0.683 0.437 0.663
Cr, mean (SD), pmol/L 73.81 (12.43) 71.02 (16.57) 70.05 (9.93) -0.744 0.460 -0.275 0.784
UA, mean (SD), umol/L 308.12 (85.09) 328.89 (64.07) 345.68 (92.14) 1115 0.269 -0.859 0.394
UAER, mean (SD),mg/24h - 35.27 (38.06) 88.78 (235.31) - - 1.345 0.184
UPCR, mean (SD), mg/24h - 51.72 (101.43) 206.38 (804.05) - - 1.145 0.257
Cognitive assessments
MMSE, mean (SD) 27.11 (3.25) 29.28 (2.59) 28.71 (3.37) 2.892 0.006* -0.757 0.452
DSST, mean (SD) 45.86 (21.43) 32.18 (10.27) 29.39 (11.41) 3111 0.004* -1.026 0.309
HAMD, mean (SD) 3.89 (3.93) 3.81 (3.27) 4.11 (2.99) -0.097 0.923 0.380 0.705
HAMA, mean (SD) 3.54 (4.33) 4.61 (3.24) 4.82 (2.67) 1.137 0.260 0.278 0.782

HCs, healthy controls; T2DM, Type 2 diabetes mellitus; T2DMH, T2DM patients with hypertension; BMI, body mass index; H bA1c, the levels of Hemoglobin Alc; FPG, Fasting plasma glucose; FI,
Fasting insulin; HOMA-IR, homeostatic model assessment of insulin resistance; HOMA-beta, homeostatic model assessment of insulin Beta-cell function index; LnHOMA-IR and LnHOMA-beta were
the natural logarithms of HOMA-IR and HOMA-beta. TC, Total cholesterol; TG, Triacylglycerol; LDL-c, low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein cholesterol; IMT, Intima-
media thickness; BUN, blood urea nitrogen; Cr, Creatinine; UA, Uric acid; UAER, Urinary albumin excretion rates; UPCR, Urine protein to creatinine ratio; MMSE, Mini-Mental State Examination;

DSST, Digit Symbol Substitution Test; HAMD, Hamilton depression scale; HAMA, Hamilton Anxiety Scale. *: P value was less than 0.05, which is statistically significant.
The symbol "-" represents parameters that were not applicable or no significance for measurement in the column.

The bold values represent P-values with statistical differences.

characteristics including Your 10-year risk (p < 0.001), vascular age (p <
0.001), TG (p = 0.009), FPG (p < 0.001) and MMSE (p = 0.004) were
significantly increased in the T2DM and several other indicators
including ALT(p = 0.025), AST(p < 0.001), HDL(p < 0.001), INS(0)
(p = 0.028), HOMA beta(p < 0.001) and DSST(p =0.001) were
significantly decreased in the T2DM. Moreover, multiple indicators
including the duration of DM (p = 0.038), Your 10-year risk (p <
0.001), vascular age (p < 0.001), SBP (p < 0.001), DBP (p < 0.001), FI
(p < 0.001) and HOMA-IR (p = 0.036) were observed with a higher
level in the T2DMH than the T2DM. No decreased characteristics were
observed in the T2DMH contrast to the T2DM.

3.2 Voxel-based morphometry analysis

Among T2DM, T2DMH and HC groups, there was no
significant alternations in grey matter found by VBM analysis, at
the threshold of p < 0.05(FWE-corrected).

3.3 Volumetric analysis of subcortical
gray matter

Statistical results for normalized volumes of the 14 subcortical
nucleus between groups had been showed in Table 2. An ANCOVA
revealed that there was no significant difference was found in all
subcortical nucleus volume between the T2DM patients and HCs.
However, compare to T2DM, the volume of right thalamus in T2DMH
patients showed a significant reduction (F= 4.555, p=0.037).
Meanwhile, correlation analysis showed that the reduction of right
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thalamic volume in T2DMH patients was negatively correlated with
the duration of HTN (p =0.002, r=0.40). Table 3.

3.4 Shape analysis of subcortical
gray matter

Vertex-based shape analysis revealed significant regional shape
deformation on the medial, dorsal aspects of the left thalamus
(cluster,, voxels=87, p=0.036, FWE-corrected, x=-9, y=-5, z=11)
and the medial, dorsal, ventral aspects of the right thalamus
(clustery,, voxels=283, p=0.014, FWE-corrected, x=13, y=-33, z=0;
cluster,, voxels=287, p=0.008, FWE-corrected, x=14, y=-8, z=14),
which were shown in Figure 1. No significant difference was found
in the subcortical structures between the T2DM and HCs (p > 0.05,
FWE-corrected). Meanwhile, there were significant negative
correlations of the duration of HTN with regional shape
deformation of the left and right thalamus (left thalamus, cluster,,
voxels=87, p=0.002, FWE-corrected, x=-11, y=-5, z=13; right
thalamus, cluster,, voxels=181, p=0.003, FWE-corrected, x=12,
y=-33, z=1; cluster,, voxels=262 p=0.003, FWE-corrected, x=14,
y=-6, z=12, r=0.46), which were shown in Figure 2 and Table 3.

4 Discussion

In this study, we exploited the VBM, automatic volume and
vertex-based shape analyses to determine the subcortical nucleus
abnormalities in T2DM and T2DMH patients. Our results showed
that there were no significant alterations in the subcortical nucleus

frontiersin.org


https://doi.org/10.3389/fendo.2023.1201281
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Cui et al.

10.3389/fendo.2023.1201281

TABLE 2 Normalized subcortical grey matter structural volumes of study participants (mm?).

T2DM-HCs T2DMH-T2DM
Structures

F P F P
Left
Accu 462.75 + 108.702 483.44 + 89.395 456.64 + 92.206 0.179 0.674 0.316 0.576
Amyg 1073.21 + 245.512 1122.22 + 217.149 1158.93 + 278.196 0.013 0.910 0.733 0.396
Caud 3351.39 + 379.624 3401.75 + 389.437 3286.96 + 423.778 0.011 0917 0.374 0.543
Hipp 3439.61 + 364.640 3589.72 + 408.713 3531.11 + 589.248 0.877 0.353 0.033 0.856
Pall 1846.71 + 409.993 1820.33 + 252.956 1808.89 + 324.462 0.037 0.847 0.479 0.452
Puta 4955.29 + 604.757 5039.08 + 560.724 4836.39 + 540.755 0.056 0.814 0.197 0.659
Thal 7822.11 + 702.907 7997.22 + 639.488 7584.11 + 675.678 0.082 0.775 1.322 0.255
Right
Accu 363.82 + 97.604 354.64 + 89.126 344.82 + 93281 0.212 0.647 0.004 0.947
Amyg 1104.25 + 383.398 1072.28 + 197.825 1147.50 + 241.613 0.853 0.359 0.631 0.430
Caud 3499.61 + 372.473 3543.17 + 420.635 3419.25 + 397.934 0.156 0.694 0.410 0.524
Hipp 3584.71 + 428.424 3753.08 + 391.165 3759.43 + 496.421 1.145 0.289 0.782 0.380
Pall 1851.96 + 339.667 1804.14 + 201.035 1843.57 + 337.670 0.403 0.528 0.001 0.978
Puta 4909.64 + 554.494 4960.89 + 489.745 4761.68 + 508.780 0.172 0.680 0.187 0.667
Thal 7556.61 + 632.588 7775.56 + 535.139 7305.82 + 641.500 0.672 0.416 3.632 0.042*

Accu, Accumbens; Amyg, Amygdala; Caud, Caudate; Hipp, Hippocampus; Pall, Pallidum; Puta, Putamen; Thal, Thalamus

*: P value was less than 0.05, which was statistically significant.
The bold values represent P-values with statistical differences.

of T2DM patients compared with HCs. However, we observed a
volume reduction in the right thalamus and the regional shape
deformation in the bilateral thalamus of T2DMH patients when
comparing T2DM patients. A vertex-based shape analysis revealed
additional abnormalities of the thalamus in T2DMH patients than
the VBM and automatic volume analysis. Furthermore, we found
negative correlations between all the volume/shape alternations in
the thalamus and the duration of HTN.

The present study did not show any significant subcortical nucleus
defects in T2DM patients when compared to HCs, which differed from
the consistent findings in previous studies that emphasized the
hippocampal atrophy (6, 7). We hypothesized that blood pressure
control could be the primary factor explaining our results. A recent
study found that the presence of HIN in T2DM patients contributed

to a further reduction in cortical thickness (16). Additionally, HTN
alone had been linked to an increased risk of hippocampal atrophy
(29). It was evident that in most previous T2DM studies, blood
pressure was not adequately controlled in all participants, which may
have contributed to inconsistent results. Therefore, obtaining a more
reliable conclusion may necessitate balancing the blood pressure profile
in future studies. Secondly, recent evidence suggested a compensatory
mechanism within the hippocampus that may compensate for
structural defects in the early stage of T2DM or before cognitive
impairment develops (30). Meanwhile, similar studies also have
confirmed that hippocampal atrophy was more likely to occur in
T2DM patients with cognitive impairment (31). Thus, based on our
present data, we speculate that the compensation mechanism may have
played a role in this study and may explain why hippocampal defects

TABLE 3 Correlation results for the subcortical GM in volume and shape analysis.

Measures cluster r/R? P

Correlation with the duration of HTN

The volume of right thalamus - -0.40 0.002*

The shape of left thalamus 87 -0.43 0.002*

The shape of right thalamus 181 -0.46 0.003*
262 -0.46 0.003*

*: P value was less than 0.05, which was statistically significant.

The symbol "-" represents parameters that were not applicable or no significance for measurement in the column.

The bold values represent P-values with statistical differences.
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FIGURE 1

Vertex-wise comparison between T2DMH and T2DM shows significant regional shape deformation on the dorsal and medial aspects of the left
thalamus (A), and the dorsal, medial and ventral aspects of the right thalamus (B) (FWE-corrected, p<0.05)

were not observed. It is necessary to conduct more longitudinal studies
with larger sample sizes to support our hypothesis in the future.

An important finding of this study was that T2DMH patients
exhibited a volume reduction in right thalamus and the regional

Lateral view

Dorsal view

anterior dorsal

posterior ventral

deformation in the bilateral thalamus compared to T2DM patients.
Obviously, the vertex-based shape analysis could unveil nuances that
VBM remained elusive, owing to the robust mathematical framework
afforded by FIRST (22). Thalamus was considered to be an important
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Vertex-wise comparison shows a significant negative correlation between the duration of HTN and the regional shape deformations on the dorsal
and medial side of the bilateral thalamus in T2DMH patients (A) the left thalamus; (B) the right thalamus) (FWE-corrected, p <0.05).
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structure for the generation and transmission of high-level neural
activities, all kinds of sensory conduction of the whole body except
for the sensation of smell were transformed in the thalamus, and then
projected to the cerebral cortex to produce specific sensation (32). In
addition, thalamus was thought to be associated with learning memory
and executive function (33). So the atrophy of the thalamus in T2DMH
patients may imply a loss of neurons, which may result in increased
risks of sensory or cognitive decline. In fact, the thalamus may have
shown the metabolic or functional defects before the obvious structural
abnormalities. A previous Magnetic Resonance Spectroscopy (MRS)
research found that the N-Acetyl-Aspartate/Creatin (NAA/Cr) of the
bilateral thalamus was reduced in HTN patients (34). As a unique
metabolite of neurons, the reduction of the NAA level meant that the
activity of neurons was reduced, and it was related to the cognitive level.
Combined with our research, it showed that HTN was an important risk
factor for thalamus defects in T2DM. Although the exact physiological
or pathological mechanism of the thalamus defects which was
dominated by HTN in T2DM patients was still unclear, some robust
researches had shown that the oxidative stress dominated the vascular
damage in both HTN and T2DM, including large blood vessels and
microcirculation (35, 36). The oxygen free radicals which were
produced in the process of oxidative stress have been proved to be an
important factor which led to the thalamus degeneration (37).
Therefore, we speculated that the oxygen free radicals may enter the
thalamus through the microcirculation and accumulate constantly, thus
these overloaded oxygen free radicals created an environment which
was unfavorable to the survival of thalamic cells. Over time, a
neurodegeneration may occur in thalamus which was exposed to this
environment. In addition, inflammatory factors related to the oxidative
stress may also participate in the pathology of thalamus defects (38).
These assumptions may provide some insights for explaining thalamus
defects, more rigorous and direct evidence was needed to show the
relationship between the oxidative stress and thalamus defects of
T2DMH in the future.

Furthermore, our study revealed that the morphological
deformation in T2DMH patients were predominantly localized in
the medial and dorsal regions of the left thalamus, as well as the
medial, dorsal, and ventral regions of the right thalamus. It is worth
noting that the dorsal and medial thalamus had been shown to be
structurally and functionally connected to the prefrontal and temporal
cortex, while the ventral thalamus was associated with the parietal
cortex (32). Previous research has suggested that subcortical nucleus
neural degeneration was frequently a secondary effect of defects in the
cortex regions which were synaptically associated with corresponding
subcortical nucleus (39). Therefore, we proposed that the deformation
observed in the dorsal, medial, and ventral regions of the thalamus may
be associated with structural defects in the corresponding cortex
regions. Previous researches on T2DM patients that did not control
their blood pressure had already observed defects in the prefrontal (5,
16), temporal, and parietal cortex (40). Nevertheless, our current study
suggested that the presence of HIN may be a crucial factor in
contributing to cortex defects in T2DM patients. It has been
reported that HTN may impair the blood supply system of cerebral
cortex by altering cerebral vascular microcirculation hemodynamics
(35), which may lead to the prolonged cortical ischemia and cortex
atrophy (41). An arterial spin labeling (ASL) study had revealed that
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the decrease of cerebral blood flow in HTN patients were primarily
concentrated in the frontal, temporal, and parietal lobes (42).
Therefore, we speculated that the prefrontal, temporal, and parietal
cortex atrophy may lead to the neural degeneration in the dorsal,
medial, and ventral regions of the thalamus via a cortical-subcortical
synapse connection. Currently, we hypothesize that concurrent HTN
may exacerbate brain damage and participate in cortex defects by
influencing the thalamus deformation in T2DMH patients.

Moreover, another important finding in our study was the
thalamic volume reduction and deformation were negatively
correlated with the duration of HTN in T2DMH patients, which
suggested that the longer the duration of HTN, the more significant
subcortical nucleus defects in T2DMH patients. Our finding was
consistent with previous studies that had shown a correlation
between the duration of HTN and brain volume (13). Meanwhile, a
longitudinal study of HTN patients had emphasized the relationship
between the duration of HTN and the incidence of T2DM (43). This
indicated that the influence of HTN on T2DM may exist before the
confirmed diagnosis of T2DM. Integrating these findings suggested
that the effects of HIN on T2DM had increased gradually with the
duration of HTN. Effective interventions, such as blood pressure
screening and follow-up treatment for early T2DM patients, were
necessary to reduce the potential threat of HTN to brain health.

For cognition, we found that the MMSE score of T2DM group was
higher than that of HCs, and the score was higher in the T2DMH group
compared to the T2DM group. The outcome, at first glance, appeared
paradoxical. However, a more nuanced understanding emerged when
we turned our attention to those participants endowed with the levels of
education. There is a higher education level of T2DM and T2DMH
participants in two controls. In this context, the facile nature of the
MMSE test appeared to veil the cognitive decline evident in these
patients, as their scores harmoniously nestled within the bounds of
normalcy. In addition, our study unveiled the potency of the DSST test
in discerning cognitive decline in the T2DM patients. However, the
DSST scores exhibited a convergence between the T2DM and T2DMH.
This result may imply that the DSST, despite its utility as an indicator of
glycemic control-related cognition, might not possess the requisite
sensitivity to detect the concomitant presence of HTN. This
intriguing observation prompts consideration that the absence of
correlation between thalamus alterations and DSST scores in
T2DMH patients could be attributed to this potential limitation.

Although the current study did not establish a clear relationship
between subcortical nucleus defects and cognitive impairment in
T2DMH patients, animal models had demonstrated the impact of
the mediodorsal thalamus-prefrontal cortex loop on cognition (44, 45).
According to this framework, the mediodorsal thalamus dominated the
cortex representation under different behavioral conditions, and was
associated with cognitive impairment. We speculated that an
insufficient sample size and indistinguishable cognitive scores
between T2DM and T2DMH patients in this study may limit us to
describe the accurate relationship between subcortical nucleus defects
and cognitive impairment in T2DMH patients. Meanwhile, it was
noting that these animal studies had also confirmed the findings of past
decades brain imaging researches which revealed that prefrontal cortex
may more strongly associated with cognition (46). For example, this
relationship was proved in different cohort population involving

frontiersin.org


https://doi.org/10.3389/fendo.2023.1201281
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Cui et al.

depression, schizophrenia, and Alzheimer’s disease (47-49). Given the
evidence from these robust studies, it was plausible to postulate that
while subcortical nucleus defects may exert some influence on
cognition, the relationship between cortical defects and cognitive
impairment in T2DMH patients appeared to be more straightforward.

The present study had some limitations that should be
acknowledged. Firstly, this study was a horizontal study with a
relatively small sample size, so the conclusion cannot be extended to
the general population. Secondly, the use of medications for T2DM or
T2DMH subjects could potentially impact our findings to some extent.
Meanwhile, this study employed the MMSE and DSST, two simple
cognitive function screening scales, to evaluate the cognition of all
participants. Future researches should consider more comprehensive
cognitive evaluation methods to investigate the potential relationship
between subcortical nucleus defects and cognition in T2DMH patients.
Lastly, although we speculated on the relationship between cortex and
subcortical nucleus defects in T2DMH based on related literature, we
did not separately analyze the cortex in the current study, and thus
could not further explore this relationship.

5 Conclusion

In summary, our study suggested that HTN may exacerbated
brain damage in T2DM patients and may potentially threaten their
cognitive abilities. Thus, early interventions such as an effective
blood pressure control could mitigate extra brain damage in
T2DMH patients. Regrettably, our findings did not yield
conclusive evidence to establish a direct association between
subcortical nucleus deficits and cognition in T2DMH patients.
Further longitudinal researches or more comprehensive cognition
investigations may provide valuable insights into this inquiry.
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Objective: We aimed to analyze the risk of cardiac rupture (CR) in aged diabetic
patients with acute ST-segment elevated myocardial infarction (STEMI) who
were followed up for one month, and analyze its independent risk factors.

Methods: A total of 3063 aged patients with first onset STEMI admitted to Beijing
Anzhen Hospital from January 2001 to December 2020 were retrospectively
included. There were 2020 patients without diabetes mellitus (DM) and 1043
patients with DM. We used propensity scores matching (PSM) method to balance
baseline exposure factors between patients with or without DM, and all were
divided the DM group (1043 cases) and the non-DM group (1043 cases) after the
PSM. The primary outcome was CR (the composite rate of papillary muscle
rupture, ventricular septum perforation, free wall rupture), which was diagnosed
based on clinical manifestations and/or echocardiographic findings. Kaplan-
meier survival analyses and log-rank test was used to evaluate the risk of CR
between the two groups, and Cox regression analysis was used to evaluate the
independent risk factors for CR.

Results: After PSM, the baseline clinical data were similar between the DM and
non-DM group (all P>0.05). However, level of glycated hemoglobin was
significantly higher in the DM group (P<0.05). During 1 month of follow-up,
there were 55 (2.64%) cases of CR, most occurred within 48h after admission (40
cases). Among the 55 cases, 11(0.53%) had papillary muscle rupture, 18(0.86%)
had ventricular septum perforation, and 26(1.25%) had free wall rupture. Kaplan-
meier survival analyses detected that the DM group was associated with
significantly increased risk of CR (3.36% vs. 1.92%, HR=1532, 95% CI: 1.054-
2.346, P=0.030), ventricular septum perforation (1.05% vs. 0.67%, HR=1.464, 95%
Cl: 1.021-2.099, P=0.038) and free wall rupture (1.63% vs. 0.86%, HR=1.861, 95%
Cl: 1.074-3.225, P=0.027) than those in the non-DM group. Among the 2031
aged STEMI patients without CR, 144 cases (6.90%, 144/2086) died; and among
the 55 patients with CR, 37 cases (1.77%, 37/2086) died due to CR. Therefore,
twenty percent (20.44%, 37/181) of death was due to CR. Multivariate Cox
regression analysis indicated that DM (HR=1.532, 95%Cl: 1.054-2.346), age
(HR=1.390, 95%CI: 1.079-1.791), female (HR=1.183, 95%C/: 1.049-1.334),
troponin | (HR=1.364, 95%CI: 1.108-1.679), brain natriuretic peptide (HR=1.512,
95%Cl: 1.069-2.139), revascularization (HR=0.827, 95%Cl: 0.731-0.936) and B-
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receptor blocker (HR=0.849, 95%CI: 0.760-0.948) were independent risk factors

of CR (all P<0.05).

Conclusion: DM as well as a few other factors, are independent determinants of
CR. CRis not a rare event among the aged STEMI patients and twenty percent of
deaths are due to CR. However, large sample-sized studies are warranted to
confirm these findings.

KEYWORDS

acute ST-segment elevated myocardial infarction, cardiac rupture, advanced age,

diabetes, risk factor

Introduction

Cardiac rupture (CR) has become a major clinical problem in
patients with acute ST-segment elevated myocardial infarction
(STEMI) (1). CR secondary to STEMI is one of the main causes
of early mortality, and its in-hospital mortality is more than 50% (2,
3). CR usually manifests as sudden death, and patients without
sudden death also involve multiple organ ischemic injury (4).
Therefore, CR is a catastrophic complication of STEMI, with an
incidence of 1% - 2% (5-7). In the past 40 years, the incidence of CR
has generally shown a downward trend. The widespread use of
thrombolytic therapy has reduced the mortality by 40% (8). Since
the early 1990s, with the development of primary percutaneous
coronary intervention (PCI), the short-term and long-term
mortality of STEMI has further decreased (9, 10). In the past 20
years, primary PCI has become the preferred reperfusion strategy,
and the focus of of STEMI has also shifted from the choice of
reperfusion methods to the improvement of medical quality. These
progress has also further reduced the incidence of CR (7, 11).

However, the improvement of medical quality in STEMI was
not improve the clinical prognosis of patients with CR. Recently, the
use of mechanical circulatory support has increased, new
interventional therapies have been applied, and surgical
techniques have been improved in the treatment of CR, but the
mortality remains high (11-13). Recent studies in our center
showed that the in-hospital mortality rate of ventricular free wall
rupture is still as high as 90% (4).

Whether diabetes affects the risk of CR in elderly STEMI
patients remains controversial. The occurrence of CR is affected
by many factors, including general conditions, clinical
manifestations, laboratory tests and treatment. Old age, female,
first myocardial infarction and infarcted myocardial area are risk
factors for CR, while reperfusion, early usage of 3 receptor blockers,
angiotensin converting enzyme inhibitor (ACEI)/angiotensin II
receptor blocker (ARB) are protective factors of CR. Based on the
analysis of 6712 STEMI patients in our research center, we found
the neutrophil count > 9 x 10°/L was an independent risk factor for
ventricular free wall rupture, but DM was not an risk factor for CR.
Diabetes is a common complication among elderly STEMI patients,
which will significantly increase the risk of adverse cardiovascular
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events (14). Recently, we retrospectively analyzed a total of 10284
patients with STEMI admitted to Beijing Anzhen Hospital from
January 2012 to March 2015. Among them, 81 were diagnosed with
CR, including 67 cases of acute left ventricular free wall rupture and
14 cases of ventricular septum perforation. Although patients with
CR were associated with higher levels of fasting blood glucose, the
incidence rate of DM was similar between the two groups. Logistic
regression analysis did not detect any significant relationship
between DM and CR, and those with advanced age, recurrent
myocardial infarction, low systolic blood pressure, left anterior
descending artery disease, decreased hemoglobin, low total
protein, and high blood magnesium were prone to have CR(all
P<0.05) (15). However, patients with diabetes can not only affect
wound healing after trauma, but also affect the effect of coronary
artery reperfusion, which is strongly related to the occurrence of CR
(16). Therefore, whether DM was an independent risk factor of CR
remains inconclusive.

We aimed to analyze the risk of CR in aged diabetic patients
with STEMI who admitted to Beijing Anzhen Hospital from
January 2013 to December 2020 and were followed up for one
month, and also evaluate the association between DM and CR.

Methods
Patients

This is a retrospective cohort study. A total of 3063 aged
patients with STEMI who were consecutively admitted to Beijing
Anzhen Hospital from January 2013 to December 2020 were
included. There were 2020 patients without DM and 1043
patients with DM. According to the propensity score matching
method, all were divided into the DM group (n=1043) and the non-
DM group (n=1043).

Inclusion criteria: (1) aged 60-87 years old; (2) diagnosed as
STEMI based on clinical manifestations, myocardial enzymes (CK-
MB, ¢INI/cTNT) and ECG results (17); (3) had complete clinical
data and laboratory examination data; (4) had complete
echocardiographic findings performed in-hospital and within one-
month follow-up after discharge; (5) with the permission of patient.
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Exclusion criteria: (1) had old myocardial infarction; (2) had
congenital heart disease before admission; (3) combined with aortic
dissection; (4) had severe lung, liver and kidney function failure; (5)
had serious infection; (6) had malignant tumor, with expected
survival time of less than 1 year; (7) had unclear
echocardiographic findings; (8) had incomplete clinical data and/
Or prognosis.

This study meets the requirements of medical ethics and has
been approved by the ethics committee of Beijing Anzhen Hospital
(ethics number: KS2022068).

Data collection

We searched the HIS electronic medical record system database
of our hospital and extract patients’ data recorded within 24h after
admission, including basic demograpic information (age, sex, body
mass index [BMI], current smoking), past medical history (duration
of diabetes, hypertension, hyperlipidemia, transient ischemic attack
or stroke, atrial fibrillation, peripheral artery disease, chronic kidney
disease), hemodynamic parameters (heart rate and blood pressure
at admission), and blood biochemical test performed within 24h
after admission (fasting blood glucose [FBG], glycated hemoglobin
[HbAlc], hemoglobin, white blood cell [WBC] count, platelet
count, serum creatinine, urea nitrogen, brain natriuretic peptide
[BNP], cardiac troponin I [TNI]), transthoracic echocardiographic
findings (left ventricular ejection fraction [LVEF], left ventricular
end-systolic diameter [LVESd], left ventricular end-diastolic
diameter [LVEDd]), coronary angiographic findings (left main
artery or three branch lesions, Gensini score), revascularization
method (thrombolysis, percutaneous coronary intervention,
coronary artery bypass grafting) and drug treatment (dual
antiplatelet therapy, warfarin, new oral anticoagulant [NOAC],
ACEIL ARB, angiotensin receptor neprilysin inhibitor (ARNI), f3-
receptor blockers, statins).

Gensini score

The patients’ coronary artery stenosis was judged according to
the Gensini score. All patients underwent quantitative coronary
angiography (QCA) or CT angiography coronary angiography
(CTA). The results of QCA or CTA were independently analyzed
and judged by two professional doctors. The degrees of luminal
stenosis <25%, 25% <50%, 50% <75%, 75% <90%,
90% <99% and 99% 100% were regarded as 1, 2, 4, 8, 16
and 32 points, respectively. Finally, according to the degree of

stenosis and the stenosis coefficient, the patient’s Gensini score was
calculated (18).

Diagnosis of CR
Diagnosis of CR was based on clinical manifestations and/or

echocardiographic findings. Papillary muscle rupture was suggested
by physical examination with a holo-systolic murmur across the
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precordium, and a transthoracic echocardiogram revealed severe
mitral regurgitation, and a transesophageal echocardiogram detected
complete disruption of the mitral leaflet, chordal apparatus, and/or the
papillary muscle (19). Ventricular free wall rupture was diagnosed by
the presence of echo-signal free space of the free wall or presence of
pericardial effusion, and Color Doppler showed blood flow shunt
between the ventricle and the pericardium when patients developed
sudden onset of electro-mechanic dissociation (characterized by
cardiogenic shock, conscious disturbance, and pulseless electric
activity) (19). Ventricular septum rupture was suggested by physical
examination with strong cardiac murmur and diagnosed by
echocardiography with presence of echo signal-free pace of the
ventricular septum and Color Doppler showed blood flow signal
across the ventricular septum (19).

Main outcome and follow-up

All patients were followed up within one month after
admission. The primary outcome was CR (the composite rate of
papillary muscle rupture, ventricular septum perforation and free
wall rupture), which was diagnosed based on clinical manifestations
and/or echocardiographic findings (19).

Propensity score matching

The matching ratio is 1:1, and the caliper value is 0.2. The patients’
age, female, smoking, hypertension, chronic renal disease, heart rate,
diastolic blood pressure, FBG, hemoglobin, WBC count, TNI, BNP,
LVEF, Gensini score, revascularization and ACEI/ARB/ARNI were the
covariates, and whether CR occurred was the dependent variable.

Statistical analyses

Descriptive characteristics were summarized as the mean +
standard deviation, medians with interquartile ranges (IQRs), and
frequencies with percentages (%), when applicable. Comparisons of
continuous variables were analyzed by using t tests, and
comparisons of categorical variables were analyzed by using the
chi-squared test or Fisher’s exact test. The Cox proportional hazards
regression model was utilized to analyze the relationship between
DM and risk of CR. Multiple potential confounders in this study
were also considered, including age, female sex, TNI, BNP, and
revascularization. Using the log-rank test, the cumulative incidence
of CR was computed by using the Kaplan-Meier survival curve.

All of the statistical analyses were performed by using IBM SPSS
software (version 23.0, SPSS Inc., Chicago, IL) and associated packages.
Two-tailed P values <0.05 were considered to be statistically significant.

Results
Baseline clinical data before PSM

As shown in Table 1, before PSM, there were 3063 aged STEMI
patients, 1573 were women (51.4%), with an average age of 75.1 +
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9.6 years. There were significant differences between the two groups
in age, female ratio, BMI, rates of current smoker, peripheral artery
disease, heart rate, systolic blood pressure, diastolic blod pressure,
fasting blood glucose, HbAlc, hemoglobin, serum creatinine, TNI,
BNP, Gensini score, LVEF, LVESd, LVEDd, revascularization rate
and the application rate of NOAC, B-receptor blocker, ACEI/ARB/
ARNI and statin (all P<0.05). Other data were similar between the
two groups, and the differences were not statistically
significant (P>0.05).

Baseline clinical data after PSM

As shown in Table 2, after PSM, there are 2086 aged STEMI
patients, including 1006 females (48.2%), with an average age of
74.8 + 8.7 years. The baseline clinical data were similar between the
DM and non-DM group (all P>0.05). However, level of HbAlc was

TABLE 1 Baseline clinical data between the two groups before PSM.

10.3389/fendo.2023.1239644

significantly higher in the DM group compared with that in the
non-DM group (P<0.05).

Rate of CR during follow-up

There were 55 (2.64%) aged STEMI patients with CR, most (40
cases, 72.7%) occurred within 48h after admission, and the median
occurrence time was 24h after admission (5h, 96h).

Among the 55 cases of CR, there were 11 cases (0.53%) of
papillary muscle rupture, 18 cases (0.86%) of ventricular septal
perforation, and 26 cases (1.25%) of ventricular free wall
rupture (Table 3).

Kaplan-meier survival analysis and log-rank test results showed
that the incidence of overall CR (3.36% vs. 1.92%, HR=1.532, 95%
CI: 1.054-2.346, P=0.030) (Figure 1) in the DM group was
significantly higher than that in the non-DM group. Additionally,

Characteristic No?rigzr\?)%c))up I?r’:/‘:f(;zl;? t/x? value P value

Age(year) 753 +£6.5 74.7 £ 8.8 2.137 0.033
Female(%) 1068(38.9%) 505(48.4%) 5.460 0.019
Body mass index(kg/mz) 25.1 +3.7 255+ 438 2.554 0.011
Current smoker(%) 852(34.2%) 398(38.2%) 4.599 0.032
Duration of diabetes(year) - 12.1 £5.6 -

Hypertension(%) 531(23.9%) 277(26.6%) 0.026 0.872
Hyperlipidemia(%) 728(37.7%) 349(33.5%) 2.006 0.157
TIA/stroke(%) 156(11.8%) 90(8.6%) 0.765 0.382
Atrial fibrillation(%) 301(14.5%) 139(13.3%) 1.385 0.239
Peripheral artery disease(%) 236(12.4%) 150(14.4%) 4.547 0.033
Chronic kidney disease(%) 286(13.9%) 158(15.1%) 0.544 0.461
Heart rate(bpm) 85.3 +10.1 82.7 £ 12.4 6.235 <0.001
Systolic blood pressure(mmHg) 110.7 £ 9.3 1133 + 114 6.776 <0.001
Didastolic blood pressure(mmHg) 714 + 8.6 724 +9.5 2.941 0.003
Fasting blood glucose(mmol/L) 6.94 + 1.62 7.98 + 3.05 12.325 <0.001
HbA1c(%) 542 £0.76 6.91 + 1.40 38.169 <0.001
Hemoglobin(g/dL) 11.0 + 1.7 112 £ 25 2.612 0.009
White blood Cell(XlOg/L) 8.94 +2.81 10.5 £ 2.9 14.401 <0.001
Platelet count(x10°/L) 2254 +28.7 222.8 + 30.5 2.325 0.020
Serum creatinine(mg/dL) 1.31 +0.23 1.37 £ 0.38 5.428 <0.001
Troponin I(ng/ml) 12.7 + 4.3 14.1 + 6.0 8.645 <0.001
Brain natriuretic peptide(mmol/L) 360.4 + 55.4 371.2 £ 95.1 3.965 <0.001
Left main/Three artery(%) 279(12.4%) 149(14.3%) 0.129 0.720

(Continued)

Frontiers in Endocrinology

frontiersin.org


https://doi.org/10.3389/fendo.2023.1239644
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Zu et al.

TABLE 1 Continued

10.3389/fendo.2023.1239644

Characteristic NO?AE%%?UF) I?r’:llgézl;;) t/x? value P value
Gensini score 752 +20.1 76.0 £ 22.5 1.002 0.317
Left ventricular ejection fraction(%) 50.5 + 4.8 48.5 + 6.8 9.431 <0.001
LV end-systolic diameter(mm) 38.0 £ 6.0 386 +7.1 2.460 0.014
LV end-diastolic diameter(mm) 48.7 +53 494 + 6.4 3.222 0.001
Revascularization(%) 1415(73.4%) 785(75.3%) 9.241 0.002
Dual antiplatelet therapy(%) 1064(52.1%) 512(49.1%) 3.537 0.060
Wafarin(%) 271(13.4%) 150(14.4%) 0.541 0.462
NOAC(%) 116(5.0%) 87(8.3%) 7.507 0.006
B-receptor blocker(%) 340(18.4%) 126(12.1%) 12.037 0.001
ACEI/ARB/ARNI(%) 281(23.6%) 176(16.9%) 4.759 0.029
Statin(%) 817(44.7%) 507(48.6%) 18.682 <0.001

TIA, transient ischemic stroke; HbAlc, glycated hemoglobin; NOAC, new oral anticoagulant; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; ARNI,

angiotensin receptor neprilysin inhibitor.

TABLE 2 Baseline clinical data between the two groups after PSM.

Non-DM group DM group

Characteristic (n=1043) (n=1043) t/x? value P value

Age(year) 749 + 8.4 74.7 + 8.8 0.531 0.596
Female(%) 501(48.0%) 505(48.4%) 0.031 0.861
Body mass index(kg/mz) 254 + 4.7 255+ 438 0.481 0.631
Current smoker(%) 392(37.6%) 398(38.2%) 0.073 0.787
Duration of diabetes(year) - 12.1 £5.6 -

Hypertension(%) 263(25.2%) 277(26.6%) 0.489 0.484
Hyperlipidemia(%) 346(33.2%) 349(33.5%) 0.019 0.889
TIA/stroke(%) 83(8.0%) 90(8.6%) 0.310 0.578
Atrial fibrillation(%) 131(12.6%) 139(13.3%) 0.272 0.602
Peripheral artery disease(%) 122(11.7%) 150(14.4%) 0.289 0.591
Chronic kidney disease(%) 147(14.1%) 158(15.1%) 0.465 0.495
Heart rate(bpm) 824 +11.3 82.7 £ 124 0.578 0.564
Systolic blood pressure(mmHg) 1125 + 12.7 1133+ 114 1.514 0.130
Didastolic blood pressure(mmHg) 72.0 £ 10.3 724 +9.5 0.922 0.357
Fasting blood glucose(mmol/L) 791 + 2.89 7.98 + 3.05 0.538 0.591
HbA1c(%) 523 £ 0.68 6.91 + 1.40 34.861 <0.001
Hemoglobin(g/dL) 11.0 £ 2.8 112+ 25 1.721 0.085
White blood cell(xlOg/L) 10.7 + 2.4 10.5 £ 2.9 1.716 0.086
Platelet count(x10°/L) 221.5 + 34.7 222.8 +30.5 0.909 0.364
Serum creatinine(mg/dL) 1.34 + 0.45 1.37 £ 0.38 1.645 0.101
Troponin I(ng/ml) 13.7 £ 55 14.1 £ 6.0 1.738 0.082
Brain natriuretic peptide(mmol/L) 364.2 £ 753 3712 £95.1 1.864 0.063

(Continued)
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TABLE 2 Continued

10.3389/fendo.2023.1239644

Characteristic NO?;E%ES)UP I?r’:llg(';z;;) t/x? value P value
Left main/Three artery(%) 140(13.4%) 149(14.3%) 0.325 0.568
Gensini score 75.2 £20.7 76.0 £ 22.5 0.845 0.398
Left ventricular ejection fraction(%) 49.0 + 5.5 48.5 + 6.8 1.846 0.065
LV end-systolic diameter(mm) 38.1+6.3 386 + 7.1 1.701 0.089
LV end-diastolic diameter(mm) 49.0 £ 5.9 494 + 6.4 1.477 0.139
Revascularization(%) 779(74.7%) 785(75.3%) 0.092 0.762
Dual antiplatelet therapy(%) 504(48.3%) 512(49.1%) 0.123 0.726
Wafarin(%) 141(13.5%) 150(14.4%) 0.324 0.570
NOAC(%) 95(9.1%) 87(8.3%) 0.385 0.535
B-receptor blocker(%) 151(14.5%) 126(12.1%) 1.647 0.199
ACEI/ARB/ARNI(%) 163(15.6%) 176(16.9%) 0.595 0.440
Statin(%) 494(47.4%) 507(48.6%) 0.325 0.569

TIA, transient ischemic stroke; HbAlc, glycated hemoglobin; NOAC, new oral anticoagulant; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; ARNI,

angiotensin receptor neprilysin inhibitor.

the incidences of ventricular septum perforation (1.05% vs. 0.67%,
HR=1.464, 95% CI: 1.021-2.099, P=0.038) and free wall rupture
(1.63% vs. 0.86%, HR=1.861, 95% CI: 1.074-3.225, P=0.027) were
significantly increased in the DM group than those in the non-DM.
However, the incidence of papillary muscle rupture were similar
between the two groups (0.67% vs. 0.38%, HR=1.315, 95% CI: 0.982-
1.761, P=0.066).

Survival of patients with STEMI

Among the 2031 aged STEMI patients without CR, 144 cases
(6.90%, 144/2086) died; and among the 55 patients with CR, 37
cases (1.77%, 37/2086) died due to CR. Therefore, twenty percent
(20.44%, 37/181) of death was due to CR. Of the 11 patients with
papillary muscle rupture, 4 cases were completely ruptured,
complicated with acute left heart failure, and died after rescue.
The remaining 7 cases underwent valve and chordae tendineae
repair, and survived after 1 month follow-up. Meanwhile, of the 18
patients with ventricular septum perforation, 5 died due to
cardiogenic shock; the remaining 13 patients underwent surgical
repair. However, 10 survived and 3 died after operation. Of the 26
patients with free wall rupture, only 1 patient underwent surgery

TABLE 3 Rate of CR between the two groups after PSM.

and survived, and the remaining 25 patients died. Therefore, among
the 55 patients with CR, 37 cases (67.3%) died after a follow-up of 1
month, most of them had free wall rupture (25 cases) or ventricular
septum perforation (8 cases). Therefore, among the 55 cases of CR,
only 8 cases (32.7%) survived, and all received cardiac surgery.

Risk factors of CR

The results of univariate cox regression analysis (Table 4)
showed that diabetes, age, female, chronic renal disease, heart
rate, fasting blood glucose, HbAlc, TNI, WBC count, BNP, serum
creatinine, revascularization, -receptor blocker, ACEI/ARB/ARNI
were important risk factors of CR (P<0.05).

Discussion

At present, although the incidence of CR is significantly
reduced, it is still an important cause of death in elderly patients
with STEMI. In our study, among the aged patients with STEMI, 55
(2.64%) had CR, which was slightly higher than previous studies. It
may be related to the aged patients included in this study. In

prognosis Non-DM group DM group Log-rank P value
(n=1043) (n=1043) x° value

Papillary muscle rupture(%) 4(0.38%) 7(0.67%) 1.638 0.066

Ventricular septum perforation(%) 7(0.67%) 11(1.05%) 2.073 0.038

Free wall rupture(%) 9(0.86%) 17(1.63%) 2.285 0.027

All events (%) 20(1.92%) 35(3.36%) 2.617 0.030
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addition, previous epidemiological studies have detected that CR
usually occurred within one week, mostly within 3-5 days after
STEMI. Similarly, our study also confirmed that in aged patients
with STEMI, CR mostly occurred within 48h after admission.
Therefore, in clinical practice, we should also pay attention to the
high risk of CR in aged patients with STEMI.

Whether DM was an independent risk factor of CR has been
controversial (11, 12). In the APEX-STEMI study, 5745 patients
with STEMI were included, with a median age of 68 years. The
researchers found 52 cases (0.91%) of CR during follow-up,
including 30 cases (0.52%) of free wall rupture, 15 cases (0.26%)

TABLE 4 Univariate and multivariate Cox regression analyses.

10.3389/fendo.2023.1239644

of papillary muscle rupture, and 10 cases (0.17%) of ventricular
septum perforation. However, they found that there was no
significant difference in the incidence of DM betwee patients with
or without CR (P>0.05). Additionally, multivariate logistic
regression analyses did not detect any significant association
between DM and the risk of CR (P>0.05) (13). However, in
another study which enrolled 148881 aged patients (67-71 years)
with first-onset STEMI, all were divided into the CR group (n=408,
with free wall rupture) and the control group (n=148473, without
CR). They found that the occurrence of DM history was
significantly lower than that in the control group (18% vs. 24%),
and DM was a protective factor of ventricular free wall rupture
(OR=0.67,95%CI: 0.52-0.87) (14). Meanwhile, for patients with
papillary muscle rupture or ventricular septum perforation,
diabetes is more rare (15, 16), and several published studies did
not detect the association between DM and the risk of papillary
muscle rupture or ventricular septum perforation (P>0.05).
Therefore, Whether DM was a risk factor of CR in aged patients
with STEMI is still inconclusive.

We confirmed that DM was associated with increased risk of
CR. In our study, 2086 aged patients with first-onset STEMI were
included, and 55 patients (2.64%) had CR during 1 month follow-
up. We found that DM was associated with significantly increased
risk of CR (3.36% vs. 1.92%, HR=1.532, 95% CI: 1.054-2.346,
P=0.030). Furthermore, the risk of ventricular septum perforation
(1.05% vs. 0.67%, HR=1.464, 95% CI: 1.021-2.099, P=0.038) and free
wall rupture (1.63% vs. 0.86%, HR=1.861, 95% CI: 1.074-3.225,
P=0.027) were also marked higher in the DM group than those in

Factors Univariate Multivariate
95%Cl P value 95%Cl P value
Age 1.432 1.105-1.856 0.007 1.390 1.079-1.791 0.011
Female 1219 1.063-1.398 0.005 1.183 1.049-1.334 0.006
Chronic kidney disease 1.464 1.093-1.961 0.011 -
Heart rate 1.218 1.052-1.410 0.008 -
Fasting blood glucose 1.317 1.061-1.635 0.013 -
HbAlc 1.255 1.037-1.519 0.020 -
Cardiac troponin I 1.416 1.142-1.756 0.002 1.364 1.108-1.679 0.003
White blood cell 1.303 1.033-1.644 0.026 -
Brain natriuretic peptide 1.615 1.108-2.354 0.013 1.512 1.069-2.139 0.019
Serum creatinine 1.481 1.016-2.159 0.041 -
Revascularization 0.794 0.664-0.950 0.016 0.827 0.731-0.936 0.003
B-receptor blocker(%) 0.834 0.712-0.977 0.024 0.849 0.760-0.948 0.004
ACEI/ARB/ARNI(%) 0.947 0.905-0.991 0.019 -
Diabetes 1.482 1.079-2.036 0.015 1.532 1.054-2.346 0.030

HbAlc, glycated hemoglobin; ACEIL angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; ARNI, angiotensin receptor neprilysin inhibitor.
Multivariate Cox regression analyses (Table 4) detected that DM (HR=1.532, 95%CI: 1.054-2.346), age (HR=1.390, 95%CI: 1.079-1.791), female (HR=1.183, 95%CI: 1.049-1.334), TNI
(HR=1.364, 95%CI: 1.108-1.679), BNP (HR=1.512, 95%CI: 1.069-2.139), revascularization (HR=0.827, 95%CI: 0.731-0.936), B-receptor blocker (HR=0.849, 95%CI: 0.760-0.948) were

independent risk factors of CR (all P<0.05).
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the non-DM group. However, the incidence of papillary muscle
rupture were similar between the two groups (0.67% vs. 0.38%,
HR=1.315, 95% CI: 0.982-1.761, P=0.066). Therefore, DM as well as
a few other factors, were independent determinants of CR.

There were several strengths in our study. First, our study’s
sample size was relatively large. We enrolled 3063 aged patients
with STEMI who were consecutively admitted to our hospital from
January 2013 to December 2020. There were 2020 patients without
DM (non-DM group) and 1043 patients with DM (DM group).
Second, the baseline clinical data was comparable between those
with or wihout DM. Previously, there was no study to specifically
compare the risk of CR between the DM and non-DM groups, and
there were significant differences in baseline clinical data between
those with or without DM. In our study, using the PSM method,
patients were divided into the DM group (n=1043) and the non-
DM group (n=1043), and the baseline clinical data were almost all
comparable between the DM and non-DM group, except the level
of HbAlc. Third, only aged patients with first-onset STEMI were
included, and those were the high-risk patients for developing CR.
Fourth, all patients were followed up for 1 month after admission.
Most previous studies only reported the risk of CR occurred in-
hospital and many CR cases would be missed. However, large
sample-sized studies are warranted to confirm these findings.

Diabetes involved multiple cardiac repair mechanisms after
STEMI. Myocardial repair consisted of several stages: (1) early
repair stage (within 72h in the early stage); (2) late repair and
proliferation stage (within 72h-10d in the early stage); (3)
maturation of proliferative tissue and ventricular remodeling
stage (lasting for several months) (19, 20). CR mainly occurred in
the early and late repair stage, that is, within 7d after the occurrence
of STEMI (21). In the first 72h after MI, the myocardial cells in the
infarct focus die, leading to the myocardial thinning in this area. At
the same time, the release of dead cells in the infarct focus and the
lysis of extracellular matrix could generate a large number of risk
related molecular signals, which can be captured by the pattern
recognition receptor on the immune cells, thus causing the
activation of immune cells and infiltration into the infarct focus
(22). The infiltrating immune cells not only engulf the cell debris in
the infarcted area, but also release various enzymes, further
degrading the extracellular matrix and making the myocardium
more fragile, and eventually leading to myocardial damage (23).
This aseptic inflammatory process can be well controlled by
subsequent anti-inflammatory and proliferative processes, and
recent studies have found that this processes were closely related
to a class of specialized proresolving mediators (SPMs) (24-26).
Previous studies have reported that SPM can inhibit the infiltration
of pro-inflammatory polylobulated neutrophils into tissues,
promote macrophage differentiation towards an anti-
inflammatory phenotype, and enhance their ability to
phagocytose apoptotic neutrophils. In addition, it had the
function of regulating the transition of T cells from an activated
state to a regulated state (27). However, in patients with DM, serum
SPM and SPM related synthase 15-LOX-1 were significantly lower.
In addition, among the DM patients, the inflammatory digestion
process in the infarct focus was damaged, which led to the
expansion of the ischemic focus (28). Moreover, the content of
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pro-inflammatory M1 phenotype macrophages was significantly
increased in DM patients, and further increased the risk of CR
development (29-31).

Many other factors were also associated with the occurrence of
CR. Previous studies confirmed that age, medical history, clinical
manifestations, biochemical test findings, and treatment (32-34).
Qian et al. (34) designed a clinical risk scoring system for predicting
CR in STEMI patients. Seven factors were associated with the risk of
CR, including age, gender, heart rate, myocardial infarction site,
hemoglobin count, white blood cell count, and admission time.
Meanwhile, early use of ACEI/ARB and B-receptor blockers could
help prevent cardiac rupture. Revascularization, especially the
primary PCI should be carried out as soon as possible to
minimize the occurrence of CR (35, 36). Similar to previous
findings, we found that age (HR=1.390, 95%CI: 1.079-1.791),
female (HR=1.183, 95%CI: 1.049-1.334), troponin I (HR=1.364,
95%CI: 1.108-1.679), BNP (HR=1.512, 95%CI: 1.069-2.139),
revascularization (HR=0.827, 95%CI: 0.731-0.936) and [-receptor
blocker (HR=0.849, 95%CI: 0.760-0.948) were also strongly related
to the occurrence of CR (all P<0.05). Therefore, considering the
extremely high risk of mortality with CR, it is necessary to further
confirm its predictive factors, in order to prevent and interven early
and timely (37, 38).

Limitations

There are several limitations in our study. (1) It was conducted
in a single center, and the patients’s characteristics maybe different
from other centers. (2) Our study’s sample size was not large
enough. The risk of CR is relatively low. Therefore, larger sample-
sized studies are warranted to confirm the association between DM
and CR. (3) CR was diagnosed by echocardiography. However,
echocardiography examination is operator dependent, and several
patients’ follow-up visits were conducted in non-teaching hospital.
Therefore, some CR cases might be missed. (4) The follow-up
period was relatively short. Meanwhile, follow-up mainly relied on
outpatient services, and some therapeutic information could have
been missed, which might affect the incidence of CR (39).
Therefore, high qualified studies are needed to confirm
these findings.

Conclusions

DM as well as a few other factors, are independent determinants
of CR. CR is not a rare event among the aged STEMI patients.
Meanwhile, twenty percent (20.44%, 37/181) of deaths are due to
CR. However, large sample-sized studies are warranted to confirm
these findings.
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“Department of General Surgery and Liver Transplantation Center, West China Hospital, Sichuan
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Aims: Serum uric acid (SUA) levels have been previously linked to a higher risk of
cardiovascular disease (CVD) in individuals with type 2 diabetes (T2D) according
to various observational studies. However, whether this association is causally
linked or simply influenced by confounding factors is unclear. Therefore, this
study utilized Mendelian randomization (MR) analysis to explore the causality
between SUA levels and the risk of CVD in individuals with T2D.

Methods: Our study cohort consisted of 5723 participants who were diagnosed
with T2D in the National Health and Nutrition Examination Survey (NHANES)
from 1999-2018. The study assessed the association between SUA levels and the
risk of CVD using a multivariable logistic regression model. To further examine
causality between SUA levels and CVD, a two-sample MR study was conducted
utilizing genetic data from genome-wide association studies (GWAS) involving
over 140,000 individuals. The main MR analysis employed the inverse-variance-
weighted (IVW) method. Additionally, several sensitivity analyses were performed
to evaluate the robustness and pleiotropy of the results.

Results: In the cross-sectional study, after multivariable adjustment, participants
with SUA levels >6.7 mg/dL exhibited odds ratios (ORs) of 1.51 (95% Cl: 1.01-2.26,
p=0.049) for heart failure, 1.02 (95% Cl: 0.69-1.50, p=0.937) for coronary heart
disease, 1.36 (95% Cl: 0.78-2.38, p=0.285) for angina, and 1.22 (95% Cl: 0.80-
1.85, p=0.355) for myocardial infarction when compared to participants with SUA
levels < 4.6 mg/dL. However, in the IVW analysis, no causality between SUA levels
and the risk of heart failure was observed (OR = 1.03, 95% Cl: 0.97-1.09, p =
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0.293). The secondary analysis yielded similar results (OR = 1.05, 95% CI: 0.96-
1.14, p = 0.299). The sensitivity analyses further supported our primary findings.

Conclusion: Based on the MR study, we did not find supporting evidence for a
causal association between SUA levels and the risk of heart failure.

KEYWORDS

T2D, serum uric acid, cardiovascular disease, Mendelian randomization, heart failure

1 Introduction

Diabetes mellitus affects approximately one in every 10.5 adults
globally, with an estimated 90% of cases being T2D. This makes
it a critical public health challenge of the 21st century (1, 2).
T2D is typically associated with metabolic disorders, progressive
insulin resistance and hyperglycemia (3). Prolonged hyperglycemia
significantly increases the risk of microvascular and macrovascular
complications, potentially resulting in premature mortality or
disability (4, 5). Cardiovascular complications account for the
most frequently occurring adverse events and remain the primary
cause of mortality in this population (6). Up to 50% of patients may
succumb to such complications, underscoring the need for robust
prevention of CVD in T2D (7). Unfortunately, the prevention and
treatment of CVD among individuals with diabetes may not present
an optimistic outlook. Some large prospective cohort studies suggest
that tight glucose control may not effectively mitigate the risk of
cardiovascular complications and mortality (8). Even some
hypoglycemic drugs may increase the risk of CVD (9). Therefore,
it is crucial to identify effective intervention factors that can
significantly reduce the risk of CVD. Uric acid, which remains a
highly debated variable, has captured the attention of researchers.

Uric acid is considered a biologically inactive waste product
resulting from purine metabolism, and it was identified as the cause
of gout (10). Many observational studies have established a notable
association between SUA levels and several cardiovascular
conditions, leading to uric acid being recognized as a potential
risk factor for CVD (11, 12). Nonetheless, the associations remain
controversial. Some experts have contended that SUA may not be a
substantial risk factor for CVD (13). One problem with determining
the link between SUA and CVD is that elevated levels of SUA often
coincide with identified cardiovascular risk factors, including
hypertension, metabolic syndrome, and renal disease. Given that
cardiovascular risk factors tend to be more prevalent in individuals
with T2D, this population may be more susceptible to developing
hyperuricemia due to hyperinsulinemia and chronic kidney disease
(CKD) (14). There appears to be an accelerated progression of CVD

Abbreviations: SUA, serum uric acid; T2D, type 2 Diabetes; CVD, cardiovascular
disease; NHANES, National Health and Nutrition Examination Survey; MR,
Mendelian randomization; OR, odds ratio; GWAS, genome-wide association
studies; IVW, inverse-variance-weighted; T1D, type 1 Diabetes; CKD, chronic

kidney disease.
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in individuals with T2D, so it is particularly important to investigate
the relationship between SUA levels and CVD risk in T2D.
However, due to the limited research specifically addressing this
issue in individuals with T2D, further studies are necessary to
comprehensively understand the association between SUA levels
and CVD in this specific group.

To assess the impact of SUA levels on CVD risk in individuals
with T2D, we conducted an initial cross-sectional study and selected
5723 participants with T2D in the NHANES, which provides a large
and nationally representative dataset that encompasses the U.S.
population. Furthermore, we employed MR analysis to evaluate the
causal correlation between SUA levels and the risk of CVD. MR is a
statistical method that leverages genetic variants strongly associated
with the exposure of interest to estimate a nonconfounded causal
association between that exposure and an outcome (15). One of the
key advantages of MR analysis is its ability to mitigate biases arising
from reverse causality and uncontrolled confounders, since genetic
variants are stable over time and are not susceptible to influence
from environmental or other factors (16).

2 Materials and methods
2.1 Research design

The NHANES program is conducted in the U.S. by the National
Center for Health Statistics of the Centers for Disease Control and
Prevention. It originated in the early 1960s when a series of surveys
were initiated to examine various health topics (17). In 1999, the
survey transitioned into a continuous program, which adapted its
focus to address emerging health and nutrition needs. An important
characteristic of the NHANES program is its integration of both
interviews and physical examinations. The interview component
takes place in participants’ homes, followed by a standardized
physical examination and laboratory tests (18). The
comprehensive methodology for data collection and the data in
our study are publicly available on the NHANES website (https://
wwwn.cdc.gov/nchs/nhanes/default.aspx).

In this cohort study, we analyzed data from participants aged 18
or older with T2D from 10 cycles of NHANES from 1999-2018.
Diabetes was defined based on self-reported physician diagnosis.
Out of the initial 6699 participants who met the diagnostic criteria
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for diabetes, we excluded individuals who had type 1 diabetes
(n=17) and excluded individuals who had missing data on SUA,
BMI, HbAlc levels, and age at diagnosis (n=959). Ultimately, 5723
participants were included in our study.

2.2 Exposure serum uric acid measurement

SUA measurements were obtained from different laboratory
instruments across multiple NHANES cycles. In NHANES 1999-
2000, SUA was measured using a Hitachi Model 704 multichannel
analyser. In NHANES 2001-2007, a Beckman Synchron LX20
instrument was used for SUA measurements. In NHANES 2008-
2016, a Beckman UniCel DxC800 Synchron analyser was used for
SUA measurements. Finally, in NHANES 2017-2018, SUA
measurements were obtained using a Roche Cobas 6000 analyser.
Previous studies have reported combining SUA data from multiple
NHANES cycles for analysis (19, 20).

2.3 Assessment of covariates

Participants’ height (cm) and weight (kg) were measured to
ascertain BMI. BMI is computed by dividing an individual’s weight
in kilograms by the square of their height in meters. The
classification is as follows: normal range (BMI<25 kg/m?),
overweight (25 kg/m’<BMI<30 kg/m?), and obesity (BMI > 30
kg/m?) (21). Hypertension is diagnosed when an individual’s
systolic blood pressure is equal to or exceeds 140 mmHg and/or
their diastolic blood pressure is equal to or exceeds 90 mmHg (22).
Detailed laboratory methods for measuring HbAlc, lipid profiles,
ALT, AST, creatinine, blood urea nitrogen (BUN), fasting insulin
(FI), and fasting plasma glucose (FPG) are provided in the
NHANES documentation. Insulin resistance was estimated using
the homeostasis model assessment of insulin resistance (HOMA-
IR), calculated by FI (WU/mL) * FPG (mmol/L)/22.5 (23).

Chronic kidney disease was determined by an estimated
glomerular filtration rate of less than 60 mL/min/1.73 cm? (24),
calculated using the Chronic Kidney Disease Epidemiology
Collaboration equation (25). Participants were categorized into
three groups based on their smoking status: nonsmokers, former
smokers, and current smokers. Educational level was calculated by
the highest grade or the highest degree obtained. Physically active
levels were determined using survey questionnaires. The physically
active level was calculated by low-intensity, moderate-intensity or
vigorous sports and fitness programs for more than 10 minutes per
week (26).

2.4 Prescription medications

Participants were asked to provide information on any
prescription medications they had taken in the 30 days leading up
to the examination. Additionally, they were requested to bring their
medication bottles to the examination for verification. Information
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regarding medications (uric acid-lowering medications and
hypoglycemic medications) was then recorded accordingly.

2.5 Statistical analysis

All statistical analyses were performed using Rtools, version 4.2,
taking into account the complex survey design of NHANES. We
applied appropriate weighting for each analysis to ensure that our
results accurately reflected the nationally representative estimates.
Categorical variables are presented as numbers and weighted
proportions, and continuous variables are presented as weighted
means + standard deviations (SDs). To examine the associations
between variables, multivariable logistic regression models were
employed to calculate ORs with 95% confidence intervals (95%
ClIs). Participants were categorized into four groups based on their
SUA levels. To detect differences across the four groups, two
different statistical tests were employed based on the variable
type. Multivariable models were constructed to account for
potential confounders. The proportional hazard assumption was
assessed for all models to ensure that there were no violations.
Stratified analyses were conducted within specific subgroups,
including age, sex, race or ethnicity (white and nonwhite),
duration of diabetes (<5 years, 5-10 years, 210 years), BMI (<25,
25-30, =30 kg/mz), hypertension (yes or no), smoking (never, ever,
or current), alcohol intake in drinks per day (0, 1 to <2, >2), physical
activity (low intensity, moderate intensity, high intensity),
hyperlipidemia (yes or no), CKD (yes or no), HbAlc level (<7.0%
or 27.0%), and diabetes treatment (insulin, insulin + oral
medications, oral medications, no pharmacotherapy).
Additionally, the study conducted several sensitivity analyses to
assess the robustness of the main findings. First, to mitigate the
potential impact of reverse causality, participants who were taking
uric acid-lowering medications at the baseline examination were
excluded. Second, the associations were evaluated after excluding
individuals who were taking SGLT-2 inhibitors, as these
medications have been shown to reduce cardiovascular risk (27).
Third, participants with a history of CKD (eGFR<60 mL/min/
1.73cm”) were excluded from the primary analyses. A p value <
0.05 (two-tailed) was considered statistically significant.

3 Mendelian randomization study
3.1 Data sources and study participants

Summary-level GWAS data for heart failure were obtained from
two sources. The primary analysis was conducted by Sonia Shah
et al. and included 47,309 heart failure cases and 930,014 controls.
In this study, participants were diagnosed with heart failure without
specific criteria based on left ventricular ejection fraction (LVEF),
encompassing cases with both reduced and preserved heart
function. Controls in this study comprised individuals without a
diagnosis of heart failure (28). The secondary analysis used data
from the FinnGen study, which comprised 19,676 heart failure cases
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and 272,371 controls of European descent. Heart failure diagnoses
in the FinnGen data were based on the International Classification
of Diseases code R7 (29). For more detailed information, the
following link can be accessed: gs://finngen-public-data-r7/
summary_stats/finngen_R7_19_HEARTFAIL.gz.

3.2 Genetic instrument selection

Genetic instruments for SUA levels were obtained from a
GWAS conducted by the Global Urate Genetics Consortium
(GUGCQ). This GWAS included >140,000 individuals of European
ancestry and identified and replicated genome-wide loci associated
with SUA levels (30). The study further analyzed replicated and
genome-wide significant uric acid-related SNPs in other
populations. Specifically, this included 8,340 individuals of Indian
descent, 5,820 African Americans, and 15,286 Japanese individuals.
By examining these diverse populations, the study aimed to assess
the broader applicability of the SNP associations beyond individuals
of European ancestry.

3.3 Statistical analysis

To explore potential causal associations, we employed IVW of
MR as our primary analysis (15). This method allowed us to
estimate the effect of a 1-SD increase in SUA exposure on the risk
of CVD. The IVW approach assumes no horizontal pleiotropy. To
address the potential impact of horizontal pleiotropy, we conducted
several sensitivity analyses using the MendelianRandomization
package in R (31). These analyses included the weighted median,
MREgger, simple mode, and Mendelian randomization pleiotropy
RESidual sum and outlier (MR-PRESSO). In the IVW and
MR-Egger analyses, we employed the “random” model to
account for potential heterogeneity among the genetic
instruments. Additionally, we utilized the “penalized” parameter
to penalize variants with heterogeneous causal estimates (32). These
sensitivity analyses helped to address potential biases arising from
horizontal pleiotropy and provided additional insights into the
robustness of our results.

4 Results

4.1 Characteristics of the participants
at baseline

We identified 6699 participants who had been diagnosed with
diabetes. Of these, 976 participants with missing SUA, BMI, HbAlc
or age at diagnosis and participants with T1D were excluded. A total
of 5723 participants were included in the study. The characteristics
of the study sample are presented in Table 1. Participants had a
mean age of 61.9 ( + 13.2) years and were predominantly male
(51.3%). Participants with the lowest SUA levels had a mean age of
56.4 ( + 13.8) years, with a mean BMI of 30.8 ( + 6.9) kg/m’, and
60.0% were women. Among this group, 20.3% had retinopathy,
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7.3% had chronic kidney disease, 7.7% had tumors, and 61.9% had
hypertension. Among participants with the highest SUA levels, the
mean age was 62.5 ( £ 12.9) years, the mean BMI was 34.8 ( + 8.0)
kg/m?, and 41.1% were women. Additionally, 22.7% of participants
had retinopathy, 40.7% had chronic kidney disease, 11.7% had
tumors, and 84.5% had hypertension, indicating the presence of
higher diabetes comorbidities. Furthermore, participants with the
lowest uric acid levels displayed higher levels of fasting glucose,
HbAlc, estimated GFR, and HDL. Conversely, participants with the
highest SUA levels exhibited higher levels of BUN, creatinine, and
urinary albumin, suggesting the presence of renal dysfunction.

4.2 Serum uric acid and
cardiovascular disease

Without adjusting for variables, compared to participants with
the lowest SUA levels, the ORs were 2.96 (95% CI, 2.09-4.18;
P<0.001) for heart failure, 1.97 (95% CI, 1.46-2.65; P<0.001) for
coronary heart disease, 2.04 (95% CI, 1.32-3.13; P=0.001) for
angina/angina pectoris, and 1.92 (95% CI, 1.38-2.66; P<0.001)
for myocardial infarction in the highest SUA levels. After
adjusting for multiple variables, compared to participants with
the lowest SUA levels, the ORs for the highest SUA levels were
1.51 (95% CI, 1.01-2.26; P=0.049) for heart failure, 1.02 (95% CI,
0.69-1.50; P=0.937) for coronary heart disease, 1.36 (95% CI, 0.78-
2.38; P=0.285) for angina/angina pectoris, and 1.22 (95% CI, 0.80-
1.85; P=0.355) for myocardial infarction (Table 2).

The sensitivity analyses excluded participants who were
diagnosed with gout and took uric acid-lowering medicines at the
baseline examination (Supplementary Table 1). In addition,
participants who took SGLT2 inhibitors at baseline
(Supplementary Table 2) and participants with CKD (eGFR <60
mL/min/1.73 cm®) at baseline (Supplementary Table 3) were also
excluded from the analysis. The results did not show substantial
changes in the associations across the different sensitivity
analysis models.

There was an interaction between SUA and race and HbAlc
and the risk of heart failure (P <0.05 for interaction). In the
subgroup analysis for non-Hispanic white individuals to the
group 1 (<4.6 mg/dL), the ORs for heart failure were 0.76 (95%
CI, 0.44-1.29) in group 3 (5.6-6.7 mg/dL) and 1.17 (95% CI, 0.69-
1.97) in group 4 (>6.7 mg/dL). In the subgroup analysis involving
other racial groups compared to group 1 (<4.6 mg/dL), the ORs for
heart failure were 1.73 (95% CI, 1.13-2.65) in group 3 (5.6-6.7 mg/
dL) and 2.86 (95% CI, 1.72-4.77) in group 4 (>6.7 mg/dL). In the
subgroup analysis of participants with HbAlc <7.0%, compared to
group 1 (<4.6 mg/dL), the ORs for heart failure were 1.14 (95% CI,
0.80-1.62) in group 3 (5.6-6.7 mg/dL) and 2.17 (95% CI, 1.57-3.03)
in group 4 (>6.7 mg/dL). Additionally, in the subgroup analysis of
participants with HbAlc > 7.0%, compared to group 1 (<4.6 mg/
dL), the ORs for heart failure were 2.00 (95% CI, 1.38-2.91) in group
3 (5.6-6.7 mg/dL) and 4.18 (95% CI, 2.98-5.94) in group 4 (>6.7 mg/
dL). No significant interactions were observed between sex, age,
BMI, hypertension, smoking, alcohol consumption, physical
activity, or CKD categories and the risk of heart failure (Table 3).

frontiersin.org


https://doi.org/10.3389/fendo.2023.1251451
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

He et al. 10.3389/fendo.2023.1251451

TABLE 1 Basic characteristics of participants according to uric acid status in NHANES 1999-2018.

Uric acid status

Characteristics <4.6 47-5.5 5.6-6.7 >6.7
(n=1,525) (n=1,388) (n=1,471) (n=1,339)
Age, mean (SD) 56.4 (13.8) 59.9 (13.3) 60.1 (13.5) 62.5 (12.9) <0.001
BMI, mean (SD) 30.8 (6.9) 32.0 (7.1) 33.6 (7.5) 34.8 (8.0) <0.001

Gender, n (%)

Male 595 (40.0) 694 (48.9) 845 (56.5) 801 (58.9) <0.001

Female 930 (60.0) 694 (51.1) 626 (43.5) 538 (41.1)

Weight status, kg/m?

<25 kg/m2 309 (19.7) 228 (14.9) 161 (7.9) 120 (7.8) <0.001
25 to <30 kg/m2 512 (30.6) 451 (28.7) 435 (26.5) 330 (22.4)
=30 kg/m2 704 (49.6) 709 (56.4) 875 (65.6) 889 (69.8)

Race/ethnicity

Mexican American 434 (12.3) 315 (9.6) 294 (9.2) 140 (4.2) <0.001
Other Hispanic 176 (8.1) 129 (5.1) 128 (5.8) 83 (4.0)

Non-Hispanic White 488 (59.7) 488 (62.4) 521 (61.9) 543 (64.7)

Non-Hispanic Black 289 (12.1) 324 (13.5) 389 (15.2) 450 (18.1)

Other Race 138 (7.8) 132 (9.5) 139 (7.9) 123 (9.0)

Education level, n (%)

High school or less 952 (50.5) 841 (53.1) 857 (49.2) 796 (50.4) 0.706
Some college 368 (31.2) 338 (27.7) 397 (32.5) 363 (30.8)
College graduate 205 (18.3) 209 (19.2) 217 (18.3) 180 (18.7)

Insurance, n (%)

Any insurance 1264 (86.3) 1190 (88.9) 1303 (90.7) 1224 (92.0) 0.029

Uninsured 256 (13.3) 193 (10.7) 165 (9.2) 113 (7.7)

Smoking status, n (%)

Never 801 (50.9) 719 (50.0) 730 (49.2) 583 (44.9) <0.001
Ever 434 (28.6) 448 (33.7) 514 (33.7) 579 (43.7)
Current 290 (20.5) 221 (16.3) 227 (17.1) 177 (11.4)

Alcohol, n (%)

0 drinks/day 857 (49.5) 764 (47.6) 785 (47.8) 740 (50.2) 0.840
1-2 drinks/day 460 (36.5) 440 (39.6) 490 (38.4) 419 (35.9)
>2 drinks/day 208 (14.1) 184 (12.8) 196 (13.9) 180 (13.8)

Physical activity, n (%)

Low intensity 786 (45.5) 713 (47.4) 779 (52.5) 764 (54.3) 0.014
Moderate-intensity 405 (28.6) 386 (29.0) 365 (24.3) 320 (24.8)
High-intensity 334 (25.9) 289 (23.6) 327 (23.2) 255 (20.9)

Comorbidities, n (%)

Retinopathy 321 (20.3) 279 (18.1) 315 (19.4) 329 (22.7) 0.247
Chronic kidney disease 119 (7.3) 195 (12.4) 342 (19.8) 592 (40.7) <0.001
(Continued)
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TABLE 1 Continued

Uric acid status

Characteristics

<4.6 47-55 5.6-6.7 >6.7
(n=1,525) (n=1,388) (n=1,471) (n=1,339)
Tumor 125 (7.7) 135(9.1) 121 (6.8) 161 (11.7) 0.004
Hypentension 991 (61.9) 979 (67.1) 1144 (76.7) 1129 (84.5) <0.001
Diabetes mellitus treatment <0.001
Insulin 229 (15.0) 140 (10.1) 169 (11.5) 198 (14.8)
Insulin+oral medications 226 (14.8) 178 (12.8) 184 (12.5) 216 (16.1)
Oral medications 826 (54.2) 839 (60.4) 890 (60.5) 753 (56.2)
No pharmacotherapy 244 (16.0) 231 (16.6) 228 (15.5) 172 (12.8)
Age at diagnosis, mean(SD) 46.5 (15.5) 50.1 (15.3) 50.6 (14.7) 51.9 (14.9) 0.122
Duration of diabetes, mean(SD) 12.2 (11.2) 11.7(11.8) 12.6 (12.2) 12.5 (12.3) 0.414
Biochemical profile, mean (SD)
Glucose (mmol/L) 10.0 (4.3) 8.8 (3.5) 8.6 (3.4) 8.2 (3.1) <0.001
HbAlc (%) 8.0 (2.1) 74 (1.7) 72 (1.7) 7.2 (1.5) <0.001
HOMA-IR 9.0 (14.9) 7.2(9.2) 10.1 (17.2) 10.3 (17.7) <0.001
C-reactive protein (mg/dL) 2.1 (5.3) 2.6 (6.9) 2.4 (5.8) 3.6 (11.5) 0.009
ALT (U/T) 25.6 (20.0) 25.8 (26.2) 26.9 (19.0) 27.3 (41.8) 0.510
AST (U/T) 24.6 (19.5) 25.3 (23.5) 26.1 (14.2) 27.3 (23.3) 0.114
eGFR (ml/min/1.73 m?) 935 (22.4) 85.5 (22.7) 81.1 (24.2) 69.2 (26.5) <0.001
Cholesterol (mmol/L) 49 (1.4) 4.8 (1.2) 4.8 (1.2) 4.7 (1.3) 0.245
Triglycerides (mmol/L) 2.2 (29) 2.3 (1.8) 2.4 (2.5) 2.4(2.1) 0.214
LDL-Cholesterol (mmol/L) 2.7 (1.0) 2.7 (0.9) 2.7 (1.0) 2.5 (0.9) 0.280
HDL-Cholesterol (mmol/L) 1.3 (0.4) 1.2 (0.4) 1.2(0.3) 1.2 (0.3) <0.001
Blood urea nitrogen (mg/dl) 5.0 (2.1) 55(2.2) 5.9 (2.5) 7.6 (3.8) <0.001
Blood creatinine (mg/dl) 0.9 (0.7) 0.9 (0.7) 1.0 (0.7) 1.2 (0.6) <0.001
Uric acid (mg/dl) 3.9 (0.6) 5.1 (0.3) 6.1 (0.3) 7.9 (1.1) <0.001
Urinary albumin 82.7 (749.9) 88.5 (474.5) 152.5 (592.3) 268.1(964.8) <0.001
Urine creatinine 104.3 (67.4) 111.93 (69.6) 120.67 (73.0) 121.4 (73.0) <0.001

NHANES, National Health and Nutrition Examination Survey; ALT, Alamine aminotransferase; AST, Aspartate aminotransferase; eGFR, estimated glomerular filtration rate; HDL, high-density

lipoprotein; LDL, low density lipoprotein; n, numbers of subjects; SD, standard deviation; %, weighted percentage.

4.3 Mendelian randomization study

Following application of the selection criteria for SNPs, we
identified a total of 20 SNPs from the Shah et al. dataset and 44
SNPs from the FinnGen dataset that met the criteria for analyzing
the effects of SUA on heart failure. Detailed descriptions of the
selected SNPs can be found in Supplemental Tables 4, 5.

In the primary analysis using the IVW model, there was no
suggestion of a causal association between a 1-SD change in levels of
SUA and the risk of heart failure (OR: 1.05, 95% CI: 0.97-1.14,
p=0.241). The sensitivity analyses utilizing different methods,
including weighted median (OR: 0.97, 95% CI: 0.91~1.03,
p=0.332), simple mode (OR: 1.24, 95% CI: 1.00~1.53, p=0.058),
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and weighted mode (OR: 0.96, 95% CIL: 0.91~1.02, p=0.232),
provided consistent results. The MR-Egger regression test
showed the presence of some unbalanced horizontal pleiotropy (P
intercept =0.002). The Q test revealed no evidence of heterogeneity
in the effect of SUA variants on the risk of heart failure (P Cochran’s
Q =0.784). We confirmed this causality between SUA and the risk of
heart failure by utilizing the FinnGen database, which yielded
comparable results (OR: 1.05, 95% CI: 0.96-1.14,
p=0.299) (Table 4).

In our analysis, we did not find a causal relationship between
SUA and the risk of coronary artery disease (OR: 1.03, 95% CI: 0.98-
1.08, p=0.235), angina (OR: 1.00, 95% CI: 0.99-1.01, p=0.414), or
myocardial infarction (OR: 1.00, 95% CI: 0.99-1.01, p=0.744). The
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TABLE 2 OR (95% Cls) for cardiovascular disease according to uric acid status among participants in NHANES 1999-2018 (n=5,723).

Group 1 Group 2 Group 3 Group 4
(<4.6) (4.7-5.5) (5.6-6.7) (>6.7)
OR (95% Cl) OR (95% ClI) P OR (95% Cl) OR (95% Cl)
Nonadjusted

Heart failure 1.00 (reference) 1.00 (0.69, 1.44) 0.999 1.37 (0.96, 1.96) 0.082 2.96 (2.09, 4.18) <0.001
Coronary heart disease 1.00 (reference) 1.31 (0.91, 1.87) 0.144 1.47 (1.09, 1.99) 0.013 1.97 (1.46, 2.65) <0.001
Angina/angina pectoris 1.00 (reference) 1.18 (0.76, 1.84) 0.450 1.41 (0.98, 2.04) 0.068 2.04 (1.32, 3.13) 0.001
Myocardial infarction 1.00 (reference) 1.16 (0.82, 1.63) 0.404 1.35 (0.97, 1.87) 0.080 1.92 (1.38, 2.66) <0.001

Multivariable-adjusted ?

Heart failure 1.00 (reference) 0.79 (0.53, 1.18) 0.249 0.95 (0.65, 1.41) 0.812 1.51 (1.01, 2.26) 0.049
Coronary heart disease 1.00 (reference) 1.03 (0.71, 1.51) 0.862 1.06 (0.76, 1.48) 0.715 1.02 (0.69, 1.50) 0.937
Angina/angina pectoris 1.00 (reference) 1.00 (0.60, 1.64) 0.992 1.11 (0.75, 1.64) 0.611 1.36 (0.78, 2.38) 0.285
Myocardial infarction 1.00 (reference) 0.99 (0.69, 1.43) 0.960 1.07 (0.74, 1.56) 0.705 1.22 (0.80, 1.85) 0.355

NHANES, National Health and Nutrition Examination Survey; OR, odds ratio; CI, confidence interval; n, the number.
“Data were adjusted for age, sex, race or ethnicity, education level, body mass index, smoking status, drinking status, hypentension, physical activity, total cholesterol, triglycerides, HbA1C, high-
density lipoprotein, blood urea nitrogen, and blood creatinine.

TABLE 3 Stratified analyses of the associations (OR, 95% Cls) between uric acid status and cardiovascular disease among participants in NHANES
1999-2018 (n=5,723).

Group 1 Group 2 Group 3 Group 4
(<4.6) (4.7-5.5) (5.6-6.7) (>6.7) P for interaction
OR (95% CI) @ OR (95% ClI) @ OR (95% CI) @ OR (95% CI) @
Age, years 0.291
<60 1.00 (reference) 0.87 (0.40, 1.92) 1.37 (0.72, 2.62) 1.74 (0.73, 4.15)
>60 1.00 (reference) 0.76 (0.48, 1.19) 0.84 (0.52, 1.37) 1.41 (0.91, 2.20)
Gender 0.725
Male 1.00 (reference) 0.70 (0.39, 1.25) 0.85 (0.51, 1.44) 1.4 (0.81, 2.41)
Female 1.00 (reference) 0.84 (0.48, 1.46) 0.96 (0.52, 1.77) 1.43 (0.8, 2.56)
Race 0.034
Non-Hispanic White 1.00 (reference) 0.69 (0.40, 1.18) 0.76 (0.44, 1.29) 1.17 (0.69, 1.97)
Other Race 1.00 (reference) 1.12 (0.67, 1.88) 1.73 (1.13, 2.65) 2.86 (1.72, 4.77)
Weight status, kg/m* 0.536
<25 1.00 (reference) 1.95 (0.71, 5.32) 1.28 (0.33, 4.94) 2.41 (059, 9.91)
25 to <30 1.00 (reference) 0.68 (0.35, 1.34) 0.85 (0.45, 1.62) 1.25 (0.64, 2.43)
>30 1.00 (reference) 0.69 (0.39, 1.22) 0.97 (0.57, 1.64) 1.45 (0.85, 2.49)
Hypertension 0.099
Yes 1.00 (reference) 3.69 (1.40, 9.75) 3.21 (1.20, 8.54) 6.98 (2.45, 19.87)
No 1.00 (reference) 0.63 (0.41, 0.98) 0.79 (0.52, 1.19) 1.18 (0.76, 1.84)
Smoking status 0.883
Never 1.00 (reference) 0.84 (0.46, 1.55) 1.04 (0.55, 1.94) 1.94 (1.08, 3.48)
Ever 1.00 (reference) 0.85 (0.44, 1.66) 1.06 (0.55, 2.07) 1.12 (0.59, 2.12)
Current 1.00 (reference) 0.63 (0.27, 1.50) 0.65 (0.29, 1.47) 2.36 (0.92, 6.02)
(Continued)
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TABLE 3 Continued

10.3389/fendo.2023.1251451

Group 1 Group 2 Group 3 Group 4
(<4.6) (4.7-5.5) (5.6-6.7) (>6.7) P for interaction
OR (95% CI) @ OR (95% ClI) @ OR (95% CI) @ OR (95% CI) @
Physical activity 0.675
Low intensity 1.00 (reference) 0.94 (0.59, 1.50) 1.08 (0.73, 1.60) 1.50 (0.96, 2.35)
Moderate intensity 1.00 (reference) 0.59 (0.23, 1.55) 0.99 (0.39, 2.53) 1.28 (0.45, 3.66)
High intensity 1.00 (reference) 0.54 (0.20, 1.49) 0.59 (0.22, 1.56) 1.66 (0.61, 4.55)
Duration of diabetes, year 0.656
<5Y 1.00 (reference) 0.86 (0.46, 1.58) 1.45 (0.85, 2.52) 2.66 (1.63, 4.48)
5-10Y 1.00 (reference) 1.49 (0.77, 2.96) 1.77 (0.94, 3.43) 3.89 (2.19, 7.24)
>10Y 1.00 (reference) 0.95 (0.65, 1.37) 1.58 (1.13, 2.20) 322 (2.38, 4.41)
HbAlc, % 0.011
<7.0 1.00 (reference) 0.83 (0.57, 1.23) 1.14 (0.80, 1.62) 2.17 (1.57, 3.03)
>7.0 1.00 (reference) 1.11 (0.73, 1.69) 2.00 (1.38,2.91) 4.18 (2.98, 5.94)
Diabetes treatment 0.411
Insulin 1.00 (reference) 1.00 (0.50, 1.92) 2.03 (1.17, 3.57) 3.78 (2.30, 6.36)
Insulin+oral medications 1.00 (reference) 1.38 (0.75, 2.52) 1.20 (0.65, 2.22) 2.47 (1.47, 4.26)
Oral medications 1.00 (reference) 0.90 (0.58, 1.37) 1.77 (1.23, 2.58) 2.96 (2.09, 4.26)
No pharmacotherapy 1.00 (reference) 1.42 (0.67, 3.05) 1.16 (0.53, 2.56) 4.22 (2.19, 8.58)
Alcohol (drinks/day) 0.281
0 1.00 (reference) 0.84 (0.56, 1.26) 1.36 (0.91, 2.04) 1.81 (1.14, 2.86)
1to=<2 1.00 (reference) 0.66 (0.30, 1.46) 0.52 (0.22, 1.22) 1.28 (0.58, 2.79)
>2 1.00 (reference) 0.97 (0.23, 4.17) 0.65 (0.19, 2.23) 0.71 (0.19, 2.64)
Chronic kidney disease 0.093
Yes 1.00 (reference) 2.08 (1.09, 3.96) 1.23 (0.65, 2.32) 1.69 (0.93, 3.07)
No 1.00 (reference) 0.54 (0.33, 0.88) 0.84 (0.52, 1.36) 1.48 (0.88, 2.47)

NHANES, National Health and Nutrition Examination Survey; OR, odds ratio; CI, confidence interval; n, the number.
“Data were adjusted for age, sex, race or ethnicity, education level, body mass index, smoking status, drinking status, hypentension, physical activity, total cholesterol, triglycerides, HbA1C, high-

density lipoprotein, blood urea nitrogen, and blood creatinine.

consistency of these results across different methods was
demonstrated and can be seen in Supplementary Table 6.
The leave-one-out analyses, depicted in Figure 1, did not identify
any single nucleotide polymorphisms (SNPs) that strongly
influenced the estimates. Additionally, the results from the forest
scatter plots (Supplement Figure S1) and scatter plots (Supplement
Figure S2) further support the findings from the main analysis,
showing no causal relationship between SUA levels and these
cardiovascular outcomes.

5 Discussion

This study employed a cross-sectional study utilizing data from
the NHANES. Additionally, a two-sample MR analysis with
summary data from GWAS was conducted to explore the
potential association between SUA levels and the risks of CVD in
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individuals with T2D. Our observational research findings revealed
that higher SUA levels were associated with an increased risk of
heart failure. However, no significant associations were observed
between SUA levels and coronary heart disease, angina pectoris, or
myocardial infarction. Nevertheless, the MR analysis indicated that
the association between SUA levels and heart failure may not
be causal.

Although numerous studies have explored the relationship
between SUA levels and the risk of CVD, a definitive conclusion
has yet to be reached. Some epidemiological studies have analyzed
the link between SUA levels and CVD, revealing suggestive evidence
of an association (33, 34). However, a systematic review examining
the existing evidence on the associations between SUA levels and
several health outcomes found that the evidence for a definitive role
of SUA levels in CVD outcomes was not compelling. While there
was highly suggestive evidence for associations between SUA levels
and CVD, it is important to acknowledge that a significant
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TABLE 4 MR results for association between serum urate concentrations and heart failure.

Horizontal
leiotro Heterogeneit P
Exposure Outcome No.SNP Methods F;D Py 9 y OgRIRIERESSS
for Egger for Cochran's Q global test
intercept
Urate Heart failure/ 20 VW 1.03 0.97- 0.293 0.784
GWAS 1.09
WM 0.97 0.91- 0.332
1.03
MR-Egger 0.90 0.82- 0.023 0.002
0.98
Simple 1.24 1.00- 0.058
mode 1.53
Weighted 0.96 0.91- 0.232
mode 1.02
MR- 1.08 1.00- 0.079 0.072
PRESSO 1.17
Heart failure/ 44 IVW 1.05 0.96- 0.299 0.205
FinnGen 1.14
WM 1.04 0.94- 0.432
1.17
MR-Egger 0.95 0.81- 0.509 0.136
1.11
Simple 1.08 0.97- 0.057
mode 1.21
Weighted 1.05 0.96- 0.302
mode 1.02
MR- 1.05 0.96- 0.305 0.591
PRESSO 1.14

MR, mendelian randomization; IVW, inverse-variance weighted, WM, weighted median; MR-PRESSO, MR pleiotropy residual sum and outlier.

proportion of the meta-analyses exhibited substantial heterogeneity
(I > 50%). This suggests that caution is needed when interpreting
these associations (11).

Although observational studies cannot establish a causality
between SUA levels and CVD in individuals, the use of uric acid-
lowering medications, such as oxypurinol and allopurinol, in
patients with symptomatic heart failure has also generated
conflicting findings. For example, one large RCT did not find any
improvements in clinical outcomes with oxypurinol, and the
EXACT-HEF trial found no significant differences in clinical status,
heart failure scores, or 6-minute walk distances between patients
with symptomatic heart failure who received allopurinol or placebo,
despite reductions in SUA levels with allopurinol (35, 36). However,
two small double-blind placebo-controlled RCT's reported potential
benefits of allopurinol in improving endothelial function in patients
with heart failure (37). Furthermore, an additional small RCT
suggested that the beneficial effect of allopurinol on endothelial
function in patients with heart failure may be dependent on the
dosage administered (38). Overall, it is important to note that the
current body of research has not yet provided conclusive evidence
on the impact of SUA levels on CVD. Further investigation is
necessary to gain a comprehensive understanding of the potential
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relationship between SUA levels and CVD in the general or
diabetes population.

Compared to the general population, individuals with diabetes
exhibit specific characteristics. In our study, we identified a notable
observed relationship between elevated SUA levels and an increased
risk of heart failure, coronary heart disease, angina, and myocardial
infarction in individuals with T2D without adjusting for variables.
However, once we accounted for multiple confounding variables,
the previously observed association between SUA levels and CVD
became less conclusive, and only heart failure remained
significantly correlated with SUA levels. These findings highlight
the importance of accounting for potential confounding factors
when examining the relationship between SUA levels and CVD
outcomes. In individuals with T2D, hypertension and CKD may
serve as relevant confounding factors that can contribute to elevated
SUA levels. Considering these factors is essential in accurately
assessing the impact of SUA levels on CVD outcomes in
individuals with T2D and increasing the risk of CVD and other
adverse outcomes. In our study, only 7.3% of T2D patients with the
lowest SUA levels had chronic kidney disease, and 61.9% had
hypertension. However, at the highest SUA levels, 40.7% of T2D
patients had chronic kidney disease, and 84.5% had hypertension.

frontiersin.org


https://doi.org/10.3389/fendo.2023.1251451
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

He et al.

A
rs11722228
rs2231142
rs3741414
rs1165151
rs729761
rs10761587
rs7654258
rs1178977
rs11264341
rs7193778
rs1394125
rs675209
rs6598541
rs6770152
rs7224610
rs1260326
rs2941484
rs1825043
rs2078267
rs1171614
Al -
0.00 0.05 0.10
MR leave-one-out sensitivity analysis for
‘Urate' on 'Heart failure’
C
rs1165151 -
rs2231142
rs11722228
rs7193778
rs7224610
rs2941484
rs1394125
rs1825043
rs2078267
rs11264341
rs17050272 -
rs7654258
rs675209
rs2307394
rs6770152
rs1178977
rs10761587
rs729761
rs6598541
rs1171614

rs1471633

Al
-0.03

1 ' ' '
0.00 0.03 0.06 0.09
MR leave-one-out sensitivity analysis for

‘Urate’ on 'Coronary artery disease'

FIGURE 1

10.3389/fendo.2023.1251451

B
1511722228
rs7224610
rs2307394
rs1471633
15642803
rs6598541
rs1165151
rs17050272
rs11264341
152078267
151304125
rs2941484
1729761
rs1260326
rs6770152
Al
v i ) .
-5e-04 0e+00 5e-04 1e-03
MR leave-one-out sensitivity analysis for
“Urate' on ‘Myocardial infarction’
D
rs2078267 -
rs675209 -
1s7224610
1s2231142
1510761587
rs642803
rs729761
1s7193778
rs2307394
153741414
rs1171614
rs11722228
rs11264341
rs6598541
rs1394125
152941484 -
rs17050272 -
rs6770152
rs1178977
rs653178
rs1471633 -
1260326
rs1165151

Al
' ' '
0.000 0.001 0.002
MR leave-one-out sensitivity analysis for
'Urate’ on ‘Angina’

-0.001
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However, our subgroup analysis revealed an interaction between
SUA and race and HbAlc. Specifically, among non-Hispanic white
individuals, increasing SUA levels were not associated with the risk of
heart failure, whereas other racial groups experienced an elevated risk
of heart failure as SUA increased. In the subgroup with HbA1c<7.0%,
the risk of heart failure only showed an increase in the highest SUA
group. However, in the subgroup with HbA1c>7.0%, the risk of heart
failure was elevated even at lower uric acid concentrations. Although
age, sex, hypertension, and chronic kidney disease are known to
influence uric acid levels in the general or diabetes population,
research examining specific subgroups of individuals with diabetes
suggests that these factors may not have an impact on the interaction
between uric acid and heart failure risk. These findings suggest that race
and HbAlc may be important factors to consider in the assessment of
the relationship between SUA and heart failure risk in the U.S.
diabetes population.

One potential explanation for the observed association between
SUA levels and heart failure is the possibility of residual confounding.
There may be other factors besides SUA that contribute to heart failure
risk, such as dietary factors, hypoglycemic medications, duration of
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diabetes or other comorbidities. To mitigate the effects of confounding
factors, a two-sample MR analysis was performed to evaluate the
potential causal relationship between SUA levels and CVD. After
conducting both primary and sensitivity MR analyses, we found no
evidence to support a causal relationship between genetically predicted
SUA levels and CVD. However, our observational study did suggest a
potential association between uric acid levels and heart failure. Our
finding aligns with a few studies that have shown a lack of evidence
linking increased SUA levels directly to heart failure in patients with
T2D. Furthermore, this study contributes to the literature on this
subject by using genetic variations associated with SUA levels as
instrumental variables, which provides stronger evidence for a lack of
causal relationship.

The current study possesses several notable strengths, including
the use of a large sample size with multiple CVD outcomes and
adjustment for relevant confounders. Additionally, the Mendelian
randomization analysis provided robust evidence of the causality
between SUA levels and heart failure risk. However, there are several
limitations within the scope of the current study. To enhance the
statistical power and broaden the scope of our study, we combined
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NHANES data, but our study might still lack sufficient statistical
power to detect small or subtle effects. Additionally, we recognize that
some unmeasured or inadequate variables might have differed
between groups and could have influenced the observed outcomes.
Furthermore, the possibility of T1D cannot be entirely excluded from
our study. The NHANES database has provided explicit diagnoses of
TID and T2D since 2013. There are limitations to Mendelian
randomization analyses, as they were not able to completely rule
out the pleiotropy of SNP levels. Urate transporters are mostly
associated with UA underexcretion than UA hyperproduction
(such as URAT1, SLC2A9, GLUT9) (39). Therefore, the variability
and diversity of urate transporters may have different effects on uric
acid concentration. However, in this study, we did not examine
relevant SNPs related to urate transporters. This limitation
emphasizes the importance of future research in exploring the
association between genetic variations in urate transporters and
uric acid concentration. Additionally, there can be differences in
SNPs among different racial and ethnic groups. These genetic
variations can differ among various ethnic and geographic groups
due to differences in population history, migration patterns, and
genetic admixture. Therefore, it is important to consider these
potential differences when studying the impact of SNPs on health
outcomes in different populations. Mendelian analysis is based on the
genetic pattern of a single gene, considering its influence on a specific
trait (40). However, many traits are determined by multiple genes and
environmental factors, neglecting these complexities. Mendelian
analysis primarily focuses on the direct impact of genotypes on
traits, overlooking the role of gene expression and regulation. In
fact, the same genotype may exhibit different phenotypes in different
individuals, which is associated with gene expression under different
environmental conditions.

In conclusion, the current study provides evidence to suggest
that elevated SUA levels may increase the risk of heart failure in
individuals with T2D and related comorbidities but not necessarily
other types of CVD. However, the MR analysis did not support a
causal relationship between SUA levels and heart failure risk,
indicating that other factors may play a causal role in heart
failure development among those with T2D. Further research is
needed to identify these factors and investigate their potential
interactions with SUA levels.
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Skin wound healing is a physiological process that involves several cell types.
Among them, endothelial cells are required for inflammation resolution and neo-
angiogenesis, both necessary for tissue restoration after injury. Primary human
umbilical vein endothelial cells (C-HUVECSs) are derived from the umbilical cord.
When women develop gestational diabetes, chronic exposure to hyperglycemia
induces epigenetic modifications in these cells (GD-HUVECs), leading to a
permanent pro-inflammatory phenotype and impaired angiogenesis in
contrast to control cells. Oleanolic acid (OA) is a bioactive triterpenoid known
for its epithelial cell migration promotion stimulation and higher tensile strength
of wounds. However, the potentially anti-inflammatory and pro-angiogenic
properties of OA are still under investigation. We tested OA on C- and GD-
HUVECs under inflammatory conditions induced by low levels of the
inflammatory cytokine TNF-a. Reduced expression of adhesion molecules
VCAM1, ICAM1, and SELE was obtained in OA-pre-treated C- and GD-
HUVECs. Additionally, protein VCAM1 levels were also decreased by OA.
Coherently, monocyte adhesion assays showed that a lower number of
monocytes adhered to GD-HUVEC endothelium under OA pre-treatment
when compared to untreated ones. It is noteworthy that OA improved
angiogenesis parameters in both phenotypes, being especially remarkable in
the case of GD-HUVECs, since OA strongly rescued their poor tube formation
behavior. Moreover, endothelial cell migration was improved in C- and GD-
HUVECs in scratch assays, an effect that was further confirmed by focal adhesion
(FA) remodeling, revealed by paxillin staining on immunocytochemistry assays.
Altogether, these results suggest that OA could be an emergent wound healing
agent due to its capacity to rescue endothelial malfunction caused
by hyperglycemia.

KEYWORDS

oleanolic acid, endothelial cells, angiogenesis, inflammation, chronic hyperglycemia,
adhesion molecules
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Introduction

During wound healing, epithelial cell migration is a crucial
process to close and repair the skin barrier (1, 2). In pathological
conditions, a physiologic impairment that halts wound healing may
occur. Therefore, new treatments that could enhance or accelerate
cell migration are currently of great interest. Oleanolic acid (OA), a
bioactive triterpenoid present in a wide variety of plants, has shown
promising effects on wound healing due to its cell migration activity
on epithelial cells (3-7). Thus, OA activates epidermal growth factor
receptor (EGFR), enabling a complex MAP kinase system, which in
turn triggers c-Jun phosphorylation and overexpression, a key
transcription factor that enhances a gene expression cell
migration program (7, 8). Besides these molecular effects, OA also
changes elements of the epithelial cell architecture. OA promotes
the assemble-disassemble turnover of focal adhesions (FAs)
together with the actin and paxillin remodeling, a dynamic state
that is evidence of cell migration (7, 9-11).

The findings of effects of OA on epithelial cells encouraged us to
explore the role of this bioactive compound on other wound healing
players, closely related to epithelial cells and their migration. In an
acute wound, to reach wound closure, sequential phases must occur
with the involvement of different cell types. The proliferative phase
and the remodeling phase are critical for a correct wound resolution
(12). These two stages need to take place after a correct
inflammation mitigation in the wound, which is produced after
skin injury and defines the inflammatory phase (13). At this point,
in the injured blood vessels of the wound, endothelial cells respond
by expressing adhesion molecules on the endothelium surface in
order to facilitate the recruitment of immune cells to the wound site.
In particular, they recruit immune cells that are known for their
reparative properties, such as M2 macrophages and type T
lymphocytes, which release anti-inflammatory cytokines to
modulate the wound inflammation milieu (14). The adequate
resolution of this phase allows the wound to progress into the
subsequent proliferative and remodeling phases, including
angiogenesis and tissue regeneration. During angiogenesis,
endothelial cells proliferate, migrate, and form a tube for the
correct supply of nutrients, oxygen, and growth factors to the
newly formed wound bed (15, 16). Briefly, angiogenesis is critical
and occurs with cell migration during the proliferative and
remodeling phases, supporting skin reepithelization.

However, when the wound is subjected to continuous
inflammation, the other stages come to a halt, resulting in a
chronic, non-healing wound that may progress to an ulcer (17,
18). Indeed, there are many causes that trigger this condition,
including trauma, burns, infections, or underlying chronic
diseases such as diabetes (19). In fact, diabetes is one of the
leading causes of impaired wound healing, and represents a
complex issue due to its socioeconomic impact and the elevated
number of patients (20, 21). For instance, one of its most severe
complications is diabetic foot ulcer (DFU), in which the patient’s
ulcer shows poor reepithelization and vascularization, leading to the
amputation of the limb (20).

Diabetic ulcers display an excessive inflammatory response and
deficient angiogenesis due to endothelium malfunction, which
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causes delayed healing and uncontrolled scar tissue formation
(22-24). Thus, the use of in vitro cell models that can mimic
endothelium diabetic features seems very relevant to studying
possible strategies or agents that help rescue endothelial cells
from this condition, and eventually restore their regular function.
This is the case of human umbilical cord vein endothelial cells
(HUVECsS) exposed to hyperglycemia during pregnancy in mothers
affected by gestational diabetes (GD) (25). Interestingly enough, this
unique endothelial cell model (GD-HUVECs) displays an altered
phenotype that has been exhaustively studied and described (26).
Although regular primary HUVECs are a well-known in vitro
model to study the process and molecular mechanisms related to
inflammation and neo-angiogenesis (27, 28), GD-HUVECs are
permanently damaged by hyperglycemia, thus showing a
senescent pro-inflammatory phenotype that leads to endothelial
dysfunction (26). Therefore, GD-HUVEC:s are a suitable model to
study and to try to rescue an endothelium that is affected by diabetic
ulcers and causes either a delay or even a halt on wound healing.
Indeed, previous studies have shown that OA attenuates adhesion
molecule overexpression under inflammation stimuli in C-
HUVECs (29, 30). Nevertheless, it might be very interesting to
carry out these studies on GD-HUVECs, which are endothelial cells
experiencing a pathologic condition.

In this article, we have investigated the effects of OA on C-
HUVECs and GD-HUVECs. Our results show that OA attenuates
inflammatory responses, improves migration, and favors tube
formation in both types of cells. Furthermore, these aspects are
especially relevant in GD-HUVECs.

Materials and methods
HUVEC isolation and culture

All procedures adhered to the ethical standards of the
Institutional Committee on Human Experimentation (reference
number 1879/09COET) and to the principles of the Declaration
of Helsinki. The protocol used was approved by the Institutional
Review Board and informed consent was signed by every
participating subject. Primary endothelial cells were collected
from umbilical cord veins (HUVECs) of newborns delivered
between the 36th and the 40th gestational week at the Hospital of
Chieti and Pescara (Italy) from randomly selected Caucasian
mothers affected by GD or not (control, C) following previously
published methods (31). Briefly, veins of the umbilical cords were
immediately collected after delivery, cannulated and perfused with 1
mg/mL collagenase 1A at 37°C. Obtained HUVECs were isolated in
a base medium composed of DMEM/M199 (1:1) supplemented
with 1% L-glutamine, 1% penicillin/streptomycin, and 20% fetal
bovine serum (FBS) (all from Biowest, Nuaille, France). Then, the
cell suspension was centrifuged at 1,200 rpm for 10 min, and the cell
pellet was re-suspended in HUVEC base medium and plated on
1.5% gelatin-coated (Sigma-Aldrich, St Louis, MO, USA) tissue
culture flasks. HUVECs were confirmed by the presence of specific
markers such as von Willebrand factor, CD31 and CD34 positive,
together with the induced expression of cell adhesion molecules
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ICAM1, VCAMI, and E-selectin, and cytokines IL-6 and IL-8
under pro-inflammatory stimuli, as well as the formation of cord-
like structures on Matrigel (25, 32). For all experiments, the cells
were used in vitro between the 3rd and 5th passage, never exceeding
the 5th passage. The HUVECs selected for the assays were grown on
1.5% gelatin-coated tissue culture plates in HUVEC complete
medium: low-glucose (1 g/L) DMEM and M199 medium (ratio
1:1), supplemented with 10 ug/mL heparin (Sigma-Aldrich, St
Louis, MO, USA), 50 pg/mL endothelial cell growth factor
(ECGF), 20% FBS, 1% penicillin/streptomycin, and 1% L-
glutamine. All experiments were performed, at least, in technical
triplicate, using three different cellular strains (n = 3) of C- and
GD-HUVECs.

Oleanolic acid preparation

OA (purity > 97%) (Merck, Darmstadt, Germany) was
solubilized to a 25 mM final concentration in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich, St Louis, MO, USA). Assay
concentrations are indicated for each experiment in figure
legends. MTT assays were performed in C- and GD-HUVECs
prior to functional assays, in order to optimize the OA/DMSO
effect (see Supplementary Figure 1). In all the assays, DMSO
concentration never exceeded 1% to avoid cytotoxic effects.

RNA extraction and quantitative PCR

C- and GD-HUVECs were seeded in 5-cm-diameter Petri
dishes coated with 1.5% gelatin in HUVEC complete medium.
When cells reached sub-confluence (60%), cells were pre-treated for
24 h with OA or DMSO (basal condition) in HUVEC complete
medium with 10% FBS. After this, a 2-h serum-starvation period
was established in HUVEC serum-starvation medium: low-glucose
(1 g/L) DMEM with 0.1% FBS, supplemented with 10 pg/mL
heparin, 50 pug/mL endothelial cell growth factor (ECGF), 0.3%
bovine serum albumin (BSA, from Sigma-Aldrich, St Louis, MO,
USA), 1% penicillin/streptomycin, and 1% L-glutamine. After
serum starvation, cells were treated with TNF-o, at 1 ng/mL,
using this concentration for subsequent assays as well (28, 33,
34). Then, cells were incubated for 2, 6, and 24 h to induce the
gene expression of adhesion molecules: vascular cell adhesion
molecule 1, VCAMI, intercellular adhesion molecule 1, ICAMI,
and, E-selectin, SELE. At the times indicated above, RNA was
extracted using the RNeasy-mini system (Qiagen, Venlo, The
Netherlands). Usually, 800 ng of RNA from independent samples
was retro-transcribed using iScript reagents (Bio-Rad, Hercules,
CA, USA). The obtained ¢cDNA was used for quantitative PCR
(qPCR) using the SYBR premix ex Taq kit (Takara Bio Europe/
Clontech, Saint-Germain-en-Laye, France) according to the
manufacturer’s protocol. The primers used for the analyzed genes
related to inflammation are indicated in Table 1. For gene
expression analysis, qPCR cycles were normalized with
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene

~AACt
2

expression according to the method (35). The experiment
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was carried out on four different strains for C-HUVECs and four
different strains for GD-HUVECs, each in technical triplicate.
Analyzed data represent mean + SEM.

MTT assay

The effects of increasing concentrations of OA on C-HUVEC
and GD-HUVEC viability were assessed with the 3-(4,5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT,
Sigma-Aldrich) method (36). C- and GD-HUVECs were seeded
in 96-well microplates, 2 x 10* cells/cm> (approximately 6500 cells
per well), coated with 1.5% gelatin in HUVEC complete medium.
When cells reached sub-confluence (80%), a 24-h serum-starvation
period was established in HUVEC serum-starvation medium (0.1%
FBS). After this, cells were treated with vehicle control DMSO or
OA, as indicated in Supplementary Figure 1, in 0.5% FBS media.
After 24-h incubation, 20 uL of MTT 5 mg/mL in PBS was added to
each well. Plates were incubated for 3 h at 37 °C and finally the
absorbance at 540 nm was detected by a microplate reader
(SpectraMAX 190, Molecular Devices, Sunnyvale, CA, USA).

Western blot

C- and GD-HUVECs were seeded in 5-cm-diameter Petri
dishes coated with 1.5% gelatin in HUVEC complete medium.
When cells reached sub-confluence (60%), cells were pre-treated for
24 h with OA or DMSO (basal) in HUVEC complete medium with
10% FBS. After this, a 2-h serum-starvation period (0.1% FBS) was
established in HUVEC serum-starvation medium. Then, cells were
treated with TNF-o (1 ng/mL) for 1, 3, 6, or 24 h to induce
inflammation. At the indicated times, cells were collected, washed
twice with cold PBS, and lysed with 20 mM Tris, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1.2 mM MgCl,, 0.5%, Nonidet p-40, 1 mM
DTT, 25 mM NaF, and 25 mM B-glycerophosphate supplemented

TABLE 1 Different primers used to study the expression of several genes.

Gene name (GeneCards)/
Primer name

Primer sequence 5'-3°

GAPDH Fwd AGCTCAGGCCTCAAGACCTT
GAPDH Rev AAGAAGATGCGGCTGACTGT
TCAMI Fwd A(.ICAT(%TACAGCTTTCCG
(Sigma KiCqStart)
T
ICAMI Rev QACAC{TTCACTGTCACC
(Sigma KiCqStart)
SELE Fwd G{\GAA'[.‘TCACCTACAAGTCC
(Sigma KiCqStart)
AGGCTTGAACATTTTACCAC
SELE Rev

(Sigma KiCqStart)

Proprietary sequence (Qiagen

VCAMI (mix Fwd/R
(mix Fwd/Rev) QuantiTect®) QT00018347

GADPH, glyceraldehyde-3-phosphate dehydrogenase; ICAMI, intercellular adhesion
molecule 1; SELE, E-Selectin; VCAMI, vascular cell adhesion molecule 1.
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with phosphatase inhibitor cocktails (I and II) and protease
inhibitors (all from Sigma-Aldrich, St Louis, MO, USA). Total
protein amount of all samples was measured and normalized by
Bradford assay (37) (Sigma-Aldrich, St Louis, MO, USA). Samples
were analyzed by SDS-PAGE followed by Western blot using the
indicated antibodies (see the Antibodies section). Blots were
revealed by using horseradish peroxidase substrate (ECL) (GE
Healthcare, GE, Little Chalfont, United Kingdom) and images
were taken with a ChemiDoc MP (Bio-Rad, Hercules, CA, USA).
To quantify Western blot protein bands, pictures in 8-bit format
were processed in Image] software. In every picture, a lane was
established for each sample. In each lane, only the band with the
specific size (kDa) of the protein of interest was quantified. For each
total protein and its phosphorylated form, each band’s intensity
peak was plotted, and subsequently, the area under the plot was
measured by using “Wand tool” of Image] to finally obtain pixel
intensity value. In order to normalize data, obtained intensity values
were referred to those of the unphosphorylated form of the protein
(total) or a loading control protein (f-actin) if the
unphosphorylated form was undetectable (non-available antibody
for the unphosphorylated form).

Monocyte-HUVEC adhesion assay

C- and GD-HUVECs were seeded in six-well plates (200,000
cells/well) coated with 1.5% gelatin in HUVEC complete medium
until they reached 60% confluence. At this time, cells were pre-
treated for 24 h with 20 uM OA in HUVEC complete medium with
10% FBS. When confluent, a 2-h serum-starvation period was
established washing and adding HUVEC serum starvation media.
After this, cells were stimulated with TNF-o (1 ng/mL) for 16 h. The
U937 monocyte cell line (European Collection of Authenticated
Cell Cultures, ECACC) was used to evaluate the adhesion to C- and
GD-HUVEC monolayers, as previously described (28, 33, 34).
Briefly, the medium was removed from each HUVEC well, cells
were gently washed with DMEM, and a suspension with 1 million
monocytes was added to each well. Plates were incubated for
20 min, with gentle shaking at room temperature. Finally, to
remove non-adhered monocytes, HUVECs were gently washed
and fixed with 1% paraformaldehyde. To identify the number of
adherent monocytes for each tested strain, 12 counts were
performed for every experimental condition (by using at least
three different randomly selected high-power fields, at 10x
magnification) using Paula Nuc microscope (Leica Microsystems,
Wetzlar, Germany). Images were acquired by using Paula software
version 1.2.2. For this experiment, four different strains of both C-
HUVECs and GD-HUVECs were used.

Matrigel tube formation assay

C- and GD-HUVECs were seeded on 12-well plates coated with
growth factor-reduced basement membrane matrix gel, known as
Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) all in 10% FBS
HUVEC complete medium. A number of 1.4 x 10° cells/well was
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the suitable amount for the assay. After plating, cells were incubated
for 15 min at 37°C to induce cellular adhesion to Matrigel. Then, 20
uM OA and DMSO equivalent volume as control were ready to add
to cells. After 6 h, representative images were taken using a Paula
Nuc microscope (Leica Microsystems, Wetzlar, Germany). Images
were processed and measured by Image] software. In this software,
“Angiogenesis Analyzer” plugin (38) was used to analyze key neo-
angiogenesis markers: number of isolated segments, total length of
isolated branches, number of master segments, number of meshes,
number of nodes, number of segments, number of master junctions,
total length of branches, and total length. The data presented are the
data gathered from four C-HUVEC strains and four GD-
HUVEC strains.

Wound healing scratch assay

C- and GD-HUVECs were grown in 24-well plates coated with
1.5% gelatin until they reached 100% confluence in HUVEC
complete medium. At this point, a serum-starvation period was
performed in 1% FBS HUVEC serum starvation medium for 24 h.
Cells were scratched using a sterile p-40 uL pipette tip and then the
resulting wounds were gently washed with free-FBS DMEM low
glucose to remove released cells. Treatments were performed in the
plates by adding DMSO and 20 uM OA in 0.5% FBS media.
Additionally, 20% FBS was added as a positive control. After
12 h, the assay was stopped by fixing the cells with 4%
formaldehyde (Applichem GmbH, Darmstadt, Germany) in PBS
(Biowest, Nuaille, France) for 10 min. Finally, cells were washed
twice with PBS. Pictures were taken at 10x magnification using an
optical microscope equipped with a digital camera (Motic Optic
AE31, Motic Spain, Barcelona, Spain). Areas in the wounds at 0 h
and 12 h were measured by ImageJ software. The initial cell area
(0 h) was subtracted from the final cell area (12 h) and plotted in a
graph as migration percentage (39).

Focal adhesion quantification assay

C- and GD-HUVECs were grown on round-glass coverslips
coated with 1.5% gelatin until they were sub-confluent (60%) in
HUVEC complete medium. At this time, cells were washed with
serum-deprived medium and then treated with 20 uM OA and
DMSO equivalent volume (basal) in 0.1% FBS HUVEC starvation
medium. After 24-h incubation, coverslips were fixed with 4%
formaldehyde (Applichem GmbH, Darmstadt, Germany) in PBS
(Biowest, Nuaille, France) for 10 min and washed twice with PBS.
Then, cells were permeabilized with 0.3% Triton X-100 (Sigma-
Aldrich, St Louis, MO, USA) in PBS for 10 min. For
immunostaining, a 30-min blocking was performed in PBS
solution with 10% FBS, 5% skim milk (Beckton Dickinson,
Franklin Lakes, NJ, USA), 0.3% bovine serum albumin (BSA,
Sigma-Aldrich, St Louis, MO, USA) and 0.1% Triton X-100.
Subsequently, cells were incubated for 1 h with anti-paxillin
antibody, diluted in the above-mentioned blocking solution
without skim milk. Proper fluorescent-labeled secondary
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antibodies (see the Antibodies section) were co-incubated for
30 min with Alexa Fluor 594 conjugated phalloidin (Molecular
Probes, Thermo Fisher Scientific, Waltham, MA, USA) and
Hoechst 33258 (Fluka, Biochemika, Sigma-Aldrich, St Louis, MO,
USA) to reveal actin cytoskeleton and nuclei, respectively. Once the
immunostaining was completed, representative pictures were
acquired with a confocal microscope at 40x magnification (LSM
510 META from ZEISS, Jena, Germany). The setting of images was
performed using Zeiss Efficient Navigation (ZEN) interface
software (ZEISS, Jena, Germany). The “Z stack” ZEN tool was
used in order to observe deep cytoskeleton structures (paxillin),
taking picture slices along the Z axis. Then, picture slices were
merged by the “Maximum intensity projection” ZEN tool. FA
quantification was carried out as previously described by using
CLAHE and Log3D macros for ImageJ (40). Essentially, FAs were
quantified from paxillin-stained acquired pictures. We used four
different replicates for each condition. Specifically, cell filopodia
were selected as regions of interest (ROIs) and the resulting areas
(containing FAs) were considered for further analysis. A number of
five filopodia were considered from each picture. Then, the number
of FAs were calculated in each filopodia by using the previously
mentioned macros. The obtained number was divided by the total
filopodia area to determine FA density in the cells.

Antibodies

The following commercial primary antibodies were used:
1:1,000 anti-phospho-NF-xB (Cell Signaling Technology,
Danvers, MA, USA); 1:1,000 anti-NF-kB and 1:1,000 anti-
VCAMI1 (Abcam, Cambridge, United Kingdom); 1:200 anti-
paxillin (Santa Cruz Biotechnology, Heidelberg, Germany); and
1:4,000 anti-B-actin (Sigma-Aldrich, St Louis, MO, USA).
Secondary antibodies were as follows: 1:1,000 anti-rabbit IgG
Horseradish peroxidase linked F(ab’)2 I fragment (from donkey)
(GE Healthcare, GE, Little Chalfont, United Kingdom); 1:3,000
anti-mouse IgGl (BD Pharmingen, Beckton Dickinson, Franklin
Lakes, NJ, USA); and 1:400 Alexa Fluor 488 conjugated anti-mouse
(from donkey) (Thermo Fisher Scientific, Rockford, IL, USA).

Statistical analysis

The gathered data were represented and analyzed using
GraphPad Prism v7 software. Classical statistical parameters were
calculated and statistical tests were performed with a 95%
confidence interval. Consequently, in each test, p-values lower
than 0.05 were considered to be statistically significant. At the
figure legends, asterisks indicate statistically significant differences
between assay conditions (*p < 0.05, **p < 0.005, ***p < 0.001, and
*p < 0.0001). Data were analyzed by a one-way ANOVA test,
comparing the mean of each condition with the mean of every other
condition. Subsequently, a Tukey’s multiple comparisons test was
performed. p-values lower than 0.05 indicate statistically significant
differences between the means of conditions.
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Results

Oleanolic acid attenuates adhesion
molecule overexpression induced by
TNF-a in C- and GD-HUVEC

Adhesion molecule expression on endothelial cell surface is
needed for immune cell recruitment to endothelial surface and,
finally, migration to the inflammation source at the wound (41).
However, an uncontrolled recruitment triggers endothelium
dysfunction (42). Adhesion molecule gene expression, which is
upregulated in endothelial cells in response to the pro-
inflammatory cytokine TNF-a, was tested on HUVECs. Both C-
and GD-HUVECs were treated with 20 uM OA and then TNF-o
stimulated for the indicated times. On the whole, no gene
expression differences were detected after 24 h pre-treatment with
OA (Supplementary Figure 1) (0 h). Generally speaking, adhesion
molecule expression in untreated C- and GD-HUVECs showed a
strong response by TNF-o. at 2 and 6 h in all genes tested. However,
beginning with the VCAMI gene (Figure 1A), a patent attenuation
with OA was detected at 2 and 6 h in both C- and GD-HUVECs.
Strikingly, this reduction was even more significant in GD-
HUVECs at 6 h. Regarding ICAMI (Figure 1B), this OA-
dependent decrease was less patent but remained significant,
mostly at 6 h, in C- and GD-HUVECs. The expression of the
third adhesion molecule tested SELE (Figure 1C) also showed a
strong attenuation with OA, which was more patent in the GD
phenotype. At 24 h, in both types of endothelial cells and both
conditions, all adhesion molecules showed a drop in their
expression; therefore, we could not see any statistically
significant differences.

Subsequently, we studied VCAMI total protein amount in C-
and GD-HUVECs using the same experimental design (Figure 2).
At basal conditions, total VCAMI protein levels were detected in
both cell lines after 3 h of TNF-o stimulation, showing its highest
level at 6 h, whereas 24 h later, the levels plummeted. To begin with,
GD-HUVECs showed higher protein levels than control ones.
Interestingly, C- and GD-HUVEC lysates with OA pre-treatment
showed significantly lower total VCAMI protein levels than
control, which suggested a strong OA attenuation on the TNF-o
stimulation. Endothelial cell stimulation with TNF-o induces the
expression of adhesion molecules through the participation of
nuclear factor-kB (NF-xB) that is phosphorylated at Ser 536 and
then translocates to the nucleus where it activates the expression of
VCAMI, among others (43-45). However, when Ser 536
phosphorylated NF-xB was assayed in response to TNF-o
stimulation, no significant differences were found between 20 uM
OA treated and non-treated C- or GD-HUVECs. Only a slight
decrease of phospho-NF-«B level was noticed in C-HUVEC:s after
24 h OA stimulation and only in the TNF-o sample.

All these data suggest that OA attenuates the expression of
VCAMI protein and of the VCAMI, SELE, and ICAMI genes in
response to TNF-o. in HUVECs regardless of its glucose-
affected condition.
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Oleanolic acid reduces the expression of adhesion molecule genes induced by TNF-o. Gene expression analysis of (A) VCAM-1, (B) ICAM-1, and
(C) SELE in C- and GD-HUVECs pre-treated 24 h with 20 yM OA (black) or DMSO equivalent volume (white, DMSO). After pre-treatments, cells
were stimulated with TNF-o at 2, 6, and 24 h. Histograms represent mRNA relative expression of each gene (normalized with GAPDH expression)
for both C- and GD-HUVECs. Each condition represents the mean + SEM using four different strains for C-HUVECs and four other different
strains for GD-HUVECs. Asterisks indicate statistically significant differences between the selected conditions according to a one-way ANOVA
statistical analysis (*p < 0.05, **p < 0.005, ***p < 0.001 and ****p < 0.0001)

Oleanolic acid reduces the number of
monocytes adhered to GD-HUVECs

Given the attenuation effect of OA on adhesion molecule
expression, a monocyte adhesion assay was conducted on C- and
GD-HUVEC monolayers (Figure 3). HUVECs pre-treated or not
with OA were subjected to 16 h TNF-a, to study whether the OA
effect on adhesion molecules correlated with the number of
monocytes adhered to their surface. When C- and GD-HUVECs
were stimulated with TNF-a, there was a clear increase in the
number of adhered monocytes, which was slightly higher on GD-
HUVECs (Figure 3). Interestingly, OA pre-treatment decreased the
number of monocytes in both C- and GD-HUVECs (Figure 3)
before and after treatment with TNF-c.

Overall, this functional assay reveals less monocyte-endothelial
interaction triggered by TNF-o in both C- and GD-HUVECs when
the cells are previously treated with OA.

Oleanolic acid improves neo-angiogenesis
in GD-HUVECs

Matrigel tube formation assay with HUVEC is a well-
established and informative test to evaluate the angiogenesis
function of endothelial cells in vitro (28, 38, 46). C- and GD-
HUVECs were seeded in Matrigel and treated with OA for 6 h.
Representative pictures indicated a greater network complexity in
both HUVEC phenotypes under OA conditions (Figure 4A);
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however, the possible effects of OA on the GD-HUVEC versus
the C-HUVEC were difficult to interpret. To gain more knowledge
about angiogenesis features with OA, nine key parameters related to
this meshed network were measured (Figure 4B). The number of
isolated segments were higher in GD- compared to C-HUVEC, as it
was reduced with OA. Similarly, total length of isolated branches
was reduced with OA in GD-HUVEC. In addition, the number of
master segments, which were affected in GD-HUVEC, was
ameliorated with OA. Finally, both the number of master
junctions and total length of branches were deficient in GD-
HUVEC when compared to C-HUVEC. In all cases, the presence
of OA produced and improvement of the parameters. Finally, the
number of nodes, the number of segments and total length, all
representing the complexity of the network, were all increased by
OA in both C- and GD-HUVEC, but showed a more powerful effect
on GD-HUVEC.

Altogether, GD-HUVEC exhibited poor performance for most
of the measured tube-formation parameters. Generally, the
quantification of all these parameters suggested that OA generally
improved angiogenesis, with clear healing tendencies for the
GD-HUVECs.

Oleanolic acid enhances C- and
GD-HUVEC migration

Cell migration, a crucial process in wound healing to restore
skin integrity, is enhanced by OA in epithelial cells (7, 8).
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FIGURE 2

Oleanolic acid reduces total VCAML1 protein expression in C- and GD-HUVECs induced by TNF-o. (A) Total protein extracts from sub-confluent C-
and GD-HUVECs pre-treated with 20 pM OA or DMSO equivalent volume, and then stimulated with TNF-o at 1, 3, 6, and 24 h. These extracts were
assayed at these times targeting the following: VCAM1, phospho-NF-xB, and NF-xB. B-Actin was used as a loading control. A representative
experiment is shown. (B) Column bar graphs represent intensity values of each protein assayed by Western blot, by collecting the data of four C-
HUVEC and four GD-HUVEC strains. Intensity values were quantified and gathered by ImageJ software. Asterisks indicate statistically significant
differences between the selected conditions according to a one-way ANOVA statistical analysis: (*p < 0.05, **p < 0.005, and ***p < 0.001).

Interestingly enough, migration also contributes to the organization
and formation of new vessels (47). Therefore, we performed scratch
assays on confluent C- and GD-HUVEC:s to see whether OA could
also have this effect on endothelial cells. C- and GD-HUVECs were
scratched and allowed to migrate for 12 h in the presence of OA
(Figure 5A). Strikingly, OA activity promoted the migration of both
C- and GD-HUVECs from the wound edges, since the wound gap
area was surrounded with endothelial cells. To better comprehend
the level of this promoting effect of OA, cell migration was
quantified measuring the resulting areas of the wounds
(Figure 5B). Thus, the obtained migration percentages in both C-
and GD-HUVECs were clearly significant between basal condition
and OA. Interestingly, 20% FBS was used as a positive control of cell
migration, but the resulting migration with GD-HUVEC under this
condition was significantly lower than with OA.
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Given these results with wound healing scratch assays on
HUVECs, OA showed cell migration promoting effects on
endothelial cells that could probably enhance the wound healing

process together with neo-angiogenesis.

Oleanolic acid increases focal adhesion
number in C- and GD-HUVECs and
their dynamization

It is known that OA-triggered molecular effects on cell
migration include the role of cell architecture, by dynamizing
actin cytoskeleton and FA remodeling (9, 48, 49). We performed
immunocytochemistry assays in sub-confluent C- and GD-
HUVECs targeting actin fibbers (F-actin) and paxillin to reveal

frontiersin.org


https://doi.org/10.3389/fendo.2023.1308606
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Stelling-Férez et al.

GD-HUVEC C-HUVEC

10.3389/fendo.2023.1308606

TNFa OA + TNFa

1500 -
*k
@ 10004 F = 1
£z
o C
=
5004
[0 C-HUVEC
Il GD-HUVEC
0- T
C OA

FIGURE 3

TNFa OA + TNFa

Oleanolic acid reduces the number of monocytes adhered to C- and GD-HUVECs. (A) For monocyte adhesion experiment, C- and GD-HUVEC
monolayers were left untreated unless otherwise indicated (OA), where they were pre-treated with 20 uM OA for 24 h. Subsequently, TNF-o was
added for 16 h to either untreated or OA pre-treated HUVECs (TNF-o and OA+TNF-o conditions). At this point, monocytes were added and the
experiment was completed. Representative pictures of C- and GD-HUVECs are shown for each condition. (B) Graph represents the number of
adhered U937 monocytes in each field of 12 fields. Each condition represents the mean + SEM obtained from the data collection of four different
strains for both C-HUVECs and GD-HUVECs. Asterisks indicate statistically significant differences between the selected conditions according to a
one-way ANOVA statistical analysis (*p < 0.05, **p < 0.001). The scale bar indicates 100 pm

FAs. With regard to cell morphology, untreated C- and GD-
HUVECs exhibited a morphology related to a stressed condition
due to the low amount of FBS (0.1%), with no apparent FA-like
structures (Figure 6A). By contrast, C- and GD-HUVEC:s treated
with OA displayed filopodia and lamellipodia garnished with FAs.
Actin fibers were also modified by OA presence, because they were
encompassing the newly formed filopodia and lamellipodia in
response to OA. Interestingly and in line with this, the quantified
FA density, revealed by paxillin staining, exhibited a significant
increase in OA-treated C- and GD-HUVECs versus untreated ones
(Figure 6B). This increase was even more significant in GD-
HUVECs than in C-HUVECs.

Actin fiber and FA data revealed that HUVECs changed their
cell architecture during OA-stimulated cell migration, thus
suggesting a high dynamization of the migration-related
machinery in both C- and GD-HUVECs:.
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Discussion

The results of this study provide intriguing insights into the
effects of OA treatment on C- and GD-HUVEC:s in the context of
inflammation and angiogenesis.

Plant-derived bioactive compounds present in various dietary
sources have been widely studied for their significant effects to
rescue endothelial cell function (50-52). Their antioxidant, anti-
inflammatory, vasodilatory, angiogenic, and protective properties
collectively contribute to the preservation of vascular health and the
prevention of endothelial dysfunction-associated diseases (53-55).
Indeed, a large number of these bioactive molecules or peptides
modulate the signaling pathway of nuclear factor-kappa B (NF-xB),
which is needed for adhesion molecules and pro-inflammatory
cytokine expression (43, 56). For instance, studies have shown
that carotenoids lycopene and -carotene have anti-inflammatory
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Effect of OA on tube-like structure formation capacity on Matrigel. Tube-like structure formation ability on Matrigel after 6-h treatment with 20 uM
OA; a DMSO equivalent volume was added as control condition. (A) Representative pictures of C- and GD-HUVECs for both experimental
conditions. Scale bar indicates 200 pym. (B) Graphs representing multiple angiogenic parameters analyzed: number of isolated segments, total length
of isolated branches, number of master segments, number of meshes, number of nodes, number of segments, number of master junctions, total
length of branches, and total length. Each bar in the plot represents the mean + SEM using three different strains for C-HUVECs and also three for
GD-HUVECs. Asterisks indicate statistically significant differences between the selected conditions according to a one-way ANOVA statistical analysis

(*p < 0.05, **p < 0.005, ***p < 0.001, and ****p < 0.0001)

effects on both C- and GD-HUVECs (31, 33). Indeed, the addition
of these carotenoids under TNF-ot stimulation show less monocyte—-
endothelial cell interaction, enhanced by less ICAM1 and VCAM1
membrane exposure and total expression. All these effects depend
on the attenuation that these carotenoids have on NF-xB
phosphorylation and translocation to the cell nucleus (31, 33). In
fact, the effects of pentacyclic triterpenes, OA, and its isomers
ursolic acid (UA) and maslinic acid (MA) are similar to
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carotenoids and have been addressed in vitro by using regular
HUVEC phenotype. Thus, these studies showed attenuation effects
on adhesion molecule expression under inflammation conditions
(29, 30, 57). However, there are no studies so far on the effects of OA
on hyperglycemia-modified cells (GD-HUVECs), which have
remarkably impaired functionality. Moreover, the concentration
of serum used in those assays was not always clarified, a factor that
is critical to properly study OA effects in vitro, since serum proteins
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Oleanolic acid induces C- and GD-HUVEC migration in wound healing scratch assays. Confluent C- and GD-HUVECs were scratched with a pipette
tip and allowed to migrate for 12 h. (A) Representative images of the wound healing assay with cell migration under basal conditions (control, C),
compared to those with 20 pM OA after 24-h treatment. A condition with 20% FBS was added as positive-migration control. Scale bar indicates 200
pm. (B) Graphs represent C- and GD-HUVEC migration as the difference between areas at 0 h and 12 h in each condition, named as migration
percentage. Asterisks indicate statistically significant differences between conditions according to a one-way ANOVA statistical analysis (**p < 0.005,

***p < 0.001, and ****p < 0.0001).

buffer OA activity and modify its optimal concentration of use (7,
8). Indeed, OA effects and bioavailability depend on the final OA
concentration, the cell type used, and the serum concentration.
High concentrations of OA produce cytotoxic and antiproliferative
effects, while low concentrations do not produce any beneficial
effect on cells (8, 58, 59). This is the reason why, in the present
study, an MTT assay was conducted with C- and GD-HUVECs
under the lowest possible serum concentration (0.5% FBS). In this
way, a 20 uM OA concentration was established seeking a
compromise between the optimal effects of OA and the abolition
of the serum buffer effect, together with cell viability compatibility.

Furthermore, it should be noted that OA treatments, followed
by TNF-o induction, should be performed at longer incubation
times to unravel OA ameliorative effects on inflammation (30).
Indeed, the highest expression of adhesion molecules ICAM]I,
VCAM]1, and SELE in C- and GD-HUVECs was detected at 2 h
and 6 h after TNF-o addition, thus showing a clear inflammatory
profile. Strikingly, pre-treating the same endothelial cells with OA
before TNF-o clearly attenuated adhesion molecule overexpression
by the cytokine, especially on VCAMI and SELE. In addition to this,
the preventive effect produced by OA was even more patent in GD-
HUVECs, probably because of their senescent phenotype and
endothelial dysfunction (26). Interestingly enough, in the case of
ICAMI, at 24 h, gene expression levels were not fully abrogated by
OA in C- and GD-HUVECs. This could be explained by other
functions of this integrin, since controlled levels of ICAMI1 on the
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cell surface are needed during wound healing to promote
endothelial cell migration, thus leading to neo-angiogenesis (60).
In particular, VCAM]I showed the strongest attenuation by OA in
C- and GD-HUVECs, and also showed decreased protein amount.
However, we saw a window transient effect of TNF-q, since
VCAMI levels decreased at 24 h. Despite this, we still observed
the mitigating effect of OA on VCAMI protein levels. It should be
highlighted that in vitro assays have this limitation, because, in a
tissue with chronic inflammation, we would see sustained high
levels of VCAMI and other adhesion molecules due to the constant
production of TNF-a and other pro-inflammatory cytokines (61).
VCAMI1 is endothelium-specific and this TNF-o inducible
molecule is necessary for monocyte extravasation (44). NF-xB
activation by its phosphorylation on the p65 subunit is required
to promote adhesion molecule expression in the cell nucleus, such
as VCAMI, among others (43). Although we observed lower
VCAMI1 protein levels with OA pre-treatment, we did not
observe any differences on phospho-NF-«kB p65. In contrast, in a
similar set of experiments, the precondition of HUVECs with
amniotic membrane was able to reduce the levels of
phosphorylation of phospho-Ser-536 NF-kB p65 in response to
TNF-a, which was coherent with an attenuation of the NF-xB p65
nuclear translocation and a reduction of the expression of VCAM1
(28). Thus, our results have to be explained by the fact that the OA
attenuation effect on VCAM1 could be due to different molecular
mechanisms or also to the way it is synthesized. In fact, it has been
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Oleanolic acid triggers focal adhesion remodeling in C- and GD-HUVECs revealed by paxillin. (A) Sub-confluent C- and GD-HUVECs were treated
for 24 h with 20 pM OA and DMSO equivalent volume. Cells were immunostained with specific antibodies against paxillin. Co-staining with
phalloidin and Hoechst-33258 was used to show actin cytoskeleton and nuclei, respectively. Paxillin: green. Actin fibers (F-Actin): red. Nuclei: blue
Images obtained with a confocal microscope at 63X magnification and their corresponding insets for a detailed view of paxillin structures. This
experiment was repeated at least three times. 63x picture scale bar indicates 25 pm. Inset scale bar indicates 5 um. (B) Column bar graphs show the
quantification of the density of FAs (as FA number per filopodia area). Asterisks indicate statistically significant differences between conditions
according to a one-way ANOVA statistical analysis (*p < 0.05 and ***p < 0.001)

shown that UA, an OA isomer, blocks VCAMI1 traffic to the
membrane (62). Another possibility could be that the amount of
anchored-membrane VCAMI is regulated by proteases, where
specifically TNF-o converting enzyme (TACE/ADAM17)
proteolyzes this molecule and releases it to the extracellular
medium (44). Therefore, OA could be enhancing TACE/
ADAMI17 protease activity on VCAMI, thus decreasing its
protein levels in endothelial cells. However, a complicated
regulation must be involved, since the expression of VCAMI is
effectively attenuated by the presence of OA. A more plausible,
although uncertain, mechanism of regulation could be related to
something different from NF-«B transcription factor or even its
phosphorylation at Ser 536 residue. Further research is necessary to
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better clarify the mechanism behind VCAMI regulation in
this context.

An excessive release of TNF-. in chronic inflammation conditions
produces the overexpression of adhesion molecules on the
endothelium surface. As a consequence, the uncontrolled adhesion
and transmigration of immune cells occur, thus triggering endothelial
cell apoptosis (42). E-selectin acts at the first steps of monocyte
recruiting to produce their tethering and rolling (63). Then, integrins
ICAMI1 and VCAMI secure the adhesion and allow monocyte
extravasation to the injured wound (64). In a chronic wound, the
high recruitment of monocytes leads to an uncontrolled population of
M1 macrophages in the wound, which have hyperinflammatory,
reduced phagocytic activity, and increase oxidative stress (14). By
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contrast, a regular recruitment of monocyte population swings toward
M2 macrophages, with anti-inflammatory, regenerative, and tissue
remodeling properties, all in line with a healing wound (14). OA
effects regarding monocyte adhesion are strongly coherent with the
observed changes of adhesion molecule levels. In the context of either
chronic or diabetic wounds, OA-reduced levels of VCAM1 on
endothelial cells surely imply a better inflammation resolution.

Diabetes negatively affects angiogenesis (22, 24). Considering
tube formation assays, GD-HUVEC exhibited a poorer tube
formation; for instance, the number and length of isolated
segments in basal condition was higher in GD-HUVEC.
Strikingly, OA treatment clearly ameliorated this impairment in
GD-HUVECs and, although more lightly, also in C-HUVECs.
Coherently, positive features such as the number of master
segments, the number of meshes, and the length of branches were
significantly improved by OA only in GD-HUVECs. Indeed, this
could be explained by the GD phenotype, which, in contrast to C-
HUVEC, showed poorer performance for these parameters in basal
conditions. This behaviour strongly suggests that OA restores GD-
HUVEC to a more regular angiogenic phenotype, but does not
intrinsically affect C-HUVEC’s capability of achieving a full
network. Overall, the network complexities achieved for both
types of cells were higher with OA, as reflected by the observed
incremented number of nodes, branches, master junctions, and the
total length of the networks. These changes indicate that OA
enhances all aspects of the complexity of the vascular network,
which may have a positive impact on tissue regeneration in a
complex healing wound milieu. Nonetheless, a good line of
research could be testing the effects of OA on more complex
systems, because tube formation assays on Matrigel do not
compile/integrate endothelial cell interaction with other cell types,
as happens during neo-angiogenesis in a real wound. Therefore, a
3D co-culture of endothelial cells with both primary fibroblasts and
keratinocytes, which exhibit features more similar to natural skin,
could be considered a good option to further assess the effects of OA
on wound healing (65). Moreover, there are well-established in vivo
angiogenesis assays that can unravel potential OA effects; for
instance, one of the best is chorionallantoic membrane assays in
chicken embryo, which are widely used in vascular biology (66).
Regarding the potential molecular effects behind OA angiogenesis
promotion, we would like to conduct future experiments in order to
study the effects of OA on the stimulation of VEGFR-2, given its
importance in angiogenesis (15, 67, 68), and due to the fact that OA
has been directly involved in the activation of the similar function
and structure receptor: EGFR (7, 8).

Cell migration is carried out by endothelial cells together with
proliferation to enhance angiogenesis and vasculogenesis (69).
According to the data of the scratch assays, OA was also capable
of enhancing this process in both C- and GD-HUVECs to the same
extent. However, FBS stimulation was unable to match the levels
achieved by the OA stimulation for the GD phenotype. These data
indicate that OA, but not FBS, rescues, in GD-HUVEC, an impaired
migration mechanism resistant to the serum rescue. Thus, OA may
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trigger a particular molecular mechanism that is revealed only in the
GD-HUVEC-impaired cells. Indeed, the quantification of FA
density upon treatment with OA, detected by paxillin
immunostaining, was stronger in GD-HUVECs than in C-
HUVECs. Overall, the collected data of FAs strongly suggest that,
generally, OA promotes a better endothelial cell movement to
manage migration in both GD- and C-HUVECs. OA also
contributes positively to angiogenesis by cell migration
promotion, which is a favorable condition for tissue repair in a
wound healing context (69).

Our findings suggest a clear OA ability to rescue the altered
features of an endothelium affected by high blood sugar levels,
which correlate with impaired metabolism and inflammation (25,
42, 70). It is well-known that, in order to ameliorate these
processes, signaling pathways depending on the activation of G
protein-coupled receptors (GPCRs) take place to protect cells
from injury and malfunction. Concretely, the Takeda G protein-
coupled receptor (TGR5), also known as Gpbbarl, is a
transmembrane-type bile acid receptor that has been found to
regulate a large number of specific molecular pathways (71, 72).
Interestingly, TGR5 modulates inflammation by decreasing
adhesion molecule expression in endothelial cells and blocking
pro-inflammatory cytokines released by immune cells (71).
Moreover, this receptor is also linked to tyrosine kinase receptor
(RTK) transactivation by second messengers (73, 74). Strikingly,
some evidence points out the interaction between OA, which has a
similar chemical structure to bile acids, and TGR5, with OA
behaving as a clear agonist of TGR5 (75). For these reasons, it is
remarkable to suggest that probably all OA promotion and
modulation effects related to monocyte adhesion, angiogenesis,
and cell migration on C- and GD-HUVECs could be related to the
interaction between TGR5 and OA. Thus, more research is needed
to decipher this molecular mechanism, which may solve some of
the conundrums revealed in our data. In addition, other
mechanisms may be involved under OA effects regarding
regulatory non-coding RNA expression, as microRNAs (miRs)
have recently gained prominence due to their role in regulating
several essential processes in endothelial cells (76, 77). For
instance, it is shown that miR-4432 controls the expression of
fibroblast growth factor binding protein 1 (FGFBP1), which is
needed to preserve endothelial barrier function in the brain (78).
On top of that, other studies reported that low expression levels of
miR-145 and miR-885 cause thrombotic risk and mortality in
COVID-19 patients; thus, the expression of these miRs in
endothelial cells is critical to prevent a prothrombotic condition
during the infection (79). Therefore, further studies focusing on
OA’s contribution to these miR expressions in endothelial cells
seem very pertinent.

To sum up, this study sheds some light on the multifaceted
effects of OA on inflammation, angiogenesis, and migration in C-
and GD-HUVEC:s (Figure 7). The findings underline the potential
of OA as a therapeutic agent for restoring vascular function and
ameliorating inflammation excess in diabetic wounds. However,
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Oleanolic acid rescues multi-affected GD-HUVEC features caused by high blood glucose levels. (A) When regular endothelial cells (C-HUVECs) are
exposed to a continuous high glucose exposure in blood vessels, several changes on their phenotype occur. These cells undergo the effects of high
oxidative stress and damages on their DNA and mitochondria malfunction, thus triggering cellular senescence. As a result, these cells have an
excessive and uncontrolled inflammation response when stimulated by pro-inflammatory cytokines such as TNF-q, triggering high adhesion
molecule exposure on endothelium surface, subsequently displaying a high recruitment of circulating monocytes, and resulting in endothelial
dysfunction. Moreover, these cells have an aberrant and limp tube formation (angiogenesis). (B) Strikingly, OA pre-treatment in GD-HUVECs before
TNF-o addition attenuates key adhesion molecule overexpression of VCAML1, ICAM1, and E-selectin, resulting in less adhesion of the monocytes.
Furthermore, OA displayed promotion effects on GD-HUVECs by restoring the impaired angiogenesis. Moreover, cell migration, a crucial process for
angiogenesis, is also promoted by OA because it increases endothelial cell migration and adhesion dynamics by focal adhesion formation.

further research is needed to unravel the precise underlying
molecular mechanisms driving these effects in order to evaluate
the translational potential of OA clinical treatments for the
management of complex wounds.
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Background: Middle-aged adults often overlook critical modifiable risk factors
that contribute to the emergence of cardiometabolic diseases (CMDs), including
hypertension and diabetes. Many CMDs can be alleviated by addressing these
modifiable risks. However, there has been insufficient research focused on rural
adults with lower levels of health literacy in this regard. The aim of this study was
to explore and develop an intuitive assessment tool for predicting
cardiometabolic diseases (CMDs), which can be used for health education with
adults of low health literacy.

Methods: This was a community-based, cross-sectional study. A structured
questionnaire on health-promoting habits, smoking, sleep, and physiological
biomarkers was obtained via community health screening in the coastal region of
Yunlin County, Taiwan. Multivariate logistic regression was used to screen for
significant variables in the nomogram construction. Analysis with nonlinear
restricted cubic spline was performed.

Results: A total of 712 participants (60.9% females) aged 40-64 years, with
middle school level or lower education, were included. The average age was 55.6
years (SD=7.3), and 220 individuals (31%) had CMDs. Multivariate logistic
regression analysis revealed that age, lower scores of vegetables, fruit, water,
and exercise (VFWE), smoking history, sleep deprivation, and being overweight
were significantly associated with CMDs. The model incorporating these
modifiable risk factors demonstrated good discriminatory ability, as indicated
by an area under the receiver operating characteristic curve of 0.75 (0.73-0.76). A
predictive nomogram was developed that presented modifiable risk factors in a
simple graphical format to facilitate the prediction of CMDs.

Conclusions: This study highlights a high prevalence of CMDs among middle-
aged adults, along with the disregard for important risk factors that could be
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modified. The developed nomogram could be a practical and effective tool for
community health education to enhance health literacy and prevent the
progression of CMDs.

KEYWORDS

middle-aged, modifiable risks, health-promoting habits, cardiometabolic disease,
nomogram, health education

Introduction

Middle-aged adults, typically aged between 40 and 64 years, are
often called the “sandwich generation.” The term arises from the
dual responsibility of caring for children and aging parents (1). As
they navigate these roles, they face work demands and societal
obligations. However, studies have indicated that healthy behaviors
tend to decline in middle adulthood, increasing the risk of
developing cardiometabolic diseases (CMDs), e.g., hypertension,
diabetes, hyperlipidemia, and coronary heart disease (2, 3). For
example, Sakib et al. (3) observed an increase in the prevalence of
multimorbidity from 29.7% in the 45-49-year-old age group to 52%
in individuals aged 60-64 years.

Empirical evidence has consistently demonstrated a strong
association between CMDs, the occurrence of cerebrovascular
disease (stroke), and cardiovascular events. CMDs are major
contributors to global mortality, accounting for 32% of all deaths
worldwide, with heart attack and stroke being the primary causes,
representing 85% of CMD-related deaths. These acute events
typically arise from blockages that impede blood flow to the heart
or brain (4, 5). In Taiwan, CMDs account for a significant
proportion of mortality and are the leading cause of cancer-
related deaths. Stroke has consistently been ranked as the second
leading cause of death in Taiwan for over three decades, imposing
substantial burdens on affected families and society (6).

The existing literature highlights that most CMDs can be
prevented by addressing lifestyle interventions and avoiding
behavioral risk factors such as excessive alcohol consumption,
tobacco use, unhealthy diet, physical inactivity, and obesity (7-9).
A recent paradigm shift advocated by the American Heart
Association, known as “life’s essential 8 (LE-8),” emphasizes the
promotion of cardiovascular health (10, 11). LE-8 comprises five core
health habits: maintaining a healthy diet, engaging in regular physical
activity, avoiding nicotine exposure, and achieving an adequate body
mass index and sleep health. It includes three ideal physiological
indicators: levels of blood lipids, blood glucose, and blood pressure (4,
10). Literature indicates that lifestyle modifications, such as regular
exercise, a healthy diet, smoking cessation, sufficient sleep quality, and
weight management, can effectively prevent stroke, heart attacks, and
the progression of CMDs and promote longevity (12-14).

Frontiers in Endocrinology

Previous studies have established the pathways of CMDs and
the dysregulation of systemic inflammation and metabolism, as
well as their effects on atherosclerotic plaques and insulin
resistance (15-17). Adopting primary prevention strategies can
help mitigate accelerated inflammation associated with CMDs.
These strategies include avoiding smoking, reducing alcohol
consumption, engaging in physical activity, consuming adequate
amounts of vegetables and fruits, ensuring sufficient water intake
(>2000 mL/day), and maintaining a healthy weight (18-21).
Although CMDs are a leading cause of death globally, research
in this area has primarily focused on older adults, with limited
studies examining and establishing easily understandable
assessment tools for middle-aged individuals with CMDs,
particularly those with lower health literacy. Therefore, this
study aimed to investigate the association between modifiable
risk factors and CMDs and to develop a nomogram format that
provides an intuitive understanding of risk prediction for CMDs
among rural adults.

Materials and methods
Design and population

In collaboration with a local hospital and health center, a
community-based cross-sectional study was conducted between
March and December 2022 in five townships located along the
western coast of Yunlin County, Taiwan. Convenience sampling
was used for participant selection. Before commencing the study,
the institutional review board of the research ethics committee (IRB
no: 202000109B0C102) and the approval of inform consent from
each participant were obtained. The study selected community
middle-aged adults who met the following criteria: (1) aged
between 40 and 64 years and educational level <middle school
(2), capable of communicating in either Mandarin or Taiwanese for
one-on-one interviews, and (3) willing to sign the consent form.
Participants who were unable to complete the questionnaires, those
who independently walked to the community activity center, or
individuals with incomplete laboratory data were excluded from
the analysis.
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Measurement

Demographics and cardiometabolic diseases were assessed: (a)
age, sex, education, marital status, living arrangement (alone, living
with family, or living with friends), and health history of
comorbidities diagnosed by a physician. Participants with
hypertension, diabetes, hyperlipidemia, coronary heart disease, or
stroke were classified as having CMDs; (b) height (cm) and body
weight (kg) were measured while wearing light clothing and
no shoes.

Cardiometabolic risk factors were assessed based on the previous
reports (2, 10), including (a) control blood pressure (BP): the cutoft
point of systolic/diastolic blood pressure (SBP/DBP) was >130/
85 mmHg; (b) blood glucose control: We used glycated hemoglobin
(HbA1C) 26% as the cutoff point of inadequate control level of
blood glucose; (c) blood lipids control: serum triglyceride levels
(TG) >150 (mg/dL) were classified as inadequate control.

Modifiable risk factors were assessed with a cluster of four
health-promoting habits and three health-related behaviors that
were based on the American Heart Association recommendations
of LE-8 (2, 10) and previous studies (22-24).

(A)Health-promoting habits (including vegetables, fruits,
water intake, and exercise, VFWE): Participants were
asked to scale the frequency of healthy eating of
vegetables, fruits, water intake, and practicing regular
exercise on a four-point Likert scale, recorded as never
(0), seldom (1), usually (2), and always (3). Do you (a)
consume vegetables (V) 23 servings (1.5 bowls) per day; (b)
consume fruit (F) 2 servings (1 bowl) per day; (c) consume
water (W) >2000 mL per day; (d) practice regular exercise
(E) 23 times, each for 30 min a week or 150 min per week
with moderate sweating? The total score ranged from 0-12,
with higher scores indicating better health-
promoting habits.

(B)Ever-smoker: Participants were asked, “Do you smoke
cigarettes or use e-cigarettes in recent months? with
responses of “no: never” and “yes: former/current user.”

(C)Sleep deprivation: Based on the literature (25), participants
were asked to answer this question: Currently or during the
past week, have you experienced sleep distress or difficulty
falling asleep? The responses were O=never, 1=slightly,
2=ordinarily, 3=quite often, and 4=most often. Sleep
deprivation was categorized as “no” (score 0-1) and “yes”
(score 2-4).

(D)Healthy weight: Body mass index (BMI) was calculated
using the standard formula (kg/m?), and BMI >24 was
classified as overweight.

Statistical analysis

Continuous variables were presented as mean (£ SD);
categorical variables were presented as percentages. Exceptions to
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blood pressure, blood glucose, and blood lipid levels were
multicollinear with CMDs. We attempted to establish an
understandable and predictive model between modifiable risk
factors and age associated with CMDs. The correlations between
CMDs and age, VFWE, smoking, sleep deprivation, and BMI were
examined using a binary logistic regression model. Restricted cubic
spline (RCS) analysis was performed to estimate the relationship
between VFWE points and CMDs outcomes, adjusting for age,
cigarette smoking, sleep deprivation, BMI, BP, HbA1C, and TG. We
fitted a smooth continuous curve of adjusted odds ratio (OR) by
RCS analysis with 95% confidence intervals (CI) across VFWE
points, allowing for cubic form changes at the knot point. Thus, two
linear relationships were generated (Figure 1). To test for the
nonlinearity of the RCS curves, we checked the nonlinear p-value
using Wald statistics. The p=0.03 implied that VFWE have a
nonlinear relationship with the CMDs.

Furthermore, we used SiZer, an open-source R package that fits
a degree 1 spline with one knot point using two-line piecewise-
linear models. This package can check the critical (knot) point of
the VFsWE, i.e.,, when the first derivative of a smooth continuous
curve is significantly negative, possibly zero, or significantly positive
across a range of smoothing bandwidths. The knot point is
determined as follows:

y; = By + PBix; + e;when x; < o and

vi =By + Bix; + Bo(x; — @) + ¢; when x; > oo where o is the
knot point.

Because VFWE=3.95 has been reported as a knossst point, 4 was
chosen for a categosrical split. Finally, to build an easy-to-use tool
for predicting CMDs risk, each category of the five variables in the
nomogram was given a point by representing ORs to a 0-100
“points” scale, and total points were calculated by summing these
points. All statistical analyses were performed using R
programming language (version 4.2.0) for Windows.

Results

Demographic characteristics and univariate
analysis of modifiable risk factors
associated with cardiometabolic diseases

A total of 712 participants aged 40-64 years who completed the
community health screening were enrolled, of whom 434 (60.9%)
were female and had attained education levels Smiddle school.
Most of the participants (91%) lived with family or friends, 83.7%
were married, the mean age was 55.6 (SD=7.3) years, and 220 (31%)
participants were categorized as having CMDs. Table 1 shows that
among the participants with CMDs, 25% reported being ever
smokers, 53% had sleep deprivation, 72% had BMI>24, 63% had
SBP/DBP>130/85 (mmHg), 63% had HbA1C=6%, and 41% had
TG>150 (mg/dL). Regardless of age, adults with CMDs
had significantly lower VFWE scores (p<0.05), were ever-smokers
(p<0.05), had sleep deprivation (p<0.01), were overweight (p<0.01),
and had abnormal blood pressure (p<0.01), HbA1C (p<0.01), and
TG (p<0.01).

frontiersin.org


https://doi.org/10.3389/fendo.2023.1291741
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Chang et al. 10.3389/fendo.2023.1291741

RCS

OR (95%Cl)
bt

0 2 4 6 8
Vegetables, Fruits, Water and Exercise

FIGURE 1
Non-linear correlation between VFWE (vegetables, fruits, water, and exercise) and cardiometabolic diseases. RCS, Restricted cubic spline of VFWE
and CMDs.

TABLE 1 Univariate analysis of demographic characteristics and potential modifiable factors associated with CMDs (N=712).

Cardiometabolic diseases (N %)

Variables
No (n=492, 69%) Yes (n=220, 31%)
Age (years) 54.72+7.66 57.80+6.02 527 <0.01
VEWE (0-12)" 6.92+3.17 6.60+3.47 2.14 0.03
Ever-smoker 4.79 0.03
No 404 (82) 165 (75)
Yes 88 (18) 55 (25)
Sleep deprivation 14.25 <0.01
No 307 (62) 104 (47)
Yes 185 (38) 116 (53)
Body mass index (kg/mz) 21.14 <0.01
<24 226 (46) 61 (28)
24 265 (54) 159 (72)
SBP/DBP (mmHg)* 13.74 <0.01
<130/85 254 (52) 81 (37)
130/85 236 (48) 139 (63)
(Continued)

Frontiers in Endocrinology 92 frontiersin.org


https://doi.org/10.3389/fendo.2023.1291741
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Chang et al.

TABLE 1 Continued

10.3389/fendo.2023.1291741

Cardiometabolic diseases (N %)

Variables
No (n=492, 69%) Yes (n=220, 31%)
HbAIC (%)* 25.33 <0.01
<6 281 (57) 81 (37)
6 210 (43) 139 (63)
Triglyceride (mg/dL) 1155 <0.01
<150 354 (72) 130 (59)
150 138 (28) 90 (41)

'VFWE, vegetables, fruits, water, exercise; 2 SBP/DBP, systolic/diastolic blood pressure; 3 Glycated hemoglobin.

Modifiable risk factors associated
with CMDs

We observed a nonlinear association between VFWE and
CMDs (p<0.05) in the RCS analysis (Figure 1), indicating a
nonlinear relationship between VFWE and CMDs. We used
SiZer, an open-ssource R package that fits a degree 1 spline with
one knot point using two-line piecewise-linear models. The knot
point (VFWE=3.95) with the maximum likelihood in the
nonlinearity models in the RCS analysis was found. Therefore, a
VFWE of four was chosen for the categorical split. We conducted a
multivariate binary logistic regression analysis of modifiable risk
factors associated with CMDs, and the results are presented in
Table 2. In Model 1, all modifiable risk factors and age groups were
included. Except for ever-smokers (p>0.05), the lower scores for
health-promoting habits (VFWE, p<0.01), older age (p<0.001),
sleep deprivation (p<0.001), BMI >24 (p<0.001), HbAIC 26%
(p<0.01), and TG >150 (mg/dL) (p=0.05) were significantly
associated with the log-odds of CMDs.

In Model 2, after adjustment with blood pressure, blood
glucose, and blood lipids, the result showed that exception age, a
lower score of VFWE (OR=0.34, 95% CI=0.17-0.69), ever-smoker
(OR=1.53, 95% CI=1.02-2.32), sleep deprivation (OR=1.84, 95%

CI=1.31-2.60) and overweight (OR=2.38, 95% CI=1.64-3.40) were
significantly associated with CMDs.

Construction of CMDs
prediction nomogram

To predict modifiable risk factors for CMDs, we constructed a
nomogram based on five variables (age, VFWE, ever-smoker status,
sleep deprivation, and BMI) that were significant in Model 2. The
points for each variable are listed in the right column of Table 2. By
summing the points for the five variables, we derived the total
number of points that changed from 185 to 412. The nomogram
shows the modifiable risks of CMDs based on total points
(Figure 2). For example, the risk of CMDs was lower than
approximately 20% for those below 255 points and higher than
approximately 65% for those with over 350 points. Additionally, if
the logistic regression model predicts a probability of 0.827 for case
number 134, it indicates an 82.7% likelihood that CMDs will occur
based on the provided input variables (BMI greater than 24,
smoking status, sleep deprivation, age of 61, and a VFWE score
of 0).

TABLE 2 Logistic regression of modifiable risk factors and age associated with cardiometabolic diseases.

Model 1 Model 2

Variables

SE OR 95% CI Point
Age (years) 0.06 0.01 <0.001 0.06 0.15 <0.001 2.12 1.57-2.86 0-78
VFWE (4-0)" -0.28 0.10 <0.01 -1.08 0.36 <0.01 0.34 0.17-0.69  44-100
Ever-smoker (1= yes) 0.30 0.21 0.16 0.43 0.21 0.04 1.53 1.02-2.32 47, 68
Sleep deprivation (1= yes) 0.59 0.18 <0.001 0.61 0.17 <0.001 1.84 1.31-2.60 47,77
BMI (1 >24 kg/mz) 2 0.67 0.19 <0.001 0.86 0.18 <0.001 2.38 1.64-3.40 47, 89
SBP/DBP (1>130/85 mmHg)3 0.37 0.18 0.06
HbAIC (1 = 6 %)* 0.53 0.18 <0.01
TG (1 > 150 mg/dL)5 0.37 0.19 0.05

'VFWE, vegetables, fruits, water, exercise; 2BMI, body mass index; 3SBP/DBP, systolic/diastolic blood pressure; “HbAIC, glycated hemoglobin; °TG, triglyceride.
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FIGURE 2

The nomogram was used to predict CMDs probability. A specific resident (case no 134) was shown to illustrate how to use the nomogram. This case
of no 134 who had a BMI greater than 24, smoker, sleep deprivation, age of 61 and the score of VFWE was 0. The specific resident’s point
corresponding to each covariate was presented at the top, and the total points were obtained from the sum of the points corresponding to each
variable by a red dot. Once we obtained values from the 5 variables, the subject can be intuitively mapped onto the nomogram. From nomogram,
we observed that the total points of case no 134 was 397, and the corresponding probability of CMDs was 0.827. BMI: body mass index; CMDs:

cardiometabolic diseases; VFWE: vegetable, fruit, water, and exercise.

Risk stratification

The discriminatory performance and cutoff probability of risk
stratification are commonly quantified by measuring the area under
the receiver operating characteristic curve (AUC). Overall, the
discriminatory performance of the full model revealed an AUC of
0.75 (0.73-0.76, p<0.001) (Figure 3), indicating the suitability of this
model in identifying participants with high risks of CMDs.
Currently, there is a lack of research examining the efficacy of
utilizing only health habits for the prevention and treatment of
CMDs. Typically, the evaluation of CMDs relies on indirect
functional and physiological assessments, historically presenting
challenges attributed to technical limitations. Nevertheless,
healthcare providers can proficiently leverage health habits to
enhance cardiometabolic health literacy and to provide guidance
for therapies aimed at the prevention and treatment of CMDs. The
prevailing approach in investigating this association utilized BMI
categories as the predictor variable. In their meta-analysis,
Darbandi (26) integrated 38 cross-sectional and 2 cohort studies,
encompassing a participant range of 105 to 137,256 individuals
aged 18 or older. The collective AUC for BMI was 0.66 (95% CI,
0.63-0.69), which is comparatively lower than the AUC of 0.75
(95% CI, 0.73-0.76) observed in our study.

In order to determine the optimal cutoff point for the ROC
curve, one commonly used method is the Youden index (27). The
calculation formula for the Youden index involves finding the
maximum value of sensitivity plus specificity minus 1.
Consequently, this method aligns with the maximum sum of
sensitivity and specificity. Figure 4 provides a gauge of CMDs
assessment, which illustrates the risk stratification based on the
nomogram model by thresholding with the optimal cutoff predicted
risk (the point-to-probability nomogram in Figure 2 demonstrate
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that a probability value of 0.35 corresponds to a total of 290 points
on the nomogram). The two risk intervals were defined as low- and
high-risk groups for CMDs that were more understandable for
health education. In our data, approximately 62.8% of the
participants were classified into the low-risk group and 37.2%
into the high-risk group.

Discussion

This study yielded four important findings. First, nearly one-
third of middle-aged rural adults reported having CMDs. Second,
adults with CMDs have a high prevalence of modifiable risk factors,
such as adopting few health-promoting habits, smoking, being
overweight, sleep deprivation, and abnormal physiological
biomarkers. Third, results suggest that significant reductions in
CMDs can be achieved by encouraging individuals to start
consuming vegetables and fruits, paying attention to hydration,
and initiating physical activity without needing to reach a high
frequency at which it becomes difficult to implement. Fourth, a
novel nomogram with a simple graphical format for predicting the
risk of CMDs was established, which can be used by primary
healthcare providers to increase health literacy and prevent the
progression of CMDs.

The present study showed that many participants reported
knowing about the diagnosis of CMDs. However, many did not
adopt health-promoting habits, such as eating adequate amounts of
vegetables, fruits, drinking adequate amounts of water, and
practicing regular exercise. Additionally, many of their
cardiometabolic biomarkers remained at abnormal levels, such as
body mass index, blood pressure, blood glucose, and blood lipids.
Adults with known CMDs remain less likely to adopt health-
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FIGURE 3
Assessing the discrimination of a fitted logistic model, via the ROC curve.

promoting habits or LE 8 (2, 10). Possible reasons might be the low
health literacy about cardiometabolic health and the limited quality
of health resources provided by healthcare providers in rural areas.
Further studies should consider enhancing cardiometabolic health
literacy through innovative strategies and providing feasible
continued education related to the new paradigm of
cardiometabolic health for local healthcare providers.

290 points

Not surprisingly, these findings were consistent with those of
previous studies. For example, in the United States, Lloyd-Jones
et al. (10) pointed out that based on the LE8, the prevalence of ideal
cardiovascular health is very low in all age groups (<1%) and 11%
among the middle-aged group. In the United Kingdom, Stefan et al.
(28) also stated that among the 20 leading global risk factors for
years of life lost, high blood pressure, BMI, and blood glucose levels

185 poin

FIGURE 4

397

12 points

Example (case no. 134) as the representative of total points from nomogram. The above figure offers a specific case of how to represent a subject’s
CMDs assessment with the five variables. The gauge at the top corresponds to the subject’s total point (which can range from 185-412 points, 290
points is optimal cutoff), with higher total point shown toward the right (a “full tank” of CMDs) in red. Thus, identifying VFWE and the other
modifiable risks on which the subject can judge to near a full tank of CMDs. The total points of predicting the risk of CMDs are the sum of the

5 variables.
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were the top risk factors for CMDs. Furthermore, previous studies
have reported that most cardiometabolic events, such as myocardial
infarction and stroke, can be prevented by adopting a healthy
lifestyle and managing known risk factors (2, 8, 11). Hence,
providing comprehensive, evidence-based behavioral counseling
in primary care settings is a recommended first-line approach for
promoting healthy behaviors and preventing worsening
cardiovascular outcomes in adults with cardiovascular risks,
especially in middle age (2). Thus, initiating a simple assessment
tool to increase health literacy and prevent the progression of
cardiometabolic diseases is an important strategy.

Promoting health literacy is a crucial approach within primary
healthcare settings. Traditional educational manuals frequently play a
significant role in the prevention and treatment of cardiometabolic
diseases. Individuals with limited educational backgrounds may find
understanding and identifying information in text to be abstract and
challenging. As a result, healthcare providers, especially those dealing
with demanding work schedules, carry a considerable workload. The
present study’s strength is the application of a nomogram format to
establish a simple, evidence-based model for predicting the risk of
CMDs. We found that a novel nomogram with a simple graphical
format to predict the risk of CMDs was easy to determine and offered
each middle-aged adult to represent their CMD risk score with the sum
of five variables. This research presents an innovative nomogram
featuring a simple graphical format, aiming to enhance visual
comprehension for individuals with limited health literacy or those
living in rural areas. Furthermore, there is an expectation that this tool
will substantially decrease the time needed for health education.

Healthcare providers can also combine the gauge reflecting each
adult’s total points (ranging from 185 to 412 points). Further studies
can apply this nomogram tool and gauge figures in an interesting
board game or serious game to assess the total points for each
middle-aged adult’s health-related lifestyle and quickly reflect the
value of changing modifiable risks to prevent the progression
of CMDs.

Limitations

This study had some limitations. First, its cross-sectional design
limits the causal relationship between modifiable risk factors and
cardiometabolic diseases. Hence, a prospective design is necessary
for future research. Second, we conducted this study in only one
county and used nonrandom sampling, which might limit the
generalizability of these findings. Third, health-promoting habits
were based on self-report and recall bias, which may have resulted
in inaccurate estimations. Fourth, the total points of the nomogram
in this study ranged from 185 to 412, which is not a clinically
convenient value. Simplification of these values will rely on a larger
sample size in the future.

Conclusions

Managing the progression of CMDs is difficult but
important. A high prevalence of CMDs and many neglect-
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modifiable risk factors have been found among middle-aged
rural adults. A novel nomogram with a simple graphical
format was established to predict the risk of CMDs, which
healthcare providers can easily use it to increase
cardiometabolic health literacy.
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Background: Diabetic cardiomyopathy (DCM) lacks specific and sensitive
biomarkers, and its diagnosis remains a challenge. Therefore, there is an urgent
need to develop useful biomarkers to help diagnose and evaluate the
prognosis of DCM. This study aims to find specific diagnostic markers for
diabetic cardiomyopathy.

Methods: Two datasets (GSE106180 and GSE161827) from the GEO database
were integrated to identify differentially expressed genes (DEGs) between control
and type 2 diabetic cardiomyopathy. We assessed the infiltration of immune cells
and used weighted coexpression network analysis (WGCNA) to construct the
gene coexpression network. Then we performed a clustering analysis. Finally, a
diagnostic model was built by the least absolute shrinkage and selection
operator (LASSO).

Results: A total of 3066 DEGs in the GSE106180 and GSE161827 datasets. There
were differences in immune cell infiltration. According to gene significance (GS) >
0.2 and module membership (MM) > 0.8, 41 yellow Module genes and 1474
turquoise Module genes were selected. Hub genes were mainly related to the
“proteasomal protein catabolic process”, “mitochondrial matrix” and “protein
processing in endoplasmic reticulum” pathways. LASSO was used to construct
a diagnostic model composed of OXCT1, CACNA2D2, BCL7B, EGLN3, GABARAP,
and ACADSB and verified it in the GSE163060 and GSE175988 datasets with AUCs
of 0.9333 (95% Cl: 0.7801-1) and 0.96 (95% Cl: 0.8861-1), respectively. HOC2
cells were verified, and the results were similar to the bioinformatics analysis.

Conclusion: We constructed a diagnostic model of DCM, and OXCT1,
CACNA2D2, BCL7B, EGLN3, GABARAP, and ACADSB were potential
biomarkers, which may provide new insights for improving the ability of early
diagnosis and treatment of diabetic cardiomyopathy.
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1 Introduction

Diabetic cardiomyopathy (DCM) is a pathophysiological
condition induced by diabetes mellitus (DM) that can lead to
heart failure (HF). The initial stage of DCM is characterized by
extensive hypertrophy of the heart and moderate fibrosis, leading to
defects in systolic and diastolic function (1). Research has suggested
that persistent hyperglycemia, insulin resistance, abnormal insulin
signal transduction, impaired glucose metabolism, abnormal free
fatty acid uptake, oxidative stress, increased aldosterone renin-
angiotensin-aldosterone system activity, heart inflammation, and
abnormal mitochondrial functions are the key determinants of the
cycle and biochemical changes in disease (2). Earlier intervention in
hyperglycemia can effectively maintain the normal metabolic
function of the myocardium, protect myocardial tissue and
preserve cardiac pump function.

The diagnosis of DCM remains a challenge, especially in
asymptomatic patients. At present, the main method to detect
asymptomatic DCM 1is echocardiography, which shows cardiac
hypertrophy and dysfunction, and excludes other causes (3).
However, echocardiographic features of the heart lack specificity.
Biopsy is the gold standard of diagnosis, and is subject to complex
procedures and high risks. In addition, specificity and sensitivity
biomarkers for DCM are lacking (4). Therefore, there is an urgent
need to develop useful biomarkers to help diagnose and assess the
prognosis of DCM in this situation.

Weighted gene coexpression network analysis (WGCNA) is a
systems biology method used to describe the correlation patterns
between genes. WGCNA can be used to find clusters of highly
correlated genes, aggregate such clusters with modular trait genes or
in-module hub genes, and calculate module membership metrics. It
can also be used to identify candidate biomarkers or therapeutic
targets (5, 6). The least absolute shrinkage and selection operator
(LASSO) generates a more refined model by constructing a penalty
function and setting some regression coefficients to zero. Therefore,
the advantage of subset shrinkage is retained, with high predictive
value (7), which can improve the accuracy and predictive value of
key genes identified from microarray and high-throughput data (8).
In this study, WGCNA and LASSO regression were used to screen
and verify the biological diagnostic markers of DCM to reduce the
difficulty of screening and diagnosing DCM.

2 Materials and methods
2.1 Data source

We searched the database for myocardial sample data of mice
with a high-fat diet combined with a short-term intraperitoneal
injection of STZ-induced type 2 diabetes and fed a high-fat diet for
more than 16 weeks, showing changes in cardiac function. As
previously mentioned, a high-fat diet in mice combined with
intraperitoneal injection of STZ resulted in a phenotype similar to
insulin resistance and glucose intolerance used to simulate type 2
diabetes (9). After feeding a high-fat diet for more than 16 weeks,
the mice developed cardiac structural dysfunction, impaired cardiac
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energy response, and other manifestations, and we believe that they
developed myocardial damage in type 2 diabetes (10). The
myocardial gene expression datasets (GSE106180, GSE161827) of
the DCM group and control group were selected from the GEO
database (http://www.ncbi.nlm.nih.gov/geo/) on the platform
GPL19057 [Illumina NextSeq 500 (Mus musculus)].

2.2 Differential gene screening

We performed a homologous gene conversion with the R
package “biomaRt” (11), eliminating genes that cannot translate
into human genes. Log2 (x+1) processing was performed on count
data and the “normalizeBetweenArrays” algorithm was used to
remove the batch effect (12). Then we used the “limma” package in
R to screen differentially expressed genes (DEGs). P<0.05 was set as
the threshold value for DEG identification.

2.3 Evaluating immune cell infiltration

The genes of different types of immune cells were obtained (13).
The infiltration levels of 28 immune cells were calculated using the
“GSVA” R package single sample gene concentration analysis
(ssGSEA) algorithm.Immune cell infiltration was compared
between the DCM group and the control group. P<0.05 was
considered to indicate differential infiltration of immune cells.

2.4 WGCNA network construction and
module identification

We used WGCNA to construct gene coexpression networks and
explored modules highly associated with diabetic cardiomyopathy
(5). The cluster tree was constructed to test outliers. Soft threshold
power was selected through network topology analysis. Then the
adjacency relation was calculated, and transformed into a topology
overlapping matrix (TOM). We calculated the corresponding
differential degree and generated a hierarchical cluster tree of
genes. Modules with similar expressions are identified and
merged by dynamic tree cutting. Genes in the most important
modules associated with clinical characteristics were identified for
further analysis. Gene significance (GS) and module membership
(MM) were used to quantitatively analyze the module genes with
the highest correlation with traits. MM > 0.8 and GS> 0.2 were set as
the hub gene criteria. Selected hub genes were included for
further analysis.

2.5 Functional and pathway
enrichment analysis

Gene Ontology (GO) enrichment analysis and Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis were
performed using the R package “clusterProfiler” (14). We used
the string (V11.5, Swiss) database (string-db.org/) to build a
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protein-protein interaction (PPI) network and used Cytoscape
Software (V3.8.2) to calculate degree scores and construct a gene
association map. The minimum needed interaction score was set at
0.900 (highest confidence).

2.6 Screening the diagnostic markers

We searched DCM-related genes in the GeneCards Database
(www.genecards.org/). Then a custom Venn diagram was drawn
through the web (bioinformatics.psb.ugent.be/webtools/Venn/) to
screen for the common key genes between the DCM genes, DEGs
and module genes. We built LASSO models to identify key genes.
The “Glmnet” package in R software was used to establish the
LASSO model to identify key genes. The minimum lambda value is
then used as a reference to determine the best parameter. The
expression values of the selected genes were weighted using
regression coefficients from LASSO analysis. The final model
generated by the optimal lambda values was analyzed and the
regression coefficients for each gene were calculated. After
removing the gene with a coefficient of 0, we used the remaining
coefficients to build a diagnostic model. The regression coefficient of
hub genes was determined according to the following formula:

index = ExpGenel x Coef1 + ExpGene2 x Coef2 + ... + ExpGenen
x Coefn

"Exp" refers to the expression value of a gene and "Coef" refers to
the regression coefficient of the gene.” The pROC” package of R
software was used to evaluate the stability and sensitivity of the
LASSO model in recognizing DCM by ROC curve analysis (15).

2.7 Module validation and
efficacy evaluation

The accuracy and validity of the model were verified by data sets
of DCM mouse myocardial tissue (GSE163060) and human
peripheral blood mononuclear cells (PBMCs) (GSE175988). Then
we used ROC curves and AUC (Area Under Curve) to evaluate the
ability to distinguish DCM from the control group with the “pROC”
R package.

TABLE 1 Primers used for RT-qPCR amplification.

10.3389/fendo.2024.1185062

2.8 Cell culture and treatment

H9c2 cells were purchased from The Cell Bank of Type Culture
Collection of The Chinese Academy of Sciences and cultured with
DMEM containing 10% FBS and 1% penicillin/streptomycin at 37°
Cin a 5% CO2 atmosphere. We induced DCM in vitro by culturing
HI9C2 cells in 33 mmol/l glucose for 24 h.

2.9 Real-time quantitative PCR analysis

The total RNA of H9¢2 cells was collected according to the
instructions of the TRIzol reagent (Solarbio, China), and cDNA was
synthesized with the reverse transcription reagent (Yeasen, China).
RT-qPCR with SYBR Green detection chemistry was performed on
a Roche LightCycler 96 system with the following primers (Table 1).

2.10 Statistical analysis

Data analysis was performed using R4.1.0 and GraphPad Prism
8. A T-test was used to compare normally distributed data, while the
Wilcoxon test was used to compare nonnormally distributed data
between the control group and the DCM group. P<0.05 was
considered statistically significant.

3 Results
3.1 Workflow

The flow chart was shown in Figure 1. First, we compared the
myocardial genes of the DCM group and the control group in the
GSE106180 and GSE161827 datasets to screen out DEGs. Then we
used WGCNA to construct a coexpression network and search the
gene modules with the strongest correlation. Hub genes were
screened by GS and MS, and we used GO analysis, KEGG
analysis, and PPI network analysis to identify them. The
intersection of DEGs, module key genes, and DCM was thought
of as the key genes, and LASSO analysis was conducted to construct
a prediction model. The ROC curve was used to test the accuracy
and sensitivity of the model.

Primers Forward Reverse

Cacna2d2 GCCTGTGACCTTGGACTTC CTGATCTGCTTGTGGCCTT
Bcl7b CATCGAGAAAGTGCGGAAA CGGAGGGAAAACCATTAGG
Egln3 TCTGTGAGCGAGATGCC GGAAGTTGTCCAGGTAGCA
Gabarap CCAGGAACACCATGAAGAA GGATGCCAAGGAAGGAG
Acadsb CCCTATGTTTCGCACCTC CAACTTCAATGCCCATCA
Oxctl ACATTCACCTTCCCCACA TCCTGTTTGCCGTCTCA
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FIGURE 1

Study flowchart. Sequencing data from diabetic cardiomyopathy and controls in the GSE106180 and GSE161728 datasets were analyzed by
bioinformatics to identify early potential biomarkers of diabetic cardiomyopathy. DCM, diabetic cardiomyopathy; WGCNA, weighted gene
coexpression network analysis; GS, gene significance; MM, Module membership; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and
Genomes; PPI, Protein-protein interaction; LASSO, the least absolute shrinkage and selection operator.

3.2 ldentification of DEGs

To compare the difference between the DCM group and the
control group, we performed differential gene expression analysis.
Sixteen samples were obtained from the GSE106180 and GSE161827
gene datasets, including 8 control myocardial samples and 8 diabetic
myocardial samples. After adjustment, the median, upper and lower
quartiles, and maximum and minimum values of genes in the 16
samples were roughly similar (Figure 2A). According to P< 0.05, 3066
DEGs were screened, among which 367 genes were upregulated and
2699 genes were downregulated. The first three upregulated genes
with minimum p values were ALDH1A2, ADAM?23, and MS4Al,
while the downregulated genes with minimum p values were RRAGB,
BCKDHB, and TMEM120A (Figure 2B; Table 2). The DEG heat map
shows the first 25 upregulated genes and 25 downregulated genes
with minimum p values (Figure 2C).

3.3 Immune cell infiltration

Heatmaps showed differences in immune cell infiltration
between the DCM group and the control group (Figure 3A). The
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violin diagram showed that MDSCs, activated CD4 T cells, effector
memory CD8 T cells, type 1 T helper cell, type 17 T helper cells,
natural killer cells, regulatory T cells, immature dendritic cells,
neutrophils, activated B cells, and immature B cells were higher
than those of the control group. In contrast, the cell infiltration of
activated CD8 T cells and central memory CD4 T cells in the DCM
group were less than that in the control group (Figure 3B).

3.4 DCM-associated module

We performed WGCNA on genes in the dataset to reveal the key
modules most relevant to DCM. We chose 12 as the soft thresholding
power, while 0.85 was used as the correlation coefficient threshold
(Figures 4A, B, C). After combining similar modules, we identified a
total of seven modules, each shown in a different color (Figure 4D;
Table 3). The yellow module with 392 genes [correlation coefficient =
-0.68, P=0.004] and the turquoise module with 6471 genes [correlation
coefficient =—0.63, P=0.008] are the most correlated with DCM and are
the fundamental modules of DCM. According to MM> 0.8 and GS>
0.2, a total of 41 yellow module genes (Figure 4E) and 1474 turquoise
module genes (Figure 4F) were included for further analysis.
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FIGURE 2

Visualization of differentially expressed genes. The red dots represent genes that are significantly upregulated and the blue dots represent
significantly downregulated genes. (A) Box plot map (B) Volcano plot and (C) heatmap of the first 25 upregulated genes and 25 downregulated
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TABLE 2 Top 5 upregulated and downregulated genes with the most

significant differences.

Genes Regulate logfFC P value
ALDH1A2 Up 1.050 4.92E-06
ADAM23 Up 0.648 1.51E-05
MS4A1 Up 0.736 7.23E-05
CYYRI Up 0323 7.58E-05
KDR Up 0373 8.78E-05
RRAGB Down -0.883 1.04E-07
BCKDHB Down -0.524 9.05E-07
TMEMI120A Down -0.623 9.69E-07
OXCTI1 Down -0.501 2.04E-06
CKM Down -0.449 2.12E-06
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3.5 Functional correlation analysis of genes
in the key module

A total of 1515 hub genes of the yellow module and turquoise
module were divided into the following categories: biological
process (BP) (Figure 5A; Table 4), cellular component (CC)
(Figure 5B), and molecular function (MF) (Figure 5C). The GO
analysis results showed that the hub genes were mainly related to
“proteasomal protein catabolic process” (BP, GO:0010498, adjusted
P-value = 7.79E-26), “mitochondrial matrix” (CC, GO:0005759,
adjusted P value = 1.72E-21), and “translation regulator activity”
(MF, GO:0045182, adjusted P value = 1.11E-16), etc. KEGG
pathway enrichment analysis showed that hub genes were mainly
enriched in “protein processing in endoplasmic reticulum”
(hsa04141, adjusted P value = 4.47E-11), “Parkinson’s disease”
(hsa05012, adjusted P value = 7.11E-10) and “citrate cycle”
(hsa00020, adjusted P value = 4.27E-09) (Figure 5D; Table 5). PPI
analysis showed the 100 genes with the highest score, and the top 3
genes were RPS9, FTS]3, and PPP2CA (Figure 5E).

frontiersin.org


https://doi.org/10.3389/fendo.2024.1185062
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Cui et al. 10.3389/fendo.2024.1185062

1
NN group

Activated CD4 T cell
Activated CD8 T cell

| Central memory CD4 T cell

| Central memory CD8 T cell
Effector memeory CD4 T cell
Effector memeory CD8 T cell
Type 1T helper cell

Type 17 T helper cell
Activated dendritic cell
CDS56bright natural killer cell
Natural killer cell

group
control
DCM

0.8

:H:_:-

m

Natural killer T cell

Regulatory T cell
Type 2 T el
CD56dim natural killer cell
Immature dendritic cell

helper cell
0.4

Activated B cell
Gamma delta T cell

Memory B cell
T follicular helper cell
o

MDSC
Neutrophil
Plasmacytoid dendritic cell

0.2

Immature B cell

Mast cell

Immune cell infiltration

B type |8 control ¥ DCM

e

[RaRin

FIGURE 3

Immune cell infiltration.(A) heatmap (B) violin plot of immune cell infiltration. *p<0.05; **p<0.01; ***p<0.001. ****p<0.0001. DCM,

diabetic cardiomyopathy.

3.6 Screening the diagnostic markers

We searched the GeneCards database for diabetic cardiomyopathy
and found 4360 related genes. There were 323 genes included in all of
the module hub genes and DEGs and the GeneCards database at the
same time (Figure 6A). Then, we established a LASSO model with
these selected genes based on the value of lambda (minA= 0.00457)
(Figures 6B, C). LASSO regression analysis was further performed, and
nonzero regression coefficients were used to construct gene
characteristics identified with six genes (OXCT1, CACNA2D2,
BCL7B, EGLN3, GABARAP, and ACADSB). In addition, these six
genes were identified based on model indices according to the
following formula:

index = ExpOXCT1 x ( —0.9471179) + ExpCACNA2D2

x (- 0.4471940)
+ ExpBCL7B x (- 1.6038937) + ExpEGLN3 x (2.5024612)

+ ExpGABARAP x ( - 2.1876917) + ExpACADSB
x (- 8.4851697) .

"Exp" refers to the expression value of a gene after logarithmic
conversion and coefficient refers to the non-zero coefficient calculated
by the model. The DCM group tended to have higher index scores
than the control group. Therefore, the calculation of the gene
expression index can help diagnose DCM. In addition, we
evaluated the accuracy of the LASSO model by ROC curves
(Figure 6D), suggesting that these genes could be used as potential
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biomarkers for further testing of DCM. Box plots illustrate the
expression trends of OXCT1 (Figure 6E), CACNA2D2 (Figure 6F),
EGLNS3 (Figure 6G), GABARAP (Figure 6H), BCL7B(Figure 6I), and
ACADSB (Figure 6]) align with the predictions.

3.7 Validating the diagnostic markers in
public datasets

A dataset containing DCM and control mouse myocardial tissue
(GSE163060) was performed for human homologous gene
transformation and data normalization to verify the accuracy and
efficiency of the model. The results showed that the index value of the
DCM group was significantly higher than that of the control group
(P<0.001, Figure 7A). Roc curve showed that the overall AUC was 1.00
(Table 6). GABARAP (AUC=0.88), EGLN3 (AUC=0.86), OXCT1
(AUC=0.76), CACNA2D2 (AUC=0.68), ACADSB (AUC=0.60) had
high prediction efficiency. BCL7B (AUC=0.32) was poor. The human
blood PBMC cell dataset (GSE175988) was also used for verification.
The index value of the DCM group was significantly higher than that of
the control group (P<0.001, Figure 7B), and the AUC of the model was
0.94. CACNA2D2 (AUC=0.87), ACADSB (AUC=0.79), and
GABARAP (AUC=0.75) had better prediction effects. OXCT1
(AUC=0.48), EGLN3 (AUC=0.38), BCL7B (AUC=0.32) was poor.
There was no statistical difference in the hub genes in the mouse
myocardial tissue (GSE163060) dataset, which may be related to the
small sample size (Figure 7C). The expressions of ACADSB,
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FIGURE 4

Results of weighted gene coexpression network analysis. (A) Scale-free fitting index (B) of soft threshold abilities (B) Average connectivity of soft
threshold abilities (C) Cluster dendrogram (D) Module-trait relationships. Red represents a positive correlation with clinical traits, green represents a
negative correlation with clinical traits (E) Correlation between module membership and gene significance in turquoise modules. (F) Correlation
between module membership and gene significance in yellow modules. DCM, diabetic cardiomyopathy.
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TABLE 3 The characteristics of different modules.

Model Count Coefficient P value
brown 619 0.13 0.633
yellow 392 0.68 0.004
green 255 0.21 0.442
turquoise 6471 0.63 0.008
blue 3788 0.06 0.826
red 176 0.42 0.107
grey 1869 0.36 0.170
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GABARAP, and CACNA2D2 in the DCM group were significantly
lower than those in the control group in the human blood PBMC cell
dataset (GSE175988, Figure 7D).

3.8 Validating the diagnostic markers in
HOC2 cell

The expression of the hub gene in HOC2 cells was verified, and the
results showed that the expression of Acadsb, Oxctl, Bcl7b, Gabarap,
and Cacna2d2 was decreased and the expression of Egln3 was
increased in cardiomyocytes after high glucose treatment (Figure 8),
which was similar to the previous results.
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GO analysis, KEGG analysis, and PPl network of the hub genes. (A) Biological process; (B) cellular component; (C) molecular function;(D) KEGG
pathway enrichment analysis; (E) top 100 gene network. KEGG, Kyoto Encyclopedia of Genes and Genomes.

4 Discussion

Diabetic cardiomyopathy is a pathophysiological condition caused
by diabetes that can lead to heart failure. In a series of cardiac
pathologies, such as myocardial ischemia and heart failure, infiltrating
immune cells are an important factor in the occurrence and
development of myocardial injury and left ventricular dysfunction
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(16). Diabetic cardiomyopathy has attracted the attention of
cardiologists and endocrinologists at home and abroad, but the
diagnosis of diabetic cardiomyopathy is still a challenge, especially for
asymptomatic patients. The pathogenesis, progression, and therapeutic
targets of diabetic cardiomyopathy remain unknown. Therefore, it is of
great significance to study the regulatory mechanisms and key targets of
DCM for early prevention and treatment.
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TABLE 4 Top 5 GO enriched by the yellow and turquoise module hub genes.

10.3389/fendo.2024.1185062

ONTOLOGY ID Description Count P.adjust
BP GO0:0106106 proteasomal protein catabolic process 116 7.79E-26
BP GO0:0043161 proteasome-mediated ubiquitin-dependent protein catabolic process 105 1.79E-24
BP GO0:0045333 cellular respiration 55 1.54E-15
BP GO0:0015980 energy derivation by oxidation of organic compounds 68 4.96E-15
BP GO0:0048193 Golgi vesicle transport 78 1.86E-13
CcC GO0:0005759 mitochondrial matrix 106 1.72E-21
CcC GO:0098798 mitochondrial protein-containing complex 61 1.36E-12
CcC GO:0000151 ubiquitin ligase complex 63 4.82E-12
CcC GO:0005743 proteasome complex 26 2.31E-11
CcC GO:1905369 mitochondrial inner membrane 86 4.53E-11
MF GO0:0045182 translation regulator activity 49 1.11E-16
MF G0:0090079 translation regulator activity, nucleic acid binding 41 3.58E-15
MF GO0:0008135 translation factor activity, RNA binding 35 2.07E-14
MF GO:0044389 ubiquitin-like protein ligase binding 65 3.09E-10
MF GO:0031625 ubiquitin protein ligase binding 62 3.54E-10

Our study selected specimens from the early stage of diabetic
cardiomyopathy and found that the genes related to DCM are
mainly enriched in “proteasomal protein catabolic process”,
“mitochondrial matrix”, “translation regulator activity”, “protein
processing in endoplasmic reticulum” and” citrate cycle” indicating
that the occurrence and development of DCM are closely related to
myocardial cell metabolism. Studies have shown that in patients
with diabetes, the utilization rate of heart substrates is reduced,
which may be due to the inhibition of fatty acid accumulation on
glycolysis (17). Mitochondrial dysfunction is another cause of DCM
and HF development. In general, approximately 90% of

TABLE 5 Top 10 KEGG pathways enriched by the yellow and turquoise
module hub genes.

ID Description Count | P.adjust
hsa04141 = Protein processing in 48 4.47E-11
endoplasmic reticulum
hsa05012 | Parkinson disease 60 7.11E-10
hsa00020 | Citrate cycle (TCA cycle) 17 4.27E-9
hsa05014 = Amyotrophic lateral sclerosis 70 1.44E-8
hsa05020 | Prion disease 57 2.51E-8
hsa01200 = Carbon metabolism 33 2.79E-8
hsa05016 = Huntington disease 60 8.22E-8
Pathways of neurodegeneration - 81 1.23E-7
hsa05022 . .
multiple diseases
hsa04120 = Ubiquitin mediated proteolysis 35 4.69E-7
Chemical carcinogenesis - reactive 45 2.75E-6
hsa05208 .
oxygen species

Frontiers in Endocrinology

106

intracellular ATP production in cardiomyopathy is produced by
mitochondrial oxidative phosphorylation. However, in T2DM
patients, mitochondria produce ATP by oxidation of free fatty
acids instead of glucose, which in turn leads to increased
mitochondrial ROS production and decreased oxidative
phosphorylation (17, 18). Heart failure in glycolysis and the
changes in mitochondrial oxidative metabolism are due to the
change in key enzymes involved in the metabolic pathway of
transcription, and the NAD redox state (NAD and nicotinamide
adenine dinucleotide level) and the change in metabolite signaling.
Epigenetic changes after these signals will help translation control
coding energy metabolism enzyme-encoding gene expression (19).
Therefore, improving the energy metabolism pathway of diabetic
cardiomyopathy is a new treatment direction.

After WGCNA and LASSO analysis, we found diagnostic and
predictive biomarkers of type 2 DCM, including OXCT]I,
CACNA2D2, BCL7B, EGLN3, GABARAP, and ACADSB.
However, the relationship and mechanism between these genes
and DCM have not been fully confirmed. OXCT1 is a member of
the OXCT1 gene family that encodes 3-oxyacid coenzyme A-
transferase. This coding protein is a homologous dimer
mitochondrial matrix enzyme that plays a core role in the
catabolism of ketone bodies by catalyzing the reversible transfer
of coenzyme A from succinyl-CoA to acatalectic acid (20). OXCT1
plays an important role in heart failure and diabetes (21, 22).
Studies have shown that hyperglycemia reduces the expression of
Bdhl and Oxctl in the hearts of mice. BDH1 and OXCT1 are also
inhibited in the failing heart of diabetic patients but not in
nondiabetic patients (23), which is similar to our findings.
Chronic elevation of circulating ketone inhibits the development
of inflammatory heart failure (22). Therefore, OXCT1 may be an
important diagnostic and therapeutic target for diabetic
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FIGURE 6

Establishment of a model for predicting DCM and its verification. (A) Venn diagrams; (B) LASSO model; (C)binomial deviance; (D) ROC curve analysis
of GSE106180 and GSE161827; (E) Expression of OXCTL; (F) expression of CACNA2D2; (G) expression of EGLN3; (H) expression of GABARAP;

() expression of BCL7B; (J) expression of ACADSB. DCM, diabetic cardiomyopathy. WGCNA, weighted gene coexpression network analysis.DEGs,
differentially expressed genes.

cardiomyopathy. CACNA2D2 encodes a subunit of the voltage-
dependent calcium channel complex, plays an important role in
complex assembly and membrane localization, and regulates
calcium current and channel dynamics. Studies have shown that
high glucose induces mitochondrial fission through the Orail

Frontiers in Endocrinology

107

calcium channel and participates in diabetic cardiomyopathy
hypertrophy (24). Calcium channel signal transduction is linked
to mitochondrial function. Calcium overload leads to decreased
mitochondrial membrane potential and affects cell function (25).
BCL7B has some roles in maintaining nuclear structure and is
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TABLE 6 Validation of the hub gene in datasets GSE163060

and GSE175988.

Dateset Genes AUC 95%ClI

GSE163060 Total 1.000 1.000-1.000
GSE163060 ACADSB 0.600 0.189-1.000
GSE163060 OXCT1 0.760 0.372-1.000
GSE163060 GABARAP 0.880 0.626-1.000
GSE163060 EGLN3 0.860 0.618-1.000
GSE163060 CACNA2D2 0.680 0.265-1.000
GSE163060 BCL7B 0.320 0.000-0.735
GSE175988 Total 0.940 0.841-1.000
GSE175988 ACADSB 0.790 0.586-0.994
GSE175988 OXCT1 0.480 0.190-0.770
GSE175988 GABARAP 0.750 0.519-0.981
GSE175988 EGLN3 0.380 0.121-0.639
GSE175988 CACNA2D2 0.870 0.697-1.000
GSE175988 BCL7B 0310 0.066-0.554
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involved in the regulation of multiple pathways, including Wnt and
apoptosis (26). EGLN3 participates in the activation of cysteine-
type endopeptidase activity during apoptosis. A study by Xia et al.
showed that inhibition of EGLN3 ameliorates cardiac dysfunction
in diabetic cardiomyopathy (27). The presence of GABARAP is very
important for Golgi body morphology. In addition, studies have
shown that it is involved in autophagy and may play an important
role in diabetes (28, 29). ACADSB, a member of the acyl-CoA
dehydrogenase family, catalyzes the dehydrogenation of acyl-CoA
derivatives in fatty acid or branched amino acid metabolism. It
plays an important role in the energy homeostasis of
pathophysiological processes (30).

The hub genes in multiple datasets and cardiomyocytes were
verified, and the results all showed that the hub genes had good
diagnostic efficacy. Notably, similar results were obtained in the
human blood PBMC dataset. So, the relevant genes could be
detected in the blood PBMC, which significantly reduces the
difficulty of detection compared to traditional biopsies. DCM
lacks specific diagnostic criteria. As an invasive examination,
myocardial biopsy has disadvantages such as high risk and
complicated procedures. In addition, when DCM develops to a
certain stage the heart enlarges significantly and the heart function
declines, myocardial biopsy is not suitable (31). In this case, the
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FIGURE 8

The mRNA levels of Acadsb, Oxctl, Bcl7b, Gabarap, Egln3, Cacna2d2 in H9C2 cell. HG, high glucose concentration. *P<0.05,**P<0.01

detection of blood PBMC has the advantages of convenience, low
risk, and small damage. ROC curves showed that GABARAP,
EGLN3, OXCT1, CACNA2D2, and ACADSB had high detection
accuracy in myocardial tissue. CACNA2D2, ACADSB, and
GABARAP are more accurate in human blood PBMCs. When the
economic budget is insufficient to carry out multi-gene sequencing,
genes with higher diagnostic efficiency can be preferentially selected
for detection by RT-qPCR. At present, the diagnosis of DCM is
mainly based on myocardial biopsy, combined with a variety of
detection methods. RT-qPCR is relatively cheap and therefore more
suitable for screening in the population.

In addition, our study found changes in immune infiltration in
cardiomyocytes in diabetic cardiomyopathy. A large number of
studies have shown that white blood cells and their subgroups, such
as neutrophils, monocytes, and lymphocytes, are involved in
inflammation and play an important role in the occurrence and
progression of cardiovascular diseases (32). Th and Treg subgroups
are involved in inflammation, insulin resistance, and vascular
changes in diabetes (33). Compared with healthy controls,
neutrophils promote the secretion of cytokines and growth factors
in diabetic patients, which helps neutrophils further migrate to
inflammatory sites and promote the production of reactive oxygen
species and apoptosis (29). In T2DM, Treg cells can inhibit Thl,
Th2, and Th17 responses through various pathways, such as
inhibiting cytokine secretion, regulating the microenvironment,
and changing the expression of surface receptors to improve
insulin resistance (34). B lymphocytes are antigen-presenting cells
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and autoantibody secretions. B-cell-deficient mice showed less
inflammation and improved glucose tolerance (35). Further study
of these mechanisms may contribute to the search and development
of new therapeutic targets.

The strength of this study lies in the development of a
diagnostic and predictive model for diabetic cardiomyopathy. The
results were verified in datasets and cardiomyocytes. The model was
also found to have a good predictive effect in the PBMC datasets,
which means that the diagnosis of DCM can be made by blood,
making detection more convenient.

Our study also has some limitations. Since it is difficult to obtain
cardiac tissue samples from diabetic cardiomyopathy patients, this
study only analyzed the heart tissue of diabetic cardiomyopathy
animals. Second, the public datasets we analyzed did not have the
results of cardiac function and pathological tests. Therefore, we
cannot compare the results of this study with other models. In
addition, we did not verify the diagnostic efficiency of the genes
involved in PBMC in the population. Therefore, large-scale clinical
studies are needed to further validate the model in the future.

5 Conclusion

We found diagnostic and predictive biomarkers of type 2 DCM
consisting of OXCT1, CACNA2D2, BCL7B, EGLN3, GABARAP,
and ACADSB, which may reduce the difficulty of early prediction of
diabetic cardiomyopathy, and lay a foundation for prospective
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research. Our analyses provide a reference for the detection of
promising biomarkers and therapeutic targets and for improving
the ability to diagnose and treat patients with DCM.
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Predicting the risk of subclinical
atherosclerosis based on
interpretable machine models in
a Chinese T2DM population
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Ningbo, China, ?Health Science Center, Ningbo University, Ningbo, China

Background: Cardiovascular disease (CVD) has emerged as a global public health
concern. Identifying and preventing subclinical atherosclerosis (SCAS), an early
indicator of CVD, is critical for improving cardiovascular outcomes. This study
aimed to construct interpretable machine learning models for predicting SCAS
risk in type 2 diabetes mellitus (T2DM) patients.

Methods: This study included 3084 T2DM individuals who received health care at
Zhenhai Lianhua Hospital, Ningbo, China, from January 2018 to December 2022.
The least absolute shrinkage and selection operator combined with random forest-
recursive feature elimination were used to screen for characteristic variables. Linear
discriminant analysis, logistic regression, Naive Bayes, random forest, support vector
machine, and extreme gradient boosting were employed in constructing risk
prediction models for SCAS in T2DM patients. The area under the receiver
operating characteristic curve (AUC) was employed to assess the predictive
capacity of the model through 10-fold cross-validation. Additionally, the SHapley
Additive exPlanations were utilized to interpret the best-performing model.

Results: The percentage of SCAS was 38.46% (n=1186) in the study population.
Fourteen variables, including age, white blood cell count, and basophil count, were
identified as independent risk factors for SCAS. Nine predictors, including age,
albumin, and total protein, were screened for the construction of risk prediction
models. After validation, the random forest model exhibited the best clinical
predictive value in the training set with an AUC of 0.729 (95% Cl: 0.709-0.749),
and it also demonstrated good predictive value in the internal validation set [AUC:
0.715 (95% CI: 0.688-0.742)]. The model interpretation revealed that age, albumin,
total protein, total cholesterol, and serum creatinine were the top five variables
contributing to the prediction model.

Conclusion: The construction of SCAS risk models based on the Chinese T2DM
population contributes to its early prevention and intervention, which would
reduce the incidence of adverse cardiovascular prognostic events.

KEYWORDS

subclinical atherosclerosis, type 2 diabetes mellitus, independent risk factors,
interpretable machine learning, prediction model
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1 Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disorder
characterized by insulin resistance and relative insulin deficiency.
In recent years, the prevalence of T2DM has increased steadily,
which has become a serious public health issue. Updated estimates
for 2021 showed that about 10.5% of the global population had
T2DM, a prediction that this figure would increase to 12.2% by 2045
(1). Cardiovascular disease (CVD) is the leading cause of death and
disability in T2DM (2, 3). Studies have shown that the risk of CVD
in patients with T2DM is two to four times higher than in
individuals without diabetes (4, 5). Atherosclerosis (AS), the
predominant pathophysiologic process in CVD, may begin early
in life and remain latent and asymptomatic for extended periods
before progressing to advanced stages. Subclinical atherosclerosis
(SCAS) serves as an early indicator of atherosclerotic burden, and
its timely recognition can help slow down or prevent the
progression to CVD (6). Therefore, the early identification and
effective management of SCAS in individuals with T2DM are
crucial strategies to mitigate progression to overt CVD, thereby
improving life expectancy and quality.

Diagnostic methods for SCAS include angiography,
intravascular ultrasound, carotid ultrasound (CUS), computed
tomography (CT), and magnetic resonance imaging. Measuring
carotid intima-media thickness (CIMT) and coronary artery
calcification (CAC) using CUS and CT has become the mainstay
for assessing SCAS, owing to their noninvasive and easily accessible
nature (7, 8). However, large-scale use of CUS and CT could
inevitably lead to the waste of medical resources and increased
costs. Thus, establishing an assessment tool capable of screening
individuals at high risk for SCAS without the need for imaging
examinations is of great significance.

In recent years, artificial intelligence (AI) and machine learning
(ML) have increasingly been utilized in the healthcare field (9).
Several studies currently employ ML methods to research SCAS.
For example, Sanchez-Cabo et al. (10) developed a SCAS risk
prediction model for young asymptomatic individuals using four
ML algorithms, demonstrating good clinical predictive value with
an area under the receiver operating characteristic curve (AUC) of
0.890. Additionally, Nufiez et al. (11) used ML methods to identify
circulating proteins that can predict SCAS, also showing good
clinical predictive value with an AUC of 0.730. However, there
are few reports on the risk prediction models for SCAS in T2DM
patients. The purpose of this study was to establish SCAS risk
prediction models based on interpretable machine learning
algorithms, contributing to the early identification of SCAS and
guiding appropriate prevention and interventions.

2 Methods

2.1 Participants

This study enrolled 3140 T2DM individuals who had sought
medical care through outpatient visits, inpatient admissions, and
routine physical examinations at Zhenhai Lianhua Hospital in
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Ningbo, China, from January 2018 to December 2022. The
sample size for this study adhered to the rule of 10 events per
variable (12). The demographic data, comorbidities, complications,
and biochemical parameters were obtained by questionnaires and
laboratory tests. Inclusion criteria: participants aged > 18 years who
either self-report T2DM, are undergoing pharmacological
treatment for T2DM, or meet the diagnostic criteria of T2DM.
These criteria include fasting blood glucose (FBG) levels of > 7.0
mmol/L, 2-hour blood glucose levels of > 11.1 mmol/L, or a glycated
hemoglobin level of > 6.5% (13). Exclusion criteria: individuals with
other forms of diabetes mellitus, concurrent coronary heart disease
or cerebral infarction, acute complications related to diabetes
mellitus, malignant tumors, severe liver and kidney function
abnormalities, or pregnancy. SCAS was defined as CIMT >
1.0 mm and/or the presence of plaque without clinical
manifestations (14). Data with more than 20% missing were
excluded (n=56), and those with less than 20% were filled by
multiple interpolations (Supplementary Figure 1). Ultimately,
3084 T2DM patients were included in this study. The study’s flow
diagram is depicted in Figure 1.

2.2 Clinical baseline data

Participants’ general characteristics include gender, age, body
mass index, and blood pressure (both systolic and diastolic
measurements). Blood cell counts comprise white blood cell
count (WBC), neutrophil count, eosinophil count, basophil count
(BASO), lymphocyte count (LYC), red blood cell count,
hemoglobin, red blood cell distribution width, mean red blood
cell volume (MCV), platelet count, platelet distribution width
(PDW), and mean platelet volume (MPV). Biochemical indicators
encompass total cholesterol (TC), triglycerides, high-density
lipoprotein (HDL), low-density lipoprotein (LDL), FBG, total
protein (TP), albumin (ALB), aspartate aminotransferase, alanine
aminotransferase, gamma-glutamyl transpeptidase (GGT), serum
uric acid (SUA), and serum creatinine (SCR).

2.3 Statistical analysis

Kolmogorov-Smirnov assessed sample distribution normality.
Normal continuous variables were expressed as means (standard
deviation, SD), non-normal continuous variables as median
(interquartile range, IQR), and categorical variables as frequency
(percentage, %). Between-group analyses involved independent
samples t-tests for normal continuous variables, Mann-Whitney
U tests for non-normal continuous variables, and chi-square tests
for categorical variables. Box plots were used to elucidate the
relationship between various metabolic parameters [including
atherogenic index of plasma (AIP), Castelli risk index (CRI),
metabolic score for insulin resistance (METS-IR), and
triglyceride-glucose (TyG) index] and SCAS. The formulas for
these parameters were calculated as follows: AIP = Log(TG/HDL);
CRI = TC/HDL; METS-IR = Ln((2 * FBG + TG) * BMI)/(Ln
(HDL)); TyG = Ln[(TG * FBG)/2]. Multivariate logistic regression
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FIGURE 1

Flow diagram of the study. T2DM, type 2 diabetes mellitus; SHAP, Shapley Additive exPlanations.

identified independent risk factors for SCAS. Restricted cubic spline
was employed to analyze the dose-response relationship betweent
ATIP and SCAS.

Least absolute shrinkage and selection operator (LASSO)
combined with random forest-recursive feature elimination (RF-
RFE) were used to screen for characteristic variables. Six ML
methods, including linear discriminant analysis (LDA), logistic
regression (LR), Naive Bayes (NB), random forest (RF), support
vector machine (SVM), and extreme gradient boosting (XGboost),
were used to model construction. The primary parameters used to
evaluate the effectiveness of risk prediction models included
accuracy, sensitivity, specificity, precision, recall, and the F1 score.
AUC was utilized to assess the models’ predictive ability.
Calibration curves and the Brier score were used to assess
calibration capability, while decision curve analysis (DCA) was
employed to evaluate clinical applicability. Additionally, the
Shapley Additive exPlanations (SHAP) was used to interpret the
best predictive model.

All statistical analyses were conducted using Python (https://
www.python.org/, version: 3.9.0) and R (https://cran.r-project.org/,
version: 4.1.3). All tests were two-sided and P < 0.05 was deemed
statistically significant.

Frontiers in Endocrinology

3 Results

3.1 Clinical baseline information of the
study population

A total of 3084 participants were enrolled in this study,
comprising 1898 individuals with T2DM without SCAS, and 1186
individuals with T2DM with SCAS. The percentage of SCAS in the
T2DM population was found to be as high as 38.46%. The median
age of participants was 56 years (IQR: 49-61). Participants in the
SCAS group were older, with a median age of 58 years (IQR: 53-62),
compared to 54 years (IQR: 46-60) in the control group. The male
proportion was similar in both groups (74.6% in the SCAS group vs.
73.8% in the control group, P > 0.05). Additionally, statistically
significant differences were observed between the groups in terms of
routine blood tests, lipid and glucose levels, and liver and kidney
function (P < 0.05). The baseline clinical characteristics of the study
population are presented in Table 1.

The AIP, CRI, METS-IR, and TyG index are metabolism-
related parameters commonly used in the diagnosis and risk
assessment of metabolism-related diseases (15-18). The current
study showed that three metabolism-related parameters, including
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TABLE 1 Univariate analysis of subclinical atherosclerosis.
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Overall Normal
3084 1898
Sex (male), % 2291 (74.3) 1416 (74.6) 875 (73.8) 0.639
Age, years 56.00 (49.00, 61.00) 54.00 (46.00, 60.00) 58.00 (53.00, 62.00) <0.001
BMI, kg/m2 24.62 (22.72, 26.99) 24.69 (22.77, 26.99) 24.54 (22.68, 26.96) 0.209
SBP, mmHg 133.69 (17.48) 133.43 (16.70) 134.10 (18.65) 0.298
DBP, mmHg 81.00 (73.00, 89.00) 81.00 (74.00, 89.00) 80.00 (72.00, 89.00) 0.009
WBC, 10°/L 6.54 (1.73) 6.48 (1.67) 6.63 (1.81) 0.026
NEU, 10°/L 3.70 (2.97, 4.60) 3.60 (2.90, 4.50) 3.80 (3.00, 4.81) <0.001
EOS, 10°/L 0.11 (0.07, 0.19) 0.11 (0.07, 0.19) 0.12 (0.07, 0.20) 0.123
BASO, 10°/L 0.02 (0.01, 0.03) 0.02 (0.01, 0.03) 0.02 (0.02, 0.03) <0.001
LYC, 10°/L 2.00 (1.60, 2.50) 2.09 (1.60, 2.50) 1.92 (1.55, 2.40) <0.001
RBC, 10'*/L 4.88 (0.52) 493 (0.51) 4.79 (0.53) <0.001
HB, g/L 150.00 (139.00, 159.00) 151.00 (140.00, 160.00) 148.00 (137.00, 158.00) <0.001
RDW, % 12.50 (12.20, 12.90) 12.50 (12.20, 12.90) 12.60 (12.20, 13.00) 0.003
MCV, fL 91.00 (88.60, 94.00) 91.00 (88.10, 93.80) 91.90 (89.00, 94.90) <0.001
PLT, 10°/L 226.93 (58.27) 227.49 (58.41) 226.04 (58.06) 0.499
PDW, % 15.00 (12.50, 16.30) 14.10 (12.30, 16.20) 15.90 (12.90, 16.30) <0.001
MPV, fL 10.59 (1.15) 10.70 (1.15) 10.41 (1.13) <0.001
TC, mmol/L 5.00 (1.16) 4.97 (1.07) 5.05 (1.30) 0.057
TG, mmol/L 1.50 (1.06, 2.21) 1.48 (1.04, 2.22) 1.54 (1.11, 2.20) 0.090
HDL, mmol/L 1.14 (0.95, 1.39) 1.16 (0.95, 1.44) 1.11 (0.96, 1.33) 0.001
LDL, mmol/L 2.82 (0.88) 2.80 (0.82) 2.85 (0.96) 0.081
FBG, mmol/L 6.80 (6.19, 8.35) 6.71 (6.18, 8.21) 6.98 (6.21, 8.61) 0.013
TP, g/L 73.00 (68.70, 76.60) 73.70 (70.10, 76.90) 71.50 (66.60, 75.50) <0.001
ALB, g/L 44.90 (42.27, 46.60) 4535 (43.10, 46.90) 44.00 (40.90, 46.00) <0.001
AST, TU/L 23.00 (18.00, 29.00) 23.00 (18.00, 29.00) 23.00 (18.00, 30.00) 0.780
ALT, TU/L 24.00 (17.00, 38.00) 25.00 (17.00, 39.00) 23.00 (16.00, 37.00) 0.058
GGT, U/L 31.00 (21.00, 52.00) 30.00 (20.00, 51.00) 33.00 (22.00, 54.00) 0.008
SUA, umol/L 357.19 (96.25) 354.05 (95.07) 362.22 (97.95) 0.022
SCR, umol/L 66.00 (56.00, 76.00) 64.45 (55.10, 74.38) 68.00 (58.00, 79.00) <0.001

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; WBC, white blood cell count; NEU, neutrophil count; EOC, eosinophil count; BASO, basophil count; LYC,
lymphocyte count; RBC, red blood cell count; HB, hemoglobin; RDW, red blood cell distribution width; MCV, mean red blood cell volume; PLT, platelet count; PDW, platelet distribution width;
MPV, mean platelet volume; TC, total cholesterol; TG, triglycerides; HDL, high-density lipoprotein; LDL, low-density lipoprotein; FBG, fasting blood glucose; TP, total protein; ALB, albumin;
AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyl transpeptidase; SUA, serum uric acid; SCR, serum creatinine.

AIP, CRI, and TyG, were significantly higher in the SCAS group
than in the control group (P < 0.05) (Figure 2).

3.2 Independent risk factors

Nineteen potential risk factors associated with SCAS were
initially screened by univariate analysis (P < 0.05) (Table 1). To
ensure the accuracy and credibility of the findings, we calculated the
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variance inflation factor (VIF) for each variable and considered to
exhibit lower multicollinearity when their VIF was below 10
(Supplementary Figure 2). Afterward, we performed stepwise
backward logistic regression analysis with the Akaike information
criterion to filter and remove multicollinear variables. Ultimately,
fifteen variables were included in the multivariate logistic regression
analysis, and the final fourteen variables such as Age, WBC, BASO,
and LYC (P < 0.05) were identified as independent risk factors for
SCAS (Figure 3).
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FIGURE 2

Association of four metabolism-related parameters with risk of SCAS. AIP, atherogenic index of plasma; CRI, Castelli risk index; TyG, triglyceride-
glucose; METS-IR, metabolic score for insulin resistance; SCAS, subclinical atherosclerosis.

Based on the independent risk factors, we proceeded to explore
the correlation between the variables (Figure 4). From the
correlation analysis, we observed a negative correlation between
ATIP and Age (r = -0.24, P < 0.01), MCV (r = -0.13, P < 0.01), and
HDL (r = -0.69, P < 0.01). Additionally, positive correlations were
observed between AIP and WBC (r =0.14, P < 0.01), GGT (r = 0.28,
P < 0.01), and SUA (r = 0.27, P < 0.01).

To further assess the clinical applicability of AIP, we conducted
a diagnostic experiment and a dose-response relationship study.
The result of the diagnostic experiment (Figure 5A) revealed that
although AIP holds promise as a potential biomarker for SCAS, its
diagnostic value was moderate (AUC: 0.535). The dose-response
relationship (Figure 5B) demonstrated a linear correlation between

AIP and the risk of SCAS prevalence (P-overall < 0.001, P-non-
linear = 0.319), with a significant increase in risk observed when
AIP was greater than 0.625.

3.3 Construction of risk prediction models

The study population was divided into training and internal
validation sets at a 6:4 ratio. The basic characteristics of the
participants in the two sets did not differ (Table 2). LASSO
enables a data dimensionality reduction algorithm that screens
feature predictors by constructing a penalty function that
compresses regression coefficients to zero (19). RF-RFE is a

Variables P-value OR(95%CI)
Age <0.001 ] 1.092 (1.080-1.105)
WBC 0.001 i 1.107 (1.045-1.174)
BASO (per0.01) 0.007 —— 1.088 (1.024-1.157)
LYC 0.002 —— 0.785 (0.674-0.914)
RDW 0.093 —— 1.119 (0.981-1.275)
MCV 0.002 L 1.030 (1.011-1.050)
PDW <0.001 HiH 1.155 (1.107-1.205)
MPV <0.001 i 0.722 (0.665-0.784)
HDL 0.037 L 1.462 (1.023-2.091)
FBG 0.028 o 1.044 (1.005-1.085)
TP <0.001 | | 0.955 (0.941-0.970)
GGT 0.025 1.003 (1.000-1.006)
SUA 0.027 1.001 (1.000-1.002)
SCR <0.001 1.013 (1.007-1.019)
AIP (per0.1) <0.001 —— 1.310 (1.201-1.431)
r T 1
0.5 1 1.5 2

Adjusted Odds Ratio

FIGURE 3

Multivariate logistic regression analysis of subclinical atherosclerosis. WBC, white blood cell count; BASO, basophil count; LYC, lymphocyte count;
RDW, red blood cell distribution width; MCV, mean red blood cell volume; PDW, platelet distribution width; MPV, mean platelet volume; HDL, high-
density lipoprotein; FBG, fasting blood glucose; TP, total protein; GGT, gamma-glutamyl transpeptidase; SUA, serum uric acid; SCR, serum

creatinine; AIP, atherogenic index of plasma.
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FIGURE 4

Correlation analysis between the variables. MCV, mean red blood cell volume; HDL, high-density lipoprotein; PDW, platelet distribution width; MPV,
mean platelet volume; FBG, fasting blood glucose; BASO, basophil count; AIP, atherogenic index of plasma; WBC, white blood cell count; LYC,
lymphocyte count; GGT, gamma-glutamyl transpeptidase; SCR, serum creatinine; SUA, serum uric acid; TP, total protein. *P < 0.05; **P < 0.01.

recursive backward feature elimination method that evaluates the
importance of variables and progressively removes the least
important ones, ultimately screening the optimal number of
features (20). In the training set, LASSO combined with RF-RFE
was applied to screen the most characteristic variables for SCAS
(Figures 6A, B). Subsequently, the common variables screened by
both algorithms were selected as predictors for constructing the
SCAS risk prediction models, which included Age, FBG, TC, HDL,
LDL, TP, ALB, SUA, and SCR (Figure 6C). To determine the

1.0
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0.6

AUC: 0.535

Sensitivity
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0.2

0.0

00 02 04 06 08 1.0
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FIGURE 5

Adjusted Odds Ratio (95%CI)

optimal risk prediction model, six machine learning algorithms,
namely LDA, LR, NB, RF, SVM, and XGboost, were employed to
construct risk prediction models.

3.4 Validation of risk prediction models

Within the training set, 10-fold cross-validation was employed
to evaluate the predictive value of the models and showed that the

P -overall <0.001
P -non-linear = 0.3 19

Refvalue = 0.625 ¢

AIP

Receiver operating characteristic (ROC) curve and dose-response relationship between AIP and subclinical atherosclerosis. (A) ROC curve; (B) Dose-

response relationship. AIP, atherogenic index of plasma.
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TABLE 2 Characteristics of participants in different sets.

10.3389/fendo.2024.1332982

Training set Internal validation set
1852 1232
Sex (male), % 1367 (73.8) 924 (75.0) 0.486
Age, years 56.00 (49.00, 61.00) 55.00 (50.00, 61.00) 0.406
BMI, kg/m? 24.70 (22.81, 26.99) 24.56 (22.65, 26.95) 0.132
SBP, mmHg 133.83 (17.23) 133.48 (17.84) 0.590
DBP, mmHg 81.00 (73.00, 90.00) 81.00 (73.00, 89.00) 0.750
WBC, 10°/L 6.52 (1.73) 6.57 (1.72) 0473
NEU, 10°/L 3.70 (2.96, 4.60) 3.70 (2.99, 4.67) 0.765
EOS, 10°/L 0.11 (0.07, 0.19) 0.11 (0.07, 0.19) 0417
BASO, 10°/L 0.02 (0.01, 0.03) 0.02 (0.01, 0.03) 0579
LYC, 10°/L 2.00 (1.60, 2.44) 2.00 (1.60, 2.50) 0354
RBC, 10'%/L 4.86 (0.53) 4.90 (0.52) 0.043
HB, g/L 150.00 (138.00, 159.00) 150.00 (139.00, 159.25) 0.124
RDW, % 12.60 (12.20, 13.00) 12.50 (12.20, 12.90) 0.113
MCV, fL 91.00 (88.80, 94.00) 91.00 (88.40, 94.00) 0.909
PLT, 10°/L 226.23 (59.25) 227.99 (56.77) 0413
PDW, % 1520 (12.50, 16.30) 14.60 (12.50, 16.30) 0.409
MPV, fL 1059 (1.17) 1058 (1.12) 0.726
TC, mmol/L 4.99 (1.16) 5.02 (1.17) 0552
TG, mmol/L 1.50 (1.08, 2.20) 1.49 (1.03, 2.22) 0.288
HDL, mmol/L 1.14 (0.95, 1.39) 1.14 (0.97, 1.40) 0.254
LDL, mmol/L 2.81 (0.88) 2.83 (0.88) 0.622
FBG, mmol/L 6.78 (6.18, 8.36) 6.84 (6.20, 8.31) 0433
TP, g/L 72.90 (68.60, 76.60) 73.00 (68.80, 76.50) 0.870
ALB, g/L 44.90 (42.30, 46.60) 44.85 (42.20, 46.52) 0.818
AST, TU/L 23.00 (18.00, 29.00) 23.00 (18.00, 30.00) 0216
ALT, IU/L 24.00 (17.00, 37.00) 24.00 (17.00, 40.00) 0.098
GGT, U/L 31.00 (21.00, 50.00) 31.00 (21.00, 54.00) 0319
SUA, pmol/L 356.67 (94.60) 357.97 (98.72) 0.714
SCR, pmol/L 65.90 (56.00, 76.00) 66.00 (56.00, 76.43) 0.864
AIP 0.63 (0.14) 0.62 (0.14) 0432
CRI 4.24 (3.36, 5.31) 4.15 (330, 5.32) 0379
TyG 9.12 (0.64) 9.09 (0.65) 0.295
METS-IR 39.32 (34.83, 44.89) 38.62 (34.54, 44.24) 0.058

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; WBC, white blood cell count; NEU, neutrophil count; EOC, eosinophil count; BASO, basophil count; LYC,
lymphocyte count; RBC, red blood cell count; HB, hemoglobin; RDW, red blood cell distribution width; MCV, mean red blood cell volume; PLT, platelet count; PDW, platelet distribution width;
MPV, mean platelet volume; TC, total cholesterol; TG, triglycerides; HDL, high-density lipoprotein; LDL, low-density lipoprotein; FBG, fasting blood glucose; TP, total protein; ALB, albumin;
AST, aspartate aminotransferase; ALT, alanine aminotransferase; GGT, gamma-glutamyl transpeptidase; SUA, serum uric acid; SCR, serum creatinine; AIP, atherogenic index of plasma; CRI,

Castelli risk index; TyG, triglyceride-glucose; METS-IR, metabolic score for insulin resistance.
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Screening of characteristic predictors. (A) Characteristic variables screening based on LASSO (lambda: 1SE); (B) Characteristic variables screening
based on RF-RFE; (C) LASSO combined RF-RFE. LASSO, least absolute shrinkage and selection operator; SE, standard error; RF-RFE, random forest-

recursive feature elimination.

RF model had the best clinical predictive value [AUC: 0.729 (95%
CI: 0.709-0.749)], followed by the SVM model [AUC: 0.720 (0.705-
0.735)](Figure 7A). In the internal validation set, the RF model also
demonstrated a good clinical predictive value [AUC: 0.715 (95% CI:
0.688-0.742)](Figure 7B). Furthermore, a comprehensive
comparison of other clinical performance parameters, such as
sensitivity and specificity, was conducted among the prediction
models (Table 3). From the table, we observed that the RF model
exhibits excellent performance in various parameters in the training

set. The confusion matrix of the six machine learning models in the
training set is shown in Figure 8.

The calibration curve visually displays the fit of the risk
prediction models. As shown in Figure 9, except for the XGboost
and NB models, the predicted values of the other models closely
match the theoretical values, demonstrating good clinical calibration.

DCA was used to assess the clinical applicability of predictive
models by showing the relationship between risks and benefits
corresponding to different decision-making. In the training set, all
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FIGURE 7
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Receiver operating characteristic curve. (A) Training set; (B) Internal validation set. LDA, linear discriminant analysis; LR, logistic regression; NB, Naive
Bayes; RF, random forest; SVM, support vector machine; XGboost, extreme gradient boosting.
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TABLE 3 Performance parameters of six machine learning prediction models in the training set.

Model Accuracy Sensitivity Specificity Precision Recall

LDA 0.676 (0.654-0.697) 0.407 0.842 0.613 0.407 0.489
LR 0.677 (0.655-0.698) 0.421 0.834 0.610 0.421 0.498
NB 0.664 (0.642-0.685) 0.442 0.800 0577 0.442 0.500
RF 0.681 (0.659-0.702) 0.445 0.826 0.612 0.445 0515
SVM 0.670 (0.648-0.691) 0399 0.836 0.600 0399 0.480
XGboost 0.678 (0.656-0.699) 0.425 0.834 0.612 0.425 0.502

LDA, linear discriminant analysis; LR, logistic regression; NB, Naive Bayes; RF, random forest; SVM, support vector machine; XGboost, extreme gradient boosting.

six ML models showed good clinical applicability (Figure 10A).
Further, we calculated the risk threshold probability for the RF
prediction model in the internal validation set, which showed that
the RF model was clinically beneficial in the range of 2%-
70% (Figure 10B).

3.5 Interpretation of risk prediction model

Based on the aforementioned analysis, we found that the RF
prediction model demonstrated outstanding performance in both the
training and internal validation sets, with the highest clinical
predictive value observed in the training set [AUC: 0.729 (95% CL

0.709-0.749)] and outperformed others in terms of accuracy,
sensitivity, recall, and F1 score. Therefore, we have selected the RF
model as the optimal prediction model for further model
interpretation. SHAP interpretation is currently an emerging and
the most commonly used method for interpreting predictive models
in the field of ML, which interprets the model by computing the
“contribution value” (Shapley values) of each characteristic predictor
(21). Figure 11A depicts the contribution degree of the characteristic
predictors to the prediction model, with the top five variables being
Age, ALB, TP, TC, and SCR. Moreover, we observed that higher
values of Age, TC, and SCR correspond to higher SHAP values and
increased disease risk, whereas higher values of ALB and TP result in
smaller SHAP values and reduced disease risk (Figure 11B).
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FIGURE 8
The confusion matrix of the six machine learning models in the training set. (A) Linear discriminant analysis; (B) Logistic regression; (C) Naive Bayes;
(D) Random forest; (E) Support vector machine; (F) Extreme gradient boosting.

Frontiers in Endocrinology

120

frontiersin.org


https://doi.org/10.3389/fendo.2024.1332982
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Tusongtuoheti et al.

0.75

0.50

— BrierScore(LDA) = 0.205

—— BrierScore(LR) = 0.204

Observed Probability

—  BrierScore(NB) - 0.214
0.25
— BrierScore(RF) = 0.201

—  BrierScore(SVM) = 0.207

—— BrierScore(XGboost) = 0.220

0.00 0.25 0. 0.75

.50
Models-Predicted Probability

FIGURE 9

10.3389/fendo.2024.1332982

0.6

0.4

Observed Probability

Model

——  BrierScore(RF) = 0.207

0.2

0.2 0.6 0.8

0.4
Models-Predicted Probability
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forest; SVM, support vector machine; XGboost, extreme gradient boosting.

4 Discussion

This study included a total of 3084 T2DM individuals, of whom
1186 had SCAS. Multivariate logistic regression analysis identified 14
variables, such as Age, WBC, BASO, and LYC (P < 0.05) as
independent risk factors for SCAS in T2DM patients. LASSO
combined with RF-RFE algorithms revealed nine characteristic
variables, including Age, FBG, TC, HDL, LDL, TP, ALB, SUA, and
SCR, as predictors for the SCAS risk model. Six ML models were
developed and validated for clinical performance. Ultimately, the RF
model exhibited the highest clinical predictive value in the training set
[AUC: 0.729 (0.709-0.749)] and outperformed in accuracy, sensitivity,
recall, and F1 score. The SHAP interpretation of the RF model revealed
that Age, ALB, TP, TC, and SCR were the top five variables that made
the most significant contributions to the predictive model.

In this study, the percentage of SCAS in the T2DM population
was 38.46%, lower than the 43.68% reported by Hashimoto et al. in
a Japanese T2DM population (22), which might be related to the
region and sample size. Multiple studies have demonstrated an
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FIGURE 10

association between the TyG index and the incidence of CVD,
coronary artery stenosis, stroke, and AS (23, 24). A meta-analysis
has revealed that an elevated TyG index is associated with SCAS and
arterial stiffness in the adult population (25). Notably, the I-Lan
Longitudinal Aging Study identified an association between the
TyG index and SCAS in non-diabetic individuals, but not in those
with diabetes (26). Consistent with this finding, our study also
found no significant statistical association between the TyG index
and SCAS in the T2DM population. AIP has emerged as a novel
predictive biomarker for CVD. Associations have been identified
between elevated AIP levels and increased incidences of CAC and
AS (27, 28). In this study, we observed that for every 0.1 unit
increase in AIP, the risk of SCAS increased by 0.31-fold [OR: 1.310
(1.201-1.401)]. However, the receiver operating characteristic curve
indicated an average diagnostic value for AIP (AUC: 0.535).

Age, PDW, MPV, SUA, and GGT were observed as independent
risk factors for SCAS, consistent with previous studies (29-33).
Inflammation-related markers such as WBC, BASO, and LYC, were
also found to be independent risk factors for SCAS. Long-term studies
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Decision curve analysis. (A) Training set; (B) Internal validation set. LDA, linear discriminant analysis; LR, logistic regression; NB, Naive Bayes; RF,
random forest; SVM, support vector machine; XGboost, extreme gradient boosting.
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have shown that AS has a complex pathogenesis, primarily attributed
to lipoprotein retention in the arterial wall and chronic inflammation
(34, 35). Hyperglycemia leads to increased inflammasome activity,
upregulated nucleotide-binding oligomerization domain-like receptor
3, and ultimately elevated pro-inflammatory interleukinlf} and
interleukin 18 levels (36). Our study further confirms that SCAS in
T2DM is a chronic inflammatory condition. Dyslipidemia is a well-
established independent risk factor for CVD. In our study, we observed
that HDL is an independent risk factor for SCAS. While early research
consistently demonstrated an inverse correlation between HDL levels
and CVD risk (37, 38), more recent studies have unveiled a non-linear,
U-shaped relationship, with very high HDL levels associated with
cardiovascular mortality (39, 40).

Optimizing approaches for early diagnosis of SCAS and providing
earlier and more precise interventions are crucial to reducing adverse
cardiovascular events. Currently, CUS and CT examinations are the
primary methods for screening SCAS, but massive generalization
inevitably leads to the wastage of medical resources and increased
costs, particularly in low-income countries with limited resources. In
recent years, with the growing demand for high-quality healthcare, AT
has become a powerful tool in clinical medicine. ML, as a branch of Al
was able to analyze large datasets, find complex patterns, and generate
insights that contribute to early disease diagnosis, drug discovery, and
risk prediction (41, 42). For instance, a study based on electronic health
records used ML to generate an in-silico marker for coronary artery
disease (CAD) that can non-invasively quantify AS and risk of death on
a continuous spectrum, and identify underdiagnosed individuals (43).
In addition, Ninomiya et al. (44) developed ML models to predict 5-
year all-cause mortality in patients with CAD and assessed ML’s benefit
in guiding decision-making between percutaneous coronary
intervention (PCI) and coronary artery bypass grafting (CABG). The
results showed that the hybrid gradient boosting model was the most
effective for predicting 5-year all-cause mortality (C-indexes of 0.78)
and that ML is feasible and effective for identifying individuals who
benefit from CABG or PCL In this study, we have developed risk
prediction models for SCAS in T2DM patients based on interpretable
machine learning methods that could contribute to the early
identification of high-risk individuals.

Our study carries significant clinical importance. This might be one
of the initial studies to perform SCAS risk prediction in the T2DM
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population using interpretable ML methods. As a chronic condition,
SCAS is challenging to reverse once it develops, emphasizing the
effectiveness of early prevention over active treatment. This
prediction model enables the identification of high-risk individuals
with SCAS within the T2DM population, providing a valuable
advantage for early disease prevention. Moreover, the prediction
model could bring benefits not only to medically underdeveloped
regions but also to inform the clinical decisions of physicians, thus
contributing to the optimization of healthcare resources.

This study has certain unavoidable limitations. Firstly, the study
population was limited to a specific region, which might impact the
generalizability of the prediction model. Secondly, the collection of
clinical data lacked comprehensiveness, which may have led to the
omission of potential predictors. Thirdly, the risk prediction model
has only undergone validation using internal datasets, necessitating
further validation with external datasets. In future studies, we will
conduct a long-term follow-up study and collaborate with multiple
centers to further revise and improve the model.

5 Conclusions

In summary, the development, validation, and interpretation of
the SCAS risk prediction model in a Chinese T2DM population has
significant implications for the reduction and prevention of adverse
cardiovascular events.
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The prevalence of diabetes is estimated to reach almost 630 million cases worldwide
by the year 2045; of current and projected cases, over 90% are type 2 diabetes. Air
pollution exposure has been implicated in the onset and progression of diabetes.
Increased exposure to fine particulate matter air pollution (PM, s) is associated with
increases in blood glucose and glycated hemoglobin (HbAlc) across the glycemic
spectrum, including normoglycemia, prediabetes, and all forms of diabetes. Air
pollution exposure is a driver of cardiovascular disease onset and exacerbation
and can increase cardiovascular risk among those with diabetes. In this review, we
summarize the literature describing the relationships between air pollution exposure,
diabetes and cardiovascular disease, highlighting how airborne pollutants can disrupt
glucose homeostasis. We discuss how air pollution and diabetes, via shared
mechanisms leading to endothelial dysfunction, drive increased cardiovascular
disease risk. We identify portable air cleaners as potentially useful tools to prevent
adverse cardiovascular outcomes due to air pollution exposure across the diabetes
spectrum, while emphasizing the need for further study in this particular population.
Given the enormity of the health and financial impacts of air pollution exposure on
patients with diabetes, a greater understanding of the interventions to reduce
cardiovascular risk in this population is needed.

KEYWORDS

air pollution, cardiovascular risk, environmental exposure, inflammation, oxidative
stress, particulate matter, prevention

1 Introduction

Since antiquity, physicians have suspected that air quality could alter human health.
Indeed, the Hippocratic Corpus details the importance of clean air, and the philosopher
Seneca noted the deleterious health effects of Rome’s contaminated air (1). Research in the
past few decades has implicated air pollution in the development of non-communicable
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diseases, with a strong body of observational and experimental
studies establishing a link between air pollution and cardiovascular
disease (CVD), encompassing coronary heart disease, heart failure,
stroke, peripheral artery disease, and hypertension (2). For example,
airborne co-pollutants have been observed to increase hospital
admissions for CVD (3, 4). More recently, evidence has
implicated air pollution in the onset and progression of type 2
diabetes mellitus (hereafter referred to as diabetes), a widely
recognized and significant cardiovascular risk factor (5, 6).
Converging lines of evidence in a growing body of literature
support the notion that air pollution, especially fine particulate
matter (PM, s), can markedly exacerbate CVD risk in patients with
diabetes and prediabetes, referred to as the “diabetes spectrum” in
this review.

Globally, exposure to air pollution is the fourth leading risk factor
for early death and the fourth leading modifiable risk factor for
cardiovascular disease (CVD) (7, 8). In the US, exposure to fine
particulate matter (PM,5) has been estimated to result in 8.2 million
healthy life-years lost annually from diabetes (9). The magnitude of this
ongoing and ubiquitous risk factor for diabetes and CVD would be
difficult to overstate. Yet, the problem remains absent from most
discussions of risk in health education (10-12). As such, in this review
we aim to summarize this existing evidence supporting the relationship
between air pollution, diabetes and CVD (Figure 1), including the
biological mechanisms underlying this phenomenon. Furthermore, this
review will discuss potential interventions to reduce air pollution
exposure among patients with diabetes and barriers to effective
implementation of such interventions. Lastly, this review will identify
gaps in the current research landscape and suggest future directions.

2 Scope of the problem
2.1 Diabetes and CVD

Globally, an estimated 536 million adults have diabetes, either
diagnosed or undiagnosed, a number that will increase to 783

10.3389/fendo.2024.1321323

million by 2045, driven by expanding populations in middle-
income countries (13). In the United States, approximately 37.3
million people have diagnosed or undiagnosed diabetes, with this
number expected to increase to over 54.9 million by 2030 (14, 15).
Similarly, impaired glucose tolerance has a global prevalence of 464
million that is projected to increase to 638 million by 2045 (16).
Whereas in the United States, 96 million adults have prediabetes,
estimated to increase to 107 million in 2030 (14, 15). The projected
increase in diabetes and prediabetes is partially driven by an aging
population in conjunction with climbing obesity rates; increased
body mass index (BMI) is strongly related to increased diabetes risk
(17

States is estimated at $327 billion, taking into account healthcare

). The annual total cost of diagnosed diabetes in the United

utilization and lost productivity (18). These data make evident the
pressing need to identify ways to minimize the incidence and
progression of diabetes spectrum disorders, including attention to
emerging modifiable risk factors such as environmental exposures.

Like diabetes, CVD is on the rise worldwide, with ischemic
heart disease now the second leading cause of morbidity and
mortality globally (19). In the United States, nearly 128 million
adults live with at least one manifestation of CVD, and 928,741
deaths were attributed to CVD in 2020 alone (20). This heavy
burden of CVD in the United States comes at a substantial price,
necessitating $407 billion in direct and indirect costs in 2018 (20).
By 2060, an estimated 234 million Americans will have CVD, with
racial and ethnic minorities bearing the majority of this increased
burden (21). As these statistics demonstrate, CVD is and will
remain a tremendous problem that will require a multimodal
approach to prevention and treatment.

These two chronic conditions separately affect massive
populations worldwide with substantial economic and quality of
life impact. However, we know there is significant interplay between
diabetes and CVD. A long history of prospective cohort studies
dating back to the first Framingham Heart Study has established
diabetes as a major risk factor for CVD (22). In 2010, the Emerging
Risk Factors Collaboration published a meta-analysis of 102
prospective cohort studies, concluding that diabetes confers an
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approximate 2-fold risk increase for coronary heart disease (95% CI
[1.83, 2.19]), with similar risk increases for ischemic (2.27 [1.95,
2.65]) and hemorrhagic stroke (1.84 [1.59, 2.13]) (23).
Subsequently, a competing risks analysis using data from 12
Spanish prospective cohorts followed for a median of 10 years
found that diabetes increased cumulative risk of cardiovascular
death by 1.5-2.5% in both men and women (24). In addition,
diabetes appears to not only confer its own risk, but also to
accelerate the age-related increase in CVD. A retrospective cohort
study found that adults with diabetes develop a high risk of CVD on
average 14.6 years sooner versus their counterparts without
diabetes (25).

In contrast with older thinking that diabetes increases disease
risk only beyond a certain threshold of HbAlc, it appears that CVD
risk increases across the continuum of glucose intolerance. An
international prospective cohort study of nearly 19,000 adults
without diabetes at baseline found that the risk of incident CV
events increased by 1.16 [1.11, 1.22] per 1 mmol/L increase in
fasting plasma glucose (26). These findings suggest that glucose
intolerance should be considered along a continuum, similar to
blood pressure (27). There is also evidence linking insulin resistance
to CVD. For example, in a prospective cohort study of elderly men
in Sweden, insulin resistance was associated with an increased risk
of developing congestive heart failure over 7-12 years of follow-up
(HR 1.44, 95% CI 1.08-1.93 per 1-SD increase in oral glucose
tolerance test glucose level) (28). After 20 years of follow-up in the
same cohort, insulin resistance at age 50 was associated with left
ventricular dysfunction at age 70 (29). Further supporting a link
between diabetes and heart failure, a Swedish cohort study of over
270,000 adults demonstrated that, even with other risk factors in
target ranges, patients with diabetes still had an excess risk for
hospitalization due to heart failure (HR 1.45 [1.34, 1.57]) (30).
Given the significant CVD risk that increases across the diabetes
spectrum, developing personal and public strategies to mitigate
glucose intolerance at every stage is paramount to preventing excess
morbidity and mortality worldwide.

3 Air pollution as a risk factor
3.1 Background on air pollution

The World Health Organization (WHO) has defined air
pollution as “contamination of the indoor or outdoor
environment by any chemical, physical, or biological agent that
modifies the natural characteristics of the atmosphere” (31). Air
pollution is a heterogeneous mixture of particles and gases, much of
which is anthropogenic in origin. Nitrogen oxides (NO,), including
nitrogen dioxide (NO,), and carbon monoxide (CO) are generated
by fossil fuel combustion, with traffic as a major source. Sulfur
dioxide (SO,) is generated by fossil fuel combustion for heating
homes and generating power (32). Ozone (O;) forms in reactions
between light and various compounds, including CO and NO.
Particulate matter (PM) air pollution is composed of sulfates,
nitrogen oxides, ammonia, sodium chloride, black carbon,
mineral dust, organic compounds, and products of incomplete
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combustion of petroleum. PM is generated from many sources,
including traffic, industrial, construction, fires, and trash burning,
and is typically described in terms of particle size. Coarse PM
(PM,y) is defined as PM with a diameter between 2.5 and 10 um
and fine PM (PM, 5) with a diameter less than 2.5 pm; ultrafine PM
is PM smaller than 0.1 um (PM, ;). Most studies examine the effects
of PM, s, since this is the most widely available data. Thus, the most
conclusive effects are seen for this particular pollutant.

3.2 Epidemiologic studies on air pollution
and diabetes

As early as 1967, researchers probed Public Health Service data
to investigate the relationship between air quality and diabetes
death rate in urban populations across the US (33). Since then, the
body of research on air pollution and diabetes has expanded,
especially in the past two decades. This research is summarized in
Table 1. A 2002 ecological study demonstrated a significant positive
correlation between industrial air emissions and diabetes prevalence
by state in the US (r = 0.54, p = 5.7x 10°) (34). Another ecological
study in 2010 conducted a county-level analysis across the US,
showing a 1% increase in county diabetes prevalence per 10 pug/m’
per average county increase in PM,s (B = 0.81 [0.48, 1.07], p <
0.001) (35). Many observational studies over the following decade
supported the early ecological findings. A cross-sectional analysis of
a Swiss cohort study showed a positive association between 10-year
average PM;, and NO, exposure and diabetes prevalence, even at
levels below the World Health Organization air quality guidelines
(OR: 1.40 [1.17 - 1.67], 1.19 [1.03 - 1.38] per 10 },lg/m3 increase in
pollutant, respectively) (45). A cross-sectional study of 69,000
adults in China without a prior history of diabetes demonstrated
that for each standard deviation increase in 3-year average
concentration of PM, s there were increased odds of diagnosed
diabetes (OR: 1.04 [1.01, 1.07]) by fasting blood (46). Another
cross-sectional study of 11,847 adults in China found that annual
average PM, s exposure was associated with diabetes prevalence
(PR: 1.14 [1.08, 1.20] for a 41.1 ].Lg/m3 increase in PM, s5), with a
greater effect seen in subjects who were male, smoking, elderly, or
had high BMI or less education (38).

The findings from these cross-sectional studies have been
recapitulated in prospective data with mixed results. Particulate
matter-associated diabetes incidence was investigated in a
prospective cohort study of over 61,000 elderly Hong Kong
residents without diabetes at baseline followed from 1998 to 2010.
The analysis showed an increased risk of incident diabetes (HR: 1.15
[1.05, 1.25]) per 3.2 ug/m3 increase in average annual PM, 5
exposure (39). A Canadian cohort study followed 62,000 adults
without diabetes in Ontario for up to 15 years, during which time a
10 ug/ m? increase in average PM, 5 exposure was associated with an
increased risk of incident diabetes (HR 1.11 [1.02, 1.21]) (47). A
Danish prospective cohort study from 1993 until 2013 found that
annual average PM, s was significantly associated with increased
diabetes incidence (HR: 1.11 [1.02, 1.22]), especially in patients with
obesity (40). Additionally, a 16-year-long cohort study of women in
Germany without diabetes at baseline demonstrated a 15% [4%,
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TABLE 1 Studies of links between air pollution and DM incidence and prevalence.

Population/Health
Design  Location Data Source Pollutants Relevant Outcomes
Lockwood . . . . . . L . .
(2002) Ecological; United Behavioral Risk Factor Surveillance State industrial air DM prevalence; linear regression
(34) state-level States System, 184,450 respondents pollutant releases r=0.54, p < 0.0001
Pearson Ecological;
tal. ’ United 1% i in DM lence for 10 *i i
et al county- nite CDC DM statistics, nationwide Annual PM, - b increase in prevalence for 10 pg/m” increase in
(2010) States PM,, B = 0.81, p < 0.001
level
(35)
Eze et al.
Cross- DM 1 10 i in: PM;, OR
(2014) 10ss Switzerland | SAPALDIA cohort, 6,392 adults 10-year PM;, NO, prevalence per 10 pg/m? increase in: PMuo
sectional 1.40, NO, 1.19
(36)
Li et al. 3-year PM, 5, BC, DM prevalence at follow-up per SD increase in: PM, 5
Cross- Southwest N - . K
(2023) sectional China CMEC cohort, 69,210 adults NH,", NO;5, OR 1.08, BC 1.07, NO3™ 1.08, OM 1.09, soil 1.09;
(37) OM, soil Nonsignificant positive association for NH,"
Liu et al. Cross
(2016) sectional China CHARLS cohort, 11,847 adults Annual PM, 5 DM prevalence per IQR increase in PM, 5 PR 1.14
(38)
Qiuet al. Prospective Annual PM, 5 for DM prevalence per IQR increase in PM, 5 OR 1.06
(2018) P Hong Kong EHS cohort, 61,447 older adults 23 p . P i R 23 :
39) cohort 10 years DM incidence per IQR increase in PM, s HR 1.15
Chen et al. Prospecti National Population Health Survey and
rospective
(2013) cohol:-t Ontario Canadian Community Health Survey, 6-year PM, 5 DM incidence per 10 pg/m® increase in PM, 5 HR 1.11
(14) 62,012 adults, no baseline DM
Hansen
Al 1 PM, s,
et al. Prospective Danish Nurse Cohort, 24,174 female nnua > DM incidence per IQR increase in: PM, 5 HR 1.11.
Denmark . PM,0, NO,, NOy . » .
(2016) cohort nurses, no baseline DM Nonsignificant positive associations for NO,, NOy
for 15 years
(40)
Kra Al 1 PM,,,
ramer . — 10 DM incidence per IQR increase in: traffic-related PM
et al. Prospective German SALIA cohort, 1,775 adult women, no NO,, Traffic- HR 1.15. NO, HR 1.34. Nonsienificant positive
.15, 34. i v
(2010) cohort Y baseline DM related PM for o 2 8 P
association for PM,,
(41) 16 years
Puett et al. i . . . .
(2011) Prospective United NHS and HPFS cohorts, 89,460 adults, Annual PM,,, DM incidence per IQR increase in pollutant.
2) cohort States no baseline DM PM, 5, PMig.as Nonsignificant positive associations for all pollutants.
Eze et al. Al I NO, at
ze et d Prospective . SAPALDIA cohort, 2,631 adults, no m'lua' 28 DM incidence per IQR increase in NO,, nonsignificant
(2014) Switzerland K beginning and end i o
cohort baseline DM negative association
(36) of 9-years
Coogan
et al. Prospective United BWHS cohort, 43,003 black women, no Annual NO, for DM incidence per IQR increase in NO,, nonsignificant
(2016) cohort States baseline DM 10 years negative association
(43)
Andersen
etal. Prospective Danish DCR cohort, 51,818 middle-aged DM incidence per IQR increase in NO,, nonsignificant
Denmark . 35-year NO, o L
(2012) cohort adults, no baseline DM positive association
(44)

Outcomes column reports results for fully adjusted models when applicable. Means reported for significant results.

27%] increase in the risk of incident diabetes per 1 interquartile
range increase in traffic-related PM (a composite of particles
derived from traffic) and NO, exposure, but no significant risk
increase due to PM;, exposure (41). In contrast, an analysis of
participants in the Nurses’ Health Study and the Health
Professionals Follow-Up Study found no significant association
between 1-year average PM,s or PM;, and incident diabetes,
although the direction of effect was weakly positive (1.03 [0.96,

Frontiers in Endocrinology

128

1.10] and 1.04 [0.99, 1.09] for PM, 5 and PM,, respectively) (42).
Differences across these studies may be due to varying exposure
assessments or particle compositions, or due to differences in cohort
characteristics (e.g., diet, BMI). Thus, despite conflicting results, the
majority of studies support an association between particulate
matter air pollution exposure and diabetes incidence.

Similar to particulate matter, there are differing reports on
associations between NO, exposure and diabetes. NO, exposure
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was studied in a prospective study of 2,631 Swiss adults without
baseline diabetes followed from 2002 to 2011; results showed no
significant association between average annual NO, exposure and
diabetes incidence (RR: 0.87 [0.60, 1.22]). However, few incident
diabetes cases in the cohort may have diminished the ability to
detect an effect (36). A similar negative finding for NO, was found
in a prospective cohort of African American women residing in US
cities (HR: 0.90 [0.82 - 1.00] for a 9.7 ppb increase in NO, in the
fully adjusted model); this negative result was purported to be due
to confounding by socioeconomic status (SES) given the inverse
correlation between neighborhood SES and NO, in this cohort (43).
Among women in the Nurses’ Health Study, there was, however, a
significant association between increased proximity to a roadway
and developing diabetes (HR: 1.14 [1.03, 1.27] for living < 50 m
vs. 200 m from a roadway). Because motor vehicles are a major
generator of NO,, and proximity to roadways has been used as a
surrogate marker for exposure, the authors suggest this result may
support a link between NO, and diabetes in females (42). Similar to
the Nurses’ Health Study results, a Danish prospective cohort study
using a national public register found a nonsignificant but positive
association between NO, exposure and confirmed diabetes (HR:
1.04 [1.00, 1.08] per 4.9 ug/m3 increase in average NO,), with the
strongest associations in women and subjects with elevated waist-
to-hip ratio (44). A cross-sectional study of respiratory clinic
patients in two Canadian cities found a positive association
between NO, exposure and diabetes diagnosis but only for
women (OR: 1.04 [1.00, 1.08]) (48). A comparable cross-sectional
study in the Netherlands showed a non-significant association
between increasing levels of NO, exposure and diabetes diagnosis,
with the direction of effect stronger in women (OR: 1.48 [1.07,
2.04]) (49). Given that air pollution is a complex mixture of
particles and gases, it is challenging to interpret studies of the
health effects of individual component pollutants. Regardless,
evidence continues to mount in support of the association
between increasing air pollution exposure and increases in
incident and prevalent diabetes.

3.2.1 Short-term effects of air pollution on
diabetes and glucose homeostasis

In addition to the literature supporting associations between air
pollution exposure and incidence of diabetes, there is growing
literature showing worsening of glucose metabolism with air
pollution exposure for patients that already have a diabetes
diagnosis. Furthermore, short-term exposures to air pollution,
over days to weeks, seem to cause dysregulated glucose
homeostasis, even among those without diabetes. The following
studies examining short-term air pollution exposures and diabetes
are summarized in Table 2.

A cross-sectional study of 2,840 patients with diabetes
hospitalized from 2013-2016 in Chongqing, China, investigated
the impact of short-term, 15-day average air pollution exposure on
length of stay and cost of admission. The study authors found a
positive correlation between a 10 pg/m? increase in sulfur dioxide
(SO,) and carbon monoxide (CO) exposure and prolonged length
of stay, increased by 0.487 days [0.318, 0.656] and 0.013 days [0.003,
0.022], respectively, with a concordant increase in the cost of
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hospitalization (50). In Israel, a retrospective study between 2001-
2012 of over 1 million fasting blood glucose tests from
approximately 130,000 patients found a significant positive
association between fasting blood glucose and 24-72 hour
averages for NO, and SO, in all patients regardless of diabetes
status. A 6.36 ppb increase in NO, was associated with a 0.40%
[0.31%, 0.50%] increase in fasting glucose in patients without
diabetes, 0.56% [0.40%, 0.71%] in those with prediabetes, and
1.08% [0.86%, 1.29%] in those with diabetes.; for a 1.17 ppb
increase in SO, fasting glucose increased by 0.29% [0.22%,
0.36%], 0.20% [0.10%, 0.31%], 0.33% [0.14%, 0.52%], in these
same groups (51). A similar retrospective study in the same
Israeli population found that 12-week average PM;, and PM,
exposure was associated with increased fasting blood glucose in all
patients (0.30% [0.153%, 0.452%]; 0.02% [-0.12%, 0.18%],
respectively) and this increase was more pronounced in those
with diabetes (0.57% increase [0.29%, 0.85%], 0.41% increase
[0.12%, 0.69%]). Also, HbAlc increases were found in patients
with diabetes (3.58% [1.03%, 6.20%]; 2.93% [0.35%, 5.59%] for
PM;, and PM, 5 respectively). The 1-7 day average PM;, and PM, 5
exposure windows had no or negligible association with fasting
blood glucose and HbAlc (55).

Prospective data have corroborated the retrospective data
suggesting short-term effects of air pollution on blood glucose. A
German prospective cohort study between 2000-2008 of 7,108
adults without diabetes at baseline evaluated short-term
associations between air pollution exposure and fasting blood
glucose levels and HbAlc. Increases in 28-day average
accumulation mode particle number (PNjy;, PM between 0.1-
lum in aerodynamic diameter) and PM, 5 concentrations were
both positively associated with increasing blood glucose (0.64 mg/
dL [0.07, 1.21] per 2,142.3 n/mL increase and 0.91 mg/dL [0.38,
1.44] per 5.7 ug/m’ increase, respectively) (52). In the US
Framingham Heart Study, increased 7-day moving average BC
and NO, exposures were positively associated with higher fasting
glucose among adults without diabetes. In contrast, an increased
short-term O3 exposure was inversely associated with blood glucose
(exact numbers not provided by the study authors) (56). A
prospective cohort study of approximately 28,000 adults in China
followed from 2006-2008 found that a 100 pg/m” increase in the 4-
day average of NO,, SO,, or PM,, exposure was associated with
elevated fasting blood glucose (0.53 mmol/L [0.42, 0.65], 0.17
mmol/L [0.15, 0.19], 0.11 mmol/L [0.07, 0.15], respectively), with
increased elevations among female, elderly, or overweight subjects
(53). A recent study of 2 large Indian cities (Chennai and Delhi)
found that a 10 pg/m’ difference in 1-month average exposure to
PM, 5 was associated with a 0.40 mg/dL increase in fasting plasma
glucose (95% CI 0.22 to 0.58) and 0.021 unit increase in HbAlc
(95% CI 0.009 to 0.032) (57).

Some studies have been conducted on short-term air pollution
exposure and glucose metabolism using the homeostasis model
assessment of insulin resistance (HOMA-IR). In one study, 25
adults without diabetes who resided in rural Michigan were
exposed to urban ambient air for 4-5 hours per day for 5 days.
HOMA-IR was measured before, during, and after the air
pollution intervention. A positive correlation was found between
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TABLE 2 Studies of short-term effects of air pollution on glucose homeostasis.

Population/

Health

Location Data Source Pollutants Relevant Outcomes
Li et al. Xingiao Hospital, 2,840 L. . .
tetd Cross- . lnq'lao. ospita 15-day SO,, LOS per 10 ug/m3 rise in: SO, 0.487 days increase, CO 0.013 days increase,
(2018) X China hospitalized
sectional i CO, NO, NO, 0.359 days decrease
(50) DM patients
Yitshak-
FBG i : IQR i in: NO, in healthy adults 0.40%,
Sade et al. Retrospective Clalit Health Services, 24-72-hour ‘1ncrease per Q fnerease i ? in hearthy acus ’ .
Israel prediabetes 0.56%, diabetes 1.08%; SO, in healthy adults 0.29%, prediabetes
(2015) cohort 131,882 adult members SO,, NO, X
0.20%, diabetes 0.33%
(51)
Yitshak- 17-day and Overall FBG increase per IQR increase in: 12-week PM;, 0.30%.
Sade et al.  Retrospective Lsrael Clalit Health Services, 2 We:;( Nonsignificant positive association for 12-week PM, 5 and negligible
(2015) cohort 73,117 adult members PM... PM associations for 1-7-day PM;, or PM, 5. In people with diabetes, HbAlc
(51) 10 23 increase per IQR increase in: 12-week PM,o 3.58%, PM, 5 2.93%
Lucht
ue . HNR study cohort,
et al. Prospective 28-day i . .
Germany 7,108 adults, no FBG increase per IQR increase in: PNy 0.64 mg/dL, PM, 5 0.91 mg/dL
(2018) cohort . PNam, PMy 5
baseline DM
(52)
Li et al. Framingh: horts, 1-3-7-day BC, .
eta Prospective United ramingham cohorts 2y FBG increase: 7-day BC approx. 0.5%, 7-day NO, approx. 0.5%. Other
(2018) cohort States 5,958 adults, no NOw PM; 5. results nonsignificant or neglibible
ul igni ibil
(50) baseline DM 05, SO,* g 8
Chen et al. . . . 3, .
(2016) Prospective China Kailuan cohort, 4-day NO,, FBG increase per 100 pug/m” increase in: NO, 0.53 mmol/L, SO, 0.17
(53) cohort 27,685 adults SO, PM; mmol/L, PM,;, 0.11 mmol/L
Brook 5 days PM, 5
t al. United fi bient
EZ(:IS) Experimental St:tlees 25 adults, no DM :ir:na:i]r, IZ{]S- HOMA-IR increase per 10 ug/m3 increase in PM, 5 0.7
(54) hr/d
BetaGene cohort, 1,023
Chen et al. Cross United adult Mexican 37-40-days
- i -40-day: )
2016 HOMA-IR for PM. =6.99 p = 0.002, NO, B = 6.63, p = 0.009
E53) ) sectional States Americans, personal or PM, 5, NO, inerease for 25 B p 2B P
family history of GDM
. Randomized,
Lietal double-blind, 55 college students 9-day PM.
(2018) N i China ge st ’ ')’ 2 HOMA-IR increase per 10 p,l,g/m3 increase in PM, 5 approx. 10%
50) crossover no DM during trial
trial

Outcomes column reports results for fully adjusted models when applicable. Means reported for significant results.

each 10 ].Lg/m3 increase in measured PM, 5 exposure and study
subjects’ HOMA-IR (+0.7 [0.1, 1.3]). A 3.5 pg/m’ increase in
PM, s was associated with worsening HOMA-IR (+0.25 [0.04,
0.46], indicating potential adverse effects even at low
concentrations of PM, s (54). A cross-sectional analysis of
Mexican American women with a personal or family history of
gestational diabetes but without diabetes at the time of the study
revealed that up to 40 days of daily PM, 5 exposure and up to 37
days of daily NO, exposure were associated with increased
HOMA-IR (B = 6.99, p = 0.002 for PM, s; B= 6.63, p = 0.009 for
NO,). However, no significant associations were found for O;
exposure (58). Last, a clinical trial testing 48 hours of portable air
cleaner (PAC) intervention in healthy college students in China
showed an approximately 10% increase in HOMA-IR per 10 ug/
m3 increase in PM, 5 (exact numbers not provided) (59).

In summary, the collective evidence supports short-term
associations between air pollution exposure and fasting glucose
and dysregulated glucose metabolism evidenced by HOMA-IR, but
not HbAlc.
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3.2.2 Long-term effects of air pollution on
diabetes and glucose metabolism

Long-term exposures to air pollution also have been shown to
affect glucose homeostasis. Studies examining this phenomenon
have been summarized in Table 3. Cross-sectional analyses of a
Chinese cohort found 1-year average PM,s to be positively
associated with both elevated fasting glucose (0.26 mmol/L
increase [0.19, 0.32]) and HbA1lc (0.08% increase [0.06%, 0.10%])
for a large, 41.1 ug/m’ increase in PM, s (38). Furthermore, a
secondary analysis of a Taiwanese cohort found 1-year average
PM, 5, PM;g, O3, and NO, to be positively associated with fasting
glucose and HbAlc; a 20.42 ug/ m’ increase in PM, 5 was associated
with 34.6 mg/dL [16.5, 52.7] increase in fasting glucose and 2.1%
[1.5, 2.7] increase in HbAlc (60). The air pollution exposures
experienced by this cohort were substantially above the WHO
guidelines. A subsequent cross-sectional study of 2,895 adults in
the Dunkirk and Lille areas of France, regions with relatively low
concentrations of air pollution, found that HbAlc was 0.044%
higher [0.021%, 0.067%] with a 2 ug/m3 increase in annual mean
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TABLE 3 Studies of long-term effects of air pollution on glucose homeostasis.

Population/

Health

Location Data Source Pollutants Relevant Outcomes
Liu et al. . 3, .
Cross- . CHARLS cohort, FBG increase per 41.1 pug/m” increase in PM, 5 0.26 mmol/L. HbAlc
(2016) X China Annual PM, 5 i 53 R
38) sectional 11,847 adults increase per 41.1 pug/m” increase in PM; 5 0.08%
Chuang Annual PM FBG increase per IQR increase in: PM;, 22.88 mg/dL, PM, 5 36.55 mg/dL,
et al. Cross- Taiwan SEBAS sample, 1,023 PM.- O 10 O3 21.10 mg/dL, NO, 17.03 mg/dL, SO, positive but nonsignificant. HbAlc
(2011) sectional older adults N OZIS)S 03’ increase per IQR increase in: PM;o 1.40%, PM, 5 2.24%, NO,, O3, and SO,
(60) » o2 positive but nonsignificant
Riant et al. . 3. . 3
(2018) Cross- France ELISABET survey, Annual HbAlc increase per 2 ug/m” increase in PM;o 0.044%, per 5 ug/m
©1) sectional 2,895 adults PM,;, NO, increase in NO, 0.031%. Nonsignificant associations for FBG
Lucht 91-day PN FBG increase per IQR increase in: PNy 0.67 mg/dL, PM, 5 0.81 mg/dL
-da; s increa T incr in: . X . .
et al. Prospective HNR study cohort, 7,108 ¥ 2 8am . P . A & 23 &
Germany . PM, 5, HbAlc increase per IQR increase in: PNy 0.09%, PM, 5 0.07%, PM,
(2018) cohort adults, no baseline DM L
2) PM;4, NO, 0.04%. No association for NO,
Brook
etr:) Prospective Canadian census
) P Canada mortality follow-up 5-year PM, 5 Diabetes related mortality per 10 pg/m® increase in PM, s HR 1.49
(2013) cohort e
study, 2.1 million adults
(62)
H
etV:ng Cross Seoul National University | Annual
: K South Korea | Health Examination PM,, HOMA-IR increase per 11 ug/m3 increase in PM;, 14%
(2022) sectional
Center, 4,251 adults exposure
(63)
Honda
et al. Prospective United NSHAP cohort, 4,121 2-year In people with diabetes, HbAlc increase per IQR increase in: PM, 5 1.8%,
(2017) cohort States older adults PM, 5 NO, NO, 2.0%
(64)
Khafai
ot :lale Cross WellGen study cohort,
) . India 1,213 young adults 1-year PM;, HOMA-IR increase per 43.83 ig/m’ increase in PM, 5 4.89%
(2018) sectional i
with DM
(65)
Chen et al. BetaGene cohort, 1,023
(2016) * | Cross- United adult Mexican Annual PM,5, = HOMA-IR increase for PM, 5 B = 5.81 p = 0.016, no association for NO,
53) sectional States Americans, personal or NO,, O3 or O3
family history of GDM
Wolf et al. . . . .
(2016) Cross- German KORA study, 2-year HOMA-IR increase per IQR increase in: PM, 5 15.6%, NO, 19.2%. Insulin
66) sectional Y 2,944 adults PM, 5, NO, increase per IQR increase in: PM, 5 14.5%, NO, 17.2%

Outcomes column reports results for fully adjusted models when applicable. Means reported for significant results.

PM, and 0.031% higher [0.010%, 0.053%] with a 5 ug/m’ increase
in annual mean NO,. However, neither NO, nor PM,, were
significantly associated with diabetes prevalence, likely due to a
low number of patients with diabetes in the study sample.
Moreover, neither pollutant had an association with fasting blood
glucose (61).

Large prospective cohort studies repeatedly demonstrate the
long-term effects of air pollution exposure on diabetes outcomes. A
German prospective cohort study without baseline diabetes
demonstrated that 91-day average exposure to PNy and PM,5
was associated with increased random blood glucose and, more
strongly, with increased HbAlc. There was a 0.67 mg/dL [0.10,
1.24] and 0.81 mg/dL [0.05, 1.58] increase in random blood
glucose (adjusted for time since last meal) per interquartile range
(IQR) increase in PNy (1,352.7 n/mL) and PM,5 (4.0 pug/m’),
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respectively. In this German study, HbAlc increased by 0.09% [0.07,
0.11] and 0.07% [0.04, 0.10] per IQR increase of each pollutant,
respectively) (52). A census data analysis of 2.1 million randomly
selected Canadian adults, followed from 1991 to 2001, found thata 10
ug/m’ increase in average PM, 5 exposure over a 5-year period was
associated with a hazard ratio of 1.49 [1.37, 1.62] for diabetes-related
mortality. This association was consistent across subgroups of age,
sex, education, income, community, and at low concentrations of
PM, ;5 (<5 },Lg/m3). The risk of diabetes-related mortality was most
pronounced in participants with lower SES as well as aboriginal
ancestry (62). Similar effects on HbAlc have been observed in U.S.
cohort studies. For example, in a probability sample of U.S. adults
with diabetes over 57 years of age (n= 4121) followed from 2005 to
2011, a 3.7 pg/m’ increase in 2-year moving average PM, s was
associated with an increase in HbAlc of 1.8% + .6% (p<0.01). In
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subjects without diabetes, a significant positive association with
HbAlc was found for NO, exposure (0.8% + .2%, p<0.01) (64).
The prospective cohort study from Chennai and Delhi showed that a
1-year increase in PM, 5 exposure of 10 ug/m3 was associated with
increased HR for incident diabetes (1.22 [1.09, 1.36]), with similar
significant estimates for 1.5-year and 2-year exposures as well (57).

In addition to the long-term associations with HbAlc, long-
term exposures have been associated with measures of insulin
resistance. A cross-sectional study of long-term air pollution
exposure in Korea found that the relationship between HOMA-IR
and PM;, observed in studies of short-term air pollution exposures
retained significance even with rigorous adjustment for visceral
adiposity, with a dose-dependent increase in HOMA-IR by 14%
[8%, 21%] for men and 14% [7%, 21%)] for women, per 11 p.lg/m3
increase in PM,, (63). Other cross-sectional studies have found
similar associations with HOMA-IR. A cross-sectional study
investigating the effect of PM;, exposure in young-onset (before
age 46) patients with diabetes at a clinic in India found that a 43.83
pg/m’® increase in l-year average PM,, exposure was associated
with increased HOMA-IR of 4.89% [0.59%, 9.37%], with a
significantly greater effect in female and patients with obesity
(65). In the cross-sectional analysis of Mexican American women
discussed previously, annual PM, s exposure was associated with
increased HOMA-IR (beta coefficient 5.81, p = 0.016), without
significant associations for annual NO, or O; exposures (58). A
German prospective cohort study of nearly 3,000 adults with and
without diabetes/prediabetes found that a 7.9 ug/m’ increase in 2-
year average PM, 5 exposure was associated with increased HOMA-
IR (15.6% [4.0%, 28.6%]) and insulin (14.5% [3.6%, 26.5%]). In
contrast, an 11.9 ug/m? increase in 2-year average NO, exposure
was associated with increases in HOMA-IR by 19.2% [7.7%, 31.6%],
insulin by 17.2% [6.6%, 29.0%], glucose by 1.7% [0.1%, 3.3%], and
leptin by 15.3% [6.8%, 24.5%]. However, there was no association
between either pollutant and HbAlc (66).

While effect sizes have varied across cohorts and pollutants, the
directionality of the relationships between long-term air pollution
exposures and HbAlc remains generally consistent. If short-term air
pollution exposure induces hyperglycemia, then we would expect
increases in medium- and long-term exposure to have the effect of
raising HbAlc. As expected, most studies to date support that months-
long exposures are more strongly associated with HbAlc, indicating a
potential cumulative effect of shorter-term air pollution exposure.

3.3 Diabetes may confer increased
vulnerability to the cardiovascular effects
of air pollution

Patients with diabetes appear to be more vulnerable to the
vasculotoxic effects of air pollution exposure. Studies examining
this potential predisposition have been summarized in Table 4. A
cross-sectional analysis using Illinois Medicare data from 1988-1994
found that a 10 ug/m? increase in ambient PM,, exposure in the 24
hours prior to admission was associated with a 2.01% [1.40%, 2.62%]
increase in hospital admission for CVD in patients with diabetes, a
two-fold higher increase in CVD hospitalizations than that observed
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for adults without diabetes (67). A case-crossover study examining
emergency department visits in Atlanta reported increased odds of
visits for dysrhythmia with increasing NO, exposure for people with
diabetes (OR 1.158 [1.046, 1.282]) compared to people without
diabetes (1.014 [0.988, 1.040]; p<0.05 for regression coefficient
difference between diabetes vs. no diabetes) (72). However, this
study did not find significant associations for other pollutants such
as PM;, and Os, perhaps due to estimating air pollution exposures
using central monitors rather than patient residential addresses.

In addition to clinical outcomes, exposure to air pollutants has
also been associated with subclinical effects. In 2005, a cross-sectional
study of 270 adults in Boston found that, among subjects with
diabetes, PM, 5 exposure was associated with a 7.6% decrease in
nitroglycerin-mediated vascular reactivity [-12.8%, -2.1%], while
black carbon exposure was associated with a 10.7% decrease in
flow-mediated reactivity [-17.3, -3.5]. However, there was no such
association among subjects without diabetes (68). That same year, a
cross-sectional study of participants in the Veterans Administration
Normative Aging Study observed that the association between PM; 5
exposure and reduced heart rate variability (HRV) was more
pronounced in participants with diabetes. Indeed, the percent
change in the standard deviation of normal-to-normal intervals (a
measure of HRV) due to PM, 5 exposure, although not significant,
was nearly 4-fold higher in participants with diabetes (-16.6% [-36.3,
9.2] compared to -4.7% [-11.4%, 2.6%]) (69). A double-blind,
crossover exposure study of 17 never-smoker adults with diabetes
found that 2 hours of controlled exposure to PM, ; reduced heart rate
variability (p = 0.014) and also increased average heart rate by
approximately 8 beats per minute over a day after the exposure
(74). These data point to the synergistic interaction between diabetes
and air pollution in driving CVD.

Not all studies support an interaction between diabetes and air
pollution. A case-crossover study examining emergency department
visits for acute coronary syndrome in Utah found little difference in
the PM, 5 risk estimate for people with diabetes compared to those
without (71). A similar case-crossover study of death records from 20
cities in the United States found no significant effect modification of
the PM,o-CVD death association by diabetes status, although the
point estimate for the association between PM,;, and all-cause
mortality was higher for people with diabetes compared to those
without (70). Moreover, in an analysis of 22 years of follow up in the
American Cancer Society Cancer Prevention Study II cohort, people
with diabetes had a higher risk of CVD mortality at both high (HR 2.4
[2.3,2.5]) and low PM, 5 exposure (2.2 [2.1, 2.3]) compared to people
without diabetes. However, when comparing high to low PM, 5
exposure, the CVD mortality risk increase was similar in both
groups, and formal tests of interaction between diabetes status and
PM, 5 exposure were nonsignificant (73).

3.4 Environmental inequities contribute to
unequal diabetes and cardiovascular
disease risk

Consistently, research in the United States has shown that racial/
ethnic minority communities, and individuals with low education and
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TABLE 4 Studies examining the increased CVD risk for people with diabetes exposed to air pollution.

First
Author Population/Health
(Year) Design Location Data Source Pollutants Relevant Outcomes
Zanobetti Cross Medicare claims data. vears 2.01% greater hospital admissions for CVD in people with
& Schwartz sectional IL, USA 1988-1994 ¥ 24-hr PM, diabetes per 10 ng/m3 increase in PM;, vs. 0.94% greater
i -

(2000) (67) CVD admissions for people without diabetes.
O’Neill Cross 24hr 7.6% decrease in nitroglycerin-mediated vascular reactivity
etal. sectional MA, USA Boston-area residents, 270 adults PM., < BC and 10.7% decrease in flow-mediated reactivity in people
(2005) (68) 2 with diabetes. Null findings for people without diabetes.

4-24-48-hr
Park et al. Cross- MA. USA VA Normative Aging study, PM, s, PN, BC, Nonsignificant but marked trend toward reduced HRV in
(2005) (69) | sectional ’ 603 adults 03, NO,, people with diabetes compared to people without diabetes.

S0, CO
Zeka et al. Case- United National Center for Health Statistics, PM,, 0-3d No significant effect modification of PM,;,-CVD death
(2006) (70) crossover States 1,896,306 deaths before death association by diabetes status.
Pope et al. Case- UT. USA Intermountain Health Collaborative PM.. PM. Similar PM, 5 risk estimates for people with vs.
(2006) (71) | crossover ’ Study, 12,865 adults 10 s without diabetes.
Peel et al Case Emereency department data 24-hr PM,, 8- For increasing NO, exposure, 15.6% greater odds of visit
(2007) (7'2) crosso GA, USA 4 407g535CY's't1: ? hr O3, 1-hr for dysrhythmia in people with diabetes compared to 1.4%

ossover ,407,535 visi . . .
NO,, SO,, CO greater odds in people without diabetes.
American Cancer Society Cancer
People with both diabetes and >75" tile f
Pope et al. Prospective United Prevention Study II, 669,049 adults cople wi ,O 1a‘ etes and > percen 1.e or exposure
. . R Monthly PM, 5 to PM, 5 at highest risk of CVD death. No evidence of
(2014) (73) cohort States with varying diabetes status X ; .
at baseline interaction between diabetes status and PM, 5 exposure.
Double-blind,
Vora et al. . L PMg; vs. . . .
(2014) (74) randomized, NY, USA 19 adults with diabetes fltered air 8 beats/min greater heart rate in PM,; condition.
crossover trial

income, have greater diabetes prevalence (75) and mortality (76).
Racial/ethnic minorities also develop diabetes at lower BMIs
compared to white people, and the strength of the association
between BMI and diabetes is weaker in racial/ethnic minorities,
highlighting the complexity of factors that may contribute to this
disproportionate burden (77). Recent work in the US and limited
research in Asia and Africa has shown that low-SES communities are
subject to higher air pollution exposures (78). In the United States,
black and Hispanic minority groups are disproportionately exposed to
the air pollution generated by the white majority (79). This
disproportionate exposure translates into a greater burden of death
due to air pollution. A retrospective cohort study of US Veterans
Administration patients found that excess death due to PM, 5 exposure
was disproportionately borne by black patients (55.2 deaths per
100,000 [50.5, 60.6]) compared to nonblack patients (51.0 [46.4,
56.1]), as well as by patients living in low SES counties (65.3 [56.2,
75.4]) compared to those living in high SES counties (46.1 [42.3, 50.4]).
Notably, 99% of these excess deaths were due to PM, 5 concentrations
below the US Environmental Protection Agency (EPA) recommended
limit of 12ug/m> (80). These findings are put into historical context
when considering that historically redlined neighborhoods face greater
PM, s and NO, exposures compared to other communities in the same
cities. Even within redlined neighborhoods, racial and ethnic disparities
in air pollution exposure persist (81). Thus, multiple traditional and
non-traditional risk factors are disproportionately concentrated in
minority communities and may act in concert to further widen
health disparities.
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3.5 Inconsistencies in the data

As noted previously in this review, some studies have not
detected an association between air pollution and incident or
prevalent diabetes. Moreover, associations between long-term air
pollution exposure and HbA1c were, though not entirely consistent,
generally positive. Results for gaseous pollutants appear to be more
heterogeneous than particulates; however, since there are
correlations between these pollutants, it can be challenging to
parse out outcomes for individual components in epidemiological
studies. Some associations appear to be only in, or stronger in,
subgroups; additionally, some effects appear to be attenuated by
other factors such as medications (45). Regional, cultural, gender,
socioeconomic or other differences in work or lifestyle can influence
how people spend time in different geographical areas, thereby
changing both pollution sources and exposures. Given the temporal
and spatial heterogeneity of air pollution concentration and
composition, accurate and precise exposures are extremely
difficult to assess making some degree of variation in these results
unsurprising. Lastly, although experimental studies suggested that
having diabetes can exacerbate the cardiovascular derangements
induced by air pollution exposure, and epidemiologic observations
often reported greater associations between air pollution and death
for people with diabetes, the evidence of an effect modification on
air pollution-CVD death by diabetes status or an air pollution-
diabetes interaction on CVD death remains lacking. The lack of
detectable effect modification could be due to inaccurate reporting
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on surveys and death records. Alternatively, the majority of the
effect of air pollution on CVD death may be attributable to air
pollution promoting a cardiometabolic disease state. Thus, some of
this effect could be lost when stratifying by diabetes status (73).

3.6 A word on the exposome

Although this review is concerned with the health effects of air
pollution exposure, it is important to note that such exposure does
not occur in a vacuum. Instead, air pollution exposure often co-
occurs with a variety of other environmental exposures, such as
noise pollution, nighttime light, and temperature, especially in
urban areas (82). Originally conceived as a complement to the
genome (83), the term “exposome” aims to capture the host of
biological responses to the myriad environmental exposures
experienced throughout the life course. In recent years, there has
been a growing call to consider each environmental exposure in
context of the entire exposome. Much of the prior observational
analysis has focused on single exposures in isolation. To completely
understand the health implications of environmental exposures,
including air pollution, experts have argued in favor of advanced
analytic methods that consider diverse, simultaneous exposures,
their interactions, and their measurable biological effects (84). Such
analytic methods will need to venture beyond standard univariate
and multivariate regression models to tease out the likely non-linear
effects of a multitude of co-occurring exposures (85). Taking a page
from studies of genetic associations, a novel method known as
environment-wide association study might identify the effects of
mixtures of exposures (86). Future observational studies examining
the air pollution, diabetes, and CVD link should take into account
the exposome concept to more accurately reflect the reality of how
people experience these exposures.

3.7 The global variability of air pollution
and its health implications

It is worth noting that although air pollution is experienced by
nearly all people globally, the burden of air pollution varies by
region. Over the past two decades, average airborne PM,; s
concentrations have declined in North America, Europe, and East
Asia, whereas the opposite has occurred in the Middle East, Africa,
and South Asia (87, 88). Despite this increase in ambient PM
concentration in the Middle East and North Africa, morbidity and
mortality rates due to air pollution have decreased in these regions,
which might be due to a declining rate of indoor fuel burning (89).
Nevertheless, ambient air pollution remains an urgent public health
concern, with approximately 22% of deaths due to ischemic heart
disease and 21% of deaths due to diabetes attributed to air pollution
in the Middle East and North Africa (89).

Among global regions, substantial differences have been noted
in the magnitude of the association between higher PM exposure
and increased mortality (90). Such differences are likely due to a
variety of factors. Countries vary in the relative contributions of
traffic, industry, and biomass burning to the generation of PM (91).

Frontiers in Endocrinology

10.3389/fendo.2024.1321323

These pollution sources differ in the exact chemical composition
PM (92), which might explain the global differences in mortality
risk due to PM exposure. Moreover, indoor burning of biomass fuel,
such as wood, crops, and manure, for heating and cooking can
drastically worsen indoor air quality (93). The greater indoor
burning of such fuels in lower- and middle-income countries
(LMIC) could alter the observed association between outdoor air
pollution and mortality while also placing people in these countries
at higher risk (90). As discussed previously in this review, LMIC
face a greater projected increase in prediabetes and diabetes
compared to high-income countries. Many of these countries also
face trends of worsening air quality. Evidently, the combined
epidemics of air pollution exposure and diabetes represent an
urgent threat to global public health.

3.8 Conclusions from epidemiological data

Overall, the studies to date indicate that PM, 5, PM,, PN,
black carbon, SO,, and CO may have deleterious effects on glucose
homeostasis in the short- and long-term. Consistently, PM, 5 had
the most consistently demonstrated effect on glucose across
multiple populations. The inconsistent results for NO, may be
due to low diabetes event rate in the study subjects and/or low
overall levels of NO, leading to small effect size. Acute air pollution
exposure is more strongly associated with increased fasting blood
glucose, whereas chronic exposure has a stronger association with
worsened HbAlc. Susceptible subgroups demonstrate stronger
effects of air pollution on glucose metabolism as well as diabetes
prevalence and incidence among those with overweight and obesity.
Consequently, air pollution appears to have stronger effects on
adverse CV outcomes among those with dysregulated
glucose homeostasis.

While there is a growing body of work in this field, most
epidemiological studies to date have been conducted in populations
residing in the US, Canada, western Europe, and East Asia. Most of
these regions have experienced improvements in air pollution levels
in recent decades, while LMIC have experienced an increase in
morbidity and mortality due to air pollution (94). With diabetes
prevalence on the rise worldwide, more studies are needed to
investigate the effects of worsening pollution on the metabolic
health of people living in LMIC. Results from wealthier countries
cannot be extrapolated to LMIC, given the known differences in air
pollution exposures and population characteristics between
these regions.

4 Shared mechanisms

While human epidemiological studies can identify associations,
mechanistic evidence is important to define the affected biological
pathways. Such data can assist in identifying susceptibility factors,
specific pollutants to target with regulation, or molecular targets for
pharmaceutical interventions. To date, mechanistic studies in this
field include known exposure studies in cell lines and in animal
models, exposure chamber studies, and natural experiments with
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humans. In this section, we will review these types of studies and
summarize the identified mechanisms that underlie the associations
between air pollution, dysregulated glucose metabolism, and
increased CVD risk.

4.1 Mechanisms in animal studies

There are multiple convening pathways by which air pollution,
diabetes, and cardiovascular disease interact (Figure 2). Much of the
data to date suggests two primary culprits are inflammation and
oxidative stress, themselves intertwined, which often form self-
perpetuating feedback loops.

4.1.1 Inflammation in animal models
4.1.1.1 Hypothalamic inflammation, diabetes, and
air pollution

Inflammation plays a dominant role in the development and
progression of diabetes (95, 96). Hypothalamic inflammation is
proposed to be a major driver of disorders of glucose homeostasis
due to its role in regulating energy intake and expenditure via
insulin and leptin (97). Animal models show that recurrent
hypothalamic inflammation, via diet-induced increases in TNFo.
expression (98-100), leads to a dysregulated body weight set-point,
driving increased energy intake and decreased energy expenditure.
These behaviors serve to increase adiposity that further increases
inflammation (101). These appear to be independent, yet
synergistic, effects on inflammation. In fact, a study in a mouse
model of diabetes and prediabetes suggested that differences in
hypothalamic inflammation could be to blame for the observed
variation in the onset and progression of prediabetes to diabetes
within the group of mice (102).

10.3389/fendo.2024.1321323

The hypothalamus appears to be susceptible to the
inflammatory effects of particulate matter pollution. A mouse
model was exposed to PM, 5 or clean air, and inhibitor of nuclear
factor kappa-B kinase subunit beta (IKK2), an NF-kB inhibitor that
interferes with inflammatory signal transduction. Pollution-
exposed mice treated with cerebral IKK2 demonstrated an
attenuation of the insulin resistance shown in pollution-exposed
mice not treated with IKK2; they also had evidence of inhibition of
hepatic gluconeogenesis enzymes. Overall, this suggests that PM
likely increases the production of these enzymes in part via
inflammatory signaling through NF-kB (103). In a separate study,
mice were fed a normal chow diet and exposed to PM, 5 or filtered
air. After five days of PM, 5 exposure, there was chemical and
histologic evidence of a heightened inflammatory response within
the hypothalamus, with accompanying food-seeking, exercise-
avoidant behavior changes, and adipose gain. After exposure to
PM, 5 for twelve weeks, the mice developed increased toll-like
receptor 4 (TLR4) and Ikbke (related to NF-kB) expression, leptin
and insulin resistance, and a worsening of their energy homeostasis
and development of frank obesity. In this study, knockdown of
TLR4 and Ikbke completely attenuated the effects of PM, 5 exposure
on leptin and insulin (104). Together, these suggest that
hypothalamic inflammation could lie along a potential causal
pathway between air pollution exposure and dysregulated
glucose homeostasis.

4.1.1.2 Inflammation, vascular disease, and air pollution

In addition to the hypothalamic inflammation, air pollution has
been shown to exacerbate inflammation systemically. In airway
epithelial cells and macrophages, O; exposure has been shown to
induce the production of inflammatory cytokines, interleukin-6 (IL-
6), and interleukin-8 (IL-8) (105). Animal experiments show that
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excess glucose and triglycerides cause inflamed adipose tissue to
secrete adipokines, driving insulin resistance and pancreatic 3 cell
exhaustion, thereby exacerbating nutrient excess and leading to
further inflammation (106). In a C57BL/6 mouse model, male mice
fed a high-fat diet were randomly assigned to PM, s exposure or
clean, filtered air. Compared to the control, clean air group, the
mice in the exposed group developed elevated insulin resistance,
increased visceral fat, and increased adipose inflammation (107).
Furthermore, the exposed mice exhibited decreased vascular
relaxation in response to insulin and acetylcholine, indicating
insulin resistance (107). In mice, co-exposure to SO,, NO,, and
PM, 5 increased circulating levels of the inflammatory molecules
TNF-0,, IL-6, and cyclooxygenase-2, while also dose-dependently
increasing endothelin-1 and decreasing endothelial nitric oxide
synthase, which reflect impaired endothelial function (108). This
finding is consistent with prior animal research that implicates
inflammatory cytokines in the impairment of vascular tone
(109, 110).

Air pollution exposure may also potentiate atherosclerosis
progression. PM, 5 exposure in mouse models accelerates
atherosclerosis and increases inflammation compared to filtered
air, with stronger effects in mice on a high-fat diet (111, 112).
Notably, inflammasome activation plays a central role in this
process (113). These results demonstrate the indirect effects of air
pollution on vascular function. Interestingly, inhaled nanoparticles
in rats accumulate in areas of vascular inflammation, including
atherosclerotic plaques, suggesting the direct effects of PM exposure
on vascular tissue may also be relevant. Together, these studies
support that particulate matter pollution can accumulate in, and
worsen the inflammation of, adipose and vascular tissue, potentially
worsening already impaired vascular and endothelial function
(114). Overall, animal experiments to date suggest that air
pollution exposure may independently promote the development
and worsening of both diabetes and atherosclerosis with a central
role for inflammation in each of these processes.

4.1.2 Oxidative stress

Separate from inflammation, air pollution exposure induces
oxidative stress, which refers to the state of imbalance in reactive
oxygen species (ROS) and antioxidant mechanisms such that ROS
may induce damage to cellular structures or other biomolecules of
importance (115). PM, s and PM,; were shown to accumulate in
mitochondria, causing damage to the mitochondria and possibly
potentiating the effect of ROS (37). Transition metals, present in
PM, 5 and PM,;, generate ROS at the particle surface, causing
oxidative stress and mitochondrial damage (37). Furthermore,
polycyclic aromatic hydrocarbons, quinones, and peroxyacetyl
nitrate found in the organic carbon fraction of PM are potent
inducers of oxidative stress (116, 117). Even O3, when dissolved in
plasma, or serum, or saline, generates H,O, (118).

Multiple studies in vivo and in vitro have shown that oxidative
stress drives many of the vascular complications of diabetes (119).
In particular, hyperglycemia appears to promote mitochondrial
generation of superoxide (120), while interfering with this
production attenuates the damaging effects of hyperglycemia on
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the endothelium (121). ROS also produce nitrotyrosine, which has
been shown to accumulate in necrotic and apoptotic cardiac
myocytes from patients with diabetes and from a rat model of
diabetes (122). Generation of superoxide by NADPH oxidase also
appears to play a significant role in the micro- and macro-vascular
complications of diabetes (123).

Oxidative stress is extensively implicated in the development of
CVD (124) and has been shown in animal models to play a key role
in mediating the cardiovascular effects of air pollution exposure
(125). After 10 weeks of exposure to 14.1 ug/m3 PM, 5 and PM, ;,
rats had increased superoxide concentrations in their aortas with
signs of oxidative stress due to both impaired endothelial nitric
oxide synthase and impaired hepatic synthetic function. In these
rats, ROS generation from both PM, 5 and PM,; activated RhoA, a
known mediator of vasoconstriction and acute hypertension. RhoA
activation correlated with an increased mean arterial pressure of the
rats exposed to the PM versus control (126). Compared to clean air
controls, rats exposed to concentrated PM for 5 hours had twice the
amount of oxidative stress in cardiac tissue (127).

4.1.3 Conclusions on mechanisms from
animal studies

Numerous studies show increases in both inflammation and
oxidative stress. The specific vascular impact of air pollution-related
oxidative stress in animal models of diabetes has not been
extensively studied. However, evaluating the evidence discussed in
this section, it is reasonable to hypothesize that air pollution can
exacerbate vascular complications of diabetes via increased
oxidative stress. Air pollution-induced inflammation and diabetes
may then synergistically exacerbate cardiac and vascular
dysfunction, providing plausible causal explanations for the links
between air pollution, diabetes, and cardiovascular disease in
epidemiological studies.

4.2 Mechanisms in human studies

Human studies are limited in the ability to test exposures and
outcomes ethically. Some experimental exposure studies in healthy
volunteers have investigated the molecular mechanisms
underpinning the adverse health effects associated with air
pollution exposure. There have also been some epidemiological
studies with molecular testing that is suggestive of mechanisms.
While limited, these studies can confirm animal studies and validate
these pathways in humans.

4.2.1 Inflammation in humans
4.2.1.1 Inflammation and diabetes

Inflammation appears to play a role in the pathogenesis of
diabetes. Studies investigating this relationship have been outlined
in Table 5. Multiple nested case-control studies have investigated
the role of inflammatory cytokines in the development of diabetes.
In the Women’s Health Study, there was an increased risk of
developing diabetes for those in the highest vs. lowest quartile of
baseline IL-6 (RR: 2.3 [0.9, 5.6]) and CRP (RR: 4.2 [1.5 - 12.0])
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(128). Similarly, in the EPIC-Potsdam study, IL-6 and CRP were not
only significantly correlated with HbAlc (0.099, p = 0.019, and 0.1,
p = 0.017, respectively), but also with odds of developing diabetes
(OR: 2.57 [1.24 - 5.47] and 1.9 [1.2 - 3.2], respectively) in models
adjusting for traditional diabetes risk factors and HbAlc (129). A
nested case-control analysis within a prospective study of 3,842
Swiss adults without baseline diabetes followed for 5.5 years on
average showed that diabetes risk increased with highest vs. lowest
quartile of baseline IL-6 (OR 1.58 [1.02 - 2.45]) and CRP (OR 4.63
[2.85 - 7.53]) (130). Finally, the Cardiovascular Health Study in the
United States showed that having baseline CRP in the highest
quartile was associated with increased odds of developing diabetes
(OR 2.03 [1.44 - 2.86]) versus the lowest quartile (131). Related to
metabolism and inflammation, the Framingham Heart Study
showed a positive correlation between exposure to PM,s and
SO,* with adipokines adiponectin and resistin, respectively.'

The hypothalamic inflammation linked with obesity and
diabetes in mouse models recapitulates in humans with multiple
magnetic resonance imaging (MRI) studies (100, 132-135).
However, while growing evidence implicates hypothalamic
inflammation in abnormal glucose homeostasis in humans, we
are aware of no human studies investigating this as a direct result
of air pollution exposure. Such investigation, using quantitative
MRI methods similar to the other studies in this section, may
confirm the air pollution and hypothalamic inflammation link
observed in animal studies.

4.2.1.2 Inflammation, atherosclerosis, and air pollution
There is a well-known association between inflammation and
clinical atherosclerosis (136, 137). Multiple recent reviews (138-
142), as well as a meta-analysis (143), discuss the associations
between inflammatory biomarkers and air pollution exposure.

10.3389/fendo.2024.1321323

The most commonly studied inflammatory biomarkers include
CRP, IL-6, and TNEF-a, but others demonstrate associations with
pollution exposure. Literature exploring air pollution promoting
CVD via inflammation has been listed in Table 6. Experimental
exposure studies in healthy volunteers have shown increases in
biomarkers of inflammation with controlled exposure to urban air
pollution (147, 148), but not wood smoke (149), indicating the
importance of pollution composition. Gene expression studies show
increased activation of anti-inflammatory pathways that support
inflammation as a mediator for air pollution exposure-related
adverse effects (150). A study of traffic-related air pollution
exposure in adolescents and young adults with type 1 diabetes
showed increases in IL-6 and CRP as well (151).

Several recent studies have investigated the role of inflammation
as a mediator of air pollution-linked CVD risk. Inflammation and
CVD biomarkers were examined in a cross-sectional analysis of 6,103
participants with and without CVD in a Swiss cohort. A 5 pig/m’
increase in annual mean PM,; exposure was associated with
increased ceruloplasmin (B = 0.1328 [0.0898, 0.1757]) alpha-1-
antitrypsin (B = 0.105 [0.0564, 0.1537]), Lp-PLA, (B = 0.085
[0.0303, 0.1397]), neutrophil-leukocyte ratio (0.074 [0.0054, 0.14]),
C3 (B = 0.1618 [0.1302, 0.2071]), haptoglobin (B = 0.0981 [0.0075,
0.1886]), and orosomucoid (f = 0.205 [0.1505, 0.2595]) (144).

Increased exposure to metals from measured PM, 5 is associated
with increased inflammatory biomarker sCD36, which in turn has a
significant mediating effect on the association of these metals with
pulse pressure, providing further evidence that inflammation
appears to occur upstream of CVD in the context of PM, 5
exposure. No significant associations were found for total PM, s,
highlighting that the individual components of PM, 5 likely have
differential effects on inflammation and oxidative stress in humans,
which should prompt further investigation (146).

TABLE 5 Cited literature regarding the link between inflammation and diabetes in humans.

Population/

Health

Design Location Data Source

Biomarkers

Relevant Outcomes

Prospective, Women’s Health

Pradhan et al. United
rachan € nested e Study, 188 cases, IL-6, CRP Diabetes incidence RR 7.5 for IL-6, 15.7 for CRP
(2001) (128) States
case-control 362 controls
P tive,
Spranger et al. mtsPde e United EPIC-Potsdam, 192 IL-1B, IL-6, TNF- Diabetes incidence OR 2.57 for IL-6, 1.9 for CRP. No
neste
(2003) (129) States cases, 384 controls o, CRP association for TNF-a, IL-1B
case-control
Marques-Vidal CoLaus Study, 3,842 i L i
ques-vi . . 1s Study IL-1B, IL-6, TNF- Diabetes incidence, unadjusted OR 1.58 for IL-6, 4.63 for CRP.
et al. Prospective Switzerland adults, no L. L. . .
. o, CRP No significant associations for any biomarker after adjustment.
(2012) (130) baseline DM
Cardi lar Health CRP, WBC, platelets,
Barzilay et al. i United ardiovascuiar He K pratetets Diabetes incidence OR 2.03 for CRP, no associations for
(2001) (131) Prospective States Study, 4,481 fibrinogen, factor other biomarkers
older adults V¢, albumin
Framingham cohorts, Positive association between 7-day PM, 5 and adiponectin, 7-
Li et al. Prospective United & adiponectin, ol a2 1t . ™ . Y e P
5,958 adults, no T i day SO, and resistin; negative association between 7-day
(2018) (50) cohort States i resistin, leptin . i
baseline DM NO, and adiponectin
SALIA cohort, 1,775 . . . . o
Kramer et al. Prospective C3c significantly associated with PM;, and diabetes incidence,
Germany adult women, no C3c K
(2010) (41) cohort HR 1.12 per 10 mg/dL increase

baseline DM

Outcomes column reports results for fully adjusted models when applicable. Means reported for significant results.

Frontiers in Endocrinology

137

frontiersin.org


https://doi.org/10.3389/fendo.2024.1321323
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Bonanni et al.

10.3389/fendo.2024.1321323

TABLE 6 Cited studies investigating the impact of air pollution driving CVD via inflammation.

Population/Health
Location Data Source Pollutants Relevant Outcomes

Azzouz Malmo Diet and Cancer, PM, 5 and PM, associated with increased ceruloplasmin, alpha-1-

Cross- . Annual PM, s, ; . . . .
et al. sectional Sweden Cardiovascular PM.. NO antitrypsin. PM, 5 associated with Lp-PLA,, NLR, C3, haptoglobin,

i , NOx . L
(2022) (144) Subcohort, 6,103 adults 10 orosomucoid. No associations for NO
Abohashem . . . . . .. .
et al Retrospective United Massachusetts General Annual 24- PM, 5 associated with bone marrow and splenic activity, arterial
} cohort States Hospital, 503 adults hr PM, 5 inflammation, and MACE (HR 1.404)

(2021) (145)

Randomized,
Brook et al. double- Canada 31 healthy adults 2-hr exposure PM, 5 and O3 increased WBC, decreased FMD. PM, 5 increased
(2008) (48) blind, Y to PM, 5, O3 neutrophils and diastolic BP.

crossover

1-, 2-, 3-day L .

Zhang et al. . 45 healthy Association between metal fractions and sCD36, CRP, and

Panel China PM, 5 and
(2023) (146) college students . pulse pressure.

metal fractions

Outcomes column reports results for fully adjusted models when applicable. Means reported for significant results.

Vascular inflammation is seen in subclinical atherosclerosis
using PET/MRI hybrid imaging techniques (152), implying that
inflammation has a role early in the development of the disease.
Inhalable particles likely have direct local effects on arterial disease
and indirect systemic effects. For example, when human volunteers
at risk for stroke were exposed to inhalable gold nanoparticles, these
particles were then detected in their diseased carotid arteries (153).
Advanced imaging techniques have been implemented to
investigate a direct link between PM, inflammation, arterial
damage, and CVD outcomes in humans (145), supporting likely
direct vascular inflammatory effects of air pollution exposure. These
studies suggest air pollutants may act via both systemic and direct
vascular inflammatory actions to promote CVD, corroborating the
epidemiological studies and animal models. Additional research
may more fully elucidate which specific components of pollutants
may act on which pathways to identify potential targets
for intervention.

4.2.2 Oxidative stress in humans

The effect of air pollution on oxidative stress, demonstrated
robustly in animal models, has had inconsistent evidence in
humans, likely because measuring oxidized DNA and lipids in
humans can be a technological challenge (154, 155). However, a
meta-analysis of studies examining oxidized DNA and lipids in
subjects exposed to air pollution that had minimal measurement
error demonstrated a consistent association between PM, s and
these measures of oxidative stress (156).

In particular, a study in healthy adults and adults with diabetes
found that inducing labile blood glucose via clamp resulted in
elevations of the markers of oxidative stress plasma 3-nitrotyrosine
and PGF20, a decrease in NO synthesis, as well as impaired
endothelial function in the presence of vasodilating agents (157).
Furthermore, peroxynitrite, generated by the reaction of superoxide
and endothelial NO, has been detected at elevated concentrations
(158) and shown to induce platelet damage in the blood of patients
with diabetes (159).
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4.2.3 Inflammation and oxidative stress promote
endothelial dysfunction

Endothelial dysfunction mainly refers to the impairment of
endothelium-mediated relaxation of vascular tone. Human studies
have consistently reported an association between traditional
cardiovascular risk factors and endothelial dysfunction (160).
Furthermore, endothelial dysfunction can predict progression and
long-term outcomes of coronary heart disease (161).

Inflammation is known to promote endothelial dysfunction in
humans (110, 162) in a variety of disease states, including obesity
and diabetes (163). This link between inflammation and endothelial
dysfunction appears to be present in the context of air pollution
exposure. In a study of healthy volunteers with experimental
exposure to PM, 5, higher TNF-o just after air pollution exposure
was associated with poorer endothelial function a day later,
suggesting that endothelial dysfunction seen with air pollution
may be mediated by an inflammatory cascade that begins acutely
during and after exposure, even in people that are free of diagnosed
disease (164). Research in animals has demonstrated that the
production of ROS by inflammatory cytokines, as well as the
formation of advanced glycation end products (AGEs), alter the
availability of endothelial NO, leading to endothelial dysfunction
(110). ROS occurs in hypertension, hyperlipidemia, and diabetes,
providing a likely explanation for the link between these traditional
risk factors and endothelial dysfunction (165). The mechanistic
inclusion of AGEs in this pathway is of special interest, as diabetic
hyperglycemia promotes the endogenous production of AGE by
irreversibly glycating tissue proteins and lipids (166).

Recently, endothelial dysfunction of arterioles and
microvessels was demonstrated to predict the development and
progression of diabetes in a German prospective cohort study of
15,000 adults without baseline diabetes or prediabetes (167).
Mechanistically, microvascular endothelial dysfunction may
impair insulin action in skeletal muscle and favor blood flow to
nonnutritive tissues, thereby promoting hyperglycemia (168).
Moreover, experiments in animal models have demonstrated
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that microvascular disease in pancreatic 8 cells may drive the
pathogenesis of diabetes (169, 170).

Lastly, accumulating evidence has demonstrated a link between
air pollution and endothelial dysfunction mediated by
inflammation and oxidative stress (171). Taken together, it
appears that endothelial dysfunction may partly explain the air
pollution-diabetes link while also providing a mechanism for the
accelerated development of CVD in people with diabetes exposed to
air pollution.

4.3 Conclusions from mechanistic data

Systemic inflammation and oxidative stress, converging at
endothelial dysfunction, represent common mechanisms whereby
air pollution induces glucose dysregulation and exacerbates CVD
risk. Due to its role in the onset and progression of both diseases, air
pollution represents a critical target in promoting the health of the
public and individuals. The next section will explore interventions
directed toward mitigating the effects of inflammation and
oxidative stress.

5 An eye toward prevention

Despite inconsistencies in the observational literature, the overall
balance of evidence across all the tiers of evidence quality supports a
deleterious eftect of short- and long-term air pollution exposure on
metabolic health. Given that the global population will remain exposed
to air pollution, for which a completely benign dose has yet to be
established, efforts have been made to counter these adverse effects.
This section will detail the research concerning such interventions, with
close attention paid to barriers to effective implementation.

5.1 Interventions to reduce air pollution as
driver of CVD risk in people with diabetes

There is a burgeoning body of literature demonstrating that the
use of portable air cleaners (PAC), which are known to reduce PM, 5
exposure, can reduce serum concentrations of CRP, IL-6, and TNFo..
An overview of this research can be found in a recent systematic
review and meta-analysis written by our group (172). PACs may also
reduce blood pressure (173, 174). Given the importance of
inflammation in CVD progression in diabetes, interventions to
attenuate the upregulation of these pathways are appealing.
However, most of the trials that intervened with PACs were
conducted in healthy volunteers for short periods of time and in
very controlled settings. Functioning similarly to PACs, a series of
trials that used N95 respirators on participants in China demonstrated
benefits on systolic blood pressure, HRV, and IL-1 (175).

The testing of interventions to ameliorate the adverse effects of
air pollution exposure on glucose metabolism has been limited. A
randomized, double-blind crossover trial in 55 healthy college
students residing in Shanghai placed sham or real air purifiers in
participants’ dormitories for 1 week, followed by a 17-day washout
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period, then 1 week of the alternate treatment. The investigators
found that serum glucose, glucose-6-phosphate, insulin, and
HOMA-IR were lower during the real air purification period
compared to the sham period (59).

Diet patterns and nutritional supplementation with antioxidants
or vitamins have been examined for their potential to protect against
the adverse cardiometabolic effects of air pollution. Numerous studies
have investigated the anti-inflammatory effects of dark chocolate
(176-181). Supplementation with L-arginine has been shown to
mitigate air pollution-related blood pressure increases among adults
with hypertension (182), while in adults with diabetes, L-arginine was
shown to improve glucose control, blood pressure, and forearm blood
flow (183). Vitamin E has also been studied and shown in vitro to
reduce inflammatory biomarker expression after PM2.5 exposure to
endothelial cells (184) and to reduce oxidative stress in humans with
occupational exposures to air pollutants (185, 186). In a cross-
sectional study of 47,000 adults, those in the highest quartile of
compliance to the Dietary approaches to stop hypertension (DASH)
diet had no significantly increased risk of PM, s-associated
hypertension. In contrast, the lowest quartile had significantly
increased risk (OR: 1.20 [1.10, 1.30]) (187). While generally low-
risk, none of these studies were adequate to conclusively recommend
specific dietary interventions for protection against the adverse
cardiometabolic effects of air pollution. However, they are
suggestive of potential options that warrant further investigation.

5.2 Other interventions to reduce the
cardiovascular harms of air pollution

Although the literature investigating interventions to reduce the
cardiovascular harms of air pollution exposure in persons with
diabetes may be limited, there are additional interventions that are
low-risk and readily accessible. These other interventions may
provide protection against air pollution exposure or mitigate its
harms, despite a weaker evidence base compared to PACs.

First, observational evidence suggests that central air
conditioning might mitigate the adverse cardiovascular effects of
PM exposure (188-191), even though the filters commonly used in
air conditioning systems are less efficient at removing airborne
particulate matter compared to HEPA filters. Thus, people with
prediabetes or diabetes could be encouraged to use central air
conditioning, if accessible and affordable, instead of electric fans
and especially instead of opening windows for indoor temperature
regulation. The results of a few experimental studies also support
the use of in-vehicle air conditioning to reduce air pollution
exposure while driving (192-194).

Second, the use of cigarettes and other combustible tobacco
products indoors generates smoke that reduces indoor air quality
(195, 196). Residue from cigarette smoke can adhere to indoor
surfaces, creating thirdhand smoke that may continue to harm
health after a smoking session has ended (197). Furthermore,
although the health effects of electronic cigarettes are still under
active investigation, electronic cigarette vapors contain some of the
same pollutants as tobacco smoke (198) and therefore may also
worsen air quality when used indoors. Tobacco product and
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electronic cigarette cessation should be strongly encouraged in all
people, especially those with diabetes. However, if a person with
diabetes is unable to quit, they should be counseled to avoid
smoking indoors.

Other practical advice includes limiting outdoor activities during
periods of poor air quality. The Air Quality Index, an easily
understandable scale that describes outdoor air quality (199), is
available on the internet for many cities around the world,
especially in North America, East Asia, and Europe. People with
diabetes can be advised to regularly check the air quality index (AQI)
for their location and adjust activity accordingly. Keeping windows
closed can also mitigate exposure to poor outdoor air quality, as can
the avoidance of walking beside roads with heavy traffic.

5.3 Policy implications and public health
initiatives for prevention

Given the worldwide contributions of traffic, industry, and
biomass burning to the generation of ambient PM, policies that
address these sources would reduce the ambient air pollution in
urban environments (91). Furthermore, policies aimed at
improving capture of industrial air pollution, developing more
efficient industrial and agricultural systems, promoting
electrification of motor vehicles, decreasing meat consumption,
and reducing carbon emissions have been identified as feasible
ways to improve global air quality within the next few decades if
sufficient political will is generated (200).

Regular use of screening tests such as HbAlc and fasting plasma
glucose alone do not appear sufficient to identify all people at risk
for diabetes and its complications (201), therefore, diabetes
prevention would likely benefit from population-level
interventions. Cross-sectional evidence suggests that policies and
public health initiatives that aim to improve the walkability of urban
spaces and access to green space should be pursued (202). Although
enhancing access to healthy food might theoretically reduce the
population risk for diabetes (203), the evidence supporting such an
initiative is limited due to relatively few studies and heterogenous
measures of the food environment (202, 204).

5.4 Prevention conclusions

Overall, there is a dearth of data on individual-level
interventions to prevent PM-related CVD in people with diabetes.
PACs have the most robust experimental evidence to support their
use to lower blood pressure, reduce inflammation, and potentially
improve glucose control. However, whether PACs can reduce the
macrovascular or microvascular complications of diabetes is
unknown. Efforts are ongoing to regulate pollutant concentrations
on a societal level, but more research is needed to identify
susceptible subgroups and effective interventions for them.
Avoiding traffic exposure, closing windows, and using air
conditioning at home and in vehicles are commonsense actions
unsuited for a clinical trial. Thus, data on these preventive strategies
are limited (205). However, that should not preclude

Frontiers in Endocrinology

10.3389/fendo.2024.1321323

recommending these low-risk interventions, particularly for those
at increased risk.

6 Summary of key points

* Air pollution exposure, especially fine particulate matter, is
known to increase the risk of incident CVD and worsened
CVD outcomes. There is no known safe dose of air pollution.

* Air pollution exposure increases the risk of incident
diabetes and prediabetes in diverse populations and
perturbs glucose homeostasis.”

* Prediabetes and diabetes confer an increased susceptibility
to the cardiovascular harms of air pollution exposure.

e Air pollution exposure promotes local and systemic
inflammation, which exacerbates atherosclerosis
progression as well as endothelial dysfunction. In animal
experiments, air pollution contributes to ROS formation
and excess oxidative stress, as well as hypothalamic
inflammation which may promote excess nutrient intake
and resultant diabetes.

* Inflammation and oxidative stress are associated with
dysregulated glucose metabolism in humans and animals.
Hyperglycemia promotes further oxidative stress and
inflammation, which may explain the progression from
prediabetes to diabetes as well as the well-known
increased CVD risk observed in people with diabetes.

+ ¥ Mechanistic evidence supports the role of inflammation,
oxidative stress, and hyperglycemia in the development of
endothelial dysfunction. Air pollution and diabetes are both
associated with endothelial dysfunction, which has been
shown to predict CVD outcomes and incident diabetes.

* The study of interventions in people with diabetes to reduce the
CVD risk due to air pollution has been limited. Some evidence
points to the potential usefulness of portable air cleaners.
Suggestive evidence supports further research into the effects
of certain dietary and nutritional supplement interventions.

7 Conclusion

The importance of minimizing the impact of air pollution on a
global scale cannot be overstated. The impact of air pollution on
driving both the development of diabetes and exacerbating CVD risk
in patients with diabetes is a topic that needs more research to reach a
complete understanding of the interactions and mechanisms at play.
Although there is heightened awareness of the adverse health effects
of air pollution, further study on preventive strategies in people across
the spectrum of dysregulated glucose homeostasis is greatly needed.
An improved understanding of the mechanisms by which air
pollution, diabetes, and cardiovascular disease interact would
hasten the development of interventions to minimize the risks of
exposure and slow disease progression. Furthermore, insights from
this would greatly benefit a range of parties, including individuals
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concerned about their risks, healthcare providers wanting to provide
optimal care and recommendations, and governments aiming to
promote public health.
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Glossary
AQI air quality index
BC black carbon
BP blood pressure
C3c complement component 3
CVD cardiovascular disease
DM diabetes mellitus type 2
FBG fasting blood glucose
FMD flow-mediated dilation
GDM gestational diabetes mellitus
HOMA-IR homeostasis model assessment of insulin resistance
HRV heart rate variability
IL-1B8 interleukin-1 beta
IL-6 interleukin-6
IL-8 interleukin-8
LMIC lower- and middle-income countries
LOS length of stay
Lp-PLA2 lipoprotein-associated phospholipase A2
MACE major adverse cardiovascular events
NF«xB Nuclear factor kappa-light-chain-enhancer of activated B cells
NLR neutrophil-lymphocyte ratio
OM organic matter
PAC portable air cleaners
PM particulate matter
PM, 5 fine particulate matter
PM;, coarse particulate matter
PM,5.10 PM between 2.5 and 10 um in aerodynamic diameter
PNam PM between 0.1-1 pm in aerodynamic diameter
ROS reactive oxygen species
sCD36 soluble CD36
SES socioeconomic status
TLR4 toll-like receptor 4
WBC white blood cell count
WHO World Health Organization
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Sex and age significantly
modulate cardiovascular disease
presentation in type 2 diabetes: a
large population-based

cohort study
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Jordi Real*, Didac Mauricio*>®’, Josep Franch-Nadal*>®*
and Emilio Ortega™****
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Obesity and Nutrition (CIBEROBN), Instituto de Salud Carlos Ill (ISCIII), Barcelona, Spain, 3Instituto de
Investigaciones Biomédicas August Pi i Sunyer (IDIBAPS), Barcelona, Spain, “DAP-Cat group, Unitat de
Suport a la Recerca Barcelona, Fundacio Institut Universitari per a la recerca a ['Atencio Primaria de
Salut Jordi Gol i Gurina (IDIAPJGol), Barcelona, Spain, °*Centro de Investigacion Biomédica en Red
(CIBER) of Diabetes and Associated Metabolic Diseases (CIBERDEM), Instituto de Salud Carlos IlI
(ISCIII), Barcelona, Spain, ®Department of Endocrinology & Nutrition, Hospital de la Santa Creu i Sant
Pau, Barcelona, Spain, “Departament of Medicine, University of Vic - Central University of Catalonia,
Vic, Spain, 8Primary Health Care Center Raval Sud, Geréncia d'Atencid Primaria Barcelona Ciutat,
Institut Catala de la Salut, Barcelona, Spain

Aims: We aimed to describe and compare the incidence of the first
cardiovascular event and its major subtypes, coronary heart disease (CHD),
cerebrovascular disease, heart failure (HF), or peripheral artery disease (PAD),
according to age and sex in a population-based cohort of individuals with type 2
diabetes (T2D) from a Mediterranean region.

Material and methods: We used linked primary care electronic medical reports,
pharmacy-invoicing data, and hospital admission disease registry records from
the SIDIAP database, which contains linked data for 74% of the Catalonian
population. We selected individuals with T2D aged 30 to 89 years free of
cardiovascular disease (CVD). The primary outcome was the first presentation
of CVD.

Results: The study cohort included 247,751 individuals (48.6% women, 66.8 +
11.9 years). During a 6.99-year follow-up, the cumulative incidence of the first
cardiovascular event was 23.4%. Men were at higher risk for CVD (hazard ratio
[HR]: 1.47 95%Cl: 1.45-1.50), CHD (HR: 1.52 95%Cl: 1.47-1.57), cerebrovascular
disease (HR:1.07 95%Cl: 1.03-1.10) and PAD (HR: 2.30 95%Cl: 2.21-2.39) than
women but at a lower risk for HF (HR:0.70 95%ClI: 0.68-0.73). CHD and PAD were
the most frequent CVD presentations among men (28.1% and 27.5%) and HF
(40.1%) in women. CHD predominated among young participants of both sexes,
while HF predominated among women older than 65 and men older than 75.
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Conclusions: In individuals with T2D, the overall risk and the type of first CVD
manifestation largely varied by sex and age. This epidemiological evidence
should be considered in clinical practice.

KEYWORDS

first cardiovascular event, primary prevention, heart failure, peripheral artery disease,
sex difference, age-related, cumulative incidence

1 Introduction

Patients with type 2 diabetes (T2D) are at a higher risk for a
wide range of cardiovascular diseases (1). Although a substantial
reduction in incidence rates of cardiovascular complications has
been observed over the last two decades, cardiovascular disease
(CVD) risk in T2D remains higher than in age and sex-matched
controls. Furthermore, despite steadily decreasing rates for
atherosclerotic diseases, the decline in heart failure (HF)
incidence has plateaued in recent years (2).

Given the varied impact of modifiable cardiovascular risk
factors on different manifestations of CVD, acquiring a
comprehensive understanding of the epidemiology surrounding
initial cardiovascular events in individuals with T2D could foster
the creation of more personalized primary prevention approaches
(2). This might be especially relevant among young adults, as
evidenced by recent data from the Global Burden of Disease
(GBD) study, which highlights an increasing trend in
cardiovascular morbidity and mortality in this age cohort over
the last three decades (3).

In this context, there is a growing acknowledgment that CVD
pathophysiology and presentation exhibit variations based on sex
and age (4). Of note, within the general population, CVD
predominantly presents as coronary heart disease (CHD) in men,
whereas women are more prone to experiencing cerebrovascular
disease or HF as their primary event, with these manifestations
typically occurring more frequently at older ages (5). Whether such
age and sex differences in the first CVD event are also present in
individuals with T2D has seldom been explored.

Several studies and meta-analyses have demonstrated a stronger
association between T2D and HF, CHD, and cerebrovascular
disease in women than in men (6-11). Fewer studies have
explored sex differences in absolute risk for the various forms of
CVD manifestation, and none focused on first events (2, 6, 12). In
addition, whether age modulates sex-specific risks for the different
CVD subtypes in men and women with T2D is poorly defined as

Abbreviations: BMI, body mass index; CHD, coronary heart disease; CVD,
cardiovascular disease; EA, early adulthood; eGFR, estimated glomerular
filtration rate; HF, heart failure; HR, hazard ratio; MA, middle adulthood;
MVO, middle to very old; PAD, peripheral artery disease; UAE, urinary

albumin excretion; Y, young; YO, young, old.
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most previous studies applied broad age groups or did not consider
the various CVD components separately (2, 6, 12).

In this work, we aimed to describe and compare the incidence
rates of the first cardiovascular event and its major subtypes (CHD,
PAD, cerebrovascular disease, and HF) according to sex and agein a
large cohort of individuals with T2D from a primary care setting.

2 Materials and methods
2.1 Study design and settings

We performed a longitudinal, retrospective cohort study. Data
for this study was obtained from the Sistema d’Informacio per al
Desenvolupament de I'Investigacié en Atencio Primaria (SIDIAP)
database (www.sidiap.org). This database, created in 2010 for
research purposes, contains pseudo-anonymous, routinely
collected healthcare information of over 5,000,000 patients
registered by 3,414 general practitioners at 274 different primary
care practices in Catalonia (a northeast area of Spain). The
population in the SIDIAP database corresponds to more than
74% of the Catalonian population, providing a representative
sample of the primary care population.

The SIDIAP database contains information on clinical
diagnoses, anthropometric measures, and laboratory tests. In
addition, the CMBD database (data from hospitalisation
discharge statistics and specialised out-patient care from the
hospitals of the National Health System) and pharmacological
treatments (data from the pharmacy-invoicing system provided
by the CatSalut) are automatically collected and linked to the
SIDIAP database. The Ethics Committee of the Primary
Healthcare University Research Institute (IDIAP), Jordi Gol
(Barcelona, Spain), approved the study (code P17/087).

2.2 Study population

For this analysis, we selected all individuals with a registered
diagnosis of T2D (n=333,036) on January Ist, 2010 (study index
date). T2D diagnosis was based on the presence of the diagnostic
codes (International Statistical Classification of Diseases and
Related Health Problems 10th Revision-ICD-10): E11, E13, and
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E14. Subjects with other types of diabetes, such as type 1, secondary,
or gestational diabetes (ICD-10: E10, E12, 024), were excluded
from the analysis.

Individuals with previous cardiovascular events (n=68,982,
20.7%) or known atrial fibrillation (n=22,673, 6.8%) were
excluded, as well as those aged under 27 or above 89 years
(n=8,310, 2.4%) for whom cardiovascular risk evaluation was not
systematically recommended or CVD prevention of a first event was
not a clinical priority. The remaining participants (n=247,751) were
followed until the cardiovascular event, death, or the end of the
study (December 2016). Study flow charts are included in the
Supplementary material (Supplementary Figure 1).

The study population was divided into five different age groups
according to baseline age and sex (young (Y): <35 years; early
adulthood (EA): 35-55 for men and 35-60 for women; middle
adulthood (MA): 55-65 for men and 60-65 for women; young old
(YO): 65-75 years; middle-to-very old (MVO): >75 years). This age
grouping was selected considering the age range at which systematic
cardiovascular risk evaluation is recommended (Framingham-
REGICOR strategy 35-75 years) in our Health Care System, and
also according to the age limit to define premature events according
to sex, i.e., <55 years for men and <60 years for women (13).

2.3 Study variables

At the study index date, the following data were collected from
the SIDIAP database: age, sex, socioeconomic condition, the
presence of diagnoses and comorbidities, including microvascular
complications (retinopathy, nephropathy, polyneuropathy), and
hypertension (based on registers of ICD-9/ICD-10 diagnostic
codes recorded in the database) use of concomitant medications
(based on the Anatomical Therapeutic Chemical-ATC classification
system), blood pressure, anthropometric (body weight, height, and
body mass index) and laboratory data [lipids, creatinine, urinary
albumin excretion (UAE)].

Specific diagnosis codes for retinopathy, nephropathy,
polyneuropathy, and hypertension are displayed in
Supplementary Table 1.

Any microvascular complication was defined as the presence of
a diagnostic code of retinopathy or/and nephropathy or/and
polyneuropathy. Obesity was described as a body mass index >30
Kg/m2. The socioeconomic condition was evaluated by the MEDEA
index. The MEDEA index is a socioeconomic deprivation index
based on indicators recorded by census tract and validated in the
Spanish population. Higher index values correspond to greater
deprivation (14). The estimated glomerular filtration rate (eGFR)
was calculated using the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation.

2.4 Study outcomes
Cardiovascular events involving four major conditions

occurring after the index date and before the end of the study
period were recorded and reported as CHD, cerebrovascular
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disease, PAD, and HF. CHD was defined as fatal or non-fatal
myocardial infarction, angina or unstable angina, undetermined
ischemic heart disease, and coronary revascularisation (coronary
artery bypass grafting, percutaneous coronary intervention).
Cerebrovascular disease was defined as fatal or non-fatal ischemic
or hemorrhagic stroke, transient ischemic attack, and intracerebral
revascularisation. PAD was defined as intermittent claudication,
extracerebral artery stenosis, and carotid or peripheral
revascularisation (endovascular, stenting, or surgical bypass). HF
included congestive/acute HF and other HF diagnoses (systolic and
diastolic, chronic, or undetermined). Diagnoses were based on ICD-
9/ICD-10 codes. Specific diagnosis codes for CVD can be found in
the online Supplementary information (Supplementary Table 2).

The overall mortality during the study period was also retrieved
from the SIDIAP database. However, specific causes of death were
not available in this study.

2.5 Statistical methods

The baseline characteristics were described as frequencies and
percentages for categorical variables, while for continuous variables,
the mean and standard deviation (SD) or median and quartiles were
calculated. In comparing groups (sex), the p-value was calculated
using the Fisher exact test for qualitative variables and the
independent samples t-test for quantitative variables. Fisher exact
test and ANOVA analysis were applied when comparing
age categories.

Cumulative incidence and incidence rates of cardiovascular
manifestations were computed using the exact method. For each
event of interest, the overall incidence rate and age-sex-specific
incidence rate were calculated as the number of incident events
divided by the persons-years (PY) during the follow-up and were
expressed as per 100 PY. Hazard ratios (HR) and 95% confidence
intervals (95% CI) were computed for each baseline characteristic.
The compare Groups R Package (Version 4.6.0) 10 was used to
perform group descriptions for several variables and to estimate
each HR. Cox proportional hazard models were used to evaluate
time to death according to the type of first-ever cardiovascular
disease presentation. Hazard ratios (HR) in these models were
adjusted by age and sex.

All statistical analyses were performed using the free R
statistical software version 3.6.1 (https://www.r-project.org/).

3 Results

The study cohort included 247,751 individuals (48.6% women)
with T2D. Table 1 displays the clinical characteristics at baseline for
the whole cohort and stratified by age.

The mean age was 66.8 = 11.9 years, HbAlc was 6.8 £ 1.5%, and
body mass index (BMI) was 30.2 + 5.1 Kg/mz. The most common
treatment modalities were oral hypoglycemic agents in
monotherapy or combined. Metformin (59.3%) and sulfonylureas
(29.5%) were the most frequently prescribed hypoglycemic
medications. In contrast, a mere 0.3% of participants utilized
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TABLE 1 Clinical characteristics at baseline for the whole cohort and stratified by age.

% with Whole Young Early Middle Young old Middle to  ptrend
Available cohort (n=1,204) adulthood @ Adulthood (n=72,655) very old
data (n=247,751) (n=51,295) (n=52,636) (n=69,961)
Females (n, (%)) ~ 100.0 120,405 (48.6) 540 (44.9) 25,399 (49.5) 15,907 (30.2) 36,113 (49.7) 42,446 (60.7) <0.01
Age (years) = 100.0 66.8 + 11.9 329+ 138 50.4 +5.75 61.0 +2.71 69.9 +2.95 80.7 + 3.91 <0.01
Deprivation index | 70.0 29,521 (17.0) 88 (10.2) 5,080 (13.6) 65,45 (17.0) 8,624 (16.4) 9,184 (20.8) <0.01
(Q5)
(n, (%))

Smoking (n, (%)

No | 86.5 137,190 (64.0) 483 (50.9) 21,723 (49.5) 23,778 (49.5) 43,809 (68.4) 47,397 (79.8) <0.01
Former 39,370 (18.4) 359 (37.8) 15,025 (34.2) 11,932 (25.5) 8,362 (13.0) 3,692 (6.2)
Current 37,622 (17.6) 107 (11.3) 7,157 (16.3) 10,223 (23.3) 11,847 (17.5) 8,288 (14.0)
T2D duration (years) 100.0 63+52 3.6+33 47 £40 5.6 +4.5 6.7 £52 7.6 +6.1 <0.01

T2D therapy (n, (%))

No treatment | 100.0 66,806 (27.0) 527 (43.8) 15,139 (29.5) 13,827 (26.3) 18,204 (25.1) 19,109 (27.3) <0.01
OHA monotherapy 84,419 (34.1) 359 (29.8) 18,059 (35.2) 18,496 (35.1) 24,790 (34.1) 22,715 (32.5)
OHA combined 57,469 (23.2) 139 (11.5) 10,565 (20.6) 12,883 (24.5) 18,106 (24.9) 15,776 (22.5)
OHA plus insulin 2,6015 (10.5) 100 (8.3) 5,113 (10.0) 5,180 (9.8) 8,212 (11.3) 7,410 (10.6)
Insulin without OHA 13,042 (5.3) 79 (6.6) 2,419 (4.7) 2,250 (4.3) 3,343 (4.6) 4,951 (7.1)
Use of non-insulin hypoglycemic medications (n, (%))
Metformin | 100.0 146,793 (59.3) 565 (46.9) 31,380 (61.2) 33,292 (63.2) 44,842 (61.7) 36,714 (52.5) <0.01
Sulfonylureas 72,955 (29.4) 132 (11.0) 11,677 (22.8) 14,910 (28.3) 22,862 (31.5) 23,374 (33.4) <0.01
DPP-4 inhibitors 13,080 (5.3) 48 (4.0) 2,950 (5.8%) 3,207 (6.1%) 4,114 (5.7) 2,761 (3.9) <0.01
SGLT2-inhibitors 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) <0.01
GLP1-analogs 722 (0.3) 9(0.7) 353 (0.7) 198 (0.4) 142 (0.2) 20 (0.0) <0.01
Pioglitazone 8,954 (3.6) 33 (27) 1,927 (3.8) 2,115 (4.0) 2,930 (4.0) 1,949 (2.8) <0.01
Glinides 4,406 (1.8) 3(0.2) 377 (0.7) 677 (1.3) 1,426 (2.0) 1.923 (2.7) <0.01
FPG (mg/dl) = 70.1 146 + 46.6 149 + 64.6 155 + 55.5 151 + 47.8 144 + 422 137 + 416 <0.01
HbAlc (%) | 656 68+15 7.1+2.1 71+18 69+ 16 67 +14 67+13
BMI (Kg/m®) | 54.9 302 5.1 319+ 7.0 316 +59 305 + 49 302+ 48 29.1 + 46 <0.01
BMI>30 Kg/m®> = 54.9 61,632 (46.3) 280 (57.0) 14,137 (56.4) 13,524 (48.3) 19,745 (45.9) 13,910 (38.1) <0.01
(n, (%))
Hypertension (n (%)) | 100.0 156,967 (63.4) 177 (14.7) 22,108 (43.1) 30,635 (58.2) 50,770 (69.9) 53,277 (76.2) <0.01
SBP (mmHg) = 755 136 + 15.6 127 + 14.1 132+ 152 136 + 152 137 + 15.4) 138 + 16.1 <0.01
DBP (mmHg) 755 76.8 + 9.4 78.6 + 10.6 804 + 9.4 789 + 9.0 763 + 8.9 73.6 92 <0.01
Hypotensive | 100.0 162,424 (65.6) 181 (15.0) 23,118 (45.1) 32,147 (61.1) 52,729 (72.6) 54,249 (77.5) <0.01
treatment (n (%))
Total cholesterol 68.7 197 + 38.8 196 + 50.1 206 + 42.4 199 +39.2 195 + 36.8 193 + 37.0 <0.01
(mg/dl)
HDL-cholesterol 60.1 502 + 13.0 439+ 128 475+ 126 488 + 12,6 510 + 127 523 + 135 <0.01
(mg/dl)
Triglycerides (mg/dl) = 64.8 133.0 157.0 152.0 139.0 129.0 122.0 <0.01
(97.0-186] [103-235] [107-224] [100-197] [96.0-177] [92.0-165]

(Continued)
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TABLE 1 Continued

% with
Available
data

Whole
cohort
(n=247,751)

Young
(n=1,204)

10.3389/fendo.2024.1344007

Middle
Adulthood
(n=52,636)

Middle to
very old
(n=69,961)

Early
adulthood
(n=51,295)

Young old
(n=72,655)

Ptrend

LDL-cholesterol 60.1 118 + 32.8 117 + 329 124 + 34.7 120 + 334 116 + 31.7 114 + 314 <0.01
(mgy/dl)

Lipid-lowering 100.0 123,901 (50.0) 194 (16.1) 21,117 (41.2) 27,402 (52.1) 41,141 (56.6) 34,047 (48.7) <0.01
treatment (n,(%))

Statin use (n,(%)) 100.0 112,905 (45.6) 134 (11.1) 17,825 (34.8) 24,557 (46.7) 38,361 (52.8) 32,028 (45.8) <0.01
Fibrates use (n,(%)) 100.0 15,647 (6.3) 76 (6.3) 4,563 (8.9) 4,212 (8.0) 4,133 (5.7) 2,663 (3.8) <0.01
eGFR categories (n, (%))

>60 ml/min 672 136,906 (82.2) 575 (99.5) 31,007 (97.5) 32,796 (93.7) 43,239 (83.9) 29,289 (61.6) <0.01
30-60 ml/min 27,662 (16.6) 2(0.3) 728 (2.3) 2,070 (5.9) 7,904 (15.3) 16,958 (35.7)

<30 ml/min 1,874 (1.1) 1(0.2) 61 (0.2) 121 (0.3) 393 (0.8) 1,298 (2.7)

Diabetic retinopathy 100.0 11,041 (4.5) 9 (0.7) 1,488 (2.9) 2,361 (4.5) 3,623 (5.0) 3,560 (5.1) <0.01
(n (%))

Diabetic nephropathy = 100.0 15,645 (6.3) 24 (2.0) 1,684 (3.3) 2,310 (4.4) 4,402 (6.1) 7225 (10.3) <0.01
(n (%))

Diabetic neuropathy  100.0 4,278 (1.7) 2(0.2) 594 (1.2) 858 (1.6) 1,358 (1.9) 1,466 (2.1) <0.01
(n (%))

Any microvascular 100.0 27,846 (11.2) 31 (2.6) 3,392 (6.6) 4,928 (9.4) 8,373 (11.5) 11,122 (15.9) <0.01
complication (n (%))

Data are expressed as mean + standard deviation, median [25t percentile-75‘h percentile], or number of participants (n) (%).
OHA, oral hypoglycemic agents; FPG, fasting plasma glucose; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL-cholesterol, high-density lipoprotein
cholesterol; LDL-cholesterol, low-density lipoprotein cholesterol; eGFR, estimated glomerular filtration rate.

glucagon-like peptide 1 analogs, and none were prescribed sodium
glucose transporter inhibitors (SGLT2-i). The prevalence of
hypertension, statin use, current smoking, and microvascular
complications was 63.4%, 45.6%, 17.6%, and 11.2%, respectively.

Compared to the older age groups, the younger groups had a
higher proportion of males, a shorter diabetes duration, were less
often treated with insulin, and had a lower prevalence of
hypertension and microvascular complications. In contrast, they
showed worse glycemic control and lipid profile, had a higher
prevalence of obesity, and were less frequently treated with lipid-
lowering therapies. The prevalence of active smokers was the lowest
among the young, increasing until middle adulthood and
decreasing after that (Table 1).

3.1 Incidence of first cardiovascular event
stratified by age and sex

The cumulative incidence of overall CVD and its major
components in men and women according to age category is
displayed in Figure 1.

During 1,435,568 person-years, first-time cardiovascular events
occurred in 57,152 individuals, corresponding to a cumulative
incidence of 21.2% in women and 24.8% in men and a crude
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incidence rate of 3.61% per year in women and 4.34% in
men (p<0.01).

The incidence of cardiovascular events increased across age
categories in both men and women (pye,g<0.01), with a maximum
incidence among middle to very-old adults (HR: 4.03, 95%CI: 3.91-
4.16, with young as the reference). Men were at a higher absolute
risk than women. The excess risk for men was the highest in young
adults (HR: 2.38 (95%CI: 1.06 to 5.32) and the lowest among middle
to very-old adults (HR: 1.25; 95%CI: 1.22 to 1.28).

When different CVD subtypes were considered individually,
men were at higher risk than women for CHD, PAD, and
cerebrovascular disease (p<0.01). In contrast, women showed a
higher risk than men for HF (p<0.01) (Figures 1, 2).

3.2 The first cardiovascular event reported

Figure 3; Supplementary Figure 2 display the relative
contribution of cardiovascular disease main categories and
specific subtypes to the first CVD event in men and women for
the entire cohort and stratified by age.

In men, the most frequent CVD presentation was CHD
(28.7%), followed by PAD (27.5%), while in women, HF clearly
predominated (40.1%).
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CHD 0.37 3.04 4.40 5.36 5.63
HF 0.19 1.96 3.77 7.59 15.1
PAD 0.37 1.99 241 3.17 3.88
Cerebrovascular  0.56 1.91 2.78 4.92 7.40
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Cumulative incidence rates for first cardiovascular events in women (A) and men (B) by age categories. CVD, cardiovascular disease; CHD, coronary

heart disease; HF, heart failure; PAD, peripheral artery disease; Y, young; EA,

very old.

Furthermore, the first CVD event differed according to age in
both men and women. Although more frequent among men, CHD
was the most frequent first CVD manifestation in both men and
women during early and middle adulthood, decreasing after that
and becoming less common in older groups. Despite this reducing
incidence with age, CHD remained the most frequent presentation

CVD

CHD
£

It

;

MVO | -
Overall | -
= EA ——
? MA —a—
- YO —_—
MVO | -
- t T T T - )
0 1 2 3 4 5 6
Hazard Ratio
FIGURE 2

Forrest plot for a first cardiovascular event stratified by age in
women vs. men Women were considered as the reference. Given
the low number of events among the young age category, the
hazard ratios for cardiovascular disease subtypes were not included
in the figure. Red squares: whole cohort; black squares: pre-defined
age subgroups. Y, young; EA, early adulthood; MA, middle-
adulthood; YO, young old; MVO, middle to very old. CVD,
cardiovascular disease; CHD, coronary heart disease; HF, heart
failure; PAD, peripheral artery disease.
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early adulthood; MA, middle-adulthood; YO, young old; MVO, middle to

of CVD among men below 75 years and women below 65 years.
Similar trends were observed for PAD, which was much more
common among men than women and more frequent among
younger than older groups.

The opposite was observed for HF, which, although more
common in women than men at any age, was relatively
infrequent in younger age categories but markedly increased in
the older groups. In women, the contribution of HF to overall CVD
doubled between EA and MVO (22.0% to 47.1%), while in men, it
tripled (13.3% to 34.8%), representing the most common
presentation of CVD in the YO and MVO groups among women
(i.e., >65 years), and the MVO group among men (i.e., >75 years).
The proportion of cerebrovascular disease as the first cardiovascular
event varied less with age and between sexes (18.7% to
22.7%) (Figure 3).

3.3 Factors related to cardiovascular events
stratified by age and sex

The baseline characteristics of individuals with or without
cardiovascular events during the follow-up are shown in
Supplementary Table 3.

In sex-stratified analyses adjusted by age, most CVD risk factors
were significantly and similarly associated with CVD in both men and
women. However, compared to men, women had a higher negative
impact of deprivation [HR: 1.24 (95%CI: 1.17-1.30) vs. HR: 1.12 (95%
CI: 1.07-1.17)], obesity [(HR: 1.31 (95%CI: 1.26-1.35) vs. HR: 1.13
(95%CI: 1.10-1.17)], and hypertension (HR: 1.43 (95%CI: 1.38-1.47)
vs. HR: 1.27 (95%CI: 1.24-1.30)] (Supplementary Figure 3), Factors
more strongly associated with CVD in these analyses were those
related to T2D duration, control, and complications.

In age-stratified analyses, we observed a higher relative risk
associated with classical cardiovascular risk factors, metabolic
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Distribution of the first-ever cardiovascular event subtype stratified by sex in the different age categories. (A): women; (B): men. Y, young; EA, early
adulthood; MA, middle-adulthood; YO, young old; MVO, middle to very old; CVD, cardiovascular disease; CHD, coronary heart disease; HF, heart

failure; PAD, peripheral artery disease.

control, and end-organ damage in younger vs. older individuals
(Supplementary Figure 4).

3.4 Mortality during follow-up

During the follow-up, 20,811 men (16.3%) and 18,866 women
(15.7%) died. The mean age at the time of death was 73.7 + 10.2
years in men and 78.4 £ 8.5 years in women. Before the death date,
52.7% of deceased men and 47.9% of dead women had had a
previous first cardiovascular event. The specific cause of death was
not available.

In Cox regression analysis, experiencing a cardiovascular event,
regardless of type, was found to be associated with elevated all-cause
mortality. However, the initial occurrence of heart failure (HF) was
linked to a greater risk, independently of age and sex, compared to

coronary heart disease (CHD), peripheral artery disease (PAD), or
cerebrovascular disease (Figure 4).

4 Discussion

In this longitudinal retrospective analysis of a large cohort of
individuals with T2D diabetes in primary prevention from a
primary care setting in a western Mediterranean region, we found
that HF and PAD substantially contribute to CVD. We also
observed a considerable influence of sex and age on overall
cardiovascular risk and the form of the initial clinical
presentation of CVD. Within our cohort, we observed that men
exhibited a higher susceptibility to overall CVD, CHD,
cerebrovascular disease, and PAD compared to women. However,
men demonstrated a lower risk for HF across all age groups. CHD

No event

D

HR 95%CI
Cerebrovascular disease
None (reference) 1
CHD 215 2.07-2.23
Cerebrovascular disease 2.41 2.32-2.50
PAD 2.10 2.01-2.18
HF 3.30 3.20-3.39
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FIGURE 4

Survival plot for all-cause mortality according to first cardiovascular event form of manifestation and the corresponding hazard ratios CHD, coronary

heart disease; HF, heart failure; PAD, peripheral artery disease.
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emerged as the predominant CVD presentation among men and
younger individuals, whereas HF predominated among women and
older participants.

We found an annual incidence rate of CVD of around 4%.
This rate was similar to that reported by Shah et al. in a recent
study that included 34,198 individuals with T2D free of
cardiovascular disease from primary care settings in England
but higher than the 1 to 2% per year observed in other studies (1,
15-20). Several factors could explain the variability between
studies; however, one of the most relevant might be the
number and type of outcomes included in the CVD definition.
As in the study mentioned above by Shah et al. (1), we applied a
broad definition that included HF and PAD. Notably, both
conditions combined accounted for more than 50% of the
first-ever individual events in our cohort and 1 in 3 in the
study of Shah et al. (1). In contrast, in most previous works,
CVD was restricted to coronary and cerebrovascular events.
Only a few studies included HF (17), and even fewer included
PAD (17, 19).

Our findings that HF and PAD are leading contributors to T2D
cardiovascular burden reinforce the importance of considering
them in routine clinical practice and risk estimation strategies.

That being said, there were considerable variations in the
absolute risk for the various manifestations of CVD by sex and age.

First, as in previous studies, we observed that women had lower
overall CVD risk and lower risk for atherosclerotic diseases than
men, independent of age (6). In contrast, we found higher incidence
rates for HF in women than men at any age. Previous studies
assessing sex differences in absolute HF risk in individuals with T2D
are conflicting. In older studies, a higher absolute risk was observed
in men (21, 22), whereas, in more contemporary works, women
showed numerically higher rates for HF than men (12, 21-23).
Nonetheless, none of these studies focused primarily on first events
or considered the full effect of age. Thus, our results further
reinforce the importance of HF as a primary driver of CVD in
women with T2D. Mechanisms explaining a higher HF risk in
women are not yet fully elucidated and might include differences
in cardiac structure, function, and metabolism, differential
myocardial response to classical cardiovascular risk factors, and
exposure in women to unique risks, such as pre-eclampsia (24-26).
It should also underscored that, in our cohort, the presentation of
cardiovascular disease as HF was associated with a higher risk for
all-cause mortality than other CVD subtypes, independently of age
and sex. These results, which are in line with previous literature
suggesting a profound impact of HF on overall survival, might
further reinforce the importance of strategies primarily addressing
its prevention (27).

Second, although sex patterns for CVD’s first manifestation
were consistent across age groups, atherosclerotic diseases, mainly
CHD, accounted for most premature events in both men and
women. In contrast, HF predominated in the aging population of
both sexes. This finding agrees with previous epidemiological
studies conducted in the general population, showing that HF is
disproportionally distributed among older adults, with a prevalence
that doubles for each decade of life (28).
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Finally, we observed a sex-differential association between
hypertension, obesity, socio-economic status, and incident
cardiovascular disease. In our work, as in previous studies, the
relative contribution of these factors was higher for women than
for men (29, 30). Similarly, as in earlier cohort studies, in our
work, the relative risk associated with classical cardiovascular risk
factors, metabolic control, and end-organ damage was higher in
younger vs. older individuals (31). These data have important
clinical implications. First, it should help evaluate and discuss
cardiovascular risks and preventive strategies in the clinical
setting and facilitate shared decision-making from a more
individualised perspective. Second, the evidence of large sex and
age differences in CVD epidemiology and the possibility of a sex
and age-differential impact of classical and non-classical
cardiovascular risk factors among individuals with T2D should
prompt us to evaluate the ongoing cardiovascular preventive
strategies. Of note, current cardiovascular risk management in
T2D is based on evidence from clinical trials mainly focused on
coronary and cerebrovascular disease prevention conducted in
predominantly middle-aged populations where women were
frequently underrepresented (32-36). Although this approach
has been proven to be highly effective in diminishing
cardiovascular morbidity and mortality, T2D-related
cardiovascular burdens might be further reduced by considering
sex and age-specific risks and by modulating medical
interventions in accordance.

In this regard, hypertension treatment dramatically reduces the
incidence of HF and stroke but has a smaller impact on CHD (37,
38). Furthermore, observational data suggested that cardiovascular
risk in women rises at lower blood pressure thresholds and that
hypertension might confer a greater risk for HF in women than in
men (30). In this same line, the recent Systolic Blood Pressure
Intervention Trial (SPRINT), which unfortunately excluded
participants with T2D, suggested a more significant benefit of
lowering blood pressure goals in older vs. younger participants
(37). On the other hand, lowering LDL-cholesterol dose-
dependently decreases the incidence of atherosclerotic events,
especially CHD (39). However, statin treatment is associated with
limited improvements in preventing first non-fatal HF
hospitalisations (40). Finally, the relative benefits of the newest
T2D therapies vary. While sodium-glucose transport type 2
inhibitors have been shown to significantly impact HF, the
cardiovascular benefits of glucagon-like peptide 1 agonists mostly
rely on preventing atherosclerotic diseases (41). Thus, it could be
speculated that the absolute cardiovascular benefits of these newer
therapies might also vary by age and sex. Unfortunately, no clinical
trials have been designed to primarily explore sex or age-specific
targets or therapies for CVD prevention. Our findings further
reinforce the need to fill this lack of evidence on these clinically
relevant issues.

Our study has several limitations. First, diagnoses were
recorded by treating physicians based on ICD-9/ICD-10 codes.
Thus, some inter-individual variability in definitions cannot be
excluded. Also, over 23% of Catalonians receive health care
outside the National Health Care System (Institut Catald de la
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Salut) due to health agreements between the government and the
private sector. This population is not included in the SIDIAP
database. Nonetheless, the data quality of the SIDIAP database has
been previously validated, and more specifically, data on CVD has
proven to be of high quality and suitable for epidemiological
studies (42, 43). Second, there was a substantial proportion of
missing values for some variables (including BMI, blood pressure,
or lipid profile). Therefore, the analysis assessing the association
between risk factors and cardiovascular disease should be
interpreted cautiously. Thirdly, it’s important to note that in
Spain, sodium-glucose transporters 2 inhibitors and long-acting
glucagon-like 1 peptide analogs were not accessible at the baseline
study date, and our dataset does not extend beyond 2016.
Therefore, we cannot assess whether these newer agents’
prescriptions might impact cardiovascular disease incidence and
presentation. However, it is worth highlighting that the utilization
of these advanced therapies remains minimal within the
Catalonian population. As of 2018, their usage had stayed
within 5% (41). Further studies comparing cardiovascular
disease and its main subtypes incidence before and after full
implementation of SGLT2-i and GLP1-analogs in the clinical
practice help to delineate their impact in a real-world setting.
Finally, the specific cause of death was only available for a limited
proportion of study participants.

5 Conclusion

In conclusion, our study demonstrated that HF and PAD are
significant contributors to cardiovascular disease burden in subjects
with T2D and that, as in the general population, in women and
older individuals, CVD more frequently manifests as HF. This
epidemiological evidence should be considered in clinical practice
and risk estimation strategies and might be relevant in designing
future clinical trials.
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